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INTRODUCTION , SUMMARY AND RECOMMENDATIONS 
Wil l iam R. McSpadden, Pro jec t  Manager 

Bat te l  le-Northwest 

INTRODUCTION 

I n  1969 a geophysicist, David D. Blackwell, whl le making regional heat f l ow  
measurements i n  the northwestern United States, discovered a s i t e  about 20 mi les 
northwest o f  Helena, Montana where the geothermal heat f l ow  was about 10 times 
the  regional  average. The s i t e  aroused s c i e n t i f i c  i n t e r e s t  because there were 
no surface manifestat ions such as young volcanics, hot  springs, geysers, etc. 
w i th in  20 mi les o f  the s i te .  
anomaly covered a roughly e l l i p t i c a l  region about 3 mi les long and 1-1/2 mi les 
wide i n  a mountainous area about 4 mi les west o f  the o ld .go ld  mining town o f  
Marysvi l le,  Montana. The heat source was expected t o  be a g r a n i t i c  p lu ton o r  
i n t rus ion  of once molten rock w i t h  a volume o f  several cubic mi les w i th in  about 
1.5 mi les o f  the  surface and perhaps as ho t  as 500OC. R e s i s t i v i t y  measurements 
and other data l e d  t o  the  speculation tha t  there was a l i t t l e  water near the heat 
source. I n  any event, i t s  explorat ion was of i n t e r e s t  t o  sc ien t i s t s  f o r  several 

Further research showed tha t  t h i s  "bl ind" geothermal 

Also there was s i g n i f  economic i n t e r e s t  i n  explor ing the source o f  heat 
as a po ten t ia l  f o r  the generation o f  e l e c t r i c i t y  The process would involve 
fo rc ing  water i n t o  the f ractured region around t hot  rock through one o r  more 
wel ls  and ex t rac t ing  steam through other wel ls  t o  d r i ve  e l e c t r i c  generators. The 
energy ava i lab le  from a few cubic mi les o f  hot  rock I s  worth b i l l i p n s  o f  do l lars ;  
consequently there was an economic motive fo r  the pro ject .  Furthermore the s i t e  
probably i s  no t  unique and many s im i la r  s i t e s  probably e x i s t  i n  the western part-  
of the United States. If such energy can be made avai lab le then less oi l  i s  
needed t o  generate e l e c t r i c i  ty. ' .  

I n  the winter  of 1972-73 eam o f  sc ien t i s t s  and engineers assembled a t  
B a t t e l  le-Northwest 'In Richland, Washington t o  prepare a proposal t o  explore the 
geothermal anomaly. The p r inc ipa l  teamamembers were Donald H. Stewart and Wil l iam 
R. McSpadden from Battelle-Northwest (BNW), ,David D. Blackwell from Southern 

' Methodist Un ivers i tv  (SMU), and James T. Kuwada from Rogers Engineering Company 
o f  San Francisco. Later  Systems, Science and Software o f  La Jo l l a ,  Ca l i f o rn ia  
jo ined the  p ro jec t  under the d i rec t i on  of Russell Duff. The proposal was submit- 
ted i n  February 1973 t o  the National Science Foundation (NSF) w i t h  BNW t o  be the  
prime contract0 The pro jec t  was funded i n  June 1973 with R i t ch ie  B. Coryel l  o f  

ram manager. Between June 1973 and the p ro jec t  completion i n  
June 1975 the pro je  . This i s  the f i n a l  repo r t  o f  

dependent sect  ns prepared by each 

I the NSF as the 

t rac to r .  Consequently there i s  some overlapping information, general ly pre- 
sented f r o m  d i f f e ren t  viewpoints, depending upon the author's pa r t  i n  the pro ject .  
It was f e l t  t h a t  these d i f f e r e n t  viewpoints would be valuable so they have not  
been,edited out. The f i n a l  repor t  does not  repeat the Information presented i n  
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and logging o f  the wel l ,  the sup r 
be t te r  understand the geothermal i 

ear l  i e r  p ro jec t  reports , p a r t i c u  
s i t e  preparation, and the i n f r a r  
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B r i e f l y  t he  p ro jec t  consist  
d r i l l i n g  of the deep wel l  i n  the 

The wel l  penetrated an extensive 
t i a l l y  isothermal from 2000 ft t 

appear feas ib le  a t  these low temperatures. 
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northwest o f  Helena, the c a p i t a l  o f  Montana, as shown I n  Figure A.1. Many o f  
Marysv i l le ' s  o l d  bui ld ings remain from i t s  gold mining days, a few of which are 

s i t e  are a t  5300 ft elevation, they are i n  d i f f e r e n t  wate inage basins and 
are separated by M t .  Belmont which r i s e s  t o  7330 ft. Vegetation of the area i s  
mostly Douglas fir, w i t h  open bunch grass regions on the south exposures and 
narrow stream-bottom meadows. Over 50 years of minl'ng operations have removed 
a l l  o f  the large v i r g i n  timber so t h a t  only second and t h i r d  generation growth 
remains.. Both the d r i l l  s i t e  and Marysv i l le  can be reached on 
during the summer months. 

exposure, and marked contrasts may be found within a few miles. The annual mean 
temperature a t  Marysv i l le  i s  4O.7OFy the extreme maximum 91°F and the minimum 
-22OF. These extremes represent an average o f  the ho t tes t  and coldest days o f  
each year over a 10-year period from 1895 t o  1905. Average r a i n f a l l  f o r  the 
region i s  19.4 inches, whi le Helena a t  an e leva t ion  o f  4157 ft receives on ly  
11.3 inches-. 

s ive gold mining h i s t o r y  o f  the region over the past 100 years.- There have been 
15 o r  more gold mines i n  the "med ia te  v i c i n i t y ,  the l a rges t  o f -wh ich  was the 
Drum Lummon a t  Marysvi l le.  Gold mining and developmentsof the area was i n f l u -  
enced l a r g e l y  by one man, Thomas A. Cruse, founder and developer 
Lumon Mine. 
i n  1856. 
the present s i t e  o f  Marysvi l le. As a r e s u l t  o f  the discovery o f  the Drum Lummon 
he became an extremely wealthy man and dominated the a c t i v i t i e s  of the area u n t i l  
h i s  death i n  1914. During t h i s  era many other gold mines opened i n  the area such 
as the Bald Butte and Empire Mines, and Aarysv i l l e  r a p i d l y  grew t o  a populat ion 
o f  more than 5000. By 1880 i t  had two ra i l roads ,  s i x  hotels, one bank, four  gro- 
ceries, three churches, 27 saloons, and a wide v a r i e t y  o f  small 

The geothermal d r i l l  s i t e  Ss located near the Empire 
by the Empire Mining Company, Ltd. o f  London which a lso  owned t 

shown i n  Figure A.2. The geothermal d r i l l  s i t e  i s  located approximately 4 mi les 
west o f  Marysv i l le  i n  the Empire Valley. Although both M v i l f e  'and the d r i l l  i 
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C l imat ic condit ions vary considerably over the area- w i t h  e leva t ion  and 

i 
1 
I 
I 

1 

It i s  impossible t o  work i n  t h i s  area without becoming aware of the exten- 

i Cruse was born i n  I re land i n  1836 and immigrated t o  the  United States 
I n  1868 he appeared i n  the Helena area and began gold operations near 
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FIGURE A.2. Old Bulldings i n  the Vicinity of Marysv i 1 1 e 



mine at that time. A large mill was completed at the Emplre Mine in 1888 and 
operation continued until the turn of the century. The mine continued intermit- 
tent operation under a variety of otmers until the shutdown in 1942 during 
ttie war operations 
of buildings still exist in the immediateTFea o f  these operations. Although the 
mine sitself . I s  on patented land, all o f  the operations associated with the geo- 

The tailing ponds, a large cyanide mill and a number 

by the Bureau of 

his project in June 1973, 
David D. Bladkwell made extensive heat flow measurements in the,vicinity of Marys- 
'ville under the sponsorship of the National Science Foundation and the U.S. Geo- 
logical Survey. Heat flow data were obtained from 15 relatively shallow drill 
holes (less than 1000 ft) which existed in the area as a result of previous mineral 
exploPatlons; The heat flow from the 15 sites*ranged from 3.1 to 19.5 heat flow 
units (hfu). in vcal/cm2/sec. 
hfu and the worldwide average is about 1.5 hfu.) The maximum heat flow corresponds 
to a geothermal gradient of 24O0C/kilometer, In spite of these extremely high gra- 
dients there are no surface manifestatlons in the form of t springs or geothermal 
activities within approximately 20 miles of the site. . 

* -  After the-project began in June 1973, SMU conducted surveys of the geoqogy, 
heat flow, gravity and magnetic fields, and-microseismic noise in the Marysville 
area. I n  addition, tnfrared aerial surveys were conducted by Battel Je-Northwest. 
Heat flow measurements were made in nine additional shallow holes drilled under 
Blackwell's direction to obtain a better definition of the size of the heat flow 

By October 1973 the results of these various field surveys enabled the 
ck a site for drilling a deep we1 1. The site selected was approximately 

1/4 mile downstream from the Empire Mine on land administrered by the Bureau of . 

Land Management (BLM). On October 26, 1973 the NSF conducted a review meeting of 
the project in Helena which was also attended by members o f  the State and Federal 
Government. A preliminary report provfded to the reviewers a t  t h a t  meeting was 
superceded by a first annual report published in June 1974. As a result of the 
review meeting, NSF authorized the second phase of the dork which was to drill the 

(For 'comparison, the western Montana average is 1 .-9 

e to undertak the second ph , Battel le-Northwest 
and Rogers Engineering Company prepared a draft environmental analysis for BLM. 
Additional *environmental analyses were conducted by BLM and ultfmately they deter- 
mined, that no environmental impact statement would be required for the drilling. 

Rogers Englneering Company prepared site engineering surveys and plot plans 
for the drilling operations. Thet necessary Use Permits were obtained from the 
Bureau of Land Management, the U.S. Forest Service, the Montana State Division of 
Water Use, and the Montana State Lands Department. Following these activities 
Rogers Engineering Company prepared specifications for the site construction and 
drilling of the deep well.. For the site construction, the low bid was received 
from and the contract awarded to the William Miller Construction Company, Missoula, 
Montana .in April 1974. Similarly the drilling contract was awarded to the Molen 
Drilling Company of Billings, Montana in May 1974. 
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SUMMARY OF DEEP WELL DRILLING OPERATIONS 

90 
days o f  d r i l l i n g  during the summer o f  1974 were planned t o  achieve a ta rge t  depth 
o f  about 6000 ft. The actual  d r i l l i n g  began on June 10 and continued u n t i l  
August 30, a period of 81 days ending a t  a . total  depth o f  6790 Most o f - the  
d r i l l i n g  was done with aerated water a t  ra tes of 18 t o  25 f t / h r  Two major forma- 
t i ons  were encountered. The upper formation o f  Empire shale ( morphosed shale 
and quar tz i te )  extended t o  approximately 975 ft, and the remainder o f  the hole t o  
depth was i n  the Empire stock (quartz fe ldspar porphry). There f s  a gradual change 
i n  the Empire stock w i th  depth toward a 'g ran i te ,  showing the ef fects o f  slow cooling. 

The Empire stock i s  extensively f ractured and contains a . la rge  volume o f  water. 
Water was f i r s t  encountered a t  1525 ft and major water zones were found a t  1912 and 
3386 ft. However, the many f ractures l ed  t o  speculation t h a t  the water zones are 
interconnected. A l l  o f  the f rac tu re  zones below 1000 ft appear t o  contain water. 
We encountered f lows i n  excess o f  250 gallons/minute from upper f r a c t i o n  zones' 
i n t o  the lower ones. 
a t  the surface, inc lud ing e l e c t r i c a l  r e s i s t i v i t y  and magnetotel lur ics , large amounts 

I 

Under the d i rec t i on  o f  Winston Bot t  o f  Rogers Engine 

ic 

I n  view o f  a l l  o f  the geophysical surveys t h a t  had been done 

o f  water had not  been expected. . ,  

The hole i n  the upper 115 f t  o f  the wel l  was d r i l l e d  t o  26 inches insdiameter 
and a 20 inch casing was set and cemented t o  t h a t  de th. Between 115 ft and 
1326 f t ' a  12-3/8 inch casing was set i n  a 17-1/2 i nc  hole and cemented i n  lace. 
Between 1326 ft and 4264 ft a 9-5/8 inch casing was set  i n  a 12-1/4 inch ho e, but  
cementing was no t  successful and only the lower few f e e t  of the casing were encased 
i n  cement. Between 4264 ft and the t o t a l  depth o f  6790 ft a 7-7/8 inch hole was 
d r i l l e d  and not cased. Later a cement plug was placed i n  the bottom o f  the hole 
t o  contro l  water f low,  so the hole depth i s  now 6414 ft. The current  status o f  
the w e l l  i s  shown i n  Figure A.3 along w i th  locat ions o f  f rac tu re  zones and coring 
depths. Although a plan f o r  eventual plugging and abandonment exists,. the hole 
w i l l  remain open for  sc ien t i f i c  studies u n t i l  the summer of 1976. A t  the ppesent 
time (September, 1975) the USGS i s  conducting regional  hydrology studies and has 
sponsored temperature monitoring and water sampling i n  the we1 1. 

LOGGING AND CORING 

! K 

Schlumberger Well Services contracted t o  log  the w e l l ,  and t h e i r  f i r s t  major 
logging was conducted t o  1326 ft on Ju ly  7, 1974 p r i o r  t o  se t t i ng  the middle- 
s t r i n g  casing. The second major logging from 1326 ft t o  6790 ft was completed 
on September 10, 1974. These major loggings were t o  determine: hole dimensions, 
formation r e s i s t i v i t y ,  formation densi ty and porosity, hydrogen concentration, 
cement bonding, natural  rad ioac t i v i t y ,  f rac tu re  patterns, hole dev iat ion from the 
ve r t i ca l ,  temperature, and water f l o w .  The resu l t s  c l e a r l y  show the two major 
formations, the Empire shale t o  975 ft and the Empire stock t o  depth, as w e l l  as 
the var ia t ions w i th in  each major zone. The Shale consists of f i v e  subzones wherein 
the physical propert ies vary s ign i f i can t l y .  The Stock i s  bas ica l l y  quartz porphyry 
which i s  qu i te  h igh ly  f ractured and has a bulk permeabil i ty t h a t  ¶permits- large 
water f low. 
perature and water flow were made by Schlumberger and others. Al_though the tech- 
nology ex i s t s  t o  make adequate f low and temperature measurements a t  100°C, the 

In  add i t ion  t o  the two major loggings, many.minor loggings o f  tem- 
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logging crews regu la r l y  encountered problems which made i t  d i f f i c u l t  t o  obtain 
r e l i a b l e  data. The resu l t s  o f  both the major and minor logs are-discussed i n  
d e t a i l  i n  other sections of the report .  

and produced 15 useful cores and one set of fragments. Of the 115 ft cored, 83 ft 
o f  usefu l  cores were recovered. Despite the use of diamond car ing b i t s ,  cor ing 
was d i f f i c u l t  and expensive (about $l,636/ft  recovered) i n  these formations. The 
cores were washed, co lor  photographed and cu t  for  analysis. One complete set  o f  
core sections i s  held i n  archives by SMU f o r  future reference. 
core analysis show steeply dipping ve ins i n  both the Empire shale and Empire stock. 
Rock descr ipt ions were obtained from a microscope study of the cutt ings,  petrographic 
studies o f  t h i n  sections, x-ray d i f f r a c t i o n  analyses, and from studies o f  the logs. 
Detai led descr ipt ions o f  the cores are given i n  both Sections C and E. 

The cu t t i ng  o f  cores was undertaken 18 times dur ing the d r i l l i n g  operations 

he resu l t s  of the 

WELL TEMPERATURES AND FLOGI RATES 

Rock temperature measurements were made with d i f f i c u l t y  because o f  water f l ow  
i n  the hole throughout the d r i l l i n g  operation. Generally the f low has been down 
the hole w i th  the  lower formations tak ing water from the upper ones. Flows i n  
excess of 250 gallons/minute were encountered p r i o r  t o  se t t i ng  the  casing as shown 
i n  Figure A.4. The source of t h i s  large flow seemed t o  be the  f racture zone between 
3386 ft and 3410 ft. However, f lows less than 50 gallons/minute were bel ieved t o  
o r i g ina te  from the upper par ts  o f  the hole, probably from the 1912 ft t o  1936 ft 
zone. The open hole spinner t e s t  was'not p a r t i c u l a r l y  sens i t i ve  t o  low f lows i n  
-the large diameter hole so accurate data above the 3400 ft leve l  was d i f f i c u l t  t o  
obtain as indicated by the dotted l i n e  i n  Figure A.4. Data obtained near the bot- 
tom o f  t he  hole (not shown i n  Figure A.4) ind icates t h a t  most o f  the 250 gal lon/  
minute f l ow  was going back i n t o  formation a t  the bottom of the hole i n  the f rac tu re  
zone below 6723 ft. The hydrostat ic  pressure of t h i s  zone was apparently less than 
t h a t  o f  the upper zones, al lowing the downflow of water. Whether the water f l ow  was 
a l oca l  t rans ien t  condi t ion t h a t  would have stopped w i t h i n  a few days or  a condi t ion 
t h a t  might e x i s t  for  a long per iod of t ime i s  unknown. However, the d r i l l  stem t e s t  
d i d  no t  show any large hydrostat ic head difference between the lower zone and the 
upper zones. 

hole, f lows were s i g n i f i c a n t l y  reduced as shown i n  the lower p a r t  o f  Figure A.4. 
Approximately 1 gal lon/minute was leaking through the perforat ions i n  the casing 
made f o r  the second cement job, and f lows immediately beneath the casing were 
approximately 10 gallons/minute. 
meter t e s t  was performed and September 22 when the  radioisotope t e s t  was done, an 
apparent equi l ibr ium took place i n  a lower pa r t  o f  the hole since the f low a t  the 
5700 ft leve l  reduced from greater than 30 gallons/minute t o  approximately 1 gal lon/  
minute. Below the 6000 f t  leve l  the f low i s  zero t o  the  best o f  our a b i l i t y  t o  
measure i t  w i th  the isotope test .  The f low t e s t  made on November 17, 1974 (not 
shown i n  Figure A.4.) w i t h  the radioisotope instruments showed a maximum f low of 
about l .ga l lon/minute a t  about 4270 ft, which had reduced t o  about 0.1 gal lon/  
minute by A p r i l  1975. 

A f te r  the  casing was se t  and the cement plug establ ished i n  the bottom o f  the  

Between September 10, 1974 when the packer flow- 
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Down-hole temperature measurements were made four ways: (a) using 6lackwell  ' s  
resistance element thermometer-which i s  l i m i t e d  t o  maximum depths o f  approximately 
2500 f t  and maximum temperatures o f  approximately l l O ° C ,  (b) using the Schlumberger 
platinum resistance thermometer, (c) a Kuster down-hole temperature versus t ime 
recorder, and (d) maximum reading mercury thermometers. Generally the data obtained 
by Blackwell i n  the upper p a r t  o f  the  hole tends t o  complement the Schlumberger mea- 
surements shown i n  Figure A.5, and ind icates cool ing o f  the formation as d r i l l i n g  
proceeded. The apparent e r r a t i c  behavior o f  the f i n e  d e t a i l s  i s  presumably caused 
by the  in- f low of water from formations before and a f te r  the se t t i ng  o f  the casing. 
The logging on September 10 (curve 2) occurred w i th in  a few hours a f t e r  most o f  the  
cool water i n  the mud p i t  had been pumped back i n t o  the hole and consequently cooler 
temperatures were recorded a t  t h a t  time. Also, two add i t iona l  Schlumberger logs 
were made approximately 24 hours a f t e r  the August 31 l og  (curve 1) and these agree 
qu i te  c lose ly  w i t h  those o f  curve 3 which were obtained on September 21. Tempera- 
tures o f  curve 1 were obtained before the casing was i n  place and those o f  curves 2 
and 3 afterwards. Water moving down the annulus between the 9-5/8 inch casing and 
the hole was a f fec t i ng  the temperature readings i n  the casing. Below the casing 
the water f lows o f  approximately 10 gallons/minute are s u f f i c i e n t l y  high t o  prevent 
measurement o f  the ambient rock temperature and general ly t h i s  condi t ion existed 
down t o  the 5700 ft leve l  u n t i l  about November 1974. Water temperatures s l i g h t l y  
less than 200°F were obtained throughout t h i s  e n t i r e  region. Maximum temperature 
thermometer readings over the same region read consis tent ly  200 t o  204'F and are 
probably the  most r e l i a b l e  o f  the measurements. The Kuster instrument was l e f t  on 
the bottom of the hole for  44 hours between September 19 and September 21 but i t  
showed no temperature increase above 204OF. Since the f low ra tes  i n  t h i s  region 
are bel ieved t o  be zero o r  very low, i t  appears t h a t  the rock temperatures may not  
be grea t ly  i n  excess o f  200OF. 

THERMODYNAMIC STUDIES 

I n  addi t ion t o  the heat flow studies conducted by SMU (Section E) a va r ie t y  of 
other thermodynamic studies were done. 
two-dimensional heat conduction code t o  model heat f low. This work by Stanley Hays 
uses nonlinear funct ions t o  approximate phase change and temperature varying param- 
eters  near a magma chamber. The f i n i t e  d i f ference code works w i t h  rectangular, 
axisymmetric, o r  spherical geometry. The most s i g n i f i c a n t  r e s u l t  o f  t h i s  work has 
been the del ineat ion o f  the s e n s i t i v i t y  o f  heat f low t o  surface var ia t ions,  depth 
o f  the magma, and other geometric parameters. For example, changes i n  the assumed 
depth of the chamber by as l i t t l e  as 100 meters produced s ign i f i can t  changes i n  
the geothermal gradient and other thermodynamic parameters. This work i s  reported 
i n  Section D. 

Systems, Science and Software developed a 

During the d r i l l i n g  operations i n  1974 i t  became evident t h a t  a computer 
s imulat ion o f  the d r i l l i n g ,  based upon a heat f l ow  balance between the d r i l l e d  
formations and the c i r c u l a t i n g  d r i l l i n g  f l u ids ,  would be a valuable guide. This 
was d.ictated by the d i f f i c u l t y  o f  obtaining estimates o f  the  i n - s i t u  rock tem- 
peratures whi le  the c i r c u l a t i o n  was i n  progress, and f o r  perhaps as long as several 
months a f te r  the  d r i l l i n g  had stopped. Accordingly, J. R. Sheff o f  BNW began work 
on a s imulat ion model. Ul t imate ly  t h i s  work was sh i f t ed  t o  C. A. Oster and Bur t  
Schef f ler  as Sheff took on other assignments. 
Section D. 

The resu l t s  are reported i n  
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The object ive o f  t h i s  work was t o  produce a s imulat ion code t h a t  could be 
run on a minicomputer for  possible f i e l d  implementation. The r e s u l t  was a code, 
THERMWEL, which was debugged and running a t  the terminat ion o f  the  project .  Unfor- 
tunately time and funding l i m i t a t i o n s  d i d  no t  a l low tes t i ng  and f i e l d  appl icat ions 
o f  the  code. 

by BNW i n  September 1973. I n  that study i t  was noted t h a t  some o f  the  t rees over 
the geothermal anomaly appeared t o  be ho t te r  than trees i n  comparable areas. 
Accordingly ground measurements were made i n  August 1974 which showed t h a t  the 
trees were indeed 1 t o  2OC warmer than expected. Observation o f  the t rees over a 
per iod o f  12 months showed no s i g n i f i c a n t  s ign of t r e e  disease o r  insect  i n fec t i on  
which might account for  the thermal anomaly. It i s  now surmised t h a t  the roots  o f  
the t rees are obtaining s l i g h t l y  warmer water i n  the v i c i n i t y  o f  the  ,geothermal 
anomaly, and t h i s  d i f ference is seen i n  the t ree  canopies. To our knowledge, t h i s  
phenomenon o f  a geothermal anomaly has no t  been reported before, but  i t  would be 
o f  i n t e r e s t  t o  examine some o f  the known geothermal areas for  t h i s  effect. 

The t h i r d  thermodynamic study was an offshoot of the in f rared survey conducted 

GEOPHYSICAL AND GEOLOGICAL SURVEYS 

thermal system consists o f  a hydrothermal c i r c u l a t i o n  i n  f ractures i n  the Empire 
stock. The reservo i r  i s  bounded on the sides by metamorphic rocks and by a 
Mesozoic granodior i te  stock (the Marysv i l le  stock) around the Emplre stock, and 
bounded on the top by a r e l a t i v e l y  unfractured por t ion  of the Empire stock. The 
area lacks any surface manifestations, such as hot springs, a t  tf ie hot water 
reservo i r .  Despite the c i r c u l a t i n g  water system, i t  i s  a region of low ground 
noise and low seismici ty.  However, studies of regional  seismic a c t i v i t y  i n  1973 
and 1974 show a possible associat ion of the geothermal anomaly and a zone o f  
seismic a c t i v i t y  extending toward the southeast approximately t o  Helena. 

Analyses o f  the geological,  geophysical, and d r i l l i n g  data show t h a t  the geo- 

Despite the hydrothermal system, the geothermal region showed h igh e l e c t r i c a l  
r e s i s t i v i t y ,  as determined by the rov ing d ipo le  method and the deeper penetrat ing 
audiomagnetotel l u r i c  survey. These resu l ts  are ra ther  surpr is ing  s ince known geo- 
thermal areas general ly show low r e s i s t i v i t i e s .  

A negative g r a v i t y  anomaly i s  associated w i th  the h igh heat f low, but these 
are not  associated w i t h  any magnetic anomaly. The Marysv i l le  stock t o  the north- 
east o f  the  geothermal region does have a magnetic anomaly, however, which was 
useful  i n  determining one boundary of the Empire stock. 

anomaly. The a e r i a l  survey was conducted i n  two bands, 3-5p and 8-14p wavelengths, 
from an a l t i t u d e  o f  approximately 10,000 f t  above the te r ra in .  Under ideal  con- 
d i t i o n s  a heat flow of 20 hfu would produce a temperature r i s e  of about 0 . 4 O C .  
However, var ia t ions  due t o  water vapor i n  the  a i r ,  so lar  var ia t ions,  changes i n  
ground slope and the e f fec ts  o f  t rees and other vegetation produced a poor s ignal  
t o  noise r a t i o .  As noted above, some vegetation was found t o  have a higher than 
normal temperature. The in f ra red  survey was presented i n  d e t a i l  i n  the F i r s t  
Annual Report (June 1974) and i s  not  repeated here. 

An in f ra red  survey conducted i n  September 1973 f a i l e d  t o  show the geothermal 
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Heat flow, correlated with other geophysical surveys, proved one of the 
most useful techniques for this project. As noted in the paragraph on FY 1974 
activities, heat flow was measured at 15 sites prior to 1973, at nine sttes 
drilled in 1973 and at four new sites drilled in 1974. Heat flow and geothermal 

9 24O0C/ki1ometer) to 3.2 hfu (4S°C/kilometer) with rather sharply defined bounda- 
ries on the north and east sides (abutting the Marysville stock). Values on the 
south and west sides 
tional areas of high 
tations prevented further exploration here. 

Geologic mapping in 1973 and 1974 proved very significant in providing a 
framework for understanding the geothermal anomaly. These studies consisted of 
structural geology, metamorphic petrology, neutron activation analysis of the 
igneous rocks and identification of lithologic units of the Precambrian Belt 
Series and the plutonic and volcanic igneous rocks. There are at least four major 
normal faults which may have played a part in the emplacement o f  the geothermal 
source. These are generally east-west faults dipping t9 the south. The mapping 
identified a dome-1 ike structure that correlates approximately with the high heat 
flow. The petrology studies indicate that the Empire stock was much larger than 
suspected and perhaps underlies most of the dome southwest of the Marysville 
stock. 

radient data were corrected for terrain varlations and found to vary from 19.5 hfu 

inished more gradually, as did the gravlty anomaly. Addi- 
t flow may exist to the south, but time and money limi- 

. .  ; ;  . . .  
.- - -  . " .  .. , , 

COST SUMMARY 

ber 1975),are $2,240,000, which are detailed in Table A,?. This Includes an obliga- 
tion of approximately $50,000 for plugging and abandonment of the hole. at some 

The total expe ures for the Marysville Geothermal. Project to date (Septem- 

storation costs are included 

drilled, .including 1556 ft 

this latter figure.. 

he upper levels for 
large'size casing, was 8346 ft. 
the average linear drilling cost is $76/ft. However, coring costs .were high 
because o f  very slow cut t ing rates (0.5 t o  4.0 f t / h r )  o f  the diamond coring b i t s .  
The 82.5 ft o f  recovered core cost an average of $1,636/ft. 

Since the direct drilling costs, were $633,993, 

RECOMMENDAT IONS 

It i s  highly probable thatcother geothermal systems like Marysville exist in 

I 

the western part of the United States and elsewhere, some of which can be expected 
to have temperatures high enough for commercial exploitation. Because so much 
data are available on the Marysville system, it can serve as a testing and research 
area to help locate and understand similar systems. Accordingly, it i s  recommended 
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TABLE A. l .  Cost Summary of the Marysv i l le  Geothermal Pro jec t  , -  

Geosciences Surveys, Core 
S i t e  Preparation and F i e l d  

Coring Costs 134,970 
Casing, ,Cement and Wellhead Equipment 196,759 
Ne11 Logging and Testing 
Engineering and D r i l l i n g  Supervision 
Thermodynamic Studies and In f ra red  Survey 
Environmental Analysis, Fracture Analysis , Logging 
Pro ject  Management - 
D r i l l  i ng  A r b i t r a t i o n  Costs 
Miscellaneous Other Costs 
Plugging and Abandonment (Estimate) 

and Data Reduction 

D i r e c t  D r i l l i n g  Costs \ 

Pro ject  Tota l  $2,240;000 

geothermal estimation, we can expect a very h igh r a t i o  a t  nonproductive 
Accordingly, research should be pursued t o  reduce the cost  o f  loca t ing  .and 
assessing new geothermal areas. A nat ional  program could produce re f i ned  gea- 
physical  explorat ion techniques, new d r i l l i n g  and cor ing techniques, and use o f  , 

ex i s t i ng  s l im  hole d r i l l i n g  technology as an explorat ion technique. 
logging service a t  h igh temperatures i s  needed, and the i n teg ra t i on  o f  modern 
computer technology for  r a p i d  data reduct ion i n  the f i e l d  should be undertaken. 
The need f o r  a l l  o f  these techniques and services was experienced on the Marys- 
v i l l e  Geothermal Project .  
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DRILLING REPORT 

W. F. Bott 
Rogers Engineering Company 

Introduction 

T h i s  D r i l l i n g  Report describes the engineering and d r i l l i n g  - 
management act ivi t ies .  of Rogers Engineering Co., Inc. , i n  carry- 
ing  out i t s  CY 1974 and 1975 responsibilities on the Marysville 
Geothermal Pro j ec t . 

(1) contacts w i t h  govern- 
mental agencies for coordination and approval of plans, and ac- 
quis i t ion  of necessary permits (except those acquired by Battelle 
Northwest Laboratories) ; 
t ions for si te preparation, ahd award of contracts for  this work; 
(3) preparation of plans and specifications for d r i l l i n g  the deep 
well, issue bid  invitations to  selected l i s t  of d r i l l i n g  contrac- 
tors ,  and award of d r i l l i n g  contract; (4) preparation of procure- 
ment specifications and award o f  contracts for  auxiliary d r i l l i n g  
services and permanent equipment; (5 )  supervision of s i t e  prepara- 
t ion ;  ( 6 )  supervision, direction and management of the to t a l  
d r i l l i n g  operation, performing the functions of both Drilling 
Engineer and Operator; (7)  compile a report of d r i l l i n g  opera- 
t ions;  (8) i f  d r i l l i n g  results favorable, commence design of t e s t  
f a c i l i t i e s  and preparati 

n detai ls  of the temperature sur- 
veys, the l i thology, or the geophysical logging program, as these 
matters were the responsi bi l i  t y  of Battel le Northwest Laboratories 
and Southern Methodist University, and are covered separately i n  
this volume. 

These responsibilities include: 

(2)  completion of plans and specifica- 

of f easi b i  1 i ty report. 

e office eng 
1973 and early spr ing  1974 culminated i n  the award of contracts 
for  the various phases of the work dur ing  the month of May. The 
William G,  Miller Construction Company, of Missoula, Montana com- 
menced work on s i te  preparation on 3 May, 1974. The construction 
schedule called f o r  completion by 1 June, 1974; however, a twelve- 
inch snowfall on 19 May caused a one week delay i n  completion of 
the earth wor l i ra t ion could not s t a r t  
u n t i l  4 June. 

Molen Drilling C of B i l l i n g s ,  Mont a, was awarded 
the d r i l l i n g  contract, and their  Rig No. 4 spudded i n  the deep 
well on 10 June, 1974. A t  a 2:OO p.m, public ceremony, 
L t .  Governor Bill Christensen of Montana operated the lever to 
s t a r t  the rotary drill tu rn ing .  

The planned f irst  phase of the d r i l l i n g  operation was t o  set 
20-inch conductor casing a t  250 feet .  The r k formations proved 

o the d r i l l i n g  r i g  m 
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much harder to  d r i l l  than  anticipated, so the 20-inch pipe was 
se t  a t  115 feet .  Similarly, the 13-3/8 inch surface casing of 
the second phase was set a t  1,326 fee t  instead of the planned 
2,500 feet ,  again due to  hard dr i l l ing of the 17-1/2 inch hole i n  
the quartz feldspar porphyry of the Empire stock. (Major changes 
from the original plans, such as this, were made af te r  consulta- 
t ion  w i t h  BNW, SMU, USGS, and a l l  other appropriate agencies). 

Large unexpected volumes of water entered the bore hole from 
numerous intermittent fractured zones below 1,500 feet, and this 
caused addi t iona l  changes i n  the d r i l l i n g  plans. The 12-1/4 inch 
hole was carried t o  4,256 feet  instead of the planned 4,000 feet ,  
as  fractured conditions a t  the planned depth would not  provide a 
competent anchor p o i n t  for  the 9-5/8 i n c h  casing. 

the barefoot 7-7/8 inch  bottom segment of the hole was d r i l l e d  to  
postpone the anticipated cementing problems caused by the heavy 
formation water f lows between 1,800 and 3,800 feet .  This deci- 
sion was possible because the formation was competent and free 
from sloughing,  such t h a t  setting the 9-5/8 i n c h  casing could be 
deferred u n t i l  a f t e r  it could be determined from the 7-7/8 inch 
bore hole results whether i t  would be o f  value t o  case the hole. 
Costs of the cementing j o b  were considered unpredictable and po- 
tent ia l ly  excessive, and migh t  well have depleted the budgeted 
funds before reaching total  depth ,  had not  the above dr i l l ing  
plan been adopted. 

severely fractured zone a t  6723 feet .  Final dr i l l ing conditions 
indicated heavy flow of water down the hole and into the frac- 
ture zone a t  the bottom. When the 9-5/8 inch  pipe was f inal ly  
set a t  4,256 feet, a f te r  the hole was logged, the cementing d i d ,  
indeed, prove diff icul t .  I t  was only anchored by a cement plug 
a t  the bottom t o  s top  water flow. The formation water prevented 
g e t t i n g  the desired good bond; however, the bond obtained proved 
adequate to  seal off the water flow in the hole. 

more d i f f icu l t  and costly t h a n  anticipated. As a result the 

Installation of the 9-5/8 inch casing was delayed until a f te r  

The hole was bottomed a t  6,790 fee t  a f t e r  penetrating a 

Core cutting w i t h  diamond bi ts  i n  the Empire stock proved 

amount of core taken wasonly 82.4 feet  instead of the planned 
300 feet .  

The original proposal budget dated February 2, 1973, set out 
a cost estimate for  the Rogers Engineering CY 1974 project acti-  
vities of $1,009,200. The program contemplated d r i l l i n g  the deep 
well t o  6,000 feet. The summary of actual costs (Figure B.l) shows 
t h a t  the activities as carried out cost $1,304,188. However, the 
deep well was d r i l l e d  t o  6,790 feet instead of 6,000. 

The increase which  was authorized by NSF, reflects the gene- 
ral inflation of d r i l l i n g  costs that has occurred since February, 
1973, as well as higher than anticipated costs of the core d r i l l -  
i n g  and well logging. U n i t  dr i l l ing costs are discussed i n  the Cost 
Analysis section.. 

B.2 



PLANNING AND CONTRACT DEVELOPMENT 

Planning, General 

neering completed the planning for  the s i te  preparations and 
d r i l l i n g  operations which was begun i n  August 1973 w i t h  s i te  
selection and survey. 
Laboratories as  req red for  the, environmental analysis and for  
permi t appl 1 cations o the various governmental agencies. The 
U.S. Bureau of Land Management was consulted on a continuing 
basis as  the s i te  layout was developed, and that  agency's re- 
q u i  rernents were incorporated into the si te  preparation and d r i  11 
si te construction plans and specifications. 

Planning, Site Preparation 

Plans and specif for  construction of the dr i l l  s i t e  
were publicly advertised and filed w i t h  the Montana Contractor's 
Association, and bids were publicly opened on 17 April i n  Helena. 
O f  the three qualified bids received, William G. Miller Construc- 
t ion Company, of Missoula, Montana, was the low and successful 
bidder, fo r  a lump sum bid  o f  $38,047. 
Montana was the low and selected bidder f o r  t h  a te r  well d r i l l -  
ing .  

During January, February and March of CY 1974, Rogers Engi- 

Input was furnished t o  Battelle Northwest 

Lindsay D r i l l i n g  of Clancy, 

P1 anning , Dri 11 ing 

As the planning fo r  d r i l l i n g  the deep well evolved, three fun-  
damental control 1 ing  factors became clear: 

(1) The national and worldwide gy c r i s i s  was creating a rampant 
inflation of costs i n  the dr i l l ing  industry, and the probability of 
d r i l l i n g  this wild-cat research well w i t h i n  the authorized budget 
u s i n g  the normally accepted conventional techniques was diminishing 
rapidly from month month. I t  was this realization tha t  caused 
Rogers Engineering 
l a t e s t  improved d r i l l i n g  tech ues (untried i n  geothermal d r i l l -  
ing)  tha t  held promise of inc sing d r i l l i n g  ra tes  and reducing 
r i g  time on the project. This study led t o  the deci 
a i r  d r i l l i n g  o r  an air-water-foam hybrid system, sin 
ra tes  by this method had been known t o  exceed conventional mud 
d r i l l i n g  by factors of from 2 t o  5. 

investigate the possibil i ty of u s i n g  the 

i 

lat ing and doubt 
i s  project, f a r  removed from active d r i l l i n g  
the kind  of experienced d r i  11 i ng contractor 

t constraints that  appll'ed. 

(3) Given the expectation o f  u l  i gh tempera 
dit ions,  extremely hard d r i l l i n g  i n  igneous rock, p lus  the need 

re-hoie con- 
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to use advanced techniques to stay within budget, it became clear 
that the required expertise to direct the operation would not be 

. 

found embodied in any one individual, or in any one drilling con- 
tractor organization. Rogers Engineering concluded that it would 
be necessary to orchestrate the most advanced, speci a1 i zed exper- 
tise of all segments of the drilling and drilling service indus- 
tries in order to accomplish the objectives. 

Inputs on the unique problems of the project were received 
from the leading companies in drilling mud service, cementing 
service , air dri 11 i ng servi c 
and drill bits and tools. The information obtained was used by 
the Rogers Engineering staff dr3l ling consultants in preparation 
of the drilling plans, drill rig specifications, and the specifi- 
cations for auxiliary drilling services and equipment. 

diamond core drilling mud logging, 

i 
i 
i 
t 
i 
i 
I 
i 

i I 
i 
i 
i 
i i 
I 

i 

i 

For the drilling contract a list of qualified bidders was i 
compiled which included those with geothermal well drilling ex- 
perience, as well as the leading responsible oil and gas well t drilling contractors i n  the Rocky Mountain region. Eleven con- 1 

i r 

tractors from this list requested plans and specifications and 
the opportunity to bid. Bid opening was set for 29 April 1974, I 

at which time only three bids were received. The bids were as 
follows: i 

Day Rate: $150 per hour t 
i 

(1) Molen Drilling Co., Inc. , Billings, Montana: I 

Mobilization in and out: 

(2) Geo-Drilling, Inc. , Phoenix, Arizona: 
$ 35,000 

F 
Day Rate: $200 per hour 

Mobilization in and out: Cost plus nominal fee: 
$100,000 estimated 

(3) Big Chief Drilling Co., Oklahoma City, Oklahoma 

Day, Rate: $180 per hour 

Mobilization in and out: 

The bidding confirmed the virtual explosion of drilling costs 
to a new level much higher than existed when the project budget 
was proposed. The Molen bid was substantially less than the other 
two, but even so was in excess o f  the budget, assuming the use of 
conventional mud drilling and that the full estimate of  90 days 
would be required. The Molen day rate, for instance, was $150 per 

$230 , 680 
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hour, while the budgeted figure used was only $110 per hour, pred- 
icated on the day rates quoted at the time the original estimate 
was made. 

The aforementioned study of advanced drill ing techniques had 
shown that conditions in this hole would probably be favorable 
for use of an air drilling system. Accordingly it was recognized 
that the increased penetration rat to be expected from such a 
system could reduce the .rjg time on the well sufficiently to com- 
pensate for the higher level of unit costs revealed by the bid- 
ding, and offer some expectancy that the drilling program might 
be accomplished within the budget. 3. T. Kuwada communicated 
the bid data and the above analysis thereof to Battelle Northwest 
and National Science Foundation, and the decision was returned, 
through channels, to proceed. 
Engineering would utilize the drilling techniques most likely to 
accomplish the work within budget and exert maximum effort toward 
that objective; however it was also understood that if unexpected 
problems developed (as is always possible in such a wildcat well) 
the budget could be increased by a reasonable amount if required. 

From the standpoint of experience in drilling large bore geo- 
thermal wells, Big Chief Drilling Co. was the preferred contractor. 
However, thei r b of $230,680 for mobilization and demobilization 
of their rig (fr Stockton, California to Marysville, Montana 
and return) was emium to pay for this 

inspected and an in- 

It was understood that Rogers 

The Molen and 
depth comparison was made between the two bids. Geo-Drilling's 
advantage of crew experience on large bore geothermal wells was 

! persuasive, but was not sufficient to overcome the large excess 
of their bid over Molen's. The contract was awarded to Molen 
Drilling Co., Inc. on the basis of their low bld; however, it 
was recognized that certain "trade-offs" had to be acknowledged. 
Molen's crew was not experienced in drilling large bore geo- 
thermal we1 1 s , so it was estimated that this could be translated 
into four days additional rig time over the length of the project. 
After allowing for this, there still remained a large cost ad- 
vantage in accepting Molen's low bid; and only by using Molen 
was there a chance of doing the project within the budget. 

re: 
rnover rate of their rig crew personnel; 
hin the drilling industry of the region 
ble drilling contractor, and (3 

a Federally f 

(1) a good record of employee loyalty, 
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SITE PREPARATION 

General Summary 

Mountain construction work above 5,000 f ee t  i n  western Montana 
generally doesn't s t a r t  before June 15th,  so start ing the site prep- 
aration work on May 3rd was crowding the season somewhat. However, 
the weather smiled on the Miller Construction Co. for  the first 16 
days and 80 percent of the work was completed on May 19 when a 12- 
inch snowfall caused a one week delay. 
(Bill)  Miller, deserves much credit  for the extra e f for t  and dedi- 
cation w i t h  which he overcame this set-back and completed the work 
i n  time for the d r i l l i n g  r i g  t o  s t a r t  moving i n  on June 4, 1974. 

The Contractor William G. 

Some adjustments t o  the d r i l l  site layout were required a f te r  
the d r i l l i n g  contract was l e t ,  i n  order t o  accommodate the equip- 
ment of the r i g  that  was selected. However, this poss ib i l i ty  had 
been anticipated i n  the s i t e  work contract and the extra work was 
accomplished a t  contract u n i t  prices. The total cost of s i t e  
preparation was w i t h i n  the budgeted amount. 

Protection of Empire Creek 

The location of the deep well i n  the narrow Empire Creek Val- 
ley required extreme precautions t o  prevent d r i l l i n g  f l u i d s  and 
petroleum products from contaminating the creek water. A l l  pits 
were lined w i t h  plastic. The s i t e  was laid out w i t h o u t  changing 
the course of the creek, and the edges of the creek were faced 
w i t h  native rock riprap to  protect against erosion and s i l ta t ion.  

Water Supply 

The State of Montana Water Resources Department required that  
the project get i t s  potable water and water for the d r i l l i n g  oper- 
ations from wells, rather than from Empire Creek, if possible. 
Accordingly bids were invited and Lindsay D r i l l i n g  (low bidder) 
was awarded the job of d r i l l i n g  a well adjacent t o  the d r i l l  site. 
I t  was hoped that one well, or  a t  most two we1 Is, would produce 
the minimum requirement of 30 gallons per minute a t  a reasonably 
s ha1 1 ow depth. 

meager amounts of water production from intermittent t h i n  frac- 
tured lenses. A t  150 fee t  production was only 12 gpm. The well 
was carried t o  305 feet  and developed a maximum flow of 26 t o  28 
gpm. The cost was over $6,000, compared to  the authorized budget 

However, the first well revealed no significant aquifer, only 

of $4,000. 

In view of the h i g h  cost of this small quantity of ground 
water, the Montana Water Resources Department issued a temporary 
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permit f o r  the use o f  creek water f o r  peak demand. 
t o  provide the balance o f  the minimum estimated requirement by 
bu i l d ing  a pond on Empire Creek immediately upstream from the 
o f f i c e  area on the s i te .  The cost o f  the pond was less than the 
cost o f  a second w e l l ,  A pipe l a rge  enough t o  ca r ry  the f u l l  
flow o f  the creek was placed a t  the bottom o f  the dam i n  the 
creek bed, w i t h  a s l u i c e  gate t o  contro l  the pond leve l  and the 
creek flow. With t h i s  arrangement, the creek f low was maintained 
a t  normal l e v e l  throughout the d r i l l i n g  operations and an ade- 
quate reserve o f  water was assured f o r  the d r i l l i n g  operation. 

The water wel l  supplied most o f  the requirements throughout 
the project .  Water was pumped from the pond only during the high 
demand o f  cementing operations and during several e l e c t r i c  ser- 
v i ce  in te r rup t ions ,  and t h i s  was done without jeopardizing normal 
stream f low i n  Empire Creek. 

It was decided 

c 
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DRILLING 

F i r s t  Phase - Set 20-inch Conductor Casing 

The f i r s t  phase o f  the d r i l l i n g  operation was t o  d r i l l  a 26- 
inch diameter bore hole t o  250 f e e t  f o r  the 20-inch conductor 
casing. This i n t e r v a l  was f i r s t  d r i l l e d  12-1/4 inches i n  dia- 
meter, then opened t o  17-1/2 inches and f i n a l l y  t o  26 inches i n  
two stages. The Empire shale formation proved much harder t o  
d r i l l  than anticipated, s t a r t i n g  immediately under the shallow 
layer  o f  overburden, so w i t h  the approval o f  the U.S. Geological 
Survey it was decided t o  run the 20-inch casing a t  115 f e e t  i n -  
stead o f  the programed 250 feet.  This decision was based on the 
fac t  t h a t  the presence o f  the hard rock down t o  t h a t  depth pro- 
vided a competent formation f o r  cementing the conductor pipe. 

Due t o  the hardness o f  the formation, the recommended m i l l  
tooth b i t  f o r  medium hard formation had t o  be replaced a f t e r  
only 29 f e e t  w i t h  a carbide i n s e r t  b i t  made f o r  hard formations. 
The i n i t i a l  d r i l l i n g  o f  the 12-1/4 inch p i l o t  hole was done w i t h  
foam d r i l l i n g  f l u i d  instead o f  the a i r  as planned, due t o  a 
cracked head on the large a i r  compressor. Penetrat ion was slow, 
around 1 t o  2 f e e t  per hour, down t o  150 feet .  
on June 11, 1974, heavy d r i l l  c o l l a r s  a r r i ved  and b i t  weight was 
increased. Penetrat ion improved t o  IO t o  12 f e e t  per hour. The 
slope o f  the time-depth h i s t o r y  of the wel l  (Figure B.2) indicates 
the average d r i l l i n g  o r  penetrat ion r a t e  f o r  the wel l .  

A t  t h a t  point, 

Mud was used t o  open the hole t o  17-1/2 inches and 26 inches 
because the a i r  r o t a t i n g  head furnished by A i r  D r i l l i n g  Services 
was not  operating s a t i s f a c t o r i l y .  Opening the hole t o  26 inches 
progressed eas i l y  f o r  75 f e e t  but slowed d r a s t i c a l l y  and wore out 
the f i r s t  cut ters  by 90 fee t .  The second set o f  cu t te rs  were 
worn out by 115 feet .  The next 26 inch hole opener, w i t h  carbide 
i n s e r t  cut ters,  made only s i x  inches i n  s i x  hours. 
d r i l l i n g  torque used made exceedingly rough d r i l l i n g  and made 
d r i l l  c o l l a r  break-out d i f f i c u l t ;  therefore the 26 inch hole was 
bottomed a t  115 feet.  

The high 

Second Phase - S e t  13-3/8 inch Surface Casing 

The plan f o r  the next phase was t o  d r i l l  a 17-1/2 inch hole 
t o  2500 f e e t  and set 13-3/8 casing t o  t h a t  depth. 
reduction o f  the 20-inch conductor pipe t o  only 115 f e e t  d i c -  
ta ted a corresponding reduction o f  the water  s t r i n g  t o  a maxi- 
mum depth o f  1,500 feet .  The 12-1/4 inch p i l o t  hole was d r i l l e d  
t o  1,526 feet,  a f t e r  which an array o f  Schlumberger geophysical 
logs were run under the d i r e c t i o n  o f  B a t t e l l e  Northwest Labora- 

However, the 
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tories. Schlumberger's temperature logging tool failed to per- 
form a t  this stage, so Or. Dave Blackwell and his associates 
from Southern Methodist University used their  thermistor equip- 
ment t o  acquire the temperature data. 

The p i l o t  hole was then reamed t o  17-1/2 inches diameter 
8 inch casing was cemented from 

f l u i d  i n  this interval 
ravel when the pi lot  hole was 

washed out below the shoe of the 20-inch casing w i t h  the foam 
sys tem. 

The d r i l l i n g  ra te  was less than acceptable so higher b i t  
weights and rotation speeds were used to increase penetration 
rates. T h i s  was a calculated trade-off against reduced b i t  l i fe .  
The formation below 1,000 f ee t  was a very hard competent quartz 
prophyry, and therefore the surface casing string was se t  a t  
1,326 f ee t  instead of 1,500 to  save d r i l l i n g  time and'costs. 
Hole deviation b u i l t  up t o  5-3/4 degrees d u r i n g  this interval, 
b u t  was successfully reduced t o  desired limits by using the pen- 
dulum effect  w i t h  reduced b i t  weight ,  followed by a return to  

a1 b i t  weight w i t h  increased stabilization. 

The Molen crew's lack of experience i n  handling large pipe 
e 20 inch casing, so for running  arent i n  running 

nch pipe a speci 
f Williston, S 

Third  Phase - Set Intermediate Casing 

I t  had been planned t o  use straight a i r  d r i l l i n g  below the 
surface string, bu t  due t o  diff icul t ies  experienced i n  drying the 
hole, a mist d r i l l i n g  f l u i d  was used i n  d r i l l i n g  out from the 13- 
3/8 inch casing. The combination of the mist and the a i r  hammer 
d r i l l  produced penetration rates as h i g h  as 28 fee t  per hour w i t h  
the 12-3/4 inch b i t .  A t  about 1,800 fee t ,  water started entering 
the hole a t  about 100 gpm and increased to  about 1,000 gpm a t  
1,932 feet. T h i s  i n f l u x  of water i t  led the reserve p i t  and 

ations had t o  be s h u t  down 
had to  be trucked 

I 
I 

be unacceptable. Since the 
e t  down the hole, 

well bore. The t e s t  was suc- 
I return t o  the 
~ 



cessful, so while i t  was desirable for well logging and geophysi- 
cal determinations t o  minimize disturbances, the excess water was 
pumped back down t o  the producing zones, and the excess water 
hauling operation was terminated. 

successful aerated water system was devised. With a i r  and foam 
chemicals the amount of aeration of the f l u i d  column was varied 
t o  achieve a balance between the hydrostatic head i n  the well 
and the formation water pressure. With this balance the forma- 
tion water was held back while the circulating syst 
well bore operated i n  normal fashion providing a good return of 
cuttings. 

As d r i  11 i ng proceeded the b i t  penetrated numerous heavi ly  
fractured zones which would either produce large volumes of water, 
or would accept fluids,  depending on the hydrostatic head of the 
column i n  the bore hole. The principal fracture zones are shown 
i n  Figure B.4. A t  times i t  was advantageous t o  increase aeration 
and produce water, f i l l i n g  up the reserve p i t ,  and a t  other times 
i t  was advantageous t o  reduce or eliminate aeration, thus d r i l l -  
i n g  w i t h  straight water from the reserve p i t .  The l a t t e r  method 
was used principally to  dispose of excess water, and dur ing  
coring operations. 

While d r i l l i n g  w i t h  straight water (no aeration) return 
flows d i d  not reach the surface; i n  other words, the los t  circu- 
l a t ion  zones or  fractures accepted the d r i l l i n g  f l u i d s  and the 
cuttings from the b i t .  T h i s  variable system was used a l l  the 
way to  total  depth (6,790 fee t ) .  After hole depth reached 3,500 
feet  a j e t  air! sub was installed a t  1,300 fee t  t o  ass i s t  i n  
l i f t i n g  the fluids from the hole. 

D r i l l i n g  was resumed and af te r  a period o f  experimentation a 

The hole s ize  was reduced to  7-7/8 inches a t  4,256 fee t ,  
although the original plan was t o  reduce a t  4,000 feet .  T h i s  
change was made because of the indication of fractures from 4,000 
t o  4,200 feet ,  and a more competent zone was sought 'in which t o  
bottom the 9-5/8 inch casing. 

The aerated water d r i l l i n g  regime proved most advantageous 
i n  t h i s  lower portion of the hole w i t h  penetration rates up t o  
28 fee t  per hour. 
achieved. Total depth was declared a t  6,790 fee t  a f te r  penetra- 
t ion  into a heavily fragmented zone threatened t o  s t ick and trap 
the dr i l l  string. 

Gross footage per day of over 400 fee t  was 

A series of Schlumberger geophysical logs were run  before 
setting the intermediate 9-5/8 inch casing. Turbine  flow meter 
t e s t s  showed substantial water flows from upper zones to  the bot- 
tom o f  the hole. The 9-5/8 inch casing was s e t  on the shoulder 
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a t  4,256 feet ,  bu t  i t  was cemented a t  the bottom only, t 
maximum salvage l a t e r  if  i t  is  not needed. The W 
was called again t o  run the 9-5/8 inch casing. 

A cement bond log was r u n  a f te r  the first attempt to  cement 
the bottom 700 feet  of pipe, b u t  i t  showed a maximum of only 10 
feet of good bond, a t  4,190 t o  4,200 feet. A squeeze job  was 
attempted w i t h  perforations a t  4,130 feet .  Another bond log was 
r u n  and showed no ange. i n  the amount of bond as a result  of the 
additional cement Budget limitations precluded further effor t  
t o  improve the cement bond, so i t  was decided t o  dri l l  out  the 
shoe of the 9-5/8 inch casing and check for  bond r i g h t  a t  the bot- 
tom. The final bond log showed a t  least  3 feet of good bond a t  
the shoe, and a flow meter check indicated that the casing as 
cemented had virtually stopped the flow o f  water i n  the hole i m -  
mediately below the casing. 

0 casing crew 

- 

A cement plug was then spotted near the bottom of the hole 
over an open-hole packer, and final temperature and water flow 
t e s t s  were run .  These tests indicated substantial success i n  
eliminating down-hole water flows. 

1974. After the rig crew installed the Christmas tree,  the dril l  
The Schlumberger crew finished the logging on September 10, 

sed a t  8:OO p.m. on that  same date. 

i 
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CORING OPERATIONS 

Coring, General 

for the d r i l l i n g  fluid. The greater hydrostatic head of t h i s  
denser dr i l l ing f l u i d  caused los t  circulation, which  resulted i n  
no dr i l l ing returns. 
by the amount of water i n  the reserve p i t .  The aeration i n  the 
d r i l l i n g  column was increased for  a time before each core was t o  
be taken, t o  allow the well t o  produce sufficient water t o  f i l l  
the reserve p i t .  T h i s  f luid was then  used, w i t h  no returns, 
during the coring operation. Straight water was used for core 
cutting for maximum cooling of the diamond b i t  while penetrating 
the highly abrasive granite formations. 

program. A total  of 114.5 feet  of formation was core dril led and 
a total of 82.5 fee t  of core was recovered, a recovery rate  of 72%. 
Coring i n  the Empire metamorphosed shale down t o  975 fee t  was quite 
d i f f icu l t ,  b u t  yielded generally good results. Below 975 fee t ,  
however, the quartz feldspar porphyry (granite) was extremely dif-  
f i cu l t  t o  core w i t h  diamond b i t s  and presented a severe challenge 
t o  core d r i l l i n g  experts. Very l i t t l e  t o  no recovery was obtained 
on four core intervals. 
inch core b i t  i n  the 12-1/4 inch hole allowed the b i t  t o  walk 
around the bottom face o f  the hole and damaged the core head. 
7 inches of the 5 foot  interval cored was recovered on one core 
interval, and no recovery was obtained i n  the subsequent two core 
intervals. 

Cores were cut w i t h  diamond core b i t s ,  u s ing  unaerated water 

Each core dr i l l ing sequence was t h u s  limited 

Christensen diamond core bi ts  were used throughout t 

Inadequate stabil ization of the 7-7/8 

Only , 

A t  this po in t  Rogers Engineering requested a conference w i t h  
Christensen Diamond Products management t o  resolve the problems. 
As a result  of the meeting, pinned s tabi l izers  were utilized to  
prevent lateral  b i t  travel a t  the s t a r t  of a core and allow the 
s tabi l izers  t o  s l ide up the outer core barrel tube as coring pro- 
gressed. T h i s ,  together w i t h  a change of core engineer personnel, 
produced better results thereafter. 

Coring Rates and Costs 

core penetration ra te  varied from 0.5 t o  4.0 fee t  per hour. The 
coring operation occupied 99 hours of r i g  time i n  coring and 114 
hours o f  round t r ip  time. 
fee t  per hour and the average cost of the cores was $1,177 per 
foot cored, or $1,636 per foot  recovered. (These cost figures 
for  coring include r i g  time and hourly pro-rata share of a l l  
accessory costs). 

Coring Summary (Figure 6.5) presents the coring results. The 

The average penetration rate  was 0.83 
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COST ANALYSIS 

General Costs 

etherma1 We1 1 
No. 1 project dur ing  CY 1974 and 1975 by Rogers Engineering Co., 
Inc. was $1,363,702. T h i s  figure includes certain expenditures 
not directly c d operati oris , 
as follows: , '  

(1 )  Cost of arbitration of contractor's claims $ 33,648 
Estimated re-sale value of wellhead and 
. casing hardware purchased bu t  not used 

due to  unexpected results of the d r i l l i n g  20,650 
(3) Cost of study for  plugging and abandonment 

of the deep well 5,216 

Total Non-Dri 11 ing  Expenditures $ 59,514 

Deduction o f  the non-dr i l l ing  expenditures from the gross ex- 

The gross amount expended on the Mary 

t o  the d r i l l i n g  and re1 

penditure yields a total  of d r i l l i n g  and related costs of 
$1,304,188. A detailed summary of the costs included i n  th i s  
to ta l  is shown 5n Figure 6.1. 

the to t a l ,  were as follows: 
The major categories of costs, expressed as a 'percentage o f  

Percentage of 
7 cost Total Cost 

Site preparation and Field 
Office Operation $ 107,751 8.2% 

Direct D r i l l i n g  Costs, i n -  
c luding Coring 768,963 59.0% 

Casing, Cement, We1 1 head 
Equipment 196,759 15.1% 

,Well Logging and Testing 
(Direct Cost, not in -  
c luding Rig Time 52,664 4.0% 

Engi neeri ng , Dri 1 1 i ng Super- 
vision, Procurement;Ex- 
pediting & Misc. 1 78,051 13.7% 

$1,304,188 100 % 

Comparative Costs 

i n  the industry, i t  is necessary t o  deduct the portion of the 
To get a realistic comparison w i t h  commercial d r i l l i n g  costs 
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total  cost that  was chargeable to  s t r i c t l y  research objectives: 
principally the costs of the extensive coring program and the * 

logging and testing act ivi t ies .  

An additional adjustment of comparative per foot  d r i l l i n g  
cost should be made due t o  the d r i l l i n g  sequence dictated by the 
geophysical logging program. In order t o  log the hole, i t  was 
necessary t o  d r i l l  the upper 17-1/2 inch ahd 26 inch hole i n  
multiple runs because the logging tools were limited to  a 12-1/2 
inch maximum hole size. 

Allowing a conservative saving of four days for  eliminating 
one dr i l l ing pass i n  the upper 1,326 feet ,  and deducting the 
direct  costs and the r i g  time and associated extra costs of the 
coring 1 oggi ng , and testing programs, 1 eaves a direct  d r i  11 i ng 
cost of $522,830, or $77 per foot. 
no t  included) . (Casing, well head and cement 

F 
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1 DISCUSSION OF RESULTS 

i 
i 

I 

Dri 1 1 i ng Procedures 

The pre-spud decision t o  provide a i r  dr i l l ing service as a 
supplement t o  conventional mud dr i l l ing equipment proved a for- 
tui tous one, although the advantages of the a i r  system were not 
fu l ly  realized i n  the large bore upper segments of the hole. 

Where mud was 'used ( 4  he 17-1/2 inch and 26 inch 
holes, and i n  d r i l l i n g  the 12-1/4 inch p i l o t  hole from 290 feet  
t o  1,524 fee t )  penetration rates varied from two to ten feet  per 
hour. Below 1,524 fee t ,  while d r i l l i n g  w i t h  a i r  mist and a per- 
cussion hammer dr i l l  , penetration ranged consistently from 12 to  
28 fee t  per hour. After water i n f l u x  damped out the effective- 
ness of the hammer d r i l l  below 1,912 feet ,  d r i l l i n g  w i t h  an 
aerated water system achieved consistent penetration rates of 
from five t o  24 fee t  per hour. 

creased d r i l l  b i t  l i fe,  as shown i n  Figure B.6, 

Hole Deviation 

An added advantage of the a i r  d r i l l i n g  experienced was i n -  

I 
Control of d r i f t  was more difficult i n  the Empire shale, I 

I from 300 feet  down t o  975 fee t ,  t h a n  i n  the quartz porphyry be- 
low. After d r i f t  b u i l t  up t o  over 5 degrees i n  the shale, dr i l l -  
i n g  had t o  slowed t o  br ing  i t  under control. A "ful l  hole" 
s tab i l izer  arrangement was then used t o  maintain control. 

Tendency to  d r i f t  was s l i g h t  t o  moderate while d r i l l i n g  w i t h  
12-1/4 inch b i t  i n  the Empire stock. When b i t  s ize  was reduced 
t o  7-7/8 inches, hole deviation increased markedly. The decision 
was made and approved to  accept up t o  15 degrees deviation so that  
maximum d r i l l i n g  rpm and weight-on-bit  could be utilized t o  maxi- 
mize penetration for  the final r u n  t o  bottom. The final devia- 
t i o n  survey showed a d r i f t  of s l ight ly  over 12 degrees a t  bottom. 

I 
I 

Drill Bits 

The  metamorphosed shale and quartzite of the Empire Shale, 
and the quartz feldspar porphyry of the Empire Stock both proved 
t o  require bits fo r  harder formation than d r i l l  b i t  vendor engi- 
neers had anticipated. The  cutting structure of the Security- 
Dresser H-100 bits, for extra hard formations, held up better 
than other cutters. However, the best bearing performance was 
by the Hughes journal bearing b i t  (only one available t o  the 
project due to  limited supply). 

The short b i t  l i f e  of the large hole openers as shown i n  
Figure 8.6, resulted from a deliberate trade-off i n  which higher 



than normal d r i l l i n g  rpm and b i t  weight were used t o  
rapid penetration and consequently less rig The higher rpm 
actually resulted i n  less shock of the drill and tools 9 be- 
cause the fractures o f  the formation caused ter "torquing" a t  
slow' t o  moderate rpm than a t  the higher rate. 

Coring B i t  Problems 

As noted i n  the coring section, the diamond core bits per- 
formed satisfactorily i n  the metamorphosed shale, even though  the 
formations were heavily fractured. I n  the quartz porphyry how- 
ever, the more abrasive nature of the formations con-sumed the 
diamonds of the cutting structure a t  a rap id  ra te ,  resulting i n  
unacceptably h i g h  b i t  cost  and slow penetration, This  is i n  con- 
t r a s t  t o  the carbide insert  tricone dril l  b i t s ,  which performed 
better making hole i n  the quartzite than i n  the Empire shale. 

The superior performance of b u t t o n  bits versus diamond bits 
i n  granit ic rocks should add further impetus to  the d r i l l i n g  b i t  
industry's effor ts  t o  develop button-type core b i t s  i n  anticipa- 
t i o n  of greater use i n  such formations i n  the future search for  
geothermal resources. 

Analysis of Rig Time 

Figure 8.3 displays a d i s t r i b u t i o n  of r i g  time on location 
according t o  the major operations. O f  significance is  the fac t  
that  basic new-hole d r i l l i n g  used only 42.08 percent of  r i g  time. 
Reaming w i t h  hole-openers t o  larger hole size used an additional 
8.65 percent. The scient i f ic  information gathe,ring operations 
(coring and bore hole logging) used a total  of 24.23 percent of 
r i g  time. Equipment repairs required 13.07 percent o f  
of which 79 percent were paid for  by the d r i l l i n g  cont 



Drill trig Contract Admini s t r a t i  on Problems Drill trig Contract Admini s t r a t i  on Problems 

In awarding the contract t o  the low bidder, some trade-offs, 
such as possible lower efficiency and performance by the Con- 
t ractor 's  personnel, were recog 
local contractor organization, 

t r a c t  administration. The Contractor was delinquent i n  submi t t ing  
cost data, bi 11 ing  and documentation for  reimbursable third-party 
and freight charges. Also, when such bills were f inal ly  received 
they contained charges for basic rig equipment that were not re- 
imbursable under the contract, and for  r i g  repairs that  were not 
reimbursable. These deficiences resulted i n  the disallowance by 
the Engineer of approximately $167,000 of Contractor claims. 

lecting to  use a small 

Such a trade-off proved t o  be a reali  n the area of con- 

The Contractor then demanded arbitration of his rejected 
claims. Accordingly a three-man arbitration panel of the American 
Arbitration Association was convened i n  Billings, Montana, for a 
total  of seven days beginning June 9, 1975. The results o f  the 
arbitration proceeding are  as follows: 

the majori ty.of what Rogers considered unsupportable claims, the 
costs o f  defending t h e  claims i n  the arbi t ra t ion proceedings 

d cost factor to  the project, These cost 
f Roger's project management personnel , 1 

sel, expert witnesses, p lus  the i r  travel and per diem ex 
and American Arbitration Association's administrative fees and 
expenses, for  a total  of $33,648. 
tion panel f u l l y  supported and justified this effo 
by Rogers Eng 
contractor. 

The conclusions of the arbitra- 

re ject  ungrounded claims 

i 



Budget 
I tem . Totals 

$ 81,714 
5,687 

14,470 
Tra i le r ,  Truck & O f f i ce  Equipment 
F ie ld  Off ice Operations & Maintenance 

*Potable Well D r i l l i n g  & Pump 5,880 $ 107,751 

S i t e  Preparation & Equipment 
S i t e  Preparation, including Telephone and E l e c t r i c  

Power Construction 

D r i l l i n g  Costs 
Well D r i l l i n g  
D r i l l i n q  B i t s  

509,226 
77,045 
66,424 Coring tools,  B i t s  & Services 

A i r  D r i l l i n g  Services and Equipment 
D r i l l i n g  Mud and Service 
Mud Logging $ 768,963 

**Well Casing 
*We1 1 Head Equipment 13,647 
Cementing 48,825 $ 196,759 

***Bore Hole Logging 
D r i l l  Stem Testing 

42,689 
9,9!5 $ 52,664 

Consulting Engineering, Procurement, Expediting , D r i  11 i n g  
Supervision 166,194 

Travel & Per Diem 11,716 
Report Reproduction 141 $ 178,051 

Total $1,304,188 

*Net cost a f t e r  estimated resale c red i t .  

**Net cost a f t e r  estimated resale c r e d i t  of unused casing hanger. Does not 
r e f l e c t  c r e d i t  f o r  resale o f  9-5/8 inch casing i f  recovered i n  future. 
That c r e d i t  i s  re f l ec ted  only i n  the separate study o f  Plugging and Abandon- 
ment by Rogers Engineering Co., Inc. 

proposal. 
***Transferred t o  Rogers Engineering Co., Inc. budget from BNW i n  o r i g i n a l  

FIGURE B.l. Summary of Drill ing Costs 
Marysville Geothermal Project 
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i 

ACTIVITY PERCENT OF TOTAL R I G  TIME 

1. D r i l l i n g  42.08 
I 

a. D r i l l i n g  Hole 25.17 
b. Round Tripping - D r i l l i n g  12.05 
c. Conditioning Hole, Mixing Mud 3.60 
d. Magnaflux D r i l l  Col lars 1.26 

2. Reaming Hole 8.65 

I a. Reaming and Opening 6.67 
b. Cleaning Out P i l o t  Hole 1.98 

3.41 3. Casing, Cement 

a. Running Casing 0.94 

c. Waiting on Cement 0.74 
b. Cementing Casing 1.05 

d. Cement Plugs 0.16 
e. D r i l l i n g  Ceme 0.52 

4. Coring 9.61 

a. Cutt ing Core 4.42 
b. Round Trip-Coring 5.19 

5. Bore Hole Logging 14.62 

a. Geophysical Surveys - . 1.30 
b. Temperature Surveys, SMU * 4.82 
c, Temperature Surveys, Schlumberger 3.86 

D r i l l  S tem Testing 0.67 
Round Tripping, D r i l l  Stem Tests 2.05 
F l u i d  Flow Surveys 0.76 

g. Cement Bond Surveys 0.41 
h. Water Sampl i ng 0.19 

6. Equipment Repairs 13.07 

a. Equipment Repairs, Rig 
b. Equipment Repair, Operator Charge 

7. Fishing 

8. Waiting Time (Equipment 

100% 

FIGURE B.3-A, Marysville Geothermal Me11 No. 1 
Breakdown of Dri 1 1 i ng Rig Time 
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C - - No. 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

- 

11 

12 

13 

14 

15 

16 

17 

18 

ng Interval  
Depths 

325 - 335 

436 - 446 

581 - 591 

921 - 931 

997 - 1007 

1524 - 1530 

1936 - 1940 

1942 - 1943 

2042 - 2042.5 

2295 - 2300 

2782 - 2786 

3312 - 3316 

3817 - 3825 

4256 - 4264 

4909 - 4916 

5270 - 5276 

6022 - 6029 

6410 - 6414 

Cored 

IO' 

IO' 

10' 

IO' 

IO' 

- 

6' 

4' 

I '  

0.5' 

5 '  

4 '  

4 '  

8'  

8' 

7' 

61 

7'  

4 '  

114.5' 

- 

Total Rig  Time Spent on Coring: 

Total R ig  Tim Spent on Core Round 

Coring 
Rate 

Ft/Hr 

2. I 

5 . 0  

2.2 

3.3 

I .4 

0.3  

0 .3  

0.7 

0.5 

0.7 

0.8 

I .5 

1.0 

I .o 

1.3 

1.1  

1.2 Avg 

Core 
Recovered 

10' 

6'-10'1 

91-811 

IO' 

'i 10' 

5 '  

0 

3' 

Core 
D i m e  ter  

4" 

4' ' 
4" 

4' ' 
4' ' 

4'' 

4' ' 
4' ' 

4' ' 
. 411 

5- 1 /4" 

5- 1 /4" 

4" , 
5- 1 /4" 

4" 

4' ' 
4' ' 
4' ' 

9 Hours Ave r e  ge 

1 
R w r k s  

Core head broke. 

Metal I n  hole. 

Damaged core head. 

Undersized core. 

Fragnents recovered 
fn junk snatcher. 

t of Cores Per Foot Recovered: 



BIT SIZE : 
26" e 

12%' A 
7 G8'' 

17>! 0 

Rogers 
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FIGURE B.6. Drill Bit Life for Marysville Geothermal Project 
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LIST OF SUBCONTRACTORS - MARYSVILLE PROJECT 

SITE WORK SUBCONTRACTORS 

Amount o f  
Contract 1 

I 

1 (1) Foundation and Mater ia ls Analysis 
I 

Consultants, Inc. 
Attn: Robert L, Holm 
839 Front St reet  

~ He1 ena , Montan $ 335 

(2) V. T. N., Inc. S i t e  Survey 
Attn: Dave Twiddy 
Helena, Montana 59601 1,686 

Attn: Wesley Lindsay 
1 (3) Lindsay Well D r i l l i n g  Potable Water Well 

C1 ancy , Montana 59634 6 9 200 
I 

I 

(4) Wi l l iam G. M i l l e r  Construc- S i t e  Grading and 
t i o n  Co.7 Construc t 5  on 
Attn: Wi l l iam G. M i l l e r  
P. 0. Box 1033 

I 50,994 I 

I 

~ 

(1) Molen D r i l l i n g  Co., Inc. D r i l l  the Deep Well 
Attn: Vern Molen, Pres. 
B i  11 i ngs , Montana 591 03 

Attn: J. Brodie Pugh 
4 Sedgewick Dr ive 
Engl ewood , Colorado 801 10 

Industr ies,  Inc. 
At tn:  Leroy D. Greener 
Roundup, Montana 59072 19,547 

Chemical Co. 
Attn: G. 3. "Bud" Durborow 
216 Security L i f e  Bu i ld ing  
Denver, Colorado 80202 48,611 

487 , 165 

(2) A i r  D r i l l i n g  Services, Inc. A i r  D r i l l i n g  Service 

73 , 631 

D r i  11 i ng Mud Service 

(4) Dowel1 D iv i s  Wel l  Cementing S 

! 

B.25 
I 

I 

~ 



APPENDIX BL1 (Cont'd) 

LIST OF SUBCONTRACTORS - MARYSVILLE PROJECT 

Subcontractor 
Amount of 

Type o f  Mork Contract 

(5) Continental Laboratories , Mud Logging Service 
Inc. 
Attn: Bi l ly  R, Roush, V. P. 
1744 Mu1 lowney Lane 
B i  11 5 ngs , Montana 591 02 20,543 

(6) Schlumberger Well Services Well Logging 
Attn: Harold Darl ing (Geophysical ) 
Havre, Montana 59501 40,157 



APPENDIX B .2 

LIST OF SUPPLIERS OF DRILLING EQUIPMENT AND SERVICES 

MARYSV I LLE PRO3 ECT 

Name o f  Suppl i er Equipment/Service Suppl fed Amount 

P. 0. Box 2590 
Tulsa, Oklahoma 74102 $ 5,845 

P. 0. Box 1995 
Oklahoma City, 0 73,584 

P. 0. Box '1860 
Tu1 sa, Oklahoma 741 01 

(4) Continental Emsco Co. Drill Bits: Security - $58,645 
P. 0. Box 22558 Hughes - 10,992 
Dallas, Texas 75284 Smith - 6,723 76,360 

P. 0. Box 387 
Salt Lake Ci 64,219 

P. 0. Box 15372 

(1) The Bovaird Supply Co. 

(2) Republic Supply 

(3) Vinson Supply Co. 1 3-3/8" Casing 

33,837 

(5) Christensen Di oducts Diamond Core Bi 
Engineering Service 

(6) Hycalog, Inc. Diamond Core Bit & Tool 

ton, Texas 77020 1,883 

(7) I Core Laboratories, Core Boxes 
Box 10185 
Dallas, Texas 75207 302 

P. 0. Box 8013 
Houston, Texas 77004 8,543 

P. 0. Box 2291 
Houston , Texas 77001 32,806 

13060 E. Firestone Blvd. 
Santa Fe Springs 4,014 

(8) Cavins Corp. Junk Snatcher, Rental and 

(9) Gray Tool Co. Well Head Valves, Casing 

(10) Valve Services, Inc. Well Head Valve 



. .  

APPENDIX B.2 (Cont'd) 

LIST OF SUPPLIERS OF DRILLING EQUIPMENT AND SERVICES 

MARYSVILLE PROJECT 

Name of Supplier 

Williston Industrial Supply 
Corp. 
P. 0. Box 1323 
Yilliston, N. Dakota 58801 

Casper Machine Shop 
P. 0. Box 2995 
Casper , Wyomi ng 82601 

Colona Division of AMPCO- 
P i t t sbu rgh  
P. 0. Box 360897 M 
Pittsburgh, Pennsylvania 15251 

AMF Tuboscope, Inc. 
P. 0. Box 808 
Houston , Texas 77001 

Casing Thread Protectors 

Kus ter Company 
P. 0. Box 7038 
Long Beach, Ca. 90807 

C. A. White 
P. 0. Box 156 
Casper , Yyomi ng 82601 

Equipment/Service Supplied 

Casi ng Hand1 i ng ,Tool s and 
Crew 

C u t  Threads on Casing 

Casing and Drill Pipe 
I nspec t i on 

Down-hole Temperature Re- 
corders 

Portable Wire Line 

Shafco Industries, Inc. 
P. 0. Box 575 
Buena Park, California 90620 

Lynes United Service, Inc. 
1562 C1 eve1 and P1 ace 
Denver , Colorado 80202 

Well Head Fittings 

Drill Stem Testing 

1 Stem Testing 

Hammerdri 1 Rental 

Johns ton-Sc h l  umberger Dri 
P. 0. Box 36369 
Houston, Texas 77036 

TRW Mission Manufacturing Co. Air 
P. 0. Box 40402 
Houston, Texas 77040 

8.28 

Amount 

3 , 507 

$ 13,986 

423 

4,661 

1,575 

903 

71 3 

2,501 

7,474 

1,035 







SECTION C LOGGING AND CORING 

CONTENTS 

1 Well Logging . . . . . c.1 
1 Log Data Evaluation . . c.7 
I Logging Program . . . 4 ' . c.7' 



c . 1 
c . 2 
c . 3 
c . 4 
c . 5 
C.6 

c . 7 
C.8 
c . 9 
c . 10 
c.11 
c . 12 
C . 13 
C . 14 
C . 15 
C.16 
C . 17 
C.18 
c.19 

LIST OF FIGURES 

Directional Computations from Dipmeter Results . . . . . .  
Resistivity Fracture Detection . . . . . . . . . . .  
Example Log of Variable-Density Recording of Sonic Wave 
Train and Companion Data . . . . . . . . . . . . .  
Example FDC Log Showing Bulk Density Recording (pB) and 
the Compensation Curve ( A p )  . . . . . . . . . . . .  
Example Dipmeter Recording Illustrating Contrasting Response 
Between Four Independent Recordings . . . . . . . . . .  
Example of Computed Log Illustrating Ellipticity of the 
Borehole as Shown by the FDC and Dipmeter (HDT) Calipers . . .  
Temperatures in the Marysville Geothermal Well . . . . . .  
Results of Temperature Log for April 23. 1975 . . . . . .  
Summary o f  the Spinner Flowmeter Data . . . . . . . . .  
Core 1 0 in.-l20 in . . . . . . . . . . . . . . .  
Core 1 90 in.-120 in . . . . . . . . . . . . . . .  
Core 1 110 in.-l20 in . . . . . . . . . . . . . .  
Core 3 20 it1.~30 in . . . . . . . . . . . . . . .  
Core 5 0 in.-30 in . . . . . . . . . . . . . . .  
Core 9 0 in.-34 in . . . . . . . . . . . . . . .  
Core 12 30 in.-62 in . . . . . . . . . . . . . . .  
Core 13 Selected Pieces . . . . . . . . . . . . .  
Core 14 30 in.-60 in . . . . . . . . . . . . . . .  
Core 15 0 in.-23 in . . . . . . . . . . . . . . .  

c.3 
C.8 

c.10 

c.11 

C.17 

C.18 
C.23 
C.26 
C.28 
C.38 
c.39 
c.39 
C.40 
C.40 
C.41 
C.41 
C.42 
C.42 
c.43 

LIST OF TABLES 

C.l Directional Survey Summary . . . . . . . . . . . .  C.4 
C.2 Flow Parameters in Marysvil le We1 1 . . . . . . . . . .  C.27 
C.3 September 10. 1974 Packer Flowmeter Tests . . . . . . . .  C.29 

C.5 November 19. 1974 Flow in Marysville We11 . . . . . . . .  C.32 
C.6 April 24. 1975 Flow in Marysville Well . . . . . . . . .  C.33 
C.7 Tabulation of Water Level in the Marysville Well . . . . .  C.34 

C.4 September 21 . 1974 Flow in Marysvil le We1 1 . . . . . . .  C.31 





on 
characteristics such as 1 
of the d r i  1 led fognations 
such as Its aekiation fro 
d i t ions  on temperature an 

ri 1 t i ng ' t i  de termi ne 
terns and physical properties 
ain Fonditions i n  the. well 

mechanical dimensions, and; con- 
11 logging requires the use 

el oped over many years o f  research 
field,  operations are ava 
equipment t o  your s i te  a 

agreement was made w i t h  
e+done by the , 

rates,  and inter- 
Research Labora- 

temperature logs an 
ne1 ' u s ing  the instruments an 

I *  

wo occasions just pr 
'a depth o f  132 
mes a complete- 

o f  logs were taken as described below. 
perature and flow were undertaken i n  1974 on August 29, September 21, Octo- 
ber 21, November 16 and i n  1975 on April 23. The composite s e t  of both major 
and minor loggings include: 

1. The bore hole cal iper log and sonic l o  w i t h  gamma ray (measures h 
diameter, acoustic velocity, and natural radioactivity i n  the rock). 

2. The dual induction laterolog (determines the form 
eddy current induction and flow of a focused direct  current). 

The formation density gama ray log (determiqes the formation 
density, hole diameter, and natural radioactivity). 

4. Compensated neutron log  (measures the formation porosity and hydrogen 
concentrations by means of a neutron source). 

5. Electrical survey ( asures resistivity of the'  

6. 4-Arm Digital Dipm r (measures the d i p  angle 

on September 10 to  6790 f t .  
Minor loggings involving only tem- 

on res i s t iv i ty  by 

fractures and bedding lanes by correlating changes of formation 
electrical  res i s t iv i ty  P 

'C. 1 



7. The directional survey (measures deviation of the hole from the 
vertical and the compass bearing of the deviation). 

8. Temperature logs (measured with platinum resistance thermisters, 
maximum rating thermometers, and the Kuster time-temperature 
downhole recorder). 

9. The water flow logs (measured with an open hole 
Flowmeter, and with the radioisotope flowmeter). 

Packer 

The results of these loggings are discussed in detail i n  the following sec- 
tions, as well as elsewhere in the report. 

Figure C.l shows 
the directional computations' of the hole from the dipmeter results. The 
hole deviation begins with an easterly drift caused by the bit riding up on 
the dip of the Empire shale. This direction continues in the Empire quartz 
porphyry until about 2100 ft where the direction changes abruptly because 
of attempts to control deviation several times in the next 2500 ft, Below 
5000 ft the drift is always to the northwest (at nearly 293') and at an 
angle of 10' to 11' from the vertical. The cores from these depths all 
showed fractures normal to their axis, indicating that these fractures 
dipped at 10' with 113' bearing. Table C.l sumnarites the directional sur- 
vey data at 100 ft intervals. 

The details of the individual logs are rather voluminous and therefore 
will not be reproduced in this report. The information is stored 
Northwest and can be examined on request. 

The directional survey is presented in this section. 

c. 2 
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TABLE C.l  

Degrees 
Depth(a) Drift Azimuth 

116 
200 
300 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 
1500 
1602 
1702 
1802 
1902 
2002 
21 02 
2202 
2302 
2402 
2502 
2602 
2702 
2802 
2902 
3002 
31 02 
3202 
3302 
3402 
3502 
3602 
3702 
3802 
3902 
4002 
4100 

2.1 
2.1 
1.5 
1.6 
2.5 
3.3 
3.7 
4.6 
5.0 
5.7 
5.7 
5.8 
5.7 
5.7 
5.9 
4.1 
2.8 
2.7 
1.6 
1.5 
1 .l 
0.8 
0.4 
0.9 
0.9 
0.9 
1.2 
1.2 
0.8 ' 
0.5 
0.7 
0.5 
0.7 
1.3 
1.9 
2.3 
3.1 
3.6 
3.3 
3.2 
3.3 

43 
58 

107 
109 
111 
111 
109 
92 

- 88 
84 
85 
85 
82 
83 
83 
93 
74 
63 
62 
61 . 

,61 
48 

349 
290 
288 
285 
276 
264 
254 
272 
50 
41 
23 
16 
16 
27 
18 
16 
8 
3 

350 

a. I n  f e e t  :from Kelly Bushing 

0.00 
2.27 
5.04 
7.74 

10.94 
15.71 
21,31 
28.58 
37.03 
46.40 
56.36 
66.34 
76.22 
86.09 
96.09 

104.84 
110.66 
114.90 
117.99 
120.54 
122.46 
123.73 
124.15 
123.28 
121.70 
120.34 
118.61 
116.36 
114.74 
113.62 
114.07 
114.82 
115.28 
115.99 
116.80 
118.02 
119.90 
121.60 
122.86 
123.22 
122.60 

Direct ional  Survey Summary 

Feet Feet 
X Deviation Y Deviation 1-3 . 2-4 . 

18.0 18.0 
13.1 . 13.0 
13.5 13.2 

13.8 
13.5 
13.5 
12.8 
12.7 

0,oo 
1.92 
3.28 
2.64 
1.36 - 0.39 

--2.64 - 3.91 - 3.95 - 3.23 - 2.31 - 1.45 - 0.24 
1.03 
2.22 
2.32 
2.77 
5.00 
6.53 
7,69 
8.67 
9.58 

10,38 * 

11.04 
11,57 
12.03 
12.36 
12.42 
11.93 
11.80 
12.45 
13.21 
14.03 
15.59 
18,34 
21.68 
26.19 
31.90 
37.68 
43.36 
48.84 

14.3 14.3 
13.4 13.4 
13.3 13.3 
13.2 13.7 
13.2 14.5 

14.0 
13.5 . 
13.4 
12.7 
12.7 . 

12.8 12.5 
12.8 ' 12.2 
13.0 12.5 
13.0 12.5 
13.1 13.5 
13.5 13.2 
13.3 12.9 
13.1 12.8 
12.8 12.6 
12.9 12.6 
12.9 12.6 
13.1 12.7 
13.2 12.7 
16.2 12.6 
14.6 12.5 
17.8 12.5 
13.0 12.6 
13.2 . 12.6 
13.0 12.5 
13.3 12.6 
13.1 12.5 
13.0 12.7 
12.9 12.5 
13.0 12.5 
12.9 12.5 
12.7 12.5 
12.9 13.0 
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1. (Continued) 

1 nc hes Inches 
Degrees Feet Feet D i  ame t e  r D i  ame t e  r 

Depth(a) Drift Azimuth X Deviation Y Deviation 1-3 2-4 

4200 3.7 332 120.43 54 . 38 12.8 12.2 
4308 5-3 31 9 115.46 60.87 8.6 8.2 
4400 6.5 A 302 108.10 66 71 8.8 8.1 

i 4500 6.9 297 97.76 72.34 8.7 8.4 
! 4600 7.3 298 86.59 77.97 9.1 8.3 

4700 7.7 295 75.03 83.94 9.0 8.1 
i 4800 8.5 294 62.12 90.04 8.5 8.0 

4900 9.0 296 48.08 96.07 8.3 8.0 
5000 9.4 288 33.34 102.15 8.4 8.1 I 51 00 8-9 289 18.56 108.22 9.1 8.0 
5200 9.0 289 4.05 113.72 8.4 8.0 
5300 8.6 293 - 10.11 119.39 9.1 8.1 

1 
5400 8.7 293 - 23-77 125.41 9.0 8.0 

i 5500 8.4 290 - 37.76 130.82 8.4 8.2 
.5600 8.8 293 - 51.67 136.26 8.5 8.0 
5700 9.7 292 - 66.73 141.60 9.7 7.9 

+ 8.1 5800 10.3 296 - 83.64 148.86 8.4 
I 5900 9.6 299 - 98.45 157.08 8.6 8.1 
I 6000 10.2 296 -114.10 164.50 8.2 8.0 
I 61 00 10.5 296 -130.42 172.47 8.3 8.1 

6200 11.5 295 ~ -147.41 180.27 8.3 8.0 
6300 12-0 ' 292 -1 66.63 188.13 8.2 8.0 
6400 12.3 289 -186.47 195.44 8.5 8.0 
6500 12.6 293 -206.78 203.01 8.0 7.9 
6600 13.2 299 -226.72 212.54 .3 8.0 

I 
1 

1 

I 

1 

I I 6700 14.5 -248.35 223 .4 8 
i 

a. I n  f e e t  from Kelly Bushing 
I 
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Schl umberger-Doll 
\ 

Ba t te l  le-Nort  e t  a l ,  i n  conjunction w i t h  the National Science 
dation, e lected t o  d r i l 1 . a  borehole i n  the Marysvi l le, Montana area 

evaluate the geothermal anomaly located t 

Surface and shallow-hole geophysical 
 of^ heat was a recent magma chamber, near the surface, which was barren of 
aquifers. The borehole was deemed necessary t o  prove o r  disprove thSs 
postulat ion.  

mental power 
system designed t o  u t i l i z e  the dry-rock f o r  heating i n jec ted  water, which 
would then be withdrawn through a .second, nearby w e l l .  For the development 
o f  such-a system i t  i s  necessary f o r  f l u i d  movement t o  occur between the 
two we l ls  ,e i ther  through e x i s t i n g  permeable condigions, or, i f  inadequate, 
through induced permeabil i ty. 

The intended us 
e x i s t i n g  porosity/pe 

l y  implied the Source 

If borne out, the wel l  would become 

necessary since nd sing 

i r e  uLrier- conscrainc on seiecr ing a program was tne environ- 
mental factors,  the primary one being the 

I .(500°F a t  5,000 ft depth), This poss ib i l  
three separate. 

The basic logging program was t o  con 
eutron (CNL) , Dipmeter (HDT 
emperature (HRT), t o  be modified as d i c ta ted  by encountered 
he Density (FDC) and electr ic-survey (ES) were add 
e i n  t h e i r  co r re la t i on  t o  surface conditions. 

mperatures expected, 

00 ft, and a t  TD). 
ompted the .decision o f '  makiqg 

prime in terest ,  mu l t i -  
I 

1 

FRACTURE DETECTION 

Since no s ing le  method can r e l i a b l y  locate fractures, the approach was 
.taken that, o f  the methods tr iect,-the more t h a t  ind icate f ractures the bet- 
t e r  the chance t h a t  a1 ly ,  exists.  



One reason a single method is unreliable is due t o  the sensit ivity of 
most logs t o  particular geometrical orientations of the fractures. To better 
i l lus t ra te  th i s  a discussion of each method follows: 

Resistivity 

conductive, responds t o  the presence of conductive f l u i d s .  Thus resistivity 
is  a porosity measurement providing the open pore/fracture spaces are water- 
f i l l ed ,  which,.of course, is the case here. With electrode devices such as 
the LL-7, or  ES, fracture response, especially h i g h  angle fracturing, is 
indicated by an apparent "porosity" which is  too h i g h  compared t o  other 
porosity measurements which gives an unaffected value of porosity, such as  
the Neutron log. 

of current paths which reduces the amount of voltage needed t o  maintain the 
current flow. 
porosity. 
the electrode is  minimal and the amount o f  porosity shown will not be anoe-  
lous, t h u s  requiring the use of another fracture detector method *for these 
(Figure C. 2).  

The Resistivity device, since the basic matrix can be considered non- 

In a vertical electrode configuration this is  caused by a "shorting" 

This reduction i n  voltage i s  analogous to  an increase i n  
However, i n  the case of low angle fractures the "shorting" of 

Current Path Distortion Concept - Homogeneous Matrix 

D 

No Fracture High Angle Fracture Low Angle Fracture 

FIGURE C.2. Resistivity Fracture Detection 
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Sonic - 
The presence of low-angle fractures is. detectable from anoma 

on a travel time recording ( A t )  by events which were ttrib'uted t o  cycle- 
s k i p p i n g  o r  missed measurements dur ing  the time-cycle requirement of the tool. 
Such events occur when the s igna l  leve drops below a bias level which con- 
trols the time-cycle h the BHC is  not always . 
obvious o r  always du 
met hod. 

Observing the a 
closely related t o  cycle-skipping but  i t  has been susceptible t o  misinter- 
pretation due to  poor acoustic coupling between borehole f l u i d s  and some 

.types of matrices. 

A more successful method of fracture detection with the BHC system has 
been the Variable Density-Amp1 itude recordings. 

In this type of recording, fractures are normally associated w i t h  dis- 
tortions of the sound pulse wave t ra in  caused by reflections of the sound 
wave due t o  the interruption of the wave's uniform front by the presence of 
materials having widely d t acoustic properties such as water, (frac- 
ture) and the ba (granite) . 

ording the wave traln is recorded as a func- 
on of travel time, ' the positive half-cycle black, negative white,' the 

the re l iab i l i ty  of this 

mpressional arrival is a common method 

intensity of the respective half-cycles being directly modulated by their 

r t ion  of the recorded wave t ra in  b o t h  
ften these recdrdings are so complex, 

f i n d i n g  ab i l i ty  has been demonstrated. 

t o  locate zones of fracturing 

The response to  fractures exhibited by FDC is t o  on w an apparent 
porosity increase. T h i s ,  i n  normal practice, is often ed by l i t ho -  
logic variations. In this well the l i thology is re la t  nstant so the 
system is less ambiguous than normal. 

A second method found t o  work i n  some localized s s is the cor- 
relation of the correction curve (Ap) t o  fractures. T h i s  technique is  gen- 
erally only partially successful since hole rugosity can cause a similar 
response. 
ently smooth hole, there is a good chance fractures exi 
5450-54 f t  on Figure C.4. 

If significant act ivi ty  exists though on the Ap curve i n  appar- 
, such as a t  

c. 9 



RECEIVER 2oo 
,400 

AMPLITUDE 
(Millivolts) 

n 20 U 

1 - 1  1 1  I 1  I 

VARIABLE DENSITY 
200 p s e c  I200 ' 

FIGURE C.3. Example Log o f  Variable-Density Recording o f  Sonic Wave 
Tra in  and Companion Data 
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Neutron 

The neutron i t s e l f  is  not a fracture detector per se but ,  being a 
hydrogen index indicator, i t  provides a good porosity index when water is 
the major source of hydrogen. O f  course, intergranular $porosity and frac- 
tures containing water show themselves the same t o  the neutron system. 

The CNL i s ,  as  is the FDC, usually limited by lithology variations i n  
normal well .logging, b u t ,  again, the essentially constant matrix helps al lay 
this problem. 

W i t h o u t  knowledge of the exact matrix parameters, though, we are unable 
t o  accurately determine the porosity from the ind iv idua l  logs. However, a 
simultaneous solution of the BHC(S), CNL(N), FDC(D) logs ( ~ S N D )  calibrated 
t o  known responses, such as  quartz, ca lc i te  and dolomite, provide a value 
of porosity which ,  though not 100 percent correct when other minerals'are 
involved, is quite good, 
are basically .dealing w i t h  a quartz porphyry. 

provides the basis for the comparison of r e s i s t i v i ty  "porosity," @RES) which 
was previously discussed. 
~ S N D  would suggest the presence of a fracture. 

especially density (ROGA) and travel time (Atma)? necessary t o  have calcu- 
lated this same porosity us ing  the recorded density and sonic data 
respecti vel y . 

T h i s  occurs par t icular ly ' in  this c3se where we 

T h i s  ab i l i t y  t o  achieve a reasonably accurate profile of porosity also 

Thus  an apparent increase i n   RES over and above 

Also from ~ S N D  we are able t o  back-calculate the matrix characterist ics,  

Since the sonic measures the shortest travel time through the%rock, i t  
often tends to  ignore the presence of fracture porosity. 
i t s e l f  i n  this method by requiring a f ic t i t ious ly  fast  matrix travel time 
(<50 psec) i n  the time average relationship to  balance 6 s ~ ~ .  

D i  pmeter 

fractures for  reasons similar t o  those discussed under res is t ivi ty .  
must be opened and water-filled. 

not troubled by bed boundaries. 

v id ing  an accurate orientation, d i p  and azimuth, of the fracture plane. 
T h i s  could prove significant i n  selecting the s i te  of the next well if 
needed, as  well as  aiding i n  understanding the direction f l u i d s  could be 

T h i s  manifests 

The dipmeter (HDT), being a microresistivity system, can often detect 
They 

The method is  most applicable where the lithology is constant and is 1 

Detection of fractures by the dipmeter gives the added benefit of pro- 

~ 

expected t o  move most readily. - 1  

c.12 
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GENERAL EVALUATION AND FRACTURE LOCATION 

A general description of the we 
indicates two main matrices: Empire shale from surf 
Empire stock from 975 f t  t o  6790 f t  (TD). 

notable changes i n  logging characterist ics a s ' d i  i ngui shed on the presen- 
ta t ion  of the attached log. 

Interval I (Surface t o  310) 

quantitative evaluation. The variation i n  apparent grain density (ROGA - 
Track 2 of F i l m  No. 1) w i t h  porosity indicates lithology changes though some a 

of this is  undoubtedly due t o  hole rugwity. 

Interval I1 (310 t o  400) 

The matrix 
characterist ics,  apparent grain density (ROGA) = 2.8 g/cc, apparent matrix 
travel time (DTMA),= 40 psec, and #SND p.u. average, suggest a different 
lithology. Some indications of fracturing exist though very s l i g h t .  Gama 

bably the dike (or s i l l )  mentioned 

from log data and d r i l l i n g  reports 
t o  975 f t ,  and 

The "shale" actually consists +of f ive sub-intervafs which display 

T h i s  interval appears t o  be highly interbedded. Hole conditions prevent 

T h i s  interval is  more stable though some variations exist .  

edded though hole rugos- 
ral  ve in ing  or 
rain density and 

rugosity, b u t  ~ S N D  
orrect which i n  t u r n  
analysis would have 

ondi t ions are 
improved and data more quantitative.  
porosity again suggests interbedding.  

v e i n i n g  (~680 f t ) .  
f i r s t  zone, possibly ind ica t ing  less 

ROGA % 2.8 and Atma %I 45 varying w i t h  

~ S N D  versus 6 ~ t  response suggests heavy fracturing and possibly some 
T h i s  zone has a' s l ight ly  h i g h  a ray level than the 

Interval V (800 t o  970) 

'Again hole conditions interfere w i t h  analysis; ~ S N D  - 6Rt comparison 
indicates heavy fracturing; otherwise log responses are similar t o  Interval 
I11 except veining indications are  absent. 

C.13 
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This is probably a highly metamorphosed section and could represent a 
transition from Empire shale to the Empire stock. 

WATER FLOW ENCOUNTERED 

Could be a rubble. 

The well, drilling with air, encountered a significant inflow of water 
around 1900 ft depth. 
tities of water were present in the area. 

the geothermal gradient and it in fact appeared to go to zero (no further 
increase in temperature with depth). 

It also eliminated 
the need for the intermediate logging run; so the drilling operation con- 
tinued to 6790 encountering numerous indications of fracturing. 

The inflow of water continued and seemed quite capable of maintaining 
a constant head in the well at 600 ft surface. Much of the deeper drilling, 
with aereated water, was without returns. Attempts to establish circulation 
with water failed and in fact indicated adequate porosity and permeability 
to handle all the water provided. Fluid movement between levels was thought 
to exist leading to the decision to add flowmeter logs, and later tracer 
logs, to determine if such flows truly existed and, if so, which intervals 
were giving and which were taking. 
incurred by the extreme evidence of heavy fracturing and the tendency of 
the drill-pipe to stick at this depth. 

EMPIRE STOCK EVALUATION 

characteristics occasionally, was first encountered on the initial logging 
run at 970 ft depth (see attached log). 
or so appears to be a transitional matrix on the logs and probably represent 
a variation in the cooling rate causing metamorphic variation. From there 
to TD the logs indicate a relatively constant lithology with localized 
variations . 

This provided the first indication that major quan- 

An additional 1500 ft of drilling showed a very distinct reduction in 

This altered the concept of a dry magma chamber. 

The decision to stop at 6790 ft was 

The Empire stock, a quartz porphyry basically, but altering to granite 

The first 500 ft (970 ft to 1500 ft) 

FRACTURE INDICATION 

The fracture indication methods worked much as expected and in fact so 
well that to point out all the indications from each method would fill many 
pages and really contribute very little to the overall picture. 

Only minor indications of fracturing in the stock occur down to 1350 ft 
From there to 1900 ft depth the frequency of occurrence of indica- depth. 

tions increases slightly with no major anomalies evident. 
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From 1900 ft t o  2600 ft depth the frequency of ind icat ions picks up 
w i th  a very strong ind i ca t i on  i n  several places, but p a r t i c u l a r l y  a t  2410 
(dips are i n  the 50" t o  60" range w i t h  azimuth varying from northeast t o  
southwest) (51" a t  210"). From 2600 ft t o  3150 f t  depth the frequency o f  
occurrence lessens though two strong ind icat ions are found, one a t  2920 f t  
(d ip  65" south), the other a t  3040 ft depth (d ip  70' southwest). 

influence and may a c t u a l l y  be masking f rac tu re  ind ica t ions  by causing d is -  
t o r t i o n s  o f  a s ing le  l o g  measurement, especia l ly  the B R t  t o  CSND comparison. 

Considering the matr , though, any hole i r r e g u l a r i t y  must be studied 
c lose ly  s ince enlargement may i t s e l f  be a f rac tu re  index. 

From 3190 f t  t o  3650 ft depth the frequency of ind ica t ions  again 
increases. Many strong ind ica t ions  are found, the most s i g n i f i c a n t  are a t  
3280 ft , 3340 ft, 3370. f t  t o  20 ft, 3528 ft and from 3615 ft t o  3635 ft 
depth. 

'The 3370 f t  t o  0 f t in te rva l  i s  especia l ly  in terest ing.  It appears 
exceedingly anomalous on a l l  poros i ty  logs and the r e s i s t i v i t y  logs. 
i s  60" northeast. I I t  appears t o  be a ve in  o f  unknown mater ia l  from the l o g  
standpoint. 

It i s  importa ember tha t  borehole condi t ions can be a strong 

Dip 

w i t h  major anomalies a t  4020 ft and 

Though the frequency of ind ica t ions  tends t o  decrease i n  the 4100 ft t o  
r ind ica t ions  o f  f rac tu res  a 
about 40" t o  60" 

4038 ft depth. 

4950 f t  in te rva l ,  there are 
4422 ft, and a t  4600 ft ( d i  
wester ly) .  This i n t e r v a l  a 
do no t  appear t o  be f r a c t u r  
again s ince "bedding" i s  ag 

- -  c. 15 



The interval from 4950 ft to 5000 ft depth contains one of the strongest 
It indications of fractures yet encountered (dip is 37" to south-southeast). 

is followed by a zone (5000 ft to 5150 ft depth) which is nearly without 
fracture i ndi ca ti ons . 

This latter interval is significant though in the amount of rugosity 
indicated by the caliper. This might suggest a highly stressed zone which 
breaks easily as the stress loading is locally varied. 

The remainder of the well shows a high frequency of fracture indications 
with major indications in the intervals 5610 ft to 5630 ft, 5730 ft to 5740 ft 
(dip 46" to north-northeast), 5900 ft to 6300 ft (dip 55" southeast), 6450 ft 
to 6455 ft (dip 50" to west-northwest), and 6645 ft to TD (dip 60" to 
southwest). 

indications observed using the methods dlscussed earlier. 
evident that considerable fracturing exists and in fact, some indication of 
fracturing is evident throughout the well. 
unknown. 

The above analysis is primarily to show the general pattern of fracture 
It seems quite 

The lateral extent is, of course, 

DIPMETER INDICATIONS 

Fracture indications are similarly evident on the HDT. The important 
feature shown by the dipmeter though is the high dip angle of most of the 
fractures and the zones which are apparently rubblelized or broken so badly 
that correlatable dipmeter responses cannot be discerned, (Figure C.5). 

cal" and have a similar long axis azimuth orientation (east-northeast). 
These conditions are particularly evident just above what appear to be bed 
boundaries . 

It is interesting to note also that the hole enlargements are "ellipti- 

The hole enlargement may be only on one side, a possibility we cannot 
prove since all calipers are averaged readings of the sides involved though 
some evidence of this is suggested on FDC (Figure C.6) such as at 4340 where 
the FDC caliper shows smooth hole but pB-Ap are very active. Comparison to 
HDT calipers shows rugosity does exist, possibly the cause of the Ap,pB 
activity. 

FLUID MOVEMENT 

As noted earlier, the presence of in-hole fluid migration established 
a need for additional logs which could define where fluids were entering and 
exiting and the amounts involved. 
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FIGURE C.6. Example o f  Computed Log I l l u s t r a t i n g  E l l i p t i c i t y  o f  the 
Borehole as Shown by the FDC and Dipmeter (HDT) Calipers. 
Also i l l u s t r a t e s  FDC's c a l i p e r ' s  apparent lack o f  hole 
rugosity i n  contrast t o  the a c t i v i t y  observed on the 
Ap curve. 
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The flow-rate determination has been difficult to quantitatively define 
because of seemingly conflicting answers. For example, the very high flow 
rates defined by a packer-flowmeter run (dated September 10, 1974) failed to 
exist on subsequent flow measurements. .Since this recording was made shortly 
after setting a cement plug (from 6400 + TD), the high flow might be due to 
a short-lived convection cell induced by the heat generated in the setting 
cement. It is also difficult to visualize any possible uni-direction flow o f  
this magnitude (>1,000 bbls/day) that would have allowed the cement plug to 
remain in place. . 

interval and the present out-flow restricted to the 4500 ft to 5800 ft 
interval. 

presence of casing (set at 4256 ft). 
ring behind pipe since the maximum flow rates are directly below it, with 
no evidence of increase in flow elsewhere. 

sistent with a hot-water convection system. (!) The reversed gradient below 
3500 ft is not in itself unusual but coupled with a downflow of fluid is 
presently unexplained. 

Speculative reasoning tends to favor the two as being hydraulically 
separated, the lower zone at a lower hydrostatic pressure and independent 
of the upper system. 

I t  2 s .  

Generally, the in-flowing water is located in the 1500 ft to 3500 ft 

More precise location of'the in-flow points has been prevented by the 
The existing flow seems to be occur- 

The geothermal profile (Figure C.7, P. LaMori's figure) seems con- 

wmeter flow rates, especially the full-bore, were badly hampered 
Best esti- by d$bris in the hole (cuttings) which kept jamming the spinner. 

mates indicated 280 bbls/day below casing on September 10, 1974; subsequent 
tests, primarily using radioactive isotope tracer techniques, showed a decline 
i n  flow rates such that the latest recording (November 16, 1974) found only 
60 bbls/day. 

CONCLUSION 

The presence of abundant fracturing in the Marysville, Montana, Geo- 
thermal Well is well evidenced from the logging data, particularly in the 
intervals which appear to support the fluid dynamics (1900 ft to 3400 ft 
and 4500 ft to 5900 ft) . 

(1) Kruger and Otte, Geothermal Energy, p. 76. 
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TEMPERATURE AND FLOW MEASUREMENTS 

o r i  and J. R. Sheff 

B a t t e l l  e-Northwest 

TEMPERATURE MEASUREMENTS 
The temperature measurements were some o f  the  most important t ha t  

would be made dur ing and a f t e r  the d r i l l i n g  o f  the wel l .  The expected tem- 
perature gradient was 175"C/km (96"F/1000 ft);(l) we a lso expected t h a t  the 
d r i l l i n g  operation would temporar i ly  a l t e r  t h i s  by decreasing the  tempera- 
t u r e  i n  the deeper por t ions o f  the hole and increasing i t  i n  the upper 
portions.* Consequently, the p o s s i b i l i t y  of a temperature r i s e  t o  3 5 O O C  a t  
2 km was included i n  our plans and was expected t o  cause d i f f i c u l t i e s  w i th  
a l l  the logs, inc lud ing the temperature log.  

I n  an t ic ipa t ion  of t h i s  temperature r i s e  arrangements vi t h  4 -  

Schlumberger representatives t o  have the high temperature "geysers type" 
too l  a t  the s i t e  f o r  logging. These too ls  have successfully operated t o  
3 1 5 O C  (600°F). The t o o l  was t o  be spec ia l l y  ca l ib ra ted  and a i r  f re ighted 
i n t o  the d r i l l  s i t e .  Addi t ional ly ,  the  cable on the logging t ruck  was 
changed from the standard polyethelyne t o  te f lon,  which would provide 
greater than O C  capab i l i t y .  i 

1 

As ind icated i n  the  1 
expected t o  cause probl  upper p a r t  o f  the hole. 

i o n  adequately dur ing the 

from r a d i a l  and bending 

We reappralsed the  
e r  temperature logging rogram, and decided t h a t  t o  avoid fu 
n obtaining r e s u l t s  two logging tools would be brought t o  the 
s proved t o  be be t te r  b t was not completely sat isfactory,  

stresses. Such stresses seem t o  be unavoidable when shipping 1 2 4 t  long 
by 2 in .  diameter instruments over long distances. 

Fortunately, Bla e l l  had h i s  t v a i  l a  
and we were able t o  obta in  good measurements e on Ju ly  7, 1 
a t  which time logging t o  1500 f t  was completed, as discussed i n  Blackwel l 's  
Section on Temperature Measurements. The data are as expected and show 
values a t  the hole bottom on 

cluded tha t  we were s t i l l  
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A t  1800 ft water s tar ted entering the hole a t  an estimated 100 gal lon/ 
minute. A t  1900 ft t h i s  i n f l o w  increased s i g n i f i c a n t l y  (estimated a t  
1000 gal lons/minute). Shor t l y  a f t e r  t h i s  temperature measurements by 
Blackwell showed a large decrease i n  the gradient below 1500 f t  (see 
Blackwell 's sect ion f o r  d e t a i l s ) .  The important po in t  here i s  t h a t  we had 
obviously entered a region o f  water w i th  convective heat f low. The water 
continued t o  f l ow  i n t o  the w e l l  f o r  the remainder o f  the d r i l l i n g  (T.D. 
6790 ft). It was obvious t h a t  the f l ow  f rom 1900 ft would dominate tem- 
perature measurements and make i t  d i f f i c u l t  t o  measure the t r u e  gradient. 

severe d i f f i c u l t i e s  w i th  water disposal, which resu l ted  i n  a d i f f e r e n t  
d r i l l i n g  strategy. The water i n  the reserve p i t  was used f o r  d r i l l i n g  and 
then pumped i n t o  the formation u n t i l  the p i t  was empty. Then the water i n  
the hole was a i r  l i f t e d  out u n t i l  the p i t  f i l l e d  with water. This process 
was con t inua l l y  repeated during the d r i l l i n g  o f  the l a s t  4500 ft o f  hole. 
The net r e s u l t  was a cont inual  cool ing of the whole wel l  bore and an addi- 
t i o n a l  cool ing o f  regions near fractures which accepted the co ld water. 

During the d r i l l i n g  and a f t e r  the f i r s t  logs, various methods were 
used t o  measure the temperature. These methods, discussed elsewhere i n  the 
report ,  demonstrated t h a t  the temperature i n  the wel l  never exceeded 200°F. 
The placement o f  maximum reading thermometers on a Haliburton l i n e  -gave 
readings o f  up t o  25OOF. However, these thermometers were not  enclosed i n  
pressure t i g h t  cases, and i t  has since been demonstrated t h a t  the apparent 
increase i n  temperature was caused by the hydrostat ic pressure of the water 
on the thermometer bulb. 

The next complete temperature survey of the wel l  occurred August 29 
a f t e r  completion of d r i l l i n g .  I n  add i t ion  t o  the c a l l b r a t i o n  o f  the tem- 
perature instrument by Schlumberger, It was a lso  ca l tb ra ted  on the floor 
o f  the r i g  by measuring the b o i l i n g  temperature of water. Temperature mea- 
surements were made w i t h  the two instruments, and I n  each case data were 
taken as the probe dropped down the hole and again as i t  was pu l l ed  up. 
Generally the two runs do n o t  produce i d e n t i c a l  resu l t s .  

instrumental errors. The upward measurement produced a def lect ion a t  
4000 ft which has not been seen again and which cannot be re la ted  t o  any 
other observation. Otherwise the data appear reasonable. 

The second measurement may have a c a l i b r a t i o n  e r r o r  i n  t h a t  i t  gave 
readings t h a t  looked good but were a t  a higher temperature than the f i r s t  
measurement. The data f o r  the second curve are p l o t t e d  i n  Figure C.7: 
Me i d e n t i f y  three regions on the curves: the low temperature conducttve 
region from the top down t o  about 1500 ft, the high temperature convective 
region below 3400 ft, and a t r a n s i t i o n  r e  ion  between. This l a t t e r  region 
has a ser ies o f  temperature f l uc tua t i ons  9 depression and peaks) t h a t  sug- 
gest zones o f  water i n f l u x  and e x i t ,  and regions where no water flows. 

As discussed i n  the d r i l l i n g  section, the large i n f l u x  o f  water caused 

The f i r s t  run had unusual de f lec t ions  i n  the curve, which looked l i k e  
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On August 31 we made water flow measurements which showed s i g n i f i c a n t  down- 
ward f l ow  from 3400 ft t o  the bottom of the hole. Two temperature measure- 
ments were a l so  made a t  the time of the flow measurements. I n  one case the 
Schlumberger instrument fa i led,  i n  the other t h e i r  c a l i b r a t i o n  f a l t e r e d  
dur ing the run, i nd i ca t i ng  a maximum temperature of 2 2 O O F  instead o f  the 
cor rec t  Z O O O F .  The general shape o f  the curve was s im i la r  t o  the second 
run o f  August 29. 

During the f i r s t  week of September, the 9-5/8 in. casing was set  t o  
4256 f t  and a special crew was ca l l ed  t o  cement i t  i n  place. A f te r  attempts 
t o  cement the casing f a i l e d  because of the large flow o f  water and the 
many open f ractures,  a cement plug was poured i n  the bottom 200 ft o f  the 
hole. The we l l  temperature was logged again on September 10 and the r e s u l t s  
a re  shown i n  Figure C.7. This l o g  i s  s im i l a r  t o  the August 29' l o g  .Number 1 
except tha t  the temperature f l uc tua t i ons  are greater and the temperature i s  
depressed i n  the upper p a r t  of the we l l .  Both the  decrease and increase i n  
temperature f l uc tua t i ons  were caused by emptying the 250,000 gal lon reserve 
p i t  water i n t o  the annulus between the 9-5/8 I n .  and 15-5/8 i n .  casing on 
September 9. > .  

Examination o f  these data reveals several important features: 

The general coo l ing  of the upper p a r t  o f  the we l l  was caused by t 
i n f l o w  o f  cool water. 

The de f l ec t i ons t to  colder temperatures i n  the 1500 ft t o  34 
were caused by the formation accepting water. 

The decrease i n  the AT of the def lect ions wi th  depth niay be explained 
by assuming t h a t  the upper f rac tu res  r e a d i l y  accepted the water so 
t h a t  less  co ld  water was ava i lab le  t o  the lower fracture$. 

There are a l te rna t i ng  regions o f  impervious and pervious r 
pervious regions are a t  approximately 1500, 1700, 1850, 2000, 2300, 
2400, 2700, 31 00, and 3300 ft . 
The decrease i n  temperature below 3400 ft wi th  the  s t r  
f l ow  can only  be caused by colder rocks below 3400 ft. 

The r i s e  i n  temperature a t  5800 ft i s  a t t r i b u t e  
heat*caused by se t t i ng  the bottom plug. 

o the exothermic 

Addi t ional  temperature logs were made on September 21 , October 21 , 
November 5, and November 16 i n  conjunction w i t h  f l ow  measurements. The 
r e s u l t s  o f  these temperature logs are given i n  Figure C.7. 
logs show the fol lowing: 

I n  general the 

1) A small increase o f  temperature with time; 

2) This r a t e  o f  increase diminishes w i t h  time; 
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3) Three regions - Conductive t o  1500 ft 
Convective below 4600 ft, a ent ia1 l y  isothermal 

a t  -195°F 
Trans i t ion  between 

4) Continued smoothing out o f  the de f lec t ions  above 3400 ft; 

n t  o f  de f lec t ions  below 4500 ft; 

6) I s o l a t i o n  o f  the negative temperature slope t o  the 500 - 4500 ft 
region. 

I 

An addi t ional  temperature Tog was made on A p r i l  23, 1975. The r e s u l t s  
i s  are shown as run 1 i n  Figure C.8. 

the Schlumberger instrument. An addi t ional  instrument was flown in,  but, 
whi le the r e s u l t s  appeared significant,, the c a l i b r a t i o n  was obviously 

g (run.3, Figure C.8). It gave a maximum temperature o f  215"F, while 
aximum reading thermometer on the new instrument showed 203'F. The 
t a t i v e  sense o f  the data indicates a fu r the r  r e f i n i n g  o f  what occurred 

i n  the previous three logs. The breaks i n  the curve a t  2400 ft, 2700 ft, 
and 3300 ft suggest t h a t  water f lowing down the w e l l  behind the casing is  
e x i s t i n g  a t  these depths. 

We again had d i f f i c u l t y  w i th  

, . The sharp decrease i n  temperature a t  4600 ft m a y  be .caused by a.. I 
I 

! source o f  colder water crossing the w e l l  a t  t h a t  point .  The decrease i n  
temperature a t  5600 ft and 5700 ft may be explained by a s i m i l a r  cause. 

This data cannot be used f o r  quan t i t a t i ve  determination 
r estimate o f  the temperature may be made by s h i f t i n g  the depressed 

temperature. 

port ions o f  run I up t o  make a contlnuous curve with the par ts  of the data 
t h a t  were taken before the instrument f a i l e d .  This produces a maximum tem- 
perature o f  203"F, which s i n  agreement w i t h  the maximum temperature ther-  
mometers. Using t h i s  es mate, there appears t o  be. l i t t l e  
change i n  the 11 since the f a l l  o f  1974. 

As noted i n  the a ve paragraphs, many prob 
g temperature measurements i n  the deep well .  S iml la r  comments apply 

i n t o  three types: instrument f a i l u r e ,  c a l i b r a t i o n  errors, and opera- 
r rors .  A l l  three types occurred during the logging program, and the 

However, those logs 

t o  the f l ow  measurements, described i n  the fo l low ing  section. The problems 

subcontractor (Schlumberger) had d i f f i c u l t y  providing the q u a l i t y  of service 

d i f f i c u l t y ,  and the q u a l i t y  of i n te rp re ta t i on  provided by the Schlumberger- 

he measurements of temperature and flow. 
d more r o u t i n e l y  i n  the o i l  f i e l d s  were obtatned with l l t t l e  

1 Research Laboratory was excel lent. 

I n  conclusion, the temperature 
thermal wel l  -show t h a t  an isothermal 
from approximately 3000 ft t o  a'dep 

arysv i  1 1 e geo- 
was encountered 
ch deeper t h i s  
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zone extends i s  no t  known,- b u t  the zone may be a po r t i on  o f  a, large con- 
vec t ive  c e l l  w i th  the  water moving through the f ractures i n  the quartz 
porphyry and 1 i m i  t ed  
the convection c e l l  w Heat 
t ranspor t  i n  the reg ion from 1500 ft t o  about 3000 .ft i s  governed by a com- 
b ina t i on  o f  conduction p lus  l i m i t e d  convection i n  i so la ted  aqui fers.  ' Above 
1500 ft, heat t ranspor t  i s  essen t ia l l y  conductjve as shown by the l i n e a r  
gradient. 

meabi 1 i ty. The heat source d r i v i n g  
bu t  may be a t  considerable depth. 

' 
FLOW MEASUREMENTS 

Because o f  the discovery o f  water i n f l u x  t o  the well ,  f low measurements 
were added t o  the logging program. Table C.2 l i s t s  the  dates and kinds o f  
flow measurements made by Schlumberger i n  the Marysv i l le  we1 1. 

TABLE C.2. Flow Parameters 

Depth F1 ow 
Date Range (ft) Instrument Notes . 

30, 1974 1000-5500 F u l l  Bore Spinner 000 B/D Down Much pluggi  
* '  

t 10, 1974 4130-5 Packer F1 ow 200-560 B/D Down 

B/D 
Unsuccessful 

Sept 21 
t a n t i a l  Results 

F u l l  Bore Spinner. 

A p r i l  24, 1975 4130-4600 Isotope, I n j e c t i o n  0-48 B/D Down Reverse i n  flow 
' 4600-6400 F u l l  Bore Spinner 0-10 B/D Up Below 4600 ft 

pinner was chosen because i t  i s  the best flownie 
la rge  f lows. The flowmeter was dropped i n t o  the hole and pu l led  ou 
hole a t  a near ly  constant ra te.  
and other  parameters i t  i s  
ner revo lu t i on  r a t e  and f l  
spinner data 

From the  d i f fe rence i n  the  r a t e  o f  r o t a t i o n  
evelop a re la t i onsh ip  between spin- 

.9 shows the  combined up and down 
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The s ign i f icance o f  the smaller var ia t ions  i n  the curve cannot be 
evaluated. There may be some re1 i o n  t o  possible var ia t ions  i n  flow, bu t  
lack o f  con t ro l  o f  other var iab l  (e.g. , probe ve loc i ty ,  hole diameter, 
etc, ). i s  s i g n i f i c a n t  enough t o  p uce the ef fects .  Another problem was the 
plugging o f  the spinner by small f lakes,of  quartz porphyry, 1/2 in .  t o  
2-1/2 i n .  diameter x 1/10 in. th ick.  Apparently the amount o f  t h i s  mater ia l  
increased w i t h  depth so that ,  except i n  one case, we were unable t o  keep the 
instrument unplugged below 5100 ft. Unfortunately t h i  
run, and the data was no t  recorded. The ind ica t ions  w t h a t  the h igh f l ow  

as on the i n i t i a l  

unabated t o  the hole bottom. 

spinner f l ow  t e s t  ows essen t ia l l y  zero f l ow  (i .e. , low t o  zero) 
a t  depths less than 3400 ft where the f l ow  abrupt ly  goes t o  9000 B/D down- 
ward, although dur ing the  d r i l l i n g  we had observed t h a t  from 1900 f t  t o  
2100 ft we could produce 1000 g/m o r  34,000 B/D by a i r  l i f t  pumping. Appar- 
e n t l y  the upper zones are i n  hydrostat ic  equi l ibr ium, o r  have on ly  low flow. 
The spinner i s  i nsens i t i ve  t o  small f lows$ which may expla in  the discrepancy. 
Another possible explanation i s  t h a t  the 3400 ft f rac tu re  zone i s  the bottom 
plug o f  a tank and i s  emptying from there. This explanation has problems on 
two counts: 
the other  f rac tu res  would s t i l l  have some f low; and 2) the temperature data 
suggest t h a t  the f rac tu re  zones are separated and no t  eas i l y  connected. 

The sharp changes ear 4000 ft are probably not  rea l ;  they are  
on ly  observed on the p r  n. It has been suggested t h a t  a p a r t i a l  
plugging o f  t he  spinner he decrease. The increase i n  RPS a t  4250 ft 
was caused by a change i n  ho 

1)  the increase i n  flow w i t h  depth should be gradual because 

a packer flowmeter 
e r  flowmeter consis 
expands against  the wa l l  o f  the 

hole and forces a l l  the  f l u i d  through the spinner, thus making i t  q u i t e  
sens i t i ve  t o  sma 
given i n  Table C.3. 

c.29 



Except for  the last three points the data seem quite reasonable. The 
flows are considerably less than on August 31, b u t  i n  the intervening time 
the hole was cased,. cemented and a plug placed a t  the bottom. 
cement j o b  around the casing was not good, the flow should have been severely 
restricted. 
bag uninflated i n  order t o  estimate the h i g h  flow a t  the bottom. 

an instrument error, o r  i t  could possibly be due t o  some special condition 
i n  the hole a t  the time of observation. The  temperature curve of Sep- ' 

tember 10 showed an ab rup t  increase a t  5750 f t  which has been at t r ibuted 
t o  the exothermic heat caused by the setting of the cement plug a t  the hole 
bottom. I t  i s  suggested t h a t  this exothermic reaction se t s  up  a convection 
cell  between 5750 f t  and 6400 f t .  The convective cel l  is  terminated by the 
sink/source region between 5600 and 5750 ft. If this explanation i s  valid, 
then the rapid convective flow i n  the hole could be observed w i t h  the flow- 
meter. * 

b u t  we experienced significant equipment problems before the equipment was 
used. The  tearing of the inflation bag terminated our use of the packer, 
for no replacement bags were readily available for  our hole size. Use o f  
the packer cost  about $2000 extra because of hot-shot a i r  freight and tech- 
nician travel charges; t h u s ,  we decided t o  use the isotope injection flow- 
meter for  future flow tests. 
greater sensi t ivi ty  a t  low flows. 

September 21 

t ion flowmeter. A .  small quantity of radioactive material** is injected into 
the hole a t  a known depth; two counters a re  placed known distances away from 
the injection point and the time for the radioactive material t o  pass is  
noted. From this and the hole diameter the flow can be calculated. 

instance, different velocities may be observed for  the two detection points.  
This can be caused by real changes i n  flow i n  tha t  region or by turbulence, 

While the 

The spinner galvonometer reading was pegged a t  40 rps, w i t h  the 

The explanation for this apparent h i g h  flow is not known. I t  could be 

The packer flowmeter gives excellent results when working properly, 

T h i s  instrument also had the advantage of, 

On September 21 we examined the flow in , the  well w i t h  the isotope injec- 

In principle this i s  very simple b u t  certain problems ar ise .  For 

* C. Clavier of Schlumberger offered this explanation. I t  is  based on the 
fac t  that  the hole deviates 15" from the vertical i n  this region, and 
therefore the tool would have a tendency t o  l i e  on the bottom (down) side 
of the hole. The heated convecting water would rise on the top ( u p )  side 
of the hole and descend on the bottom side of the hole, t h u s  showing a 
downward flow as  was observed. If the bag i s  inflated,  i t  should block 
the convection and normal flow should be observed. We attempted this, 
w i t h  no effect .  
the hole. 
the validity of this explanation. 

r ia l  has an 8 day half l i f e ,  t h u s  decaying quickly. 

However, the bag was observed t o  be torn on removal from 
Thus ,  without knowing when the bag tore, we are  not 'certain of 

** We used l3 l I  so as n o t  t o  cause harmful environmental effects;  this mate- 
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small convection ce l l s ,  o r  Brownian mixing. We.have no t  attempted t o  d is -  
t ingu ish  among -these causes i n  our analysis and have averaged the resu l t s  o f  
the two counters. This i s  j u s t i f i e d  because, a t  the present, there seems t o  
be no rea l  s igni f icance t o  these var iat ions.  Cer ta in ly  i n  the case o f  low 
flows Brownian mixing i s  an acceptable explanation. 

This apparent mix,ing and low f l ow  spread the  detec on peaks ou t  and 
decreased the count r a t e  t o  the  p o i n t  t h a t  precise d e f i n i t i o n  o f  the peak 
maximum became impossible. As a resu l t ,  i t  became standard pract ice t o  drop 
the counters a distance below the  i n j e c t i o n  po in t  and p u l l  the  counters 
through the  in jec ted  mater ia l .  The flow r a t e  was ca lcu l  d the same way as 
before, except t h i s  procedure sharpened up the peaks and 
o f  the f l ow  when i t  was so slow as no t  t o  pass the count 
wai t ing per iod (30 t o  60 min). 

Using t h i s  technique i t  i s  possible t o  detect  f lows as small as a few 
bar re ls  a day. A gama l o g  o f  the  hole was made both before and a f t e r  the 
isotope in ject ions.  This permitted a fu r the r  examination o f  the f low i n  the 

I 

I I 
I 
1 

Table C.4. 

Marysvi 1 l e  We1 1 
i 
I I 

I 
I 

i 
I 

The r e s u l t s  o f  the i so tope- in jec t i on  t e s t  show s i g n i f i c a n t  flow coming 
from behind the casing. 
the depth o f  per fo ra t ion  
t o  the 200 B/D observed on S 
ments were made by two d i f f e r e n t  techniques a 
f o r  example, the  packer may no t  have en t i re1  
A second explanation centers on down hole pressure c 
explanation involves the cement. The casing was ceme 

h i s  f l ow  c e r t a i n l y  has components above 4130 ft, 

, 
I .  



second time on September 9. 
the casing, i t  is quite l ikely that  the cement f i l l e d  i n  some of the space 
between the casing and the hole wall. The flowing water would wash th i s ,ou t  
w i t h  time, t h u s  causing an increase i n  flow. 

4700 f t  and between 5600 f t  and 5800 f t .  This i s  consistent w i t h  previous 
and l a t e r  flow data. These regions also showed significant changes i n  the 
temperature-depth data, which  will be discussed i n  a l a t e r  section. 

November 19 

injection technique. The results are  given i n  Table  C.5. 

While the cement bond log showed no bonding-to 

The flow measurements show significant decreases between 4300 f t  and 

., 

The flow was measured i n  the hole on November 19, us ing  the isotope 

TABLE C.5. November 19, 1974 Flow i n  Marysville Well 

Depth 
41 88.5 
4388.5 
4488.5 
4568.5 
4788.5 
5598.5 
6028.5 
6366.5 

Down 
F1 ow B/D 

32 
27 
19 
18 
12 
$0 
.\10 

small t o  0 ! 

The observed flow has continued t o  decrease. The significant changes 
(decreases) i n  flow observed previously near 4600 f t  and 5600 f t  continue. 

April 24 

injection tool. 

flow t o  upwards a t  depths  below 4600 f t .  The resul t  is  s ta r t l ing ,  and while 
the magnitude of the flow is  subject t o  uncertainty, the direction is  not. 
The data continues t o  show the significant change i n  the amount of flow near 
the 5600 f t  level. 

The next injection t e s t s  were made on A p r i l  24, 1975 w i t h  the isotope 

The most significant result found here is the change i n  direction of 

The resul ts  of this t e s t  are given i n  Table C.6. 

The explanation for these resul ts  is not readily apparent. The i n i t i a l  
potential (P) i n  the well appeared t o  be P3400 t > P4600 f t  > P5600 f t  > 

p6400 ft* The possibil i ty of error  i n  the &?a kas 
~ ~ , 6 ~ o e ~ ~ m f n ~ ~ 6 0 0 ~ ~ ~ 1 e  uncertainties exist i n  the value o f  the measurements , 
there appears t o  be no possibil i ty for  errors i n  direction. 

P6400 ft. The present potential (P) i n  the we1 f appears. $0 be P3 0 f. > 
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TABLE C.6. A p r i l  24, 1975 Flow i n  Marysv i l le  Well 

Flow B/D (Di rect ion)  Flow B/D (D i rec t ion)  
Depth From I n j e c t i o n  Log . From Gamma 'Log 
41 50 17.34 7.0.1 

I . 4270 47.83. could no t  f i n d  
4490 26.8.1 could no t  f i n d  
4600 0 Z 4.84 could be 4490 ft 

4750 8.24 10.04 
t e s t  f lowing down 

4750 9.6f( taken on -- 
4850 3.8t 11 .ot 

4850 ft t e s t )  

5400 8.9t 12.94 
5900 2.24 5.04 
6200 'L1 f 6.04 

WATER LEVEL 

Table C.7 presents estimates o f  t he  water l eve l s  i n  the Marysv i l le  
we l l  obtained dur ing the  Schlumberger loggings and the methods o f  detection. 
I n  general, the approach was t o  note a sudden change i n  the logging t o o l  
reading as i t  was lowered i n t o  the we l l  and a t t r i b u t e  the  depth o f  t h i s  
change t o  the observation o f  the f l u i d  l eve l .  t h e  a b i l i t y  t o  detect  t h i s  

o f  descent. The r a t  

Resolution too l  

1 ft o r  less.  Thus i t  seems l i k e l y  t h a t  
e precis ions o f  b e t t e r  than 5 ft, 

thermore, w i t h  the  exception o f  the 0 point ,  a l l  the measurements should e r r  
i n  the  same d i r e c t i o n  (i.e., long) because o f  cable ve loc i ty ,  so they may 
i n  f a c t  be c loser  than the 5 ft. 

on two d i f f e r e n t  Schlumberger t rucks using two d i f f e r e n t  w i re  types and 
sizes. The er ro rs  thus introduced were never r igorous ly  evaluated. An 
evaluat ion from Schlumberger ind ica tes  t h a t  these er ro rs  are very small, 
i.e., less  than 6 in. 

Fur- 

Another poss ib le  source o f  e r ro r  ex i s t s  i n  t h  the  loggings were done 
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TABLE C.7. Tabulation of Water Level i n  the Marysville Well 

Date Depth ( F t )  Truck Met hod 
Uncased 
8-29-74 600* Havre Noted on logs. Method o f  detection 

8-31-74 561 Havre Production Temperature Tool 

8-31-74 565 Havre Spinner Tool 

- 

unknown. May be estimate. 

Cased 

9-10-74 576 Havre High Resolution Temperature .Tool and 
Gradient 

9-21-74 553 Casper Production Temperature Tool 

10-21-74 552 Casper Production Temperature Tool and 

11 -1 6-74 547-548 Casper Production Temperature Tool and 

4-23-75 547-548 1 Havre Production Temperature Tool and 

Gradient 

Gradient 

Gradient 

* T h i s  i s  probably n o t  accurate 

A review of water level determination by use o f  Schlumberger Logs i n d i -  
Thus  there seems t o  cates that  we probably obtain precisions o f  about 2 f t .  

be a s l i g h t  rise of the water level w i t h  time b u t  no significant changes 
since November 1974. The change observed on September 10 may be related t o  
the rapid addition of 250,000 gallons from the reserve p i t  O n  September 9, 
b u t  why this should lower the level has not been studied. 
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CORE DOCUMENTATION RECONSTRUCTION AND PHOTOGRAPHY 

I P, N. LaMori 
Battell e-Northwest 

CORING .AND RECOVERY 

i s  described in the Drilling Repart, 
i n g  operation, removal and recovery of the core pieces from the core barrel 
and subsequent handling were often d i f f icu l t .  As noted i n  the Drilling 
Report, $he length cored and recovered was usually significantly less than 
the 10 f t  planned before dr i l l ing began. 

The general description f the coring operations and associated problems 
Because of the d i f f icu l t ies  in the cor- 

The core was removed from the core barrel on the floor of the d r i l l  rig. 
In almost every case, because of wedging, the bottom part  o f  the core had t o  
be driven out  of the slips w i t h  a sledge hammer, t h u s  causing breakage of 
t h a t  par t  of the core. All portions of the cores were highly fractured when 
removed from the core barrel; this no doubt  reflected the fractured and 
veined nature of the rock. Thus  the cores had a marked tendency t o  come out  
of the core barrel in pieces from 1 i n .  t o  12 in. long. 

Great care was taken i n  removing these pieces and placing them i n t o  the 
core boxes in proper order. The core barrel was unloaded from the bot to  

DOCUMENTATION AND RECONSTRUCTION 

nnel perf ormed e immediate documentation by marking and 
identifying each piece, i n  the order and direction found i n  the core boxes. 
The immediate documentati n provided a valuable f irst  record of the cores. 
P. N. LaMori performed the more detailed documentation and reconstruction 
of the cores. During the reconstruction and documentation the fractures and 
veins were catalogued and analyzed. After reconstruction and documentation, 
the cores werezphotographed. 

piece with breaks. 
cally, a lbei t  sometimes w i t h  considerable difficulty.  Core 13 was so highly 
fractured, and broken up i n to  approximately 1 i n .  t o  2 i n .  thick discs, t h a t  
i t  was' never to t a l ly  reconstructed. 

s The cores were reconstructed so t h a t  the pieces would represent a single 
In almost every case i t  was possible t o  do this unequivo- . 



Because the cores were not  or iented with respect t o  t rue  nor th  dur ing 

The assigned nor th  was normally the  major k n i f e  scr ibe cu t  along the 

d r i l l i n g ,  the bearing could no t  be determined. 
assigned f o r  convenience i n  reconstruction, marking, descr ipt ion,  and analy- 
s is .  
length of the core by the core barre l .  
f ractures o f ten  allowed the core t o  r o t a t e  somewhat dur ing cut t ing.  

During reconstruct ion the core was l a i d  ho r i zon ta l l y  w i t h i n  the 90" 
angle o f  a sect ion o f  angle- i ron supported on wooden blocks. A f te r  the core 
was reconstructed, each piece was numbered, measured i n  length along the 
nor th  l i n e  and described. The numbering system Tused f o r  core pieces was 
sequential: 1 2, 3, . . , s ta r t i ng .  from the top. The numbering system 
used for  cores was a four  d i g i t  code i n  which the f i r s t  two d i g i t s  were the 
core number and the l a s t  two d i g i t s  the piece number, e.g., the eighth 
piece i n  Core 11 would be numbered 1108. Each core was assembled for pho- 
tography w i t h  the top o f  the core on the r i g h t  s ide o f  the photograph; the 
numbers read " r i g h t  s ide up'' when the core i s  viewed i n  t h i s  pos i t ion.  
core was measured and marked wl'th ye l low dots every i nch  and ye l low l i n e s  
every 10 in. along the assigned nor th  l i n e .  
as small as possible t o  minimize contamination. 
the cores were ro ta ted  approximately 120" and 240" clockwise when viewed 
from the top. 
core a t  the 120" and 240" l ines.  
photography. 

An a r b i t r a r y  nor th  was 

However, slippage along natural  

Each 

The marks and numbers were kept 
For the photographic record, 

Small dots were placed every 10 i n .  along the length of the' 
These markings were used for  scale i n  the 

PHOTOGRAPHY 

o r i g i n a l  physical s ta te  o f  the cores i n  add i t ion  t o  the v isual  petrographic 
descr ip t ions and the analysis o f  the f ractures.  
s i b l e  f o r  choosing the method o f  markings described above. Using t h a t  par- 
t i c u l a r  marking method and a shor t  descr ip t i ve  caption, i t  i s  always possible 
t o  uniquely i d e n t i f y  each sect ion and measure the scale from the photographs. 

a ser ies o f  t e s t  p ic tu res  were taken t o  determine the method t h a t  gave the 
best information. 

Me decided t o  use photography as the primary method o f  recording .the 

This decis ion was respon- 

Because o f  the decis ion t o  use photography as a major recording device, 

The fo l low ing  parameters were studied: 

1. co lo r  photography 
2. b lack and white photography 
3. exposure var iables 
4. over and under exposure e f f e c t s  
5. d i r e c t  o r  i n d i r e c t  l i g h t  
6. wet o r  dry  samples 
7. f i l m  proper t ies 
8. processing problems 
9. 

10. 
11. 

use o f  a po la r i z ing  f i l t e r  
length o f  core t o  be on a frame 
use of lens1 o f  d i f f e r e n t  foca l  lengths. 
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Not a l l  of these var iables were studied as in tens ive ly  as others and we are 
not  p o s i t i v e  tha t  the best method was found. We do bel ieve t h a t  a very good 
and 'eas i ly  workable method was obtained, one t h a t  was s u f f i c i e n t  fop  the 

I needs o f  the pro ject .  
I 

Once i t  was decided t h a t  a 35 mm f i l m  could g ive s u f f i c i e n t  reso lu t ion  

no t  a var iable.  A f t e r  considering the needs of the project ,  i t  was decided 
t h a t  the normal focal  length lens ,would serve s a t i s f a c t o r i l y ,  providing t h a t  
three p ic tu res  a t  d i f f e ren t  distances were made o f  each core. Thus the 
camera and lens used were YASHICA J-5 (c i r ca  1965), f 1.8, 55 mm YASHINON 
lens wi th  a b u i l t  po in t  l i g h t  meter. 

normal exposure times. 
shut te r  release t o  minimize movement. 

I and lack  o f  g ra in  fo r  8 in .  by 10 in .  p icutres,  the choice of a camera was 

i 
I 

, The chosen method o f  photography was t o  shoot i n  d i r e c t  sun l igh t  using 
The camera was mounted on a t r i p o d  w i t h  a remote 

A po la r i z ing  f i l t e r  was used t o  reduce ! 

1 

i 

I 
! 

I 
j 
i 
~ 

I 

I ! 
I 

i 
I 

scale f o r  the pictures.  
the core from these photographs a t  three rotat ions.  
the core can be seen i n  the  phot 

It i s  possible t o  reconstruct  a t o t a l  p i c tu re  of 
Thus a l l  features o f  

t ,  

' .  

I 
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An addi t ional  set  o f  p ic tures were taken t o  provide more de ta i l .  These 
are p ic tures o f  10 in. sections taken from a distance o f  2 ft. These p ic -  
tures were taken a t  O", 120°, 240" r o t a t i o n  w i t h  the camera d i r e c t l y  above 
the r o t a t i o n  angle. Again, complete reconstruct ion o f  the cores i s  possible 
a t  three rotat ions.  On an 8 in. by 10 in.  format t h i s  provides about a 
75 percent scale p i c tu re  o f  the core. 

Selected p ic tures o f  the  cores are presented i n  Figures C.10 t o  C.19. 
These photographs demonstrate the core photograph as wel l  as the rock and 
fractures, discussed i n  the fo l lowing section, found i n  the Marysv i l le  wel l .  

Figure C.10. Core 1 0 in.-120 in .  0" Rotation. P ic tu re  Demonstrating 
F u l l  Core Length o f  Feldspar Porphyry Dike o r  S i l l .  
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RE C.ll Core 1 90 in.-120 i 0" Rotation. Picture Demonstrat 
30 in. Section. Note steeply dipping veins. 

FIGURE C.12 Core 1 110 in.-l20 in. 0" Rotation. Picture Demonstrating 
10 in. Section. 
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FIGURE C.13 Core 3 20 in.-30 i n .  240" Rotation. 10 i n .  Section of Empire 
Shale Showing Some Steeply Dipping Veins and General 45" Dip of 
Shale. 

FIGURE C.14 Core 5 0 in.-30 i n .  0" Rotation. Upper Section of Empire Stock. 
This piece shows molybdenum mineral izat ion.  
kn i fe  edges a t  breaks between pieces. 

Note ro ta t ion  of 
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Core 9 0 in.-34 i n .  0" Rotation. Note steeply dipping p a r a l l e l  
veins. One i s  f i l l e d  with massive S102 mater ia l ,  probably opal. 

FIGURE C.16 Core 12 30 in.-62 i n .  0' Rotation. Note two major f racture  sets, 
one normal t o  t x i s ,  one steeply dipping. 

I .  
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FIGURE C.17 Core 13 Selected Pieces. Note two major fracture sets; one , 

normal t o  the core axis i s  easily discernable. Obviously open a t  
depth. Some surfaces show slickensides. Another steeply d ipping  
s e t  i s  visible. Rock is unweathered quartz  porphyry granite. 

FIGURE C.18 Core 14, 30 in.-60 in. 90' Rotation. Two Distinct Fracture Sets 
Observed i n  Cores 12 and 13. Also a less well-defined steeply dip- 
p ing  set whose plane normal is the same as the more defined set. 
Highly broken up section is  from end of the core and was removed 
from the s l ips  with a sledge hammer. 
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FIGURE C.19 Core 15 0 i n . 4 3  in. 0" Rotation. Shows the Two Steeply Dipping 
Fracture Sets 

CORE FRACTURE ANALYSIS 

During the documentation and reconstruct ion o f  the cores, the f rac tu res  
and veins were analyzed and described. 
s i s  are contained i n  Appendix C . l .  

A general descr ip t ion o f  each core was made from the hand specimen. 
This descr ip t ion  i s  given as an in t roduc t ion  t o  the sect ion on the f rac tu res  
and veins i n  the Appendix. The f rac tu re  and vein types were catalogued f o r  
each core i n  order t o  systemize the analysis. 
described i n  the documentation sect ion) and marked a t  1 in. i n t e r v a l s  along 
the a r b i t r a r y  "north" l i ne .  

Christensen goniometer. This enabled one t o  measure the s t r i ke ,  d i p  and d ip  
d i r e c t i o n  o f  a l l  the prominent f ractures and veins. The distance a t  which 
the top o r  bottom o f  the ve in  in te rsec ts  the core was a lso noted (+ s ign f o r  
top, - s ign f o r  bottom). This permitted a complete descr ip t ion o f  the f rac-  
tures and veins and, when corre la ted w i t h  the photographs, provided a com- 
p l e t e  record. b 

res were h igh ly  f rac tu red  and had a la rge  number 
o f  veins. 
i ng  and analysis was qu i te  tedious and time consuming. This problem was 
aggravated by the f a c t  t h a t  the core recovery was 10 f t  f o r  the upper cores 

The de ta i led  resu l t s  o f  t h i s  analy- 

Each piece was labeled (as 

The core pieces were $then pu t  s ingu la r l y  o r  i n  a small number i n t o  a 

I n  general a l l  the 
This was especia l ly  t rue  i n  the Empire shale. Here, the catalogu- 



while i t  was much less for the deeper cores. 
the fractures and veins i n  Core 4 were not analyzed; however, Core 4 is  
quite similar t o  Core 3,  and both are from the Empire shale. 

RESULTS 

Because o f . t i  1 imitations , 

The i n i t i a l  -plan was t o  go through an exhaustive series of analyses of 
the fractures and veins. 
development plan. 

was done only i n  a quali tative way. These qual i ta t ive results are important 
and, when combined w i t h  the dipmeter log information, suggest a quantitative 
interpretation t h a t  hel'ps to  understand the hydrothermal system present a t  
the Marysvil le  geothermal anomaly. 

All the cores show very steeply (45" t o  70") d i p p i n g  veins. These 
veins often appear as  two d is t inc t  sets w i , t h  their poles contained on a 
plane normal t o  both  sets. In the Empire shale the sets are not t i g h t ,  
Le . ,  the strike varies considerably about  the mean, while i n  the porphyry 
the strikes appear ,to be less variable. Cores 2, 3 and 4 show the Empire 
shale d ipping  about 20" t o  40". Below 4000 f t  a l l  the cores show a pro- 
nounced set of fractures that  are normal t o  the core axis. 

Since the cores were unoriented, i t  was hoped that  the use of surface 
measurements, dipmeter results and the goniometer analysis would resul t. i n 

T h i s  would have been of value for  the hot dry rock 
When the geothermal system was found t o  be water domi- 

nalysis would have;still been valuable i n  understanding the 
However, because of time and funding  l imitationss the analysis 

t 

The hand calculated dipmeter resul ts  show steep major d i p s  t o  the south- 

George Coates (Log Data Evaluation Section) has 

The cores, however, 

west and less frequently t o  the northwest i n  the bottom half of the Empire 
stock (see section on logs) .  
a lso reported t h a t  the hand calculations produced some results w i t h  10" to  
15" d i p  t o  the southeast for the lower Empire stock. The cores showed many 
fractures normal t o  their axis i n  t h i s  part of the hole. 
were 7" from vertical a t  4500 ft ,  and this gradually increased to  15' a t  TD 
(6790 f t ) .  A l l  dur ing  this time the hole azimuth was bearing a t  295" 5". 
If  one correlates this w i t h  the known tendency of the hole t o  d r i l l  'normal 
to  the bedding ( i  .e., fractures),  we can' t h e n  s t a r t  t o  orient the bottom 
cores as t o  N-$. If one correlates the s e t  of steeply d i p p i n g  fractures I 

(1) Marysville, Montana Geothermal Project, "Geological, Geophysical Explora- 
t i o n  a t  Marysville Geothermal Area, 1973 Results." 



i 
I 

observed i n  the cores* with the hand calculated dipmeter resul ts ,  i t  i s  pos- 

110" t r u e  bearing and the  major steep set dips a t  about 225". 

s i b l e  t o  i n f e r  an or ientat ion.  Uh i le  these resu l t s  are by no means conclu- 
sive, there i s  a ce r ta in  consistency t h a t  suggests our consideration. Our 
inference i s  t h a t  the f ractures normal t o  the core ax is  d i p  7' t o  15' a t  

I I 
! , 





APPENDIX C.1 

FRACTURE NOTES 

CORE 1 

325 t o  335 f t ,  Feldspar porphyry dike or s i l l  

Large numbers of 1 t o  5 mm anhedral t o  rounded feldspar crystals i n  a dark 
groundmass, highly banded w i t h  dark material 
minerals a l t e r  t o  greenish material (chlorite).  Many veins consist of t h i n  
and wide microcrystal 1 ine quartz , often w i t h  dark a1 teration bands; calci te  
o r  calci te  p l u s  f luori te ;  or t h i n  streaks of dark material. Most have h i g h  

fractures become vertical ,  especially near the bottom of the core. Several 
dark zenoliths (1 t o  2 cm) are found near the top. 

A t  bottom of core, dark 

, d i p s .  There is  no obvious preferred orientation, b u t  some of the f i l l ed  

The major scribe l ine has been rotated slightly between some sections of 
the core, indicating fracture and break up d u r i n g  the coring. Some veinings 
are completely closed w i t h  a smooth coring surface; others show grooves i n  
the coring surface, indicating a tendency t o  weakness. Truly open fractures 
are not apparent, bu t  open spots are evident along some solution-filled 
cracks. Several episodes o f  induration are indicated w i t h  offset  along 
pre-exi s t i n g  f i 1 1 ed vei ns . 
FRACTURE TYPES 

1.  T h i n ,  dark veins, l i t t l e  no parting, branching and irregular 

2. Wide quartz-microcrystalline and gray 

4 . .  Partings (contai 

5. Calcite and flu0 wide, near vertical 

FRACTURE NOTES 

Core 1 , Piece 
Length 22 1/2 i n . ,  Diameter 4 i n .  

Location D i  p 
Inches Strike Dip Direction Type Notes 

-29* 142" 2 6 mm wide. 

* means bottom p o i n t  o f  vein or fracture. 
No s ign  means top point 
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A ser ies of part ings emanating from the top o f  the core 1 in. w i t h  a s t r i k e  
of 130°, very steep dips. Some are we l l  cemented w i t h  quartz (ca l led f o l i a -  
t i o n  par t ing) .  

Location D i  p 
Inches S t r i k e  Dip D i rec t i on  Type Notes 

-- 125-135 75-90 215" 3-4 About 6 part ings 
-- 125-1 35 75-90 20" 3 Only 1 t o  2 

part ings 
1.2 160" 28" 250" 1 
0.9 175" 23" 265" 1 
2.0 
4.1 
7.7 

10.9 

13.1 
12.1 

11.9 
18.3 
17.8 

165" 50" 
245" 1 0" 
193" 30" 
48" 52" 

271 " 40" 
45" 60" 

275" 54" 
42 " 38" 

208" 42" 

255" 
335" 

1" 
135" 

5" 
135" 
298" 

1 
1 
1 
1,4 Combination, some 

quartz. 

3 O f f se t  by abave 
f racture.  

1-4 

1-4 
4 
1 

A d i s t i n c t  pa r t i ng  w i t h  s t r i k e  a t  32", d i p  angle 230" and dips 90" t o  45" 
ending i n  rock and other f ractures a t  about 12 in .  
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SKETCH 2 

Many other less defined indurated veins .ex is t ,  

Location D i  p 
Inches S t r i k e  Dip Direct ion Type Notes 

22.3 56" 18" 146" Broken f racture  between 
#l and lf2. 

Core 1,  Pieces .#2, 3, 4 

between #4 and #6. 

The above is p a r t  o ). Another 

0.5 mm th ick .  
30-42 308" 80-90' 220'. 4 Side par t ing a t  220". 
41.2 15' 53O 107" 3 Of fset  by next vein. 



Dip 

39.3 165" 50" 225" 3,4 Top 1" d i p s  a t  80". 
42.7 175" 58' 265" 4 
45.2 203" 46' 293" 4 
45.0 121" 65" 211" 4 
47.6 71 " 55" 161" 1 
52.7 59" 53" 149" 1 Extends in to  #7. 
54.8 48" 55" 138" 3 Goes i n t d  #7. 
52 180' 60" 270" 4 Break between #6 and H7. 

Another subparal le1 b u t  
unbroken fracture exists 
about 1/2" higher  and 
190' strike. 

Location Strike Dip Direction Type Notes 

Core 1, Piece #7 
Length 55.8 t o  68.9 i n .  along true "N" line 

58.6 208" 35" 298' 1 
60.4 242' 38" 332" 1 2-3 mm wide. 
66.0 15" 70" 105" 2 Extends i n t o  #8. 
63.3 115" 70-80" 205' 4 Extends into #8. 
60.5 115" ' 80-90" 205" 4 Extends into #8. 
64.3 225" 35" 345" 1 
65.2 255" 35" 345' 1 Close to  above. 

Several other (partial  ) near vertical partings exist, strike approximate 
N-S. 

Core 1 , Pieces #8, 9 
Length 69.2 t o  97.0 i n .  along true "N" line 

N scribe rotated -40" from original scribe. T h i s  was determined by 66.0 i n .  
quartz vein p l u s  several other minor fracture lines. Apparently 0.3 i n .  
of core lost .  

Location Dip 
Inches Strike Dip Direction Type Notes 

80.8 350" 42' 80" Smeared out. 

T h i s  particular piece starts the greenish apparently chlori t ized section 
which  has a new type (5) v e i n i n g ,  wide (several mm) w i t h  ca lc i te  p l u s  
fluor'ite. T h i s  veining i s  essentially vertical and has about 90 t o  120" 
strike. The fluorite appears t o  be later than the calci te ,  as i t  is  i n  
the center, sometimes enclosing small calcite particles,  sometimes i n  con- 
t a c t  w i t h  enhedral calcite grains and sometimes c u t t i n g  the calci te .  Much 
pyrite throughout. Some pyrite i n  the center of ca lc i te  (as fluorite i s ) .  
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A ser ies o f  type 5 (2-4 veins) 

Locat i on Dip 

78-81 205" 5 Ex i t i ng  bottom o f  #7. . 

The top  10 i n  ains a se r ie  discontinuous fractures randomly 
oriented. 

90.5 110" 80" . 190° 5 Two veins extend ou t  

Inches S t r i k e  Dip D i rec t ion  Type 

and 
93.5 

bottom. 

The c a l c i t e - f l u o r i t e  vein appears t o  be p a r t  o f  a l a rge r  system which has 
c h l o r i t i z e d  steeply dipping several inch-wide band i n  the d ike  rock. They 
are d e f i n i t e l y  l a t e r  than the 80.8 quartz vein, as it' i s  o f f s e t  i n  several 
p l  aces by the cal  c i  t e - f  1 u o r i  t e  veins . 
Core 1 Piece #10 
Length 97.0 t o  109 in .  

N sc r ibe  rotated'approximate 35" t o  the o r i g i n a l  N scribe. The ser ies o f  

q N scr ibe  ro ta ted  -33" rom o r i g i n a l  N scribe. The type 5 veins have now 
changed s t r i k e  t o  95' nd 3 major veins are extending from above i n t o  t h i s  
piece. Their  thickness has reduced t o  2 t o  3 mm. 

, , 



Loca t i on ' Dip 
Inches Strike Dip Direction Type Notes 

113.4 43" 63" 133" 3 

115.8 2" 50" 92" 1 

-- 177" 57" 267" 4 Extends from top  center, 
no real definite bottom. 

Bottom of core shows no definite planar breaking surface. 

CORE 2 

437 to'*447 f t ,  Empire shale 

Black t o  dark green color near top,  w i t h  more b u f f  color near bottom. The 
very top  piece shows that the core barrel not centered when i t  was first 
r u n .  

CUT BY 
CORE TOOL 

SKETCH 3 

The core "appearS" t o  have a "bedding" of about 45", b u t  i t  is  d i f f icu l t  
t o  be certain because of coring marks. Need t o  cut and pol i sh  the core 
t o  be certain. There is a dis t inct  set of filled fractures sub-parallel 
t o  this and normal t o  this. Most of these fractures are f i l l ed  with 1 t o  
2 m wide calcite.  One of the apparent bedding fractures (calci te-f i l led)  
has slickensides. If d i p  is  t o  the west, keying of the "fault" suggests 
a s t r ike  or  lateral  movement t o  the north. There is  another s e t  of veins 
that  are almost vertical and are calcite- and fluorite-fi l led.  These are 
similar to  type 5 i n  the f irst  core. Most of the veins branch i n  many 
directions. 

FRACTURE TYPES 

1.  Parting 

2. Small cal c i  te-f i 11 ed veins 

3. Large calcite-fi l led veins 
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4. Not used 

5. As i n  Core 1 

FRACTURE NOT 

ieces #0201 0202 
Length 0201 - 0 t o  4.5 i n .  

0202 - 4.5 t o  10.6 i n .  

Location Dip 

" 0.1 - 
1.5 90" coalescing in to  large vein 

a t  90" dip, 5". -- 259" 90" -- 
from 349" coalescing w i t h  
above. 

4.9 5 O  59" 95O 1 
Bedding (a series o f  All down 320" 45" 50" -- 

the core essentially parallel 
s l ight ly  darker'lines. 

A series of fine fractures 
(1/2 mm) may be related t o  
0.1" t o  1.5". Fracture 

Inches Strike Direction Notes Type 

301 5 Several 1 tnm veins 

5 Vertical fracture ~ 1 "  i n  

13.5 9" 40" . 99" 21 Break between #0203 and 
#0204 has sl ickensides. 

1 - 1 / 2" nds in to  next section. 

-15.5 2 

12.8 103" 80-90" 193 5 

Core 2, Pieces #0205, 0206, 0206a, 0207, 0208 

probably connects w i t h  
b ig  vertical fracture. 

1 pieces; #0208 is the largest. 
0204 and #9205 which shows 
s t r ia t ions  on #0204. The 

corresponding parts appear t o  be missing on #0205. 
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Location Dip 
Inches S t r i ke  Dip D i rec t ion  Type Notes 

13.7 5" 57" 95" 2? Break between #0204, 80205. 
16.9 275" 36" 5" ? Break between if0206 , #0207 
18.0 356" 48" 86" 2 
17.9 126" 80" 2 1.6 " 5 S t a r t  o f  b i g  

i n g  i n t o  #0214. 
85" 75-90" 175" 2 From #0204. 

Core 2, Pieces#0210, 0211 
Length 22.5 t o  30.0 in .  

The surface between #0210 and #0271 shows good slickensides w i th  d i s t i n c t  
s t r i k e - s l i p  s t r i a t i o n s  w i t h  the l a s t  movement, apparently r i g h t  l a t e r a l .  
This was deduced from keying o f  the pieces p lus c a l c i t e  f i l l i n g  a vo id l e f t  
by the movement. The movement i s  d i f f i c u l t  t o  v e r i f y  by o f f s e t  o f  any 
f ractures.  

Location Dip 
Inches S t r i k e  Dip D i rec t ion  Lype Notes 

100-1 IO" 85-90" 195" 5 Big one from above. 
75" 85-90' 2,5 From #0204. 

22.5 295" 53" 21 5" 2? Faul t  between #0210, #0211 
25.0 158" 62" 248" 
23.7 111" ' 60" 207 " 1 
25.5 1 20" 60" 21 0" 1 
-- 105" 50" 295" 2 Coalesces w i t h  b i g  vein 

a t  25.0" a t  315" and 23.5". 

The pieces contain many other  small f ractures o f  widely varying or ienta-  
t ion .  There i s  one f a i r l y  s i g n i f i c a n t  piece missing a t  90" (1/4 in. t h i c k )  
from #0211. There appears a ser ies o f  sub-paral le l  dark veinings t o  the 
break between #0210 and #0211. 

Core 2 ,  Piece #0212 
Length 30.0 t o  37.9 i n .  

This piece has the veins coming i n  from above a t  steep d i p  (e.g., b i g  one) 
25.0 in .  (62" d i p  and 75" s t r i ke ) .  These have branchings and offshoots. 
There appears a general t rend o f  co lo r  banding and minor f ractures w i t h  
s t r i k e  295", d i p  d i rec t i on  25" and d i p  45" k 15'. ' 

Location Dip 

-32.4 297" 27" 1,2 Coalesces i n t o  b i g  vein. 
-34.3 297" 27" 1,2 Dip v a r i  ab1 e , coalesces 

-- 

Inches S t r i k e  Dip D i rec t ion  Type Notes 

i n t o  b i g  vein. 
Rear v e r t i c a l  #2 veining a t  35.4" and 45", surface 
a continuous saw too th  type 2 extension o f  -32.4" from about 
31 .511. 

c.54 . 



Core 2, -Pieces #0213, 0214 
Length 0213 - 37.9 t o  41.1 i n .  

0214 - 41.1 t o  46.6 i n .  

Rock continues t o  show general 300" t o  313" s t r i ke ,  30" t o  45" dip, o f  
co lo r  bands and some t h i n  dark and/or c a l c i t  

Location D i  P 

38.0 * 63" 211" 2 
38.5 121" 60" f 211" 2 
38.9 0" 40" 90" 2 
39.7 15" 70" 105" 1 

Inches . Direct ion Type Notes 

Dip becomes 85" a t  41 .O" 
St r i ke  has 20' component 0 ,  which i s  break between 

100" 2 5mmwide, o f f s e t  by a t h i n  
v e r t i c a l  f racture.  

38.4 

I 
1 

I 

B ig  c a l c i t e  f l u o r i t e  veining from above ends a t  44.5 in .  

Core 2, Pieces #0215, 0216 
Length 0215 t o  49.7 i n .  

0216 t o  55.7 in .  

Several other part ings e x i s t  w i t h  s im i la r  s t r i kes  and dips t o  above two 
f rac tu re  sets. The general rock d i p  d i rec t i on  seems t o  be 40". 

Core 2, Pieces #0217, 0218, 0219 
Length 0219 - 57.0 t o  60.5 in .  

0217, 0218 - Smaller w i th  #0217 about 1-1/2 i n .  
Broken-pieces missing - 
End of #0219 are ground o f f ,  not  vein f ractures.  

I 

I -60.0 293" '60" 23" 3 I Goes i n t o  #0217, #0216. 

ures pa ra l l e l  t o  t h i s  in a 203" d i rec t i on  There are several typ 
beginning 1 piece shows a couple o f  type 2 v e r t i c a l  f ractures.  

, 



Core 2, Pieces #0220, 0221 
Length 0220 - 60.7 t o  67.2 i n ,  

0221 - 67.2 t o  68.5 in .  

Has 60" d i p  f rac tu re  t h a t  extends i t  t o  71 i n ,  
from d i p  t o  #0222 a t  71 in., These two pieces f i t  together, but  the break 
between #0219 and #0220 does not  ,permit o r i en ta t i on  w i ths the  r e s t  of 
the core. I have or iented them by the s l i g h t  i nd i ca t i on  of a general 
bedding trend and type 1 f ractures o f  the whole core. 

Ver t i ca l  f ractures (2) approximately 320" s t r i k e  i n  middle o f  #0220 
extending t o  62 i n .  

Location Dip 

61.9 37" 69" 127" 2 Becomes d i f fuse,  ends a t  

65.0 31 3" 45" 43" 3 Extends beyond #0221. 
63.3 296" 52" 26" 2 Several small f ractures 

65.0 206" 720 296" 2 
68.0 130" 56" 220" Break a t  end o f  #0221. 
62.3 237" 68" 327" 2 $3 

There i s  a piece missing 

Inches S t r i ke  Dip D i rec t ion  Type Notes 

#0221. 

coalese w i t h  65.0". 

Core 2, Pieces #0222, 0223 
Length 71.0 t o  82.3 i n .  

These two pieces contain a large number (approximately 50) o f  type 1 
f ractures,  a1 1 w i t h  305" s t r i ke ,  35' d i p  d i rec t ions .  and approximately 
40" dip. The alignment between these rocks and #0221 i s  tenuous a t  best 
and based mostly on these fractures.  

-82.2 224" 78' 31 4" 2 1 t o  2 mm wide vein. 
74.3 243" 50" 333" 2 
76.8 205" 48" 295" 2 Break between #0222, #0223. 
78.5 278" 45" 368" 2 Coal e x e s  w i  t h  -82.2". 
72.5 123" 79" 21 3" 2 

Core 2, Piece #0224 
Length 82.7 t o  92.7 i n .  

Has about a dozen o f  type 1, s t r i k e  307", 37" d i p  d i rec t ion ,  40" dip.  

83.6 100" 60" 190" 2 
87.5 3" 70" 93" 2 
88.0 263" 80" 353" 2 Extends only  2''. 
88.3 257" 56 " 34 7" 2-3 Extends i n t o  #0224. 

Has been offset. 

A t  120", #0224 has type 3 vein from top t o  85 in., w i t h  an 85 t o  90" dip.  
This does not show i n  #0223. 
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Core 2, Piece #0225 
Length 92.8 t o  100.5 i n .  

es i t h rough  major 

Length 100.8 t o  107.0 i n .  

The'end of the above major fracture goes out  of .this piece; also the 97.5 
fracture forms the top, and a section between # 0225 and #0226 i s  missing 
there. 

visible a t  the very bottom 
T h i s  piece has two major calcite-fluorite veinings not  parallel 

' 

The core is i n  excellent shape, w i t h  almost no missing o r  badly broken up 
sections. There appears t o  be vein material missing between #0308 and #0309. 

has'made reconstruction of the core d i f f icu l t  a t  t ha t  p o i n t  since the 
may have been 1/2 i n .  thick (similar t o  #0312). However, reconstruction 
e core shows no rotation of the knife edge grooves, suggesting that  no 

The matching of structural evidence on both rotation occurred here either.  
sides of the boundary is  consistent 

FRACTURE TYPE 

h this reconstruction. 

1 

I The core has the following easily identifiable fracture types-using the 
I major knife edge 

t 

c*. 57 



1. Steeply northeast dipping, w i t h  very t h i n  (1/2 mm) vein of.,cal- 
c i t e  (?)  o r  quartz (? )  showing pyr i te .  There i s  a d i s t i n c t  
dark a l t e r a t i o n  zone around the vein. 

Not q u i t e  as steeply northeast dipping quartz veins. 
wider than above (up t o  several mm) and general ly show l i t t l e  
o r  no a l t e r a t i o n  zone. May have t h i n  c a l c i t e  layer  between i t  
and shale. 

Wide (1 cm) veins o f  c a l c i t e  quartz, f l u o r i t e ,  pyr i te ,  ch lo r i te ,  
and a white f ibrous material.  The white f ibrous mineral makes up 
the contact with the shale and i s  layered w i t h  some o f  the ch lo r i te .  
Northwest dipping and about 120" angle w i t h  type 2. 

4. These are not  r e a l l y  i d e n t i f i a b l e  f ractures bu t  are the general 
trend o f  the breaks between core pieces. These form a shallow 
(Q 20") d i p  t o  the southwest. The surfaces appear t o  be shale. 
This d i p  fo l lows the general t rend found i n  the co lo r  banding of 
the core and suggests a general formation dip.  
shallower than the in fe r red  d i p  from Core 2. 

2. These are - 

3. 

This i s  de f in  

5. A few only, green co lo r  banding, 1 mm th ick,  no a l t e r a t i o n  outside. 

FRACTURE NOTES 

. Core 3, Pieces #0301, 0302 
Length 0 t o  10.3 in. 

'Location D i  p 
Inches S t r i k e  Dip Di rect ion Type Notes 

1.8 
7.3 

43" 
320" 

74" 
75" 

133" 
50" 

2 
2 End i n  #0304, thickness 

varies . 
Enters a t  center top #0301. 
Four c losely  spaced. 

75" 
333" 

80" 
67" 

165" 
63" 

2 
1 

-- 
0.5 
1 .o 
1.2 
1.3 
5.7 
6.0 
6.5 
7.3 

-7.5 
-3.3 -- 

350" 
347" 

68" 
65" 

80" 
65" 

1 
1 Three c losely  spaced. 

355" 
347" 
160" 

67" 
75" 
50" 

85" 
77" 

250" There are 3 t o  4 s i m i l a r  
p a r t i a l  p a r a l l e l  f ractures 
i n  1" above. 

Between #0301, #0302. 
Between #0302, #0303. 

-3.1 
6.0 
9.3 

227" 
165" 
189" 

50" 
20" 
22" 

31 7" 
255" 
269" 

2 
4 
4 
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Core 3, Piece #0303 
Length 10.3 t o  22.6 in .  

Location Dip 
Inches S t r i k e  Dip D i rec t ion  Type Notes 

10.8 351 " 71 " 81" , 1 Top i n  #0302, branches t o  

12.0 75" 1 p saw toothed. 
13.8 65" 1 

' 13.8 55" 1 
16.0 53" 1 

#0303 shows a ser ies of f a i n t  cracks w i t h  
1 80" 25" 270" -- 

The rock shows several nonplanar i r r e g u l a r  2 veins. 
20.4 334" 70" 64" 1 
The piece has many other small veins ( type 1). 

Core 3, Piece #0304 
Length 22.6 t o  38.9 in'. 

24.9 

25.8 

This piece a lso  has several i r r e g u l a r  type 2 veins near ly  v e r t i c a l  (d ips 
75" t o  85") w i t h  the general 330" s t r i ke ,  e.g., one s t a r t s  i n  #0303. 

17.5 
29.5 
22,22.5 338" 1 Star tsn in above piece. 
30.4 0" 55" 90" 1 
27.8 163" 15" 253" 4 Dark * l ineat ions.  
25.4 163O 32" 253" 4 Dark l ineat ions.  s r  

-37.2 333" Q75O 63" 1 
22.3 190" 20" 280" 4 Break between #0303 

a t  l e a s t  two more f rac-  
tures. 

and #0304. 

number o f  o t  p a r t i a l  f ractures o f  various 
e 1) t h a t  are too var ied t o  itemize. 



Core 3, Pieces #0305, 0306 
Length 38.9 t o  48.3 i n .  

Loca t i on Dip  
Inches Strike Dip Direction Type Notes . 

39.5 340' 83" 70" 1 
41 .O 325" 75" 55" 1 
38.5 180" 15" 276" 4 Break between #0304, #0305. 
38.5 235" 70" 325" 5 Star ts  i n  #0304. 
42.5 161" 15" 251 " 4 Break between #0305, 

45.9 19" 75" 109" 1 

The type 2 vein from #0304 extends through these two pieces. 

Core 3, Piece #0307 
Length 48.3 t o  60.6 i n .  

#0306. 

47.7 177" 14" 267" 4 Break between #0306, 
#0307. 

50.2 26" 75" 116" 2 2 mm wide. 

The long type 2 vein from several pieces up ends i n  #0307 a t  54 i n .  a t  260". 

51.5 332" 75" 62" 1 2 type 1. 
and 52 
52-5 66" 82" 156" 2 Disappears a t  about  57". 

A fracture s tar t ing a t  31.2 i n .  i n  #0304 exits #0307 a t  61 i n .  
i n t o  the middle of the core and is  type 1 w i t h  areas of d i s t inc t  white 
veining, strike 290", enters and leaves rock a t  180". 
trends. 

I t  bows 

Many other type 1 

Core 3, Piece #0308 , 

Length 60.6 t o  67.7 i n .  

61.1 83" 80" 173" 1 

-- 330" 85 to  60" 1 

-66.5 358" 78" 86" 1 
80" 

-62 0" 75" 90" 1 

60.1 170" 28" 260" 4 

66.8 152" 35" 242" - 

C.60 

Star ts  a t  58" i n  the mid- 
dle of #0307. 
Branches off a t  57" i n  
the iniddle of #0307. 
Has connecting loop w i t h  
66.5". 
Break between #0307, 
#0308. 
Break on bottom of #0308. 



The space between #0308 and #0309 i s  probably a type 3 f rac tu re  w i t h  the 
piece missing. . e  

Core 3, Pieces #0309, 0310, 031 1 , 0311a 

67.3 128" 28" . 218" -- Top o f  #0309. 
-73.4 328' 50" 58" 2 3 mm wide, ends a t  top o f  

-- 337" 60" 67" 2 Second branch 2" below. 
72.3 166" 6' 256' 4 .  Break between #0309, 

70.3 349" 
70.3 3490 Second rad ia t i ng  f racture.  
74.2 * 172" Contact between #0310 , 

-77.5 186" Break between #0310, #0311 , 

#0309. 

#0310. 

#0311 , #0311a, and #0312. 

and #0311a ends a t  74.2" 
f racture.  

There are a whole ser ies o f  type 1 fractures extending through #0309 and 

83.7 165" 20" 255" 4 No break. 
86.3 , 354" 59" 84" 2 Ends a t  f rac tu re  below. 
88.2 7" 48" 97" 2 



There are a series of type 1 fractures w i t h  60" d i p ,  strike %O" pnd 90" 
d i p  direction start ing i n  middle of top  of the piece. 

Loca ti on Dip 
Inches Strike Dip Direction Type Notes 

89.0. 2" . 60" 92" 1 Two %1/2" apart .  
87.8 238" 81 " 378" 2 Extends through #0315-end 

90.5 225" 80" 51 5" 1-2 
93.0 357" 55" 87" 2-3 

of core. 

Both #0314 and #a315 have apparent bedding d i p s  of 30" and s t r ike  164" 

Core 3, Piece #0315 
Length 95.7 t o  109.8 i n .  

. 95.4 343" 50" 73" 2 
165" 31 " 255" 4 Many bedding l ines on piece. 
170" 20" 260" 4 Break between #0315 and 

#0316. 

Core 3, Pieces #0316, 0317, 0318 
Length 110.0 t o  120.4 i n .  

107.5 193" , 50" 273" 1 
103.5 105" 49" 195" 2 
103.5 150" 58" 240" 2 

921 t o  931 f t ,  Emp 

CORE 4 

re shale 

The core is quite similar t o  Core 3 i n  most respects. The color i s  black- 
green a t  the top,  grading into dark browns and back t o  blackish green near 
the bottom. 
The d i p  angle appears t o  be 20" t o  30". 
shows the dip of Core 4 t o  be greater. The type 1 fractures of Core 3 are 
only occasionally evident. There appears t o  be three additional s e t s  of 
v e i n i n g ,  one nearly ver t ical ,  and the two = 60" d i p  w i t h  a 180' different d i p  
directions. The large veins appear t o  be f luor i te  free i n  contrast t o  
Core 3. The fractures between pieces generally do not have the same d i p  
and strike of the bedding. Fracture types will be the same as  Core 3 
except for  the absence of f luor i te  i n  type 3 (quartz-calcite-pyrite + 
unident i f ied  white mineral assemblage). 
cores and the time limitations, this core was not  analyzed. 

The general d i p  shows as very t h i n  dark lines o r  color banding. 
Side by side comparison w i t h  Core 3 

Because of the similari ty between 
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CORE 5 

This core shows several stages of fractures and veins. The ea r l i e s t  appears 
t o  be the dark b l u i s h  green ones which vary i n  thickness from very few rrun 
*to  50,mm. There are later quartz veins and t h e n  fractures which have 
alterations.  Some are  nearly vertical and others about 30" from the verti- 
cal .  There are many veins of vertical and 30" from vertical which do not 
show up well unless- the. rock -is wet. These have a p i n k i s h  a l terat ion zone 
around them. There appears to  be a large number of,veins and fractures. 

FRACTURE TYPES 

1. Narrow fracture surface a1 teratiohs, 

2. Quartz-filled. 

3. Greenish-bluish a1 teration zones from porphyry-quartz appear t o  ' 

have not al tered various widths.  

Core 5, Pieces #0501,' 0502 
Length 0.0 t o  7.0 i n .  

Loca t i on Dip 

-4.5 31 5" 

Inches Strike Notes 

below) near mid 
ars  t o  be quartz 

Core 5, Piec 
,Length 12.3 t o  28.5 i n .  - 
The 70" strike vein gradually turns away from 90" d ip .  The 90" strike vein 
(270" also) changes to  315" and decreases d i p  e x i t i n g  a t  23.5 i n . .  

Loca t i on 



Location .Dip 
Inches S t r i ke  Dip D i rec t ion  Type Notes 

15.8 44O 45" 134" 3 25 i de  c both 70" 

23.0 21 8" 53" * 308' Greeni s h a1 t e r a t i  on, o f f  - 
and 90" veins, o f f s e t - b y  
70" 12 mm. 

set  by 70". 
-23.5 311" 70" 41 " 90" one from 

Core 5,-Pieces #0505, 0506, 0507, 0508 
Length 0505 - 28.5 t o  33.5 in .  

0506 - 33.5 t o  38.2 i n .  
0507 - 38.2 t o  43.4 in .  
0508 - 43.4 t o  50.6 in .  

-49.3 268" 67" 358O * 1 

Near v e r t i c a l  crack a t  190" s t r i ke .  . 

#0509 - Number not  used. 

Remainder o f  core not  analyzed. 

CORE 6 

0 pieces, 68 in., 1524 t o  1529.8 ft, grey quartz fe ldspar porphyry. 

Quartz phenocrysts 3 t o  10 mm w i t h  rounded and sharp orthoclase pheno- 
crysts  = 3 t o  10 mm are dark p ink ish except i n  the top 5 i n .  where they 
are very l i g h t  pink. 
what appears t o  be kaol in ized feldspar (plagioclase ?). Much o f  the 
plagioclase i s  a l te red  as i s  some o f  the orthoclase. The breaks between 
pieces are essent ia l l y  hor izontal .  This corresponds t o  the major minera l i -  
zat ion ( p y r i t e  plus quartz and molybdini t e )  . 
and veins are present. There does not  appear t o  be any o f f s e t  o f  veins. 
It seems l i k e l y  t h a t - t h e  f ractures were made a f t e r  vein ( f i l l e d  f ractures) .  
This core does - not have the we l l  healed p ink veins i n  Core 5 t h a t  appear on 
wetting. 

FRACTURES TYPES 

The surface o f  the core i s  sparsely pockmarked w i t h  

Some steeply dipping fractures 

1. Near hor izonta l  vein o f  p y r i t e  plus quartz and molybdinite. 

2. Near hor izonta l  vein of f ractures,  very s l i g h t  r u s t  a l terat ion. ,  

3. - Steeply dipping vein o f  p y r i t e  plus quartz and molybdinite. 

4. Steeply dipping fractures, very s l i g h t  r u s t  a l t e ra t i on .  
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I 
1 

1 Core 6, Pieces #0601 0602, 0603 
Length 0601 - 0.0 to  6.7 i n .  

0602 - is side of #0603. 
0603 - 6.7 t o  11.0 

Location 

-2.7* 85" 222" - mm wide, chlorite and 
1 y r i t e  and others, vein 
! only one i n  this core. 
1 (-14.0) 4 Star ts  i n  middle of top of 

#0301. I t  is  the break I 
between 80302 #0303. 

break between #0601, #0603. 

Inches Strike Dip Notes 
1 

- - I.. - 4 Rear vertical 3/8" i n  a t  
I 240". Only evident on i 
i 6.3 82' 11' 172" 2 

-14.0 Rotates 85" 35" 4 

14.7 195" 4 
10.3 130'. 10" 20" 2 Break between #0603 , #0604. 
Core 6, Piece #0604 
Length 11.0 to  20.9 i n .  

I 
I 
1 

1 

i 
I 

1 

Inches Strike ' Dip 

I 20.4 68' 20" 
I 

32.2 125" 70" - 193" 85 O 

290" - Very t h i n  fracture. 
55" 1 Single vein branches {into 

4 i n  one spot. 

D i  p 

158" 2 Break between #0604,.#0605. 
21 5" 4 Goes into pieces below. - 4 Makes a scallop a t  103" - 

Direction Type Notes 

1/4" i n t o  core. 
27.5 220" 5" 31 0" 1 - Z O O  - 1 Break between #0605 , #0606. 
Core 6, Piece #0606 
Length 34.7 t o  45.0 in: 

Extends from 330" to' 150", 
,ends a t  steep fracture. 

38.7 180' 70" 

37.2 - %O0 - 1 .:  ends a t  32.2" fracture ex- 
tension, on 220" side. - ~300' 85" 30" 3 Ends a t  32.2" fracture. 
Goes i n t o  pieces below. 



, . , * I  : 
, ' > .  . Core 6, Pieces #0607 and #0610 (out of order) 

Lenclth 0607 - 45.0 t o  48.9 i n .  , I < # i ,  ' - .* 0610 - 48.9 t o  53.9 i n .  . * 1 _ * . ;  

i r 

The =300° strike vein from above (-310" i n  these pieces) dominates #0607 
and #0610. 
and west side. 

Location . Dip 

The side veins are generally stopped a t  the fracture in to  east  

Inches Strike Dip Direction Type Notes 

47.8 - 0" - . 1  East side,, very t h i n .  
47.4 64" 18" 154" 1 West side, very t h i n .  
48.3 276" 8" 6" 1 2 mm wide, west side. 
48.9 93O -10" 183" 2 Break between #0607, 

#0610. 

branches. 

branches. 

branches. 

-49 - -0 - 1 Both sides 2 mn thick, some 

52 - -0 - 1 Both  sides 2 mm thick, some 

52.7 19" 160" 109" 1 Both sides 2 mm thick, some 

s t  three contain numerous branches w i t h  vertical and h i g h  angle 
connections. 

130" 61 " 220" 3 Ends i n  #0608, west side 
. only. 

(-58.8) 

53.9 25" 10" 115' - Break between #0610 and 

48.1 116" 63" 206" 3 Ends a t  =49" vein. . 
#0608. 

Core 6,  Piece #0608 
Length 53.9 t o  62.5 i n .  

-60.8 - 129" 52" 21 9" 3 West side has f l a t  branch 

57.0 - - - 1 North appears and ends a t  
a t  58.5". 

-60.8" vel n . 
Near vertical fracture from above ends a t  4 7 " .  

61.7 0 20" 90" 1 Flattens out and becomes 

61.2 163" 42" 253" 3 Goes into #0609. 
5 mm wide i n  #0609. 

A bent  vein that  strikes a t  340" and d i p s  -25" i n  each direction. 
-64.0 i n . ,  west a t  64.8 i n .  

East a t  
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CORE 7 

Length 7.2 i n .  

Rock altered from two cores 
is probably some altered g r  
and green altered plagioclase. Almost a l l  dark minerals have been altered 
to  greenish color (chlorite 7 ) .  
a t  -2.3 i n . ,  60" d ip .  
of vein. Rock also shows a broken out piece which  is  the result of a 
fracture, has 75" d i p  and is  90" clockwise from the vein, Top is a t  3.7 i n .  

Color very l i g h t  p i n k  ortho 
phenocrysts, some white plagioclase, 

I t  has greyish metallic mineralization i n  one part 
Rock shows one vein, 5 mm quartz-filled 

CORE. 8 

2295 to  2299.6 ft, white-grey quartz - orthoclase porphyry 
Length 55.3 in. 

Rock seems t o  be more granitic than those from above. More dark minerals 
than Core 7 w i t h  b io t i te  present. Hornblende altered t o  chlorite, although 
the greenish material may be altered plagioclase and i n  some cases altered 
orthoclase. Phenocryst size 
= 3 to  10 mm. Although altered, the core is less altered than Core 7 and 
more than Cores 5 and 6. The core is  only s l ight ly  veined and shows few 
fractures. The bottom o f  the core shows an open fracture which has a 
coating of ca lc i te  or  quartz. There are also open voids i n  a few spots on 
the cores. 

Orthoclase white w i t h  very 1 i g h t  p ink  cast. 

e bottom fractures as they 

are differen 

FRACTURE TYPES , 

i t h  ca lc i te  or quartz. 

> 

2.1 325" 27" 55" 1 Has two other partial 
branches. 

The piece contains a very t h i n  (type 1) fracture a t  about 0" that does not 
appear t o  go through i t .  

9.8 120" 10" 21 0" - Break between #0801, #0802. 



Core 8, Piece #0802 
Length 10.0 t o  20.2 i n .  

, I  

A type 1 f rac tu re  (vein) t h a t  i s  i n  #0801 becomes evident i n  #0802, s t r i k e  = 
55: d i p  = 78". 

Location Dip 

It enters #0802 about middle o f  top. 

Inches S t r i ke  Dip D i rec t ion  Type Notes 

19.2 135" 15" * 225 1 

Core 8, Pieces #0803, 0804, 0805, 0806 
Length 0803 - 20.2 t o  21.8 in .  

0804 - 21.9 t o  23.7 in.  
0805 - 23'.8 t o  27.0 in. 
0806 - 27.3 t o  30.0 in .  although only 220" t o  360" pa r t  present* 

Breaks between #0803, #0804 and #0804, #0805 = pa ra l l e l  t o  t h a t  between 
#0802, #0803, but there i s  no evident reason f o r  t h i s .  

-27.0 40" 35" 1 30" 1 

Core 8, Piece #0807 
Length 30.1 t o  36.1 in .  

The missing piece from 240" t o  360" seems t o  be caused by a V-shaped f racture.  

Core 8, Piece #0808, Length 36,l t o  40.9 i n .  

Core 8, Pieces #0809, 0810, 0811 
Length 0809 - 40.9 t o  45 in. 

0810 - 45 t o  50 i n .  
0811 - 50 t o  55.3 i n .  

41 .O 300" 85" 45" 2 

This s t a r t s  out  as a s ing le f rac tu re  i n  #0809 but  becomes several p a r a l l e l  
f ractures i n  #0810 and #Om1 and two a t  the e x i t  from #0809. 
i n  #0810 and #0811. Also showing about 1 in .  toward the center i s  a f a i n t  
f rac tu re  which becomes more evident i n  #0810 and #0811. It does not seem 
evident i n  #0808. 
the second one a t  315" s t r i ke .  
e x i t i n g  a t  52.8 i n .  and 60" d ip  and the second continuing a t  = 70' d ip.  

These are open 

I n  #0810 these two f rac tu re  sets are subparallel, w i th  
Both lose d i p  i n  #0811 w i th  the f i r s t  

* Further reconstruction changed th i s .  
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CORE 9 '  

d .quartz, feldspar porp . .2782 t o  2784.9 
Length 34.2 i n .  

Similar t o  Core 7. 
remaining. Feldspars are altered. I t  has a steeply d ipp ing  quartz-filled 
(4 mm) fracture that dominates. A parallel fracture i s  unfilled. 
a few other beaded qua 
a1 teration zones. Sho some horizontal fractures. No voids for fracture 
voids. There is pyrite i n  the rock and i n  the.veins. 

FRACTURE TYPES 

as definite greenish cast w i t h  few dark minerals 

I t  has 
- f i l led fractures that are t h i n  w i t h  larger 

1.  T h i n  quartz-filled altered rock. 

2. Thick quartz-filled, not as much alteration. 

3. Una1 tered fractures. 

Core 9, Piece #0901 
Length 0.0 to  8 i n .  

econdary branch'which c i r -  
cui ts  piece and comes out 
near top center. There 

becomes par t  o f  this a t  8" 
and this one disappears. 
T h i s  one joins  0.0 for  a 

vei n. 

ew inches i n  east. 
3.6 80" 65" 2 he b ig  quartz-f i 11 ed 

Pieces #090 

Core 9, Pieces #0904, 0904a, 0905 
Length 0904 - 9.0 i n .  - #0904 is  back part of if0905 

0904a - is small 2 i n .  extension of #0904 

02a, 0903 extend t o  1 re broken off from big  vein. 

A t  9.5 i n .  #0904 has horizontal fracture (33. U n t i l  about 14 i n . ,  #0904 
has parallel fracture (3) t o  b ig  vein. There is a t h i n  unaltered vein that 
crosses #0903, #0905 a t  310" s t r ike  and 50" dip.  
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Location Dip , 

Inches Strike Dip Direction Type Notes 

12.2 32" 50" 122" 1 . T h i s  quickly rates i n t o  
two fractures of unequal i n -  

2 tensity of alteration. The 
second is 1" above the first 
and is more intense on bot- 
tom 1/2 of loop than  the 
above. 

17.0 93" 80-85" 183" 3 Becomes break between 
#0909 , #0908. 

Core 9, Pieces #0908, 0909 
Length 0908 - 25.0 t o  34.2 i n .  

0909 - fractured off a t  #0908 

CORE 10 

3312 t o  3314.7 f t ,  l eng th  32.0 i n . ,  grey quartz - feldspar porphyry 

I Not as many dark o r  altered dark minerals as before. Orthoclase is  a very 
s l i g h t  p ink .  The most obvious feature i n  the featureless rock is the 10 mm 
wide quartz veins i n  the upper  20 i n .  of the core, which  are near vertical. 
The ve in ing  is not very planar and is quite different from t h a t  previously 
seen. I t  appears t o  be well bonded t o  the rock; the contacts are sharp and 
unaltered and the veins have small angular pieces of the main rock i n  i t .  
In hand specimen these small inclusions do not appear altered. The core 
shows three major fractures a l l  w i t h  similar strikes and steep d i p s  (two 
a t  60" and one at.45"); these fractures appear t o  be par t ia l ly  open. 
The 45" fracture is'broken and shows secondary quartz ,  most of which  
appears t o  have grown into a void as crystal faces are  evident. 
possible t o  blow through the unfractured 60" crack. 
fracture (by blowing) of a t  least 5 i n .  Other greenish alteration 
veins (1 t o  2 m) are  evident. 

. 

I t  appears 
#lo01 has an open 

Core 10, Piece #lo01 
Length 0.0 t o  17.0 i n .  (VIS out  a t  end) 

Loca t i on D i  p 
Inches Strike Dip Direction Type 

-4.3 152" 43" 242' 1 
4.3 285" 20" 15' 1 
2.7 142" 52" 232' 1 
6.0 180" 26" 270" 

6.5 180" 26" 270" 
7.3 180" 26" 270" 
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Has opening. 

A l l  about parallel and 
very fine.  



Two major quartz a t  ~ 9 0 "  d ip  100" s t r i ke .  They 
i 
2 Location Dip 
~ 

I 

I Inches S t r i ke  Dip Di rect ion Type Notes 

'1.1 58" 173' 2 Break between #lo01 and 
#1004. 

83' 

There are ma 

Pieces #lo02 r t s  o f  #1001. 

t i a l  #1 veins throughout. 

I 
1 
1 Length 1004 - 15.7 t o  22 in.  

1005 - p a r t  of.#1004 

Core 10, Pieces #1004, 1005 

19.4 83" 43" 173" '2  Break between #lo04 and 
#1007. 

I ! 
~ 

There seems t o  be a ser ies o f  open holes a t  50" dip. 

Core 10, Pieces #1006, 1007 
Length 1007 - 21.3 t o  32.0 in. 

1006 - p a r t  o f  #lo07 

19.' 83" , 5" r 173' 2 Not broken apart, s t a r t s  
as above. 
May be type 2, only not  
we1 1 defined .I 

Terminates a t  19.4" - 65" 
dip. 

CORE 11 

17 t o  3822.4 ft, l e  h 65 i'n., grey quartz porphyry 

Plagioclase feldspars are h igh ly  a l te red  t o  pale greenish chalky substance. 
Orthoclase whit ish,  looks somewhat al tered, dark minerals look l i k e  b i o t i t e  
and hornblende, no gangue. The core appears t o  have a common s t r i k e  and 
d i p  ( ~ 6 0 " )  f o r  the veins and cracks. Most veins are s imi la r .  A l l  the 
breaks between the pieces are near ly hor izontal ,  have been pol ished and 
appear t o  have 1/8 t o  3/4 in .  o f  mater ia l  missing. This i s  the f i r s t  
t i m e  t h a t  t h i s  e f f e c t  has been so pronounced i n  any core. It suggests 
t h a t  there are hor izonta l  planes o f  weakness t h a t  we ob l i te ra ted  i n  the 
cor ing process. 
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Core 11, Pieces #1101, 1102 
Length 1101 - 0.0 to  7.2 i n .  

1102 - 7.4 t o  15.4 i n .  

Loca t i  on D i  p 

-10.5 171" 75" 261 " 1 Black l ine.  
-10.5 171" 82" 261 " 1 Black l ine.  

-2:9 171" 72" 261 " 1 Green line. 

Inches Strike Dip Direction Type Notes 

5.5 191" 63" 281 " 1 Greenish black line. 
7.4 200" 74" 290" 1 Black line becomes type 2 

6.5 200" , 72" 290" 1 Green. 
a t  bottom. 

12.5 183" 69" 273" 1 Very thin green l ine 

There is another crack a t  13 i n .  bu t  only can be seen on ends. 

Core 11, Pieces #1103, 1104 
Length 1103 - 16.3 t o  20.3 i n . ,  

1104 - 20.4 t o  26.0 i n .  

17.8 170" 78" 260" 

18.8 170" 60" 260" - 188" , 70" 278" 

Core 11, Piece #1105 I 

Length 26.3 t o  34.6 i n .  

2 

2 Branch loop of above. 
2 

Goes t o  23.0" and then 
exi ts  a t  20" d i p ,  ' 

Comes from 17.8 a t  20.0". 

29.8 203" , 56" 293" 1-2 Stops a t  about 33". 
31.4 183" 56" 273" 2 Top o f  vein a t  168" - 

s t r ike  from bottom. 
31.8 185" 55 " 275" 2 Dip f la t tens  out t o  45" 

i n  #1106. 

There i s  a heavy mass of quartz vein similar t o  that  found i n  Core 10 from 
32.5 t o  36 i n . ,  s t r ike  150", d i p  83". 

Core 11, Piece #1106 
Length 34.7 t o  39.0 in. 

34.2 189" 71 " 279" 2 Star ts  i n  #1105. 

Core 11, Piece #1107 
Length 39.5 t o  45.6 i n .  

Core 11, Piece #1108 
Length 46.0 t o  53.3 i n .  
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> ,  Location Dip 
Inches Strike Dip Direction Type Note _ _  
46.0 182" 57" 1 

Core 11, Piece #1109 
Length 53.5 t o  59.3 i n .  

Slight vein a t  340°,. , , 
,~ l 

Core 11, Pieces #1110, 1111, 1112. 
Length 1110 - 59.4 t o  61.2 in. 

1111 - 61.5 t o  65.0 i n .  
1112 - par t  of #1111 

59.8 177" 63" 267" - Break between #1111, #1112, 
only nonhoritontal break. 

CORE 12 

Length 61.5 i n .  , quartz feldspar porphyry granite 

Plagioclase a1 tered t o  greenish clay-1 ike material, orthoclase p i n k i s h ,  
altered some. 10% biot i te  p l u s  hornblende grain 8 t o  10 m. Upper 30 i n .  
a single piece, botpom 30 i n .  contains two well-defined fracture sets, 
one horizontal, the other near vertical -75". Core contains a few greenish 
vitreous veins,Ga few m thick. These a l l  have similar strikes (about the 

ese fractures are listed 

6 i n . ,  49.9 i n . ,  50.8 i n . ,  .) 60.1 i n . ,  and 61.6 i n .  52.8 i n . ,  54.1 q n . ,  5 
*These have one or two parallel fractures, close by, tha t  extend a 
few inches around t h e  circumference. 

Steeply d ipping  fractures--two main fractures bath w i t h  strike .278", d i p  75", 
dip direction 80". The d i p  and strike will vary over parts of the 
fractures. One fracture startsat 24.8 i n .  and ends 56.0 i n .  The other'ends 
a t  61.5 i n .  and seems to  s top  a t  #1208 near 45 i n .  Both fractures have 
regions w i t h  more than  one fracture runn ing  para1 le1 . 
In the region of the horizontal fractures each piece is defined by the 
horizontal fractures and spli t  by the steep fractures, Each horizontal slice 
is  defined by a number (attached t o  the largest piece); the o t  



Core 12, Piece #1201 
Length 30.8 i n .  , 

Location Dip 
Inches S t r i k e  Dip Direct ion- Type Notes 

-3.6 330" 45" 60". Contains brecciated rock, 
sharp boundaries 2 cm 
wide i n  spots, 2 mm i n  
others. 

-4.9 335" 60" 65" Par t  o f  above. 
6.0 10" 43" '1 00" 

24.9 31 0" 30" 40" 
26.4 31 0" 60' 40" 

Core 12, Piece #1202, 1203 
Lensth 1202 - 30.8 t o  35.5 in .  - 

1203 - ? 

Core 12, Pieces #1204, 1205 
Length 35.5 t o  43.9 in .  

Break between #1202 and #1205, which my be a hor izonta l  f racture.  

-40.7 
-39.0 

305" 51 " 35" 
267' 32" 357" 

See photographs f o r  other pieces. 

CORE 13 

5270 t o  5273 ft, length 36 in., quartz porphyry g ran i te  

Granite w i t h  p ink orthoclase rock i s  only s l i g h t l y  a l tered.  
h igh ly  f ractured. 
as hor izonta l  w i t h  a frequency o f  about 1 in .  These f ractures are open 
when not  broken. They show s t r i c t i o n s  which are along the s t r i k e  o f  a 
second f rac tu re  system which has d i p  %70° t o  90". 
t o  be i n  the core. 

The core i s  
P a r t i a l  reconstruct ion shows the dominate f racture 

Ver t i ca l  f rac tu re  appears 

CORE 14 

6022 t o  6026.5 ft, length 53 in., quartz-feldspar porphyry g ran i te  

Coarser grained than Core 13, especia l ly  the orthoclase. 
a l te red  t o  green mineral, b i o t i t e  present. 
f rac tu re  pat tern and a steeply dipping f rac tu re  pa t te rn  which has the same 
s t r i k e  and dip.  The l a t t e r  i s  probably not open. The f ractures provide 
the break between pieces except f o r  those pieces f ractured when removing 
from the core barre l .  This consists o f  the l a s t  10 i n .  o f  the core, and 

Plagioclase 
The core shows an open hor izonta l  
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t h i s  p a r t  has only  p a r t i a l l y  been reconstructed, There i s  a vo id region 
between #1401 and #1402 which i s  f i l l e d  by some o f  the pieces - 14A, 14B, 
14C, 140, 14E. #1401 can be or iented by the near v e r t i c a l  f rac tu re  and 
should stand o f f  several i n .  I n  view o f  the s i m p l i c i t y  o f  the f ractures 
and the large number o f  broken pieces, t h i s  rock w i l l  be photographed 
wi thout  turn ing as #12 was. Lower case le t te rs ,  e.g., 1401, 1401a, have 
been used t o  denote small pieces obviously broken o f f  a la rge  piece. The 
core shows cav i t i es  which appear t o  be caused by gas bubbles during 
s o l i d i f i c a t i o n .  
them 

Horizontal f ractures - 1.6, 2.6, 3.0, 4.0, 5.5, 7.0, 8.7, 12.1, 13.2, 14.7, 
15.8, 17.3, 19.8, 20.8, 22.5, 25.6, 28.3, 23.0, 32.0, 33.5, 39.5. 

Near v e r t i c a l  f ractures - same s t r i ke ,  d i p  = 75'. The ones t h a t  are not 
broken show rus ty  a1 t e r a t i o n  along the core. 

Quartz and orthoclase s ing le  c rys ta ls  are growing i n t o  

CORE 15 

6410 t o  6411.9 ft, length 23 in., quartz-feldspar porphyry g ran i te  

Coarse grained orthoclase, s l i g h t l y  l a rge r  than Core 14. A1 tered plagioclase. 
M i r a l i t i c  cav i t i es  but  no t  as large o r  as numerous as Core 14. 
t h a t  the hor izonta l  f ractures are not present here. However, two sets 
o f  =60° dipping f ractures ex is t .  They make -60' angle w i t h  each other. 

It appears 
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MARYSV ILLE GEOTHERMAL ANOMALY THERMODYNAMIC STUDIES 

. . .  Stanley D. Hays 
Systems, Science and Software 

INTRODUCTION 

thermodynamic studies o f  the Marysvil l e  geothermal anomaly. Background 
information on the geology and the project i n  general can be found i n  Refer- 
ence 1. Briefly, w i t h  respect t o  these studies, Blackwell, dur ing  his heat- 

low studies found surface heat flow of unusual magnitude near the town of 
arysvil le,  Montana. 

source i n  the region. Subsequent studies wer interpreted t o  indicate a 

surface. 
gravimetric measurements reasonably well. However, the results of d r i l l i n g  
which became available a f te r  the b u l k  o f  this study was completed indicate 
that the heat source was warm water close t o  the surface. 

highly nonlinear functions that define the phase changes and temperature- 
' varying thermodynamic parameters. Rectangular, axisymmetric o r  spherical 

geometry can be investigated i n  two- o r  pseudo-three-dimensional modeling. 
The basic computational scheme is  implicit, f i n i t e  difference and runs i n  
energy space. The first studies were planned i n  conjunction w i t h  Blackwell 
t o  match his model as  closely as possible within the geometric constraints 

' o f  the code. A quote from Refer 

Systems, Science and Software (S3) has been under contract t o  prbvide 

There is  no other evidence on the surface o f  a heat 

Blackwell has developed a model which matches the heat flow and 
hot ,  dry magmatic intrusion of perhaps 100-km s volume w i t h i n  2 miles of the 

S3 used a two-dimensional heat conduction code t o  model heat flow w i t h  

brief descriptjon of the 
arysvil le model ; and Figure he model from the same 

"The heat flow data terpreted assuming a particular type 
o f  model for  the heat source. The type of model assumed was an 
instantaneous heat source i n  which the body was assumed to  be 
emplaced a t  a constant temperature, i n  a medium of uniform thermal 
properties, and to  cool by conduction alone subsequent t o  the 
emplacement (see Blackwell and Baag, 1973). No addition of mate- 
r ia l  was allowed a f t e r  the emplacement of the body and no convec- 

' t i o n  occurred w i t h i n  the body. The emplacement temperature was 
assumed high  enough to  include both the latent heat and the 
emplacement temperature. The model used was based on prismatic - 
u n i t s  w i t h  a square surface 1/2 km i n  dimension and w i t h  arbitrary 
length ,  buried a t  some depth below an isothermal boundary (the 
surface). A model was b u i l t  up of these single prisms by super-' 
position. I The algorithm was based on an equation i n  Carslaw and 
Jaeger (1959, p. 62). T h i s  equation was used w i t h  the method of 
images ( to  match the constant boundary temperature) and was 
differentiated so that  the quantity calculated was the surface 
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geothermal gradient. The-heat f low data were then f i t t e d  using 
t h i s  p a r t i c u l a r  i n t e r p r e t a t i o n  , 

The resu l t s  from the  S3 compari ons were reported i n  
ence 3, re levant port ions o f  which are included .below where needed f o r  com- 

atches Blackwell 's model near the center o f  
reference data against whi 

- ,  

e s u l t  has been the de l ineat ion  o f  the 
s e n s i t i v i t y  o f  heat f l ow  t o  geometry, This was indicated in the two cases 
reported i n  Reference 3 where only the depth o f  the hot body was varied 
between 1 and 2 km. The peak, rface temperature gradients t h a t  were ca l -  
culated were approximately 450 and 15O"C/km. This type of s e n s i t i v i t y  i s  
also indicated f o r  t h e  shape o the topography. Var iat ions as small as 

n depth produce s i g n i f i c a n t '  changes i n  the calculated parameters such 
temperature gradi'ents. Uncertaint ies i n  .the l oca t i on  o f  the ho 
i t a t i o n s  inherent i n  two-dimensional modeling combine w i t h  t h i s  

met r ic  s e n s i t i v i t y  and make i t  d i f f i c u l t  t o  assess accurately such parameters 
as age and measured gradients. 
been possible t o  bracket the depth, age, and energy content, and t 
what p a r t  o f  the core may s t i l l  be molten. 

However, even w i t h  these l i m i t a t i o n s  i t  has 

e ' e f f e c t s  o f  inc lud ing  the heat o f  fusion were found t o  be s i g n i f i -  
It was dur ing t h i s  p a r t  o f  the study t h a t  the p o s s i b i l i t y  o f  a s t i l l  
core was discovered. 

c t i o n  p o s s i b i l i t i e s  because. of 
t s  , and t h e  low ,probabi 1 i tyL of 
h respect t o  both the source 

a t  there i s  a l o t  o f  .energy 
n. Whether t h i s  energy i s  
thermal conduct iv i t y  o f  the . If t h e  molten co 

e) there i s  7.5 x l o1  
That i s  enough energy 

Blackwell agreed t h a t  a molten core i s  possible; 
however,. he was no t  o p t i  

a 1000-MW power s t a t i o n  running f o r  25 years, assumi 
e f  f i c i ency 

Another related. conclusion from these studies i s  t h a t  the i n i t i a l  heat 
content o f  the. body may .have been .40 t o  50 percent higher than the estimate 
based on the l i nea r i zed  model. -The i n i t i a l  estimate assumed a heat capacity 
o f  0.2 cal;/grn-OC * to  1000°C which represents a t o t a l  spec i f i c  i n t e r n a l  energy 
o f  200 cal/gm. The Smithsonian Tables give fou r  values f o r  the spec i f i c  
heat o f  g ran i te  o f  composition s i m i l a r  t o  t h a t  i n  the Marysv i l le  region. 
When f i t t e d  w i th  a curve and integrated t o  700°C t he  spec i f i c  energy curve 
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t h a t  results is nearly a straight l ine w i t h  a slope of approximately 
0.26 cal/gm-"C. 
and 82OoC, so the total  specific internal energy i s  284 cal/gm i f  the in i t i a l  
temperature is  taken t o  be 850°C, which  is  just molten. T h i s  i s  42 percent 
more energy t h a n  the in i t i a l  estimate. 

a part of the core remained above 820°C for a time of about 8000 years and 
above 700°C (par t ia l ly  mol ten) t o  beyond 20 ky. 
conductivity data  were included the core temperatures remained high for much 
longer. Uncertainties i n  these results are due to> geometry, lack of convec- 
t i o n  i n  the S3 model, and unknown i n i t i a l  temperature. 

t o  changes i n  the nonlinear thermodynamic characteristics. However, tem- 
peratures w i t h i n  the hot body were found t o  be quite sensitive t o  these 
characteristics, even when the in i t i a l  temperature of the linear model was 
raised t o  compensate for neglecting the phase change o f  the granite. For 
example, a t  10 ky and 2.4 km depth on the center l ine (well within the hot 
body) the difference i n  temperature between the linear case, started a t  
1000°C and the ful ly  nonlinear simulation, started a t  85OOC is 240°C or 
about 35 percent. 

D I SCU SS I ON 

Blackwell's analytic model near the center of the hot body. I t  i s  ful ly  
described i n  Reference 3, b u t  will be outlined here for convenience. Case 1 
assumes a f l a t  earth, two-dimensional model of the Marysvil l e  geothermal 
anomaly which was computed i n  rectangular geometry (the body is  assumed 
inf ini te ly  long) w i t h  constant thermodynamic parameters which were the same 
as those used by Blackwell. 
2.6 km wide and 3 km deep. A diagram of the configuration is  included in 
Figure D.2. The in i t i a l  temperature was 1000°C for  the hot  body and 0" for  
the surroundings. All the material was granite. Case 2 was identical, 
except the depth was 1 km. The near-surface geothermal gradient (hereinafter 
simply referred t o  as the gradient)  over the center of the hot body i s  shown 
i n  Figure 0.2 as a function of time for  Cases 1 and 2 and for two other 
intermediate depths.  

There is  95 cal/gm i n  the phase transition between 700°C 

' When the energy function described above was included i n  the simulation, 

When temperature dependent 

Near surface temperature gradients were not found t o  be very sensitive 

Case 1 will be referred t o  many times below as i t  most closely matches 

The hot  body was 2 km below the f l a t  surface, 

Geometric Sensitivity 

The sensit ivity of gradients and temperature profiles t o  the geometry 

1 )  Examples similar t o  Cases 1 and 2 were studied a t  intermediate 
depths of the hot body. 

of the simulation was investigated by four types of calculations: 





. 

2) A simple s ine wave topography t h a t  had charac ter is t i cs  s im i la r  
t o  the rea l  topography i n  the  region o f  the anomalous h e a t f l o w  
was introduced. 

3)  Both axisymmetric and rectangular geometry was invest igated under 
the same set  of condit ions. 

4) A ca lcu la t ion  was made w i t h  a stepped top on the bo t  body s im i la r  
t o  a sect ion through Blackwel l 's  model i n  a ti-S d i r e c t i o n  a t  t he  
North end. 

, Depth Study 

. 

of the study. The depths were 1.3 and 1.7 km. A l l  o ther  factors  were the 
same. 
l i n e  temperature gradients near the  surface are p lo t ted  as a funct ion o f  
t ime i n  Figure 2 f o r  a l l  four  depths." Cross p l o t s  o f  the curves from Fig- 
ure D.2 comprise Figure D.3 t o  i l l u s t r a t e  the  s e n s i t i v i t y  o f  gradient t o  
depth. 
Figure D.2 as ind'icated by a s im i la r  dashed l i n e .  The s o l i d  curve i s  a t  a 
constant t ime o f  10,000 years (10 ky), which, i f  shown alone could be mis- 
leading since the peaks f a l l  on both sides o f  t h i s  important time. 
slope o f  the  10-ky curve i n  the  2-km depth region i s  165'C/km/km. 

850°C f o r  l a t e r  comparison w i t h  the  s ine wave topographic study. The reason 
for  lowering the i n i t i a l  temperature i s  discussed below. The gradients as a 
funct ion o f  t ime curves are shown i n  Figure D.4 f o r  future ' reference. 

I 

Two cases s im i la r  t o  cases 1 and 2 were computed t o  complete t h i s  p a r t  

The per t inent  resu l t s  are shown i n  Figures D.2 and' D:3. The center- 

The dashed curve i n  Figure D.3 was taken from the peak gradients i n  

The 

Three addi t ional  cases were calculated a t  2 k 0.1 km depth w i t h  TO = 

Topographic Study 

The rather  extreme s e n s i t i v i t y  o f  temperature gradient t o  anomaly depth 
ind icated t h a t  the e f fec ts  o f  de ta i led  topography would be d i f f i c u l t  t o  
in te rpre t .  Therefore, ra ther  than attempting t o  simulate a cross sect ion 
o f  the rea l  topography, i t  was s imp l i f i ed  t o  a s ine wave shape. The peak- 
to-peak distance and the  amplitude were chosen t o  approximate the t yp i ca l  
topography i n  the v i c i n i t y  o f  the  anomaly. Three topographic cross sections 
are shown.in Reference 1 from which the  fo l lowing data were taken: 

Figure Peak-to-Peak ' Smoothed Peak-to- 
Number Section Distance (km) Val ley Height (km) 

2.15 A-A ' 3.5 0.2 
2.16 B-B' 5.5 0.25 
2.1z c-c 5.0 0.25 
Rounded Averages Used: 5.0 0.2 

Four ca lcu lat ions were made, two i n  rectangular and two i n  axisymmetric 
geometry. 
tered over the hot body and i n  the other the  peak was so centered. The 

For one p a i r  the "va l ley"  o f  the  sine wave topography was cen- 
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s ine wave had t o  be approximated by rectangular g r i d  l ines .  
upper rows o f  c e l l s  i n  the  g r i d  were gradually reduced i n  height from the 
usual 100 m t o  20 m i n  the top 12 rows. This i s  i l l u s t r a t e d  i n  Figure 0.5 
which shows the valley-centered case; the h i l l - cen tered  case i s  s im i la r .  

f o r  the valley-centered case calculated i n  plane geometry. The lower dashed 
curve i s  the  gradient on the center l ine f o r  t he  s ine wave topography, but  
t h i s  was calculated i h  axisymmetric geometry. 
from a l l  sides o f  the hot  body i n  axisymmetric geometry and the  body i s  
e f f e c t i v e l y  smaller than the  i n f i n i t e l y  long body o f  t he  plane cases, the 
axisymmetric gradients are much lower. Since the  rea l  body i s  probably 
about three times as long as i t  i s  wide, the  cor rec t  curve must be between 
the rectangular and axisymmetric curves, probably c loser  t o  the  former. 

Figure D.7 i s  s i m i l a r  t o  Figure D.6 except i t  shows the  h i l l -centered 
case. Figures D.8 and D.9 show the  axisymmetric gradient curves. 

The s e n s i t i v i t y  o f  heat f low t o  minor changes i n  geometry i s  as great 
i n  t h i s  topographic study as i n  the  f l a t  ear th  study discussed e a r l i e r ,  The 

Therefore, the 

The s o l i d  l i n e s  i n  Figure D.6 give the gradients as a funct ion o f  t ime 

Because the  heat can escape 

ed f o r  f u l l  three-dimensional modeling o f  rea l  topography i s  apparent. 

These cases w i t h  s imp l i f i ed  topography o f f e r  an excel lent  opportunity 
t o  t e s t  B i rch 's  ana ly t i ca l  method (Reference 4) f o r  topographic cor rec t ion  
o f  thermal gradients. I f  i t  i s  assumed, as done i n  the nume 
t ions,  t h a t  the topography has pers is ted i n d e f i n i t e l y  i n  i t s  
then B i rch 's  formula s i  

T(z) - a"jr(= 

h(-) = 
- 

r ings  

esent surface temperat 

a = the  t r u e  undisturb geothermal gradient i n  f l a t  topography 

he change o f  su r f  s o i l  temperature w i th  e levat ion 

[($+ j-1 '2  (1: 2+ )-I 
z are the present uncorrected .temperatures a t  depth , 

nd the depth, respect ive ly  
- 
hr i s  the  d i f ference i n  e levat ion between the c o l l a r  o f  the 

r = radius o f  the  r ing.  

d r i l l  hole and the average e levat ion o f  the r a r i n g  

n n  
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ture gradients which are measured i n  relatively shallow 
urface must be corrected fo r  the irregularity of the sur- 

face. The general tendency is for gradients to  be too low a t  locations 
which a re  above the average surroundings (on a h i l l )  and too h i g h  i n  regions 
which are low. Both cases approach the true gradient w i t h  increasing depth. 

Birch's method makes use of the average elevations of annular rings 
the col lar  which must lead 0 Some inaccuracy i n  the case of real ter-  
However, for  the sine-wave e m i n  assumed i n  these calculations, his 

if  precise, should produc the same resul ts  as a f l a t  terrain w i t h  
the same elevation as the $(a) i n  the sine-wave case. 

The formula given above was programmed and data on the sine-wave cases 
were i n p u t  as i f  these were real terrain.  Since the computations were made 
i n  the axisymmetric mode, the steps used t o  approximate the sine-wave ter-  
rain (Figure D.5) formed annular rings o f  constant elevation. Hence, there 
were no approximati Because the earth- 
a i r  interface had a 
of results of the c 
Birch correc 

s i n  the i n p u t  t o  Birch's formula. 
nstant 0°C boundary condition, a' was zero. An example 
arisons a t  10 ky are tabulated below where G* is the 

Gradient, "C/km a t  10 ky 

G* - Gfl a t  - 

o be good. The d i f -  

Fundamental differences i n  the comparison are  tha t  the hot  body 
ference between the Birch method and the computer simulation is only 3 or  
4 percent. 
was 2.6 km i n  diameter i n  the simulation and 10 ky old whereas Birch's 
method assumes tha t  i t  is s i in f in i te  and tha t  gra nts have corn 

t was made t o  recalculate the corrected gradient for hole 
the anomaly was dr i l led)  reported by Blackwellb The method 

described above gives the corrected gradient, G*, as a function of depth.  
The topographic data around hole 23 was divided into 20 concentric rings o f  
0.1 km width and the elevations were read a t  20" intervals from a topo- 
graphic map and then w averaged for  each ring. The results of the cal- 
culation are: 

Depth, m G*, "C/km 

100 144.6 
200 175.3 
300 192.5 
400 203.8 
500 211.7 
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i 
i When these were compared w i t h  Blackwell ' s  computed G* o f  173.6"C/-km :the 

d i f ference caused sane concern which l e d  t o  a carefu l  comparison ofymethods. 

t a n t  d i f fe rence i s  t h a t  Blackwel l 's  ca l cu la t i on  was confined t o  the .depth 
region o f  the temperature measurements which were between 15 and 49 m. I n  

rec t i on  i s  no t  very good, so the corrected gradient var ies w i t h  depth. 
the shallow depths the r e s u l t s  compare favorably and are  wel l  w i t h i n  the 

; 
i 
i 
i 
i I 

I 

There were some r e l a t i v e l y  minor d i f ferences i n  data reading, but ,the impor- 

t h i s  reg ion o f  r e l a t i v e l y  extreme topography a t  the  shallow depths the cor-  

commonly accepted er ro rs  f o r  t h i s  type o f  s i tua t ion .  

i 

i A t  
t 
i 

I , .  

I 

1 
i 
i 

Hot Body Shape 

S e n s i t i v i t y  t o  depth and topography ind icated t h a t  there could a lso  be 
a s e n s i t i v i t y  t o  body shape. A t  ea r l y  times t h i s  i s  the  case as i s  shown 
by one example. 
out. The shape used i n  t h i s  example was takenlfrom a c u t  A-A'  through the 
nor ther ly  end o f  Blackwell 's model (see Figure D . l )  i n  a N-S-direction. The 
small step i n  the model from 1.3 t o  1.4 km depth was omitted. Figure D.10 
contains a scaled diagram o f  the ho t  body shape which was ca lcu lated i n  
rectangular geometry and the  gradient as a func t ion  o f  t ime curves. These 
gradient curves have the usual appearance a f t e r  about 8 ky, bu t  the smooth- 
i n g  e f f e c t  can be seen more eas i l y  i n  Figure D . l l .  Temperature p r o f i l e s  a t  
a depth o f  approximately 1/2 km are shown i n  Figure D.11. A t  ea r l y  times 
the ra ised edge o f  the hot  body i s  apparent i n  the  p ro f i l es ,  bu t  a f t e r  8 ky 
the heat source appears t o  have l o s t  the memory o f  i t s  o r i g i n a l  shape. By 
15 ky the  p r o f i l e s  a re  almost i den t i ca l  t o  those from a simple f la t - topped 
body. 
t h i s  one example i t  can.be concluded t h a t  i t  i s  no t  necessary t o  attempt t o  
model-the shape o f  the ho t  body w i t h  prec is ion f o r  data a t  times ofycurrent  
i n t e r e s t  (>8 ky). 

Thermodynamic Parameters 

I n i t i a l  Values 

As discussed i n  Reference 3 i t  was agreed t h a t  these simulations should 

1 

However, a f te r  about 8 ky the e f fec ts  o f  body shape smoothed 

~ 

The dashed l i n e  i n  Figure D . l l  i s  such a p ro f i l e .  On the basis o f  

s t a r t  w i t h  the  same l i n e a r  thermodynamic approximations t h a t  were used i n  
B1 ackwell I s ana ly t i ca l  model , namely: 

p = 2.5 gm/cc 

= 0.2 cal/gm-"C 
c V  

, 

, 

K = 0.007 cal/cm-gm-"C. 

The i n i t i a l  temperature, TO, was assumed t o  be 1000°C which approximated 
the  amount o f  spec i f i c  i n te rna l  energy i n  gran i te  up through the  phase 
change ( which r e a l l y  i s  complete a t  about 820°C). A l l  o f  the  cases i n  
Reference 3 and those discussed above have employed these l i n e a r  approxima- 
t ions.  
are t o  be compared wi th  some l a t e r  nonlinear cases t h a t  were s ta r ted  with 
To j u s t  above the phase t rans i t ion .  

The on ly  exception has been t o  lower TO t o  850°C f o r  some cases t h a t  

0.16 
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the Stepped Body. See insert i n  Figure D.10. 

Current Values z ’  

A literature search was made and several experts i n  the field of mate- 
rial properties of hot and mol ten granite were consulted. 
l i t t l e  i s  known (Reference 5)  i n  detail  about rock thermal properties, par- 
t icular ly  the variation, i f  any, of K w i t h  T through the melting transition. 
Reference 6 gives the measured variation of thermal conductivity of granite 
w i t h  temperature to  35OOC. 
shown i n  Figure D.12 along w i t h  Blackwell’s measured and recommended values. 
The Rockport 1 data seelh appropriate fo r  Marysville because i t  spans the 
Marysville measurements and because the quartz content was 25 percent which 
is  the same as the granite for  which good Cv data exist (Reference 7) ,  as 
discussed below. Also shown i n  Figure D.12 is an extrapolation of the Rock- 
port  1 data t o  850°C based on a nearly l inear extrapolation o f  res i s t iv i ty  
(Curve 2 of the insert i n  Figure D.12). 

Surprisingly 

Data given for several types of granite are 

The conductivity function was 

0.18 





incorporated i n  the s imulat ion by encoding a polynomial f i t  t o  the curve. 
This ra ther  la rge  va r ia t i on  o f  K w i th  T d i d  have s i g n i f i c a n t  e f fec ts  on the 
resul ts .  A1 though any extrapol a t i o n  o f  t h i s  magnitude must be uncertain, 
the continued downward trend i s  predicted by Debey's theory which has good 
support from measurements (Reference 6). 

The assumed heat capacity o f  0.2 cal/gm-"C appears t o  be low. The ' . 
Smithsonian Physical Tables g ive  four  values f o r  C ( x C v )  from 0" t o  800°C, 
which i s  we l l  up i n t o  the molten region, f o r  g ran i te  w i t h  the fo l low ing  
constituents: 

O r t  hoc 1 ase 65% 
Quartz 25% 
A1 b i  t e  9% 
Magnetite 1% 

2 

These fou r  po in ts  were converted t o  cal/gm-"C and are shown w i t h  a f i t t e d  
curve, E, i n  Figure D.13. This curve was in tegrated i n  100°C segments and 
i s  shown i n  Figure D.14 w i t h  some other data discussed below. 
seen t h a t  up t o  the t r a n s i t i o n  region the curve can be approximated qu i te  
we l l  w i th  a s t r a i g h t  l i n e  bu t  t h a t  the slope i s  greater than 0.2 cal/gm-"C. 
From 0°C t o  700°C the value i s  0.2589 cal/gm-"C, which neglects the minor 
effects below O°C t h a t  are unimportant f o r  t h i s  study. 

abundant component i s  quartz, the mel t ing phase t r a n s i t i o n  i s  spread out  
over a s i g n i f i c a n t  range o f  temperature. Blackwell has suggested approxi- 
mating the t r a n s i t i o n  by a 50 cal/gm step a t  7OO0C, which, i f  continued a t  
0.2 cal/gm-"C t o  820°C would include 74 cal/gm i n  the  t rans i t i on .  
Cv o f  0.2589 i s  used instead, the value goes t o  about 81 cal/gm. Professor 
Kennedy'(Reference 5) has recomnended using a t r a n s i t i o n  energy o f  95 cal/gm 
over t h i s  temperature range, and the d i f fe rence between these various e s t i -  
mates i s  probably w i t h i n  the range o f  uncer ta in t ies o f  the other parameters. 
The simulat ion program runs be t te r  w i t h  a ramp than w i t h  a step i n  the energy 
function. (A step impl ies an i n f i n i t e  Cv.) Therefore, i t  i s  preferable t o  
work w i t h  a ramp, bu t  f o r  comparative purposes the 50 cal/gm step a t  700°C 
was used f i r s t  w i t h  Cv = 0.2 on e i t h e r  s ide o f  the  step. To ge t  the program 
t o  run i n  reasonable times C, was se t  t o  10.0 i n  the sfep which introduces 
a small, bu t  t o le rab le  er ror .  Subsequently, the s imulat ion included a ramp 
func t ion  from 700°C t o  820°C w i t h  the cor rec t  Cy. However, w i t h  the heat 
o f  fus ion included i n  the energy function, the i n i t i a l  temperature should 
be lower than the 1000°C used i n  the ana ly t i ca l  model. It was assumed t h a t  
the p lu ton was j u s t  molten, so the  s imulat ion was s ta r ted  a t  850OC. Thus, 
i t  was necessary t o  recalcu late Case 1 with TO = 850°C f o r  comparative pur- 
poses. Subsequently, i t  was calculated several times w i t h  d i f f e r e n t  geome- 
t r i e s  and -Cv = 0.2589 t o  study the possi b l  i t y  o f  a molten core, discussed 
below. 

It can be 

Because gran i te  i s  a mixture and, furthermore, because the second most 

I f  a 
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FIGURE D.14. Speci f ic  In ternal  Energy Functions f o r  Granite 

Figure D.14 shows the energy funct ions discussed above and gives s t a r t -  
i n g  energies f o r  each func t ion  t h a t  w i l l  produce To = 85OOC. 
1000" was used t o  match the ana ly t i ca l  model. 
the e f f e c t s  o f  inc lud ing a step phase change. 
but w i t h  a ramp. 
obtained using Function A t o  850". 
e f f e c t s  o f  the higher Cv. 
Cv indicated tha t  i t  was unnecessary t o  attempt t o  increase the accuracy o f  
t h i s  p a r t  o f  the simulat ion by encoding Function E, espec ia l l y  considering 
the  uncer ta in t ies  i n  and s e n s i t i v i t y  t o  the geometry. 

Function A t o  
Function B was used t o  t e s t  
Function C i s  s i m i l a r  t o  B, 

These resul ts ,  discussed below, were compared w i t h  r e s u l t s  
Function D was then used t o  t e s t  the 

The e f f e c t s  o f  the phase change and the higher 
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1 E f fec ts  o f  Inc lud ing the  Phase Change 

The e f fec ts  of inc lud ing  the  several energy versu i 
i 
i 

I 

t i o n s  shown i n  Figure D.14 w i l l  be discussed below. However, i n  general i t  
appears t h a t  the effects on the  near-surface temperature gradients are 
secondary w i t h  respect t o  assumptions concerning depth and i n i t i a l  tempera- 
ture.  The most prominent e f f e c t  appears i n  the  T versus depth curves i n  
the reg ion of the  receding molten corei For the case which employed Func- 
t i o n  B w i t h  the  step phase change, the d i f ference i n  temperature from the 
l i n e a r  case a t  EO ky exceeds 200’C below 3 km de t h  (top. o f  ho t  body i s  a t  
2 km, To = 85OOC i n  both cases) (see Figure D.15 P . A t  the same time the 
d i f fe rence i n  surface gradient over the  center o f  the body i s  on ly  24”C/km 
(see Figure 0.16). I f the  l i n e a r  case had been s ta r ted  a t  about 1070°C, 
the gradient  curves would have t o  be q u i t e  s imi la r ,  thus supporting 

i s  a good approximation t o  inc lud ing  the heat o f  fus’l’on,,- The gradient curve 
from l i n e a r  Case 1, TO = 1000°, has been rep lo t ted  the upper dashed curve 
i n  Figure D.16 f o r  conveni rsus depth curve i s  
a lso shown i n  Figure 8.15. 

I 

I 

i 
I B lackwel l ’s  assumption t h a t  s t a r t i n g  a l i n e a r  case with. a high temperature 

n, and the  f 

Comparative cases f o r  ramp funct ions C .an 
850% w i t h  the hot body depth a t  1.7 km, which 
be the best depth f o r  the two-dimensional app 
recomputed under the same condi t ions t o  20 ky and the  three center l ine  gra- 
d ien ts  a re  shown as the  upper curves i n  Figure D.17. Except f o r  the slower 
r i s i n g  curve o f  Function D, due t o  the-h igher  Cv o f  a l l  the rock, there 
appears t o  be l i t t l e  s i g n i f i c a n t  d i  rence between these cases a t  times o f  
in te res t .  However, t h  rsus depth kurves show d i f ferences 
between the l i n e a r  and 
I n  fact, w i t h  Function 
suggest t h a t  there s t i  
t i v i t y  was made a func 

ere a l l  s ta r ted  a t  To = 
tie t ime was bel ieved t o  
t ion.  Function A was 

s i m i l a r  t o  those shown‘in Figure D.15. 
tayed ho t  ‘ in the  center long .enough t o  

spec ia l l y  when the conduc- 

I f  the  core i s  st511 molten, i t  me t h a t  there i s  a l o t  of energy 
s t i l l  s tored i n  the  l a t e n t  heat f fusion. 
ca l  l y  accessible depends on I the hemal  Conduct iv i ty o f .  the hot  rock and 
the technology o f  energy’ removti molten core dimensions include 
only  3 km3, there  i s  a xqmately 7.5 x 1017 c a l  i n  the t r a n s i t i o n  phase 
between 700’ and 820°C hat  i s  enough energy t o  keep a 1000-MW power 
s ta t i on  running f o r  25 r s  a t  a 25 percent overa l l  e f f i c iency .  Several 
cases were computed i n  the .search f o r  a’ molten core. Some o f  these used the 
var iab le  conduct iv i t y  c ve discussed above’. The r e s u l t s  are discussed 
bel  ow. 

khether t h i s  energy i s  p r a c t i -  

i \ 

I n  a l l  cases.the ]size and depth ho t  body were, ke 
2.6 km wide and 1.7 km deep below a - f l a t  surface. ‘Two energy functions were 
used, C and D, and 
gecmnetr ca d uslng 

ax i symmet r i  c 
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FIGURE D.16, Gradients Versus Time for Energy Functions A and B. 
Sol id  l i n e s  are a l l  f o r  Function B. 
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temperature dependent conduct iv i t y  function. The gradients f o r  the rectan- 
gu la r  cases and one axisymmetric case are shown i n  F i g u r e ,  
discussed above, the rectangular geometry makes the  hot bo 
b i g  ( i n f 4 n i t e l y  .long) and the axisymmetrical geometry w i t h '  
the ho t  body i s  too small. Since the 'actua l  hot  bo 
approximately three times as long as i t  i s  wide, t h  real, answers 1 i e  between 
these two cases, probably more toward the rectangular cases. An estimate 
o f  the region o f  the " rea l "  cen te r l i ne  gradients i s  sketched i n  Figure D.17. 
The uncer ta in ty  t h a t  t h i s  place<.on the age f the  hot  body i s  c lea r  when 
one looks f o r  the measured (corrkcted anoma us) gradie'nt of 145OC/km' of 
hole DDH30 which i s  near' the  center. Remembering the  s e n s i t i v i t y  o f  gradient 
t o  depth suggested in' f i g u r e  D.17 by the band around the  145"C/km l i n e ,  one 
can see t h a t  the:age could be almost any,thing f 
about 20 ky f o r  ' t h i s  set  o f  condit ions. 

i s  bd ieved  t o  be 
. 

10 ky up, but i s -p robab ly  
7 3  

1 

,po in t  i n  the hot body as funct ions o f  t ime.  The p o i n t  i s  4,km deep on the 
center l ine  (2.3 km below the  top o f  the hot body as shown i n  the i nse r t ) .  
The s i x  curves represent reasonab'l 
d u c t i v i t y  functions and the geomet When the v a r i a t i o n  of conduct iv i t y  
w i th  temperature i s  included, .it moves a l l  the curves t o , t h e  r i g h t .  The 
al l -molten region may extend t o  about 15 ky; however; the p a r t i a l l y  molten 
region could extend t o  wel l  beyond 30 ky. Referr ing again t o  Figure D.17, 
if the lower lef t -hand corner o f  the uncertainty"region i s  taken, the age 
i s  about 11 ky-and there may be an al l -molten core. - I f  the-medfafi p o i n t  i s  
taken, as indicated by 'ky,  the temperature a t  4 km 
may be about 8OOOC and . Geometric uncertaint ies,  

d i n  our model , and- unknown 
o l ten  core improbable. How- 
d search w i t h  se i  

The s i x  curves shown i n ' f i g u r e  D.18 a re .p lo t s  o f  the temperature a t  one 

r i a t i o n s  i n  t h e  heat capacity'and con- 

* .  .I 1 < % -  

body i s  greater than t h a t  
I f  1000°C is taken as 

u d i  ng heat o f  fusion, 
taken 500C ( j u s t  

percent more than t h  
. l i n e a r  model would predict .  

Spat ia l  Va r ia t i on  o f  Conductivi ty 

A case was computed t h a t  was s i m i l a r  t o  Case 1, but w i t h  the conduc- 
t i v i t y  0.0081 cal/cm2-sec-"C i n  and above the hot bod up t o  100 m depth. 
Elsewhere the conduct iv i t y  was t o  remain 0.007 cal/cm -sec-OC as i t  was 
everywhere i n  Case 1. 
the center l ine  gradients and temperatures are compared w i t h  Case 1 and found 
t o  be s i m i l a r  w i t h  di f ferences i n  the d i r e c t i o n  t o  be expected from higher 
conduct iv i ty.  A conduct iv i t y  o f  0.0081 i s  q u i t e  h igh  as was seen i n  Fig- 
u re  D.12; y e t  i t  ra ised the 10-ky center l ine  gradient only about 10 percent. 

3 
The r e s u l t s  are shown i n  Figures D.19 and D.20 where 
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Some Differences i n  Results Between Linear and Nonlinear Cases 

Near surface temperature gradients were no t  found t o  be very sens i t i ve  
t o  changes i n  the nonlinear thermodynamic charac ter is t i cs .  However, tem- 
p e r a t u r e s w i t h i n  the  hot body were found t o  be q u i t e  sens i t i ve  t o  these 
character ist ics,  even when the i n i t i a l  temperature o f  the  l i n e a r  model was 
raised t o  compensate f o r  neglect ing the  phase change o f  the granite. For 
exam le,  a t  10 ky and 2.4 km depth on the center l ine  (well  w i t h i n  the hot 
body f the d i f fe rence i n  temperature between the l i n e a r  case, s ta r ted  a t  

0.30 



1000°C and the fu l ly  nonlinear simulation, started a t  85OOC i s  240°C or 
about 35 percent. The temperature profile for the nonlinear calculation i s  
shown a s  a heavy dashed curve i n  Figure D.19 where the temperature differ-  

he linear case a t  the same time and depth is  indicated. There 
minor geometric difference between these cases, b u t  a t  the depths 

of interest  for  these comparisons this’difference ( i n  depth  t o  the top  of 
the hot body) i s  completely insignificant. 
temperature profile above the hot  body, so the da ta  from the nonlinear case 
was omitted from tha t  region. 

I t  d i d  have an effect  on the 

Grid Size Tests 

Reduction i n  Height 

T h i s  study was started w i t h  a uniform g r i d  of 30 x 50 ce l l s ,  each 
0.1 km on a side. 
required the use of smaller ce l l s  t o  define the geometry accurately. How- 
ever, the 0.1-km cells appear t o  be satisfactory for  the heat flow, The 
size of the g r i d  should be minimized t o  save computation costs, b u t  no t  t o  
an extent that  distorts the resul ts  too much. The f i r s t  s e t  of t e s t s  on 
grid size was on the height .  Briefly, i t  was found t h a t  by changing the 
lower boundary t o  a reflective one t h a t  10 rows of ce l l s  could be eliminated 
w i t h o u t  changing the results.  Most subsequent cases were computed w i t h  a 
30 x 40 g r id .  

Special cases, l i ke  the topographic study reported above, 

I 

I 

1 Grid Cllidth 
I 

Figure 3 o f  Reference 3 ,h in t s  t h a t  the g r id  may not be wide enough 
a t  l a t e r  times. The original t e s t s ,  which examined how the temperature 
approached the r i g h t  boundary, may not have been entirely adequate. Addi- 
t i m a l  tests were made and an example’af the most important result  is  shown 
i n  Figure 0.21. These curves show temperature Profi les  a t  the depth o f  the 
ho t  body a t  20 ky. The sol id  curve i s  the reference Case 1. The dashed 
curve is the same case, b u t  w i t h  a 50-cell (5 de g r id .  Similar pro- 

es were’made f o r  other times and other depth 11 show that  there is 
significant difference out  t o  about l 1/2 bo d t h s  and 20 ky. How- 

ever, the resul ts  diverge i n  a manner typified by Figure D.21 so that  near 
the r i g h t  boundary of the 30-cell g r i d  the temperatures are a factor o f  2 
1Qw. 
be ignored o r  raised. A l l  of the cases reported here except the molten core 
study employed the 30-cell g r i d  for the sake of consistency. For the molten 
core study‘all g r i d s  were a t  l eas t  40 x 50 cells. 

Error in Figure 1 of Reference 3 

Hence, a l l  gradient curves in‘Reference 3 labeled 2w (cell  28) should 

There i s  a minor, b u t  unfortunate error i n  Figure 1 of Reference 3.* 
I 
1 This figure was taken from a draf t  o f  Blackwell’s report that  contained 

draftsman’s error.. and 

* Corrected and inc lud  
I 
I 

1 
I 
I 
! 
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104 (OC/km), were permuted. Unfortunately, the one inco r rec t l y  labeled 104 
i s  nearest the center of the model. 
1 ' s  gradient curve a t  10 ky which was taken t o  ind ica te  good agreement w i t h  
the f i r s t  reported resu l ts .  I n  order t o  ra i se  t h i s  po in t  t o  the correct  
value o f  145"C/km, the depth must be 1.7 km (which i s  why t h i s  was chosen 
f o r  some o f  the  studies reported above) o r  the age must be about 18 ky. 
Subsequently, studies have shown such s e n s i t i v i t y  t o  geometry t h a t  i t  i s  
now f e l t  t h a t  there i s  nothing magic about 10 ky o r  1.7 km depth. One can 
get  the "cbrrect"  gradient by an i n f i n i t e  number o f  combinations o f  time, 
depth, topography and thermodynamic parameters, as was ant ic ipated a t  the 
beginning o f  t h i s  study. 
merely shows the caut ion w i t h  which the  r e s u l t s  should be interpreted. 

This i s  the po in t  labeled 0,O on Case 

This f a c t  does not  i nva l i da te  the resul ts ;  i t  

1 
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COMPUTER SIMULATION OF DRILLING THERMODYNAMICS 

C. A. Oster, Battelle-Northwest 
Wilbert A. Scheffler, Joint Center for Graduate Study 

INTRODUCTION 

The prediction of temperature distributions in rock through which a 
well is being drilled is an important task. An accurate prediction of the 
depth at which temperatures are high enough to cause steam flashing permits 
the driller to safely operate for longer periods with less pressure control 
and thus with less cost. Because the ambient rock temperature is disturbed 
by the drilling needs and other fluids flowing in the well, it is difficult 
to predict accurate temperature changes. 
state model for predicting the rock temperature changes caused by the drill- 
ing of the well. 
new layers of rock below the layers used in the previous'time period simula- 
tion. In this manner the hole is followed down through the rock formations. 

The result is a computer code, THERMWEL, in FORTRAN which is simple 
enough to permit implementation on a minicomputer; hence t has the pogen- 
tial of becoming a field use tool. 

MATHEMATICAL MODEL 

Here we present a quasisteady 

The depth change in the well is accounted for by adding 

The temperature distribution in rock surrounding a well is modeled in 
cylindrical coordinates with axial symmetry. 
system is located at the earth's surface with the Z axis coinciding with ' 

the center o f  the well. The Z axis is positive in the downward direction, 
dicated in Figure D.22. Region one is a 
of radius r extending to the well bottom with no openings except at 

the endpoints. 
(The well has a constant radius r2). The well wall may have openings into 
the surrounding rock. Regions two 
and three are further divided into "control volumes" or "la rs" which may 
coincide with the various rock layers. 

ipe to the hole 
bottom where it is returned t mix with water 
from one or more aquifers. T 
the rock formation is also covered. 

The origin of this coordinate 

Three regions are assumed. 

Region two is an annulus between the well wall and the pipe. 
. 

Region three is the surrounding rock. 

Me assume a cooling fluid is pumped thr 
ugh region't 
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FIGURE D.22. The Well-Rock Formation Geometry 

Let the subscripts 1, 2 and R refer to regions one, two and three 
_ -  respectively. 

equations: For the pipe (region one), 
The temperature distribution i s  governed by the following ' . 

i1 cpc dz dT1 = 2arl h(T2-T1 ) 

where I& is the mass flow rate of the coolant, Cpc is the specific heat o f  
the coolant, h is a heat transfer coefficient for the pipes, and Tl,T2 are 
temperatures in regions 1 and 2., 

present: 
For the annulus (region two), control volume j with no aquifer flow 

'(2) 
aTj R I - earl h(Tj2-Tjl) - 2ar2 kj ar 

-mj Cpj dz dTJ2 - 
r=r2 

where h- and Cpj are the mass flow rate (measured positive downward) and 
specifig heat determined by the mixture of coolant and entrained aquifer : 
water flowing into the control volume j; and where kj is the thermal conduc- 
tivity of the rock in the jth layer. 

If aquifer flow is present in control volume j, the following relation- 
ship is used: 



where i h j  i s  the aqu i fe r  mass f low rate,  c ~ H ~ ~  i s  the spec i f i c  heat of water, 
and T ~ 2 0 j  i s  the aqu i fe r  water temperature. 

For the rock (region three 

a t  a rL  r a r  _ _  

where a i s  the thermal d i f f u s i v i t y  f o r  the j- t h  layer. R j  
Boundary condi t ions are 

TR (r, Z, 0) = f (2)  

TR i s  f i n i t e  as Z -+ a, r -+ a 

T1 ( Z  = 0, t) = To 

T2 ( Z  = R, t) = T1 (z  = 1, t) + AT(I1). 

The func t ion  o f  f ( Z )  i s  assumed known as are  (q/kR). the  surface temperature 
gradient wi th  2 the surface heat flow, To the temperature o f  the coolant 
a t  the d r i l l  p ipe i n l e t ,  and AT(R) the  temperature r i s e  due t o  energy 
released by the  d r i l l  b i t  dur ing d r i l l i n g .  A t  the bottom o f  the we l l  
depth i s  Z = R. 

A numerical so lu t i on  o f  the model described above may be ’obtained by 
By speci fy ing To, R, AT(&) a t  imposing an r - Z  g r i d  on the three regions. 

spec i f i c  po ints  i n  time, i t  i s  possible t o  ob ta in  t ime dependent solut ions. 
A t  any f i x e d  time the.temperatures i n  regions one and two are obtained 
i t e r a t i v e l y .  
TR. 

This then determines the boundary condi t ions needed 
The rock temperatures are then determined i t e r a t i v e l y .  

NUMERICAL RESULTS 
f 

The numerical proced r e  described i n  the previous sect ion has been 
programmed, and Figures D.23 and D.24 show two example cases processed by 
the program. I n  both cases the simulat ion time was t reated i n  three 12 hour 
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FIGURE D.23. Rock Temperature Adjacent t o  Ue l l  

blocks. 
(20 gallon/minute) o f  water (coolant) f lowing down the pipe and a l i k e  
amount f lowing out o f  the annulus. A (5/3)"C temperature (3OF) increase 
AT(!&) was added a t  the wel l  bottom t o  nccount f o r  the energy .released by 
the d r i l l  b i t .  The second block had no f low i n t o  the pipe o r  out o f  the 
annulus. 
standby condit ions when no d r i l l i n g  i s  i n  progress . fo r  the second time 
block. 

The f i r s t  and t h i r d  blocks were i den t i ca l ,  w i th  1.26 R/sec 

No temperature increase was made a t  the wel l  bottom t o  simulate 

I n  both cases i n f l ow  o f  water from the rock formation t o  the w e l l  and 
outf low from the w e l l  t o  the rock formation were permitted during the e n t i r e  
36-hour period. .The loca t i on  and f low rates o f  these aqu i fe r  f lows are 
shown"in each f igure.  
i s  from the top aqui fer  t o  the bottom aqui fer .  
from the f low d i r e c t i o n  during the f i r s t  and t h i r d  t ime  blocks when d r i l l i n g  
f l u i d  i s  being pumped. 

Both Figures D.23 and D.24 show the rock temperature adjacent t o  the 
w e l l .  This temperature i s  taken a t  10.2 cm (4 in.)  out  from the w e l l  wal 
I n  Figure.D.23 we have a r b i t r a r i l y  assumed t h a t  the fomat lon  water i s  con- 
s iderably ho t te r . than the ambient rock, which accounts f o r  the  continued , 

r l s e  i n  temperature of the rock adjacent t o  the w e l l  during the second t h e  

During the second t i m e  block the f l ow  i n  the annulus 
This i s  general ly opposite 
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block. The computations show t h a t  the water i n  the annulus continues t o  
heat the surrounding rock. 
agreement w i t h  what one would expect t o  f i nd  under the. given assumptions. 

The f i r s t  p a r t  i s  a tab le  o f  
temperature values a t  the end o f  the f i r s t  t ime block. 
peratures o f  the pipe, annulus, rock adjacent t o  we l l  and ambient rock. 
Arrows show the d i rec t i on  o f  heat f l ow  among each o f  these zones. For 
example, a t  the depth of 15-meters t l ie  annulus i s  heating both the pipe and 
adjacent rock, and the adjacent rock i s  heating rock f u r t h e r  removed from 
the wel l .  

The second p a r t ' o f  Figure D.24 shows the temperature deviat ions of the 
adjacent rock from ambient a t  the end o f  each o f  the 12 hour t ime blocks. 
F i n a l l y  the f a r  r i g h t  sect ion o f  the f i g u r e  graphs the ambient temperature 
p r o f i l e  assumed f o r  the model. Table D . l  summarizes the parameters used i n  
the ca lcu lat ions which produced Figures D.23 and 0.24. 

Consequently the programmed resu l t s  are i n  

Figure D.24 consists o f  three parts. 
These are the tem- 

. Parameter 

rl 
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rad j 

r a Y  

"R 
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Mo 

cPC 

CpH20 

9 

TABLE D.l .  Parameters Used i n  Examples 

English Uni ts  
0.167 ft 

0.328 ft 

0.664 ft 

10 ft 
0.058 f t 2 / h r  
6.36 Btu/ (hr-ft-OF) 
50(') Btu/(hr- f t2-"F) 
3 and 0°F 
70°F 
20 gal/min 
1 Btu/ (1 b-" F) 

1 Btu/ (1 b-OF) 

0.259 Btu/ (h r - f t 2 )  

Metr ic  Un i ts  
5.09 cm 
10.O'cm 

20.2 cm 

3.048 m 
2 0.015 cm /sec . 

2.63 x K cal/(sec-m°C) 
67.8 x K cal/(sec-m2-"C) 
1.67 and 0°C 
21.1"C 
1.26 R/sec 
1 K cal/(kg-"C) 

1 K cal/(kg-"C) 

0.195 x K cal/(sec-m ) 2 

a. 
b. 
c. 

Location o f  adjacent rock temperature shown i n  Figures D.23 and D.24. 
Location o f  ambient rock temperatures i n  Figures D.23 and D.24. 
Calculated from the Sieder-Tate tu rbu len t  f l ow  corre la t ion.  
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COMPUTING REQUIREMENTS FOR THERMWEL 

The computations discussed i n  the previous section were made by coding 
the mathematical model i n  FORTRAN and executing the resulting program 
(THERMWEL) on a Systems Engineering Laboratories (SEL) 840A computer. 
FORTRAN program required 2838 (decimal) memory locations p lus  3155 (decimal) 
storage locations, for  a total  o f  5993 storage locations. The program cur- 
rently permits up t o  15 radial points and 30 depth  points. From these num- 
bers i t  appears t the current progra could be s l ight ly  expanded and 
st i l l  f i t  into a i computer I w i  t h  8K O r Y  1 ocati oris 

Execution times were not precisely determined b u t  are estimated a t  
1 minute computer time needed to  simulate 12 hours o f  clock time. 
this, the model should provide no d i f f icu l t ies  i n  permitting several simula- 
tions during a d r i l l i n g  period of several hours. 

The 

Based on 





DIRE€T TREE TEMPERATflRE SURVEY, AUGUST 1974 * 

9 ., - - 
I. 

J, R. El iason and P. Foote, B a t t e l l  e-Northwest 

. An a e r i a l  i n f r a r e d  survey( 06 the t e r r a l  
was made i n  September 1973. The op t i ca l  mechanical imaging systern.used. 
operates i n  thec3-5rr and 8-1411 wavelength spectral  bands and the tes ts  were 
made+at an a l t i t u d e . o f  approximately 10,000 feet. The temperature r i s e  i n  
the survey area, 
estimated a t  0.2 
thermal anomal i e  
systems were sens i t i ve  t o  changes o f  cO,l°C. 

e ' t a  heat f low from the geothermal anomaly, had been. 
maximum. However, .the survey d i d  n o t  d i r e c t l y  detec 
t the ear th 's  surface, even though' thk i n f r a r e d  

t V I  
,_I  

D i rec t .  thermal detect ion o f  geothermal gradients  can be 1 im i ted  by 
natura.1 e f fec ts  such as te r ra in ,  microclimate, emissiv i ty,  and vegetation. 
Measurements ofs the magnitude o f  these e f fec ts  ind icated t h a t  they would be 
on the order o f  0.2OC o r  greater, 'or approximately the amount o f  the an t ic -  
ipated surface temperature difference above the  pred i t t ed  geothermal anomaly. 
Since these natura l  e f fects  appeared t o  be i n h i b i t i n g  temperature detection, 
an attempt was made t o  del ineate the anomaly by c a r e f u l l y  comparing.data 
from sparsely vegetated c lear ings and making temperature correct ions f o r  
a1 ti tude. Using t h i s  technique, the natural  surface thermal va r ia t i ons  were 
found t o  dominate the 'observed temperature patterns i n  these area% A.sig- 
nisf icant .'-thermal anomaly (%1.5OC) was found i n  t ree  canopies which: appeared 
t o  cor re la te  w i t h  t h e  mapped geothermal anomaly. This  was : intecpreted as k t  

an ind i ca t i on  t h a t  the t rees '  roo t  systems were withdrawing s o i l l  moisture.. , 

from the zone o f  h igh heat flow. F i e l d  surveys were conducted i n  August 
1974 t o  determine whether the anomaly.measured in '  t 
f a c t  re la ted  t o  the area o f  h igh heat flow; these s 
existence and area o f  the anomaly. 

be an i n d i r e c t  i nd i ca t i on  o f  geothermal a c t i v i  
t rees may be tapping warm groundwater from the 
causing the trees t o  r e f l e c t  t h i s  temperature 
f o r  a r o o t  system 10 t o  20 f e e t  deep). Subseq 
t r e e  temperatures i n  and near the anomalous area have con f i  
o f  a s i g n i f i c a n t  d i f fe rence i n  t r e e  canopy- temperatures, This does not  
appear t o  r e l a t e  t o  v i s i b l e  d i f ferences i n  the t r e e  canopjes and trees i n  
the anomalous area do no t  appear t o  be diseased o r  in fec ted  by insects. 
Trees i n  the area o f  the  highest geothermal gradient (as 'detected by d i r e c t  
thermal measurements) demonstrate the most s i g n i f i c a n t  va r ia t i on  i n  canopy 

. temperatures. Trees west of the Marysv i l le  townsite a l so  show s i g n i f i c a n t  
thermal var iat ions,  bu t  t h i s  area has no t  been mapped f o r  heat f low and the 
source o f  thermal va r ia t i on  i s  unknow 

ree canopies was i n  
es v e r i f i e d  the 

. 

The thermal a l i e s  f i r s t  obs 

(1) F i r s t  Annual Report, Ma , Montqna ,Geothermal P ro j  
Section 7, Ba t te l  le-Northwest, NSF-RA-N-74031aY June 197 
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Limited d ig i t a l  computer analyses o f  the imagery were conducted t o  
enhance the observed anomalies. These analyses show t h a t  the anomalies 
identified i n  the t ree  canopies are significant. 

i n  September 1973 were verified by field measurements collected i n  late 
August 1974. Over a period of several days, measurements of tree tempera- 
tures were collected w i t h i n  the anomalous area on Lost Horse Creek and a t  
several locations outside this area. These included radiometric measure- 
ments of the bark and canopies w i t h  an 8-1411 infrared radiometer and contact 
measurements of the t ree  t runks  a t  various depths beneath the bark w i t h  a 
thermistor probe and mercury thermometers. Measurements were made a t  sev- 
eral times of day, inc luding  the diurnal low during which the anomalies 
were observed i n  the aerial thermal imagery, 

i n  the anamalwrs area identified i n  the aerial survey had canopy tempera- 
tures approximately 1.5OC above those of trees i n  surrounding areas. These 
direct measurements of t ree  temperatures tend t o  confirm the existence of 
the anomaly observed i n  the aerial infrared imagery. 
temperature data collected a t  several locations near the observed anomaly 
are presented i n  Table 0.2. 

served.within the anomalous area during the August 1974 field survey period. 
If  the higher temperatures i n  anomalous area had been caused by tree disease 
or insect infestation dur ing  the September 1973 survey, these conditions or 
their resul ts  should have been visible. 

The thermal anomalies observed i n  the 8-1411 infrared imagery collected 

Radiometric measurements made a t  the diurnal low confirmed t h a t  trees 

Examples of tree 

No evidence of significant t ree  disease o r  insect infestation was ob- 

TABLE 0.2 Tree Temperatures°C(a) 

Trunk Canopy 
Tempera t u  res (b)  Temperatures(c) 

Trees on west- 10.6 1.9 ] 10.0 2.0 
facing slope 
outside the 
thermal 
anomaly 10.45 1.9 

12.8 3.2 

13.8 3.5 I 12.3 3.2 

Trees on west- 
facing slope 
outside the 
thermal 
anomaly 

(a) measurements collected predawn August 21, 1974 
(b) t r u n k  temperatures a t  4 in .  beneath the bark of 

trees ranging from 30 t o  40 i n .  in diameter 
(c) tree canopy measurements collected w i t h  an 8-1411 

infrared radiometer 
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The resu l t s  o f  t h i s  study show t h a t  var ia t ions  .,in, geothermal heat f low 
1 
; near the surface may s i g n i f i c a n t l y  inf luence vegetation temperatures and 

thus may provide an i n d i r e c t  i nd i ca t i on  o f  anomalous geothermal gradients 
i n  vegetated areas. I n  t rees i n  the Marysv i l le  area, surface temperatures 
have been ampl i f ied  t o  a l eve l  s i g n i f i c a n t l y  above the normal background 
thermal var iat ions.  Corre la t ion o f  these resu l t s  w i t h  f i n a l  geologic, geo- 
physical  , and geochemical studies conducted by D. D. Blackwell e t  a1 was 
no t  possible due t o  terminat ion o f  the program. 
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RESULTS AND ANALYSIS OF EXPLORATION AND 
DEEP DRILLING AT MARYSVILLE GEOTHERMAL AREA 

David D. Blackwell, e t  a l .  
Southern Methodist University 

INTRODUCTION 

T h i s  report contains the results of geological and geophysical studies 
i n  the Marysville geothermal area dur ing  1974 and of the geological and 
geophysical studies both dur ing  and subsequent to  the d r i l l i n g  of a 2.1 km 
deep hole i n  the geothermal area. The report is  composed of two parts, 
the f irst  part  dealing w i t h  studies carried out  a t  Southern Methodist 
University and the second par t  describing detai 1 ed magnetotell uric and 
audiomagnetotell uric studies carried out  by University o f  Utah personnel 
(Peeples, 1975) and University of Alberta personnel (Randin, 1975) as  a 
subcontract. ,Other primary sources of material cont r ibu t ing  to  the studies 
described here are reports dealing w i t h  the d r i l l i n g  of the deep exploration 
d r i l l  hole (Rogers Engineering Company, 1975), a report submitted by 
Schlumberger concerning results of the well logging (Coates, 1974), and a 
report dealing w i t h  some numerical models of topographic effects on heat flow 
measurements and of magma chamber cooling histories (Hays, 1975). These 
reports are also included as par t  of the project f inal  report. The geological 
and geophysical background for  the 1974/75 studies is contained i n  the 
interim technical report submit ted i n  1974 (Blackwell e t  a l . ,  1974; Friedline 
and Smith, 1974) while detai ls  of the environmental impact studies and deep 
we1 1 d r i  1 1 i n  speci f i cations were i ncl uded i n  a companion report (McSpadden 
e t  a l . ,  19743. 

- 

During 1974 the exploration studies included a continuation of geo- 
logical mapping, sample collection, gravity and magnetic surveys, and heat 
flow programs begun i n  1973. 
and audiomagnetotelluric survey was carried out i n  order t o  determine the 
subsurface electrical  res i s t iv i ty  i n  the geothermal area. Twc heat flow 
holes were dr i l led  outside the geothermal area i n  order t o  investigate 
the implications of the microearthquake da ta  obtained by Fried1 ine and 
Smith (1974). In addition, geological and geophysical decisions dealing 
w i t h  the dr i l l ing  and logging o f  the 2.1 km deep hole were provided. 
Special studies dealing w i t h  the deep exploration drill hole included 
temperature logging dur ing  d r i l l i n g ,  the collection and analysis of f l u i d  
samples obtained from the well, studies o f  the physical and chemical pro- 
perties of the rock from cuttings and core samples, and analysis of the 
various geophysical logs obtained. Subsequent to  the completion of the 
field studies extensive laboratory and data analysis have been i n  progress. 
The present report i s  a summary of these studies. 

In addition, an extensive magnetotelluric 

A topographic map of the area is  shown i n  Figure E . l .  The area i s  
about 30 km northwest of Helena, Montana and sits astr ide the Continental 
Divide. Most of the maps shown i n  succeeding sections of  the report have 
the same scale as Figure E . l  and cover the same area. 
deep exploration d r i l l  hole (Marysville Geothermal Exploration Number 1 - 
MGE #1) is shown i n  Figure E . l  by the derrick symbol. 

The location of the 

The results of the 1973/74 studies were a verification of data obtained 
by Blackwell (1969), Blackwell and Baag (1973), and Mazzella (1974) w i t h  the 
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Figure E . l  Topographic Map of t he  Marysvi l le  Area. The map i s  a com- 
p o s i t e  of p a r t s  of the  Gran i t e  Bu t t e ,  Canyon Creek, S i l v e r  
3 Northeas t ,  and S i l v e r  3 Northwest 1:24,000 s c a l e  USGS 
quadrangle maps. 
numbers: 1. Bald But te ,  2 .  Ottawa Gulch, 3. Roundtop 
Mtn., 4. Drumlummon H i l l ,  5. M t .  Belmont, 6.  Towsley 
Gulch, 7 .  Woodchopper Gulch, 8. Hope Creek, 9. Spring 
Gulch. 
symbol. 

The fol lowing l o c a l i t i e s  a r e  ind ica t ed  by 

The loca t ion  of MGE #l i s  shown by t h e  d e r r i c k  

J 
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addition of much additional information, The resul ts  of these investigations 
indicated a geothermal area w i t h  a surface ex ression i n  excess of 50 km2 

as h i g h  as  240°C/km. The geologic section i n  the area of the geothermal 
anomaly was found t o  be a t h i n  cap of highly contact metamorphosed sedimentary 
rocks overlying a large unexposed Cenozoic granitic pluton. I t  was predicted 
that  the depth t o  this pluton would not exceed 300 meters i n  most of the 
region of h ighes t  heat flow. 
source of h i g h  heat flow were a shallow cooling magma chamber and a shallow! - 
reservoir of circulating hot water. The features of the area are a Yack of 
surface manifestations of hot ground water, h i g h  shallow electr ical  resis- 
t i v i ty  values, correlation of a negative gravity anomaly w i t h  the h i g h  heat 
flow, and a geologic section a t  depth t h a t  included mostly grani t ic  rocks. 
On the basis of these results authorization was given by the National Science 
Foundation for  d r i l l i n g  of the deep exploration hole i n  the Marysville 
geothermal area during the summer of 1974. 

The responsibilities fo r  the material i n  this report rest w i t h  a 
number o f  different people, primarily a s  follows: David D. Blackwell, 
Chief Scientist of the Marysville geothermal project was i n  overall charge of 
the sc ien t i f ic  aspects of the studies carried out d u r i n g  the project; 
geologic mapping was carried out by A. F. Waibel, M.  J .  Holdaway, and David 
Petefish; M. J .  Holdaway and David Petefish continued their study o f  the 
metamorphism i n  the Marysville area and A. F. Waibel continued studies of 
the chemical composition of the igneous rocks. 
broadened t o  include samples from the deep d r i l l  hole as well as  those from 
the surface. Structural analysis and synthesis of the geologic data were 
prepared by David Petefish and David D. Blackwell. 
work was carried out  by Tommy Rape and the computer analysis and interpre- 
tation were by Paul Morgan. 
the microearthquake data, and the temperature logs made dur ing  d r i l l i n g  of 
MGE # l .  
and laboratory phases of the microearthquake survey. 
was directed by D. D. Blackwell and Paul Morgan. 
measurements were made by J. L.  Steele and heat flow calculations and 
interpretation were by D. D. Blackwell, J .  L. Steele and Paul Morgan. 
David Petefish acted as the on s i t e  well geologist d u r i n g  the d r i l l i n g  of 
the deep hole. 
obtained from MGE # l .  

w i t h  heat flow values a s  h i g h  as  19.5 wal/cm 5 sec and geothermal gradients 

The two possibi l i t ies  considered for  the 

Both of these studies were 

The  gravity survey field 

Paul Morgan also interpreted the magnetic data, 

R. B. Smith of the University of Utah was a consultant for  the field 
The heat flow study 

Thermal conductivity 

D. C. Thorstenson analyzed and interpreted the water samples 

The results of the geological and geophysical studies relating t o  the 
exploration i n  the Marysville area and results of the deep well d r i l l i n g  have 
been discussed extensively i n  the l i t e ra ture .  Papers summarizing interim . 
results have been given  a t  the 9 t h  Intersociety Engineering Conference 
i n  San Francisco i n  August 1974 (Blackwell, 1974), a t  the National Science 
Foundation RANN sponsored meeting on geothermal energy i n  Pasadena, California 
i n  September 1974 (Blackwell e t  a l . ,  1974a), i n  a publication on Montana 
energy resources (Blackwell e t  a1 . , 1975), and i n  a paper given and to' be 
publ i shed  i n  the Proceedings of the Second United Nations Geothermal 
Symposium, held in San Francisco d u r i n g  May 1975 (Blackwell and Morgan, 1975). 
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In addition, the results o f  the research are represented i n  several thesis 
studies. The microearthquake survey carried out during 1973 is the subject 
of a Masters Thesis (Friedline, 1974). The magnetotelluric studies carried 
out during 1974 will be the subject of a Masters Thesis (Stodt,  1975). 
Some aspects of the metamorphic and geologic studies of the geothermal area 
will also form part of a Masters Thesis (Petefish, 1975). 
the various aspects of the studies will form portions of a t  least  two Ph.D. 
theses. These include a detailed study of the d i s t r i b u t i o n  of U, T h y  
and K i n  the surface rocks and the deep dril l  hole (Gosnold, 1975) and a study 
of interpretation techniques applied t o  heat flow studies i n  geothermal areas 
(Brott, 1975). 

t ive studies w i t h  the U.S. Geological Survey which included resis t ivi ty  
measurements i n  the geothermal area (Jackson, 1972) and two different 
surveys of soil gases (Craig Rightmire and Margaret Hinkle, personal 
communications). During the summer of 1974 numerous people and organizations 
visited the project. Among these were a meeting of the Montana Geological 
Society which included a f ie ld  trip to  the area on Augus t  26, 1974. 
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In addition, 

Interaction w i t h  groups outside the project included several coopera- 

Discussions and/or 

1974/75 EXPLORATION STUDIES - MARYSVILLE GEOTHERMAL AREA 

Most of the studies carried out du r ing  1974 i n  the immediate area of 
the geothermal anomaly were the continuation of studies begun i n  1973 or 
before. The most significant efforts were continued geological -studies, 
measurement of additional gravity stations,  and the d r i l l i n g  of four addi- 
tional holes for  heat flow studies. The most extensive new study was the 
combined magnetotelluric and audiomagnetotelluric survey aimed a t  obtaining 
data on the subsurface resistivity i n  the geothermal area. The new results 
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of the various studies will be described in th i s  section. Since most of 
these studies are a continuation of the work done i n  1973, reference should 
be made to  the 1974 report for  more detailed background on the geothermal 
area for  detai ls  of the previous results of some of these studies, and 
for  detai 1 s of previously completed studies (sei  smic ground noise study , 
magnetic surveys , and geochemical studies).  

Geologic Map and Lithologic Units 

In 1974 geologic mapping was carried out by A. F .  Waibel, M .  J .  Holdaway, 
and D. Petefish. 
available maps of the area, which needed t o  be resolved i n  order t o  adequately 
understand the geologic framework of the geothermal area. The map resulting 
from the two years of the studies is shown i n  Figure E.2. In addition, 
a summary of the igneous history of the Marysville area is shown i n  Table E . l .  
L i t t l e  new information has been obtained d u r i n g  this yew ' s  studies to  modify 
the pre-existing knowledge of the sequence of events. Additional potassium- 
argon age dating was planned, b u t  f u n d i n g  uncertainties have precluded the 
obtaining of these data. 
the central.-western Montana area have been discussed by Ross (1963), Robinson 
e t  a l .  (1968), Tilling e t  a l .  (1968), Johnson e t  a l .  (1965), Biehler and 
Bonini (1969), Burfiend (1967), Davis e t  a l .  (1963), Kleinkopf and Mudge 
(1972), Pardee (1950), Blackwell and Robertson (1973) and others. Parts of 
the geothermal area were f i r s t  studied by Barrell (1907), who described the 
Marysvil l e  stock and the intruded sedimentary units. 
stock was intruded a t  a shallow depth (epizonal i n  terms of the classification 
of Buddington, 1959), and described the contact metamorphism i n  an epizonal 
environment. 
bearing veins o f  the Marysville d i s t r i c t  and to the Boulder batholith 15 km 
to  the south. He also contributed information on the contact metamorphism. 
More recently, mapping i n  the area has also been done by Bierwagen (19641, 
and Ratcliff (personal communication, 1973). 
have been by Pardee and Schrader (1933), Mantei and Brownlow (1967) and 
Rostad (1 969). 

All b u t  the southwestern quarter of the area shown i n  Figure E.2 has 
been remapped as part of this project w i t h  a particularly detailed emphasis 
on the dome southwest of the Marysville stock, and the imm'ediate vicinity 
of the Marysville stock. 
been less detailed. 
of Figure E.2 and some of the sedimentary and metamorphic u n i t s  are described 
i n  more detail  below. 

Mapping d u r i n g  1973 demonstrated certain problems i n  the 

Regional aspects of the geology and geophysics of 

Barrel 1 showed t h a t  the 

Knopf (1950) discussed the stock and i t s  relation to gold- 

Additional studies i n  the area 

A t  the margins of Figure E.2 the mapping has 
The u n i t s  shown i n  the map are listed i n  the legend 

An important difference between the map shown i n  Figure E.2 and the map 
shown i n  the 1974 report i s  a modification of the distribution of the Empire 
Shale. 
the map where the Empire Shale occurs i n  the core of a broad dome. 
o f  the .Empire Shale, shown by Barrell (1907) and subsequent workers, northeast 
of the Marysvi 1 l e  stock are actually highly contact metamorphosed Helena 
Formation. 

The exposures of the Empire Shale are now confined to  the center of 
Exposures 

Detailed studies suggest t h a t  incorrect identification of the Helena 
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Figure E.2  Geologic map based on maps of Barrel1 (1907), Bierwagen 
(1964), Ratcliff (unpublished) and 1973 
Holdaway, A.F. Waibel; and D. Petefish. 
formation contacts and the heavy lines are faults, 
of folds are indicated by heavy lines and arrows showing 

map where the data are uncertain. 

Sedimentary rocks 

studies by M. J.  
he light lines are 

The axes 

I plunge direction. Question marks indicate the areas of the 
The map key is as follows: 

Qal Quaternary Alluvium 
D j 
8ppr Cambrian shales, dolomite and limestones 
em Meager limestone, Cambrian 
ew Wolsey Shale, Cambrian 
ef Flathead Quartzite, Cambrian 
P8b Black Mountain Formation (Quartzite) 
Peg Greenhorn Mountain Formation (Quartzite) 
P8m' Marsh Shale 
Peh Helena Formati 
Pee Empire Shale 
Pes Spokane Argil1 e (Cross sections only) 

Jefferson Format ion, Devonian 

Igneous Rocks 
Kgr Cretaceous G odiorite (Marysville Stock - 79 million 
Kg Cretaceous Gabbroic plugs 
Tv Cenozoic volcanic rocks (37 million years old) 

- years old) 

Many dikes and sills have been omitted from the map 
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Table E . l  H i s to ry  of Major Dated Igneous Events i n  the  Marysvi l le  
District: The ages of t he  Cenozoic events  are from * 

R a t c l i f f  (personal  communication, 1973) and Rostad (personal 
communication, 1972). 

Age Name and Locat ion Regional Cor re l a t ion  

Precambrian(?) Microdior i te  S i l l s ,  Empire Shale  Regional ly  developed i n  upper 
p a r t  of Empi re  Ska le  and lower 
p a r t  of Helena Formation 

79 M.Y. 

48 M.Y, 

4 8  M.Y. 

40 M.Y. 

37 M.Y. 

37 M.Y. 

Marysvi l le  Stock Same genera l  age and composi- 
t i o n  a s  Boulder Ba tho l i th  

Same age as widespread Lowland 
Creek Volcanics of Boulder - 
Bathol i th  r eg ion  

Bald Butte  Stock 

Hornblende D i o r i t e  Dikes, S .W. 
of Marysvi l le  Stock 

Empire Creek Stock 

Adularia Vein, of Marysvi l le  
Stock 

Hope Creek Rhyol i te  

Same age a s  widespread, but 

small volume, Oligocene vo lcan ic s  

nor th  of Boulder Ba tho l i th  

there was probably caused by the i n a b i l i t y  t o  d i f f e r e n t i a t e  i n  reconnaissance 
work between the h igh l y  contact  metamorphosed Helena Formation and the Empire 
Shale. Thus doming associated with the Marysv i l le  stock i s  much less 
pronounced than ind icated by Barrel1 , suggesting even more s t rongly  the r o l e  
of stoping i n  the emplacement o f  the Marysvi l le,  as described i n  c lass ic  
fashion by Barre l  1 (1907). 

The sedimentary and metasedimentary rocks i n  the Marysv i l le  area 
(Figure E.2) comprise p a r t  of the Precambrian Be l t  Series (Ross, 1963) and 
lower Paleozoic formations. 
Shale, the Empire Shale, the Helena Formation, the Marsh Shale, the Green- 
horn Mountain Quar tz i te ,  and the Black Mountain Quar tz i te .  

The u n i t s  o f  the B e l t  Series are the Spokane 
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Spokane Shale. The oldest formation i n  the area, the Spokane Shale, 
i s  exposed along Prickly Pear Creek i n  the northern part of the area where 
i t  conformably under1 ies Empi re  Shale. 
occur i n  MGE #1 on Empire Creek beneath the Empire Shale. 
consists of purple-red sil iceous,  argillaceous, and arenaceous shale, lacking 
i n  calcareous material (Ross, 1963). 
of quartz , detri  ta l  muscovite , hematite, and m i  nor plagioclase. 

Pear Creek area and the more extensively as hornfels southwest of ' the  Marysville 
stock i n  the Empire Creek and Bald Butte areas. According to  Ross (1963), 
unmetamorphosed Empire is a compact, locally calcareous, l ight  to  dark 
greenish gray shale. In the study area the original Empire sediments were 
thin-bedded l ight  green dolomitic shale w i t h  no limestone. 
bodies the Empire now consists of fine-grained l i g h t  green, dark green, or  
black hornfels. 'Bedding may be preserved as a tendency for  the rock to  s p l i t  
parallel to  s l i g h t  lithologic differences. Except a t  the highest grades, 
most of the Empire hornfels i s  calcite-bearing. 
of pure shale, as implied by the presence of cordierite , i n  one small area 
south of the Marysville stock. 

i s  widely exposed i n  the project area. 
interbedded on every scale from 0.5 cm to  the scale o f  an outcrop. Perhaps 
most common i s  limestone w i t h  traces of quartz and other impurities. The 
limestone occurs as edgewise conglomerate, "molar tooth" structure 
(Knopf, 1950), o r  rarely as oo l i t i c  limestone. The grey limestone weathers 
quickly while the impurities stand out on the weathered surface. 
lithology is  dark brown or black, b u f f  weathering siliceous dolomite. 
dolomite contains significant amounts of quartz, K-feldspar, and muscovite, 
and i n  the lower parts of the formation, increasing fractions i n  these 
impurities make the Helena dolomites compositionally similar to  the Empire 
Shale. Contact metamorphism has l i t t l e  effect  on the limestones u n t i l  the 
highest grades are reached, a t  which stage they become white and coarse i n  
grain size.  Metamorphism of the dolomites produced white, l i g h t  green, or  
purple-brown rocks. 
dolomite w i t h  bands of white, l ight  green, and brown hornfels 1 to 2 cm thick. 

The contact between the Helena and Empire fopmations i s  a trahsit ion 
zone about 40 m thick. The map contact is drawn near the middle of this zone 
where calcite-rich rocks become common. The transitional rocks are  commonly 
banded hornfels containing white and l i g h t  t o  dark green bands 1 /2  to 1 cm, 
i n  w i d t h .  
i n  various shades o f  green. 

Marsh Shale overlies or i s  i n  fau l t  contact w i t h  the Helena Formation (Figure 
E.2).  
layers. 
plutons and/or because of modification of the contact zone by faulting. 

Metamorphosed Spokane Shale may, a1 so 
The Spokane Shale 

In the Marysville area the u n i t  consists 

Empire Shale. The overlying Empire Shale i s  exposed i n  the Prickly 

Near igneous 

Rarely, the u n i t  consisted 

Helena Formation. The Helena Formation overlies the Empire Shale and 
I t  consists o f  two l i thologies 

A second 
The 

Commonly the hornfels i s  banded limestone-siliceous 

The underlying Empire contains only 'fine (1 to  3 mn) subtle'banding 

Marsh Shale. In the west, sbuthwest, and south part the area the 

T h i s  u n i t  consists of red shale w i t h  some calcareous and quartzit ic 
These rocks show no metamorphism because of the i r  distance from the 
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Greenhorn and Black Mountain Quar tz i tes.  
o f  the area occur above the Marsh i n  the southeast, 

The youngest B e l t  Series rocks 
Greenhorn Mountain 

Formation i s  whi te t o  p ink microcline-bearing quar tz i te .  

o v e r l i e  the B e l t  Series rocks. The formations<exposed are the 
Cambrian Flathead Quar tz i te ,  a pure quar tz i te ;  the Cambrian Woolsey shale; 
the Cambrian Meager Limestone; unnamed Cambrian shale, dolomite, and l ime- 
stone; and the Devonian Jefferson Formation (Bierwagen, 1964). 

Me tam0 r p  h i c Pet ro l  ogy 

dur ing 1974/75. 
conclusion t h a t  the Empire Creek stock must be much la rge r  than i t s  known 
extent a t  shallow depths and indeed could under l ie  most o f  the dome i n  
the Empire Shale southwest o f  the Marysv i l le  stock. The metamorphic data 
were a lso p r i m a r i l y  responsible f o r  the conclusion ‘ t ha t  the Empire Creek 
stock would be encountered w i t h i n  300 m from the surface i n  the deep 
explorat ion bore hole ( the actual  contact was a t  294 m). 

About 400 specimens were co l lec ted  i n  the f i e l d  o r  from d r i l l  cores. 
O f  these 220 were analyzed pet rographica l ly  and 150 were studied by x-ray 
d i f f r a c t i o n .  
t o  f a c i l i t a t e  i d e n t i f i c a t i o n .  
presence was found t o  be ray d i f f r a c t i o n .  The most intense concentration 
o f  samples i s  from the a 
o f  the Marysv i l le  stock was studied the l e a s t  because t h a t  area i s  the 
subject  o f  an in tens ive  study i n  progress by Jack Rice a t  the Un ivers i ty  
o f  Washington (personal communication, 1974). 

deduced f o r  these rocks w i t h  increasing metamorphic grade. 
a reac t ion  zone: 
microcl  ine-muscovi t e  i s  a s tab le assemblage. Each react ion i s  designated 
by a p a i r  o f  numbers: 
0 from zone 1. Reactions designated A o r  B are react ions favored by H 0- 
r i c h  metamorphic f l u i d s  and are no t  p a r t  o f  the zone mineral sequence gut  

Lower Paleozoic Rocks. Southwest dipping Paleozoic rocks unconformably 

The de ta i led  study o f  the metamovphic petrology i n  the area continued 
The 1973/74 study was p r imar i l y  responsible f o r  the 

I n  many t h i n  sections c a l c i t e  and K-feldspar were stained 
The only  r e l i a b l e  t e s t  f o r  dolomite o r  t a l c  

of the heat flow anomaly. The area southeast 

. Table E.2 shows the sequence o f  chemical react ions 

f o r  example, 0 designates low grade rocks i n  which dolomite- 

0, l  re fe rs  t o  the c r i t i c a l  react ion separating zone 

Each number designates 

was determined from (1 ) observations o f  mineralo- 
g i ca l  changes w i t h  increasing grade, (2) ava i lab le  l i t e r a t u r e  (e.g. , Kerrick, 
1974), and (3) topolog ica l  re la t ionsh ips  between react ions and assemblages. 
Posi t ions o f  some react ions r e l a t i v e  t o  others are imper fect ly  known. 
The scapolite-forming reac t ion  i s  s i m p l i f i e d  because scapol i te  presence i s  
p a r t l y  a func t ion  o f  content, poss ib ly  coming from the Marysv i l le  stock. 
Presence o f  Fe i n  the ocks w i l l  have small effects on the various e q u i l i b r i a .  
The e f f e c t  o f  Fe i s  greatest  on reac t ion  10, l l  where i t  s tab i l i zes  the 
phlogopi tediopside assemblage t o  lower temperatures than those o f  the pure 
Mg react ion.  Fe i n  Empire rocks appears t o  increase condi t ions o f  react ion 7,8 
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Zone 

091 

1Y2 

2Y3 

3 94 

4 , 4 A  
(5-9,5-9A) 

4 , 5  

5Y6 

697 

7Y8 

8Y9 

9A 9B 

9,lO 

Table ~ . 2  Reactions a t  Marysvi l le ,  Montana i n  
Approximate Sequence of Inc reas ing  
Temperature. 

Dolomite Microcline C a l c i t e  Phldgopi te  
3CaMg(C03)2 + KAlSi3O8 + H20 * 3CaC03 + KMg3A1Si3OlO(OH)2 -k 3C02 

Do lomi t e M c s  cov i  t e Quartz C a l c i t e  
6CaMg(C03)2 + KA13Si3010(OH)2 + 1 2/3Si02 + 2 2/3H20 + 6CaC03 -t 

KMg+1Si3OlO(OH) 2 + 2/3Mg4. gSi2. $l3OlO(OH> 8 i- 6C02 

3CaMg(C03)2 + 4Si02.+ H 2 0  -+ 3CaC03 + Mg3Si4010(OH)2 + 3CO2 

C a l c i t e  Ta l c  Quar t z  Tremo lit  e 

Phlogopite C h l o r i t e  

Do 1 omi t e Quartz C a  l c i  t e Talc  

6CaC03 5Mg3Si4010(OH)2 + 4Si02 3Ca2Mg5Sig022(OH)2 + 2H20 6CO2 

Ca l c i  t e Anor th i t e  C l i n o z o i s  i t e 
cacO3 + 3caA12si208 + H ~ O  + 2 ~ a $ l ~ S i 3 0 ~ ~ ( O ’ H )  + C02 

C a l c i t e  Muscovite C h l o r i t e  Quar t z  
2CaC03 + KA13Si301~(OH)2 + 2/3Mgq.5Si2.5A1301~(OH)8 -t 2 1/3Si02 + 

Anor th i t e  Phlogopite 
2CaA12Si208 + KMg3AlSi3O10(OH)2 + 2C02 + 2 2/3H20 

C a l c i t e  C h l o r i t e  Quartz Anor th i t e  
16’iCaCO3 + 5Mg4 5Si2,+l3Olo(OH)8 + j 8 fS i02  + 7k?%Al2Si2O8 + 

T r  emo li t e 
4bCa2MGgSi8022(OH) $- 16%c02 + 15%H20 

C a l c i t e  Mus c o v i  t e Quartz A n o r t h i t e  Microc l ine  
CaC03 + KA13Si3010(OH)2 + 2Si02 + CaAl2Si208 + KA1Si308 + C 0 2  + H 2 0  

C a l c i t e  Phlogopite Quartz Microcline Tremolite 
6CaC02 + 5KMg3A1Si3OlO(OH) 

+2H20 + 6CO2 

+ 24SJ.9, -+ 5KA1Si308 + 3Ca2Mg5Si8022(OH) 2 

Ca I c i  t e  Tremo 1 i t  e Quartz Diopside 
3CaC03 + Ca2Mg5Si8022(0H)2 + 2Si02 

C l i n o z o i s  i t e Calcite Q u a r t z  G r o s s u l a r i t e  
2Ca2A13Si3Ol2(0H) + 5CaC03 + 3Si02 j 3Ca3A12Si3012 + 5C02 + H2 

5CaMgSi206 + H20 + 3C02 

C a l c i t e  Anor th i t e  S c a p o l i t e  
CaC03 + CaA12Si208 -j Ca#l2Si2OgCO3 
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to near those of reaction'8.9. Judging by distance from the Marysville 
stock, the two reactions w h produce cordierite in pelitic compositions 
occur at about the same te rature as reaction 10,ll. Cordierite may 
well be possible at lower temperatures if rocks of the pelitic composition 
were exposed farther from the pluton or if the rocks contained more A1203 
and less K20. 
in a future publication. 

zones of progressive contact metamorphism. The dolomite zone (reaction 
zones 0-2) is distinguished by presence o f  dolomite and quartz. 
.rocks commonly appear unmetamorphosed in hand specimen. .In .thin section 
they are seen to vary from very low grade regional metamorphic rocks containing 
dol omi te-mi crocl i ne-muscovi te or cal ci te-phl ogopi te-dol omi te-muscovi tel to 
calci te-phlogopite-ehlori te-dolomi te (zone 2) developed between one and two 
kilometers from the intrusives. Due to smaller initial amounts of dolomite, 
the Empire Shale generally loses its dolomite by the time zone 2 is reached 
and muscovite persists to higher grades. 

Paragenesis diagrams for these mineral zones will be presented 

A metamorphic zone map (Figure E.3) shows a sequence of four generalized 

Such 

The boundary of athe dolomite zone is marked by the presence o f  talc 
in Helena rocks of appropriate composition as indicated by the Ta symbol onk 
the map. 

The second major zone, the tremolite zone, includes reaction zones 
4-8 and is characterized by tremolite-calcite-quartz in rocks of appropriate 
composition. However, most of the Empire Shale and much o f  the lower Helena 
contain muscovite-bearPng assemblages which preclude the formation of dolomite, 
talc, or tremolite in the interval including zones 2 through 7. The reactions 
occurri ng within the tremol i te zone involve calcite and phyl losi 1 i cates 
In muscovi te-bearing rocks , tremol i te does not appear unti 1 calcite reacts 
with phlogopite (reaction 7,8). 
at the edge of the diopside'zone, and diopside is produced from this tremolite 
(reaction 8,9) even in the Empire Shale. Calci te-mica-quartz assemblages , 
shown on the map in areas where dolomite does not occur, serve to distinguish 
the tremolite zone from the diopside zone but allow grade to be as low as 
zone 2. Accordingly, rocks between the Marysville and Empire Creek stocks 
and southeast of the Marysville stock where tremolite is rare, may be in 
part lower grade than the generalized tremolite zone. 

Thus, there are more tremol i te occurrences 

The diopside zone includes reaction zones 9-10. In many rocks of 
this grade in both formations, calcite or quartz is used up before all the 

1Oxygen isotope studies by Eslinger and Savin (1973) indicate that 
regionally developed temperatures ranged between 225" and 310°C in correla- 
tive Belt Series rocks. 

. 
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t remol i te  has reacted, leaving a diopside-tremol i te assemblage. Scapol i te 

Zones 11-13 are ped as the diopside-phlogopite zone. I n  c a l c i t e -  
free calcareous hornfels, t remol i te  and microcl ine react  t o  form phlogopite 
and diopside. Cord ie r i te  forms from p e l i t i c  composition a t  about the same 

of cbmon phlogopite 
were s t a b i l i z e d  by i 

presented on the map. 
somewhat i n  t h a t  the 
f i r s t  diopside. 

, may form i n  t h i s  zone from rocks containing plagioclase and ca l c i t e .  
I 

I 

I grade. Some i so la ted  phlogopite-diopside occurrences are outside the zone , 
h diopside, presumably because the react ion products 

I 

It should be emphasized tha the contro l  on the isograds i s  t h a t  
f tremol i t e  s tab i  1 i ty are exaggerated 

wn from the l a s t  dolomite o r  t a l c  t o  the 
Despite t h i s  fac t ,  the t remol i te  zone i s  narrow i n  most places. 

The s t i l l  unroofed Empire Creek and Bald Butte stocks pro 
des of react ion zone 9 whereas the exposed Marysv i l le  stock produced 

scapoli te, phlogopite-diopside, and c o r d i e r i t e  as w e l l .  These di f ferences 
are probably due t o  several factors:  
a t  the surface; (2) the younger plutons 
tensive veining, suggesting t h a t  they contained more water and were emplaced 

wer temperatures; (3 )  
especia l ly  i n  the deep 

Studies), may have destroye 

(1 the  younger plutons are not  exposed 
r e  more ac id i c  and produced more ex- 

gressive ef fects  associated w i t h  intense 
ora t ion  hole (see Section on Geological 
her grade assemblages; and (4) scapol i te  i s  ex- 
e Empire Shale due t o  rock composition: 

rphism around the in t rus ions must vary w i t h  

Such inferences, described i n  t h i s  para- 
graph, can be compared w i t h  the resu l t s  o f  the geophysical studies. 
general the agreement o f  the geologic model w i t h  the  ca lcu lated models from 
geophysical data i s  exce l len t  (see Gravi ty and Magnetic Studies and SUMMARY 
AND DISCUSSION). Contact e f fec ts  are narrowest a t  southern t i p  o f  the 
Marysv i l le  stoc Figure E.3) possibl  due t o  a nea e r t i c a l  d i p  combined 
w i t h  an outside 
northeast and sout r r e l l  (1907) ind icates 
gently-dipping o r  the i n t rus ion  passing 
l a t e r a l l y  beneath M t .  Belmont. The t h i c k  aureole on the northeast may be 
p a r t l y  caused by the focusing e f f e c t  o f  heat coming from t h i s  reentrant  po r t i on  
o f  the pluton. 
great distance o r  metamorphism would 

contact and the outcrop pat tern o f  the in t rus ion.  Thus the 
tamorphic ef fects  supplies important informat ion on the shallow 
ons o f  the stocks. 

I n  

are widest on the  

I n  the southwest the contact must not  remain f l a t  f o r  a 
t i l l more extensive. 
morphism ind icates t h a t  the dike- 

t h  and may bend toward 
grad over the bur ied 

n o f  the l i m i t s  o f  these 

i t h  no graphite, one 

The long south- 

sions which fo l low i t  
mpire Creek and Bald 

’ Butte stocks and 1000 bars around the Marysv i l le  stock a t  t ime o f  emplacement, 
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and that  rock pressures were not significantly above the f luid pressures. 
The Marysville stock is  about twice as old as the other two stocks, and 
is  a c lass ic  example of epizonal intrusion (Buddington, 1959; Barrel1 , 1907). 
The Empire Creek stock has correlative volcanic rocks 3ekm t o  the south.  
Vertical offset  on the f au l t  between the Helena and Marsh formations i s  
on the order of 1 kin (Figure E.2). 
i n  the area, a depth of emplacement of about 2 km seems reasonable for  t h e  
Empire Creek and Bald Butte intrusions. 

shown i n  Figure E.4 for  several of the reactions listed i n  Table E.2. 

relative widths of mineral zones and evidence fo r  closed o r  open system 
behavior. 
of f l u i d  (clinozoisite and grossularite),  scarcity of veins, and the especially 
narrow tremolite zone around the Marysville intrusion suggest t h a t  here l i t t l e  
fluid was introduced to  the rocks externally and the mineral assemblages 
buffered the H20-CO2 ratio.  .On the other hand abundance of veins, 
especially w i t h  f luor i te  and adularia, more common clinozoisite-bearing 
veins, and a possibly wider tremolite zone are consistent w i t h  some external 
effects on the H20 ra t io  for  the Empire Creek and Bald Butte aureoles. 

Allowing for  probable southward t i l t i n g  

Temperature-fluid composition equilibria for  the two pressures are 

Possible reaction paths for  the two formations are  given based on 

Nearly total  absence of phases which require H20-rich composition 
' 

Two other effects  of importance were noted. When contac-t metamorphism 
was directly above a pluton, as over Empire Creek, Bald Butte, and two small 
bur ied  intrusions north of the Marysville stock, tremolite is  more common 
suggesting an upward r i s e  of water from the intrusive bodies and more external 
control. Finally, the path of conditions i n  the Empire Shale must differ 
somewhat from that i n  the Helena Formation because i n  the former reaction 7,8 
was important, while i n  the l a t t e r  reactions 2,3 and 3,4 were more important. 

The s ix  occurrences of t a l c  observed by x-ray diffraction lend support 
t o  the conclusion of Slaughter e t  a l .  (1975) tha t  t a l c  i s  stable i n  low 
pressure metamorphism of si 1 iceous dolomites. 
Fey so that 20 mole % of Fe replacing Mg i n  dolomite and tremolite would 
somewhat reduce the f i e ld  of t a l c  shown i n  Figure E.4. 

Talc incorporates very 1 i ttl e 

Structural Geology 

Structural relations i n  the Marysville area are  shown on the geologic 
map i n  Figure E.2. 
the 1974 report are the location o f  several east-west t rending  normal fau l t s  
and i n  modification of the d i s t r i b u t i o n  of the Empire Shale. 

The main differences between this map and the map i n  

' The dome shown i n  the center of the map, resulting i n  exposures of 
the Empire Shale and Marysville stock i n  the core, is  the most prominent 
structural feature on the map. The portion of the dome southwest of the 
Marysville stock appears t o  be related t o  the emplacement of the Empire Creek 
stock as will be shown i n  a subsequent section. An additional feature of the 
map which differs from pre-existing maps is the absence of the syncline shown 
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I Figure E. 4 Temperature- f luid compositio ase diagrams for minerals 
in the system Ca0-Mg0-A1203-Si02-C02-H20 at Pfluid = 
Ptotal F 1000 bars and 500- bars. - Only reactions stable 
with excess quartz and pertinent to the present study are 
shown. Solid lines represent reactions of Slaughter, 
Kerrick, and Wall 1975) or reactions calculated from their 
data at 500 bars. Long dashed lines represent approximate 
reactions estimate from Hewitt (1973 and unpublished) 

j 

1 

I 
1 

d from reaction sequence. Short dashed lines I 
I present typical reaction paths for Empire dolo- 
~ mitic shale and Helena siliceous dolomite respectively. 

Abbreviations: Do, dolomite; Mi, microcline; Ca, calcite; 
Ph, phlogopite; Qz, quartz; Ta, talc; Tr, tremolite; Mu, 
muscovite;-An, anorthite; Di, diopside; Wo, wollastonite. 
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along the nor th  border o f  the map i n  the 1974 report .  
s l i g h t l y  more de ta i led  mapping t h a t  t h i s  syncl ine does not  e x i s t  except per- 
haps as drag, and the s t ruc tu re  required! t o  expose the Empire Shale along 
the P r i c k l y  Pear Creek road i s  a fault.- The loca t i on  of t h i s  f a u l t  i s  no t  
wel l  determined since the Helena formation i s  f au l ted  against i t s e l f ,  bu t  i t  
must occur somewhere between the nor th  end o f  the Marysv i l le  stock-Empire 
dome, and the exposures of Empire Shale along P r i c k l y  Pear Creek as shown 
by Bar re l l  (1907). The f a u l t  i s  'assumed t o  be a south dipping normal 
f a u l t  s i m i l a r  t o  the on about 1 km t o  the nor th  by Bar re l l  (1907), 

The d i p  o f  a la rge  ement (about 1 km) f a u l t  immediately south o f  
the Empire Shale exposures was a subject  o f  some doubt i n  the 1974 report .  
Studies dur ing 1974, however, demonstrated t h a t  the f a u l t  d ips south w i t h  the 
Marsh Shale being downdropped against ,the Helena Formation. Another f a u l t  
with s i m i l a r  charac ter is t i cs  i s  mapped along Ottawa Gulch, although the 
displacement i s  no t  great (60-100 m). There must be la rge  displacement 
along a f a u l t  o r  fau l ts  west o f  the dome, but  lack of exposures i n  t h i s  area 
preclude de ta i led  mapping, and the f a u l t i n g  may be d i f ferent  from tha t  shown on 
the map. The in te rsec t ion  o f  t h i s  f a u l t  o r  f a u l t s  and the normal f a u l t  c u t t i n g  
o f f  the  south end o f  the dome i s  a lso an area of poor exposure and the 
re la t i onsh ip  o f  the two f a u l t s  i s  no t  known. 
h igh ly . f rac tu red  and j o i n t e d  and there are many small displacement f a u l t s  
c u t t i n g  the un i ts .  
un i ts ,  the thickness of the un i ts ,  and the lack o f  complete exposures, 
no attempt has been made t o  map a l l  possible fau l t s ,  
i n  Figure E.2 i s  a !'minimum f a u l t "  map and undoubtedly de ta i led  mapping would 
i d e n t i f y  many other  fau l t s .  ' 

area are. east-west, south dipping 
normal f a u l t s  (south s ide down). 
f a u l t s  involved. 
margin o f  the map area, a t h i r d  near the south end o f  the Marysv i l le  stock, 
and a fou r th  near the south end o f  the dome i n  the Empire Shale. 
f a u l t s  appear t o  have played an important p a r t  i n  emplacement o f  the 
Marysv i i le  stock, the Empire Creek stock and poss ib ly  i n  l o c a l i z a t i o n  of 
the geothermal area. 

There appears t o  be no way w i t h  the present data t o  demonstrate con- 
c l u s i v e l y  the age o f  most of .  the fau l t s ,  although Several o f  them appear t o  
block ou t  the dome associated, w i t h  the Empire Creek-Marysville stocks and 
thus could have formed dur ing o r  possibly subsequent t o  the emplacement of 
the i n t r u s i v e  rocks. 
t r i b u t a r y  t o  the south i n  sections 34.and 33 downdrop a block of Helena 
Formation. These , fau l ts  have occurred subsequent t o  the i n t r u s i o n  o f  the 
Marysv i l le  stock as the contact  metamorphism i s  o f f s e t  by the fau l t s  and 
the Marysv i l le  stock i t s e l f  may be of fset  (based on i r r e g u l a r i t i e s  i n  the 
magnetic map pat tern) .  
i t  would appear t o  predate the i n t r u s i o n  of the Empire Creek stock as the 
contact  metamorphic aureole of the Empire Creek stock does no t  appear t o  be 
o f f se t .  
o f f s e t  would be small by t h  
Creek stock i s  reached. - I .  

It appears from 

The B e l t  Series rocks are 

However, because o f  the very gradational changes i n  

The geologic map shown 

.Thus most o f  the major f a u l t s  i n .  
There are a t  l e a s t  four r e l a t i v e l y  la rge  

One j u s t  nor th  o f  the map area, one a t  the very northern 

These 

The f a u l t s  along Empire Creek and i t s  immediate 

I f  the northernmost f a u l t  extends along Empire Creek 

A l te rna t i ve l y  throw might. decrease toward the west so t h a t  the 
me the  metamorphic aureole of the Empire 

3 .  
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The important aspects o f  the geology as re la ted  t o  the heat f low 
anomaly are summarized i n  Figure E.5, which shows the outcrop o f  the 
Marysv i l le  stock i n  the northwestern and the outcrop of the Empire shale 
i n  the southeastern por t ion  o f  the map. 
porphyry in t rus ives  a t  the two ends o f  the Empire Shale outcrop based on 
d r i l l i n g  are ind icated by x's. 

the s t ructure o f  the area. The locat ions of these cross sections are 
ind icated i n  Figure E.5. Cross sections AA', BB' and CC'  i l l u s t r a t e  the 
domal nature o f  the area and the extent o f  the igneous rocks. These cross 
sections are essent ia l l y  i den t i ca l  t o  those o f  Figure 2.10 j n  the 1974 repor t  
w i th  the exception tha t  i n  cross sect ion CC'  a much more extensive subcrop 
o f  the Empire Creek stock i s  indicated. The shape o f  the stock a t  depth i s  
based on the analysis o f  the g rav i t y  data, I n  add i t ion  the f a u l t  pa t te rn  
has been modified based on the addi t ional  mapping. 
Empire Creek stock along the f a u l t  a t  a hor izonta l  distance o f  3.5 km ( the  
Ottawa Gulch f a u l t )  i s  in fer red.  I f  the o f f s e t  i s  ac tua l l y  present i t  can 
be due e i t h e r  t o  the f a u l t  in f luenc ing the emplacement o f  the Empire Creek 
stock, o r  the subsequent o f f s e t  o f  the stock by the f a u l t .  The Bald Butte 
and Empire Creek stocks are shown t o  merge a t  depth t o  a s ing le  body i n  
cross sect ion CC' i n  s p i t e  o f  t h e i r  apparent age di f ference. Addi t ional  
age dat ing o f  the igneous rocks i s  necessary, however, f o r  more de f i n i t e  
conclusions on the temporal re la t ionsh ip  of the Bald But te  and Empire Creek 
stocks. I n  any event, the geometric re la t i onsh ip  shown appears t o  be 
required by the g rav i t y  data. F i n a l l y  i t  appears t h a t  the southern edge 
o f  the Empire Creek body i s  cont ro l led  by o r  associated w i t h  the la rge  
normal displacement f a u l t  between the Helena Formation and the Marsh Shale- 
Greenhorn Mountain Quar t z i t e  un i ts .  

The known locat ions o f  the bur ied 

Three cross sections (Figure E.6) have been prepared t o  i l l u s t r a t e  

The o f f s e t  of the 

Gravi ty and Magnetic Studies 

I n  the 1974 repor t  the conclusion was reached t h a t  the geothermal 
anomaly was associated e i t h e r  w i t h  f rac tu re  poros i ty  i n  the Empire Creek 
stock o r  w i t h  a recent i n t r u s i v e  below the Empire Creek stock and conductive 
heat f low through the stock t o  the surface. I n  the favored model (Figure 
3.10, 1974 repor t )  the g rav i t y  anomaly was in te rpre ted  as due t o  the heat 
source body below the Empire Creek stock; however, w i t h  the data ava i lab le  
i n  the 1974 repor t  there s t i l l  remained a g r a v i t y  anomaly south o f  the 
geothermal area a f t e r  i n te rp re ta t i on  o f  the combined heat f low and g r a v i t y  
anomaly (see Figure 3.11, 1974 repor t ) .  
existence and s ign i f icance of t h i s  g rav i t y  anomaly south o f  the geothermal 
area i n  more de ta i l ,  53 addi t ional  g rav i t y  s ta t ions  were occupied dur ing 
the summer o f  1974 (most invo lv ing  de ta i led  surveying). The contour map of 
the g rav i t y  anomaly i n  the geothermal area i t s e l f  i s  scarcely changed wi th  
the add i t ion  o f  the new data and reference i s  made t o  the 1974 repor t  f o r  a 
de ta i led  contour map i n  the geothermal area. 

magnetic survey was car r ied  ou t  south o f  the map area shown i n  Figure E . l  i n  
order t o  inves t iga te  the p o s s i b i l i t i e s  t h a t  a bur ied i n t r u s i v e  s i m i l a r  t o  the 
Marysv i l le  stock might be causing the observed g rav i t y  anomaly there. 

I n  order t o  inves t iga te  the 

I n  add i t ion  t o  the new g r a v i t y  data obtained, a reconnaissance ground 
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Several small bu t  l i t h o l o g i c a l l y  s i m i l a r  bodies o f  ranod ior i te  have been 
mapped i n  the area (Bierwagen, 1964; R a t c l i f f ,  1973 4 , but  the bodies shown on 
these maps appear t o  be steep sided and o f  l i m i t e d  l a t e r a l  extent  because 
they have only  very l oca l  magnetic anomalies. Thus no magnetic anomaly was 
observed t h a t  could come from a body s i m i l a r  t o  the Marysv i l le  stoqk which 
might cause the g r a v i t y  anomaly. Measurements o f  *magnetic s u s c e p t i b i l i t y  of 
f i v e  core samples from MGE #1 average 4.6 x 10-5 cgs (Table E.3), two orders of 
magnitude less than the Marysvi 1 l e  stock. The low suscepti b i  1 i ty i s  due t o  
the ac id i c  composition o f  the Empire Creek stock, and possibly t o  hydro- 
thermal a l t e r a t i o n  as wel l .  
the Empire Creek stock. 

For the g r a v i t y  data, t e r r a i n  correct ions were ca lcu lated and added t o  
the simple Bouguer values. The strong regional  g r a v i t y  gradient present on 
the complete Bouguer g r a v i t y  map was removed by a simple one-dimensional equation. 
The equation used f o r  regional  removal was Rgrav = .161.2 + 0.77 x +0.015 x2 
(w i th  x i n  km). The s t r i k e  o f  the surface generated by t h i s  equation i s  
N4loW and the zero po in t  (x=O) i s  46"45'N l a t  and 11Z015'E long. 
se t  o f  g r a v i t y  data for 'therwhole area . i s  shown i n  the' form o f  a res idual  
g r a v i t y  map I n  Figure E,7: 'These da ta ,  are used f o r  the i n te rp re ta t i on  i n  
fo l low ing  sections. Assuming such a simple surface f o r  the regional  anomaly 
i s  probatr ly 'wt  sa t i s fac to ry  over such $ a '  l a rge  area, the. res idual  g r a v i t y  
map thus generatedc(Figure E*,7.) may include e f fec ts  on too broad a scale t o  
r e l a t e  t o  anomalous densi t ies i n  the l oca l  area o f  in te res t .  O f  most i n t e r e s t  
t o  the study here,'however, are mass~-ahomalies i n  the uppermost 1-3 km, which 
w i l l  r e s u l t  i n  ra ther  sham qradients on the scale o f  Fiuzlre E.7 and can be 

Thus no magnetic anomaly i s  t o  be expected from 

The complete 

eas 

the 
f o r  
v i  1 

. "  " 
l y  i d e n t i f i e d .  

Marysv i l le  stock. This e f f e c t  was removed from the g r a v i t y  map used 
The g r a v i t y  map shown i n  Figure E.7 includes the g rav i t y  e f f e c t  o f  

i n te rp re ta t i on  of the Empire Creek body by using the-shape o f  the Marys- 
e stock deduced from analysis o f  the magnetic data (1974 report ,  with 

minor modi f icat ions based on the ground magnetic data). A densi ty  contrast  
between the stock and the country rocks o f  0.1 gm/cm3 was assumed w i t h  the 
bottom o f  the body a t  sea leve l .  The maximum subcrop extent  o f  the Marysv i l le  
stock used i n  the i n te rp re ta t i on  i s  shown i n  Figure E.8. The g r a v i t y  models 
were ca lcu lated using the technique o f  Talwani and Ewing (1960). The 
source o f  most o f  the g r a v i t y  anomaly nor th  o f  the southernmost normal f a u l t  
shown on Figure E.2, remaining a f t e r  the e f f e c t  o f  the Marysv i l le  stock i s  
removed, i s  presumed t o  be due t o  the Empire Creek stock. The mean i n  s i t u  
densi ty  o f  the Empire Creek stock t o  a depth o f  a t  l e a s t  2 km i s  2 . 5 r g w  
w i t h  a r e s u l t i n g  density'  cont rast  o f  approximately 0.2 gm/cm3 w i t h  respect 
t o  the surrounding country rocks (see Table 3.1, 1974 repor t  and Table E.8 t h i s  
repor t ) .  The contact  metamorphism associated w i t h  the Empire Creek and Bald 
Butte stocks gives some evidence o f  t h e i r  l a t e r a l  extent whi le  the deep d r i l l  
ho le furnishes evidence on the v e r t i c a l  extent  o f  the Empire Creek stock. 
I f  the combination o f  the Empire Creek and Bald Butte stocks must s a t i s f y  
a l l  o f  the g r a v i t y  anomaly present i n  the map area (Figure E . l )  then the 
i n t rus i ves  must have a l a t e r a l  extent  s im i la r  t o  t h a t  o f  the geothermal 
anomaly. 
95" becomes s l i g h t l y  deeper t o  the south (see Figure E.23) as apparently 
must the top o f  the Empire Creek stock because o f  the lower grade of contact  

The in fe r red  top of the reservo i r ,  assuming i t  has a temperature o f  
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Figure E.5 Geological Index Map. The outcrop of t h e  Marysvi l le  s tock  
i s  ind ica t ed  by a d iagonal  l i n e  p a t t e r n .  The outcrop of 
the  Empire Formation i n  the  co re  of the  dome is  ind ica t ed  
by a second diagonal  l i n e  pa t t e rn .  The loca t ions  of d r i l l  
ho les  which i n t e r s e c t  the  two unexposed Cenozoic s tocks  
are ind ica t ed  by  the  X I S .  

s e c t i o n s  A A ' ,  BB' and CC'  shown i n  F igure  E.6 are also 
i nd ica t ed .  

The loca t ions  of t h e  c ros s  
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Figure E . 6  Cross s e c t i o n s  of the  Marysvi l le  Geothermal Area. Locations 
of A A ' ,  BB' and CC' are ind ica t ed  i n  F igure  E . 5 .  
s e c t i o n s  show geologic  s t r u c t u r e  and geothermal g rad ien t s  
(cor rec ted  fo r  topographic e f f e c t s )  . 
t i o n s  a r e  the same as on t he  geologic  map (Figure E.2): 

The c ross  

The formation abbrevia-  

Peg: Greenhorn Mountain Quar t z i t e  
P€m: Marsh Shale  
Peh: Helena Formation 
Pee: Empire Shale  
Pes : Spokane A r g i l l i t e  
Kgr: Cretaceous Granodior i te  
T i  : Cenozoic Quartz Porphyry 

F a u l t s  a r e  ind ica t ed  by heavy l i n e s  with arrows i n d i c a t i n g  
displacement.  Dikes and s i l ls  are omi t ted .  
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Table E.3 

S u s c e p t i b i l i t y  Measurements 
MGE 81 

SAMPLE # AVERAGE SUSCEPTIBILITY 

M-Core Sf6 1 3 . 8  x c g s  

M-Core # lo  1 7 . 8  x cgs 

M-Core 812  

M-Core # I 3  126 x cgs 

M-Core #14 

2 0 . 1  x 10-6 c g s  

. 5 1 . 2  x 10'6 c g s  

MEAN 45.78 x cgs 

f OBSERVATIONS 

3 

b 

3 

7 

1 4 
- 
21 

metamorphism between the Bald Butte-and Empire Creek aureoles. Thus the top 
and the l a t e r a l  extent o f  the Empire Creek stock and o f  the geothermal anomaly 
behave i n  a s im i la r  fashion. 
w i th  a l a t e r a l  extent  and surface shape o f  the contour map o f  the 95" isotherm 
(Figure E.25) w i t h  100 m added t o  the top, extending t o  a depth o f  3 km below 
the surface and w i t h  a densi ty contrast  o f  -0.2 gm/cm3 was ca lcu lated t o  
see if the calculated g rav i t y  anomaly would s a t i s f y  the observed g rav i t y  
anomaly. Such a model does s a t i s f y  the g rav i t y  anomaly, except i n  the southern 
por t ion  o f  the map, w i t h  a standard dev iat ion o f  the res iduals  o f  1.1 mgal. 
Since none o f  the geological o r  geophysical evidence contrad ic ts  t h i s  
model f o r  the Empire Creek stock we see no j u s t i f i c a t i o n  f o r  searching f o r ,  
-- ad hoc so lut ions which might f i t  the g rav i t y  data, but  not  the heat flow 
data. We conclude from the analysis o f  the grav i ty ,  geological and heat 
flow data tha t  the Empire Creek stock i s  the geothermal reservo i r  i n  which 
f l u ids  are c i r c u l a t i n g  which g ive r i s e  t o  the heat f low anomaly. 

Therefore the g r a v i t y  a t t r a c t i o n  o f  the body 

There i s  s t i l l  a major unknown i n  the i n te rp re ta t i on  o f  the g rav i t y  
data, i.e., the o r i g i n  f o r  the por t ion  o f  the g rav i t y  anomaly south of the 
Continental Divide. The geothermal anomaly essent ia l l y  coincides w i t h  the 
Empire Creek stock i n  the geothermal area, bu t  the lack  o f  contact  meta- 
morphism and the apparent cont ro l  o f  the emplacement o f  the Empire Creek 
stock by the normal f a u l t  south o f  the dome, suggest t h a t  the Empire Creek 
stock, i f  present, must l i e  a t  a depth o f  1.2 km o r  more below the surface 
south o f  t h i s  f a u l t .  The exposure o f  volcanics south o f  the f a u l t  which 
apparently are the surface cor re la t i ves  o f  the Empire Creek stock (1974 repor t ) ,  
a lso suggests deeper bu r ia l  f o r  the Empire Creek stock, i f  present. 
s t ruc tu ra l  informat ion on the presence o r  absence o f  the Empire stock south 
o f  the f a u l t  and the presence or absence o f  any geothermal anomaly south o f  
the f a u l t  are extremely important t o  obta in  and would requi re f u r t h e r  d r i l l i n g .  

. 

Further 
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The anomaly south o f  the map has been in terpreted i n  two parts. The 
centra l  po r t i on  of the anomaly has the steepest gradients i n  the map area 
(excepting the anomaly associated w i th  S i l v e r  Valley, wel l  t o  the east o f  
the geothermal anomaly) and i s  a t t r i bu ted  t o  a mass def ic iency associated 
w i t h  a shallow, possibly fau l t  bounded, sediment f i  1 l e d  trough underlying an 
area immediately south o f  Figure E . l .  The area, Thompson Flats,  i s  mapped 
as Te r t i a ry  gravel by Bierwagen (1964) and R a f c l i f f  (personal communication, 
1973). Exposures o f  the Hope Creek volcanics a lso occur i n  the general area 
of the g rav i t y  low. The densi ty contrast  associated w i t h  the basin i s  
-0.4 gm/cm3. The shape o f  the basin was obtained by separating the pa r t  
of the anomaly w i t h  sharp gradients from the more gent le gradient anomaly 
by hand and f i t t i n g  the resu l t i ng  anomaly w i th  a basin using the technique of 
Cordel l  and Henderson (1968). The maximum g rav i t y  anomaly i s  6 mgal and the 
maximum thickness o f  the resu l t i ng  basin i s  570 meters. It i s  emphasized 
t h a t  the existence and densi ty contrast  o f  the basin are purely speculative. 

having a maximum amplitude o f  3 t o  5 mgal i s  a t t r i bu ted  t o  a more deeply 
bur ied po r t i on  o f  the Empire Creek stock. The plan shape o f  t h i s  por t ion  of 
the body i s  shown i n  Figure E.8. The top o f  the body, bas i ca l l y  a slab, i s  
a t  2.0 km whi le  the bottom i s  a t  3.0 km, and i n  the nor th  a sect ion of the 
body i s  brought up t o  a depth o f  1.4 km. 

the bottoms o f  the.various igneous uni ts ;  these resu l ts  are discussed i n  
more d e t a i l  , in the sect ion on Heat Flow Study. Again it i s  emphasized 
t h a t  the i n te rp re ta t i on  o f  the g rav i t y  data south o f  Mgure E. l  i s  speculat ive 
and the rea l  cause o f  the anomaly may be much d i f f e r e n t  than the model. 
The Paleozoic and Mesozoic rocks t h a t  occur i n  t h i s  area may be the o r i g i n  
o f  p a r t  o f  the anomaly. 
stock south o f  the known geothermal anomaly suggests t h a t  heat f low d r i l l i n g  might 
ind ica te  a la rge  extension o f  the geothermal anomaly i n  an area having much 
d i f f e r e n t  geologic charac ter is t i cs  from the area described i n  d e t a i l  here. 

The remainder o f  the g rav i t y  anomaly south o f  the geothermal anomaly, 

The ‘audiomagnetotel l u r i c  data suggest some possible const ra in ts  on 

However, thel possible occurrence o f  the Empire Creek 

Heat Flow Study 

The heat f low data avai lab le i n  the geothermal anomaly area through 
1973 were discussed i n  the 1974 report .  
addi t ional  shallow holes were d r i l l e d  f o r  heat f low studies. Four o f  these 
holes were located i n  the immediate v i c i n i t y  o f  the geothermal anomaly whi le  
two o f  the holes were lo,cated between Marysv i l le  and Helena along the t rend 
of the microearthquake a c t i v i t y .  The resu l t s  o f  a l l  s i x  holes d r i l l e d  i n  
1974 are l i s t e d  i n  Table E.4 and temperature-depth curves are shown i n  
Figure E.9. 
went t o  120-135 meters. Hole RDH-32 had t o  be deepened as i t  appeared 
t h a t  60 meters was too shallow t o  obta in  a t r u e  geothermal gradient. 
holes RDH-35 and 36 were d r i l l e d  t o  135 meters because they were i n  an area 
where the heat f low could not  be ant ic ipated and thus deeper holes were f e l t  
necessary. The resu l t s  from RDH-35 and 36 w i l l  be discussed i n  a subsequent 
section. 

During the summer o f  1974 s i x  

Three o f  the holes were d r i l l e d  t o  a depth o f  64 meters and three 

D r i l l  . 
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Figure E . 7  Residual gravity anomaly map of the Helena-Marysville area, 
Montana. 
regional gravity from complete Bouguer gravity map. 
area of Figure E . l  i s  indicated by the northernmost of the 
two dashed boxes. 
the sum of the two dashed boses.  

The anomaly values are based on removal of assumed 
The 

The area of Figure E . 8  i s  indicated by 
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Figure E . 8  Plan view of bodies sa t i s fy ing  residual gravity anomaly 
(Figure E . 7 ) .  The assumed density contrasts are shown. 
The top and bottom surfaces of the bodies are discussed 
i n  more d e t a i l  in the test. 
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Table E.4 Geothermal gradient, thermal conductivity, and heat flou for shallow holes 
drilled in 1974. The quantities G" and Q* are the gradient and heat flow 
respectively, after topographic corrections. The second quantity in the row 

standard error of the in the Thermal Conductivity, G, and G* columnsis the 
measurement. 

Location Elevation Depth Interval Thermal 
meters meters Conductivity 

mca l/cmsec°C 

RDH-31 NWk SEk Sec 11 2003 ' 30-60 
TllN, R6W 

RDH-32 NWt NE% Sec 13 2027 90-120 
TIIN, R6W 

RDH-33 SWk NE% Sec 7 1987 25-60 
TIIN, R6W 

RDH-34 SEk SEk Sec 8 1975 25-60 
TIIN, R6W 

RDH-35 NE% SEk Sec 17 1295 25-135 
TION, R4W 

RDH-36 NWt NE% Sec 26 1439 25-130 
TIIN, R5W 

7.7 
0.3 

8.8 
0.3 

8.9 
0.3 

13.3 
0.3 

8.6 
0.3 

7.8 
0.4 

N 

5 

5 

11 

8 

12 

10 

G 
O C / h  

28.3 
1.3 

22.0 
1.8 

32.3 
2.8 

31.4 
2.0 

21.0 
0.5 

23.0 
1.6 

G* 
OC/h 

31.8 
1.5 

25.7 
2.2 

38.3(5) 
3.5 

34.0 
2.2 

Q 2Q* 
bcal/crn sec 

2.2 2.5 

2.0 2.3(5) 

2.9 3.4(5) 

4.3 4.6 

1.8 

1.8 



Figure E.9 Temperature-depth curves for shallow 
drilled during 1974. 
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graphy i n  the v i c i n i t y  o f  the geothermal anomaly i s  mountainous 
flow determinations required s i g n i f i c a n t  t e r r a i n  corrections. 

These t e r r a i n  correct ions were calculated using the technique suggested by 
Bi rch (1950), but  include topography only t o  a distance o f  2 km from the 
d r i l l  hole. The l a t e r a l  va r ia t i on  o f  geothermal gradient i n  the Marysv i l le  
d i s t r i c t  makes ca lcu la t ion  o f  d i s tan t  t e r r a i n  correct ions suspect using t h i s  
technique since a uniform gradient everywhere i s  assumed i n  the correct ion.  
The la rges t  source o f  e r ro r  i n  the heat f low measurements comes from 
uncer ta in t ies i n  the t e r r a i n  cor rec t ion  (estimated t o  be 50% o f  the correct ion).  
The t e r r a i n  corrected gradie 
as are the uncorrected data. he thermal conduct iv i ty  values shown in 
Table E.4 were obtained from measurements on cu t t i ng  samples '(see Sass 
e t  al., 1971, for  a descr ip t ion o f  the technique) because the we l l s  were 
d r i l l e d  w i t h  rotary.equipment and no core samples were obtained. A l l  o f  the 
heat flow data avai lable,  inc lud ing those data previously discussed, are 
shown i n  Figure E.lO. The geothermal gradient (corrected f o r  topography i n  
the manner discussed above) and the heat f low are . l i s t e d  below each 
measurement point .  The anomalous gradient due t o  the heat source would be the 
measured gr'adient minus approximately 30°C/km. The gradient o f  30°C/km i s  
the gradient t h a t  would be observed i n ' r o c k  w i t h  the average thermal 
conduct iv i ty  o f  the rocks i n  the Marysv i l le  d i s t r i c t  (6.8 mcal/cm sec "C) 
and a regional heat f low o f  about 2 l.cal/cm2sec (Blackwell and Robertson, 
1973). 

During the preparation of the 1973 repor t  an inadvertent e r r o r  crept  
i n t o  the map o f  heat f low shown i n  Figure 3.9. On t h i s  map the resu l t s  from 
DDH-29 and DDH-30 were interchanged. The r e s u l t  o f  t h i s  e r ro r  i s  t h a t  the  
anomaly appeared t o  have an almost t r i angu la r  shape. The cor rec t  shape 
o f  the anomaly i s  more near ly  rectangular w i t h  a long ax is  or iented north- 
south as shown i n  Figure E.lO. 
were co r rec t l y  i d e n t i f i e d  i n  Table 3.2 i n  the 1974 report,  however. 

The importance o f  measuring thermal conduct iv i ty  values as p a r t  of 
the heat f low survey ra ther  than using geothermal gradients alone i s  
i l l u s t r a t e d  by the resu l t s  from d r i l l  holes RDH-33 and 34. 
d r i l l  holes have thermal conduct iv i t ies  higher than those observed elsewhere 
i n  the geothermal area. In contrast  t o  the other heat f low values the 
holes are d r i l l e d  i n  geologic u n i t s  other than the Empire Shale and Helena 
Formation ( the Marsh Shale and Greenhorn Mountain Quar t z i t e  respect ively) .  
The actual  thermal conduct iv i ty  o f  the  rocks cu t  by RDH-34 averages 13.3 
mcal/tmsec°C, almost twice the average o f  the Marysv i l le  d i s t r i c t  i n  
general. 
gradients shown i n  Figure E.lO, the heat f low calculated by the product 
o f  the observed conduct iv i ty  times the observed gradient was d iv ided by the 
average thermal conduct iv i ty  f o r  the Marysv i l le  d i s t r i c t  t o  obta in  the 
gradient shown i n  parentheses. Thus the equivalent geothermal gradient f o r  
RDH-34 i s  approximately 65"C/km as opposed t o  the observed value o f  33.5"C/km, 
and the equivalent gradient f o r  RDH-33 i s  40"C/km. 
geothermal gradient values shown f o r  RDH-33 and 34 are shown i n  parentheses 
i n  Figure E. lO.  

and heat f low values are l i s t e d  i n  Table E.4 

The holes and t h e i r  corresponding resu l t s  

Both o f  these 

Therefore, i n  order t o  have an equal base f o r  comparing the geothermal 

For t h i s  reason the 



Figure E.10 Heat Flow and Geothermal Gradient Map. The loca t ion  of 
holes ava i l ab le  fo r  gradient and hea t  flow s tud ie s  are 
indicated on the map and the  symbol key i s  i d e n t i f i e d  i n  - 
t he  upper r i g h t  hand corner of the  figure.  
number of each p a i r  i s  the  t e r r a i n  corrected geothermal 

corrected heat flow value i n  vcal/cm2sec. 
background fo r  the  area i s  approximately 30 and 2.0 f o r  
the geothermal grad ien t  and hea t  flow respec t ive ly .  
Gradient values fo r  RDH-33 and 34 are shown i n  paren- 
t h e s i s  a s  these have been ad jus ted  f o r  thermal conducti- 
v i t y  va r i a t ions  (see text)  

The upper 
’ 

. ,  gradient i n  OC/km. The lower f igu re  is the  t e r r a i n  
The fiverage 

’ 
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The anomaly pattern i n  the geothermal area i s  relatively well determined 
except i n  the southern par t  o f  the map and along Ottawa Gulch, B o t h  
areas are relatively important i n  the interpretation of the implications o f  
the geothermal anomaly as will be clear i n  the detailed discussions and 
interpretation described in the Summary and Discussion Chapter. 
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Magnetotell u r i c  Survey 

I n  order t o  obta in  more informat ion on the depth and l a t e r a l  va r ia t i ons  
o f  e l e c t r i c a l  r e s i s t i v i t y  i n  the Marysvi 11 e eothermal area a magnetotell u r i c  
(MT) survey and an audiomagnetotelluric (AMT 4 survey were ca r r i ed  ou t  during 
the summer o f  1974. The de ta i l ed  r e s u l t s  of these surveys are discussed i n  
an accompanying repo r t  (Peeples , 1975) and only  general r e s u l t s  , par t icu-  
l a r l y  as they r e l a t e  t o  the remainder o f  the surveys, w i l l  be described 
here. 
n e t i c  f j e lds  i n  two perpendicular hor izonta l  o r i en ta t i ons  (Ex, Ey, Hx, Hy) 
each. 
based 'on these data over the range 20 Hz t o  104 Hz. Eighty-one AMT s i t e s  
were occupied and twelve MT s i t e s  were occupied, The MT dqta were recorded 
d i g i t a l l y  over the frequency range o f  0.1 Hz t o  0.001 Hz and simultaneously 
i n  three orthogonal o r i en ta t i ons  so t h a t  tensor apparent r e s i s t i v i t i e s  
could be calculated. 

Sample b i logar i thmic p l o t s  o f  apparent r e s i s t i v i t y  versus frequency 
are shown i n  Figure E . l l  f o r  a s t a t i o n  over the Marysv i l le  stock and a 
s t a t i o n  over the geothermal anomaly. Two and thpee dimensional effects 
on the data are apparent from the slope o f  pa vs frequency (greater than ) 
and from the differences i n  the pa's  calculated from Ex/Hy and Ey/Hx 
pai rs .  Nevertheless the curves from a l l  the s ta t i ons  are b a s i c a l l y  s i m i l a r  
t o  those shown and i n t e r p r e t a t i o n  of the data was done w i t h  l - D  models. 
A t  highest frequencies apparent r e s i s t i v i t i e s  on the order o f  100 ohm- 
meters are recorded. These r e s i s t i v i t i e s  are associated w i t h  the s u r f i c i a l  
mater ia l .  A t  frequencies on the order o f  102 t o  103 Hz apparent r e s i s t i -  
v i t i e s  approach o r  exceed 104 ohm-meters and then decrease w i t h  decreasing 
frequency t o  values on the order o f  102 t o  103 ohm-meters a t  the lowest 
frequencies recorded. A t  these h igh apparent r e s i s t i v i t i e s  the sk in  depths 
f o r  the AMT survey are on the order o f  several ki lometers a t  20 HZ. There- 
f o r e  the AMT data are sounding the depth range i n  which the d e t a i l s  of 
the geothermal reservo i r  are known. 

The AMT survey consisted o f  measurements o f  the e l e c t r i c  and mag- 

Calculat ions o f  apparent r e s i s t i v i t y  versus frequency were made 

A synoptic map o f  the magnetotel lur ic r e s u l t s  a t  20 Hz, the lowest 
frequency avai lab le on the AMT survey, i s  shown i n  Figure E.12. With 
data a t  these low frequencies and w i t h  the observed r e s i s t i v i t i e s  sk in  
depths are 1 km o r  greater except i n  the southwest corner of the map area. 
The high apparent r e s i s t i v i t i e s  over most o f  the geothermal area are obvious. 
I n  general the r e s i s t i v i t y  values range from 1000-3000 ohm-meters over 
the geothermal anomaly. 
are i n  the range 3000 t o  10,000 ohm-meters. 

Over the Marysvi 1 l e  stock the r e s i  t i v i  t y  values 

Unfortunately, due t o  the nature o f  the two types o f  equipment used, 
there i s  a two decade gap between 20 Hz, and 0.1 Hz i n  the apparent 
r e s i s t i v i t y  data ava i l ab le  and therefore i t  i s  impossible t o  f o l l o w  w i t h  
d e t a i l  the nature o f  the va r ia t i ons  a t  frequencies between the AMT and MT 
apparent r e s i s t i v i t y  curves. 
f o r  very low r e s i s t i v i t i e s  i n  t h i s  per iod range which would be expected 
i f  a s t i l l  molten i n t r u s i v e  body i s  present i n  the area a t  r e l a t i v e l y  
shallow depths i n  the crust. 
the longest period, the c r u s t  i s  probably not  abnormally hot  i n  t h i s  

There does not  appear, however, t o  be evidence 

I n  view o f  the general h igh r e s i s t i v i t y  a t  
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l o c a l i t y ,  suggesting t h a t  the source o f  the high temperature water may 
be deep c i r c u l a t i o n  ra the r  than a young i n t r u s i v e  rock. I f  a recent 
i n t r u s i v e  i s  responsible f o r  the heat i t  must be essen t ia l l y  s o l i d i f i e d  
so t h a t  i t s  presence i s  no longer obvious on the  e l e c t r i c a l  sounding 
curves, o r  outside the area o f  the survey. The lowest r e s i s t i v i t i e s  a t  
long per iod ( less than 50 ohm-meters a t  10 sec) occur southwest o f  the 
anomaly near the corner o f  the map area, The s ign i f icance o f  the lower 
r e s i s t i v i t y  a t  depth i s  not  known. There i s  no g r a v i t y  anomaly where the 
r e s i s t i v i t i e s  are lowest and thus t h e i r  o r i g i n  due t o  a magma chamber 
a t  some distance from, but  d r i v i n g  the hot  water convection system seems 
un l i ke l y .  The low r e s i s t i v i t i e s  may be due t o  the deep sedimentary basin 
i n  t h a t  d i rec t i on .  

by Peeples (1975). 
o f  the r e s i s i t i v i t y  s t ruc tu re  associated w i t h  f r a c t u r e  zones i n  the d r i l l  hole 
would n o t  be detected by the AMT survey. 
low r e s i s t i v i t y  between 100 and 400 meters i s  n o t  present on apparent 
r e s i s t i v i t y  curves and i t  i s  concluded that the  low-values shown are 
a r t i f i c i a l l y  low due t o  f l u i d  invasion from the d r i l l i n g  (Peeples, 1975). 

Deta i led measurements o f  r e s i s t i v i t y  on core samples are discussed 
I t i s  apparent from modeling the data t h a t  the d e t a i l s  

Evidence f o r  the extensive zone of 

Although the survey appears t o  g ive l i t t l e  evidence o f  the shallow 
geothermal reservoir ,  1-D i n t e r p r e t a t i o n  does g ive informat ion on the geo- 
l o g i c  s t ruc tu re  and evidence o f  a horizon a t  depth beneath the map area. 
The AMT data a t  a l l  frequencies del ineate the f a u l t s  along the south and west 
margins o f  the geothermal anomaly because the Marsh Shale apparently has 
a much lower r e s i s t i v i t y  than the o lder  formations and the i n t r u s i v e  rocks. 
However, the lower shallow r e s i s t i v i t i e s  r e s u l t  i n  smaller sk in  depths 
and thus no deep r e s i s t i v i t y  informat ion i s  obtained f o r  comparison w i t h  
the r e s u l t s  i n  the geothermal area. This r e s u l t  i s  unfortunate i n  view 
o f  the g r a v i t y  anomaly south o f  the known extent  of the geothermal area, 
The r e s u l t s  from the geothermal area suggest an i n te r face  a t  depths ranging 
from about 1.5 t o  7 km. 
the geothermal anomaly and 5 t o  7 km'beneath the Marysv i l le  stock. 
a depth o f  2.1 2 0.2 km a t  the s i t e  o f  the deep d r i l l  hole. Such depths 
are consistent w i t h  the g r a v i t y  data although the i n t e r p r e t a t i o n  favored 
has a s l i g h t l y  deeper extent  f o r  the Empire Creek stock and a shallower 
bottom f o r  the Marysv i l l e  stock. The depth t o  the bottom o f  the Marysv i l l e  
stock, based on g r a v i t y  data, could be e a s i l y  var ied as the densi ty  con- 
t r a s t  could be much less than assumed (as low as 0.08 gm/cm3). The r e s u l t s  
o f  core analysis from the deep d r i l l  hole do n o t  suggest r a p i d  changes i n  
chemistry o r  physical  cha rac te r i s t i cs  which might be expected if the bottom 
o f  the i n t r u s i v e  were c lose by. 
l aye r  remains enigmatic. 
i n  the Summary and Discussion Chapter and a more de ta i l ed  discussion may be 
found i n  the AMT-MT r e p o r t  (Peeples, 1975). 

The i n t e r f a c e  i s  a t  a depth o f  1.5 t o  2.9 km beneath 
It has 

Thus the s ign i f icance of the low r e s i s t i v i t y  
The impl icat ions o f  the data w i l l  be discussed 

DEEP EXPLORATION TEST WELL 

f o r  the d r i l l i n g  o f  a deep explorat ion t e s t  wel l ,  Marysv i l le  Geothermal 
Explorat ion Number One (MGE #l), i n  the geothermal area dur ing the summer o f  

Subsequent t o  the studies o f  the sumner of.1973, funding was approved 
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Type apparent r e s i s t i v i t y  (pa) curves.  
was over the  Marysville s tock  and s t a t i o n  MT 5/AMT 31a was 
over the  geothermal anomaly. Symbols: MT 5/AMT 31a, open 
c i r c l e s  and closed t r i a n g l e s ,  E-W e l e c t r i c ;  c rosses  and 
closed c i r c l e s ,  N-S e l e c t r i c  f i e l d ;  MT 12/AMT 71 ,  open c i r c l e s  
and closed c i r c l e s ,  E-W e l e c t r i c ;  c rosses  and closed t r i a n g l e s ,  
N-S e l e c t r i c  f i e l d  (see Peeples  , 1975, fo r  d e t a i l s  of antenna 
o r i e n t a t i o n  e t c  .) . 

S t a t i o n  MT 12/AMT 71 
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for east-west Figure E.12 Synoptic map of AMT measurements 
measurements at 20 Hz. The contours are in ohm-meters 
and the location of measurement points are shown as small 
dots. 
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1974. The object of the dr i l l  hole was t o  explore a t  depth  the implica- 
tions of the surface exploration data. I f  the area turned out  t o  be due 
to  conductive heat flow from a shallow magma chamber, then tes ts ' tb  evaluate 
the possibilities of use of the area fb r  dry hot rock exploitation were , 
proposed. I f  the area proved t o  be due t o  circulation of hot water, then 
tests were planned to  evaluate the reservoir system. 
the well i s  shown on Figure E . l  and E.25 ( i n  the NE1/4 of Sec 32, T12, R6W). 

temperatures, f luid chemistry, and physical properties of the geologic and 
hydraulic regimes encountered i n  the well. In addition a brief history of 
the d r i l l i n g  is  included i n  this introductory section. The results des- 
cribed i n  this chapter are  based on data from Rogers Engineering Company, 
Schl umberger Limited, and studies by SMU personnel . Materi a1 s avai 1 able 
for  study included cutting samples col lected.at  1.5 m intervals when return 
f l u i d  circulation occurred (samples are available for about 50% of the ' 
depth of the d r i l l  hole), 25.2 m of core obtained i n  15 successful coring 
runs, water samples collected both dur ing  and subsequent t o  the completion 
of the well, 'and well logs recorded during two periods of logging (see 
below). Such an extensive data set is rare fo r  a deep well i n  grani t ic  
rocks, particularly i n  a geothermal area. These materials will furnish 
the basis for  sc ien t i f ic  and technical studies fo r  years to  come, i n  
addition t o  those described here. 

of Rogers Engineering Company of San Francisco. The de ta i l s  of the 
d r i  11 i ng have been sumari zed (Prel imi nary Dri 1 1 i ng Report, Rogers 
Engineering Company, November, 1974) and will be discussed i n  detai l  i n  
another part  of this final report. Dur ing  d r i l l i n g  of the hole Rogers 
Engineering Company personnel were i n  charge of the decisions re1 a t i  ng 
to  the d r i l l i n g  procedures, e tc . ,  whereas SMU personnel were i n  charge of 
d r i l l i n g  strategy related t o  geological and geophysical resul ts  and coring. 

The location of 

T h i s  chapter i s  divided into sections dealing w i t h  the geologic setting, 

The d r i l l i n g  program was planned by and carried out under the direction 

Briefly the history is  tha t  the d r i l l i n g  s tar ted on June 10 and was 
discontinued on August 30 a f t e r  a period of 81 days a t  a total  depth of 
2070 m. 
of 466.3 m.* A t  466.3 m a number of Schlumberger logs were run  inc luding  
cal iper ,  sonic (interval t r ans i t  time and variable density), gamma-ray, 
dual induct ion  la teral  log, formation density (gamma-gamma) , compensated 
neutron (porosity), e lectr ical  log ,  and four arm digi ta l  d i p  meter log. 
A temperature log was attemped by Schlumberger, b u t  the i r  instrument fa i led  
during the logging. 
Schlumberger for the logging services. 

time was spent redr i l l ing and reaming the hole to  s e t  casing. 
was drilled primarily w i t h  mud, previous t o  the setting of casing (13-3/8 i n . ,  
33.97 cm) a t  404.2 m. 

I n i t i a l ly  a 31.75 cm (12-1/2 i n . )  p i l o t  hole was d r i l l e d  to  a depth 

Battel l e  Northwest Laboratories contracted t o  

As shown i n  Figure E.13, a f t e r  the logging a significant period of 
The hole 

Subsequent d r i l l i n g  was attempted u s i n g  a i r .  . 
*Depths used throughout this report when referring to  MGE #1 are depths 
from Kelly Bushing ,  approximately 6.1 m above ground level. 
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Figure E.13 MGE 111 d r i l l i n g  record (Rogers Engineering Co., November, 
1974). The sequence of events i s  (1) a i r  d r i l l i n g  and 
reaming t o  44.45 cm (17% inches) and 66.04 cm (26 inches) ;  
(2) 50.8 cm (20 inches) casing s e t  t o  35.1 m; (3) cor ing 
a t  .3-.6 m/hr and mud d r i l l i n g  a t  1.2-2.4 m/hr.; (4) 
logging and reaming t o  44.45 cm (17% inches) ;  (5) 33.97 cm 
(13 3/8 inches) casing s e t  t o  404.2 m; (6) cor ing (.3-.6 m/hr) 
and d r i l l i n g  with water i n  a 31.12 cm (12% inch) hole  a t  
5.5-7.6 m/hr; (7) drum s h a f t  r epa i r  and (8) cor ing and d r i l l -  
ing with water i n  20.0 cm (7 7/8 inch) hole  below 1300.0 m 
and 24.45 c m  (9 5/8 inch) casing s e t  t o  1300 m. 
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Within the span o f  a hundred meters large amounts o f  hot  water began t o  
be encountered i n  the hole and a t  a depth o f  582.8 m the hole was producing 
so much water t h a t  a i r  d r i l l i n g  had t o  be discontinued. Below t h i s  depth 
the hole was d r i l l e d  using an aerated water column. The hole diameter 
was reduced from 31.12 cm (12-1/4 in.) t o  20.0 cm (7-7/8 in . )  a t  a depth of 
1300 m on August 15. Several temperature logs were obtained dur ing t h i s  
per iod w i th  SMU equipment which had a maximum depth capab i l i t y  o f  840 m. 

During d r i l l i n g  o f  the hole .several f rac tu re  zones were encountered 
although no serious hole s t a b i l i t y  problems developed u n t i l  a depth of 
2070 m was reached. A t  t h i s  po in t  caving from a la rge  f rac tu re  zone below 
2048 m made i t  impossible t o  reach the d r i l l e d  depth w i t h  the d r i l l  s t r ing .  
It was decided t o  stop d r i l l i n g  a t  t h i s  po in t  because not enough money was 
ava i lab le  t o  s t a b i l i z e  the hole f o r  continued d r i l l i n g ,  

On completion o f  the wel l  a number o f  Schlumberger logs were run 
inc lud ing most of the types o f  logs run previously a t  466.3 m. 
t o  the logging, 24.45 cm (9 /8  in.), casing was set  i n  the hole t o  a 
depth o f  1300 m and an attempt was made t o  cement the casing i n t o  the hole. 
This cement job  was only p a r t i a l l y  successful, and subsequent f low 
meter logs i n  the we l l  indicated continuing c i rcu la t ion ,  as discussed i n  
the fo l low ing  section. A t  the same time a concrete plug was placed i n  the .  
bottom o f  the wel l  between 1954 m and 2030 m i n  order t o  el iminate the 
p o s s i b i l i t y  o f  water f low i n t o  the bottom f rac tu re  zone encountered during 
d r i  11 ing. 

Subsequent 

The resu l t s  o f  the logging, inc lud ing various computed logs and 
in terpretat ions,  are discussed i n  a repor t  submitted by Schlumberger (Coates, 
1974) included as pa r t  o f  t h i s  f i n a l  report .  
i s  made f o r  a synthesis o e logs run, cross ca lcu lat ions o f  poros i ty  
using the various logs, f ure analysis, etc.  

A f t e r  the r i g  was removed from the s i t e  several types o f  logs con- 
Zinued t o  be run. These included various types o f  f low meter logs and 
temperature logs. The f i n a l  Schlumberger temperature and f low l o g  was 
recorded on 11/16/74. 

Reference t o  t h a t  repor t  

During d r i l l i n g  o sonnel were on s i t e  i n  order t o  

The services o f  a mud logger had been obtained as p a r t  o f  the 
supply geological inpu t  t o  the d r i l l i n g  decisions and t o  monitor geologic 
resul ts .  
d r i l l i n g  contract, but  the mud loggers were no t  i n  general f a m i l i a r  w i t h  
igneous and metamorphic rocks and most o f  the l i t h o l o g i c  descr ipt ions i n  
the mud logger 's repor t  were based on discussions w i t h  Dave Petef ish o f  SMU. 

The metamorphic and igneous rocks encountered by the wel l  are the 
hornfelsed Empire ,and possibly Spokane Formations , a metamorphosed daci t e  
porphyry d ike o r  s i l l ,  and the Empire Creek stock which grades from gran i te  
porphyry a t  shallow depth t o  equigranular grani te  a t  greater depth. Based 
on the 1973 studies i t  was ant ic ipated tha t  the Empire Creek stock would be 
encountered a t  a depth on the order o f  300 m o r  less (1974 report ,  p. 74). 
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The actual  contact  occurred a t  294,l m, Rock descr ipt ions were obtained 
by o p t i c a l  microscope study of the cut t ings petrographic studies of 
t h i n  sections o f  the cores, x-ray d i f f r a c t i o n  analyses and analysis of 
the e l e c t r i c  logs and d r i l l i n g  records. Fracture zones were located by 
comparison and analysis of d r i  1 1 i ng records cores study of cu t t i ngs  
and we l l  logs. The depth i n t e r v a l s  cored, lengths recovered and . 
de ta i l ed  descr ipt ions o f  the cores are shown i n  Table E,5, decovery o f  
c u t t i n g  samples from the bottom t h i r d  o f  the hole was poor as returns were 
obtained only about h a l f  the time, Thus t h i s  c r i t i c a l  p a r t  o f  the 
we l l  i s  not  as wel l  known as might be desirable, The generalized l i t h o l o g i c  
information f o r  the wel l  i s  shown i n  Figure E,14, 

wel l  has been t o  t remo l i t e  o r  higher grade. 
are found i n  the we l l  core, bu t  100 m northwest o f  the wel l ,  diopside grade 
rocks occur a t  the surface, The s c a r c i t y  o f  c a l i c t e  and the high K20 i n  
the we1 1 cores produced tremol i te-phlogopi te-quartz assemblages which are 
s tab le over a wide range o f  temperatures inc lud ing those o f  the diopside 
zone. L i t t l e  coarsening o f  g ra in  s i z e  was not iced as e i t h e r  igneous body 
was approached. The Empire Shale consists o f  a KZO-bearing dolomi t ic  
shale which forms t remo l i t e  and phlogopite when metamorphosed, wh i l e  the 
Spokane A r g i l l i t e  contains very l i t t l e  o r  no dolomite, and would form 
muscovite, b i o t i  te, and quartz when metamorphosed. Presence o f  phlogopi te 
and t remo l i t e  i n  cores 2 and 3 imply t h a t  most of the cored meta- 
sedimentary rocks are metamorphosed Empire Shale. Absence of t r e m o l i t e  i n  
core 4 (Table E.5) suggests a t r a n s i t i o n  towards Spokane A r g i l l i t e .  More 
d e t a i l s  on the metamorphic assemblages may be found i n  Table,E.5 and i n  
the Section on Metamorphic Petrology. 

wel l .  This porphyry contains phenocrysts o f  p lagioclase and b i o t i t e  and 
possibly some hornfe ls  xenol i ths o f  the Empire Formation, Many o f  the 
b i o t i t e  phenocrysts were rec rys ta l  1 i t e d  and the plagioclase phenocrysts 
were p a r t i a l l y  replaced by s e r i c i t e .  

The Empire Creek stock was reached a t  294.1 m and was found t o  be a 
g ran i te  porphyry containing phenocrysts o f  orthoclase, plagioclase quartz 
and b i o t i t e .  Orthoclase and quartz make up the sugary ground mass, The 
plagioclase phenocrysts are highly,  and orthoclase phenocrysts s l i g h t l y ,  
a l t e r e d  t o  k a o l i n i t e  and montmori l lonite, and replaced by s e r i c i t e .  
F luo r i t e ,  sphene, zircon, and p y r i t e  were a lso i d e n t i f i e d  i n  the porphyry. 
Veins include f l u o r i t e ,  ca l c i t e ,  and s e r i c i t e .  Most o f  the contacts i n  
the igneous body are gradational w i t h  the g ra in  s i z e  and degree o f  c r y s t a l l i -  
za t i on  increasing w i t h  depth. The uppermost rock i s  a l i g h t  gray g ran i te  
porphyry ( o r  quartz-feldspar porphyry). This u n i t  grades i n t o  a greenish 
t o  whi t ish-gray g ran i te  porphyry. 

A t  greater depths the l i g h t  p ink t o  greenish-gray Empire Creek g ran i te  
porphyry grades i n t o  a more equigranular p ink g ran i te  as t y p i f i e d  by 
core 15. The orthoclase and plagioclase are l ess  a l t e r e d  a t  greater  depths 
although the plagioclase i s  s t i l l  r a the r  h igh l y  a l t e r e d  t o  k a o l i n i t e  w i t h  
minor montmori l loni te.  
of a l b i t e  composition. 
inc lud ing a f l u o r i t e  vein a t  1835.5 m. 
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The metamorphism o f  the Empire and possible Spokane Formations i n  the 
No diopside-bearing rocks 

- 

Between 88.4 and 121.9 m a metamorphosed dac i te  porphyry was cu t  by the 

I d e n t i f i a b l e  plagioclase throughout the hole remained 
F l u o r i t e  was observed i n  most o f  the cores, 



Table E.5 Core loca t ion ,  recovery and desc r ip t ion ,  MGE 111 

Core 1: 99.1-102.1 m (325-335') 3.0 meters of core was recovered. 
The core cons i s t s  of a dark gray t o  greenish gray,  metamorphosed d a c i t e  
porphyry containing phenocrysts of b i o t i t e  and p lag ioc lase .  The rock i n  
t h i n  s e c t i o n  has approximately 25% plag ioc lase  phenocrysts up t o  0.7 cm, 
25% plag ioc lase  i n  the  groundmass, 15% b i o t i t e  i n  phenocrysts up t o  0.2 cm 
and groundmass, 25% qua r t z ,  and less than 1% unal te red  p y r i t e .  Xenoliths 
of up t o  2.5 cm i n  length from the  Empire o r  Spokane Shale a r e  found i n  the  
core.  
v e r t i c a l .  The f r a c t u r e s  are f i l l e d  with c a l c i t e ,  quar tz ,  f l u o r i t e ,  and 
p y r i t e  and have assoc ia ted  4.0 cm wide a l t e r a t i o n  zones of  c h l o r i t e .  Other 
a l t e r a t i o n  includes p lag ioc lase  t o  s e r i c i t e  and b i o t i t e  t o  c h l o r i t e .  Accessory 
minerals i n  the  rock a r e  a p a t i t e ,  z i rcon ,  and leucoxene ( in  r e c r y s t a l l i z e d ,  
b i o t i t e  phenocryst s i tes).  

The rock d i sp lays  seve ra l  f r a c t u r e  systems with the  last system 

Core 2: 132.9-135.9 m (436-446') 2 . 1  m of core  was recovered. The 
core c o n s i s t s  of a dark green t o  brownish gray,  hornfelsed dolomitic Empire - .  

Shale which has been s t rong ly  veined and f rac tured .  
t h i n  s e c t i o n  and by x-ray d i f f r a c t i o n  contains  i n  order  of ahndance :  
phlogopi te ,  t r emol i t e ,  and green b i o t i t e .  Veins up t o  3.0 cm wide contain 
quartz  , a d u l a r i a ,  calcite,  f l u o r i t e ,  c h l o r i t e ,  and musco'trite. Accessory 
minerals  include a p a t i t e ,  z i rcon ,  tourmaline,  p y r i t e ,  hemati te ,  and leucoxene. 
Late  v e r t i c a l  and inc l ined  (60°) f r ac tu res  f i l l e d  with montmoril lonite and 
c a l c i t e  ( i d e n t i f i e d  by x-ray d i f f r a c t i o n )  developed ho r i zon ta l  s l ickens ides  
a s  hea l ing  occurred. 

The rock as seen i n  
qua r t z ,  

Core 3: 177.0-180.1 m (581-591') of core  was recovered. The 
core c o n s i s t s  of a dark green t o  brownish hornfelsed dolomit ic  Empire 
Shale ,  which has  been s t rong ly  veined and red.  The rock a s  seen i n  
t h i n  s e c t i o n  and by x-ray d i f f r a c t i o n  conta ins  i n  order of abundance: quar tz ,  
phlogopite,  t r emol i t e ,  and very l i g h t  green b i o t i t e .  Veins up t o  1 .0  cm 
wide and genera l ly  dipping 60-90° contain qua r t z ,  f l u o r i t e , c a l a c i t e ,  a d u l a r i a ,  
c h l o r i t e ,  a l b i t e  o r  o l igoc la se ,  t r emol i t e ,  phlogopi te ,  green b i o t i t e ,  and 
leucoxene. Some s l i ckens ides  may be found along f r a c t u r e s  d ipping  8 t  60' and 
coated with a c l ay - l ike  mineral .  Accessory minerals  include a p a t i t e ,  z i r con ,  
sphene-leucoxene, p y r i t e  and r u t i l e .  

Core 4: 280.7-283.8 m (921-931') 3.0 m of core  was recovered. The 
core c o n s i s t s  of a dark greenish-gray t o  brown, hornfelsed sha le  which has 
been s t rong ly  veined and f rac tured .  
t r a n s i t i o n a l  zone between the  Empire 6Yiale and the  Spokane A r g i l l i t e .  
rock a s  seen i n  t h i n  s e c t i o n  contains  i n  order  of abundance: qua r t z ,  
phlogopite o r  l i g h t  brown b i o t i t e ,  t r emol i t e ,  p lag ioc lase  i n  various s t ages  
of a l t e r a t i o n  t o  s e r i c i t e ,  and a small amount of or thoc lase .  Veins up t o  
0.7 cm wide and genera l ly  or ien ted  v e r t i c a l l y  contain qua r t z ,  f l u o r i t e ,  c a l c i t e ,  
dolomite,  c h l o r i t e ,  a d u l a r i a ,  phlogopi te ,  green b i o t i t e ,  and p lag ioc lase .  
Some hor i zon ta l ly  o r i en ted  s l i ckens ides  may be found along f r ac tu res  dipping 
a t  30°. "he more recent  f r a c t u r e s  a l s o  contain montmoril lonite i d e n t i f i e d  
by x-ray d i f f r a c t i o n  ana lys i s .  

This core could possibly represent  a 
The 

Accessory minerals  include a p a t i t e ,  z i rcon ,  
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sphene-leucoxene, s p h a l e r i t e ,  p y r i t e ,  and tourmaline. 

s l i g h t l y  enlarged c r y s t a l s  of phlogopite o r  l i g h t  brown b i o t i t e  and t remol i te .  
The cu t t ings  i n  t h i n  sec t ion  contain qua r t z ,  phlogopite o r  b i o t i t e ,  o l i v e  
brown b i o t i t e ,  t remol i te ,  and p y r i t e  i n  the  hornfe ls .  Veins contain f l u o r i t e ,  
c h l o r i t e ,  quar tz ,  and p y r i t e  i n  various s tages  of a l t e r a t i o n  t o  hematite.  
The igneous rock contains  qua r t z ,  o r thoc lase ,  b i o t i t e ,  f l u o r i t e ,  muscovite 
o r  s e r i c i t e ,  p y r i t e ,  hemati te ,  highly s e r i c i t i z e d  p lag ioc lase ,  and c h l o r i t e .  

Core 5: 303.9-306.9 m (997-1007') 3.0 m of core was recovered. The 

The hornfe ls  i n  the  contact  zone with the  Empire Creek s tock show 

core cons i s t s  of a very l i g h t  gray, a l t e r e d ,  g r a n i t e  porphyry containing 
phenocrysts of p l a g i m l a s p  up to-0 .6  cm, b i o t i t e  up t o  0.5 cm, qbartz  up t o  
1.0 cm, and or thoc lase  up t o  1.4 cm. The rock has approximately 15% ortho-  
c l a se  microper th i te ,  10% quar tz ,  2% b i o t i t e ,  and 5% plag ioc lase  phenocrysts. 
The groundmass of the  rock i n  t h i n  sec t ion  i s  made up of qua r t z ,  o r thoc la se ,  
p lag ioc lase ,  b i o t i t e ,  f l u o r i t e ,  and p y r i t e .  P lag ioc lase  has been a l t e r e d  
t o  s e r i c i t e ,  k a o l i n i t e ,  and montmoril lonite,  while the  b i o t i t e  has been 
p a r t i a l l y  a l t e r e d  t o  c h l o r i t e .  
zones of up t o  3 cm width contain quar tz ,  o r thoc lase ,  s e r i c i t e  o r  muscovite, 
f l u o r i t e ,  c a l c i t e ,  p y r i t e ,  and molybdenite. Some hor i zon ta l  movement i s  
ind ica ted  by the  ho r i zon ta l  s t r i a t i o n s  o r  s l ickens ides  a long f r ac tu res .  
Accessory minerals _include zircon and sphene. 

Vertical ,35O and 65O veins  with a l t e r a t i o n  

Core 6: 464.5-466.3 m (1524-1530') 1.8 m of core  was recovered. 
The core cons i s t s  of a pinkish gray g r a n i t e  porphyry containing phenocrysts of 
b i o t i t e  0.7 cm, p lag ioc lase  0.7 cm, or thoc lase  1 . 7  cm, and quar tz  1.0 cm. 
The rock i n  hand specimen has approximately 20% qua r t z ,  10% or thoc lase ,  
10% plag ioc lase ,  and 3% b i o t i t e  phrnocrysts.  
composed of quar tz ,  b i o t i t e ,  p lag ioc lase ,  and or thoc lase .  P lag ioc lase  has 
been s t rong ly  kaol inized,  while the  or thoc lase  has only been s l i g h t l y  a l t e r e d .  
The b i o t i t e  has been p a r t i a l l y  a l t e r e d  t o  c h l o r i t e  with some p y r i t e  and o the r  
sulphides  being located i n  some of the  c r y s t a l  s i tes ,  
veins  up t o  0.4 cm wide a r e  f i l l e d  with qua r t z ,  p y r i t e ,  molybdenite, and 
o ther  sulphides .  

The groundmass of the  rock i s  

Vertical, 20' and 60' 

Core 7: 590.1-593.3 rn (1936-1940') 0.2 m of core  was recovered. 
The core cons i s t s  of a l i g h t  greenish-gray, a l t e r e d ,  g ran i t e  porphyry containing 
phenocrysts of b i o t i t e  (0.6 cm), p lag ioc lase  (0.7 cm), or thoc lase  (1.4 cm), 
and quartz  (0.9 cm). The rock i n  hand specimen has approximately 40% quar t z ,  
5% plag ioc lase ,  50% or thoc lase ,  and 6% a l t e r e d  b i o t i t e .  The fe ldspars  i n  the 
rock have been h ighly  a l t e r e d  t o  k a o l i n i t e ,  montmoril lonite,  and poss ib ly  
o ther  c l a y  minerals .  A 
vein  dipping a t  45O approximately 0.5 cm wide contains  quar tz  with a l t e r e d  
fe ldspar  and b i o t i t e .  

The b i o t i t e  has been a l t e r e d  mainly t o  c h l o r i t e .  

Core 8: 699.5-701.0 m (2295-2300') 1 .5  m of core  was recovered. 
Core 8 i n  hand specimen i s  s i m i l a r  t o  core  7 ,  but with s l i g h t l y  less fe ldspar  
and b i o t i t e  a l t e r a t i o n .  
p a r t i a l l y  healed with quar tz ,  molybdenite, e t c .  s t i l l  s e e m  t o  
be l inked along the f r a c t u r e  zones. 

The f r ac tu res  a r e  from 0.5 t o  0.6 m wide and only 
The voids  

I 
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Core 9: 848.0-849.2 (2782-2786') 0.9 m of core  was recovered. The 
core  cons i s t s  of a l i g h t  gray t o  l i g h t  greenish-gray, highly a l t e r e d  g r a n i t e  
porphyry containing phenocrysts of b i o t i t e  (0.6 cm) , plagioc lase  (0.7 cm) , 
or thoc lase  microper th i te  (1.4 cm) , and quartz  (1.3 cm). The r e l a t i v e  
percentages of t he  minerals  remain the  same i n  t h i n  sgc t ion  a s  core  7 and 8. 
The composition of measurable p lag ioc lase  i s  An5. 
0.2 t o  1.0 cm wide i n  the  core  contain quar tz ,  c h l o r i t e ,  p y r i t e ,  and 
molybdenite. These f r a c t u r e s  have been almost t o t a l l y  healed,  with some 
having 1.0 cm a l t e r a t i o n  zones. Accessory minerals include f l u o r i t e ,  p y r i t e  
and zircon.  

55 and 75O veins from- 

Core 10: 1009.5-1010.7 m (3312-3316') C.9 m of core  was recovered. 
The core c o n s i s t s  of a brecc ia ted ,  h ighly  a l t e r e d ,  l i g h t  gray g ran i t e  porphjry 
containing phenocrysts of j i o t i t e  (0.9 c m ) ,  o r thoc lase  (1.4 cm) , plagioc lase  
(0.7 cm) , and quar tz  (1.1 cm). The rock i n  hand specimen has approximately 
25% or thoc lase ,  20% qua r t z ,  less than 5% plag ioc lase ,  and less than 5% b i o t i t e  
phenocrysts. The groundmass cons i s t s  of these same minerals .  Brecc ia t ion  
f r a c t u r e s  have been t o t a l l y  'healed by c ryp toc rys t a l l i ne  quartz  and fe ldspars .  
La ter  loo,  60' and 80° f r a c t u r e s  have only been p a r t i a l l y  healed by crypto- 
c r y s t a l l i n e  quar tz  and o ther  minerals.  These f r a c t u r e s  conta in  openings 
0.1 t o  0.5 cm wide. 

Core 11: 1163.4-1165.9 m (3817-3825'1 1.6 m of core was recovered. 
The core c o n s i s t s  of a l i g h t  gray,  a l t e r e d  g r a n i t e  porphyry containing pheno- 
c r y s t s  of b i o t i t e  (1.0 cm), p lag ioc lase  (0.9 cm), o r thoc la se  (1.3 cm), and 
quartz  (1.1 cm). 
50% or thoc lase ,  5% plagioc lase ,  and 40% quar tz .  The fe ldspars  have been 
s t rong ly  kaol inized,  but the b i o t i t e  has been only moderately a l t e r e d  t o  
c h l o r i t e ,  Veining i n  the  core  has mostly a 55O t o  750 o r i e n t a t i o n  with the  
veins  being 0.5 t o  1.0 cm wide. The ve ins  are f i l l e d  predominantly with 
c ryp toc rys t a l l i ne  quar tz  and have zones of a l t e r a t i o n  containing or thoc lase  
and green b i o t i t e  surrounding them. 

The rock i n  hand specimen has approximately 5% b i o t i t e ,  
' 

Core 12: 1297.2-1299.7 m (4256-4264') 1 . 7  m of core  was recovered. 
The core c o n s i s t s  of a l i g h t  gray t o  purpl ish-gray,  a l t e r e d  porphyr i t ic  
g r a n i t e  conta in ing  phenocrysts of b i o t i t e  (1.0 cm) , plagioclase (1.2 crn) , 
or thoc lase  (1.4 cm), and quartz  (1 .2  cm). The rock i n  hand specimen has 
approximately 5% b i o t i t e ,  5% plag ioc lase ,  50% or thoc la se ,  and 40% quartz .  
P lag ioc lase  has been s t rong ly  kaol in ized ,  while the  or thoc lase  has only been 
moderately a l t e r e d .  
c h l o r i t e ,  e t c .  Some mineralized veins  containing c ryp toc rys t a l l i ne  quartz  
and k a o l i n i t e  are  found i n  the core.  
wide conta in  mylonite zones. 
may be found i n  a 15 c m  sec t ion  of the  core.  

The b i o t i t e  has been p a r t i a l l y  a l t e r e d  t o  hematite, 

Late  85O veins  up t o  0.3 t o  0.5 cm 
Horizontal  f r ac tu res  3.0 t o  5.0 cm a p a r t  

Core 13: 1606.3-1608.1 m (5270-5276') 1.0 m of core  was recovered. 
The core c o n s i s t s  of a l i g h t  pink,  a l t e r e d  po rphyr i t i c  g r a n i t e  containing 
phenocrysts of or thoc lase  (1.3 cm) , plagioc lase  (0.7 cm), and quartz  (0.9 cm). 
The rock i n  hand specimen has approximately 5% b i o t i t e ,  l e s s  than 5% plagio-  
c l a s e ,  50% or thoc lase ,  and 45% quar tz .  The groundmass of the  rock i n  t h i s  
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core is  more equigranular with fewer phenocrysts. 
a l t e r e d  t o  c l a y  minerals, while the  or thoc lase  has only been s l i g h t l y ' a l t e r e d .  
The b i o t i t e  has  been moderately a l t e r e d  t o  c h l o r i t e .  
veins  i n  the  core ,  but there  a r e  ho r i zon ta l  f r ac tu res  every 3 cm or c l o s e r .  
The core has a l s o  been f rac tured  v e r t i c a l l y  with l i t t l e  o r  no veining 
assoc ia ted  with the  f r ac tu res .  Mia ro l i t i c  c a v i t i e s  up t o  0.3 t o  0.5 cm i n  
diameter can be found i n  the  core.  (A f i n e  grained g ran i t e  porphyry sample 
containing phenocrysts of qua r t z ,  b i o t i t e ,  and or thoc lase  and a quartz  ve in  
1.5 c m  wide was r e t r i eved  a t  the  top  of the  core. .. It i s  not considered 
t o  have or ig ina ted  a t  t h i s  depth).  

Plagioclase i s  h igh ly  

There are few i f  any 

Core 14: 1835.5-1837.6 m (6022-6029') 1.5 m of core  w a s  recovered. 
The core cons i s t s  of a dark pink, a l t e r e d  porphyr i t ic  g r a n i t e  containing 
phenocrysts of or thoc lase  microper th i te  (1.4 c m ) ,  p lag ioc lase  (0.8 cm) , and 
quartz  (1.0 cm).  The rock i n  t h i n  sec t ion  has approximately 5% or  less 
b i o t i t e ,  5% plag ioc lase ,  45% or thoc lase ,  and 45% quar tz .  
h ighly  a l t e r e d  t o  c l ay  minerals ,  while the  or thoc lase  i s  only s l i g h t l y  
a l t e r e d .  The composition of measurable p lag ioc lase  i s  An5-7. The b i o t i t e  
has been s l i g h t l y  a l t e r e d  t o  c h l o r i t e .  
hand specimen and equigranular .  
with l i t t l e  o r  no a l t e r a t i o n  along them. 
contain c ryp toc rys t a l l i ne  quar tz ,  o r thoc lase ,  p lag ioc lase , '  f l u o r i t e ,  and 
l imonite .  Accessory minerals  include a p a t i t e ,  s e r i c i t e ,  z i rcon ,  p y r i t e ,  and 
hematite.  Mia ro l i t i c  c a v i t i e s  of up to  4 x 1.5 x 1 c m  a r e  found i n  the  core  
(containing euhedral c r y s t a l s  of or thoc lase  and quartz) . 

The p lag ioc lase  i s  

The groundmass i s  easy t o  see  i n  
Horizontal  f r ac tu res  occur every 8 t o  10 c m  

80° f r ac tu res  0 .2  t o  0.3 c m  wide 

Core 15: 1953.8-1955.0 m (6410-6414') 0.6 cm of core  was recovered. ' 

The core cons i s t s  of a pink, a l t e r e d  equigranular  g ran i t e .  
s ec t ion  has approximately 5% o r  less b i o t i t e  up t o  0. 9 cm, 10% plag ioc lase  
(0.8 cm) ,55% or thoc lase  microper th i te  1 .2  c m ,  and 35% quartz  (1.0 cm) . The 
plag ioc lase  i s  less a l t e r e d  i n  t h i s  core  than i n  previous cores ,  but i s  s t i l l  
h ighly  a l t e r e d  t o  k a o l i n i t e  and lesser amounts of montmoril lonite a s  
i d e n t i f i e d  by x-ray d i f f r a c t i o n .  
i s  An5-7. Orthoclase i n  the  core  has only s l i g h t l y  a l t e r e d  t o  c lay.  The 
b i o t i t e  i s  s t i l l  replaced p a r t i a l l y  by c h l o r i t e  (brunsvigi te) .  There are 
some hor i zon ta l  f r ac tu res  8 t o  20 cm a p a r t  and diagonal  f r ac tu res  with l i t t l e  
o r  no a l t e r a t i o n ,  except f o r  a t h i n  f i lm  of c l a y  o r  a d u l l  appearance along the  
f r ac tu res .  Mia ro l i t i c  c a v i t i e s  can be found i n  the  core  with dimensions 1 x 2 cm. 

The rock i n  t h i n  

The composition of measurable p lag ioc lase  
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Figure E.14  

. 

Lithology, location of fracture zones determined by 
d r i l l i n g ,  hole  casing s i z e s  and core locations versus 
depth i n  the deep exploration 
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Veins i n  the well cores, oriented both diagonally and ver t ical ly ,  
contain a variety of minerals. These minerals include quartz, ca l c i t e ,  
dolomite, adularia, fluorite, tremolite. phlogopite, green b io t i te ,  muscovite 
or  se r ic i  te, montmori 1 loni te, chlor i te ,  cl inozoi s i t e  , plagioclase , pyri t e  , 
limonite, hematite, sphalerite, galena, and molybdenite as  well as rock 
chips. h i g h  and low temperature. 
The h i g h  temperature veins consist  of most of the above minerals, generally 
w i t h  an outer zone of adularia on the country rock followed by quartz and 
pyrite. Low temperature veins a re  composed of the assemblage dolomite- 
quartz which  would break down a t  temperatures above 300°C t o  t a l c  (Figure 
E.4). 
well diagram (Figure E.14, between 243.8 and 297.2 m ) .  

deposition of sediments, minor deformation, intrusion of the Marysville 
stock which s l igh t ly  metamorphosed the sediments, intrusion of the 
dacite porphyry, intrusion of the Empire Creek stock w i t h  considerable 
h i g h  temperature veining, later low temperature v e i n i n g  and formation of 
slickensides along fractures ,  and development of open, disking fractures 
i n  the Empire Creek stock. 

intruded above the present position of Empire Creek stock. 
temperature.of the dacite was about 700 to  800°C as implied by titanium 
presence i n  the b io t i t e  phenocrysts. These b io t i t e  phenocrysts were - -~ 

recrystal 1 i zed t o  phlogopite , 1 eucoxene , and ore during the metamorphism 
associated w i t h  the Empire Creek stock. The Empire Creek stock followed 
the daci te  porphyry by enough time t o  allow the hardening of the dacite 
porphyry so i t  could be fractured and altered by the later intrusion. 

h i g h  temperature veining. The main minerals a re  adu la r i a ,  ca lc i te ,  quartz, 
and f luor i te .  These veins ma be seen w i t h  l i t t l e  variation from the 
surface t o  the Empire Creek stock contact. .The quartz and f luo r i t e  veins 
continue a t  depth t o  the deepest core, and are  presumed t o  have continued 
forming while the rock was cooling. 
veins are also found above the contact, w i t h  the molybdenite veins continuing 
several hundred meters below the contact. 

dolomite, ca l c i t e ,  and quartz. 
below 300°C. * These 

represent events l a t e  i n  the cooling process of the intrusion. 
these fractures and vein f i l l ings show slickensides and s t r ia t ions  indicating 
horizontal movement. Other horizontal fractures w i t h  1 i t t l e  or  no 
a l te ra t ion  or  f i l l i n g s  i n  the Empire Creek intrusive are  l a t e r  and may 
be related t o  f inal  cooling o r  t o  release of stress by unloading d u r i n g  
d r i l l i n g .  Unloading i s  suggested as an origin for  these fractures since 
a t  least one of the cores was audibly crackling when i t  was retrieved a t  
the surface. 

There were a t  l ea s t  two stages of veins: 

Some open fractures were encountered i n  the hornfels as shown on the 

A generalized summary of the geologic history i n  the well area includes 

After the intrusion of the Marysville stock, the dacite porphyry was 
The intrusion 

- .- 

The Empire Creek stock was t h e n  in t ruded  w i t h  considerable associated 

Galena, sphaler i te ,  and molybdenite 

Late veins associated w i t h  the Empire Creek intrusion contain 
The temperature of these veins was probably 
also be associated w i t h  some l a t e r  event. 

those containing montmori 1 loni t e  may ' 

Some of 
F i  nal ly , open fracture  
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Temperature Measurements 
- 

and subsequent t o  dr i l l ing  of MGE #1, 
location of one of the shallow heat flow holes drilled during the summer of 
1973 (DDH-23). The observed geothermal gradient i n  t h a t  drill hole corrected 
for  topography is 174"C/km w i t h  an uncertainty of 10-20°C because of a large 
terrain correction. None of the geophysical data, including the two types 
of r e s i s t i v i ty  surveys, furnished any definite 'idea as t o  how f a r  this geo- 
thermal gradient m i g h t  be extrapolated. 
7/6/74. A t  this depth the Schlumberger logs were r u n  i n  the 31,75 cm hole 
because reaming was planned to  such a large diameter tha t  use of some of 
the Schlumberger tools would be precluded. 
Schlumberger temperature tool fa i led and no rel iable  information was 
obtained on temperatures i n  the dr i l l  hole except from the mercury maximum 
thermometers run sl ight ly  above each tool d u r i n  the logging  (presumably 
recording average near bottom hole temperatures 4 , When i t  was recognized 
tha t  the Schlumberger log could not be obtained, a series of temperatures 
were measured using SMU equipment of the type used i n  obtaining tempera- 
tures i n  the shallow holes. These data were obtained without diff icul ty  
except that ,  because of the heavy mud i n  the hole, the probe had t o  be 
weighted fo r  penetration and the resulting increased resistance upon 
retrieval stretched the logging cable by almost 5%. Thus  depth  corrections 
had t o  be applied t o  the rest of the data obtained w i t h  t h a t  particular 
set of instrumentation. 

An extensive ser ies  of temperature measurements was made both during 
The dr i l l  hole was sited near the 

Drilling proceeded t o  466,3 m on 

Dur ing  this logging the 

Of the series of mercury maximum thermometer readings and two mdximum 
depth  temperature readings obtained dur ing  SMU loggi  ngs I the measured 
maximum hole temperature was 86°C a t  457.2 m dur ing  the l a s t  l o g g i n g  run. 
The data f i t  no reasonable extrapolation formula and so no equilibrium 
temperature can be calculated. Subsequent t o  the logging the hole was 
reamed and cased. T h i s  job required about two weeks. A t  tha t  p o i n t  the 
d r i l l  hole was cleaned o u t  t o  total  d e p t h  and a period of 24 hr (7/20/74) was 
available for  temperature logging  i n  the bore hole dur ing  make up of the d r i l -  
l i n g  rig for  the deeper dr i l l ing .  The extrapolated equil i brium temperatures 
based on this s e t  of measurements are  shown as the +Is i n  Figure E.15. Each 
of these plotted poin ts  i s  based on a ser ies  of temperature versus time 
measurements w i t h  the temperatures extrapolated t o  the estimated equi l i -  
brium temperature. The points a t  424.5, 435.0, 445.1 and 465.3 m f a l l  close 
t o  an extrapolated geothermal gradient curve w i t h  the slope of 174"C/km 
observed i n  the shallow measurements ( l i g h t  line i n  Figure E.15). 
temperature a t  455.3 m f a l l s  below the extrapolated curve which suggests 
local downward flow of water between 445 and 465 m o r  unsatisfactory equi l i -  
brium extrapolations. 

began t o  make copious quantit ies of hot water. 
measurements were made on 7/23/74 while preparations were i n  progress to  
switch from a i r  to  water d r i l l i n g  and while haulage of f luid from the mud 
p i t  was i n  progress. 
obtained i n  the bottom p a r t  of the hole approximately re f lec t  equ i l ib r ium 
conditions as the temperatures were changing very slowly, if  a t  a l l ,  a t  

The 

Dr i l l i ng  began w i t h  a i r  and very shortly thereafter the d r i l l  hole 
Several s e t s  of temperature 

Hole depth  was 590.1 m. The temperature measurements 



Figure ~ . 1 5  Selected temperature logs in the depth range 0-1 km during 
, and subsequent to drilling in MGE ill. An X at the end of 

the  temperature-depth curve indicates total depth at that 
particular time. 
hours after log a. The log on 8/29/74 was first log taken 
after completion of drilling. 
extrapolated from measurements on 7/20/74 are shown by + ' s .  

The log b on 8/1/74 was taken about 2 

Equilibrium temperatures 
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the end o f  the logging period. The r e s u l t s  o f  the l a s t  measurement (12 h r  
a f t e r  c i r c u l a t i o n  stopped) are shown i n  Figure E.15 ( the 7/23/74 curve). 
It i s  c l e a r  t h a t  i n  t h i s  depth i n t e r v a l  there i s  a d i s t i n c t  departure 
from the projected geothermal gradient from the shallow holes, apparently 
cha rac te r i s t i c  o f  the hole down t o  a depth o f  approximately 475 m. The 
maximum observed temperature was 93.8"C a t  the bottom hole w i th  a maximum 
temperature of about 90°C along the extrapolated temperature-depth curve 
a t  a depth of 475 m. Above the contact o f  the extrapolated equi l ibr ium 
curve and the curve measured on 7/23/74, the temperatures shown are not  
equ i l i b r i um values. This temperature curve shows i r r e g u l a r i t i e s  
which may be co r re la ted  w i t h  some o f  the f r a c t u r e  zones. 
determined d e f i n i t e l y  from the temperature data whether the f l u i d  column 
was s t a t i c  o r  was moving w i t h i n  the bore hole. 

Another oppor tun i ty  f o r  temperature logging occurred on 8/1/74 a t  848 m. 
These r e s u l t s  are a lso shown i n  Figure E.15. Two curves are p lo t ted .  
The curve marked 8/1/74a was measured f i r s t  and the curve marked 
8/1/74b was measured about 2 h r  l a t e r .  The temperature curve a t  t h i s  p o i n t  
has the t y p i c a l  sigmoidal shape due t o  the e f f e c t s  o f  d r i l l i n g  w i t h  a 
f l u i d  a t  lower temperature than i n  s i t u  temperatures. There i s  a sharp 
reversal  o f  temperature i n  the b x t G f  the hole, apparently due t o  a 
t h i e f  zone a t  t h a t  po int .  The problem w i t h  t h i s  simple i n t e r p r e t a t i o n  of 
the temperature-depth curve i s  t h a t  the temperatures below 400 m were a c t u a l l y  
decreasing w i t h  t ime ra the r  than increasing toward the previously measured 
values a t  those depths., This strange behavior can be explained e i t h e r  by 
an unusual h i s t o r y  o f  d r i l l i n g  f l u i d  temperature, not  observed, o r  by 
co lder  water f lowing slowly down the bore hole gradual ly coo l i ng  o f f  the 
hole before e x i t i n g  somewhere between 700 and 800 m. The maximum tempera- 
t u r e  observed was 93.8OC a t  833.5 m. 

i n  the shallow p a r t  o f  the hole was on 8/10/74. 
however, on ly  850 m o f  cable was avai lable.  
almost isothermal w i t h  a maximum temperature of 89.6"C a t  848.5 m. Maximum 
reading mercury thermometers were run a t  a depth o f  1025 m and 1150 m. 
These recorded maximum temperatures ranging from approximately 96°C t o  
102.5"C, thus showing s l i g h t l y  higher temperatures than observed a t  
shallower depths i n  the wel l ,  but  f a r  below the projected curve based on 
the shallow hole data. 
possibly f o r  the bottom zone) i n  the wel l  was encountered between 800 and 
1100 m and strong f low o f  water i n t o  the bore hole was observed dur ing 

It cannot be 

D r i l l i n g  proceeded w i t h  a mixture o f  a i r  and water as described e a r l i e r .  

, 

The f i n a l  logging obtained w i t h  the SMU temperature equipment used 
The hole was a t  1155 m, 

The observed temperatures are 

The most extensive ser ies o f  f rac tu re  zones (except 

t h i s  p o i n t  t h a t  a hydrothermal convection c e l l  had 
penetrated; however, i t s  s igni f icance, depth o f  inf luence, etc., were 
unknown. 
higher temperatures than those observed i n  the wel l ,  bu t  i t  was possible 
t h a t  the d r i l l  ho le  temperatures were modif ied by communication o f  f rac tu re  
zones i n  the bore hole. The i n t e r p r e t a t i o n  o f  the audiomagnetotelluric data 
(see Magnetotell u r i c  Survey Section and Peep1 es , 1975), ind icated a decrease 

The geochemical analyses (sect ion on Water Chemistry) ind icated 
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i n  r e s i s t i v i ty  by an order of magnitude a t  approximately 2 km. 
decrease implies a large change i n  temperature or porosity of the reservoir. 
Thus the decision was made t o  continue d r i l l i n g  t o  a t  l ea s t  2 km since this 
depth was w i t h i n  the target depth planned for  the original hole. D r i l l i n g  
t o  such a depth would test the vertical extent of the hydrothermal-convec- 
t ion  cel l  , the temperatures i n  t h a t  c e l l ,  and the implications of the resis- 
t i v i t y  change a t  about 2 km. 

From this time d r i l l i n g  proceeded for  approximately another 2 weeks 
u n t i l  a total  depth of 2070 m was reached. A t  this p o i n t  the most extensive 
fracture zone yet  encountered caused caving and hole accessibi l i ty  problems. 
These problems required suspension of d r i l l i n g  a t  this depth. A t  some 
depths between 1 and 2 km dri l l  hole temperatures as  h i g h  as  115.5OC were 
measured w i t h  mercury maximum thermometers a t  the bottom hole; however, the 
most frequent bottom hole temperature measured was 90 t o  95°C. 
on reconstructing the conditions of these measurements tha t  the highest tem- 
peratures (above 100OC) ' occurred a t  random and were apparently only obtained 
when the maximum thermometers were r u n  i n  pressure containers which were not 
sealed w i t h  teflon tape. 
l a r  magnitude since completion of the well. 
tha t  these h i g h  temperature readings were the result of pressure effects  
on the thermometers rather than actual bottom hole temperatures. 

Subsequent t o  completion of the well a ser ies  of Schlumberger tempera- 
ture logs were made, successfully this time, t o  a total  depth.  
these logs are  shown i n  Figure E.16 and the detailed results of the f irst  
and l a s t  1ogs.to 1000 m are shown i n  Figure E.15. 
parts of the hole show a more or less consistent recovery w i t h  time as  would 
be expected, while the loggings between 450 to  1100 m show a rather complex 
temperature-time behavior. 
thermal although there are  some small b u t  significant low temperature zones. 
Continued modification o f  temperatures i n  the upper part of the bore hole 
has occurred, however, as the temperatures observed a t  the logging of 
11/16/74 s t i l l  d i f f e r  from the estimated i n  situ temperature (based pri- 
marily on the logging of 7/23/74) by 5°C or more, although almost complete 
recovery of the upper hole temperatures had occurred by the l a s t  SMU logging 
on 6/30/75. 

The features of the temperature-depth curves shown i n  Figures E.15 and 
E.16 are a h igh ,  l inear  segment of gradient t o  about 400 m,  a s ta i r s tep  tem- 
perature-depth curve between 400 and 1000 m, and a s l igh t ly  negatiye gradient 
w i t h  even more negative local zones below 1000 m. The recovery from the 
d r i l l i n g  and/or natural circulation effects  i n  the bore hole appeared (see 
below) t o  be complete as the 11/16/74 log barely d i f fe rs  from the -log on 
10/21/74, b u t  significant further recovery was seen i n  the last  log  on 
6/30/75. 
w i t h  the fracture zones encountered during the d r i l l i n g .  
may show a positive temperature spike, a negative spike, and a positive step. 
The positive and negative temperature spikes probably represent zones of 
potential  source and thief f lu id  zones, respectively. 

Such a 

I t  appears 

There have been no measured temperatures of simi- 
Therefore, i t  seems possible 

Several of 

In general the upper 

Below 1100 m temperatures are  very nearly iso- 

In general three types of temperature behavior are  associated 
The f racture  zone 

The temperature step 

E.62 



Figure E.16 Temperature and flow logs in MGE %1. 
and of MGE #l on 7/23/74 and 6/30/75 were made with SMU 
equipment while the logs of 8/29/74, 9/21/74, 10/21/74, 
and 11/16/74 were measured by Schlumberger'. 

The logs of DDH-23, 
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zones represent e i ther  thief  zones, below w h i c h  flow decreases and the hole 
temperatures approach in situ temperatures more closely, or source zones of Ke 

warmer f l u i d  which increase the temperature of f lu id  moving down the bore 
hole. The zones of po,tential water influx heat up more quickly as the hot 
water i n  the fracture  zone rapidly displaces the cooler d r i l l i n g ’ f l u i d  and 

8/29/74). 
the negative spike zones on the 11/16174* log probably represent f racture  
zones w i t h  access t o  colder f lu id  which is being forced along them since 
disturbance of the hydraulic regime by d r i l l  i n g .  

Thus the temperature logs indicate the general nature of flow as seen 
dur ing  the d r i l l i n g  of the bore hole; the shallow fracture  zones have, i n  
general, a higher piezometric level than the deeper zones and are  commonly 
source zones f o r  f lu id  while the deeper zones ac t  as f lu id  sinks. 
11/16/74 there was s t i l l  a 5°C discrepancy between the i n  situ temperatures 
and the actual ly  measured temperatures i n  the 400 t o  600 m depth  range b u t  
this was almost fu l ly  recovered by 6/30/75. T h i s  discrepancy suggests tha t  
f lu id  was s t i l l  moving behind the casing from a source zone between 400 t o  
450 m. Flow logs (see below) suggest t ha t  the f lu id  flow is very small or 
absent below the casing, a t  1300 m,  however. 

cement j o b  was attempted. This cement j o b  was not completely successful, 
however, as can be seen from the flow velocity logs obtained a f t e r  cement- 
i n g ,  the resu l t s  of which  are  shown i n  synoptic form i n  Figure E.16. Pre- 
vious t o  set t ing the casing the observed flow velocity u s i n g  an open hole 
flow meter i n  the well increased from 50 cm/sec downward above 1 km t o  over 
400 cmisec downward below 1300 m. 
various kinds of flow logs were obtained. 
still  h i g h  velocity 6f flow immediately below, the casing, the f i rs t  measure- 
ment on 9/10/74 i n  general -showing increasing flow velocity w i t h  depth .  
The second logging on 9/22/74 shows a h i g h  velocity immediately below the 
casing w i t h  a rapid decrease to  a velocity of approximately 3 cm/sec and 
f ina l ly  a decrease t o  immeasurable velocity below 1770 m. A f ina l  velocity 
log obtained on 10/21/74 showed tha t  flow had s topped  ( t o  t h e  level of 
detection) i n  the bottom par t  of the hole. As mentioned above the tempera- 
ture data imply tha t  flow behind t 
1000 m. 

Water Chemi s t r y  

No matter which  of the hypotheses f o r  the origin of the geothermal area 
was v a l i d ,  i t  was anticipated t h a t  geochemical studies of any f lu ids  encoun- 
tered d u r i n g  the d r i l l  i n g  would be very important. Therefore preparations 
were made d u r i n g  the spring of 1974 t o  co l lec t  water samples from the dr i l l  
hole and t o  obtain water chemistry data both on s i te  and by analysis a t  SMU 
as quickly as possible so tha t  the data would be available fo r  d r i l l i n g  
decisions. 

,-,* , 

t h u s  positive temperature spikes are observed (see temperature log on 
, I  

The negative spikes during d r i l l i ng  indicate thief  zones while 

On 

As part  of the completion procedure casing was set a t  1300 m and a 

Subsequent t o  cementing of the casing 
These show a much reduced b u t  

asing s t i l l  existed between 400 and 

In geothermal areas characterized by circulation of hot  water, 
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some of the most important informat ion about the  system comes from study 
of the geochemistry of the f l u i d s  involved (White, 1970; White e t  
Sigvaldson, 1973; and others). Thus a number o f  d i f f e r e n t  s tud ie 
chemistry were ca r r i ed  out on the samples. Data which can be most r a p i d l y  
obtained and which fu rn i sh  important informat ion on the temperatures o f  the 
system are the concentrations o f  sodium, potassium, calcium and s i l i c a  i n  
the geothermal f l u i d s .  

When the f i r s t  water f l ow  t o  ser ious ly  a f f e c t  the a i r  d r i l l i n g  was 
encountered i n  f racture systems whi le  d r i l l i n g  a t  551 m, samples were imme- 
d i a t e l y  co l l ec ted  from the flow l i n e .  A water sampler was f lown i n  (bor- 
rowed from Dr. A. H. Truesdell a t  the U.S. Geological Survey, Menlo Park) 
and subsequent samples were obtained i n  the wel l  using the water sampler. 
F ina l l y ,  a f t e r  completion of d r i l l i n g ,  several water samples were obtained 
during d r i l l  stem tests.  

During the f i r s t  
few weeks of c o l l e c t i o n  the samples were shipped d i r e c t l y  t o  SMU. Irrrinedi- 
a t e l y  upon a r r i v a l  (24 t o  48 hr a f t e r  co l l ec t i on ) ,  the water samples were 
pressure f i l t e r e d  through 0.45 micron membrane f i l t e r s .  These samples were 
co l l ec ted  i n  p a i r s  which were t rea ted  d i f f e r e n t l y ;  one sample was prepared 
for  ca t i on  analysis by add i t i on  o f  a few drops o f  concentrated HCl.  
second sample was untreated and used for HCO 
determinations. 
tered immediately a f t e r  c o l l e c t i o n  through Whatman #42 f i l t e r  paper. Upon 
a r r i v a l  a t  SMU ( a f t e r  f i l t e r i n g ,  i f  done a t  SMU) a 10 m l  a l i q u o t  o f  sample 
was added t o  a 10 m l  o f  1 N NaOH solut ion,  and the r e s u l t i n g  s o l u t i o n  used 
f o r  Si02 analysis. 
p les as soon as was convenient. 

Cation analyses were performed by atomic absorptioh spectroscopy. 
Bicarbonate was determined on a few samples ( a t  Marysv i l le)  s h o r t l y  a f ter  
c o l l e c t i o n  by t r i t a t i o n  o f  a 10 m l  a l i q u o t  o f  sample w i t h  0.001 N HC1. I n  
add i t i on  pH's were measured on some samples s h o r t l y  a f t e r  co l l ec t i on .  
S i l i c a  was determined by the method o f  M u l l i n  and R i l ey  (1955), w i t h  appro- 
p r i a t e  d i l u t i o n  o f  the samples. The major a n a l y t i c a l  concern was the pos- 
s i b i l i t y  o f  polymerization o f  Si02 during the t ime i n t e r v a l  between co l lec-  
t i o n  o f  samples a t  Marysv i l le  and analysis a t  SMU. As a means of checking 
t h i s  p o s s i b i l i t y ,  the e a r l i e r  samples were subjected t o  the fo l l ow ing  pro- 
cedures. Both the ac id  t reated and untreated samples we-re analyzed f o r  
Si02. I n  add i t i on  a 10 m l  a l i q u o t  o f  each sample was added t o  a 10 m l  o f  
2 N NaOH and allowed t o  stand overnight before Si02 analysis. As a f i n a l  
check, addi t ional  a l i quo ts  o f  one sample were t rea ted  w i t h  NaOH and bo i l ed  
f o r  1 hr. 
sample (579 m) showed greater than 10 percent v a r i a t i o n  i n  Si02 between 
any o f  these procedures. Most other samples agreed wi th in 2 t o  3 percent. 
Thus, probably because o f  the r e l a t i v e l y  low concentrations o f  Si02 present, 
polymerization d i d  not appear t o  be a problem. The l a t e r  samples obtained 
dur ing the ser ies o f  d r i l l  stem t e s t s  were subjected t o  the overnight NaOH 
treatment, and r e p l i c a t e  analyses were not run. 

, 

The samples were co l l ec ted  i n  polyethylene bot t les.  

The 
( a t  Marysv i l l e )  and Si02 

During the l a t t e r  p a r t  o f  t 2 e pro ject ,  samples were f i l -  

Cation analyses were performed on the ac id  t reated Sam- 

These r e s u l t s  were compared f o r  the same samples. Only one 
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The resul ts  of a l l  the partial  chemical analyses are shown in Table E.6. 
For the samples collected d u r i n g  d r i l l  stem t e s t s  the depths shown are  the 
positions of the packers and the depth below the derrick floor from which the 
samples were collected from the d r i l l  pipe. Zones for  testing were determined 
based on s i t e  log analyses. I t  would have been desirable t o  have obtained 
additional t e s t s ,  b u t  time and money ran out. None of the zones flowed water 
a t  the surface and the s t a t i c  head for each zone was a t  a depth of about 180 m. 

in the bore hole was obtained, or the packers held and true samples of forma- 
tion f luid were obtained. 

- T h u s  i t  is  not known for  sure whether the packers leaked and only the f luid 

As can be seen from Table E.6 the cation concentrations show l i t t l e  
variation from sample t o  sample. 
the water based on the Na-Ca-K geothermometer of Fournier and Truesdell (1973). 
The predicted temperatures are  remarkably uniform and range only from 165°C t o  
180°C. 
tion by d r i l l i n g  f luids  i s  not  a problem. 

If the gradient from the most recent temperature log  (6/30/75) can be 
extrapolated below the deepest measurement p o i n t  i n  the log (855 meters), i t  
i s  possible tha t  temperatures of the order of 110°C may be reached i n  the bot- 
tom of the hole. 
temperatures shown in Table E.6. 

d r i l l ing ;  the p o s s i b i l i t y  of contamination by dr-illing f luids  i s  a def ini te  
possibil i ty.  
d r i l l ing  of the well i s  i n  order. Below the 403.6 m casing depth the hole 
was open t o  the depth  of d r i l l i n g .  After encountering the fracture zones, 
i t  was found t h a t  i n  general the f lu id  i n  the fracture zones would not  sup-  
por t  a column of f luid equal t o  the depth of the dr i l l  hole. 
d r i l l ing  medium was water and the hole was f i l l e d ,  the water would be l o s t  
in the formation and makeup f l u i d  required. On the other hand i t  was found 
that  i f  d r i l l i n g  was attempted with a i r  only, the fracture  zones would flow 
and the hole would produce large quantit ies of hot water, which represented 
a disposal problem. 
bottom hole, a system of d r i l l i n g  was used i n  which  the water column i n  the 
borexhole was lightened by the addition of a i r  t o  the f lu id  column and i n  
such a way the weight of the to ta l  column was adjusted as  closely as pos- 
s ib le  t o  the average pressure of the fracture zones so tha t  no f l u i d  was 
lost or gained. This balance was approximate, however, and from 610 m to  
total  depth the hole alternatively made and took water. 
f l u i d  consisted of water and a i r  w i t h  small amounts of a soapy material 
(ADOFOAM) added, as well as, on occasions, small amounts o f  ant i rust  agents 
t o  prevent oxidation of the d r i l l  rods. Subsequent t o  completion of the 
well, flow meter tests indicated large flow velocit ies down the bore hole. 
Therefore i t  i s  l ikely tha t  there was extensive flushing action from the 
fracture zones affected by d r i l l i n g .  
represent a somewhat different  regime than tha t  sampled during dr i l l ing.  

Temperature estimates were calculated f o r  

The uniformity of cation concentrai ton  suggests that  major contamina- 

These temperatures are consistent with the estimated Si02 

However, most o f  the samples were collected during or shortly a f t e r  

I n  this respect a brief digression t o  discuss the manner of . 

T h u s  i f  the 

Therefore d u r i n g  d r i l l i n g  from approximately 610 m t o  

The dr i l l ing  

T h u s  the dr i l l  stem tests should 
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Table E.6 Chemical ana lyses  of water samples from Marysvi l le  
Geothermal Test #l. The d r i l l  stem tests were conducted 
a f t e r  completion of d r i l l i n g .  The concent ra t ions  a r e  i n  ppm. 

Sample Collected from Drill S i t e  Water Well 

E s t .  Temperature 
Depth (m) Date Collected pH HC03- S i02  Na K Ca TSiO:, TNa-K-Ca - - - - -  - 

1m 6/10/74 20 8.5 2.4 53 4O0c 174OC 

Samples Collected During D r i l l i n g  

E s t .  Temperature 
Depth (m) Date Col lected HCO3- S i02  Na K ca % - -- - - -  

551.1 7/23/74 8.4-9.2 395 90 225 13.5 9.8 125OC 

551.1 8/21/74 79 217 19.6 18.5 120OC 

579.1 8/12/74 ' 9.08 170 162 237 19.9 8.3 155OC 

585.2 a/ 2 11 74 97 2 2 1  19.8 15.6 13O0C 

1150.6 8/12/74 8.38 180 98 227 17.1 7.6 130% 

1606.3 81 2 11 74 84 217 19.4 17.7 12OoC 

Samples Col lec ted  During D r i l l  Stem Tests* 

Test  A - Packers a t  1996 - 2070 m 

Sample No. Depth coll.(m) 

51  183 8.36 59 235 17.5 19.3 100°C 
52 640 8.29 67 219 15.1 16.8 l l O ° C  
53 1219 8.10 77 209 15.3 15.4 12OoC 
54* t o o l  water sampler 27 2 2 1  12.1 12.8 50OC 

T e s t  B - Packers a t  1500 - 1527 m 

55 191 8.07 74 222 15.7 13.5 115OC 
56 t o o l  water sampler 7.90 41  224 14.6 1 2 . 1  8O0c 

T e s t  C - Packers a t  1721 - 1771 m 

57 192 8.23 69 235 17.5 9.8 l lO°C 
58 1579 7.36 74 233 15.6 12.0 115OC 
59 t o o l  water sampler 7.0-7.8 34 244 15.9 17.6 6O0c 

T e s t  D - Packers a t  1020 - 1050 m 

510 54 9 7.4-7.8 86 219 14.6 12.7 125:C 
511 856 7.5-8.0 93 220 14.1 11.6 125 C 
512 t o o l  water sampler 7.5-8.5 81 220 14.2 9.3 12OoC 

TNa -K-Ca 

165OC 

18OoC 

18 5OC 

180% 

180°C 

18OoC 

172O 
167' 
169O 
159O 

171' 
167O 

175' 
169' 
165' 

170° 
167' 
169' 

* r e s u l t s  l i s t e d  a r e  from Table E.7. 
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Whether or  not separate horizons were actually sampled or whether the packers 
fa i led and the dril l  stem was f i l l e d  up with the f lu id  available i n  the bore 
hole i s  not presently certain.  In any event the remarkable similari ty of the 
chemical analyses argues against a number of very different  f lu id  regimes * 
penetrated by the bore hole, and i t  appears that  the results might apply t o  
a single f l u i d  system, not too highly disturbed by the d r i l l i n g  effects .  As 
a further check on the problem of contamination, a sample of the most common 
additive t o  d r i l l i n g  f l u i d  (ADOFOAM) was analyzed fo r  Na, K ,  Ca, and Si02. 
The ADOFOAM i s  h i g h  i n  Na, b u t  contains no K ,  Ca, o r  Si02. Since Na is  the 
most abundant species i n  the water, the Na-K-Ca temperature estimates would 
be l ea s t  sensitive t o  contamination by Nay providing further indirect  evidence 
fo r  lack of serious contamination e f fec ts  i n  the Na-K-Ca temperature estimates. 

S i l ica  temperatures were estimated on the basis of quartz solubi l i ty ,  
The Si02 tem- from a graph based on the work of Fournier and Rowe (1966). 

peratures a re  consistently lower than the Na-K-Ca temperatures, and show more 
var iab i l i ty  from sample t o  sample. 
579 m was obtained on a sample tha t  was shipped unfil tered,  and appeared to  
be par t icular ly  contaminated i n  that  the sample contained approximately 5 per- 
cent sol ids  by volume. 
m i g h t  be responsible for the observed h i g h  Si02 content. 

Subsequent t o  the analyses described above, which  were carried out  
w i t h i n  a few days a f t e r  collection of each sample, three samples were selec-- 
ted fo r  more complete chemical analysis. The analyses were performed by the 
water quali ty laboratory a t  New Mexico State  University. 
three analyses a re  shown i n  Table E.7. Two of the samples (511 and 512) were 
chosen from the d r i l l  stem t e s t  t ha t  attempted to  test the fracture  zone i n  
the vicini ty  of 1040 in. I t  i s  near this zone tha t  the highest temperatures 
a re  presently observed i n  the d r i l l  hole. The t h i r d  sample (54) was chosen 
because i t  represents the l a s t  sample taken d u r i n g  the deepest d r i l l  stem 
test  and t h u s  presumably the most representative of the formation f l u i d ,  
although as noted above i t  is  not known fo r  sure whether the packers leaked 
d u r i n g  the t e s t s  or not. 
a te ly  following collection. 
samples average 787 ppm so the formation waters a re  f a i r l y  d i l u t e .  
and cation analyses agree w i t h i n  25 percent of those l i s t ed  i n  Table E.6. 

chlorine content is  re la t ive ly  low while HCOj i s  50 percent more abundant 
than S O i .  The most unusual feature of the water is the h i g h  content of fluo- 
rine. 
aureole of the Empire Creek stock and i n  the rock i t s e l f  (1974 report ,  F i g - -  
ure 2.9; Geological Studies Section, this report) is undoubtedly the explana- 
tion f o r  the h i g h  values. The similar h i g h  f luorine contents for  the samples 
suggests t h a t  the waters are  representative of formation conditions since the 
fluorine i s  not a contaminant i n  the d r i l l i ng  additives and can be explained 
by -- i n  situ conditions. 
i n  a l l  the samples and are  similar t o  those shown i n  Table E.6, again suggest- 
i n g  a minimum of contamination of formation f l u i d .  

The anomalously h i g h  value of Si02 a t  

Thus i t  may be that  solution of Si02 from rock powder 

The results of these 

Furthermore this sample was not analym! immedi- 
The total  dissolved sol ids  content of the three 

The s i l i c a  

The The water i s  basically a ‘dilute sodium bicarbonate-sulfate water. 

However, the ubiquitous occurrence of f luo r i t e  i n  the metamorphic 

In t u r n  the major and minor components are  similar 

The only other comparable 
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Table E.7 Chemical analyses of three selected drill stem test water samples, 
MGE #l. 
Agronomy Department, Water Quality Laboratory. 
in ppm. 

Analyses performed by New Mexico State University, 

Electrical conductivity in millimoles/litet. 
Concentrations 

Tota l  
Sample D r i l l  s t e m  Dissolved S i02  Na K Ca Mg Cations CO3- HCO3- C1- SO4= 

No. Test S o l i d s  

54 A 7 87 27 221 12.1 12.8 1.0 274 0 250 43 180 

511 C 732 94 214 9.8 10.2 0.6 329 16.8 226 43 168 

0 262 43 160 512 C 792 84 223 11.3 8.4 0.7 327 

Anions Fe F B E l e c t r i c a l  
Conductivity 

513 <.12 19.6 .87 1.07 

454 .49 19.0 .93 0.99 

465 c.12 19.0 1.03 1.06 



samples are  numbers 56 and 59. 
thus low estimated s i l i c a  temperatures a re  the deepest samples from each of 
the f i r s t i t h r e e  dr i l l  stem t e s t s .  Unless the packers leaked, these samples 
t h u s  represent the deepest formation f luid sampled, and t h u s  possibly the 
l ea s t  contaminated. 
Si02 values, and the Na-K-Ca contents do not vary s ignif icant ly  from the other 
f lu id  samples. 
content i s  associated w i t h  the tool water sampler f luid sample (except 512); 
2 )  the f lu id  i n  the fracture zones below 1500 m has i n  s i t u  temperatures 
lower than those actually measured; 3)  the f lu id  f r a c t u r e o n e s  below 1500 m 
come from a lower temperature regime t h a n  that  in the fracture  zones above 
1100 m although i t s  -- i n  situ temperature i s  near 90°C. If the difference i n  
Si02 contents i s  rea l ,  the resul ts  also suggest tha t  the packers d i d  not leak 
d u r i n g  the d r i l l  stem tests, and the measured pressures i n  the various frac- 
ture  zones, which were almost the same, are  v a l i d  estimates of the -- i n  situ 
pressures. 

All the samples with low s i l i c a  contents, and 

However, only the l a s t  sample o f  each t e s t  gives the low 

1 )  some systematic a f fec t  on Si02 Therefore i t  appears t h a t :  

In addition t o  variations i n  the chemical constituents of the water, 
another type of evidence bearing on the underground flow regime i s  the dis- 
t r ibut ion of oxygen isotopes. 
i n  geothermal systems have been described by Craig (1966), White e t  a l .  (1971),  

. and Copeland and Kolesar (1975). Craig (1966) found that  the hydrogen and, 
oxygen isotopic composition o f  precipitation 'd i f fe rs  from one local i ty  to  
another mainly due t o  differences i n  temperature. 
lat ion between 6D and 6018 'for meteoric water samples of the form 6D = 8 6018 
+ 10. T h i s  curve predicts the var'iation o f  the oxygen and hydrogen isotopes 
due t o  precipitation. In general the geothermal systems'will have a small 
e f fec t  on the hydrogen isotopic composition of the water flowing through the  
system because there i s  very l i t t l e  hydrogen i n  the rocks and thus the tiydrb- 
gen isotopic composition of precipitation which enters the ground water' system 
and flows through a geothermal system remains relat ively unchanged. On the' 
other hand the oxygen isotopic composition will change d u r i n g  t r ans i t  through 
a geothermal system, i f  the temperature.is suff ic ient ly  hot (on the order of 
150°C or grea te r ) ,  because of the exchange of the oxygen in the water w i t h  the 
oxygen i n  the rock. 

' i n  the water and t o  decrease the abundance of the rock. Thus  018 " s h i f t s "  
are  character is t ic  of geothermal areas. With t h i s  possibi l i ty  i n  mind several 
samples from the Marysvi 11 e area were analyzed for  the i r  isotopic content. 

The variations of oxygen isotopes i n  f luids  

He obtained a l inear  corre- 

. 

The ef fec t  of his exchange is  t o  increase the 018'content 

The samples were analyzed by Dr. Lynton Land a t  the University o f  Texas 
a t  Austin us ing  a C02 exchange techniquewith an estimated precision of 
50.05 O/OO. In view b f ' t he  constancy of 
hydrogen i t  was not determined, bu t  ( i n  this area) would be approximately 
150 O/OO. 'The resu l t s  of these analyses a r e ' t h a t  the waters frorrr the d r i l l  
hole are  essent ia l ly  identical i n  isotopic composition t o  the waters from the 
surface. The only s ignif icant  exception'to this conclusion i s  the 579 m sam- 
ple which has a n  isotopic s h i f t  of approximately 1/2 u n i t .  I t  i s  interesting 
t o  note tha t  this  sample had the highest s i l i c a  temperature, which was t h u s  
the one most similar t o  the 

The results a re  shown i n  Table E:8. 

1 cul ated Na-K-Ca temperatures. 
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Table E.8 Oxygen isotope determinations on spring and MGE 81 

waters. 
located in section T 12N, R6W Sec 31 

The spring identified as Dry Gulch is 

18 Locality Sample No. 8 0  ,0100 

Dry Gulch 19.05 

Water Well 19.23 

MGE-1 579.1 m 18.58 

11 53 19.04 

59 ' 18.93 11 

11 512 19.02 . 
The r e s u l t s  o f  the water chemistry a re  shown i n  Figure E.17. The depth 

and estimated geochemical temperature f o r  each sample from Table E.6 are 
shown on the f i g u r e  as an i n t e r p r e t i v e  genera l izat ion o f  the i n  s i t u  tempera- 
tures. Temperatures based on the Si02 geothermometer are shown as c i r c l e s  
and temperatures based on the Na-K-Ca geothermometer are p l o t t e d  as boxes. 
The discrepancy between the two types o f  geothermometers i s  abvious as the 
general agreement between samples w i t h  the same geothermometer. The only 
exceptions t o  t h i s  general consistency are the h igh values of the Si02 tem- 
perature a t  579 m and the low values o f  the Si02 temperatures i n  the deepest 
samples from d r i l l  stem t e s t s  A, B, and C. These temperatures seem t o  be 
wel l  below the fo rha t i on  temperature based on the temperature logs, and t h e i r  
s igni f icance has been discussed above. A curve has been drawn connecting the 
various Si0 geochemical temperatures assuming t h a t  the samples co l l ec ted  

500 and 1200 m and the deepest samples from d r i l l  s em t e s t s  A, B, and C 
represent Si02 temperatures below 1500 m. The curve (1)'may be a figment o f  
the sampling i n  some manner o r  the other; (2)  may represent i n  s i t u  tempera- 
tures before d r i l l i n g ;  (3)  may ind i ca te  t h a t  the f l u i d  i n  the upper and lower 
por t ions o f  the d r i l l  hole comes from d i f f e r e n t  l oca t i ons  i n  the geothermal 
area. Hypothesis (2) seems u n l i k e l y  although there i s  s t i l l  evidence i n  the 
temperatures bore hole f o r  comunicat ion o f  the f r a c t u r e  zones behind the 
casing. The t h i r d  hypothesis seems the most l i k e l y ,  but  the s i m i l a r i t y  o f  
a l l  the other  chemical const i tuents i s  d i f f i c u l t  t o  exp la in  w i t h  t h i s  hypoth- 
esis. Further temperature and f l ow  t e s t s  are necessary t o  determine w i t h  
c e r t a i n t y  the temperatures i n  the wel l  i n  t h i s  zone. 

2 dur ing d r i l  T i n g  and d r i l l  stem t e s t  D represent Si0 temperatures between 

-- 

I n  conclusion the r e s u l t s  o f  the chemical analyses can be summarized 
i n  general the waters obtained from MGE #1 are extremely uni-  as fo l lows: 

form i n  Na, Ca, K and Si02 content w i t h  depth and the f l u i d  i s  a d i l u t e  
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Figure E.17 Estimated in situ temperatures and calculated Si0 (Quartz) 

The numbered data points r,epresent samples collected during 
temperatures (circles) and Na-K-Ca temperatures ( E oxes) . 

.6) ,while the temperatures identified 
tained from samples of drill stem test 

rs set as indicated, and at depths 
ng indicated by the position of the 

data point. The Si0 Temperature-Profile is discussed in 
the text. 2 

, .I.- 

I ,  . . . .- , - , . .  ... I -  . 
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sodium bicarbonate-sulfate water. 
geothermometer are between 110 and 130°C except below 1500 m whi le those 
based on the Na-K-Ca geothermometer are between 165 and 180°C. 
show l i t t l e  018 s h i f t  except f o r  the sample from 579 m which also had the 
highest Si02 temperature. 
somewhere i n  the geothermal system temperature must be on the order o f  120°C+, + 

w i t h  some evidence o f  temperatures i n  excess o f  150°C somewhere i n  the sys- 
tem t h a t  feeds the f rac tu re  zone(s) a t  o r  above 579 m. The Si02 temperatures 
may i nd ica te  a much greater temperature between 500 and 1200 m and a much 
greater drop i n  temperature w i th  depth below 1500 m than ac tua l l y  observed by 
the temperature logs. 

Calculated temperatures based on the Si02 

The waters 

On the basis o f  these data i t  thus appears t h a t  

Well Log and Core Studies 

MGE #l. serve two important functions: they fu rn i sh  ground t r u t h  f o r  the 
in fer red subsurface condit ions based on the surface geophysical invest igat ions,  
and they furnish important information on the  loca t ion  and descr ip t ion o f  
important l i t h o l o g i c  and physical parameters o f  the rock cu t  by the wel l  bore. 
I n  t h i s  sect ion both o f  these appl icat ions w i l l  be b r i e f l y  discussed. An 
in te rva l  summary of the logging resu l t s  i s  shown i n  Figure E.22 and discussed 
i n  the sect ion on Summary o f  Deep D r i l l i n g  Results. The studies on core sam- 
ples recovered from the hole w i l l  be b r i e f l y  described. Other s im i la r  data 
sets of the  quant i ty  and q u a l i t y  avai lab le f o r  MGE #1 are v i r t u a l l y  nonexis- 
t en t  i n  the pub l ic  domain. ,Such data sets are ra re  enough f o r  deep holes i n  
basement rocks and do not e x i s t  f o r  other holes i n  basement rocks i n  geo- 
thermal areas. Detai led studies o f  the resu l t s  b r i e f l y  described here w i l l  
continue f o r  years Unfortunately the appropriate studies could not be car- 
r i e d  out  i n  a comp e l y  sat is factory  way due t o  manpower l im i ta t i ons .  There- 
fore the resu l ts  described here represent j u s t  a beginning o f  the u t i l i z a -  
t i o n  of the co l lec ted  data. The studies described here w i l l  be continued 

t h e i r  appl icat ion have been d is-  
ed w i t h  t h i s  f i n a l  repor t  (Coates, 
i o n  w i l l  not  be repeated here. 
ormation r e s i s t i v i t y ,  P wave veloc- 

i t y ,  dens1 ty, porosi ty,  natura l  gammâ  a c t i v i t y ,  s t ruc tu ra l  information ( d i  
meter log)  as we l l  as temperature, hole s ize and f l u i d  flow. Coates (1974 
included as we l l  a l o g  o f  computed poros i ty  from the sonic log  and of com- 
puted poros i ty  from the r e s i s t i v i t y  log. The appl icat ion o f  a l l  the data t o  
the loca t ion  o f  f rac tu re  zones was discussed. 

.A general su ary o f  some o f  the 
t i ons  i s  presente i n  a l a t e r  section. 
physical parameters are shown i n  Table E.9. 
ve loc i ty ,  densi ty and porosi'ty f o r  the dri.11 hole. 
includes the dac i te  d ike and hornfelsed sedimentary rocks above the Empire 
Creek stock. This i n t e r v a l  a lso includes a th i ck  zone o f  f ractur ing asso- 
c ia ted  w i th  the contact o f  the stock. 

Measurements o f  i n  hole physical and chemical propert ies by the logs i n  

P 

gging resu l t s  and of t h e i r  implica- 
The average values of some important 

This tab le  shows average P wave 
The in te rva l  50 t o  300 m 

Thus the 50 t o  250 m i n te rva l  was 
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Table E.9 Some i n t e r v a l  average  p r o p e r t i e s  from MGE #1 
Logging r e s u l t s .  
i s  shown below average .  

Standard d e v i a t i o n  of  property  

Depth Range P wave V e l o c i t y  
meters km/sec 

50-251) 5 . 6  
,o. 1 

50- 300 5 . 2  
0 .7  

300-TD 

1800- 2000 

5 . 3  
0 . 1 .  

5 . 6  
0 . 1  

Densijjy P o r o s i t y  L i tho  l o g y  
gm/cm % 

2 .67  1 9 . 0  Pred. Empire Sha le  
' 0 . 0 2  7 . 0  

2 .65  2 0 . 1  
0.04 7 .0  

1 1  11 II 

2 .51  
' 0.03 

2 . 5 4  
0 . 0 1  

3 .4  
1 . 8  

2 . 0  
0 . 3  

Empire Creek g r a n i t e  
porphyry 

porphyry 
Empire Creek g r a n i t e  

304 - 1954* ' 2 .57  1.0 Empire Creek g r a d  te 
0.02 P orph Y r Y 

* 11 core samples 

chosen t o  avoid the f r a c t u r e  zone. The e f f e c t  o f  t he  f r a c t u r e  zone i s  most 
obvious on the average sonic ve loc i t y ,  which var ies by 8 percent between the 
two i n t e r v a l  averages. 
and must consist ,most ly o f  f r a c t u r e  po ros i t y  as the  i n t r i n s i c  po ros i t y  of 
the hornfelsed sedimentary rocks i s  e s s e n t i a l l y  zero. The i n t e r v a l  from 
300 m t o  t o t a l  depth includes the  Empire Creek stock, whi le  the i n t e r v a l  
1800 t o  2000 m was chosen as most representat ive o f  the l e a s t  f rac tu red  por- 
t i o n  o f  the stock, based on l o g  analyses. The sonic v e l o c i t i e s  are s i m i l a r  
t o  those i n  the rock above the stock, but  there i s  a 0.08 t o  0.16 gm/cm3 
densi ty contrast  across the contact. The densi ty ca lcu lated i n  the 1800 t o  
2000 m i n t e r v a l  and t h a t  measured i n  the l a b  on saturated core samples are 
very close, p a r t i c u l a r l y  when the d i f f e rence  i n  po ros i t y  i s  taken i n t o  
account. 
2.5 percent f r a c t u r e  poros i ty  and about 1 percent i n t r i n s i c  po ros i t y  (mostly 
i n  the form o f  m i a r o l i t i c  c a v i t i e s ) .  

The average po ros i t y  i s  very high, about 20 percent, I 

It appears t h a t  the Empire Creek stock has an average of about 

Thus t h e  high observed r e s i s t i v i t i e s  are n o t  e n t i r e l y  due t o  lack o f  
po ros i t y  as might be imferred without wel l  information. 
log measurements o f  r e s i s t i v i t y  a re  discussed i n  more d e t a i l  by Peeples 
(1975). I n  s p i t e  o f  the ove ra l l  po ros i t y  f i g u r e  o f  3.4 percent, a wel l  
in tegrated (on the scale o f  100's o f  meters) hydrothermal convection c e l l  
ex is ts ,  implying high permeabi l i ty  along the  f r a c t u r e  systems. 

The laboratory and 
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REGIONAL EXPLORATION STUDIES 

Microearthquake Studies 

Microearthquake studies carried out d u r i n g  1973 and discussed i.n the . 
1974 report indicated a zone of microearthquake ac t iv i ty  between the area of 
the Marysville geothermal anomaly a n d  the town of Helena, approximately 
30 km southeast of the geothermal anomaly. The resu l t s  of the 1973 micro- 
earthquake study have been previously discussed (Friedline and Smith, .  1974; 
Friedline e t  a l . ,  1974, 1975). An additional 2 months of recordings were 
obtained d u r i n g  1974 i n  order t o  evaluate more completely the seismicity of 
the general area. 
Helena area a re  highly i r regular ,  b u t  average one t o  two events per day. 
The microearthquakes located d u r i n g  the 2 years of recordings a re  shown i n  
Figure E.18. 
cated i n  Figure E.18 as are  the i r  epicenters. More de ta i l  o f  the location 
procedure and da ta  reduction techniques a re  g iven  by Friedline and Smith 
(1974). The accuracies of the locations and epicentral determinations a re  
discussed i n  more detail  i n  Friedline e t  a l .  (1975), b u t  a re  i n  general +1 
to  2 km fo r  focal d e p t h  and epicenter for events located w i t h i n  an array. 
A l l  of the events plotted i n  Figure E.18, w i t h  the exception of a few near 
the margin of the area,  were w i t h i n  one array diameter or less  from the 
array locations. 

Observed microearthquake rates  a t .a r rays  i n  the Marysvil le- 

The approximate focal depths of located earthquakes are  i n d i -  

There is  diffuse ac t iv i ty  over most of the map area and the ac t iv i ty  
appears t o  decrease away from the map area shown. Very few events were 
located i n  a 50 km band around the map area shown i n  Figure E.18 even though 
they should have been detectable i f  they had occurred. Figure E.18 shows a 
c luster  of events approximately 5 km northeast of Helena (Scratch Gravel 
Hil ls)  and a second cluster  of events approximately 5 km southeast of the 
geothermal anomaly near Three Mile Creek and Greenhorn Mountain. There a re  
no recorded events i n  the immediate v ic in i ty  of the geothermal anomaly and 
there is a second seismic gap between the Scratch Gravel Hills  and Three 
Mile Creek groups o f  microearthquake events. 
fo r  the 1973 data are shown i n  Figure E.19. 
cate  a t  l eas t  two different composite f a u l t  plane solutions i n  the Scratch 
Gravel Hills area as d i d  the 1973 data, and the 1973 data are  taken to  be 
representative. Very few epicenters were located i n  the Three Mile Creek 
area dur ing  1974 and the composite f a u l t  plane solution from this area could 
no t  be verified.  The composite f au l t  plane solutions are consistent w i t h  
northwest-southeast s t r i k i n g  normal f a u l t s  or  east-west, north-south striking 
strike slip fau l t s .  

discussed i n  the Heat Flow section'and i n  the section, Nature of the Geo- 
thermal Area. 

Composite f a u l t  plane solutions 
Data from the 1974 survey i n d i -  

The possible interrelationships of the heat flow and seismic data a re  
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Figure E.18 Microearthquake loca t ion  and heat  flow i n  the  Marysville- 
Helena region. 
anomaly i s  the  3.0 pcal/cmZsec contour l i n e .  The a rea  of 
Figure E . l  i s  shown by the  dashed box. Outcrops of la rge  
g r a n i t i c  i n t r u s i v e s  a r e  shown by the s o l i d  l i nes ,  except f o r  
the  geothermal anomaly. The remainder of the  symbols a r e  
i d e n t i f i e d  on the  f igure .  

The l i n e  bordering the  Marysville geothermal 
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Figure E.19 Composite f a u l t  plane so lu t ions  from microearthquake da ta  between 
Marysville and Helena, Summer 1973. Pro jec t ions  are on an equal- 

* area s tereographic  n e t ,  lower hemisphere. Sol id  c i r c l e s  represent  
compression and open c i r c l e s  r ep resen t  d i l a t a t i o n .  Solu t ion  1 i s  
cornposited from 11 earthquakes i n  the  northern p a r t  of the  Scratch 
Gravel H i l l s .  So lu t ion  2 is  cornposited from 11 earthquakes i n  the  
southern p a r t  of the  Scratch Gravel H i l l s .  
from 1 2  earthquakes i n  the  Three Mile Creek a rea .  

: 

Solu t ion  3 i s  cornposited 

CFPS Location Type of Nodal Plane 1 Nodal Plane 2 P a x i s  T a x i s  

Plunge Plunge 
Faul t  Azimuth/Dip Azimuth/Dip ' Azimuth/ Azimuth/ 

1 Scratch Gravel Oblique N76%/70S N06OE/7o0E N340W/30°NW S55%J/02°SW 
H i l l s  s -s 

2 Scratch Grave 1 Norma 1 N67%J/4Z0SW N4 7 %/ 50°m N 7 8% / 7 9% N 3 'jOE / 04'NE 
H i l l s  

3 Three M i l e  Norma 1 N64%/32'SW N34%/60ONE N89%/71% N45°E/140NE 
Creek 
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Gravi ty  Surveys 

Because o f  the broad e f f e c t  o f  deep seated densi ty  contrasts i t  was 
necessary t o  cover a much l a r g e r  area w i t b  t he  g r a v i t y  survey than with most 
of the other geophysical surveys ca r r i ed  ou t  i n  the geothermal area. 
a lso necessary t o  have r e l a t i v e l y  broad g r a v i t y  coverage i n  order t o  be able 
t o  remove the regional  e f f e c t  from the observed data i n  order t o  i n t e r p r e t  
the actual  anomaly present w i t h i n  any given area. The complete set  o f  g r a v i t y  
data obtained as p a r t  o f  t h i s  p r o j e c t  i s  shown i n  Figure E.7. Figure E.7 i s  
a res idual  g r a v i t y  anomaly map prepared as described i n  the sect ion on Gravi ty 
and Magnetic Studies and covers the same area as shown i n  Figure E.18. Only 
a low order regional  was removed from t h i s  data so there may s t i l l  be some 
broad scale e f f e c t s  present not  adequately accounted f o r  by the regional  
removal. However, there a r e  two la rge  negative anomalies i n  the map area, 
a very l a rge  broad negative anomaly w i t h  a maximum amplitude on the order o f  
-14 mgal r e l a t i v e  t o  the most p o s i t i v e  values observed, w i t h  a diameter of 
approximately 12 km and centered a t  the southwestern corner o f  the geothermal 
anomaly. 
approximately -16 mgal r e l a t i v e  t o  the most p o s i t i v e  values observed, occurs 
over S i l v e r  Val ley and i s  probably r e l a t e d  t o  a basin f i l l e d  w i t h  low densi ty  
sediments. Other anomalies i n  the general area, although n o t  shown i n  t h i s  
map, include a l a rge  negative g r a v i t y  anomaly associated with the P r i c k l y  
Pear Val ley immediately no r th  o f  Helena and a t  the west margin o f  the map 
area (Davis e t  al., 1963) and a large negative g r a v i t y  anomaly associated 
w i t h  the  Boulder b a t h o l i t h  and beginning approximately 20 km south of the 
area (Biehler and Bonini, 1969; Burfeind, 1967). There i s  no g r a v i t y  anomaly 
detected i n  the v i c i n i t y  o f  the Scratch Gravel H i l l s  although there may we l l  
be a small negative anomaly associated w i t h  the i n t r u s i v e  rock there. The 
de ta i l ed  i n t e r p r e t a t i o n  o f  t h e  anomaly i n  the v i c i n i t y  o f  t he  geothermal area 
i s  discussed i n  the sect ion on Grav i ty  and Magnetic Studies. The S i l v e r  
Creek anomaly w i l l  no t  be i n te rp re ted  as i t  does n o t  bear on the geothermal 
anomaly. 

It i s  

A second negative g r a v i t y  anomaly, w i t h  a maximum amplitude o f  

Heat Flow 

I n  order t o  invest igate i n  more d e t a i l  the geothermal impl icat ions of 
t he  zone o f  microearthquake a c t i v i t y  between the geothermal anomaly and the 
Helena area, two holes were d r i l l e d  outside the geothermal anomaly during 
1974. The locat ions o f  these holes are shown i n  Figure E.18 as i s  the heat 
flow value associated wi th  each hole. The values o f  thermal conduct iv i ty,  
gradient, and heat f l o w  a re  l i s t e d  i n  Table E.3, and the temperature-depth 
curves are shown i n  Figure E.9. These two holes were located t o  occupy the 
gap i n  seismic a c t i v i t y  between the Three M i l e  Creek and the Ft.  Harrison- 
Scratch Gravel H i l l s  centers (Park Creek l o c a l i t y ,  RDH-36) and t o  obta in  a 
heat f low value i n  the v i c i n i t y  o f  the F t .  Harrison-Scratch Gravel H i l l s  
center. The l o c a t i o n  picked f o r  t he  F t .  Harrison d r i l l  hole (RDH-35) was 
between the seismic a c t i v i t y  and Broadwater ho t  spring. 
spring i s  the nearest hot spr ing t o  the geothermal anomaly a t  Marysvi l le.  
The spr ing apparently issues from f ractures i n  a small g r a n i t i c  stock s i m i l a r  
t o  the  Marysvi 11 e granodior i te,  surrounded by contact  metamorphosed He1 ena 

The Broadwater hot 
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and Empire formations (Knopf, 1963). 
Empire shale extending from the Broadwater-hot spring intrusive toward the 
Scratch Gravel Hills intrusive which occupies an area at the'southeastern' 
margin of the seismic activity. The'location of both of these intrusiv 
are shown in Figure E.18. Drill hole RDH-35 was located between these tMo 
areas of granite outcrop, near the zone of microearthquake activity, on an 
outcrop on the Empire shale in'the dome. 

Before drilling the heat flow holes a reconnaissance ground magnetic 
survey was carried out over the tohe of microearthquake activity in order to 
locate possible buried intrusives similar to the Marysville stock. 
survey indicated no large unexposed pluton in the area mapped by Knopf (1963). 

of geothermal anomalies in spite of the structural resemblance to the 
Marysville geothermal area of the site o 

The heat flow values were not corre 
sites were selected in areas of low relief within 1 to 2 km from the bore 
hole so that the topographic correction will be small. A maximum effect of 
-5 percent is estimated The 
observed heat flow value 1.8 pcal/cmzsec at Park Creek (RDH-36) and 1.8 
pcal/cm2sec at Ft. Harrison (RDH-35), are typical of heat flow values in 
Belt Series rocks in west-central Montana (Blackwell and Robertson, 1973). 
On the basis of these data there appears to be no simple relationship, if 
any, between the geothermal anomaly and the microearthquake activity. The 
regional association of the two, however, is very interesting and worthy of' 
additional study. The question of the exact correspondence between geothermal 
features and microearthquake activity is a general one, and this area seems 
to be an ideal test example of the association because o f  the geographic 
association and the large body of geophysical, geological and hydrological 
information already available for the area. 

SUMMARY AND DISCUSSION 

Summary of Exploration Results 

During the geological and geophysical exploration of the Marysville 
geothermal anomaly all the standard exploration techniques were used, as 
we1 1 as several less commonly used techniques. 
prospect at the present time seems to require separate design of an explora- 
tion flow path because o f  the extremely variable cond ions of the geothermal 
occurrences; the Marysville geothermal area i s  no exc tion to this rule 
The geological techniques that were used included geologic mapping, various 
kinds of geochemical analyses, mapping of the metamorphic mineral assemblages, 
and analysis of the structural geology. 
different kinds of electrical resistivity techniques (roving dipole and 
magnetotelluric-audiomagnetotel luric), gravity, airborne and ground magnetics , 
dri 1 1  ing for heat f l o w  determinations, microearthquake and  seismic^ ground 
noise surveys, and airborne infrared sensing. 

There isba north trending dome in the 

' 

Such a 

The results of both drill holes were negative with respect to discovery 

the topographic correction at each site. 

Each individual geothermal 

Geophysical techniques Sncluded two 

E.83 



Almost every one of the geological and geophysical techniques has fur- 
nished important data re la t ing t o  the set t ing and controls on the geothermal 
anomaly. Some of the techniques have furnished information more d i rec t ly  
related t o  the geothermal anomaly-than others, b u t  almost a l l  furnished 
important background information for  the interpretations.  The uniqueness of 
each particular exploration target  i s  exemplified by the results from the 
Marysville geothermal anomaly. For example, analysis of metamorphic assem- 
blages i n  rocks i s  not comonly included i n  flow charts f o r  geothermal explo- 
ration; however, the metamorphic study has furnished c r i t i c a l  information 
for interpreting the geophysical data. 

and the i r  i n p u t  into the exploration program as applied to  the geothermal 
area will be summarized i n  this section. 
of the deep exploration d r i l l  hole (MGE #1) will be discussed, and in the 
section, Nature of the Geothermal Area, the r e su l t s  of the deep d r i l l i ng  and 
surface exploration will be combined into a preliminary interpretation of 
the nature of the geothermal area. 
available there are st i l l  a number of important unknowns. 
addressed i n  more detai l  i n  the l a s t  two sections of this chapter. 

parameters i l l u s t r a t ed  on Figure E.20 include the outcrop o f  the Empire shale,  
the outcrop and subcrop extent of the Marysville granodiorite, the outcrop 
of the metamorphic zones, the outline of the heat flow anomaly, and the 
surface location of several mapped faul ts .  I t  is apparent from this data 
tha t  there i s  a h i g h  degree of correlation between the outcrop of the Empire 
shale, the metamorphic zones not associated w i t h  the Marysville stock and 
the geothermal anomaly. 
Marysville stock bears a very close relationship to  the northeastern bounda- 
ries o f  the heat flow anomaly. 
the 1974 report, the existence o f  isolated h i g h  grade diopside zone contact 
metamorphic rocks southwest of the Marysville stock implies the existence of 
a buried igneous body(s) of rather large s i ze  beneath these metamorphic zones. 
Based on the magnetic data discussed i n  the 1974 report ,  rocks similar i n  
magnetic suscept ibi l i ty  t o  the Marysville stock cannot underly (and t h u s  
cause) these zones. I t  i s  known from exploration d r i l l i ng  tha t  a t  l ea s t  
parts of both of these contact metamorphic aureoles a re  underlain by Cenozoic 
quartz porphyry stocks (Rostad, 1969; Blackwell and Baag, 1973; Ratcl i f f ,  
1973). The known subcrop of these quartz porphyries i n  each area (Bald Butte 
and Empire Creek) previous t o  these studies consisted of no more than a few 
hundred square meters , however. 

The correlation between the metamorphic zones, and the dome as outlined 
by the outcrop of the Empire shale i s  also obvious. 
the dome i n  the Empire shale is  caused by these underlying quartz porphyry 
bodies. The age of these intrusive rocks i s  40 and 49 M.Y.B.P. fo r  the 
Empire and Bald Butte stocks respectively. 
porphyry dikes southwest of the Marysvi 1 l e  stock probably has equivalent 
ages. One of these dikes was dated a t L 4 8  M . Y .  (Ratcl i f f ,  1973). .The 

The interrelationship and resu l t s  of the various exploration techniques 

In the following section the resu l t s  

In sp i te  of the tremendous amount of data 
These will be 

The resu l t s  o f  the geological studies a re  shown i n  Figure E.20. The 

I t  also appears t ha t  the subcrop extent of the 

As discussed i n  previous sections and i n  

I t  would appear t ha t  

The extensive s e t  of feldspar 
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Figure  E.20 Summary map of geo log ica l  exp lo ra t ion  resu l t s  compared 
t o  h e a t  flow anomaly. 
i n  t h e  area,  the  Empire Sha le ,  i s  shown,as i s  t h e  ou t -  

, c rop  of t h e  Marysvi l le  s t o c k  and t h e  subcrop of t he  
N a r y s v i l l e  s t o c k  ( f i n e  r u l e d  l i n e ) .  
h d i c a t e d .  

The outcrop  of  t he  o l d e s t  u n i t  

Major f a u l t s  are 
The t r e m o l i t e  and d iops ide  con tac t  metamorphic 

i sog rads  are shown by o u t s i d e  and i n s i d e  t h i n  l i n e s  
r e s p e c t i v e l y .  
bhown by t h e  i n t e r r u p t e d  double l i n e .  

The 5.0 pcal/cm2sec h e a t  flow contour  i s  

I 
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r e l a t i o n s h i p  a t  depth between the Empire Creek and Bald Butte stocks i s  
s t i l l  unknown. 
the geothermal anomaly must be a t  l e a s t  p a r t i a l l y  located i n  o r  below Cenozoic 
quartz porphyries. The quartz porphyry bodies themselves cannot be the 
source o f  the heat because the cool ing t ime f o r  a body w i t h  a s i ze  o f  many 
cubic ki lometers i s  on the order o f  1 t o  2 M.Y. 

Thus on the basis o f  the geological studies the source o f  

For subsurface extrapolat ions o f  the geological data the geophysical 
techniques are important, and a synthesis o f  t he  geophysical informat ion 
obtained dur ing explorat ion studies i s  shown i n  Figure E.21. 
o p t i c  form a r e  the r e s u l t s  o f  t h e  grav i ty ,  magnetic, heat f low, r e s i s t i v i t y ,  
and ground noise surveys. The data on which these f i gu res  .,are ,based are - 
discussed i n  the 1974 repo r t  and i n  t h i s  repq r t ,  and,ref,eren,ce, should be made 
t o  the i nd i v idua l  sections f o r  de ta i l ed  ,discussions o f  ,the data,. 

rthquake survey .are n the sect ion on 
Microearthquake Studies. The microearthquake zon est  t o  the south- 
eastern corner o f  , the map area and two .or”  three o f  the located.,’earthquakes 
f a l l  on the map area i n  , that  v i c i n i t y .  The area ,of 
i t s e l f  appears t o  be aseismic, based on 5 months o f  

those o f  t he  geological data and t h e i r  i n t e r p r e t a t i o n  i s  not  so s t r a i g h t  
forward. 
w i t h  the  geological data shown i n  Figure E.20 because p a r t  o f  a residual  
g r a v i t y  low i s  associated with the  heat f l o w  anomaly. The negative g r a v i t y  
anomaly corre la tes wel l  w i t h  the  geothermal anomaly except t h a t  the g r a v i t y  
anomaly extends south o f f  t he  map area, wh i l e  the heat f l o w  anomaly decreases 
r a p i d l y  i n  amplitude t o  the south. As usual, however, t he  g r a v i t y  data are 
ambiguous because the g r a v i t y  anomaly could a r i s e  from mass di f ferences not  
associated w i t h  the Empire Creek stock o r  t he  geothermal anomaly. The 
de ta i l ed  i n t e r p r e t a t i o n  o f  the g r a v i t y  data i s ’  discussed i n  a previous 
section. 

Shown i n  syn- 

The in te r re la t i onsh ips  o f  the geophysical data are l ess  obvious than 

The g r a v i t y  data appear t o  co r re la te  w i t h  the  heat f low anomaly and 

E l e c t r i c a l  r e s i s t i v i t y  i s  one o f  the most important explorat ion tech- 
niques i n  geothermal areas because r e s i s t i v i t y  i s  a strong funct ion o f  some 
o f  the proper t ies which are most l i k e l y  t o  vary i n  a geothermal area, i.e., 
temperature, f l u i d  s a l i n i t y ,  and poros i ty .  
o f  e l e c t r i c a l  r e s i s t i v i t y  are general ly associated wi th  geothermal areas; 
however, i t  i s  c l e a r  from the previous r e s u l t s  (Jackson, 1972; Peeples, 1975), 
as shown i n  Figure E. 21, t h a t  the e l e c t r i c a l  r e s i s t i v i t y  values are very 
high i n  the geothermal area and t h a t  there i s  no consistent associat ion of 
low r e s i s t i v i t y  with t h e  high geothermal gradients. The rov ing  d ipo le  tech- 
nique on which the o r i g i n a l  r e s i s t i v i t y  map was based (1974 Report; Jackson, 
1972) has a very shallow penetrat ion, perhaps even as shallow as a few tens 
o f  meters, because o f  the extremely high r e s i s t i v i t y  o f  t he  surface rocks. 
I n  order t o  ob ta in  deeper penetrat ion the audiomagnetotel l u r i c  survey was 
ca r r i ed  out. However, i n t e r p r e t a t i o n  o f  t he  r e s u l t s  o f  t h a t  survey show no 
s i g n i f i c a n t  v a r i a t i o n  i n  r e s i s t i v i t y  u n t i l  depths o f  many hundreds o f  meters 
(2 t o  6 km) a re  reached. Furthermore r e s i s t i v i t y  values were extremely high 

I n  general r e l a t i v e l y  low values 
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Figure E.21 Summary 'map of geophysical explora t ion  resu l t s .  The ground 
noise  lows and highs a r e  ind ica ted  a s  a r e  the  -6 and -10 
mgal r e s idua l  g rav i ty  contours.  The u n i t s  of ground noise  
shown a r e  the  i n t e g r a l  of the  power dens i ty  between 1 and 
2 Hz (see 1974 r epor t ) .  The g rav i ty  contours a r e  based on 
the  data  shown i n  Figure E.7 except t ha t  the e f f e c t  of the  
Marysville s tock  has been removed. 
(5.0 ucal/cm2sec) i s  shown and the  apparent r e s i s t i v i t y  
contours a t  20 Hz a r e  a l s o  shown. 

One hea t  flow contour 

. .  

, . .  
. .  
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a t  high frequencies and r a t h e r  h igh a t  the longer frequencies (minimum 
r e s i s t i v i t y  values were on the order o f  100 ohm-meters). I n  any event, i n  
t h i s  p a r t i c u l a r  area, the e l e c t r i c a l  r e s i s t i v i t y  data f u r n i s h  l i t t l e  i n f o r -  
mation i n  the depth range 0 t o  2 km which can be re la ted  t o  the geothermal 
anomaly. However, the AMT survey del ineates c l e a r l y  the f a u l t  bounding the 
southern po r t i on  o f  the area because lower r e s i s t i v i t y  shales and carbon- 
ate rocks are down f a u l t e d  against the Helena and Empire formations. 

The ground noise data a lso behave i n  a r a t h e r  d i f f e r e n t  way than i s  
usual ly  suggested f o r  geothermal areas. 
shown i n  Figure 5.2 (from 1974 repo r t )  are found i n  the area of the geo- 
thermal anomaly. The absolute values o f  ground noise a re  a lso extremely low. 
The highest values o f  ground noise occur around t h e  borders o f  the geothermal 
area, w i t h  the highest values found i n  the southeastern corner o f  the map. 
These highest values were apparently outside the  heat f l o w  anomaly and t h e i r  
o r i g i n  was somewhat unclear; however, as w i l l  be seen i n  a subsequent sect ion 
i t  now appears t h a t  the ground noise anomaly there may be r e l a t e d  t o  the 
geothermal anomaly. 

The lowest values o f  ground noise 

An airborne i n f r a r e d  survey was ca r r i ed  ou t  i n  add i t i on  t o  the above 
mentioned geophysical surveys (McSpadden e t  al., 1974). 
reso lu t i on  o f  i n f r a r e d  surveys i s  one t o  two orders o f  magnitude below t h a t  
needed f o r  detect ion o f  geothermal anomalies such as the  one i n  t e Marysv i l l e  

I n  a mountainous area l i k e  the  Marysv i l l e  d i s t r i c t  t he  noise l e v e l  from 
elevation, microc l imat ic  and vegetation e f f e c t s  i s  p a r t i c u l a r l y  high and 
furnishes the u l t ima te  l i m i t  f o r  the reso lu t i on  o f  the i n f r a r e d  data. It was 
hoped t h a t  co r re la t i ons  could be made between the i n f r a r e d  data and the exten- 
s i ve  s e t  o f  geothermal data recorded i n  the area, p a r t i c u l a r l y  the r e s u l t s  
from the heat f l o w  holes. 
holes fu rn i sh  s i g n i f i c a n t  informat ion on microc l imat ic  e f f e c t s  (Blackwell , 
1973). However, since the i n f r a r e d  survey was c a r r i e d  o u t  completely inde- 
pendently o f  the r e s t  o f  t he  geophysical explorat ion, these types o f  data 
analyses could no t  be applied. Although the  r e s u l t s  o f  the i n f r a r e d  survey 
were negative i n  the Marysv i l l e  area i t  s t i l l  seems possible, i n  theory, t o  
reduce the noise l e v e l  o f  the in f rared surveys, wi th  ca re fu l  studies, t o  
within a t  l e a s t  a f a c t o r  o f  2 o r  4 o f  the r e s o l u t i o n  required t o  map the geo- 
thermal anomaly. 
more c a r e f u l l y  ca r r i ed  out  program i n  the future.  

I n  general the 

area, where a maximum heat f l o w  value o f  approximately 20 pcal/cm !! sec occurs. 

Prel iminary studies show t h a t  t he  heat f l o w  d r i l l  

Such improvements i n  noise l e v e l  might be possible i n  a 

On the basis o f  the data discussed above, the i n t e r p r e t a t i o n  was made 
t h a t  the source o f  the high heat f l o w  was e i t h e r  a conduct ively cool ing 
shallow magma chamber beneath the Empire Creek stock, o r  a rese rvo i r  o f  ho t  
ground water c i r c u l a t i n g  w i t h i n  f r a c t u r e  zones i n  the Empire Creek stock. 
None o f  t h e  geophysical data appeared t o  g ive an unequivocal answer as t o  
which o f  these two p a r t i c u l a r  hypotheses should be favored. 
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Summary o f  Deep D r i  11 i ng Results 

The d r i l l i n g  h i s t o r y  and the de ta i l ed  r e s u l t s  o f  the deep explorat ion 
d r i l l  hole (MGE #1)  have been discussed e a r l i e r .  
i s  t o  summarize these r e s u l t s  and t o  present synthet ica l  data deal ing w i t h  
the d r i l l  hole. The hole was d r i l l e d  t o  a t o t a l  depth o f  2070 m. I t  pene- 
t r a t e d  the Empire Creek stock a t  a depth o f  294 m and remained i n  the Empire 
Creek stock for  the remainder of the d r i l l  hole. 
measured i n  the d r i l l  hole dur ing 1974 was 94°C a t  a depth o f  500 m. A t  the 
temperature logging approximately. 2 months a f t e r  completion the maximum tem- 

~ p e r a t u r e  was about 94°C a t  1000 m. The temperatures decreased s l i g h t l y  w i t h  
depth from t h a t  p o i n t  t o  91.3"C a t  1950 m. A new temperature l og  i n  1975 
(6/30/75) ind icated a temperature o f  99°C a t  855 m ( the  maximum depth t h a t  
i t  was possible t'o l og  w i t h  the equipment avai lab le)  and the temperatures 
were s t i l l  increasing w i t h  depth at '  approximately 10 t o  20°C/km. S i g n i f i c a n t  
flows of water were encountered dur ing d r i l l i n g  w i t h  the average piezometric 
l e v e l  i n  the bore hole of about 180 m below ground l e v e l .  
of the geothermal anomaly i s  a hydrothermal convection c e l l  c i r c u l a t i n g  along 
the f rac tu re  zones i n  the Empire Creek stock, consistent w i t h  one o f  the 
two hypotheses of the 1974 report .  The temperature o f  the water i s  somewhat 
lower than was ant ic ipated, although based on the explorat ion data there was 
no f i r m  evidence f o r  the temperatures. 

The r e s u l t s  o f  t he  deep explorat ion d r i l l  hole are shown i n  Figure E.22 
i n  a form o f  synoptic r e s u l t s  from the  logging program. 
a bar graph of the i n  s i t u  e l e c t r i c a l  r e s i s t i v i t y ,  seismic P wave ve loc i ty ,  
density, and gamma-ray a c t i v i t y  based on simple 25 m averages of d i g i t i z e d  
wel l  l o g  data. 
and 11/16/74 loggings are shown. 
o f  f r a c t u r e  zones based on the d r i l l i n g  h i s t o r y  a re  a lso shown. 

r e f l e c t e d  i n  K, U, and Th content and i t  most c l e a r l y  shows the contact 
between the metamorphic rocks and the Empire Creek stock. 
e f f e c t  o f  hole rugos i t y  on the gamma-ray l o g  and most o f  the large deviat ions 
t o  values below 340 i n  the depth i n t e r v a l  below 450 m are due t o  the combined 
e f f e c t  o f  increased hole s i ze  and/or f r a c t u r e  zones ra the r  than t o  va r ia t i ons  
i n  the proper t ies o f  the g ran i te  porphyry. 
a c t i v i t y  a t  about 450 m corresponds t o  a j o i n i n g  o f  two d i f f e r e n t  logs and 
i s  n o t  a func t i on  o f  l i t h o l o g i c  changes i n  the porphyry. 

densi ty occurs a t  the l i t h o l o g i c  contact  a t  294 m between the  Empire Creek 
stock and the metasedimentary rocks. 
va r ia t i ons  r e l a t e d  t o  f ractures,  the content o f  m i c r o l i t i c  c a v i t i e s  and t o  
va r ia t i ons  i n  bore hole rugosi ty .  
s i t y  l o g  i s  probably responsible f o r  t h e  measured densi t ies below 2.45 gm/cm3. 

The r e s i s t i v i t y  l o g  i s  very sens i t i ve  t o  the f l u i d  content and t o  the 
f r a c t u r i n g  (poros i ty)  i f  the f r a c t u r e  zones are a t  h igh angles t o  the bore 

The purpose o f  t h i s  sect ion 

The maximum temperature 

Thus the source 

This f i g u r e  includes 

I n  add i t i on  the temperature-depth curves from the 8/29/74 
For comparison w i t h  the logs the pos i t ions 

The gamma-ray l og  i s  most sens i t i ve  t o  va r ia t i ons  i n  l i t h o l o g y  as 

There i s  some 

The d i s t i n c t  change i n  gamma 

The densi ty  l o g  i s  based on the gamma-gama log. The main change i n  

Smaller va r ia t i ons  are due t o  poros i ty  

The bore hole rugos i t y  e f f e c t  on the den- 
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Figure E.22 Bar graphs of interval (25 m) average data density, relative 
gamma-ray intensity, travel time, and resistivity, from 
MGE #l. Also included are fracture zones (from drilling) 
and temperatures measured during the 8/31/74 and 11/16/74 
loggings . 

E'. 92 



. 
E.93 



hole. The r e s i s t i v i t y  values p l o t t e d  are uni formly high t o  a depth o f  450 m. 
However, t h i s  e f f e c t  i s  a func t i on  o f  the d i f ference i n  f l u i d  content o f  the 
hole dur ing two logging periods (mud and f resh water). The formation res i s -  
t i v i t y  values i n  t h a t  sect ion of the bore hole agree more c lose ly  w i t h  the 
f rac tu re  zones in terpreted from the seismic l o g  i f  va r ia t i ons  due t o  bore 
hole f l u i d  r e s i s t i v i t y  changes are made. Below 450 m the  zones o f  h igh con- 
d u c t i v i t y  are between 975 and 1050 m, 1075 and 1125 m, 1200 and 1250 m, 
1700 and 1775 m and below 2025 m. It i s  c lea r  t h a t  most o f  these zones cor- 
r e l a t e  wel l  w i t h  the f ractures and zones o f  water f l o w  as determined on the 
basis o f  d r i l l i n g .  However, one extensive f r a c t u r e  zone, between 850 and 
925 m, does no t  show a t  a l l  on the r e s i s t i v i t y  log. The apparent lack o f  
c o r r e l a t i o n  suggests t h a t  t h i s  zone o f  f r a c t u r i n g  i s  r e l a t i v e l y  f l a t  (see 
below). As discussed i n  the Ma n e t o t e l l u r i c  Survey sect ion and i n  the accom- 
panying r e p o r t  by Peeples (1975 B , modeling o f  t he  magnetotel lur ic response 
due t o  a r e s i s t i v i t y  layer ing s i m i l a r  t o  t h e  r e s i s t i v i t y  l o g  observed i n  the 
wel l  ind icates t h a t  the e f f e c t  o f  f r a c t u r e  zones would n o t  be observed a t  the 
surface and the f r a c t u r e  zones cannot be resolved separately from each other. 

The log  which i s  most sens i t ive t o  the f r a c t u r i n g  and l e a s t  sens i t i ve  
t o  l i t h o l o g y  i n  these basement rocks i s  a sonic t r a v e l  t ime log. The quan- 
t i t y  p l o t t e d  i n  Figure E.22 i s  i n t e r v a l  t r a v e l  time, t h  
i ty. The i n t r i n s i c  v e l o c i t y  o f  these rocks i s  probably 
microseconds/m (greater than 5.6 km/sec); therefore, most o f  t h e  excursions 
o f  the averages t o  longer i n t e r v a l  v e l o c i t i e s  (lower P wave v e l o c i t i e s )  sug- 
gest some degree o f  f r a c t u r i n g  i n  the bore hole. .Comparison o f  t he  averages 
from t h i s  l o g  w i t h  the averages from the densi ty l o g  show a h igh  degree of 
c o r r e l a t i o n  between areas o f  low densi ty  and areas o f  low P wave ve loc i t y .  
I n  p a r t i c u l a r  t he  sonic l o g  shows up a l l  the extensive f r a c t u r e  zones i n d i -  
cated on the basis o f  d r i l l i n g ,  as we l l  as the  numerous addi t ional  possible 
f racture zones. S im i la r l y ,  zones i d e n t i f i e d  as primary source and s ink  zones 
fo r  f l u i d s  c i r c u l a t i n g  i n  the bore hole based on temperature and f l ow  v e l o c i t y  
logs, co r re la te  wel l  w i t h  the areas o f  lower seismic ve loc i t y .  I n  p a r t i c u l a r  
an extensive area o f  f ractured rock associated w i t h  the  contact o f  the Empire 
Creek stock i s  shown between 250 t o  300 m. The f i r s t  extensive f r a c t u r e  zone 
i n  the v i c i n i t y  o f  the top o f  t he  convective c e l l  appears t o  be between 425 
and 450 m. The sonic l o g  a lso shows very d i s t i n c t l y  t he  zone o f  f r a c t u r i n g  
i d e n t i f i e d  by d r i l l i n g  between 850 and 925 m which has the  small r e s i s t i v i t y  
response. I n  terms o f  t he  sonic l o g  response one o f  t he  most s i g n i f i c a n t  
zones i s  the one between 1025 and 1050 m. 
evidence f o r  a much higher degree o f  f r a c t u r i n g  i n  the stock than do the 
remainder o f  the logs. 
on the basis o f  t he  25 m i n t e r v a l  averages. 

zones on the temperatures between 400 and 1100 m c l e a r l y .  The zones of tem- 
perature steps and spikes correspond w i t h  the f rac tu re  zone as determined 
from the d r i l l i n g  and from the sonic log. 

The 8/31/74 and 11/16/74 temperature-depth logs f o r  the t o t a l  depth of 
the we l l  are shown i n  Figure E.22 also. 
enough fo l l ow ing  completion of d r i l l i n g  f o r  the d i s s i p a t i o n  o f  the d r i l l i n g  

eciprocal  of veloc- 

I n  summary, the sonic l o g  shows 

This l og  i d e n t i f i e s  15 major o r  minor f r a c t u r e  zones 

The temperature l og  obtained on 8/31/74 shows the e f f e c t s  o f  f racture 

The 11/16/74 l o g  was taken long 
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effects .  The log shows a conductive gradien t  of about 150"C/km above 400 m ,  
a decreasing gradient between 400 m and the maximum temperature a t  about 
1040 m,  and a s l i gh t ly  decreasing temperature between 1040 and TD. There is 
fu l ly  cemented.casing t o  424 m,  par t ia l ly  cemented casing between 424 and 
1300 m,  and an open hole below 1300 m. 
the l a s t  temperature logging, there is  no vertical  flow (or very small flow) 
w i t h i n  the bore hole, although very large vertical  flows were present a t  one 
time. The lack of approach of the interval between 400 and 1000 km t o  the 
predrilling temperatures i s  apparently due to  flow behind the casing. The  
developing reintrants  i n  the temperature-depth' curve suggest t h a t  f racture  
zones a t  those depths  (about'1415, 1720, and 1760 m) have connections to  
colder f lu id  and tha t  flow along these zones m i g h t  have been in i t ia ted  by the 
dr i l l ing .  The l a s t  temperature log (6/30/75) indicates that  these flows have 
ceased. The relat ively constant temperatures below 1000 m (except for  the 
fracture  zones), if not due to  downward flowing water, imply tha t  the fracture  
flow system i homogeneous permeable medium i n  a gross average 
way. 

The average data discussed are  intended merely as a summary of condi- 
t ions i n  the bore hole. More complete interval-by-interval discussion of 
the data is  required f o r  detailed correlations and comparisons of the d i f -  
ferent  parameters. 
state of the geothermal system based oh bore hole data is  t h a t  the Empire 
Creek stock is a large fracture  aquifer. 
extends t o  a dep th  o f ' a t  l eas t  2100 m. The fracture  zones which transfer 
f lu id  w i t h i n  the aquifer i n  general have a higher piezometric level a t  shal- 
lower depth. The permeability w i t h i n  the stock i s  primarily f racture  perme- 
a b i l i t y  although the granite has a rather h i g h  in t r ins ic  porosity of 2 t o  
5 percent, due mostly t o  microl i t ic  cavi t ies .  The temperature of the aquifer 
where cut i n  the bore hole ' i s  90 t o  99°C although 
other locations i the convective 

Nature of the Ge 

Based on the results of the surface exploration and the deep dr i l l  hole, 
a'preliminary model *of  the geothermal system i s  proposed i n  t h i s  section. 
The area appears t o  be unique i n  several respects. 
of the geothermal area. i s  tha t  the reservoir fo r  hot water i s  a granite 
stock. I t  i s  general19 supposed t h a t  circulation of f lu ids  i n  grani t ic  rocks 
i s  confined t o  a discrete f a u l t  or fracture system as contrasted t o  a diffuse 
set of fractures.  Secondly, 'based onethe data summarized i n  Summary of 
Exploration Results i t  i s  clear '  t h a t  the northeast limits of ,the heat flow 
anomaly a r e  associated with the southwest subcrop extent of the Marysville 
granodiorite. 
ac t s  apparently as  a boundary t o  the circulation system. 
t i v i t y  anomaly i s  associated w i t h  the  geothermal anomaly even though s i g n i f i -  
cant hydrothermal convec n i s  present. 

Even i n  geothermal 'areas characterized by hydrothermal circulation, 
conductive heat flow measurements may be used t o  estimate the shape and.depth 
of the geothermal reservoir i f  the reservoir,  f a u l t  zone, e tc .  is capped or  

On the basis of flow logs made d u r i n g  

1 

The resu l t  o f  the analysis of information regarding the 

The aquifer is  inside the stock and 

may be 120 t o  180°C a t  

The most unusual aspect 

Thus one granite body serves as a reservoir, while another 
Thirdly, no resis-  

k 
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bounded by impermeable zones, and the temperature of the hydrothermal c e l l ,  
o r  i t s  depth a t  one point, is  known. 
area none of the geophysical data furnish evidence on the depth t o  which the 
temperature gradients can be extrapolated. 
manifestations of geothermal f l u i d  which can be geochemically analyzed and 
the estimated reservoir temperatures calculated. 
MGE #1, a t  l eas t  i n  the northern extremity of the geothermal area the base 
temperatures i n  the reservoir a re  90 t o  99 "C. 
polation to  the depth of the 95" isotherm using the surface gradient can be 
made in order t o  investigate the depth and shape of the reservoir i n  the 
remainder of the area. 
data a re  shown i n  Figure E.23. 
quali tative,  and does not represent a mathematical solution for  the isothermal 
surfaces. 
metric constraints on the temperatures are  strong and the reversal i n  tempera- 
ture  gradient is  actually observed i n  MGE # l .  
geothermal anomaly. as  drawn i s  much more qual i ta t ive.  An approximate position 
of the possible 120" isotherm i s  also drawn, based on the geochemical evidence 
tha t  the base temperatures i n  the reservoir may be as high as  120°C. 
possible, b u t  speculative, that  d r i l l  holes on the order of 700 t o  900 m 
deep, south of MGE #1 might  encour,ter higher temperatures. Based on th i s  geo- 
metric construction, however, i t  is clear  t ha t  the temperatures of 170 t o  
180°C implied by the Na-K-Ca geothermometer cannot occur over a very broad 
region i n  the geothermal area, and i f  such temperatures are  present i n  the 
convection cel l  they must be confined t o  a t h i n  plume somewhere i n  the system, 
the location of which is presently unknown. 

1974 Report, e t c . )  the geometric constraints of the heat flow data were 
resolved by the interpretation of the source of the anomaly as  a very recent 
shallow intrusive. 
allows a considerably different  isothermal section than the one shown i n  
Figure E.23 t o  sa t i s fy  the heat flow data. 

In order t o  i l l u s t r a t e  the correlation of the geothermal reservoir w i t h  
geologic structure,  the 95" and 120" isotherms have been superimposed on the 
geologic cross section CC'  ( F i  ure E.6) i n  Figure E.24. The geological and 
geophysical (primarily gravity 3 constraints on the top of the Empire Creek 
stock are  discussed i n  more detai l  i n  the section on Gravity and Magnetic 
Studies. The  correlation of the geothermal reservoir w i t h  the Empire Creek 
stock i s  c lear .  Also the association of the nor th  boundary of the reservoir 
w i t h  a boundary of the Marysville granodiorite i s  i l lus t ra ted .  The apparent 
occurrence of the top of geothermal reservoir a t  an almost constant depth  of 
100 t o  200 m below the reconstructed top of the Empire Creek stock i s  con- 
sistent w i t h  either of two hypotheses for  the containment of the geothermal 
reservoir. 
reached anywhere i n  the reservoir correspond t o  an elevation of approximately 
1463 m ,  the average f l u i d  level i n  MGE # l .  Therefore the reservoir f lu id  
would not have enough pressure anywhere throughout the geothermal area to  
reach the surface, and indeed as  shown i n  Figure E.24, the apparent a l t i tude  
of the top of the reservoir remains almost constant from the north t o  south 

I n  the case of the Marysville geothermal 

Furthermore, there a re  no surface 

However, as measured i n  

Based on these data an  extra- 

The  resul ts  of a qual i ta t ive extrapolation of the 
I t  i s  t o  be emphasized tha t  this figure i s  

However, particularly a t  the northern end of the anomaly the geo- 

The southern border of the 

I t  is  

In the previous models of the geothermal area (Blackwell e t  a l . ,  1974; 

In this case the time lag fo r  heat flow through rocks 

The f i rs t  hypothesis i s  tha t  the highest piezometric levels 
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end of the geothermal anomaly ( i t  becomes deeper because of the change i n  
elevation). However, none of the surface springs show evidence of mixing 
w i t h  warm water a t  depth which would seem l ike ly  i f  the geothermal reservoir 
i s  actually connected t o  the surface. In particular the water from a well 
100 m deep a t  the s i te  of MGE #1 has f lu id  which cannot be derived from the 
geothermal reservoir a t  450 m by simple dilution (Table E.6). The second 
hypothesis i s  tha t  the water i s  confined t o  the stock by a re la t ively unfrac- 
tured chil led contact zone and t h u s  the Empire Creek stock acts  as both the 
reservoir and i t s  cap. This hypothesis i s  speculative, b u t  seems to  be con- 
s i s t en t  w i t h  the data.' .In e i ther  case these resul ts  seem t o  imply a different  
type of geothermal reservoir than any other known. The results and implica- 
t ions shown i n  Figu 
firmation ,can only 

geothermal areas has been based ely on  extrapolation as i n  the above d i s -  
cussion; however, the apprQpriat olution t o  the problem involves the theory 

ward or sourceward continuation (Grant and West, 1965 and many others). 
present time no geheral technique for downward continuation of tem- 

perature data has been presented. Bodvarsson (1973) has considered some one- 
dimensional problems and presented downward continuation results. A technique 
for  downward continuation of heat flow data has been developed f o r  other pur-  
poses, b u t  has been applied here t o  a digi t ized representation of the heat 
flow map (Figure E.lO). The technique will be described elsewhere b u t  the 
resu l t s  of the application of the technique a re  shown i n  Figure E.25 as  a 
contour map of the depth to  the 95" isotherm below a hypothetical plane sur- 
face a t  approximately mean surface elevation. In order t o  calculate the con- 
tour map shown i n  Figure E.25 i t  was assumed t h a t  the thermal conditions 
above the reservoir a r e  steady s t a t e ,  t ha t  the reservoir temperature every- 
where a t  i t s  top is 95"C, and tha t  the heat flow data are'measured on a plane 
surface. A l s o  shown for  reference a re  the outcrop and maximum subcrop extent 
of the Marysville stock. 
contrast  t o  those shown i n  Figures E.23 and E.24) represent an actual solution 
t o  the Laplace equation for  the location of the 95" isotherm which would 
g ive  the surface heat flow data. 
polation o f  the surface da ta  downwards as i s  c lear ly  seen by comparing the 
shape of the contours i n  Figure E.25 t o  the shape of the heat flow anomaly 
(Figure E. 9) .  

T h i s  contour map shows very steep sides t o  the reservoir on the north 
and northeast, re la t ively steep sides on the west and a complicated shape i n  
the south and southeast portions of the anomaly. In particular the broad 
lobe along Ottawa Gulch immediately south of the Marysville stock as  contoured 
on the heat flow map becomes a narrow east-west sa l ien t  of the reservoir a t  
r i g h t  angles t o  the main trend of the reservoir. The shape of this portion 
o f  the anomaly suggests tha t  the f lu id  may be moving along a very narrow 
zone such as a f a u l t ,  and e i ther  i s  flowing eastward away from the main 
reservoir, o r  less l ikely,  i s  flowing up into the main reservoir. A small 
displacement f a u l t  has been mapped along Ottawa Gulch and, as shown i n  Fig-  
ure E.6, this f a u l t  could d i p  toward the south,  w i t h  a dip i n  the range of 
45 t o  90'. 

emphasized, a re  speculative and con- 
r i l l i n g  and tes t ing.  

In general the calculati'an of "the location of subsurface isotherms i n  

I t  should be emphasized t h a t  these contours ( i n  

These da ta  do not represent a mere extra- 

If the d i p  were 60°,  i t s  location a t  1 km depth would be displaced 
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Figure  E.23 Cross s e c t i o n  cc '  (see Figure E.5) showing ex t r apo la t ed  
isotherms a t  depth below t h e  topographic su r face .  The 
i so thermal  su r faces  shown are diagrammatic. The geo- 
thermal g rad ien t  is shown as t h e  top  curve.  The p o s s i b l e  
l o c a t i o n  of t he  1200 i so therm i f  p re sen t  a t  shallow depths  
i s  shown as t he  dashed l i n e .  The 950 i so therm,  approximately 
the  r e s e r v o i r  base temperature  based on t h e  r e s u l t s  from 
MGE Sf1 i s  shown as t h e  heavy l i n e .  - 
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Figure E.24 Location of top of geothermal reservoir (as determined by 
9 5 O  isotherm superimposed on the geologic section). The 
Empire Creek stock is shown as Tie while the Marysville 
stock is indicated by Kgr. The Bald Butte stock is shown 
as Tib. 
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Figure E.25 M r y s v i l l e  s tock and geothermal r e se rvo i r .  The outcrop 
and maximum subcrop ex ten t  of the  Marysville s tock  are 
shown. The subcrop ex ten t  of the  s tock  i s  based on 
i n t e r p r e t a t i o n  of the magnetic data .  
The depth t o  the  geothermal r e s e r v o i r  is based on con- 
t i nua t ion  of the  heat  flow data  t o  the  95OC isotherm, 
assumed t o  be the  r e se rvo i r  base temperature. The loca t ion  
of MGE #1 is shown by the  d e r r i c k  symbol. 
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approximately 600 m t o  the south of i t s  surface locat ion.  
near the l o c a t i o n  o f  the rese rvo i r  sa l i en t .  
moving along some unmapped structure,  o r  even along a shattered margin between 
the Marysvi 1 l e  p lu ton and the  surrounding metasedimentary rocks or Empi r e  
Creek stock. 

This p o s i t i o n  i s  
A l t e r n a t i v e l y  the  f l u i d  may be 

Also i n t e r e s t i n g  and perhaps s i g n i f i c a n t  i s  the f a c t  t h a t  the highest 
ground noise i n  the Marysv i l le  area i s  observed i n  t h i s  p a r t i c u l a r  quadrant 
o f  the map area and t h a t  the extension o f  the zone o f  microearthquake a c t i v i t y  
pro jects  i n t o  the same area. Thus i t  i s  possible t h a t  the f l u i d  i s  moving 
along a c u r r e n t l y  a c t i v e  zone o f  f a u l t i n g  which i s  e i t h e r  not  represented by 
a c t i v i t y  because o f  the presence o f  the thermal f l u i d ,  o r  has merely not  been 
a c t i v e  dur ing the period o f  recording. These data suggest a corre la t ion,  
moreover, between the microearthquake ground noise and the geothermal data, 
and r a t i o n a l  basis f o r  the existence and l o c a t i o n  o f  the various types of 
anomalies. 
(1975) t h a t  the ground noise data may represent zones o f  "nanoearthquakes" 
and thus be merely an extension o f  the impl icat ions o f  t he  microearthquake 
data. 

These data are consistent w i t h  the  suggestion o f  Combs and Hadley 

There appears t o  be a possible re la t i onsh ip  between the zone o f  earth- 
quakes and the geothermal anomaly; however, t h i s  i n t e r a c t i o n  does no t  appear 
t o  expla in  the major p o r t i o n  o f  t he  geothermal anomaly. 
t h a t  geothermal anomalies might be associated w i t h  the ends o f  a c t i v e  f a u l t  
o r  earthquake zones i n  the quadrants o f  extensional s t ra in .  
pat tern i n  the Marysvil le-Helena area i s  f a i r l y  wel l  known on the basis of 
the microearthquake mechanism solut ions and there are heat f l ow  determinations 
along the zone o f  microearthquakes, t h i s  area appears t o  be an excel lent  
place t o  t e s t  t h i s  p a r t i c u l a r  hypothesis. 

Based on the microearthquake so lut ions ( F r i e d l i n e  and Smith, 1974 repor t ,  
and Microearthquake Studies sect ion i n  t h i s  r e p o r t )  the compressive stress 
ax i s  i n  the reg ion has a northeast-southwest surface p ro jec t i on  and a shallow 
plunge. The d i l a t a t i o n  ax is  and the intermediate stress axes appear t o  be 
s i m i l a r  i n  magnitude with one essen t ia l l y  v e r t i c a l ,  and the surface p ro jec t i on  
of the other s t r i k i n g  northwest-southeast. 
i s  predicted t o  be along NNW t o  NW t rending f a u l t  zones. S t r i k e  s l i p  motion 
would be l e f t  l a t e r a l .  Thus t h e  Marysv i l l e  geothermal anomaly i s  i n  a quad- 
r a n t  of extensional s t r a i n  wh i l e  the Broadwater area f a l l s  i n t o  a quadrant 
of compressive s t r a i n .  Thus these r e s u l t s  do no t  f u r n i s h  conclusive proof 
t h a t  such a mechanism o f  l o c a l i z a t i o n  o f  geothermal areas does o r  does not  
ex i s t .  A few more d r i l l  holes (3 t o  4) northeast o f  the f a u l t  zone, however, 
would completely t e s t  the f a u l t  zone and f u r n i s h  valuable data on the hypothe- 
s i s  f o r  t h i s  p a r t i c u l a r  area. 

It has been suggested 

Since the stress 

The o r i e n t a t i o n  o f  the f a u l t i n g  

Further bearing on the re la t i onsh ip  o f  the microearthquake a c t i v i t y  and 
the geothermal zone comes from f r a c t u r e  analysis o f  the Empire Creek stock 
c u t  by MGE #l. Figure E.26 i s  a c i r c u l a r  histogram showing the hor izonta l  
p ro jec t i on  o f  the pole t o  the plane o f  the f rac tu res  i n  MGE #l t h a t  gave the 
most d i s t i n c t  response on the d i p  meter l o g  (Coates, 1974). These fractures 
have an average d i p  o f  60". A l s o  p l o t t e d  are the hor izonta l  pro ject ions of 
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Figure E.26 Rose diagram for fracture orientations in MGE 411 determined 
by dip meter log. The total number of measurements is 4 3 .  
The orientations of the horizontal projections af possible 
fault planes from the microearthquake analysis (Friedline 
and Smith, 1974; Figure E.19, this report) are shown and 
identified by numbers. 
set for the faulting is indicated by the number with a star. 

The favored orientation of each 
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the poles to  the possible f au l t  planes which a re  the loci of the microearth- 
quake act ivi ty .  pair of arrows repre- 
senting one solution is  indicated by an asterisk.  
f ractures  i n  MGE #1 are  not shear fractures related t o  the present regional 
stress distributi-on, The system w i t h  the 350" pole azimuth could possibly 
be an extension fracture  system related t o  the present s t r e s s  dis t r ibut ion,  
however, although the orientation is wrong by about 20". More l ikely the 
two sets of j o in t s  or fractures a re  related t o  thermal s t resses  generated 
d u r i n g  cooling of the Empire Creek body.% The dr i l l  hole i s  nearest the.north 
end of the body and the fractures a re  located approximately parallel  and 
perpendicular t o  tha t  margin suggesting origin by thermal contraction d u r i n g  
cooling. 

for geothermal area, the origins of geothermal f l u i d s  are  not a t  a l l  c lear .  
If the maximum temperature i n  the system i s  99°C then, on the basis of the 
regional heat flow, the f lu id  could come from a depth of only 1 km below the 
depth reached by MGE # l .  None of the resu l t s  of MGE #1 indicate any changes 
i n  the Empire Creek body w i t h  depth t h a t  would suggest a s ignif icant  boundary 
near the bottom of the d r i l l  hole. The r e s i s t i v i ty  data have been interpreted 
i n  terms o f  a two layer model w i t h  the lower half space having a lower res i s -  
t i v i t y  t h a n  the intervening rocks. This model implies a s ignif icant  boundary 
a t  depths  ranging  from 2 to  6 km i n  the immediate area of the geothermal 
anomaly. The gravity data a l so  are  consistent w i t h  a 2.4 km vertical  extent 
of the density contrast  between the 2.55 gm/cm3 stock and the 2.75 gm/cm3 
surface sedimentary rocks. However, i f  the geochemical temperatures a re  valid 
and higher reservoir temperatures ex is t  a t  some location i n  the system, then 
i t  i s  possible that  the circulation system could extend t o  depths of 4 to  6 km 
depending on the maximum emperature of the system (120 t o  1 8 O O C ) .  

The two hypotheses t h a t  seem most l ikely for  the control on such deep 
circulation are  motion along fracture  porosity generated by the active fau l t -  
i n g  associated w i t h  the microearthquakes, deep circulation along fracture  
porosity and/or i n t r in s i c  porosity associated w i t h  a regional scale low angle 
thrust faul t ing (Blackwell and Baag, 1973), typical of the fault ing exposed 
about 40 km t o  the east  o f  the  Marysville area (Robinson e t  a l . ,  1968;5chmidt, 
1963), o r  some. combination of the two hypotheses. 

The most l ikely f a u l t  plane of ea 
I t  is obvious tha t  the 

In sp i te  of a l l  these studies and the extensive amount of data available 

Discussion of Exploration Results and Recommendations for  Future Studies 

Each of the  exploration techniques carried ou t  i n  the geothermal area 
provided information useful i n  the interpretation of the total  data se t .  
In summary a l i s t  of the exploration techniques will be given along w i t h  
t he i r  contribution t o  the exploration resu l t s  and questions which the i r  
implications may r a i se  which  have not been resolved a t  the present time. 
(1)  Geologic Mapping: 
including the dome i n  the Empire Shale southwest of the Marysville stock 
and the general f a u l t  pattern of the area. The geothermal anomaly seems t o  
be s t ructural ly  controlled, e i ther  because the Empire Creek stock i s  struc- 
t u ra l ly  controlled, and/or because o f  di rec t  e f fec ts  of fault ing on the 

Geologic mapping outlined the structure of the area 
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reservoir, t h u s  the structural  data has been very important t o  the interpre- 
ta t ion of the geothermal reservoir. ( 2 )  Metamorphic Petrology: A1 though an 
unusual technique i n  geothermal areas,  the metamorphic petrology furnished 
the important information t h a t  the dome southwest of Marysville must be under- 
la in  by one or more relat ively large bodies of intrusive rock. Unfortunately 
the metamorphic e f fec ts  a r e  only sensit ive within a distance of a kilometer or 
so from the body and therefore do not furnish information on the shapes of 
the intrusive bodies a t  depth.  (3 )  Geochemistry: Rock geochemistry has 
furnished information on the correlations of the igneous rocks i n  the general 
area, furnished information tha t  indicates the Empire Creek stock i s  a large 
highly differentiated body, and suggests a correlation between the Empire 
Creek body and the Hope Creek rhyolites. 
extensive period of volcanism and intrusion associated with the Empire Creek 
stock, and suggest t h a t  the Empire Creek stock extends south of the map area. 
(4 )  Magnetic Survey: The magnetic surveys d i d  not furnish d i r ec t  information 
on the geothermal reservoir; however, interpretation o f  the d a t a  furnishes 
the shape of the Marysville stock, and since the Marysville stock appears t o  
have exerted control on the. north and east  sides of the geothermal anomaly, 
the magnetic data have thus indirectly contributed important information t o  
the knowledge of the controls on the reservoir. 
magnetic anomaly associated w i t h  the Empire Creek stock because of i t s  very 
low suscept ibi l i ty .  (5) Gravity Data: The gravity data furnish information 
on the s ize  and dis t r ibut ion of the intrusive rocks i n  the area. Without 
independent information on the Marysville stock, however, there would be no 
way t o  separate the Marysville gravity anomaly from the other anomalies, and 
because of the uncertainty of the structural  s i tua t ion  south of the map area,  
a large part of the gravity anomaly i s  ambiguous. The gravity data do serve 
t o  give l imits  on the shape and s i ze  of the Empire stock i n  the map area which 
a re  consistent w i t h  the thermal , e lec t r ica l  r e s i s t i v i t y  and geologic data. 
(6 )  Heat Flow: 
thermal character of the anomaly area. 
the reservoir temperature, they allow calculation of the position of the 
reservoir. 
flow data are ambiguous and other interpretations a re  possible. ( 7 )  Resis- 
t i v i t y  Data: 
area of- the geothermal anomaly i n  sharp contrast t o  low values usually found 
i n  other geothermal areas. 
t i ve  i n  the type of s i tuat ion encountered i n  the Marysville area. 
would appear that  i n  a reservoir consisting of fracture porosity the resis-  
t i v i t y  data may not be capable of detecting the existence of convection i n  a 
reservoir. The seismic ground noise response of 
the area i s  a l so  inconsistent w i t h  typical responses proposed for  geothermal 
areas. The lowest values of ground noise were found over the highest values 
of heat flow; however, there may be a connection between the h i g h  ground noise 
i n  the southeast quadrant of the anomaly, microearthquakes, and a sa l ien t  of 
the geothermal anomaly along what appears t o  be a f a u l t  zone. (9)  Microearth- 
quakes: 
tence of geothermal anomaly or  i t s  location or nature. 
connection between the two se t s  of data i s  w i t h  the h i g h  ground noise and 
possible subsidiary f l u i d  circulation mentioned previously. The fracture 
systems i n  the reservoir do not appear t o  be consistent w i t h  the s t ress  

Thus  the data suggest a rather 

There appears t o  be no 

' 

Heat flow data furnish the only d i rec t  evidence on the geo- 
When combined w i t h  the  knowledge of 

Without information on the temperature of the reservoir,  the heat 

The r e s i s t i v i ty  data indicate h i g h  r e s i s t i v i ty  values in the 

Thus i t  
The r e s i s t i v i ty  data would not appear t o  be sensi- 

(8) Seismic Ground Noise: 

Microearthquakes do not furnish any positive evidence on the exis- 
The only tentat ive 
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dist r ibut ion inferred from the present day mi 
a1 though fur ther  work i s  recommended t o  investigate the relationship. 
(10) Infrared Survey: Infrared da ta  were successful i n  finding two groves 
of "hot" t rees ,  one. assocjated and one not associated w i t h -  the geothermal 
anomaly. I t  appears, that  the infrared survey a s  car ed out here i s  not ' 

capable of locating a geothermal anomaly such a5 the arysvi 1 l e  anomaly. 

eothermal anomaly have impor- 
t a n t  consequences t o  other geothermal exploration projects. I t  appears tha t  
distributed fracture  systems i n  grani t ic  rocks can indeed,function as rather 
effect ive circulation reservoir system fo r  geothermal f lu ids ,  $ b u t  one which 
might  be very d i f f i c u l t  to  detect ,  even if  reservoir temperatures are higher 
t h a n  those observed in the Marysville area. Unfortunately i t  is not  known 
whether the permeabi 1 i t y  and porosity i n t h  Empire Creek stock i s  suf f ic ien t  
t o  sustain production of commercial quantit ies o f  geothermal f luids .  Such 
knowledge i s  very important t o  the national program of geothermal develop- 
ment, 
Marysville area should be conducted i n  order t o  investigate hydraulic prop- 
erties of a f racture  flow system. Since i t  appears t h a t  one of the major 
problems i n  many geothermal exploration projects i s  the lack of techniques 
successful i n  f i n d i n g  suff ic ient  permeability for  production, even though 
h i g h  temperatures may be found, research directed toward locating subsurface 
zones of permeability based on surface data is of greatest  importance. In 
this respect there a re  several areas in the Marysville geothermal area tha t  
m i g h t  warrant additional deep d r i l l i ng  t o  c l a r i fy  the f a u l t  zone extension, 
e.g., along Ottawa Gulch  where t h i g h  ground noise and microearthquake 
ac t iv i ty  are  observed. Furtherm , the Marysville area represents the place 
where more information could be obtained on exact relationship of seismicity 
i n  geothermal areas, since i t  appears there are two geothermal areas asso- 
c ia  ted geographic y w i t h  the zone of act ive seismicity. Further explora- 
t i o n  along the zo of microseismic ac t iv i ty  should make an important 
contribution t o  the understanding of t h e  relationship between seismicity and 
geo t herma 1 areas . 

An unexpected bonus 
discovery of the Empire .Creek stock. 
the emplacement of this  stock was a t  a depth o f  about 2 km, and t h u s  the 
body i s  a cooled, exhumed example o f  the body which  could have sa t i s f ied  the 
conductive heat flow model fo r  the geothermal area.. 
contact e f fec ts  associated w i t h  the  Empire stock, the nature of f racture  
formation i n  the Empire Creek stock, and i ts  interaction with the wall rocks, 
should furnish a model f o r  such interaction o f  presently existing shallow 
magma chambers the type postulated as  a source fo r  several geothermal 
areas. Theref the nature o f  the fracturing associated w i t h  emplacement, 
and part icu 1 a r  he o r i g i n  and significance of the apparent reservoir cap 
along the chil led margin should be investigated. 

e dis t r ibut ion,  

The  exploration resu l t s  i n  the Marysvill 

. 

An extensive ser ies  of reservoir tests i n  a s i tuat ion such as  the 

ained i n  the Marysville geothermal area was the 
Based on- the  petro1,ogic information 

Therefore study of the 
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Conclusions and Recommendations 

t ions has been carried out i n  the Marysville geothermal area. 
were ambiguous and deep d r i l l i n g  was required t o  distinguish between two 
model s fo r  the geothermal source: 
hot f lu id  system. 
data have been extensively discussed i n  the first two sections of t h i s  
chapter. 
convecting hot water system. 

Perhaps the most s ignif icant  geophysical resu l t  of the exploration is  
the discrepancy between the e lec t r ica l  r e s i s t i v i ty  resu l t s  and the heat flow 
data. Even w i t h  higher f lu id  temperatures and lower r e s i s t i v i ty ,  the geo- 
thermal area would not be located by electr ical  studies. Unfortunately, 
because the flow properties of the system were not  tested,  l i t t l e  i s  known 
of the permeability or production capacity of the system, so the economic 
potential of a similar system, a t  higher temperatures, cannot be assessed. 
Nevertheless, i t  i s  c lear  t ha t  e lec t r ica l  techniques cannot distinguish a 
f luid convection system, such as the one a t  Marysville, from a dry system 
w i t h  no f l u i d  convection. 
i n  exploration for  dry hot rock systems will be limited. 

An extensive su i t e  of geological and geophysical exploration investiga- 
The resul ts  

a cool i n g  magma chamber or  a convecting 
The interrelationships of the geological and geophysical 

Deep d r i l l i n g  proved the source of the geothermal anomaly t o  be a 

T h u s  the use of e lectr ical  exploration techniques 

The knowledge of the  reservoir conditions and geometry have been sum- 
marized i n  this chapter. The most serious da ta  missing from the study i s  
t ha t  dealing w i t h  the reservoir properties.. Lack of information regarding 
the significance of the reservoir makes conclusions on the results of the 
various exploration techniques tenuous. Therefore i t  i s  strongly recommended 
tha t  further reservoir studies be carried out. 
culation of f luid i n  the granite a re  of importance both t o  the potential of 
dry hot rock exploitation, and t o  the limits on natural convection systems 
i n  granite rocks, or any fracture  type of reservoir. 

The conditions allowing c i r -  

The exploration data s e t  collected fo r  the Marysville geothermal area 
is  f a i r l y  complete, except tha t  there a re  s ignif icant  uncertainties on the 
southern limits of the heat flow anomaly. Two o r  three holes south of the 
presently explored area would f u r n i s h  the data necessary t o  complete the 
analysis of the areal extent of the reservoir. Since the exploration data 
a re  reasonably complete and,  except to  the south, the limits of the geother- 
mal anomaly a re  well defined, the geothermal area can continue t o  serve as  
a t e s t  area for new exploration techniques. 

The existence of the geothermal anomaly near an area of regional seis-  
micity i s  interesting, and two holes described previously (RDH35 and RDH36) 
were dr i l led  i n  order t o  investigate the relationship between the heat flow 
and seismicity. Heat flow values from these holes a re  near the regional 
average heat flow. The total  above normal heat loss for  the Marysville 
geothermal area i s  about 2 x 106 cal/sec,  equivalent t o  the to ta l  regional 
heat flow from an area of 100 km2. 
this area, and this heat loss figure does not include the Broadwater Hot 
Spr ings ,  i f  deep circulation along the zone of seismicity i s  the geothermal 

Since the earthquake zone has only about 
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source, then a measurable decrease i n  heat flow should be found along this 
zone. 
well known extent of the microseismic ac t iv i ty ,  additional regional heat 
flow d r i l l i n g  is recommended. 

Al though  economic exploitation of the Marysville geothermal system is 
unlikely, the geological, geophysical and deep dr i? l ing  exploration i n  the 
Marysvi 1 l e  geothermal area has ealed a geothe 1 system of a type pre- 
viously unknown. .The economic entia1 of a si a r  sys tm a t  higher tem- 
peratures cannot yet  be assessed as  i t  depends on the reservoir properties 
of the system, which have n o t  ye t  been tested.  I t  is highly l ikely,  however, 
t ha t  similar systems do exist i n . the  western United States and  i n  other areas 
of the world, and the Marysville geothermal area will a c t  as a model for  

ra t ion techniques, and flow t e s t s  on the reservoir would provide valuable 
information on the  properties of f racture  porosity reservoirs,  jncluding 
dry hot rock systems. The discovery of the Empire Creek stock has provided 
a well s tud ied  example of a body tha t  would provide a conductive heat flow 
source f o r  a dry hot rock system i f - t h e  time of emplacement was of the order 
of 1 t o  2 million years.or less. Geological, geophysical and deep d r i l l i ng  
exploration i n  the Marysville geothermal area has therefore made a valuable 
contribution t o  the knowledge 0.f geothermal systems and the exploration of 
these systems, and will5pr eful data and a testing ground for  future 
studies.  

Because of the large amount of data available fo r  the area and the 

- 

i n  these -areas. In addition, the extensive su i t e  of data avail-  
Marysvi 11 e are makes i t  an ideal proving ground for new explo- 

t 
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INTRODUCTION 

During the summer o f  1974, extensive magnetotel lur ic and audio magne- 
t o t e l l u r i c  (MT/AMT) measurements were c a r r i e d  ou t  Sn the Marysvi l le,  Montana 
area under the d i r e c t i o n  o f  W. J. Peeples as p a r t  o f  a 1 year contract  
SMU 86-80 t o  the Univers i ty  o f  Utah (UU) from Southern Methodist Universi ty.  
The object  of t h i s  i nves t i ga t i on  was t o  o u t l i n e  the  e l e c t r i c a l  propert ies 
through magnetotel l u r i c  (MT) and audio magnetotel l u r i c  (AMT) measurements 
o f  the Marysvi l le,  Montana geothermal anomaly discovered by Blackwell (1969). 
This f i n a l  cont ract  repo r t  summarizes the f i e l d  and laboratory invest igat ions 
and t h e i r  i n te rp re ta t i on .  

T/AMT data collection and subcon- 
t racted the magnetotel lur ic work t o  the Univers i ty  o f  Alberta (UA) under the 
d i r e c t i o n  of D. Rankip (see Appendix E . l ) .  J. Stodt co l l ec ted  most of the 
AM1 data i n  the f i e l d  w i t h  t h e  ' in terpretat ion ca r r i ed  out by W. 3. Peeples 
and J. Stodt as p a r t  o f  Mr .  Stodt 's Masters Thesis p ro jec t .  
thank D r .  C. M. S w i f t ,  Jr., and Kennecott Explorat ion, Inc., S a l t  Lake City, 
Utah f o r  the use o f  t h e i r  AMT instrumentation and technical  help dur ing t h i s  

W. J.  Peeples was i n  charge,of th  

We wish t o  

pro ject .  
I ,  

Rocky Mountain physiographic and s t r u c t u r a l  province (Eardley, 1962) about 
30 km northwest o f  Helena; Monta 

The country rocks o f  the d i  
the B e l t  Series. 
the area o f  the 
Empire shale. 
B e l t  rocks i n  a major syncl ine southwest o f  the geothermal area. 

i n  the upper p a r t  o f  the Empire and are dated as Precambriao. The Marysv i l le  
granodior i te  (Marysv i l le  stock) was emplaced a t  approximately 79 M.Y .B.P. 
(Baagsaard e t  al., 1961). 
has been dated a t  49 M.Y.B.P. and f u r t h e r  extensive a c t i v i t y  occurred between 
37 M.Y.B:P. and 40 M.Y.B.P. 
were concentrated southwest o f  the Marysv i l le  stock and include a large 
quartz fe ldspar porphyry body ( the Emplre stock) which i s  present ly unexposed. 

and 4 km west of Marysvi l le, Montana. 

Precambrian sedimentary rocks of 
The two format'io 
ology map (Figure E.27) are the Helena limestone and 

B e l t  Series which occupy most of 

Lower Paleozoic t o  Cretaceous u n i t s  unconformably over1 i e  the 

The o l d e s t  igneous rocks o f  the Marysv i l le  are r e  m ic rod io r i t e  s i l l s  

The i n t r u s i o n  o f  the Bald But te  quartz porphyry 

The numerous emplacements dur ing t h i s  episode 
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F I G U R E  E.27. Geology Map o f  the Marysville, Montana Area 



Several episodes of deformation have occurred i n  western Montana and i t  
i s  d i f f i c u l t  t o  s o r t  o u t  t h e  r e l a t i v e  ages o f  fo lds  and f a u l t s  i n  the  Marys- 
v i l l e  area. The bas ic  s t r u c t u r e  shown i n  F igure  E.27 i s  a dome i n  the  sedi -  
mentary rocks. The core o f  t h i s  dome i s  shown by the  exposures o f  Empire 
shale and M a r y s v i l l e  stock. 
p o r t i o n  o f  t h e  dome. 

f l o w  values ranging from 3.3 t o  20 pcal/cm2sec (western Montana average i s  
approximately 2,O p c a l / c d s e c )  wh i l e  a d e t a i l e d  g r a v i t y  survey by Mazzella 
'(1974) i nd i ca ted  a negat ive res idua l  g r a v i t y  anomaly associated w i t h  the  
area o f  t h e  h i g h  heat f l o w  values. Heat f l o w  cor rec ted  f o r  topography and 
reg iona l  g rad ien t  o f  30"C/km and t e r r a i n  cor rec ted  Bouguer g r a v i t y  values 
are  shown i n  F igure E.28 ( the  e f f e c t  o f  t h e  M a r y s v i l l e  s tock has been 
removed from the  g r a v i t y  data) .  Although the  geothermal g rad ien t  i s  as h i g h -  
as 240"C/km, there  are  no sur face man i fes ta t ions  o f  abnormal heat production. 
Magnetic surveys i n d i c a t e  t h a t  the  on ly  anomaly i n  t h i s  area i s  associated 
w i t h  t h e  M a r y s v i l l e  stock. 
cated t h a t  r e s i s t i v i t i e s  o f  150 t o  1000 52 M were associated w i t h  the  geo- 
thermal anomaly. 
associated w i t h  the  h ighes t  heat f l o w  wh i l e  a microearthquake survey i n d i -  
cated no microearthquakes were loca ted  i n  t h e  geothermal anomaly reg ion.  

cated on F igure  E.27. 
The d r i l l  then entered the  Empire stock (quar tz- fe ldspar  porphyry, quar tz  
monzonite or monzonite depending on depth). 
t h e  f i r s t  o f  several f rac tu re  zones w i t h  extens ive f l u i d  movement were 
encountered. 
remained e s s e n t i a l l y  ns tan t  u n t i l  the  t o t a l  depth was reached. 

MAGNETOTELLURIC STUDIES IN MARYSVILLE , MONTANA 

MTjAMT Measurements i n  Marysv i l le ,  Montana 

reg ion  acqu i r i ng  f i e l d  data f o r  12 magneto te l lu r i c  (MT 

ure  E.27 shows a general geology map f o r  t h e  M a r y s v i l l e  reg ion  from Black- 
w e l l  e t  a l .  (1973), and F igure  E.29 shows t h e  s p a t i a l  l o c a t i o n  o f  t h e  MT 
and AMT f i e l d  s i t e s .  

The Marysv i l l e  stock occupies the  nor theastern 

Measurements by Blackwell  (1969) from the  M a r y s v i l l e  area i n d i c a t e  heat 

Roving d i p o l e  surveys by the  USGS i n  1972 i n d i -  

A seismic ground noise survey i nd i ca ted  lowest  no ise values 

A deep exp lo ra t i on  ho le  (2.4 km) was d r i l l e d  i n  1974 a t  t h e  s i t e  i n d i -  
The d r i l l  encountered a r g i l l i t e  t o  a depth o f  294 m. 

A t  approximately 500 meters 

A t  approximately 500 meters the  temperature reached 95°C and 

During t h e  summer o f  1974, 6 weeks were spent i n  t h e  Marysv i l l e ,  Montana 
s i t e s  (10-3 Hz t o  

10 Hz) and 81 audio magne to te l l u r i c  (AMT) (14 Hz t o  10 a Hz) s i t e s .  F ig -  

The d i g i t a l l y  recorded MT data were re tu rned t o  the  U n i v e r s i t y  o f  
A lber ta ,  Edmonton, A lber ta ,  Canada (UA) where t h e  data was selected, pro: 
cessed and tensor  apparent r e s i s t i v i t y  versus frequency curves were obtained. 
Copies o f  t he  processed r e s u l t s  were then re tu rned  t o  t h e  Un ive rs i t y  o f  Utah 
(UU) t o  be fo lded  i n  w i t h  the  AMT r e s u l t s  and i n t e r p r e t a t i o n s .  
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The hand recorded AMT results were returned to UU immediately after the 
field season and synoptic maps of apparent resistivity for each frequency 
and each measuring direction were made. 

An example of the synoptic maps is shown in Figure E.30 for the 20 Hz 
At each station two sets of measurements were made, one with meas rement. 

the field sen or oriented at 20" west of geographic north (Ex/Hy) and the 
other with the field sensor oriented 20" north of geographic east (Ey/Hx). 
These directions were chosen to be roughly parallel and perpendicular to the 
gross structural trends in the area. 
and Empire stocks are readily detectable when the data are presented in this 
form. , 

z ! 
The spatial extent of the Marysville 

A number o f  typical AMT ''type'' stations were selected and the apparent 
resistivity versus frequency curves were interpreted using three layer plane 
wave plane layer models. 
depths has been prepared and three profiles from the Marysville stock to the 
Empire stock have been obtained. 
a basis for two-dimensional modeling techniques to incorporate the MT data 
in the interpretation. Resistivities taken from the Laterolog 7 and lab 
measurements on rock cores from the Empire Creek drill site and casually 
collected surface rock samples were used to calculate a plane wave plane 
layer apparent resistivity response for comparison with the AMT data. 

From this information a plan map of interface 

The AMT interpretations were then used as 

One-Dimensional Modeling o f  the MT-AMT Data ~ 

In general, the AMT curve9 of apparent resistivity Yersus frequency 
(14 Hz to lo4 Hz) indicate a conductive-resist ive-conductive model for near 
surface structure as indicated by the examples shown in Figure E.31. That 
is, the curves are consistent with the type of curve obtained from a three 
layer earth model having a highly resistive intermediate layer overlain by 
a thin conductive weathering layer and underlain by material with lower 
resistivity at depths. 
curves, it was decided to apply plane-layered isotropic media modeling tech- 
niques (see Appendix E.2) to the data to obtain an estimate of the depth to 
the basal half space layer throughout the region of the survey. 
apparent res? stivi ty curves which appeared to reflect differences attri but- 
able to more than just data scatter were selected as representative of the 
Marysville area (Figure E.31). Other apparent resistivity curves obtained 
during the survey which matched reasonably well with one of the modeled 
''type" curves are assumed to reflect the same earth parameters. 

Because of the consistency in the behavior of the 

Eleven 

Figures E.32 and E.33 show the field data and modeling results for two 
Model parameters were varied of the type stations, AMT 9 Ey/Hx and AMT 54. 

from an initial guess constrained by known geology until reasonably close 
fit with a curve interpolated by hand through the field data points (x,o) 
was obtained (solid curve in Figures E.32 and E.33). 
interpolated apparent resistivitiqs were then used as the initial guess and 
field data respectively for input into a linearized least 'squares inversion 
program. 
results from the inversion program. 

This model and the 

The large circles and the earth model in the figures are the 
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FIGURE E.30. Synoptic Map o f  20 Hz AMT Measurements at Marysville, Montana 
for East-West Tell uric Measurements 
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FIGURE E.32. AMT S t a t i o n  9 Modeling R e s u l t s  
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In general , I the-conductivity and thickness of the surficial <layer were 
highly correlated in ,all models. Attempts at unconstrained inversion would, 
not converge to an earth model giving a minimum value of the least ,square 
error (objective function). A method developed by Marquardt (1963) was 
used to constrain the inversion process thereby allowing iteration to a mini- 
mum of the objective function (see Appendix E.3 for discussion) 
ing earth models were then examined in view of current geologic 
geophysical information from the Marysville area. 

resented for the parameters 
represent propagation of normally dis ribrted random error from data space to 

dix E.3 ) .  
tion was to within 3dB. Since 6dB corresponds to a doubling in amplitude, 
this corresponds to (2)1/2 = 1.414 or approximately 40 percent expected 
variation in readings at a particular frequency, due to instrument error. 
The dashed lines in Figures E.32 and E.33 are 40 percent error bars on the 
solid curve. In calculating the parameter standard deviations, a standard 
deviation of +20 .percent about the interpolated field data was assumed. 

The standard deviations (1  inear statistic 
parameter space through the matrix [A T t t  A]' . (See Equation A3.15, Appen- . 

Claimed repeatability of measurements with available instrumenta- 

, .  " . ' '  ' 

Upon completion of the one-dimensipnal m 
files across the Marysville region were chosen for two-dimensional MT/AMT 
modeling. 
technique orjginal ly developed by Madden and Thomps 
by Peeples (see Peeples and.Rankin, ,1973). 

two-dimensional model o f  the Marysyille area which also incorporated as much 
geological and geophysical information about the Marysville area as was pos- 
sible. 
frequency between the MT' and AMT data and to construct a profile which appar- 
ently satisfies both data sets. 

Criticisms of the Modeling 

In examining the drawing co I 

ling of the AMT data, pro- 

The modeling technique used was the transmission 1 ine analogy 

ional modeling were,used to construct a . 

The two-dimensional modeling allowed us to bridge the data gap in 

from the above 
cognizant of the following facts. 
simultaneous phase sensitive recording of both Ex, Hy and Ey, Hx pairs so 
that coherence tests to determine data reliability could pot be performed 
nor tensor impedances calculated. 
frequencies were applied to the amplified signal from th orthogonal E and 
H sensors and the output fed into integrating circuits. he W H Y  ratio 
used in the apparent resistivity calculations was formed electronically. 
This method of measurement cannot discriminate signal f r h  noise at the 
same frequency nor does it provide enough information to allow tensor imped- 
ance calculations. 
tains a material anisotropy and/or lateral inhomogeneity, and measuring 

The AMT gear used was not capable of 

Narrow band-pass filters at ten selected 

This last point becomes significant when the earth con- 

E. 127 



sensors do not lie parallel and perpendicular to the directions of the con- 
ductivity anisotropy. 
by the component of H field parallel to it which will give rise to some error 
in the apparent resistivity estimate if only scalar impedances are calculated. 

plots of apparent resistivity versus frequency in two ways. 
for plane waves incident normally on a homogeneous, isotropic layered earth, 
the maximum slope of pa versus frequency on a bi-log plot is 21 and the cal- 
culated apparent resistivities are independent of both the orientation of 
the orthogonal measuring axes, and the polarization of the incident field. 
Therefore, slopes greater than k l  and/or differences in apparent resistivity 
curves calculated from the Ex/Hy and Ey/Hx pairs indicate 2-D or 3-D geome- 
try, source effects, noise in the data, miscalibration of the instruments, 
anisotropy in earth materials, or a combination of these factors. A large 
number of the AMT stations produced apparent resistivity curves with these 
effects, (as could be expected, from an examination of the local geology) 
so that the assumption o f  uniform plane layers in the modeling is a fairly 
gross assumption. It is felt, however, that the local nature of an AMT 
sounding at these high frequencies and the uniformity in behavior of the 
apparent resistivity curves from station to station warranted an attempt at 
one dimensional interpretation of the data to obtain gross estimates of both 
the depth o f  penetration of the signal in the survey area, and an idea of 
the depth to the low resistivity layer at depth indicated in the AMT data. 

The two-dimensional modeling allows us to explain same of the lateral 
inhomogeneity effects in our data sets as well as connecting the MT/AMT data 
sets with a model that appears to satisfy both data sets. 
apparent from a cursory inspection of the known geology that even two dimen- 
sional modeling is inadequate to fully predict the response of a region as 
three dimensional and complex as the Marysville area. 
dimensional modeling does a1 low us to determine model responses which appear 
to approximate the inhomogeneities appearing in the data sets. 

There will then be a component of the E field induced 

Two and three dimensional effects manifest themselves in bilogarithmic 
Theoretically, 

It i s  readily 

However, the two 

LABORATORY ROCK RESISTIVITY MEASUREMENTS 

Ten casual surface samples representing the major formations in the 
area were collected and cored for the purpose o f  making laboratory resis- 
tivity measurements. The following formations were sampled: 

PEe Empire Shale (Precambrian) 
PEh He1 ena Limestone (Precambrian) 
Kgr 'Cretaceous Granodiorite (Marysvi lle stock) 

In addition, 14 core samples from various depths at the drill site were 
available for measurement. 
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Sample Preparation 

The main problem in sample preparation lies in saturation of the core 
with electrolyte of the desired resistivity, particularly when porosity of 
the sample is low (Brace, et a1 . , 1965). 
8-12 hours and then electrolyte was drawn into the system utilizing the 
vacuum created to saturate the cores. Cores were then weighed daily to 
determine when they quit taking on significant amounts of electrolyte. 
Generally, after 2-3 days, there was little change in saturation. 
trolyte used was de-ionized water, with NaCl added-to bring the resistivity 
of the solution to 10 Q-m. 
resistivity. Water at th dri l l  site had a salinity of approximately 
1000 ppm which correspond This same electro- 
lyte was used in the sample holder in making the four terminal resistivity 
measurements. 

Measurement Apparatus' , 

The samples were vacuum pumped 

The elec- 

This value was chosen by relating salinity to 

o a resistivity of 10 a-m. 

onfigurations b rement appara'tus are shown in Fig- 
As is shown, four terminal measurements were made, current being 
the outer electrodes, and voltage being measured across the inner 

pair. 
sample and across a calibration registor Rc. 
sample, R,, can then be calculated; 

In making an A.C.'nieasurement, voltage is measured across the core 
The resistance of the rock 

and the resistivity of the sample can be obtained if the dimensions of the 
core are known. Rc is chos 
resistor, is chosen 2 15 x maintain proper signal level for 
input into the pre-amp1 ifier 

pass filter in an attempt to cut 
down the noise level in the aSuring circuit. Measurements with the system 
were attempted at 5.46, 17.8, 54.6,.178, . . . 17800, 54600 Hz. A similar 
apparatus was used on two of the samples to extend the measurements from 
5 Hz down to 0.1 Hz. A Phase Sensitive Detection (PSD) .amplifier was avail- 
able so that coupling in the circuit with industrial noise'could be further 
filtered out in making the measurements. Its use requires an additional 
reference signal to be drawn from the oscillator input into the PSD (not 
shown in the figure). However, particularly for frequencies near .60 Hz 
and its harmonics the pre-amp was overdriven so that measurements could not 
be made. If measurements could be made at all, the difference-between using 
and not using the PSD capability was 4 0  percent, except at high frequencies 
on some of the more resistive samples. 
as a time saving measure in taking measurements on an oscilloscope placed 
in the circuit as shown to monitor the quality of the s rial. floisy signals 

by experiment to % Rr, and Rb, a ballast 

The signal was first f 

Its use was therefore discontinued 
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were e a s i l y  recognized. Coupling problems w i t h  i n d u s t r i a l  noise i n  the sys- 
tem arose whenever Rb + Rc + R r  exceeded approximately 1 Meg. ohm. A.C. mea- 
surements could on ly  be made on samples w i th  resistance low enough so t h a t  
coupling w i t h  i n d u s t r i a l  noise i n  the c i r c u i t  d i d  not  overdr ive the pre-amp. 

A four terminal d i g i t a l  ohm-meter was a lso ava i l ab le  f o r  making D.C. 
measurements. This instrument was useable on cores with resistances too 
high t o  a l low A.C. measurements w i t h  the avai lab le apparatus. The values 
given correspond as c lose ly  as instrument readings would a l low t o  the res i s -  
t i v i t y  of the sample a t  the onset o f  current f low. The instrument used had 
f i v e  scale ranges, each range u t i l i z i n g  a d i f f e r e n t  voltage appl ied t o  the 
two current  electrodes i n  obtaining a measurement. Potent ia ls  a t  the cur- 
r e n t  electrodes ranged from 10 mV t o  900 mV depending on the resistance of 
the sample and the instrument scale range used t o  ob ta in  a reading. Prob- 
lems a r i s e  i n  making D.C. measurements since voltages a t  po ten t i a l  elec- 
trodes from a v a r i e t y  o f  causes (concentrat ion gradient i n  the e lec t ro l y te ,  
chemical react ions a t  the e lect rode-e lect ro ly te  interfaces, etc. ) are pres- 
ent even wi th  no voltage appl ied t o  the current  electrodes. These voltages 
were o f t e n  as h igh as a few mV and caused s i g n i f i c a n t  di f ferences i n  the 
readings from scale range t o  scale range on the instrument. These were 
lessened somewhat by the use o f  AgCl ra ther  than Cu electrodes, but  s t i l l  
had t o  be accounted f o r .  

the raw resistance measurements as fol lows. 
p o t e n t i a l  electrodes both during and immediately on cessation o f  appl i c a t i o n  
o f  voltage t o  the current  electrodes. A co r rec t i on  f a c t o r  CF - -R,,,(F) was 
then added t o  the raw resistance measurement Rm, t o  obta in  a corrected value, 
where 

, 

These po ten t i a l s  were accounted f o r  by applying a correct ion factor  t o  
Voltage was measured a t  the 

VEL 

VEL = Voltage a t  the PO n t i a l  electrodes w i t h  no voltage appl ied a t  
the current  electrodes 

Vm = Voltage a t  the po ten t i a l  electrodes dur ing a measurement 

A se t  o f  f o u r  readings was taken on each sample, representing measurements 
a t  two scales on the instrument (corresponding t o  two d i f f e r e n t  appl ied 
voltages a t  the current  electrodes) f o r  two d i f f e r e n t  measurement configura- 
t ions,  corresponding t o  a change i n  d i r e c t i o n  o f  current  f l o w  through the 
sample (see Figure E.34). 
5 percent. 

Corrected values o f  resistance agreed t o  w i t h i n  

Laboratory R e s i s t i v i t y  Measurement Results 

Results o f  the measurements are summarized g raph ica l l y  i n  Figures E.35 
and E.36. Figure E.35 shows r e s u l t s  o f  the A.C. measurements. 
from f l a t  response are a t t r i b u t e d  t o  c u l t u r a l  noise contamination i n  the 
measuring c i r c u i t s .  PEh 2 i s  no t  represented because o f  i t s  high resistance 
which precluded making A.C. measurements; i t s  D.C. r e s i s t i v i t y  was 4750 0-m. 

Deviations 
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Figure E.36 shows the  r e s u l t s  o f  D.C. measurements on cores from t ~ e  d r i l l  
s i t e ,  along w i t h  Latero log 7 r e s i s t i v i t i e s  measured i n  s i t u .  
between the  two sets  o f  measurements i s  obvious. 

The agreement 

Comparison o f  AMT Data w i t h  Laboratory and I n - S i t u  R e s i s t i v i t y  Measurements 

One-dimensional p l  ane-wave, plane-layered model i n g  was done w i t h  the  
La tero log  7 data and w i t h  the  r e s i s t i v i t y  measurements on the  cores from the  
d r i l l  s i t e  (F igure E.36) f o r  comparison w i t h  the  AMT measurements. Results 
of t h i s  study a re  shown i n  F igure E.37, along w i t h  the  apparent r e s i s t i v i t y  
curves from AMT s t a t i o n  4, which was t h e  AMT s t a t i o n  c loses t  t o  t h e  d r i l l  
s i t e .  Because the  vast  m a j o r i t y  o f  AMT measurements i n d i c a t e d  a low r e s i s -  
t i v i t y  l a y e r  a t  depth, an under ly ing basal h a l f  space w i t h  r e s i s t i v i t y  o f  
100 Q-m was chosen f o r  a l l  t h e  models. Three separate models were i n f e r r e d  
from the  l a b  measurements (x, 0 ,  A )  and two f o r  t h e  La tero log  7 data (C; ,O). 
Comparison o f  t he  proposed e a r t h  models i n  F igure E.37, w i t h  t h e  r e s i s t i v i t y -  
depth data i n  F igure E.36 w i l l  show the  phi losophy behind the  choice of 
models. These choices r e f l e c t  an attempt t o  study t h e  e f f e c t  of t he  presence 
o r  absence o f  a low r e s i s t i v i t y  s u r f i c i a l  l a y e r  on t h e  a b i l i t y  o f  t h e  AMT 
data t o  de tec t  t h e  comparatively t h i n ,  low r e s i s t i v i t y  reg ion  a t  depth which 
i s  i nd i ca ted  both i n  the  l abo ra to ry  and La tero log  7 r e s i s t i v i t y  measurements. 
Surface sample PEe 9 was c o l l e c t e d  i n  the  v i c i n i t y  o f  t he  d r i l l  s i t e  and had 
a measured r e s i s t i v i t y  o f  s l i g h t l y  over 200 Q-m. 
chosen as the r e s i s t i v i t y  o f  the  s u r f i c i a l  layer .  Comparison o f  curves x 
and A show t h e  e f f e c t  o f  t he  presence o r  absence o f  t he  low r e s i s t i v i t y  sur- 
f i c i a l  l a y e r  on the  r e s o l u t i o n  o f  a 150 m s u r f i c i a l  l a y e r  i n  t h e  absence of 
t h e  low r e s i s t i v i t y  l a y e r  a t  depth. The La tero log  7 data i n d i c a t e d  lower 
r e s i s t i v i t i e s  f o r  t h e  conductive l a y e r  a t  depth than d i d  t h e  l a b  measure- 
ments. CurvesL  a n d o  show the  e f f e c t  o f  a 175 m t h i c k  l a y e r  o f  r e s i s t i v i t y  
o f  100 R-m as i n f e r r e d  f rom the  La tero log  data i n  t h e  presence o r  absence of 
t he  conductive s u r f i c i a l  layer .  Several conclusions a r e  immediately apparent. 

Therefore 200 R-m was 

1) I n  the  absence o f  t h e  low c o n d u c t i v i t y  s u r f i c i a l  layer ,  both a 
150 m t h i c k  l a y e r  o f  800 R-m ma te r ia l  and a 175 m t h i c k  l a y e r  
of 100 Q-m mater ia l ,  as i n f e r r e d  from t h e  l a b  and l a t e r l o g  mea- 
surements respec t ive ly ,  would be r e a d i l y  detectable.  

2) I n  the  presence o f  a conductive s u r f i c i a l  layer ,  t h e  presence of 
t h e  150 m t h i c k  l a y e r  o f  800 Q-m ma te r ia l  would be undetectable, 
b u t  the  presence o f  a 175 m t h i c k  l a y e r  o f  100 Q-m would s t i l l  
be detected. 

3) The vas t  m a j o r i t y  o f  t he  AMT curves ( i n c l u d i n g  a l l  s t a t i o n s  i n  
t h e  immediate v i c i n i t y  o f  t he  d r i l l  s i t e )  were s i m i l a r  i n  shape 
t o  s t a t i o n  4 and were i n d i c a t i v e  o f  3 l a y e r  s t r u c t u r e  w i t h i n  t h e  
AMT frequency range. 
t i v i t y  reg ion  i nd i ca ted  by the  La tero log  7 data i s  a r e f l e c t i o n  
o f  t he  l o c a l i z e d  nature o f  t h e  measurement i n  a f r a c t u r e d  environ- 
ment and i s  no t  i n d i c a t i v e  o f  t he  more reg iona l  r e s i s t i v i t y  

It i s  assumed t h a t  t h e  low (100 Q-m) r e s i s -  

E. 134 



IO 

E.135 



structure.  T h i s  conclusion i s  reached i n  view of the vast d i f -  
ference between the models generated from the laboratory resis-  
t i v i t y  measurements, which agree closely w i t h  the AMT data, and 
those generated from the Laterolog 7 data, which do not. 

4) The set of fractures that  were encountered a t  a depth of approxi- 
mately 500 m a t  the d r i l l  s i te  a re  undetectable w i t h  the AMT 
measurements, i n  the presence of a low conductivity surf ic ia l  
layer, (compare curves x and 0 )  assuming that  the porosity and 
fracturinq i n  the rock is such that  i t s  r e s i s t i v i ty  i n  the 

is approximately 800 R-m. presence of ground water 

DATA INTERPRETATION 

To determine the geoelec r i c  earth prof i le ,  we have sought three layer 
interpretations (assuming plane wave incidence) fo r  a number of AMT type 
s ta t ions i n  the area. Each type s ta t ion model exhibits a veneer of weath- 
ered, conductive top soil and rock overlying a highly res i s t ive  intermediate 
layer. Even w i t h  increase 
(decrease) of Pa due to  structural  complexity or  source e f fec ts  the resis- 
t i v i t y  of the intermediate layer is  extremely h i g h  and seems to  indicate 
very competent rock w i t h  small intrinsic porosity. The t h i r d  layer, modeled 
as a basal half space i s  considerably less  res i s t ive  than the intermediate 
1 ayer . 

The intermediate layer r e s i s t i v i ty  i s  very h i g h .  

Table E.10 l i s t s  the inversion resu l t s  on the AMT type curves shown i n  
Figure E.31. As a general rule ,  the r e s i s t i v i ty  of the f i r s t  and second 
layers, and the thickness of the f i r s t  layer a re  poorly resolved, b u t  the 
l inear  s t a t i s t i c s  from the inversion process indicate tha t  the thickness of 
the intermediate layer and the r e s i s t i v i ty  of the AMT bottom layer a re  i n  
general f a i r l y  well resolved, assuming random normally distributed data 
error.  

since the surf ic ia l  layer represents a weathered surface layer of l i t t l e  
importance i n  t h i s  study, we have primarily concentrated on the depth t o  
the t h i r d  layer interface as  the major structural  indicator. 
shows a plan view ( to  the same scale as Figure E.27) of depth  t o  the 
modeled AMT t h i r d  layer interface. The data has been reduced to  5000 f t  
above sea level datum. 

Since we have interpreted our AMT data us ing  a three layer model and 

Figure E.38 

In general, we see the Marysville stock approximated as a deep i n t r u -  
sive body. The Empire stock appears as a sub-lenticular form w i t h  a major 
interface delineating a lower r e s i s t i v i ty  material a t  a depth of approxi- 
mately 2400 meters below the datum. A steep rise i n  the basal material 
between the two stocks may be indicative of a f a u l t  as a s e t  of fau l t s  a re  
exposed a t  the surface i n  this area. In general, the r e s i s t i v i t i e s  i n  the 
southwest corner of the Marysville area a re  extremely low (%lo R-m) even a t  
the very long MT periods. The  shales, e tc . ,  i n  this region can be expected 
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to have a low resistivity but the low 
periods is not understood 
compl icates any attempt .at 

Figure E.39 shows thr 
ure E. 27. 
interpretations of AMT data and include information from ogher geophysical 

In parsicular, the 
m) interface at depth 

xtremejy 1 ong 
his region further 

ctions marked AA', BB' and CC' on Fig- 
These cross sections have been interpreted using one-dimensional 

dramatically, particularly in profile BB'. 

ties on the MT/AMT data, 

sented. Theo- 

AMT .31a 

The two-dimensional model shown in Figure E.40 was constructed using 

A 1000 a-m half-space at a depth of 
MT/AMT one-dimensionaf modeling results along with results of magnetic data 
modeling by Blackwell ;et al. (1974). 
approximately 13 km wds in 
fa i rl y res i s t i ve basement 
from this model shows gene data at AMT fre- 

E and TM modes 

comes poorer,. 

has been omitted in this model. Model 2 results for.? both modes are also 
Figures E.42, E.43, and E.44 for th 

excellent fit of the observed data to 
' ,  

I 

periods for station f 
E-para1 1 el mode, i ndi 
space. Station S3 ex ' modes with no half 
space at' all ; however 

51 and S2 for the 
he 1000 Q-m basal half 
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ock .resistivity 
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The MT/AMT’ 

1 )  A verv t h i n  veneer of weathered ‘surficial mzterial ’overliek the entire 
’ area ;overed in t 

stock. 

the vicinity of L o s t  

1 Change. Or may’ represent 
lously encountered a t  

shallower deDth i f  flowing: The MT/AMT 
data of cou<se ca 
bi l i t i  ne 

lying formations lessens the exploration depth o f  the data. There 
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are i nd i ca to rs  t h a t  the Empire stock extends t o  the south o r  south- 
west off the mapped area.(Figure E.27) and thickens but again pauci 
of data i n  t h i s  region makes t h i  

3)  The Marysv i l le  stock appears as a t h i c k  i n t r u s i v e  plug. This stock 
seems t o  be under la in by low r e s i s t i v i t y  mater ia l  ( ~ 1 0 0  Q-m); however, 
t h i s  could be a manifestat ion of three-dimensional e f fects  and the 
stock may extend deeper than the modeled depth o f  7 t o  8.5 km. 

4) A t  a depth of approximately 9 km, 'the Mt data may ind i ca te  a t rans i -  
t i o n  t o  higher r e s i s t i v i t y  mater ia l  
region. This mater ia l  could extend the west o f  the Empire stock. 

corners o f  the map i s  indeterminate because o f  the presence o f  near 
surface low r e s i s t i v i t y  mater ia l .  The Marsh shale outcrops i n  both 
these areas, ove r la in  i n  places by the Black Mountain and Greenhorn 
Mountain quar tz i tes respectively. It i s  suspected t h a t  the AMT 
Soundings i n  these areas del ineate the contact between the quar t z i t e  
and the Marsh shale. A t h i n  veneer o f  low r e s i s t i v i t y  weathered 
mater ia l  cont ro ls  the curve a t  the high frequencies, w i t h  the quartz- 
i t e  representing a f a i r l y  r e s i s t i v e  intermediate l aye r  o f  moderate 
thickness. The conduct iv i ty  and thickness of the Marsh shale are 
apparently great enough so t h a t  penetrat ion,  through t h i s  mater ia l  ~ 

i s  not achieved a t  the AMT frequencies. Complex geology i n  t h i s  a r  
fur ther  complicates any in terpretat ion.  

6) Measurements along the r i d g  t o  the nor th  o f  the d r i l l  s i t e  above 
Empire Creek provide models w i t h  depth t o  a low r e s i s t i v i t y  l aye r  
which approximately.co,incide w i t h  the contact  o f  the Empire shale 
and the Spokane a r g i l l i t e ,  according t o  geologic cross-section CC'  
by Blackwell, e t  a l .  (1975). 
Empire shale (sample Pee8), which are " the over ly ing formations i n  
t h i s  area, have exhib i ted h igh measured r e s i s t i v i t i e s  i n  both labo- 
r a t o r y  and d r i l l  hole v i a  Laterolog 7 measurements and presumably 
make up the r e s i s t i v e  intermediate l aye r ing  i n  t h i s  area. Again, 
a low conduct iv i ty  s u r f i c i a l  l aye r  i s  present which-controls the 
,curves a t  h igh frequencies. 

7 )  A low r e s i s t i v i t y  anomaly ( ~ 2 0  Q-m) i n  the v i c i n i t y  of s t a t i o n  
MT 10 a t  the western edge o f  the study area appears t o  extend t o  
a t  l e a s t  10-2 Hz. The sk in  depth f o r  20 0-m mater ia l  a t  10-2 Hz 
i s  22.5 km i n d i c a t i n g  a deep seated low r e s i s t i v i t y  region and/or 

8) We bel ieve a t  t h i s  p o i n t  t h a t  
v ious l y  suggested models o f  a "magma chamber'' a t  shallow depths 
(2 t o  3 km) under the exposed Empire shale. 

oncl usion speculative. 

00-1000 $2-m) i n  the study 

5) The r e s i s t i v i t y  s t ruc tu re  a t  depth the southwest and southeast 

Both the Helena limestone and the 

much l a t e r a l  inhomogeneity. . -  

data i s  inconsistent w i t h  pre- 

The experimental 
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resistivity values appear too large to be consistent with material : '  
at elevated temperatures. We do not understand the low ($10 S2-m) 
values of resistivity i n  the southwest corner of Figure E.27. The 
paucity of data from varibus geophysical experiments (including . 
MT/AMT) makes any conclusion highly tentative in this region. We 
feel that the area to the south and west of the area studied during 
1974 should be investigated further to he entire struc- 
tural picture at depthgfor this region. 

te that the 'region below 2.4 km under the exposed 
Empire shale is the reservoir for a hydrothermal system and frac- 
turing through th 
the hydrothermal system. 

9) We would spec 

? >  serves as a conduit for 

. /  
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APPENDIX E.l 

RESULTS OF MT DATA COLLECTION 
~. 

D. Rankin 
University of A I  berta 

MAGNETOTELLUR I c SURVEY 
A magnetotelluric survey was conducted in the Marysville -area in 

the summer of 1974. This is a region of abnormally high heat flow 
and was considered a suitable target for geothermal exploration. The 
magnetotel luric method was used because of its potential for deter- 
mining resistivity anomalies which are thought to be associated with 
thermal anomalies. The area itself is rugged. Considerable dif- 
ficulty was encountered in locqting suitable recording sites and in 
transporting the .instruments. Usable data was obtained at 12 sites 
and these stations are shown on the map in Figure E.45, except for 
station MT 1 1  which is near Helena, Montana and is used as a control. 

Harmonic analysis of the data was Carrie out using the Fast 

The apparent 
Fourier technique. Tensor impedances were computed and the principle 
directions, the skew and B factor were obtained. 
resistivities in the pejnciple directions are shown for stations 1, 7 
and 10 in Figures E.46, E.47 and E.48 and the associated parameters 
in Figures E.49 and E.50. 
major direction are contoured in Figures E.51, E.52 and E.53 for 
periods of 0.1, 10 and 100 sec. 

The apparent resistivity values in the 

Rankin and Reddy have shown (work to be submitted for publication) 
that for continuously variable conductivity in the lateral direction, 
a two or three dimensional structure can be interpreted to a good 
first order approximation. one-dimens iona 1- considerations . 

From this result and those shown in Figures E.51, E.52 and E.53 
it appears that if a subsurface thermal anomaly exists, it lies 
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considerably to the west of the surface manifestation, which was 
located by heat flow measurements, to be near the Drill Site. These 
plots show, however, that the Drill Site i s  located near a region of 
rapidly changing resistivity which is interpreted to be a fault 
structure along which heat might conduct more readily to produce the 
superficial effect which i s  measured near surface. A similar result 
was obtained by Rankin,and&Reddy (1973) in the Black Hills region in 
which the hot springs shown at "H" in Figure E.54 is approximately 

of this work with respect to the anomaly at the Drill Site is con- 
sistent with the results of the microseismic study. 

, 30 km from the thermal anomaly shown at "C." The negative results 

It would be useful to extend this survey to the regiQn about 
Station'MT 10. 

1 

1 
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APPENDIX E.2 i' ? f  1 

1 .  

BASIC MAGNETOTELLURIC THEORY 
. - s i  < .  ~ ,: . .  1 . 1  

The basic theory o f  Magnetotel lur ic f i e l d s ,  3s. contained i n  a boundary 

value.iproblem' invo lv ing  Maxwell ' s  equat jms, and the  resu l tan t  electromag- 

n e t i c  wave equation. The re la t ionsh ip  between orthogonal components o f  

the e l e c t r i c  and magnetic f i e l d s  measured a t  the su'rface o f  the ear th  are 

I 

a measure o f  'the e l e c t r i c a l  -properties of :the earth.+ 

The reference cbordinate frame f o r  the theore t ic  

fo l lows i s  a right-handed Cartesian system with. the 

ward and z wn 

s i s t  o f  N hor izon ta l l y  s t r a t i f i e d ,  isot rop ic ,  homogeneou 

above a basal h a l f  space. The o r i g i n  o f  the c 

a'ce o f  the f i r s t  layer. The ra t iona l i zed  MKS systep w i l l  ;be 

used i n  the theoret ica l  discussion. 

The natura l  electromagnetic disturbace f i e l d s  are t h  

i n  the ionosphere o r  magnetosphere a t  a l t i t udes  o f  100 k 

Since the layers o f  the model are assumed t o  contain no primary sources, 
r c  

Maxwell's equations i n  the ith layer  are given by: 

- -  a3 2.1 
. a t  Q X  

? ,  
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v x 7 i = 3 + x  a3 A2.2 

v . t = p = o  A2.3 

v 4 = 0  A2.4 i 
where 3 = ox, = E$, and 3 = &. 1 

For a,steady s ta te  sinusoidal t ime dependence o f  the form e-’ 

.the e l e c t r i c  and magnetic. f i e lds ,  equations A Z . l  and A2.2 can be wr i t ten :  

v x i! =, jwpG 

.v x Ii = & - j u d .  

A2.5 

A2.6 

I 
f Taking the cu r l  o f  equations A2.5 and A2.6 and assuming E and a are 

constant w i t h i n  each layer, we obtain two vector Helmholtz equations . 

v2E] + k2 K] . = . o  A2. 

where k2 = jwap + CW?. 

by : 

Solutions o f  the Helmholtz equations are given 

A2.8 

I 

where t 

The frequencies considered ‘ in magnetotel l u r i c  (but  no t  audio-magneto- 

t e l l u r i c )  methods are near ly always less than 10 Hz. Using normai para- 

meters of conduct iv i ty,  pe rm i t t i v i t y ,  and permeabi l i ty  appropriate t o  

I 

I mater ia ls composing the earth, the displacement currents are neg l i g ib le  
I 

~ 

i n  compat*;son the  conduction currents f o r  t h e  low frequencies considered 

herein 

I jwap I >> I E ~ W ~  I . 
I 

The Helmholtz equations then reduce t o  d i f f u s i o n  equations w i t h  a d i f fus ion  

E.162 



. _.. . .  ,: . . .  " . .  , -  .* * .. , 

m 

Since the wave number o f  the electromagnetic f i e l d  i n  a i r  i s  much less 

than i n  the earth, 

k i j r  = , t o ~ o ~ ~  I 

a t  the a i r - e a r t h  i n t e r f a c e  the i nc iden t  plane 

propadate through the ea r th  near ly  p a r a l l e l  t o  the v e r t i c a l  ax i s  fo r  

near ly  a l l  i nc iden t  angles. 

es are refracted and 

. , .  I ' I  

i o n d i t i o n s  s e i ndependen t 

to and y o f  x and y and thus a l l  der ivat ives o f  the f i e l d  

vanish. Thus, i f.' equation A2 * 7  gi veri ' by 
Ely' EoCe: iklzz) I I  ,+ ~ ~ ~ e X P ( + i k ~ , Z r l e x P ( - i k l ~ X  . . .  + i w t )  9 A2.10 

i n  which E, i s  the amplitude o f  the ' incident e l e c t r i c  f i e l d  and RTE i s  the 
r e f l e c t i o n  c o e f f i c i e n t .  ineii' as RTE= 

Eref lected i nc iden t  
so lu t i on  f o r  the magnetic f i e l d  as 

/E 

- klzEo ..- 
H l x  lJ# 

I f  we take the r a t i o  o f  tahg 

A2.12 

e, lower region, we 

and 

- k2zEoTTE exp ( -i12zz - i kZxx + j o t ) ,  
H2x - Urn A2.13 
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where TTE i s  the amp1 

l a r i z a t i o n .  Since we 

f i n d  
- 1  

tude transmission c o e f f i c i e n t  f o r  perpendicular po- 

must have klx = k2x i n  the l i m i t  a t  z = 0, then we 

z; , = E  =.-= z2 9/ H2x z=o k2x cose2 
A2.14 

and Z2 i s  the impedance o f  the lower region. A t  z = 0, tangent ia l  -E 

and H must be continuous, therefore we f i n d  

RTE = (Zi, Z l ) / ( Z z  + Z1) -  A2.15 
We now extend our lower h a l f  space t o  a model o f  the Earth which i s  com- 

posed of a number of p a r a l l e l  homogeneous plane layers. 

p we have a so lu t i on  

For any layer. 

. 

Epy = Eo[Apexp(-ik z)  + Bpexp(+ik z)]exp(-ik x + i w t ) ,  
PZ PZ PX 

where I 

impedance a t  the pth in ter face,  then a t  z = 0 

i s  the i n t r i n s i c  impedance o f  the pth layer.  I f  Z i s  the i npu t  
P P 

A2.17 

To solve f o r  Z1, we must determine the unknown r a t i o  BI/A1. A t  the 

i n t e r f a c e  z = d, 

A2.18 

where 41 = k d 

A2.17 we obta in  

Solving Eq A2.18 f o r  B1/A1 and s u b s t i t u t i n g  i n t o  Eq. 12 1' 
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Z2 + <I1 t a n  

'1 + <z2 tan 41 
z1 = I1 

T h i s  is a special case of the more general relation 

zp = Ip  

P 

A2.19 

A2.20 

i n  which 4 = k d ; 2< p < ! I ,  inwhich p corresponds to  the layer numb- P P Z P  - - 
er and ZN+l equal Ir,+l - ~ 

The apparent resistivity o f  the medium can now be defined as: 
A2.21 

The apparent resistivity t h u s  represents a weighted resistivity value 

for  a l l  layers and is the resistivity of an equivalent homogeneous 

ha1 f space a t  a par t icular  frequency. 
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APPENDIX E.3 
. ’ .  I ;: 

, . .. . .  . .  

THE-INVERSE PROBLEM r 

4 )  : ; .  
INTRODUCTION 

Much ef for t  has been expended i n  solving classical  boundary 

value problems t o  f i n d  analytic solutions for  particular problem 
a ’  

, 

fu l ly ,  estimate a numb 

parameters of the mat 

detailed review of general ’ l inear inversi 

- 1  

model of a physical system. For a 

reader i s  referred 
: 

t o  Niggins (1972). *. 

GENERALIZED LINEAR INVERSION 

We shal l  assume a model, a mathematical abstraction o f  the real 

world which suff ices  f o r  some geophysical observation, f o r  the physScal 

system under consideration. T h i s  model will , of necessity, be represented 

by a f inite number o f  parameters xi ,i = 1 ,M and we shall  

E.167 
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denote a p a r t i c u l a r  made1 as 

A3.1 

where the subscr ipt  j represents the model f o r  a p a r t i c u l a r  combina- 

t i o n  o f  x;. A r u l e  which maps the model i n t o  gross predic ted data, 

upred, s h a l l  be ca l l ed  a gross functional f and we have the r e l a t i o n -  

ship 

= f [Mj(X)]. A3.2 

The corresponding number representing actual physical  observations i s  

denoted by ebS 
J 

One object ive o f  our i nves t i ga t i on  i s  t o  f i n d  a s e t  o f  parameters 

X f o r  our p a r t i c u l a r  model which minimize i n  some fashion the d i f -  

ferences lYjObs - -YYred( f o r  a l l  measurements. To achieve t h i s  

minimization, we s h a l l  l i n e a r i z e  our problem by expanding the gross 

funct ional  i n  a Taylor 's ser ies and r e j e c t i n g  the second and h igher  

order terms : 
M 

.obs - ypre'kl = af[M(x)l AX;; j - I ,..., N. A3.3 

The precesses o f  parameterization and l i n e a r i z a t i o n  have now l e f t  us 

w i t h  a s e t  o f  N simultaneous equations i n  M unknown which must be 

3 i=l axi 
It7 

solved. We s h a l l  now adopt the fo l l ow ing  notat ion:  

and 

# '  

A3.4 
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I 

, 

A3.5 

I "  

wh ich  ta1low.u~ t o  write ,the simultaneous q u a t  n matrix form 

.AAX := AY I A3.6 

> <  -- 
rie t o  * 1 inear. and non- 

t &vel opments by .Hami 1 ton linear problems ha 

n et. a l .  

led accounts of 
1 

the application t o  electromagnetic resistivity sounding problems. The 
J I  

f o  

[A] <Ax> = CAY> f <e> 

n A3.7 represe 

truncation error given by <e>. When 

ut ion o f  A3.7 f 

where superscript T denotes mat 

matrix inverse. The inverse operator is'given by 

The derivatives required t o  fo  

the ;scheme ,shown by ,P 
. ^  -~ 
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The l e a s t  square e r r o r  o f  the elution, c2, i s  computed f 
Y 

3.10 c2 = <Ay> T <Ay> 
Y 

DESCRIPTION OF STATISTICAL ESTIMATES 

The fo l l ow ing  demonstrates s t a t i s t i c a l  techniques used i n  eval- 

uat ion Of geophysical measurements. We w i l l  n o t  der ive basic s 

t i c a l  p r i nc ip les  but  r e f e r  the reader t o  Hamilton (1964) and Bevington 

( 1969). 

Analysis o f  ' the model depends upon s t a t i s t i c a l  estimates of the 

model parameters o r  the parameter covariance matrix, which has -diagonal 

elements o f  variances and off-diagonal elements o f  mutual variances 

o r  covariances. 

has been ou t l i ned  byxJacksgn (1973) and Wiggins (1972). 

Computation o f  th,e parameter change covariance matrix. 

The parameter change covariance ma t r i x  i s  formal ly  def ined i n  

terms of. the expected value o f  the parameter change as 

A3.11 [COVAXJ = E {(<AX> : E<Ax>) (<AX> - E<AX>) T 3 . .  

where E denotes expectation. The data d i f ference covariance ma t r i x  

i s  defined i n  the same manner as 
T 

[COVAYJ = E {I <Ay> - E<AY>) (<Ay> - E<AY>) I A3.12 

It can e a s i l y  be shown t h a t  

[COVAX] = [ H I  [COVAYJ [HIT A3.13 

If the data di f ferences are s t a t i s t i c a l l y  independent and have a 

uniform variance, c2 then A3.13 becomes 
' Y'  

CcovAxJ = [HI CHI T 2  sy. 

[COVAX] = i [A IT IA ]  l ' lci A3.14 

Smith (1974) has shown t h a t  assuming: 

1) The numerical e r r o r  i n  computation o f  the forward problem' 
and der ivat ives are much smal ler  than the observation errors ,  
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I 2)  truncation of the Taylor Series expansion produces smaller 
error t h a n  the observation error, _. 

3) the observation errors i t h  
a uniform standard deviation and . 

4) the model describing the earth correctly describes - 
the terrain i n  which the geophysical measurements are made 

the covariance of AX is  the same as covariance o f  x,  the vector of para- 

meters (solution to  the problem), i.e. 

[covAx] = Icovx] 
that is Icovx] = €1 A3.15 

i s  

The data variance; c2, scales [covx] as given by equation A3.15. 
Y 

An estimated value of the data variance i s  given by 

j - ,  

where N is the number of o 

The parameter c 

~2 given i n  equation A3.15. 

and M the number> 

is estimated by substit 

1 /2 
Y -  

The magnitude of parameter standard deviation, (covx , i ,i 
reflects the magnitude of the mean value of the parameter (E{xi I ) .  

'The standard deviation is  given a s ' a  percentage o f  the parameter o r  

endent o f  the parameter mean 
. ,  

tage of being dimensionless ! I  an 

I '  
Val ue (Jenki n Watts , 19681, 

) ,  

The remaining important s ta t i s t ica l  estimates are given by the 
parameter i th el ned as 

e ,  
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A3.17 i j  covx corrx = 

j j )  
i j  (C0VXii  . covx 

Near unity values for the off-diagonal elements of the correlation 

matrix implies a linear relationship between parameters of the earth 

model. For example the f i r s t  parameter, p l ,  can be written i n  terms 

of the other parameters as 

. P  
j 

A3.18 

Equation (19) also suggests that for 

coefficients, two o r  more parameters 

meter. For example suppose that the 

near unity values of correlation 

can be combined as a single para- 

correlation coefficient for  a1 

and Dl is near u n i t y  and greater t h a n  zero. 

be proportional t o  a change i n  the other. 

product PI D, (resistivity-thickness) will remain approximtely a 

Then a change i n  one w i l l  

Hence the ratio D/al o r  the 

constant. 

MARQUARDT CONSTRAINTS 

Problems with convergence t o  a m i n i m u m  of the objective function 

(least square error) arise i n  the linearized inversion process when the 

difference between the largest and smallest eigenvalue of the matrix 

A A (condition number) i s  large. A small eigenvalue associated w i t h  a 

particular parameter implies t h a t  the data contains 1 i t t l e  information 

about that parameter. 

value of t h a t  parameter will have l i t t l e  effect on the theoretically 

generated data (forward so lu t ion ) .  

parameter space may result dur ing  unconstrained i terat ion.  

T 

T h i s  i n  t u r n  implies that large changes i n  the 

Because of this. large steps i n  

The least 

squares linearized inversion technique always produces a step i n  a 

direction which will decrease the value of the objective function. 
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B u t  the objective function i n  parameter space may have many local minima,  maxima, 

or saddle poin ts ,  depending on how non-linear the actual problem is. The mag- 

i t u d  of the step i n  parameter space becomes important i n  th is  case, since i t  

is possible to  overshoot a m i n i m u m  i n  the objective function by t a k i n g  too 

large a step. 

The Marquardt technique provides a means o f  controlling the step taken 
T -1 i n  parameter space by weighting the diagonal elements of the matr ix  [A A] . 

The weighting is performed i n  the following manner (see Chapter 3, Lanczos, 

1961 f o r  notat ion)  
T A = UAV T AT = V A U  

A ~ A  = V A * V ~  = m 2  L A .  v . v  T 
1 i i  i=l  

Unweighted Weighted 
1 -- m 

i =1 i=l  
V . V  = [ATA+m]-’ T m 1  - T 

[A A]-’ = c A2 v i v i  (Am) 1 i 

where U = matrix of data eigenvectors 

V = matr ix  o f  parameter eigenvectors vi 

A = diagonal  matrix of eigenvalues o f  A 

I = identity matrix 

w = Marquardt weight 

i = 1 t o  m 

The Marquardt weight u is determined by experiment t o  allow convergence 

to  a minimum o f  the objective function upon iteration. 

this study ranged from 0.05 t o  0.2. 

is t o  decrease the step size i n  parameter space and t o  rotate the direction 

of the step towards the steepest descent direction of the objective function, 

Values o f  w used i n  

The effect o f  this weighting on iteration 

w i t h  the larger values of w having the greater effect. 
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