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INTRODUCTION, SUMMARY AND RECOMMENDATIONS
' William R. McSpadden, Project Manager
Battel]e—Northwest' '

' INTRODUCTION -

.- In 1969 a geophysicist, David D. Blackwell, while making regional heat flow
measurements in the northwestern-United States, discovered a site about 20 miles
northwest of Helena, Montana where the geothermal heat flow was about 10 times
the regional average. The site aroused scientific interest because there were
no surface manifestations such as young volcanics, hot springs, geysers, etc.
within 20 miles of the site. Further research showed that this "blind" geothermal
anomaly covered a roughly elliptical region about 3 miles long and 1-1/2 miles
“wide in a mountainous area about 4 miles west of the o0ld.gold mining town of
Marysville, Montana. The-heat source was expected to be a granitic pluton or
“intrusfon of once molten rock with.a volume of several cubic miles within about
-2 1.5 miles of the surface and perhaps as hot as 500°C. Resistivity measurements
- and other data led to the speculation that there was a little water near the heat
'source. - In any event, its exploration was of interest to scientists for several
sreasons. 3 o B A S S S ) B ; - C : a

.~ Also there was significant economic interest in exploring the source of- heat
as a potential:for the generation.of electricity.. The process would involve
forcing water into the fractured region around the hot rock through one or more
wells and extracting steam through other wells to drive electric generators. The
energy available from a few cubic miles of hot rock is worth billipons of dollars;
consequently there was an economic motive for the project. - Furthermore the site
probably is not unique and many similar sites- probably exist in.the western part
of ‘the United States. - If such energy can be made available then less oil is
needed to generate electricity. - .. .. . - . - o

.- - In_the -winter of 1972-73 a team of scientists and engineers assembled at .
Battelle-Northwest in Richland, Washington to prepare a proposal to explore the
geothermal anomaly. The principal team-members were Donald H. Stewart and William
- R. McSpadden from Batte)le-Northwest (BNW), David D. Blackwell from Southern
‘Methodist; University (SMU), and James T. Kuwada from Rogers Engineering Company

of San Francisco. Later Systems, Science and Software.of La Jolla, California
Jjoined the project under the direction of Russell Duff. The proposal was submit-
ted in February 1973 to the National Science Foundation (NSF) with BNW to be the

-~ :-. prime contractor.. The project was funded in June 1973 with Ritchie B. Coryell of
+the NSF as the program manager. - Between June 1973 and the project completion in

- June 1975 the project cost approximately $2,240,000. - This is the final report of -
Coothatoproject.. o o

. The fihal»feﬁdrﬁnis organized'with.1hdébéndéht:Sections prepared by each
.contractor. Consequently there is some overlapping <information, generally pre-
sented from different viewpoints, depending upon' the author's part in the project.

It was felt that these different viewpoints would be valuable so they have not
been. edited out. The final report does not repeat the information presented in

A1




earlier project reports, partlcularly on: the: envxronmental'aha]ysis the drill
site preparation, and the infrared surveys. - However, a limited number of these
earlier reports are available from W11]iam R. McSpadden '

Briefly the project consasted of geophys1ca1 surveys in 1973 and 1974 the
drilling of the deep well in the summer of 1974 to a depth of 6790 ft, the coring
and logging of the well, the supporting scientific studies, and the data analysis.
~ ‘The-well penetrated an extens1ve hydrothermal zone of" about 200°F that was essen-
tially isothermal from 2000 ft t6'6790 ft. Scientific studies will continue to
better understand the geothermal anomaly but commerc1a] deve]opment does not
appear feas1b1e at these low. temperatures A : o

DESCRIPTION OF THE MARYSVILLE ARER - e

- The histor1c gold mining town of Marysvi]le 1s located approxlmately 20 miles
northwest .of Helena, the capital -of- Montana, as shown in Figure A.1. Many of
—MarySv111e s old bu11d1ngs remain from its go]d mining days, a few of which:are
shown ‘in Figure A.2. The geothermal drill site is located approximately 4 miles
“west of Marysville in the Empire Valley. Although both Marysville and the drill
- ‘site are at 5300 ft elevation, they are in different water drainage basins and
are separated by Mt. Belmont which rises to 7330 ft. Vegetation of the area is
mostly Douglas fir, with open bunch grass regions on the south exposures and
narrow stream-bottom meadows. - Over 50 years of mining operations have removed
all of the large virgin timber so that only second and third generation growth
remains. Both the drill site and Marysv111e can be reached on: good d1rt roads
during the summer months

Climatic cond1tions vary cons1derab1y over- the area- w1th elevat1on and
exposure, and marked contrasts may be found within a few miles. The annual mean
temperature at Marysville is 40.7°F, the extreme maximum 91°F and the minimum
-22°F. These extremes represent an average of the hottest and coldest days of
each year over a 10-year period from 1895 to 1905. Average rainfall for the
region is 19.4 inches, while Helena at an e]evat1on of 4157 ft rece1ves on]y

- 11.3 1inches.

It is impossible to work in this area without becoming aware of the exten-
sive gold mining h1story of the region over the past 100 years.  There have been
15 or more gold mines in the immediate vicinity, the largest of which was the
Drum Lummon at Marysville. Gold mining and development of the area was influ-
enced largely by one man, Thomas A. Cruse, founder and developer: of the Drum
Lummon Mine. Cruse was born in Ireland in 1836 and immigrated to the United States
in 1856. In 1868 he appeared in the Helena area and began gold operations near
the present site of Marysville. ‘As a result of the discovery of the Drum Lummon
he became an extremely wealthy man and dominated the activities of the area until
his death in 1914. During this era many other gold mines opened in the area such
as the Bald Butte and Empire Mines, and Marysville rap1d1y grew to a population
of more than 5000. By 1880 it:had two railroads, six hotels, one bank, four gro-
cer1es, three churches 27 sa1oons,» and a w1de varlety of sma11 bus1nesses

-~ The geotherma] drill site- 1s located near the Emp1re M1ne wh1ch was owned
by the Empire Mining Company, Ltd. of London which also owned-the Drum Lummon
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mine at that time. A large m111 was completed at the Empire Mine in 1888 and -
operation continued until the turn of the century. The mine continued intermit-
tent operation under a variety ‘of owners until the shutdown in 1942 during -

the ‘war operations. The tailing ponds, a Jarge cyanide m111 and a number :
of bui]dings still ‘exist in the immediaté area of these operations. Although the
mine ‘itself is on patented land, all of the operations associated with the geo-
thermal project took place on. Federa] lands admlnistered e1ther by the Bureau of
Rec]amat1on or the U S‘ Forest Service o

YPROJECT ACTIVITIES IN FY 1974

During the period from 1966 unt11 the beginn1ng of th1s proaect in June 1973,
“David D. Blackwell 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
hotes {less than 1000 ft) which existed in ‘the area as a result of previous mineral
explorations:  The heat flow from the 15 sites ranged from 3.1 to 19.5 heat flow"
units (hfu) in-ucal/cmZ/sec. (For ‘comparison, the western Montana average is 1.9
*‘hfu-and the worldwide average 1s about 1.5 hfu.) The maximum heat flow corresponds
to a geothermal gradient of 240°C/kilometer. In spite of these extremely high gra-
dients there are no surface manifestations in the form of hot sprlngs or geotherma]
activities w1th1n approximate]y 20 m11es of the site. '

After the prOJect began in June 1973 SMU conducted surveys of the geo1ogy, .
heat flow, gravity and magnetic fields,- and microseismic noise in the Marysville
area. In addition, infrared aerial surveys were conducted by Battelle-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 -
anomaly. : By.October 1973 the results of these various field surveys enabled the -
team to pick a site for-drilling a deep well. The site selected was approximately
1/4 mile downstream from the Empire Mine on:land administrered by the Bureau of °
Land Management (BLM). OnOctober 26, 1973 the NSF conducted a review meeting of
the ;project -in Helena which was also attended by members of the State and Federal '
Government. A preliminary.report: provided to the reviewers at that meeting was
superceded by a first annual report published in June 1974. As a result of the
gev1ew Teeting, NSF authorized the second phase of the vork which was to drill the
eep we ‘ .

Once a decision was made to undertake the second phase, Batte]]e-Northwest
and Rogers Engineering Company prepared a draft environmental -analysis for BLM. _
Additional ‘environmental analyses were conducted by BLM and ultimately they deter-
mined that no- env1ronmenta] 1mpact statement wou1d be requ1red for the drtl]ing

Rogers Engineer1ng Company prepared site eng1neer1ng surveys and plot p]ans
for ‘the drilling :operations. The 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 Construct1on 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 ..

Under the direction of Winston Bott of Rogers Eng1neer1ng Company, 90
days of drilling during the summer of-1974 were planned. to achieve a. target depth
of about 6000 ft. The actual drilling began on June 10 and continued until:
August 30, a period of 81 days ending at a_ total depth of 6790 ft. Most of- the
drilling was done with aerated water at rates of 18 to 25 ft/hr. - Two major forma-
tions were encountered. The upper formation of Empire shale (metamorphosed shale:
and quartz1te) extended to approximately 975 ft, and the remainder of the hole to
depth was in the Empire stock (quartz feldspar porphry) There 1s'a:gradual change
in the Emp1re stock with depth toward a granite, show1ng the effects of slow cooling.

A pTherEmp1re stock is extensively fractured and containS;a,large volume of,water.
Water -was first encountered at 1525 ft and major water zones were found at 1912 and
3386 ft.  However, the many fractures led to speculation that the water zones are
interconnected. A]] ‘of the fracture zones below 1000 ft appear :to-contain water.

We encountered flows in excess of 250 gallons/minute from upper fraction .zones:

into the lower ones. In view of all of the geophysical surveys that had been done -
at the surface, 1nc]ud1ng electrical resistivity and magnetote11ur1cs large .amounts
-of water had not been expected. ‘

The hole in the upper 115 ft of the well was drilled to 26 inches«in~djameter
and a 20 inch casing was set and cemented to that depth. Between 115 ft and
1326 ft'a 12-3/8 inch casing was set in a 17-1/2 inch hole and cemented in place.
Between 1326 ft and 4264 ft a 9-5/8 inch casing was set in a 12-1/4: inch hole, but
cementing was not successful and only the lTower few feet of the casing were encased
in cement. Between 4264 ft and the total depth of 6790 ft a 7-7/8 inch hole was
drilled and not cased. Later a cement plug was placed in the bottom of the hole
to control water flow, so the hole depth is now 6414 ft. The current status of
the well is shown in Figure A.3 along with locations of fracture zones and coring
depths. Although a plan for eventual plugging and abandonment exists,.the hole
will remain open for scientific studies until the summer of 1976. At the present
time (September, 1975) the USGS is conducting regional hydrology studies and has
sponsored temperature monitoring and water sampling in the well.

LOGGING AND CORING

Schlumberger Well Services contracted to log the well, and their first major
logging was conducted to 1326 ft on July 7, 1974 prior to setting the middle-
- string casing. The second major logging from 1326 ft to 6790 ft was completed
on September 10, 1974. These major loggings were to determine: hole dimensions, -
formation resistivity, formation density and porosity, hydrogen concentration,
cement bonding, natural radioactivity, fracture patterns, hole deviation from the
vertical, temperature, and water flow. The results clearly show the two major
formations, the Empire shale to 975 ft and the Empire stock to depth, as well as
the variations within each major zone. The Shale consists of five ‘subzones wherein
the phys1ca1 properties vary significantly. The Stock is basically quartz: porphyry
which is quite highly fractured and has a bulk permeability that-permits: large ..
water flow. In addition to the two major loggings, many minor: loggings of tem-
perature and water flow were made by Schlumberger and others. Although the tech-
nology exists to make adequate flow and temperature measurements at 100°C, the - -
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logging crews regularly encountered problems which made it difficult to obtain
reliable data. The results of both the major and minor logs are-discussed in
detail in other sections of the report. ) o ‘

The cutting of cores was undertaken 18 times during the drilling operations
and produced 15 useful cores and one set of fragments. Of the 115 ft cored, 83 ft
of useful cores were recovered. -Despite the use of diamond coring bits, coring
was difficult and expensive (about $1,636/ft recovered) in these formations. The
cores were washed, color photographed and cut for analysis. One complete set of
core sections is held in archives by SMU for future reference.. :The results of the
core analysis show steeply dipping veins in both the Empire shale and Empire stock.
Rock descriptions were obtained from a microscope study of the cuttings, petrographic
studies of thin sections, x-ray diffraction analyses, and from studies of the logs.
Detailed descriptions of the cores are given in both Sections C and E.

WELL TEMPERATURES AND FLOW RATES

Rock temperature measurements were made with difficulty because of water flow
in the hole throughout the drilling operation. Generally the flow has been down
the hole with the Tower formations taking water from the upper ones. Flows in
excess of 250 gallons/minute were encountered prior to setting the casing as shown
in Figure A.4. The source of this large flow seemed to be the fracture zone between
3386 ft and 3410 ft. However, flows less than 50 gallons/minute were believed to
originate from the upper parts of the hole, probably from the 1912 ft to 1936 ft
zone. The open hole spinner test was not particularly sensitive to low flows in
“the large diameter hole so accurate data above the 3400 ft level was difficult to
obtain as indicated by the dotted T1ine in Figure A.4. Data obtained near the bot-
tom of the hole (not shown in Figure A.4) indicates that most of the 250 gallon/
minute flow was going back into formation at the bottom of the hole in the fracture
zone below 6723 ft. The hydrostatic pressure of this zone was apparently less than
that of the upper zones, allowing the downflow of ‘water. Whether the water flow was
a local transient condition that would have stopped within a few days or a condition
that might exist for a long period of time 1s unknown. However, the drill stem test
did not show any large hydrostatic head difference between the lower zone and the
upper zones.

After the casing was set and the cement plug established in the bottom of the
hole, flows were significantly reduced as shown in the lower part of Figure A.4.
Approximately 1 gallon/minute was leaking through the perforations in the casing
made for the second cement job, and flows immediately beneath the casing were
approximately 10 gallons/minute. Between September 10, 1974 when the packer flow-
meter test was performed and September 22 when the radioisotope test was done, an
apparent equilibrium took place in a lower part of the hole since the flow at the
5700 ft level reduced from greater than 30 gallons/minute to approximately 1 gallon/
minute. Below the 6000 ft level the flow is zero to the best of our ability to
measure it with the isotope test. The flow test made on November 17, 1974 (not ..
shown in Figure A.4.) with the radioisotope instruments showed a maximum flow of
about 1-gallon/minute at about 4270 ft, which had reduced to about 0.1 gallon/
minute by April 1975.
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Down-hole temperature measurements were made four ways:. (a) using Blackwell's
resistance element thermometer which is Timited to maximum depths of approximately
2500 ft and maximum temperatures of approximately 110°C, (b) using the Schlumberger
platinum resistance thermometer, (c) a Kuster down-hole temperature versus time.
recorder, and (d) maximum reading mercury thermometers. Generally the data obtained
by Blackwell in the upper part of the hole tends to complement the Schlumberger mea-
surements shown in Figure A.5, and indicates cooling of the formation as drilling
proceeded. The apparent erratic behavior of the fine details is presumably caused
by the in-flow of water from formations before and after the setting of the casing.
The logging on September 10 (curve 2) occurred within a few hours after most of. the
cool water in the mud pit had been pumped back into the hole and consequently cooler
temperatures were recorded at that time. Also, two additional Schlumberger logs
were made approximately 24 hours after the August 31 Tog (curve 1) and these agree
quite closely with those of curve 3 which were obtained on September 21. - Tempera-
tures of curve 1 were obtained before the casing was in place and those of curves 2
~and 3 afterwards. Water moving down the annulus between the 9-5/8 inch casing and
the hole was affecting the temperature readings in the casing. Below the casing
the water flows of approximately 10 gallons/minute are sufficiently high to prevent
measurement of the ambient rock temperature and generally this condition existed
down to the 5700 ft level until about November 1974. Water temperatures slightly
less than 200°F were obtained throughout this entire region. Maximum temperature
thermometer readings over the same region read consistently 200 to 204°F and are
probably the most reliable of the measurements. The Kuster instrument was left on
the bottom of the hole for 44 hours between September 19 and September 21 but it
showed no temperature increase above 204°F. Since the flow rates in this region
are believed to be zero or very low, it appears that the rock temperatures may not
‘be greatly in excess of 200°F. ‘

THERMODYNAMIC STUDIES

In addition to the heat flow studies conducted by SMU (Section E) a variety of
other thermodynamic studies were done. Systems, Science and Software developed a
two-dimensional heat conduction code to model heat flow. This work by Stanley Hays
uses nonlinear functions to approximate phase change and temperature varying param-
eters near a magma chamber. The finite difference code works with rectangular,
axisymmetric, or spherical geometry. The most significant result of this work has
been the delineation of the sensitivity of heat flow to surface variations, depth
of the magma, and other geometric parameters. For example, changes in the assumed
depth of the chamber by as little as 100 meters produced significant changes in
the geothermal gradient and other thermodynamic parameters. This work is reported
in Section D.

During the drilling operations in 1974 it became evident that a computer
simulation of the drilling, based upon a heat flow balance between the drilled
formations and the circulating drilling fluids, would be a valuable guide. This
was dictated by the difficulty of obtaining estimates of the in-situ rock tem-
peratures while the circulation was in progress, and for perhaps as long as several
months after the drilling had stopped. Accordingly, J. R. Sheff of BNW began work
on a simulation model. Ultimately this work was shifted to C. A. Oster and Burt
Scheffler as Sheff took on other assignments. = The results are reported in
Section D.
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The objective of this work was to produce a simulation code that could be
run on a minicomputer for possible field implementation. The result was a code,
THERMWEL, which was debugged and running at the termination of the project. Unfor-
tunately time and funding limitations did not allow testing and field app11cat1ons
of the code.

- The third thermodynamic study was an offshoot of the 1nfrared,survey‘conducted
by BNW in September 1973. In that study it was noted that some-of the trees over
the geothermal anomaly appeared to-be hotter than trees in comparable areas.
Accordingly ground measurements were made in August 1974 which showed: that the
trees were indeed 1 to 2°C warmer than expected. Observation of the trees over a
period of 12 months showed no significant sign of tree disease or insect infection
which might account for the thermal anomaly. It is now surmised that the roots of
the trees are obtaining slightly warmer water in the vicinity of the geothermal
anomaly, and this difference is seen in the tree canopies. To our knowledge, this
phenomenon of a geothermal anomaly has not been reported before, but it would be
of interest to examine some of the known geothermal areas for this effect.

GEOPHYSICAL AND GEOLOGICAL SURVEYS

Analyses of the geological, geophysical, and dr1111ng data show that the geo-
thermal system consists of a hydrothermal circulation in fractures in the Empire
stock. The reservoir is bounded on the sides by metamorphic rocks and by a
Mesozoic granodiorite stock (the Marysville stock) around the Empire stock, and
bounded on the top by a relatively unfractured portion of the Empire stock. The
area lacks any surface manifestations, such as hot springs, at the hot water
reservoir. Despite the circulating water system, it is a region of low ground
noise and low seismicity. However, studies of regional seismic activity in 1973
and 1974 show a possible association of the geothermal anomaly and a zone of
seismic activity extending toward the southeast approximately to Helena.

Despite the hydrothermal system, the geothermal region showed high electrical
resistivity, as determined by the roving dipole method and the deeper penetrating
audiomagnetotelluric survey. These results are rather surprising since known geo-
thermal areas generally show low resistivities.

A negative gravity anomaly is associated with the high heat flow, but these
are not associated with any magnetic anomaly. The Marysville stock to the north-
east of the geothermal region does have a magnetic anomaly, however, which was
useful in determining one boundary of the Empire stock.

An infrared survey conducted in September 1973 failed to show the geothermal
anomaly. The aerial survey was conducted in two bands, 3-5u and 8-14u wavelengths,
from an altitude of approximately 10,000 ft above the terrain. Under ideal con-
ditions a heat flow of 20 hfu would produce a temperature rise of about 0.4°C.
However, variations due to water vapor in the air, solar variations, changes in
ground slope and the effects of trees and other vegetation produced a poor signal
to noise ratio. As noted above, some vegetation was found to have a higher than
normal temperature. The infrared survey was presented in detail in the First
Annual Report (June 1974) and is not repeated here.
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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 sites

drilled in 1973 and at four new sites drilled in 1974. Heat flow and geothermal

radient data were corrected for terrain variations and found to vary from 19.5 hfu
: 240°C/k11ometer) to 3.2 hfu (43°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 diminished more gradually, as did the gravity anomaly. "Addi-
tional areas of high heat flow may exist to the south, but time and money 1imi-
tations prevented further exp]orat1on here. _ . ,

- Geologic mapping in 1973 and 1974 proved very s1gn1f1cant in prov1ding 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 of the geothermal
source. These are generally east-west faults dipping to the south. The mapping
identified a dome-like 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 Marysv111e
stock

COST SUMMARY

The tota] expend1tures for the MarySV1]1e Geotherma1 PrOJect to date (Septem-
ber 1975) are $2,240,000, which are detailed in Table A.1. - This includes an obliga-
tion of" approx1mate1y $50 000 for plugging and abandonment of ‘the hole:at some -.
future date Site restorat1on costs are 1nc1uded 1n th1s 1atter f1gure ;

The tota] footage dri]]ed, 1nc1ud1ng 1556 ft of reamlng the upper levels for
large size-casing, was 8346 ft. -Since ‘the direct dr1111ng ‘costs. were $633, 993
the average linear drilling cost 1s $76/ft. However, coring costs were high -
because of very slow cutting rates (0.5 to 4.0 ft/hr) of the d1amond cor1ng bits
The 82.5 ft of recovered core cost an average of $1,636/ft. R e

RECOMMENDATIONS

It is highly probab]e that other geotherma] systems llke Marysv111e ex15t in
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 is recommended
that (a) pump tests -be made to determine reservoir: productlon characteristics,: . -
(b) "additional theat 'flow wells:be :drilled ‘to.the 'south :of :the :anomaly .to close the
heat flow contolrs“and complete the' study, and (c) the exist1ng we]} be held open
" fori'reséarch' and equipment testing ! ; ; RE ; S

1354

_ MWith respect to geotherma] exp]oration and nat1ona1 resource assessment pro-
grams, many ‘additional ‘wildcat wells will be drilled in the next 10 ‘years. : If we
use the 01l industry®s success ratio of about one successfu] we11 1n 10 trles for
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TABLE A.1. Cost Summary of the Marysville Geothermal Project -

Geosciences Surveys, Core Ana1y51s and Data Reduct1on, VQ*( ',}; ’$'"3§2;?8§
Site Preparation and Field Office 0perat1ons 107,781

- Direct Drilling Costs ~ ~ ST . 633,993

ﬁ;TCor1ng Costs . e L e o 134 970
Casing, :Cement and we11head Equ1pment - T e, 759
Well Logging and Testing ' | LT s 664
Engineering and- Dr1111ng Superv1s1on ‘ . c e - 178,051

' Thermodynamic Studies and Infrared Survey '?"’*5 S 781,924
Env1ronmental Analysis, Fracture Ana]ys1s Logg1ng Ana]ysis . 158,866

. Project Managément , SR ;13" ”?],’jf211;7op
”f:;Dr1111ng Arbitration Costs
- 'Miscellaneous Other Costs S Sl e iy DBGE
Plugging and Abandonment (Estimate) ‘ N - |}

Project Total : $2 240 000

geothermal estimation, we can expect a very high ratio at nonproduct1ve we11s
Accord1ng]y, research should be pursued to reduce the cost of locating .and
assessing new geothermal areas. A national program could produce refined geo- . -
physical exploration techniques, new drilling and coring techniques, and use of
existing slim hole drilling techno]ogy as an exploration technique. Better
logging service at high temperatures is needed, and the integration of modern
computer technology for rapid data reduction in the field should be undertaken.
The need for all of these techniques and services was exper1enced .on the Marys-
ville Geotherma] PrOJect
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Introduction

~© This Dri]]ing Report describes the engineering and drilling

o management activities of Rogers Engineering Co., Inc., in carry-

. ing out its CY 1974 and 1975 responsibilities on the Marysv111e
- Geothermal Project.

_ These responsibilities include: (1) contacts with,govern—
- mental agencies for coordination and approval of plans, and ac-
quisition of necessary permits (except those acquired by Battelle
Northwest Laboratories); (2) completion of plans and specifica-
tions for site preparation, and award of contracts for this work;
(3) preparation of plans and specifications for drilling the deep
well, issue bid invitations to selected list of drilling contrac-
~ tors, and award of drilling contract; (4) preparation of procure-
.. ment spec1fications and award of contracts for auxiliary drilling
. services and permanent equipment; (5) supervision of site prepara-

" tion; (6) supervision, direction and management of the total

drilling operation, performing the functions of both Drilling

_ _Engineer and Operator; (7) compile a report of drilling opera-
tions; (8) if drilling results favorable, commence design of test

fac111t1es and preparation of fea51b111ty report '

S This report will not touch on details of the temperature sur-
veys, the lithology, or the geophysical logging program, as: these
 matters were the responsibility of Battelle Northwest Laboratories

and-Southern Methodist Univer51ty, and are- covered separately in-
this -volume. i o s

 The office engineering work carried out during the winter
1973 and early spring 1974 culminated in the award of contracts
- for the various phases of the work during the month of May. The
William G. Miller Construction Company, of Missoula, Montana com-
menced work on site preparation on 3 May, 1974. The construction
schedule called for completion by 1 June, 1974; however, a twelve-
inch snowfall on 19 May caused a one week deiay in completion of
~ the earth work, so the dril]ing rig mobiiization could not start
~until 4 June.. ,

Molen Drilling Co., Inc., of Bi]]ings Montana, was awarded
- the drilling contract, and their Rig No. 4 spudded in the deep
well on 10 June, 1974. At a 2:00 p.m. public ceremony, =

Lt. Governor Bill Christensen of Montana operated the lever to

. start the rotary drill turning

~ The p]anned first phase of the drilling operation was to set
20-inch conductor casing at 250 feet. The rock formations proved
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much harder to drill than anticipated, so the 20-inch pipe was
set at 115 feet. Similarly, the 13-3/8 inch surface casing of
the second phase was set at 1,326 feet instead of the planned
2,500 feet, again due to hard drilling of .the 17-1/2 inch hole in
~ the quartz feldspar porphyry of the Empire stock. (Major changes
from the original plans, such as this, were made after consulta-
tion with BNW, SMU, USGS, and all other appropriate agencies).

Large unexpected volumes of water entered the bore hole from
numerous intermittent fractured zones below 1,500 feet, and this
caused additional changes in the drilling plans. The 12-1/4 inch
hole was carried to 4,256 feet instead of the planned 4,000 feet,
as fractured conditions at the planned depth would not provide a
competent anchor point for the 9-5/8 inch casing.

Installation of the 9-5/8 inch casing was delayed until after
the barefoot 7-7/8 inch bottom segment of the hole was drilled to
postpone the anticipated cementing problems caused by the heavy
formation water flows between 1,800 and 3,800 feet. This deci-
sion was possible because the formation was competent and free
from sloughing, such that setting the 9-5/8 inch casing could be
deferred until after it could be determined from the 7-7/8 inch
bore hole results whether it would be of value to case the hole.
Costs of the cementing job were considered unpredictable and po-
tentially excessive, and might well have depleted the budgeted
funds before reaching total depth, had not the above drilling
plan been adopted. :

The hole was bottomed at 6,790 feet after penetrating a
severely fractured zone at 6723 feet. Final drilling conditions
indicated heavy flow of water down the hole and into the frac-
ture zone at the bottom. When the 9-5/8 inch pipe was finally
set at 4,256 feet, after the hole was logged, the cementing did,
indeed, prove difficult. It was only anchored by a cement plug
at the bottom to stop water flow. The formation water prevented
getting the desired good bond; however, the bond obtained proved
adequate to seal off the water flow in the hole.

Core cutting with diamond bits in the Empire stock proved
more difficult and costly than anticipated. As a result the
amount of core taken was only 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 drilling the deep
well to 6,000 feet. The summary of actual costs (Figure B.1) shows
~ that the activities as carried out cost $1,304,188. However, the
deep well was drilled to 6,790 feet instead of 6,000. '

The increase which was authorized by NSF, reflects the gene-
ral inflation of drilling costs that has occurred since February,
1973, as well as higher than anticipated costs of the core drill-.
ing and well logging. Unit drilling costs are discussed in the Cost
Analysis section.
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" PLANNING AND CONTRACT DEVELOPMENT

Planning, General

; During January, February and March of cY 1974, Rogers Eng1-
‘neering completed the planning for the site preparations and
drilling operations which was begun in August 1973 with site

- selection and survey. Input was furnished to Battelle Northwest
Laboratories: as required for the environmental ana]ys1s and for
permit applications’ to the various .governmental agencies. The
U.S. Bureau of Land Management was consulted on a cont1nu1ng

~ basis as the site layout was developed, and that agency s re-
quirements were incorporated into the site preparat1on and drill
site construct1on plans and specifications.

Planning, S1te Preparation

" Plans and Spec1f1cat1ons for construction of the drill site
‘were publicly advertised and filed with the Montana Contractor's
Association, and bids were publicly opened on 17 April in Helena.

"~ Of the three qualified bids received, William G. Miller Construc-

tion Company, of Missoula, Montana, was the low and successful
bidder, for a lump sum bid of $38,047. Lindsay Drilling of Clancy,
Montana was the low and se]ected bidder for the water well drill-
ing. v

Planning, Dri111ng

~ As the p1ann1ng for dril]1ng the deep well evo]ved three fun-
damental control]1ng factors became c]ear

(1) The nat1ona1 and wOrldw1de energy crisis was creating & rampant
inflation of costs in the drilling industry, and the probability of
dr1111ng this wild-cat research well within the authorized budget
using the normally accepted conventional techniques was diminishing
rapidly from month to month. - It was this realization that caused

" Rogers Engineering to investigate the poss1b111ty of using the
latest improved drilling techniques (untried in geothermal drill-
1ng) that held promise of “increasing drilling rates and reducing

v r1g time on the project. This study led to the decision to use

air drilling or an air-water-foam hybrid system, since penetration
~rates by this method had been known to exceed convent1ona1 mud
drilling by factors of from 2 to 5.

(2) The. demand for dr1111ng rigs was rap1d1y esca]at1ng and doubt
was developing if this project, far removed from active drilling
.areas, would attract the kind of experienced drilling contractor

. desired, and remain w1th1n the budget constra1nts that applied.

(3) Given the expectation of ultra-h1gh temperature bore-hole con-
ditions, extremely hard drilling in igneous rock, plus the need
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to use advanced techniques to stay within budget, it became clear
that the requ1red expertise to direct the operation would not be
found embodied in any one individual, or in any one drilling con-
tractor organization. Rogers Eng1neer1ng concluded that it would
be necessary to orchestrate the most advanced, spec1a11zed exper-
tise of all segments of the drilling and drilling serv1ce 1ndus-
tries in order to accomplish the objectives.

Inputs on the un1que ‘problems of the proaect were rece1ved
from the 1ead1ng companies in drilling mud service, cementing
service, air drilling service, diamond core drilling, mud logging,
and drill bits and tools. The information obta1ned was used by
the Rogers Engineering staff drilling consultants in preparation
of the drilling plans, drill rig specifications, and the specifi-
cations for auxiliary drilling services and equipment.

For the drilling contract a 1ist of qualified bidders was
compiled which included those with geothermal well drilling ex-
perience, as well as the leading responsible oi1~and,gas well
drilling contractors in the Rocky Mountain region. Eleven con-
tractors from this list requested plans and specifications and
the opportunity to bid. Bid opening was set for 29 April 1974,
at which time only three bids were receiveéd. The bids were as
follows:

(1) Molen Drilling Co., Inc., Billings, Montana:
Day Rate:‘ _ 3 $150 per hour
Mobilization in and out: $ 35,000

(2) Geo-Dril]ing; Inc., Phoenix, Arizona:

Day Rate: $200 per hour

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

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

Dax‘Rate: $180 per hour

Mobilization in and out: $230,680

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 of 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
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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 or1g1na1 estimate
“was made.

The aforement1oned study of advanced drilling 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 rates to be expected from such a
system could reduce the rig 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. J. 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. It was understood that Rogers
~ 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 reasonab]e amount if required.

From the standpoint of experience in dr1111ng large bore geo-
-thermal wells, Big Chief Drilling Co. was the preferred contractor.
However, their bid of $230,680 for mobilization and demobilization
-~ of their rig (from Stockton, California to Marysv111e, Montana
-;ﬁnd return) was cons1dered too great a premium to pay for this-
enef1t NI i : :

~ The Mo]en and Geo Dr1]]1ng r1gs were 1nspected and an in-
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 bid; however, it
was recogn1zed that certain "trade-offs" had to be acknowledged.
Molen's crew was not experienced in drilling large bore geo- .
thermal wells, so it was estxmated that this could be trans1ated
into four days additional rig time over the length of the project.
After a110w1ng 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 do1ng the project w1th1n the budget.

. In Molen's favor were: (1) a good record of emp]oyee loyalty,
' demonstrated by a Tow turnover rate of their rig crew personne],
(2) a good reputation within the drilling industry of the region
“as a responsible and capable drilling contractor, and (3) the fact
that Molen was a Montana firm and this was a Federa11y funded
,program. ORI , o
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SITE PREPARATION

General Summary

Mountain construction work above 5,000 feet in western Montana
generally doesn't start before June 15th, so starting 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. The Contractor William G.
(Bi11) Miller, deserves much credit for the extra effort and dedi-
cation with which he overcame this set-back and completed the work
in time for the drilling rig to start moving in on June 4, 1974.

~ Some adjustments to the drill site layout were required after
the drilling contract was let, in order to accommodate the equip-
ment of the rig that was selected. However, this possibility had
been anticipated in the site work contract and the extra work was
accomplished at contract unit prices. The tota1 cost of site
'preparat1on was within the budgeted amount.

" Protection of Empire Creek

The location of the deep well in the narrow Empire Creek val-
ley required extreme precautions to prevent drilling fluids and
petroleum products from contaminating the creek water. -All pits
were lined with plastic. The site was laid out without changing
the course of the creek, and the edges of the creek were faced
with native rock riprap to protect against erosion and siltation.

Water Supply

‘The State of Montana Water Resources Department required that
the project get its potabie water and water for the drilling oper-
ations from wells, rather than from Empire Creek, if possible.
Accordingly bids were invited and Lindsay Drilling (low bidder)
was awarded the job of drilling a well adjacent to the drill site.
It was hoped that one well, or at most two wells, would produce
the minimum requirement of 30 gallons per minute at a reasonably
shallow depth.

However, the first well revealed no significant aquifer, only
meager amounts of water production from intermittent thin frac-
tured lenses. At 150 feet production was only 12 -gpm.  The well
was carried to 305 feet and developed a maximum flow of 26 to 28
gpm$4 The cost was over $6,000, compared to the author1zed budget
of 000.

In view of the high cost of this small quantity of ground
water, the Montana Water Resources Department issued a temporary
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permit for the use of creek water for peak demand. It was decided
to provide the balance of the minimum estimated requirement by
building a pond on Empire Creek immediately upstream from the
office area on the site. - The cost of the pond was less than the
cost of a second well. A pipe large enough to carry the full

flow of the creek was placed at the bottom of the dam in the -
creek bed, with a sluice gate to control the pond level and the
creek flow. With this arrangement, the creek flow was maintained
at normal level throughout the drilling operations and an ade-
quate reserve of ‘water was assured for the drilling operation.

The water well supplied most of the requirements throughout
‘the project. Water was pumped from the pond only during the high
demand of cementing operations and during several electric ser-
vice interruptions, and this was done without jeopardizing norma]
stream flow in Empire Creek.

B.7




.- DRILLING

First Phase - Set 20-inch Conductor Casing

The first phase of the drilling operation was to drill a 26-
inch diameter bore hole to 250 feet for the 20-inch conductor
casing. This interval was first drilled 12-1/4 inches in dia-
meter, then opened to 17-1/2 inches and finally to 26 inches in
two stages. The Empire shale formation proved much harder to
drill than anticipated, starting immediately under the shallow
layer of overburden, so with the approval of the U.S. Geological
Survey it was decided to run the 20-inch casing at 115 feet in-
stead of the programmed 250 feet. This decision was based on the
fact that the presence of the hard rock down to that depth pro-
vided a competent formation for cementing the conductor pipe.

Due to the hardness of the formation, the recommended mill
tooth bit for medium hard formation had to be replaced after
only 29 feet with a carbide insert bit made for hard formations.
The initial drilling of the 12-1/4 inch pilot hole was done with
foam drilling fluid instead of the air as planned, due to a
cracked head on the large air compressor. Penetration was slow,
around 1 to 2 feet per hour, down to 150 feet. At that point,
on June 11, 1974, heavy drill collars arrived and bit weight was
increased. Penetration improved to 10 to 12 feet per hour. The
slope of the time-depth history of the well (Figure B.2) indicates
the average drilling or penetration rate for the well.

Mud was used to open the hole to 17-1/2 inches and 26 inches
because the air rotating head furnished by Air Drilling Services
was not operating satisfactorily. Opening the hole to 26 inches
progressed easily for 75 feet but slowed drastically and wore out
the first cutters by 90 feet. The second set of cutters were
worn out by 115 feet. The next 26 inch hole opener, with carbide
insert cutters, made only six inches in six hours. The high
drilling torque used made exceedingly rough drilling and made
drill collar break-out difficult; therefore the 26 inch hole was
bottomed at 115 feet.

Second Phase - Set 13-3/8 inch Surface Casing

The plan for the next phase was to drill a 17-1/2 inch hole
to 2500 feet and set 13-3/8 casing to that depth. However, the
reduction of the 20-inch conductor pipe to only 115 feet dic-
tated a corresponding reduction of the water string to a maxi-
mum depth of 1,500 feet. The 12-1/4 inch pilot hole was drilled
to 1,526 feet, after which an array of Schlumberger geophysical
logs were run under the direction of Battelle Northwest Labora-
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- tories. Schlumberger's temperature logging tool failed to per-
‘form at this stage, so Dr. Dave Blackwell and his associates
from Southern Methodist University used their therm1stor equip-
ment to acquire the temperature data.

The pilot hole was then reamed to 17- 1/2 inches diameter
~down to 1,326 feet, and the 13-3/8 inch cas1ng was cemented from
there back to the surface -

“ Drilling ‘mud was’ used as the f1u1d in this 1nterva1 because
,of some indication of sloughing gravel when the pilot ho]e was
washed out below the shoe of the 20-1nch casing with the foam
- system.

The drilling rate was less than acceptab]e so higher bit
weights and rotation speeds were used to increase penetration _
~ rates. This was a calculated trade-off against reduced bit life.
The formation below 1,000 feet was a very hard competent quartz
prophyry, and therefore the surface casing string was set at
1,326 feet instead of 1,500 to save drilling time and costs.

Hole deviation built up to 5-3/4 degrees during this interval,

- but ‘was successfully reduced to desired limits by using the pen-
‘dulum effect with reduced bit weight, followed by a return to
normal bit weight with increased stab111zat1on

‘ The Mo1en crew's lack of experience ‘in hand11ng large p1pe
“had been apparent in. running the 20 inch casing, so for running
the 13-3/8 ‘inch pipe a special casing sett1ng crew was brought
vin (WISCO, of Williston, S. Dakota) : .

Th1rd Phase - Set Intermed1ate Cas1ng

It had been p]anned to use stralght air dr1111ng below the
surface string, ‘but due to difficulties experienced in drying the
. hole, a mist drilling fluid was used in drilling out from the 13-
~3/8 inch casing. The combination of the mist and ‘the air hammer
- drill produced penetration rates as high as 28 feet per hour with
the 12-3/4 inch bit. At about 1,800 feet, water started entering
the hole at about 100 gpm and increased to about 1,000 gpm at
1,932 feet. This influx of water filled the reserve pit and
’operat1ons had to be shut down to pump out the reserve pit.  This
- excess fluid had to be trucked several m11es to a speC1a11y des-
,1gnated dump1ng area.

It became c1ear qu1ckly that the cost of hauling away’ th1s
unexpected volume of water would be unacceptable. Since the
static level of the water was several hundred feet down the hole,
‘a‘test was run to see if the excess water would return: to the
formation when pumped back into the well bore. The test was suc-
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cessful, so while it was desirable for well logging and geophysi-
cal determinations to minimize disturbances, the excess water was
pumped back down to- ‘the producing zonmes, and the excess water.
hauling operation was term1nated o

Drilling was resumed and after a period- of_experimentation a
successful aerated water system was devised. With air and foam
chemicals the amount of aeration of the fluid column was varied
‘to achieve a balance between the hydrostatic head in the well
and the formation water pressure. With this balance the forma-
tion water was held back while the circulating system in the
well bore operated in normal fashion providing a good return of

cuttings.

As drilling proceeded the bit penetrated numerous heavily
fractured zones which would either produce large volumes of water,
or would accept fluids, depending on the hydrostatic head of. the
column in the bore hole. The principal fracture zones are shown
in Figure B.4. At times it was advantageous to increase aeration
and produce water, filling up the reserve pit, and at other times
it was advantageous to reduce or eliminate aeration, thus drill-
ing with straight water from the reserve pit. The latter method
was used principally to dispose of excess water, and dur1ng
coring operations.

While drilling with straight water (no aeration) return
flows did not reach the surface; in other words, the lost circu-
lation zones or fractures accepted the drilling fluids and the
cuttings from the bit. This variable system was used all the
way to total depth (6,790 feet). After hole depth reached 3,500
feet a jet air sub was installed at 1,300 feet to assist in
T1ifting the fluids from the hole.

The hole size was reduced to 7-7/8 inches at 4,256 feet,
although the original plan was to reduce at 4,000 feet This
change was made because of the indication of fractures from 4,000
to 4,200 feet, and a more competent zone was sought ‘in which to
bottom the 9- 5/8 inch casing.

. The aerated water drilling regime proved most advantageous
in this lower portion of the hole with penetration rates up to
28 feet per hour. Gross footage per day of over 400 feet was
achieved. Total depth was declared at 6,790 feet after penetra-
tion into a heavily fragmented zone threatened to stick and trap
the drill string.

A series of Schlumberger geophys1ca] logs were run before
setting the intermediate 9-5/8 inch casing. Turbine flow meter
tests showed substantial water flows from upper zones to the bot-
tom of the hole. The 9-5/8 inch casing was set on the shoulder

B.10




at 4,256 feet, but it was cemented at the bottom on]y, to permit
max imum salvage later if it is not needed. The WISCO casing crew
was ca]led aga1n to run the 9-5/8 inch casing.

A cement bond log was run after the first attempt to cement
the bottom 700 feet of pipe, but it showed a maximum of only 10
feet of good bond, at 4,190 to 4,200 feet. A squeeze job was
attempted with perforat1ons at 4,130 feet. Another bond log was
run and showed no change in the amount of bond as a result of the
additional: cement. :Budget limitations precluded further effort
to improve the cement bond, so it was decided to drill out the = _
shoe of the 9-5/8 inch casing and check for bond right at the bot- -
tom. The final bond log showed at least 3 feet of good bond at
the shoe, and a flow meter check indicated that the casing as '
cemented had virtually stopped the flow of water in the hole im-
. mediately below the cas1ng

, A cement plug was then spotted near the bottom of ‘the h01e

over an open-hole packer, and final temperature and water flow
-tests were run. These tests indicated substant1a1 success’ 1in
e11m1nating down- hole water flows.

The Sch]umberger crew finished the logging on September 10,

- 1974, - After the rig crew installed the Christmas tree, the dr111
‘fr1g was released at 8 00 p.m. on that same date. _
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CORING OPERATIONS

Coring, General

Cores were cut with diamond core bits, using unaerated water
for the drilling fluid. - The greater hydrostatic head of this
denser drilling fluid caused lost circulation, which resulted in
no drilling returns. Each core drilling sequence was thus limited
by the amount of water in the reserve pit. The aeration in the
drilling column was increased for a time before each.core was to
 be taken, to allow the well to produce sufficient water to fill
the reserve pit. This fluid was then used, with no returns,
“during the cor1ng operation. Straight water was used for core
cutting for maximum cooling of the diamond bit while penetrat1ng
the highly abrasive granite formations.

Christensen diamond core bits were used throughout the cor1ng
program. A total of 114.5 feet of formation was core drilled -and
a total of 82.5 feet of core was recovered, a recovery rate of 72%.
Coring in the Empire metamorphosed shale down to 975 feet was quite
difficult, but yielded generally good results. Below 975 feet,
however, the quartz feldspar porphyry (granite) was extremely dif-
ficult to core with diamond bits and presented a severe challenge
to core drilling experts. Very little to no recovery was obtained
on four core intervals. Inadequate stabilization of the 7-7/8
inch core bit in the 12-1/4 inch hole allowed the bit to walk
around the bottom face of the hole and damaged the core head. Only
7 inches of the 5 foot interval cored was recovered on one core
interval, and no recovery was obtained in the subsequent two core
intervals.

At this point Rogers Engineering requested a conference with
Christensen Diamond Products management to resolve the problems.
As a result of the meeting, pinned stabilizers were utilized to
prevent lateral bit travel at the start of a core and allow the
stabilizers to slide up the outer core barrel tube as coring pro-
gressed. This, together with a change of core engineer personnel,
produced better results thereafter.

Coring Rates and Costs

Coring Summary (Figure B.5) presents the coring results. The
core penetration rate varied from 0.5 to 4.0 feet per hour. The
coring operation occupied 99 hours of rig time in.coring and 114
hours of roundtrip time. The average penetration rate was 0.83
feet 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 inc]ude rig time and hourly pro-rata share of all
accessory costs). :
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| COST‘ANAtYSIS""‘”

General Costs

The gross amount expended on the MarysvilIe Goetherma] Well
No. 1 -project during CY- 1974 and 1975 by Rogers Engineering Co.,
Inc. was $1,363,702. " This figure includes certain expenditures’
not d}nect1y chargeab]e to the drilling and re]ated operat1ons,
as follows: e

(1) - Cost of arbitration of contractor's claims - $§ 33,648
- (2)  ‘Estimated re-sale value of wellhead and e
~ -'casing hardware purchased but not used

‘ due to unexpected results of the dr11ling | f20,650 :
. (3) Cost of study for plugging and abandonment . °= - . o
~of the deep well .- 5,216

"Total Non-Drilling Expenditures $ 59,514

" Deduction of the non-drilling expenditures from the gross ex-
penditure yields a total of drilling and related costs of
 $1,304,188. A detailed summary of the costs included in this
‘total 1s shown 1n Figure B.1.

The major categor1es of costs, expressed as a percentage of
the total, were as follows:

Percentage of

Cost Total Cost
Site preparation and- F1e1d ‘ o S =
~© Office Operation . $.107,751 8.2%
Direct Drilling Costs, in- '
cluding Coring , 768,963 59.0%
Casing, Cement, Wellhead . . S .
Equipment ‘ 196,759 15.1%

* Well Logging and Testing
~ (Direct Cost, not in- : ‘
cluding Rig Time - 52,664 4.0%
Engineering, Drilling Super- o : ‘
vision, Procurement, Ex-

‘pediting & Misc. : : ‘ 178,Q51 13.7%
| | ©$1,304,188 100 %

Comparative Costs

To get a realistic comparison with commerc1a1 dril]ing costs .
in the 1ndustry, it is necessary to deduct the portion of the '
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total cost that was chargeable to strictly research objectives:
principally the costs of the extensive coring program and the v
logglng and test1ng activities.

‘An add1t1ona1 adjustment of comparative per foot dr1111ng
cost should be made due to the drilling sequence dictated by the
geophysical logging program. In order to log the hole, it was
necessary to drill the upper 17-1/2 inch and 26 inch hole in
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 drilling pass in the upper 1,326 feet, and deducting the
direct costs and the rig time and associated extra costs of the
-coring, logging, and testing programs, leaves a direct drilling
cost of $522,830, or $77 per foot. (Casing, well head and cement
not 1nc1uded) : ' : '
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' Dr1111ng Procedures

- fu]ly realized in the 1arge bore Upper segments of the hole.

“from 300 feet down to 975 feet, than in the quartz porphyry be-
~Tow. After drift built up to over 5 degrees in the shale, drill-

d.stab1lizer arrangement was then used to ma1nta1n contro]

proaect due to limited supply).

DISCUSSION OF RESULTS

The pre-spud decision to provide air drilling service as a
supplement to conventional mud drilling equipment proved a for-
tuitous one, although the advantages of the air system were not

“Where mud was used- {in ream1ng ‘the 17-1/2 inch ‘and 26 inch
ho]es and in drilling the 12-1/4 inch pilot hole from 290 feet
to 1 524 feet) penetration rates varied from two to ten feet per
hour. Below 1,524 feet, while drilling with air mist and a per-
cussion hammer drill, penetration ranged consistently from 12 to
28 feet per hour. After water influx damped out the effective-
ness of the hammer drill below 1,912 feet, drilling with an
aerated water system achieved cons1stent penetrat1on rates of
from five to 24 feet per hour.

An added advantage of the air dr1111ng experienced was in-
creased drill bit. 11fe, as shown in Figure B.6.

Hole Dev1at1on ,

Control of drift was more difficult 1n the Emp1re shale,
ing had to slowed to bring it under control.. A "full hole"

s Tendency to dr1ft was s]1ght to moderate while dr11]1ng with
12-1/4 inch bit in: the Empire stock. When bit size was reduced

to 7-7/8 inches, hole deviation increased markedly. The decision
was made and approved to accept up to 15 degrees deviation so that
maximum drilling rpm and weight-on-bit could be utilized to maxi-
mize penetration for the final run to bottom. The final devia-
tion survey showed a drift of slightly over 12 degrees at bottom.

Drill Bits

~ The metamorphosed shale and quartzite of the Empire Shale,
and the quartz feldspar porphyry of the Empire Stock both proved
to require bits for harder formation than drill bit 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 bit (only one ava11ab1e to the

The short bit 1ife of the large hole openers as shown in
F1gure B.6, resulted from a deliberate trade-off in which h1gher
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than normal drilling rpm and bit weight were used to achieve more
rapid penetration and consequently less rig time. The higher rpm
actually resulted in less shock of the drill rig and tools, be-
cause the fractures of the formation caused greater “torqu1ng" at
slow to moderate rpm than at the h1gher rate

Cor1ng B1t Problems

, As noted in the coring sect1on, the dlamond core bits per-

- formed satisfactorily in the metamorphosed shale, even though the
formations were heavily fractured. In the quartz porphyry how-
“ever, the more abrasive nature of the formations consumed the
diamonds of the cutting structure at a rapid rate, resu1t1ng in
unacceptably high bit cost and slow penetration. This is in con-
“trast to the carbide insert tricone drill bits, which performed
better mak1ng hole 1n the quartz1te than in the Empire shale.

The super1or performance of button bits versus d1amond bits’
in granitic rocks should add further impetus to the dr1111ng bit
industry's efforts to develop button-type core bits in anticipa-
tion of greater use in such formations in the future search for
geothermal resources. ,

Analysis of’Riginme

Figure B.3 displays a distribution of rig time on location
according to the major operations. Of significance is the fact
that basic new-hole drilling used only 42.08‘percent of rig time.
Reaming with hole-openers to larger hole size used an additional
8.65 percent. The scientific information gathering operations
(cor1ng and bore hole logg1ng) used a total of 24.23 percent of
rig time. Equipment repairs required 13.07 percent of rig time
of which 79 percent were paid for by the drilling contractor.
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DrfIIing Contract Administratioh Prob]ems

In awarding the contract to the Tow bidder, some trade-offs,

~such as possible lower efficiency and performance by the Con-
tractor's personnel, were recognized 1n e]ecting to use a smal]

- local contractor organization , ,

, Such a trade-off proved to be a reality in the area of con-
~ tract administration. The Contractor was delinquent in submitting
' cost data, billing and documentation for reimbursable third-party
and freight charges. Also, when such bills were finally received
they contained charges for basic rig equipment that were not re-
imbursable under the Contract, and for rig repairs that were not
reimbursable. These deficiences resulted in the disallowance by
the Englneer of approx1mate1y $167,000 of Contractor c1a1ms

‘ The ‘Contractor then demanded arbitration of h1s reJected
claxms Accordingly a three-man arbitration panel of the American
Arbitration Association was convened in Billings, Montana, for a
total of seven days beginning June 9, 1975. The results of the
: arb1trat10n proceed1ng are as fo]]ows B R

Total Contractor Claims D1sallowed o
by Engineer. i $167 000

Less Claims: Approved by Eng1neer

-“after. ProperDocumentation . S 23 138)
Less Claims Awarded by Arb1tration 'I
‘ Pane] S , i - ( 25,234)

. Total C1a1ms Den1ed by Arbltration
Panel ci 5118 628

_ Although the Contractor was not successfu] in co]lect1ng on
- the maJority of what Rogers considered unsupportable claims, the
. costs of defending the claims in the arbitration proceedings
became an addedtcost,factor to the project. These costs 1nc1uded
~ the services of Roger's project management personnel, legal coun-
sel, expert witnesses, plus their travel and per diem expenses,
-and Amer1can Arbitration Association's administrative fees and
~_expenses, for a total of $33,648. The conclusions of the arbitra-
tion panel fully supported and justified this effort and expense
by Rogers: Eng1neer1ng to reJect ungrounded c]aims by the drilling
contractor.- L ,
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N © . Budget -~
Item o .. Totals

.Site Preparation & Equipment
Site Preparation, including Te]ephone and Electric '
Power Construction $ 81,714

Trailer, Truck & Office Equipment : - 5,687
Field Office Operations & Maintenance . 14,470 - :
- *Potable Well Drilling & Pump - 5,880 . . $. 107,751
Drilling Costs C , - S o
Well Drilling . : ' . -"-509,226
Drilling Bits. : : g 77,045 -
Coring Tools, Bits & Serv1ces : - - 66,424
Air Drilling Services and Equipment - . - 76,178
Drilling Mud and Service © 19,547 o
Mud Logging _ : ‘ 20,543 $ 768,963
**yell Casing , . , 134,287
*Well Head Equipment - R : 13,647 - -
Cementing > o 48,825  $ 196,759
**+Bore Hole Logging ' o a2.689
Drill Stem Testing ' 9,975 $ 52,664
Consuiting Engineering, Procurement, Expediting, Drilling :
" Supervision 166,194
Travel & Per Diem - _ 11,716
Report Reproduction . , 141 $§ 178,051
Total | $1,304,188

*Net cost after estimated resale credit.

**Net cost after estimated resale credit of unused casing hanger. Does not
reflect credit for resale of 9-5/8 inch casing if recovered in future.
That credit is reflected only in the separate study of Plugg\ng and Abandon-
ment by Rogers Eng1neer1ng Co., Inc.

***Transferred to Rogers Engineering Co., Inc. budget from BNW in origlnal
‘ proposal.

 FIGURE B.1. Summary of Drilling Costs
Marysville Geothermal Project
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ACTLVITY o . PERCENT OF TOTAL RIG TIME

Dr1ll1ng L o IR L 42.08

a. Drilling Hole ' ' 2517

b. Round Tripping - Drilling ‘ ' ‘12.05

c. Conditioning Hole, Mixing Mud L o 3.60

d Magnaflux Drill Collars B 1,26

Ream1ng Ho]e , ' : ; 8.65
o Ream1ng and Opening Hole | - 6.67

b. Cleaning Out Pilot Ho1e E 1.98

Casing, Cement - .  ‘ L D sl e 3.41

OO0 oTN
« s e e

(=4
.

QD OO0 Oy

Running Casing 0.94
Cementing Casing , , 1.05
Waiting on Cement i 0.74
Cement Plugs .. C 0.16
. -Drilling Cement Out of Cas1ng 0.52
Coring o ST | 9.61
a. Cutting Core o , R 4.42
Round Tr1p Corlng - o 5.19
Bore Hole Logglng ’ ; : | IR 14.62 f
Geophysical Surveys o ‘-‘. 1.30 '
‘Temperature Surveys, SMU : “ 4,82
. Temperature Surveys, Schlumberger 3.86
Drill Stem Testing = ' 0.67
<. . Round Tripping, Drill Stem Tests 2.05
< Fluid Flow Surveys 0.76
Cement Bond Surveys 0.4
Water Sampling 0.19
vKu1pment Repa1rs 4 ' o 13,07
~ a.. Equipment Repairs, R1g u : © 10032
b. ~ Equipment Repair, Operator Charge, , ' 2.75 - o
‘Fishing - R - S a2
“MWaiting Time (Equipment/Servicés) ) ‘»" RPN L 3.25
. B]ow-out Preventers - Rig Up/Down . , 'r.f ST A ':;,{ . -3.75
. Xmas Tree = Rig Up o - ST BT SRS S a ' v ,\o,44
‘ 5 c | | - 100%

FIGURE B 3-A Marysvﬂ]e Geothermal Well No. 1
 Breakdown of Drilling R1g Time
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_Total Rig-Time

Total Rig Time

Cost of Rig Time for: Cores Recovered: §71.781

". Cost of Coring Tools; Bits & Services: $64,219

Spent ‘on Core Round Tr_ippiﬁg: ‘114 Hours

" FIGURE B.5. Coring Summary - .
' Marysville Geothermal Project
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© $1.636

Coring Interval - R c::i:g‘ ‘Core Core’

No. | _Depths Cored _Ft/{Hr Recovered Diameter Remarks -
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4 921 -931 . | 10 3.3 0 'y

' 5 f 997 -_l_’067 10¢ 17 Joe R iy
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' APPENDIX B.1

LIST OF SUBCONTRACTORS - MARYSVILLE PROJECT -

 SITE WORK SUBCONTRACTORS

- Subcontractor. i .

(1) Foundation and. Materials
‘Consultants, Inc.
Attn: Robert L. Holm
839 Front Street
He]ena, Montana 59601

'(2)';V. T. N. Inc (He1ena)

Attn: Dave Twiddy
‘Helena, Montana 59601

(3) Lindsay Well Dri]]ing
~ Attn: Wesley Lindsay
Clancy, Montana 59634

tion Co.:

Attn: William G M111er
P. 0. Box 1033
M1ssoula Montana 59801

(4) William G. _M111er Construc-

DRILLING SUBCONTRACTORS

(1) Molen Dr1111ng Co., Inc
Attn: Vern Molen, Pres.
ABill1ngs Montana 59103

(2) ‘Air Drilling Serv1ces, Inc.

Attn:  J. Brodie Pugh
4 Sedgew1ck Drive. =
'Eng]ewood Colorado 80110

.,(3) Baro1d Division ofVNL

Industr1es, Inc..
Attn: ‘Leroy D. Greener
Roundup, Montana 59072

(4) Dowell Division of Dow

Chemical Co. - , _
Attn: G..J. "Bud" Durborow

216 Security Life Building -

Denver,:Co]orado 80202
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Amount of '

“Tybe’bf Work © - . Contract
© Soi1 Tests and Analysis-
‘ o % 33
Site SurVey"i\‘A
- - 1,686
Potable Water Well.
| 6,200
Site Grading and
Construction
50,994
" Drill the Deep Well
e 487,165
Air Drilling Senvfce
73,631
Drilling Mud Service |
19,547
Well Cementing Service
48,611




e
~ Attn: Billy R. Roush, V. P.

(6)

APPENDIX B.1 (Cont'd)

'LIST OF SUBCONTRACTORS - MARYSVILLE PROJECT

" Amount of.

Subcontractor Type of Work - - _Contract

gontinental Laboratories,  Mud Logging Service

1744 Mullowney Lane

“Billings, Montana 59102 SRR 20,543

Schiumberger Well Services  Well Logging
Attn: Harold Darling ~ (Geophysical)

Havre, Montana 59501 40,157
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APPENDIX B. 2

 LIST OF SUPPLIERS OF. DRILLING EQUIPMENT AND SERVICES
' " MARYSVILLE PROJECT -

(2)
- (3)
(4)
: : Da]las Texas 75284
- (5)
)
)
G
1(9)'

- (10)

- Name of Supplier -
(1)
- Tulsa, Oklahoma 74102

"The Bovaird Supp]y Co
P. 0. Box 2590

Republic Supply
P. 0. Box 1995

Oklahoma City, Oklahome mo | )
1353/8"'Casing'

Vinson Supply Co.
P. 0. Box 1860 . . = -
Tulsa, Oklahoma 74101

'Cont1nenta1 Emsco Co.
P. 0. Box 22558

Chr1stensen Dlamond Products
P. 0. Box 387
Sa]t Lake City, Utah 84110

}Hycalog,‘lnc
P. 0. Box 15372 ’
Houston, Texas 77020 -

. Core Laborator1es, Inc

Box 10185.
Dallas, Texas 75207

Cavins Corp.
P. 0. Box 8013 -
Houston, Texas 77004

Gray Tool Co.
P. 0. Box 2291 = -
Houston, Texas 77001

Valve Services, Inc.
13060 E. Firestone Blvd.

~ Drill Bits:

Equipment/Service Supplied

.. ... 20" Casing

9-5/8" Casing .

Hughes - 10,992
~ Smith - 6,723

Diamond Core Bits, Tools and

. Engineering Service

~ Diamond Core Bit & Tool

Core Boxes

Junk Snatcher, Rental and

: Engineering Servite.

Ne]l Head Va]ves Cas1ng o

- Hangers

‘Hell Head Valve !

Santa Fe Springs, Ca. 90670 .

B.27

Seourity r-$58,645‘,;

p— - ——

~ Amount

$°5,805

73,584
33,837

76,360

64,219

1,883

- 302

8,543

32,806

4,014




()

(12)

(13)

(14)
(15)
(16)
(17)
(18)
(19)

(20)

APPENDIX B.2 (Cont'd)

LIST OF SUPPLIERS OF DRILLING EQUIPMENT AND SERVICES
© MARYSVILLE PROJECT

; Name of Supplier . Equipment/Service Supplied :
Williston Industrial Supply Casing Handling- Tools and
Corp. Crew
P. 0 Box 1323
Williston, N. Dakota 58801
Casper Machine Shop S Cut Threads on Casihg

~P. 0. Box 2995
Casper, Wyoming 82601
Colona Division of AMPCO- ‘Casing Thread Protectors

- Pittsburgh ' : '

P. 0. Box 360897 M
Pittsburgh, Pennsylvania 15251

AMF Tﬁboscope, Inc. Casing and Drill Pipe

P. 0. Box 808 Inspection

Houston, Texas 77001 :

Kuster Company ~ Down-hole Temperature Re-
P. 0. Box 7038 , corders

Long Beach, Ca. 90807

C. A. White Portable Wire Line

P. 0. Box 156

Casper, Wyoming 82601

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

Lynes United Service, Inc. Drill Stem Testing
1562 Cleveland Place
Denver, Colorado 80202

Johnston-Schlumberger Dri1l Stem Testing
P. 0. Box 36369 :
Houston, Texas 77036

TRW Mission Manufacturing Co. Air Hammerdril Rental

P. 0. Box 40402
Houston, Texas 77040

B.28

- Amount

3,507

 $13,986

423
4,661
1,575
903 -
713
2,501
7?474

1,035




APPENDIX B.2 (Cont d)

LIST OF SUPPLIERS OF DRILLING EQUIPMENT AND SERVICES -
© MARYSVILLE PROJECT

Name of Supplier | Equipment/Service Supplied

(21)  Acme Tool Co. . Fishing Tool Rehta1
' -Casper, Wyom1ng 82601
(22) Drilco, D1vision of Sm1th . Stab1lizers, Reamers, and :
International = - - -~ Subs

Casper wyom1ing 82601
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Amount

$ 6,679

$ 43,604
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WELL LOGGING

by
P. N. LaMori

Battelle-Northwest

Séptember:1975 |




’sasga;nsttuLoaelne' 3

SP N LaMori A
Batte]]e Northwest

Well iogs are common]y ‘made’ both during and after driliing to determine

- characteristics such as 1ithoiogy, fracture patterns and physical properties
of the drilled formations and to determine certain conditions in the well

such as its deviation from the: vertical its mechanical dimensions, and-con-
ditions on temperature and water flow. "Good well logging requires the use

of sophisticated. scientific ‘techniques ‘developed over . .many. years.of research
by the 011 industry.. . lLogging services for. .field .operations.are available .
from ‘a number of companjes who truck their equipment to your site and perform
1ogging services under contract. For this project an agreement was made with
an' 1ndustry Jeader, Schlumberger, “whereby the Jogging would .be done by the ..
Schlumberger Well Services Corporation. for the normal charge rates,. and: inter-
pretation of the logs would be provided. by Sch]umberger-0011 Research. Labora-
tories. The project is particularly indebted to Dr. James, Moran, Director, .
Schiumberger-Doll Research Laboratory, for providing the services... In.addi-
tion to the 1ogging done by Schlumberger, temperature 1095 and directiona]
surveys were undertaken by project personne1 using the 1nstruments and equip-»

~ment available at the site.

P

S Major ]oggings were done by Sch]umberger on two occa51ons Just prior to
y'the setting of the casing, the first on July 7,.1974 to'a depth of 1326 ft,
and the second on September 10 to 6790 ft. At these times a complete suite
of logs were taken as described below. Minor loggings involving only tem-
perature and flow were undertaken in 1974 on August 29, September 21, Octo- x
ber 21, November 16 and in 1975 on Apri] 23.  The composite set of both major ,
and minor ioggings include: , , :

1. The bore ho]e caliper log and sonic log with gamma ray (measures hole
diameter, acoustic velocity, and natural radioactivity in the rock).

2. The dual induction laterolog (determines the formation resistivity by
- . eddy current induction and flow of a focused direct current).

-3, ,The formation density gamma ray log (determines the formation
~density, ho]e diameter, and natura] radioactivity). -

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

5. Electrical survey (measures re51stivity of the’ formation)
6. 4-Arm Digital Dipmeter (measures the dip angle and d1p direction of

fractures and bedding planes by correlating changes of formation
e]ectr1ca1 resistivity). :

€l




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). AR

9. The water flow logs (measured with an open hole spinner, the Packer
‘Flovmeter, and with the radioisotope flowmeter). ~ . .

The results of these loggings are discussed in detail ih‘ﬁhe’fdliohing sec-
tions, as well as elsewhere in the report. ST -

- The directional survey is presented in this section. Figure C.1 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.1 summarizes the directional sur-
vey data at 100 ft intervals. ' o

The details of the individual logs are rather voluminous and therefore

will not be reproduced in this report. The information is stored at Battelle-
Northwest and can be examined on request. ‘ IR

-C.2
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FIGURE C.1 Directional Computations from Dipmeter Results
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TABLE C.1. Directional Survey Summary

- Inches ~  Inches

Degrees =~ = - Feet . - Feet  Diameter - Diameter
Depth(8) Drift  Azimuth X Deviation Y Deviation 1-3 . . 2-4
116 2.1 43 . 0.,00 0.00 - - 8
200 2.1 B8 .27 1,92 0 18.0 = 18.0
300 1.5 107 5.04 3,28 - -13.1 ~13.0
400 1.6 109 7.74 2,64 13.5 13.2
500 2.5 m 10,94 . 1.36 143 14.3
600 3.3 M 15,71 -0.39 13.4 - 13.4
700 3.7 109 ' 21.31 -"2.64 13.3 - 13.3
800 4.6 92 28.58 - 3.91 13.2 13.7
900 5.0 -88 - 37.03 - 3.95 13.2 14.5
1000 5.7 84 46.40 - 3.23 13.8 14.0
1100 5.7 85 56.36 - 2.31 13.5 -13.5
1200 5.8 85 66.34 - -1.45 13.5 13.4
1300 5.7 82 76.22 - 0.24 12.8 12.7
1400 5.7 83 86,09 1.03 - 12.7 12.7
1500 5.9 83 96.09 2.22 12.8 12.5
1602 4.1 93 104.84 2.32 12.8 -12.2
1702 2.8 74 110.66 2.77 13.0 - 12.5
1802 2.7 63 - 114.90 5.00 13.0 - 12.5
1902 1.6 62 117.99 6.53 13.1 13.5
2002 1.5 61 . 120,54 7.69 13.5 13.2
2102 1.1 61 122.46 8.67 13.3 12.9
2202 0.8 48 123.73 9.58 13.1 12.8
2302 0.4 349 124.15 10.38 - 12.8 12.6
2402 0.9 290 123.28 11.04 12.9 - 12.6
2502 0.9 288 "~ 121.70 11.57 12.9 12.6
2602 0.9 285 120.34 12,03 13.1 12.7
2702 1.2 276 118,61 12.36 13.2 12.7
2802 1.2 264 116.36 12.42 16.2 12.6
2902 0.8° 254 114.74 11.93 ' 14.6 12.5
3002 0.5 272 113.62 11.80 17.8 12.5
3102 0.7 50 114.07 12.45 13.0 12.6
3202 0.5 a1 114.82 13.21 - 13.2 12.6
3302 0.7 23 115.28 14.03 13.0 12.5
3402 1.3 16 115.99 15.59 13.3 12.6
3502 1.9 16 116.80 18,34 13.1 12.5
3602 2.3 27 118.02 21.68 13.0 12.7
3702 3.1 18 119,90 26,19 12.9 12.5
3802 3.6 16 121.60 31.90 13.0 12.5
3902 3.3 8 © 122.86 37.68 12.9 12.5
4002 3.2 3 123.22 04336 127 125
4100 3.3 9 0

350 122.60 48.84 ‘ 12.

a. In feetifrdm"Kelly Bushing
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TABLE C.1. (Continued)
e . : - - Inches . - Inches .
‘ . Degrees -+ Feet Feet Diameter = Diameter
Depth(@) Drift  Azimuth X Deviation Y Deviation 1-3 2-4

4200 3.7 332 - 120.43 54,38 12.8 12.2
4308 5.3 319 115,460 - 60.87 .. 8.6 8.2
4400 6.5 302 - 108.10 - - 66.71 8.8 8.1
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
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
5100 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
5400 8.7 293 - = 23.77 - 125.41 9.0 8.0
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
5800 -10.3 296 - 83.64 = 148.86 8.4 8.1
5900 9.6 299 - 98.45 - 157.08 8.6 - 8.1
6000 10.2 296 -114.10 164.50 - 8.2 8.0
6100 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 - ~-166.63 - 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 8.3 8.0

14.5 8.4 8.3 .

;;‘ 6700 296 - - -248f35 ' 223.50

a.:ihffeet from Kelly Bushing
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LG DATA EVALUATION

0 George Coates
Schlumberger-Do11

\

..¢nnngatte11e¥NorfhWést ét’éi,'iniconjunctidh wffh;the'Nationé1t$¢1en¢e.*; ‘
Foundation, elected to drill.a borehole in the Marysville, Montana area to: :
evaluate the,geOtherma]~anoma1y located there. . S e .

Surface and.shallow-hole geophysical data strongly implied the source.
of  heat was a. recent' magma chamber, near the surface, which was barren of
~aquifers. The borehole was deemed necessary to prove or disprove this

postulation. , .

.+ . If borne out, the well would become a part of an experimental power
system designed to utilize the dry-rock for heating injected water, which
would then be withdrawn through a.second, nearby well. For. the development
-of such a system it is necessary for fluid movement to: occur between the
two wells either through existing permeable conditions, or, if inadequate,
through induced permeability. . - S

The intended use of logs was to provide a measure or indication of

existing,porosity/permeabi]ity conditions.

 LOGGING PROGRAM

- The logging pfogfamfwas'déSigned?%o>téké:advéntage'oflthe “fréciure“',f
.. _response of each device or combination of devices. This, of course,:is
. necessary since no single technique can.be.relied upon to find fractures.

- The other constraint on selecting a logging program was the environ-
~~ “mental factors, the primary one being the high temperatures expected, R
. .(500°F at 5,000 ft depth). - This possibility promptéd the .decision of making :
- three separate.logging runs, (at 2,500 ft, at 4,000 ft, and at TD). .~ -

) ~  The basic logging program was to consist of the Laterolog (LL-7),"

" . Sonic (BHC), Neutron (CNL), Dipmeter (HDT) and of prime interest, multi- S
‘. recording of Temperature (HRT), to be modified as dictated by encountered

- ~formations. - The ‘Density (FDC) and electric-survey (ES) were added later . .

to aid Battelle in their correlation to surface conditions.’

FRACTURE DETECTION ‘
Since no single method can reliably locate fractures, the approach was

-taken: that, of the methods tried;-the:more that indicate fractures the bet-
ter the chance that a fracture really exists.. ' e

C.7




One reason a single method is unreliable is due to the sensitivity of
most logs to particular geometrical orientations of the fractures. To better
illustrate this a discussion of each method follows:

Resistivity

The Resistivity device, since the basic matrix can be considered non-
conductive, responds to the presence of conductive fluids. Thus resistivity
is. a porosity measurement providing the open pore/fracture spaces are water-
filled, which, of course, is the case here. With electrode devices such as
the LL-7, or ES, fracture response, especially high angle fracturing, is
indicated by an apparent "porosity" which is too high compared to other
porosity measurements which gives an unaffected value of poros1ty, such as
the Neutron log.

In a vertical electrode configuration this is caused by a “shorting"
of current paths which reduces the amount of voltage needed to maintain the
current flow. This reduction in voltage is analogous to an increase in
porosity. However, in the case of low angle fractures the "shorting" of
the electrode is minimal and the amount of porosity shown will not be anoma-
Tous, thus requ1r1ng the use of another fracture detector method for these
(Figure C.2). :

Current Path Distortion Concept - Homogeneous Matrix

No Fracture High Angle Fracture Low Angle Fracture
 FIGURE C.2. Resistivity Fracture Detection




Sonic

The presence of low-ang1e fractures is. detectab]e from anomalous values
on a travel time recording (At) by events which were attributed to cycle-
skipping or missed measurements during the time-cycle requirement of the tool.
- Such events occur when the signal level drops below a bias level which con-
‘trols the time-cycle measurement. The skipping with the BHC is not always
obv;ozs or always due to . fractur1ng, thus reduc1ng the rel1ab111ty of this
metho , .

, 0bserv1ng the amp11tude of the compress1ona1 arr1va1 is a common method
closely related to cycle-skipping but it has been susceptible to misinter-
pretation due to poor acoustic coup11ng between boreho]e f1u1ds and some
-types of matrices. s

A more successful method of fracture detection with the BHC system has -
been the Variable Dens1ty-Amp11tude recordings. :

In th1s type of recording, fractures are normally associated w1th d1s- ,
tort1ons of the sound pulse wave train caused by reflections of the sound
wave due to the interruption of the wave's uniform front by the presence of
materials having widely different acoustic pr0pert1es such as water, (frac-
ture) and the ‘basic rock matr1x (granite). : ,

= In the varlable dens1ty record1ng the wave train is recorded as a func-
tion of travel time; the positive half-cycle black, negative white," the
intensity of the respective half-cycles being d1rect]y modulated by their
amp11tudes. ‘A fair-to-good fracture finding ability has been demonstrated
‘This 'is usually done by ‘noting distortion of the recorded wave train both.
“in frequency and amplitude. Quite often these recordings are so- complex,
- as they are here, that they can only be used to locate zones of fractur1ng
instead of d1screte fractures (F1gure €.3). : :

,Dens1ty

The: response to fractures exh1b1ted by FDC is to on]y show an apparent
porosity increase. This, in normal practice, is often disguised by 1itho-
logic variations. In this well the 11thology is relat1vely constant so the
system is less ambiguous than normal.

: . A second method found to work in some 10ca11zed situations is the cor-
relation of the correction curve (Ap) to fractures. -This technique is gen-
erally only partially successful since hole -rugosity can cause a similar
response.  If significant act1v1ty exists though on. the Ap curve in appar-
ently smooth hole, there is a.good chance fractures ex1st, such as at

5450 -54 ft on F1gure C.4.
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Neutron

The neutron itself is not a fracture detector per se but, be1ng a

: hydrogen index indicator, it provides a good porosity index when water is
the major source of hydrogen. Of course, 1ntergranu1ar ‘porosity and frac-
tures containing water show themse]ves the same to the neutron system

The CNL is, as is the FDC, usually limited by 11thology var1at1ons in
normal well logg1ng, but, aga1n, the essent1a11y constant matr1x helps allay
this problem.

Bonp Versus pes

Without know]edge of the exact matrix parameters, though, ‘we are unable
to accurately determine the porosity from the individual logs. However, a
simultaneous solution of the BHC(S), CNL(N), FDC(D) logs (gsNp) calibrated
to known responses, such as quartz, calcite and dolomite, provide a va]ue
of poros1ty which, though not 100 percent correct when other minerals are
involved, is quite good. This occurs particularly in this case where we
are basically dealing with a quartz porphyry. : o

Th1s ability to achieve a reasonab]y accurate prof11e of poros1ty a]so
provides the basis for the comparison of resistivity "poros1ty" {PRES) which
was previously discussed. Thus an apparent increase in ¢RES over and above
p#SND would suggest the presence of a fracture.

Also from ggNp we are able to back-calculate the matrix character1st1cs,
especially density (ROGA) and travel time (Atpa), necessary to have calcu-
lated this same porosity using the recorded density and son1c data
respectively. ;

Since the sonic measures the shortest trave] time through the.rock, it
often tends to ignore the presence of fracture porosity. This manifests
itself in this method by requiring a fictitiously fast matrix travel time
(<50 usec) in the time average relationship to ba]ance BSND -

Dipmeter

The d1pmeter (HDT), being a microresistivity system, can often detect
fractures for reasons similar to those discussed under re51st1v1ty. They
must be opened and water-filled. .

- The method is most applicable where the 11tho]ogy is constant and is
not troubled by bed boundaries. 4

Detection of fractures by the d1pmeter g1ves the added benefit of pro-
viding an accurate or1entat10n, dip and azimuth, of the fracture plane.
This could prove s1gn1f1cant in selecting the site of the next well if
needed, as well as aiding in understanding the direction fluids could be
expected to move most readily.

C.12




GENERAL EVALUATION AND FRACTURE LOCATION

A genera] descr1pt1on of the we11 from log data and dr1111ng reports
indicates two main matrices: Empire shale from surface to 975 ft, and
Empire stock from 975 ft to 6790 ft (TD).

The “"shale" actua11y consists of five sub-1nterva1s which display
‘notable changes in logging character1st1cs as’ d1st1nguished on the presen-
tation of the attached log. :

Interva] I (Surface to 310) -

This interval appears to be h1gh1y 1nterbedded Hole conditions prevent
quantitative evaluation. The variation in apparent grain density (ROGA -
Track 2 of Film No. 1) with porosity indicates 11thology changes though some -
of this is undoubted]y due to ho]e rugos1ty :

Interva] II (310 to 400)

o This interval is more stab]e though some var1at1ons exist. The matrix
- characteristics, apparent grain density (ROGA) = 2.8 g/cc, apparent matrix
‘travel time (DTMA). = 40 usec, and PsNp A8 p.u. average, suggest a different
~lithology. Some indications of fractur1ng exist though very slight. Gamma
ray shows slight reduction. This is probab]y the d1ke (or si11) ment1oned

in the dr1111ng report g , :

Interva1 III (400 to 590)

‘This interval again: appears to be h1gh1y 1nterbedded though ho]e rugos-

‘ 11ty again interferes with analysis. . Some .indication of mineral veining or

major fractures exist. (408, 438, 445 527) “High :apparent ‘grain density and
Tow apparent matrix travel time are’ p0551b1y due to hole rugosity, but gsNp-
and grt agreement suggest ‘total porosity: approx1mate1y correct which in turn
implies ROGA and Atp ma approximately correct. Normal log ana]ys1s would have
'”ca11ed sectlon more sha]y" due to these responses '

, Interva] IV (590 to 800)

Th1s 1nterva1 is s1m11ar to the f1rst though ho]e cond1t1ons are
improved and data more quantitative. ROGA & 2.8 and Atma % 45 vary1ng with .
poros1ty again suggests interbedding. ' _

YSND versus ¢Rt response suggests heavy fracturing and possibly some
veining (v680 ft). This zone has a slightly h1gher gamma ray ]eve] than the
first zone, poss1b1y 1nd1cating less "weathering : ‘

Interval v (800 to 970)

Aga1n hole conditions 1nterfere w1th ana]ysis, ¢SND - ¢Rt compar1son
indicates heavy fracturing; otherwise log responses are s1m11ar to Interva]
IIT except veining indications are absent.
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This is .probably a highly metamorphoéed section and could represent a
transition from Empire shale to the Empire stock. Could be a rubble.

WATER FLOW ENCOUNTERED

The well, drilling with air, encountered a significant inflow of water
around 1900 ft depth. = This prov1ded the first 1nd1cat1on that major quan-
tities of water were present in the area. : .

An additional 1500 ft of drilling showed a very distinct reduction in
the geothermal gradient and it in fact appeared to go to zero (no further
1ncrease in temperature with depth).

This altered the concept of a dry magma chamber. It a]so e11m1nated
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. The decision to stop at 6790 ft was
incurred by the extreme evidence of heavy fracturing and the tendency of
the drill-pipe to stick at this depth.

EMPIRE STOCK EVALUATION

The Emplre stock, a quartz porphyry bas1ca11y, but -altering to gran1te
characteristics occaSIOnally, was first encountered on the initial logging
run at 970 ft depth (see attached log). The first 500 ft (970 ft to 1500 ft)
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 relat1ve]y constant lithology with localized
variations.

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

depth. From there to 1900 ft depth the frequency of occurrence of indica-
tions increases slightly with no major anomalies evident.

C.14




From 1900 ft to 2600 ft depth the frequency of indications picks up

- with a very strong indication in several places, but particularly at 2410 .
(dips are in the 50° to 60° range with azimuth varying from northeast to
southwest) (51° at 210°). From 2600 ft to 3150 ft depth the frequency of
occurrence lessens though two strong indications are found, one at 2920 ft
(d1p 65° south), the other at 3040 ft depth (dip 70° southwest).

It is 1mportant to remember that boreho1e cond1t1ons can be a strong
- influence and may actually be masking fracture indications by causing d1s-
- tortions of a single log measurement, especially the ¢rt to ¢SND compar1son.

Cons1der1ng the matr1x, though any hole- 1rregu1ar1ty must be studied
closely since enlargement may 1tse1f be a fracture index. :

. From 3190 ft to 3650 ft depth the frequency of indications aga1n _
increases. Many strong indications are found, the.most significant are at
3280 ft, 3340 ft 3370 ft to 3420 ft 3528 ft and from 3615 ft to 3635 ft
depth : s , ; .

The 3370 ft to 3420 ft 1nterva] is espec1a11y 1nterest1ng It_appears
exceedingly anomalous on all porosity logs and the resistivity logs. Dip
is 60° northeast. . It appears to be a vein of unknown mater1a1 from the log
standpoint. : : ' S R _

:Slight hole 1rregu1ar1t1es occur at the boundary of this interval but
other than that hole 'rugosity does not appear to be a problem.. ' Though frac- _
ture ‘indications exist.through the interval, the strong anoma]ous 1og <
responses suggest that other factors may be 1nvo]ved

. The 3650 ft. to 3950 ft 1nterva1 is remarkab]y void: of fracture 1nd1ca-
t1ons which is quite evident on several 1ogs, particularly resistivity and -

~The major anomaly within this interval is the high apparent porosity.
found from 3828 ft to 3850 ft and from 3905 ft to 3935 ft. Dip.is around:.
40° northward. The fact that gp¢ is less than ggyp might suggest a slight
change in mineralization (that these are separate lithologic beds is sug-
 gested by the caliper).  Of course, the possibility that low angle fractures’
‘may a]so ex1st must be cons1dered though not: fe]t too likely. S

From 3950 ft to 4100 ft depth we f1nd another: 1nterva1 where the fre-:
quency of fracture 1nd1cat1ons 1ncreases ‘with major anoma11es at 4020 ft and
4038 ft depth.

, Though the frequency of indications tends to decrease in the 4100 ft to
4950 ft interval, there are maJor indications of fractures at 4218 ft,

4422 ft, and at. 4600 ft (dip is.about 40° to 60° northwesterly: to.south-
‘westerly). This interval also contains zones with apparent porosities which
do not appear to be fractured. This may be due to a- lithology variation .
aga1n since "bedding" 1s again suggested by the caliper: response.




The interval from 4950 ft to 5000 ft depth contains one of the strongest
indications of fractures yet encountered (dip is 37° to south-southeast). It
is followed by a zone (5000 ft to 5150 ft depth) which is nearly without
fracture indications. : : : '

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).

The above analysis is primarily to show the general pattern of fracture
indications observed using the methods discussed earlier. It seems quite
evident that considerable fracturing exists and in fact, some indication of
fracturing is evident throughout the well. The lateral extent is, of course,
unknown. ' £

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).

It is interesting to note also that the hole enlargements are "ellipti-
cal" and have a similar long axis azimuth orientation (east-northeast). -
These conditions are particularly evident just above what appear to be bed
boundaries. : ~

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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The flow-rate determ1nat1on has been d1ff1cu1t to quantitatively deflne
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 record1ng 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 of
this magn1tude (>1 000 bbls/day) that would have al]owed the cement plug to
remain in p]ace S T ST

Generally, the in- f]ow1ng water is located in the 1500 ft to 3500 ft
1nterva} and the present out- flow restricted to the 4500 ft to 5800 ft
interva

More prec1se location of the in-flow points has been prevented by the
presence of cas1ng (set at 4256 ft). The existing flow seems to be occur-
ring behind p1pe since the maximum flow rates are d1rect1y below 1t, w1th
no evidence of increase in f1ow elsewhere

The geotherma] prof11e (F1gure c.7, P. h LaMori's figure) seems con-
sistent with a hot-water convection system. (1) The reversed gradient below
3500 ft is not in itself unusual but coup]ed with a downflow of fluid is
present]y unexp]alned

Specu]at1ve reasoning tends to favor the two as being hydrau]1ca11y
separated, the lower zone at a lower hydrostatic pressure and independent
of the upper system .

FLOW RATES

The flowmeter f]ow rates, especially. the full- bore, were bad]y hampered
by debris in the hole (cuttings) which kept jamming the spinner. Best esti-
mates indicated 280 bbls/day below casing on September 10, 1974; subsequent
tests, primarily using radioactive isotope tracer techniques, showed a decline
in flow rates such that the latest recording (November 16, 1974) found only
60 bb]s/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

P. N. LaMori and J. R. Sheff
~ Battelle-Northwest

TEMPERATURE MEASUREMENTS S o o

The temperature measurements were some of the most important that
‘would be made during and after. the drilling of the well. The expected tem-
perature gradient was 175°C/km (96°F/1000 ft);{1) we also expected that the
drilling operation would temporarily alter this by decreasing the tempera-
ture -in the deeper portions of the hole and increasing it in the upper . -
portions.* Consequently, the possibility of a temperature rise to 350°C at
2 km was included in our plans and was expected to cause difficulties with

all ‘the logs, including the temperature log.

In anticipation of this temperature rise we made arrangements with

. Schlumberger representatives to have the high temperature "geysers type"
‘tool at the site for logging. - These tools have successfully operated to -

- 315°C (600°F). The tool was to be specially calibrated and air freighted

~into the drill site. Additionally, the cable on the logging truck was -
changed from the standard polyethelyne to teflon, which would proyide
greater. than 300°C capability. | ' , , R

- ‘As ‘indicated in the logging section, the temperatures were not
‘expected to cause problems (i.e., >350°F) in the upper part of the hole.
However, the temperature instrument did not function adequately during the
initial logging to 1500 ft and the results obtained were completely unsat--
isfactory. . We believe these difficulties were caused by the instrument
 being air freighted to the site. Apparently, logging tools handle axial
stresses quite well but are susceptible to damage from radial and bending:
stresses. Such stresses seem to be unavoidable when shipping 12-ft Jong
by 2 in. diameter instruments over. long distances. We reappraised the -
Schlumberger temperature logging program, and decided that to avoid future
failures in obtaining results two logging tools would be brought to the
site. : This proved to be. better but was not completely satisfactory. —:

Fortunately, Blackwell had his temperature Jlogging equipment available -
and we were able to obtain good measurements of temperature on July 7, 1974,
at which time logging to 1500 ft was completed, as discussed in Blackwell's
- Section on Temperature Measurements. The data are as expected and show
_values at the hole bottom only slightly less than 87°C. - At this: point we
concluded that we were still in a conductive system. - . . -.- - -~ ..

% For the case of a conductive anomaly, the decrease near the bottom of

j"thg;ho]e is proportiqna1 to the circulation time of the coolant.

(1) D. D. Blackwell, et al., The Marysville, Montana Geothermal Project,
NSF-RANN Grant No. GI 38972, Technical Report, Part 2, Apri].]974.
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At 1800 ft water started entering the hole at an estimated 100 gallon/
‘minute. At 1900 ft this inflow increased significantly (estimated at
1000 gallons/minute). Shortly after this temperature measurements by
Blackwell showed a large decrease in the gradient below 1500 ft (see
Blackwell's section for details). The important point here is that we had
obviously entered a region of water with convective heat flow. The water
continued to flow into the well for the remainder of the drilling (T.D.
6790 ft). It was obvious that the flow from 1900 ft would dominate tem-
perature measurements and make it difficult to measure the true gradient.

As discussed in the drilling section, the large influx of water caused
severe difficulties with water disposal, which resutted in a different
drilling strategy. The water in the reserve pit was used for drilling and
then pumped into the formation until the pit was empty. Then the water in
the hole was air lifted out until the pit filled with water. This process
was continually repeated during the drilling of the last 4500 ft of hole.
The net result was a continual cooling of the whole well bore and an addi-
tional cooling of regions near fractures which accepted the co]d water

During the drilling and after the first logs, various methods were _
used to measure the temperature. These methods, discussed elsewhere in the
report, demonstrated that the temperature in the well never exceeded 200°F.
The placement of maximum reading thermometers on a Haliburton line -gave
readings of up to 250°F. However, these thermometers were not enclosed in
pressure tight cases, and it has since been demonstrated that the apparent
increase in temperature was caused by the hydrostatic pressure of the water
on the thermometer bulb.

The next complete temperature survey of the well octurred August 29
after completion of drilling. In addition to the calibration of the tem--
perature instrument by Schiumberger, it was also calibrated on the floor
of the rig by measuring the boiling temperature of water. Temperature mea-
surements were made with the two instruments, and in each case data were
taken as the probe dropped down the hole and again as it was pulled up
Generally the two runs do not produce identical resu]ts

The first run had unusual deflections in the curve, which looked Tike
instrumental errors. The upward measurement produced a deflection at
4000 ft which has not been seen again and which cannot be related to any
other observation. Otherwise the data appear reasonable.

The second measurement may have a calibration error in that it gave
readings that looked good but were at a higher temperature than the first
measurement. The data for the second curve are plotted in Figure C.7.-

We identify three regions on the curves: the low temperature conductive
reg]on from the top down to about 1500 ft, the high temperature convective
region below 3400 ft, and a transition region between. This latter region
has a series of temperature fluctuations ?depress1on and peaks) that sug-
gest zones of water influx and exit, and regions where no water flows.
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On August 31 we made water flow measurements which showed s1gn1f1cant down-
ward flow from 3400 ft to the bottom of the hole. Two temperature measure-
ments were also made at the time of the flow measurements. In one case the
Schlumberger instrument failed, in the other their calibration faltered
during the run, indicating a maximum temperature of 220°F instead of the
correct 200°F. The genera] shape of the curve was similar to the second
run of August 29. ‘

During the f1rst week of September, the 9-5/8 1n casing was. set to
4256 ft and a special crew was called to cement it in place. After attempts
to cement the casing failed because of the Targe flow of water and the
many open fractures, a cement plug was poured in the bottom 200 ft of the
- hole. The well temperature was logged again on September 10 and the results
‘are shown in Figure C.7. This log is similar to the August 29 Tog.Number 1
except that the temperature fluctuations are greater and the temperature is
depressed in the upper part of the well. Both the decrease and increase in
temperature fluctuations were caused by emptying the 250,000 gallon reserve
pit water into the annulus between the 9-5/8 in. and 15- 5/8 in. cas1ng on.
September 9.

Examination of these data reveals several important features

1) The general cooT1ng of the upper part of the well was caused’ by the
inflow of cool water. .

2) The deflections 'to colder temperatures in the 1500 ft to 3400 ft ]eve]s
were caused by the formation accepting water. :

3) The decrease in the AT of the deflect1ons with depth may be explained
by assuming that the upper fractures readily accepted the water so
that less cold water was available to the Tower fractures.

4) There are a]ternatlng regions of impervious and perv10us rock. The
pervious regions are at approximately 1500, 1700 1850, 2000, 2300,
2400, 2700, 3100, and 3300 ft. ; ke

5) The decrease in temperature below 3400 ft with the: strong downward
flow can only be caused by colder rocks. be]ow 3400 ft.

6) The rise in temperature at 5800 ft is attr1buted to the exothermic
heat ‘caused by setting the bottom plug.

Additional temperature logs were made.on Sebtember 21, October 21,
November 5, and November 16 in conjunction with flow measurements. The
results of these temperature logs are given in Figure C.7. In general the
logs show the following: ‘ ’

1) A small inCreese of temperature with time;.

2) This rate of increase diminishes with time;

~.C.24




3) Three regions - Conductive £0.1500 ft . L
- Convective below 4600 ft, and essentia]ly isothermal
‘ at =195°F , ;
Transition between

4) Continued smoothing out of the deflections above 3400 ft,
5) DeVelopment of def]ections below 4500 ft;

6) Iso]ation of the negative temperature slope to the 500 - 4500 ft
region.

-~ An additional temperature log was made on April 23, 1975. -The results
of this are shown as run 1 in Figure C.8. We again had difficulty with
the Schlumberger instrument. An additional instrument was flown in, but,
while the results appeared significant, the calibration was obviously.
wrong (run 3, Figure C.8). It gave a maximum temperature of 215°F, while
the:maximum reading thermometer on the new instrument showed 203°F. The
qualitative sense of the data indicates a further refining of what occurred
in the previous three logs. 'The breaks in the curve at 2400 ft, 2700 ft,
and 3300 ft suggest that water flowing down the well behind the casing is
existing at these depths. ,

The sharp decrease in temperature at 4600 ft may be caused by a
source of colder water crossing the well at that point. The decrease in
temperature at 5600 ft and 5700 ft may be exp]ained by a similar cause

' This data cannot be used for quantitative determination of temperature.
A fair estimate of the temperature may be made by shifting the depressed
portions of run 1 up to make a continuous curve with the parts of the data
that were taken before the instrument failed. This produces a maximum tem-
perature of 203°F, which is in agreement with the maximum ‘temperature ther- .
mometers. Using this estimate, there appears to be little temperature ‘
change in the we]] since the fall of 1974. S .

“As’ noted in the above paragraphs, many prob]ems were encountered in
making temperature measurements in the deep well. Similar comments apply
to .the flow measurements, described in the following section. The problems
fall into three types: - instrument failure, calibration errors, and opera-
tor errors. A1l three types occurred during the logging program, and the
~ subcontractor (Schiumberger) had difficulty providing the quality of service

 needed for'the measurements of temperature and flow. However, those logs

that are used more routinely in the o1l fields were obtained with 1ittle
difficulty, and the quality of interpretation provided by the Schlumberger-
Do]l Research Laboratory was exce]lent

In. conc1usion the temperature measurements in the Marysvil]e geo-.

“thermal well show- that an isothermal zone of -about 195°F was encountered
from approx1mate1y 3000 ft to a’ depth of 6700 ft How much deeper this

“€.25 o .
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. zone extends is not known,- but-the zone may be-a-portion-of a large con-

~ vective cell with the water:moving through the fractures in the quartz

- porphyry and limited by its: bulk permeability. The heat: source driving

- the convection cell was not located but may be at considerable depth. Heat
- transport in the region from 1500 ft to about 3000 ft is governed by a com-

~“bination of conduction plus limited convection in isolated aquifers. : Above

. 1503{ft, heat transport is essentially conductive as shown by the linear

' gradient. ' e ! :

* FLOW MEASUREMENTS

' - Because of the discovery of water influx td the well, flow measurements
_Were added to the logging program. Table C,2 lists the dates and kinds of

. flow measurements made by Schiumberger in the Marysville well.

TABLE C.2. Flow Parameters in Marysville Well

: Depth Flow Flow o
Date - Range .(ft) = Instrument - Range Notes -
Aug 30, 1974  1000-5500 Full Bore Spinner ,O-QQOO B/D Down Much;p]ugging
© Sept 10, 1974 4130-5600 Packer Flow ~ 200-560 B/D Down 1 questionable -
o 1 ) T ; measurement at ,
5600 :ft,1000-10,000
' : ~ ;- - B/D |
Full Bore Spinner -~ ' Unsuccessful

 Sept 21, 1974 4130-6400 Isotope Injection 1-505 B/D Down SN
. SR iy Fu]l;Bor§~Sp1nner - ? " \Unsubstantial Results
‘Nov 19, 1974  4130-6400 Isotope Injection 1-505 B/D Down - |
. o ~_Full Bore Spinner.. - . ..

April 24, 1975 4130-4600 Isotope.lInjection 0-48 B/D Down  Reverse in flow
-7 "7 4600-6400 Full Bore Spinner 0-10 B/D Up Below 4600 ft

August 30

.. The full bore spinner was chosen because it is_the best flowmeter for
large flows. The flowmeter was dropped into the hole and pulled out of the
“hole at a 'nearly constant rate. From the difference in the rate of rotation.
and other parameters it is possible to develop a relationship between spin-
ner revolution rate and flow. Figure C.9 shows the combined up and down

- spinner data with the calculated flow. ‘ &
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FIGURE C.9. Summary of the Spinner Flowmeter Data
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- The significance of the smaller variations in the curve cannot be
evaluated. There may be some relation to possible variations in flow, but
lack of control of other variables (e.g., probe velocity, hole d1ameter,
etc.) is s1gn1f1cant enough to produce the effects. Another. prob]em was the
, p]ugg1ng of the spinner by small flakes.of quartz porphyry, 1/2 in. to .
2-1/2 in. diameter x 1/10 in. thick. Apparently the amount of this material
increased with depth so that, except in one case, we were unable to keep the
~instrument unplugged below 5100 ft. Unfortunately this was on the initial
run, and the data was not recorded. The 1ndicat1ons were that the h1gh flow
cont1nued unabated to the hole bottom.

" The sp1nner flow test shows essent1a11y zero flow (i.e., low to zero)
at depths less than 3400 ft where the flow abruptly goes to 9000 B/D down-
ward, although during the drilling we had observed that from 1900 ft to
2100 ft we could produce 1000 g/m or 34,000 B/D by air 1ift pumping. Appar-
“ently the upper zones are in hydrostat1c equilibrium, or have only low flow.
The spinner is insensitive to small flows, which may explain the discrepancy.
Another possible exp]anat1on is that the 3400 ft fracture zone is the bottom
plug of a tank and is empty1ng from there. This explanation has problems on
two counts: 1) the increase in flow with depth should be gradual because
the other fractures would still have some flow; and 2) the temperature data
suggest that the fracture zones are separated and not easily connected.

‘The sharp changes in flow near 4000 ft are probab]y not real; they are
on]y observed on the probe up-run. It has been suggested that a’ part1a1
plugging of the spinner caused the decrease. ‘The increase in RPS at 4250 ft
was caused.by a change in hole size. ' o '

September 10

This fu]] bore sp1nner was used in’ the ‘hole but showed on]y small s1gns

: ;bf f]ow and was not sensitive enough thus, a packer flowmeter was used to-

‘better define the flow in the -hole. A packer flowmeter consists of a spin-
ner with an inflatable rubber bag. The bag expands against the wall of the
hole and forces all the fluid through the spinner, thus making it quite
sensitive to small flows. The results of the packer flowmeter tests are
given 1n Table C.3. Ll : D S

TABLE C.3. 'septem'bef 10, 1974 Packer Flovmeter Tests . -

egth ft ) Flow Down
- -4290 . - , .‘ 280 B/D
.- 4640 - - 200 B/D

5000 - - -200 B/D

‘5540 @ 206 B/D

6000 . V n
~-6190 - - 1000-10,000 B/D -
76385 - t g ;
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Except for the last three points the data seem quite reasonab]e The
flows are considerably less than on August 31, but in the intervening time
the hole was cased, cemented and a plug placed at the bottom.. While the’
cement job around the casing was not good, the flow should have been severely
_restricted. The spinner galvonometer reading was pegged at 40 rps, w1th the
bag uninflated in order to est1mate the high flow at the bottom

The. explanation for this apparent high flow is not known. It cou]d be
an instrument error, or it could possibly be due to some spec1a1 condition’
in the hole at the time of observation. The temperature curve of Sep-
tember 10 showed an abrupt increase at 5750 ft which has been attributed
to the exothermic heat caused by the setting of the cement plug at the hole
bottom. It is suggested that this exothermic reaction sets up a convection
cell between 5750 ft and 6400 ft. The convective cell is terminated by the
sink/source region between 5600 and 5750 ft. If this explanation is valid,
then the rapid convective flow in the hole cou]d be observed with the f]ow-
meter.* , .

The packer flowmeter gives excellent results when working properly,
but 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 of
the packer cost about $2000 extra because of hot-shot air freight and tech-
nician travel charges; thus, we decided to use the isotope injection flow-
meter for future flow tests. This instrument also had the advantage of
“greater sensitivity at low flows.

September 21

On September 21 we examined the flow in-the well with the isotope injec-
tion flowmeter. A. small quantity of radioactive material** is injected into
the hole at a known depth; two counters are placed known distances away from
the injection point and the time for the radioactive material to pass is
noted. From th1s and the hole diameter the flow can be ca]culated '

In principle this is very simple but certain prob]ems arise. Foh
instance, different velocities may be observed for the two detection points.
This can be caused by real changes in flow in that region or by turbulence,

* C. Clavier of Schlumberger offered this explanation. It is based on the
fact that the hole deviates 15° from the vertical in this region, and
therefore the tool would have a tendency to lie on the bottom (down) side
of the hole. The heated convecting water would rise on the top (up) side
of the hole and descend on the bottom side of the hole, thus showing a
downward flow as was observed. If the bag is inflated, it should block
the convection and normal flow should be observed. We attempted this,
with no effect. However, the bag was observed to be torn on removal from
the hole. Thus, without knowing when the bag tore, we are not certain of
the validity of this explanation.

** We used 1311 so as not to cause harmful environmental effects; this mate-
rial has an 8 day half life, thus decaying quickly.
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small convection ce]ls, or. Brownian m1x1ng We have not attempted to dis-
" tinguish among these causes in our analysis and have averaged the results of
- the two counters. This is justified because, at the present, there seems to
be no real s1gnificance to these variations. Certainly in the case of low
flows Brownian m1x1ng is an acceptable exp]anation

. This apparent m1x1ng and Tow flow. spread ‘the detect1on peaks out and
decreased the count rate to the point that precise definition of the peak .
maximum became impossible. As a result, it became standard practice to drop
the counters a distance below the injection point and pull the counters
through the injected material. The flow rate was calculated the same way as
~ before, except this procedure sharpened up the peaks and perm1tted detection
- of the flow when it was so s]ow as not to pass the counters in. a reasonable

waiting period (30 to 60 min). L o

Using this techn1que it is possible to detect flows as small as a few
barrels a day. A gamma log of the hole was made both before and after the -
“isotope 1nJect10ns This permitted a further examination of the flow in the
slow flow regions. When the flow was too slow to be observed by the two
normal techniques, the last gamma log often showed the direction of the flow.
}hglreéults of the September 21 1sotope 1nJect1on flow tests are given in

able ' ‘

TABLE'C.4 September 21, 1974 Flow 1n Marysville Well

~ Down ' B
epth -Flow B/D NoteS‘
4038.5 "2 _ Not s1gn1f1cant, only 8 in.
B . o displacement - ‘
‘ i’4188;5;a o 61 Below: perforat1ons .
- -4258.5 . <510 - Just below casing
4268.5 499 . Difference between 510 not
- Sl .519n1f1cant ' :
- 4688.5 ,a54 ‘
' 5588.5 - 52
- 5688.5 - -2
- 5788.5 - 5.6 SR R NI
61885 . 5.2 »fJust;at limit of detectﬁon K
6388 5 7 0 SRR v'

The fu]l bore Sp1nner test run on thls same date proved insens1tive to
these low flows and the data were not analyzed

‘The results of the isotope injection test show significant flow coming
from behind the casing. -This flow certainly has components_above 4130 ft,
“the depth of perforations. The 510 B/D flow from the casing shoe compared.
to the 200 B/D observed on September 10 may not be. significant. The measure-
ments were made by two different techniques and comparison may be difficult;
for example, the packer may not have entirely closed off the outside flow. -
A second explanation centers on down hole pressure changes. A third
explanation involves the cement.. The casing was cemented for the
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second time on September 9. While the cement bond 10915hoWed no ‘bonding "to
the casing, it is quite Tikely that the cement filled in some of the space
between the casing and the hole wall. The flowing water would wash this: out
with time, thus caus1ng an increase in flow

The flow measurements show significant decreases between 4300 ft and
4700 ft and between 5600 ft and. 5800 ft. This is consistent with previous
and later flow data. These regions also showed" 'significant changes in the
rtemperature-depth data, which will be d1scussed 1n a 1ater sect1on

November ]9

The flow was measured in the ho]e on November 19, using the 1sotope :
injection technique. The results are g1ven in Table C.5. :

"TABLE C.5. November 19, 1974 Flow in Marysvi11e Well :

Down .
Depth Flow B/D
4188.5 smail to0 . .
4388.5 32 .
4488.5 27
4568.5 19 .
4788.5 18
5598.5 . 12
6028.5 0
6366.5 Q-

The observed flow has continued to decrease. The significant changes
(decreases) in flow observed prev1ous]y near 4600 ft and 5600 ft continue.

April 24

The next injection tests were made on April 24, 1975 with the isotope
injection tool. The results of this test are given in Table C.6.

The most significant result found here is the change in direction of
flow to upwards at depths below 4600 ft. The result is start]1ng, and while
the magnitude of the flow is subject to uncerta1nty, the direction is not.
The data continues to show the s1gn1f1cant change in the amount of flow near
the 5600 ft level. , o

The e?p;anat1on for these results is not readily apparent. The 1n1t1a1
potential (P) in the well appeared to be P3400 ft > P460 > Psg00 £
Pe400: ft+ ~The present potent1a1 (P) in the we]T appearsotgtbe P3 0 ft2
P1600 ft < P5600. ft.< P640p fi- The possibility of error in the 3aga ﬁas
been “examined. wh11e uncerta1nt1es exist in the value of the measurements,

. there appears to be no possibility for errors 1n direction. : .
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. IAELE_E_Q_ Apri] 24, 1975 F1ow in MarySV111e Well
Flow B/D (D1rect10n) F]ow B/D (D1rect1on)web

Depth From Injection Log From Gamma Log’
4150 17.3¢ ‘ ' 7.04 '
- 4270 - 47.8¢y - . could not find
4490 - 26.8¢ . _ could not find
4600 - O L ‘ ? 4.84 could be 4490 ft
S : A a - - test flowing down
4750 8.24 . 10.04
4750 9.64(taken on -
_ 4850 ft test) _
4850 3.8% 11.04
5400 8.9¢4 12.94
5900 - . .2.24 5.0¢4
6200 al 4 6.0¢

WATER LEVEL

Table C 7 presents est1mates of the water leveIS in the Marysv111e

well obtained during the Schlumberger loggings and the methods of detection.
In general, the approach.was to note a sudden change in the logging tool
reading as it was lowered into the well and attribute the depth of this
change to the observation of the fluid level. The ability to detect this
level is a function of the sensitivity of the instrument as well as the rate
of descent. The rate of descent is about 1 ft/sec. The instruments appear
to be fairly sensitive. .Both temperature tools showed thermal inertias of
less than a few seconds (aCtua] timetisvunknown)" The High Resolution tool
uses a bare{res1stance wire as the measuring element and is sensitive to =
- about 0.1°F. :The Production Temperature Tool appears to have a thin metal

- covering and is sensitive to 0.04°F. The temperature gradient is computed
- over a 2 ft.interval. The;sp1nner shou]d also react qu1ck1y upon entry '
~into the fluid. . L - e

o All the 1nd1cated depths are measured from the Ke]ly Bushlng of the ~
dri]11ng rig, that is, 20 ft above ground level. Errors associated with
locating this point shou]d be about 1 ft or less. Thus it seems likely that
all of these measurements should have precisions of better than 5 ft. Fur-
thermore, with the except1on of the 0 point, all the measurements should err
in the same direction (i.e., long) because of cab]e velocity, so they may

in fact be c1oser than the 5 ft

Another. poss1ble source of error ex1sts in that the logg1ngs were done
on two different Schlumberger trucks using two different wire types and-
sizes. The errors thus introduced were never rigorously evaluated. An
evaluation from Schlumberger indicates that these errors are very small,
i.e., less than 6 in.
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TABLE C.7.

Date
Uncased

8-29-74

8-31-74
8-31-74
Cased

9-10-74

9-21-74
10-21-74

11-16-74

4-23-75

-Depth(Ft)-

600*

561
565

576

553
552

547-548

547-548

Truck

Havre

Havre

Havre

Havre

Casper

Casper

Casper .

Havre

* This is probably not accurate

Tabulation of Water Level inuxhe"MarysriTTe Well

" Method -

Noted on logs. Method of detection
unknown. May be estimate.

Production Temperature Tool

Spinner Tool:

High ResoTut1on Temperature Tool and
Gradient

Production Temperature TooT

Product1on Temperature Too] and
Gradient - : _

Product1on Temperature Tool and
Gradient .

Product1on Temperature TooT and
Gradient

A review of water level determination by use of Schlumberger Logs indi-
cates that we probably obtain precisions of about 2 ft. Thus there seems to
be a slight rise of the water level with time but no significant changes
since November- 1974.
the rapid addition of 250,000 gallons from the reserve pit on September 9,
but why this: should lower the level has not been stud1ed
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- CORE DOCUMENTATION, RECONSTRUCTION AND PHOTOGRAPHY -

PN LaMori -
~Battelle-Northwest

_ CORING .AND RECOVERY

The genera] descr1pt1on of the coring operations and- assoc1ated problems
is described in the Drilling Report. Because of the difficulties in the cor-
ing operation, removal and recovery of the core pieces from the core barrel
and subsequent handling were often difficult. As noted in the Drilling
Report, the length cored and recovered was usually s1gn1f1cant1y less than
the 10 ft planned before dr1111ng began '

~ The ‘core was’ removed from the core barrel on the floor of the dr111 rig.
In almost every case, because of wedging, the bottom part of the core had. to
be driven out of the slips with a sledge hammer, thus causing breakage of
that part of the core. A1l 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 to come out
of the core barrel in pieces from 1 in. to 12 in. long.

~ Great care was taken in removing these pieces and placing them into the
_core boxes in proper order. - The core barrel was unloaded from the bottom up.
The pieces were removed and passed to those loading the core boxes so ‘that
the top/bottom re]at1onsh1p was maintained.  During this process. the pieces
were washed with water. . The full core boxes were then stored in'a secure
place. However, desp1te this care, more than a few errors in placement were
i-found durlng subsequent reconstructxon 8 i

’DOCU‘MENTATION AND RE(&ONSTRU’CTION .

SMU personne] performed the immediate documentat1on by marking and
1dent1fy1ng each piece in the order and direction found in the core boxes.
The immediate documentation provided a valuable first 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 reconstruct1on and documentat1on,
the cores were’ photographed.

The.cores were reconstructed so that the pieces would represent a single
piece with breaks. In almost every cdse it was possible to do this unequivo-
cally, albeit sometimes with considerable d1ff1cu1ty Core 13 was so highly
fractured, and broken up into approximately 1 1n to 2 in th1ck d1scs, that
it was never totally reconstructed. ,
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Because the cores were not oriented with respect to true north during
drilling, the bearing could not be determined. An arbitrary north was
assigned for convenience in reconstruction, marking, description, and analy-
sis. The assigned north was normally the major knife scribe cut along the
length of the core by the core barrel. However, slippage along natural
fractures often allowed the core to rotate somewhat during cutting.

During reconstruction the core was laid horizontally within the 90°
angle of a section of angle-iron supported on wooden blocks. After the core
was reconstructed, each piece was numbered, measured in length along ‘the
north 1ine and described. The numbering system 'used for core pieces was
sequential: 1, 2, 3, . . , starting from the top. The numbering system
used for cores was a four digit code in which the first two digits were the
core number and the last two digits the piece number, e.g., the eighth .
piece in Core 11 would be numbered 1108. Each core was assembled for _pho-
tography with the top of the core on the r1ght side of the photograph the
numbers read "right side up" when the core is viewed in this position. Each
core was measured and marked with yellow dots every inch and yellow lines
every 10 in. along the assigned north line. The marks and numbers were kept
as small as possible to minimize contamination. For the photographic record,
. the cores were rotated approximately 120° and 240° clockwise when viewed
from the top. Small dots were placed every 10 in. along the length of the
core at the 120° and 240° lines. These markings were used for scale in the
photography. )

PHOTOGRAPHY

We decided to use photography as the primary method of record1ng the
original physical state of the cores in addition to the visual petrograph1c
descriptions and the analysis of the fractures. This decision was respon- .
sible for choosing the method of markings described above. Using that par-
ticular marking method and a short descriptive caption, it is always possible
to uniquely identify each section and measure the scale from the photographs.

Because of the decision to use photography as a major recording.device, -
a series of test pictures were taken to determine the method that gave the
best information. The following parameters were studied:

1. color photography

2. black and white photography

3. exposure variables

4. over and under exposure effects
5. direct or indirect light

6. wet or dry samples

7. film properties

8. processing problems

9. wuse of a polarizing filter
10. Tlength of core to be on a frame
11. use of lens of different focal lengths.
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Not all .of these variables were studied as;1ntens1ve1y as others and we are
not positive that the best method was found. We do be11eve that a very good
and easily workable method was obta1ned, one that was 5uff1c1ent for the

needs of the prOJect - o

0nce 1t was dec1ded that a 35 mm f11m could give suff1c1ent reso]ut1on
and lack of grain for 8 in. by 10 in. picutres, the choice of a camera was
not a variable. After considering the needs of the project, it was decided
that ‘the normal focal: length lens would serve satisfactorily; providing that
three pictures at different distances were made of each core. Thus the
camera and lens used were YASHICA J-5 (circa 1965), f 1.8, 55 mm YASHINON
1ens with a built point 11ght meter. -

The chosen method of photography was to shoot in d1rect sunlight using
normal exposure times. The camera was mounted on a tripod with a remote
shutter release to minimize movement. A polarizing filter was used to reduce
~ the glare caused by the sun on the samples which were wet. The polarizing
~gf11ter requ1red us1ng two add1t1ona1 f stops ‘

Kodak CPS color negat1ve film was- used. Th1s f11m has an ASA speed of
g 100 but is still sufficiently fine-grained to give the detail needed. Therr
film provided excellent detail and gave excellent color reproduct1on w1th
“‘the ‘'wet samples. An additional cost advantage was ‘that the ektacolor pro-*.-

- cess could be processed at Battelle Laboratories. This also gave -us excel-:
-lent control on the final pictures. Black and white pictures were not made .-
because it was dec1ded ‘that they: could be made later, if needed; from the
color negatives.: Comp]ete 'sets of color photos: are held at BNW and SMU and -
,f'the f11ms are he]d at BNw.K;Informat1on about ro]l number, p1cture number.

gy g +90;

*“dlstances unnecessary;;uThe core: was photographed in the hor1zonta1 pos1t1on
“with the 0° (north bearing) mark on ‘top.. The camera- was ‘at a height of
-5 ft and at a distance just suff1c1ent to frame the core length (about. 18 ft
away for a 10 ft long core). -This was not done for the 120° and.240° rota-
-tions.  The core was then photographed from a d1stance Just sufficient to -
frame 30 in. sections (approximately 4- -1/2 ft away) at a camera he1ght of

3 ft.  This was done with 0°, 120°, 240°, in the vertical direction. In the
case of Core 12 the photography was at 180° The fractures present made
"~ other rotations impractical in this case. ' This core was also photographed -
‘with the camera pointing at the normal to the N-S line (i.e., 90°) w1thout
rotation of the core. The small yellow dots or lines at 10 in. provide
scale for the pictures. It is possible to reconstruct a total picture of )
the core from these photographs at three rotations. Thus all features of
the core can be seen in the photographs. ' ,
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An additional set of pictures were taken to provide more detail. These
are pictures of 10 in. sections taken from a distance of 2 ft. These pic-
tures were taken at 0°, 120°, 240° rotation with the camera directly above .-
the rotation angle. Again, comp]ete reconstruction of the cores is possible
at three rotations. On an 8 in. by 10 in. format this prov1des about a
75 percent scale picture of the core.

Selected p1ctures of the cores are presented 1n Figures C 10 to C. }9
These photographs demonstrate the core photograph as well as the rock .and .
fractures, discussed in the following section, found in the Marysville well.

Figure C.10. Core 1 0 in.-120 in. 0° Rotation. Picture Demonstrating
Full Core Length of Feldspar Porphyry Dike or Sill,
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FIGURE C.11 Core 1 90 in.-120 in. 0° Rotation. Picture Demonstrating

30 in. Section. Note steeply dipping veins.

FIGURE C.12 Core 1 110 in.-120 in. 0° Rotation. Picture Demonstrating
L 10 in. Section. : SR . o
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FIGURE C.13 Core 3 20 in.-30 in. 240° Rotation. 10 in. Section of Empire
Shale Showing Some Steeply Dipping Veins and General 45° Dip of
Shale.

FIGURE C.14 Core 5 O in.-30 in. 0° Rotation. Upper Section of Empire Stock.
This piece shows molybdenum mineralization. Note rotation of
knife edges at breaks between pieces.
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Core 9 O in.-34 in. 0° Rotation.g'Note steeply dipping paraliel
veins. One is filled with massiye S102 material, probably opal.

i
i

FIGURE C.16 Core 12 30 in.-62 in. 0° Rotation. Note two major fracture sets,
1 . 1 _one norma]_;o the ;qrgvaxis,lone4steep1y Qipping.,
C.41




FIGURE C.17

FIGURE C.18

Core 13 Selected Pieces. Note two major fracture sets; one .
normal to the core axis is easily discernable. Obviously open at
depth. Some surfaces show slickensides. Another steeply dipping
set is visible. Rock is unweathered quartz porphyry granite.

Core 14, 30 in.-60 in. 90° Rotation. Two Distinct Fracture Sets
Observed in Cores 12 and 13. Also a less well-defined steeply dip-
ping 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 slips with a sledge hammer.
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FIGURE C. 19 Core 15 0 in. —23 4n. 0° Rotation. Shows the Two Steeply,Dipping
Fracture Sets : s

CORE FRACTURE ANALYSIS

Dur1ng the documentat1on and reconstruction of the cores, the fractures
and veins were ana]yzed and described. The detailed results of this ana]y-
sis are contained in Appendix C. 1

A general descr1pt1on of each core was made from the hand spec1men.
This descr1pt1on is given as an introduction to the section on the fractures
~and veins in the Appendix. The fracture and vein types were catalogued for
each core in order to systemize the analysis. Each p1ece was labeled (as
_described in the documentation section) and marked at 1 in. 1ntervals along
the arb1trary “north" line.

The core pieces ‘were then put s1ngu1ar1y or in a sma]] number 1nto a
Christensen goniometer. This enabled one to measure the strike, dip and dip
direction of all the prominent fractures and veins. The distance at which
the top or bottom of the vein intersects the core was also noted (+ sign for
top, - sign for bottom).. This permitted a complete description of the frac-
tures and veins and, when corre]ated with the photographs, prov1ded a com-
plete record.

'In'general ai1'thé cores Were'highly fractured and had a large number
of veins. This was especially true in the Empire shale. Here, the catalogu-

-ing and analysis was quite tedious and time consuming. This problem was
aggravated by the fact that the core recovery was 10 ft for the upper.cores
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wh11e it was much less for the -deeper cores Because of -time limitations,
the fractures and veins in Core 4 were not ana]yzed however, Core 4 is
quite s1m11ar to Core 3, and both are from the Empire shale.

'RESULTS

: " The initia]fp]an was to go through an exhaustive series of analyses of
the fractures and veins. This would have been of value for the hot dry rock
development plan. When the geothermal system was found to be water domi-
_nated, this analysis would have:still been valuable in understanding the
fluid flow. - However, because of time and funding limitations, the analysis
. was done only in a qualitative way. These qualitative results are important
- and, when combined with the dipmeter 1og information, suggest a quantitative
interpretation that helps to understand the hydrotherma] system present at
the Marysville geotherma] anomaly.

AN the cores show very steeply (45° to 70°) dipping veins. These

~ veins often appear as two distinct sets with their poles contained on a

p]ane normal to both sets. In the Empire shale the sets are not tight,
i.e., the strike varies considerably about the mean, while in the porphyry
the strikes appear to be less variable. Cores 2, 3 and 4 show the Empire

" shale dipping about 20° to 40°. Below 4000 ft a]l the cores show a pro-.

nounced set of fractures that are normal to the core axis.

Since the cores were. unor1ented, 1t was hoped that the use of surface
measurements, dipmeter results and the goniometer analysis would result.in
a suggested orientation of some:of the cores Time and budget constraints
have prevented such ana]ys1s. 3;;\;1q : o

Core 2 shows a large number of,1nd1cat1ons that the Emp1re shale has a
305° strike and- 359 dip to-the:west.  Since the- strike is arbitrary in the
cores, we might corre]ate it with the surfsce geologyobservations of a
‘generally westerly" d1p and north- strike.( This amounts to a rotation of
about 55° of the core'axis to bring 1t into a11gnment with the surface data.

The. hand calculated dipmeter resu]ts show steep major d1ps to the south-
west and less frequently to the northwest in the bottom half of the Empire
stock ((see section on logs). George Coates (Log Data Evaluation Section) has
also reported that the hand calculations produced some results with 10° to
15° dip to the southeast for the lower Empire stock. The cores showed many
fractures normal to their axis in this part of the hole. The cores, however,
were 7° from vertical at 4500 ft, and this gradually increased to 15° at TD
(6790 ft). A1l during this time the hole azimuth was bearing at 295° + 5°.

If one correlates this with the known tendency of the hole to drill normal
to the bedding (i.e., fractures), we can then start to orient the bottom
- cores as to N-S. If one correlates the set of steeply dipping fractures

(1) MarySVilje, Montana Geothermaisbrgjeot, "Geological, Geophysical Explora-
tion at Marysville Geothermal Area, 1973 Results." ECRE
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observed in the cores* with the hand calculated dipmeter results, it is pos-
sible to infer an orientation. While these results are by no means conclu-
sive, there is a certain consistency that suggests our consideration. Our
inference is that the fractures normal to the core axis dip 7° to 15° at
110° true bear1ng and the major steep set dips at about 225°.

* The two sets were evident; however, one set was present much more strong1y
. than the other set.
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~ APPENDIX C.1
FRACTURE NOTES
325 to 335 ft, Feldspar porphyry dike or sill

Large numbers of 1 to 5 mm anhedral to rounded feldspar crystals in a dark
groundmass, highly banded with dark material. At bottom of core, dark
minerals alter to greenish material (ch]or1te) Many veins consist of thin
and wide microcrystalline quartz, often with dark alteration bands; calcite
or calcite plus fluorite; or thin streaks of dark material. Most have high
~dips. There is no obvious preferred orientation, but some of the filled
fractures become vertical, especially near the bottom of the core. Several
dark zenoliths (1 to 2 cm) are found near the top.

The major scribe 1ine has been rotated slightly between some sections of

the core, indicating fracture and break up during the coring. Some ve1n1ngs
are comp]etely closed with a smooth coring surface; others show grooves in

~ the coring surface, indicating a tendency to weakness. Truly open fractures
are not apparent, but open spots are evident along some solution-filled
cracks. Several episodes of 1ndurat1on are indicated with offset along
pre-existing filled veins.

FRACTURE TYPES

-1.> Thin, dark ve1ns, ]1tt]e or no part1ng, branch1ng and 1rregu1ar
 w1de quartz-m1crocrysta111ne and gray -
‘ Th1n quartz-m1crocrysta111ne and gray 2

. Part1ngs (conta1n ca]cite)

12 A ST SRR )

.Ca]c1te and fluor1te f111ed 5 to 10 mm w1de, near vertica] _

FRACTURE NOTES

Core 1, Piece #1 L
Length 22 1/2 inAlfD1ameter 4 1n. 

Location * - : Dip :
Inches Strike Dip D1rect1on Type . Notesv,

-29% . 52° 60° 142° 2 6 mm wide.

* means bottom point of vein or fracture.
No sign means top point
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A series of partings emanating from the top of the core 1 in. with a strike
of 130°, very steep dips. Some are well cemented with quartz (called folia-
tion parting). .

-

SKETCH 1

Location v , Dip _
Inches Strike Dip Direction Type Notes

- 125-135 75-90 215°  3-4 About 6 partings
- 125-135 75-90  20° 3  Onlylto2

partings
1.2 160° 28° 250° 1
0.9 175° 23° 265° 1
2.0 165° 50° 255° 1
4.1 245° 10° 335° 1
7.7 193° 30° 283° 1
10.9 48° 52° 138° 1,4 Combination, some
quartz.
13.1 271° 40° 1° 1-4 I
12.1 45° 60° 135° 3 Offset by above -
fracture.
11.9 275° 54° 5° 1-4
18.3 42° 38° 135° 4
17.8  208° 42° 298° 1

A distinct parting with strike at 32°, dip angle 230° and dips 90° to 45°
ending in rock and other fractures at about 12 in. : ,
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| SKETCH 2
~ Many other less defined indurated veinsexist,

Location ~Dip - - o
Inches- - Strike Dip Direction Type Notes -

22.3  56° 18° 146° - ‘Broken fracture between
o : g ' #1 and #2. .
Core 1, Pieces #2, 3, 4

- Length 22.8 t0 28.3 in. along true."N" Hne N scribe mark rotated to 5°.,
Th1s was . determ1ned by: fitt1ng #2 1nto #1 #3 ch10r1t1zed el

. I L D1p R
: Locatjon QStrikev Dip lerect1on ‘]Type, o Notes

?;VjFracture between #2 and #3
. Fracture between #3 and #5.
.4 Fracture between #3 and #4,
some pieces missing. .

T 4o°ﬁ‘;f ff[fﬁw”r"”
279 o mae g
2305 - 120° 80°% ..

Core 1, Pieces #5, 6 | ‘ .
229.0  © 195°  20°  285° . - Breakoff between #5 and #6
- oo : - seems to end at break

R : " between #4 and #6.
2.5 e e 2z 4 |

The above is part of a ser1es of the fo]1at1on part1ngs (as above) Another
part1ng is: v e , - v

=35 “150°" Lgse ;250° e :
31,4 35°- 0 e2% v 126% - 2 5 thick.
34,6 . 47° o 45° o 137° 3 1.5 mm thick.
37.3°-273° - 10 - 3% 37 0. 0.5 mm thick. ‘
30-42 308° - 80-90° 220°. - 4 Side parting at 220°.
3

41.2 -~ 15° 53° 107° Offset by next vein.
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Dip

Location Strike - Dip Direction  Type Notes
39.3 165° 50° 225 3,4 Top 1" dips at 80°.
42.7 175° 58° 265° 4
45.2 203° 46° . 293° 4
45.0 121° 65° 211° 4
47.6 e ' 55° 161° 1
52.7 59° b3° - 149° 1 Extends into #7.
- 54.8 48° 55° 138° 3 Goes into #7.
4 Break between #6 and #7.

52 180° 60° - 270°

: ' - Another subparallel but
‘unbroken fracture exists
-about 1/2" higher and
190° strike.

Core 1, Piece #7 ‘ =
Length 55.8 to_68.9 in. a]ong‘true "N" Tine -

58.6 208° 35° 298° 1 :
60.4 242° 38° 0332 1 2-3 mm wide.
66.0 15° 70° - 105° 2 Extends into #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.

Severa]-other‘(partia])’near vertical partings exist, strike approximate
N-S. ’ :

Core 1, Pieces #8, 9 ‘
"Length 69.2 to 97.0 in. along true "N" line

'N scribe rotafedx-40°‘from original scribe. This was determined by 66.0 in.
quartz vein plus several other minor fracture lines. Apparently 0.3 in.
of core lost. ‘

Location Dip
Inches Strike Dip Direction Type Notes
80.8 350° , 42° 80° Smeared out.

This particular piece starts the greenish apparently chloritized section
which has a new type (5) veining, wide (several mm) with calcite plus
fluorite. This veining is essentially vertical and has about 90 to 120°
strike. The fluorite appears to be later than the calcite, as it is in
the center, sometimes enclosing small calcite particles, sometimes in con-
tact with enhedral calcite grains and sometimes cutting the calcite. Much
pyrite throughout. Some pyrite in the center of calcite (as fluorite is).
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'f?;Locat1on

A series of type'5 (2-4'veins)—

Location ' Dip - , e
'Inches - Strike Dip jDirection Type - Notes
78-81 115°  60-90° - 205° 5  Exiting bottom of #7.

The top 10 in. of #7 contalns a ser1es of discontinuous fractures randomly
orlented x : NP , A

90.5 110° ~ 80° . 190° 5 Two veins eXtend out

and - o : g - bottom.
93.5 ‘ . o

The calcite-fluorite vein appears to be part of a ]arger system which has

chloritized steeply dipping several inch-wide band in the dike rock. They
are definitely later than the 80.8 quartz vein, as it is offset in several
- places by the calcite- fluor1te veins.

Core 1, Piece #10
Length 97.0 to 109 in.

N scribe rotated approximate 35° to the original N scribe. The series of
type 5 veins (3-4) extending from #9 continue through #10 and are the major

~ veinings. The strike is still between 100-115°. The dips are about 80 to
90° with the dip direction 190°. This is accompan1ed by a 2 in.-band of
greenish alteration (ch]or1t1zat1on?) Other veins are evident but they are
much less distinct than the above. The' high angle dip parting (type 4)
seems to have been replaced’by»type',‘lnfthe lower core sect1on '

,Str1ke

' Inches | *lebte§~v S

97 f7?z 50° f 700 )
,}03 3 l’ 237° 38°' _»"327° SR I

A part1a1 ve1n (1) at 105 7 1n

Core 1, P1ece #11 o et
Length 109.1 to 119.0 1n

N scr1be rotated -33° from or1g1na1 N scr1be Thentype 5 veins have now
changed strike to 95° and 3 major veins are extending from above 1nto th1s
p1ece The1r th1ckness has reduced to 2 to 3 mm. : et :
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~Location ' ' ~ Dip , o
Inches Strike Dip Direction Type ~ “Notes

113.4 43°  63° 133° 3 o
-- _ 177° 57° 267° 4 Extends from top center,

, _ ~ no real definite bottom.
115.8 2° 50° 92° 1 '

Bottom of core shows no definite planar breaking surface.

, "CORE 2
437 to"447 ft, Empire shale

Black to dark green color near top, with more buff color near bottom. The
- very top piege shows that the core barrel not-centered when it was first

-ruan..
CUT BY
CORE TOOL

SKETCH 3

The core "appears" to have a "bedding" of about 45°, but it is difficult
to be certain because of coring marks. Need to cut and polish the core
to be certain. There is a distinct set of filled fractures sub-parallel
to this and normal to this. Most of these fractures are filled with 1 to
2 mm wide calcite. One of the apparent bedding fractures (calcite-filled)
has slickensides. If dip is to the west, keying of the "fault" suggests

a strike or lateral movement to the north. There is another set of veins
that are almost vertical and are calcite- and fluorite-filled. These are
similar to type 5 in the first core. Most of the veins branch in many
directions. : v '

FRACTURE TYPES

1. Parting
2. Small calcite-filled veins

3. Large calcite-filled veins
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4. Not used
5. Asin Core e

FRACTURE NOTES

core 2, Pieces #0201, 0202

Length 0201 - 0 to 4.5 in. -
X 0202 - 4.5 to 10 6 in.

0.
T

12.8

Core 2 P1eces #0205 0206, 0206a, 0207, 0208
Length . 16. 5 in. to 22 5 in..

This section: conta1ns a- ser1es of . broken .small p1eces,.

Locat1on . Dip - o
Inches Str1ke Dip Direction  Type ’ Notes
1- ' 211° ,60-: - 03010 6 Several 1.mm veins
5 | - 90° R : - coalescing into large ve1n
. G : : at 90° dip, 5".
- 259° 90° - 5 Vertical fracture ~1" in
from 349° coa]esc1ng w1th
E ' e above. ( v
49  ~ 5° 59° 95° 1 ' Do
A11 down 320° 45° 50° -- .Bedd1ng (a series'of
the core . essentially parallel
. o ‘ slightly darker lines.
- 4-6 - 155° ° 55° 245° -2 A series of fine fractures
L . : - S (1/2 mm) may be related to
» , _ , 0" 5011;5". Fracture
o e g T T e e "~ extends into #0203.
7,9 RN 63° . ,,_75;6‘:;3 S 1 53° L 2 , : #0 S
‘»‘Core 2, P1eces #0203 0204_ “r[,e;;;g'r
~ :Length 0203 - 10.8 to 14.3 4n.
' 0204 - 14.3 to 15. 4 in. e
13.5 9°  40° T 99° - 2? Break between #0203 and
- o . #0204 has slickensides.
1-1/2" 38° 70-80° 128° Extends 1nto next section.
~in on. top CT e T e
11 5. - 358° . b8° . .. . 88° 2 A couple of others 2" to 3"
TR e e o T T e higher -
-15.5 334° 57° . . 64° .. 2 -Extends down to- #02]0
. : “probably connects: w1th
o big vertical fracture
]03° 80- 90° ot 193°~,,_:,“5 R

#0208 is the largest.

‘The section begins with ‘the: fracture between #0204 and #0205 which shows
some slickensides with approximate strike slip striations on #0204. The
correspond1ng parts appear to be m1ss1ng on #0205.
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Location | ‘ Dip

Inches Strike Dip Direction Type . Notes.
13.7 5° 57° 95° 2?  Break between #0204, #0205.
16.9 275° 36° 5° ?  Break between #0206, #0207
18.0 356° 48° 86° 2
17.9 126° 80° 216° 5 Start of blg vein extend-

' - ing into #0214. .
2  From #0204. '

85° 75-90° 175°

Core 2, Pieces #0210, 0211
Length 22 5 to 30. 0 in.

The surface betWeen #0210 and #02]1 shows good sTickensides with d1st1nct
strike-slip striations with the last movement, apparently right lateral.
This was deduced from keying of the pieces plus calcite filling a void left
by the movement. The movement is difficult to verify by offset of any
fractures. : ‘ : =

Location : Dip

Inches Str1ke Dip Direction Type ; Notes

100 110° 85- -90° 195° 5 Big one from above
' 75°  .85-90° 2,5 From #0204.

22.5 - 295° 53° 215° 2? Fault between #0210, #0211.
25.0 158° - 62° - 248° :
23.7 . 111° ° 60° 201° 1

25 5 - 120° - 60° 210° 1 )

. 105° 50° 295° 2 Coalesces with big vein

at 25.0" at 315° and 23.5".

The pieces conta1n many other sma11 fractures of w1de1y varying or1enta-
tion.. There is one fairly s1gn1f1cant piece missing at 90° (1/4 in. thick)
from #0211. There appears a series of sub-parallel dark‘ve1n1ngs to the
break between #0210 and #0211. : ,

Core 2, Piece #0212
Length 30.0 to 37.9 in.

This p1ece has the veins coming in from above at steep dip (e.g., big one)
25.0 in. (62° dip and 75° strike). These have branchlngs and offshoots
There appears a general trend of color banding and minor fractures w1th
strike 295°, dip direction 25° and dip 45° * 15°. °

Location Dip ‘

Inches Strike Dip Direction Type : Notes
-32.4 297° 27° 1,2 Coalesces into big vein.
-34.3 297° 27° 1,2 Dip variable, coalesces

into big vein.
-- Rear vertical #2 veining at 35.4" and 45°, surface :
‘a continuous saw tooth type 2 extens1on of -32 4" from about
31.5".
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Core 2, Pieces #0213, 0214

Length 0213 - 37.9 to 41.1 in.
: 0214 - 41.1 to 46.6 in.

Rock continues to show genera1 300° to 313° strike, 30° to 45° dip, of
“color bands and some thin dark and/or ca1c1te fi11ed veins - :

39.7 15°  70° 105°

~ Location S el l»‘ Dip B
- Inches . Strike ~ooDipe Dlrectlon Type : ~Notes
38.0  121° 63 211° 2
38.5 121~ 60° ° 211° 2
38.9 - 0° - 40° 90°° 2
1

Dip becomes 85° at 41.0"
Strike has 20° component also, wh1ch is break between
#0213 and #0214,

38.4 | 109 ) ' 20° -, 1oo0° 2 5mmwide, offset by a thin

_ ‘vertical fracture.
B1g ca1c1te fluorite veining from above ends at 44.5 in.
Core 2, Pieces #0215;'0216

Length 0215 to 49.7 in.
0216 _to 55.7 in.

.49.2 _135°

Break between #0215, #0216.

- 43°
48.2 o 135° 670 Partial 2 ends at above.
506 . 136° . .53% i -5 mm’'wide,. has part1ng in
484 S 298° : center o v
497 0 .295° A O B |
- 52,3 0 0 °303% - B1° :
53.1 1'303°'{v:’ Goes 1nto #0217 #0218

- 'Several .other part1ngs exist with similar strikes, and d1ps to above two
fracture sets. The general rock dip d1rect1on seems to be 40°.

Core 2, Pieces #0217, 0218, 0219

‘ Length 0219 - 57.0 to 60.5 in.

0217, 0218 - Smaller with #0217 about 1-1/2 in.
" Broken--pieces missing .-
End of #0219 are ground off, not vein fractures.

-60.0 293°  .60° - 23° . 3. " ‘Goes into #0217 #0216

There are several: type 1 fractures parallel to th1s in a 203° d1rect1on
beginning .1 jn away. -The: piece shows a couple of type 2 vertical fractures.

C.55




Core 2, Pieces #0220, 0221
Length 0220 - 60.7 to 67.2 in.
0221 - 67.2 to 68.5 in.

Has 60° dip fracture that extends it to 71 in. . There is a-piece missing
from dip to #0222 at 71 in.i These two pieces fit together, but the break
between #0219 and #0220 does not permit orientation with the rest of

the core. 1 have oriented them by the slight indication of a genera]
bedding trend and type 1 fractures of the whole core. :

Vertical fractures (2) approximately 320° strike in middle of #0220
extending to 62 in.

Location : Dip

Inches Strike - Dip  Direction Type Notes
61.9 37° 69° 127° 2 Becomes d1ffuse, ends at
: - - #0221.

65.0 313° 45° 43° 3 Extends beyond #0221.

63.3 296° 52° 26° 2  Several small fractures
: . o .. coalese with 65.0". . .

65.0 206° T 72° 296° 2

68.0 130° 56° 220° . Break at end of #0221.

62.3 237° 68° 327° 2,3 -

Core 2, Pieces #0222, 0223

‘Length 71.0 to 82.3 in. | | .

.These two p1eces contain a large number (approximately 50) of type 1

fractures, all with 305° strike, 35° dip directions. and approximately
40° dip. The alignment between these rocks and #0221 is tenuous at best
and based mostly on these fractures.

-82.2 . 224° 78° 314° 2 1 to 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 Coalesces with -82.2".

72.5 123° 79° 213° 2

Core 2, Piece #0224
Length 82.7 to 92.7 in.

Has about a dozen of type 1, strike 307°, 37° dip direction, 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° 347" 2-3 Extends into #0224.

Has been offset.-

At 120°, #0224 has type 3 vein from top to 85 in., with an 85 to 90° d1p
This does not show in #0223.
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fCoreeZ, Piece #0225 . -

- _Inches -

Length 92.8 to 100.5 in.

This' piece is or1ented by a maJor ca1c1te f111ed ve1n, 2 cm th1ck, con-
ta1n1ng fluor1te , ; AR :

Location - i';;§'!5fri», 3 Dip

Inches Strike - Dip Direction Type 5 ‘Notes
93. 0 o 192°‘L *~”69? 282°v:“f’a4' MaJor ve1n
97. 5 295° - 58 n*20° -2 Goes through maJor
B AR R o 0 fracture.
95.3 285° 73° 15°' .2 - Very thin. Extends

through maJor fracture.

_Th1s p1ece also has severa] other m1nor ve1n1ngs.

Core 2, P1ece #0226 3
Length 100.8 to 107 0 in.

The iend 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 is missing
there. This piece has two major calcite-fluorite veinings not parallel
to above, one about 1 cm wide, the others just - v1sib1e at the very bottom
of - the p1ece and probab]y 2 to-3 cm w1de BN : v : y

Locat1on L 5;;?_ [? D1p ;;r,w
' Dip D1rect1on .

‘fNotes

cm‘wide, major fracture.

18 p1eces 120 9din. = n

The core is in exce]]ent shape, with almost no mlss1ng or badly broken up
sections. There appears to be vein material missing between #0308 and #0309.
This has ‘made reconstruction of the core difficult at that point since the
vein'may have been 1/2 in. thick (similar to #0312). However, reconstruction
of the core shows no rotation of the knife edge grooves, suggesting that no
rotation occurred here either. The matching of structural evidence on both
s1des of” the boundary is consistent w1th th1s reconstruct1on.

:,FRACTURE TYPES

The core has the following easily 1dent1f1ab1e fracture types--us1ng the
maJor kn1fe edge as north: ‘
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1. Steeply northeast dipping, with very thin (1/2 mm) vein:of-cal-
cite (?) or quartz (?) showing pyrite. There is a distinct® :
dark alteration zone around the vein.

2. Not quite as steeply northeast dipping quartz veins. These are-
wider than above (up to several mm) and generally show little
or no alteration zone. May have thin calcite layer between it
and shale. ' '

3. Wide (1 cm) veins of calcite quartz, fluorite, pyrite, chlorite,
and a white fibrous material. The white fibrous mineral makes up -
the contact with the shale and is layered with some of the chlorite.
Northwest dipping and about 120° angle with type 2.

4. These are not really identifiable fractures but are the general
trend of the breaks between core pieces. These form a shallow
(~ 20°) dip to the southwest. The surfaces appear to be shale.
This dip follows the general trend found in the color banding of
the core and suggests a general formation dip. This is definitely
shallower than the inferred dip from Core 2. 1

5. A few only, green color banding, 1 mm thick, no alteration outside:

FRACTURE NOTES

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

"Location Dip :
Inches Strike ~Dip  Direction Type Notes
1.8 43° 74° 133° 2 -
7.3 320° 75° 50° 2 End in #0304, thickness
varies.
-- 75° 80° 165° 2 Enters at center top #0301.
0.5 333° 67° 63° 1 Four closely spaced.
1.0 -
1.2
1.3
5.7 350° 68° 80° 1 » \
6.0 347° 65° 65° 1 Three closely spaced.
6.5 v
7.3 .
-7.5 355° 67° 85° 1
-3.3 347° 75° 77° 1
-- 160° 50° 250° 1 There are 3 to 4 similar
partial parallel fractures
in 1" above. .
-3.1 227° 50° 317° 2 o
6.0 165° 20° 255° 4 Between #0301, #0302.
9.3 189° 22° 269° 4 Between #0302, #0303.
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Core 3, Piece #0303
Length 10.3-to 22.6 in.
Location Dip ' } ‘

Inches Strike Dip  Direction Type - Notes
10.8 3B1° 71° . 81° .1 Top in #0302, branches to

' : = at least two more frac-
s S G : tures. :
12.0 - 345° . .70° . 75° . Top saw toothed.
13.8 . ..334° 70° - 65° 1 _— o
13.8 '325° ..70° 55° 1
16.0 323° 65° - 53° 1
#0303 shows a series of faint cracks with .
180° = 25° 270° --

The rock shows several nonplanar irregular 2 veins.
20.4 ' 334° 70° 64° 1 ,

The p1ece has many other smal] veins (type 1).

Core 3 P1ece #0304
Length 22.6 to 38.9 1n

249 e :;Start5559fw2529i,, 5
. mosts70° .
25.8 330° . 81° 60° 1

This piece also has 'several irregular type 2 vé1ns nearly vertical (dips

75° to 85°) with the general 330° str1ke, e. g s one starts in #0303

17. 5 Cro. 0300 80° 7' 93° a2

29.5 o 330° 80 . 60% s 52 o o e S
22,22.5 338° 74° 68° 1 Starts in above piece.
30.4 0° 55° 90° 1 : '

27.8 163° 15° 253° 4 Dark lineations.

25.4 163° 32° 1 253° 4 Dark lineations.:

37.2 - 333°  ~75° 63° 1

22.3 190° 20° . 280° 4 "Break between #0303

.,and #0304

Th1s sect1on has a great number of other partial. fractures of var1ous

orientations (most]y type 1) that are too var1ed to itemize.
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Core 3, Pieces #0305, 0306
Length 38.9 to 48.3 in.
Location Dip :
“Inches  Strike Dip Direction Type Notes
39.5 340° 83° 70° 1
41.0 325° 75° 55° 1
38.5 180° 15° 276° 4 Break between #0304, #0305.
38.5 235° - 70° 325° 5 Starts in #0304.
42.5 161° 15° 251° 4 Break between #0305,
. ' ‘ ‘ #0306. :
45.9 19° 75° 109° 1 '

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

Core 3, Piece #0307

Length 48.3 to 60.6 in.

47.7
50.2

177°
26°

14°
75°

267°

116°

4

2

Break between #0306,
#0307. '
2 mm wide.

The long type 2 vein from several pieces up ends in #0307 at 54 in. at 260°.

51.5
and 52
52‘.5'

332°

66°.

75°

- 82°

62°
156°

1
2

2 type 1.

Disappears at about 57".

A fracture starting at 31.2 in. in #0304 exits #0307 at 61 in. It bows
into the middle of the core and is type 1 with areas of distinct white
enters and leaves rock at 180°. Many other type 1

veining, strike 290°,

trends.

Core 3, Piece #0308

Length 60.6 to 67.7 in.

61.1
-66.5
-62

60.1

66.8

83° -

330°
358°
0°
170°
152°

80°
85 to
80°
78°
750
28°

35°

173°
60°
86°
90°
260°
242°

C.60

Starts at 58" in the mid-
dle of #0307.

Branches off at 57" in
the middle of #0307.

Has connecting loop with
66.5".

Break between #0307,
#0308.

Break on bottom of #0308.




The space between #0308 and #0309 is: probab]y a type 3 fracture w1th the
piece miSS1ng

Core 3, Pieces #0309, 0310, 031], 0311a
Length 0309 - 68.0 to 72.7:dn. oo o
0310 - 72.7 to 76.3 in. ,
0311 0311a - 76.3 to 77.0 in. fits between parts of 2 fractures.

| Locatlon [, : R - Dip

- 70.

Inches = Strike ... Dip . :Direction. Type = - Notes
- 67.3 128° 28° - 218° --- Top of #0309.
~-73.4 - 328° .0 50° . - .58% . .-2. 3 mm wide, ends at top of
“#0309.
-~ 337°  60° 67° 2 Second branch 2" below.
72.3 166° 6° 256° 4 _Break between #0309, -
: #0310.
70.3 349° 63° ' 79° 1 R S
3 :349% - 74 79° . 1 Second radiating fracture.
74.2 -172%. - - 58° - 262° . 3 Contact between #0310,
: ' R #0311, #0311a, and #0312. .
-77.5 186° 24° - 266° 4 Break between #0310, #0311,

~+ “and #0311a .ends at 74.2"
: ,‘fracture o

There are a who1e series of type 1 fractures extend1ng through #0309 and
#0310 with 70° dips and 100° strike. These have no definite beginning
or end. Thére are numerous other fractures (types 1 and 2) in the section.

Core 3 P1ece #0312
Length 1 cm

This is the type 3 vein. between #0313, #0311 and -#0310..

- Core 3, Piece #0313
*;vLength 77. 7 to 80 3 1n

'-,'Locat1on e »ﬁ"';:fjv Dip

g Inches : ,Strike<=f “Dip » Directionv Type : ]' Notes B '
77.9 i3E° . 60° 85° .. 2. Endsat #0313, .
79.4"' L ;1300;;;a 30°% .+ 270° ::.gv;4 = Break - between #0313,
R e R qu;,ri#03]4 :
Core 3 Piece #03]4* N S A e e
"~ Length 80.3 to 95 7 1n fw{:wf ,1{g¢{ ek
81.7 e sac 2060 2
83.7 165° 20° 255° 4 No break. . ;
86.3 354° 59° 84° 2 Ends at fracture below.
88.2 7° -48° 97° 2

.:JC.G]




. There are a series of type 1 fractures with 60° d1p, strike n0°, and 90°
dip direction starting in middle of top of the piece. SRS o _

Location Dip I R i VR
Inches  Strike Dip Direction Type : 3 Notes L
-. 89.0. - . 2°..- 60°. . .  92° 1 Two a1/2" apart.
87.8 '238° 81°  378° 2 Extends through #0315 end
S of core. ,
90.5 . -.225° 80° .. 315° . 1-2
'93.0 ' 357° 55° - 8r7° 2-3

- Both #0314 and #0315 have apparent bedd1ng d1ps of 30° and strike 164°

Core 3, Piece #0315
Length 95.7 to 109. 8 in.

95.4 343 50°  73°

2 . .
== o0 165° L 31° 255° 4 Many bedding lines on piece.
108 1 .. 170° . 20° 260° 4 Break between #0315 and
| fcoré 3,[Pie¢e§v#b316;A0317, 0318
,Length 110.0 to -120.4 in.
107.5 . . 193° ., 5B0° . 2 273% .1
103.5.. - - .105° 49° . 195° . 2
-103.5 . 150° -~ 58° . . 240° 2
CORE 4

921 to 931 ft, Empire shale

The core is quite similar to Core 3 in most respects. The color is black-
green at the top, grading into dark browns and back to blackish green near
the bottom. The general dip shows as very thin dark lines or color banding.
The dip angle appears to be 20° to 30°. Side by side comparison with Core 3
shows the dip of Core 4 to be greater.. The type 1 fractures of Core 3 are
only occasionally evident. There appears to be three additional sets of
veining, one nearly vertical, and the two = 60° dip with a 180° different dip
directions. The large veins appear to be fluorite free in contrast to

Core 3. The fractures between pieces generally do not have the same dip

and strike of the bedding. Fracture types will be the same as Core 3

except for the absence of fluorite in type 3 (quartz-calcite-pyrite +
unidentified white mineral assemblage). Because of the similarity between
cores and the time limitations, this core was not analyzed.
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CORE 5

f‘997 to 1007 ft quartz porphyry

Th1s ‘core shows several stages of fractures and veins. The ear11est appears
to be the dark:bluish green ones which vary in thickness from very few mm
*to 50-mm.  There are:later quartz veins and then 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 pinkish alteration zone
around them. There appears to be-a large number of veins and fractures.

FRACTURE TYPES
1. Narrow fracture surface alterationst “"
2. Quartz-filled.

3. Greenish-bluish alteration zones from porphyry quartz appear to -
- have not altered various widths. _

Core 5, -Pieces #0501,‘0502
Length 0.0 to 7.0 in.

Location - ‘ S Dip. , ~
- Inches  Strike . Dip D1rect1on Type . - o Notes

4.5 '];7'"»3'5°"‘ : 60°ﬁ"' a5 ::11' ' Break between #0501 #0502.

- Core’5, Piece’ #0503
‘pLength 7. O to 12.3 1n

pThere are two 90° dip fractures (enter1ng from above and below) near mid-
.-rock, one at 70° strike, the other at 90°. The 70° appears to be quartz—
filled. The 90° appears to be solut1on a]tered type 1;
~ Core'5, Piece #0508 -

;Length 12.3 to 28 5 1n'

The 70° strike vein gradually turns away from 90° dip. The 90° str1ke'vein
(270° also) changes to 315° and decreases dip exiting at 23 5 in.

Location - . . ‘; - D1p e
Inches " Strike ' Dip “Direction Type - . 'Notes

1237 750° 45° 7 140° "3 2 mm wide, displaced by
' ' ' . .70° strike vein.

13.1 =7 igpe B 01320 37 0 2-3'mm wide, goes only
: ‘ NN _._part way through rock.
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_Location : ‘ ‘Dip

Inches Strike Dip Direction Type Notes
15.8 44° 45° 134° 3 25 mm w1de cut by both 70°
' S e et oo . and 90° ve1ns offset by :
_ RRTET : : : i : - 70° 12 mm.
23 0 : 2189~r - §3° 1 - 308° .- Greenish a]terat1on, off-
: L ' ' - set by 70°.

23, 5 '%7 REILES 7d°'v- - 41§'- ~ 90° one fron abdve o

Core 5, P1eces #0505 0506 0507 0508
Length 0505 - 28.5 to 33.5 in.
0506 - 33.5 to 38.2 in.
0507 - 38.2 to 43.4 in.
0508 - 43.4 to 50.6 in.

-49.3 268° 67° 358°" 1

Near vertical crack at 190° strike.
#0509 - Number not used.

Remainder of core not analyzed. R u‘g&%

CORE 6. A
;;10 p1eces .68 1n » 1524 to 1529.8 ft, grey quartz feldspar porphyry

Quartz phenocrysts 3 to 10 mm with rounded and sharp orthoclase pheno-
crysts = 3 to 10 mm are dark pinkish except in the top 5 in. where they

are very light pink. The surface of the core is sparsely pockmarked with
~what appears to be kaolinized feldspar (plagioclase ?). Much of the .
plag1oc1ase is altered as is some of the orthoclase. The breaks between
‘pieces are essent1a1]y horizontal. This corresponds to the major minerali-
zation (pyrite plus quartz and molybd1n1te) Some steeply dipping fractures
and veins are present. There does not appear to be any offset of veins.

It seems 1ikely that -the fractures were made after vein (filled fractures)
This core does not have the well healed p1nk veins in Core 5 that appear on
wetting.

FRACTURES TYPES

1. Near horizontal vein of pyrite plus quartz and molybdinite.
Near horizontal vein of fractures, very slight rust alteration..

..~Steep1y_dipping vein of pyrite plus quartz and molybdinite.

S W N

$teep1y dipping fractures, very slight rust alteration.
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Core 6, Pieces #0601, 0602, 0603 " :«c; o ¢

Length 0601 - 0.0 to 6.7 in.
0602 - is side of #0603,
0603 - 6.7 to 11.0 in.

-C.65

Location =~ . . @ i e e DAproaeen oy »
Inches Strike Dip Direction Type Notes
-2.7 ... 132° . 85° 222° - . - 3 mm wide, chlorite and
R TR B A o wegiaon o o upyrite and others, vein
' ' only one in this core.
(-14.0) - 305° . .81° 35° 4 Starts in middle of top of
S Lo ' B #0301. It is the break
between #0302, #0303.
- : - . . - - 4 “Rear vertical 3/8" in at
: 240°. Only evident on
: S , - . break between #0601, #0603.
6.3 82° « ..~ 11° 172° 2
-14.0 - Rotates. . 85° 35° 4
from - . .
305°-290° = S
14.7 105° . 85° 195° 4
10.3 130°. . 10° 220° 2 Break between #0603, #0604.
Core 6, Piece #0604
Length 11.0 to 20.9 in.
'18.0 200° ' -55° - 290° - Very thin fracture.
20.2 ¢ . 3286° .. o b° 55° 1 Single vein branches ‘into
o o a : 4 in one spot.-
~Core 6, Piece #0605 - L N
Length 20.9 to 34.7 in.
Location o Dip HE
Inches Strike Dip Direction Type -~ Notes
20.4 68° . 20° 158° L 2 Break between #0604,. #0605.
32.2 125° - 70°. 215° 4 Goes into pieces below.
ce R 1930 85° - 4 Makes a scallop at 103° -
- P 1/4" into core.
27.5 220° 5° 310° 1 ' :
- =0° - 1- : - Break between: #0605, #0606.
Core 6, Piece #0606 - - °
Length 34.7 to 45.0 in."
38.7 180° -10° 270° 1 Extends from 330° to 150°,
J T S SR T smobts LA e endsat steep. fracture.
37.2 - n0° - 1 .v7 Ends at 32.2" fracture ex-
’ tension, on 220° side.
- =300° 85° 30° 3 Ends at 32.2" fracture.

- Goes into pieces below.




Core 6, Pieces #0607 and #0610 (out of order)

Length 0607 - 45.0 to 48.9 in.
0610 - 48.9 to 53.9 in.

The =300° strike vein from above (=310° in these p1eceS)tdominates #0607

These ]ast three conta1n numerous branches with

connections.

(-58.8)  130°  61°
53.9 . 25° 100
48.1 1n6°  63°

Core 6, Piece #0608
Length 53.9 to 62.5 in.

129°

-60.8 52°

57.0 - -

Near vertical fracture from above ends at =57".

61.7 0 20°

61.2 163° 42°

A bent vein that strikes at 340° and dips =25° in. each direction.
-64.0 in., west at 64.8 in.

109° 1

220° 3

1nse -
206" 3
219° 3

- 1

90° 1
253° 3

C.66

and #0610. The side ve1ns are genera]]y stopped at the fracture- 1nto east
and west side.: . s N
Location - - L Dip - :
Inches Str1ke Dip Direction Type Notes
- 47.8 ¢ s SRR | A - 1 ~ East side,. very thin.’
47.4 - ‘ 649 - 18° 154° 1 West side, very thin.
48.3:-.  ..276° - 8° 6° 1 2 mm wide, west side.
-48.9 1 93° - =]0° - 183° 2 Break between #0607,
R P S #0610.
- =49 e e =0 - - 1 Both s1des 2 mm th1ck some
L ‘branches. .
52 - =0 - : 1 Both sides 2 mm th1ck .some
‘ branches.
52.7 19° 160°

Both s1des 2. mm th1ck some
branches :

vert1ca1 and high ang]e

Ends in #0608 west s1de

only
”Break between #0610 and

#0608. :
Ends at =49" vein.: . .

West side has flat branch
at 58.5". -
North appears and ends at
-60.8" vein.

Flattens out and becomes
5 mm wide in #0609. .
Goes into #0609. '

East at




CORE 7

1936 to 1936 7 ft.

“Core 7, Plece #07011' :
Length 7.2 in.

Rock altered from two cores above. -Color very light pink orthoc]ase wh1ch
is probably some altered gréy quartz phenocrysts, some white plagioclase,

~-and green altered plagioclase. ‘Almost all dark minerals have been altered
to greenish color (chlorite ?). Rock shows one vein, 5 mm quartz-filled

at -2.3 in., 60° dip. It has greyish-metallic mineralization in one part

of vein. Rock also shows a broken out piece which is the result of a

fracture, has 75° dip and is 90° clockwise from the vein. -Top.is at 3.7 in.

CORE- 8

2295 to 2299.6" ft, wh1te grey quartz - orthoc1ase porphyry
Length 55.3 in. :

Rock seems to be more granitic than those from above. More dark minerals
than Core 7 with biotite present. Hornblende altered to chlorite, although
the greenish material may be altered plagioclase and in some cases altered
orthoclase. Orthoclase white with very light pink cast. . 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 slightly veined and shows few
fractures. :The bottom .of the core shows an open fracture ‘which has a
coating of calcite or quartz. There are also open voids in a few spots on
the cores. The only mineralization may be ‘with the bottom fractures as they
have dark vein f11l1ng in p]aces s .

' P1eces #0801 to. #0808 conta1n -1 in d1ameter reg1ons of a]teration that
‘ are d1fferent, suggest1ng xenol1ths ' D

FRACTURE TYPES

_‘1. Th1n, dark, healed fracture.
2. Open and hea]ed w1th larger open1ngs fllled w1th ca1c1te or quartz

JCore 8, P1ece #080]
Length 0.0 to 10. 0 1n.,

Location ~'”f ; ffm;sEL” D1p

Inches  Strike Dip Dlrect1dn; Type Notes
2.1 325°  27° 55° 1 Has two other partial

branches.

The piece contains a very thin (type 1) fracture at about 0° that does not
appear to go through it. : .

9.8 1200 10° 210° - Break between #0801, #0802.
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Core 8, Piece #0802
Length 10.0 to 20.2 in.

A type 1 fracture (vein) that is in #0801 becomes ev1dent in #0802 str1ke =
559 d1p = 78°. It enters #0802 about middle of top.

Location Dip
'Inchesw Str1ke .Dip Direction - Type L Notes
R R E N i 1 ‘Break between #osoz #0803,

Core 8, P1eces #0803 0804 0805 0806
Length 0803 - 20.2 to 21.8 in. "
. 0804 - 21.9 to 23.7 in.
0805 - 23.8 to 27.0 in. '
0806 - 27.3 to 30.0 in. although only 220° to 360° part present*

Breaks between #0803, #0804 and #0804, #0805 = parallel to that between
#0802, #0803, but there is no evident reason for this. .

S -27.0 - 40°  35° 130° 1

| Core'8 Piece #0807 .
. Length 30.1 to 36.1 in.

The m1ss1ng p1ece from 240° to 360° seems to be caused by a V shaped fracture.

 Core 8, Piece #0808, Length 36.1 to 40.9 in.

Core 8, Pieces #0809, 0810, 0811
‘Length 0809 - 40.9 to 45 in.
- 0810 - 45 to 50 in.
0811 - 50 to 55.3 in.

41.0 300° 85° 45° 2

This starts out as a single fracture in #0809 but becomes several parallel
fractures in #0810 and #0811 and two at the exit from #0809. . These are open
in #0810 and #0811. Also showing about 1 in. toward the center is a faint
fracture which becomes more evident in #0810 and #0811. It does not seem
evident in #0808. In #0810 these two fracture sets are subparallel, with

the second one at 315° strike. Both lose dip in #0811 with the first
exiting at 52.8 in. and 60° dip and the second continuing at = 70° dip.

~* Further reconstruction changed this.
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_Length 34.2 in.

CORE 9"

f,.2782 to 2784 9 ft, a]tered quartz, feldspar porphyry

‘S1m11ar to Core 7. Has ‘definite greenish cast with few dark minerals
~remaining. Fe]dspars are altered. It has a steeply dipping quartz-filled
(4 .mm), fracture that’ dominates. A parallel fracture is unfilled. It has
a few other beaded quartz- f111ed fractures that are thin with larger ,
‘alteration zones. Shows some-horizontal® fractures. No voids for fracture
voids. There is. pyrlte in the rock and in the ve1ns

FRACTURE TYPES

1. Thin quartz-fi]led altered rock.
2. Thick quartz-filled, not as muchraTteration.u‘
3. 'Unaltered fractures

Core 9, Piece #0901
Length 0.0 to 8 in

f’Locat1on '.“'* ',-“2};; ' D1p

Inches ~ "Strike 'Dip Direction Type - > Notes .. -
0.0 4401"';,?589ff;;¢ 134° i -1‘ .';Ma1n branch
- 1% B0° i QB1° . Secondary branch which cir-
I T LR T ISR i cuits piece and comes out
. -near top center. There .
- -are several parallel cracks
. between two branches on
©west. s1de
20 . ...90° .. .70° . - 71 The b1g quartz-fllled vein
. : - becomes part of.this at 8"
and this one. d1sappears
' This one Jjoins: 0.0 for a
oo oo .. few inches in east. . .
3.6 o 80° 65° 170° ~ ~ "2°  "The big quartz- f111ed

ve1n L
P1eces #0902 09023 0903 extend to 10 5 1n but are broken off from big vein.

Core 9, Pieces #0904, 0904a, 0905 :
Length 0904 - 9.0 in - #0904 is back part of #0905
ot 0904a - is small 2 in. extension of #0904
0905 - 10.5 to-24.7 in.

At 9.5 in. #0904 has horizontal fracture (3). Until about 14 in. #0'90‘4
has parallel fracture (3) to big vein. There is a thin unaltered vein that
crosses #0903, #0905 at 310° strike and 50° dip.
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Location | Dip .
Inches Strike Dip Direction Type ~ Notes

12.2 32° 50° 122° 1 - This quickly separates into
: two fractures of unequal in-
tensity of alteration. The
second is 1" above the first
and is more intense on bot-
tom 1/2 of loop than the
above. I

17.0 93° 80-85°  183° '3 Becomes break between’
#0909, #0908.

Core 9, Pieces #0908, 0909
Length 0908 - 25.0 to 34.2 in.
. 0909 - fractured off at #0908

CORE 10
3312 to 3314.7 ft, length 32.0 in., grey quartz - feldspar porphyry

Not as many dark or altered dark minerals as before. Orthoclase is a very
slight pink. The most obvious feature in the featureless rock is- the 10 mm
wide quartz veins in the upper 20 in. of the core, which are near vertical.
The veining is not very planar and is quite different from that previously
seen. It appears to be well bonded to the rock; the contacts are sharp and
unaltered and the veins have small angular pieces of the main rock in it.
In hand specimen these small inclusions do not appear.altered. The core
‘shows three major fractures all with similar strikes and steep dips (two

at 60° and one at-45°); these fractures appear to be partially open. -

The 45° fracture is broken and shows secondary quartz, most of which
appears to have grown into a void as crystal faces are evident. It appears
possible to blow through the unfractured 60° crack. #1001 has an open
“fracture (by blowing) of at least 5 in. Other greenish alteration

veins (1 to 2 mm) are evident.

Core 10, Piece #1001
Length 0.0 to 17.0 in. (V's out at end)

Location Dip

Inches Strike Dip Direction Type Notes

-4.3 152° 43° 242° 1

4.3 285° 20° 15° 1 Has opening. .

2.7 142° 52° 232° 1 ‘ ' -

6.0 180° 26° 270° 1 A11 about parallel and
very fine. :

6.5 180° 26° 270° 1 : ,

7.3

180° 26° 270° 1
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Two major quartz at ~90° dip 100° strike. Theyhstop qt{fhe3+4ﬁﬁjyeing‘  :

Location : 'Dip | e SN
Inches Strike Dip Direction ‘,Type Notes
1.1 83 58 1 173° 2 Break between #1001 and

o ) #1004.
There are manyjoﬁnor;pérﬁial #1;veins fhboughodt{‘
Pieces #1002,f#1003:ané_parts,df #1001.
Core 10, Pieces #1004, 1005
Length . 1004 - 15.7 to 22 in. -
1005 - part of #1004 -

19.4 83 43 ' 173 © 2 Break between #1004 and |
o : ~ #1007. o

There seems to be a series of open ho]es at 50° d1p
Core 10, Pieces #1006, 1007
Length 1007 - 21.3 to 32.0 in.

1006 - part of #1007

1904 ' 83° | 65° ©173° 2 Not broken apart, starts

, : - as above. .
28.3 83° - 45° 173° ? May be type 2, only not -
Sy s L S .~ well defined. :
21,5 133° . . 68% . . .223° .. 1 , o ,
27.5 ... ./270% - 80° . 360° . - 2 - Terminates at 19.4" - 65°
. S el e -dip. : .
CORE 11

13817 to 3822.4 ft, length 65 in., grey quartz porphyry

Plagioclase feldspars are highly altered to pale green1sh cha]ky substance
Orthoclase whitish, looks somewhat altered, dark minerals look like biotite
and hornblende, no gangue. The core appears to have a common strike and
dip (=60°) for the veins and cracks. Most veins are similar. All the
breaks between the pieces are nearly hor1zonta1 ‘have been polished and’
appear to have 1/8 to 3/4 in. of material m1ss1ng This is the first.

time that this effect has been so pronounced in any core. It suggests

that there are horizontal planes of weakness that we ob]1terated in the
coring process
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Core 11, Pieces #1101, 1102
Length 1101 - 0.0 to 7.2 in.
1102 - 7.4 to 15.4 in.

Location - Dip '
Inches Strike Dip' Direction Type Notes
-10.5 171° 75° 261° 1 Black line.
-10.5 171° 82° - 261° 1 Black line.
-2.9 171° 72° 261° 1 Green line.
5.5 191° 63° 281° 1 Greenish black line..
7.4 200° 74° - 290° 1 Black line becomes type 2
' at bottom. :
6.5 200° 72° 290° 1 Green. . . o
12.5 183° -69° 273° 1 Very thin green line

There is another crack at 13 in.

- Core 11, Pieces #1103, 1104

but only can be seen on ends.

260°

260°
278°

Length 1103 - 16.3 to 20.3 in. .
1104 - 20.4 to 26.0 in.
17.8 170° © 78°
18.8 170° 60°
- 188 T0°

Core 11, Piece #1105 .
Length 26.3 to 34.6 in.

29.8 203°  56°
31.4 183° " 56°
31.8 185° 55°

There is a heavy mass of quartz vein similar to

293°
273°

2750

32.5 to 36 in., strike 150°, dip 83°.

Core 11, Piece #1106
Length 34.7 to 39.0 in.

34.2 189° 71°
Core 11, Piece #1107

Length 39.5 to 45.6 in.

Core 11, Piece #1108
Length 46.0 to 53.3 in.

279°
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Goes to 23.0" and then .
exits at 20° dip, =
Branch loop of above.
Comes from 17.8 at 20.0".

Stops. at about 33".

Top of vein at 168° -
strike from bottom.

Dip flattens out to 45°
in #1106.

that found in Core ]0 from

Starts in #1105.

~




Location . | Dip R
Inches Strike Dip Direction Type _____ Note -

46.0 182° 57° v__272frﬁ'§f{1 Green line

Core 11, Piece #1109
Length 53.5 to 59 3 in.

S]1ght vein at 340°

Core 11, Pieces #]110, 1111 12

Length 1110 - 59.4 to 61.2 in.
1111 - 61.5 to 65.0 in.
1112 - part of #1111

59.8 177° 63° 267° - Break between #1111, #1112,
‘ : ~ only nonhorizontal: break.

CORE 12 '
Length 61 5.n., quartz feldspar porphyry granite

P]agioclase altered to greenish clay-like materlal, orthoclase pinkish,
altered some. 10% biotite p]us hornblende grain 8 to 10 mm. Upper 30 in.
a single piece, bottom 30 in. contains two well-defined fracture sets,
one»horizontal the other near vertical =75°. Core contains a few greenish
vitreous veins, a few mm thick. These all have similar strikes (about the
same as the steep fractures and d1ps (45°) - These fractures are listed

- below.

,:Horlzontal fractures at 44, 0 in., 47 2 1n .» 48,6 in,, 49.9 in. » 50.8 in.,

52.8 in., 54.1*n., 55.6*%n., 571*m.,583*m , 60.1 in. ,and 61.6 in.
*These -have one or. two para]lel fractures, close by, that extend a
few inches around the c1rcumference . o _ _

Steep]y d1pp1ng fractures--two main fractures both with strike 278° dip 75°,
dip direction 80°. The dip and strike will vary over parts. of the

fractures One fracture startsat 24.8 in. and ends 56.0 in. The other ‘ends
at 61.5 in. and seems to stop at #1208 near 45 in. Both fractures have
regions with more than one fracture running para]]el

In the region of the horizontal fractures each piece is defined by the
horizontal fractures and split by the steep fractures. Each horizontal slice
is defined by a number (attached to the Iargest piece); the other pieces are
ca]led a, b, c, etc. T N [ o
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Core 12, Piece #1201
Length 30.8 in.

3

Location - - Dip

Inches  Strike Dip  Direction Type __ Notes
-3.6 330°. 45° 60° Contains brecciated rock,

sharp boundaries 2 cm
wide in spots, 2 mm in

others.
-4.9 335° 60° 65° Part of above.
6.0 10° 43° 100° ’ .
24.9 310° 30° 40°
26.4 310° 60° 40°

Core 12, Piece #1202, 1203
Length 1202 - 30.8 to 35.5 in.
1203 - 2

Core 12, Pieces #1204, 1205
Length 35.5 to 43.9 in.

Break between #1202 and #1205, which may be a horizontal fracture.

-40.7 305°  51°  35°
-39.0 267° 32° 357°

See photographs for other pieces.

CORE 13
5270 to 5273 ft, length 36 in., quartz porphyry granite

Granite with pink orthoclase rock is only slightly altered. The core is
highly fractured. Partial reconstruction shows the dominate fracture

as horizontal with a frequency of about 1 in. These fractures are open
when not broken. They show strictions which are along the strike of a
second fracture system which has dip ~70° to 90°. Vertical fracture appears
to be in the core.

CORE 14
6022 to 6026.5 ft, length 53 in., quartz-feldspar porphyry granite

Coarser grained than Core 13, especially the orthoclase. Plagioclase
altered to green mineral, biotite present. The core shows an open horizontal
fracture pattern and a steeply dipping fracture pattern which has the same
strike and dip. The latter is probably not open. The fractures provide

“the break between pieces except for those pieces fractured when removing
from the core barrel. This consists of the last 10 in. of the core, and
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this part has only partially been reconstructed. There is a void region
between #1401 and #1402 which is filled by some of the pieces - 14A, 14B,
14C, 14D, 14E. #1401 can be oriented by the near vertical fracture and
should stand off several in. In view of the simplicity of the fractures
and the large number of broken pieces, this rock will be photographed
without turning as #12 was. Lower case letters, e.g., 1401, 1401a, have
been used to denote small pieces obviously broken off a large piece. The
core shows cavities which appear to be caused by gas bubbles during
sg11d1f1cat1on Quartz and orthoclase single crysta]s are growing into
them ,

Horizontal fractures - 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 vertical fractures - same strike, dip = 75°. The ones that are not
broken show rusty alteration along the core.

CORE 15 |
6410 to 6411.9 ft, length 23 in., quartz-feldSpar porphyry granite
~ Coarse grained orthoclase, slightly larger than Core 14. Altered plagioclase.
Miralitic cavities but not as large or as numerous as Core 14. It appears

that the horizontal fractures are not present here. However, two sets
of =60° dipping fractures exist. They make =60° angle with each other.

Location Dip _
Inches Strike Dip - - Direction Type . Notes

9.1 82°  66° 172° . |

-9.1 265° 72° 355°

11.6 256°  59° 346°

Another fracture = parallel to the 82° strike is at the end of the core.
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- MARYSVILLE GEOTHERMAL ANOMALY THERMODYNAMIC STUDIES

- Stanley D. Hays = =
Systems, Science and Software

 INTRODUCTION

- Systems, Science and Software (53) has been under contract to prov1de

- thermodynamic studies of the Marysville geothermal anomaly. 'Background ,
~information on the geology and the project in general can be found in Refer-
~ence 1. Briefly, with respect to these studies, Blackwell, during his heat-
:flow studies found surface heat flow of unusual magnitude near the town af
Marysville, Montana. There is no other evidence on the surface of a heat
source -in the region. Subsequent studies werg interpreted to indicate a
‘hot, dry magmatic intrusion of perhaps 100-km® volume within 2 miles of the
“surface. Blackwell has developed a model which matches the heat flow and
“gravimetric measurements reasonably well. However, the results of drilling
‘which became available after the bulk of this study was completed 1nd1cate
'that the heat source was warm water close to the surface. ,

: s3 used a two-d1mens1ona1 heat conduction code to mode] heat flow with
"hlghly nonlinear functions that define the phase changes and temperature-
“'varying thermodynamic parameters. Rectangular, axisymmetric or spherical
‘geometry can be investigated in two- or pseudo-three-dimensional modeling
_The basic computational scheme is implicit, finite difference and runs in
~“energy space. ~The first studies were planned in conjunction with Blackwell
-to match his model ‘as closely as poss1ble within the geometric constraints
~of the code. A quote from Reference 2 gives.a brief description of the
Marysville model; and F1gure D.1, 1s a- map of the model from the same
;reference' ‘ T : v

“ "The heat flow data ‘were 1nterpreted assumlng a part1cular type
. of model for the heat source. The type of model assumed was an
. instantaneous heat source in which the body was assumed to be
. emplaced at a constant temperature, in a medium of uniform thermal
~ properties, and to cool by conduction alone subsequent to the
- emplacement (see Blackwell and Baag, 1973). No addition of mate-
"rial was allowed after the emplacement of the body and no convec-
‘ tion occurred within 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 -
‘units with a square surface 1/2 km in dimension and with arbitrary
. length, buried at some depth below an isothermal boundary (the
~* surface). - A model was built up of these single pr1sms by super-- -
.+ position. . The algorithm was based on an equation in Carslaw and
Jaeger (1959, p. 62). This equation was used with 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 grad1ent ' The .heat f]ow data were then-f1tted u51ng
‘this parttcu]ar 1nterpretat1on mode] Mo s ﬂ- e x:,v

‘ The resu]ts from the S3 compar1son calcu]ations were reported dn- Refer-
~ ence 3, relevant portions of which are included below where needed for com-
parisons. Case 1 most nearly matches Blackwell's model near the center of
-~ the hot body.: It provides the reference data aga1nst wh1ch many of the sub-

;sequent non11near cases are compared SR o e
‘WRESULTS“u,Ak R e

Perhaps the most outstanding result has been the delineation of the

-sensitivity. of heat flow to.geometry. This was indicated in the two cases
reported in Reference 3 where only ithe depth of the hot body was varied -
between 1 and 2 km. . The peak surface temperature,gradientsrthat were cal-
culated were approximately: 450°:.and 150°C/km. - This. type of sensitivity is
also indicated for the. shape of. the. topography Variations as small as -

100 m in depth produce significant' changes in the calculated parameters such
as the: temperature gradients. Uncertainties in-the location of the hot: body
,andalimitations'inherentvinatwofd1mens1ona1 modeling combine with this geo-
metric sensitivity and make it difficult to assess accurately. such parameters
as age and measured gradients. However, even with these limitations it has
been possible to bracket the depth, age, and energy content, and to deduce
what part of the core may still be molten. , RS

: - The effects -of including the heat of: fusion were found to be signifi-
cant. It was during this. part of ‘the: study:that the possibility of a still

© molten core was discovered. -Blackwell agreed .that a molten core is possible;

however, - he was not optimistic about the detection possibilities because of

the-small size of the molten core, if it exists,.and the low probability. of

~having detectors’in the correct. ]ocataons w1th respect to both the source

~ and the core: 1n the rugged terra1n O Ly : . «

s If the core is. st111 mo1ten, 1t means that there 1s a lot of energy
st111 available from the latent heat of fusion. . Whether this energyis.

.'practically:accessible-or .not depends on :the ‘thermal conductivity .of: the»

+.hot rock and .the: technology. of: energy: removal. - If the:molten: core, }s on]y
3 km3 (~3 percent of ‘the total estimated volume) there is 7.5 x: 10] cal in
the transition phase between 700° and 820°C. That is enough energy to keep
- a 1000-MW power station running for 25 years, assumlng a 25 percent overall 3
eff1c1ency., ; sl Ay

SRR Anothertrelated\conclusionrfromﬁthese.studies‘is-that,the 1nitia1,heat
content of the body may- have: been 40 to 50 percent higher than the estimate
based on the linearized model. The initial estimate assumed a heat capacity
of 0.2 cal/gm-°C to 1000°C which. represents a- total: specific internal energy
of 200 cal/gm. The Smithsonian Tables give four values for the specific
heat of granite of composition similar to that in the Marysville region.

When fitted with a curve and integrated to 700°C the specific energy curve
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that results is nearly a straight 1ine with a slope of approximately

0.26 cal/gm-°C. There is 95 cal/gm in the phase transition between 700°C
and 820°C, so the total specific internal energy is 284 cal/gm if the initial
temperature is taken to be 850°C, which is Just molten. This is 42 percent
more energy than the initial est1mate ' Sl

* When the energy function described above was included in the simulation,
a part of the core remained above 820°C for a time of about 8000 years and
above 700°C (partially molten) to beyond 20 ky. When temperature dependent
‘conductivity data were included the core temperatures remained high for much
longer. Uncertainties in these results are due to geometry, lack of convec-
tion in the $3 model, and unknown initial temperature.

Near surface temperature gradients were not found to be very sensitive
to changes in the nonlinear thermodynamic characteristics. - However, tem-
peratures within the hot body were found to be quite sensitive to these
characteristics, even when the initial temperature of the linear model was
raised to compensate for neglecting the phase change of the granite. For
~example, at 10 ky and 2.4 km depth on the center line (well within the hot

. -body) the difference in temperature between the linear case, started at

1000°C and the fully nonlinear simulation, started at 850°C 1s 240°C or
about 35 percent

DISCUSSION

: Case 1 will be referred to many times below as it most closely matches
" Blackwell's analytic model near the center of the hot body. It is fully -
described in Reference 3, but will be outlined here for convenience. Case 1
assumes a flat earth, two-dimensional model of the Marysville geothermal
anomaly which was computed in rectangular geometry (the body is assumed

. infinitely long) with constant thermodynamic parameters which were the same
as those used by Blackwell. The hot body was 2 km below the flat surface,
2.6 km wide and 3 km deep. A diagram of the configuration is included in
Figure D.2. The initial temperature was 1000°C for the hot body and 0° for
the surroundings. A1l the material was granite. Case 2 was identical,
except ‘the depth was 1 km. The near-surface geothermal gradient (hereinafter
51mp1y referred to as the gradient) over the center of the hot body is shown
in Figure D.2 as a function of time for Cases 1 and 2 and for two other
1ntermed1ate depths.

Geometr1c Sensitivity

- The sensitivity of grad1ents and temperature profiles to the geometry
of the s1mu1at1on was investigated by four types of calculations:

1) Examples similar to Cases 1 and 2 were studied at 1ntermed1ate
depths of the hot body.
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2) A simple sine wave topography that had characterist1cs similar
to the real topography in the region of the anomalous heat, flow
was 1ntroduced

3) Both axisymmetric and rectangular geometry was 1nvest1gated under ;
the same set of conditions. .

4) A ca]culat1on was made wrth a stepped top on the hot' body swml]ar
- to a section through. Blackwe]] S mode] in a N-S d1rect1on at the
North-end. S .

Depth Studx

Two cases similar to Cases 1 and 2 were computed to comp]ete th1s part
of ‘the study. The depths were 1.3 and 1.7 km. A1l other factors were the
same. The pertinent results are shown in Figures D.2 and D.3. The center-
line temperature gradients near the surface are plotted as a function of
time in Figure 2 for all four depths.’ Cross plots of the curves from Fig-
ure D.2 comprise Figure D.3 to illustrate the sensitivity of gradient. to
depth. Thé dashed curve in Figure D.3 was taken from the peak gradients in
Figure D.2 as indicated by a similar dashed 1ine. The solid curve is at a
constant time of 10,000 years (10 ky), which, if shown alone could be mis-
leading since the peaks fall on both sides of this important time. The
slope of the 10-ky curve in ‘the 2-km depth region is 165°C/km/km. -

Three additional cases were calculated at 2 = 0.1 km depth with Ty =
850°C for tater comparison with the sine wave topograph1c study. The reason
for lowering the initial temperature is discussed below. The gradients as a
function of time curves are shown in Figure D.4 for future reference. ‘

Topographic Study

. The rather extreme sensitivity of temperature gradient to anomaly depth
indicated that the effects of detailed topography would be difficult to
interpret. Therefore, rather than attempting to simulate a cross section
of the real topography, it was simplified to a‘'sine wave shape. The peak-
to-peak distance and the amplitude were chosen to approximate the typical
topography .in the vicinity of the anomaly. Three. topographic cross sections
are shown-in Reference 1 from which the following data were taken:

Figure Peak-to-Peak ~ Smoothed Peak-to-
Number - Section Distance (km) Valley Height (km)
2.15° ~ A-A' 3.5 0.2
2.16 . B-B' 5.5 0.25
2.17. c-c' ‘ 5.0 0.25
Rounded Averages Used: 5 0 ‘ 0.2

Four ca]culat1ons were made, two in rectangular and two in ax1symmetr1c
geometry. For one pair the "valley" of the sine wave topography was cen-

tered over the hot body and in the other the peak was so centered. The -
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sine wave had to be approximated by rectangular grid lines. Therefore, the
upper rows of cells in the grid were gradually reduced in height from the
usual 100 m to 20 m in the top 12 rows. This is illustrated in Figure D.5
which shows the valley-centered case; the hill-centered case is similar.

The solid 1ines in Figure D.6 give the gradients as a function of time
for the valley-centered case calculated in plane geometry. The lower dashed
curve is the grad1ent on the centerline for the sine wave topography, but
this was calculated in axisymmetr1c geometry. Because the heat can escape
“from all sides of the hot body in axisymmetric geometry and the body is
effectively smaller than the infinitely long body of the plane cases, the
axisymmetric gradients are much lower. Since the real body is probably
about three times as long as it is wide, the correct curve must be between
the rectangu]ar and axisymmetric curves, probably closer to the former.

Figure D.7 is s1m11ar to Figure D.6 except it shows the hill- centered
case. F1gures D.8 and D.9 show the axisymmetrlc gradient curves.

. The sensitivity of heat flow to minor changes in geometry is -as great
in this topographic study as in the flat earth study d1scussed earlier. The
need for full three-dimensional mode]1ng of real topography is apparent.

These cases with simplified topography ‘offer an excellent opportunity
to test Birch's analytical method (Reference 4) for topographic correction
of thermal gradients. If it is assumed, as done in the numerical calcula-

tions, that the topography has persisted 1ndef1n1te1y in 1ts present state,
then B1rch s formula s1mp11fies to: - ,

T(a) - @'l = Ty # alz - h(w)]
Rl - E' R

present surface temperature

i

"= the true und1sturbed geotherma] grad1ent 1n flat topography

‘9_
"

the ‘change of surface soil temperature w1th e]evat1on

e
]

| .r.z' -1/2 2.'- \-1/2
o . 'l L .
M =\ 7+ T* 1
“T(z) and z are the present uncorrected -temperatures at depth,
. and the depth, respectively - : ,

: ﬁ} is the,difference in elevation between the collar of the
: drill hole and the average elevation of the rth ring

| r = radius of the ring.
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" .The temperature gradients which are measured in relatively shallow
holes near the surface must be corrected for the irregularity of the sur-
face. The general tendency is for gradients to be too low at locations
which are above the average surroundings (on a hill) and too high in regions
“which are low. Both cases approach the true gradient with increasing depth.

Birch's method makes use of the average elevations of annular rings
around the collar which must lead to some inaccuracy in the case of real ter-
‘rain. - However, for the sine-wave terrain assumed in these calculations, his
method, if ‘precise, should produce the same results as a flat terrain with
the same elevation as the h(~) in the sine-wave case.:

The formula given above was programmed and data on the sine-wave cases
were input as if these were real terrain. Since the computations were made
in the axisymmetric mode, the steps used to approximate the sine-wave ter-
rain (Figure D.5) formed annular rings of constant elevation. Hence, there
were no approximations in the input to Birch's formula. Because the earth- ,
air interface had a constant 0°C boundary condition, o' was zero. An example
of results of the comparisons at 10 ky are tabulated below where G* is the:
Birch corrected gradient. o S S - : :

 Gradient, °C/km at 10 ky

WM 3.5 40,9 421
Valley  60.0 ~ 54.6 . 53.0

, These comparisons between methods are considered to be good. The dif-
ference between the Birch method and the computer simulation is only 3 or
4 percent. ' Fundamental differences in the comparison are that the hot body
was 2.6 km in diameter in the simulation and 10 ky old whereas Birch's
method assumes that it is semiinfinite and that gradients have come to
equilibrium. - v S - b

¢ .An attempt was méde-to“recalculate the corrected gradient for hole
DDH-23 (where the anomaly was drilled) reported by Blackwell. 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 of
- 0.1 km width and the elevations were read at 20° intervals from a topo-
graphic map and then were averaged for:each ring. The results of the cal-

culation are: = - .

Depth; m 6%, °C/km

100 -144.6
2000 . 175.3
300 192.5

400 . 203.8 -
500 . 2.7
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When these were compared with Blackwell's computed G* of 173.6°C/km:the
difference caused some concern which led to a careful comparison of-methods.
There were some relatively minor differences in data reading, but:the impor-
tant difference is that Blackwell's calculation was confined to the:depth
region of the temperature measurements which were between 15 and:49-m. In.
this region'of relatively extreme topography at the shallow depths the cor-
rection is not very good, so the corrected gradient varies with depth. At

- the shallow depths the results compare favorably and are. well: w1th1n the .
'commonly accepted errors for this type of s1tuat1on = :

Hot Body Shape

Sensitivity to depth and topography indicated that there ‘could also be
~a sensitivity to body shape. At early times this is the case as is.shown

by one example. - H0wever, after about 8 ky the effects of body shape smoothed
out. The shape used in this example was' taken from a cut A-A' through the’
northerly. end of Blackwell's model (see Figure D.1) in a N-S: d1rect1on The
- small step in the'model from 1.3 to 1.4 km depth was omitted. Figure:D.10
~contains-a scaled diagram of the hot body shape which was calculated in -
rectangular geometry and the gradient as a function of time curves. :These-
gradient curves have the usual appearance after about 8 ky, but the smooth-
ing effect can be seen more easily in F1gure D.11. Temperature profiles at
a depth of approximately 1/2 km are shown in Figure D.11. At early times
the raised edge of the hot body is apparent in the profiles, but after 8 ky
the heat source appears to have lost the memory of its original shape. By
15 ky the profiles are almost identical to those from a simple flat-topped
body. The dashed line in Figure D.11 is such a profile. On the basis of
this one example it can,be concluded that it is not necessary to attempt to
model -the shape of the hot body with prec1s1on for. data at t1mes of current
1nterest (58 ky) wr ; -

Thermodynam1c Parameters

In1t1a1 Values

As discussed in Reference 3 it was agreed that these simulations should
start with the same linear thermodynamic approx1mat1ons that were used 1n
Blackwell's ana]yt1cal model, namely: S

P - % 2 5 gm/cc
¢, = 0.2 cal/gn-°C
K =0. 007 cal/cm-gm~-°C.

The initial temperature, Tg, was assumed to be 1000°C which approx1mated

the amount of specific internal energy in granite up through the phase
change ( which really is complete at about 820°C). A1l of the cases in
Reference 3 and those discussed above have employed these Tinear approxima-
tions. The only exception has been to lower Tg to 850°C for some cases that
are to be compared with some later nonlinear cases that were started with

To just above the phase transition.
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Current Values. . .

A literature search was made and several experts in the field of mate-
rial properties of hot and molten granite were consulted. Surprisingly
little is known (Reference 5) in detail about rock thermal properties, par-
ticularly the variation, if any, of K with T through the melting transition.
Reference 6 gives the measured variation of thermal conductivity of granite
with temperature to 350°C. Data given for several types of granite are
shown in Figure D.12 along with Blackwell's measured and recommended values.
The Rockport 1 data seem appropriate for Marysville because it spans the -
Marysville measurements and because the quartz content was 25 percent which
is the same as the granite for which good C, data exist (Reference 7), as
discussed below. Also shown in Figure D.12 is an extrapolation of the Rock-
port 1 data to 850°C based on a nearly linear extrapolation of resistivity
(Curve 2 of the insert in Figure D.12). The conductivity function was
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~ incorporated in the simulation by encoding a polynomial fit to the curve.

This rather large variation of K with T did have significant effects on the
results. Although any extrapo]at1on of this magn1tude must be uncertain,
the continued downward trend is predicted by Debey's theory which has good
support from measurements (Reference 6).

The assumed heat capac1ty of 0.2 ca]/gm-°C appears to be Tow. The v
Smithsonian Physical Tables give four values for Cy (=C,) from 0° to 800°C
which is well up into the molten region, for gran1%e w1th the fo]]owing

constituents: ‘
Orthoclase 65% - : e A
- Quartz , 25% o L
. Albite ‘ 9%
Magnetite 1% -

These four points were converted to cal/gm-°C and are shown w1th a fitted
curve,’ E, in Figure D.13. This curve was integrated in- 100°C segments and
is shown in Figure D.14 with some other data discussed below. It can be
seen that up to the transition region the curve can be approximated quite
well with a straight line but that the slope is greater than 0.2 ca]/gm-°C
From 0°C to 700°C the value.is 0.2589 cal/gm-°C, which neg]ects the minor
effects below 0°C that are unimportant for this study

Because granite is a mixture and, furthermore, because the second most
abundant component is quartz, the melting phase transition is spread out
over a significant range of temperature. Blackwell has suggested approxi-
mating the transition by a 50 cal/gm step at-700°C, which, if continued at
0.2 cal/gm-°C to 820°C would include 74 cal/gm in the transition. If a
Cy of 0.2589 is used instead, the value goes to about 81 cal/gm. Professor
Kennedy‘(Reference 5) has recommended using a transition energy of 95 cal/gm
over this temperature range, and the difference between these various esti-
mates is probably within the range of uncertainties of the other parameters.
The simulation program runs better with & ramp than with a step in the energy
function. (A step implies an infinite Cy- ) Therefore, it is preferable to
‘work with a ramp, but for comparative purposes the 50 cal/gm step at 700°C
was used first with C, = 0.2 on either side of the step. To get the program
to run in reasonable times Cy was set to 10.0 in the step which introduces
a small, but tolerable error. Subsequently, -the simulation included a ramp
function from 700°C to 820°C with the correct Cy. However, with the heat
of fusion included in the energy function, the 1nitial temperature should
be Tower than the 1000°C used in the analytical model. It was assumed that
- the pluton was just molten, so the simulation was started at 850°C. Thus,
it was necessary to recalculate Case 1 with Tg = 850°C for comparative pur-
poses. Subsequently, it was calculated several times with different geome-
§r1es and .Cy = 0.2589 to study the possiblity of a molten core, discussed
elow.
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Figure D.14 shows the energy functions discussed above and gives start-
ing energies for each function that will produce Tg = 850°C. Function A to
1000° was used to match the analytical model. Function B was used to test
the effects of including a step phase change. Function C is similar to B,
but with a ramp. These results, discussed below, were compared with results
obtained using Function A to 850°. Function D was then used to test the
effects of the higher Cy. The effects of the phase change and the higher
Cy indicated that it was unnecessary to attempt to increase the accuracy of
this part of the simulation by encoding Function E, especially considering
the uncertainties in and sensitivity to the geometry.
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Effects of Including the Phase Change

The effects of including the several energy versus temperature func-
tions shown in Figure D.14 will be discussed below. However, in general it
appears that the effects on the near-surface temperature gradients are
secondary with respect to assumptions concerning depth and initial tempera-
~ ture. The most prominent effect appears in the T versus depth curves in
“the region of the receding molten core, For the case which. employed Func-
tion B.with the step phase change, the "difference in température from the
~linear case at 20 ky exceeds 200°C below 3 km depth (top. ‘of hot body is at
2 km, Tg = 850°C in both cases) (see Figure D. 15§ At the same time the
difference in surface gradient over the center of the body is only 24°C/km
(see Figure D.16)., If the linear case had been started at about 1070°C,
the gradlent curves would have to be quite similar, thus. support1ng
Blackwell's assumption that starting a linear case with-a high temperature
is a good approximation to including the heat of fusion.” The gradient curve
from 1inear Case 1, Tg = 1000°, has been replotted as: the upper dashed curve
in Figure D.16 for conven1ent compar1son and the T versus depth curve is
also shown in F1gure D. 15, : o g L ;o

Comparat1ve cases for ramp funct1ons C- and D were all started at Tg =
850°C with the hot body depth at 1.7 km, which.at the. time was believed to
be the best depth for the two-dimensional approkximation. Function A was
recomputed under the same conditions to 20-ky and the three centerline gra- -
dients are shown as the upper curves in Figure D.17. Except for the slower
~ rising curve of Function D, due to the higher Cy of all the rock, there

appears to be Tittle s1gn1f1cant d1fference between these cases at times of
interest. However, the temperature versus depth curves show differences
between the Tinear and ‘nonlinear cases similar to those shown'in Figure D.15.
In fact, with Function:D the body stayed hot ‘in the center long .enough to
- suggest that there still may be a molten core, espec1a11y when the conduc-
t1v1ty was made a funct1on of temperature :

: P°551bi11ty of a Mo]ten Core ;f"”

If the core is st111 mo]ten, it means that there is a lot of energy
still stored in the latent heat ‘of fusion. Whether this energy is practi-
cally accessible depends.on: ‘the ‘thermal conductivity of the hot rock and
the technology of energy removal. If the molten core dimensions include
only 3 km3, there is approx1mate1y 7.5 x 1017 cal in the transition phase
between 700° and 820°C. - That is enough energy to keep a 1000-MK power
station running for 25 years at a 25 percent overall efficiency. Several
" cases were computed in: the isearch for a molten core. Some of these used the
- variable conduct1v1ty curve d1scussed above The results are’ d1scussed
"~ below. N : :

In a]] cases. the size and depth of the hot body were kept the same,
2.6 km wide and ‘1.7 km deep below a_flat surface. ‘Two energy functions were
used, C and D, and both were calculated in rectangular and axisymmetric
geometries.a The ca]cu]at1ons w1th Function D were repeated using the B
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temperature dependent conductivity function. The gradients for the rectan-
gular cases and one axisymmetric case are shown in Figure D.17.. AS$:was
discussed above, the rectangular geometry makes the hot-body’ effect1ve1y too
big (1nf1n1te1y long) and the ax15ymmetr1ca1 geometry with the same width

the hot body is too small. Since the actual hot body is believed to be
approximately three times as long as it is wide, the real. -answers lie between
these two cases, probably more toward the’ rectangular cases. An estimate

of the region of the "real" centerline gradients is sketched in Figure D.17.
The uncertainty that this places.on the .age .of the hot body is clear when

one looks for the measured (corrected anomalous) gradient of 145°C/km of .
hole DDH30 which is near” the center. Remembering the sensitivity of gradient
to depth suggested in Figure D.17 by the band around the 145°C/km 1ine, one
can see: that the-age could be almost anything from 10 ky up, but is: probably
about 20-ky for “this set of- cond1t1ons , , : _

I The six curves shown in F1gure D. 18 are’ p]ots of the temperature at one
point in the hot body as functions of time. The point is 4 km deep on the
centerline (2.3 km below the top of the hot body as shown in the insert).
The six curves represent reasonable variations in the heat capacity and con-
ductivity functions and the geometry. When the variation of conduct1v1ty
with temperature is-included, it moves all the curves to the right. The
all-molten region may extend to about 15 ky; however, the partially molten
region could extend to well beyond 30 ky. Referr1ng again to Figure D. 17,
if the lower left-hand corner ‘of the uncertainty" region is taken, the age
is about 11 ky and there may be an all-molten core. If "the median ‘point is
‘taken, as indicated by the X, then the age is 20' ky, the temperature at 4 km
may be about 800°C and the core is mostly molten. Geometric uncertainties,
discussed above, convection effects, not included in our model, and unknown
initial temperature may combine to make an:all-molten core 1mprobab1e How-
ever, the possibility is 1ntr1gu1ng and a 11m1ted search with seismic instru-
ments may be de51rab]e , , - : :

If Funct1on D of F1gure D 14 does represent the 1nterna1 energy varia-
tion, then the total energy of the original hot body is greater than that .
based on a linear model with a Cy = 0.2 cal/gm-°C. If 1000°C is taken as
the initial temperature to. compensate for.not 1nclud1ng the heat of fusion,
the total energy is 200°cal/gm. If Function D is taken to 850°C (just
molten), then the total energy is 284 ca]/gm or 42 percent more than the
11near model would predlct.

'Spat1a1 Var1at1on of Conductivity

.. A case was computed that was - s1m11ar to Case 1, but with the conduc-
tivity 0.0081 cal/cmz-sec-°c in and above the hot bod 5 up to 100 m depth.
Elsewhere the conductivity was to remain 0.007 cal/cmé-sec-°C as it was
everywhere in Case 1. The results are shown in Figures D.19 and D.20 where
‘the centerline gradients and temperatures are compared with Case 1 -and found
to be similar with differences in the direction to be expected from higher -
conductivity. A conductivity of 0.0081 is quite high as was seen in Fig-
ure D.12; yet it raised the 10-ky centerline gradient only about 10 percent.
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Some Differenteswianesults Between Linear -and Nonlinear Cases

Near surface temperature gradients were not found to be very sensitive
to changes in the nonlinear thermodynamic characteristics. However, tem-
peratures: within the hot body were found 'to be quite sensitive to these
characteristics, even when the iinitial temperature of the linear model was
raised to compensate for neglecting the phase change of the granite. For
example, at 10 ky and 2.4 km depth on the centerline (well within the hot
'bodyg the difference in temperature between the linear case, started at




1000°C and the fully nonlinear simulation, started at 850°C is 240°C or
about 35 percent. The temperature profile for the nonlinear calculation is
shown as a heavy dashed curve in Figure D.19 where the temperature differ-
ence from the linear case at the same time and depth is indicated. There
was also a minor geometric difference between these cases, but at the depths
of interest for these comparisons this difference (in depth to the top of
the hot body) is completely insignificant. It did have an effect on the
temperature profile above the hot body, so the data from the non11near case
was om1tted from that region.

Grjd S1ze Tests

Reduction in Height

This study was started with a uniform grid of 30 x 50 cells, each
0.1 km on a side. Special cases, like the topographic study reported above,

- required the use of smaller cells to define the geometry accurately. How-

ever, the 0.1-km cells appear to be satisfactory for the heat flow. The
size of the grid should be minimized to save computation costs, but not to
an extent that distorts the results too much. The first set of tests on
grid size was on the height. - Briefly, it was found that by changing the
lower boundary to a reflective one that 10 rows of cells could be eliminated
without changing the results. Most subsequent cases were computed with a

- 30 x 40 grid.

Grid Width

Figure 3 of Reference 3 hints that the grid may not be wide enough

at later times. The original tests, which examined how the temperature

approached the right boundary, may not have been entirely adequate. Addi-
tional tests were made and an example-of the most important result is shown
in Figure D.21. These curves show temperature profiles at the depth of the
hot body at 20 ky. The solid curve is the reference Case 1. The dashed

curve is the same case, but with a 50-cell (5 km) wide grid. Similar pro-

files were made for other times and other depths. - A1l show that there is
no significant difference out to about 1 1/2 body widths and 20 ky. How-
ever, the results diverge in a manner typified by Figure D. 21 so that near
the right boundary of the 30-cell grid the temperatures are a factor of 2
low. Hence, all gradient curves in Reference 3 labeled 2w ‘(cell 28) should
be ignored or raised. All of the cases reported here except the molten core
study employed the 30-cell grid for the sake of cons1stency For the molten
core study all grids were at least 40 x 50 cells. : .

‘Error in.F%gure 1 of Reference 3

There: is a minor, but unfortunate error 1n’F1gure 1 of Referehce 3.*
This flgure was taken from a draft of Blackwell's report that contained a
draftsman’ s_error. The grad1ents on_ two wester]y‘holes 1abe1ed 145 and

* Corrected and 1nc1uded here as Flgure D. 1
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104 (°C/km), were permuted. . Unfortunately, the one incorrectly labeled 104
is nearest the center of the model. This is the point labeled 0.0 on Case
1's gradient curve at 10 ky which was taken to indicate good agreement with
the first reported results. In order to raise this point to ‘the correct.
value of 145°C/km, -the depth must be 1.7 km (which is why this was chosen -
for some of the studies reported above) or the age must be about 18 ky.
Subsequently, studies have shown such sensitivity to geometry that it is
now felt that there is nothing magic about 10 ky or 1.7 km depth. One can
get the “correct" gradient by an infinite number of combinations of time;
~ depth, topography and thermodynamic parameters, as was anticipated at the

- beginning of this study. - This fact does not invalidate the results; it

- merely shows the caution with which the results should be interpreted.
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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. Here we present a quasisteady
state model for predicting the rock temperature changes caused by the drill-
ing of the well. The depth change in the well is accounted for by adding
new layers of rock below the layers used in the previous time period simula-
tion. In this manner the hole is fol]owed down through: the rock formations.

The result is a computer code, THERMWEL, in FORTRAN wh1ch is simple

enough to permit implementation on a m1n1computer, hence it has the poten-
Abt1a1 of becoming a field use tool. . _ : . (e

MATHEMATICAL MODEL

_ The temperature distribution in rock surround1ng a we]] is -modeled in
cy11ndr1ca1 coordinates with -axial symmetry. The or1g1n ‘of this coordinate
system is located at the earth's surface with the Z axis coinciding with-
the center of the well. The Z axis is pos1t1ve in the downward d1rect1on,
as indicated in Figure D.22. Three regions are assumed. Reg1on one is a
‘pipe of radius ry extending ‘to the“well bottom with no openings except at
the endpoints. Aeg1on ‘two is an annulus between the well wall and the pipe.
(The well has a constant radius ro ). The well wall may have openings into
the surrounding rock. Region three is the surrounding rock. Regions two
and three are further divided into “control volumes" or "1ayers" which may
coincide with the. various rock 1ayers

We assume a coo11ng fluid is pumped through the drill p1pe to the hole
bottom where it is returned through region’ two, where it may mix with water
~ from one or more aquifers., The: p0551b111ty of the coo]ant be1ng lost’ 1nto

“the rock format1on is also covered.
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FIGURE D.22. The Well-Rock Formation Geometry - -

' Let the subscripts 1, 2 and R refer to reg1ons one, two and three
respectively. The temperature distribution is governed by the fo110w1ng
 equations: For the pipe (region one),

dT]
pc dz

where my is the mass flow rate of the coolant, C c is the spec1f1c heat.of

the:coolant, h is a heat transfer coefficient for the p1pes, and T],T are
temperatures 1in reg1ons 1 and 2., ,

For the annu]us (region two), control volume j w1th no aquifer f1ow
present:

dT T

M5 Cp5 @z = 2 Ty Ty) - 20y Ky @

r=r,

where s and Cpj are the mass flow rate (measured positive downward) and
spec1f1£ heat determined by the mixture of coolant and entrained aquifer :
water flowing into the control volume j; and where kJ is the therma1 conduc-
tivity of the rock in the jth 1ayer.

If aquifer flow is present in contro1 volume j, the following relation-
ship is used:

J CpJ j2 = (m C Z)upstream j/2(m | h l)cpH 0 HZOJ
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~ where mh is the aquifer mass flow rate, CpHo0 is the spec1f1c heat of water,
and THZOJ is the aquifer water temperature

For the rock (region three), layer j,
2 -

—= >
ORj ot ?r:'i r or YA

where %3 is the thermal d1ffus1v1ty for the th-layer

Boundary conditions are
TR (r, Z, 0) = f(Z)
Tp is finite as Z — », r — o
ol
2R = (o),
Z=0 '
TR (r2: Zs t)'; TZ(Z’vt)

surface

T, (Z=0,¢) =T

0

~~
N
1

= z,‘t) =‘T1 (z =9, t)'+'AT(2).

 The function of £(Z) is assumed known as are (q/kr). the surface: temperature :

gradient with Z the surface heat flow, Tg the temperature of the . coolant

at the drill pipe inlet, and AT(2) the temperature rise due to energy :

- ge]e;sed gy the drill bit during drilling. At the bottom of the well the ;
epth is . S

" A numerical solution of the mode] descr1bed above may be-‘obtained by
“imposing an r-Z grid on. the three regions. By specifying Tg, &, AT(2) at
specific points in time, it is poss1b1e to obtain time dependent solutions.
At ‘any fixed time the temperatures in regions one and two are obtained
iteratively. This then determines the boundary conditions needed to obta1n
TR The rock temperatures are then determ1ned 1terat1ve1y S .

NUMERICAL RESULTS

The numer1ca1 procedure descr1bed in the prev1ous sect1on has been
programmed and Figures D.23 and D.24 show two example ‘cases processed by -
the progranm. ‘In both cases the s1mu1at1on time was treated in three 12 hour
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FIGURE D.23. Rock Temperature Adjacent to Well

blocks. The first and third blocks were identical, with 1.26 &/sec

(20 gallon/minute) of water (coolant) flowing down the pipe and a like
amount flowing out of the annulus. A (5/3)°C temperature (3°F) increase
AT(2) was added at the well bottom to account for the energy -released by
the drill bit. The second block had no flow into the pipe or out of. the
annulus. -No temperature increase was made at the well bottom to s1mu]ate .
standby cond1t1ons when no drilling. is in progress for the second time
block.

In-both cases inflow of water from the rock formation to the well and.
outflow from the well to the rock formation were permitted during the ent1re
36-hour period. -The location and flow rates of these aquifer flows are :
shown in each f1gure During the second time block the flow in the annulus
is from the top aquifer to the bottom aquifer. This is general]y opposite
from the flow direction during the first and third time .blocks when dr1111ng
fluid is being pumped.

Both Figures D.23 and D.24 show the rock temperature adjacent to the
well. This temperature is taken at 10.2 cm (4 in.) out from the well wall.
In Figure.D.23 we have arbitrarily assumed that the formation water is con-
siderably hotter than the ambient rock, which accounts for the continued
rise in temperature. of the rock adjacent to the well during the second time
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block. The computations show that the water in the annulus continues to
heat the surrounding rock. Consequently the programmed results are in
agreement with what one would expect to find under the: given assumptions.

Figure D.24 consists of three parts. The first part is a table of

- temperature values at the end of the first time block. These are the tem-
peratures of the pipe, annulus, rock adjacent to well and ambient rock.
Arrows show the direction of heat flow among each of these zones. For
example, at the depth of 15 meters the annulus is heating both the pipe and
agJace?t rock, and the adaacent rock is heating rock further removed from
the we

: The second part of ‘Figure D.24 shows the température dev1at1ons of the
adjacent rock from ambient at the end of each of the 12 hour time blocks.
Finally the far right section of the figure graphs the ambient temperature
profile assumed for the model. Table D.1 summarizes the parameters used in
the ca]culat1ons wh1ch produced F1gures D.23 and D 24, ‘

TABLE D.1. Parameters Used in Examples

. Parameter English Units _ Metric Units
r 0.167 ft - 5.09 cm “
r 0.38ft . 10.0cm
(a) . -
radj 0.664 ft , 20.2 cm
r (0 10 ft 3.008 m
o 0.058 ft2/hr ~ 0.015¢cm /sec
Kp 6.36 Btu/(hr-ft-°F) 2.63 x ]0 " K ca]/(sec m°C)
~h 50(¢) Btu/(hr-ft2-°F)  67.8 x 10°3 K cal/(sec-m? —°C)
AT(R) 3 and 0°F 1.67 and 0°C |
To 70°F o 21.1°C
Mo ‘ 20 gal/min ‘ 1.26 %/sec
VCpc 1 Btu/(1b-°F) 1 K cal/(kg-°C)
CH0 1 Btu/(1b-°F) 1 K cal/(kg-°C)
q 0.259 Btu/ (hr-ft) 0.195 x 10°3 K cal/(sec-n?)
a. Location of adjacent rock temperature shown in Figures D.23 and D.24.
b. Location of ambient rock temperatures in Figures D.23 and D.24.
c. Calculated from the Sieder-Tate turbulent flow correlation.
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COMPUTING REQUIREMENTS FOR THERMUWEL

The computations discussed in the previous section Were made by coding

the mathematical model in FORTRAN and executing the resulting program

(THERMWEL) on a Systems Engineering Laboratories (SEL) 840A computer. The
FORTRAN program required 2838 (decimal) memory locations plus 3155 (decimal)
storage locations, for a total of 5993 storage locations. The program cur-
rently permits up to 15 radial points and 30 depth points. From these num-
bers it appears that the current program could be slightly expanded and
still fit into a mlnicomputer with 8K memory locations.

Execution times were not precisely determ1ned but are estimated at
1 minute computer time needed to simulate 12 hours of clock time. Based on
this, the model should provide no difficulties in permitting several simula-
tions dur1ng a dr1111ng per1od of several hours.
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- -DIRECT TREE TEMPERATURE SURVEY, AUGUST 1974

J. R.AEliason and Hs‘P.'FOOte’ Ba{tei]eeNofthWest R

. An aerlal 1nfrared survey( ) of the terra1n surroundlng the dr111 s1te '
was.’ made in. September 1973. The optical mechanical imaging system used :
operates. in the: 3=5i and 8-14u wavelength spectral bands and: the:tests:were.
made~at an altitude.of approximately 10,000 feet. - The temperature.rise in.
the survey area, due to heat flow from the geothermal anomalygrhadabeen,-;;,
estimated at.0,2°C maximum, - . However, the survey did not directly detect;.
thermal. anomalies at the earth's surface, even though the 1nfrared 1mag1ng
systems were sensitive to changes of <0.1°C.- - = ook :

- Direct: thermal -detection of geothermal gradients can be limited by
natural effects-such as terrain, microclimate, emissivity, and vegetation. .
Measurements . of.ithe magnitude of.these effects indicated that they would -be
on the order of 0.2°C or greater, or approximately the: amount:of the: antic-.
ipated. surface: temperature difference above the predicted:geothermal.anomaly.
Since: these natural effects appeared to be inhibiting temperature detection;,
an attempt was made to delineate the anomaly by carefully comparing.data - :.
from sparsely vegetated clearings and making temperature corrections for
altitude. "Using:this technique, the natural surface thermal variations were
found to. dominate the ‘observed temperature patterns in these:areas. A sig-
nificant ‘thermal anomaly (1.5°C) was found in tree:canopies which.appeared:
to correlate with:the mapped geothermal anomaly. - This was qdintenpreted as .
an indication that the trees' root systems~were.withdrawinggsoilymoisturem.
from the zone of high heat flow. Field surveys were conducted in August
1974 to determine whether the anomaly measured in" the.tree canopies was in
fact related to the area of high heat f]ow, these studies verified the

existence and, area of the anoma]y. i

~ The therma] anoma11es first observed 1n tree canopies are thought to
be an indirect indication of geothermal activity. The root systems of the
trees may be tapping warm groundwater from the areas of: high heat flow and
causing the trees to reflect this temperature rise (which cou]d be 1 to 2°C
for a root system 10 to 20 feet deep).. .Subsequent :field measurements of
tree temperatures in and near the anoma]ous area have confirmed the existence
of a significant difference in tree canopy: temperatures. This does not
appear to relate to visible differences in the tree canopjes and trees in
the anomalous area do not appear to be diseased or infected. by ‘insects.
Trees in the area of the highest geothermal gradient (as detected by direct
thermal measurements) demonstrate the most significant variation in canopy
temperatures. Trees west of the Marysville townsite also show significant
thermal variations, but this area has not been mapped for heat flow and the
source of thermal var1at1on 1s unknown.}

oy

(1) First Annual Report, Marysv11]e, Montana Geotherma1 Proaect, Part I
Section 7, Battelle- Northwest, NSF-RA-N-74031a, June 1974,
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Limited digital computer analyses of the 1magery were’ conducted to
enhance the observed anomalies. These analyses show that the anoma11es
jdentified in the tree canop1es are significant.

The thermal anoma11es observed in the 8- 14u 1nfrared 1magery collected
in September 1973 were verified by field measurements collected in late
August 1974. Over a period of several days, measurements of tree tempera-
tures were collected within the anomalous area on Lost Horse Creek and at
several locations outside this area. These included radiometric measure-
ments of the bark and canopies with an 8-14u infrared radiometer and contact
measurements: of the tree trunks at various depths beneath the bark with a
thermistor probe and mercury thermometers. Measurements were made at sev-
eral times of day, including the diurnal low during wh1ch the anomalies -

were observed in the aerial thermal imagery.: -

Radiometric measurements made at the diurnal low confirmed that trees
in the anamalous area identified in the aerial survey had canopy tempera-
tures approximately 1.5°C above those of trees in surrounding areas. These
direct measurements of tree temperatures tend to confirm the existence of
the anomaly observed in the aerial infrared imagery. Examples of tree
temperature data collected at several locations near the observed anomaly
are presented in Table D. 2

i No ev1dence of s1gn1f1cant tree disease or insect 1nfestat1on was ob-
served  within the anomalous area during the August 1974 field survey period.
If.the higher temperatures in anomalous area had been caused by tree disease
or insect infestation during the September 1973 survey, these cond1t1ons or
the1r results should have been v1s1b]e.

- TABLE D,2 Tree Temperatures°c(a)

Trunk : Canopy
TemperaturesP) Temperatures(c)

Trees on west- 10.6 1.9
facing slope i

outside the ’ 10.0 _ 2.0
thermal » N ‘
~anomaly. 10,45 1.9
Trees on west- - 12.8 ' 3.2
facing slope . o : ,
outside the - 13.8 3.5
thermal o

anomaly ) 123 3.2

(a) measurements collected predawn August 21, 1974
(b) trunk temperatures at 4 in. beneath the bark of
trees ranging from 30 to 40 in, in diameter
(c) tree canopy measurements co]]ected w1th an 8-14u

infrared radiometer
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The results of this study show that variations.in geothermal heat flow
near the surface may significantly influence vegetation temperatures and
thus may provide an indirect indication of anomalous geothermal gradients
in vegetated areas. In trees in the Marysville area, surface temperatures
have been amplified to a level significantly above the normal background
thermal variations. Correlation of these results with final geologic, geo-
physical, and geochemical studies conducted by D. D. Blackwell et al. was

*not possible due to termination of the program.
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RESULTS AND ANALYSIS OF EXPLORATION AND
DEEP DRILLING AT MARYSVILLE GEOTHERMAL AREA

David D. Blackwell, et al.
Southern Methodist University
INTRODUCTION '

This report contains the results of geological and geophysical studies
in the Marysville geothermal area during 1974 and of the geological and
geophysical studies both during and subsequent to the drilling of a 2.1 km
deep hole in the geothermal area. The report is composed of two parts,
the first part dealing with studies carried out at Southern Methodist
University and the second part describing detailed magnetotelluric and
audiomagnetotelluric studies carried out by University of Utah personnel
(Peeples, 1975) and University of Alberta personnel (Randin, 1975) as a
subcontract. -Other primary sources of material contributing to the studies
described here are reports dealing with the drilling of the deep exploration
drill hole (Rogers Engineering Company, 1975), a report submitted by
Schlumberger concerning results of the well logging (Coates, 1974), and a
report dealing with some numerical models of topographic effects on heat flow
measurements and of magma chamber cooling histories (Hays, 1975). These
reports are also included as part of the project final report. The geological
and geophysical background for the 1974/75 studies is contained in the
interim technical report submitted in 1974 (Blackwell et al., 1974; Friedline
and Smith, 1974) while details of the environmental impact studies and deep
well dri]ling specifications were included in a companion report (McSpadden
et al., 1974). '

During 1974 the exploration studies included a continuation of geo-
logical mapping, sample collection, gravity and magnetic surveys, and heat
flow programs begun in 1973. In addition, an extensive magnetotelluric
and audiomagnetotelluric survey was carried out in order to determine the
subsurface electrical resistivity in the geothermal area. Twc heat flow
holes were drilled outside the geothermal area in order to investigate
the implications of the microearthquake data obtained by Friedline and
Smith (1974). 1In addition, geological and geophysical decisions dealing
with the drilling and logging of the 2.1 km deep hole were provided.
Special studies dealing with the deep exploration drill hole included
temperature logging during drilling, the collection and analysis of fluid
samples obtained from the well, studies of 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 in progress.
The present report is a summary of these studies.

A topographic map of the area is shown in Figure E.1. The area is
about 30 km northwest of Helena, Montana and sits astride the Continental
Divide. Most of the maps shown in succeeding sections of the report have
the same scale as Figure E.1 and cover the same area. The location of the
deep exploration drill hole (Marysville Geothermal Exploration Number 1 -
“MGE #1) is shown in Figure E.1 by the derrick symbol.

The results of the 1973/74 studies were a verification of data obtained
by Blackwell (1969), Blackwell and Baag (1973), and Mazzella (1974) with the
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Figure E.l

Topographic Map of the Marysville Area. 'The map is a com-
posite of parts of the Granite Butte, Canyon Creek, Silver
3 Northeast, and Silver 3 Northwest 1:24,000 scale USGS
quadrangle maps. The following localities are indicated by
numbers: 1. Bald Butte, 2. Ottawa Gulch, 3. Roundtop
Mtn., 4. Drumlummon Hill, 5. Mt. Belmont, 6. Tows ley -
Gulch, 7. Woodchopper Gulch, 8. Hope Creek, 9. Spring
Gulch. The location of MGE #1 is shown by the derrick

symbol.
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addition of much additional information. The results of these investigations
indicated a geothermal area with a surface exgression in excess of 50 km2
with heat flow values as high as 19.5 ucal/cmé sec and geothermal gradients
as high as 240°C/km. The geologic section in the area of the geothermal
anomaly was found to be a thin cap of highly contact metamorphosed sedimentary
rocks overlying a large unexposed Cenozoic granitic p]uton. It was predicted
that the depth to this pluton would not exceed 300 meters in most of the.
region of highest heat flow. The two possibilities considered for the

source of high heat flow were a shallow cooling magma chamber and a sha]low
reservoir of circulating hot water. The features of the area are a lack of -
surface manifestations of hot ground water, high shallow electrical resis-.
tivity values, correlation of a negative gravity anomaly with the high heat
flow, and a geo]og1c section at depth that included mostly granitic rocks.

On the basis of these results authorization was given by the National Science
Foundation for drilling of the deep exploration hole in the Marysville . -
geothermal area during the summer of 1974. '

The responsibilities for the material in this report rest with a
number of different people, primarily as follows: David D. Blackwell,
Chief Scientist of the Marysville geothermal project was in overall charge of
the scientific aspects of the studies carried out during the project; ’
geologic mapping was carried out by A. F. Waibel, M. J. Holdaway, and David
Petefish; M. J. Holdaway and David Petefish cont1nued their study of the
metamorph1sm in the Marysville area and A. F. Waibel continued studies of
the chemical composition of the igneous rocks. Both of these studies were
broadened to include samples from the deep drill 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. The gravity survey field
work was carried out by Tommy Rape and the computer analysis and interpre-
tation were by Paul Morgan. Paul Morgan also interpreted the magnetic data,
the microearthquake data, and the temperature logs made during drilling of
MGE #1. R. B. Smith of the University of Utah was a consultant for the field
and laboratory phases of the microearthquake survey. The heat flow study -
was directed by D. D. Blackwell and Paul Morgan. Thermal conductivity
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 site well geologist during the drilling of
the deep hole. D. C. Thorstenson analyzed and interpreted the water samples
obtained from MGE #1. v

The results of the geological and geophysical studies relating to the
exploration in the Marysv111e area and results of the deep well drilling have
been discussed extenswve]y jn the literature. Papers summarizing interim .
results have been given at the 9th Intersociety Engineering Conference
in San Francisco in August 1974 (Blackwell, 1974), at the National Science
Foundation RANN sponsored meeting on geothermal energy in Pasadena, California
in September 1974 (Blackwell et al., 1974a), in a publication on Montana '
energy resources (Blackwell et al. 1975), and in a paper given and to be
published in the Proceedings of the Second United Nations Geothermal
Symposium, held in San Francisco during May 1975 (Blackwell and Morgan, 1975).
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In addition, the results of the research are represented in 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).. In addition,
the various aspects of the studies will form portions of at least two Ph.D.
theses. These include a detailed study of the distribution of U, Th,

and K in the surface.rocks and the deep drill hole (Gosnold 1975) and a study
of interpretation techniques app11ed to heat flow studies in geothermal areas
(Brott, 1975). ,

Interact1on with groups outs1de the project included several coopera-
tive studies with the U.S. Geological Survey which included resistivity
measurements in the geothermal area (Jackson, 1972) and two different
surveys of soil gases (Craig Rightmire and Margaret Hinkle, personal -
communications). Dyring the summer of 1974 numerous peop]e and organizations
visited the project. Among these were a meeting of the Montana Geological
Society which included a field trip to the area on August 26, 1974.
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1974/75 EXPLORATION STUDIES - MARYSVILLE GEOTHERMAL AREA

~ Most of the studies carried out during 1974 in the immediate area of
the geothermal anomaly were the continuation of studies begun in 1973 or
before. The most significant efforts were continued geological studies,
measurement of additional gravity stations, and the drilling of four addi-
tional holes for heat flow studies. The most extensive new study was the
. combined magnetotelluric and aud1omagnetote11ur1c survey aimed at obtaining
data on the subsurface resistivity in the geothermal area. The new results
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of the various studies will be described in this section. Since most of
these studies are a continuation of the work done in 1973, reference should.
be made to the 1974 report for more detailed background on the geothermal
area for details of the previous results of some of these studies, and

for details of previously completed studies (seismic 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. Mapping during 1973 demonstrated certain problems in the
available maps of the area, which needed to be resolved in order to adequately
understand the geologic framework of the geothermal area. The map resulting
_ from the two years of the studies is shown in Figure E.2. 1In addition,

a summary of the igneous history of the Marysville area is shown in Table E.1.
Little new information has been obtained during this year's studies to modify
the pre-existing knowledge of the sequence of events. Additional potassium-
argon age dating was planned, but funding uncertainties have precluded the
obtaining of these data. Regional aspects of the geology and geophysics of
the central-western Montana area have been discussed by Ross (1963), Robinson
et al. (1968), Tilling et al. (1968), Johnson et al. (1965), Biehler and
Bonini (1969), Burfiend (1967), Davis et al. (1963), Kleinkopf and Mudge
(1972), Pardee (1950), Blackwell and Robertson (1973) and others. Parts of
the geothermal area were first studied by Barrell (1907), who described the
Marysville stock and the intruded sedimentary units. Barrell showed that the
stock was intruded at a shallow depth (epizonal in terms of the classification
of Buddington, 1959), and described the contact metamorphism in an epizonal
environment. Knopf (1950) discussed the stock and its relation to gold-
bearing veins of the Marysville district and to the Boulder batholith 15 km
to the south. He also contributed information on the contact metamorphism.
More recently, mapping in the area has also been done by Bierwagen (1964),
and Ratcliff (personal communication, 1973). Additional studies in the area
have been by Pardee and Schrader (1933), Mantei and Brownlow (1967) and

- Rostad (1969).

A11 but the southwestern guarter of the area shown in Figure E.Z2 has
been remapped as part of this project with a particularly deta11ed emphasis
on the dome southwest of the Mahysv11]e stock, and the immediate vicinity
of the Marysville stock. At the marg1ns of Figure E.2 the mapp1ng has
been less detailed. The units shown in the map are listed in the legend
of Figure E.2 and some of the sedimentary and metamorphic units are described
in more detail below.

An important difference between the map shown in Figure E.2 and the map
shown in the 1974 report is a modification of the distribution of the Empire
Shale. The exposures of the Empire Shale are now confined to the center of
the map where the Empire Shale occurs in the core of a broad dome. Exposures.
of the .Empire Shale, shown by Barrell (1907) and subsequent workers, northeast
of the Marysville stock are actually highly contact metamorphosed He]ena
Formation. Detailed studies suggest that incorrect identification of the Helena
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Figure E.2 Geologic map based on maps of Barrell (1907), Bierwagen
~ (1964), Ratcliff (unpublished) and 1973/75 studies by M.J.

Holdaway, A.F. Waibel, and D. Petéfish. = The’ 1light lines are
formation contacts and the heavy lines are faults. The axes
of folds are indicated by heavy lines and arrows showing
plunge direction. Question marks indicate the areas of the
map where the data are uncertain. The map key is as follows:
Sedimentary ‘rocks

Qal Quaternary Alluvium

Dj Jefferson Formation, Devonian

€ppr Cambrian shales, dolomite and 11mestones

€m Meager limestone, Cambrian

€vw Wolsey Shale,  Cambrian

€f Flathead Quartzite Cambrian

Peb Black Mountain Formation (Quartzite)

Peég Greenhorn Mountain Formation (Quartzite)

Pem Marsh Shale

Péh Helena Formation .

P€e Empire Shale

Pes Spokane Argilllte (Cross sections only)

Igneous Rocks n
Kgr Cretaceous Granodiorite (Marysville Stock - 79 million
‘'years old) .-
Kg ' Cretaceous’ Gabbroic plugs
Tv Cenozoic volcanic rocks (37 million years old)

Many dlkes and sills have been omitted from the map
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" Table E.1

Age

Precambrian(?)

79 M.Y.

48 M.Y.

48 M.Y.

40 M.Y.

37 M.Y.

37 M.Y.

District.:

‘History of MaJor Dated Igneous Events in the Marysv111e
The ages of the Cenozoic events are from

Ratcliff (personal communication, 1973) and Rostad (personal

communication, 1972).
Name and chation

Microdiorite Sills, Empire Shale

N Marysville'StocK'L,

Bald‘Butte'Spock'

Hornblende Diorite'Dikes, S.W.

of Marysville Stock

iEmpiré Créekatock"

Adularia Vein S.W of Marysville

Stock

Hope Creek Rhyolite

Regional Correlation

Regionally developed in upper
part of Empire Shale and lower

 part of Helena Formation

 Same genefél age and composi-
tion as Boulder Batholith

Same age as widespread Lowland
Creek Volcanics of Boulder
Batholith region

Séme age as widespread. but

small volume, Oligocene volcanics

north of Boulder Batholith

there was probably caused by the 1nab111ty to. d1fferent1ate in reconnaissance’
work between the highly contact metamorphosed Helena Formation and the Empire

Shale.

Thus doming associated with the Marysville stock is much less

pronounced than indicated by Barrell, suggesting even more strong]y the role
of stoping in the emplacement - of the Marysv111e, as descrlbed 1n classic
,fash1on by Barrell (1907) : :

The sed1mentary and metased1mentary rocks in the Marysv111e area .
(Figure E.2) comprise part of the Precambrian Belt Series (Ross, 1963) and

lower Paleozoic formations.

The units of the Belt Series are the Spokane

Shale, the Empire Shale, the Helena Formation, the Marsh Shale, the Green-
horn Mounta1n Quartzite, and the Black Mountain Quartz1te. '
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Spokane Shale. The oldest formation in the area, the Spokane Shale,
is exposed along Prickly Pear Creek in the northern part of the area where
it conformab]y underlies Empire Shale. Metamorphosed Spokane Shale may. also
occur in MGE #1 on Empire Creek beneath the Empire Shale. The Spokane Shale
consists of purple-red siliceous, argillaceous, and arenaceous shale, lacking
in calcareous material (Ross, 1963). In the Marysv111e area the unit consists
of quartz, detrital muscovite, hematite, and minor p]ag1oc1ase

Emp1re Shale. " The over]y1ng Emp1re Shale is exposed in the Pr1ck1y
Pear Creek area and the more extensively as hornfels southwest of ‘the Marysville
stock in the Empire Creek and Bald Butte areas. According to Ross (1963),
_ unmetamorphosed Empire is a compact, locally calcareous, light to dark
greenish gray shale. In the study area the original Empire sediments were
thin-bedded 1light green dolomitic shale with no limestone. Near igneous
_ bodies the Empire now consists of fine-grained light green, dark. green, or

black hornfels. ‘Bedding may be preserved as a tendency for the rock to split

parallel to slight 11tholog1c differences. Except at the highest grades,
most of the Empire hornfels is calcite-bearing. Rarely, the unit consisted
of pure shale, as implied by the presence of cordierite .in one small area
south of the Marysv1]]e stock.

Helena Formation. The Helena Formation overlies the Empire Shale and
is widely exposed in the project area. It consists of two lithologies
interbedded on every scale from 0.5 cm to the scale of an outcrop. Perhaps
most common is limestone with traces of quartz and other impurities. The
limestone occurs as.edgewise conglomerate, "molar tooth" structure
(Knopf, 1950), or rarely as oolitic Timestone. The grey limestone weathers
quickly while the impurities stand out on the weathered surface. A second
lithology is dark brown or black, buff weathering siliceous dolomite. The
dolomite contains significant amounts of quartz, K-feldspar, and muscovite,
and in the lower parts of the formation, increasing fractions in these
impurities make the Helena dolomites compositionally similar to the Empire
Shale. Contact metamorphism has little effect on the limestones until the
h1ghest grades are reached, at which stage they become white and coarse in
grain size. Metamorphism of the dolomites produced wh1te, light green, or
purple-brown rocks. Commonly the hornfels is banded limestone-siliceous
dolomite with bands of wh1te, 11ght green, and brown hornfels 1 to 2 cm thick.

The contact between the Helena and Empire formations is a transition
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 light to dark green bands 1/2 to 1 cm
in width. The underlying Emp1re conta1ns on]y fine (1 to 3 mm) subt]e band1ng
in var1ous shades of green

Marsh Sha]e. In the west, southwest, and south part the area the
Marsh Shale overlies or is in fault contact with the Helena Formation (Figure
E.2). This unit consists of red shale with some calcareous and quartzitic
layers. These rocks show no metamorphism because of their distance from the
plutons and/or because of modification of the contact zone by faulting.
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. Greenhorn and Black Mountain Quart21tes The youngest Belt Series rocks
of the area occur above the Marsh in the southeast. Greenhorn Mountain
Formation is white to pink m1crocl1ne.bear1ng_quartz1te

Lower. Paleozoic Rocks. Southwest dipping Paleozoic rocks unconformably
overlie the Belt Series rocks. The formations exposed are the
Cambrian Flathead Quartzite, a pure quartzite; the Cambrian Woolsey shale;
the Cambrian Meager Limestone; unnamed Cambrian shale, dolomite, and lime-
stone; and the Devon1an Jefferson Formation (Blerwagen 1964).

Metamorphlc Petrology

The detailed study of the metamorphic petrology in the area continued
during 1974/75. The 1973/74 study was primarily responsible for the
conclusion that the Empire Creek stock must be much larger than its known
extent at shallow depths and indeed could underlie most of the dome in
the Empire Shale southwest of the Marysville stock. The metamorphic data
were also primarily responsible for the conclusion that the Empire Creek
stock would be encountered within 300 m from the surface in the deep
exploration bore hole (the actual contact was at 294 m).

About 400 specimens were collected in the field or from drill cores.
Of these 220 were analyzed petrographically and 150 were studied by x-ray
diffraction. In many thin sections calcite and K-feldspar were stained
to facilitate identification. The only reliable test for dolomite or talc
presence was found to be x-ray diffraction. :The most 1ntense concentration
of samples is from the area of the heat flow anomaly. The area southeast .
of the Marysville stock was studied the least because that area is the
subject of an intensive study in progress by Jack Rice at the University
of Wash1ngton (personal communication, 1974).

Metamorph1c React1ons .Table E. 2 shows the sequence of chemical reactions

deduced for these rocks with increasing metamorphic grade. Each number designates
a reaction zone: for example, 0 designates low grade rocks in which dolomite-
microcline-muscovite is a stable assemblage. Each reaction is designated

by a pair of numbers: 0,1 refers to the critical reaction separating zone

0 from zone 1. Reactions designated A or. B are reactions -favored by H,0-

rich metamorphlc fluids and are not.part of the zone mlnera] sequence ut

occur mainly in veins. '

The react1on sequence was. determlned from (1) observat1ons of mineralo-
~gical changes with increasing grade, (2) available literature (e.g., Kerrick,
1974), and (3) topological relationships between reactions and assemblages.
Positions of some reactions relative to others are imperfectly known.

The scapolite-forming reaction is simplified because scapolite presence is
partly a function of C1 content,.possibly coming from the Marysv111e stock.
Presence of Fe in the rocks will have small effects on the various equilibria.
The effect of Fe is greatest on reaction 10,11.where it stabilizes the
ph]ogop1ted1op51de assemb]age to lower temperatures than those of the pure

Mg reaction. Fe in Empire rocks appears to increase conditions of reaction 7,8
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Zone

0,1

1,2

2,3
3,4

4, 4A
(5-9,5-9A)

5,6

6,7

7,8

8,9
9A,9B

9,10

Table E.2 Reactions at Marysville, Montana in
Approximate Sequence of Increasing
Temperature.

Dolomite Microcline Calcite Phldgopite
§CaMg(C03)2 + KAlSij0g + H20 = 3CaCo04 + KMg3AISi3010(OH)2 + 3co,

Dolomite Muscovite Quartz . ' calcite
6CaMg (C03) 5 + KA1;8i30,4(0H), + 1 2/35i0, + 2 2/3H,0 > 6CaC0, +

Phlogopite " Chlorite
KMg3A 18140, (0H) , + 2/3Mg4 5312 5A13° O(OH}8 + 6co

Dolomite Quartz o Calcite Talc
3CaMg (CO3) , + 4510, + Hy0 = 3CaC0y + Mg;5i,010(0H) 5 + 3C0,

Calcite Tale Quartz Tremolite

| 6CaC0, + 5Mg4Si,010(0H) 5 + 4510, —> 3Ca,MgsSig0yy(OH), + 2H0 + 60,
351, 2 2 ME551 8022 2 2 2

Calcite - Anorthite Clinozoisite
CaCO4 + 3CaAl,Si,0g + H,0 —> 2CajAl45130,,(0H) + COp

Calcite Muscovite Chlorite Quartz
2Cac04 + KA13Si3010(0H)2 + 2/3M34.58i2.5A13010(0H)8 + 2 1/35i0, =

Anorthite Phlogopite
2CaA1,81,0g + KMg3A1813010(0H) 9 + 2C0O, + 2 2/3H20

Calcite Chlorite Quartz Anorthite
16%CaC03 + SMg4.5Siz_5A13010(0H)8 + 38%8102 o 7%CaA128i208 +

Tremolite
1. :
4%Ca MG 5S1g0y9 (OH) , + 165C0, + 153H,0
Calcite Muscovite Quartz Anorthite  Microcline

CacOy + KAL3S1,070(0H) , + 2510y —> CaAlySij0g + KAISiz0g + COp + Hy0

Calcite Phlogopite Quartz Microcline Tremolite
6CaC0y + SKMg3AISi3010(OH)2 + 24S'_-’.02 -> 5KAlSi40g + 3Ca2Mg5518022(0H)2

+2H,0 + 6CO,

Calcite Tremolite Quartz Diopside
3CaCc04 + CagMg5Sig0y, (OH), + 2810, = 5CaMgSi,0f + H,0 + 3C0,

Clinozoisite Calcite Quartz Grossularite
2Ca,A135130;,(0H) + 5Cac0, + 380, —> 3Ca,Al,813075 + 5C0, + Hy0

Calcite Anorthite Scapolite
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10,11

11,12

12,13

Microcline  Tremolite o Phlbgobite -Diopside

KA181,0g + CaMgsS1g0y, (OH) o -> KMg3A151,010(0H) , + 2CaMgS1i50g +
. Quartz :

4510, | |

Chlorite  Muscovite Quartz

10Mg4.5512,.5A13010(0H)8 + 7%1@13313010(01'1)2 + 31%5102 ->

“Cordierite -~ Phlogopite :

" Muscovite Phlogopite . Quartz . Microcline

6RAL513019(DH) , + 2K0Mg3A1815010(0H) 5 + 15510, —> BKA1S1305.

Cordierite o
3Mg2A14815018‘+ 8H,0
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to near those of reaction 8.9. Judging by distance from the Marysville
stock, the two reactions which produce cordierite in pelitic compositions
occur at about the same. temperature as reaction 10 11.. 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. Paragenesis diagrams for these mineral zones will be presented
in a future pub]1cat1on .

A metamorphiC'zone map - (Figure E.3) shows a sequence of four. generalized
~zones of progreSsive contact metamorphism. The dolomite zone (reaction
zones 0-2) is distinguished by presence of dolomite and quartz. Such
.rocks commonly appear unmetamorphosed in hand specimen.  :In thin section
they are seen to vary from very low grade regional metamorphic rocks containing
dolomite-microcline-muscovite or calcite-phlogopite- dolomite-muscovite! to
calcite-phlogopite-chlorite-dolomite (zone 2) developed between one and two
kilometers from the intrusives. Due to smaller initial amounts of dolomlte,
the Empire Shale generally loses its dolomite by. the t1me 'zone :2. is reached
and muscovite persists to h1gher grades. , :

The boundary of ‘the dolomite zone is marked by the presence of talc
in Helena rocks of appropriate composition as indicated by the Ta symbol on'
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 of the lower Helena
contain_muscovite-bearing assemblages which preclude the formation of dolomite,
talc, or tremolite in the interval including zones 2 through 7. The reactions
occurring within the tremolite zone involve calcite and phyllosilicates.
In muscovite-bearing rocks, tremolite does not appear until calcite reacts
with phlogopite (reaction 7,8). Thus, there are more tremolite occurrences
at the edge of the diopside zone, and d1opside is produced from this tremolite
(reaction 8,9) even in the Empire Shale. Calcite~-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 Tow 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 Tower grade than the generalized tremolite zone.

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

10xygen 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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Figure E. 3 Contact " metamorphism in the Marysville Geothermal Arga.
Major metamorphic zones are identified by the: index
assemblage and isogrades are drawn between the zones.
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tremolite has reacted, ]eav1ng a diopside-tremolite assemb]age Scapo]1te
may form 1n this zone from rocks conta1n1ng plagioclase and calcite.

' Zones 11-13 are grouped as the d10ps1de phlogop1te zone. In calcite-
free calcareous . hornfels, tremolite and microcline react to form phlogopite
and diopside. Cordierite forms from pelitic composition at about the same
grade. Some isolated phlogopite-diopside occurrences are outside the zone
_ of common phlogopite with diopside,. presumab]y because the reaction products
 were stabilized by increased Fe. T

It should be emphasized that. the contro] on the 1sograds is that
presented on the map. The zones of tremolite stability are exaggerated
somewhat in that the zone is drawn from the last dolomite or talc to the
first d1ops1de Desp1te this fact, the tremolite zone is narrow in most places.

 _The still unroofed Emp1re Creek and Bald Butte stocks produced maximum
. grades of reaction zone 9 whereas the exposed Marysville stock produced

'scapolite, phlogopite diopside, and cordierite as well. These differences

are probably due to several factors: (1) the younger plutons are not exposed
at the surface, (2) the _younger plutons were more acidic and produced more ex-
tensive: veining, suggesting that they contained more water and were emplaced _
at lower temperatures, (3) retrogressive effects associated with intense veining,

- seen: espec1a11y in the deep exploration hole (see Section on Geological

- Studies), may have destroyed higher grade assemblages; and (4) scapollte is ex-
¢luded. as a poss1b1e phase in the. Emp1re Shale due to rock compos1t1on

The w1dth of contact metamorph1sm around the 1ntru51ons must vary w1th
the d1p of the contact and the outcrop pattern of the intrusion. Thus the
. study of. the metamorphic effects supplies. important information on the shallow
~unexposed portions of the stocks. Such inferences, described in this para-
graph, can be compared with the results of the geophy51ca1 studies. ‘In
: genera] the agreement of the geologic model with the calculated models from
‘geophysical data.is .excellent (see Gravity and Magnetic Studies and SUMMARY
AND DISCUSSION) Contact effects are narrowest at the southern tip of the
Marysville stock (Figure E.3) possibly due to a near vertical dip combined
with an outside corner of the stock. .Contact effects are widest on the
northeast and southwest sides of the intrusion. Barrell (1907) indicates.
gently-dipping or flat contacts in these areas with the intrusion passing
laterally beneath Mt. Belmont. The thick aureole on the northeast may be :
partly caused by the focusing effect of heat coming from this reentrant port1on -
of .the pluton. In the southwest the contact must not remain flat for a-
‘great .distance or metamorphism. would be still more extensive. The long south-
west-trending prong of diop51de-zone metamorph1sm indicates that the dike- :
like portion of the intrusion is more extensive at depth and may bend toward
the south and dip steeply southeast. The diopside isograd over the buried
Empire Creek.and Bald Butte stocks g1ves an 1nd1cat1on of the 11m1ts of these
bodies. at 300 to 600 m depths ¥ SR S

,Metamorph1c Cond1t1ons In a carbonate hydrate terraln w1th no graphxte, one
can assume .that Pfiyid = PCO, + PH20. For the conclusions which follow it
- is .assumed that Pfluid was. agout 500 bars around the Empire Creek and Bald

~ Butte stocks and 1000 bars around the Marysv111e stock at time of emplacement
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and that rock pressures were not significantly above the fluid pressures.

The Marysville stock is about twice as old as the other two stocks, and

is a classic example of epizonal intrusion (Buddington, 1959; Barrell, 1907).
The Empire Creek stock has correlative volcanic rocks 3 +km to the south.
Vertical offset on the fault between the Helena and Marsh formations is

on the order of 1 km (Figure E.2). Allowing for probable southward tilting
in the area, a depth of emplacement of about 2 km seems reasonable for the
Empire Creek and Bald Butte intrusions.

Temperature-fluid composition equilibria for the two pressures are
shown in Figure E.4 for several of the reactions listed in Table E.Z2.

Possible reaction paths for the two formations are given based on
relative widths of mineral zones and evidence for closed or open system
behavior. Nearly total absence of phases which require H20-rich composition
of fluid (clinozoisite and grossularite), scarcity of veins, and the especially
narrow tremolite zone around the Marysville intrusion suggest that here little
fluid was introduced to the rocks externally and the mineral assemblages )
buffered the H20-C02 ratio. -On the other hand abundance of veins,
especially with fluorite and adularia, more common clinozoisite-bearing
veins, and a possibly wider tremolite zone are consistent with some external
effects on the Hy0 ratio for the Empire Creek and Bald Butte aureoles.

Two other effects of importance were noted. When contact metamorphism
was directly above a pluton, as over Empire Creek, Bald Butte, and two small
buried intrusions north of the Marysville stock, tremolite is more common
suggesting an upward rise of water from the intrusive bodies and more external
control. Finally, the path of conditions in the Empire Shale must differ
somewhat from that in the Helena Formation because in the former reaction 7,8
was important, while in the latter reactions 2,3 and 3,4 were more important.

The six occurrences of talc observed by x-ray diffraction lend support
to the conclusion of Slaughter et al. (1975) that talc is stable in low
pressure metamorphism of siliceous dolomites. Talc incorporates very little
Fe, so that 20 mole % of Fe replacing Mg in dolomite and tremolite would
somewhat reduce the field of talc shown in Figure E.4.

Structural Geology

Structural relations in the Marysville area are shown on the geologic
map in Figure E£.2. The main differences between this map and the map in
the 1974 report are the location of several east-west trending normal faults
and in modification of the distribution of the Empire Shale.

The dome shown in the center of the map, resulting in exposures of
the Empire Shale and Marysville stock in the core, is the most prominent
structural feature on the map. The portion of the dome southwest of the
Marysville stock appears to be related to the emplacement of the Empire Creek
stock as will be shown in 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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Figure E. 4 Temperature -fluid compositiOn phase diagrams for minerals

-in the system Ca0-Mg0-Al 03-8102-C02-H20 at Pgruid =
Piotal = 1000 bars and- 500 bars. --Only reactions stable

- with excess quartz and pertinent to the- ‘present study are
shown. Solid. lines represent reactioms of Slaughter,
Kerrick, and Wall (1975) or reactions calculated from their
data at 500 bars. Long dashed lines represent approximate
"reactions estimated from'HeWitt (1973 and unpublished)
or estimated from reaction sequence. Short dashed lines

" and dots represent 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 north border of the map in the 1974 report. It appears from
slightly more detailed mapping that this syncline does not exjst except per-.
haps as drag, and the structure required to expose the Empire Shale along
the Prickly Pear Creek road is a fault.~ The location of this fault is not
well determined since the Helena formation is faulted against itself, but it
must occur somewhere between the north end of the Marysville stock-Empire
dome, and the exposures of Emp1re -Shale along Prickly Pear Creek as shown

by Barrell (1907). The fault is ‘assumed to be a south dipping normal

fault similar to the one mapped about 1 km to the north by Barrell (1907).

The d1p of a 1arge d1sp1acement (about 1 km),fau]t immediately south of

~ the Empire Shale exposures was a subject of some doubt in the 1974 report.
Studies during 1974, however, demonstrated that the fault dips south with the
Marsh Shale being downdropped against the Helena Formation. .Another fault

with similar characteristics is mapped aleng Ottawa Gulch, although the
displacement is not great (60-100 m). There must be 1arge displacement

along a fault or faults west of the dome, but lack of exposures in this area
preclude detailed mapping, and the faulting may be different from that shown on
the map. The intersection of this fault or faults and the normal fault cutting
off the south end of the dome is also an area of poor exposure and the
relationship of the two faults is not known. The Belt Series rocks are

highly- fractured and jointed and there are many small displacement faults
cutting the units. However, because of. the very gradational changes in

units, the thickness of the units, and the lack of complete exposures,

no attempt has been made to map- a]] possible faults. The geologic map shown

in Figure E.2 is a "minimum fault" map and undoubtedly detailed mapping would
identify many other fau]ts - e

Thus most of the maJor fau]ts 1n the area are east-west south dipping
normal faults (south side down). There are at least four re]at1ve1y large
faults involved. One just north of the map area, one at the very northern
margin of the map area, a third near the south end of the Marysville stock,
and a fourth near the south end of the dome in the Empire Shale. These
faults appear to have played an important part in emp]acement of the
Marysviile stock, the Emp1re Creek stock and possibly in loca11zat1on of
the . geotherma] area. o

There appears to be no way w1th the present data to demonstrate con-
clusively the age of most of. the faults, although several of them appear to
block out the dome associated with the Emp1re Creek-Marysville stocks and
thus could have formed during or possibly subsequent to the emplacement of
the intrusive rocks. The faults along Empire Creek and its immediate
tributary to the south in sections 34 .and 33 downdrop a block of Helena
Formation. These faults have occurred subsequent to the intrusion of the
Marysville stock as the contact metamorph1sm is offset by the faults and
the Marysville stock itself may be .offset (based on irregularities in the
magnetic map pattern). If the northernmost fault extends along Empire Creek
it would appear to predate the intrusion of the Empire Creek stock as the
contact metamorph1c aureole of the Empire Creek stock does not appear to be
offset. - Alternatively throw might-decrease toward the west so that the
offset wou]d be small by the time the metamorphlc aureole of the Empire
Creek stock 1s reached = S8 : S
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~ The important aspects of the geology as related to the heat flow
anomaly are summarized in Figure E.5, which shows the outcrop of the
Manysville stock in the northwestern.and the outcrop of the Empire shale
in the southeastern portion of the map. The known locations of the buried
porphyry intrusives at the two ends of the Emp1re Shale outcrop based on
drilling are indicated by x's. ,

Three cross sections (Figure E.6) have been prepared to illustrate
the structure of the area. The locations of these cross sections are
indicated in Figure E.5. Cross sections AA', BB' and CC' illustrate the
domal nature of the area and the extent of the igneous rocks. These cross
sections are essentially identical to those of Figure 2,10 in the 1974 report
with the exception that in cross section CC' a much more extensive subcrop
of the Empire Creek stock is indicated. The shapé of the stock at depth is
based on the analysis of the gravity data. In addition the fault pattern
has been modified based on the additional mapping. The offset of the
" Empire Creek stock a]ong the fault at a horizontal distance of 3.5 km (the
Ottawa Gulch fault) is inferred. If the offset is actually present it can
be due either to the fault influencing the emplacement of the Empire Creek
stock, or the subsequent offset of the stock by the fault. The Bald Butte
and Empire Creek stocks are shown to merge at depth to a single body in
cross section CC' in spite of their apparent age difference. Additional
age dating of the igneous rocks is necessary, however, for more definite
conclusions on the temporal relationship of the Bald Butte and Empire Creek
stocks. In any event, the geometric relationship shown appears to be
required by the gravity data. Finally it appears that the southern edge
of the Empire Creek body is controlled by or associated with the large
normal displacement fault between the Helena Formation and the Marsh Shale-
Greenhorn Mountain Quartzite units.

Gravity and Magnetic Studies

In the 1974 report the conclusion was reached that the geothermal
anomaly was associated either with fracture porosity in the Empire Creek
stock or with a recent intrusive below the Empire Creek stock and conductive
heat flow through the stock to the surface. In the favored model (Figure
3.10, 1974 report) the gravity anomaly was interpreted as due to the heat
source body below the Empire Creek stock; however, with the data available
in the 1974 report there still remained a gravity anomaly south of the
geothermal area after interpretation of the combined heat flow and gravity
anomaly (see Figure 3.11, 1974 report). In order to investigate the
existence and significance of this gravity anomaly south of the geothermal
area in more detail, 53 additional gravity stations were occupied during
the summer of 1974 (most involving detailed survey1ng) The contour map of
the gravity anomaly in the geothermal area itself is scarcely changed with:
the addition of the new data and reference is made to the 1974 report for a
detailed contour map in the geothermal area.

In addition to the new gravity data obtained, a reconnaissance ground
magnetic survey was carried out south of the map area shown in Figure E.1 in
order to investigate the possibilities that a buried intrusive similar to the
Marysville stock might be causing the observed gravity anomaly there.
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Several small but 1ithologically similar bodies of granodiorite have been
mapped in the area (Bierwagen, 1964; Ratcliff, 1973), but the bodies shown on
these maps appear to be steep sided and of limited lateral extent because
they have only very local magnetic anomalies. Thus no magnetic anomaly was
observed that could come from a body similar to the Marysville sto¢ck which -
might cause the gravity anomaly. Measurements of ‘magnetic susceptibility of
five core samples from MGE #1 average 4.6 x 10-5 cgs (Table E.3), two orders of
magnitude less than the Marysville stock. The low susceptibility is due to
the acidic composition of the Empire Creek stock, and possibly to hydro-
thermal alteration as well. Thus no magnetic anomaly is to be expected from
the Empire Creek stock.

For the gravity data, terrain corrections were calculated and added to
the simple Bouguer values. The strong regional gravity gradient present on
the complete Bouguer gravity map was removed by a simple one-dimensional equation.
The equation used for regional removal was Rgrav = .161.2 + 0.77 x +0.015 x2
(with x in km). The strike of the surface generated by this equation is
N41°W and the zero point (x=0) is 46°45'N lat and 112°15'E long. The complete
set of gravity data for-the-whole area:is shown in. the. form of a residual
gravity map in Figure E.7.:*These-data'are used for the interpretation in
following sections. *:Assuming.-such a-simple-surface for the regional anomaly
is probably not satisfactory over such.a:large area, the residual gravity
map thus generated-(Figure-E«7) may include effects on too-broad a scale to
relate to anomalous densities in the local area of interest. Of most interest
- to the study-here, however, are mass-ahomalies in the uppermost 1-3 km, which
will result in rather sharp gradients on the scale of Figure E.7 and can be
easily identified. v ' :

The gravity map shown in Figure E.7 includes the gravity effect of
the Marysville stock. This effect was removed from the gravity map used
for interpretation of the Empire Creek body by using the shape of the Marys-
ville stock deduced from analysis of the magnetic data (1974 report, with
minor modifications based on the ground magnetic data). A density contrast
between the stock and the country rocks of 0.1 gm/cm3 was. assumed with the
bottom of the body at sea level. The maximum subcrop extent of the Marysville
stock used in the interpretation is shown in Figure E.8. The gravity models
were calculated using the technique of Talwani and Ewing (1960). The
“source of most of the gravity anomaly north of the southernmost normal fault
shown on Figure E.2, remaining after the effect of the Marysville stock is
removed, is presumed to be due to the Empire Creek stock. The mean in situ
density of the Empire Creek stock to a depth of at least 2 km is 2.54 gm/cm3
with a resulting density contrast of approximately 0.2 gm/cm3 with respect
to the surrounding country rocks (see Table 3.1, 1974 report and Table E.8 this
report). The contact metamorphism associated with the Empire Creek and Bald
Butte stocks gives some evidence of their lateral extent while the deep drill
hole furnishes evidence on the vertical extent of the Empire Creek stock.
If the combination of the Empire Creek and Bald Butte stocks must satisfy
all of the gravity anomaly present in the map area (Figure E.1) then the
intrusives must have a lateral extent similar to that of the geothermal
anomaly. The inferred top of the reservoir, assuming it has a temperature of
- 95° becomes slightly deeper to the south (see Figure E.23) as apparently
must the top of the Empire Creek stock because of the lower grade of contact
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Figure E.5

Geological Index Map. The outcrop of the Marysville stock
is indicated by a diagonal line pattern. The outcrop of
the Empire Formation in the core of the dome is indicated
by a second diagonal line pattern. The locations of drill
holes which intersect the two unexposed Cenozoic stocks
are indicated by the x's. The locations of the cross
sections AA', BB' and CC' shown in Figure E.6 are also
indicated.
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Figure E.6 Cross sections of the Marysville Geothermal Area. Locations
of AA', BB' and CC' are indicated in Figure E.5. The cross
sections show geologic structure and geothermal gradients
(corrected for topographic effects). The formation abbrevia-
tions are the same as on the geologic map (Figure E.2):

Peg:
P€m:
Péh:
Pee:
P€s:
Kgr:
Ti :

Greenhorn Mountain Quartzite
Marsh Shale

Helena Formation

Empire Shale

Spokane Argillite

Cretaceous Granodiorite
Cenozoic Quartz Porphyry

- Faults are indicated by heavy lines with arrows indicating
displacement. Dikes and sills are omitted.
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SAMPLE #

M-Core #6
M-Core #10
M-Core #12
M-Core #15

M-Core #14

MEAN

Table E.3

Susceptibility Measurements
MGE #1
AVERAGE SUSCEPTIBILITY
13.8 x 1076 cgs -
17.8 x 10-6 cgs
20.1 x 1076 cgs
126 x 1076 cgs

- 51.2 x 107 cgs

45.78 x 1078 cgs

# OBSERVATIONS
3

4

21

metamorphism between the Bald Butte and Empire Creek aureoles. Thus the top
and the lateral extent of the Empire Creek stock and of the geothermal anomaly
behave in a similar fashion. - Therefore the gravity attraction of the body
with a lateral extent and surface shape of the contour map of the 95° isotherm
(Figure E.25) with 100 m added to the top, extending to a depth of 3 km below
the surface and with a density contrast of -0.2 gm/cm3 was calculated to

see if the calculated gravity anomaly would satisfy the observed gravity
anomaly. Such a model does satisfy the gravity anomaly, except in the southern
portion of the map, with a standard deviation of the residuals of 1.1 mgal.
Since none of the geological or geophysical evidence contradicts this

model for the Empire Creek stock we see no justification for searching for ,
ad hoc solutions which might fit the gravity data, but not the heat flow

data. We conclude from the analysis of the gravity, geological and heat

flow data that the Empire Creek stock is the geothermal reservoir in which

fluids are circulating which give rise to the heat flow anomaly.

There is still a major unknown in the interpretation of the gravity
data, i.e., the origin for the portion of the gravity anomaly south of the

Continental Divide.

The geothermal anomaly essentially coincides with the

Empire Creek stock in the geothermal area, but the lack of contact meta-
morphism and the apparent control of the emplacement of the Empire Creek

stock by the normal fault south of the dome, suggest that the Empire Creek
stock, if present, must lie at a depth of 1.2 km or more below the surface

The exposure of volcanics south of the fault which \
apparently are the surface correlatives of the Empire Creek stock (1974 report),
also suggests deeper burial for the Empire Creek stock, if present. Further
structural information on the presence or absence of the Empire stock south

of the fault and the presence or absence of any geothermal anomaly south of

the fault are extremely important to obtain and would require further drilling.

south of this fault.

E.28




The anomaly south of the map has been interpreted in two parts. The
central portion of the anomaly has the steepest gradients in the map area
(excepting the anomaly associated with Silver Valley, well to the east of
the geothermal anomaly) and is attributed to a mass deficiency associated
with a shallow, possibly fault bounded, sediment filled trough underlying an
area immediately south of Figure E.1. The area, Thompson Flats, is mapped
as Tertiary gravel by Bierwagen (1964) and Rafcliff (personal communication,
1973). Exposures of the Hope Creek volcanics also occur in the general area
of the grav1ty low. The density contrast associated with the basin is
-0.4 gm/cm3. The shape of the basin was obtained by separating the part
of the anoma]y with sharp gradients from the more gentle gradient anomaly
by hand and fitting the resulting anomaly with a basin using the technique of
Cordell and Henderson (1968). The maximum gravity anomaly is 6 mgal and the
maximum thickness of the resulting basin is 570 meters. It is emphasized
-that the existence and density contrast of the basin are purely speculative.

. The remainder of the gravity anomaly south of the geothermal anomaly,
having a maximum amplitude of 3 to 5 mgal is attributed to a more deeply
buried port1on of the Empire Creek stock. The plan shape of this portion of
the body is shown in Figure E.8. The top of the body, basically a slab, is
at 2.0 km while the bottom is at 3.0 km, and 1n the north a sect1on of the
body 1s brought up to a depth of 1 4 km "

The aud1omagnetote11ur1c data suggest some p0551b1e constra1nts on
the bottoms of the various igneous units; these results are discussed in
more detail in the section on Heat Flow Study.- Again it is emphas1zed
that the interpretation of the gravity data south of Figure E.1 is speculative
and the real cause of the anomaly may be much different than the model.
The Paleozoic and Mesozoic rocks that occur in this area may be the origin
-of part of the anomaly. However, the, possible occurrence of the Empire Creek
stock south of the known geothermal anomaly suggests that heat flow drilling might
indicate a large extension of the geothermal anomaly in an area having much '
different geologic characteristics from the area described in detail here.

Heat Flow Study

The heat flow data available in the geothermal anomaly area through
1973 were discussed in the 1974 report. During the summer of 1974 six
additional shallow holes were drilled for heat flow studies. Four of these
holes were located in the immediate vicinity of the geothermal anomaly while
two of the holes were located between Marysville and Helena along the trend
of the m1croearthquake activity. The results of all six holes drilled in
1974 are listed in Table E.4 and temperature-depth curves are shown in
Figure E.9. Three of the holes were drilled to a depth of 64 meters and three
went to 120-135 meters. Hole RDH-32 had to be deepened as it appeared
that 60 meters was too shallow to obtain a true geothermal gradient. Drill
holes RDH-35 and 36 were drilled to 135 meters because they were in an area
where the heat flow could not be anticipated and thus deeper holes were felt
necessary. The results from RDH-35 and 36 will be discussed in a subsequent

section.
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Figure E.7

Residual gravity anomaly map of the Helena-Marysville area,
Montana. The anomaly values are based on removal of assumed
regional gravity from complete Bouguer gravity map. The
area of Figure E.l is indicated by the northernmost of the.
two dashed boxes. The area of Figure E.8 is indicated by
the sum of the two dashed boses. "
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Figure E.8 Plan view of bodies satisfying residual gravity anomaly
(Figure E.7). The assumed density contrasts are shown.

The top and bottom surfaces of the bodies are discussed
in more detail in the test.
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Table E.4 Geothermal gradient, thermal conductivity, and heat flow 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
in the Thermal Conductivity, G, and G* columnsis the standard error of the
measurement. ' :

Drill Location Elevation Depth Interval Thermal N ’ I G* Q ZQ*
Hole meters meters Conductivity ¢/ km O¢/km ucal/em"sec
mcal/cmsec®C

RDH-31 NW% SE% Sec 11 2003 ) 30-60 7.7 5 28.3 31.8 2.2 2.5
T1IN, R6W 0.3 1.3 1.5

RDH-32 NW% NE% Sec 13 2027 90-120 8.8 5 ‘ 22.0 25.7 2.0 2.3(5)

' T11N, R6W 0.3 1.8 2.2

RDH-33 SW% NE% Sec 7 1987 25-60 8.9 11 32.3 38.3(5) 2.9 3.4(5)
T1IN, R6W 0.3 2.8 3.5

RDH-34 SE% SE% Sec 8 1975 25-60 13.3 8 31.4 34.0 4.3 4.6
T1IN, R6W 0.3 2.0 2.2

RDH-35 NE% SE% Sec 17 1295 25-135 8.6 12 21.0 1.8
T10N, R4W 0.3 0.5

RDH-36 NW% NE% Sec 26 1439 25-130 7.8 10 23.0 1.8
T1IN, RSW 0.4 1.6




Figure E.9

Temperature-depth curves for shai}ow heat flow:holes

drilled during 1974.

.
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The topography in the vicinity of the geothermal anomaly is mountainous
and the heat flow determinations required s1gn1f1cant terrain corrections.
These terrain corrections were calculated using the technique suggested by
Birch (1950), but include topography only to a distance of 2 km from the
drill hole. The lateral variation of geothermal gradient in the Marysv1lle
district makes calculation of distant terrain corrections suspect using this
technique since a uniform grad1ent everywhere is assumed in the correction.
The largest source of error in the heat flow measurements comes from
uncertainties in the terrain correction (estimated to be 50% of the correction).
The terrain corrected gradients and heat flow values are listed in Table E.4
as are the uncorrected data. The thermal conduct1v1ty values shown in-

Table E. 4 ‘were obtained from measurements on cutting: samples (see Sass
et al., 1971, for a ‘description of the technique) because- the wells were
dr11]ed with rotary equipment and no core samples were obtained. Al1l of the
heat flow data available, 1nc1ud1ng those data previously discussed, are
shown in F1gure E.10. The geothermal gradient (corrected for topography in
the manner dlscussed above) and the heat flow are Tisted below each
measurement point. The anomalous gradient due to the-heat source would be the
measured gradient minus approximate]y 30°C/km. 'The gradient of 30°C/km is
the gradient that would be observed in rock with the average thermal
conductivity of the rocks in the Marysville district (6.8 mcal/cm sec °C)
?gg ? reg1ona1 heat flow of about 2 uca]/cmzsec (Blackwell and Robertson,

3

, During the preparation of the 1973 report an inadvertent error crept
into the map of heat flow shown in Figure 3.9. On this map the results from
DDH-29 and DDH-30 were interchanged. The result of this error is that the
anomaly appeared to have an almost triangular shape. The correct shape

of the anomaly is more nearly rectangular with a long axis oriented north-
south as shown in Figure E.10.  The holes and their corresponding results

were correct]y 1dent1f1ed in Table 3.2 in the 1974 report, however.

The importance of measur1ng thermal conduct1v1ty values as part of
the heat flow survey rather than using geothermal gradients alone is
illustrated by the results from drill holes RDH-33 and 34. Both of these
drill holes have thermal conductivities higher than those observed elsewhere
in the geothermal area.  In contrast to the other heat flow values the
holes are drilled in geo]og1c units other than the Empire Shale and Helena
Formation (the Marsh Shale and Greenhorn Mountain Quartzite respect1ve1y)
The actual thermal conductivity of the rocks cut by RDH-34 averages 13.3
mcal/cmsec®C, almost twice the average of the Marysville district in
general. Therefore, in order to have an equal base for comparing the geothermal
gradients shown in Figure E.10, the heat flow calculated by the product
of the observed conductivity times the observed gradient was divided by the
average thermal conductivity for the Marysville district to obtain the
gradient shown in parentheses. Thus the equivalent geothermal gradient for
RDH-34 is approximately 65°C/km as opposed to the observed value of 33. 5°C/km,
and the equivalent gradient for RDH-33 is 40°C/km. For this reason the
geothermal gradient values shown for RDH-33 and 34 are shown in parentheses
in F1gure E.10. :
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Figure E.10 Heat Flow and Geothermal Gradient Map. The location of
‘holes available for gradient and heat flow studies are
indicated on the map and the symbol key 1slldentif1ed in .
the upper right hand corner of the figure. .The upper
number of each pair is the terrain corrected geothermal

- gradient in °C/km. The lower figure is the terrain
corrected heat flow value. in ucal/cmzsec. The average
background for the area is approximately 30 and 2.0 for
the geothermal gradient and heat flow respectively. E
Gradient values for RDH-33 and 34 are shown in paren-
‘thesis as these have been adjusted for thermal conducti-
‘vity variations (see text) .
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The anomaly pattern in the geothermal area is relatively well determined

except in the southern partiof the map and along Ottawa Gulch. Both

areas are relatively important in the interpretation of the implications of
the geothermal anomaly as will be clear in the detailed discussions and
interpretation described in the Summary and Discussion Chapter.
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7Magnetote]1uric Survey

In order to obtain more information on the depth and lateral variations
of electrical resistivity in the Marysville geothermal area a magnetotelluric
(MT) survey and an audiomagnetotelluric (AMT? survey were carried out during
the summer of 1974. The detailed results of these surveys are discussed in
an accompanying report (Peeples, 1975) and only general results, particu-

- larly as they relate to the remainder of the surveys, will be described

- here. The AMT survey consisted of measurements of the electric and mag-
netic fields in two perpendicular horizontal orientations (Ex, Ey, Hx, Hy)
each. Calculations of apparent resistivity versus frequency were made
based on these data over the range 20 Hz to 104 Hz. Eighty-one AMT sites
were occupied and twelve MT sites were occupied. The MT data were recorded
digitally over the frequency range of 0.1 Hz to 0.001 Hz and simultaneously .
in three orthogonal orientations so that tensor apparent resistivities

could be calculated. : .

- Sample bilogarithmic plots of apparent resistivity versus frequency
are shown in Figure E.11 for a station over the Marysville stock and a
station over the geothermal anomaly. Two and three dimensional effects -
on the data are apparent from the slope of pgz vs frequency (greater than 1)
and from the differences in the pa's calculated from Ex/Hy and Ey/Hx
pairs. Nevertheless the curves from all the stations are basically similar
to those shown and interpretation of the data was done with 1-D models.

At highest frequencies apparent resistivities on the order of 100 ohm-
meters are recorded. These resistivities are associated with the surficial
material. At frequencies on the order of 102 to 103 Hz apparent resisti-
vities approach or exceed 104 ohm-meters and then decrease with decreasing
frequency to values on the order of 102 to 103 ohm-meters at the lowest
frequencies recorded. At these high apparent resistivities the skin depths
for the AMT survey are on the order of several kilometers at 20 H;. There-
fore the AMT data are sounding the depth range in which the details of

the geothermal reservoir are known. -

A synoptic map of the magnetotelluric results at 20 Hz, the lowest
frequency available on the AMT survey, is shown in Figure E.12. With
data at these low frequencies and with the observed resistivities skin
depths are 1 km or greater except in the southwest corner of the map area.
The high apparent resistivities over most of the geothermal area are obvious.
In general the resistivity values range from 1000-3000 ohm-meters over
the geothermal anomaly. Over the Marysville stock the resitivity values
are in the range 3000 to 10,000 ohm-meters.

Unfortunately, due to the nature of the two types of equipment used,
there is a two decade gap between 20 Hz, and 0.1 Hz in the apparent
resistivity data available and therefore it is impossible to follow with
detail the nature of the variations at frequencies between the AMT and MT |
apparent resistivity curves. There does not appear, however, to be evidence
for very low resistivities in this period range which would be expected
if a still molten intrusive body is present in the area at relatively
shallow depths in the crust. In view of the general high resistivity at
the Tongest period, the crust is probably not abnormally hot in this
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locality, suggesting that the source of the high temperature water may

be deep circulation rather than a young intrusive rock. If a recent
intrusive is responsible for the heat it must be essentially solidified
so that its presence is no longer obvious on the electrical sounding
curves, or outside the area of the survey. The lowest resistivities at
long period (less than 50 ohm-meters at 10 sec) occur southwest of the
anomaly near the corner of the map area. The significance of the lower
resistivity at depth is not known. There is no gravity anomaly where the
resistivities are lowest and thus their origin due to a magma chamber

at some distance from, but driving the hot water convection system seems
unlikely. The low resistivities may be due to the deep sedimentary basin
in that direction. - : : T S

- Detailed measurements of resistivity on core samples are discussed
by Peeples (1975). It is apparent from modeling the data that the details
of the resisitivity structure associated with fracture zones in the drill hole
would not be detected by the AMT survey. Evidence for the extensive zone of
low resistivity between 100 and 400 meters is not present on apparent
resistivity curves and it is concluded that the low-values shown are
~artificially low due to fluid invasion from the drilling (Peeples, 1975).

Although the survey appears to give little evidence of the shallow
geothermal reservoir, 1-D interpretation does give information on the geo-
logic structure and evidence of a horizon at depth beneath the map area.

The AMT data at all frequencies delineate the faults along the south and west
margins of the geothermal anomaly because the Marsh Shale apparently has

a much lower resistivity than the older formations and the intrusive rocks.
However, the lower shallow resistivities result in smaller skin depths

and thus no deep resistivity information is obtained for comparison with

the results in the geothermal area. This result is unfortunate in view

of the gravity anomaly south of the known extent of the geothermal area,

The results from the geothermal area suggest an interface at depths ranging
from about 1.5 to 7 km. The interface is at a depth of 1.5 to 2.9 km beneath
the geothermal anomaly and 5 to 7 km' beneath the Marysville stock. It has

a depth of 2.1 + 0.2 km at the site of the deep drill hole. Such depths

are consistent with the gravity data although the interpretation favored

has a slightly deeper extent for the Empire Creek stock and a shallower
bottom for the Marysville stock. The depth to the bottom of the Marysville

- stock, based on gravity data, could be easily varied as the density con-
trast could be much less than assumed (as low as 0.08 gm/cm3). The results
of core analysis from the deep drill hole do not suggest rapid changes in
chemistry or physical characteristics which might be expected if the bottom
of the intrusive were close by. Thus the significance of the low resistivity
layer remains enigmatic. The implications of the data will be discussed

in the Summary and Discussion Chapter and a more detailed discussion may be
found in the AMT-MT report (Peeples, 1975). . : v

DEEP EXPLORATION TEST WELL
’ SubseqUént to the studies of the summer of 1973, funding was approved

for the drilling of a deep exploration test well, Marysville Geothermal
-Exploration Number One (MGE #1), in the geothermal area during the summer of
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Figure E.11 Type apparent resistivity (p,) curves. Station MT 12/AMT 71

was over the Marysville stock and station MT 5/AMT 3la was

~ over the geothermal anomaly. Symbols: MT 5/AMT 3la, open
circles and. closed- triangles, E-W electric; crosses and
closed circles, N-S electric field; MT 12/AMT 71, open circles
-and closed circles, E-W electric; crosses and closed triangles,
N-S electric field (see Peeples, 1975, for details of antenna
orientation etc.).
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Figure E.12

Synoptic map of AMT measurements for east-west telluric
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 drill hole was to explore at depth the implica-
tions of the surface exploration data. If the area turned out to be due

to conductive heat flow from a shallow magma chamber, then tests‘to evaluate
the possibilities of use of the area for dry hot rock exploitation were
proposed. If the area proved to be due to circulation of hot water, then
tests were planned to evaluate the reservoir system. The location of

the well is shown on Figure E.1 and E.25 (in the NE]/4 of Sec 32, T12, RGW)

This chapter is divided into sections dealing w1th the geo]og1c setting,
temperatures, fluid chemistry, and physical properties of the geologic and
hydraulic regimes encountered in the well. 1In addition a brief history of
the dr1]11ng is included in this introductory section. The results des-
cribed in this chapter are based on data:from Rogers Engineering Company,
Schiumberger Limited, and studies by SMU ‘personnel. Materials available
for study included cutt1ng samples collected:at 1.5 m intervals when return
fluid circulation occurred (samples are available for about 50% of the °
depth of the drill hole), 25.2 m of core obtained in 15 successful coring
runs, water samples collected both during and subsequent to the completion
of the well, ‘and well logs recorded dur1ng two periods of 1ogg1ng (see
below). Such an extensive data set is rare for a deep well in granitic
rocks, particularly in a geothermal area. These materials will furnish
the bas1s for scientific and technical studies for years to come, in
addition to those described here.

The drilling program was planned by and carried out under the direction
of Rogers Engineering Company of San Francisco. The details of the
drilling have been summarized (Preliminary Drilling Report, Rogers
Engineering Company, November, 1974) and will be discussed in detail in
another part of this final report. During drilling of the hole Rogers
Engineering Company personnel were in charge of the decisions relating
to the drilling procedures, etc., whereas SMU personnel were in charge of
drilling strategy related to geological and geophysical results and coring.

Briefly the history is that the drilling started on June 10 and was
discontinued on August 30 after a period of 81 days at a total depth of
2070 m. Initially a 31.75 cm (12-1/2 in.) pilot hole was drilled to a depth
of 466.3 m.* At 466.3 m a number of Schlumberger logs were run including
caliper, sonic (interval transit time and variable density), gamma- ray,
dual induction lateral log, formation density (gamma- gamma), compensated
neutron (porosity), electrical log, and four arm digital dip meter log.
A temperature log was attemped by Schlumberger, but their instrument failed
during the logging. Battelle Northwest Laboratories contracted to
Schlumberger for the logging services.

As shown in Figure E.13, after the logging a significant period of
time was spent redrilling and reaming the hole to set casing. The hole “
was drilled primarily with mud, previous to the setting of casing (13-3/8 in.,
- 33.97 cm) at 404.2 m. Subsequent drilling was attempted using air.

*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 #1 drilling record (Rogers Engineering Co., November,
1974) . The sequence of events is (1) air drilling and
reaming to 44.45 cm (17%. inches) and 66.04 cm (26 inches);
(2) 50.8 cm (20 inches) casing set to 35.1 m; (3) coring
at .3-.6 m/hr and mud drilling at 1.2-2.4 m/hr.; (4)
logging and reaming to 44.45 cm (17% inches); (5) 33.97 cm
(13 3/8 inches) casing set to 404.2 m; (6) coring (.3-.6 m/hr)
and drilling with water in a 31.12 cm (12% inch) hole at
5.5-7.6 m/hr; (7) drum shaft repair and (8) coring and drill-
ing with water in 20.0 cm (7 7/8 inch) hole below 1300.0 m
and 24.45 cm (9 5/8 inch) casing set to 1300 m, -
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Within the span of a hundred meters large amounts of hot water began to

be encountered in the hole and at a depth of 582.8 m the hole was producing
so much water that air dr1111ng had to be d1scont1nued Below this depth
the hole was drilled using an aerated water column. The hole diameter

was reduced from 31.12 cm (12-1/4 in.) to 20.0 cm (7-7/8 in.) at a depth of
1300 m on August 15. -Several temperature logs were obtained during this
period w1th SMU equ1pment which had a maximum depth capability of 840 m.

Dur1ng dr1111ng of the hole severa] fracture zones were encountered
although no serious hole stab111ty prob]ems developed until a depth of
2070 m was reached. At this point caving from a large fracture zone below
2048 m made it impossible to reach the drilled depth with the drill string.
It was decided to stop drilling at this point because not enough money was
ava11ab1e to stab111ze the -hole for continued drilling.

On comp]et1on of the we11 a number of Sch]umberger 1ogs were run
including most of the types of logs run prev1ous]y at 466.3 m. Subsequent
to the logging, 24.45 cm (9-5/8 in.), casing was set in the hole to a
depth of 1300 m and an attempt was made to cement the casing into the hole.
This cement job was only partially successful, and subsequent flow
meter logs in the well indicated continuing circu]ation, as discussed in
the following section. = At the same time a concrete plug was placed in the.
bottom of the well between 1954 m and 2030 m in order to eliminate the
poss;b1]1ty of water flow 1nto the bottom fracture zone encountered during
dril 1ng : . ‘ /

The results of the logg1ng, 1nc1ud1ng various computed logs and
interpretations, are discussed in a report submitted by Schiumberger (Coates,
1974) included as part of this final report. Reference to that report
is made for a synthesis of the logs run, cross calculations of porosity
using the various 1ogs,'fracture ana]ysis etc.

After the rig was removed from the site severa] types of 1ogs con-
“tinued to be run. These included various types of flow meter logs and
temperature logs. The final Schlumberger temperature and flow log was
recorded on 11/16/74. : , v

Geological Studies

Dur1ng dr1111ng of the well SMU personne] were on site in order to
supply geological input to the drilling decisions and to monitor geologic
results. The services.of a mud logger had been obtained as. part of the
dr1111ng contract, but the mud loggers were not in general familiar with
igneous and metamorphic rocks and most of the lithologic descriptions in
the mud logger's report were based on d1scuss1ons with Dave Petefish of SMU.

The metamorphic and igneous rocks encountered by the well are the
hornfelsed Empire .and possibly Spokane Formations, a metamorphosed dacite
porphyry dike or sill, and the Empire Creek- stock which grades from granite
porphyry at shallow depth to.equigranular granite at greater depth. Based
on the 1973 studies it was anticipated that the Empire Creek stock would be
encountered at a depth on the order of 300 m or less (1974 report, p. 74).
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The actual contact occurred at 294,1 m, Rock descriptions were obtained
by optical microscope study of the cutt1ngs, petrographic studies of
thin sections of the cores, x-ray diffraction analyses and analysis of

the electric logs and dr1111ng records, Fracture zones were located by
comparison and analysis of drilling records, cores, study of cuttings,

and well logs. ‘The depth intervals cored, lengths recovered, and
detailed descriptions of the cores are shown in Table E,5, ﬁecovery of
cutting samples from the bottom third of the hole was poor as returns were
obtained only about half the time. Thus this critical part of the

well is not as well known as might be desirable, The generalized 11tho]og1c
information for the well is shown in F1gure E.14,

The,metamorph1sm of the Empire and possible Spokane Formations in the
well has been to tremolite or higher grade. No diopside-bearing rocks
are found in the well core, but 100 m northwest of the well, diopside grade
rocks occur at the surface, The scarcity of calicte and the high K20 in
~the well cores produced tremolite-phlogopite-quartz assemblages which are
stable over a wide range of temperatures including those of the diopside
zone. Little coarsening of grain size was noticed as either igneous body
was approached. The Empire Shale consists of a K20-bearing dolomitic’
shale which forms tremolite and phlogopite when metamorphosed, while the
Spokane Argillite contains very little or no dolomite, and would form
muscovite, b1ot1te, and quartz when metamorphosed. Presence of ph]ogop1te
and tremo]1te in cores 2 and 3 imply that most of the cored meta-
sedimentary rocks are metamorphosed Empire Shale. Absence of tremolite in

core 4 (Table E.5) suggests a transition towards Spokane Argillite. More
details on the metamorphic assemblages may be found in Tab]e E.5 and in
the Section on Metamorphic Petrology.

Between 88.4 and 121.9 m a metamorphosed dac1te porphyry was cut by the
well. This porphyry contains phenocrysts of plagioclase and biotite and
possibly some hornfels xenoliths of the Empire Formation, Many of the
biotite phenocrysts were recrystallized and the plagioclase phenocrysts
were partially replaced by sericite.

The Empire Creek stock was reached at 294.1 m and was found to be a
granite porphyry containing phenocrysts of orthoclase, plagioclase, quartz,
and biotite. Orthoclase and quartz make up the sugary ground mass. The
plagioclase phenocrysts are highly, and orthoclase phenocrysts slightly,
altered to kaolinite and montmorillonite, and replaced by sericite.
Fluorite, sphene, zircon, and pyrite were also identified in the porphyry
Veins include fluorite, calcite, and sericite. ‘Most of the contacts in
the igneous body are gradational with the grain size and degree of crystalli-
zation increasing with depth. The uppermost rock is a 1light gray granite
porphyry (or quartz-feldspar porphyry). This unit grades into a greenish
to whitish-gray gran1te porphyry.

At greater depths the light pink to green1sh—gray Empire Creek granite
porphyry grades into a more equigranular p1nk granite as typified by
core 15. The orthoclase and plagioclase are less altered at greater depths
a]though the plagioclase is still rather highly altered to kaolinite with
minor montmorillonite. Identifiable plagioclase throughout the hole remained
of albite composition. Fluorite was observed in most of the cores,
including a fluorite vein at 1835.5 m.
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Table E.5 Core location, recovery and description, MGE #1

Core 1: 99.1-102.1 m (325-335') 3.0 meters of core was recovered.
The core consists of a dark gray to greenish gray, metamorphosed dacite
porphyry containing phenocrysts of biotite and plagioclase. The rock in
thin section has approximately 25% plagioclase phenocrysts up to 0.7 cm,
25% plagioclase in the groundmass, 157 biotite in phenocrysts up to 0.2 cm
and groundmass, 25% quartz, and less than 1% unaltered pyrite. Xenoliths
of up to 2.5 cm in length from the Empire or Spokane Shale are found in the
core. The rock displays several fracture systems with the last system
vertical. The fractures are filled with calcite, quartz, fluorite, and
pyrite and have associated 4.0 cm wide alteration zones of chlorite. Other
alteration includes plagioclase to sericite and biotite to chlorite. Accessory
minerals in the rock are apatite, zircon, and leucoxene (in recrystallized,
biotite phenocryst sites).

Core 2: 132.9-135.9 m (436-446') 2.1 m of core was recovered. The
core consists of a dark green to brownish gray, hornfelsed dolomitic Empire
‘Shale which has been strongly veined and fractured. The rock as seen in
thin section and by x-ray diffractlon contains in order of a“undance: quartz,
phlogopite, tremolite, and green biotite. Veins up to 3.0 cm wide contain
quartz, adularia, calclte, fluorite, chlorite, and muscoVite. Accessory
minerals include apatite, zircon, tourmaline, pyrite, hematite, and leucoxene.
late vertical and inclined (60°) fractures filled with montmorillonite and
calcite (1dentif1ed by x-ray dlffraction) ‘developed horizontal slickensides
as healxng occurred. :

Coré 3: 177. 0 180.1 m (581-591') . 3.0 m of core was recovered. The
_core consists of a dark green to brownish gray, hornfelsed dolomitic Empire
Shale, which has been strongly veined and fractured. The rock as seen in
thin section and by x-ray diffraction contains in order of abundance: quartz,
phlogopite, tremolite, and very light green biotite. Veins up to 1.0 cm

wide and generally dipping 60-90° contain quartz, fluorite,calacite, adularia,
chlorite, albite or oligoclase, tremolite, phlogopite, green biotite, and
leucoxene. Some slickensides may be found along fractures dipping at 60° and
coated with a clay- -like mineral. Accessory minerals include apatite, zircon,
sphene -leucoxene, pyrite and rutile. : '

" Core 4* 280 7-283. 8 m (921 931 ) 3.0 m of core was recovered. The
core consists of a dark greenish-gray to brown, hornfelsed shale which has
been strongly veined and fractured. This core could possibly represent a
transitional zone between the Empire Shale and the Spokane Argillite. The
rock as seen in thin section contains in order of abundance quartz,
phlogopite or light brown biotite, tremolite, plagioclase in various stages
of alteration to sericite, and a small amount of orthoclase. Veins up to
0.7 cm wide and generally oriented vertically contain quartz, fluorite, calcite,
‘dolomite, chlorite, adularia, phlogopite,.green biotite, and plagioclase.
Some horizontally orlented slickensides may be found along fractures dipping
‘at 30°. The more recent fractures also contaln montmorillonite identified
by x-ray diffraction analysis. Accessory minerals include apatite, zircon,
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sphene-leucoxene, sphalerite, pyrite, and tourmaline.

The hornfels in the contact zone with the Empire Creek stock show
slightly enlarged crystals of phlogopite or light brown biotite and tremolite.
The cuttings in thin section contain quartz, phlogopite.or biotite, olive
brown biotite, tremolite, and pyrite in the hornfels. Veins contain fluorite,
chlorite, quartz, and pyrite in various stages of alteration to hematite.’

The igneous rock contains quartz, orthoclase, biotite, fluorite, muscovite
or sericite, pyrite, hematite, highly sericitized plagioclase, and chlorite.

Core 5: ~ 303.9-306.9 m (997-1007") 3.0 m of core was recovered. The
core consists of a very light gray, altered, granite porphyry containing
phenocrysts of plagigclase up to:0.6 cm, biotite up to 0.5 cm, quartz up to
1.0 cm, and orthoclase up to 1.4 cm. The rock has approxlmately 15% ortho-
clase microperthite, 10% quartz, 2% biotite, and 5% plagioclase phenocrysts.
The groundmass of the rock in thin section is made up of quartz, orthoclase,
plagioclase, biotite, fluorite, and pyrite. Plagioclase has been altered
to sericite, kaolinite, and montmorillonite, while the biotite has been
partially altered to chlorite. Vertical,35° and 65° veins with alteration
zones of up to 3 cm width contain quartz, orthoclase, sericite or muscovite,
- fluorite, calcite, pyrite, and molybdenite. Some horizontal movement is

indicated by the horizontal striations or slickensides along fractures.
Accessory minerals include zircon and sphene. :

Core 6: - 464.5-466.3 m (1524-1530") 1.8 m of core was recovered.
The core consists of a pinkish gray granite porphyry containing phenocrysts of
biotite 0.7 cm, plagioclase 0.7 cm, orthoclase 1.7 cm, and quartz 1.0 cm.
The rock in hand specimen has approximately 207 quartz, 10% orthoclase,
107 plagioclase, and 3% biotite phrnocrysts. The groundmass of the rock is
composed of quartz, biotite, plagioclase, and orthoclase. Plagioclase has
been strongly kaolinized, while the orthoclase has only been slightly altered.
The biotite has been partlally altered to chlorite with some pyrite and other
sulphides being located in some of the crystal sites. Vertical, 20° and 60°
veins up to 0.4 cm wide are filled with quartz, pyrite, molybdenlte, and
other sulphides.

Core 7: 590.1-593.3 m (1936-1940"') 0.2 m of core was recovered.
The core consists of a light greenish-gray, altered, granite porphyry containing
phenocrysts of biotite (0.6 cm), plagioclase (0.7 cm), orthoclase (1.4 cm),
and quartz (0.9 cm). The rock in hand specimen has approximately 407 quartz,
5% plagioclase, 50% orthoclase, and 6% altered biotite. The feldspars in the
rock have been highly altered to kaolinite, montmorillonite, and possibly
other clay minerals. The biotite has been altered mainly to chlorite. A
vein dipping at 45° approximately 0.5 cm wide contains quartz with altered
feldspar and biotite. :

Core 8: -699.5-701.0 m (2295-2300") 1.5 m of core was recovered.
Core 8 in hand specimen is similar to core 7, but with slightly less feldspar
and biotite alteration. The fractures are from 0.5 to 0.6 m wide and only
partially healed with quartz, molybdenite, etc. The voids = - still seem to
be linked along the fracture zones. '
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Core 9: 848,0-849.2 (2782-2786') 0.9 m of core:was recovered. The
core consists of a light gray to light greenish-gray, highly altered granite
porphyry containing phenocrysts of biotite (0.6 cm), plagioclase (0.7 cm),
orthoclase microperthite (l.4 ‘¢m), and quartz (1.3 cm).: The relative
percentages of the minerals remain the same in thin section as core 7 and 8.
The composition of measurable plagioclase is Ang. 55" and 759 veins from’
0.2 to 1.0 cm wide in the core contain quartz, chlorite, pyrite, and-
molybdenite. These fractures have been almost totally healed, with some
having 1.0 cm alteration zones. Accessory minerals include fluorite, pyrite
and zircon, = '

Core 10: 1009.5-1010.7 m (3312-3316') . C.9 m of core was recovered.
The core consists of a brecciated, highly altered; light .gray granite porphyry
containing phenocrysts of biotite (0.9 cm), orthoclase (1.4 cm), plagioclase
(0.7 cm), and quartz (1.1 cm). The rock in hand specimen has approximately
25% orthoclase, 207 quartz, less than 5% plagioclase, and less than 57 biotite
phenocrysts, The groundmass consists of these same minerals. Brecciation
fractures have been ‘totally ‘healed by cryptocrystalline quartz and feldspars.
Later 10° ‘60 and 80° fractures have only been partially healed by crypto-
crystalllne quartzand other minerals These fractures contain openings
0.1 to 0.5 em w1de P

Core 11:- 1163 4= 1165 9 m (3817-3825' ) 1.6 m of core was recovered.
The core consists of a’light gray, altered granite porphyry containing pheno-
crysts of biotite (1.0 cm), ‘plagioclase (0.9 cm), orthoclase (1.3 cm), and
quartz (1.1 cm). The rock in hand specimen has approximately 5% biotite,
50% orthoclase, 5% plagioclase, and 40% quartz. The feldspars have been
strongly kaolinized, but the biotite has been only moderately altered to
chlorite. Veining in the core has mostly a 55° to 7590 orientation with the
veins being 0.5 to 1.0 cm wide. The veins are filled predominantly with
cryptocrystalline quartz and have zones of alteration containing orthoclase
and green biotlte surrounding them ;

Core 12- 1297 2-1299.7 m (4256 -4264") 1.7 m of core was recovered.

The core consists of a light gray to purplish-gray, altered porphyritic
_granite containing phenocrysts of biotite (1.0 cm), plagioclase (1.2 cm),

orthoclase (1.4 cm), and quartz (1.2 cm). The rock in hand specimen has
approximately 5% biotite, 5% plagioclase, 50% orthoclase, and 40% quartz.
Plagioclase has been strongly kaolinized, whkile the orthoclase has only been
moderately altered. The biotite has been partislly altered to hematite,
chlorite, etc. Some mineralized veins containing cryptocrystalline quartz
and kaolinite are found in the core. Late 85° veins up to 0.3 to 0.5 cm
wide contain mylonite zones. Horizontal fractures 3.0 to 5.0 cm apart
may be found in'a 15 cm section of the core.

Core 13: 1606.3-1608.1 m (5270-5276') = 1.0 m of core was recovered.

- The core consists of a light pink, altered porphyritic granite containing
phenocrysts of orthoclase (1.3 cm), plagioclase (0.7 cm), and quartz (0.9 cm).
The rock in hand specimen has approximately 5% biotite, less than 5% plagio-
clase, 50% orthoclase, and 457 quartz. The groundmass of the rock in this
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core is more equigranular with fewer phenocrysts. Plagioclase is highly
altered to clay minerals, while the orthoclase has only been slightly altered.
The biotite has been moderately altered to chlorite. There are few if any
veins in the core, but there are horizontal fractures every 3 cm or closer.
The core has also been fractured vertically with little or no veining :
associated with the fractures. Miarolitic cavities up to 0.3 to 0.5 cm in
diameter can be found in the core. (A fine grained granite porphyry sample
containing phenocrysts of quartz, biotite, and orthoclase and a quartz vein
1.5 cm wide was retrieved at the top of the core, It is not considered

to have originated at this depth).

Core 14: 1835.5-1837.6 m (6022-6029') 1.5 m of core was recovered.
The core consists of a dark pink, altered porphyritic granite containing
phenocrysts of orthoclase microperthite (1.4 cm), plagioclase (0.8 cm), and
quartz (1.0 cm). The rock in thin section has approximately 5% or less

_ biotite, 5% plagioclase, 45% orthoclase, and 45% quartz. The plagioclase is

highly altered to clay minerals, while the orthoclase is only slightly
altered. The composition of measurable plagioclase is Ang.7. The biotite
has been slightly altered to chlorite. The groundmass is easy to see in
hand specimen and equigranular. Horizontal fractures occur every 8 to 10 cm
with little or no alteration along them. 80° fractures 0.2 to 0.3 cm wide
contain cryptocrystalline quartz, orthoclase, plagioclase, fluorite, and
limonite. Accessory minerals include apatite, sericite, zircon, pyrite, and
hematite. Miarolitic cavities of up to 4 x 1.5 x 1 cm are found in the core
(containing euhedral crystals of orthoclase and quartz).

‘Core 15: 1953.8-1955.0 m (6410-6414') 0.6 cm of core was recovered.
The core consists of a pink, altered equigranular granite. The rock in thin
section has approximately 57 or less biotite .up to 0. 9 cm, 10% plagioclase
(0.8 cm) ,55% orthoclase microperthite 1.2 cm, and 35% quartz (1.0 cm). The
plagioclase is less altered in this core than in previous cores, but is still
highly altered to kaolinite and lesser amounts of montmorillonite as .
identified by x-ray diffraction. The composition of measurable plagioclase
is Ans_7. Orthoclase in the core has only slightly altered to clay. The
biotite is still replaced partially by chlorite (brunsvigite). There are
some horizontal fractures 8 to 20 cm apart and diagonal fractures with little
or no alteration, except for a thin film of clay or a dull appearance along the
fractures. Miarolitic cavities can be found in the core with dimensions 1 x 2 em.
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Figure E.14 Lithology, location of fracture zones determined by
drilling, hole casing sizes and core locations versus
depth in the deep exploration test (MGE #1).
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Veins in the well cores, oriented both diagonally and vertically,
contain a variety of minerals. These minerals include quartz, calcite,
dolomite, adularia, fluorite, tremolite. phlogopite, green biotite, muscovite
or sericite, montmorillonite, chlorite, clinozoisite, plagioclase, pyrite,

“limonite, hematite, sphalerite, galena, and molybdenite as well as rock

chips. There were at least two stages of veins: high and low temperature.
The high temperature veins consist of most of the above minerals, generally
with an outer zone of adularia on the country rock followed by quartz and
pyrite. Low temperature veins are composed of the assemblage dolomite-
quartz which would break down-at temperatures above 300°C to talc (Figure
E.4). Some open fractures were encountered in the hornfels as shown on the
well diagram (Figure E.14, between 243.8 and 297.2 m).

A generalized summary of the geologic history in the well area includes
deposition of sediments, minor deformation, intrusion of the Marysville
stock which slightly metamorphosed the sediments, intrusion of the '
dacite porphyry, intrusion of the Empire Creek stock with considerable
high temperature veining, later low temperature veining and formation of
slickensides along fractures, and deve]opment of open disking fractures
in the Empire Creek stock. :

After the intrusion of the Marysv111e stock, the dacite porphyry was
intruded above the present position of Empire Creek stock. The intrusion
temperature of the dacite was about 700 to 800°C as implied by titanium
presence in the biotite phenocrysts. These biotite phenocrysts were ——
recrystallized to phlogopite, leucoxene, and ore during the metamorphism
associated with the Empire Creek stock. The Empire Creek stock followed
the dacite porphyry by enough time to allow the hardening of the dacite
porphyry so it could be fractured and a]tered by the later intrusion.

The Empire Creek stock was then 1ntruded with considerable associated
high temperature ve1n1ng The main minerals are adularia, calcite, quartz,
and fluorite. These veins may be seen with 1ittle variation from the

_surface to the Empire Creek stock contact. . The quartz and fluorite veins
‘continue at depth to- the deepest core, and are presumed to have continued

form1ng while' the rock was cooling. Galena, sphalerite, and mo]ybden1te

veins are also found above the contact, with the mo]ybden1te veins cont1nu1ng

several hundred meters ‘below the contact.

Late ve1ns assoc1ated w1th the Empire Creek intrusion contain -
dolomite, ca1c1te and quartz. The temperature of these veins was probably
below 300°C. ,Ihese veins might also be associated with some later event.

~Finally, open fractures and those containing montmorillonite may
represent events late in the cooling process of the intrusion. Some of -
these fractures and vein fillings show slickensides and striations indicating
horizontal movement. Other horizontal fractures with little or no
alteration or fillings in the Empire Creek intrusive are later and may
be related to final cool1ng or to release of stress by unloading dur1ng
drilling. Unloading is suggested as an origin for these fractures since
at least one of the cores was aud1b1y crackling when it was retr1eved at
the surface. ’
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- Temperature Measurements

An extensive series of temperature measurements was made both durlng

- and subsequent to drilling of MGE #1, The drill hole was sited near the

‘location of one of the shallow heat flow holes drilled during the summer of
1973 (DDH-23). The observed geothermal gradient in that driil hole corrected
for topography is 174°C/km with an uncertainty of 10-20°C because of a large
terrain correction. None of the geophysical data, including the two types
of resistivity surveys, furnished any definite idea as to -how far this geo-
thermal gradient might be extrapolated. Drilling proceeded to 466,3 m on
7/6/74. At this depth the Schlumberger logs were run in the 31,75 cm hole
because reaming was planned to such a large diameter that use of some of
the Schiumberger tools would be precluded. During this Iogging the
Schlumberger temperature tool failed and no reliable information was
obtained on temperatures in the drill hole except from the mercury maximum
thermometers run slightly above each tool during the logging (presumably
recording average near bottom hole temperatures? When it was recognized
that the Sch]umberger log could not be obtained, a series of temperatures
were measured using SMU equipment of the type used in obtaining tempera-
tures in the shallow holes. These data were obtained without difficulty
except that, because of the heavy mud in the hole, the probe had to be
weighted for penetration and the resulting increased resistance upon
retrieval stretched the logging cable by almost 5%. Thus depth corrections
had to be applied to the rest of the data obtained with that part1cu1ar
set of instrumentation.

Of the series of mercury maximum thermometer readings and two maximum
depth temperature readings obtained during SMU loggings, the measured
maximum hole temperature was 86°C at 457.2 m during the last logging run.

The data fit no reasonable extrapolation formula and so no equilibrium
temperature can be calculated. Subsequent to the logging the hole was

reamed and cased. This job required about two weeks. At that point the
drill hole was cleaned out to total depth and a period of 24 hr .(7/20/74) was
available for temperature logging in the bore hole during make up of the dril-
ling rig for the deeper drilling. The extrapolated equi]ibrium temperatures
based on this set of measurements are shown as the +'s in Figure E.15. Each
of these plotted points is based on a series of temperature versus time
measurements with the temperatures extrapolated to the estimated equili-
brium temperature. The points at 424.5, 435.0, 445.1 and 465.3 m fall close
to an extrapo]ated geothermal gradient curve w1th the slope of 174°C/km
observed in the shallow measurements (light line in Figure E.15). The
temperature at 455.3 m falls below the extrapolated curve which suggests
local downward flow of water between 445 and 465 m or unsatisfactory equili-
brium extrapolations.

Drilling began with air and very shortly thereafter the drill hole
began to make copious quantities of hot water. Several sets of temperature:
measurements were made on 7/23/74 while preparations were in progress to
switch from air to water drilling and while haulage of fluid from the mud
pit was in progress. Hole depth was 590.1 m. The temperature measurements
obtained in the bottom part of the hole approximately reflect equilibrium
conditions as the temperatures were changing very slowly, if at all, at

E.58




Figure E.15 Selected temperature logs in the depth range 0-1 km during
and subsequent to drilling in MGE #1. An X at the end of .
the temperature-depth curve indicates total depth at that
_particular time. The log b on 8/1/74 was taken about 2
hours after log a. The log on 8/29/74 was first log.taken
after completion of drilling. Equilibrium temperatures
extrapolated from measurements on 7/20/74 are shown by +'s.
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the end of the logging period. The results of the last measurement (12 hr
after circulation stopped) are shown in Figure E.15 (the 7/23/74 curve).
It is clear that in this depth interval there is a distinct departure-
from the projected geothermal gradient from the shallow holes, apparently
characteristic of the hole down to a depth of approximately 475 m. The
maximum observed temperature was 93.8°C at the bottom hole with a maximum
temperature of about 90°C along the extrapolated temperature-depth curve
at a depth of 475 m. Above the contact of the extrapolated equilibrium
curve and the curve measured on 7/23/74, the temperatures shown are not
equilibrium values. This temperature curve shows irregularities ’
“which may be correlated with some of the fracture zones. It cannot be

determined definitely from the temperature data whether the fluid co]umn
was static or was mov1ng w1th1n the bore ho]e .

Dr1111ng proceeded with a m1xture of air and water as described ear]1er
Another opportunity for temperature logging occurred on 8/1/74 at 848 m.
These results are also shown in Figure E.15. Two curves are plotted.

The curve marked 8/1/74a was measured first and the curve marked

8/1/74b was measured about 2 -hr-later. The temperature curve at this point
has the typical sigmoidal shape due to the effects of dri]ling with a
fluid at lower temperature than in situ temperatures. There is a sharp
reversal of temperature in the bottom of the hole, apparently due to a
thief zone at that point.- The problem with this simple interpretation of
the temperature-depth curve is that the temperatures below 400 m were actually
decreasing with time rather than increasing toward the previously measured
values at those depths. - This strange behavior can be explained either by
an unusual history of drilling fluid temperature, not observed, or by
colder water flowing slowly down the bore hole gradually cooling off the
hole before exiting somewhere between 700 and 800 m. The maximum tempera-
ture observed was 93.8°C at 833 5m. S

The f1na] logg1ng obta1ned w1th the SMU temperature equ1pment used
in the shallow part of.the hole was on 8/10/74. The hole was at 1155 m, -
however, only 850 m of cable was available. The observed temperatures are
almost  isothermal with a maximum temperature of 89.6°C at.848.5 m. Maximum
reading mercury thermometers were run at a depth of 1025 m and 1150 m.
These recorded maximum temperatures ranging from approximately 96°C to
102.5°C, thus show1ng slightly higher temperatures than observed at
sha]lower depths in the well, but far below the projected curve based on
the shallow hole data. The most extensive series of fracture zones (except
possibly for the bottom zone) in the well was encountered between 800 and
1100]m and strong f1ow of water 1nto the bore hole was observed dur1ng
drilling. o - L : . ,

It was clear at th]S po1nt that a hydrothermal convection cell had
penetrated; however, its significance, depth of influence, etc., were
unknown. The geochemical analyses (sect1on on Water Chemistry) indicated
higher temperatures than those observed in the well, but it was possible
that the drill hole temperatures were modified by commun1cat1on of fracture
zones in the bore hole. The interpretation of the audiomagnetotelluric data
(see Magnetotelluric Survey Section and Peeples, 1975), indicated a decrease
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in resistivity by an order of magn1tude at approx1mate1y 2 km Such a
decrease implies a large change in temperature or porosity of the reservoir.
Thus the decision was made to continue drilling to at least 2 km since this
depth was within the target depth planned for the original hole. Drilling
to such a depth would test the vertical extent of the hydrothermal. convec-
tion cell, the temperatures in that cell, and the implications of the resis-
tivity change at about 2 km. , .

From th1s t1me drilling proceeded for approx1mate1y another 2 weeks.
until a total depth of 2070 m was reached. At this point the most extensive
fracture zone yet encountered caused caving and hole accessibility problems. .
These problems required suspension of drilling at this depth. At some
depths between 1 and 2 km drill hole temperatures as high as 115.5°C were
measured with mercury maximum thermometers at the bottom hole; however, the
most frequent bottom hole temperature measured was 90 to 95°C. It appears
on reconstructing the conditions of these measurements that the highest tem-
peratures (above 100°C) occurred at random and were apparent]y only obtained
when the maximum thermometers were run in pressure containers which were not
sealed with teflon tape. There have been no measured temperatures of simi-
lar magnitude since completion of the well. . Therefore, it seems .possible
that these high temperature readings were the result of pressure effects
on the thermometers rather than actual bottom hole temperatures.

Subsequent to completion of the well a series of Schlumberger tempera-
ture logs were made; successfu]]y this time, to a total depth. Several of
these logs are shown in Figure E.16 and the detailed results of the first
and last logs.to 1000 m are shown in Figure E.15. In general the upper
parts of the hole show a more or less consistént recovery with time as would
be expected, while the loggings between 450 to 1100 m show a rather .complex
temperature-time behavior. Below 1100 m temperatures are very nearly iso-
thermal although there .are some small but significant low temperature zones.
Continued modification of temperatures in the upper part of the bore hole
has occurred, however, as the temperatures observed at the logging of
11/16/74 st111 differ from the estimated in situ temperature (based pri-
marily on the logging of 7/23/74) by 5°C or more, although almost complete
reco;ery of the upper hole temperatures had occurred by the last SMU logging
on 6/30/75. .

. The features of the temperature-depth curves shown in F1gures E.15 and
E.16 are a high, linear segment of gradient to about 400 m, a stairstep tem-
perature-depth curve between 400 and 1000 m, and a slightly negative gradient
with even more negative local zones below 1000 m. The recovery from the
drilling and/or natural circulation effects in the bore hole appeared (see
below) to be complete as the 11/16/74 log barely differs from the -log on
10/21/74, but significant further recovery was seen in the last log on
6/30/75. 1In general three types of temperature behavior are associated. .
with the fracture zones encountered during the drilling. The fracture zone
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 fluid zones, respectively. The temperature step
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Figure E.lé

vTemperatuféiénd_flbw logs in MCE #1. The logs ‘of DDH-23,

and of MGE #1 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[747were,measured by Schlumberger.
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zones represent either thief zones, below which flow decreases and the hole
temperatures approach in situ temperatures more closely, or source zones of
warmer fluid which increase the temperature of fluid moving down the bore
hole. The zones of potential water influx heat up more quickly as the hot

' water in the fracture zone rapidly displaces the cooler drilling fluid and
thus positive temperature spikes are observed (see temperature log on
8/29/74). The negative spikes during drilling indicate thief zones while
the negative spike zones on the 11716774 log probably represent fracture -
zones with access to colder fluid which is being forced along them since
disturbance of the hydraulic regime by drilling.

Thus thevtemperature logs indicate the general nature of flow as seen
during the drilling of the bore hole; the shallow fracture zones have, in
general, a higher piezometric level than the deeper zones and are commonly
source zones for fluid while the deeper zones act as fluid sinks. On
11/16/74 there was still a 5°C d1screpancy between the in situ temperatures

- and the actually measured temperatures.in the 400 to 600 m  depth range but
this was almost fu]]y recovered by 6/30/75 This discrepancy suggests that
fluid was still moving behind the casing from a source zone between 400 to
450 m. Flow logs (see below) suggest that the fluid f]ow is very small or
absent below the-casing, at 1300 m; however.

As part of the completion procedure casing was set at 1300 m and a
cement job was attempted. This cement job was not completely successful,
however, as can be seen from the flow velocity 1ogs'obtained after cement-
1ng, the results of which are shown in synoptic form in F1gure E.16. Pre-
vious to sett1ng the casing the observed flow velocity using an open hole
flow meter in the well increased from 50 cm/sec downward above 1 km to over
400 cm/sec downward below 1300 m. Subsequent to cementing of the casing
various kinds of flow logs were obtained. These show a much reduced but
still high ve]oc1ty o6f flow 1mmed1ate1y below, the casing, the first measure-
ment on 9/10/74 in general showing increasing flow velocity with depth.

The second logging on 9/22/74 shows a high velocity immediately below the
casing with a rapid decrease to a velocity of approximately 3 cm/sec and
finally a decrease to immeasurable velocity below 1770 m. A final velocity
log obtained on 10/21/74 showed that flow had stopped (to the level of ,
detection) in the bottom part of the hole. As mentioned above the tempera-
ture data imply that flow behind the cas1ng still existed between 400 and
1000 m,

water Chemistgx

~ No matter which of the hypotheses for the origin of the geothermal area
was valid, it was anticipated that geochemical studies of any fluids encoun-
tered during the dr1111ng would be very important. Therefore preparations
were made during the spring of 1974 to collect water samples from the drill
hole and to obtain water chemistry data both on site and by analysis at SMU
as quickly as possible so that the data would be available for drilling
decisions. In geotherma] areas characterized by circulation of hot water,
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some of the most important information about the system comes from study -
of the geochemistry of the fluids involved (White, 1970; White et al., 1971;
Sigvaldson, 1973; and others). Thus a number of different studies of water
chemistry were carried out on the samples. Data which can be most rapidly
obtained and which furnish important information on the temperatures of the:
system are the concentrations of sodium, potassium, ca]c1um and silica in
the geothermal f1u1ds

When the first water flow to seriously affect the air drilling was
encountered in fracture systems while drilling at 551 m, samples were imme-
diately collected from the flow line. A water sampler was flown in (bor-
rowed from Dr. A. H. Truesdell at the U.S. Geo]ogicaT Survey, Menlo Park)
and subsequent samples were obtained in the well using the water sampler.
Finally, after completion of drilling, several water samples were obta1ned
during dr111 stem tests.

The samples were collected in polyethylene bottles. During the first
few weeks of collection the samples were shipped ‘directly to SMU. Immedi--
ately upon arrival (24 to 48 hr after collection), the water samples were
pressure filtered through 0.45 micron membrane,fi]ters. These samples were
collected in pairs which were treated differently; one sample was prepared
for cation analysis by addition of a few drops of concentrated HCl. The
second sample was untreated and used for HCO, (at Marysville) and Si0»
determinations. During the latter part of tﬁe project, samples were fil-
tered immediately after collection through Whatman #42 filter paper. Upon
arrival at SMU (after filtering, if done at SMU) a 10 ml aliquot of sample
was added to a 10 m1 of 1 N NaOH solution, and the resulting solution used
for Si0p analysis. Cation analyses were performed on the acid treated sam-
ples as soon as was convenient.

Cation analyses were performed by atomic absorption spectroscopy.
Bicarbonate was determined on a few samples (at Marysville) shortly after
collection by tritation of a 10 m1 aliquot of sample with 0.001 N HC1. In
addition pH's were measured on some samples shortly after collection.

Silica was determined by the method of Mullin and Riley (1955), with appro-
priate dilution of the samples. The major analytical concern was the pos-
sibility of polymerization of Si02 during the time interval between collec-
tion of samples at Marysville and analysis at SMU. As a means of checking
this possibility, the earlier samples were subjected to the following pro-
cedures. Both the acid treated and untreated samples wére analyzed for
Si02. In addition a 10 ml aliquot of each sample was added to a 10 ml of

2 N'NaOH and allowed to stand overnight before Si0 analysis. As a final
check, additional aliquots of one sample were treated with NaOH and boiled
for 1 hr. These results were compared for the same samples. Only one
sample (579 m) showed greater than 10 percent variation in Si02 between
any of these procedures. Most other samples agreed within 2 to 3 percent.
Thus, probably because of the relatively low concentrations of Si0p present,
polymerization did not appear to be a problem. The later samples obtained
during the series of drill stem tests were subjected to the overnight NaOH
treatment, and replicate analyses were not run.
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The results of all the partial chemical analyses .are shown in Table E.6.
For the samples collected during drill stem tests the depths shown are the
positions of the packers and the depth below the derrick floor from which the
samples were collected from the drill pipe. Zones for testing were determined
based on site log analyses. It would have been desirable to have obtained
additional tests, but time and money ran out. None of the zones flowed water
at the surface and the static head for each zone was at a depth of about 180 m.

“Thus it is not known for sure whether the packers leaked and only the fluid

in the bore hole was obtained, or the packers held and true samples of forma-
tion fluid were obtained.

As can be seen from Table E.6 the cation concentrations show little
variation from sample to sample. Temperature estimates were calculated for
the water based on the Na-Ca-K geothermometer of Fournier and Truesdell (1973).

The predicted temperatures are remarkably uniform and range on]y from 165°C to

180°C. The uniformity of cation concentraiton suggests that maJor contamina-
tion by dr11]1ng fluids is not a prob]em

If the gradient from the most recent temperature log (6/30/75) can be
extrapo]ated below the deepest measurement point in the log (855 meters), it
js possible that temperatures of the order of 110°C may be reached in the bot-
tom of the hole. These temperatures are consistent with the estimated Si0;
temperatures shown in Table E.6.

However, most of the samples were collected during or short]y after
drilling; the possibility of contamination by drilling fluids is a definite
possibility. In this respect a brief digression to: discuss the manner of
drilling of the well is in order.. Below the 403.6 m casing depth the hole
was open to the depth of dri]]ing. After encountering the fracture zones,
it was found that in general the fluid in the fracture zones would not sup-
port a column of fluid equal to the depth of the drill hole. Thus if the
dr11]1ng medium was water and the hole was filled, the water would be lost -
in the formation and makeup fluid requ1red On the other hand it was found
that if drilling was attempted with air only, the fracture zones would flow
and the hole would produce large quantities of hot water, which represented
a disposal problem. Therefore during dr1111ng from approx1mate1y 610 m to
bottom hole, a system of drilling was used in which the water column in the
bore ‘hole was lightened by the addition of air to the fluid column and in

- such a way the weight of the total column was adjusted as closely as pos-

sible to the average pressure of the fracture zones so that no fluid was
lost or gained. This balance was approximate, however, and from 610 m to
total depth the hole alternatively made and took water.  The drilling

fluid consisted of water and air with small amounts of a soapy material
(ADOFOAM) added, as well as, on occasions, small amounts of antirust agents
to prevent oxidation of the drill rods. Subsequent to completion of the
well, flow meter tests indicated large flow velocities down the bore hole.
Therefore it is likely that there was extensive flushing action from the
fracture zones affected by dr1111ng Thus the drill stem tests should
represent a somewhat d1fferent regime than that sampled during dr1111ng

E.67




Table E.6 Chemical analyses of water samples from Marysville N
Geothermal Test #1. The drill stem tests were conducted
after completion of drilling. The concentrations are in ppm.

Sample Collected from Drill Site Water Well

Est. Temperature
Depth (m) Date Collected pH HCO,~ Si0, Na K | Ca nTSiQZ . TNa-K-Ca

160 6/10/74 20 8.5 2.4 53  40°C 174%

Samples Collected During Drilling

' Est. Temperature
Depth (m) 'Date Collected pH,s HCO3  Si0, Na K Ca T510,  TNa-K-Ca

551.1 7/23/74 8.4-9.2 395 90 225 13.5 9.8 . 125°% 165°%C
551.1 8/21/74 7§ 217 19.6 18,5 1200 180°C
579.1 8/12/76 ° 9.08 170 162 237 19.9 8.3 155°% 185%
585.2 8/21/74 . 97 221 19.8 -15.6 130°¢ 18006
1150.6 8/12/74 8.38 180 98 227 17.1 7.6 130°C 180°¢
1606.3 8/21/74 8 217 19.4 17.7 120°% 180°%

Samples Collected During Drill Stem Tests*

Test A - Packers at 1996 - 2070 m-

Sample No. Depth coll.(m)

51 183 8.36 ‘59 235 17.5 19.3 100°% 1720

52 640 8.29 67 219 15.1 16.8 110°C 167°

53 1219 8.10 77 209 15.3 15.4 1209 169°

S4* tool water sampler 27 221 12.1 12.8 500¢C 1590
Test B - Packers at 1500 - 1527 m

55 191 8.07 74 222 15.7 13.5. 115% 171°

56 tool water sampler 7.90 41 224 14.6 12.1 80°¢ 167°

Test C - Packers at 1721 - 1771 m

57 192 8.23 69 235 17.5 9.8 110% 175°

58 1579 7.36 74 . 233 15.8 12.0 1159C 169°

59 tool water sampler 7.0-7.8 34 264 15.9 17.6 60°C 165°
Test D - Packers at 1020 - 1050 m

510 549 7.4-7.8 86 219 14.6 12.7 IZSgC 170°

511 856 7.5-8.0 93 220 14,1 11.6 125°¢C 167°

512 tool water sampler 7.5-8.5 81 220 14,2 9.3 120 169°

% results listed are from Table E.7.
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Whether or not separate horizons were actually sampled or whether the packers
failed and the drill stem was filled up with the fluid available in the bore
hole is not presently certain. In any event the remarkable similarity of the
chemical analyses argues against a number of very different fluid regimes
penetrated by the bore hole, and it appears that the results might apply to

a single fluid system, not too highly disturbed by the drilling effects. As

a further check on the problem of contamination, a sample of the most common
additive to drilling fluid (ADOFOAM) was analyzed for Na, K, Ca, and Si0,.

The ADOFOAM is high in Na, but contains no K, Ca, or Si0p. Since Na is the
most abundant species in the water, the Na-K-Ca temperature estimates would

be least sensitive to contamination by Na, providing further indirect evidence
for lack of serious contamination effects in the Na-K-Ca temperature estimates.

Silica temperatures were estimated on the basis of quartz solubility,
from a graph based on the work of Fournier and Rowe (1966). The Si0p tem-
peratures are consistently lower than the Na-K-Ca temperatures, and show more
variability from sample to sample. The anomalously high value of Si0y at
579 m was obtained on a sample that was shipped unfiltered, and appeared to
be particularly contaminated in that the sample contained approximately 5 per-
cent solids by volume. Thus it may be that solution of Si02 from rock powder
might be responsible for the observed high Si0, content.

Subsequent to the analyses described above, which were carried out
within a few days after collection of each sample, three samples were selec--
ted for more complete chemical analysis. The analyses were performed by the
water quality laboratory at New Mexico State University. The results of these
three analyses are shown in Table E.7. Two of the samples (511 and 512) were
chosen from the drill stem test that attempted to test the fracture zone in
the vicinity of 1040 m. It is near this zone that the highest temperatures
are presently observed in the drill hole. The third sample (54) was chosen
because it represents the last sample taken during the deepest drill stem
test and thus presumably the most representative of the formation fluid,
although as noted above it is not known for sure whether the packers leaked
during the tests or not. Furthermore this sample was not analyred immedi-
ately following collection. The total dissolved solids content of the three
samples average 787 ppm so the formation waters are fairly dilute. The silica
and cation analyses agree within *5 percent of those listed in Table E.6.

The water is basically a dilute sodium bicarbonate-sulfate water. The
chlorine content is relatively low while HCO3 is 50 percent more abundant
than SOz. The most unusual feature of the water is the high content of fluo-
rine. However, the ubiquitous occurrence of fluorite in the metamorphic
. aureole of the Empire Creek stock and in the rock itself (1974 report, Fig--
~ure 2.9; Geological Studies Section, this report) is undoubtedly the explana-
tion for the high values. The similar high fluorine contents for the samples
suggests that the waters are representative of formation conditions since the
fluorine is not a contaminant in the drilling additives and can be explained
by in situ conditions. In turn the major and minor components are similar
in all the samples and are similar to those shown in Table E.6, again suggest-
ing a minimum of contamination of formation fluid. The only other comparable
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Table E.7
MGE #1.

Agronomy Department, Water Quality Laboratory.

Total
Sample Drill stem Dissolved Si0, Na K Ca Mg
No. Test Solids

54 A 787 27 221 12.1 12.8 1.0
511 C. : 782 94 214 9.8 10.2 0.6
512 c 792 84 223 11.3 8.4 0.7

Cations CO3=

274
329

327

V]

16.8

(0]

HCO3-

250
226

262

cl”

43

43

43

Chemical analyses of three selected drill stem test water samples,
Analyses performed by New Mexico State University,

Concentrations
in ppm. Electrical conductivity in millimoles/liter.

s0,~

4

180

168

160

Electrical
Conductivity

Anions Fe F B

513 <.12 19.6 .87 1.07

454 .49 19.0 .93 0.99

465 <.12 19,0 1.03  1.06




samples are numbers 56 and 59. A1l the samples with low silica contents, and
thus low estimated silica temperatures are the deepest samples from each of
the first:three drill stem-tests. ‘Unless the packers leaked, these samples
thus represent the deepest formation fluid sampled, and thus possibly the
least contaminated. However, only the last sample of each test gives the low
Si0, values, and the Na-K-Ca contents do not vary significantly from the other
fluid samp]es Therefore it appears that: 1) some systematic affect on Si0;
content is associated with the tool water sampler fluid sample (except 512);
2) the fluid in the fracture zones below 1500 m has in situ temperatures
Tower than those actually measured; 3) the fluid fracture zones below 1500 m
come from a lower temperature regime than that in the fracture zones above
1100 m a]though its in situ temperature is near 90°C. If the difference in
Si02 contents is real, the results also suggest that the packers did not leak
during the drill stem tests, and the measured pressures in the various frac-
ture zones, which were almost the same, are valid estimates of the in situ
pressures.

In addition to variations in the chemical constituents of the water,
another type of evidence bearing on the underground flow regime is the dis-
tribution of oxygen isotopes. The variations of oxygen isotopes in fluids
in geothermal systems have been described by Craig (1966), White et al. (1971),
- and Copeland and Kolesar (1975). Craig (1966) found that the hydrogen and
oxygen isotopic'composition of precipitation d1ffers from one 1oca11ty to
another mainly due to differences in temperature.' He bbtained a linear corre-
lation between 8D and 8018 for meteoric water samples of the form 6D = 8 6018
+ 10. This curve predicts the variation of the oxygen and hydrogen isotopes
due to precipitation. In general the geothermal systems will have a small"
effect on the hydrogen isotopic composition of the water flowing through ‘the -
system because there is very little hydrogen in the rocks and thus the hydro-
gen isotopic composition of precipitation which enters the ground water 'system
and flows through a geothermal system remains relatively unchanged. On the’
other hand the oxygen isotopic compos1t1on will change during transit through
a geothermal ‘system, if the temperature.is sufficiently hot (on the order of
150°C or greater), because of the exchange of the oxygen in the water with the
oxygen in the rock. The effect of §h1s exchange. is to increase the_ Q18 content
in the water and to decrease the 018 abundance of the rock. ‘Thus 018 "shifts"
are characteristic of geothermal areas. With this possibility in mind several
‘ samp]es fr0m ‘the Marysv111e area were ana]yzed for the1r 1sotop1c content '

. The samp]es were ana]yZed by Dr. Lynton Land at the Un1vers1ty of Texas
at Austin using a CO» exchange techn1que with an est1mated precision of
+0.05 0/g0. The results are shown in Table E:8. In view of the constancy of
hydrogen it was not determined, but (in'this area) would be approximately -
150 0/gp- ‘The results of these’ ana]yses are ‘that the waters from the drill °
hole are essentially identical in 1sotop1c composition to the waters from the
surface. The only significant exception 'to this conclusion is the 579 m sam-
ple which has an isotopic shift of approximately 1/2 unit. It is 1nterest1ng
to note that this sample had the highest silica temperature, which was thus
the ore most similar to the ca]cu]ated Na K-Ca temperatures '
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Table E.8 Oxygen 1sotope determinations on spring and MGE #1 B
waters. The spring identified as Dry Gulch. 1s" S
located in section T 12N, R6W Sec 31

Locality Sample No. 60_18 ,%/00
Dry Gulch - 19.05
Water Well - | 19.23
MGE-1 . 579.1m 18.58
" .53 19.04
" 59 18.93
" R 512 | 19.02 .

The results of the water chemistry are shown in Figure E. 17 The depth
and estimated geochemical temperature for each sample from Table E.6 are
shown on the figure as an interpretive generalization of the in situ tempera-
tures. Temperatures based on the Si0, geothermometer are shown as circles
and temperatures based on the Na-K-Ca geothermometer are plotted as boxes.

The discrepancy between the two types of geothermometers is obvious as the
general agreement between samples with the same geothermometer. The only
exceptions to this general consistency are the high values of the Si0, tem-
perature at 579 m and the low values of the Si0, temperatures in the deepest
samples from drill stem tests A, B, and C. These temperatures seem to be
well below the formation temperature based on the temperature logs, and their
s1gn1f1cance has been discussed above. A curve has been drawn connecting the
various Si0, geochemical temperatures assuming that the samples collected
during dr1]%1ng and drill stem test D represent $i0, temperatures between

500 and 1200 m and the deepest samples from drill stem tests A, B, and C
represent Si0, temperatures below 1500 m. The curve (1) may be a figment of
the sampling in scme manner or the other; (2) may represent in situ tempera-
tures before drilling; (3) may indicate that the fluid in the upper and lower
portions of the drill hole comes from different locations in the geotherma]
area. Hypothesis (2) seems unlikely although there is still evidence in the
temperatures bore hole for communication of the fracture zones behind the
casing. The third hypothesis seems the most 1ikely, but the similarity of
all the other chemical constituents is difficult to explain with this hypoth-
esis. Further temperature and flow tests are necessary to determine w1th
certainty the temperatures in the well in this zone.

In conclusion the results of the chemical analyses can be summarized

as follows: 1in general the waters obtained from MGE #1 are extreme]y uni-
form in Na, Ca, K and Si0, content with depth and the fluid is a dilute
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Flgure E.17 Estlmated in situ temperatures and calculated Si0 Quartz)
( temperatures (circles) and Na-K-Ca temperatures (%oxes)

The numbered data points represent samples collected during
drilling (see Table E.6) while the temperatures jidentified

- by letters were obtalned from samples of drill stem test

" fluids with- the packers set as indicated, and at depths

within the drill string indicated by the position of the
data point. The Si0_ Temperature-Profile is discussed in

~ the text. VL 2
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sodium bicarbonate-sulfate water. Calculated temperatures based on the Si0
geothermometer are between 110 and 130°C except below 1500 m while those
based on the Na K-Ca geothermometer are between 165 and 180°C. The waters
show little 018 shift except for the sample from 579 m which also had the
highest S102 temperature. - On the basis of these data it thus appears that
somewhere in the geothermal system temperature must be on the order of 120°C+, -
with some evidence of temperatures in excess of 150°C somewhere in the sys-
tem that feeds the fracture zone(s) at or above 579 m. The Si0, temperatures
may indicate a much greater temperature between 500 and 1200 m and a much
greater drop in temperature with depth below 1500 m than actually observed by
the temperature logs '

Well Log and Core Studles

a Measurements of in hole physical and chemical properties by the logs in
MGE #1 serve two important functions: they furnish ground truth for the
inferred subsurface conditions based on the surface geophysical investigations,
and they furnish important information on the location and description of
important lithologic and physical parameters of the rock cut by the well bore.
In this section both of these applications will be briefly discussed. An
interval .summary of the logging results is shown in Figure E.22 and discussed
in the section on Summary of Deep Drilling Results. The studies on core sam-
ples recovered from the hole will be briefly described. Other similar data
sets of the quantity and quality available for MGE #1 are virtually nonexis~
tent in the public domain.  Such data sets are rare enough for deep holes in
basement rocks and do not exist for other holes in basement rocks in geo-
thermal areas. Detailed studies of the results briefly described here will
continue for years.:. Unfortunately the appropriate studies could not be car-:
ried-out in a completely satisfactory way due to manpower limitations. There-
fore the results described here represent just-a beginning of the utiliza-
tion of the collected data. The stud1es descr1bed here will: be cont1nued
.and expanded in the future. RS , v

The types of 1ogs run in MGE #1 and thelr app11cation have been dis-
cussed in the. Schlumberger report included-with this final report (Coates,
1974). Therefore this detailed information will not be repeated here. .
Briefly the types. of logs: run measured. formation resistivity, P wave veloc--
ity, density, porosity, natural gamma act1v1ty, structural information (di
meter 1og) as well as temperature, hole size and fluid flow. Coates (1974§
included as well a Tog of computed porosity from the sonic log and of com- .
puted porosity from:the resistivity log. The app11cat10n of a11 the data to :
the location of fracture zones was discussed. : .

A ‘general summary of some of the. 1ogg1ng results and of their implica-
tions ‘is presented in a later section. ' The average values of some important
physical parameters are shown in Table: E.9. This table shows average: P wave -
velocity, density and porosity for ‘the drill hole. :The interval 50 to 300 m -
includes the ‘dacite dike and hornfelsed sedimentary rocks above the Empire
Creek stock. This interval also includes a thick zone of fracturing asso-. - .
ciated with the contact of the stock. Thus the 50 to 250 m interval was
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Table E.9 Some interval average propertiés from MGE #1 - . . -
' ‘Logging results. gtandard deviation ‘of property
is shown below average. ; P R

Depth Range P wave Velocity ‘Dénsig Porosity - Lithology -
meters km/sec gm/cm : % ’ o
50-250 5.6 - . 2.67 - © 19,0 - Pred. Empire Shale
| R -t 0,02 7.0 | SRR
50-300 5.2 2.65 20.1 " " "
0.7 0.04 7.0
300-1D 5.3 S 2.51 T 3.4 Empire Creek granite
o : 0.1 »f’ 0.03- o 1.8 ©  porphyry
1800-2000 - 5.6 » 2,54 ' 2.0 Empire Creek granite
: S 0.1 0001 0.3 porphyry ' '
304-1954# o ' - 2.57 © 1.0 " Empire Creek granite

70.02 : " porphyry
* 11 core samples

chosen to avoid the fracture zone. The effect of the fracture zone is most
obvious on the average sonic velocity, which varies by 8 percent between the
two interval averages. - The average porosity is very high, about 20 percent, .
and must consist mostly of fracture porosity as the intrinsic porosity of
the hornfelsed sedimentary rocks is essentially zero. The interval from
300 m to total depth includes the Empire Creek stock, while the interval
1800 to.2000 m was chosen as most representative of the least fractured por-
tion of the stock, based on log analyses. The sonic velocities are simjlar
to those in the rock above the stock, but there is a 0.08 to 0;16;gm/cm3
density contrast across the contact. The density calculated in the 1800 to
2000 m interval and that measured in the lab on saturated core samples are
very close, particularly when the difference in porosity is taken into
account. It appears that the Empire Creek stock has an average of about

2.5 percent fracture porosity and about 1 percent intrinsic porosity (mostly
in the form of miarolitic cavities).

Thus the high observed resistivities are not entirely due to lack of
porosity as might be inferred without well information. The laboratory and
log measurements of resistivity are discussed in more detail by Peeples
(1975). 1In spite of the overall porosity figure of 3.4 percent, a well
integrated (on the scale of 100's of meters) hydrothermal convection cell
exists, implying high permeability along the fracture systems.
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REGIONAL EXPLORATION STUDIES

Microearthquake Studies

Microearthquake studies carried out during 1973 and discussed in the
1974 report indicated a zone of microearthquake activity between the area of
the Marysville geothermal anomaly and the town of Helena, approximately
30 km southeast of the geothermal anomaly. The results of the 1973 micro-
earthquake study have been previously discussed (Friedline and Smith,.1974;
Friedline et al., 1974, 1975). An additional 2 months of recordings were
obtained during 1974 in order to evaluate more completely the seismicity of
the general area. - Observed microearthquake rates at.arrays in the Marysville-
Helena area are highly irregular, but average one to two events per day.
The microearthquakes located during the 2 years of .recordings are shown in
Figure E.18. The approximate focal depths of located earthquakes are indi-
cated in Figure E.18 .as are their epicenters. More detail of.the location
procedure and data reduction -techniques are given by Friedline and Smith
(1974). The accuracies of the locations and epicentral determinations are
discussed in more detail in Friedline et al. (1975), but are in general =]
to 2 km for focal depth and epicenter for events located within an array.
A11 of the events plotted in Figure E.18, with the exception of a few near
the margin of the area, were within one array diameter or less from the
_array locations.

There is diffuse activity over most of the map area and the activity
appears to decrease away from the map area shown. Very few events were
located in a 50 km band around the map area shown in Figure E.18 even though
they should have been detectable if they had occurred. Figure E.18 shows a
cluster of events approximately 5 km northeast of Helena (Scratch Gravel
Hills) and a second cluster of events approximately 5 km southeast of the
geothermal anomaly near Three Mile Creek and Greenhorn Mountain. There are
no recorded events in the immediate vicinity of the geothermal anomaly and
there is a second seismic gap between the Scratch Gravel Hills and Three
Mile Creek groups of microearthquake events. Composite fault plane solutions
for the 1973 data are shown in Figure E.19. Data from the 1974 survey indi-
cate at least two different composite fault plane solutions in the Scratch
Gravel Hills area as did the 1973 data, and the 1973 data are taken to be
representative. Very few epicenters were located in the Three Mile Creek
area during 1974 and the composite fault plane solution from this area could
not be verified. The composite fault plane solutions are consistent with
northwest-southeast striking normal faults or east-west, north-south striking
strike slip faults.

The possible interrelationships of thé heat flow and seismic data are
discussed in the Heat Flow section’and in the section, Nature of the Geo-
thermal Area. ~ ‘ '




Flgure E.18 Microearthquake location and heat flow in- the Marysville-
Helena region. The line borderlng the Marysville geothermal
‘anomaly is the 3.0 jcal/cm2sec contour line. 'The area of
Figure E.1 is shown by the dashed box. Outcrops of large
granitic intrusives are shown by the solid lines, except for
the geothermal anomaly. The remainder of the symbols are -
identified on the figure. »
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Figure E.19-

Composite fault plane solutions from microearthguake data between
Marysville and Helena, Summer 1973, Projections are on an equal-

+ area stereographic net, lower hemisphere. Solid circles represent

compression and open circles represent dilatation. Solution 1 is
composited from 11 earthquakes in the northern part of the Scratch
Gravel Hills. Solution 2 is composited from 11 earthquakes in the
southern part of the Scratch Gravel Hills. Solution 3 is composited
from 12 earthquakes in the Three Mile Creek area. ' ’

CFPS Location Type of Nodal Plane 1 Nodal Plane 2 P axis T axis

Fault Azimuth/Dip Azimuth/Dip  Azimuth/ Azimuth/
Plunge Plunge
1 Scratch Gravel Oblique  N76°W/70s NO6CE/70°E  N34°W/30°NW S55°W/0205W
Hills S-S g : , il
2 Scratch Gravel Normal N67°ﬁ/42°8w © N47°W/SOONE N78°W/79°%W  N35°E/04ONE
Hills '
3 Three Mile Normal N64%W/32°sw N34°W/60°NE N89°W/71%  N45°E/14°NE
Creek
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Gravity Surveys

Because of the broad effect of deep seated density contrasts it was
necessary to cover a much larger area with the gravity survey than with most
of the other geophysical surveys carried out in the geothermal area. It is
also necessary to have relatively broad gravity coverage in order to be able
to remove the regional effect from the observed data in order to interpret
the actual anomaly present within any given area. The complete set of gravity
data obtained as part of this project is shown in Figure E.7. Figure E.7 is
a residual gravity anomaly map prepared as described in the section on Gravity
and Magnetic Studies and covers the same area as shown in Figure E.18. Only
a low order regional was removed from this data so there may still be some
broad scale effects present not adequately accounted for by the regional
removal. However, there are two large negative anomalies in the map area,

a very large broad negative anomaly with a maximum amplitude on the order of
-14 mgal relative to the most positive values observed, with a diameter of
approximately 12 km and centered at the southwestern corner of the geothermal
anomaly. A second negative gravity anomaly, with a maximum amplitude of
approximately ~16 mgal relative to the most positive values observed, occurs

~ over Silver Valley and is probably related to a basin filled with low density
sediments. Other anomalies in the general area, although not shown in this -
map, include a large negative gravity anomaly associated with the Prickly
Pear Valley immediately north of Helena and at the west margin of the map
area (Davis et al., 1963) and a large negative gravity anomaly associated
with the Boulder batholith and beginning approximately 20 km south of the
area (Biehler and Bonini, 1969; Burfeind, 1967). There is no gravity anomaly
detected in the vicinity of the Scratch Gravel Hills although there may well
be a small negative anomaly associated with the intrusive rock there. The
detailed interpretation of the anomaly in the vicinity of the geothermal area
is discussed in the section on Gravity and Magnetic Studies. The Silver
Creek]anomaly will not be interpreted as it does not bear on the geothermal
anomaly. :

Heat Flow

In order to investigate in more detail the geothermal implications of
the zone of microearthquake activity between the geothermal anomaly and the
Helena area, two holes were drilled outside the geothermal anomaly during
1974. The locations of these holes are shown in Figure E.18 as is the heat
flow value associated with each hole. The values of thermal conductivity,
gradient, and heat flow are listed in Table E.3, and the temperature-depth
curves are shown in Figure E.9. These two holes were located to occupy the
gap in seismic activity between the Three Mile Creek and the Ft. Harrison-
Scratch Gravel Hills centers (Park Creek locality, RDH-36) and to obtain a
heat flow value in the vicinity of the Ft. Harrison-Scratch Gravel Hills
center. The location picked for the Ft. Harrison drill hole (RDH-35) was
between the seismic activity and Broadwater hot spring. The Broadwater hot
spring is the nearest hot spring to the geothermal anomaly at Marysville.
The spring apparently issues from fractures in a small granitic stock similar
to the Marysville granodiorite, surrounded by contact metamorphosed Helena
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and Empire formations (Knopf, 1963). There is‘a north trending dome in the
Empire shale extending from the Broadwater hot spring intrusive ‘toward the ‘
Scratch Gravel Hills 1ntrusive whlch occupies an area at the’ southeastern™
margin of the seismic activity. The location of both of these intrusives
are shown in Figure E.18. Drill-hole RDH-35 was located between these two
areas of granite outcrop, near ‘the zone of microearthquake act1v1ty, on an-
outcrop on the Emp1re shale 1n the dome.

Before dr1111ng the: heat flow ho]es a reconnaissance ground magnet1c o
survey was carried out over the zone of microearthquake activity in order to
locate possible buried intrusives similar to the Marysville stock. Such a
survey 1nd1cated no large unexposed p]uton in the area mapped by Knopf (1963)

The resu]ts of both drill holes were negat1ve w1th respect to d1scovery
of geotherma] anomalies in spite of the structural resemblance to the o
Marysv111e geothermal area of the site of RDH 35

The heat flow values were-not corrected for- topography because both
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 for the topograph1c correction at each site. The
observed heat flow values, 1.8 ucal/cmZsec at Park Creek (RDH-36) and 1.8
“ucal/cmZsec 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 of the geographic
association and the large body of geophysical, geological and hydrological
information a]ready ava11ab1e for the area. S ’

SUMMARY AND DISCUSSION

Summary of E;p]orat1on Resu1ts

, Dur1ng the geo]og1ca1 ‘and’ geophys1ca] exp1orat10n of ‘the" MarySV111e
geothermal anomaly all the standard exploration techniques were used, as’

well as several less commonly used techn1ques ~“Each  individual geothermal
prospect at the present time seems to require separate design of an explora-
tion flow path because of the extremely variable conditions of the geothermal
occurrences; the Marysville geotherma] area is'no exception 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. Geophysical techniques included two
different kinds of electrical resistivity techniques (roving dipole and - -
magnetotelluric- audiomagnetote]]ur1c) gravity, airborne and ground magnet1cs,
‘dr1l]1ng for heat flow determinations, m1croearthquake and seismic-ground
noise surveys, and airborne infrared sensing.
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Almost every one of the geological and geophysical techniques has fur-
nished important data relating to the setting and controls on the geothermal
anomaly. Some of the techniques have furnished information more directly
related to the geothermal anomaly than others, but almost all furnished
important background information for the.interpretations. The uniqueness of
each particular exploration target is exemplified by the results from the
Marysvi]]e geotherma] anomaly. For examp]e, analysis of metamorphic assem-
blages in rocks is not commonly included in flow charts for geothermal explo-
ration; however, the metamorphic.study has furnished cr1t1ca1 information
for interpreting the geophysical data. :

, The 1nterre1at1onsh1p and resu]ts of the various exp]orat1on techniques
and their input into the exploration program as applied to the geothermal

area will be summarized -in this section. In the following section the results
of the deep exploration drill hole (MGE #1) will be discussed, and in the
section, Nature of the Geothermal Area, the results of the deep drilling and
surface exploration will be combined into a preliminary interpretation of

the nature of the geothermal area. In spite of the tremendous amount of data
available there are still -a number of important unknowns. These will be
addressed in more detail in the last two sections of this chapter.

The results of the geological studies are shown in Figure E.20. The
parameters illustrated on Figure E.20 include the outcrop of 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 faults. It is apparent from this data
that there is a high degree of correlation between the outcrop of the Empire
shale, the metamorphic zones not associated with the Marysville stock and
the geothermal anomaly. It also appears that the subcrop extent. of the
Marysville stock bears a very close relationship to the northeastern bounda-
ries of the heat flow anomaly. As discussed in previous sections and in
the 1974 report, the existence of isolated high grade diopside zone contact
metamorphic rocks southwest of the Marysville stock implies the existence of
a buried igneous body(s) of rather large size beneath these metamorphic zones.
Based on the magnetic data discussed in the 1974 report, rocks similar in
magnetic susceptibility to the Marysville stock cannot underly (and thus
cause) these zones. It is known from exploration drilling that at least
parts of both of these contact metamorphic aureoles are underlain by Cenozoic
quartz porphyry stocks (Rostad, 1969; Blackwell and Baag, 1973; Ratcliff,
1973). The known subcrop of these quartz porphyries in each area (Bald Butte
and Empire Creek) previous to these studies consisted of no more than a few
hundred square meters, however.

The correlation between the metamorph1c zones -and the dome as outlined
by the outcrop of the Empire shale is also obvious. It would appear that
the dome in the Empire shale is caused by these under1y1ng quartz porphyry
bodies. The age of these intrusive rocks is 40 and 49 M.Y.B.P. for the
Empire and Bald Butte stocks respectively. The extensive set of feldspar
porphyry dikes southwest of the Marysville stock probably has equivalent
ages. One of these dikes was dated at 48 M.Y. (Ratcliff, 1973). .The
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Figure E 20 Summary map of geological exploratlon results compared

to heat flow anomaly. The outcrop of the oldest 'unit

E in the area, the Empire Shale, is shown,as is the out-
.crop of the Marysville stock and the subcrop of the
Marysville stock- (fine ruled line). Major faults:are

indicated. The tremolite and diopside contact metamorph1c
isograds are shown by outside and inside thin lines ;
respectively. ' The 5.0 ycal/cm2sec heat flow contour is
shown by the interrupted double line.
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relationship at depth between the Empire Creek and Bald Butte stocks is

still unknown. Thus on the basis of the geological studies the source of

the geothermal anomaly must be at least partially located in or below Cenozoic
quartz porphyries. The quartz porphyry bodies themselves cannot be the '
source of the heat because the cooling time for a body with a size of many
cubic kilometers is on the order of 1 to 2 M.Y.

For subsurface extrapolations of the geological data the geophysical
techniques are important, and a synthesis of the geophysical information
obtained during exploration studies is shown in Figure E.21. Shown in syn-
optic form are the results of the gravity, magnetic, heat flow, resistivity,
and ground noise surveys. The data on which these figures .are based are .
discussed in the 1974 report and in. this report. and, reference, should be made
to the 1nd1v1dua1 sections for deta11ed d1scuss1ons of , .the data

Resu]ts of . the mlcroearthquake survey are d1scussed in the section on
M1croearthquake Studies. The m1croearthquake zone is closest to the south-
eastern corner of- the map area and two or three of . the Jocated. earthquakes
fall on the map area in that vicinity. . The area of the geothermal anomaly
itself appears to be ase1sm1c,_based on 5 months of record1ngs,

The interrelationships of the geophysical data are less obvious than
those of the geological data and their interpretation is not so straight
forward. The gravity data appear to correlate with the heat flow anomaly and
with the geological data shown in Figure E.20 because part of a residual
gravity low is associated with the heat flow anomaly. The negative gravity
anomaly correlates well with the geothermal anomaly except that the gravity
anomaly extends south off the map area, while the heat flow anomaly decreases
rapidly in amplitude to the south. As usual, however, the gravity data are
ambiguous because the gravity anomaly could arise from mass differences not
associated with the Empire Creek stock or the geothermal anomaly. The
detailed interpretation of the gravity data is discussed in a previous
section.

Electrical resistivity is one of the most important exploration tech-
niques in geothermal areas because resistivity is a strong function of some
of the properties which are most likely to vary in a geothermal area, i.e.,
temperature, fluid salinity, and porosity. In general relatively low values
. of electrical resistivity are generally associated with geothermal areas;
however, it is clear from the previous results (Jackson, 1972; Peeples, 1975),
as shown in Figure E. 21, that the electrical resistivity values are very
high in the geothermal area and that there is no consistent association of
Tow resistivity with the high geothermal gradients. The roving dipole tech-
nique on which the original resistivity map was based (1974 Report; Jackson,
1972) has a very shallow penetration, perhaps even as shallow as a few tens
of meters, because of the extremely high resistivity of the surface rocks.

In order to obtain deeper penetration the audiomagnetotelluric survey was

carried out. However, interpretation of the results of that survey show no
significant variation in resistivity until depths of many hundreds of meters
(2 to 6 km) are reached. Furthermore resistivity values were extremely high
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Figure E, 21 Summary ‘map ‘of geophy81ca1 exploratlon results The ground
noise lows and highs " are 1nd1cated as are the -6 and -10
mgal residual gravity contours.  The units of ground noise
-shown are the integral of the power den51ty between 1 and
2 Hz (see 1974 report). The grav1ty contours are based on
the data shown in Figure E 7 except that the effect of the
‘Marysville stock has been removed. One heat flow contour
(5.0 ucal/cmZSec) is shown and the apparent re51st1v1ty

_contours at 20 Hz are also shown.
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at high frequencies and rather high at the longer frequencies (minimum

. resistivity values were on the order of 100 ohm-meters). In any event, in
this particular area, the electrical resistivity data furnish little infor-
mation in the depth range 0 to 2 km which can be related to the geothermal”
anomaly. However, the AMT survey delineates clearly the fault bounding the:
southern portion of the area because lower resistivity shales and carbon-
ate rocks are down faulted against the Helena and Emp1re format1ons

The ground noise data also behave in a rather different way than is
usually suggested for geothermal areas. The lowest values of ground noise
~shown in Figure 5.2 (from 1974 report) are found in the area of the geo-
thermal anomaly. The absolute values of ground noise are also extremely Tow.
The highest values of ground noise occur around the borders of the geothermal
area, with the highest values found in the southeastern corner of the map.
These highest values were apparently outside the heat flow anomaly and their
origin was somewhat unclear; however, as will be seen in a subsequent section
it now appears that the ground no1se anomaly there may be re]ated to the
geothermal anomaly.

An airborne infrared survey was carried out in addition to the above
mentioned geophysical surveys (McSpadden et al., 1974). In general the
resolution of infrared surveys is one to two orders of magnitude below that'
needed for detection of geothermal anomalies such as the one in tge Marysville
area, where a maximum heat flow value of approximately 20 ucal/cmcsec occurs.
In a mountainous area like the Marysville district the noise level from
elevation, microclimatic and vegetation effects is particularly high and
furnishes the ultimate limit for the resolution of the infrared data. It was
hoped that correlations could be made between the infrared data and the exten-
sive set of geothermal data recorded in the area, particularly the results
from the heat flow holes. Preliminary studies show that the heat flow drill
holes furnish s1gn1f1cant information on microclimatic effects (Blackwell,
1973). However, since the infrared survey was carried out completely 1nde-
pendently of the rest of the geophysical exploration, these types of data
analyses could not be applied. Although the results of the infrared survey
were negative in the Marysville area it still seems possible, in theory, to
reduce the noise level of the infrared surveys, with careful studies, to
within at least a factor of 2 or 4 of the resolution required to map the geo-
thermal anomaly. Such improvements in noise level might be possible in a
more carefully carried out program in the future.

On the basis of the data discussed above, the interpretation was made
that the source of the high heat flow was either a conductively cooling
shallow magma chamber beneath the Empire Creek stock, or a reservoir of hot
ground water circulating within fracture zones in the Empire Creek stock.
None of the geophysical data appeared to give an unequivocal answer as to
which of these two particular hypotheses should be favored.
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Summary of Deep Drilling Results

The drilling history and the detailed results of the deep exploration
drill hole (MGE #1) have been discussed earlier. The purpose of this section
is to summarize these results and to present synthetical data dealing with
the drill hole. The hole was drilled to a total depth of 2070 m. It pene-
trated the Empire Creek stock at a depth of 294 m and remained in the Empire
Creek stock for the remainder of the drill hole. The maximum temperature
measured in the drill hole during 1974 was 94°C at a depth of 500 m. At the
temperature logging. approximately.2 months after completion the maximum tem-
~perature was about 94°C at 1000 m. The temperatures decreased s]1ght1y with
depth from that point to 91.3°C at 1950 m. A new temperature log in 1975
(6/30/75) indicated a temperature of 99°C at 855 m ‘(the maximum depth that

it was poss1b]e to Tog with the equipment available) and the temperatures
were still increasing with depth at approximately 10 to 20°C/km. Significant
flows of water were encountered during drilling with the average piezometric
level in the bore hole of about 180 m below ground level. Thus the source
of the geothermal anomaly is a hydrothermal convection cell circulating along
the fracture zones in the Empire Creek stock, consistent with one of the

two hypotheses of the 1974 report. The temperature of the water is somewhat
Tower than was anticipated, although based on the exploration data there was
no firm evidence for the temperatures.

The results of the deep exploration drill hole are shown in Figure E.22
in a form of synopt1c results from the logging program. This figure includes
a bar graph of the in situ electrical resistivity, seismic P wave velocity,
density, and gamma-ray activity based on simple 25 'm averages of digitized
well log data. In addition the temperature- depth curves from the 8/29/74
and 11/16/74 loggings are shown. For comparison with the logs the positions
of fracture zones based on the drilling history are also shown.

The gamma-ray log is most sensitive to variations in lithology as
reflected in K, U, and Th content and it most clearly shows the contact
between the metamorphic rocks and the Empire Creek stock. There is some
effect of hole rugosity on the gamma-ray log and most of the large deviations
to values below 340 in the depth interval below 450 m are due to the combined
effect of increased hole size and/or fracture zones rather than to variations
in the properties of the granite porphyry. The distinct change in gamma
activity at about 450 m corresponds to a joining of two different logs and
is not a function of lithologic changes in the porphyry.

The density log is based on the gamma-gamma log. The main change in.
.density occurs at the lithologic contact at 294 m between the Empire Creek
stock and the metasedimentary rocks. Smaller variations are due to porosity
variations related to fractures, the content of microlitic cavities and to
variations in bore hole rugosity. The bore hole rugosity effect on the den-
sity log is probably responsible for the measured densities below 2.45 gm/cm3.

The resistivity log is very sensitive to the fluid content and to the
fracturing (porosity) if the fracture zones are at high angles to the bore
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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 #1. Also included are fracture zones (from drilling)
and temperatures measured during the 8/31/74 and 11/16/74
loggings, :
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hole. The resistivity values plotted are uniformly high to a depth of 450 m.
However, this effect is a function of the difference in fluid content of the
hole during two logging periods (mud and fresh water). The formation resis-
tivity values in that section of the bore hole agree more closely with the
fracture zones interpreted from the seismic log if variations due to bore
hole fluid resistivity changes are made. Below 450 m the zones of high con-
ductivity are between 975 and 1050 m, 1075 and 1125 m, 1200 and 1250 m,

1700 and 1775 m and below 2025 m. It is clear that most of these zones cor-
relate well with the fractures and zones of water flow as. determined on the
basis of drilling. However, one extensive fracture zone, between 850 and

925 m, does not show at all on the resistivity log.. The apparent lack of
corre]at1on suggests that this zone of fracturing is relatively flat (see
be]ow) As discussed:in the Magnetotelluric Survey section and in the accom-
panying report by Peeples (19753, modeling of the magnetotelluric’ response
due to a resistivity layering similar to the resistivity log observed in the
well indicates that the effect of fracture zones would not be observed at the
surface and the fracture zones cannot be resolved separately from each other.

The log which is most sensitive to the fractur1ng and least sensitive’
to lithology in these basement rocks is a sonic travel time log. . The quan-
tity plotted in Figure E.22 is interval travel time, the rec1proca1 of veloc-
ity. The intrinsic velocity of these rocks is probably less than 180
microseconds/m (greater than 5.6 km/sec); therefore, most of the excursions
of the averages to longer interval velocities (lower P wave velocities) sug-
gest some degree of fracturing in the bore hole. .Comparison of the averages
from this log with the averages from the density log show a high degree of
correlation between areas of low density and areas of low P wave ve]oc1ty
In particular the sonic log shows up all the extensive fracture zones indi-
cated on the basis of drilling, as well as the numerous additional possible
fracture zones. S1m11ar1y, zones identified as primary source and sink zones
for fluids circulating in the bore hole based on temperature and flow velocity
logs, correlate well with the areas of lower seismic velocity. In particular
an extensive area of fractured rock associated with the contact of the Empire
Creek stock is shown between 250 to 300 m. The first extensive fracture zone
in the vicinity of the top of the convective cell appears to be between 425
and 450 m. The sonic log also shows very distinctly the zone of fracturing
identified by drilling between 850 and 925 m which has the small resistivity
response. In terms of the sonic log response one of the most significant
zones is the one between 1025 and 1050'm. 1In summary , the sonic log shows
evidence for a much higher degree of. fracturing in the stock than do the
remainder of the logs. This log identifies 15 major or m1nor fracture zones
on the basis of the 25 m interval averages. :

The temperature log obtained on 8/31/74 shows the effects of fracture
zones on the temperatures between 400 and 1100 m clearly. The zones of tem-
perature steps and spikes correspond with the fracture zone as determined
from the drilling and from the sonic log.

The 8/31/74 and 11/16/74 temperature-depth logs for the total depth of

the well are shown in Figure E.22 also. The 11/16/74 log was taken long
enough following completion of drilling for the dissipation of the drilling
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effects. The log shows a conductive gradient of about 150°C/km above 400 m,
a decreasing gradient between 400 m and the maximum temperature at about -
1040 m,-and a sl1ght1y decreasing temperature between 1040 and TD. There is

“ fully cemented'casing to 424 m, partially cemented casing between 424 and

1300 m, and an open hole below 1300 m. ' On the basis of flow logs made during
the last temperature logging, there is no vertical flow (or very small flow)
within the bore hole, although very large vertical flows were present at one
time. The lack of approach of the interval between 400 and 1000 km to the -
predrilling temperatures is apparently due to flow behind the casing.. The
developing reintrants. in the. temperature-depth curve suggest that fracture
zones at those depths (about ‘1415, 1720, and 1760 m) have connections to
colder fluid and that flow along these zones might:-have been initiated by the
‘drilling. The last temperature log (6/30/75) indicates that these flows have
ceased. The relatively constant temperatures below 1000 m (except for the .
fracture zones), if not:due’ to downward flowing water, imp]y that the fracture
flow ~system 1s actlng as a hOmogeneous permeab1e medium in a. -gross average

o way. :

The-average*data:discussed«are intended merely as a summary of condi-
tions in the bore hole.: More complete interval-by-interval discussion of

-~ the data s requ1red for.detailed correlations and comparisons of the dif-
ferent parameters.: The result of the analysis of information regarding the
state of the geothermal system based on bore hole data is that the Empire -
Creek stock is:'a ‘large fracture aqu1fer The aquifer is inside the stock and
extends' to'a depth of at least 2100 m. The fracture zones which. transfer
fluid within the aquifer in general ‘have a h1gher piezometric level at shal-
lower depth. The permeability within the stock is primarily fracture perme-
ability a1though the granite has a rather h1gh intrinsic porosity of 2 to

5 percent, due mostly to microlitic cavities. ~The temperature of the aquifer
where cut in the bore-hole is 90 to 99°C:although’ 1t may be 120 to 180°C at
other locat1ons in the convect1ve system

Nature of the Geothermal Area

Based on the results of the surface exploration and the deep drill hole,
a’ preliminary model ‘of the geothermal system is proposed in this section.
The area appears to be unique in'seVeral‘respects. The most unusual aspect:
of ‘the geothermal area.is that the reservoir for hot water is a granite
stock.” It is generally ‘supposedthat circulation of fluids in granitic rocks
is-confined to a d1screte fault or fracture system as contrasted to a diffuse
set of fractures. Secondly, ‘based on'the data summarized in Summary of .
‘Exploration Results it is clear that the northeast limits of ‘the heat f]ow
anomaly are associated with the southwest subcrop extent of ‘the Marysville
granodiorite. - Thus one granite body. serves as a reservoir, while another -
acts apparently as a~boundary to the circulation system. Thirdly, no resis-
t1v1ty anomaly is associated with the geotherma] anoma]y even though s1gn1f1-
' ant hydrotherma] convect1on 1s present D

Even in’ geotherma] areas character1zed by hydrothermal c1rcu1at1on,
conductive heat flow measurements: may be used to estimate the shape and depth
of the ‘geothermal reservoir if the reservoir, fault zone, etc. is capped or

'.’,E-_ 95




bounded by impermeable zones, and the temperature of the hydrothermal cell,

or its depth at one point, is known. In the case of the Marysville geothermal
area none of the geophysical data furnish evidence on the depth to which the
temperature gradients can be extrapolated. .Furthermore, there are no surface
manifestations of geothermal fluid which can be geochemically analyzed and
the estimated reservoir temperatures calculated.. However, as measured in

'~ MGE #1, at least in the northern. extremity of the geothermal area the base
temperatures in the reservoir are 90 to 99 °C. Based on these data an extra-
polation to the depth of the 95° isotherm using the surface gradient can be
made in order to investigate the depth and shape of the reservoir in the
remainder of the area. The results of a qualitative extrapolation of the -
data are shown in Figure E.23. It is to be emphasized that this figure.is
qualitative, and does not represent a mathematical solution for:the isothermal
surfaces. However, particularly at the northern end of the anomaly the geo-
metric constraints on the temperatures are strong and the reversal in tempera-
ture gradient is actually observed in MGE #1. The southern border of the
geothermal anomaly as drawn is much more qualitative. An approximate position
of the possible 120° isotherm is also drawn, based on the geochemical evidence
that the base temperatures in the reservoir may be as high as 120°C. It is
possible, but speculative, that drill holes on the order of 700 to 900 m .
deep, south of MGE #1 might encounter higher temperatures.- Based on this geo-
metric construction, however; it is clear that the temperatures of 170 to
180°C'implied by the Na-K-Ca geothermometer cannot occur over a very broad
region in the geothermal area, and if such temperatures are present in the
convection cell they must be confined to a thin plume somewhere in the system,
the location of which is presently unknown.

: In the previous models of the geotherma] area (Blackwell et al., 1974;
1974 Report, etc.) 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. In this case the time lag for heat flow through rocks
allows a considerably different isothermal section than the one shown in
Figure E.Z23 to satisfy the heat flow data.

"In order to illustrate the correlation of the geothermal reservoir with
geologic structure, the 95° and 120° isotherms have been superimposed on the
geologic cross section CC' (Figure E.6) in Figure E.24. The geological and
geophysical (primarily gravityg constraints on the top of the Empire Creek
stock are discussed in more detail in the section on Gravity and Magnetic.
Studies. The correlation of the geothermal reservoir with the Empire Creek
stock is clear. Also the association of the north boundary of the reservoir
with a boundary of the Marysville granodiorite is illustrated. The apparent
occurrence of the top of geothermal reservoir at an almost constant depth of
100 to 200 m below the reconstructed top of the Empire Creek stock is con-
sistent with either of two hypotheses for the containment of the geothermal
reservoir. The first hypothes1s is that the highest piezometric levels
reached anywhere in the reservoir correspond to an elevation of approx1mate1y
1463 m, the average fluid level in MGE #1. Therefore the reservoir fluid
would not have enough pressure anywhere  throughout the geothermal area to
reach the surface, and indeed as shown in Figure E.24, the apparent altitude
of the top of the reservoir remains almost constant from the -north to south
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end of the geothermal anoma]y (it becomes deeper because of the change in
elevation). However, none of the surface springs show evidence of mixing
with warm water at depth which would seem likely if the geothermal reservoir
is actually connected to the surface. In particular the water from a well
100 m deep at the site of MGE #1 has fluid which cannot be derived from the
geothermal reservoir at 450 m by simple dilution (Table E.6). The second
hypothesis is that the water is confined to the stock by a relatively unfrac-
tured chilled contact zone and thus the Empire Creek stock acts as both the
reservoir and its cap. This hypothesis is speculative, but seems to be con-
sistent with the data.. In either case these results seem to imply a different
type of geotherma] reservoir than any other known. The results and implica-
tions shown in Figure E.24, it must be emphasized, are specu]at1ve and con-
f1rmat10n can only come from further dr1111ng and test1ng

In general the calculation of “the locat1on of subsurface isotherms in
geothérmal areas has been based merely on extrapolation as in the above dis-
cussion; however, the appropriate solution to the problem involves the theory
of downward or sourceward continuation (Grant and West, 1965 and many others).
At the present time no general technlque for downward continuation of tem-
perature data has been presented. Bodvarssori (1973) has considered some one-
dimensional problems and presented downward continuation results. A technique
for downward continuation of heat flow data has been developed for other pur-
poses, but has been applied here to a digitized representation of the heat
flow map (Figure E.10). The technique will be described elsewhere but the
results of the application of the technique are shown in Figure E.25 as a
contour map of the depth to the 95° isotherm below a hypothetical plane sur-
face at approximately mean surface elevation. In order to calculate the con-
tour map shown in Figure E.25 it was assumed that the thermal conditions
above the reservoir are steady state, that the reservoir temperature every-
where at its top is 95°C, and that the heat flow data are measured on a plane
surface. Also shown for reference are the outcrop and maximum subcrop extent
of the Marysville stock. It should be emphasized that these contours (in
contrast to those shown in Figures E.23 and E.24) represent an actual solution
to the Laplace equation for the location of the 95° isotherm which would
give the surface heat flow data. These data do not represent a mere extra-
polation of the surface data downwards as is clearly seen by comparing the
shape of the contours in Figure E.25 to the shape of the heat flow anomaly
(Figure E.9).

This contour map shows very steep sides to the reservoir on the north
and northeast, relatively steep sides an the west and a complicated shape in
the south and southeast portions of the anomaly. In particular the broad
Tobe along Ottawa Gulch immediately south of the Marysville stock as contoured
on the heat flow map becomes a narrow east-west salient of the reservoir at
right angles to the main trend of the reservoir. The shape of this portion
of the anomaly suggests that the fluid may be moving along a very narrow
zone such as a fault, and either is flowing eastward away from the main
reservoir, or less likely, is flowing up into the main reservoir. A small
displacement fault has been mapped along Ottawa Gulch and, as shown in Fig-
ure E.6, this fault could dip toward the south, with a dip in the range of
45 to 90°. If the dip were 60°, its location at 1 km depth would be displaced
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Figure E.23

Cross section CC' (see Figure E.5) showing extrapolated
isotherms at depth below the topographic surface. The
isothermal surfaces shown are diagrammatic. The geo-

thermal gradient is shown as thie top.curve. The possible
location of the 1200 isotherm if present at shallow depths

is shown as the dashed line. The 95° isotherm; approximately
the reservoir base temperature based on the results from

MGE #1 is shown as the heavy line..
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Figure E.24

Location of top of geothermal reservoir -(as determined by
950 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. : o
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Figure E.25

Marysville stock and geothermal reservoir. The outcrop
and maximum subcrop extent of the Marysville stock are
shown. The subcrop extent of the stock is based on
interpretation of the magnetic data.

The depth to the geothermal reservoir is based on con-
tinuation of the heat flow data to the 95°C isotherm,
assumed to be the reservoir base temperature. . The location
of MGE #1 is shown by the derrick symbol,
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approximately 600 m to the south of its surface location. This position is
near the location of the reservoir salient. Alternatively the fluid may be
moving along some unmapped structure, or even along a shattered margin between
the Marysville pluton and the surrounding metasedimentary rocks or Empire -
Creek stock.

Also interesting and perhaps significant is the fact that the highest
ground noise in the Marysville area is observed in this particular quadrant
of the map area and that the extension of the zone of microearthquake activity
projects into the same area. Thus it is possible that the fluid is moving
along a currently active zone of faulting which is either not represented by
activity because of the presence of the thermal fluid, or has merely not been
active during the period of recording. These data suggest a correlation,
moreover, between the microearthquake ground noise and the geothermal data,
and rational basis for the existence and location of the various types of
anomalies. These data are consistent with the suggestion of Combs and Hadley
(1975) that the ground noise data may represent zones of "nanoearthquakes"
gnd thus be merely an extension of the implications of the microearthquake

ata. '

There appears to be a possible relationship between the zone of earth-
quakes and the geothermal anomaly; however, this interaction does not appear
to explain the major portion of the geothermal anomaly. It has been suggested
that geothermal anomalies might be associated with the ends of active fault
or earthquake zones in the quadrants of extensional strain. Since the stress
pattern in the Marysville-Helena area is fairly well known on the basis of
the microearthquake mechanism solutions and there are heat flow determinations
along the zone of microearthquakes, this area appears to be an excellent
place to test this particular hypothesis.

Based on the microearthquake solutions (Friedline and Smith, 1974 report,
and Microearthquake Studies section in this report) the compressive stress
axis in the region has a northeast-southwest surface projection and a shallow
plunge. The dilatation axis and the intermediate stress axes appear to be
similar in magnitude with one essentially vertical, and the surface projection
of the other striking northwest-southeast. The orientation of the faulting
is predicted to be along NNW to NW trending fault zones. Strike slip motion
would be left lateral. Thus the Marysville geothermal anomaly is in a quad-
rant of extensional strain while the Broadwater area falls into a quadrant
of compressive strain. Thus these results do not furnish conclusive proof
that such a mechanism of localization of geothermal areas does or does not
exist. A few more drill holes (3 to 4) northeast of the fault zone, however,
would completely test the fault zone and furnish valuable data on the hypothe-
sis for this particular area. '

Further bearing on the relationship of the microearthquake activity and
the geothermal zone comes from fracture analysis of the Empire Creek stock
cut by MGE #1. Figure E.26 is a circular histogram showing the horizontal
projection of the pole to the plane of the fractures in MGE #1 that gave the
most distinct response on the dip meter log (Coates, 1974). These fractures
have an average dip of 60°. Also plotted are the horizontal projections of
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Figure E.26

Rose diagram for fracture orientations in MGE #1 determined
by dip meter log. The total number of measurements is 43,
The orientations of the horizontal projections of possible.
fault planes from the microearthquake analysis (Friedline
and Smith, 1974; Figure E.19, this report) are shown and
identified by numbers. : The favored orientation of each

set for the faulting is indicated by the number with a star.

E.105




330° 350° N 10° 30°
\ \ | | T / /
N /]
¥
310°K 2,3 _150°
. A
290° A470°
| <—
wh- 2 2 2 p L I
FREQUENCY, NO.
250°r ~H0°
¢ 2% 3%
230°V T& NIi30°
N=43
17
/ I8 BLACKWELL ET AL,1975\
/ / i \ \ \
210° I90° g  I70° 150°
FIGURE E.26

E.106




the poles to the poss1b1e fault p]anes which are the loci of the microearth- ~
quake activity. The most 1ikely fault plane of each pa1r of arrows repre-
senting one solution is indicated by an asterisk. It is obvious that the
fractures in MGE #1 are not shear fractures related to the present regional
stress distribution. The system with the 350° pole azimuth could possibly

be an extension fracture system related to the present stress distribution,
however, although the orientation is wrong by about 20°. More likely the

two sets of joints or fractures are related to thermal stresses generated
during cooling of the Empire Creek body. -The drill hole is nearest the north
end of the body and the fractures are located approximately parallel and
perpend1cu1ar to that marg1n suggest1ng origin by therma] contraction durlng
cooling .

~In spite of all these studies and the extensive amount of data available
for geotherma] area, the or1g1ns of geotherma] fluids are not at all clear.
If the maximum temperature in the system is 99°C then, on the basis of the
regional heat flow, the fluid could come from a depth of only 1 km below the
depth reached by MGE #1. None of the results of MGE #1 indicate any changes
in the Empire Creek body with depth that would suggest a significant boundary
near the bottom of the drill hole. The resistivity data have been interpreted
in terms of a two Tayer model with the lower half space having a lower resis-
tivity than the intervening rocks. This model implies a significant.boundary
at depths ranging from 2 to 6 km in the immediate area of the geothermal
anomaly. The gravity data also are consistent with 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, if the geochemical temperatures are valid
and higher reservoir temperatures exist at some location in the system, then
it is possible that the circulation system could extend to depths of 4 to 6 km
depending on the max1mum temperature of - the system (120 to 180°C).

The two hypotheses that seem most likely for the control on such deep
circulation are motion along fracture porosity generated by the active fault-
ing associated with the microearthquakes, deep circulation along fracture
porosity and/or intrinsic porosity associated with a regional scale low angle

thrust faulting (Blackwell and Baag, 1973), typical of the faulting exposed
about 40 km to the east of the Marysville area (Robinson et al., 1968,'Schm1dt,

1963), or some combination of the two hypotheses

D1scuss1on of Exp]orat1on Results and Recommendations for Future‘Studies

Each of the exploration techniques carried out in the geothermal area
provided information useful in the interpretation of the total data set.
In summary a list of the exploration techniques will be given along with
their contribution to the exploration results and questions which their
implications. may raise which have not been resolved at the present time.

(1) Geologic Mapp1ng Geologic mapping outlined the structure of the area
including the dome in the Empire Shale southwest of the Marysville stock

and the general fault pattern of the area. The geothermal anomaly seems to -
be structurally controlled, either because the Empire Creek stock is struc-
turally controlled, and/or because of direct effects of faulting on the

E.107




reservoir, thus the structural data has been very important to the interpre-
tation of the geothermal reservoir. (2) Metamorphic Petrology: Although an
unusual technique in geothermal areas, the metamorphic petrology furnished

the important information that the dome southwest of Marysville must be under-
Tain by one or more relatively large bodies of intrusive rock. Unfortunately
the metamorphic effects are only sensitive within a distance of a kilometer or
so from the body and therefore do not furnish information on the shapes of
the intrusive bodies at depth. (3) Geochemistry: Rock geochemistry has
furnished information on the correlations of the igneous rocks in the general
area, furnished information that indicates the Empire Creek stock is a large
highly differentiated body, and suggests a correlation between the Empire
Creek body and the Hope Creek rhyolites. Thus the data suggest a rather
extensive period. of volcanism and intrusion associated with the Empire Creek
stock, and suggest that the Empire Creek stock extends south of the map area.
- (4) Magnetic Survey: The magnetic surveys did not furnish direct information
on the geothermal reservoir; however, interpretation of the data furnishes

the shape of the Marysville stock, and since the Marysville stock appears to
have exerted control on the north and east sides of the geothermal anomaly,
the magnetic data have thus indirectly contributed important information to
the knowledge of the controls on the reservoir. There appears to be no
magnetic anomaly associated with the Empire Creek stock because of its very
Tow susceptibility. (5) Gravity Data: The gravity data furnish information
on the size and distribution of the intrusive rocks in the area. Without
independent information on the Marysville stock, however, there would be no
way to separate the Marysville gravity anomaly from the other anomalies, and
because of the uncertainty of the structural situation south of the map area,
a large part of the gravity anomaly is ambiguous. The gravity data do serve
to give 1imits on the shape and size of the Empire stock in the map area which
are consistent with the thermal, electrical resistivity and geologic data.

(6) Heat Flow: Heat flow data furnish the only direct evidence on the geo-
thermal character of the anomaly area. When combined with the knowledge of
the reservoir temperature, they allow calculation of the position of the
reservoir. Without information on the temperature of the reservoir, the heat
flow data are ambiguous and other interpretations are possible. (7) Resis-
tivity Data: The resistivity data indicate high resistivity values in the
area of.the geothermal anomaly in sharp contrast to Tow values usually found
in other geothermal areas. The resistivity data would not appear to be sensi-
tive in the type of situation encountered in the Marysville area. Thus it
would appear that in a reservoir consisting of fracture porosity the resis-
tivity data may not be capable of detecting the existence of convection in a
reservoir. (8) Seismic Ground Noise: The seismic ground noise response of
the area is also inconsistent with 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 high ground noise
in the southeast quadrant of the anomaly, microearthquakes, and a salient of
the geothermal anomaly along what appears to be a fault zone. (9) Microearth-
quakes: Microearthquakes do not furnish any positive evidence on the exis-
tence of geothermal anomaly or its location or nature. The only tentative
connection between the two sets of data is with the high ground noise and
possible subsidiary fluid circulation mentioned previously. The fracture
systems in the reservoir do not appear to be consistent with the stress
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distribution inferred from the present day m1croearthquake distribution,”
although further work is recommended to investigate the relationship..

(10) Infrared Survey: - Infrared data were 'successful in finding two groves:
of "hot" trees, one. associated and one not associated with the geothermal R
anomaly. It appears that the infrared survey as carried out here is not
capable of locating a geotherma] anoma]y such' as- ‘the Marysv111e anomaly.-

The exp]oratlon results in the Marysv111e geotherma] anoma]y have impor-
tant consequences to other geothermal exploration projects. It appears that
distributed fracture systems in granitic rocks can indeed. function as rather
effective circulation reservoir.system. for geothermal fluids, 'but one which
might be very difficult to detect, even. if reservoir temperatures .are higher
than those observed.in the Marysv11]e area. .Unfortunately it is not known
whether the permeability and porosity in the Empire Creek stock is sufficient
to sustain product1on of commercial quantities of geothermal fluids. Such
knowledge is very 1mportant to the national program of geothermal develop-
ment. An extensive series of reservoir tests in . a situation such as the
Marysville area should.be conducted in order to investigate hydraulic prop-
erties of a fracture flow system. Since it appears that one of the major
problems in many. geothermal exploration projects is the lack of techniques
successful in finding sufficient permeability for production, even though
high temperatures may be found, research directed toward locating subsurface
zones of permeability based on surface data is of greatest importance. In
this respect. there. are severa] .areas in the Marysv111e geothermal area that
might warrant additional deep.drilling to clarify the fault zone extension,
e.g., along Ottawa Gulch where the high ground noise and microearthquake
activity are observed. Furthermore, the Marysville area represents the place
where more information could be. ‘obtained on. exact relationship of seismicity
in geothermal areas, since it appears there are two geothermal areas asso-
ciated. geograph1ca]1y with. the zone of active seismicity. Further explora-
tion along the zone of microseismic activity should make an important
contribution to the understand1ng of the re]at1onsh1p between seismicity and
geothermal areas. L , , ,

An unexpected bonus obta1ned in the Marysv111e geothermal area was the
discovery of the Empire.Creek stock. Based.on-the petrologic 1nformat1on
the emp]acement of this.stock was at a depth of about 2 km, and thus the
body is a cooled, exhumed example of the body which could have satisfied the
conductive heat flow model for. the geothermal area. Therefore study of the
contact effects associated with the Empire stock, the nature of fracture
formation in the Empire Creek stock, and its interaction with the wall rocks,
should furnish a model for such interaction of presently existing shallow
magma chambers.of -the type postulated.as a source for several geothermal
areas. Therefore the nature of the fracturing associated with- emplacement.k
and part1cu]ar1y the or1g1n and significance of the apparent reservoir cap
along the chilled margln should be 1nvest1gated .
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Conclusions and Recommendations

An extensive suite of geo]og1ca1 and geophysical exploration investiga-
tions has been carried out in the Marysville geothermal area. The results
were ambiguous and deep drilling was required to distinguish between two
models for the geothermal source: a cooling magma chamber or a convecting
hot fluid system. The 1nterre1at1onsh1ps of the geological and geophysical
data have been extensively discussed in the first two sections of this
chapter. Deep drilling proved the source of the geothermal anomaly to be a
convecting hot water system. '

Perhaps the most significant geophysical result of the exploration is
the discrepancy between the electrical resistivity results and the heat flow
data. Even with higher fluid temperatures and lower resistivity, the geo-
thermal area would not be located by electrical studies. Unfortunately,
because the flow properties of the system were not tested, little is known
of the permeability or production capacity of the system, so the economic
potential of a similar system, at higher temperatures, cannot be assessed.
Nevertheless, it is clear that electrical techniques cannot distinguish a
fluid convection system, such as the one at Marysville, from a dry system
with no fluid convection. Thus the use of electrical exploration techn1ques
in exp]orat1on for dry hot rock systems will be Timited.

The knowledge of the reservoir conditions and geometry have been sum-
marized in this chapter. The most serious data missing from the study is
that dealing with the reservoir properties. Lack of information regarding
the significance of the reservoir makes conclusions on the results of the
various exploration techniques tenuous. Therefore it is strongly recommended
that further reservoir studies be carried out. The conditions allowing cir-
culation of fluid in the granite are of importance both to the potential of
dry hot rock exploitation, and to the limits on natural convection systems
in granite rocks, or any fracture type of reservoir. .

The exploration data set co]lected for the Marysville geothermal area
is fairly complete, except that there are significant uncertainties on the
southern Timits of the heat flow anomaly. Two or three holes south of the
presently explored area would furnish the data necessary to complete the
analysis of the areal extent of the reservoir. Since the exploration data
are reasonably complete and, except to the south, the limits of the geother-
mal anomaly are well defined, the geothermal area can continue to serve as
a test area for new exploration techniques.

The existence of the geothermal anomaly near an area of regional seis-
micity is interesting, and two holes described previously (RDH35 and RDH36)
were drilled in order to investigate the relationship between the heat flow
and seismicity. Heat flow values from these holes are near the regional
average heat flow. The total above normal heat loss for the Marysville
geothermal area is about 2 x 106 cal/sec, equivalent to the total regional
heat flow from an area of 100 km2. Since the earthquake zone has only about
this area, and this heat loss figure does not include the Broadwater Hot
Springs, if deep circulation along the zone of seismicity is the geothermal
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source, then a measurable decrease in heat flow should be found along this - -
zone. Because of the large amount of data available for the area and the -
‘well known extent .of the m1crose1smic act1v1ty, add1t1ona1 regional heat.
flow drilling is recommended , v , IR

-Although economic exp]o1tat1on of the Marysville geotherma] System is
unlikely, the geological, geophysical and deep drilling exploration in the
Marysville geothermal area has revealed a geothermal system of a type pre-
viously unknown. -The economic potential of a similar system at higher. tem-
peratures cannot yet be assessed as it depends on the reservoir properties
of the system, which have not yet been tested. ‘It is highly 1ikely, however,
that similar:systems do exist :in.the western United States and in other areas
of the worid, and the Marysv1l]e geothermal area will act as a model for
exploration ‘in these areas. .In addition, the extensive suite of data avail~
able for the Marysville area makes it an ideal. prov1ng ground for new.explo-
- ration techniques, and flow tests on the reservoir would provide valuable
information on the properties of fracture porosity reservoirs, including
dry hot rock systems. The discovery of the ‘Empire Creek stock has provided
a well studied example of a body that would provide a conductive heat flow
source for a dry hot:rock system if-the time of emplacement was of the order
of 1 to 2 million years:.or less.:  Geological, .geophysical and deep drilling
exploration in the Marysville geothermal area has therefore-made a valuable
contribution to the knowledge of geothermal systems and the exploration of
these systems; and w111 prov1de useful data and a test1ng ground for future
studies. , , i
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MAGNETOTELLURIC SOUNDING - MARYSVILLE, MONTANA

Wayne J. Peeples
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INTRODUCTION

Dur1ng the summer of 1974 extens1ve magnetote]]ur1c and audio magne-
totelluric (MT/AMT) measurements were carried out in the Marysville, Montana
area under the direction of W. J. Peeples as part of a 1 year contract
SMU 86-80 to the University of Utah (UU) from Southern Methodist University.
The object of this investigation was to outline the electrical properties
through magnetotelluric (MT) and’ audio magnetotelluric (AMT) measurements
of the Marysville, Montana geotherma] anomaly discovered by Blackwell (1969).
This final contract report summar1zes the f1e]d and laboratory 1nvest1gat1ons
and the1r 1nterpretat1on : .

W. J. Peep]es was in charge of the MT/AMT data co]]ect1on and subcon-
tracted .the magnetotelluric work to the University of Alberta (UA) under the
direction of ‘D. ‘Rankin (see Appendix E.1). J. Stodt collected most of the
AMT data “in the- “field with the 1nterpnetat1on carried out by W. J. Peeples
and J. Stodt as part of Mr. Stodt's Masters Thesis project. We wish to
thank Dr. C. M. Swift, Jr., and Kennecott Explorat1on, Inc., Salt Lake City,
Utah for the use of the1r AMT 1nstrumentat1on and techn1ca] help dur1ng this
prOJect : » L ,

PREVIOUS GEOLOGICAL AND GEOPHYSICAL STUDIES IN THE MARYSVILLE MONTANA AREA

The mounta1nous Marysv111e geothermal area is located in the Northern
Rocky Mountain physiographic and structural province (Eardley, 1962) about
30 km northwest of Helena Montana and 4 km west of Marysv111e, Montana.

: The country rocks of the d1str1ct are ‘Precambrian sed1mentary rocks of
the Belt Series. -The two formations of the Belt Series which occupy most of
‘the area of the geology map (Figure E.27) are the Helena limestone and
Empire shale. Lower Paleozoic to Cretaceous units unconformably overlie the
Belt.rocks 1n a major sync11ne southwest of the geotherma] area.

The oldest . 1gneous rocks of the Marysv111e area are m1crod1or1te 51115
in the upper part of the Empire and are dated as Precambrian. The Marysville
~granodiorite (Marysville stock) was emplaced at approximately 79 M.Y.B.P.

(Baagsaard et al., 1961). The intrusion of the Bald Butte quartz porphyry
has been dated at 49 M.Y.B.P.-and further-extensive activity occurred between
37 M.Y.B.P. and 40 M.Y.B.P. The numerous emplacements during this episode
were concentrated southwest of the Marysville stock and include a large
quartz feldspar porphyry body (the Empire stock) which is presently unexposed.
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Several episodes of deformation have occurred in western Montana and it
is difficult to sort out the relative ages of folds and faults in the Marys-
ville area. The basic structure shown in Figure E.27 is a dome in the sedi-
mentary rocks. The core of this dome is shown by the exposures of Empire
shale and Marysville stock. The Marysville stock occupies the northeastern
portion of the dome. . -

Measurements by Blackwell (1969) from the Marysville area indicate heat
flow values ranging from 3.3 to 20 ucal/cm?sec (western Montana average is
approximately 2.0 pcal/cmZsec) while a detailed gravity survey by Mazzella
(1974) indicated a negative residual gravity anomaly associated with the
area of the high heat flow values. Heat flow corrected for topography and
regional gradient of 30°C/km and terrain corrected Bouguer gravity values
are shown in Figure E.28 (the effect of the Marysville stock has been A
removed from the gravity data). Although the geothermal gradient is as high
as 240°C/km, there are no surface manifestations of abnormal heat production.
Magnetic surveys indicate that the only anomaly in this area is associated
with the Marysville stock. Roving dipole surveys by the USGS in 1972 indi-
cated that resistivities of 150 to 1000 @ M were associated with the geo-
thermal anomaly. A seismic ground noise survey indicated lowest noise values
associated with the highest heat flow while a microearthquake survey indi-
cated no microearthquakes were located in the geothermal anomaly region.

A deep exploration hole (2.4 km) was drilled in 1974 at the site indi-
cated on Figure E.27. The drill encountered argillite to a depth of 294 m.
The drill then entered the Empire stock (quartz-feldspar porphyry, quartz
monzonite or monzonite depending on depth). At approximately 500 meters
the first of several fracture Zones with extensive fluid movement were
encountered. At approximately 500 meters the temperature reached 95°C and
remained essentially constant until the total depth was reached.

MAGNETOTELLURIC STUDIES IN MARYSVILLE, MONTANA

MT/AMT Measurements in Marysville, Montana

During4the summer of 1974, 6'weeks were spent in ihe.Marysville, Montana
‘region acquiring field data for 12 magnetotelluric (MT) sites (10-3 Hz to~
10 Hz) and 81 audio magnetotelluric (AMT) (14 Hz to 104 Hz) sites. Fig-

- ure E.27 shows a general geology map for the Marysville region from Black-

well et al. (1973), and Figure E.29 shows the spatial location of the MT
.and AMT field sites. ' ' ,

‘ The digitally recorded MT data were returned to the University of :
Alberta, Edmonton, Alberta, Canada (UA) where the data was selected, pro--
cessed and tensor apparent resistivity versus frequency curves were obtained.
Copies of the processed results were then returned to the University of Utah
(UU) to 'be folded in with the AMT results and interpretations. . .

N
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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
measyrement. At each station two sets of measurements were made, one with
the ‘£ field sengor oriented at 20° west of geographic north (Ex/Hy) and the
other with the E 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. The spatial extent of the Marysv111e
and Empire stocks are readily detectable when the data are presented in thlS
form. :

- A number -of typical AMT "type" stations were selected and the apparent
resistivity versus- frequency curves .were interpreted using three layer plane
wave plane layer models. From this information a plan map of interface
depths has been prepared and three profiles from the Marysville stock to the
Empire stock have been obtained. The AMT interpretations were then used as
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.

One-Dimensional Mode]ing of the MT-AMT Data

In general, the AMT curves of apparent resistivity versus freguency
(14 Hz to 104 Hz) indicate a conductive-resistive-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. Because of the consistency in the -behavior of the
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. Eleven
apparent resistivity curves which appeared to reflect differences attribut-
able to more than just data scatter were selected as representat1ve 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.

Figures E.32 and E£.33 show the field data and modeling results for two
of the type stations, AMT 9 Ey/Hx and AMT 54. Model parameters were varied
from an initial guess constrained by known geology until reasonably close
fit with a curve interpolated by hand through the field data points (x,0)
was obtained (solid curve in Figures E.32 and E.33). This model and the
interpolated apparent resistivities were then used as the initial guess and
field data respectively for input into a linearized least squares inversion
program. The large circles and the earth model in the figures are the
results from the inversion program.
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In general the conduct1v1ty and th1ckness of the surf1c1a1 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 funct1on) 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). The result-
ing earth models were then examined in view of current geo]og1ca1 and . g
geophysical information from the Marysv1]1e area. Co

: The standard dev1at1ons (llnear statlst1cs) presented for the parameters
represent propagation of . norma]ly d1str1bnted random ervor from data space to
parameter space through :the matrix [ATA (See Equation A3.15, Appen- -, .
dix E.3). Claimed repeatability of measurements with available instrumenta-~
tion was to within 3dB. Stnce 6dB corresponds to a doubling -in .amplitude,
this corresponds to (2)1/2 =.1.414 or approximately 40 percent. expected
variation iin read1ngs at a partrcu]ar frequency, due to instrument error.. --
The dashed ]1nes in Figures E.32 and E.33 are 40 percent error bars on. the
solid curve. In calculating the parameter standard deviations, a standard
dev1at1on of . +20 percent about -the 1nterpolated f1e1d data was. assumed

Two-Dimens1ona] Mode11ng of the MT/AMT Data

‘ Upon comp]etlon of the one-d1mens1ona1 mode11ng of the AMT data, prof,
files across the Marysville region were chosen for two-dimensional MT/AMT
modeling. -The'modeling technique . used was the transmission line analogy

- technique originally developed by Madden and Thompson (1965) and programmed
by Peeples (see: Peep]es and -Rankin, . 1973). L .

The resu]ts of the one-d1men51ona1 mode11ng were used to construct a .

two-dimensional model of -the Marysyille area which also 1ncorporated as much
geological and -geophysical.information about the Marysv11]e area as was pos-
sible. The two-dimensjonal ~modeling allowed us to bridge the data gap. in
frequency between the MT and AMT data and to construct a profile which appar-
ently satisfies both data sets.

Cr1tic1sms of the Mode11ng

In exam1n1ng ‘the. draw1ng conc]us1ons from the above work, one must be |
cognizant of the following facts. The AMT gear used was not capable of -
simultaneous phase sensitive record1ng of both Ex, Hy and Ey, Hx pairs so
that coherence tests to determine data reliability could not be. performed
‘nor tensor impedances calculated. Narrow band-pass filters at ten selected
frequencies were applied to the.amplified signal from the. orthogona] E and
H sensors and the output fed into integrating circuits. The Ex/Hy ratio
used in the apparent resistivity calculations was formed e1ectronica]]y.‘ L
This method of measurement cannot discriminate signal from noise at the
same frequency nor does it provide enough information to allow tensor imped-

~ ance calculations. This last point becomes significant when the earth con-
tains a material anisotropy and/or lateral inhomogeneity, and measuring
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sensors do not 1ie parallel and perpendicular to the directions of the con-
ductivity anisotropy. There will then be a component of the E field induced
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 calcu]ated.

Two and three dimensional effects manifest themse]ves 1n bilogarithmic
plots of apparent resistivity versus frequency in two ways. Theoretically,
for plane waves incident normally on a homogeneous, 1sotrop1c layered earth,
the maximum slope of p, versus frequency on a bi-log plot is *1-and the ca]-
culated apparent res1st1v1t1es are independent of both the orientation of
the orthogonal measuring axes, and the polarization of the incident field.
‘Therefore, slopes greater than #1 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 of 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 of penetration of the signal in the survey area, and an idea of
the depth to the Tow resistivity layer at depth 1nd1cated jn the AMT data.

The two-dimensional ‘modeling allows us to exp1a1n some of the ]ateral
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. It is readily
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. However, the two
dimensional modeling does allow us to determine model responses which appear
to approx1mate the inhomogeneities appearing in the data sets.

LABORATORY ROCK RESISTIVITY MEASUREMENTS

Ten casual surface samples representing the major formations in the
area were collected and cored for the purpose of making laboratory resis-
tivity measurements. The fo110w1ng formations were samp]ed :

" Pee  Empire Shale (Precambrian)
Peh = Helena Limestone (Precambrian)
Kgr Cretaceous Granodiorite (Marysville stock)

In addition, 14 .core samples from various depths at the dr111 site were
ava1]able for measurement
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Sample Preparation

The main problem in sample preparation lies in saturation of the core
with e]ectro]yte of the desired resistivity, particularly when porosity of
the sample is low (Brace, et al., 1965). The samples were vacuum pumped
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 -l1ittle change in saturation. The elec-
trolyte used was de-ionized water, with NaC] added-"to bring the resistivity
of the solution to 10 Q-m. This value wa’s chosen by relating salinity to
resistivity. - Water at the drill site had a sa]in1ty of approx1mate1y
1000 ppm which corresponds to a re51st1v1ty of 10 Q-m. This same electro-
lyte was used in the sample ho]der 1n making the four terminal resistivity
measurements ‘

Measurement Apparatus

The conf1gurat1ons of the measurement apparatus are shown in Fig-
ure E.34. As is shown; four:terminal measurements were made, current be1ng
app11ed to the outer e]ectrodes, and voltage, be1ng measured-across the inner -
pair. In making an A.C." measurement, voltage is measured across the core
sample and across a calibration registor Rc. The resistance of the rock
sample, Rp, can then be calculated;

ReVe

Ve

R=

and the resistivity of the sample can be obtained if the dimensions of the
core are known. R. is chosen by experiment to % R,., and Rb, a ballast
resistor, is chosen & 15 x R, in order to ma1nta1n proper signal 1eve] for
- input 1nto the pre- amp]1f1er g ;

The 51gna1 was first fed 1nto a band pass f11ter 1n an attempt to cut
down the noise level in the méasuring: c1rcu1t ‘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. frequenc1es 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 <10 percent, except at high frequencies
on some of the more resistive samples. Its use was therefore discontinued
as a time saving measure in taking measurements on an oscilloscope placed

in the circuit as shown to monitor the quality of the s1gna1 Noisy signals
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were easily recognized. Coupling problems with industrial noise in the sys-
tem arose whenever R, + R. + R, exceeded approximately 1 Meg. ohm. A.C. mea-
surements could only be made on samples with resistance low enough so that

coupling with industrial noise in the circuit did not overdrive the pre-amp.

A four terminal digital ohm-meter was also available for making D.C.
measurements. This instrument was useable on cores with resistances too-
h1gh to allow A.C. measurements with the available apparatus. The values
given correspond as closely as instrument readings would allow to the resis-

tivity of the sample at the onset of current flow. The instrument used had
five scale ranges, each range utilizing a different voltage applied to the

two current electrodes in obtaining a measurement.  Potentials at the cur-
rent electrodes ranged from 10 mV to 900 mV depending on the resistance.of
the sample and the instrument scale range used to obtain a reading. Prob-
lems arise in making D.C. measurements since voltages at potential elec-

trodes from a variety of causes (concentration gradient in the electrolyte,

chemical reactions at the electrode-electrolyte interfaces, etc.) are pres-
“ent even with no voltage applied to the current electrodes. These voltages
were often as high as a few mV and caused significant differences in the
readings from scale range to scale range on the instrument. These were

lessened somewhat by ‘the use of AgCl rather than Cu electrodes, but still

" ‘had to be accounted for ' | : ,

These potent1als were accounted for by apply1ng a correct1on factor to-
the raw resistance measurements as follows. Voltage was measured at the

ezpotent1al electrodes both dur1ng and 1mmed1ately on cessation of appl1cat1on
~ of voltage to the current electrodes. A correction factor CF - -Rm( L) was
then added to the raw res1stance measurement Rm, to obtaln a corrected value,

' where |
VEL = Voltage at the potent1al electrodes with no voltage appl1ed at
the current electrodes
Vm = Voltage at ‘the potent1al electrodes dur1ng a measurement

<A set of four read1ngs was taken on each sample, represent1ng measurements
~at two scales on the instrument (corresponding to two different applied
_voltages at the current electrodes) for two different measurement configura-
_tions, correspond1ng to a change in direction of current flow through the

sample (see Figure E 34) Corrected values of resistance agreed to w1th1n
5 percent.

Laboratory Res1st1v1ty Measurement Results

Results of the measurements are summar1zed graphically in Figures E. 35
and E.36. Figure E.35 shows results of the A.C. measurements. Deviations
from flat response are attributed to cultural noise contamination in the -
measuring circuits. Peh 2 is not represented because of its high resistance
which precluded making A.C. measurements; its D.C. resistivity was 4750 Q-m.
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Fjgure E.36 shows the results of D.C. measurements on cores from the drill
site, along with Laterolog 7 resistivities measured in situ. The agreement
between the two sets of measurements is obvious. '

Comparison of AMT Data with Laboratory and In-Situ Resistivity Measurements

One-dimensional plane-wave, plane-layered modeling was done with the
Laterolog 7 data and with the resistivity measurements on the cores from the
drill site (Figure E.36) for comparison with the AMT measurements. Results
of this study are shown in Figure E.37, along with the apparent resistivity
curves from AMT station 4, which was the AMT station closest to the drill
site. Because the vast majority of AMT measurements indicated a low resis-
tivity layer at depth, an underlying basal half space with resistivity of
100 @-m was chosen for:all the models.  Three separate models were inferred
from the lab measurements (x, o, A) and two for the Laterolog 7 data (I3,O).
Comparison of the proposed earth models in Figure E.37, with the resistivity-
‘depth data in Figure E.36 will show the philosophy behind the choice of
models. These choices reflect an attempt to study the effect of the presence
or absence of a low resistivity surficial layer on the ability of the AMT
data to detect the comparatively thin, low resistivity region at depth which
is indicated both in the laboratory and Laterolog 7 resistivity measurements.
Surface sample Pce 9 was collected in the vicinity of the drill site and had
a measured resistivity of slightly over 200 Q-m. Therefore 200 Q-m was
chosen as the resistivity of the surficial layer. Comparison of curves x
and A show the effect of the presence or absence of the low resistivity sur-
. ficial layer on the resolution of a 150 m surficial layer in the absence of
the Tow resistivity layer at depth. The Laterolog 7 data indicated lower
resistivities for the conductive layer at depth than did the lab measure-
ments. Curves .’ and O show the effect of a 175 m thick layer of resistivity
of 100 Q-m as inferred from the Laterolog data in the presence or absence of
the conductive surficial layer. Several conclusions are immediately apparent.

1) In the absence of the low conductivity surficial layer, both a
150 m thick layer of 800 Q-m material and a 175 m thick layer
of 100 @-m material, as inferred from the lab and laterlog mea-
surements respectively, would be readily detectable.

2) In the presence of a conductive surficial layer, the presence of
the 150 m thick layer of 800 ©-m material would be undetectable,
but the presence of a 175 m thick layer of 100 Q-m would still
be detected.

3) The vast majority of the AMT curves (including all stations in
the immediate vicinity of the drill site) were similar in shape
to station 4 and were indicative of 3 layer structure within the
AMT frequency range. It is assumed that the low (100 Q-m) resis-
tivity region indicated by the Laterolog 7 data is a reflection
of the localized nature of the measurement in a fractured environ-
ment and is not indicative of the more regional resistivity
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structure. This conclusion is reached in view of the vast dif-
~ ference between the models generated from the laboratory resis-

tivity measurements, which agree closely with the AMT data, and

those generated from the Laterolog 7 data, which do not.

4) The set of fractures that were encountered at a depth of approxi-
mately 500 m at the drill site are undetectable with the AMT
measurements, in the presence of a low conductivity surficial
layer, (compare curves x and o) assuming that the porosity and
fracturing in the rock is such that its resistivity in the
presence of ground water is approximately 800 Q-m.

DATA_INTERPRETATION

To determine the geoelectric earth profile, we have sought three layer
interpretations (assuming plane wave incidence) for a number of AMT type
stations in the area. Each type station model exhibits a veneer of weath-
ered, conductive top soil and rock overlying a highly resistive intermediate
layer. The intermediate layer resistivity is very high. Even with increase
(decrease) of p; due to structural complexity or source effects the resis-
tivity of the intermediate layer is extremely high and seems to indicate
very competent rock with small intrinsic porosity. The third layer, modeled
as a basal half space is considerably less resistive than the intermediate
layer.

Table E.10 1lists the inversion results on the AMT type curves shown in
Figure E.31. As a general rule, the resistivity of the first and second
layers, and the thickness of the first layer are poorly resolved, but the
linear statistics from the inversion process indicate that the thickness of
the intermediate layer and the resistivity of the AMT bottom layer are in.
general fairly well resolved, assuming random normally distributed data
error.

Since we have interpreted our AMT data using a three layer model and
since the surficial layer represents a weathered surface layer of little
importance in this study, we have primarily concentrated on the depth to
the third layer interface as the major structural indicator. Figure E.38
shows a plan view (to the same scale as Figure E.27) of depth to the
modeled AMT third layer interface. The data has been reduced to 5000 ft
above sea level datum.

In general, we see the Marysville stock approximated as a deep intru-
sive body. The Empire stock appears as a sub-lenticular form with a major
interface delineating a lower resistivity material at a depth of approxi-
mately 2400 meters below the datum. A steep rise in the basal material
between the two stocks may be indicative of a fault as a set of faults are
exposed at the surface in this area. In general, the resistivities in the
southwest corner of the Marysville area are extremely low (v10 Q-m) even at
the very long MT periods. The shales, etc., in this region can be expected

E.136




WSB!

~ TABLE E.10.

”AMT Typé”Curve Inversion Results

p
Ao -

AMT

5N-S

§f4720

8 4+ 130

47 £ 18

26K

710 £ 170
o T 20N-S

5.4 + 85

17

-‘H’

AMT

46

‘450

24_4K + 702K

50

5.8 ¢
2160 ¢

150
290

AMT ) I': K *

50

16.5 * 45
740 + 90

AMT

9E-W

130 + 190

20+ 38

3700 = 770 .

27 % 43
2]10

AMT
210 ’

37N-S

,9620 +

250 £.370°

110+ 60 -~

4390

s
1830

70
-;;196

_x54,';

B4 N0

4370 +

6315

68K

4+ 80
410 + 180

AMT

169 ¢ 730

‘990 + 255
10N-S '
54+ 17

o 90+

120K
‘ 5810

39N-S

4760

+ 780K'1

i ]180

2690

1390ff ,
| 71R

CAMT -

76 * 360

. 476K + 1020K

140 + 250

6.5 30"
7010 £ 510

AMT
14

290 ¢

f‘wofﬂwf

1650

82 + 250
" 44.8K £ 185K 2135 + 500

avr 110

43n-s 410
59 &

+ 500
+ 90

14

16+ 110
440 +

150




8€L"3

- +

o

-I-D AMT MODELING RESULTS
MARYSVILLE GEOTHERMAL AREA
CONTOURS ARE DEPTH TO TOP OF
THIRD LAYER IN KILOMETERS

{O "1sotrRoPIC" STATION

O ANISTROPIC STATION

O 5 "*’SO\J

.O—

20

2130
[o]

770
o

FIGURE E. 38.

A datum of 5000 feet above sea level has been chosen.

Plan View of Depth to Third Layer Interface from AMT Measurements.




to have a low res1st1V1ty but the 1ow res1st1v1ty seen at extreme]y Tong
periods is not understood at present.— Paucity of data’ 1n this region further
- complicates any attempt at 1nterpretation at- th1s t1me s

Figure E.39 shows three cross sect1ons marked AA' BB' and CC' on Fig-
ure E.27. These cross-sections have been interpreted using one-dimensional
interpretations of AMT data and include information from other geophysical
and geological surveys by Blackwell et a1 (1973). .In particular, the
apparent form of -the Empire stock with a‘low (100 Q-m) interface at depth
and possible fault between the Empire and Marysv111e stock are shown rather
dramatically, partlcularly in profile BB'. - & - 1

Data Interpretat1on -:Two-D1mens1ona]rResults

To determine the effects of lateral- 1nhomogen1et1es on the MT/AMT data,
we have attempted to model prof11e AA' (F1gure .27) with a 2-D transmission
surface analogy mode11ng program. F1gures E.40 and E.41:$how the models and
station locations for which apparent'res1st1v1ty data are presented. Theo-
retical and observed apparent res1st1v1ty ‘data are shown 1n Figures E.42,
'E.43 and E.44 as: follows " ,

i

Mode] , MT . AMT
§§§Iﬂiﬂllﬂl; Station,NO.s ., Station No.
5 MT-5 “AMT 312
‘szg MT=2 -0 AMT 167
5y MT-12 AMT 71

The two-dimensional model shown in Figure E.40 was constructed using
MT/AMT one- d1mens1ona1 modeling results along with results of magnetic data
modeling by Blackwell.et al. (1974). A 1000 @-m half-space at a depth of
approximately 13 km was dnitially included in _the model to represent a
fairly resistive basement material. Examination of the TE and TM modes
from this model shows general agreement with: the. observed data at AMT fre-
quencies. In the MT- frequency range, however, the fit-becomes poorer,.
although the general shapes of curves are fa1r1y we11 preserved

Model 2, shown 1n F1gure E.41, was used for mode11ng at frequenc1es
lower than 1 Hz. At these frequenc1es the model can be simplified because
of associated’ 1arge skin depths. Note that the 1000 Q-m basal half space
has been omitted in this model. Model 2 results.for.both modes are also
shown in Figures E.42, E.43,. -and E 44 for the three selected statlons

The exce]lent flt of the observed data to Mode] ] resu]ts at 1ong
periods for station 53 “in both modes and for stat1ons $1 and 'Sy for the
E-parallel mode, indicate a need to at least deepen ‘the 1000 Q-m basal half
space. Station S3 exhibits a‘fairly good fit in-both*modes with no half

space at all; however, the E perpend1cu]ar mode for stat1ons 51 and Sz
N TR 1 i -;.; {_,‘
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appear to requ1re ‘2 more complex node1 to satlsfy the observed data. Com-
parison of the long period results from both models" suggests that at Tedst
the character of the ‘observed curves can be approximated by the introduc-
tion of a higher resist1v1ty material at depth. . However, the shape.of the
observed curves is undoubtedly a reflection of three d1men51ona1 conduc-
tivity structure both at depth and 1atera11y, wh1ch can be mode]ed on]y
approx1mately w1th a two d1mens1ona1 program R e e ,

In complacated two-dimensional geometr1es the TE mode will give a good
indication of the vertical res1st1v1ty profile. - Qualitat1ve arguments would
suggest that ‘for three- d1mens1ona1 ‘geometries’ with a- reasonable strike length,
the apparent resistivities obtained from electric fields parallel ‘to strike
should st1l] be 1nd1cat1ve of the vertTcaI res1st1v1ty prof11e

Our data 1nd1cates that the apparent resistivitles from ‘the e1ectr1c
field parallel to strike agree generally with two-dimensional’ modeling °
results, suggesting that the’ vert1ca1 resistiv1ty prof11e primarily controls
apparent res1st1vit1es with 1atera1 changes having a much reduced effect

»concwsxons D e Bt R B R S S et e e
The MT/AMT res1st1v1ty data, comblned w1th laboratory rock resist1v1ty
measurements,A1nd1cate the fol]owing _j‘i D P .

1) A very thin veneer of weathered surf1c1a1 mater1a] over11es the ‘entire
area covered in th1s survey. Th1sﬂveneer th1ns over the;Marysv111e
stock : ' . : -i i M . wl »‘ I ‘\ P ,' .‘ . . . -

2) The Emp1re ‘stock’ is c]early 1nd1cated in the data as'a high resis-"
tivity material. Within the accuracy of the AMT:data, no fracture
zones are delineated. The Empire stock high resist1v1ty material
appears "to extend to- approximately 2.4 km'in the vicinity of Lost -
Horse Creek, At this’point, the AMT ddta indicates the trans1tion
to material of a low resist1V1ty in the ‘ordér to 100°Q-m. 'This low
resistivity material may'be an actual material change or may represent
a more extensiveTy fractured medium than previously encountered at”
shallower depths in which hydrothermal water is flowing.. The MT/AMT
data of course cannot d1$t1ngu1sh between the two (or more’) possi-
b111ties ment10ned above R , ‘ . A

The Empire stock thins away from the Lost Horse Creek area The f?
thinning is less ‘pronounced southward than eastward. "The' res1s-ﬂ’j
tivity data is consistent with a model in ‘which the’ Emp1re 'stock -
extends to and abutts against the Marysvi]]e stock

Other geophysica] 1nformation must’ be relied on to determlne thE'f‘
western boundary of the Empire stock, because of thé'paucity of’
MT-AMT data in this region, and the presence of lTow resistivity over-
lying formations lessens the exploration depth of the data. There
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3)

4)
' ,,tlon to higher resistivity material (200 1000 2-m) in the study
. region. This mater1a] cou]d extend to the west of the Empire stock.

5)

6)

7)

8)

are 1nd1cators that the Empire stock extends to the south or south-

‘west off the mapped area (Figure E. 27) and thickens but again pauc1ty22f

of data in this reglon makes th1s conc]us1on specu]atlve

'The Marysv111e stock appears as a th1ck intrusive p]ug This stock L

seems to be underlain by low resistivity material (~100 Q-m); however,*”
this could be a manifestation of three-dimensional effects and the .
stock may extend deeper than the modeled depth of 7 to 8.5 km.

At a depth of approx1mate1y 9 km, ‘the MT data may 1nd1cate a trans1- ,

The resistivity structure at depth inthe southwest and southeast
corners of the map is 1ndeterm1nate because of the presence of near
surface Tow res1st1v1ty material.  The Marsh sha]e ‘outcrops in both.
these areas, overlain in places by the Black Mountain and Greenhorn
Mountain quartz1tes respect1ve1y It is suspected that the AMT . =
Soundings in these areas delineate the contact between the’ quartzite
and the Marsh shale. A thin veneer of low resistivity weathered
material controls the curve at the high frequencies, with the quartz-
ite representing a fairly resistive intermediate layer of moderate -
thickness. The conductivity and thickness of the Marsh shale are .
apparent]y great enough so that- penetrat1on through this material ... .
is not achieved at the AMT frequencies. Complex geology in this area
further complicates any interpretation. ,

Measurements along the ridge to the north of the drill site above
Empire Creek provide models with depth to a low resistivity layer
which approximately coincide with the contact of the Empire shale
and the Spokane ar911]1te, according to geologic cross-section CC'
by Blackwell, ‘et al. (1975). . Both the Helena limestone and the
Empire shale (sample Pece8), wh1ch are the overlying farmations in
this area, have exhibited high measured resistivities in both labo-
ratory and drill hole via Laterolog 7 measurements and presumably
make up the resistive intermediate 1ayer1ng in this area. Again,

a low conductivity surficial layer 1s present wh1ch contro]s the’

curves at h1gh frequenc1es

A low res1st1v1ty anoma]y (mzo Q-m) in the vicinity of station
MT 10 at the western edge of the study area appears to extend to
at least 102 Hz. The skin depth.for 20 Q-m material at 10-Z Hz
is 22.5 km 1nd1cat1ng a deep seated 1ow resistivity region and/or
much lateral 1nhomogene1ty. L .

We believe at this point that the data is inconsistent with pre-

v10us]y suggested models of a "magma . chamber".at shallow depths .
(2 to 3 km) under the exposed Emp1re shale .Therexper1menta1 ‘
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res1st1v1ty values: appear too large to be:consistent with mater1a1 R
at elevated temperatures We do not understand the low (10 Q-m) . -
values of resistivity in the southwest corner of Figure E.27. The
paucity of data’from varibus geophysical exper1ments (1nc1ud1ng
MT/AMT) makes any conclusion highly tentative in this region. We 5
. feel that the area to the south and west of the area studied during
1974 should be investigated further to determIne the ent1re struc-=v :
tural picture at depth for. th1s reglon e

9) We wou]d specu]ate that the reg1on below 2.4 km under the exposed
Empire shale is the reservoir for a hydrothermal system and frac- .
. turing through the Empire stock (<2 4 km?) serves as a condu1t for
~ the hydrotherma] system. -
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APPENDIX E.1

RESULTS OF MT DATA COLLECTION

_ D. Rankin
University of Alberta

MAGNETOTELLURIC 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 geotherma1 exploration. The
magnetotelluric method was used because of its potential for deter-
mihing;resistivit& anomalies which are thought to be associated with
thermal anomalies. The area itself is ruggéd Considerable dif-
f1cu]ty was encountered in 1ocqt1ng suitable recording sites and in
transport1ng the instruments Usable data was obtained at 12 sites

and these stations are shown on the map in Figure E.45, except for
stat1on MT 11 which is near Helena, Montana and is used as a control.

' Harmon1c analysis of the data was carr1ed out using the Fast ,
Fourier technique. Tensor impedances were computed and the principle -
directions, the skew and g factor were obtained. The apparent
reéistivities in the pfincip]e directions are shown for stations 1, 7
and 10.in Figures E.46, E.47 and E.48 and the associated parameters
in F1gures E.49 and E.50. The apparent resistivity values in the
major direction are contoured in Figures E.51, E.52 and E.53 for
periods of 0.1, 10 and 100 sec.

Rankin and Reddy have shown (work to be submitted for publication)
that fér continuously variable conductivity in the lateral direction,
a two 6r three dimensional structure can be interpreted to a good
first order approximation by one-dimensional 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 is 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 is 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 abproximately
30 km from the thermal anomaly shown at "C."' The negative results
of!this work with respect to the anomaly:at thé_Dri]liSite is con-
sistent with the results of the microseismic sﬁudy.‘ ; ‘

f; It wou1d be useful to extend this survey to the fegigp ébdut :
Station MT 10. : b v

g

™
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APPENDIX E.2 G

BASIC MAGNETOTELLURIC THEORY

The5bas%ottheory'of magnetotelluricffields$isycontained in. a boundary
value‘problem involving Maxwell's equations, and the resultant electromag-
netic wave equation. The relationship between orthogonal components of
the electric and magnetic fields measured at the surface of the earth are
a measure of ‘the electrical properties-bf,the:earth;v Tt

The reference‘cbordihate*frame for the theoretica]rdevelopment which
follows is a right- handed cartesian system with: the pos1t1ve X ax1s north-
ward and z vert1ca11y downward The earth 1s 1n1t1a11y con51dered to con~

sist of N hor1zonta1]y strat1f1ed, 1sotrop1c, homogeneous conduct1ng Tayers

above a basal half space. The origin of the coord1nate system Tles on the
. ) l

upper;sur¥ace of the first layer. The rat1ona112ed MKS system w111 be
used in the theoret1ca1 dvscuss1on
The natural e]ectromagnet1c disturbace fields are thought to or1g1nate

in the ionosphere or magnetosphere at altitudes of 100 k1Tometers and

greater and these f1e1ds then propagate downward to the surface of the

_ earth The s1m11ar1ty of the magnetote]luric fler over Targe reg1ons

at the earth s surface was. noticed by Schlumberger and unetz (1946) and
Kunetz (1953), thus Cagna1rd (1953) made the a przort assumpt1on that the
natura] e]ectromagnet1c d1sturbances cou]d be treated as plane waves o

}1 vr

S1nce the Tayers of the mode] are assumed to contain no prlmary sources,

Maxwell's equations in the i th layer are given. by:
—-.B—E .' ; I e iy o
‘ﬂ?fgjmﬁt-w“ R TS B TSRS E O S TR S ,.5@3
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"y xH= fi+"TS | 4 A2.2
veD=p=0 A2.3

v-B=0 | A2.4
where 3 = oF, D = cE, and B = ufi. e

- For a steady state sinusoidal: time dependence of the form.e J“t for

-the electric and magnetic. fields, equations A2.1 and A2.2fcgn,be.written:3
Y xE=geplo L N N -

Y X.ﬁ—»c_é - Jmet Lo me el s, A2.6

Taking the curl of equations A2.5 and A2.6 and assuming ¢ and o are

constant within each layer, we obtain two vector Helmholtz equations

v’[é] + K [E] =0 _ R

where k* = juou + enw? . Solutions of the Helmholtz equations are given

by::h
SR 5 I 30 RN St
il eJKir B Jét A2.8
o 13 . i NS
where
) -k = (kxs kya ‘kZ’)
T = (x, y, z).

The frequenc1es cons1dered 1n magnetotel]ur1c (but not aud1o-magneto-
tel]ur1c) methods are nearly a]ways 1ess than 10 Hz Us1ng norma] para-
meters of conduct1v1ty, perm1tt1v1ty, and permeab1]1ty appropr1ate to
mater1a]s compos1ng the earth, the d1sp1acement currents are neg]1g1b1e
in compa'.son the conduct1on currents for the 1ow frequenc1es con51dered
here1n | | i '

[ Jwon|>>|enw? | .

The He]mhbltz equations then reduce to diffusion equatiohs with a diffusion
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constant (ekfn depth)Jgiueh'hy -
o Lot 1’(_ N ' 7’8: ‘ i L T S e E L s s
§ = 4= . 2.9
Hwo P

S1nce the wave number of the e]ectromagnetlc f1e1d in air 1s ‘much less

than in the earth,
Kygp = Eono® << | Juno g kb g 0 o T
at the air-earth interface the iﬁb?deﬁthpTéﬁe'Waues’are refratted’and
propagate through the earth near]y paral]e] to ‘the vertlca] axis for
nearly all incident angles. =~ ~°" = % 2roe i
For the ‘geometry and ‘conditions stated ‘above, £ and T are independent

of x and y and thus all derivatives of the field with respect to x and y
vanish. Thus, in’ the 1th 1ayer e solut1on of' equat1on A2 7 s given- by

‘ 1 = E [exp( 1klzz) + RTEexp(+1k z)]exp( 1k Xt dwt), - - A2.10
in which E is the amplitude of the 1nc1dent e]ectr1c f1e]d and RTE is the
reflect1on coeff1c1ent for' perpend1cu1ar po]ar1zat1on def1ned as RTE o
Using th1s solutlon and Eqs A2 5 we obtaln the

ref]ected/Eincident
solution for the magnetic field as

T

H1x [exp( 1klzz) - RTE exp(+1klzz)] exp( 1k ¥X f 1wt) A2.11

u

If we take the ratio of tahgentia] e]ectric and magnet1c f1e1ds on the

upper side of the. surface at z =.0, we obtain.

El.v. ;_ b (1+RTE)= £ (1+R ) CA2:12°
Hix 220 k12 \I-Ryg ¢ cosy. "Rt o

whereiz1 is the impedance of the: upper region. In the lower reg1on we

have ‘ ) o o »
”ééy = E(;Tfééxp“(iikz';zf-' i’kzX'x‘ +det),
and .
k,.ET ‘
_ 2z 0o TE . . .
Hy, = P (-11,,2 - ikp x + iwt), A2.13
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where TTE is the amplitude transmission coefficient for perpendicqlar po-

larization. Sincé we must have k1x = k2x in the limit at z = 0; thén'we |

find
& 2 L
_F'_x -J‘k_‘Lu_) -_-..._.._.._._e = Zé’ A2.14
2x | z=0 2x €959 o
‘and Z2 is the impedance of the lower region. At z = 0, tangential E
and H must be continuous, therefore we find

We now extend our lower half space to a model of the Earth which is com-
posed of a number of parallel homogeneous plane layers. For any layer
p we have a solution

E_ ='E°[Apexp(-ikpzz) +kBpexp(fikpzz)]exp(-ikpxx + iwt),

Py .
« Eo R - . '
.o I o “ el i +igt) . A2.I
pr Ip [Apexp( lkpzz) Bpexp( jkpzz)] exp( 1kpxx jut), A2 1?,
where Ib is the_intrinsi; impedance pf,the_pth layer. If,Zp is the input
impedance at the pth interface, then at z = 0
Z = E.Ql =1 (ﬁE—)
1o Hox1z=0 © \I-Ryg
E - [A+B 148, /A, \ - | .
1 171 1’71
Z, = 7L =1( )=1( ) A2.17
1y e TINABY) L INTBY/R, o
To solve for Zl’ we must determine the unkhown ratio Bl/Al' At the
interface z = d . | | .
E i2¢s . B,/A ' '
1 e +°1"71
l, = . =1 =T s . . A2.18

where $7 = klzdl‘ Solving Eq A2.18 for BI/AI and substituting into Eq.

A2.17 we obtain
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22 + iI] tan ¢]

Z] = I] I, iZZ - . A2.19
This is a special case of the more general relation
Zp i Ip ip + ilpltaniR A2.20
p + in+] tan ¢p

in which ¢p = kpzdp;‘25_p < N, inwhich p corresponds to the layer numb-

er and ZN+1 equal IN+1. . - S

The apparent resistivity of the medium can now be defined as:

_ 1 2 A2.21
oa(w) = o | Z (w) | .

The apparent resistivity thus represents a weighted resistivity value
for all layers and is the resistivity of an equivalent homogeneous

half space at a particular frequency.
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APPENDIX E.3

At e ontvc THE INVERSE PROBLEM-¢ocis * xive i

INTRODUCTION

i, - TR PR T S ' S50 06 TR PR S

Much effort has been expended in so]v1ng c]ass1ca1 boundary o
value problems to find analytic solutions for part1cu1ar prob]em

geometr1es

[T A r I
et i‘:.)"’ "~‘~‘vj‘

We shall now attempt to dellneate the 1nverse prob]em As- |

Tt ey 4

sum1ng that the forward prob]em for a partlcular geometry can be

[ \

solved analyt1cally or numer1ca]1y, we now attempt to use th1s o

—;":‘3— it ¢,

solution togetherAnlth a g1ven set of observations to determlne R
“the physical parameters of our‘model wh1ch y1eld a good approx1- {
mation to our exper1menta1 resu]ts Our understand1ng of the 1n-b d.
verse prob]em hasﬁbeen greatlu a1ded by the stud1es of Backus and'h.
G11bert (1967 1968, 1970) Bai]ey (1970) Johnson and Smy]ie (1970),
Parker (1970) Knopoff (1971) w1gg1ns (1972), and many others

In th1s sect1on we W111 cast the 1nverse prob]em 1nto a general
linear inverse prob]em W1th a s1mp1ermatr1x a]gebra wh1ch can hope-} |
~fully, estimate a number of the 11near or qua5111near unknown | o
parameters of the mathematzcal model of a phys1ca1 system For a
detailed review of general 11near 1nvers1on “the reader 1s referred

(

to Wiggins (1972).

GENERALIZED LINEAR INVERSION

We shall assume a model, a mathematical abstraction of the real
world which suffices for some geophysical observation, for the physical
system under consideration. This model will, of necessity, be represented

by a finite number of parametersz; ,i = 1,M and we shall
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denote a part1cu1ar madel as
Mj (z sgseee s ) _ M (X), A3.1
where the subscript j represents: the model for a particular combina-
tion of xz;. A rule which maps the model into gross predicted data,
ypred, shall be called a gross functional f and we have the relathn-‘F
hip e R
yPred = f[M x)]. R : o 1A3.2"“
The corresponding number representing actual phys1ca1 observat1ons is
denoted by yobs ) o | ‘
One obJect1ve of our 1nvest1gation IS to f1nd a set of parameters
X for our part1cu1ar mode] wh1ch m1n1mlze in some fash1on the dif-
ferences IY ObS - yPredl for a]l measurements To ach1eve thls
m1n1m1zatlon we snall 11near12e our prob]em by expand1ng the gross
functlonal in a Tay]or S serles and reJect1ng the second and h1gher'
order terms: - - | | |
y°b5§ yp"ed Z sfFIM(X)] Az.; j- 1,...,N." A3.3
Y = | oz '
The precesses of parameter1zat1on and 11near12at1on have now left us

with a set of N s1mu1taneous equat1ons in M unknown wh1ch must be

so]ved We sha]] now adopt the fo]low1ng notatlon.

Yy - hred ) A :
V = bs _ : =
AY yg . yg?‘ed NG A.:.cz A3.4
bs ° .pred :
Yg - yg A

and
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QMW aMN

T —— e |
-3 Loy ;

8.'::1 ox

which-allow.us to write the simultaneous gqugtionsyip”matrixsformYi

; ‘AAX‘=AY fji: L D LSRN ERSEEEIR Rt A3.6

THE LEAST SQUARES INVERSE®

" The method of finding a least square inverse ‘to linear and non-
Tinear problems has been discussed'inAékdéiTéﬁtfﬁéVeioﬁménts by ‘Hamilton
(1964), Draper ‘and Smith (1966), and Bevington J(1§69)*'§Glenhiet:;a1
(]973) and Inman, Ryu ‘and Ward (1973) ‘have giVen detailed accounts of
the app]1cat1on to e]ectromagnetic res1st1v1ty sound1ng ‘préblems. The

R R

IineéfiZéd'fdrm:bf'gébphySical brob1ém can be ‘written-as "

[A] <ax> = <ay> + <e>" IR TR TR A BTS¢ S R
E&h%iihn A3.7 repfe;éﬁis é;%ruﬁdated Taylor SéfiésTeXpaﬁsibh'w%th the
truncat1on error given by <e>. When <e> contains small values, the
]east square solution of A3.7 for <Ax> is glven by \

o {[A]T[A]} Tragm <Ay>*i’** S R X
where superscr1pt T denotes matrix transpose and superscr1pt %1 denotes’
matrix -inverse. The inverse operator is g1ven by N

] = {[AIT[AD} “TLATT S oo A3
The derivatives required to formu]ngi[A],can;Reseia]uateq;nise]y‘by

the 'scheme ;shown by Patrick .and Bostick (1969).. . ..

~E.169




:_?’—' 5
5 e

The least square error of thefsolutfon, 55, is computed frﬁm

§§ = <ay>T<py> i fA3,]o

DESCRIPTION OF STATISTICAL ESTIMATES

The following demonstrates stétistica] techniques used in eV?]-
uation 0f geophysical measurementSL We will not derive basic statis-
tical principles but refer the reader to Hamilton (1964) and Bevihgton

(1969).

S

Ana]fsisﬁof"the'modelmdepends upon statistical estimates of the -
mode]'pérameters or the parameter covariance matrix, which has -diagonal
elements of variances and off-diagonal elements of mutual vgriancesi L
or covariances. Computation of the parameter change covariance mat%ix.
has: been outlined by Jacksen (1973) and W1gg1ws (1972).

i The parameter change covariance matr1x is forma11y def1ned 1n
terms of the expected value of the parameter changg as -
[covax] = E {(<ax> - E<Ax>) (<Ax>»-_EsAx$)T} . A3.T1
where E denotes expectation. The data difference covariance matrix
is defined in the same manner as |
[covAy] E {[ <ay> - E<Ay>) (<Ay> - E<Ay>) } A3.12
It can easily be shown that , - |
[covax] = [H] Loovay] [HIT o 3. 13‘
If the data differences are stat1st1ca11y 1ndependent and have a

2

uniform var1ance, ay, then A3.13 becomes .

[covax] = [4] [HIT &5

[covax] = {[AJT[AJ}-‘g§ N TR I
Smith (1974) has shown that assuming: |

1) The numerical error in computation of the forwird problem:
and derivatives are much smaller than the observation errors,
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~+:2) truncation of the Taylor Series expan51on produces smaller
error than the observat1on error, R

3) [the observat1on errors are statistica]ly 1ndependent w1th o
- a uniform.standard deviation and: ' : , .

4) the model describing the earth correctly.describes.—\ e
the terrain in which the geophysical measurements are made

the covariance of ax is the ‘same as covariance of X, the rector 6%‘pafa-
meters (so]ut1on to the problem), 1 e. |

A [covAx] [covx] ,
that is [covx] = {[ATT[AD}"] gf/ A3.15

- The data variance;v£§;»sca1es:[covx];as-given by equation: A3.15.. "
An estimated: value of.the data variance is given by - |

‘51‘2;“=<AC>T SAC>: il L R N L IR
° TN | | A3 15

where N 1s the number of observations and M the number of parameters

The parameter covar1ance then, is est1mated by subst1tut1on of 52 for

g2

y given in equation A3.15.

The magnitude of parameter standard deviation, (covx1 )]/2,

reflects the magnitude’ of\the-mean»value of the:parameter (E{xi})l’,
”‘The”standard'deViation*is*given'asfa-percentage:of the parameter or

j
(EP)J o A

Percentage parameter gtandard dev1ations have the desirab]e advan- i "'

k10 . mas

tage of be1ng d1mens1on1ess and 1ndependent of the parameter mean |

value (Jenk1ns and Watts, 1968)

"‘VV o
[

The rema1n1ng 1mportant statist1ca1 est1mates are glven by the

th

parameter corre]atlon matr1x which has 1th elements deflned as

EAN




COVX. .
corrx, . = 1J : ~A3.17

1j (covx1 . covx..) 172
Near unity values for the off- d1agona1 e]ements of the corre]at1on

matrix implies a linear re]at1onsh1p between parameters of the earth
model. For example the first parameter, Py» can be written in terms

of the other parameters as

P, = (covp,.) .P. A3.18
17 %= 2'(—-y-- LI RN ,
Equation (19) also suggests that for near unity values of correlation
coefficients, two or more parameters can be combfned as a single para-
meter. For example suppose that the correlation coefficient for 1
and D] is near unity and greater than zero. Then a change in one will

~ be proport1ona1 to a change 1n the other Hence the rat1o D/c or the

product py D] (re515t1v1ty th1ckness) w111 rema1n approx1ma*e1y a

constant.

MARQUARDT CONSTRAINTS

Problems with convergence to a minimum of the objective function
(least square error) arise in the linearized inversion process when the
difference between the largest and smallest eigenvalue of the matrix
ATA (cdndition number) is large. A small eigenvalue associated with a
particulaf bafaméter implies that the data contains little information
about that parameter. .Th%sbinvturh implies that large changesvin the
value of that parameter will have little effect on the theoreticaﬁ1y
“generated data (forward solution). Because of this, ]ébge_sfeps in
parameter §pace may»resuTt during unbonstréinéd itefation@k The least
squares linearized inversion technique always produces a step in a

direction which Wil] decrease the value of the objective function,
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But the objective function in parameter space may have many local minima, maxima, --

or saddle points, depending on how non-linear the actual problem is. The mag-
itud of the step in parameter space becomes important in this case, since it
is possible to overshoot a minimum in the objective function by taking too
large a step.

The Marquardt technique provides a means of controlling the step taken
in parameter space by weighting the diagonal elements of the matrix [ATA]'].
The weighting is performed in the following manner (see Chapter 3, Lanczos,

1961 for notation)

A= un' AT = vt
m 4
AT = T = T
Unweighted ~ Weighted
Te-1. ™ 4 T mo__ 1 SR
[A'A] " = z NARAZ 2 (A2+m) viv,o= [A A+w]
i=1 i=1 ;
where U = matrix of data eigenvectoré
V = matrix of parameter eigenvectors v;, i =1 tom
A = diagonal matrix of eigenvalues of A
I-= identity matrix
w = Marquardt weight

The Marquardt weight w is determined by experiment to allow convergence
to a minimum of the objective function upon iteration. Values of w used in
this study ranged from 0.05 to 0.2. The effect of fhis weighting on iteration
is to decrease the step size in parameter space and to fotate the direction
of the step towards the steepest descent direétion of the objective function,

with the larger values of w having the greater effect.
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