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\ Although geothermal energy has bcendtiljzcd for many years, only recently |

has interest really surged. Italy has long n a leader in the development of |
\_iothcrmal steam resources, but more recently _‘Tm’ﬁy rs geothermal field
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ih\California has become the world’s largeszToducer of dlectrical power from
geoghermal steam. As concern for atmospheric purity grows and as the demand
(fbr energy sources increases and proven reserves of energh\sources decline, in-
Merest in geothermal potential to expand our energy supply‘,ains impetus.
T Gathering of data for this map was begun in 1969 whe Sthe author became
interested in the possibility of using the information recofded on electrical
logs from wells drilled for oil and gas. Most modemn well(are surveyed by
means of electrical-resistivity tools to evaluate the formati etrated. Bottom-
hole temperature is recorded on each well log. These temperaturds; therefore,
give valuable information at depth, from which a regional pattern of geét'l\ermal
gradients can be derived if the reliability of the data is satisfactory. Basicinaccu-
racies and problems are involved, but it becomes clear that general trends ':an be
mapped. /
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PROCEDURES ~N

The basic figures used in construction of the map were the bottom-hole tem- -
peratures read directly from the headings of commercially run electric logs. R'e‘
sistivity logs record bottom-hole temperatures as a necessary part of evaluation of’—\ —————
the resistivity of the drilling fluid. Expected inaccuracies will be discussed below.™,
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Mapping temperature gradients is clearly preferable to mapping bottom-hole )
temperatures; the rate of increase of temperature with depth is a more usable f
piece of piece of information. The thermal gradient was calculated from the (Y'Y

equation:
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[~ BHAT =boromsole-tempbrature
,' MAT = mean annual temperature at the sife\
t
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! - LThjs?quation was used in an effort to reduce the rdw}ma to a consistent
\ sis bylincluding the effect of surface temperature. Soil sCientists have found
L. at thej temperature at a depth of 20 feet varies less than 2 degrees Fahrenheit
1 \IfOM MMean annual temperature (Smith, Newhall, and Swa%@m, 1964). Thus,
* l'{n‘calculating the amount of temperature change that is atigibutable to depth,

0 feet must be subtracted from the total depth of the well/ Also, if the mean _f
nual temperature persists at a depth of 20 feet, the tem ure change attrib- "~
iltable to change in depth must be calculated by subtracting th mean annual (
emperature from the bottom-hole temperature. The equatiorf then tells how \
” pidly the temperature increases with every thousand feet of depth. An exam- )
5 plecarr quickipnglemonstrate the applic:\l'%n.qf_the_e{ua_ﬁon Consider a bottom- (
hole temperatute of 146 degrees Fahrenhtit at 5,420 feet depth, T a tpeality - — - —- _Q
where the meafi annual temperature is 42}degrecs Fahrenheit. The calculation
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Thus the Lherm‘a’l\gradient at that location would be 19 degrees per 1, feet.
TS S
\‘\-\ . Let us now examine; the effect of errors fn measurement. If the erfor in
temperature measuremient were + 10 degreés, the calculated gradient would
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LL - nge from 17 to 21 degrees per 1,000 feet. grus the gradient calculdtion :
L. d vary by about plus or minus 2 degrees 1,000 feet, if errors of meas- l
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—! urem®atwere of this magnitude. In practice, grror of measurement grobably
. rarely exceds plus orr';ﬂnus 10 degrees, so an isothermal interval of 5 degrees
N\ ]‘I is justified ircontouring. Error of depflimi&asurement has even less éffect, _
- -9 and error otpr}aaéupu:gﬂ-ef-dopﬂns.zbt likely to exceed % percent. Sucha |
]-: small error in measurement would cause less than plus or minus 0.5 degree
\ \—pe.r.ll ,000 feet in the calculated gradient.
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\ ~Stmrges of error in the important parameter, true formation temperature, '
"\ Idrc easily visualized but difficult to avoid in practice. Consideration of the l'
< magnitude of error, however, shows that the map is indicative of regional !
7 ! thermal features. '
\
¢ .l Action of the drilling bit upon the formation generates heat. The drilling I
\L fluid functions as a coolant and lubricant. One can visualize an almost in- |
| stantaneous sharp rise in rock temperature in the vicinity of the bit as drilling
progresses. Shortly thereafter, the drilling fluid cools the rock to a tempere-
1 ture that is probably somewhat lower than true formation lempcra,l,urd. The 17\
,"\—' = drilling fluid is cooled at the groand surface before beginning its ‘;ij:mey down
N the hole, and although its temperature rises as it is pumped d e drill stem,
( it never quite reaches the true formation temperature ; Fhus,-the entire system
oAl al ‘ q_m],LbJ_]u_m_dﬂ'mg dl:lllmg. \thn l'il'll g 1s_c9mpleted, itis
] mon prictice to circulate the dfillifig flojd ¢without drilling) to condition
the hole in preparation for running logs. The period between the cessation of
drilling an{ the start of logging may range f;dm an hour or two to as much as
24 hours. (During this time, also, the entire)system is maintained at disequilib-
rium becapse the fluid will always tend tobe somewhat cooler than the sur-
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INTERPRETATION j/
At the outset of lh# study it was quickly found that combining data from \\’ -
several formations led to confusion. Because the only stratigraphic unit ~
capable of producing truly large volumes of water (or steam) is the Madison M
Group, it was chosents the best unit to study. It also has the advantages of
large reserves of relativel h water and high artesian pressures. A fair
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amount of information is avajlable, but data points were sclected from only
the upper 500 feet of the Madison Qroup because that part constitutes a
more nearly continuous stratigraphi¢ unit than does the group as a whole.
Data from this part of the unit wcny'more abundant and proved to be more
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roundfMgTock at total depth. As the ﬂLPd‘ flows up the hole from total depth, ' consistent. ' - -—
it will'tend to be somewhat warmer thantthe surrounding rock. | 4
¢ L Much of the state does not show well-de ermal anomalies, put the \
It i;ﬁasy to understand that the tempgrature at the bottom of the drilled | north-central part demonstrates sorfie well\defined thermal highs, m ny of ) |J
hole¢will never be quite representative of trye formation temperature, but how 1 which seem to be associated with WTN Hills. High temperatures in ) f
far if may depart is a very difficult problem to evaluate. The drilling fluid is | these areas are probably related toyburied intrusive igneous rocks. The most A -’\\ |
standing still for a short time while the logging tool is being run into the hole, ! conspicuous thermal high trends/Southwest from a point south of Fart Benton ~7 :
buf the time is inadequate for equilibrium to pe attained. Because there are I toward Helena. Though logsely controlled on the southern end, a thermal ) |
po4lata available, we can only estimate that the bottom-hole temperature ' gradient of 49 d(:gre/ssm 1,000 feet is impressive. , ) .
obably rarely differs from true formation témpemture by more than 10 I ¢ | , l
d¢grees Fahrenheit, and in all probability the difference is somewhat less than S _The area outlindd by the heavy dashed line contains more data po’nts and f )
'S-)Uegrees Fahrenheit. ‘/ — l_ a more complexﬁiﬁguration than can be depicted adequately at the scale f |
= ~ ’. T of the map. Gerferal features are outlined, but specific data points njay seem N i
Sources of error, therefore, may be: (1) érror in bottom-hole temperatu not to fit the conffours. The complex pattern of thermal highs and lows in the = l___
“umeasurement, including instrumental error; {2) error in measuring the leng{i area Shoul—d))e“s‘tud'ﬁf further. r ,_-_.__.--——1 ——— - [ |
f the bore hole; and (3) error in assuming the¢ mean annual temperature at ! N / ! ! T '_‘I H " i
,~ thessite of the bore hole. These errors may be either additive or compensa- l \ CONCLUSIONS ! J ' |1l s
H ) ~
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tory. Each situation cannot be adequately(evapluated, so we must accept a det
{gree of error that is reasonable and work with it. Tn reality, the error probably

,—11 is clearly apparenl‘from the study that some areas in Montana Jffer

raigly exceeds 10 degrees Fahrenheit and probably‘{cnds to give an yndefesti- -

n-ﬁte of true formation temperature. T ( ficient utilization of hot Wwater and wet steam rather than dry steam, our stafe J‘

| prospects for production pf geothermal energy. If new technology dHowsef
reserves will be multiplicfmany times.
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o~ B \ K Prospective arcas must . 1 ion

v = gradient, depth to the targel, geologic structure, reservoir characteristics, anﬂ >
availability of surface and ghineral rights. Even then, if steam is discovered, 4

1
he determined from the proper combination of thirmal /

/ —
(_/ o s R. o~ " \ market must be found. Athhesc factors are,pmrﬁawcd‘nd evaluated, thkf'
\ A\« N o T~ areas in which to conduct the resgarch can be jieﬁncd. A Fa
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\Pxeas in which thgrspal g&die_nt_sz}_ﬁjggb/hre apparent on the ma?:- ost
prorf;ising part of tlz‘:%c is the north-central area, where relatively wi dﬁtf;llned
. areasyhow thermalgradients as great as 40 degrees per 1,000 feet. Toward
south, the map!é' trend of high gradients that extends from a point near Fort
N Benton toward Helena shows thermal gradients of almost 50 degrees per 1,000 1‘1
feet. A gradient of this magnitude is indeed encouraging because it would indi- T
cate thaf if favorable reservoir rocks could be found at a depth of 8,000 feet, a
temperafure of 400 degrees Fahrenheit could be expected.
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/ Itis &1fortunale that well data are not more abundant throughout the state.
¢ In the niQuntainous areas, where probability of geothermal resources should be
L) greater, thv.Q.iliomm: probability of finding oil or gas, so very few wells have
'\‘ been drilled. tal agienoc of data has left large blank areas on the map, and

\

these blank areas sholJd be an open invitation to gather information there.

1

R It seems clear that illontana stands in a favorable position to be a producer
? of geothermal energy.| Much of our future depends upon a sound and equit-

~ able suite of legislatioh upon which a new industry can be based. It is sin-

\ cerely hoped that ourstate can look forward to a new industry that will be
N encouraged by the leghl structure of leasing and producing regulations. With-
( out development, sucr a resource is worthless; with wise development it is a
2 valuable heritage that can assist in establishing a sound economic base for the
future. I
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