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ANALYSTIS OF HEAT FLOW AND GEOTHERMAY, GRADIENTS AT

A GEOTHERMAL PROSPECT IN BEAVER COUNTY, UTAH

Summary

Héa; fiow and geothermal gradient data from thirteen driil holes out-
line a gecthermal anomaly with gradients as high as 28°F/10CG' in basement
rock and heat flow values 10-15 times the background value.. The geothermal

anomaly is asspciated with a Basin and Range normal fault between the Mineral

Range on the east and the Escalante Valley on the west. The zone of geo--

thermal fluid circulation extends to depths of 6-10,000 feet. The volume
of prospectively productive ground less than 10,000 feet deep is aﬁ least
40 mid. The inferred.geochemical temperature of the reservoir is in excess
of 400°F. Deep drilling west of the fault should encounter a productive.
Qeservoir along‘and adjacent to the fault zone in both basin and range rocks.
froduction from the basement block beneath the faul: depends on the degree
of fracture porosity and éermeability present, This second area might be

the beét for possible steam discovery. Additional exploration studies are
recommended in order to extend the possible productive area known, obtain

mere information eon reservoir conditions and to investigate the potential

of the Mineral Range.




Intreduction

This reéprt Coﬁcerns analysis of the teméerature gradiengs and heat flow

in 13 exploration‘drill heles in a geothermal‘prqspect in R S9W, T26
‘and 27 §, Beaver County, Utah. Thermal manifestations (hot spricgs and
“hot spring déposits) occur élong a linear band aﬁout 5 miles long w;thin—
the ﬁrospect area. Geochemical temperatures from Roosévelt Hot Springs
range from 400‘ to over 500°F (see Peterson, 1973, and.a preliminary
report, Blackwell, 1973). The prospect lies between thé Mineral Mountains:
to fhg east.and the Escalante Valley to thelﬁest. On the basis of regional
gravity data (Peterson, 19725 the Escalante Valley is a faulted basiﬁ on

the order of 5000 feétrdeep (the relative gravity anomaly is -30 mgal).
The d?ill holes were put down to investigate the size, intensity, and nature

of the geothermal anomaly associated with the surface manifestations.




Temperature Gradients

Data for this aunalysis were available from 13 holes in the prospect.

The average‘gradients for different portions of the drill holes are éhown
in Table 1. The tempergture-depth data are plotted in Figures 1 through 4.
Most of the holes were drilled in relatively uncdnsolidated alluvial fil};
however, on‘the.basis of the driliing reports it appears that holes 7, §,
9, and possibly 6 bottomed in the basement rocks of the Mineral Range.
The lowest gradient observed is SOF/100'.<from QIOtTD) in DH-3 and (from
1601TD) in DH-13. The highest gradients-are found in DH-7 in section 16.
There the gradient in the lower interval in the drill hole (probably in
basement rock) is 27.50F/1001.

The temperature-depth curves shown in Figures ljé hgve been-diﬁidéd_
into a‘series of différent interyals based on variafions in gradient (Tablé
1). Some of these gradieits intefvals may indicate distinct lithologic
units; however, most of the contacts are gfadational and represent'relatively
smooth variafiogs in lithology or porosity of the alluvial material. Few
of the contacté are sharp, except the contact between the intervals of very
high gradiént observed in the upper part of some of the drill holes (for
exémple, in 3,‘4, 10; and 13) and the 1oﬁer gradients ia units below.

This contact might represent the water table in these drill holes. - Aimost
all of the. temperature-depth curves are convex upward. The explanation for
this convexity is that the porosity decreases and the thermal conductivity

increases with depth in most of the drill holes.




‘TaBle 1 Geothermal gradients and heat flow values. The figure beneath
the geothermal gradient for each depth interval is the standard
deviation. Inferred values are in parentheses.

Drill Depth . "Geothermal " Thermal Heat .
Hole ' Interval gradient Conductivity Flow .
' ' Feet Or/100" 107 3cal/cm sec”C 10'6cal/cm25ec
2 _ - 40-110 4.9 (2.2) 2.0
‘ 0.9 '
3 C40-12¢ S 16.3
3.5
120-250 7.1 (2.2) ‘ 2.8
2.0
250-410 3.5 (3.3) 2.1
1.7
410-640 © 3.0 5.0 27
0.7 2.5
4 ‘ 40-70 i5.7
_ 1.5 i _
70-200 16.9 (2.2) 4.4
: 2,0 ' _
200-435 8.5 (3.3) 5.1
1.5
435-550 5.3 4.7 4.5
1.1 4.7
5 40-60 32.0
' ‘ 1.4
60-110 - 26.2
: _ 0.8
110-300 22.6 (2.2) 8.9
1.2 - : ‘
300-460 S.18.7 (3.3) 11.1
: 2.0 10.2
6 ‘ 40-90 11.0
S 1.2 :
90-160 8.9 (2.2) 3.6
_ 0.7
160-250 5.8 (3.3) . 4.0
‘ : ’ 2.0 ‘
250-310 4.3 4.2 3.3
' 1.2 3.6
7 40-120 62,8
8.5 :
120-150 - 49,3 (2.2) , 20
' . 1.2
150-230 35.1 (3.3) 21
5.9 o
. 230-280 ' 27.5 - 4,0-5.7 20~29.5
5.8 20



Table 1 continued

Drill - Depth ' Geothermal Thermal Heat

Hole . Tnterval Gradient Conductivity Flow
: Feet oF/100'
¥ T 30-50 . 60,0 (19)
' ’ i 1.4
9 60-80 13.5
. 2.1
80-180 ‘ 10.7 (2.2). 7 4.3
: 1.8 3
1.5 4.3
10 50-100 15.8
3.1
100-250 10,0 (2.2) - 4.0
. - 1.1
250-350 6.4 (3.3) 3.6
1.5
350-590 4. 3 4.7 3.7
' 1.5 3.8
590-620 6.0
11 . 40-150 - ' 28.1 (2.2) 11.3
. 9.3 . _
150-190 233 (2.2-3.3) . 9.3-14.0
1.9 11.5
12 40-420 9.8 (3.3) 5.9
' 1.2 '
420-480 6.3 (4.7) - 5.4
' 1.0 5.7
15 40-100 . 20.8
' 0.8
100-140 24.0 2.2y 9.6
0.8 : :
140-170 20,7 (2.2-3.3) ' 8.3-12.4
' b.7 (10)
13 o 40-160 15.4
: ; 1.3
160-475 3.2 (5.0) - 2.9
: 0.5 :
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Thermal Conductivity

Thermal conducﬁivity measurements were made on 8 samples of cuttings
collected from—drill holes 3, 4, 6, and 7. The results of these measure-
méntsg are shown in Tablg 2. The intringic conductivity (column 3) is the
conductivity of the rock fragments making.up the cutting samples. This
value ﬁouid be the conductivity‘if the sediments had zéro porosiéy. However,
the porosity is significant and undoubtedly changes with depth (from an

,estimaﬁed'valﬁe at the surface of 40 t 107 in these uncoﬁsolidated materiglé
to perhaps 25.f 5% at depth). VThe calculated conductivity for porosity
values of 40 t 10% and 2? t 57 are shown in the final two columns of the
table. These values were calculated assuming that the rocks are satugéted
with water. Above -the water table,thermal conduétivity may be significantly
lower than the values listed here due to the presence qf air (which acts as
an insulator) in the peres of thé rock in place éf water.

The increase in the intrinsic thermal conductivity with'deptﬁ in the
holes is related to the decrease in the percentage of-ﬁolcanic glass in the
cutting. ﬁolcanic glass probably has an iﬁtrinsic.thermal conduétivity.of

3cal/cm,secoc whereas the granite of the Mineral

approximately 3.5 x 107
Range.ﬁluton would probably have thermal conductivity between 6 and 8,
similar to that observed in the deeper parts of the drill holes. The
intrinsic thermal conduétivity ié low in the bottom part of DH-7 because the
'baseﬁent rock cut there is more méfic (bioctite schist). For the segments

of the drill holes which cut basement the intrinsic conductivity would be
fhe value to use. Thus the conductivity used for the bottom interval of

Dii-7 is the intrinsic conductivity whereas the thermal couductivities in

most of the remainder of the drill holes are reduced by a factor appropriate




Table 2 Thermal conductivity of cutting samples. The
intrinsic conductivity is that of the constituent
rock fragments, The conductivity is also shown
‘for water saturated sediments with porosities
indicated, The units of thermal conductivity are
10~ 3cal/cmsecOC,

Hole " Depth - "~ Thermal Conductivity
Number Feet .
' - Intrinsic 25t5% Porosity — 40t10% Porosity
3 60-75 5.34  3.8t0.3 3,1%0.5
390-405 . 6.87 4.610.4 3.6T0.7
630-645 7.65 5.0t0.5 3.9%0.7
4 60-75 5.35 - 3.850.3 3.1%0.5
510-525 - 6.97 L.7t0.4 3.7t0.6
6 . 300-31s 6.11 | 4.210.3 3.410.5
7 180-195 7.04 - b 7EQ4 3.7£0.6

270-280 5.73 4.0f0.3 ' 3.3%0.5
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for effect of the porosity. The primary uncertainty in the determination
of the heat flow is the porosity. It ig difficult to evaluate this para-
meter without data‘from some other legging technique useful for estimating
variations in porosity.

Tﬁe results from DH-3 and DH-4 are very consistent and indiéate that
the intrinsic thermal conductivity of the rock material increases with depth.
This result. is. consistent with the general decréase in geqthermél gradient
with depth, but the thermal conductiyity ratio is lower than
the gradient ratio. For.example the geotﬁermal gradiept in 410~640' interval
is only 50% of that between 120—250' in DH-3. At the equivalent horizops
in DH-4 {70-200' and 435-550") the difference is the same. The maximum that
caan be expléi&ed on the basis of thermal'condﬁctivity is approximately 35%
if the porosity remains.coustant. Therefore, it is likély that porosity is
decreasing with depth from 40 + 10% at the surface to 25 * 5% at depths of

several hundred feet.

Heat flow values were calculated for all the drill holes, .Of course
the data are most reliable for the drill holes for which samples are avail-
able. The results of calculgtions are shown in Table 1 and are plotted on
the map iﬁ Fig. 5. Metric units are used for the section on thermal con-
ducﬁivity and heat flow in.o?der.to facilitate comparison of the data with
ﬁhe published literature. 1In addition the English units appropriate are
rather awkward to use. The conversion féctors are 19F/100"' x 18°C/km,
1x lO;ﬁcai/cmzsec = 3.58 x 107687U/ftsec. Meat flow is calculated as the
producf of the geothermal gradieat times the thermal conductivity‘Q=K %% {
The reason for emphasizing heat flow values rather than gfadient aione are

demonstrated well in this area, Gradient variations of a factor of two are
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caused by variations in porosity and intrinsic rock thermal conductivity.
Without knowing the cause of the gradient variatiohs one would not know
which one to use in downward extrapolations of temperaﬁuré. Also lateral
VaFiations in thermal condﬁttivity might cause lateral variations in
geothermal gradient ewen:though the heat flow was the same.

The heat flow values are rather variable withih a single drill hole;
however, low sigmnificance is attached to thesg variatiéns as they uﬁddubtedly do not
reflect real variatioﬁs of heat flow. Thermal conductivity was estimated
for holes_far which no Sémples were measured. In view of the similar
character of the temperature-depth curves in most of the wells and the proximity
of one well to another, it seems unlikely thét these estimates car be off
by much. VThe greatest uncertainty is the fhermal conductivity usgﬁ for drill
holesl6 and 9.as both of these drill holés may have bot tomed iq basement rock.
It is éssumed that the sections of gradient were not in basement but were
still 1n the alluvial part of the sequence. TIf the interval between 250'
and 310' in DH-6 and bet@een 180" aﬁd'240'iﬁ DH-9 is in freshor slightly
weatﬁered basement rock, then the heat flow values will be higher than

.estimated in Table 1 and the contours of the heat flow will be extended to
the south and east. The porosity will probabl? coﬁtinue to decrease with
‘depth and it appears unlikely that the intrinsic thermal conductivity wili
change drastically; the best temperature gradients to use iﬁ downward ex-.
trapqlation'wouid be those observed in the lower parts of the drill holes.

The heat flow data are plotted in Figure 5. The eléngation of the
heat flow contours parallel to the surface evidence of hydrothermal activity
bééinning‘in section l6lahd ektending to Rooseveit hot springs is strikingi
It seemé quite clear that the heat flow anomaly must be related to the thermai

manifestations, A regional background heat flow in this area is approximately




Figure 5 Heat flow values and contours (units are 10'6ca1/cm25ec). The
location of the thermal manefestations is indicated by the heavy'7
dashed line. Areas with high temperature al shallow depth (less
than 5000 feet) are indicated by the vertical line pattern. Areas
with deeper potential (5-10,000 feet) ave indicated by the diagonal
pattern.




15

2.2 ﬁfcal/cmzsec (ﬁoy et al., 1968, Sass et al., 1971). The minimum values
in the prospect are not statistically differenf (DH-3 and DH-2). Thus it
appears that the source of heat for the fluid causihg'the_anomaly aiong the
fault is not in. the vailey Airectly to the west. If the 3°F/100' gradient
in the bottom of DH-3 is extrapolated,.the temperatures in the valley sedi-
ments (probably 3000;6000 feet thick) remain too low to explain the

predicted base temperature {(geochemical) from the Roosevelt spring water.

These results are discussed in more detail in the next section.
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Discussion

A cross section of temperéture and heat flow ié shown in Figuré 6.

This cfoss'section (AA'-in'Figure 5) extends eastrwest from the southwest
corner of section: 10 7275, R10W east to the southeast corner of section
10 T2738, R9W. ‘ Héat flow data from drill holes 3, 4, 10, 5, 7 and 15 are
projected ocuto the profile and isotherms have been constructed beneath a
topographic érofile. This cross.section is,probably typical of the whole )
north-south extent of the thermal anomaly zone (see Figures 2 and 5).

The fault apparently acting as the conduit for thermal fiuiﬁs'is also
the range—bounding‘faulf. The rangefbounding faults in the Basin and Raﬁge_
province iﬁVariably dip basinward at 45-90°  and may have displacements
of 1000's of feet. They may also flatten with depth. The possible range.
of likely dips for the fault in section 16 is shown in Figure 6. If the
gradient in DH-5 is projected downward to intersect the fault (as éxtrapd—
lated from the apparent surface_exposure),'the temperature at the faclt mighf
range betﬁeen 400 and  500°F. Thus the heat.flow data are consistent with
the high temperature iqdicated by the Chemical‘data.

A theorectical heat flow curve is also shown in Figure 6. The curve was
calculated assuming that there‘is 400°F £luid along a fault dipping at
459 to the west and extending.to'a verticél deptﬁ of about‘ 6000', A fit
Could'also be obtained for fault zones with dips between 45 and 60°,

 Vertica1 extents of 6000 - 10,000l and temperatures above 400°F. From
this evidence it seems quite clear that the fault zoune as a éonduit explains

most of the observed anémaly. The only éxception is that the peak of the
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anomaly 1is Slightly‘ﬁroader than is pfedicted and the heat- flow, to the
east in the range, is somewhat higher than predicted,.

If the méin structure qf interest in the prospéct is the fault contact
between the range and tﬁe bésin then the most important unknowns for assessing
the geothermal potential.are the thickness, extent, permeability, and dip of
the fault zone (or zonesj[_ The perﬁeable zone must be  10's to 1000's of
feet wide. A deep drill hole to the west of the surface manifestations
(near the site of DH-5 for example) will hit the fault where the projected
temperatﬁre would be on the order of 400°F (at. 2000-3000"). The thicknéss
of thé producing interval would depend on the degree of fracturing accom-
panying the faulting. A drill hole at the site of DH-7 might-hit a ‘maximum
temperature of approximatély 4009¢  at about 1@00'. whether or not suffi-
cient permeability and porosity exist.in the east half of.section 15 depends
on ﬁhe nature of the.faulting and Shattering accompanying the range-bounding
féult. _If the permeability is low, but not negligible, then this block may
be the most favorable area in the prospect for the occurrence of dry steam,

Tﬁus on the basis of available data the west 1/2 of section 16 and the
north 1/4 ofzsection 4 appear to have température and probably permeability
and porosity necessary for geothermal production at relatively shallow
depths (2-4000'). The.east 1/2 of section 16 evidently hasg éhe nécéssary
Vtemperatﬁre, but the presence of sufficient permeability and porosity is
not proven.
| The heat flow evidence.isfconéistent with a vertical extént of tﬁe

reservoir zone to depths of 6—10;000'. Thus much of the land in

sections 32, 5, 7, and 19 (diagonal pattern, Figure 5) should have
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production potential at depth; of 5-10,000".  The west 1/2 of section 2
might also have potential, but as is-the case with the east 1/2 of section.16,
the porosity-and permeabiiity are unknown,

These results are illustrated in é diagramatic cross section also
corrésponding to the 1ine_AA' (Figure 7). This section has no vertical
" exaggeration so the horizontal and vertical scales are equal.r The various
geologic and thermal zones ére illustfated. The range-bounding fault is
shown as ié an inferred fault of the same type, but of smaller displacement,
to the eéét of DH-7. This faglt is included partly to explain‘the breadth
of the high'heat flow. The most promising production areas would be between
thése two faults in fractured aud‘shattefed metamorphic rocks and just to
the east of the main.fault in porous basin margin facies rocks. The aréa of
high.temperatures is'shown.‘l

One of the main uncertainties remaining in the evaluation of the prospect
is the source of,tﬁe heated fluids. A hypothetical_heat source‘is‘éhown in
Figure ? beneath the fault zone and extending into the range. I_believe
that the evidence is consistent with such a model. The implications of
this iocation for the sdﬁrce of ﬁhe heat will be discussed briefiy in the
concluding seétion.

The width of the zone which is considered defiﬁitely te have ‘economic
possibility is shoﬁn bﬁ the dashed line in the upper partrof Figuré 7. The
'minimum width of the zone is agout 2% miles. The 1ength.of'the anpmolous
zone is at least 5 miles (from section 16 to Roosevelt Hot Springs); Thus
theltOtél sﬁrface area is 12.5 miz. The reservoilr temperatures appear to

be between 400°F and 500°F (geochemical). Based on the curves of

& —— e e T ] - o N +m g o o 5 o o T T x 3 T B T .“...c* ol TR T ] 9
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Banwell (1963) a conservative estimate for the power potential of this anomoly’
is 400 MW for 20 years. This estimate could be significantly enlarged
if deeper potential is present at the western margin of the area. Also if

the heat source is beneath the range then the areas of potential econcmic

interest could be many times that known at the present.
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" Additional Surveys

Geologic Mapping. = An adequate map 'is a necessity for complete analysis or

even plaqning of geophysical éurveys. Mapping should be on aiscale of
1:24}000' orQsmaIler.._In particular the aerial photos of this area indi-
cate many lineations, Structureé, eté., which may be important to the  |
interpretatioﬁ of the geophysidal‘data. The development of.such a‘map for
-the.prospect'érea should be a first priority item at this time! Geological
analysis of the cuttings from the wells .should also be included in the study,
Geochemical énalysis of any waters which can §btaiﬂeé should alsoc be a.
priority item. The main evidence for the high temperatures is geochemical
and additionai-data developed specifically for the exploration project
Would‘be EXtremelyrﬁseful.

If the heat so&:ée is related to the volcanics exposed in the Mineral
Range, then the range itself shoul& be mapped as quickly as possible. Such
d-project is probably not yet needed,'but conitingency plans should be prepared

in the event that the range and its east boundary look promising.

- Drilling. The situation_withlrespect té deep production drilling has béen
outlined in the ptevious sectioh. Additional shallow heat flow and gradient
driiling would also be helpful, but not absolutely neceésary; Additional
drili holes éhould be located at the wesf-boundary of section 2, the NE and
NW corners of sectiﬁn‘a, in the SE % of section 32 and -in the NE corner
of section 19. The depth of these holes could be on the order of 3007,

Severall(Q—éj additional shallow holes are strongly recommended in the

Mineral Range itself. The source of the heat escaping in .the prospect has
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ﬁot'yet been idéntified.‘ The size of the prospect at the present seems quite
welllidéntified, but the presence of a heat séurce beneath the range couldr
enlarge the prospective valuable area by a factor of 10 or more! The
ﬁfesence‘of.volcanics and ‘a gravity aﬁomaly in the‘range may be evidence

tﬁat such a source exists. Thé heétrflow should be the.firsf study for the
range block, If high‘hea£ flow values are observed (lrﬁchal/cmzsec) “then
the other regional studies proposed.for the range elsewhere in this report
‘would be. called for to locate.promising smallér afeas for more detailéd

studies.

Gravity. A detailed W to E cross section approximately coinciding with AA'
will be shorfly available, A fegional type map (scale 1:250,500‘) is
élready availabie (Petefson, 19?2). The gravity data are usefulnfor the
general Structure-of the area.. With the completion of the detailed sufvey,
no adéitional gravity data should be needed for th? proépect itself. As will
be described in a separate report, the regicnal gravity data seem to indicate
‘an anomaly underlying the granite of the Mineral Range east of the prospect
area. If this negative gravity anomaly is associated with the heat source
for the geothermal anomalyrin the pfospect area, then the regional gravity
data should bE‘éugmented on the east side of the range in order to chtain a
"complete picture of the graﬁity anomaly. The available gravity data will Dbe

considered more fully in a subsequent report.

FElectrical Registivity. Two important questioné remain in the evaluation of

the proépect area: ' the depth to the basement rocks under the wvalley, and the
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porositylénd permgability of the basement block east of the fault;running
1thrOugh section 16. An electrical resitivipy survey designed to penetraté
to reéistive basement in the valley and to determine the resistivity of the
block east of the fault could supply data on these two uﬁknown parameters.
However, if the matériai in tHe valley is very conductive, then it may be
difficult to gef penetragions to the depth necessar& (5000 feet at least).
Again, if the range appears to be a possible exPlofaﬁion target, then
_a broad scale électfical resistivity survey might be appropriaté. Such a
survey would councentrate on detailing_ﬁhe structﬁres outlined by géologié
mapping as favorable for fluid circuiationrand as reservolir situétions;
The faults mapped and ihferrea in the range and the Eounding fault on the

east side of the range would deserve special emphasis.
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