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ABSTRACT

Over the last 50 years signiﬁcanﬁ amounts of data have been obtained from the
Klamath Falls geothermal resource. To date, the complexity of the system has per-
plexed researchers, leading to the development of only very generalized hydrogeologic
and geothermal models of the area. Recently, the large quantity of available tempera-
ture data have been re-evaluated, revealing new information on subsurface heat flow
and locations of faults in the system. These inferences are supported by borehole, geo-

chemical, geophysical, and hydrologic data. Based on re-evaluation of all available

‘data, a detailed conceptual model for the Klamath Falls geothermal resource is pro-

posed.

‘A comprehensii'e 3-dimensional numerical model, based on the proposed concep-
tual model is also presented. This numerical model incorpora.tes all of the main reser-
voir characteristics. Hot water recharge flows from ‘depth, along a large normal fault,
and flows into near surface permeable strata where it loses heat to surrounding beds
and to mixing with cold regional groundwaters introduced from the north. By match-
ing calculated and measured temperatures and pressures, hot and cold water recharge
ra.teé and the permeability distributién for the geothermal system are estimated. A
semi-analytic solution and simple lumped parameter methods are also compared to the

numerical analysis.

Results suggest that the flow patterns within the geothermal system at Klamath

‘Falls are complex and intimately associated with the permeability distribution and the

pressures and temperatures at depth, within tﬁe faults. Temperature and pressures
mgtch well for the 3-dimensional model and the calculated hot water recha,rgé rate is
in the fange of 0.1 - 10.0 x 10°® kg/m-s with enthalpies of approximately 504.0 KJ /kg.
Permeabilities within the main reservoir are within the range of 100.0 - 700.0 md. A
sensitivity study on the final 3-dimensional numerical model for the system indicate

that these hot water recharge rates are reasonable. -
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1.0 INTRODUCTION

The Klamath Falls KGRA (Known Geothermal Resource Area), located in south-
central Oregoﬁ, is a low- to moderate-temperature resource (Figure 1). The approxi-
mately 2 square mile shallow thermal anomaly is associated with an adjacent, steeply
dipping normal fault, shown in Figure 2. This principle normal fault acts as a conduit
for upwelling hot waters which intersect near surface permeable strata. The hot

waters then flow through the permeable strata where heat is lost to the confining beds.

Over 500 wells have been drilled in the area, ranging in depth from 90 to 1900 ft.
Most temperatures encountered in these wells range from 70 to 120°C. Temperatures
in one well have beexvr measured as khigh as 140°C, but this data is somewhat suspect
(Gene Culver, personal eommtinication). The geothermal resource has been used for
space heating for some 70 years; special uses include heating greenhouses and swim-
ming pools, snow melting, and milk pasteurization. The local use of the geothermal
resource has proven to be one of the most successful systeme for such space heating in
the United States. The most popular type of heat extraction rsystemv is the closed loop

down-hole heat exchanger, shown in Figure 3.

Several investigators have obtained and evalua.ﬁ:ed data from the Klamath Falls
geothermal area and the surrounding region, in an effort to better understand the
reservoir characteristics and to examme the possxblhtxes for further exploitation.
Moore (1937) was the ﬁrst to descnbe the rocks of the greater Klamath region. Meyers
and Newcomb (1952) and Newcornb (1958) were. the first to descnbe the geology and
evaluate the groundwa.t,er resources in the adjacent Yonna Valley, shown in Figure 3.
Peterson and Mclntyre (1970) investigated the economic potential of eastern Kle,ma.th
and western Lake Counties by reconnaissance geology methods, and proposed a con-
ceptual model for the Klamath Falls geothermal system. These authors postulate that
the heat sorrrce is a shallow, igneous dike or sill-like body of Pliocene-Pleistocene age,
intercalated in lacustrine depositsb which transform cold flowing groundwater into

steam that rises along fault zones and heats the surrounding reservoir rock.
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' In'the mid-late 70's the oil and gas crisis dlverted a great deal of funds into

' research for alternative means of energy. Because geothermal energy offered a viable
- alternative, -a good deal of research has been devoted to ‘the field. Hence, it was at

—-about this ‘time that ‘an increased effort was made to determine what KGRA’s where

exploitable and where these KGRAs were located. Aside from the KGRA in the town

..of Klamath Falls, two others have been identified in the Klamath Basin: a) Olene Gap
_KGRA, southeast of the town, and b) Klamath Hills KGRA south of the town. The
.KGRA  in Klamath Falls 'is a ‘much larger system and reaches temperatures

_significantly greater than the other two.

In 1974, a hot-water well study was done on the various private and commercial

fheatmg systems in the town of Klamath Falls (Culver et al 1974) Lund et al. (1978)

constructed several maps in'a’ study of the geothermal hydrology a,nd geochemlstry of

Klamath Falis.

The USGS was mterested in the hydrologxc assessment of the geothermal area

near Klamath Falls (Sammel and Peterson 1976) A study on heat flow data for the

" Klamath Basin was conducted by Sass and Sammel (1976) in an eﬁ'ort to characterize

the mean thermal conductmty and to provide some constramts on a possxble magma
chamber beneath the graben In 1980 Sammel (1980) assessed the regxonal hydrogeol-
ogy of the Klamath Falls' area and presents an alternate conceptual model for the

Klamath Falls geotherma.l system He proposes that water is cxrculated to great

- depths along faults, where 1t is heated to rock temperatures correspondmg to a

30°C/km gradient. The hot; water then rises to shallow depths through conduits

closely -associated” 'withf'mla.jor faults, until it Begins to flow latera.lly towards the

' southwest throughfhorizontal permea.ble strata.

“'Sammel ~(1980) also performed a regional geochemical analysis in the Klamath

‘Falls-area.” Jan’ii{ et al (1985‘) ‘recently published a paper on’ the cher;rl'istry of the

geothermal reservoir and proposed a conceptual model for the system descnbed in the

geochemxstry sect:on




Working with the USGS and Oregon’s Department of Geology and Mineral Indus-
tries (DOGAMI), in 1979 and 1980 Stark eﬁ al. (1979, 1980) studied the geophysical
characteristics of the Klamé.th Basin. They found no direct evidence to either support
or refute the possible existence of an igneous heat source, or the concept of deep circu-

lation along fault zones penetrating a hotter-than-average crust.

In 1983, Lawrence Berkeley Laboratory, Stanford University, Oregon Institute of
Technology (OIT), and the U.S. Geological Survey collaborated in pumping and injec-
tion tests at Klamath Falls (Sammel et al. 1984). The hydrologic data confirm ‘the
highly-fractured and faulted nature of the system as indicated by the high degree of
connectivity between wells and high transmissivity of the aquifer. A four month
operation of the city’s geothermal heating system was studied to provide information
on the effects of the operation (D.C. Long Energyman, Inc., 1984). Among some of the
data collected were water levels, temperatures, average daily ambient air temperatures,
and seasonal water level graphs. A recent well test near OIT also indicate; a high

transmissivity for the reservoir (Nork, Inc., 1986).

This study reviews all the available data accumulated to date, and considers 2
new model for the Klam#th Falls geothermal system based on recent interpretations.
This model includes a detailed conceptual model for the geothermal system and also
provides a quantitative analysis of the system. By analyzing the temperature distribu-
tion in detail, it is possible to detect the locations of several subsidiary faults to the
large northwest-trending normal fault identified in previous reports. The existence of
these faults is verified by high-altitude infrared photographs of the area. A detailed

conceptual model that emphasizes the role of subsidiary faults has been developed.

The quantitative analysis applies three different methods for calculating the hot
water recharge rate into the system and include a semi-analytic approach for a general-
ized model of the Klamath Falls geothermal system, a lumped-parameter analysis, and
a detailed three-dimensional numerical model. The first two methods are used to
obtain initial 'order of magnitude’ type estimates for the hot water recharge rates:

Estimates of the heat loss from the aquifer, total stored energy within the Klamath
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Falls Vsyst.em, and times necessary to reach steady state are also estimated. The
numerical model employees an mtegrated finite dlﬁ"erence code, PT developed by Bod-

varsson (1982)

The main portlon of the qua.ntlta.tlve a.naly51s for the geothermal system concen-

trates on the three-dunensnonal numenca,l model The motivation behind this type of

analysns )s to mcorporate t_he_ mam features of the geothermal system (spatial varia-
txons of propertles) that can not be con51dered using the simple methods above. The
three-dlmensmnal model can also _give some indication of the credibility of the pro-

posed conceptual model. The degree to which the numerical model is unique can be

determlned l'rom relatlve sensmvmes of the principal va.rlables for the geothermal sys-

" tem. Estlma.tes of the hot water recharge and the permeablllty distribution for the

‘system are presented

The numencal approach provxdes 2 unique way to evaluate complicated geother-

mal system such as Kla.math Falls. Thls numerlca.l model, sets the framework for

further modehng studles that might include a rigorous exploitation strategy and future
reservoir predictions. A problem such as the 1 ft/year water level declines in the reser-

voir might also be answered using this model.



2.0 DATA EVALUATION

To begiﬂ any type of qﬁantita.tive analysis of a geothermal reservoir, a complete
knowledge and understanding of all current data and their previous inierpretations is
essential. A large amount of data has be collected and analyzed for the Klamath Falls
~ geothermal area. In this study, all of the available data for the geothermal system has
been reviewed and in some cases re-evaluated to construct a detailed conceptual model.
Previous concéptua,l models have only been very generalized, offering simple: models i;o
explain the geothermal phenomenon. These conceptual models have also beén

reviewed and combined into the new conceptual model.

A conceptual model is perhaps fhé most vital stage in geothermal modeling,
because it sets up the basic framework neceésary for any type of quantitative analysis.
The conceptulization of the physical processes and characteristics of the geothermal
resefvoir is a step that must be re-evalusted and updated every time new data is col-
lected and analyzed. Data used in developing a conceptual model is derived from

several sources:

) Geology

® Well Testing
. Geophysics

) Geochemistry

. Temperature Data

These data groups are discussed in the following sections, from which a conceptual
model is developed.

2.1 Geology

The Klama.th Falls geothermal area, east of the Cascade Range and north of the
Medicine Lake Highlands, California, is situated in a horst and graben structure typi-
cal of the Basin and Range province. The Klamath graben complex extends some 80
km, from Lower Klamath Lake, to as far north as Crater Lake, trending approximately

N40W. Faulting in the area is believed to have commenced durihg the late Pliocene
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and continued well into the Pleistocene. Steeply dipping normal faults with vertical

throws up to 1600 ft_ﬂanlr either side of the graben complex and trend N25-35W. On

 the western shore "of Upper Klamath Lake the large fault blochs dip towards the

southwest, while ou the'esstern shore; they. dip‘ to the northeast, suggesting that the
axis of the gra.ben complex passes thro'ugh the lake.

The two"types,'of- faulting ‘o‘ccurring in the immediate region are NW-trending
normal:fa.ults alnd';N’E-‘trendiug’, strike-slip cross-faults. Figure 4 shows the regional
fault trends associated with the Klamath Basin (Kienle et al, 1981). Donath (1962)
describes these two set’s‘of faults as being COntemporaneous, originally developing as
conjugate strike-slip shears in é. stress system with a north-south maximum principal
stress and an east-west minimum principal stress. The systern forms what Donath
refers to as a rhombic fracture pattern. Lawrence (1976) mterprets the Basin and
Range faulting in Oregon as being separated by four stnke-shp zones trending WNW.
The fault blocks between these stnke slip fault zones exhlblt the rhomblc fracture pat-
tern suggested by Donath (1962) La.wrence (1976) suggests that the rhombic pattern
of normal faultmg in kthe regron is a result of the‘mteractxon of extensional faulting

between the f a.ult zones and right—lateral strike-slip motion at the edges of the blocks.

It is worth notmg an mterestmg pattern described by. Peterson and Mclntyre
(1970) regarding the. fault block movements. The fault blocks on the western shore of
Upper Kla.math Lake a.re tilted to the southwest and on the eastern shore they are

tilted towards the northeast. This partrcular type of feature has been identified in

“other areas of the Basin and’ Range province and has been the subject of several stu-

- dies. Stewart (1979) descnbes three types of general models proposed for the Basin

and Range structures Flgure 5 shows three types of horst and graben structures.
Accordlug to Stewart (1983), the tlltmg of these fault blocks can be most easrly accom-
modated by the listric fault and the bouya.nt block ‘models.

The‘geolog)" of the area has been rnapped and described by Peterson and Mcln-

tyre (1970). Four dominant rock units occur in the immediate Klamath Falls area,

identified by outcrops and borehole data (Newcomb, 1958). These rock units are, from -
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earliest to most recent, a Pliocene basement basalt, the thick Pliocene Yonna Forma-
tion, a Pleistocene andesitic-basaltic fiow sequence, and Quaternary alluvium. A stra-
tigraphic column for the Klamath Falls area following the geologic description by

" Peterson and Mclntyre (1970) is shown in Figure 6.

The Pliocene basaltic rock of undetermined thickness is defined by Newcomb
(1958) as the basement rock. Although this basalt does not outcrop in the immediate
vicinity of the resource, it has been penetrai:ed by wells at the OIT campus, 2 miles
north of Klan;ath Falls city, and by the two YMCA wells in the southern part of the

resource.

The Pliocene Yonna Formation, comprised of a sequence of lacustrine and fluvial
tuffaceous siltstone, sandstone, ashy diatomite, basaltic tuff and breccia, and a few thin
basalt ﬁowé, uncomformably overlies the basement rock (Newcomb, 1958). This for-
mation is primarily subaqueous, as evidenced by brecciated and altered basalt flows,
deposite;i during a period when swamps and lakes covered the region. Explosive and
quiescent volcanisms were nearly contemporaneous with the deposition of the Yonna
Formation, as is suggested by the maars, tuff rings, and welded tuffs. The Yonna For-
mation is estimated by Newcomb (1958) to be approximately 1000 ft thick. Sammel
(1980) estimates the thickness to be at least 850 ft. This formation represents the old-

est rock unit that outcrops in the immediate Klamath Falls geothermal area.

The Yonna Formation is a large sequence of interbedded strata with high vertical
and horizontal variability. Extensive eresion of this unit is indicated by the varying
thickness encountered in outcrops and in driller’s logs, as well as unconformable rock

contacts.

Outcrops of an andesitic-basaltic flow sequence(s) with volcaniclastic intgrbeds of
late Pliocene-early Pleistocene age, lying above the Yonna Formation, ré.nge in thick-
ness from 0-180 ft. Just north of the immediate Klamath Falls geothermal area, on
the southeast shore of Upper Klamath Lake, Peterson and Mclntyre (1970) mapped
several basalt eruptive cemters. Newcomb (1958) describes several dikes which cut

through or into sedimentary Tertiary rocks in the area surrounding the geothermal
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anomaly. These igneous features are considered to be contemporaneous with the

Pliocene-early Pleistocene basalt flow sequence.

Much of the lower valleys in the Klamath Basin are covered by Quuternary allu-
vium. To the immediate south of the geothermal area, Quaternary fluvial terraces and

lacustrine deposits are found.

Nearby volcanic activity hes been dated by both paleontological data and
potassium/argon (K/Ar) methods. K/Ar methods have indicated volcanic activity as
recent as 1.9 m.y.b.p. and up to 4 to 5 m.y.b.p., for rocks on the KGRA periphery (M.
O’Brian, personal communication). Diatom species obtained from well cuttings were
used to correlate and date strata. It was concluded that surface outcrops are late
-Pliocene while subsurface samples range from mid to late Pliocene; Correlation of
lithologic strata was difficult, due to the hydrothermal alteration of diatomaceous sedi-
ments (M. O'Brien, personal communication). Three lithologic columns from the
immediate geothermal area are described in detail in Figure 7a-c (O’Brien and Benson
1980). The map locations for these lithologic columns are shown in Figure 11. These
lithologies exhibit a high dégree of géblogic discontinuity between wellS as illustrated in
Figure 8. Poor correlations between rock types and diatom species are shown in this

figure.

2.2 THE GEOTHERMAL AQUIFER

Based on logs from a well drilled at the OIT campus, Sammel (1980) concluded
that the rocks comprising the geothermal aquifer to extend to at least 2000 ft. The
~ flow of water in the geothermal aquifer has not been confined to one specific lithologic
unit. Within the units that make up the aquifer, water flows preferentially through
strata consisting of volcanic breccia (cinders, broken lava, porous lava, etc.), jointed
and fractured vesicular basalt flows, and fractured, indurated lacustrine sediments.
These strata range in thickness from one to a few feet and have high vertical and areal
variability. The permeable strata are interspersed with layers of lacustrine and

tuffaceous sediments and diatomite, from 30 to 150 ft thick. Fluid flows from the
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Lithologic column from the YMCA-2 borehole in the geoth-
ermal area at Klamath Falls (taken from M. O’'Brian and

S. Benson, 1980).

Figure 7a.
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— NO sample,

e Buff~brown clay with few glassy-pumice frag 8, un lidated.
wsewe Light gray clay, vitreous, glassy, lithic frag. moderate consolidation.
e Brown ash with white tuff fragments.

= Gray vitreous claystone, poorly indurated, with white tuff fragments.

¥ e Massive gray claystone, moderate to well indurated, conchoidal fracture.
- / Black basic volcanic fragments, with gray tuffaceous sediment and gray claystone

with djatoms, Stephanodiscus sp. 100-110, 120-130 ft.

is poor to moderately well indurated, vitreous, effervescent, with few glassy
fragments. - -
= 180-~190' trace amount volcanic lapilli
- 190~200°' first occurrence pyrite, euhedral, 2 mm, vein filling.

e Dark gray basic volcanic fragments and gray silty calcitic claystone with trace
amounts of white tuff fragments, diatoms.

d / Gray to brown calcitic silty claystone with basic volcanic fragments, Claystone

Gray calcitic silty claystone, with basic volcanic fragments, tuff, pyrite.
/Gny'buic volcanic fragments with calcitic claystone and pyrite, silica and
pyrite veination, trace rhyolitic tuff and porcelain fragments.

« 252' gray siliceocus tuff '

= 250-260°' red wolcanic fragments with black glassy inclusions

- 270-280' possible baked contact.

1 ==~ salt and pepper basic volcanic fragments with clear, white snd black

microphenocrysts. .
=~ Black basic volcanic fragments, angular, massive, vitreous luster.

e~ Gray volcanic silty sediment, unconsolidated to poorly cbnsolida:ed, with cal-
citic matrix, few volcanic fragments with inclusions, few white tuff fragments.
- 450~460°' first occurrence marcasite/chalcopyrite (?)

s Jolcanic fragments and ash in siliceous and calcitic matrix, a "micro-graywacke."
= 480-490°' first occurrence of green nineral
= 510-520' pyrite and chalcopyrite (?) phenocrysts, 2.0 mm.

—w——— Black aphanitic basic volcanic frag., vitreous, white glassy "powder” on surface,
some glassy shards.
= 520-530' euhedral pyrite crystals, 2-4.0 mm

“~\\\ - 530-540° subhedral calcite, 1-2 mm; euhedral pyrite 1=3 mm; red cinders, 1-2 mn.

Gray volcanic ash~silty claystone, first occurrence zeolite 540-550°

- 570-580' first occurrence Fe oxide, illite (?)

S Unconsolidated volcanic sediment with black basic volcanic fragments and vitreous
tuff with inclusions.

| e Red scoriaceous tuff with glassy inclusions and basic volcanic fragments;

650-660° zeolite, euhedral.

o Gray basic volcanic fragments, vitric, aphanitic, massive, with white glassy

“powder” on surface.

- 660-670' zeolite, 0,25-0.75 mm

- 670-680* black glassy fragments, obsidian (?)

- 680-690" white milky to green mineral; first occurrence

= 700-710" red tuffaceous frag., vitreous; white and black glassy inclusions
= 720-730* pyrite associated with volcanic fragments.

———— Gray basic volcanic fragments with varied texture: aphanitic and massive to
vesicular, micro-phenocrysts, white aphanitic to ooaline vug filling, pyrite.
= 760-770° white tuffacecus and red tuffaceocus fragments
- 780-790' subrounded volcanic fragments old surface (?)

- 820=820' Pe oxide vein filling, illite (?).

— Gray vitreous tuffacecus fragments with vitreous black and white inclusions with

volcanic ash and silt, basic volcanic fragments and white tuffaceous fragments.
— Light to dark gray basic volcanic fragments, vitreous, aphanitic, massive, sub-
anqular to subrounded, often with vitreous inclusions, red tuffaceous fragments,
moderate effervescence.
XBL 806-7165

Figure 7b.  Lithologic column from the CW-1 borehole in the geother-

mal area at Klamath Falls (taken from M. O’Brian and S.
Benson, 1980). :
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Light grev cherty claystone, white siliceous claystone, (reworked ash?),

-, White siliceous Euff. very fine grained, poorly indurated, trace lithic
grains. :

Lithic micro-grevwacke with chertv claystone fragments.
Grev siltstone and silty clavstone.

Buff to zréy tuffaceous sediment, increasing volcanic fragments in lower
portion.

Basic volcanic fragments, anhanitic, vugs, pyrite.

Buff to brown tuffaceous sediment, vitreous lustre, poorly indurated,
trace volcanic fragments, black glassy phenocrvsts (157-160').

White tuff, with black glassy shards, tuff welded in lower portfion.

Basic volcanic sediments, fine grained, vitreous luscre, rounded grains
in siliceous macrix.

Dark grey basic volcanic fragments, aphanitiec, moderatelv hard.’

Volcanic greywacke, dark grey angular to subrounded inclusions, some pyrite,
:;;n';tlltug~maztix light grey, vitreous lustre, chalcopyrite/marcasite
0°'). : o -

Grey basic voleanic fragments, sphanitic, massive, hard, trace amounts of
veination (300-320'), few euhedral pyrite (320-340').

Red basic volcanic breccia, scoriaceous, subangular, 1-3 mm aphanitic
basaltic inclusions, red aphanitic matrix, vitreous lustre, manyv  vugs
sometimes filled with silfca, zeolices, calcite and/or pyrite.

' XBL806-7164

Lithologic column from the CW-2 borehole in the geother-

mal area at Klamath Falls (taken from M. O’Briag; and S.
Benson, 1980). R It AU
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from the Klamath Falls geothermal area.
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main fault zone toward the southwest, following the general surface topography, as
indicated by static water level maps drawn by Lund (1978) and Sammel et al. (1984).

The regional ‘groundWa,ter levels are shown in Figurg 9 (Sammel, 1980).

Among some of : the data collected to rlate, <=;,re seasonal water level declines and
average ambient'a.ir tlyempera.tures; These ‘data have been plotted on a graph shown in
Figure 10 in which a good correlation can be seen betweenA the seasonal water level
declines and the average daily temperatures (Saxrnmel et al,, i984). The reason for this
god& correlation is in part due to the different heating demands placed on the reservoir
during the' year. However the degree ‘to which the productién of the geothermal fluids
influences the seasonal rvater level declines has not been esta.i;lishe.d. The actual sea-
sonal‘Watér levels cannot be determined yet without knowing the undisturbed water

levels.

The problem of a declmmg water level at approximately 1 ft/yr at this pomt in
tune has only been a matter of speculation. Thls problem mxght be explained by: a)
the mcreased rate of production on the system overwhelmxng the recharge rate mto the

system, b) a decreasing rate of recharge into the system, c) subsidence and its associ-

" ated decrease in effective permeablhty, d) lower permea,blhtxes associated with precipi-

tation. Further mvestlga.tron into these possibilities is needed to determine the cause of

this decline.
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Figure 9. Regional groundwater levels and boundary used in numeri-

cal simulation (water levels taken from Sammel, 1980).
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O Monthly mean temperature, 1969-1976"
4 Monthly degree heating days, 1966-1976
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Monthly mean air temperature and heating days for the
years 1960-76 (taken from Sammel et al., 1984).
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2.1.1 WELL TESTING

Numerous interference tests have been conducted within the Klamath Falls
KGRA. From these tests, the hydrological parameters of the reservoir (transmissivity,
kb/p and storage coeflicient, ¢c,b) have been estimated and the nature of the thermal
aquifer has been investigated. The transmissivity is actually defined by Kb (the
hydraulic conductivity times the aquifer thickness), however, because the water is
non-isothermal the density depends on the location of the particular well test. There-
fore, the transmissivity is defined as T/pg or Kb/pg in this study. The siora.tivity is
deﬁhed as the volume of water than an aquifer releases from storage per unit surface
area of aquifer per unit decline in the component of hydraulic head normal to that sur-
fa.cé (Freeze and Cherry, 1979). In the petroleum engineering literature the term for
the storativity S is given by ¢c,b which is equal to S/pg or S;,b/pg. The stora.tiviﬁy
term used in this study uses the petroleum engineering definition. Resuits of these

tests, summarized in Tables 1. and 2., show the aquifer to be highly permeable.

Table 1. Average Reservoir Parameters

Well Transmissivity Storativity Source
Location (kbg#) (¢cb)
x 10°m3%/Pa - s x 10°m/Pa

south central area 2.192 0.102-1.02 Lund, 1978
south central area 1.096 0.102-1.02 Sammel, 1980
south central area 4.21-4.51 0.106-.345 Benson et al., 1980
south central area 3.0-9.03 0.039-0.088 Benson, 1982a.
south central area 6.017 — Benson, 1982b.
south central area 1.955 0.0301 Benson, 1983
OIT area 498-7.48 0.0408-1.02 Nork Inc., 1986
south central area 2.11 0.0221 Sammel et al., 1984

Table 2 is a list of all of the values to date, for storativity and transmissivity of the

reservoir from several drawdown/buildup tests.
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Obs'
Well

FS3

GC9

HD 7

MW 5

KU1

L) 4

24

4.

3

101

203

177

200

101

3

203

24

177

39

123

YMCA 1

4

4
HermosaApts.”
HermosaApts.**
125

127

4

101

CIP-2

CIP-3

OIT-3

OIT-5

La Vista Motel
N. Entrance Motel
JELD-WEN

N. Entrance Motel
JELD-WEN

. Active Transmiss)ivity
well | (xb/p
X 10‘°m4 a-s
Museum 2.522
Museum 3.618
Museum 3.069
Museum '9.868
Museum 5.263
Museum 5.482
Cw-1 2.617
CW-1 2.95
Cw-1 2.287
Cw-1 2.090
Cw-1 2.015
CW-1 2617
CwW-1 2.045
Museum 1.760
-~ Museum - ‘19.10
Museum 2.030
Museum 1.435
Museum - 2.153
Museum 1.715
Museum - 1.925
YMCA 2 1.676
Cw.-2 - 6.017
CW-1 -10.23
Museum 0.6017
Museum 2.4
Museum 6.017
Cw-2 0.156
Cw-2 0.102
CW-2 0.198
CIP-1 . 4.625
CIP-1 3.172
CIP-1 - 1.222
CIP-1 - 2.445
CIP-1 6.278
CIP-1  2.445
CIP-1 - 16.850
Jeld-Wen2 - 13.5%
Jeld-Wen2 71 13.85

Storativity
(¢c.b)

x 10°m/Pa

8.16
0.204
0.204
0.102
0.510
0.225

1.33

1.45

0.42

0.42

2.90

2.92

- 0.269
--0.102
0.141
0.181
0.323
0.049
0.265
'0.044
0.177
0.663

0221

" 0.049
0.0062
0.04

7648
3.569

1.530
4.079
3.977

1.36
21.41
6.118

1.02

Source

Lund, 1978
Lund, 1978
Lund, 1978
Lund, 1978
Lund, 1978
Lund, 1978
Sammel, 1984
Sammel, 1984
Sammel, 1984
Sammel, 1984
Samme], 1984
Sammel, 1984
Sammel, 1984
Samme], 1984
Sammel, 1984
Sammel, 1984
Sammel, 1984
Sammel, 1984
Sammel, 1984
Sammel, 1984
O'Brien, 1981
Benson, 1981
Benson, 1981
Benson, 1981
Benson, 1981
Benson, 1981
Benson et al., 1980
Benson et al., 1980
Benson et al., 1980
Nork Inec., 1986
Nork Inec., 1986
Nork Inc., 1986
Nork Inc., 1986
Nork Inc., 1986
Nork Inc., 1986
Nork Inc., 1986
Nork Inc., 1986
Nork Inc., 1986

(* build-up, ** drawdown)

Location maps for each of these wells are shown in Figures 11 and 12.




Figure 11.

g%, Artesian
& (Hot Springs)

QJ‘°3 3 Proposed Surface
\ Trace of Fault

O
—t
x
3
n
[o 1]
N

XBL 873-10024

Location map of wells used in aquifer tests and tempera-
ture analysis. Lines for the temperature cross-secional
profiles are also shown. Shaded areas indicate once active
artesian springs.
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Locations of wells used in aquifer test by Nork Inc., 1986.

Figure 12.
’ These wells are located in the OIT campus area.
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Using an average value of 1.40X107° m®/Pas for the transmissivity, one can cal-
culate an approximate value for the permeability of one of the smaller permeable beds
in which geothermal waters flow. Of the rocks that form the aquifer, water flows pre-
ferentially only through several discrete permeable beds usually a foot or less and gen-
erally never more than a few feet in thickness. Assuming that the aquifer is about
2000 ft thick and there are 10 permeable beds at 5 feet thick in this total thickness,
the major portion of water flows through 50 feet of thickness. The permeability of a
single layer is calculated by dividing the transmissivity by the thickness times the
number of permeable beds. These permeabilities are on the order of 2.8 107! m? for
the individual beds. For the total aquifer thickness, 2000 ft, the average permeability
would be 7.00% 10713 m?2,

In gener#.!, the pressure transients are indicative of a naturally fractured system,
with high permeability fractures and relatively low permeability matrix blocks (Sam-
mel et al, 1984). Several localized heterogeneities have also been detected in the reser-
voir, including a high-permeability region centered in the Old Fort Road area and a

semi-permeable fault near OIT (Benson and Lai, 1986; Nork, Inc., 1986).

Unexpectedly, the faults and fractures in the KGRA behaved neither as constant
potential boundaries, nor as no-fiow boundaries. Several hypotheses were suggested to
explain this observation, including: (1) the hot water upwells over a broad zone instead

‘of a single fault zone, (2) the permeability of the fault zone is similiar to that of the
near surface strata permeability, or (3) a single fault is responsible for the deep fluid
upwelling, but the fault’s effective width increases towards the surface, creating a

diffuse permeable zone (Sammel et al, 1984).

2.3 GEOCHEMISTRY

Geochemical data contributes valuable information regarding maximum reservoir
temperatures, mixing of thermal waters, fluid residence times and possible sources of
recharge. Janik et al. (1985) used tritium data to determine the cold water residence

time in the aquifer to be at least 30 years, and that of the thermal waters to be at
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_least 60 years. From tritium and deuterium data they were also able to conclude that

‘the cold water recharge probably does not originate from the modern Klamath Lake

(Sammel, 1980). The tritium data also leads Janik et al. (1985) to suspect two cold

water sources—a very shallow one containing tritium and a deeper one that is

_tritium-free. Geothermometry and mixing models indicate a maximum source-water

temperature of 190° C.

- Janik et al. (1985) developed a conceptual model consisting of a shallow 70-100° C
thermal aquifer, caused by the mixing of 100-120° C and 20°.C waters. The hot water
may be derived from a deeper source where mixing of ‘older tritium-free hot and cold
water occurs. Although the maximum sourée-Awa.ter’ temperature has not been encoun-
tered yet, géothéfmometry indiéates temperatufés of 150 to 190' C somewheré in the

system.

2.4 GEOPHYSICS

Peterson and'McIntyi'é (1976) prepared a Boﬁgef ‘gryavity 'map for ihe Klamath
Basin. He estimated the thickness of the valley fill in the gra.behy Structure to be on
the order of 3000 ft southeast of Klam_a.th Falls, and 6000 ft southwest of Klamath
Hills. Stark et al. (1980) employed v?a.rious geophysical methods to ‘in'vestigate the
geothermal system in the Klamath Basin. Based on the results of remote éénsing,
gravity, geoloéy, aeromigﬂetic and resistivity survey data, they conéiude that the shal-
low hydrothermal circulation is related to the intersection d’ ndrtheéﬁt-trending cross-

faults and- northwest-treﬁding normal faults. These'surveys did not reveal any new

information on the heat source; however, they did suggest that either the conéeptual
‘model proposed by Peterson and Mclntyre (1970) or Sammel et al (1984) could be

correct. -

2.5 TEMPERATURE DATA

* Temperature data are ‘very important to the understanding of a hydrothermal

system and the transfer of heat throughout the sjétém. “The temperature data used in
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this study were obtained primarily from drillers’ logs and are derived from over 100 of
the wells in the geothermal reservoir. These wells are shown in Figure 13. Tempera,-
tures in most cases were measured using a maximum reading thermometer or 2 simple
thermistor apparatus. A few studies (Lund, 1978; Sammel and Peterson, 1976; and
Sammel, 1980; Sass and Sammel, 1976) also recorded independent temperature data for
the Klamath Falls geothermal area. According to Sass and Sammel (1976), tempera-

ture profiles in the Basin and Range province are classified into four distinct types:
1. near-isothermal temperature profiles, indicating hydrologic recharge;
2. quasi-conductive temperature profiles; |
3. con§éx-u§ward profiles with elevated temperatures, indicating areas of
discharge; | ' | |
4. temperature profiles exhibiting varied types of cuw;ture, implying a combi-
nation of upward and downward flow.
As shown in Figure 13, profiles froxp Klamath Falls exhibit all four types of patterns;

however, most temperature profiles show a combination of conductive and convective

heat flow.

The most detailed temperature profiles of the system appear to be measured dur-
ing the drillihg process, as opposed to waiting until the borehole is cased and in opera-
tion. Before analyzing the temperature data in any detail it is necessary to realize the
limitations of the recorded data. For this study, the desired measurement is the for-

mation equilibrium temperature (the formation temperature in its undisturbed state).

Several problems are associated with obtaining accurate equilibrium formation
temperatures and this is strongly dependent on when the measurement takes place.
Many downhole temperatures are measured while drilling to obtain the most accurate
temperatures, however if the temperatures are measured too quickly after drilling
intervals, significant errors in measurement are caused by the circulating drilling mud.
This problem has been studied by many investigators who have shown that a certain
amount of time must be allowed for the system to return to its equilibrium state

before any measurements are taken. Bullard (1947) estimated that in order to obtain
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Figure 13. Typical temperature profiles from Klamath Falls, Oregon.
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temperatures within 1 percent of equilibrium, the system must be left alone for up to

10 to 20 times that of the actual drilling time.

Most of the boreholés drilled in tlrlre areva, were drilled by using a cable tool rig
which does not use drilling fluids. While this type of drilling does not require drilling
fluids, it is important to identify intraborehole circulation caused by hydraulic poten-
tials, and bouyancy effects due to hot and cold water mixing. Even after well casing
has been installed, fiuid circulation may still ‘occur within the zone between the casing
and the borehole. Temperatures measurec'lv during pumping of the well were not used
in this study because of similar problems. The temperatures recorded during pumping
do however give accurate measurements of the temperatures of intersecting fégdzones
in the borehole and there exact locations which are important factors to consider while

drilling.

2.56.1 METHODOLOGY

In this section the methodology is discussed and used to infer the locations of
faults from the extensive amounts of temperature data available from the Klamath
Falls geothermal area. The data are depicted both in cross-sections and as contour
plots. Both offer a good deal of information regarding the location and relative size of

faults, magnitude of the system and influence of surface phenomena.

Cross-sections were constructed approximately parallel and perpendicular to the
proposed surface trace of the main normal fault associated with the geothermal sys-
tem. Twenty such cross-sections were constructed for the geothermal area; twelve are
shown in Figures 14a, b and ¢ and their map locations are shown in Figure 11. Since
relatively little temperature data exist east of the normal fault, no cross-sections or

horizontal contour maps were constructed for that area.

Figure 14a shows four cross-sections parallel to the main normal fault, while Fig-
ures 14b and 14c show eight cross-sections essentially perpendicular to the fault. Both
sets of cross-sections show thermal features which can only be explained by complex

convection heat transfer mechanisms. Cross-section 13, which is parallel to the fault,
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Figure 14b.
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shows temperatures at both ends of the anomaly decreasing rapidly. We propose that
northeast-trending cross-faults limit the northern and southern extension of the
fesource, and that the region between wells 31 and 9 is the primary zone of hot water

recharge.

In cross-sections drawn perpendicular to the normal fault (Figures 14b and ¢), 2
higher thermal gradient zone is seen on the right (NE) side, most likely indicating the
location of the main normal fault. This helps to confirm the existence and define the

location of this normal fault, as suggested in previous studies.

Both sets of cross-sections show the locations of very high, near-surface thermal
gradients (see wells 31, 44, 386, 179, 137, 74, 247, 45, 192, 25). When the cross-sections
are aligned these thermal anomalies fall along lineaments, interpreted in this study as
faults (see Figure 15). Several 3-dimensional models using these cross-sections were
constructed revealing these fault lineaments in more detail. Cross-sections perpendicu-
lar to the main normal fault in Figures 14b and ¢ suggest the existence of a subsidiary
normal fault (Fault 1b) paralle] to the main normal fault (Fault 1a) intersecting wells
45, 11, 247, 137 and 44. The northern and southern extent of this subsidiary normal

fault cannot be determined from the available data.

The locations of several right lateral strike-slip cross-faults, roughly perpendicular
to the main normal fault are also inferred from cross-sections parallel to the normal
fault (Figure 14a). These faults intersect wells, 31, 237, 137, 56, 57, 386, 179 and 224,

as seen in Figure 15.

Figures 16a and b shows contour maps of the temperature distribution at six
elevations at intervals of 100 ft, the lowest elevation being at 3600 ft above sea level.
The locations of artesian springs, a canal that runs through the city, main roads, and
the trace of the main normal fault are also shown. In general, at greater depths and
larger distances from the center of the anomaly, fewer data are available. Conse-
quently, only general inferences can be made for these areas. Dashed lines in both

cross-sections and horizontal contour plots represent areas where data are limited.
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Although the temperatures in most wells increase quickly with depth, tempera-
ﬁures to the southwest of the artesian springs seem to increase much more slowly.
This might be explained by a third normal fault (Fault 1c) trending northwest (see
Figures 16a and b), which impedes the flow of hot water toward the southwest. This '
same characteristic feature is seen in wells located southeast of Fault 2, and northwest
of Fault 8, which seems to imply that the thermal anomaly is bounded on all sides by

large faults.

Near surface temperatures are much more variable, as seen in Figure 16b. This
can be attributed to surficial effects and to a greater amount of data available at shal-
low depths. The temperature distribution is correlated with faults, artesian springs,
regional groi—mdwater flow, and the city canal. At all depths maximum temperatures
are associated with the faults shown in Figure 15, while at shallow depths, high tem-
peratures are also related to thé artesian springs. On the other hand, cooler tempera-
tures are associated with the canal, which leaks cold water into the surrounding forma-
tion. Temperatures decrease towards the southwest in response to the south-

southwesterly regional flow of cold groundwater.

2.5.2 FAULT LOCATIONS

In order to confirm the existence of the faults shown in Figure 15, hydrologic,
geophysical, and lithologic data as well as high altitude infrared photographs were
analyzed. From high altitude photographs, Faults 1a, 2, 3, 4, 8 and 9 were easily
identified because of their clearly visible surface traces. Faults 5, 6 and 7 were less
pronounced because their traces tend to be localized, while fa.hlt 1b could not be
detected. The exact locations of Faults 2, 3, and 9 were more easily recognized using
areal photographs, as their traces were found to extend well into the region east of the

main normal fault (Fault 1a).

The ease of detecting the various faults is due to differences in their size and dis-
placement. Faults 1b, 5, 6, and 7 appear much smaller than Faults 1a, 2, 3, 4, 8, and 9,

in view of the size of their relative temperature disturbance. All of the faults in Figure
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conform to the regional fault pattern, which trends either northwest or northeast.

Lithologic data were re-examined with the intention of confirming the existence of
the newly-proposed faults; however, this proved more diﬂ"icult than anticipated. Poor
lithologic correlations were found between nearby wells, both within the fault blocks
and across fault block boundaries. This is partly due to the poor quality of the drill-
ers’ logs, and the complexity of the sedimentation and erosion processes. However, the
system mést likely experienced- faulting concurrently with erosion and deposition of

sediments, resulting in the highly complex subsurface geologic structure.

Well testing in Klamath Falls is also supportive of the proposed fault locations.
The geothermal reservoir appears to have a high degree of transmissivity and connec-

tivity between wells, implying a highly fractured and faulted medium. The results of

‘the many well tests conducted in the area can be interpreted within the framework of

a fault and fracture dominated hydrologic regime. The normal fﬁults, cross-faults and

contacts betwegn lithologic layers act as high-permeability conduits. Low permeability

strata within the fault blocks provide a large storage volume for the thermal fluids.

The double-porosity behavior reflected by the well test data support this interpretation
(Benson and Lai, 1986).

The data interpretation for one of the well tests suggest the existence of an
approximately cylindrvical region with a permeability 7.5 times higher than the rest of
the ;'eservoir. This high permgability region coincides with the proposed intersections
pf Fiaults la, 4 anrd' 5.

Local regions with higher permeability are expected at each intersection of two or
more faults. Although data to support this hypothesis at Klamath Falls are not yet
availa.ble, the locations of once-active artgsian hot springs generally coincide with the

intersection of the strike-slip and normal faults (see Figure 15). This suggests that

higher permeability regions are associated with the intersections of two or more faults

thfoughout the KGRA.

The regional geophysical data suggests that the whole Klamath Basin graben has

been offset along northeast-trending cross-faults. -Although these cross-faults are
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indicated only on a regional scale, it was suggested that the shallow hydrothermal cir-
culation is related to the intersection of northeast trending cross-faults and the

northwest trending normal faults (Stark et al., 1980).

3.0 CONCEPTUAL MODEL

Figure 17 shows the 2-dimensional conceptual model developed in this study of
the Klamath Falls geothermal area. The reservoir consists of a shallow and a deep
aquifer. For the sake of simplicity, three permeable layers represent the shallow aquifer
zone. The deep aquifer is inferred from geochemical data, although it has not been
penetrated by wells. The two aquifers are connected through the main normal fault
and possibly by the two subsidiary normal faults. Although upflow occurs along fault
- planes, it is proposed that the most permeable zones occur at the intersections of the

normal and cross-faults as described in the previous section.

The dominant normal fault and two subsidiary normal faults indicate down-
throws toward the southwest. This displacement might explain the successively lower

temperatures encountered at greater distances from the main normal fault.

Hot water recharge may be derived from two possible sources. It is possible that
thermal waters flow into the geothermal system from the upthrown block (moun-
tainous region to the east of the main normal fault). Hot water could also be
recharged from the west indicating a possible connection to a deep aquifer within the
Klamath Falls graben. At depth, it is unclear whether hot water from the deep aquifer
is driven up individual faults, or whether the main normal fault recharges the two sub-

sidiary normal faults at a shallower depth.

At shallow depths thermal waters spread laterally through permeable strata, and
mixes with colder regional groundwater. Mixing also occurs along the faults. As the
thermal water flows toward the southwest, temperatures are cooled to regional ground-
water temperatures.

An age of 2 to 4 million years is estimated for the geothermal systém. Silicified

palagonitic tuff, found at elevations up to several hundred feet above the present
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geothermal system suggests that the system was associated with early fault displace-
ments (Sammel, 1980). The fresh appearance of the normal fault scarps in the area
indicates recent fault displacements. Paleontological dates and the age of recent vol-
canic activity suggest that faulting in the region began during the late Pliocene and

continued well into the Holocene.

Two hypotheses have been made on the possible heat source. Peterson and Mcln-
tyre (1970) suggest the heat source is associated with a cooling dike or sill. Sammel
and Peterson (1976) consider the Klamath Falls KGRA as a normal geothermal gra-
dient system. This would require a fault zone that extends to nea.rly 6 km in order to
reach temperatures approaching 190°C at depth. Sammel and Peterson (1976) point
out that no noticeable surficial volcanic manifestations or dike intrusions are found
within the KGRA. Although this is true for the KGRA, geologic maps indicate a high

degree of relatively recent volcanic activity in the surrounding area.

A 3-dxmenmona.l numencal interpretation of the subsurface structure used in the
3-dimensional computer simulation is shown in Figure 18 This figure is similar to the
2-dimensional model in Figure 17 showing only the normal fault displacements, but
also includes relative displacements along cross-faults within the study region. Only
faults which appeared to have some association with recharge or discharge within the

geothermal system are shown in Figure 18.

Displacements along the cross-faults are shown to be down-dropped towards the
southeast and the northwest because of the lack of the permeable strata seen in the
hot well area and also because of the increased améunt of sedimentary rock at depth,
relative to the hot well area. Bounding cross-faults on either end of the reservoir are
suggestive of significant displacements and effectively impede the flow of geothermal
fluids into this area. The reasoning behind this is due, in part, to the fapid decline of

temperatures in these areas shown in Figures 14a, 16a and 16b.

Immediately south of the geothermal system, the graben structure appears to
widen considerably into a region which contains primarily alluvium. From the geophy-

sical gravity anamolies, the depth of these sediments to some type of basement rock in
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this area is on the order of almost 2000 meters. ‘For this reason the aquifer in the
southeast end of the 3-dimensional model in Figure 18 is shown at a considerably lower
elevation than its neighboring sections towards the northwest. The Bounding Faults
act as the mechanism by which the aquifer section in this area is displaced downwards.
The northwestern section is also considerably down-dropped which is reasonable con-
sidering the significantly lower geothermé.l gradients and water levels found in this

immediate area.

No major displacements are assumed near the center of the graben as suggested
by the relatively fiat surface topography and uniform temperature distribution. The
displacement along the first subsidiary normal fault shown in Figure 18 is seen to be
greater than the two center cross-faults but is considerably less than the second subsi-
diary rnorma.l fault. This assumption is supported by the comparatively rapid tempera-
ture declines in the neighborhood of this second subsidiary normal fault. The depths
to the basement basalt is assumed to be between 3000 and 6000 feet based on the geo-

physical evidence.

The normal faults and cross-faults in Figure 18 were drawn at 90- degree angles
to the surface bedding. The associated displacements are shown as sharp discontinui-
ties in the bedding surface. It should be noted, that although the faults are not actu-
ally completely vertical and are believed to dip from 60-80- degrees from the horizon-
tal, the 90-degree angle appeared to be a reasonable assumption as it aided in the
simplification of designing a mesh for the numerical model (described in detail in the
quantitative analysis chapter). Displacements along the first subsidiary normal fault
are prbbably on the order of 150 meters and alohg the second subsidiary normal fault,

greater than 400 meters.

The Yonna formation lies directly above the Basement Basalt. Although little
can be ascertained about this formation in the vicinity of the Center of Graben in Fig-
ure 18, it is assumed to be much less fractured than the Yonna Formation near the
main normal fault. This is reasonable in light of the rather flat topography in the area

of the graben axis. Because faulting is believed to have begun in the region during the
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Late Pliocene and well into th‘e'Pleisibcvene, and Beca;use most of the Yonna formation
was in place before this faulting took place; the formation is.’pi'ob"ably fairly consistent
in 'its lateral and vertical distribution.  Its original depositional environment would
have required a relatively 'ﬁat 'region to accommodate the extensive marshy type condi-
tions implied by the types of rock found in the Yonna Formation. ' '

It is believed that interbedded s#ndstones; graveis, siltstones cléj'stohéé andri‘;hibn
basalt flows overlie the Yonna Formation near the center of the graben, while the
Yonna Formation a.lmost outcrops near the surface in the region >:‘a.bd'ja.cent’ to the ﬁof-
mal fault. The interbedded sedimentary rock overlying the Yonna Fornié.tion near the
center of the graben are most likely derived from the adjacent uplifted ‘blocks;

" Additional deep drilling is néeded to further characterize the source rechvargi'n>g
the Klamath Falls geothéi-rﬁlal" system. Further work is still needed to identify and
describe the actual fault systémé !in":thef area and determine the role of the different

faults in the development and dynamics of the geothermal reservoir.
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4.0 QUANTITATIVE MODELING

‘Once a conceptual model has béen developed that considers all of the important
physical processes and current knowledge about the geothermal system, it is possible
to begin a quantitative analysis. In order to quantify the heat and mass transfer in
the system, an adequate mathematical model must be chosen which can satisfactorily
reproduce the temperature and pressure distributions observed in the field. If reservoir
bperfc‘>rAmancev evaluations and. future behavior predictions are desired, more complicated
models are Dnecessary.

The purpose of this section is to describe the methods employed in calculating
estimates of heat and mass fiow rates for the sy;stem using lumped-parameter method,
p,nd a semi-analytic method. A rdugh estimate for the stored energy (voiumetric
apbroa.ch) isv also determiﬁed. Ther later part of this section provides a general back-
ground fborr the distributed parameter approaéh to modeling and describes the numeri-
cﬂ code PT. A small study was performed, comparing results from the code, PT, to 2
simple semi-analytic solution for flow through a set of permeable beds. The discretiza-

tion necessary for flow in a set of permeable beds was also considered.

Other methods, such as, decline curve analysis and lumped parameter methods
are available to the reservoir engineer to evaluate the reservoir performance and
predict future behavior. These methods, however, are useful only if the system has
well-monitored pressure and enthalpy declines. They are generally applied when a
geothermal system is under exploitation and significant quantities of fluid are being
pumped from the system. At Klamath Falls, the idea of large-scale exploitation of the
system has not been attempted primarily because many private wells were thought to
" be at risk of losing their heat supplies. As a consequence of this situation, a lack of
detailed, long term pressures and temperatures which are necessary in these types of

analysis has resulted.
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4.1 Fault-Charged Model

The geothermal system at Klamath Falls has been classified as a fault-charged
system. A fault-charged system is described by hot water flowing up a fault zone until
it intersects permeable strata where it flows out laterally, losing heat to the confining
beds. Several geothermal systems are characterized by vertical gault ‘zones charged
with hot water, such as East Mesa and Susanville both of which a’re, in California, the
Roosevelt Hot Springs, and Monroe hydrothermal systems both found in Utah, e,nd
Wairakei, in New Zealand. '

: ~ Several authors have studied the temperature distfibution in fault-charged geoth-
erm’al resertroirg, tncluding Goyal and Narasimhan (1982), Goyal and Kassoy (1981).
Geyal and Naras{mhan (1982) impose a constant pressure bounda.fy condition at the
bottom of the reservoir, while Goyal and Kassoy (1980) consider a constant flux boun-
dary condition atzthe bottom of the fault and apply their solutioﬁ to the East Mesa
field in Ca.lifornia: The solution techniques involve boundary layexf theory, numerical
niethods and a corpbination of perturbation methods. Kassey and Zebib (1978) use the
sa.nte basic solution techniques as Goyal and Narasimhan (1982), however, they ‘con-
sider only.a fault zone. Pritchett and Garg (1979) studied a fault-charged reservoir by
numerically simulating mass and energy transport in the aquifer, while neglecting
bedrock heat losses. Kilty et al. (1978) used a finite difference numerical model to

study the heat transfer in the fault-charged geothermal system at Monroe, Utah.

- Bodvarsson et al. (1982) developed a seml—analytlc solutlon for the temperature
dxstnbutlon in a fault-cha.rged system and apphed it to the hydrothermal system at

Susanvxlle, Caleorma Figure 19 shows the 1mporta,nt parameters and the geometry

" used in thls study By finding a suitable match between the measured and the calcu-

lated temperature distributions, the hot water recharge into the system can be deter-
mined. The main. advantage in using the semi-analytic solution is that it does not
require the use of large computers and produces immediate res'ults.r WThVis‘,solution has
been used to obtain an initial estimate of hot water recharge into the Kiamath Falls

system. Therefore, the assumptions, governing equations, and the solution are
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Figure 19. Fault-charged model showing important parameters (taken
from Bodvarsson et al., 1982).
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described below.

Several assurinptionsare ,‘rnade in this model (Bodvarsson,-'1982), including no heat
loss from the fault, “and constant thermal parameters ;for the liquid and rock. Only
vertical heat conductron is consxdered in the rock above and below the aqulfer Wlthln
the aqulfer the mass ﬂow rate is constant horrzontal conductron is neglected tempera-
tures are umform 1n the vertlcal direction of the relatlvely thln aqurfer and there is
mstantaneous thermal ethbrrum between sohd and ﬂmd This solutlon has been
used to obtain an rmtral estimate of hot water recharge mto the Klamath Falls geoth-
ermal system.

The governing equation for the texnperature distribution in the aquifer, (slightly
modified frorn Bodvarsson, 1982) which was derived by performing an energy balance

on a control volume within the aquifer is given by

N 6T Ay T, PwCwd 6T, 6T,
B Em L D B he H & P = O (1)

where the subscripts 1, 2 and a, indicate the caprock, bedrock and aquifer, respec-
tively. - A simple one-dimensional heat conduction equation :governs the temperature

distribution in the caprock and bedrock and is given as

forz>0 )\ —5-;2-1- = p10 _El_ (2)
#T, 6T
for z <,.0: )‘2 —-—2- = p2 &2 (3)

where ), p and c represent the thermal conductmty, the densxty, and the heat capa-
cxty, respectwely \

, To srmphfy the equatlons and thexr solutlon, several dlmensnonless para.meters
were 1ntroduced The resultlng partlal dxﬂ'erentxal equatxons were solved for the tem-
perature dlstnbutlon by usxng a Laplace transform Thls seml-analytnc solutlon for the

temperature ln the aqulfer 1s gwen as
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___\_/_5-_ \/(-_1— 7T (4)
tanhvs ta,nh /—( kA

where x, 6, T, €, 4, 7 and s are the dimensionless parameters for thermal conduct1v1ty,

T, = %(1 - T Jexp- |61 +

dimensionless energy potential, drmensxonless thermal gradrent dxmensmnlws distance,
heat capacity ratio, dimensionless time and the inverted Laplace variable (time),
respectively. | These are defined as | |
N =

= b/D-p.es/p10)
Ty = &D/Ty-Ty

€ = Arx/pucyaD

T = pa/prcy

= Mt/pyc,D?

The equation for the dimensionless heat loss from the aquifer can be calculated from

= (1-Ty) [ ]exp T+ —)61 (5)
and the actual heat loss is determined from,
T,-T
Q = QDA)‘lf) .r b) (6)

The terrnkT, and T, refer to the recharge water temperature and the surface tempera-

ture.

The procedure for ca.lcula.tmg the hot water recharge rate is to ﬁnd a best match
between the field temperatures and the ca.lculated temperatures When a good match
is fcund the recharge rate used in the calculation is chosen as a best estimate for the
system. To determine real values for the solution which is given in the Laplace

domain, a numerical algorithm is used (Stehfast, 1970).
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The values for the reservoir properties used in the calculation are given in Table
3. An average value for the water temperature within the system was assumed to be
80°C to determine average water densities and specific heat capacities. A hot water
recharge temperature of 120°C was based on the hottest waters found in the geother-
mal system. A mean average ambient air temperature of 7.9°C was used for the sur-

face temperature.

Table 3. Parameters used in Fault-Charged Model

Parameter : ’ Value

Depth to Aquifer, D 50. m
Aquifer thickness, b - 600. m
Aquifer porosity, ¢ 0.2

Density of water, p,, ' 970. kg/m?
Specific heat of water, ¢, 4100. J/kg: °C
Density of Rock 1, gy 2500. kg/m3 -
Density of Rock 2, p, 2650. kg/m?
Specific heats, ¢,, ¢, 1000. J/kg- °C
Thermal conductivities, \j, X\, 2.J/ms °C
Temperature of recharge water, T, 120. °C
Temperature of ground surface, T 79 °C

The results shown in Figure 20a represent the best match of the calculated and meas-
ured temperatures. The calculated temperatures compare well nearest the fault zone
and appear to differ significantly further away. The temperatures along the main nor-
mal fault also appear to vary considerably l'romr 95 - 120° C as shown in Figure 20, and
consequently do not match well. This is probably due to a variable hot water recharge

rate along the length of the normal fault.

The calculated recharge rate per unit meter of the fault is 2.0 x 10° m3/m-s,

which is slightly higher than the recharge rate calculated for the Susanville geothermal
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system (9.0 x 10° m3/m's) (Bodvarsson, 1982). The calculated heat ﬁow:s plotted
against the distance from the fault are shown in Figure 20b. These show a maximum
heat loss of 107.0 HFU near the fault and a minimum value 2500 meters away of 30.0
HFU. No detailed heat flow data has been determined yet for the geothermal area and
therefore no direct comparisons can be made. These heat flow values represent max-
imum heat losses for the system.

The serrni-analytie model estimates that ste_aac‘ly state is a.pproached within approx-
imntely 30,000 years. ,Beeause: thist is a relatively short time period in comparison to

geologic time, a.nd because geothermally altered rock has been found at much higher

' elevatrons than the present system, a steady state or slow transient state seems to be a

ressonable assumptlon. Thrs geothermally altered rock is located near the OIT

campus towards the northern end of the geothermal system.

Although thxs method of. analysns provrdes 2 good, quick, initial estimate of the
recharge ra.te, the model has several hrmtatlons _that limit the applicability of the
model to a system as complex as at Klamath Falls. First, the semi-analytic model
negiects cold water recharge near the center of the graben which most likely causes the
rapnd cooling near the second subsxdrary normal fault. It ‘also assumes a continuous,
symmetrrca.l geometry for the aqulfer a.nd only conductwe heat transfer within the
cnprock and bedrock. In ,.rea.llty the system indicates downward displacement along
subsrdiary norrna! faults towards the center of the gra.ben.' :Thefa.ult?;-charged model is
not capable of considering the role of cross-faults which probably provide significant
hot ‘water recharge to the ::n\ea.r; surfnce perrueable aquifer. The aquifer itself is not a
singie, uniformly-permeable feature, but is permeable only in small discrete layers.

Conductive heat loss from the main normnl vfa.ult to the surrounding bedrock is
neglected, however, this appears to play an important role in the steady state tempera-
ture distribution and should not be neglected (i.e., the temperature contours near the
aquifer are horizontal, while near the fault zone they are vertical). The geothermal
system is also assumeo to have reached a steady state, while it may in fact be possible

for the system to be in a transient state. This might explain why temperatures
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decrease so rapidly, further from the main normal fault (i.e. the rock at further dis-
tances from the main normal fault would not have heated up to its steady state

values).

4.2 Lumped Parameter Methods

As an alternate approach to first-cut estimates of the hot water recharge for the
Klamath Falls system, a lumped parameter analysis can be performed. In the lumped
parameter analysis the entire geothermal system is considered as one large block
(shown in Figure 21), which experiences heat and mass transfer into and out of the
system through each face. This block is found within the study area shown in Figure
9. Internal conditions nced not be considei-ed’fdr,this type of analysis, however, the
internal properties must be averaged over the entire block before being used in the

mass and energy balance equations.

Heat is convectively transferred into the system and is given by q;, in Figure 21.
Heat is both convected ﬁ'ahd-‘conducted out of the system as indicated by qoy and qegqg
One way the hot water recharge rate can be calculated is by assuming that the steady
state conductive heat ﬂc.;w out of the caprock is equal to the heat lost from the aquifer.
This is done by equa.tiné the cpnduétive heat loss:qco;,d'out the top 6f the block, to the

convective heat loss by the aquifer. The recharge rate can be determined from

Qeond = XA—A-_ = c‘,ATlil. (78.)

Another method of determining a hot water recharge rate is to use the hydraulic
head at the surface to calculate a Darcy velocity, This Darcy velocity can be multi-
plied by the average water density and the cross-sectional area to estimate the hot

water recharge rate. The equation used for this -§a.lcula.tion is given by

2 = ok
m = png” 5)( . (7b)

A rough estimate of the total energy stored in the system can also be calculated

using the following equation given by
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U = Tavgv[(l ¢)prcr + ¢chw] e o (8)

The pa.rameters used m these calculatlons are grven in Table 4. An avera,ge reser-
voir tempera.ture of 80° C was used to determme the average temperature dependent

ﬂuld properties c,, py, and g. The hot water decreases in temperature across the x
dlrectxon (2000.0 meters), from 120°C to 40° C.  All of the other reservoir parameters

are assume a.verage values for the system within the block shown in Flgure 21.

For a surl'a,ce area of approximately 6 km? a conductlve heat loss of approxi-
rnately 7.2X10°J/s was calculated. From this value the hot water recharge rate per
umt meter along the length of the l'a.ult is calculated to be approximately
7 5%107% m3/s'm." A'hot water recharge rate of 6. 6 x 107 m3/s'm was calculated using
equation 7b. ‘The total stored heat wrthm the block was calculated to be on the order
of 9.4 x 10Y Joules. .

These hot water recharge rates compare well to the results of the sexm-analytlc
solution. - The lumped parameter methods are very useful in determining initial order
of magnitude estimates with only a hand calculator. They also serve as a basis for
comparison against the numerical and the semi-analytic solution. The variations in
recharge rates are expected because of the average values used in these calculations.
The largest uncertainties associa.ted with the first method include 2 single average tem-
perature gradient assxgned over the entrre study area, a.nd that 1t is assumed that the
total heat lost from the aquer is equal to the heat lost through the caprock. The
greatest uncertaxnty in the second method is that lt 1s appropnate to assrgn a single
average permeabxhty over the entnre study volume Both methods neglect the recharge

of cold water into the system
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Table 4. Parameters for Lumped-Parameter Analysis

Parameter Value
“Volume, V 4.20X10° m®
- Average Temperature, T,y; ‘ 80°C
Change in water temperature across block, AT 80°C
Water density, p,, 970.0 kg/m®
Rock dehsity, fr 2500.0 kg/m3
* Specific heat of water, ¢, - 4100.0 J/kg-* C
Specific heat of rock, ¢, 1000.0 J/kg-* C
Average porosity ¢ 0.20 ..
Average temperature gradient, -2—:; 60°C/100 m
Average thermal conductivity, A - '20J/ms°C
Total depth, H 700.0 m
Hydraulic head gradient, Ah/Ax 12.0 m/ 1700.0 m
 Average water viscosity, 3.55 x 10~ Pa's
Aquifer permeability, k 5.0 x 10713 m?

4.3 Distributed Parameter Method

When 2 more detailed analysis of tile geothexjmal éystem is desired, a distributed
parameter model which, is capabie of handling spatiai variations in the system’s hydro-
geologic properties is required. The région of interest is divided into subregions to ade-
quately describe the variability of the system. Each of these subregions behaves much
in the same way as the large block in the lumped parameter model (Figure 21). The
lumped parameter model is essentially a coarse discretization (usually one or two
blocks) of the same system that neglects spatial variations. Distributed-parameter
models are capable of incorporating the entire set of available field data and determin-

ing reasonable values for reservoir properties.

For geothermal systems, distributed-parameter models are solved by coupling

mass, momentum and energy conservation equations which are tailored to
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accommodate the desxred dynamic and thermodynamlc processes that occur in the sys-
tem of mterest The solution of these coupled equations involve various numerical
techniques because of the complex nonhnea.ntles that a.rxse A general heat and mass

balance equation described by Bodvarsson et al. (1985) is wrltten as
—6-t- L’u M(nc)JV = Ln F(K) .pnol + ":’n q(") V. (9)

The a.ccumulatioh term oh the left hand side of the equation M(") represents the
amount of component K present in a unit volume for a given domam V.. The right
hand srde of equatlon (9) gwes the change in M i in response to flow across the boun-
dary I‘n given by the flux term F, and to smks and sources with volumetnc rate qfora
domam V,. "The ﬂux term F lncludes conductlon a.nd convection heat transfer and the
source term q can 1nclude mjectlon and productron as well as recharge and dlscha,rge
zones. | - o '

A distributed pe.rameter model | uses a uetwork of( specifically arranged nodal
points to describe the system being studied. Nodal points usually occur at the center
of each block in the grid and represent the point at which temperetures and pressures
are calculated.  The spatial grid allows one to model complicated geometries, which are
not possible, or require many simplifying assumptions in ‘Van’an’elytic approach. The
heat and mass balance equations are solved at each individual node and allow for tran-
sient and steady state analysis of the system.

Material properties used in the mass and 'enzergy Ae;';uations' are assigned to each
node and are assumed to be uniform over the entire’elementcl volume Simple tem-
perature and pressure" gradients a.'re"'s'et'iup’ between each node By mcreasmg the
number of nodes for a given system, a hlgher degree of a.ccuracy can be obtamed

Boundary and rmtlal condmons are prescrxbed for each system The boundary'
conditions are extremely unporta.nt in determmmg the ﬁnal temperature and pressure
dlstnbutxons as well as the ﬂuxes through the system The three p0551ble ‘types of
boundary conditions can be imposed on the system, including: msula.ted, constant

temperature and pressure, and constant heat and mass fluxes.
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Numerical simulators were originally developed for single-phase liquid water tran-
sport, and only within the last 10 yéafs for two-phase liquid;gas systems. Finite
difference 't,e'chniques are most frequently used in modeling geothermal Vreservoirs.
Several models using the integrated' finite difference method have been developed whiéh
allow for direct discretization of the conservation integrals and more flexibility in
defining a grid mesh. Finite element methods have been developed to study both

natural state and forced convection.

 Distributed parameter‘ modeling is an accepted means of evaluating geothermal
systems. A few of the most well-documented and successful models aré listed below.‘
Se?era.l papers have been presented on qpmerical simulations of natural Vcoﬁi'rec\:Ation in
geothermal systems (e.g., Cheng, 1978; Dona.lasbn; 1970). Only more recently have
numerical codes beeh déveloped to a;idress expioitation problems; Some of these

authors are Faust and Mercer (1975); Sorey (1975); Garg et al. (1975); Coats (1977).

THE NUMERICAL CODE

The Kla,mat.h Falls geothermal system is characterized by low to moderate tem-
peratures and is predominantly liquid dominated. It was decided that the computer
code PT developed by Bodvarsson (1982) which uses a single-phase three-dimensional
integrated-finite difference method would be sufficient for modeling the system. PT
was modified from the code CCC (Lippmann et al.,, 1977), which has been used for
many years in solving geothermal, energy storage and waste isolation problems. The
cdde has been successffxlly used in a modeling study of the natural state of the Heber
geothermal field in California (Lippmann and Bodvarsson, 1983), an exploitation study
of the Susanville geothermal system in California (1981), and aléo in a seasonal aquifer
thermal 'énergy storage field experiment néar Mobile, Alabama ih a joint pvroject by the

University of Auburn, Alabama and Lawrence Berkeley ‘Laboratory ( Tsang, et al.

1981, 1985, Buscheck, et al. 1983)

The governing equations for the model are mass and energy balances given in

integral form. The mass balance is given as
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Lk _§_(¢p)dv =- de-ﬁ'dA+ L Gde,' (10)

where any control volume V and surface area A, containing sohds and/or hqmd water

1s applxcable The energy balance is glven as
fv 5 (pedV = J, WT-TdA - [ pcfTV, - TdA + [, GpdV, (1)

where the term on the lel't hand sxde is an accumulatxon term l'or mternal energy er.
The ﬁrst two terms on the nght hand sxde ol' equatxon 11 represents the conductwe
and the convectlve terms respectlvely The third term lS for sources or sink terms.

Fluxes are calculated usmg Darcy s law gwen as .
TV =- -Il_ (GP - - (12)

The complex equatxons can be solved in the form of a set of linear equatlons
Temperatures and pressures at the mtcrfaces between nodes are evaluated using an
upstream welghtlng crxtenon The matnx permeablllty and conductmty however, are
determmed usmg a harmonlc mean. The code uses an eﬂ'xcxent sparse matrix solver to
solve the set ot‘ nonhnear equatrons Array dunensrons in the computer the code, PT,
were mcreased to allow l'or larger numbers of materlal properties and greater numbers
of elements used in the 3-d|mensxonal numencal model of Klamath Falls. The code
allows for heterogenelty and anxsotropy wnthm a system and has optional gravitational

eﬁ"ects

The ﬂurd propertles that are consrdered in PT, include the density, dynamlc
vxscosnty, compressxblhty, speclﬁc heat and thermal expansivity. The fluid density is
calculated both asa functlon of the temperature and pressure. The fluid viscosity and
the thermal expansxvnty are both calculated as a function of temperature, while the

lluld compressrblhty is calculated as a function of pressure.
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4.4 Grid Size Analysis

Before performing any computer simulations it is helpful to consider the conse-
quences of averaging the material properties for the reservoir. Since the Klamath Falls
reservoir is very heterogeneous and anisotropic, properties for each element in the

mesh for the system must be appropriately,averaged.

Therefore, a small study was conducted to mthlgate the accuracy of the numer-
ical code PT, and to determine the degree of discretization necessary to sunulate the
mass and heat transfer This was done by using a semi-analytic model, sxrmlar to the
fault-charged model, that considers only the heat and mass transfer in a set of perme-
able layers capped above and below by xmpermeable rock. This sxmple case was used
because it considers only the most basic therrnodynamic and dynamic processes for a

system like Klamath Falls.

Derivation of the mass and energy balance equatlons was done followrng the
approach taken by Lauwener (1955), who studied the transport of heat in an oil layer
caused by the injection of hot fluid. Bodvarsson (1982) developed a similar solution to
this problem in radial coordinates to study injection into fractured geothermal wells.
The semi-analytic solution used in this study is based upon the same method u_sed by
Bodvarsson and Lauwerier but uses cartesian coordinates. Figure 22 shows a perme-
able bed of thickness b, and a caprock of thickness D, which is part of a large system
of layered permeable beds capped above and below by impermeable rock. Hot water
flows through the permeable bed from left to right, losing heat to the impermeable
rock. Heat is transferred vertically through the impermeable rock by conduction.
Because of the symmetry of the model, the datum is defined at y = 0. The goirerning
equations are similar to equations 1 and 2 for the fault-charged system except that,
due to symmetry, only the caprock is considered for heat loss. The governing eqnation

for the aquifer is given by

6Ta STa 5Tl
bp,c, —‘;t— + bpwcwvw T - kl —6—y-' b = O, (13)

and for the caprock:
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Ty 6T,
kl -—6y2 = “plcl T . B A (14)

Because of the geometry of the system, both the upper and the lower boundaries
are insulated. Horizontal heat conduction is neglected "throughout the system. The
temperature in the fracture remains CQu§tint m th’e\vertical direction. The caprock
and aquifer are at uhiform temperatures initially. At large distances fromrx the recharge
zone, temperatures in the caﬁrmk‘@d,,bedrmk,ue assumed to be unaffected by the
thermal perturbation. The parameters used in the study were nondimensionalized to
simplify the dxﬂerentxal equation. The resultxng differential equations are then
transformed into the Laplace domain and solvgd. ‘The dimensionless.temperature for

the aquifer in the Laplace domam is glven as

VAVl B

Too= 1 exp sle as)
cosh,\/:-- tanh\/_[l + -—]smh\/— s
and for the caprock:
Toe [cosh\/—n ta.nh\/—[ + = ]smh.\/— ]
Tp, = (16)

V=

The parameters @, 5, and £ are dimensionless parameters defined in the Nomenclature.

- Two cases were studied using this mode.l.r Both cases assume that the fracture
zone is 1 meter thick and the impermeable strata is 20 meter thick. The first case was
done to compare different degrees of mesh refinement for the same system. The three
different discretizations include using 4, 11 and 21 vertical nodes and 10 nodes in the
horizontal distance (1000.0 meter), all equally spaced. The location at which the tem-
perature is compared for each case is 15 m from the interface between the permeable
and the impermeable beds and 250 m fr& the hot water recharge point. A 30.0

m/day hot water velocity was used. The second case compares the results of the
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semi-analytic solution for the permeable layer problem(in Figure 22) to the numerical
results for the_sa.nx‘_e problem, at two different velocities, 0.1 and 100.0 m/day. The

numerical grid uses 21 vertical nodes and 10 horizontal nodes to describe the system.

Figuresr 23 and 2:4,_represent the results from this study. Figure 23 indicates the
results of the diseretization comparison and shows that the difference in the mesh
arra.ngements is very small, lmplylng that the dlscretxzatlon in the vertlcal sense does
not necessa.nly requlre large numbers of nodes to accurately describe this type of sys-
tem. Flgure 24 shows the companson ‘between the semi-analytic permeable layer solu-
tion and the numencal solutron The results of this comparison indicate a fairly good
match between the two methods at velocmes ol‘ 0.1 m/day and 100. m/da.y, suggesting
that the numerlcal solutlon is reasona.bly accurate at this scale.

4.5 Avera;ge:RésenroirProberties“ .

Averaglng of reservoxr propertxes is a necessary and xmportant step in detailed
modehng of 2 geothermal reservo:r Smce there isa hm!tatlon on the money and com-
puter tune avallable, it is xmporta.nt to use as few nodes as possxble to describe the
physical processes of 1“1.0, res_ervorr. Imtmlly, a sxmple, but ﬁnely discretized two-
dirnensional model l'or “the l(lamsth Fa.lls geothermal system was used to determine the
regions where several smaller elements could be  appropriately a.veraged and
represented by one larger element thereby reducmg the total number of nodes neces-

sary for the sxmulatxon. .

The "'rnethods for averaging several of these material properties (i.e. 'perrnea.bility,
thermal conductmty a.nd the volumetnc capacxty) for a generahzed layered system are
shown below Freeze and Cherry (1979) described the relationship between layered
heterogenelty and amsotropy Figure 25 shows a layered system, where each layer is
isotropic and homogeneous, with permeabllxtles ky, kz, .k, thermal conductivities )\,

2)-+--Ap, and volumetric capacities pyc;, poCs,....p0C,, thicknesses dy, ds,... d, and total
thickness d. When the whole system acts as a homogeneous amsotropnc layer (i.e. at

steady state) average va.lues for the permeablhty (ky k,), thermal conductivity (A, Ay)
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- and volumetric capacity (pC) can be determined. The appropriately averaged permea-

bility and thermal conductivity in the numerical simulations are derived in an analo-

gous manner.

For flow perpendicular to the surface of the layers and for a constant specific
discharge v throughout the system, the total head loss across the layered system is
glven by Ah = Ah; + Ahg + ... + Ahy, where Ahl represents the head drop across

the ﬁrst layer, and so on. From Darcy's law,

’ kyAbhy  kpAby - k .Y k ,Ah :
= = = BN , 4 17
T d . ody o d (17)

where k, is the average permeability for the layered system. By rearranging terms and

solving for k,, one obtains the following relation:

d
kz =- —n—-(—l-i—. , (18)

j=1 ki

A similar approach yields an equation for flow parallel to the layers:
R
k, = —_— (19)

where n in the summation term represents the number of layers in the system.

The thermal conductivity can be derived in a similar fashion using Fouriers law
of heat conduction. Steady state heat transfer is assumed, where the heat in equals
the heat out of the layered system. For the heat flow in a direction perpendicular to
the layered system, the average thermal conductivity is given by A\,. The equation for

A, is given as

A\ = — (20)

~ and the avérage thermal conductivity parallel to the layers is given by

2——— | (21)

j==1
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To determine the equivalent volumetric capacity for the layered system, steady
state is assumed and both the total internal energy and the temperatures of the léy-"
ered system and the averaged system are also assumed to be equal. By equating the
total internal energies of the layered and the averaged system, and canceling the tem-
peratufes the following equation results:

% Vi(Prenl1= ) + puewd) =Va(prerf1 - 2) + pucuts) (22)

=1

The subscript (i) in the summation refers to the individual layers in the layered sys-
tem, while the subscript (2) represents the averaged system. The porosities, ¢; and ¢,

indicate the individual layers in the layered and averaged system, respectively.
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5.0 THREE-DIMENSiONAL NUMERICAL MODEL

A detailed three-dimensional numerical analysis of the Klamath Falls, Oregon
geothermal system is presehted in this section. The principal reservoir characteristics
from the three-dimensional conceptual model in Figure 18 are transformed into an
equivalent numerical representation. This step involves, determining an adequate
three-dimensional spatial discretization for the conceptual model, assigning appropri-
ately averaged material properties for each element in the mesh, and imposing initial
and boundary. conditions for the system. These factors are discussed in detail in this

section along with the results from the final three-dimensional numerical simulations.

o fI‘h.e study area for the 3-dimensional numerical simulations is shown by the rec-
tangular box drawn over the topography map in Figure 9. This particular area is
chosen because it encompasses the entire thermal anomaly, and because it is assumed
that the vertical boundaries were far enough away from this anomaly that they would
not dominate the heat and mass transfer within the system. The area also considers
an area large enough to allow for cross-flow of cold regional water recharge which is an
important fea.tt{xr_e(i»n the 3-dimensional model. The actual scales in each dimension are
shown ih thé 3-dijmg“x_1:sriyotvml mesh shpwn _in‘ Figurer27.,

;As a basis for the numerical simulations, several 2-dimensional models were used
to understand the more fundamental flow patterns and, temperature and pressure dis-
tributions that might develop in such a system as Klamath Falls. The two dimen-
siqn_val_mode]s served. as useful, quick and inexﬁensive methods of generating an ade-
quately discretized three-dimensional mesh for describing the system. They were
oriented perpendicular to the main normél~fault and extend in a southwest direction.
These 2-dimensional simulations are useful in familiarizing oneself with the relative
sensitivities to imposed boundary conditions and the reservoir parameters. The per-
meability distribution and boundary conditions appear to govern the temperatt.xre and
pressure distribution within the system.

"~ Although the two-dimensional models a‘ré'dseful .in ‘many respects, there are

several limitations with this approach. First, they neglect recharge of cold regional
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groundwater that flows perpendicuiar to the two-dimensional cross-sections,: towards
the south, in the central graben area (area shown in Figure 18). In order to maintain
cooler temperatures near the vicinity of the second subsidiary normal fault, the 2-
dimensional models required significant displacements along the first and second subsi-
diary normal faults to divert the hot waters downwards. This causes the near surface
sediments, at distances further from the main normal fault, to remain cooler. How-
ever, these displacements would have been on the order of 400-500 meters within short
horizontal distances of 600 meters. This is considerably larger than the local topogra-
phy indicates.

Another limitation of the 2-dimensional models is that they do not adequately
resolve the problem of hot water discharge from the system. The effects of cross-faults
could not be considered and therefore only generalized vertical mesh arrangements
‘could be used. These are constructed perpendicular to the main normal fault. The
two-dillnensional models also neglect the lateral flow of hot waters in the normal faults,

-cross-faults and the aquifer.

The geothermal system at Klamath Falls is governed by‘ 3-dimensional features
and therefore only a 3-dimensional model could be used to Suﬂ'iciently ieplicate the
temperature and pressure distributions within the study area. The 3-dimensional
natural state model of the system assumes a steady state, and estimates the permeabil-
ity distribution, recharge and discharge rates for the system, and the associated heat
flows. When a suitable match is found between the actual field data and the numeri-
cal results, the proposed conceptual model, although not necessarily a completely
unique solution, represents a plausible model for the Klamath Falls system. By a suit-
able match, it is meant that*calculated temperature and pressure distributions from
each numerical simulation compare well to the actual temperatures and preSsﬁres
measured in the geothermal system. The degree of uniqueness for the ﬁnal'ndmeriCal
solution can be determined by varying the most sensitive parameters. The degree to
which these parameters influence the state of the system is indicative of the solution’s
uniqueness. Several simulations using the final model are discussed at the end.of this

section.
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5.1 Three-Dimensional Mesh

- The design of the numerical mesh plays an important role in' determining the
resulting temperature and pressure distributions, as well as the heat and mass flows
within the system. It is essential to construct a 3-dimensional mesh which conforms to
the proposed conceptual model shown in Figure 18, and which also uses a suﬂ:icient

H number of elements to adequately account for both the local and large scale dynamic
-and thermodynamic processes that influence the system. The geological structure of
the geothermal system must be incorporated into the mesh showing relative offsets of

major faults, and reasonable extents and thicknesses of beds and fault zones.

Although there are no definite limits on the maximum number of elements that
can be used in the computer code PT, the simulation: time, storage facilities and finan-
cial constraints are all factors which must be considered when:designing 2 mesh with
large numbers of elements. ‘Because the computer uses a sparse matrix solver to solve
the series of heat and mass balance equations,.ddubling the number of elements in the
mesh ‘increase_sﬁ the number of :calculations -byv_nz;'orl 4 -times the original number of
nodes. Efficient numerical modeling of complex geothermal systems such as Klamath
Falls, requires tl}er use of a fairly large number of nodes to satisfactorily simulate the
reservoir and xts thermodynamic processes (i.e. 1000 plus elements). = -

The final three-dimensional mesh used in this study was based on an understand-
ing of ‘the system developed by.-studying ‘the results of two-dimensional simulations
(Fig. 26).. These are used to obtain ‘a reasonable compromise between ‘geolégicil struc-
ture, average properties for individual elements, and’ the total number of nodes. The
2-dimensional mesh is viewed from the northwest looking towards the southeast, along
the trace of the main normal fault in the geothermal system. The vertically oriented
main normal fault and the two subsidiary normal failts are seen as a series of thin ele-
ments. '4The’ main knormz:ilrfault! is ;gprgsentgd,by;elements 1,9,17,25 and 33, and the
two subsidiary - n_or‘mal_;, I"a‘ults: _are: ,rep;,esented,.;by elements - 3,11,19,27,35 - and
5,13,2.’1_,279,3477f Permeable strata usually occurs.in elements20,26,28,34, and 36. In-

areas where significant quantities of heat and mass transfer occur, and where
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temperatures and pressures change rapidly, such as near faults, or"perrmé‘ab'lé Vbeds',;wa
finer discretization was necessary to generate a more accurate temperature and pres-
sure distribution within the system. -

Because of the inefficiency (time and money) of using large numbers of elements
(+1000) in the computer simulations, only a given number of elements are permitted in
each of the three dimensions. The 2-dimensiona! mesh shown in Figure 26, is ;s'ome-
what coarse near zones of large heat and mass flows, however this allows for a better
discretization in- the 3rd dimension, along the main normal fault. This discretization
along the main normal fault allows for the influence of the cross-faults and accounts
for the notable variation of temperatures in this direction (Figures 162 and ‘16b). It is
conventional in numerical modeling, to compare a coarse discretization to a much finer
mesh, to determine how accurately the coarse mesh will represent the system beiﬁg
investigated. The 2-dimensional mesh iin Figure 26 exhibited negligible differences
when compared to a finer representation of the same system. This suggests that the
2-dimensional mesh in Figure 26 is sufficiently discretized to accurately describe the

temperature and pressure distributions.

The 3-dimensional mesh illustrated in Figure 27, shows the entire volume of the
reservoir used in the simulation. A total volume of 2.0 x 10 m3 is used as indicated
by the three scales drawn. A depth of 2000 meters, a length of 4000 meters along the
normal fault, and a 2500 meter distance perpendicular to the main normal fault were
assumed. The particular 2-dimensional mesh in Figure 26 was duplicated along the
length of the main normal fault to generate. the 3-dimensional mesh, for two reasons.
The first reason was to maintain simplicity in the 3-dimensional mesh and the second
was that this particular mesh allowed a sufficient amount of flexibility in describing

the various geological structures within the 3-dimensional system.

The advantage of maintaining simplicity in every aspect of a 3-dimensional
numerical simulation becomes evident as one begins to, interpret the results', plot tem-
perature and pressure distributions, and consider the complexities a'socia;ted- with

equilibrating the system: and assigning various properties and boundary conditions.
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Figure 26. Two-dimensional mesh used as a basis for the three-
dimensional mesh. This vertical section is viewed from the
northwest towards the southeast. Mesh is oriented perpen-
dicular to the main normal fault, represented by elements
1,9, 17, 25 and 31.
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Figure 27.

Final three-dimensional mesh used in numerical analysis of
the Klamath Falls geothermal system. The mesh. views the
system from the northeast towards the southwest. The
numbering scheme for the mesh is seen at the base of each
vertical section (1, 100, 200, 300,.....1200, 1300).
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Although the .computer code PT can accommodate any type of mesh ‘arx:axigenient
desired, it is found that a simple rectangular coordinate grid is’suﬂ'iq‘ien’t)fpr: the study
and offered results that were easily interbreted. |

Figure 27 represents the 3-dimensional discretiziti& of the subsurface geothermal

system with relative displacements as indicated. Fourteen vertical sections were drawn

and are labeled as shown in Figure 27 from section 1 to 1300. For each vertical section

_perpendicular to the main normal fault, the numbering scheme is exactly the same as

described in Figure 26, except that the section number (100,200,...1300) is added to
each node number. This 3-dimensional mesh was developed from Figure 18 described
in the conceptual model section. ‘The faults are all assumed to be vertical and vary

from 20 - 30 meters in thickness. This is reasonable, considering the steepness of the

normal faults in the area (60° - 80°).

Along the length of the main normal fault, 5 cross-faults are shown by sections
100,300,500,900, and 1200, which correspond to faults 9, 8, 7, 4 and 2 respectively (Fig-
ure 15). These cross-faults were selected based on their inferred relative magnit'udes‘
and their poséible association with recharge and/or'd‘ischargek in- the system. The
cross-faults are all assigned the same thickness of 30 meters. - The 20 - 30 meter
thicknesses (actually considered to be fault zones) were determined by the relative
widths of the thermal contours which outline the faults with depth in the cross-
sectional temperature profiles (Figures 142, 14b and 14c). In Figure 27, the cross-faults
are seen transe'cting the main normal fault at 90°, These cross-faults actually form
acute angles with the main normal fault ranging from 15-20° as shown in Figure 15.
This is a particular limitation with the rectangular mesh used, however it was believed
th#; this would not effect the recharge rates. ‘Bedding is assumed to be a horizontally

oriented, planar feature,
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5.2 Material Properties

" Both fluid é,nd rock properties must bé assigned for each element beforé ea.ch new
simulation. The rock material properties that are used in the simulation include: per-
meability, porosity, density, thermal expansivity, compressibility, specific heat, and
thermal conductivity. Specific heats, thermal conductivities and permeabilities are
dependant on temperature. Their changes with temperature can be'prescribed in the
numerical code. Furthermore, since the thermal conductivities and the permeabilities
- usually show significant variatioxis bt;tween the vertical and horizontal axes in nature,

tﬁe‘ degree of anisotropy can also be prescribed for each element. The fluid properties
that may be assigned include the density, viscosity, compressibility, specific heat and
the expansivity. The specific heat was chosen to be constant at 4200 J/kg °C. The
fluid density is calculated both as a function of the temperature and pressure. The
fluid viscosity and the expansivity are both calculated as a function of temperatu;e,
while the fluid compressibility is calculated as a function of pressure.

Due to the complexity of this system, and the general assumptions associated
with the subsurface geology and the 3-dimensional mesh, only the permeabilities and
the boundary conditions are varied. The two-dimensional simulations show that the
thermal conductivity, porosity, specific heat and so on, have second order effects on the
system. Of the reservoir properties, the permeability is the most important because it
controls .the rate of flow of the geothermal fluids into and out of the system. The
degree of anisotropy and temperature dependence in the permeability is not well
defined at Klamath Falls and is therefore, considered isotropic and constant with tem-
perature. The thermal conductivity and the heat capacity of the rock are also kept
isotropic and invariant with femperature. Densities are better documented for several
rock formations such as the basalt, the impermeable layer (clays, mudstones) and the
sedimentary rock. These particular rock formations are assigned densities according to

Table 5.
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Yonna Formation

Rock Formation Density

p kg/m®

Basement Basalt 2650.00
Impermeable surface layer 1700.00
Sedimentary Rock | 1850.00
| 2000.00

The Sedimentary Rock refers to the rock found in the center of the graben, overlying |

the Yonna. Formation. Thc Caprock represents the top 50 meters of the 3-dimensional

model. - Since the densities of the faults ‘were not known, the aquifers and the remain--

ing formations were assxgned an a.verage densxty

Smce no wells greater tha.n approxxmately 2000 feet deep have been drilled in the

immednatq hot well area of Klamath Falls, only genera.l inferences can be made of the

subsurface geology. Figure 28 displays the rock formations consistent with the 3-

dimensional conceptual model ‘shown' in Figﬁre 18. . This figure acts as a general guide

for assigning material properties to each node shown in Figure 27.’ Table 6 lists the

average material properties assigned, based on inferences made about the type of sub-

surface geology in the geothermal system (see Figure 28).
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Meters

Figure 28. Inferred subsurface geology for the three-dimensional
model.
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Table 6. Constant Rock Properties

Rock Property . Value
Porosity . . 019
Heat Capacity 1000.00 J/kg C
Thermal Conductivity - 200 J/smC
Compressibility o - 1.00X 10° Pa!
Expansivity =~ = | 1.00x107% !
Permeability | , see Figures 29a,b,c,d,e

The highest. permeabilities w",el‘-é‘ assigned the main normal fault and the two sub-
sidiary normal fault elements. The second subsidiary normal fault is assigned a high
j)ermeability to allow more cold rééharge to mix with the hot waters. This is done as a
‘means of controlling the temperz;.t.ures at the second subsidiary normal fault where
temperatures a.ﬁbeé.r to declihe rapi&ly, suggesting some type c;f coo:ling or downflow.
The fault permeability is»crucial in»determining the quantity of hot water recharge to
the system. These pex;meabilities are not well known, but are bélieved to be' at least as
high as the permeable ‘aquifer they iniersect (Sammel, 1@84) The northern and south-
ern ends of the normal fa.ults (sectlons 1, 100, 1200 and 1300) were a.ssngned relatively

low permeabilities because no hot water recharge is seen in these areas.

The permeabllltlgs for the aquxfer, near the Museum well in Figure 11, are well
constrained An average aquifer permeability for this area of 6.000% 107! m?, is based
on the transmissivities determined from well tests done in the area. An almost circular
region near the mtersectlon of the main normal fault and the cross-fault represented
by the vertical sectlon 900 (m Flgure 27), has permeabilities almost 7.5 times that of
the values near the Museum Well (Ben_son, 1983). The intersections deﬁned by cross
sections 500 and 900 are assumed 'fb a’d‘d significant hot water recharge to the system.
This can be shown by the temperature contour plots in Figures 16a and 16b, where the
highest temperature contours appear to be located near these two fault intersections.
These two intersections are represented by elements, 501, 509, 517, 525, 533 and 901,
909, 917, 925, and 933 ip Figurer 27. Relatively high permeabilities are therefore
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assigned to these cross-faults.

Permeabilities for the aquifer and the fault are relatively high for most geother-
mal systems and is attributed to the highly fractured nature. In general, vertical sec-
tions further from cross-sections 500 and 900 (north ‘4nd south) were assigned progres-
sively lower permeabilities because of the notable decline of temperatures in these
directions. The temperature profiles near the ends of the cross sections shown in Figure
14a appear to be dominated by more conductive heat transfer or cold water recharge.
Based on inferences made about the subsurface geology near the central graben, the
upper sedimentary strata are assigned moderately high permeabilities. The depths to

these strata are estimated to be from 200 to 800 meters.

The area near Klamath Falls is believed to have experienced significant localized
faultrng and fracturrng whrch resulted in large topographrc varratlons over short dis-
tances. ngh rates of erosron are also believed to have accompamed this highly vari-
able topography Inrtxally the eroded rock fragments are expected to have short travel
tlmes and consequently are descrrbed by la.rger, coarser. matenal These coarser rocks

are therefore expected to be ‘more permeable than ﬁner sediments that cap them.

Very low permeabilities were assigned to the basement basalt and for the very
top 50 meter thick section (referred to as t_hecaprock). The basalts near the main nor-
mal fault zone mighthave actually:h_een assigned a higher permeability due to the
apparentfy high degree of fracturing As the uplifted fault blocks become more
rounded by erosxonal processes, rncrea.smgly finer sediment is deposited. A consider-
able amount of clays, muds and silts are therefore envisioned in the upper sediments..
These sedrments have very. low permeabilities and act as effective impediments to vert-

1cal groundwater ﬂows

South of cross-l'ault 4 1n Flgure 15, the topography suggests. that a substantial-
downwards drsplacement occurs. Thrs would suggest that the permeable beds within :
the Yonna Formatron and the overlymg coarse grained strata, might be found at
much lower depths than other parts of the central graben area. For this reason the

permeablhtres at lower depths south of vertical section 900 are higher than more
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northern areas.

It should be noted that the permeabilities shown in Figures 29a, b, ¢, d, and e
represent the final permeability distribution for the 3-dimensional model. The 2 and
3-dimensional numerical simulations that preceded the present 3-dimensional model,
were used to determine successively better approximations for the permeabilities within
the system. They were assigned initial order of magnitude type values based on the
rationale just described and are varied directly in conjunction vﬁth the boundary con-
ditions to produce an acceptable match between the temperature and pressure distri-

bution.

5.3 Boundary Conditions

The boundary conditions are crucial in determining the final temperature and
pressure distributions within the system, and therefore require some explanation. Con-
stant temperatures and pressures were imposed at the boundaries as opposed to con-
stant heat and mass fluxes. This is because the tenibératures and pressuresj are known
down to depths of almost 2000 feet from borehole measuréments, whereas no indica-

tion of the heat and mass fluxes at this depth are known.

The 3-dimensional numerical mesh can be visualized as a single, large element
with 6 different boundaries that influence the internal heat and mass transfer of the
system. The 6 boundaries imposed on the study area are shown in Figure 30. The
different boundaries are labeled as follows: Atmospheric Boundary (AB), Bottom
Boundary (BB), Northwestern Boundary (NWB), Southeastern Boundary (SEB),
Southwestern Boundary (SWB), and the Fault Boundary (FB).

To numerically represent these six boundary conditions, large volumes are
assigned to each respective element in the boundary cbndition. This is to ensure that
the pressures and temperatures specified at the boundaries remain constant throughout
the simulation. By connecting the boundary node exactly at the interface of the adjé-
cent element as shown in Figure 26, the material properties of the large boundary ele- |

ments do not aflect the calculations.
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Before describing these boundaries in detail it is helpful to envision the various
flow patterns that might develop within the geothermal system. Figure 31 illustrates
the basic flow patterns that might occur within the geothermal system at Klamath
F#lls. The diagram views the system from the northwestern corner of the study area,
looking towards the southeast. Arrows point in the direction of fluid flow derived from

both the hot and cold water recharge into the system.

A deep aquifer (point A) supplies 190°C water t.o the Main Normal Fault and
possibly to the First Subsidiary Normal Fault. As the hot water is driven up these
faults some <;ooling of the 190°C waters (estimated by geochgmis‘try data) occurs.
This cooling might also take place at some intermediary level (B or C), where a cold
water recharge mixes with the 190°C water and produces 120°C water at point D.
The recharge from point C might be derived from the east (uplifted fault-block) if
some type of permeable aquifer existed here. The water then flows through permeable
sediménts in the u‘pper aquifer towards the center of the graben (southwest). At point
D the hot watef recharge may also flow along the main normal fault as well as the two
subsidiari normal faults. Although not shown, the cross-faults are also capable of sup-

plyihg significant quantities of hot water recharge to the system.

- Three flow directions are possible as the hot water recharge approaches point F.
First, the low may be partially diverted down the Second Subsidiary Normal Fault, to
eventually recirculate to the deep aquifer or to an intermediary point, E, where the
water may be mixed again with upflowing waters in a continuous localized convection
cell. The second possible choice is for the hot water to continue flowing through the
‘same aquifer (cross-hia.tch shading), from point F to point G. Finally it is possible that
the hot water recharge may simply mix with the cold regional waters shown pointing
from point G towards F. The resultant mixture flows down the Center of the Graben

towards the southeast.

Cold water enters the study area from several locations including boundaries,
NWB, SWB, SEB and the FB (in Figure 30). The arrows (Figure 31) pointing towards

the uplifted block near the Center of the Graben (from point G towards F) represent
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Figure 31. Conceptual model of possible flow regimes within the
geothermal system. Arrows indicate direction of both cold
and hot water as described in text. System is viewed from
the northwest looking towards the southeast.
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the flow of cold waters from the SWB. Although not shown, cold recharge enters from
eastern portions of both the Northwestern and Southeastern Boupdaries. At the very
southern end of the Fault Boundary, cold water also enters the system (flowing
towards the southwest) and mixes with hot waters flowing towards the south, from the
hot well area. In general, the cold water recharge mixes‘ with thermal waters and can
be thought of as a control on how rapid the temperatures decline at the outer perime-

ters of the geothermal anomaly.

Initial 3-dimensional numerical simulations suggest that only a small portion of
the hot water if any actually reaches rpoint:'G (second possibility described above).
One reason for this is that, the simulatiohs produced’ considerably higher temperatures
in thé éenter of the graben area, which appeared uiuch greater than the observed.
Another reason for this 1s that even if the hot Waﬁef did actually arrive at point G
with a sighiﬁca.nt amount of heat, no upflow of 4warm water has been recorded in the
center of the graben. This would suggest that only down-flow at point G and recircu-
lation into a deeper aquifer system are bossible. It is important to note that these flow
routes are only speculative and have not been validated in the field.

From numerous three-dimensional simulations it was found that geothermal
discharge most likely occurs as a combination of the first and third possible flow routes
described above. The final permeabilities (Figures 29a-e) were assigned to allow for
these two flow route possibilities to develop. The Bottom Boundary conditions were

also assigned temperatures and pressures to accommodate the two flow possible routes.

With these possible flow paths in mind, it is possible to describe the boundary
conditions in detail. It is assumed that no heat or mass is transferred across the Fault
Boundary and it is therefore treated as an insulated boundary. This boundary
represents the plane of the main normal fault. Also included in the Fault Boundary is
a cold water recharge at the southeastern corner of the study area (attached to sec-
tions 1200 and 1300 in Figure 27, and connected to elements 17, 25, and 33 as shown
in.Figure 26). A 12 meter hydraulic head is imposed at this boundary which is deter- ’

mined from the water levels shown in Figure 9.
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For the Atmospheric Boundary, an average ambient air temperature of 7.9°C
and a pressure of approximately 1 bar were imposed The flow of water from the
atrnospherrc boundary into the system is eﬁ'ectlvely unpeded by the low permeablhtxes
of the caprock (5.00X 10718 2) The atmospheric boundary condlt)on is seen in both
Figure 26 and Frgure 27.. ‘

Along the Southwestern Boundary a hnear temperature gradrent ol' 30°C/1000 m
and a pressure dlstrlbutlon consxstent with the water ]evels shown in Figure 9 were
imposed. The temperature gradrent 1mposed on thrs boundarywas based on the
assumption that the outer reglons of the study area remarn cool due to the flux of cold
regronal groundwaters towards the south. The pressures assrgned to this condltlon

take into account the variation of densrty w1th temperature and are calculated using:
(T g b+ P, , (23)

where p(T) is the average density as a l’unctron of temperature, P, is the atmosphenc »
pressure, and his the herght of the water column above the point where the pressure is
measured “The temperatures and pressures assrgned to the SWB condltlon are shown
in Frgures 32a and: 32b The exact’ values for the temperatures and pressures and tem-
peratures for each of the boundarles, SEB SWB BB 'NEB and FB are given in the
appendxx and 1nclude figures of each boundary condltlon wrth corresponding numbers

(Frgures Al- A4)

Along the northern portion ol' the Southwestern Boundary, cold regronal ground-
water flows towards the east, agamst the flow of hot waters berng dlscharged from the
maln normal fault, whnle at the southern end of the SWB waters are dlrected more
towards the south ‘This can be seen in- the water levels shown in Flgure 9. The water
levels near Lake Ewauna are approxrmately at an elevatron of 4090 l'eet,: above sea

level, representing the lowest water level measured w1th1n the study area.

The temperatures and pressures in the Bottom Boundary fault- elernents are the
least known characteristics in the model, and yet together with the permeablhty distri-
bution, are the most responsible for the resultant temperature and pressure distribu-

tions and hot water recharge rates within the system. The main concern in assigning
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the Bottom Boundary fault elements was to use pressures and temperatures that
would allow the upper system to equilibra;te to the observed conditions in the field.
The permeabilities for the faults and the aqdifer were modified during 'each';simulat.ion

as a means of controlling the heat flow patterns in the upper system.

‘A depth of 2000 meters for the Bottom Boundary was chosen because it was
assumed that this elevation was higher than ’the point where cold waters mix with
- 190 ° C waters from the deeper aquifer. Two-dimensional simulations indicated that
this depth would_ allow the upper system to eciuil_ibrate by itself with little or no
influence from the BB elements other than those directly #ssociated witrhkthe faults. A
boundary condition that supplied the hot water recharge at the same elevation as the
aquifer (i.e. from the Fault Boundary),,inStead of from the Bottom Boundary, might
have been imposed. However, such a boundary gondition would neglect heat flow from

the fault zones;

The elements immediately above the Bottom Boundary, were assigned low per-
meabilities (ba.Salt matrix), except for fault elements. Heat is transferred through these
low permeability elements conductively, while in the faults and aquifers 1t is dominated
by convection. This is consistent with the present understanding of the conceptﬁal

model for the system.

Two-dimensional models at great depths (6000 meters) were studied to determine
an a.ppropria,te bottom boundary condition at a depth of 2000 meters. In general the
temperatures assigned to the Bottom Boundary were determined using a simple linear
grgdient from 120°C (at the main normal fault) to approximately 70 ° C (near the gra- -
ben center). The 70°C temperature near the graben center was determined using 2
30° C/1000 meter thermal gradient. The Bottom Boundary temperaturé distribution

is shown in Figure 34b.

When assigning pressures and temperatures to the Bottom Boundary fault ele-
ments, it is helpful to understand how the convection cycle takes place within the
geothermal system. Since the pressure distribution at depths greater than 300-400

- meters has not been measured for Klamath Falls, the appropriate values for the
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pressures in. the boundary fault elements must be determined iteratively, along with
the permeabilities. The main normal fault is assumed to remain at a constant tem-
perature of 120°C with depth, while the temperature distribution along the
Southwestern Boundary varies according to the 30°C/1000 m geothermal gradient. If
hydrostatic pressures are assigned with this temperature distribution to both the hot
and cold ends of the Bottom Boundary,-the pressures in the hot end (fault zone) will
be less than the cold end (SWB). These pressures are estimated to be on the- order of,

Phoe = (2012m X 9.81m/s? X 950.0kg/m®) + P,,, = 1.89X107 Pa,

Peod = (2000m X 9.81m/s* X 990.0kg/m? + P,,, = 1.95% 107 Pa,
which wox;ld;indiéate'thati cold water at this depth would flow from the cold to the hot
end if some fype of pefmgable conduit existed. Measured values of the water levels in
the near surfa.ceraquife:r indicate that there is a higher fluid potential in the hot well
area than in 'fh'e southern corner of ‘the stqdy area shown in vFigure 9, suggesting that
the water flows from the hot area towards the rcolcrir area. lNo” groundwater is believed
to flow into the hot well area from the upthrown fault block (main normal fault).
Consequently the entire hydraulic head of 12 meters seen in the hot well area.is

assumed to be caused by the bouyant forces of the upwelling thermal waters along the

main normal fault.

Figure 33 shows a qualitative interpretation of the fundamental nature for the
continuous convective fc'ell produced by the bouyant force of the upwelling thermal
waters. Two columns, one hot and one cold, and a diagram showing a qualitative
pressure variation with depth in the hot and cold columns are illustrated. Oniy the
isostgtic condition is considered in which no flow occurs between the hot and cold

columns.

The pressures in the hot column near the surface are greater than the pressures in.
the cold column at the same elevations and remains so until one drops down to point
A, where the pressures in both columns are equal. Below point A, the cold pressures
are larger than theihotr pressures. If the conduits at C were opén, cold waters would

flow towards the hot column, and hot waters would flow through the conduit at A
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- towards the cold column, thereby creating a convective process. This is, of course,

assuming that the two columns remain at their respective temperatures.

This basic concept was used in assigning initial estimates for the Bottom Boun-
dary pressures. Figure 34a represents the final pressure distribution for the Bottom
Boundary The exact pressures and. temperatures -are shown in. the appendix with
corresponding locatlons of nodal pomts shown ‘in Figure A2 The pressures in Figure
342 are less near the hot zone by approxrmately 1.5 bars Thrs pressure difference,
nevertheless, allows for flow near the surface, from the fault to the cold region. Some-
what lower pressures in the Bottom Boundary are ‘seen along the second subsidiary

" normal fault to allow for possnble downﬂow of hot and cold waters (Flgure 34a).

The most txme consurmng aspect of the three-drmensronal simulations was in
estunatmg the Bottom Bounda.ry pressures The temperature and pressure distribu-
“tion in the geothermal reservoir appeared to be most sensitlve to this parameter. By
_assigning hottom pressures ‘too low ‘cold water downflow occured in all of the faults.
If on the other hand these pressures were set too high, the system would experience
- excessive heat mﬂux ‘If bottom pressures m the first subsxdlary normal fault were set
too high, downflow i m the main norrna.l fault would oceur. If they were set too low,
either cold water denved from the central graben or hot water from the main normal

‘ V'l'a.ult would cause unreasonably hxgh downﬂows to occur 1n the ﬁrst subsrdlary normal

fault. The magmtudes of these pressure changes were 1n1t1ally on the order of 1 bar

S

f;,and later after relatwely stable condmons had been obtamed were on the order of .1

-to .01 bars.

_The Northwestern and Southeastern Boundanes ‘were" assrgned pressures accord-
ing to the measured water levels A pressure based on the 12 meter head was imposed
on the western portion of the Northwestern Boundary It is assumed that this boun-
dary supplies the majority of the cold regional groundwater flow to the system. The
western portion of the Southeastern Boundary ’c‘ondi'tion is believed to be the zone of -

~ primary discharge of water for the system.
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The eastern portion of the Northwestern Boundary condition was assig'ned pres-
sures which would allow hot water to flow from the main normal fault out of the sys-
tem, and would also allow flow of colder waters into the system via the first and
secqnd subsidiary normal faults. The upper sedimentary rock was assigned moderately
high pefmeabilities to act as a conduit for fluid flow into and out of the system. The
surface flow from this upper sedimentary rock, however, is insignificant compared to

the upflows along the faults.

The eastern por:tion of the Southeastern Boundary( condition did not appear to
act as a zone of rgchérge of discharge for fhe system and was therefore assumed to be
‘a no flow boundary. The elements in this area are shown shaded to indicate the no
flow boundary. Figures 35a, 35b, 36a, and 36b represeht the final pressure and tem-
perature distributibhs for tho#e two Bonndary conditions. The exact values for these
pé.ra.meters are ﬁétéd in the appendix while the corresponding nodes aré shown in Fig-

ures A3 and Ad.

The températures at both of these boundary conditions are lower than those that
develop within the geothermal system and were assigned as such because of the rapid
temperature declines in this area (see Figures 16a and 16b). Figure 142 shows the tein;
perature cross-sections parallel to the main normal fault and indicates a significant
decrease in the temperature gradients towards either end of the main normal fault.
The reason for these rapid decreases in the gradients abpeérs to be related to the lack
of hot water recharge or a zone of colder recharge mixing with the hot thermal waters.
Permeabilities near these boundaries were given .lowe} values to reduce the convective
transfet of thermal waters. Both of these boundaries were interpreted as relatively
large down-dropped fault blocks. The faults responsible for this displacement are
cross-faults 2 and 9 in Figure 15 (sections 100 and 1200 in Figure 27). These faults are
assumed to impede the flow of water across their boundaries. Primary upﬁow of ther-

mal waters appears to be constrained to the area between these two cross-faults.
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Northwestern Boundary Condition
Pressure Distribution (bars).
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5.4 Initialr 'Conditions'

At the start of the numerlcal sxmulatlons, the mltral condltlons for the internal

elements in the three-dunensnonal mesh were set at temperatures and pressures deter-
mlned by the 30 01000 meter thermal gradlent It was soon apparent that numerical

-1nstab1ht|es occurred if temperature and pressure changes were too large. Thls prob-

lem was resolved by assxgnmg more approprlate materlal propertles or boundary condi-
tlons By settmg temperatures and pressures, near the fault zome, closer to thelr final,

antrclpated temperatures and pressures, lt was possrble to obtain steady state condl-

tlons The steady state temperatures and pressures from these mltlal sxmulatlons were

then imposed as the mmal conditions for each new successive sxmulatlon.

5.5 Results )

The three dimensional numerical analysis incorporated all of the main features for
the Klamath Falls geothermal system. These main features are summarized here, and

were based upon inferences made from the three-dimensional conceptual model and the

_results from the three-dimensional numerical simulations.

The hot water recharge into the system occurs between two bounding cross-faults

(2 and 9 in Figure 15). This hot water recharge enters the system through the main

~ normal fault and flows upwards until it intersects near surface permeable strata. Ini-

tially the hot water flows towards the southwest. However, when the hot water

recharge approaches the second subsidiary normal fault a large portion mixes with cold

regronal groundwater in the upper central graben sedrments and ﬂows towards the
southeast The remarnlng portlon of hot water recharge ﬂows down the second subsi- |

‘dxary normal fault to depth possxbly recu'culatrng mto the convectlve system. The first

sub51d1ary normal fault expenences both upﬂow and downﬂow In general downﬁow
along this fault occurs at the northern and southern extents of the study area, while
upﬂow takes place only in the center reglon Tth fault 1n general, expenences much

less flow compared to the other two normal faults
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It is very likely that hot waters flow along the lengths of the normal fax'llts. This
is due to their high perme;.bﬂities compared to surrounding rock material. The hot
water also appears to be associated with flow along at least two of the cross-faults in
the system (4 and 7 in Figure" 15). The most éigniﬁcémt hot water recharge occurs
within the Igigh permeability zones created i)y the intersection of the normal faults and
these two cross-faults. |

The main discharge fforn the systém occurs through the Southeastern Boundary.
Much smaller quantities of fluid (= 1/4 that ot; the SB) from the NWB, SWB and BB.
The main cold water r;:cha.rge' to thé system is supplied from the Northwestern,
Southwestern and the sOt;thex;n portion of the Fault Bounda.ry.- This cold water
recharge mixes with the thernia.l waters and consequently produces the sﬁarp declines

~ in temperatures observed in Figures 162 and 16b.

The three—dime_néional numerical model reproduces these features with reasonable
accuracy. The calculated temperatures and pressures were compared to the measured
temperature distributions and water levels for the area and appear to match well.
This section focuses on this temperature/pressure comparison and also discusses the
results from the three-dimensional numerical simulmations for areas where no data has
been collected. The results include temperature and pressure distributions from the
three different planar sections of ‘the 3-dimensional mesh (Figure 27). The associated

mass fluxes are illustrated in vector plots. One heat flux diagram is also shown.

5.5.1 Temperature and Pressure Distributions

The final temperature and pressure distributions from the thrée-dimensional
simulations are shown in Figures 37 to 50. These Figures include temperature and
pressure distributions for horizontal secfions, H2717, HZ25, and HZ33 and for verticél
sections perpendicular to the main normal fault, VS200, VSSOO, VSSOO, VSQOO, and
VS1300, and also for vertical cmséctbns parallel to the main normal fault, VSPI,

VSP2, VSPS5, and VSP6. All of these sections are referred to in'Figure 37.
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The temperature distribution in the horizontal section, HZ33, shown in Figure
39a, is used for comparison with the ac#ual data. This calculated temperature distri-
bution correlates well with the actual t;emperaturg distribution at approximately the
same elevation (=~3800 feet a.s.l., Figuré 38). Most of fhe calculated temperatures
match the measured temperatures v&ithin 10°C at each individual point within the
study region. The perimeter of the temperature distribution in section HZ33 (Figure
392 ) also compares well to the temperature distribution found in Figure 38 and illus-
trates the cooling effects éf regional groundwaters from the Northwestern Boundary,

Southwestern Boundary and the southern portion of the Fault Boundary.

Section 700 shows a slightly inhibited temperature distribution away from the
main normal fault relative to neighboring sections and is the result of reduced per-
.meabilitios within this section. The actual data indicates this same decrease in tem-
perafures (corresponding to section 700) at 3800 feef a.s.l. elevation gxid' is even more
pronounced at 3700 and 3600 feet a.s.l.. This cooler zone might be explained by the

influx of cooler regional groundwater from the center of the graben.

The hydraulic heﬁds (based on the pressures calculated for HZ33 Figure 39b) also
appear to compare well to the actual water levels found in the field (Figure 9). The
pressures decline away from, the normal fault along the Fault Boundary, the western
portion of the Northwestern Boundary and the northern portion of the Sonthwes.tern
Boundary. The overall pressure distribution indicates flow of waters along the center

of the graben towards the southeast.

The temperature and pressure distributions at 400 meters below the surface (sec-
tion HZ25, Figures 40a and 40b) show notable differences when compared to HZ33.
Tﬁe temperature distribution in HZ25 is a result of an increased flow of mixed (ther-
mal and cold) waters towards the western portion of the Soutﬁeastern Boundary. The
greatest discharge rates occur at this elevation and is due to the continuous nature of
permeable strata. The central graben elements at this elevation are assigned their
highest permeabilities (4.0 x 1073 m?) south of the cross-fault defined by section 900 in

the three-dimensional mesh (Figure 27).
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The temperature and pressure distribution in the horizontal section at 700 meters
(HZ17) below the surface is shown in Figures 41a and 41b. At this depth flow of ther-
mal waters is constrained principally within the faults because of the occurrence of
significant quantities of low density basement basalt. High pressure gradients are seen
within each basalt element and are a result of the expansion of water in the basalts
whén heated by the adjacent faults (i.e. the basalts are low permeability and do not
a.lk;w the heated water to escape faster than it expands thereby increasing the pres-
sure). . |

The temperaﬁures in the vertical section VSP1 representing the main normal fault
zone are shown in Figure 42. Two high temperature plumes closély associated with
sections 500 and 600, and 900 are shown in the figure. Rapid cooling ‘takes place
t.ov;rards the outer ends of the section as a result of cold water recharge that mixes

with the rising hot waters.

- In VSP2 (Figure 43), the vertical section adjacent to VSP1, the 100° C tempera-
ture contours near cross-faults 500 and 900 extend well into the surrounding aquifer.
High temperature gradients noted near the surface in Figure 43 do not exhibit the finer-
perturbations shown in the temperature cross-sectional profiles shown in Figures 14a,
14b and 14c, because the present 3-dimensional model was concerned with incorporat-

ing only the main features of the geothermal system.

The temperature contours in the second subsidia.fy normal fault section, VSP5
(Figure 44), are very different from VSP1 and VSP2 and are produced by significant
downflow of colder waters along this fault. Lower temperature gradients obs;erved near
the surface are a result of increased cold water recharge from the Northwestern Boun-
dary. .In the central graben, VSP6 (Figure 45) better illustrates the effect 61' the cold
regional groundwater from the Nofthwestern Boundary on the temperature distribu-
tion. A relatively high temperature gradient near the surface still exists, (in VSP§) at

approximately 1360 meters from the main normal fault.

The vertical temperature distributions perpendicular to the main normal fault

reveal several interesting features. They can account for the observed large scale, near
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surface gradients seen in cross-sectional temperature profiles in Figure 14a, and also
indicate that large temperature reversals probably exist at depth. Temperature
profiles in areas of significant downflow or upflow, along the normal faults, might

explain several of the isothermal temperature profiles ineasured in the hot well area.

- The temperature contours in VS200 (Figure 46) show a significant teinpera.ture
decrease in the second subsxdnary normal fault caused by the downﬂow of cold water.
High temperature, near surface gradxents occur between the main normal fault and the
second subsidiary normal fault. This ,seemsv.to be reasonable in comparison to the
cross-sectional tempex;ature profiles pefbendicnlar to the main normal fault (Figures -
14b and 14c). Temperature profile reversals: are noticeable near the first subsidiary
normal fault. Near the second subs:dla.ry normal fault, the temperature contours are
more vertical caused by cold water downflow. In this partxcular section (VS200) the -
main normal fault is actually subdued by the influx of cold reglonal grounwaters from

the Northwestern Boundary

_ In general, overall temperatures increas.e‘.ia'v’each vertical: eection towards the
Southeastern Boundary; In VSSOO and VSSOO (Figures 47 and 48), a zone of higher
temperatures is seen rnear the xfxain norenal‘fanlt and the gﬁfst"subsidiarj.normal fault.

These two vertical sections represent cross-faults 4 and 7 in Fxgure 15 and supply a
substantial quantity of the hot water recharge into the system. This is a result of the
hlgh permeabilities assigned to the intersections of these cross-faults and the normal
faults. Their permeabilities range from 8.0 x 1072 to 1.0 x 102 m®. It is interesting
to note that the temperature contours in VS900 are almost all vertical and might also
help to explain some of the hotter isothermal temperature profiles found in the
immediate area. The temperature distribution in VS600 (Figure 49) represents the
typical temperature distribution found throughout the system and shows very notice-
able temperatare reversals. In V81300 (Figure 50),.temperatures are noticeably
reduced as a result of the cold water recharge from the east, and because the faults do

not supply hot water recharge at this particular section.
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Figure 47. Temperature distribution for vertical section, VS500, per-
pendicular to the main normal fault. Temperatures are in

(*C).
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Figure 48. Temperature distribution for vertical section, VS900, per-
pendicular to the main normal fault. Temperatures are in
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Figure 49.  Temperature distribution for vertical section, VS600, per-
pendicular to the main normal fault. Temperatures are in
- (°C). ‘
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5.5.2 Heat and Mass Recharge estimates

Mass flux plots are shown for l;orizontal oections at depths of 125 and 400 meters,
corresponding to sections HZ33 and HZ25. Flux plots are also shown for vertical sec-
tions VS600, VS500 and V5900 perpendicular to the main normal fault. The sections
VS500 and VSQOO Vrepresent areas near the intersection of the normal fault and cross-
faults 4 and 7 (anure 15) and vertical cross—sectlons parallel to the main normal fault,
VSP1 and VSPS. One honzonta.l heat flux plot |s shown for the horizontal section,
HZ33, at a 125 meter depth. Ma.xxmum flux vﬁa.lues in the xi andﬂthe y directions are

shown for all of ‘these plots. - E

Vertical cross-sectlon VSP1 (Figure 51), representmg the main normal fault,
shows the major zones of hot water recharge occur along the mtersectxons of cross-
faults described by sections 500 a.nd 900. ‘Only a relatively smell fraction of the hot
water flows along the main normdl fe.u'lt.' from north to the soﬁ’th( The y-axis flux in
_VSP1 is twice as la.rge as in the second subsxdmry norma.! fault section, VSP5 (Fxgure
52). VSPS, however, indicates a la.rger fraction (2 times VSPl) of the flow directed
along the x-axis. This is due to the flow of cold water from the Northwestern Boun-
dary towards the Southeastern Boundary, aloné this pertpeable'fault. The downflow
along the secondvsubsic'!iary normol‘faul{ ’iseohtx"olled Sy the permeability or the Bot-
tom Boundary pressures. A certam amount of cold water must mix with the hot water

dnscharge at the second subsxdxary norma.l fault to produce the rapid temperature

declines shown in Figures 16a and 16b.

Downﬂow,a.loné the second su:bsidiavry» normal fault is Eettervillustrated in the'
vertical sections oefoeodicoier’to the main normal fault. 'VSSOO, in Figure 53, is
representative of most of the ﬂowAp‘a.tterns in gectiohs along the main normal fault,
and indicatesr a latefal flow of hot water‘s_from the main pormal ;fau‘lt, through the
| ubper aquiferéwhere it intersects the secon"’d‘ subsidiary noemal f aoli and begins to flow
downward. I the northern part of the study area, more downflow is experienced
along the second subsidiary normal faﬁltp'%tl:{iiié m the southern area. Some of this

downflow flows laterally, towards the Southeastern Boundary as indicated by the
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direction of the flux vectors in Figure 53. VS600 shows only a small fraction of the
recharge from the main normal fault flowing down the first subsidiary normal fault
and a larger amount flowing down the second susidiary normal fault.
The first subsidiary normel fiult,vin general, does not significantly affect the flow
pattern. It might have plajed ;a. more dominaﬁt role in governing the flows if the Bot-
_ tom Boundary pressures were increased or decreased in comparison to the main normal
: faults However, this would cause the first subsidiary normal fault to be the primary
' zone of recharge or a main zone of dxscha;rge."' This does not appear_ p_ossible according
?to the field data. K o | o
Vertical sections VS500 and VS900 (Figures 54 and 55) sbow nrajor upflow associ-
- ated -with the intersectioxrs :of ;ti)e two ”mainv cross;falrlts (4 and 7,;in 'Figure l1:5) and the
iina.in normal fault.- Tlrese sections provide the majority ol‘ the; heat and mass flow into
 the system. Conslderable ﬂow occurs a.long ea.ch of these two cross-faults Only small
downﬂows are seen in the second subsxdlary normal fault for these two vertrca.l sec-
‘tions. From vertical sections 1-900 the pnmary hot water dxscharge is along the
second subsidary normal fa.ult whlle dxscharge, in. sectlons 1000-1300 is pnmarxly

itowards the Southea.stern and Southwestern Boundanes

The mass ﬂuxes in anure 56, for the honzonta.l sectxon HZ33 represent fluid
ﬂows at a depth of 125 meters. At tlns depth, the temperatures and pressures are
known (from borehole data) a.nd were compa.red to the calcula.ted dlstrxbutrons in Fig-
ures (39a. and 39b) Thermal waters ﬂow in the aquifer away from the main norrnal
fault and the two main recharge cross-faults, (4 and 7, Flgure 15). The mass ﬂuxes are
notably reduced after they reach the isecdnd subsidiary normal fault and begin to flow
toward the south. Cold regional waters mix with the hot water discharge at the
second subsidiary normal fault, ;resu’lting in both downflow and lateral flow towards
the Southeastern Boundary.' Cold waters from the southern end of the Fault Boun--
dary force hot water diseharge from the main normal fault (fowing towards the

southeast), to flow towards the southwest.
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In HZ25 (Figure 57), a significant quantity of water flows toward the western por-
tion of the Southeastern Boundary and is responsible for the temperature and pressure
distributions shown in Figures 463 and 40b. The Northwestern Boundary supplies the
cold water recharge flowing down the center of the graben towards the Southéastern
Boundary. The southern portion of the Fault boundary also supplies colder waters at
tfxis depth, towards the southwest. This large flux of cold water effectively controls
the areal extent of ;’.he thermal front from the main normal fault. A significant flux of
warm waters (mixed c’oid and thermal wa.teré) is discharged into the southern part of
the Southwestern B;)undary (Lake Ewauna area).

| Only one h'eat%ﬂux pk;t is‘shéwg ‘fox HZ33 (Figure 58), because the orientations of
the heat flux vectors are very similar to the mass flux plots. The hot well area is dom-
inated by convective heat flow, tﬁereforé the boihts of maximum heat flux correlate to
the points of mgxixﬁum mass flux. - |

= The total mass and heat flow through e#ch boundary are given in Tables 7. and 8.
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Table 7. Boundary mass flow rates

Boundary Mass flow rate Mass flow rate Total flow

‘into system out system rate
m;, (kg/s) Moy (kg/s) (kg/s)

_
Northwestern Boundary* 41.6 23.3 +18.3
Southeastern Boundary* 43.1 90.2 -47.1
Bottom Boundary** 35.9 24.1 +11.8
Southwestern Boundary* . 30.4 ' 20.6 +9.2

Fault Boundary* 7.8 - 0.0 +7.8

* cold water =~ 15-30°C
** hot water =~ 120°C

Tablé 8. Boundary heat flow rates

Boundary Heat flow-rate  Heat flow rate Total flow rate
. . into system out system o
. Ginto (I/2) Gout (J/5) (I/8)
w
Northwestern Boundary 574 40.2 +17.2
Southeastern Boundary 72.2 1715 - -993
Bottom Boundary . 176.5 59.1 +117.4
Southwestern Boixnda.ry 35.0 312 _ +3.8
Fault Boundary 13.9 0.0 +13.9

Atmospheric Boundary 0.0 53.0 -53.0

o
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The total heat and mass flows into and out of the system, through each boun-
dary, are mdrcated by the + and - sxgns, respectlvely The main cold water recharge

| sources are from the Northwestern, the Southwestern Boundary and from part of the
Southeastern Boundarxes The southern end of the Fault Boundary also supphos some

_ cold water recharge to the system (R-: 1/5 that of the other cold water recharge boun-
| darres) Although the Southeastern Boundary mdrcates the hnghest cold water flow
rates mto the systern, rt also represents the major dlscharge zone for the geothermal
system The flow of cold waters at this boundary occur near the surface, whxle the
warmer waters (rmxed cold and thermal water dlscharge) exit the system through
deeper sedrments The dxscharge of water across thls boundary 1s tw1ce the recharge
whrch mdxcates a net dxscharge of water from the system Thxs net dxscharge (-47 1

kg/s) equals the sum total net ﬂow rates from all of the other boundanes

' The Bottom Boundary is the primary source of hot water recharge to the system
(k"- 120° C) The dxscharge from the system to the Bottom Boundary occurs through
the second subsldlary normal fault Thns dlscharge isa rmxture of hot water from the
" main’ normal fault and cold recharge from the Northwestern Boundary, and is about

one thlrd less than the hot water recharge mto the system The quantlty of cold water

flowing through the study area is approxxmately 3 txmes that of the hot water.

The principal source of heat convected into the system is through the Bottom
Boundary from the main normal fault elements. Almost a third of the heat convected
into the system from the Bottom Boundary is recirculated to depth along the second
subsidiary normal fault as shown in Table 8. The heat supplied by other boundaries is
relatively small in comparison to the quantity of heat supplied by the Bottom Boun-
dary. Most of the heat lost by the system is through the Southeastern Boundary and
the Atmospheric Boundary and through the second subsidiary normal fault elements in

the Bottom Boundary.
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5.5.3 Sensitivity Study

The relative sensitivity of the calculated hot water recharge rates to the unposed
‘boundary conditions and permeabnhtles can be examined in several ways The degree
to which the boundary conditions and reservoir parameters aﬂ'ect the hot water
recharge rates is one way to show the accuracy of the final three-dimenszonal numencal
model The relatlve sensxtxvxty of the hot water recharge rate can be mvestlgated by
mcreasmg or decreasmg the Bottom Boundary pressures at various mcrements The
7 permea.bihties for the upper central graben sedunents control the eﬂ’eetwe ﬂow of cold
waters into the system and can also be used to study the sensmvxty of the hot water
recharge rate The permeabilities can also be increased or decreased at vanous 1ncre-
Lments lf only ‘small changes in these parameters are necessary to notlceably change
the hot water recharge rate estimates, a higher degree of uniqueness is suggested for
th_e numerical rno:dtel.' |

Table 8 shows seyeral cases used in this study to determine the sensitivities roi' the
hot water recharge rates to the boundary condltlons and the permeablhtles Smce the
Bottom Boundary supplies the major source of hot water recharge to the system, the

flow rates shown in Table 9 reflect only this Boundary.
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Table 9. Sensitivity Simulations

Parameter - Mass flow rate  Mass flow rate  Total flow

© " Varied ' .intosystem outsystem . rate
m, (kgfs) - - - - Moy (ks/s) - (ke/s)

Bottom preésufe increase ) 108.4 : ‘ v21.8 ‘ . +86.6
--of & bars: - C : T 4 A
Bottom pressure increase = - 58.3 L 218 36.5
| oflbar . g e o S
Decrease in Cold S 392 ‘ 22.0 . +17.2

‘recharge permeability’
(k=1.65x10"13 m?)

.| IncreaseinCold =~ . . = 335 o 1242 . +9.3
recharge permeability
- (k=4.30x107"* m?)
~.| Bottom pressure decrease =~ - 25.3 330 ' 7.7

oflbar..

-1t should be noted that pressures are :éha;zged only in the Bottom Bounda.ry main nor-
mal fault elements because they control the system’s internal préésureé. The Sbar
_increase in ‘these main normal fault elements notably affect the hot water recharge for
~the system. They are increased by almost three times the original estimated value.
. This pressure increase however. also results in«:a‘. much greater flux of heat into the ’Sys-
- tem. causing temperatures and pressures to greatly ‘increase. Increasing this Bottom
. Boundary pressure by 1 bar appears to‘increé'se the hot water recharge by =~50%,
while lowering it by:1 bar decreases the hot water irecharge by =~25%. The pressure
increase by the 1.bar increase.only moderately effects the temperature and pressure
- distributions. ,Tﬁe -1 bar decrease .in- pressure,, however, reduces the: temgeraturés
within the hot well significantly.
. Decreasing or increasing the permeability of ',thé,uppei sediments that control the
gold&yater influx by the amount shown in Table 9, does not appear to affect the hot
water recharge significantly. If, ho_‘wev;er,' the permeabilities of the upper sediments are

doubled, significant downflow occurs within the main normal fault. This does not
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seem possible because 1t has not been observed in the field. Doubling these permeabili-
ties would make the upper sediments in the central graben area more permeable than
the aquifer in the hot well area, which also seems unlikely. The recharge rates there-

fore seem to be well constrained as far as the permeabilitieé are concerned.

Based on the hot water recharge sensitivities to the Bottom Boundé.ry' pressures,
the recharge rates might be up to 25% greater than those shown in Table'7 (Bottom
Boundary). Because of the significant changes in the temperature distribution caused
by 'lov#ering the Bottom Boundary pressures by 1 bar, the recharge rates are prdbably
; notv much lower than indicated in Table 7. ) 7 |

“Ina ﬁnal. crude simulation, 600 gal/min of hot water is produced frpm t‘l‘féE hot
well area to further demonstrate the reliability of the present three-dimensional numer-
" ical model. An actual estimate of the quantity of hot water being produced from éhe
entire geothermal system is approximately 540 gal/min from 70 wells (Sa.rmii.nel,r 1984).
In the simulation, hot water is produced from elements 534, 634', 734, 834, 934 and
1034 (which can be seen by using Figures 26 and 27). These elements are found in the
horizontal layer HZ33. 7

Results from the simulation indicated a steady s.ta.te hydralic head drop in the
hot well area of approximately 4.5 meters. This drop occurs within 100 to 120 days.
Temperatures within the hot well area are reduced by approximately 10°C. Hot
water recharge rates of 33.8 kg/s, and discharge rates. of 25.0 icg/s were calculated
which do not appear to change significantly. The seasonal water level changes in the
aquifer are approximately 2-3 meters and are directly related to the production of ther-
mal waters. However, as described before, the degree to which the production in the
geothermal system affects this water variation in water levels has not been determined

as of yet.

In any event, these results, although somewhat crude, seem to correlate well with
the observed overall decline of the water levels in the area which suggests that the

present 3-dimensional numerical model is reasonably reliable.
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Summary and Coﬁclﬁs'ion‘s o

Based on the results from the three:dimensionai numerical simulations, the pro-
posed three-dimensional conceptual model appears to represent the Klamath Falls
- geothermal "system reasonably well. The: conceptual model includes all the major
 characteristics of the system. Upflow occurs along the main normal fault and is con-
_strained the north and the south by bounding cross-faults (2 and 9, Figure 15). The
hot waters intersect near surface permeable strata where they begin ‘to flow towards
the southwest until they reach the second subsidiary normal fault.. At this point both
downflow and lateral flow occur along this second subsidiary normal fault. Less
downflow occurs alor:g the first subsidiary normal fault because, it is associated more
with the type of upflow observed in the main normal fault. The primary zone of
discharge from the study area is throtrgh »thev,wesytern porrion of the Southeastern

_ Bouhdarsr and the:southern psrt. of the _Southwestern Boundary (Figure 9).
| Withiq':the hot well ares, thermal waters flow laterally through the main normal
faults, Vmost likely towa.rds south A considerable amount of hot water recharge is
a.dded to the syetem from the two principal cross-faults (4 and 7, Figure 15) and their
mtersectlons with the main normal fault. Once this hot water recharge has intersected
the near surface permeable strata, 1t ﬂows laterally, away from the cross-fault, in all

dlrectlons

~ Cold water recharge from the north ﬁows down the center of the graben and
; cools the thermal dxscha.rge from the permeah!e aquifer. Most of this cooling takes
) place near the second subsuha.ry norma! fault Cold waters also mix with the thermal
| dxscharge at the southern end of the anomaly, near the main normal fault, and are
derwed from the hxlls mmedlately to the east. The model may respond shghtly

" dxﬁ'erently lf the cold seasonal dxscha.rge f rom canal was consxdered

‘__From lnyterpr\etat;ons of jhe geochemical data, 1t,was-determmed that the cold
:water: recharge from the Northwestern Boundary was probably not derived from the
nearby Upper Klamath Lake. This interpretation: was based on the quantity. tritium

found in both the lake and the colder waters within the geothermal system. The
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tritium in the Upper Klamgth Lake is noticeably higher (bomb tritium water) at 25.7
TU whereas the cold ﬁnd-membef water is calculated t.o be 2.0 TU. If the maximum
- flow rates for the cold water recharge are used (0.3 - 20.0 m/year), the cold water
would .bave only travelled about 1 kilometer into the system from the Northwestern
_ Boundary, after 50 years (before advent of thermonuclear devices in atmosphere, 1953).
This seems to imply that the cold water derived from the Northwestern Boundary
- (that mixes with the thermal waters), would be low in tritium near the hot well area,
because the tritium rich waters (from the Upper Klania.th Lake) would not have
--reached this point before the measurements were taken. It therefore, seems reasonable
that significant cold water recharge from the Northwestern Boundary is derived from
the Upper Klamath Lake. The hot water recharge into the system is only a point of

speculation at present.

Several steps were necessary in performing a complete numerical analysis of the
heat and mass traﬁéfer in the Klamath Fa.llé, geothermal area. The first step required
a re-evaluation of all current da.ta; collected to date, and the development of a 3-
dimensional conceptual model which considered all of the fundamental dynamic and
thermodynamic processes, and geohydrological characteristics associated with the

geothermal system.

‘After an adequate conceptual model had been developed, quantitative estimates
of the heat and mass recharge rates were calculated using a semi-analytic solution and
a simple lumped parameter method. The major limitation in using the semi-analytic
solution was that it neglected the spatial variation of heat and mass flows within the
geothermal system. It did, however, offer reasonable, order of magnitude estimates for

the heat and mass transfer in the system.

The next step was to develop a 3-dimensional numerical model capable of
addressing the spatial variations of the heat and mass tréﬁéfer withinr the systein. Ini-
tially, several 2-dimensional models were used to determine the fundamental dynamics
of the geothermal system and to develop a sufficiently discretized mesh arrangement to

be used in the 3-dimensional model. Once a 3-dimensional mesh had been developed it
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-

was possible to impose the boundaryfcondltions andmaterial properties and begin the
numerical simulations,' '

Numerous simulations were performed using the final 3-dimensional mesh shown
in Figure. 27. Each run took approxirnately 20 minutes of CPU time at.an average
cost of 12.00 dollars. Costs add up quickly over time, because of the numerous sxmula-

tions that are requrred to stabilize a complex system such as Klamath Falls

The uniqueness of the solutions of the present 3-dimensional model are highly
dependent on the boundary conditions imposed. The least known features of the
geothermal system are the boundary conditions. The boundary conditions rely heavily
on subsurface geologxcal inferences. This is due to the lack of detarled borehole or geo-
‘pbylscal data near the study area boundanes The Northwestern, Southeastern and
‘Bottom Boundarxes requlred constant adjustments to equlhbrate the system to the
desired state. Imtlally, order of magnxtude estrmates for the temperatures and pres-
‘:sures were xmposed at each boundary, however, thrs caused numerxcal mstabrlltles to
" occur. Once semi-stable condxtrons were obtamed only small changes in the boundary

conditions were needed.

A.l'ter more stable boundary eondrtrons were obtamed the permeabrhtxes were
' allowed to vary for each new sxmulatron The basic geologrc features (faults and bed-
dmg) acted as 2 basis for determrnmg what values of permeabrlrtles were assigned at
each element The permeabllrty distribution, remamed thhm a reasonable range for
the system and was based on transmrssmtres obtamed from several aqurfer pump
‘ Ytests From the transmxssxvrtles relatrvely hlgh permeabrhtles were mdrcated for the
)aqurfer, pear the hotter areas. The. aqurfer permeabrhtres ranged from 1.0-9.0x 10" 13
m/s, which is considered high for most geothermal systems This mnght be explanned

by the high’ degree of faultxng and fracturlng wrthm the geothermal area.

The numerlcal estxmates l'or the mass recharge rates of hot water mto the system
per umt length of the marn normal fault are compared to the results of the semi-
’analytlc fault-charged solutlon and the lumped-parameter estxmates and are shown in

| :Table 9.
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Table 0. Cotnp'arieen' of Mass Flow rates

Method used ' _ Mass flow rate estimate
e e (ke/ms)
Semi-analytic solution R 2.0 X10° m*/m-s
Lumped parameter 7 7.5 x 107° m3/ m-s
(heat conduction)
Lumped parameter . : 6.6 x 10° m3/m-s
(Darcy velocity)

Numerical solution ‘ 2,04 x 1078 ms/m-g

| The va.lues eonﬁ:a.é well, ﬁowever, it should be noted that neither the lumped bara.me-
ter nor the semx-a.nalytxc method allow for additional upﬂow from cross-faults like the
' numencal model. The values for heat flow into the system assocxa.ted thh these mass
ﬁow rates is on the order of 12.0 - 118.0 HFU per meter length of fault a.nd are ca.lcu-
' lated usxng the mass flow rates in Table 9, and an enthalpy of 492.0 KJ/kg
(cw = 4100 J/kg-* C and a recharge temperature of 120 *C). |

The values shown in Table 9 represent the flow rates entering the system at the
level where the upper aquifer intersects the main normal fault. Additienal hot water
recharge into the aquifer, indicated by the numerical results, is derived from the two
major cross faults (4 and 7 in Figure 15) within the study area. If the hot water
techarge from the cross-faults to the aquifer is neglected the numerical results are
approximately one half the value indicated in Table 9. These results nevertheless
demonstrate the value in using simple methods of estimating the eetes of heat and
mass ixito the system. |

The numerical model assumes that the system has e.tta.ined ‘a_steady state.
Therefore the ‘initial conditions used in the internal system only required order of mag-
nitude estunates All of the elements within the system were a.smgned mmal tempera.-
tures determlned by a 30°C/1000 m temperature gradient. The pressures were det.er-
mined accordmg to the density variation with temperature and depths. The system

required approximately 20,000 - 30,000 years to reach steady state conditions. This
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was determined from the initial 3-dimensional simulations. “The sf.eady st;xte condi-
btions are reasonable because the geotherma.i system has been active for at least 30,000
years, as indicated by the hydrc;thermal alterations at elevations as great as 300 feet
above the present wa.f;er levels, and also because of the lack of any notable tempera-

ture declines in the past 50 years.

The need for better constraints on the data in all areas is essential for further
validation and improvement of the present 3-dimensional model (both conceptual and
numerical). As in most other geothermal reservoir models, the greatest concern is for
greater information at depth (deep boreholes, geophysical data). A deep borehole
would allow for better estimates of the pressures and temperatures for the bottom
boundaries and would indicate if the present temperatures are reasonable. Deep
boreholes might also give a better indication of the type of geology and type of flow
patterns that occur at depth.

Only one quarter of the wells in the geothermil area actually provided tempera-
tures which were used in the temperature data analysis. It would greatly increase the
knowledge of the system and the accura.cj of the mode), if the remaining borehole data
were measured and monitored. More temperature and pressure measurements are
necessary over the entire field study area, including temperatures from colder wells.
Better water level measurements in the study area are also needed to more accurately
define the direction of groundwa.tér flow. It is conventional in most geothermsal model-
ihg, to measure downhole pressures instead of hydraulic heads because these more
accurately deﬁﬁe the flow at depth. The hydraulib heads can give misleading indica-
tions of the relative flow patterns below the water table in geothermal systems because

of the density variations with temperature.

The framework is now provided for future detailed numerical analysis of Athe
Klamath Fallg f géotherma.l system. Exploitation strategies may now be investigated
using the present 3-dimensional numerical model. Detailed 2-dimensional models may
be studied which add or subtract water from each element to simulate cross-flows indi-

cated by the three-dimensional model. Reservoir parameter sensitivities can be better
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studied to define the heat and mass transfer within'the system.
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0.860000000000D+01
0. 5300000000000+02
0. 4000000000000+02
0.2900000000000+02
0.199999995999D+02

0.193150001263D+08

0.1933000000000+08
0.1940000000000+08
0.1932800000000+08
0.1932700000000+08
0.1932500000000+08
0.1932500000000+08

0.193240001074D+08 -

0.1§33000000000+08
. 1940000000000+08
.1929000000000+08

.1926000000020+08
.192600000005D+08

. 1932000000000+08
.1840000000000+08
.1927000000210+08
.1926000000000+08

< 00000000000

0.1925000008890+08
0.1930000000000+08
0.1940000000000+08
0.193300000441D+08

0.1928000000000+08 -

0.1927000001210+08
0.1926500000000+08
0.192500000072D+08
0.1931000000000+08
0.1940000000000+08
0.1931000009510+08
0.1929500000000+08
0.1929500000000+08
0.1929500000000+08
0.192950000025D+08
.1932000000000+08
. 1940000000000+08
.1932500008650+08
.1629600000000+08
.1§29500000000+08
.1929600000000+08
.1829600008880.08
.1§29600000000+08
.1940000000000+08

000000000

PRESSURE (Pa)

. 1640000000000 -08
.1050000009910+08
. 7100000010070+07
.4150000126840+07
. 1440000000000+07
. 4600000000000 +06
. 1640000000000+08
.1050000000070+08
. 710000000997D+07
.4150000000040+07

Q000000000

.192600000008D+08 -

.1926000000010+08 -
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140 .. -
148
208 . ..
216

224

240
248
308
316
324
332
340
348
408
416
424
432
440
448
508
516
524
5§32
540
548
608
616
624
632
640
€48
708
716
724
732
740

748

808
816
824
832
840
848
" 908
916

924
932

940

948
1008
1016
1024
1032
1040
1048
1108
1116
1124

232

0.1200000000000+02
0.8600000000000+01

- 0,5300000000000+02

':zfiﬂ,éi

0. 4000000000000+02

: 0.2900000000000+02
. 0.199999999994D+02

0.1200000000000+02

- 0.8600000000000+01
- 0.5300000000000+02

©.4000000000000+02

~ 0.2900000000000+02
" 0.2000000000000+02

0.1200000000000+02
0.8500000000000+01
0.5550006765230+02
0.4000007818100+02
0.2900000005470+02
0.2000000000000+02
0.1200009585370+02

.0.8600000000000+01

. 0.530000676923D+02
0.4000000818100+02

- 0.290000037547D+02
0.2000000000000+02

0.1200000005370+02

-0.8600000000000+01

0.5300016769230+02

0.4000997818100+02

- 0.2900079375470+02 -

0.200000000000D0+02

. 0.1200000585370+02

0.8600000000000+01
0.530000676923D+02

0.4000997818100+02

0.2900979375470+02

0.2000000000000+02
© - 0.120000958537D+02
~_0.8600000000000+01

~0.5300006769230+02

0000000000000 000000

.40005997818100+02

.200000000000+02
.1200009585370+02
.8600000000000+01
.§300000000000+02
.393999781810D+02
.2889979375470+02
.2000000000000+02
.116496958537D+02
.8600000000000+01
.5290016765230+02

. 8600000000010+01
.529001576923D+02
.3939997818100+02
.288997937547D+02

2 0.1990000000010+02

.2900009375470+02

.3939997818100+02
.2889979375470+02 -
.1990000000000+02
.116496958537D+02

_ 0.1440000000000+07
~ 0.4600000000000+06

0.1640000000000+08
0,1050000000090+08
0.7100000000010+07
0.4150000000000+07
0.1440000000000+07
-0..460000000000D+06
0.1640000000000+08
0.1050000000020+08
0.7100009000030+07
0.4150000000710+07
0.144000000075D+07
0. 4500000000000+06
0.1635000000000+08
0.1048000999640+08
0.7090000007120+07
0.4120000008380+07
0.1400005999640+07
0.4500000000000+06
0.1630000000000+08
0.104500099997D+08
-0.7070009000000+07
0.410000000019D+07
0.1400000000200+07
0. 4450000000010+06
0.1600000000000+08
0.1041925999420+08
0.7011088999680+07
0.4081076979470+07
0.1391925998310+07
10.413840000000D+06
0.1600000000000+08
0.1039006999500+08
0.6981767999750+07
0.4051741988890+07
0.1362593999530+07
0.3845110000000+06

0.1600000000000+08 .

0.1037054999390+08
0.696221999967D.07
-0.4032185976940.07
0.1343039999220.07
~0.3649550000000+06
-0.1614483000000+08
0.103510299996D+08
-0.6942674999980+07
.0.401262899997D+07
0.1323485000070.07
0.3454060000000+06

~0.1614483000000+08

0.1035102999220+08

0.3940000000000+07
0.1320000000070+07
0.3454060009030+06
0.1611565000000-08
-0.1032173999240-08
-0 6913354999780+07
- 0.3900000000000+07

0.6942674999600+07 ~
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1140
1148
1208
1216
1224
1232
1240
1248
1308
1316
1324
1332
1340
1348

SOUTHEASTERN BOUNDARY
NOOE

2001
2002
2003
2004
2005
2006
2007
2009
2010
2011
2012
2013
2014
2015
2017
2018
2019
2020
2021
2022
2023
2029
2030
2031
2037
2038
2039
2045
2046
2047

NORTHWESTERN BOUNDARY
NODE

3001
3002
3003
3004
3008
3006

0.1164969585360+02
0.8 +Q1
0.529001676923D+02
0.3939997818100+02
0.2889979375470+02
0.193%0000000000+02
0.116496958537D+02
0.8600000000000+01
0.529001676923D+02
0.3939997818100+02
0.288997937547D0+02
0.1990000000000+02
0.1164969585370+02
0.3500000000000901

CONDITION

-0.949999917984D+02

0.920000868936D+02
0.8700845626880+02
0.8400645429130+02
0.7900056003430+02
0.750007711031D+02
0.6800009702420+02
0.780000000156D+02
0.7700076279500+02
0.7609004332250+02
0.7400021438170+02
0.709999546942D+02
0.6599999710740+02
0.508999987024D+02
0.8607541738610+02
0.6304516588800+02
0.6200832103650+02
0.6100339410020+02
0.550008502038D+02

- 0.5000766522250+02

0.3500083989110+02
0.3000717999830+02
0.2800071018000+02
0.220009417834D+02
0.1600025222500+02
0.1000009100750+02
0.1000000635670+02
0.900002612019D+01
0.8999973242820+01
0.8999980956330+01

CONDITIONS
TEMPERATURE  (C)

0.1019021872120+03
0.8863757294780+02
0.7573715899250+02
0.630678164028D+02
0.5700937034130+02
0.560004436807D+02

~ 0.1310000000000+07

0.3160771662440+06 °

0.1611565000000+08
0.1032173999930+08
0.691335499998D+07
0.3840000000000+07
0.1300000000080+07

-0.316077101077D+06

0.1611565000000+08
- 0.1032173997910+08
0.691335499872D+07
0.3830000000030+07
0.1298000000000+07
0.3160771049030+06

0.1601195484500+08
0.1600022887760+08
0.1600016612700+08
0.159997579713D+08
0.1591216334180+08
0.159007593424D+08
0.159011402333D.08
0.103116287771D+08
0.1031247842590+08
0.1031112792810+08
0.103097287143D+08
0.1031062458400+08
0.103160545673D+08
0.103422204196D+08
0.6947141488900+07
0.6946725144310+07
0.694082363712D0+07
0.6934661188510+07
0.£913200000190+07
-0.6913200983830+07
0.691330000005D0+07
0.3810000000000+07
0.3810000000000+07
0.3830000000000+07
0.1292000001180+07
0.1292000002750+07
0.1298000874760+07
0.3200000003300+06
0.3200000138210+06
0.3210000000540+06

PRESSURE (Pa)

0.1606592284740.08
0.1600000000000-08
0.1600000000000+08
0.1610000000000+08
0.1626999993230.98
0.1642000000000+08
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3007
3009

3010 . . e -
3011 :
3012
3013 :
3014 -
3015« .
3017

3018

3019

3020

3021
3022 .
3023
3025

3026

3027 .
3028
3029

3030
3031

3033

3034
3038

3036 °
3037
3038
3039

. 3041

3042 -

3043

3044

3045

3046

3047

NODE

6025
6033
6041

0.5600065686390+02
0.7810752341760+02

-0.7000004437200+02

0.6300790642700+02

.05 0.5200053391320+02 .

0.4200082629900+02
0.3800049397090+02

..0.342746017872D+02

0.7671651720420+02
0.6700042579580+02

0.6000000091090+02

0.500003344785D+02
0.3884419381090+02

0.2817237104350+02 -

0.2427152942290+02
0.726503483565D+02
0.607146617825D+02
0.510000094348D+02

- 0.475474039818D+02

0.3733095270590+02
0.264128748254D+02

0.1836050602740+02

0.601341156763D+02
0.3350719029530+02

-0.3086963940210+02

0.2278330766110+02

-0.1962019909940+02

0.1569611087940+02
0.1124270908230+02
0.1774322417330+02

'0.130530171493D+02

0.123684468268D+02
0.1088466942420+02
0.10145569560400+02
0.9472371741180+01

L o -0.857086060455D+01
COLD INFLUX AT SOUTHEASTERN CORNER OF STUDY AREA
© . TEMPERATWRE (C)

0. 4500000002880+02

0.1642000000000+08
0.1032722567480+08
0.103275968927D+08

. 0.1032907501270+08 .

10,1033068540190+08
0.1045000058820+08
0.104999999979D+08
0.105000000019D+08
0.695100964356D+07
0.6950457345110+07
0.694842984206D+07
0.6945931977990+07
0.7099999904410+07
0.7119999995150+07
0.711999999840D+07
0.4070540046470+07
0.406665118782D+07

0.4059408728920+07
'0.4050286186620+07

0.41399599917§D+07

0.416999990106D+07

0.4170000024970+07
0.1421816527610+07
0.1408708021990+07
0.1396668846480+07
0.138058861681D+07
0.184999993272D+07
0.1439999983750+07
0.1440000010270+07
- 0.3989092103570+06
0.389971201356D+06
'0.3835625617680+06
0.3750566011820+06
©.4200000000000+06
0.4634000000000+06
0.463400000003D+06

PRESSURE (Pa)
0.4100002448400+07

0.2500000604230+02 . 0.1440000000090+07

" 0.180001828165D+02 0.4450000000000+06
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Figure Al.

Numbering scheme for Southwestern Boundary condition.
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Figure A3.

Numbering scheme for Northwestern Boundary condition.
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Figure A4.  Numbering scheme for Southeastern Boundary condition.
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