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ABSTRACT

Klamath Falls has nearly a 150-year history of geothernmal
utilization. The geothermal aquifer has been the subject of many
studies and i s probably the nost tested direct use reservoir in the
worl d. This provides good background data for increased nonitoring
needed as newinjection wells are drilled. Prior to July 1990, few
injection wells existed. Acity ordinance requires injection after
July 1990. The city and major injectors have initiated a
nmoni toring system

| NTRODUCTI ON

Klamath Falls has a long history of direct use of geothernal
ener gy. The Indians used local boiling springs for perhaps
t housands of years for scal ding water foul and cooking neat. M d-
19t h century pioneers devel oped the springs for bathing, heating
and cooking. On August 10, 1876, an account in the Ashl and Ti di ngs
provi des an interesting account of a visit to a ranch and use for
a bat hhouse. "Eggs and neat are cooked by placing a vessel
cont ai ning themunder a flowi ng hydrant”, and adds a bit of hunor,
"We congratul ated M. Brooks on the favorable | ocation of his place
when he comes to die, for it is evident that the distance to that
ot her country nust be very short, and he woul d, therefore, be saved
a long and perhaps tedious journey."

Until the md-1970s, geothermal use was characterized by
Anmerican pioneer individualism Use occurred through individua
initiative and although sone inpressive uses had been devel oped
such as the four story brick Wite Pelican Hotel, built in 1911
whi ch was supplied with geothermal water through a 2,000 ft plus
wooden pi peline, geothermal wells typically supplied only one house
or business. Today there are over 550 wells, nost of which utilize
downhol e heat exchangers and supply only one use, although sone are
fairly |arge.

In 1977, the first district heating system was proposed and
with denonstration project funds from the U S. Departnent of
Energy, construction was started in 1979 and conpleted in early



1982. The system consisted of two production wells, an injection
wel I, heat exchange facilities, a 0.7 mle geothernmal pipeline and
cl osed | oop piping serving governnent buil dings.

Meanwhil e, although by this time there were operating
injection systens, there had been no long-term |arge punp and
inject tests, and citizens becane concerned about the effects of
the district system on individual wells. Also, it had becone
fairly evident that water | evels had started dropping in about 1973
and were continuing at the rate of about one foot per year (Figure
1). The district system production wells were near residential
wells and the injection well was near downtown over 3,000 feet
away. Concerns becane so great that an initiative petition and
city ordinance were passed which prohibited extraction of
geot hermal water froma well unless it was returned undi m ni shed in
guantity to the sanme well. The ordinance effectively bl ocked any
use except downhol e heat exchangers whi ch do not extract water, and
bl ocked use of the already constructed system
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Figure 1. Annual water-level fluctuations in well 181 (Hessig) for
the years 1981-1984.



I n January 1983, the County Chanmber of Commerce and a well
owners group, GCitizens for Responsible GCeothermal Devel opnent
(CRGAD), initiated efforts to gather data and by WMarch aquifer
nmoni tori ng was under way | argely by volunteers. The objectives of
the program were to gather historical data, and to nonitor water
| evel s and tenperatures. However, this effort ultimately led to a
| arge scale aquifer test which included |ong-term punping and
injection and tracer testing.

At this point, it mght be worth noting that a great deal of
background data existed--but was not all readily available. This
included very early personal diaries; tintypes and photographs;
drillers, plunbers and punp installers' records; notes on floor

joists and posts in basenents, etc. Also, the State Wter
Resources Departnent had started nonitoring water |evels and
tenperature of a few wells in the late 1950s. This effort was

expanded by OT in 1962, before construction of the geothermally
heat ed canpus and carried on for several years afterward. Starting
in 1973, the Geo-Heat Center conpleted several projects including
docunenting well tenperatures, water chem stry, water |evels, well
depths, etc., in the urban area, and at the sanme tinme, USGS did
simlar work and conpl eted reports on the geol ogy and hydrol ogy of
the Klamath Basin. Al of these bits and pieces contributed to the
hi story, baseline data and understandi ng of the resource, which is
a prerequisite to nonitoring.

During the summer of 1983, investigators from Law ence
Ber kel ey Laboratory (LBL), Stanford University and Oregon Institute
of Technology (O T), funded | argely by USDCE, were co-investigators
with the U S. GCeological Service in an intensive study of the
Klamath Falls Geothermal Aquifer. This work included tracer
studi es by Stanford; a punping and injection test by LBL; tenpera-
ture, discharge and utilization studies by OT, and sanpling for
chem cal and isotopic analysis by USGS.

Very briefly, the geology is that of a fault controlled
| at eral | eakage geot hermal reservoir. Rocks are primarily vol canic
and nuch of the fluid novenment occurs in |ayers of scoria and
brecia that may be one to a few feet thick. Overall thickness of
the reservoir is estimated to be at | east 1,500 feet. The hot well
area is conplexly faulted and well Ilithology often cannot be
correl ated over distances as short as 100 feet. Mich of the fluid
rises along a maj or northwest trending fault al ong the east side of
the hot well area (Sanmel, 1984). Based on the results of the 1983
aquifer test and nore recent analysis of aerial photos and well
lithol ogies, there appears to be at |east two sub-parallel faults
west of the mpjor fault and several northeast trending faults
crossing the area. Figure 2 shows the major fault at the east side
of the hot well area and well|l tenperature isotherns.
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Figure 2. Lines of equal tenperature based on reported maxi mm
tenperatures neasured in wells or inwell discharges, in
°C. The isotherm define regions in which nost wells
have reported tenperatures in the ranges indicated.

TRACER TESTS

Kl amat h _Uni on H gh School Doubl et

In 1983, there were four doublet systens in Klamath Falls,
i.e. systenms that punp fromone well and inject into another with
no wells in between. Kl amath Uni on H gh School (KU) was chosen for
the test since it has a high constant flowrate, is near the city
injection well, near the main hot well area and has several other
wel |'s nearby suitable for nonitoring for tracer breakthrough.

The KU production well is 257 feet deep and the | ower 25 feet
has perforated casing. The injection well is 250 feet away, 240
feet deep and cased to 120 feet. At the start of the heating
system the production well punp is turned on and punps 305 gpmto
t he hi gh school until spring. Produced water is 165°F at startup,



but falls to 160°F in 3 to 10 days after startup. During the
heati ng season, water enters the high school heat exchangers at
160°F and | eaves at 150 - 152°F depending on heat |oad. OQutput is
typically 0.3 MA.

Both chem cal and fluorescent tracers were used in the KU
test. Potassiumiodide was the chenical tracer, and rhodam ne W&

and fluorescein as fluorescent tracers. The purpose of using
several tracers was to evaluate their performance in |ow
tenperature geothermal systens. Tracers were injected at the

i njection well head.

Figure 3. Locations of wells for the Klamath Union H gh Schoo

tracer test. P, production well; I, injection well; B,
Bal siger well; C, Medo-Bel well; E, Eccles well; G
Garrison well; F, Friesen well; M County Miuseum wel | .

Not shown, Jones well 1,120 ft - 15 ft/day.
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An automatic sanpling apparatus was set up at the KU pro-
duction well. Five other wells were sanpled by hand: Bal siger,
250 ft deep 30 gpm Medo-Bel, 765 ft deep 75 gpm Eccles, 787 ft
deep 20 gpm Friesen, 563 ft deep 20 gpm and Garrison, 240 ft deep
10 gpm Qher wells in the area were shut off during the test
(Figure 3).

Tracer breakthrough to the KU production well was detected
about two hours after injection. Concentration peaked at about 5
-6 hours, fell off rapidly at first then nore slowy (Figure 4).
Chem cal and dye tracers showed the sane behavior. The flow
pattern in the KU doublet is affected by other wells. Tracers were
detected in the Medo-Bel well 450 feet away in 26 - 27 hours and
peaked at 180 - 200 hours (Figure 5). Tracers were not detected in
other wells in 500 hours.

The average flow velocity in the KU doublet is 43 - 49 feet
per hour. Average velocity to the Medo-Bel well was 2.3 - 2.6 feet
per hour.

City District Heating System

An aquifer test utilizing one of the city system production
wells and the injection well was started June 29, 1983. The test
consi sted of: background nonitoring, June 29 - July 5; punping
with no injection, July 5 - July 26 (21 days); punping wth
injection, July 26 - August 24 (30 days); recovery nonitoring
August 24 - Septenber 1. A tracer test was conducted in conjunc-
tion with the punping with injection segnment.

The production well and injection well are about 3,000 feet
apart with a natural hydraulic gradient of 0.5%fromthe production
well to the injection well. The injection well is slightly
artesian and the total head difference is 15 feet. Pressure at the
injection well head was 39 psi rising to 43 psi at the end of the
test. The production well was punped at 720 gpmwi t hout injection;

but, injection back pressure reduced this to 690 - 675 during
injection. There are a |arge nunber of DHEs, punped and fl ow ng
wells between the production wells and injection well. Five

flowng and punped wells were initially selected for tracer
collection and four were added after the test started.

O the five wells initially selected, tracer was detected in
only one, the Friesen well, about 1,000 ft fromthe injection well
and on a direct |line between injection and production. Tracer
detection occurred about 16 days after injection peaking at 36
days, 8 days after injection stopped. The well is punped at about
20 gpm (Fi gure 6).
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Between 3 and 5 days after injection, it was discovered the
Medo-Bell well had started flowi ng. Tracer was evident fromthe
start of sanpling (Figure 7). The well is 1,200 feet north of the
i njection well al nost perpendicular to aline between injection and
production. There was no major punping in that direction, the high
school wells being shut in.

Two other wells started flowing during the injection test.
The Fire Station well 130 feet from the injection well started
flow ng about the sanme tine as the Medo-Bel well. Tracer was
evident from the start of sanpling, but did not show a maximm
The Spires and Meist well flowed intermttently during injection.

Tracer breakthrough was before Septenber 9; but, it was not
possible to determ ne when the maxi num occurred. This well is
about 1,000 feet fromthe injection well and about 300 feet south
of a line between injection and production. Hi ghest tracer

concentration was 40 ug/ kg; hi gher than either Friesen or Medo-Bel .

The Jones well 1,120 feet south, southeast of the injection
well was intermttently punped at about 20 gpm for space heat. A
Septenber 23 sanple showed no tracer, but the COctober 9 sanple
i ndi cated 12 ug/ kg and decreased after that.

Wen the 1983 Klamath Falls tracer tests were conducted,
tracer testing of geothermal reservoirs was inits infancy (it may
be young adol escence now) and not nuch can be said about the
results. The Klamath Falls tests were done to provide field data
for use in developing interpretive nmethods and to conplinent the
aqui fer stress test (Gudnundsson, 1983).

We di d, however, succeed in estimating fl owvel ocities between
several wells and these velocities are fast relative to norma
groundwat er novenent. The flow velocities indicate that thermal
breakt hrough will occur. The relatively high velocities along the
line of the city injection well, the Mdo-Bel well and the KU
i njection and production wells further confirnmed a suspected fault
there resulting in fracture flow along the fault. The slower but

still high velocities noted between other wells seens to indicate
radial flowin zones of high perneability but limted thickness--a
fact al ready known fromwell 1ithol ogy.

Punpi ng and | njection Test

During the punping and injection test conducted June 29
t hrough Septenber 1, 1983, 52 wells were regularly nonitored.
El even wells were fitted with pressure transducers supplied by LBL
These wells were all connected via tenporary wiring to a central
data |ogger center where all pressures and tenperatures were
si mul taneously recorded. Eight wells were fitted with float-type
continuous chart recorders. An additional 33 wells were nonitored
by hand with el ectric | evel sensors, or steel tapes where the | evel



was near or above ground |evel. Specific wells were regularly
tenperature profil ed, atnospheric pressure nonitored and two wells
fitted with downhol e sei snographs. Three wells outside the hot
wel | area were nonitored with continuous recorders. Water sanples
for chem cal analysis were taken fromthe punped well periodically
t hroughout the duration of the test.

Briefly, the results of the test showed:

1. Despite the heterogeneous geol ogy, the system behaves hydro-
geol ogi cal |y as a honbgenous aquifer. Perneability thickness
was determined to be 1.5 x 10° nd/ft. If the aquifer is an
average of 1,000 feet thick, the average perneability is 1.5
darcy (Benson, 1984). Considering that the flows occur in
zones one to a few feet thick and the hydraulic gradient is
about 1.5% the transm ssivity of these zones is very high.

2. No hydrogeol ogi c boundari es were detected; although the fault
is very close to the production well. The radius of investi-
gation is estimted to be 3.5 mles. This inplies that
either the fault has perneability at |east as great as the
shallow aquifer and at the tested punp rates acts as an
infinite source, or the fractured zone is of considerable
wi dt h and cannot be detected (Benson, 1984).

3. At the shallow depths tested, the geothermal aquifer is
separate fromthe cold water aquifer. There was no response
incold wells |ocated just east of the fault zone nor west of
the hot well area.

4. Based on chem stry and isotopic analysis, the water in the
shal l ow reservoir is a m xture of 44% hi gh tenperature at 365
- 378°F and 56% cold water. Carbon and tritium dating puts
the age of the high tenperature water at 11,400 years and the
col d nmenber has greater than a 30-yr storage life (Truesdell
1984).

5. Both the aquifer tests and tracer tests indicate the aquifer
behaves as a doubl e-porosity reservoir. Pressure changes are
transmtted rapidly and flow velocity is high; thus, the
systembehaves nore |i ke a network of pipes than an unconfi ned
reservoir. Injection brings with it significant risk, and
injection wells must be carefully designed and |ocated
(Samrel, 1984).

Extrapol ation to other resources of the mniml tenperature
br eakt hr ough experienced in the Klamath Uni on H gh School doubl et
despite the fast tracer breakthrough nmust be done with great care.
The Klamath Falls aquifer has a high hydraulic gradient and very
hi gh perneability in the pernmeable zones. The hydraulic gradient
to the southeast and the fact that during the overall aquifer test



tracer was detected only on a line between injection and produc-
tion, and to the south and east of that line indicate a |arge
vol une of water noving in that direction. A large volunme of water
flowng in the direction fromKU production to KU injection would
provi de a continuous source of water and heat that woul d wash out
t he thernmal breakthrough.

Both of the KU doublet wells apparently lie along the sane
fault zone. This zone is conceal ed by superficial |ake deposits
but has been perceived in results of several well tests. Thi s
fault provides a vertical path for cool injected water to sink and
be replaced by hotter water. This is indicated by the fact that
significant tracer was detected in the Medo-Bel well which is 525
ft deeper than either the KU production or injection wells.

| f the above conditions did not exist, thermal breakthrough
undoubt edly woul d be greater. How nuch greater is unknown.
CURRENT MONI TORI NG

Since the 1983 test, the city has continuously nonitored
static water levels inthree wells: one near the production wells,

one near the injection well and one in a cold well area. |Injection
pressure is continuously nonitored at the injection well; but,
during very low flow periods, the well accepts injectate by

gravity. One continuous recorder is used in areas where residents
suspect trouble--thus has seen considerable use but in severa
di fferent areas. Additionally, CRG nenbers nonitor 12 wells
either daily or weekly using electric water |evel detectors. The
city production well chemstry is anal yzed yearly per Oregon Water
Resource Departnment (OARD) permt.

As noted earlier, there is a city ordinance prohibiting
surface disposal after July 1, 1990. Surface disposal after that
date could carry up to a $500 per day fine. Wen it was agreed to
present this paper, it had been assuned there would be at | east
several injectors with at |east some records--eight applications
for injection wells were filed between July 1 and m d- August, and
at least nine nore were planning injection. Wth one exception,
this has not happened. The application formto actual injection
process is fairly lengthy, and although several wells have been
drilled and three are currently being drilled (CGctober 19, 1990),
none have been fully approved. Part of the process is submttal of
injection well construction, and a plan for punp testing and
monitoring for approval by OARD. This has proven to be a
bottl eneck and the city has been forced to grant extensions for
surface disposal .



The one exception is the OT injection well. This is perhaps
worth sone di scussion since sone aspects of its construction and
chem stry mght be counter to what mght be approved in other
st at es.

OT Injection Wll Mnitoring

Inthe fall of 1988, O T permtted and contracted the drilling
of a 1,500 ft injection well with the option of drilling to 2,500
ft. The intent was to drill a well with a capacity of 1,000 gpm

since the canpus systemcurrently has a peak capacity of 800 gpm
The well was drilled using the bentonite nud rotary nethod.

At a depth of 1,500 ft, a tenperature profile indicated an
increase in tenperature near the bottomand drilling was conti nued.
At about 1,548 to 1,565 ft, considerable |loss of circulation was
encountered but estimated to be not enough for the 1,000 gpm
Drilling was continued through i nperneabl e basalt to 2,005 ft. The
wel | was conpl et ed by hangi ng casing perforated at the | oss zone to
1,675 ft, back filling to 1,695 ft, cenenting to 1,675 ft (20 ft
bet ween backfill and casi ng shoe) bel owthe perforations, and 1, 409
to 1350 (59 ft) above the perforations. The remai nder of the
annulus was filled with bentonite pellets (Figure 8).

0T GEOTHERKAL INJECTION VELL
Drilled 1989 by Schoeider Drilling Co.
10 = 2005 ft
Pump Tesled 400 ppm ¢ 500 fL, STL = 236 f1
Accepls 390 gpm
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The engi neers' reasoning for this conpletion was:

Space heating injection wells are subject to variable flows,
and in sumer in Klamath Falls, accept low flows by gravity
with water | evel approaching static water |evel. Experience
with other wells has shown that even though cenented to the
surface, tenperature variations in the casing eventual |y break
t he cenent bond wi th unconsol i dated formati ons, and t he casi ng
| engt hens and contracts. This has the potential for |eakage.

This particular well will be subject to conditions varying
fromno fl ow when the casing will be at normal earth tenpera-
ture to 180°F at peak air conditioni ng when using the absorp-
tion chiller--a tenperature swi ng greater than nost in Kl anat h
Fal | s.

The cenent seal above the perforations will prevent injected

fluid fromrising and the bentonite seal wll allow casing
expansi on while maintaining a seal to prevent any inter-zonal
m gration.

This conpletion has been successful in Klamath Falls in the
past (Bomar, 1989).

After conpletion, the well was punp tested yielding 200 gpm
with 280 ft of drawdown. It was suspected the lost circulation
zones were plugged with bentonite, and the well was acidized with
13% hydrochl oric and 3% hydrofluoric acid and swabed. After two
acidizing treatnments, yield was increased to 400 gpmwith 280 ft
drawdown- - nuch | ess than hoped for. Subsequent step and constant
rate punp tests indicate the well has a |large skin factor and may
be plugged with nmud to 25 tines the effective well radius.
Practical maxi muminjection rate was estimted at | ess than 600 gpm
(Nork, 1989).

In anticipation of the punp tests, an observation well network
had been selected (Figure 9) and chem stry of several of the wells
anal yzed, including a sanple taken at the end of punping after
acidizing the injection well (Table 1). Note the el evated chloride
concentrati on. Al'l cold water in the Klamath Basin is low in
chloride indicating water in the injection well is at |east parti-
ally derived fromthermal water. Qher constituents normally found
at elevated concentrations in thermal waters, given sufficient
time, would have equilibrated to the |ower tenperature (95°F) of
this well. This provided an argunent for injection testing to
determine if the injection well is connected to the hot or cold
aquifer. Elevated chloride was believed not to be an artifact of
acidizing since the well was extensively punped after the pH was
reduced to its pre-acidizing |evel.
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Figure 10. Observation well instrunentation.



Based on the above tests, it was reconmended that an i njection
nmonitoring plan be submtted, and step and constant rate injection
tests run. Plans were submtted and approved, and the tests run.
Anal ysis this tine predicted the well woul d accept a maxi numof 375
gpmat 50 psi, the requested maxi muminjection pressure. There was
sonme uncertainty in the analysis since there were unexplained 70
psi spi kes near the end of the test. A response to injection was

perceived only in the Bank, Mtel and Jeld-Wen wells. It was
small, in the range of only a few hundredths of a foot (Nork,
1990) .

On the basis of the above test, OMRD is permtting continued
injection with water |evel and chem cal nonitoring of the wells
listed in Table 1, and water level nonitoring in Cl P-1. Wat er
| evel s are recorded at 6-hour intervals by data | oggers and chart
recorders, and pressure and flow at the injection well nonitored on
conti nuous chart recorders. Typical observation well instrunenta-
tion is shown in Figure 10 and typical results in Figures 11 and
12. Water chem stry for the constituents in Table 1 were required

TABLE 1
CHEM CAL ANALYSI S

well a: 1 2 3 4 5 6
Tenperature, °F 98 192 78 89 54 57
pH 6. 90 8. 45 7. 65 7.50 6. 60 7.15
Speci fic Conduct ance 340 993 270 320 190 230
Total Dissolved Solids -- 737 175 228 164 183
Total Coliform <2.2 <2.2
Chl oride, ny/l 41.0 46. 4 3.0 7.8 7.8 5.2
Sulfate, ng/l 7.6 389 25.1 43. 6 4.7 13.1
Sodi um ny/| 39.0 186 25. 4 34.0 17.5 20.9
Silica, ng/l 38.9 85.2 29.5 30.4 53.1 48. 8
Bi car bonate, ny/l 104 25.6
Fl uoride, ng/l 7.9 1.3
Pot assi um ny/| 1.5 3.9
Cal cium ny/l 30.5 22.7
Arsenic, ug/l 14 47
Boron, ug/l 70 916
| ron, ug/l 454 <40
Magnesi um ug/| 734 <50
Manganese, ug/| 212 1
a.

AT Injection Wl

OT Geo-Well No. 5
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monthly for the first quarter and are quarterly for one year.
Wat er chem stry has not changed within | aboratory accuracy limts.
Water levels in observation wells have responded to punping in a
Jel d-Wen wel | (Figures 13 and 14), but in general, have declined in
response to summer conditions. There has been no discernable
change in observation wells directly attributable to injection.

Except for the OT well, all the newinjection wells conpleted
so far have apparently encountered thermal fluids at about the sane
tenperature as their production wells. Al t hough OARD has not
approved formal punp testing procedures for the wells, the wells
have been developed as part of the conpletion practice and
devel opi ng produced hot water. W hope OARD will not require
stringent testing and long-termnonitoring for themsince it is an
expensi ve procedure, and they appear to be directly connected to
the hot aquifer. The OT injection well clearly is a different
situation--it is not as directly connected to the sane aquifer as
its production wells and long-term nonitoring seens justified.
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