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ANALYSIS AND INTERPRETATION OF DATA OBTAINED IN TESTS OF THE GEOTHERMAL
AQUIFER AT KLAMATH FALLS, OREGON
E. A, Sammel, Editor
ABSTRACT

A study of the geothermal resource at Klamath Falls, Oregon, has
shown that thermal water occurs in an extensive, heterogeneous aquifer at
depths of a few hundred to nearly 2,000 feet over an area of nearly 2 square
miles. The highest measured water temperatures are more than 130°C.
Chemical and isotopic analyses suggest that the aquifer is supplied from a
deeper zone in which meteoric recharge water having low chloride and silica
concentrations mixes with high-temperature water (about 190°C) having a
moderately high chloride concentration (120 miligrams/kilogram). The
probable temperature of the hot-reservoir water is estimated on the basis of
consistent results from the sulfate-water isotope and silica geothermometers
and calculated mixing fractions of 40 and 44 percent thermal water derived
from chloride and silica mixing models.

The thermal water is supplied to the shallow aquifer through a perme-
able fault zone on the northeast border of the City. The water spreads
southwestward in the aquifer, losing heat largely by conduction and convec-
tive discharge to more than 450 wells that tap the aquifer for space heating
in homes and businesses.

A 21-day pumping test, performed in July 1983, resulted in significant
drawdowns in wells over most of the principal geothermal area. Analysis of
data from 52 observation wells indicated that drawdowns in most wells fit a
theoretical model based on two contrasting ranges of permeability and
porosity in the aquifer rocks (double-porosity model). There were indica-
tions that transmissivity (permeability times thickness) is greater along
the NW structural trend of the area than transversely.

In a second phase of the aquifer test, water was reinjected for 29
days into & well located more than 3,000 ft from the pumped well. The
water~level rise that followed confirmed the results of the drawdown test
and gave a further indication of the excellent hydraulic connection of all
parts of the aquifer.

Tracer tests carried out in a closely-spaced pair of wells prior to the
aquifer test and in the pumped and injection wells during the test also con-

firmed the double-porosity behavior of the aquifer. Results of the tracer
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tests will permit future evaluation of the danger of thermal breakthrough
and a decrease in aquifer temperatures that may result from reinjection.,

Current discharge of thermal water from about 70 pumped and artesian
wells averages about 540 gallons per minute. The rates of use show excel-
lent correlations with daily air temperatures. The aquifer drawdowns that
result from this use also correlate well with prevailing air temperatures,
A predictive algorithm was developed for the relation between utilization
and air temperature. The amount of heat withdrawn from the aquifer by this
means is about 18 X 1012 British Thermal Units per year. In contrast, the
more than 380 wells that utilize down-hole heat exchangers discharge only
about 13 X 1010 British Thermal Units per year.

Additional withdrawals of heat and water would result in further
declines 1in water levels during the heating season, Reinjection could
offset water-level declines over most of the aquifer, but declines would
occur in some wells, with possible adverse consequences for existing heating
systems. As examples of expected aquifer behavior, predictions of the
distribution and magnitude of short-term water-level changes were made for
two hypothetical utilization schemes. The computer-generated analysis can
be applied to any proposed combination of pumping and reinjection.

Long—-term changes in water levels depend on factors that could not
be determined during this study, such as aquifer boundary conditions,
recharge rates, and future patterns and types of withdrawals of heat and
water. Thus, although most of our data indicated that the geothermal
resource at Klamath Falls could sustain additional development, the limits
of such development were not estimated,

The pumping and injection test was conducted by Lawrence Berkeley
Laboratory, the tracer tests by Stanford University, and thermal, utiliza-
tion, and pumped-discharge data were collected by the Oregon Institute of
Technology, all with financial support from the U.S. Department of Energy.
Chemical studies and overall coordination of the activities were provided by

the U.S. Geological Survey,



CHAPTER 1. INTRODUCTION

By
E. A. Sammel

U.S. Geological Survey, Menlo Park, California

Objectives and Scope of the Study

During the summer of 1983, investigators from several institutions col-
laborated in an intensive study of the geothermal resource at Klamath
Falls. Funded largely by grants from the U.S. Department of Energy (DOE),
scientists from Lawrence Berkeley Laboratory (LBL), Stanford Univer-
sity, and the Oregon Institute of Technology (OIT) were co-investigators
under the terms of a proposal submitted to DOE by the U.S., Geological Survey
(UsSGS). Participation by USGS personnel was funded by the USGS Geothermal
Research Program.

The work included tracer studies by Stanford University, a pumping and
injection test by LBL, temperature studies and collection of aquifer-dis-
charge and use data by OIT, and sampling for chemical analysis by USGS.

The principal objective of the investigation, as stated in the proposal
to DOE, was to acquire "from the shallow geothermal reservoir at Klamath
Falls... chemical and hydraulic data on which to base predictions of reser-
voir performance and an evaluation of potential for development." The major
purpose "is to provide interested parties in Klamath Falls with scientific
data to be used to evaluate alternatives for the future of the geothermal
resource; a second purpose is to assess potential impacts of possible
alternatives." It is also expected that '"knowledge gained in the investiga-
tion can be used to aid in the evaluation of other fault-controlled geot-
hermal systems.'" Clearly, it is not the purpose of this study to recommend
specific courses of action regarding the development of the geothermal
resource at Klamath Falls, but rather to provide the scientific data that
will be required for decision-making by agencies and citizens in Klamath

Falls.
Data Reports and Files
Data collected during the summer of 1983 specifically for the aquifer

test are presented in graphical and tabular form in the USGS Open-File
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Report 84-146 (Benson and others, 1984). The report can be consulted in the
public library at Klamath Falls and may be obtained from the USGS Open-File
Services Section, Western Distribution Branch, Box 25425, Federal Center,
Denver, Colorado 80225.

Reports on tracer tests conducted by Stanford University prior to and
during the aquifer test will be published separately by the University when
interpretations have been completed. A summary of preliminary findings is
included in the present report. Sampling for chemical and isotopic analyses
was done under the direction of A. E. Truesdell (USGS). The data are
inc luded in the Open-File Report 84-146, and an interpretation of the
results is included in the present report. Preliminary reports on the 1983
aquifer test (Benson, 1983) and the tracer tests (Gudmundsson, Johnson, and
Horne, 1983) were presented at Stanford University in December 1983.

All data collected during the investigation resides in a central data
file in Klamath Falls. It is the intent of local agencies and citizens that
the file be kept current as new data become available on current responses
in the aquifer and the history of the geothermal development. Both kinds of
data will be required in order to refine estimates of the potential of the

resource made in this report.

Geothermal Background and Geologic Setting

Klamath Falls is a city of about 17,000 persons situated about 40 miles
east of the Cascade Range in south-central Oregon (fig. 1-1). It is one of
a growing number of American communities that rely on a geothermal resource
for at least a part of their energy needs. In at least one respect, how-
ever, Klamath Falls is unique in the United States and possibly the world.
More than 450 wells tap the geothermal aquifer in an urban setting of
streets and homes less than two square miles in area. The wells, some of
which have been used for more than 50 years, supply heat for a variety of

direct—~use applications, the predominant one being domestic space heating.

History of Geothermal Use
The presence of thermal water at Klamath Falls was first evident in
boiling springs. Accounts by 19th Century settlers describe the use of

these springs by local Indians and the subsequent development of the spring
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areas by settlers (Lund, 1978). The five hot-spring locations fairly well
define the area in which thermal water is now obtained from artesian wells
(fig. 1-2).

The springs no longer flow, and the reasons for their demise are not
completely known. Although the production of thermal water from wells has
been regarded as a probable cause, it was reported by local inhabitants as
early as 1939 that the springs had begun to dry up prior to the drilling of
the first wells (Lund, 1978).

Following the discovery, in the early 1920's, that shallow wells in the
hot-spring areas could produce natural flows of near-boiling water (Storey,
1974), the use of private wells for space heating began a growth that has
continued to the present time. Innovations in well design developed by
Charles Leib, a local geothermal pioneer, led to the first use of a down-
hole heat exchanger in 1931, the use of casing perforations to induce a
thermosiphon effect for more efficient heating in 1945, and the use of
paraffin to reduce corrosion at the air-water interface (Fornes, 1981).
Charles Leib's inquiring mind and understanding of physical processes led,
at an early date, to the first comprehension of the dynamics of the Klamath
Falls geothermal aquifer, an understanding that has not been significantly

improved upon until recent years.

Geologic Structure and Stratigraphy

Rocks of the Klamath Falls area are predominantly of volcanic origin.
Known formations include massive basaltic and andesitic flow rocks and
tuff, volcanic sediment, diatomite, and interbedded lava flows of Pliocene
age, and pyroclastic rocks, breccia, lava, and alluvium of Pleistocene age.
Variable thicknesses of Holocene alluvium overlie older rocks at lower
elevations (Newcomb and Hart, 1958; Peterson and Groh, 1967).

The area east of Klamath Falls is morphologically similar to Basin and
Range terrain. The region is, in fact, transitional between the High
Cascade volcanic chain to the west and the Basin and Range Province to the
southeast.

Most of the more than 450 thermal wells at Klamath Falls penetrate
volcanic sediment and diatomite that were deposited in a Pliocene lake. The

deposits are predominantly fine grained and have low permeability. The
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thickness may be several hundred feet or less on the upper slopes of the
hillside northeast of the city; it increases to more than 1,000 feet in the
area west of the "A" Canal beneath the city center (fig. 1-2). Inter-
stratified with the sediment layers are thin (5 to 20 ft) strata of basaltic
tuff, scoria, and breccia. A study of 175 drillers' logs revealed a be-
wildering complexity of reported rock types that could not be correlated
over distances as short as 100 ft. Much of this heterogeneity is attribut-
able to varying descriptions of the same rocks by different drillers, but
much of it is real.

Beneath the predominantly sedimentary rocks are basaltic and andesitic
flow rocks and tephra in strata whose prevalence and thickness increase with
depth. So far as can be determined from drillers' logs, the change from a
dominantly volcanic to a dominantly sedimentary regime was a gradual one
which occurred over a long period of Pliocene time. However, conclusions of
this kind must be tentative because of the difficulty in distinguishing
pyroclastic rocks from sedimentary rocks in typical well-drillers' logs,
which are the principal source of data on subsurface conditions.

On the basis of field study and examination of aerial photographs, a
major NW-trending fault has been traced from the shore of upper Klamath
Lake, through the northeast corner of the Oregon Institute of Technology
(OIT) campus, and thence southeastward in a trend roughly parallel to the
border of the hot-well area of the city (fig. 1-2). Segments of this
structural trend are obscured by erosion, and it 1is possible to speculate
that branching or parallel faults exist at several places south of the OIT
campus. Two NE~trending faults may occur, one between OIT and the hot-well
area and another along 0l1d Fort Road. In the area south of Main Street, the
trace of the principal fault disappears at the edge of the lower Klamath
Lake basin.

The principal fault is one of several westward-dipping, high-angle
normal faults that define the eastern margin of the Klamath graben (a
structural valley bounded by normal faults). The Klamath graben contains
the upper and lower Klamath Lake basins. In parts of the graben, geo-~
physical studies have provided estimates of the depth of the graben fill and
the locations of the boundary faults (see Stark, Goldstein, and Wollenberg,

1980; and Sammel, 1980, for details and additional references), but no such
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studies have been made in the hot-well area.

Regional Heat Flow and Geothermal Gradients

The amount of heat discharged at the earth's surface differs from place
to place depending on the type of heat source, depth of the source, nature
of the overlying rocks, regional topography, and the movement of ground
water. Average heat flow from the earth's continental crust is about 1 1/2
heat-flow units (HFU). Anomalously warm regions, such as the northern Basin
and Range Province in Nevada, may transmit 2 to 3 HFU. Heat flows of 2 or
more generally imply that prospects are favorable for the occurrence of
geothermal resources at shallow depths. Some investigators have concluded
that average heat flow at Klamath Falls is between 2.0 and 2.8 HFU (Black-
well and others, 1978).

Heat flow in the urban hot-well area of Klamath Falls is extremely
high. A calculation based on the known and estimated discharge of thermal
water from the 2-square-mile area suggest that natural and induced thermal
discharge would represent at least 95 HFU. But this type of convective heat
flow must be carefully distinguished from the conductive transfer of heat in
the absence of moving water. True conductive heat flow generally represents
deep crustal conditions over large areas, whereas convective heat flow is
more likely to represent local structural, stratigraphic, and hydrologic
conditions in the upper few hundred to few thousand feet of rock.

In the Klamath Falls area, virtually no test holes or wells can be
assumed to be free of convective effects. 1In addition to convective flow
within a well, convection may occur in the annular space outside the casing,
thereby affecting temperatures measured in the well. Nevertheless, many
profiles at Klamath Falls show stable positive gradients (temperature
increases with depth) or stable reversals of gradient that appear to reflect
temperatures in the formations.

Temperature profiles from more than 40 wells in the region indicate
that temperature gradients may be extremely high to depths of 600 ft or
more, but the profiles in three of the deeper wells (depths 1,325 to 1,805
ft) suggest that if measurements in shallow wells could be continued to suf-
ficient depths, all would show temperature reversals or quasiisothermal

profiles indicative of hydrothermal convection (Sammel, 1980). Temperature
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profiles in 11 wells in the hot-well area are derived from bottom-hole
temperatures reported by drillers (fig. 1-3). These profiles probably
reflect temperatures in the aquifer rocks more closely than typical profiles
measured in the water columns of wells. They indicate that lateral flows of
thermal water in permeable strata provide heat that is conducted vertically
through adjacent less permeable strata. Thus, temperature profiles from
wells in the hot-well area must be regarded as unreliable indicators of deep
conductive heat flow, and consequently, no conclusions can be drawn from
these profiles regarding the heat source and the nature of thermal activity
at greater depths. One conductive gradient measured to a depth of 575 ft in
sediments of the lower Klamath Lake basin probably represents a temperature
boundary at the base of the sediments, but suggests that a lower limit for
heat flow in the region is about 1 1/2 hfu (Sass and Sammel, 1976).
The actual value for the shallow crustal heat flow in the vicinity of

Klamath Falls undoubtedly is higher than 1 1/2 hfu.

The Geothermal Aquifer

The geothermal aquifer at Klamath Falls is not a clearly defined rock
unit, but rather a stratified series of lithologic units having large
vertical and areal variability. Evidence from lithologic logs and temper-
ature measurements indicates that, within the total thickness of rocks that
comprise the aquifer, water flows preferentially in strata that may have
thicknesses of a foot or less and generally are not more than a few feet
thick. The drillers' reports indicate that these permeable strata include
fractured, indurated lacustrine sediment as well as volcanic breccia and
fractured vesicular basalt flows.

Diagrams in figure 1-3 represent the author's interpretation of drill-

ers'

logs in 11 wells. Locations of these wells are shown in figure 1-2.,
Well 450 is not in the area of intensive study for this report, but is
inc luded as an example of the increasing thickness of sediment penetrated by
wells on the southern and western margins of the area. The diagrams in-
dicate the lithologic variability that is typical of the 175 or more logs
studied for this report.

The temperature profiles in figure 1-3 show that hot water (>80°C)

occurs less than 200 ft below land surface under most of the hot-well area,
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although some wells are drilled to depths of 700 ft or more in order to
insure an adaquate supply of water. In wells located on the topographic high
east of the principal fault line, depths of wells are commonly greater than
1,000 ft; immediately west of the fault, most wells are less than 500 ft
deep. The permeability of the rocks at a particular site probably controls
the depth of most wells, and thus, the apparent thickness of the aquifer
varies from place to place. The true thickness of rocks that comprise the
thermal aquifer is not known but is at least 2,000 ft on the basis of the
temperature profile in an 1,805-ft well at OIT (Sammel, 1980). This temper-
ature profile also suggests that no well at Klamath Falls has penetrated the
full thickness of the aquifer.

On the basis of data from wells >300 ft in depth, figure 1-4 shows
that the potentiometric surface of water in the thermal aquifer dips toward
the southwest in general conformity to the slope of the land surface.
Eastward from the fault area, water levels also appear to decrease in
altitude over a distance of at least 1,600 ft from the fault. However,
accurate data are available only for wells along Old Fort Road (fig. 1-2),
and water levels are not reliably known in the area east of the fault and
north of 0ld Fort Road.

All available data suggest that the most probable source of thermal
water in the hot-well area is the principal fault zone, from which the water
spreads laterally toward the south and west. Reported maximum temperatures
are highest in the vicinity of the fault (95° to 120°C), and they decrease
toward the southwest to less than 80°C in a distance of about 3,000 ft (fig.
1-5). The artesian area, shown in figure 1-2, extends across the trend of
the 0ld Fort Road valley, and this occurrence suggests the possibility that
artesian pressures and high temperatures are transmitted in a permeable
NE-trending fault zone that cuts across the main fault.

Strata containing the hottest water occur at altitudes of about 4,000
ft near the fault, and the altitudes decrease to about 3,800 ft in the
artesian area (fig. 1-3). Near-surface aquifer temperatures are as low as
50°C at altitudes of 4,300 ft in the vicinity of the faults (fig. 1-3). 1In
one well located more than a mile from the fault, the altitude of maximum
thermal-water entry is 3,350 ft and the water temperature is 30°C (well 450,

fig. 1-3). However, pressures measured in the artesian well during the
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winter of 1983-84 indicate that the well probably does not tap the aquifer
supplying the hot wells.

Recent History and Proposals for Development and Testing

Development of the geothermal resource at Klamath Falls during the
first 50 years or more of its history has been characterized by a quintes-
sentially American pioneer individualism. Use of the thermal water has
occurred through personal initiative; conseqently, the great majority of the
thermal wells supply heat for only one home or business. A proposal to
develop geothermal heat for a large number of buildings in the central city
gathered momentum only in the late 1970's and, supported by funds from the
U.S. Department of Energy (DOE), proceeded to a construction phase in
mid-1979. By early 1982, a district heating system comprising two pro-
duction wells, an injection well, a heat—exchanger facility, pipelines, and
heating units was in place and had been briefly tested.

Prior to construction of the system, proposals relating to resource
definition and aquifer testing had been made and discussed at DOE-sponsored
conferences. However, no large-scale test of the producing aquifer and the
injection process had been conducted. Meanwhile, concerns expressed by well
owners regarding possible adverse consequences of operating the district
heat ing system had led, in June 1981, to passage of a City Ordinance that
placed restrictions on further development. This ordinance had the effect
of halting implementation of the District Heating Plan as originally con-
ceived.

In January 1983, a new effort to gather data on the geothermal resource
was initiated by the Klamath County Chamber of Commerce. By March 1983, a
program of data gathering and aquifer monitoring was underway, carried on
largely by volunteer efforts but with financial support from the Chamber of
Commerce, the Klamath County Economic Development Association, and the City
of Klamath Falls. Much of the volunteer work was organized by a well-owners
group, Citizens for Responsible Geothermal Deve lopment (CRGD).

The initial objective of the program was simply to collect and organize
existing knowledge of the resource and to monitor water levels and temper-
atures in the geothermal aquifer, but this program led directly to and

largely made possible the aquifer-testing study that is the subject of this
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report.
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CHAPTER 2. USE OF GEOTHERMAL WATER AND THE AQUIFER RESPONSE

By
E. A. Sammel

U.S. Geological Survey, Menlo Park, California

Geothermal Wells and Water Use

Hot-water wells at Klamath Falls were first used for heating by allow-
ing the water to flow under artesian pressure from the well to the point of
use. Heat was extracted by means of radiators or other simple heat-exchange
devices and the water was then discharged. Later, as heat demands increased
and artesian pressures declined, pumps were added to lift the water to the
land surface. According to data compiled by OIT investigators, approxi-
mately 70 wells within the the principal hot-well area discharge thermal
water, and nearly all are pumped during at least part of the heating season.
Most of the wells are located in the sub-area outlined in figure 1-2.

At least 15 additional pumped wells are scattered through the region
immediately adjacent to the hot-well area, and an increasing number of wells
are being drilled in areas of lower temperature for use with binary-fluid
heat-pump systems. Although wells outside the main study area are known to
pump significant quantities of water, the resulting drawdowns in the aquifer
underlying the main hot-well area are believed to be negligible. (See
discussions in subsequent chapters of this report for the basis of this
conclusion).

Discharge of thermal water from pumped and artesian wells in the
hot-well area averages about 540 gallons per minute (gal/min) throughout the

year. The monthly distribution of discharge is shown in table 2-1.

Table 2-1. =-- Monthly distribution of average discharge from pumped and
artesian thermal wells in the main hot-well area of Klamath
Falls. Based on estimates and measurements by G. G. Culver,

OIT. Discharge is in gallons per minute.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
720 695 665 650 565 300 300 300 300 610 670 695
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The figures in table 2-1 are based on flows measured or estimated for
67 wells in the hot-well area, measurements of flow in the storm drains to
which most of the thermal wells discharge, and the correlation of known
discharges with daily average air temperatures, The minimum value of 300
gal/min shown for the months June through September probably is not as
reliable as the remaining estimates, but it may be close to the figure for
the discharge that continues perennially, regardless of air temperature, in
order to supply heat for domestic hot-water systems. Some artesian wells
are allowed to flow continuously whether or not the water is actually being
used.

The correlation between discharge and air temperature is indicated by
the graph in figure 2-1. These data, collected during the aquifer test in
July and August, 1983, show that, above a base level of approximately 300
gal/min that is reached when the air temperature is above 70°F, discharge
increases in a rather precise inverse proportion to the change in air
temperature, This relationship, determined quantitatively by the OIT
investigators during the winter of 1983-84 (fig. 2-2) served as a reliable
index to the discharge, which was measured only at intervals during the
winter,

In more than 85 percent of the hot wells at Klamath Falls heat is
obtained from down-hole heat exchangers (DHE's). The heat exchange occurs
as domestic cold water circulates in loops of pipe suspended in the wells.
Heating of the cold water is made more efficient in many wells by increasing
the flow of thermal water past the cold-~water pipes. This is accomplished
by perforations in the casing opposite points of water entry if the well is
fully cased, and by perforations near the water surface in the aquifer. The
hot water flows upward in the well and is discharged into cooler zones near
the top of the aquifer.

The amount of heat utilized for space heating and domestic hot water by
means of DHE's at Klamath Falls has been estimated by OIT investigators at
about 13 x 1010 British Thermal Units (BTU) per year. The figure is based
on estimates for all DHE wells on file at the time of inventory (December,
1983). It includes wells outside the main hot-well area, and a few DHE wells
in which pumps discharge aquifer water in order to maintain high temper-

atures in the well. In comparison, the amount of heat withdrawn by pumped
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and artesian wells in the hot-well area only is calculated to be about 18 x
1012 BTU per year, or about 140 times the DHE discharge.

Thus the approximately 70 pumped wells discharge far more heat from the
resource than the 380 or more DHE wells. Assuming that the two types of
wells meet equal needs for heat on the average, the greater effectiveness of
the DHE's is clearly indicated by these figures. An analysis of net energy
use is beyond the scope of this study, but it can probably be assumed that

most DHE's have a greater overall energy efficiency than pumped wells.

Water—-Level Changes: The Effects of Use

Seasonal Effects

Water levels in the geothermal aquifer rise and fall in an annual
cycle that reflects the heating demand and is inversely correlated with
seasonal changes in air temperature. Long-term measurements recorded by
several well owners show that, in most years, water levels recover from
their winter low levels during the summer months and reach their annual high
levels in late August. The advent of cooler weather in late August results
in a water-level decline which continues through February of most years
before the levels begin to stabilize. A significant rise of water level
does not normally begin until April,

The pattern described above is illustrated by the graph of water levels
in a 163-ft well (Hessig, No. 181) located near the center of the hot-well
area (fig. 2-3). The well heats a home by means of a DHE and no water is
withdrawn from the well., Maximum winter declines of water level in this
well have ranged from about 6 1/2 ft to 9 ft since 1980. Annual recovery
has been nearly complete except for the summer of 1983, During this summer,
unusually cool weather and drawdowns created by the aquifer test combined to
prevent a normal recovery. Seasonal water-level fluctuations in well 181
and in a number of other wells located immediately to the southwest are
larger than those in the remainder of the aquifer, but the cyclic pattern
probably is typical of the entire aquifer. For comparison, the smaller
drawdowns that occured during the winter of 1979-80 in the Raney well (No.

143) and the Adamcheck well (No. 127) are shown in figure 2-4,
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The annual cycle of water-level fluctuations can be compared with
the annual climatic cycle shown in figure 2-5. Whereas the monthly mean
temperatures have a maximum in July and a minimum in January, water levels
reach maximum levels at the end of August and minimum levels in February.
The lag time in the water-level response is partly a consequence of averag-
ing the air temperatures over a monthly period. This averaging could
displace the maximum and minimum points by 1/2 month from their true po-
sitions. However, some of the lag probably represents a delay in the
overall aquifer response in relation to heating demands.

Seasonal water-level declines in the aquifer are less than a foot at
the margins of the main hot-well area and are more than 11 feet near the
center of the area. An indication of the areal distribution of water-level
fluctuations 1is shown by the net change that occurred in representative
wells between September 1983 and February 1984 (fig. 2-6). These fluctua-
tions are smaller than normal ones because of low-water levels created by
the aquifer test in the summer of 1983 and higher than normal levels during
the winter of 1983-84 resulting from relatively mild weather after December
1983. Thus, the changes shown in figure 2-6 are probably minimum seasonal
changes for the wells selected. In contrast to other wells shown in figure
2-6, well 450, located near Lake Ewauna, showed a significant water-level
rise and appears to have a different cycle of fluctuations, suggesting that
this low-temperature well responds to influences from outside the hot-well
area. On the basis of the change observed in well 141, located at the
northern edge of the hot-well area (fig. 2-6), wells as far north as those
at OIT are assumed to have only small effects on water levels in the hot-
well area. Wells located south or southeast of the area have low hydraulic
heads and temperatures and also are assumed to have negligible effects on
the main aquifer (Sammel, 1980).

Wells that contain DHE's usually show additional fluctuations resulting
from cooling of the well during heat-exchanger use. The cooling produces
thermodynamic compression of the water column and a consequent lowering of
the water level. This effect varies with well characteristics, heat demand,
and aquifer permeability.

A typical example is shown in figure 2~7, where the water level is

observed to drop as much as 0.4 ft in respose to the daily withdrawal of
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heat from the well. Both the decline and the recovery are rapid, indicating
that the effect occurs largely in the well rather than in the aquifer.
However, fluctuations in the well are transmitted to the aquifer, and the
combined effects from several hundred DHE wells probably are significant,

On June 11 and 12, 1983, an unusual test of the aquifer response was
conducted by well owners. During a 24-hour period, a voluntary effort was
made to turn off all geothermal heat systems and to observe water levels in
as many wells as possible. It was hoped that a response would be observed
in the DHE area as well as in the pumped-well area and that insight might be
gained on the effects of DHE wells. Participation by well owners in the
test was estimated to be as high as 80 percent, a remarkable tribute to the
spirit of cooperation that characterized the testing program. Water-level
changes were extremely small, however, and were masked by the rise and
fluctuations that normally occur at this time of year. Although this test
could not be successfully analyzed for the effects of DHE use, a similiar
test conducted during a period of stable-water levels at the height of the
heating season probably would produce significant water-level changes that

could be analyzed.

Seismic Effects

Fault displacement and major seismic activity at Klamath Falls had
largely ceased by the end of Pleistocene time (1 to 2 million years ago),
but a low level of seismic activity continues in present time (Couch and
Lowell, 1971). No recent movement has been detected along the faults,
although it is possible that slow creep still occurs.

It is known that the withdrawal and injection of fluids in wells can,
at some places, trigger seismic activity or cause subsidence of the land
surface. At the Geysers geothermal field, California, for example, in-
creased low-level seismic noise is related to fluid production and (or)
reinjection, and subsidence occurs at a rate of 20 or more millimeters per
year (Allis, 1982). At the Rocky Mountain Arsenal, near Denver, seismic
activity, including minor felt earthquakes, has occurred as the result of
high-pressure injection of fluids (Healy and others, 1968). On the other
hand, no seismicity had been induced by production or reinjection at the

long-exploited geothermal field at Larderello, Italy (Batini and others,

2-5



1980), or at the Otake geothermal field in Japan (Kubota and Aosaki, 1975).
Thus, increased seismic activity and subsidence are not inevitable con-
sequences of geothermal exploitation.

Seismic activity can occur because of increased or decreased fluid
pressures in a reservoir or because of significant temperature changes.
Subsidence occurs because of decreased pressures in elastic rocks or com-
pressible sediments. The changes in fluid pressure must, in general, be a
significant fraction of the lithostatic load borne by the rocks in order to
produce detectable changes in the normal seismic activity that characterizes
nearly all regions of the earth. Similarly, temperature changes must be
rather large in order to produce significant volume or pressure changes in
the rocks. Hundreds of aquifers in volcanic regions are pumped or injected
with no detectable effects on seismicity or subsidence.

In order to determine the nature of seismic activity at Klamath Falls,
seismic monitoring was included in the data-gathering activities of our
study. A seismograph, installed by LBL in a well near Hillview Street,
continuously recorded seismic events prior to and during the aquifer test.
Several barely detectable seismic events occured during this period, but
there was no increase during the pumping or injection phases of the test.
The passage of freight trains through Klamath Falls was easily detected by
the intrument, and the seismic noise generated by the trains was an order of
magnitude greater than the natural events.

The July 21 earthquake at Coalinga, California (Richter magnitude
5.9), was clearly recorded by the Stevens recorder in 4 monitor wells
(Svanevik, Eck, Parks, and Jones). These wells presumably responded at the
proper resonant frequency for detection of the relatively long-period waves
of the earthquake. The quake was not detected on the seismometer instrument
which was designed to monitor higher frequency local events.

The rocks of the Klamath Falls aquifer probably are subjected frequent-
ly to stresses generated by earthquakes and changes in the crustal stress
field. Although the effects of these stresses have not been documented, it
seems highly unlikely that the much smaller stresses resulting from pumping,
injection, and temperature changes will significantly alter the aquifer

fabric or affect the rate of creep in the faults. Nor is it likely that
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water-level drawdowns of a few tens of feet will induce detectable sub-
sidence in the competent rocks within or overlying the aquifer. Thus, the
risk of changing the natural patterns of seismic activity, rock creep, or

subsidence at Klamath Falls appears to be extremely small.

Long-Term Effects

A widely accepted belief among well owners in Klamath Falls is that
water levels have declined since the early 1900's as the result of increas-
ing withdrawals of water from the aquifer. The disappearance of the thermal
springs, an apparent decrease in artesian heads, and reports of lowered
levels in DHE wells have been cited in support of this belief. Evidence
examined for this study tends to confirm the belief that average water
levels have declined, but unequivocal evidence of the cause has been dif-
ficult to find. Precise documentation of the decline and disappearance of
the springs and the decrease of artesian heads in relation to the growth of
pumping and other use is not yet available. Furthermore, no search has yet
been made in historical climatic records for data that might also have a
correlation with water-level declines.

The cause of a possible long-term decline in water level is clearly a
matter of concern for this study. The reliability of any evaluation of
reservoir potential depends on a knowledge of the factors involved in both
short- and long-term changes. In the paragraphs below, the extent and
limitations of our present knowledge are described.

Several possible causes might be invoked to explain the disappearance
of the thermal springs. For example, the dredging of the "A" Canal might
have drawn off the spring water. Alternatively, leakage from the canal is
known to occur, and this might have suppressed the spring flow by imposing a
higher hydraulic head or by cooling the spring water at shallow depths.
Neither of these possibilities is a probable cause however. Flow in the
canal is intermittent, and during a long winter period there is no water in
the canal. Furthermore, the hydraulic head in at least one spring area
(Devil's Teakettle) would always have been higher than canal levels.
Therefore, at least partial recovery of the springs should have occurred
during the winter if hydraulic heads had been suppressed, and some cooling

should have been noted prior to their disappearance if cooling were the
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principal cause. Finally, two of the spring areas (Big Spring and Devil's
Teakettle, fig. 1-2) are relatively unaffected by construction, landfills,
or other consequences of urbanization, which might otherwise have been
considered possible reasons for the disappearance of the springs.

Among other possible causes of spring declines is the sealing of
conduits by silica. The deposition of silica has occurred extensively at
Klamath Falls, as indicated by the widespread silicification of Tertiary
rocks in the uplands of the region (Peterson and Groh, 1967). It seems
improbable, however, that this process would have acted so uniformly in time
and space as to close off all the springs in the five spring areas during
the same short period of time and that no new outlets would have appeared.

The remaining and most probable explanation is a decrease in hydraulic
head in the aquifer. Reports of a decline in artesian head seem to be well
substantiated (Charles Leib, oral commun., 1983), Estimates of the magni-
tude of the decline vary, but in several wells, declines have been at least
15 feet since the 1930's and 1940's (John Lund, Charles Leib, oral commun.,
1978 and 1983 respectively). Currently, maximum artesian heads are probably
5 feet or less above land surface, and most artesian wells are pumped during
the heating season in order to maintain discharges (G. G. Culver written
commun., 1983).

Winter low water levels in many DHE wells also have declined during the
past 40 years, according to reports of well owners in the hot-well area. 1In
well 181, for example, winter low levels are 4 to 5 feet below the levels of
6 years ago (fig. 2-3). 1In other parts of the aquifer, smaller but still
significant declines have occurred. These changes can almost certainly be
attributed to increasing withdrawals from the aquifer.

There may also be a long-term decrease in the annual recovery levels
in the DHE-well area. Owners report declines of recovery levels ranging
from less than a foot to several feet during the past 20 to 40 years (CRGD,
unpublished data, 1983). The occurrence of such changes is not documented
over most of the aquifer, but the reality of the reported decline seems
highly probable if, as seems nearly certain, there has been a significant
decline in maximum artesian levels.

The most likely causes of long-term declines are, (1) a decrease in re-

charge to the geothermal system, and (2) an annual discharge by pumped and

2-8



DHE wells that exceeds the annual recharge of water and heat. Although the
increasing demands on the aquifer are clearly implicated in the annual
seasonal declines, the data collected thus far do not permit the conclusion
that withdrawals are the sole cause of the long-term decline.

Chemical evidence described in this report indicates that recharge to
the geothermal reservoir may originate in precipitation at altitudes higher
than those near Klamath Falls and therefore may occur over a large area.
Consequently, the travel times of thermal water may be tens or hundreds of
years. Under these conditions, a correlation with climatic records may be
difficult or impossible to obtain, and thus one possible cause of water-
level declines may be indeterminate. It can also be postulated that hy-
draulic heads in the aquifer are affected by transient pressure changes
resulting from changes in precipitation patterns in the immediate vicinity
of the hot-well area. If so, it might be possible to determine a correla-
tion and single out this relationship as a probable cause of water-level
changes,

The pattern of seasonal changes that would occur naturally in the
aquifer in the absence of withdrawals could be an important clue to the
relation between climatic change and water—-level changes. Data of this kind
are not available, and, unless early accounts of changes in spring activity
can be found, the natural seasonal change is not likely to be known. Thus,
our understanding of fundamental processes at Klamath Falls is limited and
may remain 8o unless new and different types of data are obtained.

The long-term effects of current withdrawals on water levels are
similarly unknown, but are more amenable to discovery by measurement and
analysis., It is clear, however, that a general decline of annual recovery
levels could only be aggravated by a continued increase of withdrawals in
the absence of reinjection and conservation measures. Discussions in
succeeding chapters deal largely with short-term causes and effects. Final
conc lusions regarding long-term conditions must be deferred until more

knowledge is available,
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Figure 2-2. — The relationship between average daily air

temperature and percent of peak thermal discharge.
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Figure 2-5. -- Monthly mean air temperature and monthly degree heating
days for the years 1969-1976. Data from the National Weather
Service for Kingsley Field, Klamath Falls.
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CHAPTER 3, GEOCHEMISTRY OF THERMAL WELL WATERS AT KLAMATH FALLS, OREGON
By
A. H, Truesdell, C. J. Janik, and E. A, Sammel
U.S. Geological Survey

Menlo Park, CA

Introduction

Thermal waters collected from the Klamath Falls geothermal aquifer in
the month prior to and during pumping tests in 1983 were analyzed for
chemical and isotopic constituents. These analyses and the sampling and
analytical methods used were published by Janik and others (1984). Dis-
crepancies in Ca and Cl data resulting from analytical error were corrected
by repeat analyses. In this chapter we interpret these results and earlier
analyses as indications of the temperature and reservoir processes of the

geothermal aquifer.

Chemical Compositions

Analyses of Klamath Falls thermal and nonthermal waters from Janik and
others (1984) (with revised Ca and Cl1 data) and from Sammel (1980) are
given in table 3-1. A Schoeller diagram comparing concentrations of chem-
ical constituents from selected analyses is given in figure 3-1. Thermal
waters from Klamath Falls wells contain (in order of decreasing concentra-
tion) SO, » Na, sioz, cl, HCO3, Ca, and K with traces of F, Li, Mg, and
Al. Nonthermal well waters are more dilute and contain (in order of de-
creasing concentration HCO3, sioz, Na, Ca, Mg, Cl, K, and SOA' Cold
spring waters in the vicinity of Klamath Falls contain less Na and Cl than
nonthermal well waters (table 3-1). Constituents of thermal waters show
limited ranges of concentration, with most variation in K, Ca, Mg, and
sio, (fig. 3-1). An increase in SiO

2 2°
in temperature is observed for samples collected during the pumping tests.

Na, K, and Cl concentrations and

As discussed later, the variation in chemistry of the thermal waters is
apparent ly caused by mixing with cooler waters of different composition and

equilibration with rock minerals at different temperatures.



Isotopic Compositions

Water from Klamath Falls cold wells and springs is isotopically similar
to rainwater but shows some effects of evaporation before infiltration. The
oxygen—18 and deuterium contents of these waters fall along a trend parallel
to the normal "meteoric water line" (MWL), 6§D = 8 6180 + 10 as defined by
Craig (1961), but offset by +0.5 permil in 6180 (fig. 3-2). The thermal
waters are significantly lower in 6D and higher in 6180 than local cold
waters (fig. 3-2). Concentrations of D and 180 in precipitation wor ldwide
have been observed to decrease with increase in elevation, latitude, and
distance inland, and with decrease in temperature (Gat, 1980). Thus the
lower deuterium content of the Klamath Falls thermal waters compared to that
of the cold waters, suggests that the recharge to the geothermal aquifer
occurs at greater elevations than the recharge to the cold aquifer or, much
less probably, consists of old waters from a time of colder climate (Buch-
ardt and Fritz, 1980). The higher 18O concentrations in the thermal
waters relative to waters on the MWL represents an '"oxygen isotope shift"
caused by long contact with 18O-'z'ic:h rock minerals at elevated temper-
atures. The isotopic (180, D) variation of the thermal waters results
from mixing with local cold water (fig. 3-2).

The tritium content of a sample from the city's major cold-water supply
well (#500) is very low at 0.14 tritium units (TU). This suggests that the
residence time in the cold aquifer is greater than 30 years because this
water must have a negligible contribution from precipitation (with 30 to
1,000 TU) that postdates nuclear bomb testing in the mid-1950s. The tritium
in this water may represent prebomb tritium (estimated at 10 TU originally),
which has undergone radioactive decay during 6 half lives of 12.3 years
indicating that the water is older than 60 years (Gat, 1980). In a well-
mixed reservoir, the average age would be greater than 10,000 years (Pearson
and Truesdell, 1978). The second cold well sampled in 1983 (#501) has
higher tritium (0.71 TU), indicating either a small addition of more recent
precipitation or a smaller residence time than the water of well #500.

The tritium contents of the thermal waters range from 0 to 1.6 TU; one
sample containing about 8 TU (#304) 1is probably contaminated with surface
water. Most thermal samples have tritium contents near zero (<0.3 TU), in-

dicating greater than 30-year storage as discussed above. Some thermal
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waters have higher tritium and lower chloride, suggesting mixing with
younger, more dilute waters (fig. 3-3a, b). These higher-tritium waters

tend also to be cooler, as shown in figure 3-4,.

Mixiqg of Thermal and Nonthermal Water

The relations of temperature, chloride, tritium, and other constituents
of the thermal waters indicate mixing. A reasonably linear chloride-temper-
ature mixing relation is observed for samples collected prior to the pumping
tests (fig. 3-5), suggesting that the cold end member is a water at 20°C
with about 10.5 mg/kg Cl. The temperature of cold water at depths of any
possible mixing is assumed to be 20°C because of heating by conduction.
Recharge of this cold end-member water probably does not originate from
modern Klamath Lake water because the extrapolated tritium contents at 10.5
mg/kg Cl from figure 3-3b are only about 2.5 TU, whereas Klamath Lake had a
tritium concentration of 25.7 TU when sampled (Sammel, 1980). Klamath Lake
should have higher tritium concentrations than present precipitation because
it contains stored older rainwater with higher tritium. (The tritium
concentration of precipitation is decreasing faster than would be expected
from radioactive decay because it is being diluted with deep, tritium-free
ocean water.) Klamath Lake also has a higher deuterium concentration than
other cold waters (Sammel, 1980), making it an unlikely source of recharge.

Samples collected during the pumping tests have chloride concentrations
that are nearly independent of temperature (fig. 3-5). These waters may
have been out of thermal equilibrium because of more rapid flow in the

aquifer. Higher concentrations of Si0, relative to Cl1 (fig. 3-6) also

indicate that non-equilibrium conditions imcurred during the aquifer tests.

The high-chloride, high-temperature end member of the mixing relation
(fig. 3-5) is not defined and the maximum temperature of 98°C in the waters
sampled is less than the highest measured at Klamath Falls (140°C, P. J.
Lienau, OIT, written commun., 1982). Tritium cannot be used as an indicator
of the hot end member because most waters have near zero tritium concentra-

tions.

Geothermometers and Mixing Models

Certain chemical and 1isotopic reactions reequilibrate sufficiently
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slowly as fluids cool to lower temperatures that evidence of higher temper-
ature equilibria are preserved. These reactions may thus be used as geo-
thermometers and have been calibrated experimentally or empirically to
indicate probable maximum temperatures attained. Calculated geothermometer
temperatures for Klamath Falls thermal waters are given in table 3-2, In
dilute waters, cation geothermometers are likely to be affected by re-
equilibration, and at Klamath Falls they show temperatures close to those
measured at the sampling point. The average temperature from the Na-K-Ca
geothermometer (Fournier and Truesdell, 1973) is 81 :_6°C. Cation geother-
mometer temperatures of samples taken before the pumping test agree closely
with measured temperatures. Samples taken during pumping agree less well
because waters chemically equilibrated at other temperatures were rapidly
heated or cooled during passage to the wells., Silica concentrations are
greater than those expected for saturation with silica minerals (other than
amorphous silica) at sampling temperatures and suggest equilibration at
higher temperatures, deeper in the reservoir (fig. 3-7). (Silica in
the well waters cannot result from equilibrium with amorphous silica because
the waters are undersaturated with this mineral.) Direct use of silica
geothermometers suggests temperatures of 100 to 150°C (table 3-2) but silica
concentrations are probably affected by mixing as discussed below.

The sulfate-water isotope geothermometer depends on fractionation of
185 petween s0, and H,0, a process that is reasonably rapid at high temper-
atures but very slow at low temperatures (McKenzie and Truesdell, 1977). At
Klamath Falls, this geothermometer is unlikely to be influenced by con-
taminat ion because the thermal waters have higher soa than cold waters and
because there is little or no hydrogen sulfide to produce extra 80, - The
temperature indicated by using the observed water-lBO compositions 1is 189
+ 4°C for thermal waters (table 3-2).

Silica mixing calculations (Truesdell and Fournier, 1977) based on
1983 silica data indicate an average temperature of 185 + 18°C (1 standard
deviation of 14 samples with 2 outlying values excluded). Using only data
on samples collected during the pumping tests, the average calculated
temperature is 192°C. Silica concentrations previously reported from wells
sampled in this study produced a wider range of mixing-model temperatures

(148°C to 180°C) and led to a lower estimate of reservoir temperatures
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(Sammel, 1980). Not all previous samples were properly treated to preserve
silica and the recent analyses are probably more reliable. The estimate
of 185°C is consistent with sulfate isotope temperatures of 189°C. If
equilibration with quartz is assumed at a temperature of 185°C (Fournier and
Potter, 1982), and if the cold and mixed waters contain 45 and 120 mg/kg
SiO2 respectively, then the fraction of high~temperature water in the
reservoir mixture is calculated to be about 44 percent,.

Using 185°C as the temperature of the hot-water end member in a chlor-
ide-temperature mixing model, and assuming the cold water to contain 10.5
mg/kg Cl at 20°C and the mixed water to contain 55 mg/kg Cl, on the basis of
the revised analyses, the chloride concentration of the hot-water end member
is calculated to be about 120 mg/kg and the fraction of hot water is about
40 percent, in good agreement with the fraction derived by means of the
silica-based model. Applying the average of the two mixing fractions (42
percent) to the isotope graph in figure 3-2 and assuming no oxygen shift for
the cold end member, we calculate that the reservoir water may have 36180

value about -13.7 and a 8§ D. value near -132.

Temperature, Age, and Volume of Thermal Water

From considerations of mixing, from geothermometry, and from tritium
analyses we can form a conceptual model of the geothermal system at Klamath
Falls. Wells sampled appear to draw water from a mixing zone at 70 to 100°C
where hot water with zero tritium mixes with a cold water at about 20°C with
10.5 mg/kg Cl and 2.5 TU tritium. Different mixing ratios in the mixing
zone result in well waters of different temperatures and compositions. This
mixing may occur in a shallow reservoir connected both to cold-water aqui-
fers and to a deeper high-temperature reservoir, Although the indicated
high-temperature end-member water has not been encountered by wells drilled
thus far, the geochemical relations indicate temperatures of 150 to 190°C
somewhere in the system.

If the outflow of thermal water from the system is of the order of
1,000 to 2,000 gal/min (500 to 1,000 gal/min from wells, with an equal or
greater natural flow into cold-water aquifers) and the age of the thermal
water is greater than 30 years as indicated by its tritium contents, then

the volume of the thermal reservoir could be relatively large.
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Figure 3-2. —— Hydrogen- and oxygen-isotope compositions of thermal
and nonthermal waters, and calculated composition of deep

reservoir water.
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Figure 3-3b, —— Tritium versus Cl concentrations of thermal waters,
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CHAPTER &4, INTERWELL TRACER TESTING IN KLAMATH FALLS
By
J. S. Gudmundsson
Petroleum Engineering Department

Stanford University

Introduction

The need to inject used geothermal waters is twofold. First, when
water is pumped from a geothermal reservoir or aquifer, the water level will
drop so that the reservoir pressure becomes less. As more and more fluids
are produced, the water has to be pumped from an increasing depth. However,
if all fluids pumped from an aquifer are injected, the water level is
unlikely to fall as rapidly, so production can be maintained for a longer
time without additional pumping capacity. Second, the cooled fluids must
somehow be disposed of. Because most geothermal fluids contain more dis-
solved matter than rain and drinking water, they cannot easily be disposed
of at the surface into lakes and rivers. For environmental reasons there-
fore, the preferred method of disposal is injection.

Fluid injection is also important in situations where downhole heat ex-
changers and subsurface pumping are used together. Without injection, the
water level will drop with time, and if the aquifer is small in comparison
to the utilization, the downhole exchangers will eventually become dry,
unless there is fluid injection to maintain the water level.

Although the injection of spent fluids can support reservoir pressure
and reduce water-level decline, the method has the drawback of eventually
causing a decrease in the temperature of the hot water being pumped for use.
This problem is of special concern because of the many fractures that
characterize most geothermal reservoirs. The fractures act as pipes between
the injection and production wells, allowing the cooled injection water to
travel long distances in a short time. However, as the injected water
travels through the fractures, heat transfer from the formation rock to the
fluid tends to diminish the negative effects of cold-water breakthrough in
production wells.

The main purpose of the tracer tests in Klamath Falls was to obtain

data on the injection behavior of geothermal reservoirs. Because methods of

4-1



interpreting tracer tests in fractured formations are still being deve loped,
the Klamath Falls tests were designed to obtain data that would aid in the
development of such methods. In combination with the results of pumping
tests described elsewhere in this report, the tracer tests also contribute
to the understanding of the geothermal resources in aquifers beneath Klamath
Falls.

The technology and world-wide experience of injection in geothermal
reservoirs have been discussed by Horne (1982a, 1982b, 1984). Results from
the doublet tracer testing in Klamath Falls have been reported by Gudmunds-
son and others (1983).

Injection Fundamentals

Thermal Energy
In geothermal reservoirs more of the thermal energy is stored in the
solid rock than in the liquid water. This can be illustrated by calculating
the thermal energy contained in each cubic meter of a typical reservoir.

The following properties are used in such calculations:

¢ = Formation porosity (fraction)

Water density (kg/m3)

p =

C, = Water heat capacity (kJ/kg °c)
p . = Rock density (kg/m3)

C,. = Rock heat capacity (kJ/kg °C)

These properties can be combined to give the ratio of the heat con-
tained in the water only to the heat contained in the water and rock
format ion together:

$0 wa

(4-1)

dp wa"' Q1 -¢ )prCr
The following values are representative of low-temperature geothermal
reservoirs: ¢ = 0.1 (=10 percent), P, = 1000 (kg/m3), Cw = 4 (kJ/kg

°c), .- 2000 (kg/m3), c = 1(kJ/kg °C). Using these values for the

4-2



reservoir properties, we calculate that the water contains about 18 percent
of the total thermal energy of each cubic meter of the reservoir and that
the rock formation contains about 82 percent of the thermal energy. This
means that if all the water were pumped from a reservoir with the above
properties, only 18 percent of the total thermal energy would be recovered
and 82 percent would remain in the rock formation. Figure 4-1 illustrates

the same point for other porosity values.

Tracer and Thermal Fronts

When the water 1is injected into a reservoir containing a production
well, it will displace some of the original water between the two wells.
The volume of water displaced is called the swept volume of the reservoir.
I1f the temperature of the injected water is lower than the reservoir temper-
ature, the injected water will be heated. In situations where the injected
water flows slowly over a long distance before reaching the production well,
its temperature may increase so as to approach the reservoir temperature.
Therefore, temperature measurements at the production well will not show
that fluid breakthrough has occurred. However, if the injected fluid
contains a chemical tracer that can be measured at the production well, then
fluid breakthrough can be demonstrated. After injecting cold water for a
long time into a geothermal reservoir, the rock may have cooled so much that
it no longer can heat the water before it reaches the production well.
Therefore, the temperature measured at the production well will decrease
with time.

The tracer and thermal velocities can be used to express how rapidly
tracer concentrations and decreasing temperatures will be observed in
production wells. In most reservoir situations, the thermal velocity is
much slower than the tracer velocity. The ratio of the thermal velocity to
the tracer velocity is given by equation 4-1 above. For the example il-
lustrated above, the velocity ratio is 1:5.6. This indicates that the
thermal velocity is 5.6 times lower than the tracer velocity. For example,
if this velocity ratio is applied to a situation where tracer breakthrough
occurs in a production well 5 days after injection, thermal breakthrough in

the production well would occur after 28 days. The velocity ratio in

4-3



specific reservoirs depends greatly on the formation porosity, as illus-
trated in figure 4-1. Nevertheless, it is clear that measurements of tracer
breakthroughs in production wells may be indicative of subsequent thermal

breakthroughs.

Well Placement
Critera for locating injection wells in relation to production wells in
the design of geothermal fluid-production schemes should include considera-
tion of the effects of both pressure stabilization and thermal breakthrough.
Choices to be made include locating injection wells near the center of the
production area or close to periphery of the resource, and drilling injec-
tion wells to the same depth, deeper, or shallower than the production

wells. The question of well placement has been discussed by James (1979).

Tracer Analysis

A tracer breakthrough curve is a kind of travel log that shows con-
centration of a tracer with time., It provides a record of what happens
underground when a fluid flows between two or more wells. The interpreta-
tion of a tracer breakthrough curve requires knowing what physical and
chemical principles apply. In geothermal reservoirs these principles are
little known and field data are limited.

The most common use of tracers in geothermal reservoirs is to inject a
slug of the tracer into an injection well and monitor surrounding producing
wells for return of the tracer. Following injection of the tracer slug,
full-scale injection and production is usually begun in order to provide as
realistic a setting as possible. With reduced flowrates there is always a
danger that the tracer will not be returned and the value of the test will
be lost. The production wells are monitored for the tracer at frequent
intervals in the first hours and days after the tracer is injected, and less
frequently after the detected tracer concentration has passed through a
maximum and started to decline.

Tracer analysis provides four main pieces of information. The first
detection of tracer and the arrival of the peak concentration indicate
the speed of movement ot the water through the system. The first tracer to

arrive has probably dispersed ahead of the main tracer slug, whereas the
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concentration peak moves with the mean speed of the flow. However, in many
cases the first detection and peak concentration occur within a very short
time. Such a condition is an indicator of subsequent difficulties with
premature thermal breakthrough. Rapid tracer movement implies a high degree
of fracturing or high permeability in the reservoir and suggests that the
swept volume of reservoir rock will be small. Field experience indicates a
correlation between rapid tracer returns and subsequent degradation in the
temperature of produced fluids (Horne, 1982a).

A second parameter of interest in the tracer-return information is the
total tracer recovery. A production well that receives more of the injected
water than others is more likely to suffer temperature decline as a result.
Again, a correlation between large tracer returns and subsequent degradation
in production well performance has been observed in the field. Quantifying
total recovery can be difficult because the tracer may be lost within the
reservoir by chemical reaction or adsorption. Nevertheless, the relative
recoveries in several production wells can be useful for comparison between
wells.

A third use for the tracer-return history is the analysis of long-term
equilibrium tracer concentration. In cases where the produced water is con-
tinuously injected, the tracer is repeatedly produced and injected. Pro-
vided the tracer is not retained or destroyed to a large extent within the
reservoir, concentrations in the produced fluid will gradually reach an
equilibrium value higher than the original background concentration. At
this stage, it is possible to estimate the volume of reservoir fluid through-
out which the tracer has been dissolved. If this calculation is performed
using the assumption that the tracer remains in the circulating fluid, then
an upper bound on the swept volume of the reservoir can be estimated. This
could be useful for evaluating the field-wide probability of thermal de-
gradation. However, if the tracer 1is retained in the reservoir rock, the
swept volume would be seriously overestimated.

A fourth use of the tracer-return data is to analyze the shape of the
concentration/time profile (breakthrough curve). This procedure is still
under development but shows possibilities for the estimation of fracture
characteristics. An estimate of fracture aperture is useful for calculating

the rate of local thermal depletion along the flow path.
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Breakthrough Time
The time it takes a tracer to travel from an injection well to a
production well is the breakthrough time., This time can be estimated for
common flow geometries in homogeneous reservoirs, for example radial and
doublet flow. When the fluid injected into a well moves radially away from
the wellbore, the breakthrough time, tr’ at distance r is given 1in the

expression:

(4~-2)

where ¢ and h are the reservoir porosity and thickness, respectively, and Q
the volumetric flowrate. A doublet well configuration acts as a source-sink
x» Will be
one-third that of a radial system, as shown by Gover and others (1970) and
Klett and others (1981):

system. If x is the doublet spacing, the breakthrough time, t

'nxz ¢h
(4-3)
3Q

For the simplest case of flow in a planar fracture of the thicknessg ,

these same equations can be applied by replacing ¢h by s. In tracer tests

the observed breakthrough time will be somewhat less than that calculated

from equations 4-2 and 4-3 because of the effects of hydrodynamic dispersion.

Doublet Tracer Testig&

System Description
Down-hole heat exchangers are widely used in the 450 or more geothermal
wells that have been drilled in Klamath Falls. Several doublet systems,
characterized by having one production well and one injection well, are
also used for space heating in the city., The hot water is pumped from the

production well and then cooled in heat exchangers before disposal by
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injection. Fresh circulation water flows through the heat exchangers just
as in the down-hole exchangers. The wells in the doublet systems in Klamath
Falls tend to be of similar depth and design. They are closely spaced and
there are no wells between them; hence the doublet name. There are 4
doublet systems in the city: Klamath Union High School (KUHS), Mazama High
School, YMCA-Center, and Mills School.

The doublet system at the Klamath Union High School was selected for
the first tracer testing experiment because of its high constant flowrate
and location. The school is near the hot-well area and close to the County
Museum, which is the site of the main injection well of the Klamath Falls
District Heating System (fig. 4-2).

The KUHS doublet system was started in the early 1960's. The produc-
tion well is 257 ft deep and perforated for 25 ft near the bottom. The
injection well is 240 ft deep and cased to 120 ft. The wells are spaced at
a distance of about 250 ft. The system is turned on in the fall when school
starts. The down-hole pump in the production well pumps at a constant rate
which is estimated by the pump installer to be about 320 gal/min based on
the pump specifications, water levels, and wellhead pressure measurements.
Part of this flow, about 15 gal/min, is diverted to two buildings at the
site.

At the start of the heating season the temperature of the produced
water is 165°F (74°C) but it cools by 5°F in 3 to 10 days depending on the
heat load. Once this initial cooling has occurred, the water temperature
remains constant until spring. The following fall the temperature is back
to 165°F at startup. During the heating season, the geothermal water enters
the high shcool heat exchangers at about 160°F (71°C) and leaves typically
at 152°F (67°C). At 305 gal/min this corresponds to 1.1 x 106 BTU/hr or
323 kW of thermal power.

Test Program
Iodide (I') has been determined to be a useful chemical tracer for
geothermal systems. It has been used in several injection tests in Japan in
the form of potassium iodide (Horne, 1982a). The background concentration

of iodide in thermal waters tends to be low. This means that the amount of

iodide required for injection tests is reasonable in comparison to other
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similar chemicals. Chemicals are not useful as tracers if they become stuck
(adsorbed and absorbed) to the formation or degrade when flowing through an
aquifer formation. Iodide compounds are highly soluble in water and are
unlikely to interact much with reservoir rock formations.

Although the background concentration of iodide in geothermal waters
tends to be low, the cost of iodide chemicals is high. The quantity of
chemical tracer needed for injection testing depends not only on the natural
background concentration, but also on the method used to analyze for the
tracer, The better the method of analysis, the less tracer is required.
Environmental considerations are very important in tracer testing. The
chemical selected must be safe to handle and used in concentrations below
recommended water-quality standards. Consideration of the above factors
(background concentration, formation interaction, availability and cost,
analysis methods and environmental aspects) indicates that iodide chemicals
are useful in geothermal tracer testing. Thompson (1980) has discussed the
selection of common ground-water tracers,

F luorescent dyes are commonly used in ground-water tracer studies
(Smart and Leidlaw, 1977). They are easily analysed in low concentrations
using simple methods. The quantity of fluorescent dyes required in tracer
testing is therefore small. The commonly used dyes are readily available
and reasonable in cost. They are environmentally acceptable for two main
reasons: they require low concentrations and they degrade with time, The
degradation may pose a problem in geothermal tracer testing. When heated,
fluorescent dyes may break down (thermal degradation) and lose their fluor-
escent properties. Although the nature and extent of this loss are unknown,
fluorescent tracers have been used with success in geothermal reservoirs.
This success may stem from the fact that fluid breakthroughs are rapid in
fractured formations and consquently the dye tracers are not subjected to
high temperatures for a long time,

Both chemical and fluorescent tracers were used in the KUHS doublet
test. Potassium iodide (KI) was selected as the chemical tracer and rhoda-
mine WI and fluorescein as the dye tracers, The purpose of using several
tracers was to investigate their relative merits in geothermal applications.
A fluorometer was used to measure the concentration of the dyes and an ion

specific electrode to measure the iodide. The advantage of both methods is
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that they are easily carried out in the field. Fluorescent dyes can be
detected in water in concentrations below 1 ,,g/kg and halides such as iodide
can be detected at about 1 mg/kg using ion specific electrodes. The liter-
ature was searched for data on possible health risks associated with the
tracer material. It was found that no ill effects would be likely to occur
upon drinking the geothermal water during the tracer test. Permits were
obtained from the Department of Environmental Quality (State of Oregon) and
the Department of Health Services (Klamath County) to inject 90 g and 900 g
of rhodamine WT and fluorescein, respectively, and 690 kg of potassium
iodide. The amounts actually injected were much less than the amounts
permitted.

The KUHS doublet tracer test was carried out in May and June of 1983.
The tracers were injected at the wellhead of the injection well. The
wellhead piping is such that the tracers were mixed immediately with the
downflowing water. One pound (450 g) each of rhodamine WT and fluorescein
were mixed in 100 gallons of geothermal water. The rhodamine WT was in the
form of a liquid 20 percent active so the 1 pound solution contained 90 g of
the red-pink dye. Fluorescein comes in dry powder form and is greenish when
dissolved in water. All of the fluorescein was considered active. Five
hundred pounds (227 kg) of potassium iodide was mixed in 150 gallons of
geothermal water; it is easily soluble and colorless. The dyes were in-
jected first, requiring about 15 minutes for the injection. The potassium
iodide was injected about an hour later, the injection taking about 20
minutes,

An automatic sampling apparatus was set up at the KUHS production well
and programmed to fill one bottle every half hour. Five other wells were
sampled by hand during the tracer test: Balsiger, 260 ft deep; Medo-Bel, 765
ft deep; Eccles, 787 ft deep; Friesen, 563 ft deep; and Garrison, 240 ft
deep (fig. 4-2). Samples were collected from these wells every hour at
first and then less frequently. The flowrate and temperature of the Medo-Bel
well were measured at 75 gal/min and 180°F. The flowrate of the other wells
had to be guessed: Balsiger, 30 gal/min; Eccles and Friesen, 20 gal/min
each; and Garrison, 10 gal/min. Other wells in the area were not pumped at
the time of the testing.

The concentration of the dyes was measured in a fluorometer. It was
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discovered during the test that injecting the dyes at the same time was a
mistake. Although recommended lamps and filters were used in the fluoro-
meter, there was considerable interference between the two dyes. A reading
on the fluorometer could not be assigned to one dye only so the values
obtained were semi-quantitative. Also, a mixture of the two dyes showed
less color and fluorescence than expected. The dye concentrations measured
with time in the KUHS doublet test have been reported by Gudmundsson and
others (1983) and will not be repeated here. Instead, the data analysis

will be based on the more accurate iodide measurement.

Breakthrough Curves

Tracer breakthrough was observed in the KUHS doublet production well 2
to 3 hours after the 20-minute tracer slug injection. The concentration of
potassium iodide with time in the production well is shown in figure 4-3.
The maximum tracer concentration was reached in 5 to 6 hours after the end
of the tracer injection. After that the concentration fell rapidly at first
and then more slowly. The dye tracers showed the same breakthrough behavior
as the potassium iodide.

The 227 kg of potassium iodide were injected in 20 minutes. For a
doublet flowrate of 305 gal/min (19.2 L/s), this corresponds to the tracer
slug having a concentration of about 9,820 mg/kg. The maximum tracer
concentration measured in the production well was about 60 mg/kg, or two
orders of magnitude lower.

Fluid recirculation must be considered in the doublet tracer test.
The high school is about 600 ft away from the doublet system. The hot water
is pumped to the school in a 6-inch pipeline and then passed through 13
shell-and-tube heat exchangers which are connected in a mixed series/paral-
lel arrangement. The geothermal water is cooled in the heat exchangers and
returned to the injection well. The travel time of the geothermal water
from the production well to the injection well depends on the flowrate and
the volume of the piping and heat exchangers. It takes about 3 minutes for
water pumped at 305 gal/min to travel 600 ft in a pipeline 6 inches in
diameter. Assuming that each of the 13 heat exchangers has the same volume
as the 600 ft of pipe, it will take 45 minutes for the geothermal water to

travel between the wellheads at the surface.
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For a tracer breakthrough time of 2 hours and 30 minutes, and assuming
a surface travel time of 45 minutes, a second breakthrough would be expected
at about 5 hours and 45 minutes, passing through a maximum between 10 and 13
hours. However, since the initial tracer pulse was diluted by two orders of
magnitude, the second tracer pulse is unlikely to show much effect on the
shape of the tracer concentration curve.

The flow pattern in the KUHS doublet system is affected by the other
pumped wells in the area. The largest of these is the Medo-Bel well,
flowing 75 gal/min. it is about 450 ft away from the injection well, in the
opposite direction to the production well. The total flowrate of the other
4 wells in the area added up to about 80 gal/min. The nearby pumping is
therefore about one half that of the KUHS production well. The hydraulic
gradient of the hot well is superimposed on the pumping gradient associated
with the wells sampled in the tracer study. The gradient is about 0.5
percent and perpendicular to a line between the injection and production
wells. The KUHS doublet system is not an isolated system in the aquifer.

The tracer breakthrough curve for potassium iodide in the Medo-Bel
well is shown in figure 4-4. The breakthrough occurred 26 to 27 hours after
injection was completed in the doublet injection well. The tracer concen-
tration reached a maximum value less that 1.5 mg/kg, which is an order of
magnitude less than the maximum value in the doublet system. This occurred
after 180 to 200 hours. After that the tracer concentration decreased
slowly but steadily. Tracer returns were not detected in the other wells

monitored in the area.

Interpretation

Three of the four main tracer-analysis methods already discussed
are useful in field situations where proven reservoir flow models are not
available. In geothermal reservoirs, the interpretation may show what
re lative injection effects are to be expected in different wells.

The peak tracer concentration in interwell tracer testing moves through
the reservoir at the average fluid velocity. Using 5 to 6 hours as the
time of peak concentration in the KUHS production well, the calculated
average flow velocity between the doublet wells is 13 to 15 m/hr. The same

kind of calculation for the Medo-Bel well gives a tracer velocity of 0.7 to
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0.8 m/hr. These values are within the range of tracer velocities measured in
geothermal fields world-wide (Horne, 1984).

The arrival time of the peak concentration can also be used to estimate
the porosity-thickness value used in equations 4-2 and 4-3. Taking t and
t, 3s the peak arrival times for radial and doublet systems, respectively,

the porosity-thickness becomes:
(po h)r = 2 cm,
(p¢ h) = 6 cm.
X

I1f fracture flow is assumed, the above values represent the fracture width,g

The amount of tracer recovered in production wells indicates the
connectivity to injection wells, Production wells that receive more tracer
than others are more likely to suffer thermal drawdown when cold fluids are
being injected. The amount of tracer recovered can be determined by measur-
ing the area under the breakthrough curve. For the KUHS production well,
the amount recovered after 4 to 5, 8 to 9, and 100 to 110 hours was 15, 25,
and 122 kg, respectively, These correspond to 7, 11, and 54 percent of the
total amount of potassium iodide injected. Because of recirculation, the
tracer recovery after the first 10 to 13 hours becomes difficult to in-
terpret, Nevertheless, the breakthrough curve does show that 10 to 20
percent of the total tracer material injected was recovered in the first day
of the test. This suggests that the doublet is not an isolated system in
the geothermal aquifer.

Because tracer material is lost from the doublet recirculation system,
the tracer concentration does not reach equilibrium concentration with
time. The swept reservoir volume, therefore, cannot be determined.

The shape of the tracer breakthrough curve can give information about
the nature of the flow between the injection and production wells. The
interpretation method is based on having a reservoir flow model. Such
models are now being developed for geothermal reservoirs (Fossum and Horne,

1982; Jensen and Horne, 1983).
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Injection Tracer Testing

Test Description

The doublet tracer test was carried out a few months ahead of the
main aquifer pumping-injection test. Among the reasons for carrying out the
doublet test was the need to develop tracer testing techniques appropriate
for geothermal resources, particularly those of low to moderate temperature.
This goal was reached with respect to tracer selection and measurement
techniques. Rhodamine WT was found to be environmentally acceptable, easily
measured, and low in cost. Therefore, this dye was selected for use in the
injection tracer test. Potassium iodide was also found to be environmental-
ly acceptable, but the higher concentration required and greater cost rule
it out in situations where fluorescent dyes can be used.

In the main aquifer pumping-injection test, the production well (CW-1)
was pumped for 3 weeks without injection. The pumped water was then inject-
ed into the County Museum well for about a month. This well is about 3,000
ft away from the production well and down the hydraulic gradient. The
natural hydraulic gradient between the two wells is about 0.5 percent and
the total head difference is about 15 ft. During the aquifer pumping-injec-
tion test the gradient was expected to be reversed so that flow would occur
from the site of the injection well in the direction of the production
well,

In a doublet system, there are no wells between the production and
injection wells. This 1is not the case for the production and injection
wells used in the aquifer pumping-injection test. The area between CW-1 and
the County Museum well is heavily exploited. In this situation, the flow
path can be traced by sampling the wells between the production and injec-
tion well. Most of the wells have down—~hole heat exchangers, but there are
a few that are pumped at low flowrates or have artesian flow. The flowing
wells identified for water sampling for tracer analysis were: Friesen (Main
St., laundry), Olympic (E. Main St., apartments), Butler (Esplanade St.,
residence), Division and Oak Sts., (residence), and Medical Clinic (Main
st.)

The aquifer pumping test was started on July 5, 1983, The production
well was pumped at 720 gal/min and the 100°C water discharged into the USBR
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irrigation canal that runs across the geothermal field. (See fig. 4-2.)
After 3 weeks of pumping the injection part of the test was started. On
July 26 at 10:11 a.m, the geothermal water flow was diverted into the County
Museum injection well. (See fig. 5-5 for locations.) The aquifer produc-
tion-injection test was terminated 4 weeks later on August 24 at 5:35 p.m.
The injection flowrate was 40 to 42 kg/s during the 4 week period.

The rhodamine WT tracer was injected into the County Museum well on

July 27 from 10:14 a.m. to 10:19 a.m. The method of injection was the same

as used in the doublet-tracer test. Two 25-pound drums of rhodamine WT
solution were dissolved in 33 gallons of water. The dye solution was 20
percent active so that each pound contained 90 g of rhodamine WT. There-
fore, the total mass of rhodamine WT was 4.55 kg and its concentration in
the 5-minute injection slug was about 360 mg/kg.

An automatic sampling apparatus was installed at the production well.
The 5 flowing wells listed above were sampled by hand. Samples were col-
lected every 1 to 2 hours and analyzed for rhodamine WT the same or follow-
ing day.

After a few days of injection, the Medo-Bel well began to flow. This
happened sometime between July 29 and August 1, when it was first sampled
for tracer analysis. With time, other wells were added for water sampling:
Fire Station, August 1; Spires and Mest (garage), September 9; Jones (ga-

rage), September 23. One or two samples were taken from a few other wells.

Breakthrough Curves

The rhodamine WT tracer was detected in several wells during the
injection tracer test. Of the wells that were sampled from the start of the
injection test, only the Friesen well showed tracer breakthrough. This
occurred after about 16 days of injection. The Friesen breakthough curve is
shown in figure 4~5 in terms of pg/kg of rhodamine WT tracer. The Friesen
well is located about 1,000 ft north-east of the injection well. It is
pumped at about 20 gal/min with a water temperature of 78°C.

Tracer breakthrough was evident from the start of flowing of the
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