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Figure 37. 1994 Transient Simulation, Row 45, Showing
Specific Discharge Vectors
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Figure 38. Specific Discharge Vectors, Pred
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whose magnitude is influenced by
hydraulic parameters and proximity to
the lake area.  However, pumping
constitutes only a moderate percentage
of total flux, which is dominated by ET
discharge, and flows from layer 2 to
layer 1 and through layer 1 from the west
(not shown). As can be seen from Figure
39, trends in flux volume over the twenty
year period are definitely more sensitive
to the recharge factor than to pumping.
A similar conclusion was reached from
groundwater level studies on the Mt.
Rose and Galena Fans, southwest of
Reno (Kanbergs, 1996).

The aquifer underlying the lake region
exerts a strong influence over the
hydrogeologic system by establishing a
base-level head and therefore controlling
the overall system's horizontal hydraulic
head gradient. Generally, flux rates are

reduced near the lake boundary due to -

gentle horizontal gradients.

Furthermore, the lake region represents
most of the storage capacity of the
valley-fill reservoir, and even during
drought is nearly saturated to the surface.
Therefore, the lake area essentially
buffers flows from the east, and to a
lesser extent from the west, and
represents a large groundwater reservoir.

Geothermal Characterization

Three main sections are included in this
chapter. These are: 1) presentation of
the thermal data and introduction to
geothermal concepts; 2) presentation
and discussion of ground water
geochemistry and its relationship to the
thermal anomaly; and 3) a discussion of
the anomaly in the context of
groundwater flow and interaction with
the shallow aquifer system. Appendix B
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documents the 1997 geochemical and
thermal surveys.

The terms thermal and geothermal are
used interchangeably. The definition of
geothermal has often been used in an
economic sense, to determine if a system
has potential for commercial production.
Here, geothermal and thermal simply
refer to waters that are above normal in
their heat content and consequently
represent areas of anomalous heat flow.

Thermal Data

Background

McKay (1991) reported an elevated
domestic well temperature, located in the
extreme southwest part of NWC. The
temperature was in excess of 50°C
(19917). This particular well has a total
depth of 130 feet, and penetrates the
upper part of the confined aquifer.
Seasonally, the well is artesian, but no
natural warm springs are noted.

The nearest documented thermal
anomaly is located at Bowers Mansion
on the west side of the valley, where
several warm water springs and wells
occur. Garside and Schilling (1979) have
compiled geochemical and thermal data
in this area. The highest measured
temperature is 128°F (53.3°C) from a
spring discharging at 76 gpm. The same
authors document warm water wells and
workings in the Comstock Lode, Virginia
range.

Temperature Measurements at NWC

The temperature data were collected
from selected domestic wells using a
thermistor probe, as described in the
section on methods. Depth verses
temperature profiles are included as




Appendix B. Figure 40 is a groundwater
temperature iso-contour map at a depth
of 30.5 meters (100 feet). For some of
the shallower wells, a linear extrapolation
was made to obtain an estimated
temperature at 100 feet. Figure 40
defines a coherent thermal anomaly with
gample point 5 as the high value at 51.4
C.

Limitations exist for the type of data
collected from these shallow domestic
wells. Temperature measurement taken
among wells will be influenced by well
design, screening interval and depth.
Many measurements were done at depths
less than 100 feet, with the deepest data
point being 180 feet. Lovering and
Morris (1964), in their study of thermal
characteristics in the East Tintic District,
Utah, completed temperature probes of
numerous wells. They state that direct
well measurements at depth less than 100
feet are unreliable unless seasonal ground
temperature variation corrections are
added. The wells probed in the current
study were all measured during the
winter quarter, under similar temperature
conditions. The relative temperature and
geothermal gradient relationships among
wells is assumed to be valid. However,
care should be taken when comparing
this data against future data sets.

Spatial Characteristics

The data clearly indicate a hot spot or
plume anomaly. The anomaly is open to
the southwest and its character in that
direction is unknown due to lack of data.
Conductors from the airborne
geophysical data, south of NWC, are
noted (Widmer, 1997). The relationship
between these conductors and any
extensions of the identified thermal
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anomaly remains speculative.

The thermal anomaly forms a local north-
northeast trend, across the southern part
of NWC, but the overall trend is north-
northwest, as illustrated in Figure 40.

The pattern and spatial location of the
thermal anomaly may be compared
against the resistivity data shown on
Figure 7. A very good spatial correlation
exists between the conductor anomaly
and the thermal anomaly. The physical
causes for the conductor are speculative.

The laboratory analyses indicate no
unusually high TDS or conductance
values from water samples within this
area. The conductor is therefore most
likely caused by aquifer clay content,
despite areas with coarse gravels and
some clean sands. Other factors that
may enhance the anomaly would be the
elevated water temperature, possible low
temperature alteration of aquifer material
to clay, or even presence of H,S as noted
at most warm well locations.

Thermal Gradients

The temperature of the earth increases
with depth at an average rate of 2.5°C
per 100 m of depth (Fetter, 1994).
White (1968) suggests a background
geothermal gradient of about 3.3°C per
100 meters as typical for western
Nevada. Individual depth verses
temperature profiles (Appendix B) show
most wells to have a near linear increase
of temperature with depth. Others, such
as sample point 5, show a convex
upward profile. According to Jacobson
and Johnston (1991) convex upward
profiles with elevated temperatures
represent discharging  parts  of
hydrothermal systems, whereas the linear







profiles
situations.

represent  "quasi-conductive"

A thermal gradient was estimated for
each sample location, by taking the
difference between the top and bottom
temperature value divided by depth
interval.  Values were converted to
degrees Centigrade per meter, and a
shallow thermal gradient map was
created (Figure 41). The shallow nature
of the data cautions against extrapolation
of the measured gradient deeper than
maximum sample depths. Figure 41
shows a pattern similar to Figure 40 and
is believed to be representative of
shallow conditions. Gradients in the
study area are well above normal. In
terms of degrees Centigrade per 100
meters, gradients range between no
detectable change over 100 meters to
78°C per 100 meters at sample station 5.
The sample mean is 14°C per 100 meters,
however; this high value is skewed by
the thermal plume area and is not
statistically representative of the gradient
in NWC. Values at several locations
near the range front are at or below
normal (sample points 13 and 17). The
thermal plume is further defined by a low
temperature gradient in the southwestern
most sample station (sample point 2).
The character of the thermal anomaly
and temperature gradients are less clear
to the northwest, due to lack of sufficient
data.

Geochemistry

Introduction

The degree of mineralization in
groundwater is a function of both initial
chemistry, character and solubility of the
aquifer material, and length of exposure
time to the aquifer (Back and Hanshw,
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1970 in Fetter, 1994). An increase in
water temperature usually increases the
solubility of most minerals, with notable
exceptions, e.g. CaCOs; (Driscoll, 1986).
Documented geothermal systems may
have very high mineral contents,
measured as total dissolved solids (TDS),
and concentrations of certain
constituents that are unique to elevated
temperature conditions.

Geochemical Classification of Thermal
and Non-thermal Waters

Ellis and Mahon (1977) and Nicholson
(1993) provide an overview of the
geochemistry of geothermal, systems.
These systems may be classified
according to temperature and/or
chemistry. Most  geochemical
classifications of thermal waters describe
high temperature systems. Low
temperature systems are more difficult to
classify. They have a varied origin
(Nicholson, 1993) and their composition
will depend on relative contributions of
formation waters and meteoric waters to
the discharge features. Low temperature
systems often do not have a
characteristic geochemistry. Nicholson
(1993) summarizes a general opinion
held by most workers that thermal
waters, usually regardless of
temperature, are predominantly heated
meteoric waters. Isotope data allow
perhaps 5 to 10 percent of the fluids to
be of possible magmatic origin. These
magmatic brines may significantly
influence the fluid geochemistry and
account for elevated constituent
concentrations, such as chloride or CO,.

Ellis and Mahon's (1977) classification of
high temperature systems may aid the
studly of  more dilute or lower
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temperature waters. Their four end-
member classification consists of Alkali
Chloride Waters (type A), Acid Sulfate
Waters (type B), Acid Sulfate-Chloride
Waters (type C), and Bicarbonate Waters
(type D). Type A waters represent
common geochemistry seen in many
systems in the western United States.
These are characterized by high chloride
contents, often high dissolved silica
values, high TDS, and classic trace
minerals such as arsenic, boron, and
lithium.

In their study of the moderate
temperature Moana geothermal area,
located in west Reno, Flynn and Ghusn
(1983) describe the geochemistry as
marked by high sulfate levels, with
sodium as the dominant cation. Chloride
is present but below levels of the sulfate.
Total dissolved solids (TDS) are in the
500 to 1200 ppm range. The
geochemistry - resembles most closely
type C waters, described previously. In
contrast, the Steamboat Springs
geothermal system, located about 5 miles
north of the project area, exhibits TDS in
the 2000+ ppm range and very high
chloride concentrations and other
constituents, which would group it with
Ellis and Mahon's type A fluids. Flynn
and Ghusn (1983) identify nearby non-
thermal waters as calcium bicarbonate
type, typically dilute and of near neutral
pH. The above authors and Jacobson and
Johnston (1991) present evidence that
indicates mixing of nonthermal and
geothermal fluids in and around the

Moana area. The result of mixing can
create  fluids with  intermediate
compositions. Most  identified

geothermal occurrences in Nevada are
low temperature (Garside and Schilling,
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1979).

The thermal anomalies in Washoe Valley
are low temperature and are almost
certainly dominated by meteoric water.
The study area offers an opportunity to
study characteristics of a low
temperature anomaly. Nicholson (1993)
suggests a classification of geothermal
waters according to a Ternary plot with
end member compositions dominated by
a Chloride Type, Sulphate Type, and a
dilute Chloride (Bicarbonate) type. The
Ternary plot classification for geothermal
systems is similar to the use of Piper
diagrams, a well known method for
characterizing all ground waters (Drever,
1997). The relationship between the site
thermal characteristics and ground water
geochemistry is further explored and
developed below with the aid of Piper
diagrams and various plots of individual
constituents.

Washoe Valley and Study Area
Groundwater Geochemical

Characterization

Piper diagrams plot proportions (in milli-
equivalents) of three major cations (Ca,
Mg, Na+K), and three major anions
(alkalinity, chloride, sulfate) on two
separate triangular plots. The plot
vertices represent pure end-member
compositions of the respective triad of
cations or anions. A third diamond-
shaped figure combines information from
the triangular plots and displays
composition with respect to end
members of, NatK, Ca+tMg, CI+SO,,
and alkalinity. Together, the information
can by used to characterize the water, in
effect determine a "geochemical facies".

It can also be used to determine possible
mixing and geochemical evolution along



flowpaths.

Figure 42 is a Piper diagram of the 1994
Washoe County survey data. Red
symbols are samples from the west side
of Washoe Valley and blue symbols are
from the east side. The dominant anion
chemistry indicates that the water is
alkaline. Analysis show that the
bicarbonate anion - dominates over
carbonate, as expected in the measured
pH range. The pH averages 7.8 and has a
range between 7.1 and 8.8. The cation
triangle indicates that neither calcium
nor Na+K dominate. Locally, the waters
could be classified as either sodium
bicarbonate type or calcium bicarbonate
type. Neither sodium = or . calcium
dominate on any particular side of the
valley. Generally, sulfate contents are

higher in east Washoe Valley. Higher

values could be expected in a basin with
more restrictive conditions, that contains
lake beds (possible gypsum) rather than
only alluvial material. Conversely, some
of the sulfate could originate from sulfide
oxidation or oxidation of H,S gas related
to the geothermal system. In general
total dissolved solids (TDS) are slightly
higher in NWC, possibly due to slower
fluid flow paths allowing greater fluid-

rock interaction and  anthropogenic
additions of nitrates and possible
chloride.

Water type at the Bowers Mansion
system was compared against NWC
waters. Figure 43 is a Piper Diagram
from the Bowers Mansion area (data
from Garside and Schilling, 1979).

Based on the diagram, the chemistry at
Bowers Mansion matches sodium-
bicarbonate classification found in most
ground water at NWC. With one
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exception, the Bowers waters are
generally lower in chloride. They tend to
be slightly more basic than the NWC
waters (pH up to 9.6). Trace element
geochemistry is incomplete, but the
samples are anomalous in fluorine, as are
thermally related samples in NWC.

Relationship _of Ground  Water
Geochemistry to the Thermal System,
NWC :
NWC waters, including the warmer
waters, do not have an unusually high
contents of chloride, sulfate or TDS that
would signal a clear geothermal
signature. McKay (1991) indicated that
the fluorine could be related to the
warmer waters but preferred other
hypotheses to explain the anomaly (see
section on “Constraints on Fluorine
Anomaly”). Various contour plots of the
analyzed constituents were systematically
generated and respectively compared to
the distribution of the warm water
anomaly. After careful analysis, three
constituents or properties are shown to
have a good spatial correlation with the
thermal anomaly. These are fluorine,
arsenic and pH, respectively shown on
Figures 44, 45 and 46. Plotted data are
from the current 1997 survey.

fluorine and arsenic
anomaly lends permissive, but not
conclusive, evidence that this
geochemistry is related to the thermal
system. The correlation of high pH and
elevated temperatures could be explained
by CO; related phenomenon. CO, and
H,S are commonly found in geothermal
systems (Nicholson, 1993). During the
study, H,S odor was noted in the
western part of NWC, but was not
quantified. Certain well waters in the

A coincident
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heart of the thermal anomaly exhibit an
unusual amount of exsolving gasses from
the tap. Presence of other gasses,
perhaps CO,, is suspected. Nicholson
notes that CO, degassing will raise pH
and decrease calcite solubility. A
decrease in dissolved calcium can
increase fluorine concentrations, which
are partially governed by carbonate
solubility reactions.

Fluorine Geochemistry

In order to accurately evaluate the
significance of the fluorine anomaly a
sound basic understanding is required of
fluorine aqueous geochemistry. Of the
halides, only iodine possesses more than
one oxidation state in the limits of the
stability field (Eh-pH) of water
(Brookins, 1988).  Higher oxidation
states of the halides all plot well above
the upper stability field of water.
Therefore, fluoride (F) is the stable
oxidation state found in ground water
and surface water. Fluoride will
however readily form various metal
cation complexes  which can be
important transport agents, particularly in
lower pH environments.

The abundance of fluorine in natural
waters largely depends on its content in
the source rock environment (Shawe,
1976). Fluorite (or fluorspar) is the
most common fluorine mineral and often
occurs as hydrothermal veins and
replacement deposits (Shawe, 1976). A
significant feature of fluoride is its similar
ionic radius to the hydroxyl ion, (OH),
which allows substitution between the
two species. As a consequence, rock
forming and accessory hydroxyl bearing
silicate minerals (micas and amphiboles)
often contain high concentrations of
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fluorine (Koritnig and Allman ,1974).

Clays may also hold a significant amount
of fluorine (Thomas et.al, 1977). While
the exchange of fluoride for the hydroxyl
ion of various minerals, including clays,

is documented by these authors, the
reverse reaction, fluoride released from
the hydroxyl site, and entering solution,
is not well documented. Suspected
presence of clays within the thermally
anomalous area poses an interesting
question as to the relationship between
these clays and their direct influence on
aqueous geochemistry.

According to Hem (198S5), the average
concentration of fluoride in natural
waters with TDS of less than 1000 mg/L
is less than 1mg/L. Shawe (1976) notes
that the fluorine content of waters
collected from specific rock types
generally reflects the relative abundance
of fluorine in those types of rocks.

Among common rock types, waters from
granite provenances have the highest
values, approaching about 1 ppm
(Koritnig and Allman, 1974). Thermal
waters have some of the highest reported
values of fluorine.  Generally, thermal
waters contain values below 20 ppm
(Nordstrom and Jenne, 1976) but
concentrations over 1000 ppm have been
reported from acid hot springs (Ells,
1973 quoted in Nordstrom and Jenne,
1976). Hem (1985) describes high
values in some thermal water
characterized by high pH and low Ca®".
Ellis and Mahon (1964 and 1967)

conclude that fluoride concentrations in
geothermal fluids are largely limited by
solubility of fluorite in silica bearing
solutions.

Most studies have emphasized that



fluorite equilibria strongly controls
fluoride concentration. The solubility of
fluorite (Hem, 1985) can be expressed
as:

CaF,(s)=Ca®* +2F
[Ca2+] * [F-]Z = 10-10.53

Addition of calcium to the solution will
depress the amount of dissolved fluoride.
High fluoride concentrations will be
more likely in water that has a low
calcium concentration (Hem 1985). Ellis
and Mahon (1964) conclude that fluorite
solubility provides an equilibrium control
on dissolved fluoride activity in selected
geothermal waters. Their work, and that
of Strubel, 1965 (as quoted in Koritnig,
1974) indicate that fluorite solubility is
prograde, i. e. fluorite increases in
solubility with temperature.

Fluorine concentrations can be enhanced
by formation of various fluorine-metal
complexes, generally at low pH (Cadek
and Malkovsky,1966). Fluorine
solubility may also be enhanced in high
pH environments. The work by Hubner,
1969 (as quoted in Koritnig and
Allmann, 1974) suggest that fluoride may
be exchanged with hydroxyl groups on
mineral surfaces under high pH
conditions.  Kraynov et. al. (1978)
discuss fluorine occurrences in neutral
and alkaline ground water. They note
that fluorine-bearing ground waters with
pH > 7.7-8 are widely distributed in the
earth’s crust, with fluorine contents of 10
to 20 mg/l and more. Waters of low
salinity and Na-HCO; composition are
reported to statistically predominate
among all types of fluorine-bearing
ground  waters. The aqueous
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geochemistry . of the thermal plume area
fits the above water category. Work by
Handa (1975) and Gaciri and Davies
(1993) suggest that fluorine content can
increase along aquifer flowpaths.
Increases are suggested to be a function
of exposure time between groundwater
and the aquifer.

Fluorine and General NWC Water
Quality

State of Nevada Drinking Water
Standards set primary standards for
fluoride at 4 mg/l and secondary
standards at 2 mg/l. (Division of Water
Planning, 1995). Primary standards limit
contaminants which may affect consumer
health and secondary standards were
developed to deal with aesthetic qualities
of drinking water. Referring back to
Figure 44, a significant area of southern
NWC is above the 4 mg/l level.

Constraints on Fluorine Anomaly
McKay (1991) concluded that the

fluorine anomaly was most likely caused
by increase of fluorine concentration
along the ground water flowpath (east to
west) and the occurrence of a "fluorine
sink" in the western part of NWC. The
concentration of fluorine was suggested
to be related to the presence of clays
which would exchange the fluoride ion
for hydroxide ions. While the
components of the explanation are
technically correct, the exchange of
fluoride for hydroxide would decrease
the concentration of groundwater
fluorine, while acting as a fluorine sink in
the aquifer itself.

The fluorine anomaly is fully consistent
with the hydrogeologic setting and
associated ground water geochemistry of



NWC. Components include source rock
with potentially high concentrations of
fluorine (e. g. granodiorite or altered
volcanic/ intrusive units), an alkaline
aqueous environment, low calcium
ground water and elevated temperatures.
Data from the current study, together
with review of aqueous fluorine
chemistry, strongly suggest a unique
relationship between the thermal anomaly
and the fluorine anomaly. Presentation
of oxygen and hydrogen isotope data will
provide further detail on the thermal
system and related geochemistry.

Isotope Analysis

Oxygen and deuterium (D) isotope
samples were collected at the twenty
samples sites described previously. The
theory of stable light isotopes is
presented by several authors including
Drever (1997) and Buchanan (1990). An
isotope is a variation of a single element
defined as possessing the same number of
protons but varying numbers of neutrons.
The term "stable" refers to the non-
decaying or non radioactive nature of
certain isotopes. Subtle differences in
atomic weight allow isotopes of a
particular element to partition or
fractionate, causing different isotopic
ratios in different regions or phases.
Fractionation occurs during chemical
reactions or physical changes, such as
evaporation. The fractionation process is
more readily measurable or trackable in
lighter elements as compared to heavier
elements where the ratio of mass
difference between isotopes is of lower
magnitude.

The ratios '*0/*°0 and *H/*H, commonly
written as D/H, are particularly useful in
various water studies. To compare
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ratios, and their significance, the §(delta)
notation is used. As an example, as
explained by Drever (1997), 80 is
written as:

80 = (**0/*°0)sarmpic = (**0/*°0) anders X 1000
(**0/"°0)standara

8'*0 represents the relative difference in
parts permil (%) between the ratio in the
sample and the ratio of a universally
recognized sample, generally V-SMOW,
or Vienna Standard Mean Ocean Water.
8D is also expressed in parts per mill,
using a similar formula and the same
standard. @A more positive (or less
negative) per mill sample would contain
relatively more of the heavy isotope (e.
g. deuterium or '®0) and is considered to
be enriched while a more negative value
would contain relatively more of the
lighter isotope (e. g. hydrogen or *0)
and is said to be depleted. Classic 6D
and 8'0 fractionation effects include
depletion of these isotopes in rainwater,
as opposed to ocean water, due to the
lighter fraction preferably partitioning
into the atmosphere. Similarly,
precipitation occurring at higher altitudes
would be depleted, as compared to that
at lower elevations due to loss of the
heavier isotopes and subsequent
enrichment of the remaining vapor phase
as it continues its ascent.

Buchanan's excellent 1990 work studied
the isotopic character of thermal and
non-thermal fluids within the Great
Basin. He found that nearly everywhere
thermal fluids are more isotopically
depleted than the non-thermal fluids. His
paleoclimate work also shows a definite
depletion in stable light isotopes during



the Pleistocene from 35,000 to 10,000
BP. Buchanan challenged a widely held
position that the depletion of thermal
waters is caused by a local meteoric
recharge source water falling at high
elevations. Instead, he favors recharge
of geothermal reservoirs in the Great
Basin during late Pleistocene during a
climactically-induced period of isotope
depletion.

5D and 60 (permil) are respectively
shown in Figures 47 and 48 for the
project area. Both elements show a
distinct depletion which mimics the
thermal anomaly and related constituents,
including fluoride.  Similar depletion
patterns for both oxygen and hydrogen
were seen by Flynn and Ghusn (1983) in
isotope analysis of Moana Geothermal
waters.

The permil values of 8D and 80 are
often plotted against each other and
compared against local water lines or
" Craig's (1961) global meteoric water line.
Classic interpretations suggest that
values located further to the left and
lower on the graph would have sources
from higher elevations. An additional
phenomenon known as the "oxygen shift"
occurs in water rock interactions at high
temperatures. At high temperatures
(greater than 140 °C according to
Nehring, 1980 in Flynn and Ghusn,
1983), oxygen-18 is preferentially
fractionated into the fluid phase in hot
water- rock reactions while deuterium
fractionation is inhibited due to low
quantities of hydrogen in most rocks.

Figure 49 is a 8D verses 8'%0 plot of the
project data. The data do not plot along
a straight line, and upon initial inspection
a possible oxygen shift may be present.
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Closer inspection indicates that the
values with the apparent *0O enrichment
are almost exclusively those not
associated with the thermal anomaly.
Therefore no shift occurs, implying no
detectable water-rock interaction.

Figure 49 also includes Craig's meteoric
waterline and a local meteoric water line
from the Honey Lake Basin (Varian,
1997), located northwest of Reno. The
plot is characterized by clustering of the
data as thermally related or range front
related. Of great interest is the apparent
concordance of the two clusters to the
two water lines; with the thermal waters
plotting along the global line and the
nonthermal waters plotting along the
local line.

The isotope data set is unfortunately
somewhat limited in scope. Additional
basin-wide samples, including the isotope
signatures from recharge-producing
snowmelt of the Carson and Virginia
Ranges would be helpful.

Significance of _ Geochemical and
Thermal Signature

Excellent spatial correlation has been
demonstrated between elevated ground
water temperatures, isotope depletion,

pH, arsenic and fluorne. The
coincidence of these parameters and
constituents defines a unique ground
water fluid chemistry for portions of
NWC. Isotope data suggest the presence
of two different groundwater types in
NWC: 1) cool groundwater derived from
recharge areas within the Virginia Range,
and 2) "warm" water, typified by isotope
depletion and other unique chemistry,
with a less defined source.
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Previous discussions have indicated that
the entire Washoe Valley, from Bowers
Mansion on the west up into the
Comstock Lode area of the Virginia
Range, contain geothermally anomalous
areas. Based on studies of the
Steamboat Springs system DeRocher
(1997) suggests that thermal discharge
areas are often laterally removed from
the actual heat source. Therefore it is
not necessary to have a magmatic heat
source directly under a geothermal
plume.

The inferred structural setting in NWC
argues for structural controls as the
dominant mechanism for focusing or
shaping the noted geochemical ground
water anomaly. Ratanasthein and
Ramingwong (1982) found a good
spatial correlation of fluorine in
groundwater and structural basement
fault patterns from their studies in
northern Thailand. The plume portion of
the NWC anomaly is suggested to be
controlled by structural intersection
between a northeast trending fault,
bounding the volcanic high, and a north-
northwest trending cross-structure. The
isolation of the hot spot at shallow depth
is likely aided by selective migration of
fluids up a permeable coarse sedimentary
section as they ascend out of fractured
basement rocks.

Modeling from this study supports strong
vertical flow components, based on plots
of specific discharge vectors (see Figure
35). Proper calibration required
simulation of discharge through fractured
basement rocks on the valley floor.

Underflow is therefore suggested and the
thermal/geochemical anomaly is likely a
discharge area. Certain depth verses
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temperature profiles in wells also indicate
discharge. This interpretation is
consistent with the use of recharge wells
in layer 2 of the ground water flow
model. Fluid flux through this
mechanism, as per the groundwater flow
model, would be on the order of 35,000
ft*/day or about 300 acre feet per year.

The isotopic signature of the thermal
waters is permissive for source water
from snowmelt in the Carson Range, due
to the greater expected depletion from
that range, verses the Virginia Range.

The longer flow path from the Carson
Range would be compatible with the
observed chemistry and elevated
temperatures. As Fetter (1994) suggests,
water from regional flow systems is likely
to have an elevated temperature due to
deeper circulation influenced by the
geothermal gradient. Modeling of the
sediment-hosted groundwater system has
clearly demonstrated dominance of flow
from the west, probably at considerable
depths, and therefore lends support to a
western source for the geothermal fluid.

Washoe County government  is
concerned about possible interactions
between the potable water system and
warm waters, and the related threat to
water quality. The final section of this
chapter examines these concerns and
provides some further interpretation and
constraints regarding this complex
ground water system.

Geothermal Influences on the

Shallow Water System

A key question for water resource
managers, and also a matter of public
health and safety, is whether this system
has the potential to further affect the



drinking water supplies of the
community, especially if the water table
is lowered due to development. A
number of qualified conclusions can be
reached from the information available to
date. First, a discussion of fundamental
modes of heat transfer in porous media is
pertinent to understanding the flow
characteristics and stability of the system
in question.

According to Bear (1972), heat can be
transported via conduction, convection
or radiation. Bear states that convection
is the primary mechanism of thermal
energy transport in fluids associated with
actual mass transport, as is the case for
the general project area. Convection

can be further classified as forced
convection and free convection. In this
study, heat transfer via forced convection
is defined as heat transfer by external
means, or simply by hydraulically driven

flow. Convection imposed by density -

differences, generally due to temperature
but at times also influenced by total
dissolved solid content of the thermal
waters, is defined as free convection.
Thermal and density variations will
induce rotational tendencies to otherwise
laminar flow. This tendency is defined as
vorticity by Phillips, 1991.

It is suggested that flow in the study area
is probably governed by hydraulics,
essentially by hydraulic head difference,
or as potential energy per unit mass of
water, between recharge area and
discharge area. This inference is based on
the low magnitude of thermal effects
observed, shallow position of the flow
system with respect to any possible heat
source, and a significant elevation head
capable of driving flows in the given
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study area. Several empirical measures
of the tendency for fluid to freely convect
have been developed. These can be
applied at NWC to help gauge stability of
the groundwater flow system. If free
convection is present or easily induced by
water table lowering, subsequent
upwelling could rapidly increase
groundwater temperatures.
Phillips (1991) uses a "rule of thumb"
relationship to gage the influence of
geothermal effects on flow fields. The
empirical gage is:
Cr»anloT/oX, (1)
where C is the hydraulic head differential,
o is the thermal expansion coefficient of
water, 4 is the aquifer thickness, / is the
longitudinal flow transport distance, and
OT / 0X is the thermal gradient along the
direction of flow.  The flow field is
hydraulically dominated if the left hand
term is significantly greater than the free
convection term on the right.
Essentially, flow is  hydraulically
dominated if vorticity induced variations
in transport velocity are small compared
to the advective transport velocity. The
calculation simply assumes an aquifer of
constant thickness, a prescribed flowpath
distance, and average ground water
tempertures at some specified starting
and ending measuring points (distance /),
which define a horizontal thermal
gradient, 0T/ 6X .

Applying equation (1) to the study area
requires simplifications and assumptions
because the actual flow path of the fluids
that discharge in NWC is unknown.

Assuming a source from the west, one

" can look at flow from the west side of



Washoe Valley beginning at the point of
range front recharge, with an estimated
average temperature of 15°C, to the
discharging plume at NWC with an
average temperature of 51°C. The entire
flowpath distance, /, is approximately
5600 meters, and the thickness, A, is
taken as 300 meters (here the thickness
of the modeled valley fill). A major
simplification assumes flow mostly

within the sedimentary package. The
calculated  thermal gradient  is
approximately .006 °C. Incorporating

Phillip's value for o of 3 x 10 °C™, the
right hand side of the equation is
approximately 3.0m and the hydraulic
head is about 80m. The thermal effect
components comprise about 4 % of the
system. Therefore, forced convection
via hydraulically-induced flow
dominates. Applying equation 1 to a
situation involving the basement is
problematic because the head gradient
nor the actual thickness of the basement
aquifer are known.

A second mathematical expression, here
a dimensionless ratio, can be applied to

test for the tendency toward free
convection. - The ratio is called the

-Rayleigh number and its application is
discussed by Bear (1972). Empirical and
numerical studies indicate a critical
value for the Raleigh number of
approximately 40 to initiate free
convection. The physical assumptions
are somewhat restrictive and assume two
horizontal layers, each with a constant,
but differing, thermally caused density.

The ratio tests for stability or "turnover"
tendency of this configuration and may
be written as (Bear, pg. 656):

Y=Kn(T;-T))H
Dy,

@
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where Y is the Raleigh Number, K is
hydraulic conductivity, n the coefficient
of linear thermal volume expansion, T)-
To a vertical temperature difference
measured along a distance H, and Dy is
thermal diffusivity of water at Ty,
Equation (2) is applied to the center of
the thermal plume at NWC with T;-Ty
equal to 23.7 °C and H set at 100 feet
(30.47 m). GSA Memoir 36 provides a
value for Dy, of 3.0 x 107"m ¥/sec (at 20
%C), and the i value at 20 °C is 2.06 x
10* °C! (CRC Handbook, 77th ed.).
The K value is set at 10ft/day, or 3.53 x
10® m/sec . With the above values, Y
equals 17.5, which suggests that free
convection would most likely not occur
in an ideal two layer model.

From the previous chapter, it was
predicted that a  worst case
drought/consumption scenario would
approximately lower the water table by
about ten feet. Near the center of the
plume, one well survey indicates that the
geothermal gradient decreases with
depth and levels out at about 100 feet
below surface. Therefore, a drop of ten
feet should not change the Raleigh
number and therefore would not
significantly perturb the system. The
qualitative calculations serve as a basis
to suggest that flow would continue to be
dominated by hydraulically induced,
forced convection, even if the water
table were to be lowered according to
predictive model scenarios.

The above conclusions should be
considered guarded. The calculations do
suggest that large scale overturning or
free convection causing massive
incursion of warm waters into the



potable aquifer is unlikely, especially
since projected water table fluctuations
are moderate. However, an upwelling
condition has been documented, and the
ability of such relationships as the
Raleigh Number to accurately predict
local flow stability should be questioned.
Additionally, McKay (personal
communication) noted rapidly varying
temperature fluctuations at sample point
5 during the period between 1989 and
1991, but without detailed long-term

data, causes of such fluctuations remain’

speculative.

Several further questions can be raised
regarding the effects of drought
conditions on the thermal/freshwater
system. Unlike the simplifications in the
flow model, annual flow variations from
the fractured basement may not mimic
flow variations in the overlying alluvial
aquifer. Assuming a westwardly located
flow source, and an implied long and
deep flowpath, the warm ground water
could lag years behind quicker flux
responses associated with the shallow
system. When a drought occurs, the
thermal system may still receive input
volumes reflective of wetter periods.

However, pressure response to reduced
discharge would have to be considered,
in addition. A change in the ratio of
thermal and shallow waters could create
a tendency for waters to warm during
drought conditions, due to a greater
proportion of warm water relative to
cool water. Based on the only available
temporal study (single measurements in
1991 and 1997), water temperatures at
sample point 5 have remained nearly
constant. The maximum temperatures in
1991, during the drought (McKay, 1991)
and in 1997 are approximately the same.
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Possible negative thermal or water
quality effects to the fresh water system
could also be induced by catastrophic
geologic events. Rapid changes in fluid
pressure caused by seismicity could
occur, and trigger relatively quick
changes in  local  groundwater
temperatures. Prediction of such events,
or even their likelihood, is difficult.

Conclusions and Recommendations
Conclusions

1. New information has been
presented on the lithologic character of
the basin fill aquifer and the structural
setting. Basin fill is lithologically more
variable than previously characterized.
Coarse sand with gravel channels occurs
within the southwest part of NWC,
which was described as containing fine
lacustrine sediments in an earlier study.
With regard to structure, the New
Washoe City area is underlain by a series
of northwest elongate horst and graben
blocks, traversed by northeast trending
cross-structures. Geophysical evidence
and flow modeling also support the
presence of an important nearly north-
south trending structure located west of
NWC near the east edge of Washoe
Lake.

2. The study has shown the
combined use of well drillers reports,
existing geologic data, and the airborne
geophysical survey to be an effective tool
for establishing the structural and
hydrogeolgic setting of the study area.

Additionally, use of specific capacity
data, in combination with the synthesized
lithologic information, can be an effective
method for determination of initial
hydraulic conductivities, which can be
further adjusted during model calibration.



3. The inferred structural setting, in
combination with flow implications based
on the identified thermal anomaly,
supports structurally-controlled basement
underflow and upwelling (discharge)
through fractured basement volcanic
units, into overlying coarse valley fill.
This inferred feature has been
incorporated into the conceptual
hydrogeologic model and applied in the
numeric model, as a series of layer 2
recharge wells. Recharge to the valley
fill aquifer does not merely occur at the
range front, but also through basement
structures away from the range front.

4, Modeling suggests that
drawdowns in the west, south and west-
central portion of NWC would be
moderate, generally less than ten feet, in
response  to a  worst case
drought/development scenario. Greater
drawdowns against portions of the
range-front are predicted where the
water table is shown to drop twenty feet
or more. Lowering is accentuated by
lack of storage capacity in the low-
permeability  granodiorite  fracture-
controlled aquifer, in combination with
range front recharge reductions during
drought.

5. Fluctuations in the water table
along the west side of NWC are
moderated by hydraulic conditions from
the lake area. Modeled pumping at this
location does not produce a significant
cone of depression. A combination of
relatively high hydraulic conductivities
and water supply from the aquifer
underlying the lake area moderates
potential drawdowns. The aquifer
underlying Washoe Lake represents a
significant body of groundwater storage,
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and buffers water table drops during
droughts. Furthermore, the model has
verified that groundwater from the
wetter west side of the valley flows
eastward, underneath the valley floor,
nearly to NWC. Therefore, if water of
poor quality can be avoided, potential
municipal water supply may be available
from the extreme west side and
southwest side of NWC, adjacent to the
Washoe Lake shoreline.

6. The geothermal system is
suggested to be relatively stable.
Drought-related water table declines
would probably not induce an irreversible
thermal incursion, because the system is
unlikely to undergo free convection, even
if perturbed, and is dominated by
hydraulic head-controlled, forced
convection through fractures. Local
temperature variations during drought
may occur, possibly caused by volume
reduction of cool water relative to warm
water, but their severity and duration
would be difficult to predict without
additional data.

7. Fluoride in domestic drinking
water exceeds primary drinking water
standards. The fluoride is almost
certainly related to the geothermal
feature, and will impair water quality into
the foreseeable future. However, the
restricted nature of the geothermal plume
and related fluoride anomaly suggest that
alternative potable sources may be
available west of the thermal plume.
While not addressed in this study, nitrate
and nitrite contamination continue to
pose problems in the eastern to east-
central portion of NWC. Therefore, the
resolution of water quality issues should
remain a primary focus for water



planners and health authorities.

8. The geochemical ground water
sampling program, including isotope
analysis, has fingerprinted the geothermal
waters. Isotope analysis and simple water
balance considerations suggest, but do
not prove, that the thermal water source
is from the west side of the valley.

Recommendations

The following recommendations propose
future work that would further
understanding of the project area's and
Washoe  Valley's hydrology and
hydrogeology.

1. The continued study of the

extreme western and southwest portion
of NWC is recommended. Specifically,
additional modeling of lake-groundwater
interaction would help quantify feasibility
of this area as a groundwater source and
refine drawdown predictions under
various pumping and drought conditions.
Collection of additional hydraulic data is
recommended, including pumping tests
(e.g. Scripps well) or slug tests on
selected domestic wells. If the lake bed
were to go dry, further examination of
the underlying aquifer system via drilling

or ground-based geophysical surveys
would be warranted.
3 Modeling has indicated rapid

drawdowns around simulated agricultural
wells in the southern part of the study
area, based on low assigned K}, values as
inferred from limited data. This area
should be further examined for its
municipal water supply potential because
the water quality here may be better than
to the north. Obtaining additional

information on the hydraulic
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conductivities storativities and yields of
these wells and collection of water
analysis is recommended.

3 Although major changes in water
temperature or quality are not expected
to threaten NWC water supply in the
foreseeable future, a thermal/chemical
monitoring program is recommended.
Such a program would provide additional
baseline and long term scientific data,
document short term thermal
fluctuations, and also provide an "alert"
capability if an unexpected change were
to occur in the system. This would
involve drilling of one or two monitoring
wells and the preferable use of down-
hole dedicated temperature and water
level sensors. The information could also
be applied to the study of geothermal-
freshwater interaction at Steamboat
Springs and Moana Hot Springs.

4. The geochemical study shows a
good correlation between isotope
anomalies and the thermal anomaly, and
offers an opportunity for continued
scientific studies of low temperature
geothermal features. An expanded
isotope survey of the entire basin would
probably confirm the source of the
thermal waters.  The current study
suggests that H,S and other gasses such
as CO, may be related to the thermal
event. Additional follow-up in the form
of water-contained gas analysis or use of
soil gas sniffing techniques may be
warranted. The study could delineate
areas to avoid in future well drilling, and

would  further  characterize  the
geothermal feature.
8 The available quality airborne

resistivity and magnetics data invites



geophysical ~modeling for  better
definition of basement structures, and
confirmation of the inferred lithologic
and structural setting presented in this
thesis. Additional field gravity surveys
should be conducted to help determine
basement depths. The drilling of future
wells would provide opportunity to
conduct down-hole resistivity testing and
collection of aquifer parameters that
could be compared against the airborne
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data.

6. Continuing field investigation of
various water budget components is
recommended. The study area is
influenced by the wetter west side of the
valley. Therefore, studies within Washoe
Valley that help refine estimates of
discharge and/or recharge will provide
useful water planning information.
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APPENDIX A

Well GPS Survey and Water Level Data

Note — Northings and Eastings are NAD 27 in feet (State Plane Coordinates). All head

measurements and elevations are in feet.
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Well97.xls showing 1997 and 1994 static water level meas.

Date Northing |Easting MP Elev |Static '97 |Static '94 |'97 stat. ele |'94 stat. elev
1/28/97| 1652248 161375 5059 7.63 16.5 5051 5043
1/28/97| 1653459 159913 5045 1.43 6.95 5044 5038
1/24/97| 1654844 162370 5085 38.53 43.57 5046 5041

2/7/97| 1647627 143540 5119 4.14 23,59 5115 5095
2/5/97| 1631584 151322 5157 17.07 429 5140 5114
2/5/97| 1654453 144822 5112 22.06 24.85 5090 5087
1/6/97| 1656405 163537 5127 84.19 88.83 5043 5038
2/4/97| 1647740 145181 5074 1.99 3.48 5072 5071
2/5/97| 1665401 152405 5066 1.02 11.58 5065 5054
2/5/97 1640140 150210 5034 |flowing 3.79 5030
1/6/97| 1658385 162196 5099 54.62 60.09 5044 5039
2/4/97| 1660651 147081 5148 56.44 71.28 5092 5077
2/5/97| 1664973 151103 5076 7.67 18.73 5068 5057
2/6/97| 1641223 142937 5154 9.27 17.4 5145 5137
2/6/97| 1642181 142879 5198 6.71 6.28 5191 5192
2/5/97| 1666489 152055 5086 16.18 25.77 5070 5060
1/8/97| 1664879 160265 5158 4293 43.84 5115 5114
1/8/97| 1662774 160876 5173 83.02 88.68 5090 5084
1/28/97| 1653579 163700 5087 42.13 47.12 5045 5040
2/7/97| 1647032 143577 5098|flowing |flowing
1/21/97{ 1659237 161036 5082 33.26 39.42 5049 5043
2/7/97| 1634500 150154 5095 1.32 5.5 5094 5090
2/7/97| 1656018 166157 5190 107.48 122.58 5083 5067
2/4/97; 1658329 148004 5091 7.32 13.26 5084 5078
1/21/97| 1659604 160206 5067 20.66 26.62 5046 5040
2/6/97| 1636448 151352 5044 |flowing 0 5044
1/21/97; 1657833 163579 5131 65.31 77.57 5066 5053
1/8/97| 1629977 154650 5057 flowing 1.87 . 5055
1/8/97| 1652806 167269 5159 43.15 69 5116 5090
1/30/97| 1656179 162502 5097 47.83 53.08 5049 5044
1/24/97) 1653424 161708 5063 13.53 18.3 5049 5045
1/21/97| 1658275 163995 5160 15.92 33.3 5144 5127
2/5/97| 1667093 1563233 5075 5.83 18.88 5069 5056
2/6/97| 1635613 144282 5210 22.1 17.82 5188 5192
2/7/197| 1658637 162797 5123 42.44 70.94 5081 5052

12/19/97| 1663195 158846 5069 35.78 5033

1/21/97| 1660284 159141 5035 3.57 7.98 5031 5027
2/4/97{ 1639069 147374 5092 14.17 20.96 5078 5071
1/8/97| 1659826 161220 5094 53.62 58.6 5040 5035
2/5/97| 1666342 150925 5132 25.65 45.82 5106 5086
1/8/97{ 1662412 160617 5155 82.53 87.95 5072 5067

1/30/97] 1650136 168565 5147 87.14 90.44 5060 5057
2/7/97) 1667894 154345 5056 |flowing 1.68 5054
2/5/97| 1665999 153287 5071 27 16.64 5068 5054

1/29/97| 1629150 151913 5089 17.24 17.3 5072 5072
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1/29/97| 1630442 151663 5112|flowing |flowing
1/30/97| 1654542 167463 5206 102.56] 106.06 5103 5100
2/4/97| 1647078 148404 5043 |flowing 0 5043
1/21/97| 1658822 163996 5166 24.96 35.85 5141 5130
2/7/97] 1634183 150349 5097 3.53 7.55 50983 5089
1/24/97| 1652799 162674 5070 21.13 25.98 5049 5044
1/30/97| 1655030 165147 5139 74.5 86.36 5065 5053
1/28/97| 1649602 163696 5062 20.69 22.85 5041 5039
1/30/97( 1657615 161266 5071 27.5 30.89 5044 5040
1/30/97| 1656361 160406 5056 8.16 14.64 5048 5041
1/8/97| 1641736 167398 5051 12.26 13.78 5039 5037
2/4/97| 1641504 148895 5060 9.9 15.46 5050 5045
2/6/97| 1657015 148101 5086 14.5 21.35 5072 5065

12/19/97 7.4 10.42

12/19/97| 1664996 158375 5056 18.22 21.55 5038 5034
1/8/97| 1640126 168708 5109 53.5 65.71 5056 5043
1/6/97| 1641983 168071 5075 31.67 32.88 5043 5042
2/6/97| 1663048 149905 5110 23.87 34.09 5086 5076
2/6/97| 1635404 146336 5195 56.03 5139
2/6/97| 1635295 146636 5181 38.17 5143 5181
2/6/97| 1634920 147531 5147 10.23 24.02 5137 5123
2/6/97| 1635912 149829 5072 4.46 9.13 5068 5063

2/7/97| 1636142 142707 5194 |flowing  [flowing
1/29/97{ 1628056 152037 5107 flowing 3.66 5103
2/4/97| 1648582 144314 5065 5.6 10.2 5059 5055
2/6/97| 1638907 146153 5104 2.49 3.13 5102 5101
2/6/97| 1637332 149856 5056 3.8 10.28 5052 5046
2/6/97| 1638888 141849 5205|flowing 0.8 5204
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Name and Location

ASHWORTH 3380 LYONLN

BARCOMB 3095 LAKESHORE DR

BATCHELDER 3010 WHITE PINE DR.

BAUER 4799 FRANKTOWN RD

BEAM 7570 OLD US 395 HY

BOWERS PARK 400 US 395N CC HY

BRITT 3045 EASTLAKE BLVD.

CARR 4955 SUSAN LEE CR

CHAPMAN 885 OLD OPHIR RD

COX 5655 MEACHAM ST|

CRYER 2270 EASTLAKE BV

DAVIS 6190 FRANKTOWN RD

DYER 960 WASHOE DR |

ESTUM 5590 FRANKTOWN RD

EVANS 5555 FRANKTOWN RD

FLOYD 315 VIOLAWY |

FRIBERG 1005 DUNBAR DR

FRY 1440 LORDST |

GALLO 3155 CHURCHILL DR

GOLDMAN(Flowing) 4920 FRANKTOWN RD.

HARGER 1955 EASTLAKE BV I

HENDRICKSON 7425 FRANKTOWN RD

HENKLE 230 FINCH WY |

HOOD 3000 OLD US 395 HY

IMUS 1915 LAKESHORE DR

KAPLAN 7480 PALOMA LINDA WY

LENSING 170 COYOTE DR

LIST 0 US395 | |

MALOFF 3500 EASTLAKE BV

MANOQUKIAN 2935 FALCON ST

MCGUIRE 3625 CLARKDR

MILTON 2485 CHIPMUNK DR

MOORE 600 WASHOE DR

MURPHY 7115 SAN ANTONIO RCH RD

MYERS 2405 CHUKAR DR l

NDF REGIONAL OFFICE 855 EAST LAKE

NELLEMANN 1745 SLIDE VIEW WY

NELSON 42 BELLEVUE RD

PASLEY 1905 BRENDA WY

RILEY 715 US 385N CC HWY

ROLLINS 1485 LORD ST |

RUSHTON 4680 CAVATAIO RD
SANDERS 40 MIDDLEFIELD PL

SCHULER 195 WAYNE RD

SIMPSON 70 LONESOME POLECAT LN
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25 LONESOME POLECAT |

SPANIER 200 DRAKE WY

TAYLOR 305 NIKKILN |

TELKA 2345 CHIPMUNK DR

TOUYAROT 7445 FRANKTOWN RD

TURNER 3285 PERSHING LN

VACANT 105 ESMERALDA DR

VHAY 3355 ORMSBY PL

WALLS 2265 RABBIT DR

WASHOE COUNTY PARK (Ed Kruse)

WASHOE Lake STATE PARK

WASSON 70 LEWERS CREEKRD

WEATHERWAX 3190 OPHIR HILL RD

NDF NURSERY 6"

NDF NURSERY 8"

VHAY 5440 EASTLAKE

VHAY AG WELL |

WINTERS RANCH HWY 395

AG WELL NEAR WEIR RES. (LIGHT. W)

SEVENTEENTH TEE WELL (LIGHT. W)

CORRAL WELL

SHELDON WELL

HEIDENRICH STOCK WELL

LIST RANCH STOCK WELL

USGS WELL (NEAR BM)

DAVIS WINDMILL

AG WELL 395

MC CLARY 6185 FRANKTOWN

12



APPENDIX B

1997 Geochemical Data and Thermal Survey Data
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