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Abstract

The Fall River Spring system, located in northeastern California, is home to some of the largest
first order springs in the U.S., with an average discharge of 34m3/s, and are a valuable water
resource economically and ecologically. The goal of this thesis is to assess the possibility that
climate change (warming and transition from snow to rain) will impact system recharge and to
enhance the conceptual understanding of the aquifer-spring system. Spring discharge sampling
for isotopic analysis of §'0 and 6D supplements past work and provides insight to the location
of the recharge area. Chlorofluorocarbon sampling indicates an apparent groundwater age of
33 — 46 years. Calibration of a steady state MODFLOW model suggests a bulk hydraulic
conductivity on the order of 102 m/d. Output from the Basin Characterization Model for
responding to a projection of climate change reveals a decrease in average groundwater
recharge from 44.1 cm/yr to 39.0 cm/yr across the watershed from the historic to end of
century time periods. This response reflects an overall decrease in precipitation, increase in the

proportion of precipitation that becomes actual evapotranspiration and decrease in snowfall.
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Ch1 - Introduction

The Fall River Springs (FRS), located in Northern California (Figure 1.1), are some of the largest
first order springs in the United States with an average cumulative discharge of 34m?3/s
(Davisson & Rose, 2014). The Fall River Spring system is a valuable water resource for

California’s agriculture and hydropower industries, as well as ecologically. The water from the
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Figure 1.1: Site location. Outlined in purple is area used for the groundwater model domain and
represents the site boundary. The white dashed line indicates the Medicine Lake Volcanic Highlands
(MLVH) area. Medicine Lake is located near the center of the Highlands area. The Fall River Springs
(FRS) discharge approximately 50 km south and downgradient of MLV Highlands. The orange inset is
shown in Figure 1.2
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Figure 1.2: Fall River Springs location of previously sampled springs by Davisson and Rose
(2014) and is the inset of the orange outline in Figure 1.1.

Fall River Springs, and nearby hydrologically similar springs provide half the storage capacity of
the Shasta Reservoir (Davisson and Rose, 1997). Flow from these springs also supply 10-15% of
power generation for California. Furthermore, the cool nutrient rich discharge from the Fall

River Spring provides habitat for threatened and endangered species (Davisson and Rose, 1997).

The volcanic aquifer that supplies water to the springs is thought to be comprised of the Giant
Crater Lava flow, a basaltic flow that originated from Medicine Lake Volcano, a large shield
volcano ~50 km north of FRS (Donnelly-Nolan et al., 1991). Due to the high permeability of the
volcanic rock, it is estimated that up to 75% of the precipitation that falls on the upper parts of
the watershed becomes recharge. Similarly, there are very limited surface water features
throughout the site area. The combination of high permeability and infiltration, as well as the

high discharge volumes of the springs, makes this site particularly hydrologically interesting.



Currently, the major recharge areas are dominated by winter snow (Davisson and Rose, 2014).

As temperatures rise, there is concern as to how this valuable freshwater source will be

impacted. Therefore, the main research question addressed by this project is:

How does a change in temperature, and consequently a shift in precipitation from snow to rain,
affect recharge at the Medicine Lake Highlands and on what timescale does this effect impact

the FRS?

Thus, the goal of this research is to assess the potential for climate change (warming leading to
increased evapotranspiration, and transition from snow to rain) to impact volcanic rock aquifer
recharge. As a second goal, we seek to enhance the current conceptual understanding of the
aquifer-spring system which has to date been generally poorly studied. Addressing these
guestions poses some interesting challenges in that limited in situ data exists and records are
either not continuous or short term. Similarly, while monitoring of spring discharge is ongoing,
these were only put in place over the last couple of years. Due to these challenges, care must
be taken to develop an approach that is appropriate and takes into consideration these
limitations. The findings from this project seek to enhance the current understanding of the
system and provide an initial look at the impact of climate change of this valuable source of

freshwater, while setting the stage for future work.

Background and Technical Need
Specifically, this work is motivated by the need to compile and utilize past and recent work to

develop a more complete conceptual model, creating a foundation for future work on the

Medicine Lake Volcanic Highlands Aquifer and FRS system. Additionally, this project is
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motivated from work relating to the impact of increasing temperature on snow dominated areas
due to climate change and the concern of how such an impact will affect recharge for the

Medicine Lake Volcano Highlands Aquifer (MLVHA).

Current Knowledge Base
The Medicine Lake Volcano (MLV) is a half million-year-old shield volcano and is the largest by

volume in the Cascades arc (Donnelly-Nolan, 2010). The caldera is at an elevation of 2440m and
several cinder cones lie along its flanks (Donnelly-Nolan, 2010). MLV has erupted at least nine
times in the past 5200 years, making it the second most frequently eruptive volcano of the
Cascades. The lavas from these eruptions range from basalt through rhyolite and cover an area
of 2000 km? (Donnelly-Nolan, 2010). One particular lava flow of hydrologic significance is the
Giant Crater lava field. The Giant Crater eruption occurred approximately 10,500 years ago and
produced 4.4 km?3 of lava over a period of ten years (Donnelly-Nolan et al., 1991). Six chemically
different lavas make up the lava field and each layer ranges in estimated thickness from 5 to 30
m (Donnelly-Nolan et al., 1991). The Giant Crater eruption occurred on the south west flank of
MLV and stretches 45km to the south (Donnelly-Nolan et al., 1991). The Fall River Springs
discharge from a 16 km wide section at terminus of the lava flow (Davisson and Rose, 2014).
Discharge from the springs fluctuates on a 14 - 16 year cycle that appears to mirror trends in
precipitation (Freeman, 2001) with an average discharge of 34 m3/s (M. Lee Davisson & Rose,
2014). Approximately one third of all discharge originates from the westernmost portion of the

discharge zone (FRS-1 through FRS-5 in Figure 1.2) (M. Lee Davisson & Rose, 2014).



Also of note is the presence of a shallow geothermal
reservoir at MLV at 1500 — 1100 m below the surface
(Cumming and Mackie, 2007). The reservoir appears
to be tightly sealed from the surface due to the lack
of surface expression and the presence of an
overlying low permeability layer. This layer is likely
the result of hydrothermal alteration and is evident
in geophysical surveys performed for geothermal
exploration (Burns et al., 2017). Additionally, a
significant increase in geothermal gradient indicates

20.0 km

h v the presence of this impermeable cap (Information

Figure 1.3: Site map showing transect that
corresponds with Figure 4.

Sheet Order No. R5-2006, 2006; Woodward, 2006).
The cap formation could provide a localize bottom

boundary for groundwater flow near MLV (C in Figures 1.3 and 1.4).

Distance from A (km)

Figure 1.4: Cross section of transect from Figure 1.3 above showing the surface elevation and points
as described. Point A”: Location of FRS. Point B: Approximate location of water table from
measurements (lovenitti and Hill, 1997). Point C: Elevation of clay cap at 1400m elevation. Point D:
Approximate location of water level; at a surface elevation of 1700m, water table is at 1200m
(lovenitti and Hill, 1997). Point E: Dashed line represents unknown bottom of the aquifer. Point F:
Elevation of Paynes Springs for reference (actual location of Paynes Springs is east of the transect).



The MLV Highlands are a significant source of recharge for the MLVHA. Analysis of 80 and 6D
from FRS and surrounding areas indicate that the discharge from the FRS has an isotopic
composition similar to the groundwater on beneath MLV and is distinctly isotopically different
from groundwater in the Klamath Valley, an area north of Medicine Lake originally believed to
be a possible area of recharge (Davisson and Rose, 2014). Estimates indicate that 50 — 75% of
precipitation falling on the MLV Highlands area becomes recharge, with average precipitation of
101 cm/yr at MLV (Davisson and Rose, 2014). Tritium age dating was also performed (Davisson
and Rose, 2014). In completing the age dating analysis, certain samples were found to be
enriched in helium, likely from magmatic sources. A linear correction was made to account for
the additional helium resulting in an average groundwater age estimate of 20 years. However,
analysis at some of the spring locations resulted in negative ages and further age dating analysis

is needed (Davisson and Rose, 2014).

Climate Change
Currently the primary source of recharge for MLVHA is snowmelt (Davisson and Rose, 2014).

With increasing temperatures, multiple studies have found a decline in snow dominated
precipitation across the western US (Freeman, 2012; Knowles et al., 2006; Lute et al., 2015;
Lynn, 2015; Markovich et al., 2016; Safeeq et al., 2016). Modeled scenarios suggest that these
changes will continue into the future (Dettinger et al., 2015). In one study, an increase in
temperature by 1 degree C resulted in decrease in snow to precipitation proportion by 10-15%
in the Northern Sierra, Klamath Mountains and western Cascades (Safeeq et al., 2016). This is
further illustrated in Figure 1.5 with data from (Klos et al., 2014). These datasets provide a

comparison of historical to projected climate change for both precipitation types in order



observe any transitions over time from one type to another. Historic (1979 — 2012) and modeled
(2035 — 2065) mid-winter (December through January) wet day averages were determined using
the multi-model means of downscaled data from 20 CMIP5 models for an emissions scenario of
RCP 8.5 at 4km resolution. Figure 1.5 provides a stark contrast between the historic and future
scenarios. While work by Klos et al. (2014) may be an overestimate of the shift in precipitation

type (Harpold et al., 2017), the comparison of the scenarios in Figure 4 still raises concern and

o
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L1555 | T |

- 100% Figure 1.5: Probability of precipitation as snow from data by

B 23% Klos et al. (2014). The right image shows average historical

scenario and the left an averaged modeled future scenario.
Outlined in purple is the groundwater model domain.

warrants additional investigation.

A shift in precipitation type can have implications for recharge, specifically with the increase in
rain/snow ratio contributing to a decrease in recharge (Meixner et al., 2016; Portge, 2015).

Furthermore, the shift from snow to rain can impact the temperature of spring discharge.



Analysis from Burns et al. revealed a 1.5 degree C increase in temperature and 3.0 degree C
increase in recharge temperature by mid-century at MLV would increase FRS discharge
temperature by 1.75 degrees C with most of the change occurring in the first 60 years (Burns et

al., 2017).

Research Approach Description
In order to address the research question above, the project has been split into three sections as

seen in Figure 1.6; spring sampling, groundwater modeling, and Basin Characterization Model
(BCM) analysis. Spring discharge sampling and groundwater flow modeling were done to
improve the conceptual understanding of the system. Specifically, stable isotope analysis
provides insight into recharge areas. From this analysis, the recharge elevation can be
determined and used to calculate the recharge temperature from the ratio of dissolved nitrogen
and argon ratio. The resulting recharge temperature was then used to calculate the apparent

groundwater age from chlorofluorocarbon (CFC) sampling. The apparent age provides an idea

Spring Sampling Groundwater Model BCM Analysis

Stable N/Ar W CFCs MODFLOW Trend Correlation Basin Cumulative

Isotopes Analysis Analysis Summary Time Series
| |
Rech?rge |,| Recharge Groundwater | | K Bulk Ayerage
Locations Temperature Age Thickness
Hvdrauli Change in Changes in
yarau "_: amount of recharge over p——
[T e recharge time

+

Porosity

Figure 1.6: Outline of research approach.



on the timespan for which the system functions and was used in calculations to estimate

hydraulic properties as a starting place for calibration of a groundwater flow model.

The groundwater model was calibrated based on limited hydrologic and geologic data and used
to estimate a bulk hydraulic conductivity and the average thickness of the aquifer. Both of these
properties were used in calculating the hydraulic response time; the time it takes for a change in
input to affect the FRS. The hydraulic response time can also be used to calibrate the effective
bulk porosity. This provides insight into the timescales over which changes to spring discharge

may occur, as well as enhancing the overall understanding of the system.

Finally, output from an existing basin scale surface-hydrology model (BCM) was then used to
assess aquifer recharge under a future climate condition. Trend and correlation analysis
provides insight to possible shifts in relative amounts of recharge and associated climate
variables. Examining cumulative yearly recharge elucidates the timing of recharge and related
climate variables throughout the year. Each of these sections are discussed in detail in the

following chapters.
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Ch 2 — Geochemical Sampling

Introduction
Geochemical analysis of spring discharge can provide useful information regarding groundwater

recharge. In this study, spring discharge was sampled for stable isotopes, dissolved gases
(nitrogen and argon) and chlorofluorocarbons (CFCs). An isotope refers to the varying forms of
an atom containing a different number of neutrons. This results in different atomic masses
between different isotopes of a certain element, and consequently relatively heavier and lighter
versions of the element that behave differently in hydrologic processes. For example, lighter
isotopes will preferentially evaporate compared to heavier isotopes, while condensation is
preferentially enriched in heavier isotopes (Dansgaard, 1964; Mazor, 2004). Of interest for this
project are the stable isotopes associated with water including *H (H), 2H (deuterium, D), 80,
and 0. Specifically, the ratios of ¥0/*®0 and ?H/*H are analyzed here. These measurements
are reported relative to a standard and in units of per mil ( %o). This is written using delta

notation for D and 20 as follows:

(D/H)sample_(D/H)standard
0 — _
0D %o = /Doty x 1000 eq. 2-1

18, /16 18, /16
( 0/ 0)sample_( O/ O)standard
(180/160)standard

9180 %o =

x 1000  eq.2-2

The relationship between 80 and D on a global scale can be described by the Global Meteoric
Water Line (GMW.L). After plotting over 400 samples from surface water and precipitation the
following linear relationship between 80 and 8D was obtained:

aD = 8980 + 10 (Craig, 1961) eq. 2-3
The GMW.L serves as a reference line for interpreting sample results (Mazor, 2004). Samples

taken from various areas that have similar isotopic compositions, also likely share a hydrologic
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connection. Past isotope sampling in the study area includes groundwater and surface water
sampling from FRS to the Klamath Basin, an area north of FRS (Mariner et al., 1998). Mariner et
al. examined stable isotopes and general chemistry of water samples with the purpose of
making the data publicly available for use in environmental impact reports relating to possible

geothermal development around MLV (Mariner et al., 1998).

One significant finding from Mariner et al.’s study is that the discharge of the FRS does not
appear to be hydrologically connected to the geothermal system at MLV Highlands.
Additionally, the chemistry of the FRS varies along the 16km discharge area, with slightly lower
deuterium values in the middle region (Mariner et al., 1998). Palmer et al. collected isotope
samples from groundwater and surface water in the upper Klamath Basin of the Cascade Range
in order to elucidate groundwater recharge sources (Palmer et al., 2007). This data was used by
Davisson and Rose, who compared the Klamath Basin data with that from FRS to evaluate
whether this area north of MLV might be a source of recharge for the FRS. Water collected in
the Klamath Basin, however, exhibited a characteristic evaporative trend while the FRS data
plotted nearer to the GMW.L (Davisson & Rose, 2014). Interpretation of isotopic data can
provide valuable insight to recharge locations, and consequently recharge elevation, which is a

necessary variable when determining recharge temperature.

A common method for determining recharge temperature uses the concentration of dissolved
noble gasses (Aeschbach-Hertig et al., 1999; Ballentine & Hall, 1999; B6hlke & Krantz, 2003; Cey

et al., 2009; M. Lee Davisson & Rose, 2014; Manning & Caine, 2007; Manning & Solomon, 2003;
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Masbruch et al., 2012; Segal et al., 2014). Once water percolates downward and enters the
aquifer, it is no longer in contact with the air and concentrations of gases in the water are
relatively fixed. The concentration of gas that dissolves into the groundwater depends on the
properties of the specific gas itself and the noble gas temperature (Weiss, 1970). This noble gas
temperature is representative of the temperature of the recharge water. For any given
temperature, a certain amount of N, and Ar exist at equilibrium. From this, a relationship
between N; and Ar concentrations and temperature can be established. Therefore, by

measuring the concentrations of N, and Ar, the temperature can be backed out.

Often the measured concentrations of dissolved gases are greater than the expected
equilibrium concentrations with respect to atmospheric conditions. This is attributed to “excess
air” that is trapped in bubbles as the water is percolating down towards the water table. While
the exact mechanism for how air becomes entrapped in groundwater is still not well
understood, in general bubbles that are carried below the water table experience increased
hydrostatic pressure and eventually dissolve into the groundwater (Aeschbach et al., 2000; Cey
et al., 2009; Heaton & Vogel, 1981). To correct for this, a back solving routine can be used to
iteratively calculate the recharge temperature until the calculated amount of excess air
indicated by the N, and Ar values are the same (Busenberg, 2012). Recharge temperatures
derived from dissolved neon and argon concentrations, based off of similar theory, ranged from
5 to 10 degrees C (M. Lee Davisson & Rose, 2014). The recharge temperature is then used in
calculating the apparent age of the spring water using CFC concentrations (Plummer et al.,

2006).
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CFCs are manmade compounds that were originally produced in the 1930s for industrial and
refrigeration applications, that ultimately escaped into the atmosphere. CFCs were found to
deplete ozone in the stratosphere and virtually all nations began limiting the use of CFCs starting
in 1987. In the U.S., further production of CFCs was banned under the Clean Air Act in 1996.
Since this time, the atmospheric concentrations have declined. While there are several different
CFC compounds, those of hydrologic interest are CFC-11, CFC-12, and CFC-113 (Plummer &
Busenberg, 2006). The concentrations of these compounds in the atmosphere have been
directly measured or reconstructed over time. Similar to the dissolved noble gas analysis, it is
assumed that a groundwater sample was in equilibrium with the air in the unsaturated zone at
the time of recharge, which is also dependent on pressure and temperature. Once the
downward percolating recharge water is within the aquifer and no longer in contact with the
atmosphere, the concentration of CFCs is relatively fixed. A measured CFC concentration from a
sample can then be matched to the date that corresponds with the known atmospheric CFC

concentration (Plummer et al., 2006).

Groundwater ages at the FRS, based on using tritium as a tracer, ranges from 1 — 28 years (M.
Lee Davisson & Rose, 2014). Tritium dating is based on both the concentration of tritium, as
well as helium, which is the daughter product of tritium decay. Excess helium from magmatic
environments, such as MLV, can impact the tritium ages because it is an additional source of
helium. Thus, while past age dating has been performed, a different method may provide

additional insight to the groundwater age of the spring discharge.
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Methods

Spring water was sampled for analysis of stable isotopes, dissolved gases, and CFCs.
Interpretation of isotopic results from spring discharge sampling and comparison to past efforts
helps to elucidate recharge processes for the MLVHA-FRS system. The elevation at which
recharge occurs is required for the dissolved gas analysis. Therefore, there must be an
understanding of the relative recharge location prior to calculating the recharge temperatures.
The apparent age from CFC concentrations is dependent on this recharge temperature and was
compared to previous age dating work using tritium in order to validate past efforts (Davisson &
Rose, 2014; Szabo et al., 1996). A representative groundwater age from this analysis was used
in calculating initial estimates of aquifer travel times for the groundwater model calibration

discussed in Chapter 3.

Spring discharge was sampled at six different locations along the MLVH-FRS system (Figure 2.1
and 2.2). Locations were chosen based on sample locations in previous work so that
comparisons could be made. This includes FRS-4, FRS-12, and RS-1 which are all located at the
southern toe of the lava flow. Additionally, locations were chosen throughout the watershed in
attempt to make a broader assessment of the system. These locations include Paynes Springs,
located in the MLV Highlands area, and Wiley-1 and Wiley-2, both located in the eastern area of
the site near the White Horse Mountains. Samples for determination of dissolved noble gasses,
CFCs, and stable isotopes were collected at Paynes Springs, FRS-4, FRS-12 and RS-1. Stable

isotopes were additionally sampled at Wiley 1 and Wiley 2. Dissolved noble gasses and CFCs
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were not collected at Wiley 1 and Wiley 2 due to the presence of a spring box exposing the

sample to atmospheric conditions and low discharge rates respectively.

Spring discharge was sampled following methods outlined by the USGS Groundwater Dating Lab
(Busenberg et al., 2006; “CFC Bottle Sampling Method,” 2018; “Dissolved Gas N2 / Ar Sample
Collection Procedure,” 2018). A peristaltic pump with viton flexible tubing and refrigeration
grade copper tubing was used at all locations to prevent contamination of the CFC samples. At
Paynes Springs, however, instead of a pump the flow was sufficient to sample directly from the
spring with the copper tubing. The copper tubing was placed directly into the spring discharge
which occurred at a discrete location, with the exception of Wiley-1 and Wiley-2. At Wiley-1, a
pipe with a valve was outfitted to a spring box located upgradient. The sample was collected
from the outflow of this pipe. At Wiley-2, discharge occurs in a diffuse seep and a wellpoint was
driven into the subsurface in attempt to collect the sample. However, as mentioned above, the
flow rate was too low for proper sampling protocol to be followed and only stable isotope

samples were collected after purging the well and allowing it to refill.

Field parameters, including temperature, electrical conductivity and pH, were measured and
assessed for stabilization prior to sampling (Table 2.1). However, due to the low flowrate at
Wiley-2, no field parameters were recorded at this location. The field parameter instruments

were calibrated in the lab as well as on site prior to use. Stable isotopes were analyzed at the
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University of Nevada, Reno. CFCs and dissolved gases samples were analyzed at the USGS

Groundwater Dating Lab in Reston, VA.

The 60%o0 and 6D%. values were plotted and compared to past isotope sampling over time and
by location (Figures 2.3 — 2.6). A sensitivity analysis was conducted for the N»/Ar recharge
temperature data. Since only an approximate recharge area could be determined, largely based
on the isotope data, the exact recharge elevation is not precisely known. Therefore, a range of
elevations was tested to evaluate the impact of this uncertainty in recharge elevation on the

resulting calculations of recharge temperatures and apparent ages.

Results and Discussion

Parameter stabilization results are shown in Table 2.1. Results from recent and past stable
isotope sampling are shown in Figures 2.3 — 2.6. The Global Meteoric Water Line (GMWL) is also
included for reference (Craig, 1961). Isotope samples taken from the FRS area are consistent
with past isotope results collected in 1997 (Davisson & Rose, 2014; Mariner et al., 1998) and
1993 (Mariner et al., 1998) (Figure 2.3). The 60%o and 6D%. values narrowly range from -13.8
to -13.2%0 and -103 to -93%o. respectively. This range among springs is relatively small overall,
and especially when considering the changes that occur at each individual location. Therefore,

the changes over time do not appear to be significant, as the mere effect of seasonality can
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Figure 2.1 (left) and 2.2 (above): Sample locations and age dating data
in years. Figure 2.2 is the inset of the purple region on Figure 2.1. Light
blue markers indicate samples taken in fall 2017. Yellow markers
indicate samples taken in 1997 by Davisson and Rose (2014). Tritium and
CFC piston flow apparent ages are presented. For the tritium ages, the
“*" indicates that the sample contained excess helium and a linear
correction was applied. The 2017 samples (light blue markers) were
additionally sampled for stable isotopes.
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cause variation of 0.5 60%o/degree C (Gat et al., 2001). Additionally, results from Wiley-1 (-
13.5 60%o, -97 6D%0) and Wiley-2 (13.460%o, -978D%0) are isotopically similar to FRS, implying
that the White Horse Mountains could be a potential source of recharge. Springs sampled in the
MLV Highlands area, which does not include Wiley-1 and Wiley-2, are also relatively consistent
over time, with the exception of Paynes Springs (Figure 2.4) (Mariner et al., 1998). The earliest
sample from Paynes Springs (July 1982) has an isotopic composition of -13.6 60%o and -105

6D%o, while recent measurements (September 2017) have values of -13.0 0%, and -93 6D%eo.

Table 2.1: Field parameters for sample locations.

Field Parameter
Location Date Temperature Electrlc?a.l
0) pH Conductivity
(uS)

Paynes Springs 9/9/2017 7.48 8.36 62
FRS-12 10/21/2017 12.89 8.86 168
FRS-4 10/22/2017 10.99 9.15 136
RS-1 10/22/2017 12.64 9.06 131
Wiley-1 9/9/2017 18.00 8.66 162
Wiley-2 9/25/2017 - - -

It was initially expected that the spring discharge at Paynes Springs would be similar in
composition to the FRS samples, as Paynes Springs are located in the recharge area for the FRS.
However, the recent values for Paynes Springs appear isotopically different compared to recent

sampling at the FRS.
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Rose, 2014; Mariner et al., 1998; Palmer et al., 2007).



23

When looking at the isotope data by location (Figures 2.5 and 2.6), the FRS samples appear
isotopically similar to those from MLV, and are distinctly different from the Klamath Basin. The
Klamath Basin is an area north of MLV and was originally believed to be a possible source of
recharge for the FRS, as mentioned above. However, the samples from this area exhibit a
characteristic evaporative signature that is likely a result of the extensive irrigation in the area,

agreeing with and supporting past work (Davisson & Rose, 2014).

Table 2.2: Dissolved gas recharge temperature and excess air at different elevations.

Elevation
. 2200 m 1400 m
Location - -

Recharge Excess Air Recharge Excess Air

Temperature (°C)|  (cc(STP)/L) [Temperature (°C)|  (cc(STP)/L)
Paynes Springs 2.3 3.2 5.9 3.0
FRS-12 6.8 1.0 10.7 0.8
FRS-4 5.1 1.1 8.8 0.9
RS-1 5.9 0.9 9.7 0.7

Results from N,/Ar recharge temperatures are shown in Table 2.2. These values fall within the
range of noble gas recharge temperature estimates of 5° — 10° C from past studies (M. Lee
Davisson & Rose, 2014). Apparent ages from CFC sampling is shown in Figure 2.1 and 2.2. The
CFC ages at FRS range from 33 — 46 years and at Paynes Springs the age is approximately 30
years. The recharge temperature at Paynes Springs for a recharge elevation of 2200m was 3.3°
C with excess air of 3.1 cc(STP)/L while the recharge temperature at FRS ranges from 6.1° — 7.8°
C with excess air of 0.8 — 1.0 cc(STP)/L. Of note, again, is the difference in Paynes Springs from
FRS for both CFC ages and recharge temperature. Even though Paynes Springs is nearly 50km
upgradient from FRS, the two springs unexpectedly have similar CFC apparent ages.

Additionally, because Paynes Springs are located in the recharge source area for FRS, it would be
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seem likely that the recharge temperature for both springs would be similar, however this is not

the case.

The combination of isotopic signature, recharge temperature, and apparent age for Paynes
Springs suggest that these springs likely differ hydrologically from FRS. One interpretation is
that Paynes Springs are hydrologically connected to Medicine Lake. Medicine Lake has no
natural surface outlet and is only drained by groundwater leakage. Thus, the lake is subject to
evaporation. This is evident in the isotopic signature of samples taken from the lake and
corresponds to the higher isotopic values in recent samples from Paynes Springs (lovenitti &
Hill, 1997). Furthermore, source water from the lake could cause the observed increase in
groundwater ages at Paynes Springs due to increased residence time within Medicine Lake
before becoming recharge for the springs. This is in comparison to FRS, where a majority of the
recharge is from flow directly through the unsaturated zone. Overall, this hydrologic
interpretation for Paynes Springs is supported by lovenitti and Hill who note that the elevation
of Paynes Springs is less than Medicine Lake, and also suggest that the source for Paynes Springs

is likely within the caldera of MLV (lovenitti & Hill, 1997).

A sensitivity analysis was performed on the N,/Ar results to evaluate the impact of recharge
location (elevation) on dissolved noble gas temperatures, and consequently the CFC ages.
Recharge elevations from 2200m to 1600m were evaluated for each sample. The resulting

recharge temperatures varied from 9.6° — 5.5° C for a recharge elevation of 2200m to 12.7° —
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8.3° C at an elevation of 1600m. Despite this significant change in recharge temperature, the

resulting CFC apparent ages varied only by -2 to + 1 years.

Also shown on Figures 2.1 and 2.2 are tritium apparent ages from Davisson & Rose (2014). CFC
dating differs from past tritium dating by approximately 20 years. Tritium is considered to be a
more conservative tracer compared to CFCs (Han et al., 2006). Relative agreement between CFC
and tritium results provides greater confidence in age interpretation (Han et al., 2006). In one
study, Szabo et al. noted the similarity between CFC and tritium ages and found no statistical
difference between the two ages (Szabo et al., 1996). As previously mentioned, tritium age
calculations for FRS were impacted by helium added from volcanic sources (Davisson & Rose,
2014). Additionally, since the CFC ages are older compared to the tritium ages, this discrepancy
could possibly be influenced by the unsaturated zone lag time. For water tables deeper than
10m, the CFC concentration at the water table may not be representative of atmospheric
conditions and instead are a function of transport rates through the unsaturated zone (Cook et
al., 2006; Cook & Solomon, 1995). If this lag time is not taken into account, the apparent CFC
age can be too large. The water table on the flanks of MLV caldera is noted as being very erratic
spatially and over 90m below the ground surface (Information Sheet Order No. R5-2006, 2006).
For comparison, lag times calculated in 2002 for a 30m and 40m deep water table are 12-15
years and 16 — 21 years respectively (Cook & Solomon, 1995). Thus, age estimates could be
improved upon by modeling the unsaturated zone lag times for CFCs at MLV Highlands area.
This currently proves difficult due to the lack of hydrologic data in this area. Also of note is that
the CFC results are relatively consistent compared to the corrected tritium ages which vary from

1 —-29 years. While CFC age dating is subject to additional interpretation, these recent efforts
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provide a useful comparison to past work and may represent a more definite groundwater age

range.

Conclusions and Future Work

Results of stable isotope analysis of FRS discharge are similar to past work and show little
change in the values over time. Samples at this location cluster around the GMWL similarly to
analysis by Davisson and Rose and are isotopically different from samples in the Klamath Basin,
an area previously believed to a possible recharge source for FRS (Davisson & Rose, 2014). The
calculated recharge temperature from dissolved noble gases for FRS ranges from 5.1 to 6.8
degrees C. Apparent CFC ages range from 33 to 46 years and may be a more representative
apparent groundwater age, indicating quick transport times compared to other hydrologic
systems. An analysis of unsaturated zone thickness and modeling of CFC transport through this

zone would provide additional insight to the apparent age of the groundwater discharge at FRS.

Isotopic and CFC apparent age from Paynes Springs suggest that these springs are hydrologically
different from FRS. Stable isotopes at Paynes Springs slightly increase over time. The recharge
temperature from noble gas sampling ranges from 6.1 — 7.8° C with the apparent age of 30
years. The combination of isotopic signature, and greater than expected apparent age suggest
that Paynes Springs might be hydrologically connected to Medicine Lake. Isotopic profiling of
Medicine Lake and further sampling of spring discharge could additionally elucidate the isotopic

results at Paynes Springs and the hydrologic relationship between the two.
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Ch 3 — Groundwater Model

Introduction

Groundwater modeling is a valuable tool for elucidating aquifer properties. Through model
calibration and model behavior, the conceptual understanding of a system can be enhanced. In
these ways, the groundwater model can be used as a tool to evaluate a range of possible aquifer
properties, rather than definitively estimate the specific aquifer properties at a certain location
in settings where hydrologic and aquifer data are limited. This is the approach taken for the
MLVHA-FRS system in order to develop a baseline groundwater model and contribute to the

overall understanding.

Past modeling done on the system by Burns el al. focused on the potential impact of changing
recharge temperature, as a response to changing precipitation type from snow to rain, on spring
discharge temperature. Results showed that a 1.5 degree C increase in annual air temperature
and resulting 3.0 degree C increase in recharge temperature by mid-century at MLV would
increase FRS discharge temperature by 1.75 degrees C with most of the change occurring in the
first 60 years (Burns et al., 2017). Past hydrologic work primarily focused on stable isotope
sampling of groundwater and surface water in order to evaluate possible recharge areas
(Davisson & Rose, 2014; Meinzer, 1927; Palmer et al., 2007). Historic spring discharge for the

FRS were also recorded by Meinzer Table 3.1 (Meinzer, 1927).
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Table 3.1: Historic record of combined spring discharge at FRS.

Cumulative sprin
Source Date discharge (n?3/s)g
Davisson and Rose, 2014 |Not given 34
Meinzer, 1927 Average over 19 months from 1912 and 1913 | 39
Meinzer, 1927 Lowest over 19 months from 1912 and 1913 | 35
Meinzer, 1927 Highest over 19 months from 1912 and 1913 | 45
Meinzer, 1927 9/9/1901 41
Meinzer, 1927 9/16/1902 44
Meinzer, 1927 9/11/1903 43
Meinzer, 1927 9/23/1910 42

Subsurface investigation has primarily focused on geothermal exploration and is localized to
within the MLV Highlands area (Cumming & Mackie, 2007; lovenitti & Hill, 1997). The shallow
geothermal reservoir is present at elevations of 1500 — 1100m below the surface (Cumming &
Mackie, 2007). The reservoir appears to be tightly sealed from the surface due to the lack of
surface expression and the presence of a low permeability layer. This low permeability is likely
the result of hydrothermal alteration and is evident in geophysical surveys performed for
geothermal exploration (Burns et al., 2017). Additionally, a significant increase in geothermal
gradient beneath the MLV Highlands area indicates the presence of this impermeable cap
(Information Sheet Order No. R5-2006, 2006; Woodward, 2006). This cap formation could

provide a localized bottom boundary for groundwater flow near MLV.

Additionally, the geology of MLV has been the subject of geologic investigation (Donnelly-Nolan,
2010; Donnelly-Nolan et al., 1991). MLV is a broad shield volcano that produced lava flows that
ranged from basaltic to rhyolitic. One particular lava flow of hydrologic significance is the Giant

Crater lava field, which occurred along the southwest flank of MLV and stretches 45 km to the
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south, where the FRS emerge at the toe of the lava flow (Davisson & Rose, 2014; Donnelly-Nolan

etal.,, 1991).

While past work provides valuable framework for the conceptual model, groundwater modeling
and calibration further aids in the hydrogeological understanding of the MLVHA-FRS system.
Additionally, calibrated hydraulic conductivity and aquifer thickness can be used to calculate the
hydraulic response time, which is defined as the time it takes to observe a change in output
following a change in input. In a diffusive system, this response time can be defined in terms of
some characteristic length and diffusivity (Turcotte & Schubert, 1982; p. 157). Manga provides

the following hydrologic analog where Kb/¢ is the diffusivity term:

T, = %Lz eq. 3-1
where Ty is the hydraulic timescale, ¢ is the porosity, K is the hydraulic conductivity, b is the
average thickness, and L is the characteristic length equal to the length of the aquifer (Manga,
1999). Other relationships exist for calculating the hydraulic timescale that use specific yield
instead of porosity or differ from equation 3-1 by a factor of 3/2 (Gelhar, 1993). However, the
equation above was used by Manga for fractured volcanic systems similar to the one under
study in this project. For this application, the hydraulic timescale specifically refers to the length
of time it takes to observe a change in spring discharge after a change in recharge occurs.
Freeman noted a 1-2 year lag between changes in precipitation and changes in Fall River flow
(Freeman, 2001). Knowing the timescale over which changes should be expected to propagate

through the system is important for future work in understanding and protecting this valuable

freshwater resource.
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Methods

MODFLOW in GMS 10.3.4 was used to create the groundwater model. The conceptual model is
shown in Figure 3.1. The model domain was based on work by Burns et al. (2017). The northern
most boundary was modified to reflect an apparent groundwater divide as inferred from

measured groundwater elevations (lovenitti & Hill, 1997). A cell size of 300m x 300m was used

Bottom Elevation (m amsl)
1685.0

! 1580.0

- 1475.0
I 1370.0
- 1265.0
-1160.0

1055.0
950.0

Figure 3.1: Conceptual model overview. Bottom elevation for an aquifer thickness of
50m is shown for the model domain. Specified head boundary for the springs are in blue.
Outlined in purple is the upper zone of hydraulic conductivity. Observation points are
shown in gray.



34

and the grid was rotated ~13% to better align with the direction of groundwater flow. The
aquifer is assumed to be unconfined and the upper bound is assumed to be land surface as
measured in a DEM. The bottom elevation in the Highlands area was assumed to be constant
between model runs and based of the elevation of the top of the clay cap. This clay cap exists
locally in the Highlands area due to the presence of the geothermal reservoir. Point values for
elevation of the clay cap were estimated from magnetotellurics (MT) survey maps completed for
geothermal exploration (Cumming & Mackie, 2007). Since little is definitively known about the
thickness of the aquifer, lower elevation pseudo points were added assuming a linear decrease
in bottom elevation between the Highlands area and FRS. The points from the MT surveys and
the pseudo points were interpolated using the inverse distance method to approximate the
bottom elevation. This interpolation was done for varying assumed aquifer thicknesses of 25m,

50m, 100m, 200m, 300m, and 400m, based on initial estimates discussed below.

The 20-year average of groundwater recharge from 1900 — 1920 simulated from the Basin
Characterization Model (BCM) was calculated in ArcMap 10.3. The BCM is a water balance
model that uses landscape, climate, and hydrologic variables and is discussed in detail in
Chapter 4 (Flint & Flint, 2007). These years correspond with records of unimpaired flow for the
FRS shown in Table 3.1 (Meinzer, 1927). The total recharge simulated by the BCM was 21 m3/s
which represents ~60% of the historic cumulative spring discharge. In order to rectify this
discrepancy, the BCM groundwater recharge was scaled so that the BCM output was equal to
the historic discharge of 35 m3/s, while maintaining the distribution of groundwater recharge.
This simplified approach will be improved upon in later work. The BCM raster was converted to

points and interpolated in GMS. The interpolation process resulted in a discrepancy between
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the total recharge from the BCM raster and the total interpolated recharge in GMS. A
correction factor of 0.5 was applied to the interpolated values so that the total interpolated

recharge was equal to the groundwater recharge from the BCM output.

The springs were modeled with a specified head boundary, where the head was set equal to the
surface elevation. While some of the springs emerge from the toe of the lava field at a specific
point, other areas of discharge are somewhat more diffuse. Therefore, the location of the

springs was simplified by using an arc along the discharge area at the southern end of the site.

The groundwater model was calibrated to determine a range of hydraulic conductivity. It should
again be emphasized that the purpose of this calibration is to use the model as a tool to explore
the plausible range of bulk hydraulic conductivity values, rather than to definitively estimate the
hydraulic conductivity at any point location. Observation data for groundwater head within the
model domain was limited to four wells in the Highlands area. The model was manually
calibrated to minimize both the mean absolute residual error and flooding within cells by

keeping the groundwater levels below the land surface.

Initial estimates of hydraulic conductivity, using Darcy’s Law, were used as a starting point in

model calibration according to the following calculations:

K=— eq. 3-2
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where K is the hydraulic conductivity, Q is the discharge, b is the average aquifer thickness, w is
the aquifer width, and i is the hydraulic gradient (Fetter, 2001). The following equation is used

to estimate the aquifer thickness:

_ TageQ _
b= T eg. 3-3

where b is the average thickness, Toge is the mean groundwater age, Q is the average discharge,
A is the aquifer area, ¢ is porosity. The parameters in Table 3.2 and equation above were used
to calculate an estimated mean aquifer thickness of 105 - 315m. Initial estimates of hydraulic
conductivity from Darcy’s law using the above calculated thickness range is 17 — 51 m/d. These
initial values for hydraulic conductivity are consistent with literature values for lava flows
(Heath, 1983). Model calibration of hydraulic conductivity to improve these estimates was
performed manually. Because the aquifer dimensions are largely unknown, calibration was
repeated for varying values of aquifer thickness. Aquifer thickness of 25m, 50m 100m, 200m,
300m, and 400m were evaluated based off of the initial estimates of aquifer thickness from

above. The hydraulic conductivity from the calibrated model was then used to estimate the

Table 3.2: Values for parameters used to calculate the initial estimates for hydraulic
conductivity and aquifer thickness. Initial estimates were used to as a starting point for model
calibration.

Parameter Value Unit Sources
(Ingebritsen et al., 2016; Navarre-
Porosity 10-30 | % Sitchler et al., 2009; Saar & Manga,
1999)
Area 1400 | km~2 Model domain
Discharge 35 | mA3/s (Meinzer, 1927)
Age 40 | years CFC apparent age
Average Thickness 105-315 | m Calculated
Width 28000 | m Approximated from model domain
Change in Head 1000 | m Estimated (lovenitti and Hill, 1997)
Hydraulic Gradient 0.02 | m/m Estimated
Hydraulic Conductivity 17-51 | m/d Calculated
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hydraulic response time. The calculated hydraulic response time was compared to that noted
by Freeman from observed cumulative spring discharge and precipitation in order to calibrate

the effective porosity (Freeman, 2001).

Results and Discussion

During calibration, use of a single bulk hydraulic Head (M)
l 1840.0 "
L 1735.0 K
conductivity turned out to be too simple of an ]gggg - Tl
- 1420.0 e i
. . . -1315.0
approach for this aquifer system. Doing so does -1210.0 I
' 1105.0
1000.0
not reproduce the steep hydraulic gradient in the

Highlands area, shown in Figure 3.2. For this

reason, the model domain was further split into

Figure 3.2: Selected cross section
showing the groundwater head along
the steep gradient in the Highlands.

two zones of hydraulic conductivity; an upper
zone in the Highlands area with a lower hydraulic
conductivity, and a lower zone throughout the rest of the domain shown in Figure 3.1. This
representation is plausible as the Highlands area has more developed soils, as well as more
alteration of rock from the geothermal reservoir, resulting in a lower hydraulic conductivity,
compared to the highly fractured exposed lava fields along the remaining portion of the site
from the Highlands area down to FRS. Again, this was done to accommodate the steep

hydraulic gradient.
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It is likely, however, that some sort of structural controls are causing the steep gradient. When
examining the elevation and the modeled groundwater head at the Paynes Springs, the
groundwater table is 160 — 260m below the elevation of Paynes Springs. Thus, it is probable
that Paynes Springs are perched due to geologic constraints to flow. Of interest to this project,
however, are the bulk parameters of the aquifer. Therefore, the steep gradient was
accommodated by using a lower hydraulic conductivity in the upper zone rather than including
uncertain and complicated structural controls to flow, such as those that might be hydrologically

relevant to Paynes Springs.

Table 3.3: Calibrated hydraulic conductivity and calculated hydraulic timescale.

Thickness (m) Ul;zi:azL!:eCond Udr:xgrz/gz\e Porosity Hydra uIiE:y'rI'}imesca le
0.1 22
25 0.7 500 x 22
0.1 24
50 0.6 400 03 3
0.1 9
100 0.7 300 03 =
0.1 8|
200 0.5 300 03 >
0.1 16]
300 0.7 100 03 29
0.1 7
400 0.7 100 03 >

The calibrated hydraulic conductivities for both the upper and lower zones are shown in Table
3.3. The mean error (Tables 3.4 — 3.9) is rather large for all thicknesses. However, with little
additional observation data for hydraulic head and the bottom boundary of the system, these
values still represent a suitable estimate of bulk hydraulic conductivity in the two zones. It
should be noted again that for the varying thicknesses, only the thickness of the southern

portion of the aquifer was manipulated by lowering the aquifer bottom. The bottom of the



Table 3.4: Error summery for aquifer thickness = 25m, upper zone hydraulic conductivity =
0.7 m/d and lower zone hydraulic conductivity = 500 m/d.
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Observation | Observed Head Calculated Percent AE/IeTnt Mean
Point (m amsl) Head (m amsl) | Difference (%) ) solute Residual Error
Residual Error
1 1760 1809 -2.77
2 1826 1809 0.91 5531 30.94
3 1450 1449 0.05
4 1543 1388 10.06

Table 3.5: Error summery for aquifer thickness = 50m, upper zone hydraulic conductivity =
0.6 m/d and lower zone hvdraulic conductivity = 400 m/d.

. Calculated Percent Mean Mean
Observation Observed ) )
Point Head ( ) Head Difference Absolute Residual

om cad tmams (m amsl) (%) Residual Error Error

1 1760 1828 -3.86
2 1826 1828 -0.11 56.97 733

3 1450 1478 -1.93

4 1543 1414 8.36

Table 3.6: Error summary for aquifer thickness = 100m, upper zone hydraulic conductivity =
0.7 m/d and lower zone hydraulic conductivity = 300 m/d.

. Observed Percent Mean Mean
Observation Calculated . .
Point Head (m Head (mamel) Difference Absolute Residual

amsl) (%) Residual Error Error

1 1760 1809 -2.77
2 1826 1809 0.90 5535 30.96

3 1450 1449 0.06

4 1543 1388 10.06

Table 3.7: Error summary for aquifer thickness = 200m, upper zone hydraulic conductivity =
0.5 m/d and lower zone hydraulic conductivity = 300 m/d.

Observation | Observed Head Calculated Il:’ercent Mean M‘ean
Point (T amsl) Head Difference Absolute Residual
{m amsl) (%) Residual Error Error
1 1760 1855 -5.40
2 1826 1855 -1.59 21.45 -20.00
3 1450 1509 -4.07
4 1543 1441 6.61




Table 3.8: Error summary for aquifer thickness = 300m, upper zone hydraulic conductivity =
0.7 m/d and lower zone hydraulic conductivity = 100 m/d.
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Observation Observed Calculated Percent Mean Mean
Point Head Head Difference Absolute Residual
(m amsl) {m amsl) (%) Residual Error Error
1 1760 1810 -2.84
2 1826 1811 0.82
3 1450 1465 -1.03 5349 20.94
4 1543 1409 8.68

Table 3.9: Error summary for aquifer thickness = 400m, upper zone hydraulic conductivity =
0.7 m/d and lower zone hydraulic conductivity = 100 m/d.

Observation | Observed Head Calculated Ffercent Mean Mfean
Point (m ams|) Head (m ams|) Difference Absolute Residual
(%) Residual Error Error
1 1760 1810 -2.81
2 1826 1810 0.86
3 1450 1458 -0.57 54.09 2521
4 1543 1400 9.26

aquifer in the Highlands area is geologically constrained by the clay cap overlaying the

geothermal system and was held constant during the calibration and sensitivity analysis.

In general, the range for hydraulic conductivity for each thickness was bounded by

accommodating the steep gradient, reducing the number of flooded cells, and minimizing error

between observed and modeled points. A hydraulic conductivity value that was too high would

result in excessive flooding of cells in the model domain. Values that were too low would

interfere with the model’s ability to maintain the steep water-level gradient in the Highlands

area. The upper zone was extremely sensitive to changes in hydraulic conductivity due to the

steep gradient, thus small changes to either the upper or lower zone hydraulic conductivity

would affect the error observed between the model and observation points. This additionally

aided in providing an upper and lower bound for the range of possible values.
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Figure 3.3: Groundwater
head for the optimal
calibrated solution of
upper zone (Ky) and
lower zone (K.) hydraulic
conductivity for each
aquifer thickness (b).
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The optimal solution for each of the thicknesses evaluated is shown in Figure 3.3. Overall,
regardless of the aquifer thickness, the upper zone hydraulic conductivity is on the order of 10
m/d and the lower zone hydraulic conductivity is 102 m/d. These values within the range of

literature values for volcanic systems of 102 — 10* m/d (Heath, 1983).

Of the various combinations of aquifer thickness and hydraulic conductivity evaluated, the mean
absolute residual error was similar for an aquifer thickness of 25m, 50m, 100m, 300m and 400m
with the lowest error for a thickness of 300m with a corresponding hydraulic conductivity in the
upper and lower zones of 0.7 m/d and 100 m/d respectively. Older volcanic rocks underlie the
Giant Crater lava flows. Those rocks are may have undergone significant weathering, reducing
their conductivities and potentially limiting flow. Thus, it may be more appropriate to assume a
thickness less than 300 m. Based on this geologic interpretation and the error from the
calibrations, the thickness is likely closer to 25 —100m, with an upper zone hydraulic
conductivity from 0.6 — 0.7 m/d and a lower zone hydraulic conductivity between 300 — 500

m/d.

The hydraulic timescale from the Highlands area, specifically the edge of the upper hydraulic
conductivity zone, to FRS was calculated in Table 3.3 for different porosity values for volcanic
materials based on literature (Ingebritsen et al., 2016; Navarre-Sitchler et al., 2009; Saar &
Manga, 1999). Differences in porosity has a noticeable impact on the calculated hydraulic
timescale. Using the initial porosity values of 0.1 and 0.3, the hydraulic timescale was <25 years

and <80 years respectively. These values are much greater than the 1-2 year lag time in the
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observation data from Freeman (2001). Using the observed hydraulic timescale of 1-2 years and
the calibrated hydraulic conductivities for each aquifer thickness, the porosity was then
calculated (Table 3.10). Thus, it is more likely that the effective porosity is on the order of 0.01
rather than 0.1. Additionally, while Freeman (2001) notes a lag time of 1-2 years between
precipitation and discharge which showed a 15-year periodicity, while unlikely, this
interpretation could potentially be a cycle off. Consequently, the lag time could alternatively be

15 years (Table 3.10).

Table 3.10: Estimated porosity using calibrated hydraulic conductivity and aquifer thickness
considering either a 1-2 versus a 15-year hydraulic timescale.

Lower Zone K (m/d) | Aquifer Thickness (m) | Hydraulic Timescale (yr) | Porosity
500 25 1 0.005
400 50 1 0.007
300 100 1 0.011
500 25 2 0.009
400 50 2 0.014
300 100 2 0.022
500 25 15 0.068
400 50 15 0.108
300 100 15 0.162

The calibrated range of aquifer thickness and porosity were used to estimate the travel time
from Paynes Springs to FRS (Table 3.11) and were compared to the CFC ages from Ch 2. Travel
times are on the order of 1 — 10 years. It should be noted that the total recharge was used in
the calculations, thus this range may be an underestimation of travel time. From Ch 2, the CFC
groundwater age at Paynes Springs is ~30 years and ~40 years at FRS. Overall, this indicates
slow transport in the Highlands area (~30 years) and swift travel times (~10 years) in the high
permeability material from Paynes Springs down to FRS, where the groundwater age is ~40

years.
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Table 3.11: Travle time from Paynes Springs to FRS for calibrated aquifer thickness and porosity.

Thickness (m) |Porosity |Travel Time (yr)
25 0.01 0.29

50 0.01 0.57

100 0.01 1.14

25 0.05 1.43

50 0.05 2.85

100 0.05 5.71

25 0.1 2.85

50 0.1 5.71

100 0.1 11.42

Conclusions and Future Work
Due to the steep hydraulic gradient in the Highlands area, two zones of hydraulic conductivity

were simulated with an upper zone having a hydraulic conductivity on the order of 10 m/d and
the lower zone equal to 10> m/d. Based on the mean residual error for the configurations
examined and site geology, the combination of an aquifer thickness between 25 —100m and an
upper and lower zone hydraulic conductivity of 0.6-0.7 m/d and 300 — 500 m/d, respectively,
appear to account for observed hydrogeologic conditions. While defining an appropriate
aquifer thickness resulted in a somewhat broad range from 25m — 100m, the corresponding
calibrated hydraulic conductivities are within the same order of magnitude. Using the hydraulic
timescale of 1-2 years, the bulk effective porosity is likely on the order of 0.01 rather than initial
estimates of 0.1. Estimates of travel time from Paynes Springs to FRS using calibrated porosity
and aquifer thickness are on the order of 1-10 years, indicating rapid transport through the

permeable material from the Highlands area down to FRS.
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Additional understating of groundwater recharge is necessary for further modeling efforts, as
groundwater recharge from the BCM accounted for only ~60% of the total historic spring
discharge. Further observation data (measured groundwater head) would be beneficial to
improve the calibration. This would especially be useful along the slope of the Highlands area
with the steep hydraulic gradient, as well as in within the lava field itself within the lower zone
of hydraulic conductivity. Aquifer testing for K at multiple locations would additionally aid in the
calibration process. Finally, a geologic investigation of the porosity of this particular volcanic
system would greatly improve estimates of the hydraulic timescale. This additional work would

further elucidate the hydrogeologic properties and understanding of the system.
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Ch 4 — Basin Characterization Model Analysis

Introduction

The Basin Characterization Model (BCM) is a water balance model that uses climate and
landscape information to simulate a variety of climate and hydrologic variables (Figure 4.1). The
model output has been widely used in California and the Great Basin at both regional and
watershed scales to evaluate possible impacts of climate change (Flint and Flint, 2007; Flint and
Flint, 2012; Flint and Flint, 2007; Heller et al., 2015; Micheli et al., 2012; Thorne et al., 2015).
The BCM uses monthly air temperatures and precipitation from PRISM as inputs. PET is
calculated using the Priestley-Taylor equation (Priestley & Taylor, 1972) with hourly solar
radiation, topographic shading, and PRISM air temperature as inputs. The PET is also adjusted
for cloudiness and aggregated to a monthly timescale. Snowfall and snowpack is modeled
within the BCM using the National Weather Service Snow-17 model (Anderson, 1976). Basin
outflow in the BCM refers to the sum of recharge and runoff where recharge in the BCM is the
amount of water that percolates below the root zone and runoff is the amount of water that
exceeds the total storage as well as any rejected recharge. In regard to further discussion
below, the terms basin outflow and recharge are used interchangeably to mean the total
amount of water that reaches the groundwater table defined as the sum of runoff and recharge
within the BCM (J. Thorne et al., 2012). The BCM was calibrated using stream gage data from
138 unimpaired watersheds throughout California (L. E. Flint et al., 2013). The BCM does not
route streamflow, but due to the lack of surface runoff, as well as the unimpaired nature of the

site, the MLVHA-FRS system is a suitable locale for using the BCM output.



48

Sublimation Precipitation Solar radiation
Snow Air 3 Potential
accumulation P temperature evapotranspiration

v v
Snowmelt L. Watershed
__ available water
(excess water)
‘ v
Soil profile Actual
= : : evapotrans-
£ _100 M 0§ pil:ation
£10-60|| < Field Capacity Soil |.0.01 2
® Plant available 5
€220 |  WiltingPoint . "3 6 &
‘§_0[_ < g v
] = Climatic
'_§° @ water deficit
3 (PET-AET)
Yy
> Basin
Recharge :
'8 discharge
vy )<:
Groundwater
Runoff »  recharge

Figure 4.1: Schematic of processes modeled by the BCM (Thorne et al., 2012).

Currently the primary source of recharge for MLVHA is snowmelt (Davisson and Rose, 2014).
With increasing temperatures, multiple studies indicate a decline in snow dominated
precipitation areas across the western US (Freeman, 2012; Lute, Abatzoglou, and Hegewisch,
2015; Lynn, 2015; Safeeq et al., 2016). In one study, an increase in temperature by 1 degree C
resulted in decrease in snow to precipitation proportion by 10-15% in the Northern Sierra,
Klamath Mountains and western Cascades (Safeeq et al., 2016). The MLVHA-FRS system has
already been observed to respond to changes in precipitation amount. Discharge from the

springs fluctuates on a 14 - 16 year cycle that appears to mirror long term precipitation
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variations (Freeman, 2001). Thus, there is concern that changing precipitation type may

influence the system hydrology and ultimately spring discharge.

Methods

To evaluate the impact of climate change on the MLVHA-FRS system, monthly outputs at various
point locations were examined from BCM simulation under historic conditions and GFDL A2, a
warmer and drier projected future. The time period associated with the historic scenario is from
1900 - 2010. The inputs for this historical BCM simulation are based on downscaled PRISM data
using the gradient-inverse distance squared (GIDS) method. It is best practice to evaluate more
than just one GCM in order to evaluate a range of possible outcomes (Lynn et al., 2015), and so
simulations of responses to climate changes from additional GCMs will be analyzed at a later
time. The selected projected scenario is in keeping with recommendations from Lynn (2015),
who evaluated historic output for several GCMs on a set of metrics specifically relating to

California’s climatic and hydrologic variability. The projected scenario spans from 2011 — 2099.

The output variables from the BCM output used here are precipitation, snowfall (as snow water
equivalent or SWE), actual evapotranspiration (AET) and groundwater recharge. An important
distinction should be noted regarding this latter term. BCM defines groundwater recharge as
the combination of water that has infiltrated below the root zone, referred to as recharge, as
well as a portion of runoff that is controlled by the bedrock permeability. The BCM doesn’t
appear to accommodate the high permeability of the rock and soil at this site, as the recharge
values are smaller than expected, and runoff much greater. Field observations indicate that
there is virtually no surface water flow and it is assumed that any runoff quickly infiltrates into

the permeable exposed bedrock. Thus, for the purposes of this study, the total runoff was
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combined with the recharge term. The sum of runoff and recharge is what is meant by
“groundwater recharge” for the purposes of this work, per Flint and Flint’s definition (L. Flint &

Flint, 2007).

Points 0 — 5 were selected along a transect that spans the area of transition from snow to rain
from the historic to projected scenarios in the Highlands area (Figure 4.2, Table 4.1). This
transition area was defined by examining 30-year average historic April 15t snowpack for 1951 —
1980, and 1981 — 2010. The snowpack output was normalized by the total precipitation for that
time period. The difference between historic and projected normalized April 1 snowpack was
compared for the projected scenario. The location chosen for the transect was selected to
capture the greatest difference between historic and projected normalized April 1% snowpack
for the projected scenario. The remaining
points were selected to capture variation across
the study area at different elevations. Point 6 is
located in the upper elevation area to the west
of MLV Highlands area. Point 7 is at a lower
elevation area with relatively high average
precipitation and is located west of FRS. Point 8
is the lowest in elevation with the lower
amounts of precipitation and near FRS (Figure

4.2, Table 4.1).

0 4 8 16 Kilometers

Figure 4.2: BCM analysis point locations.
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Prior to additional analysis, the BCM output was evaluated against limited observation data to
assess the appropriateness of using its outputs to evaluate changes to the system. Two stations
were identified at the site; one near Medicine Lake (SnowlLite station ID MED) and one in Fall
River Mills, CA near FRS (NWS Cooperative Network station number 042964-2). Temperature,
snow water equivalent (SWE) and precipitation records were available at the two stations.

The BCM output was examined for changes over time and for correlation to assess possible
shifts in relative amounts of recharge and associated climate variables. Additionally, cumulative
output was analyzed to elucidate the timing of recharge and related climate variables
throughout the year.

Table 4.1: Location and description of point locations for BCM output analysis.

Location Name General X (m) Y (m) Elevation (m)
Location
Pt0 MLVH -134095.823 392978.973 2013
Pt1 MLVH -134015.893 390314.671 1800
Pt2 MLVH -134149.109 388929.234 1710
Pt3 MLVH -134042.536 387570.440 1665
Pt4 MLVH -134095.823 384932.781 1547
Pt5 MLVH -134015.893 382188.549 1468
Pt6 West of MLVH -146991.046 390447.886 1732
Pt7 West of FRS -140852.037 353696.992 1230
Pt8 Near FRS -129393.008 346614.677 1026

LOWESS, or locally weighted scatterplot smoothing, was used as a middle smoothing method to
evaluate changes in the output over time. LOWESS, is an iterative, robust, nonparametric
smoothing technique (Helsel & Hirsch, 2002). This method involves computing a new y-value
using a weighted least squares (WLS) regression at each x-value. First, the data is split up into
“windows,” the size of which is controlled by a smoothing factor, f, which ranges from 0 to 1 and
describes the fraction of the data to be used as the smoothing window. A value of f =0.21 was

chosen to correspond with periodicity observed in discharge and precipitation data, discussed in
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detail later (Freeman, 2001). The WLS regression is then performed within each of these
windows. There are two different weighing factors that are used in the calculations. The first is
the distance from the x-values within the window to the x-value for which the new y-value is
being calculated. After the first iteration, a second weight is incorporated in determining the
WLS regression. This weight is relative to the difference in the magnitude of the residuals from
the previous iteration (Cleveland, 1979). The curve produced represents the middle of the data
or a weighted average of sorts. These methods were applied at each point for total yearly
groundwater recharge, actual evapotranspiration (AET), yearly total precipitation and snowfall
(SWE), as well as normalized total yearly recharge and normalized total yearly AET.
Normalization refers to normalizing by the total yearly precipitation and the yearly timescale

refers to calendar year, as opposed to water year.

The Theil-Sen, also known as the Kendall-Theil, line was also evaluated for each of the variables
mentioned above to determine whether or not a statistically significant trend is present in the
output. A positive slope indicates an increasing trend and a negative slope, a decreasing trend.
The slope of the Theil-Sen line is the median of all possible slopes between all x,y points. The y-
intercept is calculated from this slope, the median of the x-values and the median of the y-
values (Helsel & Hirsch, 2002). A trend in the output was determined based on the whether the

slope is statistical different from zero at the 95% confidence interval.

Also examined was data at the basin, or watershed, scale. The publicly available 30-year average
BCM output was summed over the watershed area to determine cumulative volumes of water

for precipitation, groundwater recharge, and AET. Output for April 15 snowpack was also
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evaluated, as well as normalized AET and normalized groundwater recharge. Changes in these
summary values were evaluated over time from the historic to projected time period.
Correlation analysis was performed on the following combination of variables: total yearly AET
and total yearly groundwater recharge, total yearly precipitation and total yearly groundwater
recharge, and snowfall (SWE) and total yearly groundwater recharge. The correlation coefficient
was assessed from each relationship to provide a measure of the strength of association
between the two variables. Pearson’s r was used as the correlation coefficient which provides a

measure of the linear relationship between two variables (Helsel & Hirsch, 2002).

Yearly cumulative plots were created for AET, groundwater recharge, snowfall and precipitation.
Monthly output was averaged over 30-year periods for the both the historic and projected
scenario. These plots were created to assess changes in the timing of climate variables

throughout the year.

Results and Discussion

BCM Output and Observation Data
The comparison of temperature from the observation stations with the BCM output was difficult

due to the lack of continuous and reliable temperature observations at Medicine Lake, however,
total monthly precipitation are relatively highly correlated (r = 0.81). Additionally, daily
minimum and maximum temperatures, and precipitation yielded high correlation at the Fall
River Mills location as shown in Figure 4.3. The precipitation output was also analyzed for the

14-16 year periodicity in 5-year moving average mentioned by Freeman (2001). This periodicity
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was preserved in the historic BCM precipitation output (Figure 4.4). As previously mention, the
smoothing factor, f, for LOWESS smoothing was based on this combined periodicity of the 5-
year moving average and 16-year periodicity within that moving average. Furthermore, as
discussed in Ch 3, the cumulative groundwater recharge, defined as the sum of recharge and
runoff from the BCM, within the site boundary represents only ~60% of the historic range of
spring discharge measurements. Thus, the following analysis applies only to this portion of the
groundwater recharge, as 40% of the total groundwater recharge is not accounted for with the

BCM.

Historic BCM Qutput at Pt0

160 +
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80 1
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Figure 4.4: Historical BCM output at PtO for precipitation and basin outflow.

Historical Scenario
In examining the climate variables, changes to the water balance “input” (precipitation) were

evaluated along with the remaining climate variables to assess changes in amount and

contribution in balancing the overall water budget as follows:

Precipitation = AET + Groundwater Recharge + Sublimation eq.4-1
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Figure 4.5: Total yearly precipitation during the historic and projected time periods at all
point locations. Point locations in legend are displayed in order of decreasing elevation.

No statistically significant trend in yearly total precipitation was found at any point during the
historic period. Thus, precipitation has remained relatively stable throughout the historic period
amidst large multi-year fluctuations characterized by Freeman (2001) as following roughly a 14 —
16 year cycle (Figure 4.5). This is also shown in Figure 4.6 at the watershed scale. The average
yearly total precipitation over the watershed is 85.3 cm/yr. Geographically, the total amount of
precipitation decreases with decreasing elevation, as shown in Figure 4.5 so that more

precipitation falls in the Highlands area than near FRS.

No trend was found for yearly total AET, snowfall and groundwater recharge at any points
during the historical period. This indicates that each of these variables are relatively consistent
throughout the historic time period. For the normalized yearly total AET a very slight, but
statistically significant declining trend was found at all points except point 3, with magnitude of

1.0-4.0x 10*yr. The normalized yearly total groundwater recharge increased slightly at all
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Figure 4.6: Total volume over the watershed for precipitation, AET, groundwater recharge and
April 15t snowpack for 30-year averages for historic and projected scenarios.

points from 1.0 — 7.0 x 10 yr. The normalized output can be thought of as the efficiency of
precipitation to result in the variable being normalized. For example, higher normalized output
indicates that for years with a lot of precipitation, more precipitation is partitioned into the
normalized variable. Therefore, the proportion of precipitation that is becoming AET decreases,
while the amount that becomes recharge increases during the historic time period. However,
the magnitudes of these trends are very small and indicates that there is relatively little change
during the historic time period in the efficiency of precipitation to produce AET and recharge.
Furthermore, this is observed thought visual assessment of the LOWESS smoothed values, which
are relatively consistent throughout time. For example, normalized AET is shown in Figure 4.7
for point 3. At the overall basin scale, the average for yearly total AET and groundwater
recharge over the water year are respectively 36.5 cm/yr and 44.1 cm/yr and the average April
15t snowpack is 21.5 cm. The overall water budget, as presented in the equation above, balances

Ill

with only a +/- 0.5% difference between the total “input” (precipitation) and “output” (AET,

groundwater recharge and sublimation).
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Figure 4.7: BCM output with LOWESS smoothing and trend line at point 3. Even though the
slope is statistically different from zero, the magnitude is essentially zero.

GFDL A2
In the projected scenario (for 2011 — 2099), the total yearly precipitation decreases at points 0 —

7. The change in precipitation over time is greatest in the upper elevation areas (0.37 cm/yr at
point 0) and decreases with decreasing elevation (0.18 at point 7). A statistically significant
trend was not observed at Point 8, which is located near FRS. At the overall basin scale, the
average precipitation is 80.8 cm/yr. Similar to the historic scenario, the amount of yearly total

precipitation decreases with decreasing elevation (Figure 4.5).

There is no projected trend in yearly total AET at any points except point 1. At this location,
there is a slight decrease in AET of 0.074 cm/yr. While this slope is statistically significant, the
magnitude is rather small compared to other changes observed. The yearly total snowfall
decreases at all point locations. The change in yearly total snowfall over time is greatest in the

upper elevation areas (at a rate of 0.53 cm/yr at point 0) and declines with decreasing elevation
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Table 4.2: Percent change from historic to projected period at the watershed scale.

. Percent Change from
Variable L )

Historic to Projected

Precipitation -5%

AET 1%
Groundwater

Recharge -12%

April 1st Snowpack -62%

(at a rate of 0.20 cm/yr at point 8). Snowfall declines more quickly that the trend in
precipitation. This indicates that in addition to overall less precipitation, there is a shift in
precipitation type from less snow to more rain. Groundwater recharge decreases at points 3,
point 4 and point 6 at a rate of 0.25 cm/yr, 0.22 cm/yr, and 0.27 cm/yr respectively. These rates
are equivalent to the slope of the Thiel-Sen trend line and represent the rate of change rather
than the actual amount. On a watershed scale, the average for yearly total AET and
groundwater recharge over the water year are respectively 37.8 cm/yr and 39.0 cm/yr and the
average April 1° snowpack is 8.20 cm/yr. Watershed scale changes from the historic to the

projected period are shown in Table 4.2

For the normalized output at all locations the normalized yearly total AET increases, while
recharge declines. This is the opposite relationship that was observed in the historic scenario.
These changes vary somewhat sporadically by location however the smallest changes occur in at
the upper elevation points 0 and 6. Additionally, at each point the increase in normalized AET is
similar in magnitude to the decline in normalized groundwater recharge. For example, at point
0, normalized AET increase by 0.0002 yr! and groundwater recharge decreases by 0.0004 yr.
Similarly, at point 5, normalized AET increase by 0.0013 yr'! and groundwater recharge

decreases by 0.0012 yrl. On a watershed scale, these variations are clearly illustrated in Figure
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4.8, where fluctuations in normalized AET and normalized recharge mirror one another. This
indicates that, proportionally, the precipitation is increasingly being partitioned into leaving the
watershed as AET and at the expense of groundwater recharge under climate change. These

changes are observed at each point location and across the watershed as a whole.

Examining correlations between yearly total groundwater recharge and precipitation, AET and
snowfall further elucidates these observations. Recharge and precipitation are correlated for
both the historic and projected periods at all locations (r = 0.7 — 0.9). Additionally, the historic
and projected correlation coefficients are similar or identical in magnitude at each individual
point. The similarity of correlation between the two periods suggests that the relationship

between precipitation and recharge does not change much throughout time. This is observed at
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0.54

0.52

0.50 4

0.48

0.46

Normalized 30-Year Average

0.44 1

0.42 7 —e— Normalized AET
—e— Normalized Groundwater Recharge
T T T T T T
1921-1950 1951-1980 1981-2010 2010-2039 2040-2069 2070-2099

Year Range

Figure 4.8: Normalized total volume over the watershed for precipitation, AET,
groundwater recharge and April 1% snowpack for 30-year averages for historic and
projected scenarios.
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the basin scale in Figure 4.6 where changes in groundwater recharge generally parallels changes

in precipitation.

Total yearly groundwater recharge and total yearly snowfall are also correlated at all points for
both the historic and projected scenarios with the exception of point 5 for the projected
scenario. For the historic scenario, r = 0.6 — 0.8 and for the remaining points in the projected
scenarior =0.5—-0.8. At all locations, the correlation coefficient decreased from the historic to
the projected scenario. This suggests that groundwater recharge is more strongly related to

snowfall in the historically than under the future climate.

Total yearly groundwater recharge and total yearly AET are not correlated, except weakly so at
points 0 and 1 (r = 0.5) in the historic scenario. This is observed in the basin scale output in
Figure 4.6 where yearly total recharge increases in the historic period and then decreases in the
projected, while AET shallowly increases in the historic scenario and appears to somewhat level

off in the projected.

Also, of significance is the 30-year average monthly cumulative output. A shift in seasonality
occurs for snowfall, AET, and groundwater recharge at all points. For snowfall, the end of the
snow season occurs 1-2 months earlier in the year by the end of the century. A similar shift is
also observed in both recharge and AET. Historically, most recharge occurs over the late winter
months and into early spring with little additional recharge in late spring and summer.
However, the start of this period is shifted 1-2 months earlier in the projected scenario. This is

illustrated in Figure 4.9 for snowfall, AET and recharge at point 3 where the timing of snowfall



62

GFDL A2 at Pt3

£

o —— 1921-1950

= 309 ] =— 1951-1980

< — 1981-2009

<8 —— 2010-2039

g 251 2040-2069

> 2070-2099

=4

5 20 4

4]

-

[=)

m 15 A

4}

=

®

5 10 1

£

€

o 51

2>

k=

c 0

[}

E T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nowv Dec

Month

£

o

‘3’ GFDL A2 at Pt3

o m

g %] — 19211950

8 —— 1951-1980

p 60 =—— 1981-2009

g —— 2010-2039 V4

o 50 4 2040-2069

g 2070-2099 %

o

g 401 /

<

e

m

L 3/

[=)

m

¢ 204

2

o

=

£ 10 A

£

3

> 04

E T T T T T T T T T T T T

e Jan Feb Mar Apr May Jun Jul Aug sep Oct Nowv Dec

o

= Month

g GFDL A2 at Pt3

= 70 1 —— 1921-1950

S —— 1951-1980

o —— 1981-2009

5 60

wn — 2010-2039

g 2040-2069

m

5 50 | 2070-2099

>

<

©

] 40 4

b

o

m

Q 4

g 30 /

b=

©

3

£ 204

£

3

&)

> 10

=

=]

c T T T T T T T T T T T T

§ Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month
Figure 4.9: Cumulative summary at point 3 for 30-year average AET, groundwater recharge
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Figure 4.10: Summary at point 3 for 30-year average temperature.

and AET also change to a similar degree. It should also be noted that the changes observed in
the timing of AET and groundwater recharge are not coupled with temperature since. While
temperature does increase from the historic to project period, the timing of yearly temperature

fluctuations remains consistent between the historic and projected periods (Figure 4. 10).

Overall, there is a modest decrease in total yearly precipitation from the historic to the
projected scenario. Snowfall decreases more, and more precipitation occurs in the form of rain
rather than snow. A greater proportion of the precipitation leaves the system as AET and less

becomes recharge with a decrease in average groundwater recharge at the watershed scale.

When precipitation falls as snow, it is held in storage until spring melt. This water is only
available for root water uptake once it has been released from storage. Excess water that is not
utilized by plants is either held within the soil matrix or infiltrates and becomes recharge.

However, as snow decreases, and more precipitation falls as rain, the water is directly and more
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immediately available for root water uptake upon infiltration as opposed to being held in
storage within the snowpack. Forests in throughout the site are largely dominated by lodgepole
and sugar pine, and red and white fir, with an understory of bitterbrush manzanita and
snowbrush which are active even during the winter months (Modoc National Forest, n.d.). This
more continuous root water uptake allows the AET rates to be maintained, despite a decrease in
overall precipitation, as water that would be released during spring melt and potentially bypass
root uptake is more readily available for plants. This also corresponds to a shift of more AET
occurring earlier in the year. The change in timing of AET may also be related to precipitation
type as water is more available to plants when precipitation falls as rain instead of snow, leading
to more precipitation earlier in the year. It is also possible that the shift in the timing of AET is
some function not only of changing precipitation type and amount, but also an overall increase
in temperature. Looking at the temperature at which the maximum AET occurs provides insight
to whether the shift in timing of AET is influenced by increases in temperature. At points0—7,
the temperature at which the maximum AET occurs varies across locations. There is a slight
increase in temperature at point 1, 3, 5, and 7 and a slight decrease at point 0, 2, 4, and 6 (Table
4.3, Figure 4.11). Therefore, the temperature at which the maximum AET occurs is relatively
consistent when averaged across the locations. This relatively consistent temperature is
reflective of the seasonal response of AET shifting earlier in the year, indicating that the overall

earlier onset observed in AET is also a function of temperature and this seasonal shift.

At point 8, located at a lower elevation near FRS, the maximum AET occurs at warmer

temperatures from the historic to projected time period (Table 4.3, Figure 4.11). The maximum
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Figure 4.11: Summary comparison of 30-year average temperature and cumulative AET

65



Point 0 Max AET Temp at Max AET Point 1 Max AET Temp at Max AET
Year Month cm degrees C Year Month cm degrees C
1921-1950 |May 8.5 7.5 1921-1950 |Jun 15.6 13.5
1951-1980 |Jun 10 11.5 1951-1980 |Jun 15.6 13.5
1981-2009 |Jun 9.5 11.5 1981-2009 |Jun 15.3 13.5
2010-2039 [May 9.3 8.4 2010-2039 |Jun 16 15
2040-2069 [May 9.3 8.4 2040-2069 |Jun 16 15.5
2070-2099 [May 7.5 9.6 2070-2099 |Jun 14.5 17.5
Point 2 Max AET Temp at Max AET Point 3 Max AET Temp at Max AET
Year Month cm degrees C Year Month cm degrees C
1921-1950 (Jun 14.6 13.9 1921-1950 | May 9.4 10.5
1951-1980 (Jun 15.4 14 1951-1980 | May 11.1 9.5
1981-2009 (Jun 15.3 14.3 1981-2009 | May 11.1 10.5
2010-2039 |Jun 14 15.7 2010-2039 |May 8.0 11.5
2040-2068 {Jun 13.5 16.1 2040-2069 | May 8.5 11.5
2070-2099 [May 13.5 12.5 2070-2099 | April 8 8.5
Point 4 Max AET Temp at Max AET Point 5 Max AET Temp at Max AET
Year Month cm degrees C Year Month cm degrees C
1921-1950 |May 8.5 10.8 1921-1950 |Jun 15.5 15.5
1951-1980 |May 10.8 10.3 1951-1980 |Jun 15 16
1981-2009 |May 10.3 10.8 1981-2009 |Jun 16.5 16
2010-2039 |May 8 12 2010-2039 |Jun 16.5 17
2040-2069 (May 8 8 2040-2069 | Jun 16 17.8
2070-2099 |April 8 9.3 2070-2099 | May 14 14
Point 6 Max AET Temp at Max AET Point 7 Max AET Temp at Max AET
Year Month cm degrees C Year Month cm degreesC
1921-1950 (May 10.5 9.5 1921-1950 |May 13.5 12.5
1951-1980 |May 11.2 9 1951-1980 | May 13 11.8
1981-2009 |May 11.2 9.3 1981-2009 |May 13.8 12.3
2010-2039 [May 10.8 10.5 2010-2039 |May 13.8 13.3
2040-2069 [May 10 10.5 2040-2069 |May 13.8 13.8
2070-2099 |April 8.1 8 2070-2099 |May 12.5 15.3

Point 8 Max AET Temp. at Max AET

Year Month cm degrees C

1921-1950 | April 6 9

1951-1980 |April 6 7.8

1981-2009 |April 5.5 8.5

2010-2039 |April 5.8 9.5

2040-2069 |April 5.8 10.5

2070-2099 |April 5 11.8

Table 4.3: Summary of cumulative 30-year average maximum AET and corresponding
temperature at each point location.
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AET occurs in April for all time periods, indicating no seasonal shift. This is possibly observed
because at point 8 the system has lower precipitation rates (Figure 4.11) and is
more water limited. Therefore, even though the temperature increases, there is not enough

water to meet the evaporative demand until later in the year.

The earlier onset of AET is key in driving the observed increase in normalized AET and decrease
in recharge. For this GCM, the shift in timing appears to be a function of both increasing
temperature and a change in precipitation type. Recharge is further impacted by the transition
of precipitation type from snow to rain in that water that could have infiltrated and become
recharge is now readily available for plant uptake as described above, resulting in less recharge.
Furthermore, when precipitation falls as snow, it results in a single infiltration event with spring
snowmelt. As the wetting front advances, the water content, and hydraulic conductivity,
increase making it easier for the water to infiltrate, as opposed to precipitation falling as rain
with multiple separate infiltration events throughout the year. Additionally, since recharge is
strongly correlated with precipitation, a decrease in total average recharge at the basin scale

likely occurs partially due to the overall decrease in precipitation.

Changes to recharge could have an impact on water users, such as hydropower facilities. PG&E
maintains hydropower operations along the Pit River, which is fed by the Fall River, as well as
other spring fed rivers and streams. On average, 38% of PG&E’s long-term annual hydropower
generation originates from volcanic aquifers while during dry years, this value may exceed 50%.
Freeman calculated the effect of an increase in recharge of 5% to the Pit River, which resulted in

an increase of 354 GWh/yr for the Pit River watershed (Freeman, 2001). Similarly, a decrease in
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recharge by 10% can be assumed to decrease potential power production by 708 GWh/yr. This
is equivalent to a decrease in hydropower generation from spring fed sources by 30%, or 8% of

the total hydropower generation.

Conclusions and Future Work

The amount of average total groundwater recharge at the basin scale decreases from the
historic to projected time period from 44.1 cm/yr to 39.0 cm/yr. A similar decreasing trend is
observed at three of the selected point locations including points 3, 4 and 6. The decrease in
groundwater recharge is highly correlated to a decrease in overall yearly total precipitation.
Additionally, a transition in precipitation type from snow to rain affects the timing of when
water is available for root water uptake. This leads to a higher proportion of the precipitation
going to AET rather than to groundwater recharge, as shown with the normalized output. The
change in precipitation type also effects the timing of groundwater recharge, which shifts 1-2
months earlier into the year. When precipitation predominantly falls as rain instead of snow,
the water readily infiltrates rather than being stored in the snowpack. This water is then
available to become groundwater recharge or AET. It should again be noted that these results
were based off of a single GCM and were partially driven by a decrease in overall precipitation
specific to GFDL A2. Thus, these conclusions for the FRS system are not definitive, as only a

single GCM (GFDL A2) was analyzed.

Future work involves evaluating in detail the sublimation component to further elucidate the

remaining portion of the water balance. Additionally, similar analysis will be completed using
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other GCMs to examine a range of possible futures. This will provide a more comprehensive look

at changes to groundwater recharge and provide a better understanding of the system.
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Ch 5 —=Conclusions and Future Work
The geochemical analysis in Ch 2 serves to enhance the understanding of the site, as well as

provide an idea on the timespan for which the system functions. Analysis of stable isotopes
supplements past work and similarly suggests MLV as an area of recharge. The calculated
recharge temperature from dissolved noble gases for FRS ranges from 5.1 to 6.8 degrees C.

Apparent CFC ages range from 33 to 46 and indicate relatively quick transport times.

Groundwater modeling in Ch 3 provides an estimate of hydrologic parameters and contributes
to the conceptual model of the system. Due to the steep hydraulic gradient in the Highlands
area, two zones of hydraulic conductivity were defined with an upper zone having a hydraulic
conductivity on the order of 10! m/d and the lower zone equal to 10> m/d with an aquifer
thickness between 25 —100m. With a hydraulic timescale of 1-2 years the effective porosity is

on the order of 10°2. These bulk properties help to characterize the system.

Analysis of BCM output in Ch 4 elucidates possible changes in the amount of recharge under a
shift in precipitation type form snow to rain. The average total groundwater recharge at the
basin scale decreases from the historic to projected (GFDL A2) time period from 44.1 cm/yr to
39.0 cm/yr. This decrease corresponds to a decrease in total yearly precipitation, snowfall, and
an increase in the proportion of precipitation that becomes AET. The change in precipitation
type also affects the timing of groundwater recharge, which shifts 1-2 months earlier into the

year.
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In order to better understand this complex system, additional analysis of the unsaturated zone
thickness and modeling of CFC transport through this zone would provide insight to the
apparent age of the groundwater discharge at FRS. A better understanding of the groundwater
recharge is necessary for future modeling. Further observation data (measured groundwater
head) would be beneficial to improve groundwater modeling, especially along the slope of the
Highlands area with the steep hydraulic gradient, as well as in within the lava field itself within
the lower zone of hydraulic conductivity. Additionally, a similar analysis performed in Ch 4 will
be completed using other GCMs to examine a range of possible futures. This will provide a more
comprehensive look at changes to groundwater recharge and provide a better understanding of

the system.
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