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Executive Summary

The purpose of this report is to provide insight into factors that might influence the long-term
sustainability of Bonanza Spring, the largest spring in the Eastern Mojave Desert. To do this, a primary
focus of this report is the potential relationship and connectivity between Bonanza Spring water and
the possible sources of its flow. Methodologies included sampling of the spring, and well water south
of the Clipper Mountains, California. This report presents the data collected during the 2022-2023
University of Nevada, Las Vegas (UNLV) Bonanza Spring Sustainability Study and provides analysis
of the trace metal concentrations, major ion composition, and stable isotopes of Bonanza Spring and
wells in, and surrounding, the Cadiz agricultural are located over 22 km to the southwest of the spring
in the Bristol/Cadiz Basin. These represent the closest group of wells near the spring. Between 2022
and 2023, researchers from UNLV conducted over a year of sampling Bonanza Spring and surrounding
wells in the Eastern Mojave Desert. This involved evaluation of aqueous physical properties, chemical
characteristics, and related biological attributes. Sampling was monthly over the course of a year, along
with a 24-hour round the clock sampling event. Raw data is presented in tables at the end of the report.

Review of past satellite imagery revealed both seasonal and annual temporal changes in the
vegetation surrounding the spring. Aqueous water chemistry was analyzed by Inductively Coupled
Mass Spectrometry (ICP-MS), supported by measurement of physical and chemical properties in the
field. Principal Component Analysis (PCA) of trace water chemistry data revealed chemical differences
and separation between the waters of Bonanza Spring and Cadiz wells for all three Principal
Components considered. Water quality at the spring contains arsenic concentrations above EPA
drinking water standards, as does well 35 when sampled in December. Aqueous concentrations of major
ions of spring and well water were dissimilar, particularly considering percentages of divalent and
monovalent cations. Stable isotope samples revealed differences in spring water versus well water.
Additionally, comparison of stable isotope samples with rainfall showed spring water to be isotopically
lighter than historical values of isotopes in local precipitation. Light stable isotope ratios of oxygen and
hydrogen can be associated with precipitation at higher altitudes. Because the precipitation
measurements were made just above the spring and the Clipper Mountains rise several hundred meters
higher to the north, one possible interpretation would be that groundwater recharge supporting the
spring’s discharge originates from higher elevations in the Clipper Mountains and not at lower
elevations in the lower Fenner Watershed or Bristol/Cadiz Basin. Previous analysis of faulting and
fracturing in the Clipper Mountains supports this interpretation. No significant correlation was
determined between antecedent rainfall events and water quality. Multiple lines of evidence discussed
in this report suggest that Bonanza Spring and the wells in the Cadiz area of the Bristol/Cadiz Basin
do not have a subsurface connection or common source.

The March 2023 sampling trip at the very end of the study followed a period of intense storms
during a wetter than average winter that appear to have precipitated a flash flood, collapsing the tunnel
at the spring orifice, damming the spring with clasts larger than six inches in diameter, preventing
discharge from its previous point of issuance, and appearing to cause dieback of reeds. This change is
evidence that several natural factors may episodically impact vegetative alteration and habitat
availability in the spring environment.



Introduction

Springs are one of the most vital parts of a desert ecosystem and an essential element in Native
American cultural traditions and heritage. In 2022, the University of Nevada, Las Vegas undertook
research to better understand the history and sustainability of one of the largest springs in the Mojave
Desert. Bonanza Spring is at latitude 34.69, longitude -115.41, approximately 18.9 kilometers northeast
of Chambless, California in the eastern Mojave Desert (Figure 1). The spring is 640 meters above mean
sea level or MAMSL (2100 ft above mean sea level or FASL), and is located on the southwestern flank
of the Clipper Mountains which rise to 1,410 MAMSL (4625 FASL). The Clipper Mountains and
Bonanza Spring are within the federally protected Mojave Trails National Monument under the
administration of the U.S. Bureau of Land Management in San Bernardino County, California.

Many factors can affect the sustainability of springs. These include long-term climate change,
geological changes that would impact hydraulic conductivity in the subsurface, changes in vegetation
also taking account the influence of invasive species, and lowering of local piezometric surfaces due to
groundwater extraction and nearby pumping wells. Considering the latter, there is some controversy as
to whether pumping south of the Clipper Mountains near Cadiz could affect spring discharge at
Bonanza. The Cadiz agricultural area is 22 kilometers (13.7 miles) to the south southwest of the spring,
at approximately 240 MAMSL (785 FASL), with irrigation wells supporting the growth of crops in the
Bristol/Cadiz Basin, California. The water table below Cadiz is located even lower in elevation below
ground surface. It has been hypothesized that groundwater issuing from Bonanza Spring is
hydraulically connected to the alluvial, basin-fill, Fenner Valley aquifer north of the Clipper Mountains,
but also to lower Fenner Watershed to the south (Zdon et al. 2018). These authors put forward no
reasonable explanation of what mechanism could cause groundwater in the lower Fenner Valley, or in
the alluvial Bristol/Cadiz basin located more than 400 meters lower in elevation (>1,300 ft), to rise up
to the higher level of Bonanza Spring to the north. Nor do they explain, if this undefined and
hypothetical mechanism of groundwater rise were actually operative, why there aren’t more springs
located on the southern slopes of the Clipper Mountains with similar characteristics to Bonanza, all
being fed by groundwater from hundreds of meters below to the south. One goal of this research was
to investigate the similarity or dissimilarity of groundwater in Bonanza Spring versus Cadiz wells in
the lower Fenner Watershed and Bristol/Cadiz Basin below and to the south, through a series of
concurrent sampling and analysis of groundwater issuing from the spring and well water.

While this year-long study is insufficient time to assess transformations due to long-term
changes including climate change, a collapse of the spring orifice during the study was observed to
alter discharge characteristics and location, and subsequently a qualitative change in vegetation around
the spring. Additionally, this study produced some supporting evidence for the nature of groundwater
recharge characteristics for the spring that suggest future sustainability.



Literature and Satellite Imagery Review

As a beginning undertaking for this project, past reports, publications, and data were reviewed
for previous studies on regional Mojave springs and wells, and the data compiled. A full list of initially
reviewed articles is in Appendix A of this report. Geological and topographical review was conducted.
Past Google imagery was also reviewed for an initial assessment of vegetative changes at Bonanza
Spring and the Clipper Mountains. Figure 2 shows several selected Google Earth satellite images of
Bonanza Spring at different past dates. Appendix B shows photographs from field locations around the

spring.
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Figure 1 Location of selected Cadiz production wells (blue points), monitoring wells (yellow points), and Bonanza Spring.
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Figure 2. Example Google Earth satellite images of Bonanza Spring from 12/30/05, 2/19/07, 6/5/09, and 3/29/14, top image to
bottom.

Analysis of Aerial Imagery

Aerial images from the National Agriculture Imagery Program (NAIP) were used to measure
the extent of the riparian zone — the vegetated area around the spring supported by spring water — and
to determine the Normalized Difference Vegetation Index (NDVI), a measurement of the difference
between the brightness of the image using near infrared and red images. The NAIP dataset began in
2003 on a five-year cycle before switching to a three-year cycle in 2008. The images are collected by
plane at a consistent altitude during the growing season. NAIP photography has data in four spectral
bands, and data for Bonanza Spring is available for the years 2005, 2009, 2010, 2012, 2014, 2016,
2018, and 2020. All of the images are collected in spring or early summer, from April 25" to June 30'".



Figure 3 shows an example of an image resulting from NDVI analysis. The NDVI is derived according
to the equation:
NIR — Red

NIR + Red
The NDVI can vary between -1 and +1, with more positive values indicating the presence of vegetated

areas and more negative values indicating standing water and other non-vegetated areas. Applying a
Red-Green color ramp to the NDVI values creates an image that shows vegetation in green.

NDVI =

Figure 3. NDVI measured around Bonanza Spring and false color image. NAIP April 27, 2012.

NDVI allows one to identify the riparian zone more easily and can be used as a secondary
indicator of spring health. Accurate measures of the riparian zone facilitate modelling of transpiration
from the riparian vegetation, most notably the invasive reed Arundo donax. In addition to these
analyses, two undergraduate workers underwent training in ArcGIS to continue analysis of aerial
imagery datasets and to convert geologic maps and GPS gathered field information into shapefiles for
future use. They are assessing the feasibility of tracking decadal Arundo prevalence using aerial images.
Flora associated with the spring varied both seasonally and annually.

Weather and Climate Data

In addition to the rainfall totals above, the team compiled temperature and precipitation data
from the nearest weather stations: Mid Hills, Ox Ranch, Amboy Saltus 1 and 2, Mitchell Caverns, the
Clipper Mountains, and the Cadiz Valley. Precipitation data was available for all of these sites, and the
table below summarizes the date range for relevant weather and climate parameters available for the
sites. The Clipper Mountain weather data is derived from precipitation samplers that were checked
twice yearly to measure winter and summer rainfall totals and the isotopic composition of these
seasonal rains (Rose 2017). The Amboy Saltus 1 and 2 weather stations, operated from 1966-1989 and
1972-1993, have precipitation and temperature measurements that are included in our compiled dataset
(Friedmann et al. 1992). The Amboy weather stations are separated by 50 m in elevation, which shows
some precipitation totals varying with elevation in this part of the Mojave Desert.



Summary of Data Availability from Nearby Weather Stations
Station Latitude Longitude Precipitation | Temperature | Precipitation
Date Range Date Range Isotopes

Amboy 1 34.53 -115.70 1966-1981 1972-1993 No
Amboy 2 34.48 -115.74 1972-1993 1972-1993 Yes

Cadiz Valley | 34.52 -115.52 2011-Present | 2011-Present | No

Clipper 36.69 -115.41 2001-2005 None Yes
Mountans

Mid Hills 34.56 -115.53 1958-Present | 1958-Present | Yes
Mitchell 34.93 -115.51 1958-2011 1958-2011 Yes
Caverns

Ox Ranch 35.20 -115.20 2013-2022 2013-2022 No

The Mojave Desert is generally considered Koppen Class BWk: hot in the summer and cool in
the winter, similar to the Chihuahuan Desert. It has relatively cooler, higher desert elevations compared
with the lower, warmer Sonoran Desert, and a different climate compared to other cold-temperate
locations in the Great Basin. The nearest town to Bonanza Spring and Cadiz is Chambless CA, with
the average summer high temperature at 36.7°C (98.1°F) occurring in July. In winter, the average high
in December is 13.6°C (56.5°F) and the average low is 5.8°C (42.4°F). Like most dry desert climates
the Mojave experiences large diurnal temperature changes. Annual rainfall in Chambless is 113 mm
(4.45 in) over an average of 42.3 days (weather-us.com). Climate change has already increased
temperatures in the region.

Rock Compositional Data

Compositional data of rocks from the Clipper Mountains were collected and reported by the
USGS (Howard et al. 2005). This compositional data can relate to the analyses of water chemistry from
Bonanza Spring and Cadiz wells by ICP-MS, as water flowing through these rocks could be
compositionally similar. If water at Bonanza Spring is exclusively from the Clipper Mountain
catchment, the water chemistry could be similar to rock compositions, after considering the mobility
of elements and the oxides reported. Additional lithologic information from Cadiz wells or piezometers
installed by Aquilogic could be useful for analyzing water samples for trace metals and could allow
additional commentary on potential connections or lack of connection between Bonanza Spring and
waters in the valley. For this study, only similarities or dissimilarities in aqueous concentrations will
be addressed.

Correlation Analysis for Elemental Concentrations and Antecedent Rainfall

The influence of antecedent rainfall on water chemistry in Bonanza Spring can indicate long or
short flow paths and the impact of surficial geology, with short flow paths being prevalent when
samples show high variability following rainstorms. For this analysis, total rainfall data for a week and
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month prior to sampling from the Mid Hills weather stations in the Mojave National Preserve were
used to compare to chemical concentrations in Bonanza Spring. The figures below show the
concentrations of the most variable trace metals in the data set with the total rainfall for a week and
month prior to sampling.

Concentrations of Select Trace Metals and Total
Precipitation of Prior Week
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Figure 4. Concentrations of select trace metals in Bonanza Spring, dependent on total antecedent rainfall for the prior week.

Concentrations of Select Trace Metals and Total
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Figure 5. Concentrations of select trace metals in Bonanza Spring, dependent on total antecedent rainfall for the prior month.

There are no strong correlations (R? > 0.50), but the monthly antecedent rain data shows a
slightly stronger positive correlation for aluminum and arsenic. This analysis used rainfall data from
the Mid Hills weather station, the nearest for the sampling period (September 2018 — March 2022).
Additional analysis of relations between antecedent rainfall and spring water chemistry will consider
data from other nearby stations to provide a more accurate depiction of rainfall at Bonanza Spring.
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Analysis of rainfall data in the Mojave Desert is complicated by the natural unpredictability and
variability characteristic of all storms. The Mojave Desert shows different meteoric rainfall regions due
to the different controls on regional precipitation. The Western Mojave tends to be drier due to stronger
orographic effects, while the Southeastern Mojave tends to be wetter. The duration of rainfall can also
impact this analysis, as sustained rainfall allows greater wetting of the soil and increased recharge to
the subsurface.

Methodology and Results

Results of Trace Metal Sampling and Principal Component Analysis

Trace elements in groundwater can often be used to separate waters of like or dissimilar
provenance. UNLV conducted sampling and analysis of aqueous samples to evaluate similarities or
differences in the chemical makeup of waters south of the Clipper Mountains.

Methodology and Comparisons to EPA MCLs

Same-day water samples for trace elements were collected at both Bonanza Spring and Cadiz
wells throughout 2022 and early 2023 according to EPA Method 1669. Samples were stored in acid-
washed HDPE bottles using the clean and dirty hand method following collection in a syringe and
filtration through a 45-micron filter in the field (US EPA, 2004). After collection, samples were stored
on ice within 15 minutes and taken to the UNLV Las Vegas Isotope Science SEB 100 clean lab for
acidification with nitric acid on the same day. Analysis was performed by the UNR Core Analytical
Laboratory on a Shimadzu 2030 ICP-MS in Kinetic Energy Discrimination mode. This machine uses
a hydride generator to remove interferences associated with the measurement of arsenic and antimony,
two common contaminants of concern. Water quality at the wells with respect to metal concentrations
was generally within drinking water limits established by the EPA. At Bonanza Spring, arsenic was
consistently above the EPA MCL of 10 pg/L with an average concentration of 12.8 pug/L. Well 35
showed arsenic concentrations slightly above the MCL on January 28™, with the two samples averaging
10.53 pg/L (US EPA, 2007).

Introduction to Principal Component Analysis

Principal Component Analysis (PCA) is a multivariate statistical technique that uses dimension
reduction to identify and group water samples that have comparable aqueous parameters. PCA can
reduce data from n-variables to represent the ensemble of similar aqueous concentrations in a 2- or 3-
dimensional plot. It can also identify dissolved aqueous compounds that are similar or dissimilar in
different water samples (Kreamer et al., 1996). The axes of the plot are vectors that represent the
greatest variability in the data. For this analysis, all parameters used were normalized and centered
around 0 to prevent major ion constituents from dominating the variance. For elements or compounds
in the data set with low concentration below the detection limits of analytical chemistry instruments,
an alternative to reducing the data set is typically used. Synthetic, non-zero, low concentration data can
be simulated, although the way a value for a non-detected compound is simulated varies based on
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concentrations for that compound in other groundwater sample locations in the complete data set
(Farnham et al. 2002). The plots presented below used one of those techniques by assigning
concentrations that are half the detection limit for compounds that were originally non-detects. This
procedure simulates low aqueous concentrations, while allowing comparison through PCA analysis.

Analysis of Trace Metal Chemistry

For the PCA performed below, the parameters used were As, Ba, Ca, Ce, Dy, Er, Eu, Fe, Gd,
Ho, K, La, Mg, Na, Nd, Pb, Pr, Sb, Se, Sm, Tb, Th, Tm, U, Yn, 8D, and §'%0. The sites analyzed
include Bonanza Spring, and Cadiz Wells 21N, 26, 27S, 33, and 35. Input parameters for the spring
and well concentrations were the yearly average value for each individual element or parameter. This
was done at each site for all measurements for each individual parameter, since strong seasonality was
not observed. Analysis was completed using the R programming language’s prcomp library, and ggplot
was used for plotting (R Core Team, 2018).

Preceding PCA analysis, this method first normalized the data and centered it around O,
preventing major ions from dominating the variance and easing the graphical interpretation (Wilson et
al., 2022). Covariance of each parameter with the other parameters was then determined, and a
covariance matrix generated. Covariance denotes the degree to which two random variables in a data
set will increase or decrease together at the same time, with positive covariance meaning they change
in the same direction. This is not to be confused with correlation. In simple terms, both covariance and
correlation measure the relationship and interdependence of two variables in different ways. Covariance
specifies the directional trend of the linear relationship between variables with time (positive when both
variables increase in aqueous concentration). On the other hand, correlation analysis quantifies both
the directional trend, and includes the strength of the linear relationship between two paired variables
with time.

The covariance matrix is shown in Figure 6 and compares paired parameters at the spring and
wells. Figure 7 shows a covariance matrix computed for Bonanza Spring samples collected between
October 2022 and January 2023. Cells in blue represent positive directional trends in aqueous
concentration between paired elements while cells in red represent opposite trends. Strong directional
relationships are seen between the paired lanthanides Eu, Er, Dy, Gd, Ho, Pr, Yb, and Tm. Other strong
positive directional changes exist between As, Se, and U.

Principal Component Analysis was then performed. The first Principal Component accounted
for 55.5% of the observed variance, and the second Principal Component accounted for 26.2% of the
variance. The third Principal Component is also considered and represents 15.6% of the variance. These
three components account for a cumulative 97.7% of the total variance in the dataset, suggesting that
they sufficiently explain the observed chemistries. Table 1 (Appendix A) shows the percentage of total
variance accounted for by each Principal Component. Relative weights of the parameters included in
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the Principal Components are shown in Table 2 (Appendix A), with larger magnitude values indicating
a parameter that is significant to the Principal Component. K Means clustering was used to determine
groupings of water sources. Our analysis suggested 4 cluster centers should be considered (Figure 8),
however only cluster 1, containing wells 35, 21N and 27S, includes multiple sites (Figure 9). The
separation between Bonanza Spring and the wells is preserved in all dimensions considered. The
horizontal magnitude on the Principal Component plots is exaggerated so that equivalent vertical
distances represent a smaller difference in chemistry. The clustered wells are expected due to their
proximity to one another and their placement in the same aquifer.

The results of this PCA suggest that the waters at Bonanza Spring relative to the Cadiz wells
are not connected. Additional monitoring of the wells and montane springs in the area could provide
interesting insight into the hydrogeology of the system. Obvious end members to the aquifer exist at
the Cadiz and Bristol dry lakes where the wells are regularly monitored, but trace metal chemistry data
is sparse. PCA of these additional wells could provide further evidence against a connection between
the lower Bristol/ Cadiz Basin alluvial aquifers and Bonanza Spring if the end members group with
either Cluster 1 or the two independent wells or if they form a separate group.
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Figure 6. Covariance matrix used in the PCA. Compares parameters between the spring and wells. Intensity of Blue indicates positive
covariance, that is the paired elements have similar directional increase or decrease in concentrations with time. Red intensity
indicates paired elements have opposite directional changes in concentration with time.
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Figure 7. Covariance Matrix of Bonanza Spring Samples. Intensity of Blue indicates positive covariance, that is the paired elements
have similar directional increase or decrease in concentrations with time. Red intensity indicates paired elements have opposite
directional changes in concentration with time.
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Figure 9. K-means cluster plot. Suggests at least 3 distinct groups, with Bonanza Spring having a dissimilar trace element signatures

The influence of individual elements in aqueous concentrations from the region can be
addressed by considering the eigenvectors trace elements in a Principal Component Analysis plot of
the waters. A biplot chemical elements of the first two Principal Components (PCs) is shown in Figure
10. The biplot shows significant separation between Bonanza Spring, and wells to the south in lower
Fenner Watershed and Bristol/Cadiz Basins. The process is repeated for biplot of PCs 1 and 3 (Figure
11), and PCs 2 and 3 (Figure 12) with each showing considerable separation between Bonanza Spring
and the sampled wells. Figure 13 is a 3-dimensional plot of the first 3 PCs. Again, Bonanza Spring
stands apart in its aqueous chemical signature. This 3-dimensional plot is perhaps the best way to
illustrate the significant water quality difference between Bonanza Spring and Cadiz wells, and is
evidence to support the idea that these waters originate from different sources and flow pathways.

Though criteria vary, most PCA analyses project that if at least 70-80% of the total variance is
explained by the first 4 or 5 Principal Components (PCs) the analysis is acceptable. If the variance is
less than 60% the interpretation of results is more questionable. If, for example, the explained variance
with the first few PCs is only 30%, the data is not considered useful and it may be necessary to revisit
chemical analysis, and even the data collection process. As mentioned above and as shown in the scree
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plot in Figure 14, the first three PCs in this study explained 97.7% of the total variance in the data set,
indicating a robust and acceptable analysis.
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Figure 10. Principal Component plot with first two components. Eigenvectors shown in blue.
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Figure 11. Principal Component plot using first and third PCs. Eigenvectors shown in blue.
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Figure 12. Principal Component plot using PCs 2 and 3. Eigenvectors shown in blue.
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Figure 13. PCA represented in 3D. Wells 35, 27s, and 21N represent a distinct group.
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Figure 14. Scree Plot of variance explained by each Principal Component.

Major Ion Composition

Major ions include cations and anions that generally constitute the largest concentration
elements in a water sample. Water types are often characterized by the largest of these constituents,
and their concentrations can serve to identify the source aquifers of a sample. The water at Bonanza
Spring and in the lower Fenner Watershed and Bristol/ Cadiz Basin is Na-HCOj3 type. Waters in the
watersheds and basins below show the presence of calcium and magnesium which are found in much
lower relative concentrations at Bonanza Spring, (approximately 20%).

Figure 15 shows the major ion chemistry of Bonanza Spring and wells 21N, 26, 27, 34, and 35
as measured by UNLV represented in a Piper diagram. The alluvium and carbonate points indicate
averages for the lower Fenner Watershed and Bristol/ Cadiz Basin aquifers. Cation concentrations used
in this plot come from analysis by ICP-MS. Analysis by ion chromatography (IC) results in higher
values of calcium in all samples. Discussions with the lab managers suggest that the presence of sulfur
in the samples could cause interference with calcium and inflate the measurement by IC, although using
the ICP-MS results in a worse electric balance. Data from both measurements are presented in the
appendices. Data presented in Figure 15 is from the ion chromatography analysis. This is because
electric balances for those data indicated variation of less than 2%.
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Figure 15. Piper diagram depicting the composition of the major ions in Bonanza Spring and wells in the wells in the Bristol/Cadiz
Basin.
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Hydrogen and Oxygen Isotope Analysis
Overview of Stable Isotopes

Stable isotopes were collected monthly for both Cadiz wells and Bonanza Spring. Isotope
fractionation results from preferential evaporation of light isotopes, leaving behind the heavier isotopes
of hydrogen and oxygen. These values are reported as a ratio of isotopic concentrations relative to a
standard water, typically Standard Mean Ocean Water (SMOW). Elevation also influences isotopic
values, with more light isotopes being found at high elevations. Temperature affects isotope values by
contributing to evaporation, with cold weather resulting in lighter isotopic compositions than warm
weather. In the basin and range province, winter precipitation generally dominates recharge (McGill
2020, Neff 2015). Stable isotopic measurements can help constrain recharge areas to groundwater
systems and determine the water’s origin. Average precipitation in the Mojave Desert averages between
3.5 and 10 inches annually, depending on elevation, with mountains receiving more precipitation.

The study period included historic monsoons and a wetter than average winter. These large
rainstorms provide an opportunity to consider short flow paths to the spring orifice. The range of values
for 8D was 1.8%o and 0.17%o for §'30. These isotopic values show very little change and great stability
with time, providing evidence against rapid infiltration resulting in discharge at the spring. Figure 16
shows precipitation data collected by LLNL (Rose, 2017), well data collected by UNLV, and data
collected at Bonanza Spring by UNLV and GSSI compared with the global meteoric water line
(GMWL) and a local meteoric water line (Lachniet et al., 2020). The meteoric water line suggested in
Lachniet et al. and the linear fit for the precipitation falling on the Clipper Mountains both show a slope
lower than the GMWL, suggesting evaporation of samples occurred prior to collection. Figure 17 is an
expanded view of a portion Figure 16 showing linear fits for both the wells, in orange, and Bonanza
Spring, in grey and blue. The grey points represent data from the October 24 hour sampling period.
There was no periodicity observed in the isotopic values, so variations during the period likely result
from both temperature changes and random variations while sampling. Bonanza Spring consistently
measures a lighter isotopic signature for 8D, but §!%0 ratios generally measured heavier than the well
waters. This could be a result of different ages of the water or presence of oxygen in aquifer materials.
As water travels through an aquifer, water rock interactions can result in further fractionation of oxygen
isotopes that would not result in changes to isotopic ratios of hydrogen.

A comparison of Bonanza Spring water stable isotopes measured in this study with precipitation
isotopes measured by Lawrence Livermore National Laboratories, (LLNL) (Rose, 2017) was
conducted. Figure 18 shows a satellite image of the location of the LLNL precipitation sampler north
of Bonanza Spring about 350 m (1,150 ft) away and at an elevation of approximately 730 MAMSL
(2,400 FASL), or about 90 m (300 ft) higher than the spring orifice. The average recharge from winter
and summer precipitation for Bonanza Spring was quantified by LLNL using a simple linear mixing
model for 6180. The same analysis using 6D was not possible due to Bonanza Spring having lighter
isotopic ratios than measured by LLNL during both the winter and summer months. This analysis
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resulted in an estimated contribution of between 95% and 98% from winter precipitation to Bonanza
Spring discharge, that is, the light winter rainfall isotopes dominated the comparable light isotopic
signature at Bonanza Spring.

Water Isotopes of Clipper Mountain Precipitation,
Bonanza Spring, and Wells
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Figure 16. Stable j#otopes of water. Blue points show precipitation isotopes measured by LLNL on the™sge above Bonanza Spring.
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Figure 17. Expanded view - Stable Isotopes of Water - Bonanza spring and Fenner Valley Wells.
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Figure 18. Satellite image of the location of LLNL precipitation sampler. The distance from the spring orifice to the sample is
approximately 350 m (1,150 ft)

There are other possible explanations for these data differences between the range of LLNL
rainfall isotopic values and the lighter, more consistent values at Bonanza Spring. This, for example,
could be a result of evaporation of precipitation samples before collection by LLNL staff. Alternatively,
recharge could occur at a higher elevation than the sampler was placed, such as in the higher ranges to
the northwest of the spring. These immediately higher ridges reach elevations in the range of 150 m
(500 ft) higher than the LLNL sampler and have been proposed as a recharge area by Aquilogic and
Kenney Geosciences. The highest elevations considered within the recharge area by Aquilogic Inc. are
approximately (1600ft) 487m higher than the placement of the LLNL precipitation gage. The Clipper
Mountains north of the spring and LLNL precipitation measurement site rise an additional 680 m (2225
ft) above the LLNL site and would likely result in even lighter isotopic rainfall values.

Higher elevations generally receive lighter precipitation isotopes. Friedman et al. (2002) studied
the impact of elevation changes on precipitation isotopes by analyzing the linear regression between
weather stations separated by more than 400m within 50km of each other. This resulted in a slope
between -5%o and -10%o per km for 6D. Taking a weighted average of deuterium measured by the
LLNL precipitation gauge, placed at an elevation of approximately 730 MAMSL (2,400 FASL), at the
crest immediately above Bonanza Spring results in an average of -77.4%o, compared with a lighter
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average at Bonanza Spring of -84.1%.. While this LLNL data suggests the precipitation isotopes falling
on the Clipper Mountains are still heavier than those found discharging at Bonanza Spring, Figure 16
shows that the slope of the precipitation measured by LLNL falls below the global meteoric water line,
suggesting some evaporation has occurred that would artificially enrich the heavy isotopes. For further
investigation, multiple precipitation stations in the Clipper Mountains could be used to construct an
elevation-isotope regression for the mountain alone, although this would require many years of data
due to the limitations discussed above. These would allow more precise determination of the isotopes
of the precipitation falling on the Clipper Mountains and test the idea that high elevation precipitation
falling locally provides sufficiently light isotopes to account for discharge at Bonanza Spring.

Another potential explanation for the data differences between the range of LLNL rainfall
isotopic values and the lighter, more consistent values at Bonanza Spring could be the small size of the
LLNL data set. Only 5 summer and 4 winter precipitation measurements were made, so individual
precipitation events could vary greatly and thus bias the overall interpretation of the data. Future work
quantifying evapotranspiration and precipitation at the site would need a long-term monitoring plan
with multiple precipitation stations. Annual precipitation increases with elevation, so any samplers
placed on these higher ridges would be expected to collect greater total rainfall. The higher elevation
would also likely result in a lighter isotopic composition.

Additional isotopic samples were taken below the densely vegetated portion of the Bonanza
Spring wash next to the rattlesnake information sign, referred to in some references as Lower Bonanza
Spring. These samples are referred to as Alluvial, Below Rattlesnake Sign, and Rattlesnake Sign. Water
use by plants, which preferentially uptake lighter isotopes, and evaporation contribute to a heavier
isotopic signature downgradient. Figure 19 shows the results of these samples in blue. Of note is that
the wash appears to be controlled by recent precipitation and evapotranspiration, drying up during the
summer and flowing following precipitation events or when the temperature is cool enough to allow
water emerging at Bonanza Spring to flow further. This is not seen at the spring orifice where water
temperatures were measured with a range of 27°C in February to 30.1°C in October. The high stability
of temperatures and low variations in stable isotope composition suggests that rapid flow paths do not
influence the spring and baseflow is controlled by matrix flow through micropores. While Zdon et al.
2018 suggests the overlying volcanic material has permeability too low to allow infiltration, structural
features, such as the fault trends, could provide areas of higher permeability that allow infiltration to
depth and recharge the micropores micropores (Kenney and Foreman 2018). These fault trends, which
Kenney and Foreman detail, consist of a conjugate fault system and two major faults that intersect at
the spring. This fault system extends to the higher elevations of the Clipper Mountains and could be a
recharge mechanism for isotopically lighter rainfall.
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Stable Isotopes of Water - Bonanza Orifice and Alluvium
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Figure 19. Stable Isotopes of Bonanza Spring Orifice and Bonanza Wash.

Changes in Spring Flow and Vegetation

March Spring Reconnaissance

Flood events, collapse features, and erosional geologic events can influence spring discharge.
On March 25, 2023, during one of the UNLV research team’s regular visits to Bonanza Spring, they
found the tunnel at the spring orifice collapsed following an apparent flash flood. Large storms in
California had been persistent in 2023. Previous reports showed the results of aerial image analysis for
the NDVI of the spring’s riparian zone. The NDVIs, a measure of plant photosynthetic greenness and
an indicator of photosynthetic activity, showed that the riparian zone was active in early April 2012.
The results of the image analysis for April 2012 are shown in Figure 3 on page 10 of this report. This
image was chosen since it shows the driest soil surrounding the spring and therefore does not appear to
be influenced by a recent precipitation event. Figure 20 shows the spring orifice dammed by clasts.

NDVI measures the difference between red and infrared light reflected by a plant. This value is
then used to apply a color to each pixel, with greens suggesting photosynthetically active plants and
red indicating water. The image in Figure 3 shows green pixels along much of the Bonanza wash.
Figure 21 shows a picture taken on March 25, 2023 of the reeds at Bonanza Spring. A small patch of
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green reeds can be seen on the left side of the image, below some cottonwood trees. Of note is that the
more deeply rooted cottonwood trees appear healthy while the Arundo donax reeds present on the right
and center of the image appear wilted. These reeds are invasive and a potential major source of
transpiration from the spring system. Previous efforts to remove them from riparian environments have
proved unsuccessful due to the longevity of their seeds and rapid maturation (Bell 1997).

Figure 20. Bonanza Spring orifice, March 25, 2023.
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Figure 21. Bonanza Spring reeds and cottonwood.

As of April 29, 2023 the spring orifice was still dammed. This has resulted in the disappearance
of the pool of water that used to occur immediately below the orifice. Because of this, planned CFC
and SF¢ sampling is unlikely to achieve the prolonged pumping rates necessary for these samples.
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Summary

Between 2022 and 2023, the University of Nevada, Las Vegas conducted over a year of
sampling Bonanza Spring and surrounding wells in the Eastern Mojave Desert. This involved
evaluation of aqueous physical properties, chemical characteristics, and related biological attributes.
Sampling was monthly over the course of a year, along with a 24-hour round the clock sampling event.
Analysis of data revealed distinct differences between water quality attributes of spring and well water.
Specifically, Principal Component Analysis of trace element concentrations in Bonanza Spring water
versus wells in the Cadiz farming area to the south showed significant dissimilarities, as did major ion
concentrations. Stable isotope samples revealed differences in spring water versus well water.
Additionally, comparison of stable isotope samples showed spring water to be isotopically lighter than
historical values of isotopes in local precipitation, suggesting a higher altitude recharge source for the
spring than its immediate small watershed, including the possibility of recharge higher up in the Clipper
Mountains above Bonanza Spring, and groundwater movement through higher fractured hard rock to
its spring discharge point.

Alterations in the spring orifice and point of groundwater issuance changed dramatically late in
the study in 2023, resulting in observable changes to the discharge amount, location, and in the spring’s
vegetative community that is dependent on flow.
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Appendix B: Photographs of Field Locations from this Study

Evaporites at elevation higher than spring orifice

TR

e

Water in the wash with Arundo donax. Location of sample from the lower wash, next to the snake information sign.
(Dr. Dave Kreamer and student Collin Davidson in photo).
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Flowing water in lower wash, below second sample point. ~ Looking downgradient to the south with Bonanza Spring toward lower Fenner watershed.

Bonanza Spring at the base of the Clipper Mountain looking north. Bonanza Spring.
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Field Water Quality sampling
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Appendix C: Principal Component Parameters

Table 1 Variance explained by Principal Components.

Importance of Components

Component Standard Deviation Proportion of Cumulative
Variance Proportion
PC1 3.872664 0.555464 0.555464
PC2 2.659876 0.2620348 0.8174988
PC3 2.025253 0.159129 0.9766278
PC4 0.742452 0.02041611 0.99704391
PC5 0.52407 0.0101722 1.000
PC6 3.30E-15 4e-31 1.000
Table 2 Weightings of PC 1 and 2 by parameter used in the analysis.
Weightings of Principal Components 1, 2, and 3
Parameter PC1 PC2 PC3
As -0.18432 -0.24579 0.087152
Ba -0.21464 -0.01165 0.2548
Ca 0.161127 0.06135 -0.33885
Ce -0.19985 0.053419 -0.30461
Dy -0.23837 0.142367 0.019777
Er -0.20866 0.219776 0.009739
Eu -0.20832 0.202179 0.118208
Fe -0.12221 0.211149 -0.32614
Gd -0.24365 0.028563 0.142927
Ho -0.20202 0.229691 0.045955
K 0.203127 0.210486 -0.1246
La -0.21025 0.082002 -0.26545
Mg 0.199608 0.191764 -0.17474
Na -0.17421 -0.27118 -0.03524
Nd -0.2483 0.021187 -0.13042
Pb -0.05899 0.141653 0.437254
Pr -0.23636 0.12469 -0.11221
Sb 0.112731 0.265603 0.221642
Se -0.18228 -0.25951 -0.0661
Sm -0.25367 0.032939 0.067254
Tb -0.20091 -0.18385 -0.18686
Th -0.16359 0.171216 -0.29423
Tm -0.15441 0.292104 0.085758
U -0.1966 -0.19928 0.162515
Yb -0.14898 0.302877 0.051674
dD 0.213573 0.130227 -0.01353
do -0.10397 -0.30332 -0.14776
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from ICP-MS

1018

Elemental Concentrati

Appendix D

Table 3 Results of ICP-MS Analysis
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Vial Well 33 | Well Well
Label 21N 21N
Date 1/28/23 | 1/28/23 | 1/28/23
Time 10:38 10:57 11:00

As 6.4536 5.9012 5.7434
Ba 33.8931 | 11.8487 | 11.3305
Ca 1580 2526 2607
Ce BDL BDL 0.0101
Dy 0.0025 0.0027 0.0027
Er 0.0028 0.0029 0.0030
Eu 0.0055 0.0038 0.0038
Fe 3.06 2.27 1.89
Gd 0.0140 0.0072 0.0069
Ho 0.0027 0.0027 0.0027
K 3933 6232 6168
La 0.0051 0.0072 0.0130
Mg 4712 8085 8339
Na

60,577 55,362 55,472
Nd 0.0053 0.0063 0.0096
Pb 0.6469 0.0388 0.0271
Pr 0.0023 0.0029 0.0038
Sb 0.2709 0.2269 0.1095
Se 0.1809 0.2195 0.2424
Sm 0.0107 0.0059 0.0056
Tb BDL 0.0973 BDL
Th BDL BDL BDL
Tm BDL BDL BDL
U 2.58 1.65 1.67
Yb BDL BDL BDL

*Large Sb values for Bonanza Spring measured in August and September 2022 are a result of molecular
interferences not removed by the UNLV ICP-MS.
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Appendix E: Stable Isotope Data

Table 4 Stable isotopes measured at Bonanza Spring and Cadiz Wells.

Site Name Sample Sample Analysis 3D H20 | 60 H20
Date Time Date %o Yoo
Alluvial 12/30/2022 11:09 2/14/2023 -80.6 -9.97
Below Rattle Snake 12/30/2022 10:35 2/14/2023 -81.6 -10.07
Bonanza 2/26/2023 9:47 3/11/2023 -83.1 -10.57
Bonanza 1/28/2023 13:13 2/14/2023 -84.2 -10.64
Bonanza 11/4/2022 13:27 11/29/2022 -84.8 -10.67
Bonanza 10/15/2022 7:19 10/25/2022 -84.0 -10.61
Bonanza 10/15/2022 9:56 10/25/2022 -84.7 -10.74
Bonanza 10/14/2022 16:00 10/25/2022 -83.8 -10.66
Bonanza 10/14/2022 19:00 10/25/2022 -84.3 -10.66
Bonanza 10/14/2022 22:00 10/25/2022 -83.9 -10.63
Bonanza 10/15/2022 1:00 10/25/2022 -84.0 -10.65
Bonanza 10/15/2022 4:00 10/25/2022 -83.7 -10.62
Bonanza 9/2/2022 10:14 9/14/2022 -83.5 -10.61
Bonanza 8/13/2022 8:56 9/13/2022 -84.1 -10.61
Bonanza 7/21/2022 11:13 8/2/2022 -83.9 -10.64
Bonanza 3/13/2022 15:12 6/24/2022 -84.2 -10.59
Bonanza 12/30/2022 9:29 2/13/2023 -84.9 -10.67
Bonanza 12/30/2022 9:32 2/13/2023 -84.6 -10.63
Bonanza 12/30/2022 10:27 2/13/2023 -84.2 -10.64
Rattle Snake Sign 12/30/2022 10:35 2/14/2023 -72.6 -7.28
Rattle Snake Sign 3/13/2022 16:00 6/24/2022 -77.4 -9.1

Well 21N 11/4/2022 9:19 11/29/2022 -79.7 -10.74
Well 21N 10/14/2022 10:20 10/25/2022 -81.5 -10.95
Well 21N 8/13/2022 12:43 9/13/2022 -80.9 -10.82
Well 22 11/4/2022 10:00 11/29/2022 -80.5 -10.85
Well 23S 11/4/2022 10:21 11/29/2022 -80.1 -10.86
Well 24A 8/13/2022 12:18 9/13/2022 -81.2 -10.96
Well 26 1/28/2023 8:55 2/14/2023 -82.1 -11.06
Well 27S 11/4/2022 10:35 11/29/2022 -82.2 -11.06
Well 27S 1/28/2023 12:13 2/14/2023 -81.7 -10.98
Well 33 1/28/2023 10:45 2/14/2023 -82.7 -11.17
Well 33 11/4/2022 9:47 11/29/2022 -82.2 -11.10
Well 34 10/14/2022 11:15 10/25/2022 -81.6 -11.04
Well 35 11/4/2022 11:02 11/29/2022 -81.5 -11.01
Well 35 10/14/2022 11:44 10/25/2022 -81.2 -10.95
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Notes on Site Names in Table 4

Alluvial Rattle — Sample taken from the first emergence from the alluvium, 3.05 m (10 ft) from the
Rattle Snake information sign.

Bonanza DS — Taken at the cave opening at the start of the densely vegetated portion of the spring.
Taken downstream from the orifice, which was about 6.1 m (20 ft higher) at the other opening of the
cave. The upper cave opening has since collapsed.

Bonanza Spring — Bonanza samples taken on August 13 2022 and September 16™ 2022 were
analyzed in the UNLV LVIS lab. Samples collected in August and September show high Sb
concentrations. This is due to molecular interferences associated with the UNLV ICP-MS, and the
values are not used in analysis. Blank cells in the table were not analyzed by the lab.
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Appendix F: Additional Data

Table 5 Major lon concentrations of sites.

lon Chromatography Results (ppm)

Vial Label Fluoride | Chloride | Sulfate | Alkalinity | Calcium | Magnesium | Sodium

Well 34 10/14/2022 11:11 0.826 37.5 41.7 136 24.73 9.921 81.565
Well 35 10/14/2022 11:40 1.34 39.6 42.9 166 24.91 9.948 98.531

Bonanza Spring 10/14/2022 13:00 1.05 37.1 83.6 160 19.66 1.878 200.669

Bonanza LS 10/15/2022 1:28 1.08 37.2 83.8 188 19.98 1.536 203.514

Bonanza Spring 2/26/2023 9:53 1.07 37.16 65.14 199.5 14.12 0.870 114.990
Well 21N 4/29/2023 9:05 0.88 55.96 38.86 128.1 31.24 8.18 58.96
Well 26 4/29/2023 9:25 1.29 38.72 35.43 132.6 27.3 7.08 54.17
Well 27S 4/29/2023 10:03 1.26 38.5 35.86 128.5 25.21 6.21 56.22

Table 6 Results of total organic carbon (TOC), inorganic carbon (IC), and total nitrogen (TN) sampling.

TOC-TN Results Concentration (ppm)

Parameter [TC] [IC] [TOC] [TN]
BS 12/30/2022 9:44TB 40.6 38.5 2.09 1.85
Site 1 1/28 9:48 26.46 25.70 0.76 3.88
Site 2 1/28 10:50 23.86 23.18 0.68 3.88
Site 31/28 LIS 26.17 26.36 0.00 3.42
BS 1/28/2023 39.02 38.52 0.50 1.25
Bonanza Spring 1 LIS 2/26/2023 9:32am 4 40.68 38.87 1.81 4.74
Bonanza Spring Alluvial LIS 2/26/2023 35.43 32.83 2.6 15.48
9:39am 5
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Appendix E: R Code for PCA

library(ggplot2)
library(factoextra)
library(ggcorrplot)
library(corrr)
library(ggfortify)
library(plot3D)

excelData <- read.csv("PCA Bonanza.csv")
class(excelData)

bonanzaCorrData <- read.csv("BonanzaCorr.csv")
bonanzaCorrData$date <-

rownames (excelData) <- excelData$Site.Name
excelData$Site.Name <-

pcaBonanza <- prcomp(excelData, retx = , center =

)

components <- pcaBonanza[["x"]]
components <- data.frame(components)

dataNormalized <- scale(excelData)
corrMatrix <- cor(dataNormalized)
corrplot(corrMatrix)

bonanzaDataNormalized <- scale(bonanzaCorrData)

bonanzaCorrMatrix <- cor(bonanzaDataNormalized)
corrplot(bonanzaCorrMatrix)

summary(pcaBonanza)

autoplot(pcaBonanza,label = , label.size=3, loadings= ,loadings.label =
, loadings.label.size = 3)

results <- pcaBonanza$x




fviz_nbclust(results, FUNcluster = kmeans, k.max=5)

kml <- eclust(pcaBonanza$x, "kmeans", hc_metric="manhattan",k=3)

pcaTransform = as.data.frame(-components[,1:3])
kmeansPCA = kmeans(pcaTransform,centers = 4, nstart=50)
fviz_cluster(kmeansPCA,data=pcaTransform)

fviz_pca_var(pcaBonanza, col.var="contrib", gradient.cols = c("#00AFBB", "#E7B800",
"#FCAEQ7"),repel = )
fviz_pca biplot(pcaBonanza,axes=c(1,2),repel=

varExplained = pcaBonanza$sdev”~2/ sum(pcaBonanza$sdev”2)
gplot(c(1:6), varExplained) +

geom_line() +

xlab("Principal Component") +

ylab("Variance Explained") +

ggtitle("Scree Plot") +

ylim(@e,1)

plot3d(pcaPoints[,1:3], col=seq(nrow(pcaPoints)),size=8,repel=
text3d(pcaPoints[,1:3], texts=(rownames(pcaPoints)))
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