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ABSTRACT
Cienega Creek contains critical habitat for plants and wildlife including threatened and
endangered species and has been designated as an “Outstanding Water” by the State of Arizona.
With limited surface water and various demands for water in the region, the presence of
perennial surface water may be impacted by reduced water in the watershed. Within the
groundwater basin, potential impacts include reduced precipitation and increased evaporation
related to climate change as well as increased groundwater pumping from development and/or
related to potential mining activities. Understanding where surface water is sourced can help
inform water management strategies. Potential sources include regional groundwater with longer
flowpaths and residence times, and locally recharged groundwater, which is sustained by recent
precipitation. This study uses water chemistry data from regional groundwater, alluvial
groundwater, recent precipitation, and surface water base flow to model the geochemical
evolution of potential source waters to the resulting surface water in perennial reaches in the
Lower Cienega Creek and Davidson Canyon watersheds. Geochemical modeling, recently
collected data, and previous studies indicate that perennial flow in Lower Cienega Creek is
primarily sustained by deeper, older, regionally recharged groundwater (about 71-84%) with
contributions from Davidson Canyon below the confluence (about 42%). Davidson Canyon
surface flow is primarily sourced from shallow alluvial groundwater (about 55-92%) that has
been more recently recharged by local precipitation, with some contribution (about 8-45%) from
older, regional groundwater.

INTRODUCTION
Lower Cienega Creek and Lower Davison Canyon fall within the Cienega Creek Natural
Preserve in southeastern Arizona. Perennial and ephemeral stream reaches within the Preserve
contribute to critical habitat for plants and wildlife. Due to increased demand, ease of use,
impacts of pumping, and other human activities, groundwater levels have been declining and
streams in Arizona have been quickly disappearing (Condon, 2019). Streams that once flowed
year around have now become dry washes for most of the year and many other streams, creeks
and springs are experiencing decreased flows (TNC, 2010). Cienega Creek is one of only three
remaining perennial stream systems in Pima County, Arizona.
With limited surface water and various demands for water in the region, surface water base flow
within the Cienega Creek Watershed is threatened by reductions to water in the watershed.
Within the basin, potential impacts include reduced precipitation and increased evaporation
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related to climate change as well as increased groundwater pumping from development and/or
related to potential mining activities. Potential sources to surface water base flow include
regional groundwater recharged in the surrounding mountains 10s to 1000s of years prior and
more locally recharged groundwater that is sustained by recent precipitation (<10 years)
(Vicenti, 2018).
It is important to understand the hydrology which sustains Cienega Creek for reasons including
influences to riparian habitat, wildlife reliance, recreation, flood control, groundwater recharge
and movement out of the Cienega basin and into the Tucson basin. Geochemical modeling is
conducted in this study to evaluate contributions from regional groundwater and locally
recharged groundwater sustained by recent precipitation to surface water base flow immediately
upstream of the confluence in both Davidson Canyon (DAV2) and Lower Cienega Creek (CC1),
as well as below the confluence in Cienega Creek (CC2). Results from this study confirm
previous findings and aid in validation or dismissal of potential hypotheses for sources of water
to surface water base flow. This knowledge can help improve conceptual models of the Davidson
Canyon and Cienega Creek watersheds, and is important for building more robust numerical
(hydrologic) models necessary for prediction of potential impacts from climate change,
groundwater pumping and/or alterations to upstream surface waterways. Understanding where
surface water is sourced can inform water management strategies on where to focus resources in
order to minimize potential impacts to surface waters.
Goals of this Thesis


This thesis aims to do the following:
1) Select representative waters which could be potentially contributing to surface water base
flow in Lower Cienega Creek and Davidson Canyon.
2) Conduct geochemical inverse modeling to evaluate potential contributions to surface
water base flow from representative upgradient groundwater or surface water.
3) Employ knowledge from previous studies and available site data to narrow down
potential models.
4) Conduct geochemical forward modeling, from most likely inverse models, to simulate
surface water base flow and compare with observed water chemistry.
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THE LOWER CIENEGA CREEK STUDY AREA
Cienega Creek is in Pima County Arizona and is one of the few streams in southern Arizona with
perennial reaches remaining. Federal and State protections have been put in place for
conservation within the Cienega Creek Watershed. The Upper Cienega Creek is part of the
Cienega Creek National Conservation Area and parts of the lower portion of Cienega Creek
including part of Davidson Canyon are located within the Cienega Creek Natural Preserve.
Additionally, stream segments in Davidson Canyon and Lower Cienega Creek have also been
designated as an Outstanding Water by the State of Arizona. The Outstanding Water designation
acknowledges that the streams should be protected from pollution and degradation of water
quality (about 3.2 miles of Davidson Canyon and about 28.3 miles of Cienega Creek). This study
focuses potential sources to surface waters in the Lower Cienega Creek and Davidson Canyon.
Physiographic Setting
The Cienega Creek watershed is located in southeastern Arizona. The watershed is located about
30 miles southeast of Tucson, Arizona and is nestled between mountain ranges reaching up to an
elevation of about 8,000 ft in the Santa Rita Mountains then dropping down to about 3,000 ft in
elevation along Cienega Creek. The Rincon mountains are to the north, Whetstone Mountains to
the East and the Santa Rita Mountains to the West-Southwest. The Empire Mountains rest in
between Cienega Creek and Davidson Canyon. The Cienega Creek Watershed covers about 460
square miles. The location of the Cienega Creek Watershed and surrounding mountains in
relation to the City of Tucson and the state of Arizona are shown Figure 1. The Upper and
Lower designations of the Cienega Creek basin refer to the segments located upstream and
downstream of a bedrock high outcrop which runs east to west and is referred to as “the
Narrows”. The Narrows is located about 4.5 miles south of the Interstate Highway I-10 (Ellet,
1994). Downstream of the Narrows is considered to be Lower Cienega Creek and upstream is
considered to be Upper Cienega Creek. Davidson Canyon drains into the Lower Cienega Creek
which then flows northwest and into the Pantano River which is located in the Tucson Basin.
Being located between major mountain ranges, Cienega Creek and Davidson Canyon Wash act
as a passageway for wildlife to move between surrounding mountains. Surface waters also
provide important habitat for wildlife living in and along the streams. Perennial reaches support
Threatened and Endangered Species such as the Gila chub and the Gila topminnow (Pima
County and City of Tucson, 2009). Higher elevations generally receive more precipitation.
Seasonal precipitation from summer monsoons and winter rains (and snow at high elevations)
account for the majority of precipitation to the watershed; fall and spring generally contribute
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little to the overall annual precipitation. Increasing temperatures from climate change is likely to
increase evaporation and potentially reduce recharge of precipitation to groundwater aquifers
(Meixner et. al, 2016). Average annual temperatures are on an increasing trend nationally and
globally (NOAA, 2020). Streamflow has also appeared to have been decreasing in Cienega
Creek, an estimated about 14% from 2006 through 2016 (Allen et. al, 2019). The varying range
in elevations as well as the arid to semi-arid climate of the region results in various types of
vegetation. The surrounding mountains are primarily conifers, moving down in elevation
vegetation shifts to chaparral and grasslands then to succulents and other desert flora and
eventually to a riparian corridor with cottonwood trees along the Lower Cienega Creek (PAG,
1998).
Lower Cienega Creek and Davidson Canyon have minimal development and have been
purposefully protected with efforts put forth by Pima County and other concerned parties. Some
actions for protection include the purchase of land by the County for conservation and to limit
development, and shifting from groundwater to surface water supply as the nearby town of Vail
receives water from the Colorado River via the Central Arizona Project (CAP) which helps
minimize impacts to groundwater from groundwater pumping in the region.
The Cienega Creek Watershed is located within the Tucson Active Management Area. There are
some domestic wells within the study area, with a greater density of wells in Davidson Canyon
than in Lower Cienega Creek. There are at least 340 wells in the Cienega Creek- Davidson
Canyon region, lower Cienega Creek has at least 79 wells and Davidson Canyon (lower and
upper) has at least 150 wells (PAG, 2012). Wells are primarily exempt (pump less than 35 gpm)
in this region. Groundwater levels in Cienega Creek Natural Preserve suggest slightly declining
trends from 1994 to 2008 (PAG, 2009). Larger developments have been proposed in the region
in the past but did not move forward. In Barrel Canyon, a tributary to the upper portion of
Davidson Canyon, there is a proposed mine site, known as the Rosemont Copper Project, which
has the potential to contribute to groundwater pumping resulting in “a permanent hydraulic sink
in the vicinity of the mine site as a result of active pumping” to support mining activities as well
as potentially impede and/or alter runoff of surface water along a portion of the Barrel drainage
where tailings are planned as well as affect water quality for a runoff area of 23 acres in Barrel
Canyon and 234 acres in Davidson Canyon (FEIS, 2013).
Because surface water and groundwater are often connected, increasing demand for groundwater
resources, potential impediments or changes to upstream surface flows, and/or climate change
have the potential to threaten the existence of perennial surface waters and those ecosystems
which depend on them. Better understanding of the interconnectivity of groundwater and surface
waters can aid in more informed decision making when considering sustainable management for
surface waters in the Cienega Creek Natural Preserve.
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Geologic Setting
Cienega Creek is situated in the North American Basin and Range Province. The geology of the
region is dominated by normal faults and extensional tectonics, resulting in a series of
north-south trending basins separated by mountain ranges. The main basin and range spreading
event took place 5 to 14 million years ago during the late Miocene and Pliocene (Oppenheimer,
1980). Basins were later filled in with basin-fill and alluvial deposits (sourced from nearby
mountains), volcanic strata, lacustrine deposits and evaporites.
In the Santa Rita Mountains, the northeast structural block consists of primarily sedimentary and
volcanic Paleozoic and Mesozoic rocks with Precambrian granodiorite basement rocks (Bittson,
1976; Ferguson, 2001; Spencer, 2001; Huth, 1997). The Empire Mountains consist of primarily
sedimentary rock including deposits of marine limestone, shale, continental clastics, likely of
Cretaceous age, and quartzite of Permian, Pennsylvanian, Mississippian, Devonian, and
Cambrian age (Galbraith, 1959). Intrusions of quartz monzonite and granodiorite including
rhyolite and basalt are found within the sedimentary rocks. Cretaceous sandstones are found on
the east side of the Empire Mountains and contribute to the Bisbee Formation. The Whetstone
Mountains consist of Precambrian basement rocks overlain by Paleozoic rocks and Cretaceous
sedimentary and volcanic rocks; the Cretaceous rocks contribute to the Bisbee Formation along
the southeastern portion of the Lower Cienega Creek basin. The Rincon Mountains consist of a
gneissic core referred to as the Rincon Dome that was once overlain by sedimentary rocks from
the Paleozoic and Mesozoic. Over time, presumably during the middle Tertiary time, the overlain
sedimentary rocks slid southward off the Rincon Dome (Drewes, 1981).
Rock formations from the mountains surrounding Cienega Creek form the bedrock of the basin.
Except for some outcropping, sedimentary deposits and pre-basin and range sedimentary
formations generally cover basement rock formations. The basement geology in Lower Cienega
Creek is primarily Proterozoic Granitoids that are foliated and nonfoliated granodiorite to quartz
monzonite (Drews, 1971). Stratigraphically located above the Proterozoic Granitoids is the Naco
Group which includes limestone, dolomite, gypsum, and siltstone from the
Pennsylvanian/Permian and is up to 2,500 feet thick. Naco Group includes marine sediments
dolomite, limestone, marl, siltstone and gypsum from the Pennsylvanian/Permian and overlays
part of the study area. The Bisbee Group is from the lower Cretaceous and includes arkose,
conglomerate, sandstone, and siltstone and can range to several hundred feet thick (Grahn,
1995).
The Pantano Formation underlays a larger portion of the northern part of the study area, mostly
below Lower Cienega Creek near the confluence with Davidson Canyon, and is overlain by
recent alluvium deposits. The Pantano Formation strata are from pre-Basin and Range extension
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and were mapped to consist of five units (Finnell, 1970). Near the confluence with Davidson
Canyon the thickness is estimated to be at least 6,400 feet (Murphy and Hedley, 1982). The
Pantano Formation contains a large range of sedimentary rocks and including gypsiferous
mudstone, conglomerate sandstone, siltstone conglomerate, rhyolite tuff, limestones, andesite
(plagioclase present), volcanic conglomerate and monolithic breccia (Finnell, 1970; Drewes,
1971).
Basin fill deposited during and after the Basin and Range tectonics are primarily sedimentary and
include clay, sand, silt, and gravel (ranging up to boulder size). Sediments are generally weakly
to moderately consolidated ranging from 10’s to 100’s of feet thick. The basin fill sediments in
Lower Cienega Creek are at least 525 feet thick (ADWR, 1993). Holocene alluvial deposits are
located along stream channels and sediments are primarily deposited by ephemeral stream flow.
These sediments are less consolidated then basin fill sediments and are much thinner and
younger. Alluvial deposits are estimated to be generally less than 100 feet thick in the study area.
Figure 2 shows the geology of the study area, generally color coordinating by geologic groups
including: basement formation rocks, Paleozoic sedimentary formations, volcanics, the Bisbee
Group, the Pantano Formation and surficial deposits; this geologic map was adapted from
Drewes Tectonic Map of Southeastern Arizona 1980 which has been adapted by others and made
available digitally in GIS format (Drewes et. al, 2002).
The geology in Lower Cienega Creek, as shown on Figure 2, primarily consists of surficial
deposits and the Pantano Formation with the Bisbee Group present upstream and toward the
Empire Mountains. Davidson Canyon wash consists of substantially fewer surficial deposits than
along Lower Cienega Creek and resultantly much thinner alluvial deposits. Additionally, the
geology in Davidson Canyon is more complicated, as there are more faults and rock types
including a greater presence from volcanics than what is observed along Lower Cienega Creek.
Table 1 shows the geologic stratigraphy of the study area, making note of the prominent
geologic features and description of units, associated units mapped on Figure 2, presence and or
absence of geologic units in Lower Cienega Creek and or Davidson Canyon as well as the
potential minerals that may be present in each of those units. Geologic studies and previous
modeling studies provide insight into potential minerals that may be present as noted in Table 1
below.
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Table 1. Geologic Stratigraphy and Potential Resulting Mineralogy of Lower Cienega Creek and
Davidson Canyon
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Controls of Flowpath Chemistry
Waters chemically evolve as they interact with rocks and minerals along their respective
flowpaths. Previous studies indicate the potential for carbonate mineral dissolution and
precipitation, gypsum dissolution, silicate mineral weathering as well as potential cation
exchange on clay minerals (Roberson, 1991; Vicenti, 2018; Huth, 1997; Grahn, 1995). These
potential controls on flowpath chemistry are discussed below.
Calcite Equilibrium
Sedimentary formations within the Cienega Creek Watershed contribute to the presence of
carbonate minerals including calcite and dolomite. Equilibrium of carbonate minerals is related
to pH and partial pressure of CO2. Lower Cienega Creek and Davidson Canyon waters fall
within the pH range for bicarbonate (HCO3- ) of 6.35 to 10.3. Because waters at the site are open
to the atmosphere, CO2 (g)
is present and can change to CO2 (aq)
and vice versa depending on the


pressure (PCO2).
CO2 (aq)
⇆ CO2 (g)
and CO2 (aq)
+ H2O ⇆ H2CO3



Calcite stability can be represented by the following.
Ca2+ + HCO3- ⇆ CaCO3 + H+
Calcite precipitation is a function of pH and the activity of calcium. When the HCO3- and Ca2+
ion product is greater than the solubility product for calcite, calcite can precipitate. When the
HCO3- and Ca2+ ion product is less than the solubility product for calcite, calcite has the
propensity to dissolve. When calcite dissolves waters become more alkaline due to the added
HCO3. Rainwater
has a lower pH and is more likely to dissolve carbonate minerals.

As surface water infiltrates to go below the surface and progresses deeper, PCO2 rises. Higher PCO2
results in increasing carbonic acid and higher solubility of calcite and dolomite. Causing
typically oversaturated surface water to become undersaturated in the shallow groundwater
system. As water comes back up to the surface PCO2 decreases and correspondingly carbonate
minerals become oversaturated again.
Dolomite Dissolution
For an open system, dissolution of dolomite can be represented by the following.
2CO2(g) + 2H2O+CaMg (CO3)2 → Ca2+ + Mg2+ +4HCO3
Four moles of HCO3- are produced for one mole of Ca2+ and one mole of Mg2+. Dolomite is
over-saturated in Lower Cienega Creek and variably (over and under) saturated in Davidson
Canyon samples. Dolomite dissolution is likely contributing to the addition of Mg2+ in Lower
Cienega Creek and Davidson Canyon.
Gypsum Dissolution
Dissolution of gypsum can be represented by the following.
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CaSO4 *2H2O → Ca2+ + SO42- +2H2O
One mole of Ca2+ is produced per one mole of SO42- when gypsum is dissolved; molar ratios of
Ca2+/SO42- for waters in Lower Cienega Creek are all about one, likely indicating dissolution of
gypsum. Lower Cienega and Davidson Canyon waters are undersaturated with respect to
gypsum.
Formation of Clay Minerals
Dissolution of feldspar minerals can result in the addition of cations and silica which can result
in formation of clay minerals. Silicate minerals present in Lower Cienega Creek and Davidson
Canyon include, potassium-feldspar (2K(AlSi3)O8), biotite (2K(Mg2Fe)(AlSi3)O10(OH)2), and
albite (Na(AlSi3)O8) to anorthite (Ca(Al2Si2)O8) minerals. Weathering reactions of these silicate
minerals can result in the presence of clay minerals. For example, potassium-feldspar to kaolinite
and, albite to gibbsite and montmorillonite reactions are shown below.
K-feldspar to Kaolinite
2KAlSi3O8 + 9H2O + 2H2CO3 → Al2Si2O5(OH)4+2K+ +H4SiO4 + 2HCO3Albite to Montmorillonite
3Na(AlSi3)O8 +Mg +4H2O → 2Na0.5 (Al1.5Mg0.5)Si4O10(OH)2 + 2Na+ +H4SiO4
2+

Albite to Gibbsite
2Na(AlSi3)O8 +2H++9H2O → Al(OH)3 +Na++3H4SiO4
Silicate mineral weathering results in the addition of cations and silica as well as increases the
pH by consuming acid (H+) (Appelo, 2005). Aluminum is conserved in these reactions which is
consistent with water chemistry data within the study area. Clay minerals present in basin fill
sediments in the adjacent Tucson Basin found from X-ray Diffraction analysis include gibbsite,
kaolinite, montmorillonite, and illite (Kalin, 1994).
Cation Exchange
Cation exchange with clays can occur to increase Na+ and decrease Ca2+ shown below.
Ca2+(aq) + 2Na2+ex → Ca2+ex + Na+(aq)
2+
The reduction of Ca in aqueous solution can result in the dissolution of calcite and increase of
pH.
CaCO3 + H2CO3 + 2Naex ⇆ Ca2+ex + Na+ + 2HCO3Grahn hypothesized that additional Na in Davidson Canyon could be due to cation exchange of
Ca2+ and Na+ (Grahn, 1995). Cation exchange is also hypothesized to occur in Lower Cienega
Creek (Vicenti, 2018).
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Lower Cienega Creek Hydrology
Hydrologic boundaries include groundwater sub-basins and watershed/drainage delineations.
Within the Lower Cienega Creek Study Area there are intermittent perennial and ephemeral
stream reaches. Along stream reaches in Lower Cienega Creek, alluvial streambed sediments can
act as recharge or discharge locations for groundwater (Montgomery, 1985). Precipitation is the
primary inflow to the study area. Groundwater is recharged by precipitation from 100s to 1000s
of years ago as well as locally recharged groundwater from recent precipitation less than 10
years (Vicenti, 2018). Outflows from the basin include groundwater pumping and flow into the
downgradient Tucson Basin. Figure 3 shows perennial and ephemeral stream reaches in the
study area in addition to groundwater and surface water boundaries and flow directions. Figure 4
shows the location of precipitation sample collectors.
Hydrologic Boundaries
Within the Cienega Creek watershed, surface water is delineated by sub-watersheds/drainages.
The Lower Cienega Creek Watershed study area is outlined in orange on Figure 3. The USGS
NWIS drainage across the Cienega Creek Watershed was used to delineate the Lower Cienega
Creek Study Area in Cienega Creek and the outer boundaries for the Davidson Canyon and
Fleming Tank sub-watershed boundaries delineate the Davidson Canyon and downstream
overland flow boundaries.


The Lower Cienega Creek study area includes two groundwater sub-basins, delineated by the
Arizona Department of Water Resources, as shown with black outlines on Figure 3. Davidson
Canyon and Lower Cienega Creek, at and below the confluence with Davidson Canyon, are
situated in the Upper Santa Cruz Groundwater Sub-basin whereas, the Lower Cienega Creek
further upstream is located in the Cienega Creek Groundwater Sub-basin, as shown on Figure 3.
Precipitation
Precipitation occurs seasonally, predominantly during summer monsoons from moisture
originating to the south in Mexico and the Sea of Cortez and in winter from frontal storms
originating over the Pacific Ocean to the west. Both summer and winter precipitation contribute
to recharge in this study area (Vicenti, 2018). Tritium isotope concentrations are relatively high
ranging from 3.5 to 4.5 TU in this study area for samples collected between 2015 and 2017
(Vicenti, 2018). Precipitation was collected seasonally for this study; the location of precipitation
sample points included in this study are shown on Figure 4.
Groundwater
Groundwater wells in Cienega Creek are primarily in the thick basin-fill sedimentary deposits
which overlay the basement bedrock. The bedrock complex acts primarily as a hydrologic barrier
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along Cienega Creek, bringing groundwater to the surface. In Davidson Canyon most wells are
located in bedrock above Precambrian basement rock as the overlying basin-fill and alluvial
deposits are generally much thinner than in Lower Cienega Creek. Locations of groundwater
samples are shown on Figure 3. There are several faults present in and along Davidson Canyon;
the largest fault is located to the east of Davidson Canyon wash (as shown on Figure 2). It is
unclear if faults in Davidson Canyon are acting as barriers to flow and/or allowing for
preferential flow paths. Shallow groundwater is observed along Cienega Creek and Davidson
Canyon (PAG, 2012); this is presumably where bedrock or lower permeability formations are
closer to the surface and basin-fill and alluvial deposits are thin.
Groundwater chemistry is distinct from precipitation in that it is more concentrated with respect
to major cations and anions. Groundwater data used in this study is primarily from data collected
for Nicole Vicenti’s Master Thesis (Vicenti, 2018). Locations of groundwater samples included
in this study are shown on Figure 3.
Surface Water
This study focuses on surface water which comes from only groundwater and is referred to as
“base flow”. When surface water base flow is observed year-round it is considered to be
perennial, intermittent flow is from seasonal drops in the water table, and ephemeral flow
indicates a separation between surface water in the stream and the groundwater table year-round
(Paybins, 2003; Black, 1991). Drainage from precipitation from the Santa Rita mountains, and
other surrounding mountains, promotes intermittent, perennial and ephemeral flow conditions
throughout Davidson Canyon Wash and Cienega Creek. Perennial, and intermittent flow is
primarily observed in upper Cienega Creek, sections of the lower Cienega Creek and Davidson
Canyon as shown on Figure 3.  In Lower Cienega Creek perennial flow generally occurs at the
Narrows (located just downstream of the watershed boundary), Tilted Beds (the next perennial
reach downstream) and CC1 and CC2 (shown on Figure 3). In Davidson Canyon, flow is
primarily ephemeral with intermittent reaches as shown on Figure 3. Surface water sample
locations evaluated for this study are shown on Figure 3 below. Surface water base flow aqueous
chemistry generally has concentrations in between groundwater from surrounding wells and
local precipitation (Vicenti, 2018).
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Summary of Generalized Conceptual Understanding
Tying together the geology, site stratigraphy, groundwater and surface water flow directions and
occurrences as well as previous studies results, a generalized conceptual model of the site is
discussed below. Surface water base flow sources are conceptually separated to being from either
1) groundwater from regional flowpaths or 2) groundwater from local flowpaths. Groundwater
sourced from regional flowpaths is referred to in this study as “Regional Groundwater” and
groundwater sourced from local flowpaths is referred to in this study as “Locally Recharged
Groundwater”.
Regional groundwater is sourced from older precipitation which was recharged in the
surrounding mountain ranges and has traveled through the subsurface (bedrock or consolidated
sediments) along regional flowpaths geochemically evolving from interactions with minerals
along the way. Regional groundwater in this study refers to groundwater that has been dated
using natural radioactive tracers, tritium and 14
 C, and has been estimated to be >10 to about
20,300 years old (Vicente, 2018). Regional groundwater has low to non-detect (ND) tritium
concentrations, generally less than 2 TU.
Locally recharged groundwater is sourced from recent precipitation (<10 years; Vicenti, 2018),
which was recharged along local flowpaths including along streambeds and/or in nearby
hillslopes taking a shorter flowpath and interacting with fewer minerals. Locally recharged
groundwater is represented in this study by waters that have higher tritium (greater than 3 TU)
and are more dilute than regional groundwater, this includes shallow groundwater with high
tritium concentrations as well as precipitation. By definition, precipitation does not directly
contribute to surface water base flow; however, along local flowpaths recent precipitation
contributes to recharge and that groundwater can be discharged anywhere from 3 days to ~10
years after storm events (3 days is based on sampling protocol as discussed in the methods
section). Where groundwater data is not available for locally recharged waters, precipitation data
is used.
Areas with shallow bedrock and/or less permeable formations force groundwater to the surface
contributing to surface water base flow. Figure 5 shows a conceptual representation of regional
and local flowpaths to groundwater as well as the conceptualization of influences from shallow
bedrock geology bringing water to the surface downstream in the Lower Cienega Creek Study
Area.
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Figure 5. Conceptualized Regional and Local Flowpaths to Basin Groundwater (adapted from
Markovich et al., 2019) and Surface water Occurrence from Shallow Bedrock Geology (adapted
from Ellet, 1994 and PAG, 2003).
Representative regional groundwaters, can be selected by utilizing previously collected
groundwater well data at the site (Vicenti, 2018). Groundwater well data can be used to evaluate
groundwater flow, spatial trends in Water Types as well as variability among deeper
groundwater well data, shallow alluvial groundwater data and precipitation data by conducting
Principal Component Analysis (PCA). Representative locally recharged groundwater can be
presented by shallow groundwater samples with relatively high tritium concentrations, and/or
from recent precipitation that has had minimal interaction with subsurface sediments.
Once representative waters are selected, PHREEQC inverse modeling can be used to calculate
potential mixing fractions and mineral reactions occurring from each potential groundwater or
surface water to its associated final surface water in Lower Cienega Creek and Davidson
Canyon. Contributions from locally recharged groundwater can be evaluated using precipitation
data in forward modeling, where dilution is observed from inverse modeling results, if no
shallow groundwater sample is available. From the resulting potential models, site data and
findings from previous studies can be used to reduce potential model scenarios and forward
modeling can be used to verify most likely models.
PREVIOUS STUDIES
Previous studies have evaluated water chemistry data and/ or physical hydrology and geology at
the site and provide important information for this study. Focusing on Lower Cienega Creek and
Davidson Canyon just upstream of the confluence (CC1 and DAV2) as well as just downstream
of the confluence (CC2), key studies are listed below.
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1) Nicole Vicenti’s Master Thesis which investigated the hydrologic connection of the Santa
Rita Mountains to the Lower Cienega Creek via Davidson Canyon Wash using major ion
chemistry, stable isotopes (𝛿18O, 𝛿2H, 𝛿13C and 𝛿34S) and radioactive isotopes (3H and
14
C) in surface water, groundwater and local precipitation.
2) Pima Association of Government (PAG) report on contribution of Davidson Canyon to
Cienega Creek using chemical and isotopic data from Davidson Canyon and Cienega
Creek upstream of the confluence as well as from Cienega Creek downstream of
Davidson Canyon (PAG, 2003).
3) Geochemical modeling studies were conducted for master’s Theses in Cienega Creek
upstream of this study area primarily investigating evolution of groundwaters to surface
waters (Grahn, 1995; Huth 1997).
4) Studies of how the geology influences water movement in Lower Cienega Creek include
William Ellet’s Master’s Thesis which focused on geologic controls on movement of
water in Lower Cienega Creek (Ellet, 1994) as well as report put out by PAG on the
geologic influences on hydrology in Lower Cienega Creek (PAG, 2003).
5) Markovich et al. put out a paper on the current understanding of mountain block recharge
which provides background for conceptualization of potential local and regional
flowpaths in mountain-blocks to basin-fill aquifers (Markovich et al. 2019).
Key findings from studies mentioned above as they pertain to the evaluation of contributions to
each of the surface water locations evaluated in this study are described below.
In Lower Cienega Creek, above the confluence with Davidson Canyon, (CC1) previous studies
indicate base flow is sustained by regional groundwater specifically from the basin-fill aquifer
(Vicenti, 2018). The occurrence of surface water along Cienega Creek is conceived to be from
areas of bedrock highs and thin alluvium deposits which allow for groundwater from the regional
basin-fill aquifer to be brought to the surface (Ellet, 1994; PAG, 1999). In addition to
groundwater, the presence of more recently recharged water from local precipitation is believed
to contribute to surface water base flow as indicated by tritium results in Lower Cienega Creek
(Vicenti, 2018). Utilizing tritium (3H) and carbon-14 values (14C), Vicenti found that the basin
fill aquifer along Lower Cienega Creek appears to be a mixture of younger (less than 70 years
old) and older (up to about 2,040 years old) waters and that surface water is a mixture of modern
(less than 50 years old) and older water (Vicenti, 2018). Water chemistry data suggests primary
mechanisms controlling the evolution of water chemistry in Lower Cienega Creek include
carbonate dissolution and/ or precipitation, gypsum dissolution and cation exchange (Vicenti,
2018; Huth, 1997; Grahn, 1995).
In Davidson Canyon, previous study results indicate that surface water flows are mostly
sustained by groundwater from the shallow alluvial aquifer that was recharged from a recent time
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(less than about 10 years) (Vicenti, 2018). Regional groundwater from bedrock aquifers were
found to consist of a mixture of younger and older waters ranging from less than 70 years old to
more than 23,000 years old. Tritium concentrations in surface water in Davidson Canyon have
been measured to be between 3.5 TU and 4.1 TU, with groundwater from bedrock aquifers
having generally much lower tritium concentrations (Vicenti, 2018). Howard Grahn modeled the
chemical evolution of waters from an upstream spring in Davidson Canyon, which represented
mountain front recharge from the Empire Mountains, to surface water about 2.5 miles upstream
of the confluence with Cienega Creek. Grahn found that both the spring water and surface waters
were Ca-HCO3 water type in Davidson Canyon and increasing concentrations were likely due to
dissolution of gypsum and calcite as well as cation exchange of Na and Ca on clays (Grahn,
1995).
Downstream of the Confluence with Davidson Canyon (CC2), studies have looked at
contributions from Davidson Canyon to Lower Cienega Creek. Utilizing water stable isotopes,
PAG estimated that about 8% to about 47 % of the water in Cienega Creek below the confluence
(CC2) is from Davidson Canyon (PAG, 2003). Comparable results of contribution percentages
were found by Vicenti (Vicenti, 2018). Volumetrically, there is greater and more consistent flow
from Cienega Creek than from Davidson Canyon, and CC1 and CC2 are more commonly visibly
hydrologically connected at the surface than DAV2 and CC2 as indicated by PAG wet and dry
mapping.
METHODS
Aqueous Chemistry
Precipitation, surface water base flow, shallow alluvium groundwater and regional groundwater
are included in this study. Water samples were collected and analyzed for this study and
additional data from previous studies and sampling events were also included. Surface water,
precipitation and shallow alluvial groundwater were sampled for this study. Groundwater well
data is from Nichole Vicenti’s Master’s thesis (Vicenti, 2018) and from Pima County Flood
Control District data (PCFCD, 2020). Constituents utilized in this study include Ca, Mg, Na, K,
SO4, HCO3, Cl, Al, Si and 3 H. Samples were analyzed at University of Arizona labs (ALEC,
McIntosh Hydrology Lab and EIL UA Geosciences Lab) by ion chromatography for anions,
inductively coupled plasma-mass spectrometry for cations and liquid scintillation spectrometry
for tritium. Precision for anions was ± 2% and ± 3% for cations with detection limits dependent
on initial standard concentrations and the analyte being measured; the detection limit for tritium
was 0.6 TU.
Methods for Collection of Field Data
Surface water locations evaluated in the study include Davidson Canyon upstream of the
confluence with Cienega Creek (DAV2) and Lower Cienega Creek upstream (CC1) and
downstream of the confluence with Davidson Canyon (CC2). Surface water samples were
collected a minimum of three days after a precipitation event, when possible three times during
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the monsoon season and three times during the winter season. This was done to ensure samples
were representative of surface water base flow and not direct runoff or precipitation. Field
parameters collected included dissolved oxygen (DO), temperature and pH, sample bottles were
rinsed three times and prior to sample collection.
Precipitation was collected as a cumulative seasonal sample at various elevations (sample
locations shown on Figure 4). Mineral oil was used to minimize potential evaporation of
precipitation samples.
Shallow alluvial groundwater was collected with drive point piezometers in the riverbed at a
depth of about two to five feet below land surface. Prior to sample collection, the drive point and
tubing were purged a minimum of three purge volumes, and bottles were rinsed three times.
Data Selection and Acceptance Criteria
Surface water and alluvial groundwater selected for PHREEQC modeling inputs are from
samples collected December 13, 2019 which, if available, were compared to previous sample
results to ensure representativeness. Groundwater data is from 2014 through 2018; there is
typically only one sample per well location. A MEQ balance was calculated in PHREEQC to
ensure acceptable selection of samples; a MEQ balance within 10% was considered acceptable
for surface water and groundwater.
Selection of Representative Potential Source Waters
Potential source waters to Lower Cienega Creek (CC1) and Davidson Canyon (DAV2) upstream
of the confluence include regional groundwater and locally recharged groundwater which are
from groundwater and or precipitation. Potential sources to Lower Cienega Creek downstream of
the confluence (CC2) include surface water base flow from CC1 and DAV2. Figure 6 below
provides a flow chart of potential sources to locally recharged groundwater, regional
groundwater and surface water base flow at CC1, DAV2 and CC2.
For selection of regional groundwaters potentially contributing to Lower Cienega Creek (CC1)
and Davidson Canyon (DAV2), previously collected groundwater data was utilized (Vicenti,
2018). Representative regional groundwaters are selected to account for potential variability in
aqueous chemistry along potential groundwater flowlines. Spatial evaluation of Water Types as
well as Principal Component Analysis (PCA) are used to group wells of similar composition.
Locally recharged groundwater in Lower Cienega Creek and Davidson Canyon is represented by
recent precipitation and/or groundwater with high tritium concentrations (>3), indicating
potential contributions from recent precipitation.
For evaluation of sources to Lower Cienega Creek downstream of the confluence with Davidson
Canyon at sample point CC2, DAV2 and CC1 surface waters were selected as upgradient
potential sources to help determine potential contributions from Davidson Canyon to Lower
Cienega Creek surface water. Samples were collected on the same day (12/13/2019).
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Figure 6. Flow Diagram of Data Sources for Selection of Representative Waters to Surface
Water base flow at CC1, DAV2 and CC2
Principal Component Analysis (PCA)
PCA is a technique used to reduce the dimensionality of a data set by finding which constituents
are correlated while retaining the variation between different data points, in this case water
samples. PCA can show what water samples are similar and what are different when looking at
multiple constituents together. Principal components are determined by scoring the data on the
variance; principal component 1 (F1) has the greatest variance followed by principal component
2 (F2) and so forth. Each data point is projected on an x-y plot for visualization of the variance of
the two principal components; F1 on the x axis and F2 on the y axis; the larger the spread
between data points the greater the variability. Principal component scores are shown as a
percentage of the total variability for the dataset; the higher the total percentage of the principal
components that is plotted the greater the confidence that the plot is representing the majority of
the variability that exists for that dataset. For this study PCA is used to aid in the selection of
representative waters to be used in geochemical inverse modeling. PCA is conducted for each
surface water (CC1, DAV2 and CC2) and includes potential upgradient waters, including
precipitation. Constituents included in PCA were major cations and anions (Ca, Na, Mg, K, SO4,
Cl, HCO3) as well as Si and pH.
Water Types
Water samples can be grouped by their dominant cation and anion chemistry into various
cation-anion “water types”. If calcium accounts for the majority (>50%) of the total cation molar
mass then and sulfate accounts for the majority (>50%) of the total anion molar mass then the
water is considered a Ca-SO4 type water; same goes for each cation and anion. If there is not a
dominant cation or anion or both then it would be a “mix” type water (i.e. Ca-mix, mix-SO4,
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mix-mix). Water types are used to group samples spatially and chemically and to aid in selection
of representative waters for this study.
PHREEQC Geochemical Modeling
PHREEQC inverse and forward modeling is conducted to evaluate potential sources to surface
water base flow. This is done in three primary steps. Step 1 includes forward modeling to
calculate MEQ balances for selected sampled waters. In Step 2, inverse modeling is conducted to
determine the potential model types/solution fractions from potential groundwater and surface
water sources as well as resulting mineral reactions/phase mole transfers. In Step 3, forward
modeling is used to simulate surface water base flow from model types and mineral reactions
found in Step 2, and where applicable include local precipitation as an additional potential
source. An overview of the methodology including data sources, PHREEQC processes and
outputs are shown below in Figure 7.

Figure 7. Flow Chart of Data Processing Methodology for This Study
Inverse Modeling
PHREEQC inverse modeling is a mass balance approach which attempts to determine the set of
phase mole transfers (mineral reactions) which account for the difference between initial water(s)
and a final water. In addition to phase mole transfers, the relative fractions of each initial water
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are output as solution fractions, which indicate what percentage of the final water is accounted
for by each initial water. Evaporation and dilution can be simulated by including the phase
H2O(g) (Parkhurst, 2013). Solution fractions are derived from the mole balance on H2O(g);
solution fraction totals greater than 1.0 with negative H2O(g) phase mole transfers indicate
evaporation and solution fraction less than 1.0 with positive H2O(g) indicate dilution (Parkhurst,
2013). Solution fractions are used for estimating contribution percentages from each initial water
as well as for mixing fraction inputs for forward modeling simulations. Mineral phases and
constraints input into inverse model simulations are based on site specific information. Phase
mole transfer results indicate which minerals could be reacting to result in your final water from
your initial water(s). Positive phase mole transfer values indicate precipitation and negative
values indicate dissolution.
PHREEQC inverse modeling is conducted from representative regional groundwater (initial
waters) to surface water base flow at CC1 (final water), regional groundwater and locally
recharged groundwater (initial waters) to DAV2 (final water). Additionally, regional
groundwater (initial waters) to locally recharged groundwater (final water) at sample location
DAV13 (alluvial groundwater) in Davidson Canyon. Inverse modeling is also conducted from
surface water base flow at CC1 and DAV2 (initial waters) to surface water base flow at CC2
(final water). The four inverse model scenarios are listed below.
1) Regional groundwater to Lower Cienega Creek upstream of the confluence with
Davidson Canyon (CC1)
2) Regional groundwater to Davidson Canyon just upstream of the confluence with Cienega
Creek (DAV2)
3) Regional groundwater to locally recharged groundwater (alluvial groundwater) in
Davidson Canyon (DAV13AL)
4) Surface water base flow (CC1 and DAV2) to CC2
Due to the dilute concentration of precipitation relative to groundwaters, inverse models
indicating dilution, are assumed to be from recent precipitation.
Mineral Phases and Constraints
Mineral phases selected for inverse modeling were selected from available information on
geology, and previous studies in the region. Selected phases and applied constraints for modeling
are shown in Table 2 below.

31

Table 2. Mineral Phases, Chemical Formulas and Constraints Included in PHREEQC Inverse
Models
Phase

Chemical Formula

Constraints
Separated by Final Waters
CC1

DAV2

Calcite

CaCO3

dissolve/precipitate

Gypsum

CaSO4

dissolve/precipitate

Dolomite

CaMg(CO3)2

dissolve

K-feldspar

KAlSi3O8

dissolve

KAl3Si3O10(OH)2

dissolve

CO2(g)

CO2

dissolve/precipitate

SiO2(aq)

SiO2

dissolve/precipitate

H2O(g)

H2O

dissolve (dilution)/
precipitate (evaporation)

CaX2 (exchange)

CaX2

dissolve/precipitate

NaX (exchange)

NaX

dissolve/precipitate

Biotite (K-mica)

CC2

Albite

NaAlSi3O8

NA

dissolve

NA

Anorthite

CaAl2Si2O8

NA

dissolve

NA

Gibbsite

Al(OH)3

dissolve/precipitate

K0.6Mg0.25Al2.3Si3.5O10(OH)2

dissolve/precipitate

Ca0.165Al2.33Si3.67O10(OH)2

dissolve/precipitate

Al2Si2O5(OH)4

dissolve/precipitate

Illite
Ca-Montmorillonite
Kaolinite

NA - not included in PHREEQC simulation
Modeling Assumptions
● Because there are substantially more volcanics present in Davidson Canyon, albite and
anorthite were included in Davidson Canyon model simulations.
● Sulfate contribution is assumed to be dominated by gypsum dissolution and therefore
pyrite is not included in model simulations.
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● Redox reactions are not important because groundwater samples are all oxic and are
therefore not included in model simulations.
● Organic carbon is negligible; all carbon fluxes are assumed to occur between CO2(g),
HCO3-(aq), and carbonate minerals.
● Since the aquifer is oxygenated throughout, Fe2+/Fe3+ reactions are insignificant,
additionally iron minerals are not abundant; Fe is not included in modeling.
● Anhydrite is assumed to be the same as gypsum for mass balance purposes in PHREEQC
modeling and was therefore not included.
● Aragonite is assumed to be the same as calcite for mass balance purposes in PHREEQC
modeling and was therefore not included.
● Al3+ is considered to be conserved within the system as all sample results are below
detection limits; all modeled solutions below detection include Al3+ at half the detection
limit (0.003 mg/L) to allow for model simulations with silicate minerals and clays.
● Silica minerals are included as phases for reaction since they have the potential to be
weathered to form clays while conserving Al3+.
● Specific information about mineralogy of clays within the study area is unknown and
therefore gibbsite, illite, montmorillonite and kaolinite were all included.
● Quartz was not included in modeling due the low potential for weathering; SiO2(aq) was
included.
● PHREEQC modeling assumes that thermodynamic constants are correct and reactions
fall within applicable temperature ranges and that all reactions are reversible and proceed
rapidly to equilibrium.
● Uncertainty limits were selected to be as low as possible for the simulation to run;
percentages generally ranged from 2% to 8% for all waters.
Results Processing
Models results are ordered by highest solution fraction total and plotted to show solution
fractions for each potential model. Models are categorized into three types based on the total of
initial water solution fractions output.
● Type 1 models have a total solution fraction that is greater than 1 (evaporation);
● Type 2 models have a solution fraction equal to 1 (no evaporation or dilution); and
● Type 3 have a solution fraction less than 1 (indicating potential dilution).
Phase mole transfer results are summarized with general statistics, by model type (indicated
above). Knowledge from previous studies is used to rule out potential model results; forward
modeling is used to verify potential models that are most likely based on previous studies and
potential models found from inverse modeling.
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Forward Modeling
PHREEQC forward modeling can be used to simulate a final water; this can be done by mixing
initial water(s) and or by reacting initial water(s) with phases to get a final water. Forward
modeling in this study consists of mixing and reacting potential source waters with phase mole
transfer results found from inverse modeling. Mixing fractions for forward modeling comes from
solution fractions output from inverse modeling. For solution fractions less than 1, precipitation
is included in the forward model, to simulate contributions from recently recharged local
groundwater that is sustained by precipitation.
Forward modeling results produce simulated surface water solutions which are then compared to
observed water chemistry. Molar concentrations are output from PHREEQC, for resulting
simulated solutions and observed waters, which are converted to mg/L. Resulting simulated
surface water solutions are then compared to observed surface water base flow chemistry using
the square of the Pearson correlation coefficient, or the R2 value, to compare solution
concentrations. The R2 value is used to measure how similar simulated results are to the observed
chemistry; values range from 0 to 1; an R2 value of 1 represents an exact match to the actual
data.

RESULTS
Selected Representative Waters
Water chemistry sample results indicate that groundwater samples generally have higher
concentrations than surface waters and precipitation concentrations are generally lower than both
groundwaters and surface waters. Water chemistry sample locations and constituent results
selected for geochemical modeling are included in Table 3. Sample results for all sample
locations and sampling events can be found in Appendix A. Precipitation is represented by
averaged sample results from Davidson Canyon, the Empire Mountains and Mount Hopkins (see
Figure 4 for locations). Selected surface water samples are from 12/13/2019. Representative
regional and alluvial groundwater sample locations were selected based on their location along
potential flowpaths, water type, and principal component analysis (PCA) evaluations.
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Table 3. Aqueous Chemistry for Selected Representative Waters

Water Types and Groundwater Elevations
Groundwaters and surface waters in Lower Cienega Creek are dominantly Ca-SO4 type waters.
Davidson Canyon groundwaters consist of a wider variety of water types with predominantly Ca
type waters along the east of Davidson Canyon and Na type waters along the west of Davidson
Canyon and surface water is Ca-HCO3 as shown on Figure 8 below. Upstream in Davidson
Canyon there is a group of Ca-HCO3 wells surrounding Pennington well, additionally there are a
group of Na-HCO3 wells surrounding Buchard 1. Further downstream, BAR V well is a Ca-SO4
water type and DAV BAR V well is a mix-HCO3 water type.
Water level elevation contours indicate groundwater flow direction is similar to surface water
flow directions. With potential flowlines perpendicular to groundwater elevation contours, the
flow direction is generally from the south to north in Davidson Canyon and southeast to
northwest in Lower Cienega Creek as shown on Figure 8. In Davidson Canyon water level
elevations are about 4,200 ft near the boundary of the groundwater sub-basin and drop down to
3,400 ft near to DAV2. The gradient is steeper further upstream and flattens out as you get closer
to DAV2. In Lower Cienega Creek groundwater the gradient is generally flatter ranging from
greater than 3,700 ft elevation at Empirita and JC Solar Wells to about 3,400 ft near CC1. Water
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level contours suggest potential flow from regional and local groundwater in Davidson Canyon
to DAV2, and in Lower Cienega Creek to CC1.

Figure 8. Water Types, Groundwater Elevations and Selected Representative Waters, Lower
Cienega Creek Watershed, Pima County, Arizona
Principal Component Analysis (PCA)
PCA results for CC1 indicate that the primary principal component (F1) accounts for about 79 %
of the variance and the secondary principal component (F2) accounts for about 11 % of the
variance in the data (Figure 9). F1 is dominated by Ca, Mg, Na, K, HCO3 and Si and F2 is
dominated by Cl and Si. Three of the four wells cluster together (Jungle, JC Solar and Empirita)
and Horse Ranch #1 is slightly separated. CC1 is located between JC Solar, Horse Ranch #1 and
CC1 AL (alluvial groundwater at CC1). Local precipitation (Precip) is distinct from the other
samples on the F1 axis. JC Solar and Horse Ranch #1 were selected as distinct representative
regional groundwaters for inverse modeling to CC1; CC1 AL was not included because of its
proximity to CC1.
PCA results for Davidson Canyon indicate that F1 accounts for about 47% of the variance and is
dominated by SO4, Cl, Na, K and F2 accounts for about 26% of the variance and is dominated by
pH, Ca, Mg and HCO3. Some groupings among groundwater wells are observed relative to water
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types and well locations; there is a group of Ca-HCO3 wells around Pennington and some
Na-HCO3 wells
near Buchard 1. DAV Bar V and BAR V both are distinct from the other wells in

the PCA. DAV2 plots between Buchard 1, DAV Bar V, Pennington and BAR V as shown in
Figure 10 below. Utilizing water types, well locations, potential flowlines and PCA analysis,
representative groundwaters for inverse modeling to DAV2 include DAV13AL, Buchard 1,
Pennington, DAV Bar V and Bar V.
PCA results for CC2 indicate that F1 for CC2 accounts for 83% variance and is dominated by
Ca, Mg, Na, K, Cl and HCO3. F2 accounts for 14% variance and is dominated by pH, SO4 and
Si. CC2 falls between DAV2, CC1 and precipitation but is closest to CC1 and DAV2 and farther
away from local precipitation as shown on Figure 11. CC1 and DAV2 were selected as potential
source waters for inverse modeling to CC2.

Figure 9. PCA Results for CC1 Surface Water base flow
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Figure 10. PCA Results for DAV2 Surface Water base flow

Figure 11. PCA Results for CC2 Surface Water base flow
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Inverse Modeling
Solution Fraction Results
Model results are separated into three categories: Type 1 where solution fractions greater than 1
(indicating evaporation), Type 2 where solution fractions equal 1 (no evaporation or dilution),
and Type 3 where solution fractions are less than 1 (indicating dilution).
CC1
Inverse modeling to CC1 surface water base flow from regional groundwaters (JC Solar and
Horse Ranch #1) resulted in 107 possible models. Solution fractions indicate that in lower
Cienega Creek, CC1 is primarily sourced from regional groundwater. Solution fractions range
from about 0.71 to about 1.39, as shown in Figure 12 below. Type 1 models are predominantly
from Horse Ranch #1, Type 2 models are a mixture of JC Solar and Horse Ranch #1 and Type 3
models are predominantly from JC Solar.

Figure 12. CC1 Solution Fraction Results from Regional Groundwater
DAV2
Inverse modeling to DAV2 from regional groundwater (Pennington, Buchard 1, BAR V and
DAV Bar V) and shallow alluvial groundwater (DAV13 AL) resulted in 2,426 possible models.
Solution fractions indicate that in Davidson Canyon, DAV2 is primarily dependent on shallow
alluvial groundwater or more dilute water than regional groundwater. Solution fraction totals
from regional and alluvial groundwater range from about 0.08 to about 2.5. Lower solution
fractions result from models where regional groundwater solution fractions range from 0.08 to
about 0.45. Models which include shallow alluvial groundwater generally have lower regional
groundwater solution fractions and greater overall solution fractions. Type 2 model results have
alluvial groundwater fractions which range from 0.65 to 0.95.
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Figure 13. DAV2 Solution Fraction Results from Regional Groundwater and Alluvial
Groundwater
Inverse model results for regional groundwaters to shallow alluvial groundwater in Davidson
Canyon resulted in 788 models. Model results indicate primarily Type 3 models with relatively
small contributions from regional groundwater; solution fractions ranged from about 0.07 to
0.20. Solution fraction results indicate alluvial groundwater is predominantly sourced from more
dilute waters, likely from recent precipitation.

Figure 14. Alluvial Groundwater (DAV13AL) Solution Fraction Results from Regional
Groundwater

40

CC2
For inverse modeling to CC2 surface water base flow from DAV2 and CC1 surface water base
flow, 147 potential models were returned. Solution fraction totals ranged from about 0.65 to
about 1.28 with all three model types observed as shown in Figure 15 below. Results indicate
generally three possible scenarios for which CC2 is sourced: 1) only DAV2 is contributing and
evaporation is occurring between sample locations; 2) both DAV2 (0.43) and CC1 (0.57) are
contributing; or, 3) CC1 and another more dilute source, such as recent precipitation, are
contributing.

Figure 15. CC2 Solution Fraction Results from CC1 and DAV2
Phase Mole Transfer Results
Phase mole transfer results are summarized for each surface water in Table 4 through Table 6 by
solution fraction model types. Plots of phase mole transfers can be found in Appendix B.
CC1
In general models with calcite present had a negative phase mole transfer indicating mineral
precipitation. Gypsum, dolomite, K-feldspar, and K-mica were all or mostly positive indicating
potential dissolution. Gypsum dissolution was observed for all model results with greater mole
transfers as solution fractions decreased. H2O(g) had negative mole transfers for Type 1 models,
no mole transfers for Type 2 and positive mole transferred for Type 3 models. For cation
exchange Na has negative mole transfers and positive Ca mole transfers for Type 1 models; then
are switched so that Na is positive, and Ca is negative for Type 2 and Type 3 models. Cation
exchange and clay mineral mole transfers were observed in most model results and for all three
model types. CO2 dissolution occurred for Type 1 models, was not present for Type 2 models
and generally precipitated for Type 3 models. Changes in phase mole transfers correlated with
solution fractions mainly for H2O, Gypsum, Cation Exchange, SiO2(a) and CO2(g). Type 2
models generally had a smaller range phase mole transfer results than Type 1 and Type 3
models. Table 4 below summarizes the phase mole transfers from regional groundwater to CC1
surface water base flow by model type.
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DAV 2
DAV2 surface water base flow from regional groundwater and shallow alluvial groundwater
resulted in models with phase mole transfers of albite and CO2(g) in most models for all three
model types. For model types 2 and 3, dolomite and anorthite were also present in the majority
of models. Dolomite, K-feldspar, K-Mica and Na exchange were positive in most models,
indicating dissolution. Dissolution and precipitation of clay minerals is also observed. A
summary of phase mole transfers by model type is shown in Table 5 below.
CC2
For calcite, Type 1 models only include precipitation, Type 3 models include primarily calcite
dissolution and no calcite phase mole transfers are included in any Type 2 models. Type 2
models had smaller phase mole transfers than Type 1 and Type 3 model types. Calcite, gypsum,
dolomite, CO2(g), cation exchange and H2O(g) precipitated or dissolved in any Type 2 models.
A summary of phase mole transfers by model type to CC2 are shown in Table 6 below.
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Table 4. Summary of Phase Mole Transfers by Model Type to CC1 Surface Water base flow
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Table 5. Summary of Phase Mole Transfers to DAV2 Surface Water base flow
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Table 6. Summary of Phase Mole Transfers by Model Type to CC2 Surface Water base flow
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PHREEQC Forward Modeling
CC1 Surface Water Solution Simulation
Forward modeling to CC1 includes inputs of regional groundwater from JC Solar mixed with
recent precipitation and reacted with phase mole transfers from inverse model results. Model
number, solution fractions (mixing fractions) and phase mole transfers selected for forward
modeling to CC1 surface water base flow are shown in Table 7 below.
Table 7. Inputs for Forward Modeling Simulation of CC1 Surface Water base flow
Solution Fractions/Mixing Fractions to CC1
Model Number
Solution

95
Type 3

Regional Groundwater (JC Solar )

0.71

Recent Precipitation

0.29

Phase Mole Transfers to CC1
Phase

Type 3

Calcite

-0.00213

Dolomite

0.001711

Gypsum

0.003064

Illite

7.32E-05

NaX

0.001248

CaX

-0.00062

Ca-Montmorillonite

-7.23E-05

Simulated vs observed CC1 surface water base flow concentrations are shown with resulting R2
values on Figure 16 below. The R2 value is 0.9913, indicating simulated concentrations are
comparable to observed.
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Figure 16. Simulated vs Observed CC1 Water Chemistry and Resulting R2 Values
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DAV2 Surface Water base flow Solution Simulation
Forward modeling to DAV2 includes inputs of regional groundwater mixed with alluvial
groundwater and reacted with phase mole transfers output from inverse modeling as well as
regional groundwater mixed with local precipitation and reacted with phase mole transfers output
from inverse modeling. Selected model numbers and mixing fractions and associated phase mole
transfers are shown in Table 8.
Table 8. Inputs for Forward Modeling Simulation of DAV2 Surface Water base flow
Solution Fractions/Mixing Fractions to DAV2
Model Number

747

1382

Type 2

Type 3

0.28
(Pennington 0.16
BAR V 0.12)

0.42
(Pennington 0.26,
BAR V 0.16)

Alluvial Groundwater
(DAV 13 AL)

0.72

0.00

Recent Precipitation

0.00

0.58

Solution
Regional
Groundwater

Phase Mole Transfers to DAV2
Phase

Type 2

Type 3

Albite

0.0006189

0.001436

Anorthite

-1.54E-05

Gypsum

0.0006801

Dolomite

0.0004861

CO2(g)
Gibbsite

0.000728
0.005543

0.0005573

Kaolinite

0.01257
-0.01562

H2O(g)

32.38

Ca-Montmorillonite

-0.000553

0.007296

Illite

6.21E-05

0.000103

Simulated vs observed DAV2 surface water base flow concentrations are shown with resulting
R2 values on Figure 17. The R2 values were calculated to be 0.9899 and 0.9995, indicating
simulated concentrations are comparable to observed.
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Figure 17. Simulated vs Observed DAV2 Water Chemistry and Resulting R2 Values
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CC2 Surface Water base flow Solution Simulation
Forward modeling to CC2 includes a mixture of surface water from DAV2 and CC1 with the
majority of water coming from CC1. The selected model number, mixing fractions and phase
mole transfers to CC2 surface water base flow are shown in Table 9 below.
Table 9. Inputs for Forward Modeling Simulation of CC2 Surface Water base flow
Solution Fractions/Mixing Fractions to CC2
Model Number
Solution

39
Type 2

DAV2

0.43

CC1

0.57

Recent Precipitation

0.00

Phase Mole Transfers to CC2
Phase

Type 2

K-feldspar

5.60E-05

Gibbsite

5.76E-05

Ca-Montmorillonite

-4.87E-05

Simulated vs observed CC2 surface water base flow concentrations are shown with the resulting
R2 value on Figure 18. The R2 value for CC1 and DAV 2 mixing is 0.9935, indicating simulated
concentrations are comparable to observed.
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Figure 18. Simulated vs Observed CC2 Water Chemistry and Resulting R2 Values
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DISCUSSION
Evaluation of Potential Sources to Surface Water
CC1
Ca-SO4 type waters are observed in all groundwater samples and surface water samples in Lower
Cienega Creek suggesting relatively uniform waters. Groundwater flow lines and greater depth
to bedrock in the center of the basin suggest greater flow from along the center of the basin
where JC Solar, Empirita and Jungle wells are located. Horse Ranch #1 appears to have flow
lines more easterly/northeasterly. PCA further suggests separation of wells along the center of
the basin with Horse Ranch #1. Horse Ranch #1 and JC Solar were selected as representative
regional groundwaters with JC Solar representative of regional groundwaters along the center of
the basin and Horse Ranch #1 representative on groundwaters from the east/northeast.
Inverse model results indicate CC1 surface water is primarily sourced from regional groundwater
(71% to 100%). Model results can be categorized into three general groupings which also
correspond with their solution fraction model type. Potential model grouping of sources to CC1
surface water base flow are listed below.
1) Regional groundwater primarily from the east/northeast with some evaporation occurring
2) Only regional groundwater from both the center of the basin and the east/northeast
3) A mixture of regional groundwater from the center of the basin and locally recharged
groundwater sustained by recent precipitation
The greater depth to bedrock in the center of the basin and measured water level contours
suggest that the majority of water is coming from the center of the basin, additionally no
substantial evaporation trends were observed in CC1 surface waters from previous studies.
Therefore, Type 1 models are unlikely and can be ruled out.
Tritium concentrations measured at CC1 (about 2.1 TU) are greater than tritium concentrations
measured in regional groundwater wells (< 0.5 TU to 1.7 TU) and less than those observed in
recent precipitation (about 3.5 to 4.5 TU) (Vicenti, 2018) suggesting that CC1 likely has some
contribution from a more dilute, more recently recharged water. If some contribution from local
precipitation is needed, Type 2 models above can also be ruled out.
Remaining models include a mixture of regional groundwater from the center of the basin and
locally recharged groundwater sustained by precipitation. Type 3 models indicate that about 71%
to about 84% of the water at CC1 is sourced from regional groundwaters and 16% to 29% is
sourced from locally recharged groundwaters which are sustained by local precipitation.
The water chemistry at JC Solar is similar to other wells located along the groundwater flow path
more centered in the basin including Empirita and Jungle well. The shape of the watershed and
depth of basin fill groundwater along the center of the basin also support the idea that the
majority of water would be expected to come from along the center of the basin vs from
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groundwater nearer to the edge of the groundwater basin. Forward model results verify that
regional groundwater from the center of the basin mixed with recent precipitation and reacted
with minerals identified from inverse modeling, can simulate a surface water chemical signature
similar to that observed in surface water base flow in Lower Cienega Creek upstream of the
confluence with Davidson Canyon.
DAV2
Water types in Davidson Canyon are more varied than in Lower Cienega Creek. The eastern side
of Davidson Canyon is primarily Ca-type waters and the western side is primarily Na-type
waters. Groundwater flow lines suggest that flow from along the main wash as well as some
from the Empire Mountains. PCA also suggests varied chemistry of groundwaters. To account
for the variability of different water types along different potential flowlines, multiple wells were
selected to represent regional groundwaters (Pennington, Buchard 1, Dav Bar V, Bar V).
Shallow alluvial groundwater (DAV13 AL) was selected to represent locally recharged
groundwater, as inverse modeling results indicate a large contribution from more dilute waters
with some contribution from regional groundwaters.
Inverse model results to DAV 2 surface water indicate surface water base flow is primarily
sourced from locally recharged groundwater sustained by recent precipitation with some
contribution from regional groundwaters. Model results can be grouped into three categories
corresponding with their solution fraction model types as listed below.
1) Locally recharged groundwater mixed with regional groundwater and experiencing
evaporation
2) Locally recharged groundwater from shallow alluvial groundwater and regional
groundwater
3) Locally recharged groundwater from recent precipitation and regional groundwater
Previous evaluations of water stable isotopes at DAV2 do not indicate an evaporation trend
(Vicenti, 2018); which rules out model types suggesting evaporation. For remaining models,
locally recharged groundwater is the primary source potentially contributing about 60% to about
92% with some contributions from regional groundwater (about 8% to about 40%).
Tritium concentrations measured in regional groundwater wells are generally low or not detected
(<1.1 TU) and tritium concentrations in recent precipitation are about 3.5 to 4.5 TU (Vicenti,
2018). DAV2 tritium concentrations have been observed to be as much as 4.1 TU (Vicenti,
2018). In the sample evaluated for inverse modeling, the concentration was observed to be 3.5
TU at DAV2. This sample was collected in the beginning of the winter rainy season which is in
line with Vicenti’s findings (Vicenti, 2018). Tritium in the alluvial groundwater in Davidson
Canyon is about 3.6 TU indicating it is likely very similar to waters observed in DAV2
supporting the findings in previous studies which indicate alluvial groundwater sustains surface
base flow in Davidson Canyon.
Looking at inverse model solution fractions from regional groundwater to the alluvial
groundwater, it is apparent that smaller component of the alluvial groundwater is sourced from
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the regional groundwater (7% to 20%) and most of the water is sourced from more dilute, locally
recharged, waters, as shown in Figure 14. Forward model results verify that predominantly
locally recharged groundwater with some contributions from regional groundwater can simulate
a surface water chemical signature similar to that observed in surface water base flow in
Davidson Canyon, validating both Type 2 and Type 3 models as potential models.
CC2
Water types at CC1 and CC2 are Ca-SO4 type waters and DAV2 is Ca-HCO3 type water.
Frequent observation of interconnectivity at the surface between CC1 and CC2, as well as at
DAV2 and CC2, leads to the selection of DAV2 and CC1 as potential representative upstream
surface waters to CC2 surface water base flow. CC1 has higher concentrations than CC2, DAV2
and precipitation for most constituents; however, DAV2 has the highest Si concentrations and
CC2 concentrations are trending toward DAV2 Si concentrations (see Table 3 and Figure 11).
CC2 plots between CC1 and DAV2 in regards to the PCA.
Inverse model results to CC2 surface water suggests base flow could be coming from three
potential model groupings, which correlate to the three solution fraction model types as listed
below.
1) Davidson Canyon only with some evaporation
2) Lower Cienega Creek and Davidson Canyon
3) Lower Cienega Creek and recent precipitation
CC1 and CC2 are often interconnected at the surface as identified in wet and dry mapping
conducted by PAG (PAG, 2009). Additionally, previous studies did not identify substantial
evaporation trends from water isotopes at CC2, suggesting Type 1 models are unlikely and can
be ruled out.
Because there are higher Si concentrations in CC2 than in CC1, it is reasonable to assume that
DAV2 is contributing to CC2 and that CC2 is not a mixture of upstream waters from Lower
Cienega Creek and recent precipitation. This rules out Type 3 models.
Type 2 models remain and suggest mixing of DAV2 with CC1 is the most likely result. Inverse
models suggest Davidson Canyon surface waters contribute to about 43% and Lower Cienega
Creek upstream of the confluence contributes to about 57% of the surface water base flow in
Cienega Creek downstream of the confluence. These percent contributions from Davidson
Canyon surface water fall within the range of percent contributions found from PAGs water
stable isotope study (PAG, 2003). Forward model results verify potential mixing of DAV2 and
CC1 to produce a simulated surface water chemical composition which is similar to what is
observed at CC2, Lower Cienega Creek downstream of the confluence with Davidson Canyon.
Timing of Data Used in Modeling
Surface water and shallow alluvial groundwater data included in model simulations are collected
in early winter. Previous studies found that there is a greater contribution of older waters that are
flushed out in the beginning of the winter rains as well as in the beginning of the monsoon
season (Vicenti, 2018). It is possible and likely that percent contributions from regional
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groundwater and locally recharged groundwater may vary throughout the winter as well as
throughout the year. CC1 and DAV2 concentrations for this study period are relatively high
compared to the range of concentrations observed and CC2 concentrations are closer to average
concentrations. Contributions from Davidson Canyon to Lower Cienega Creek at CC2 are
anticipated to vary seasonally as well which has been observed by PAG (PAG, 2003). Aqueous
chemistry data from groundwater wells is primarily from 2017. The fact that this data was
collected two years prior to when surface water and shallow alluvial groundwater was collected,
is likely not problematic due to the estimated age of groundwaters ranging from decades to tens
of thousands of years old. Thus, the aqueous chemistry results for these wells is likely relatively
constant. Water level data which is used to evaluate groundwater flow lines is primarily from
when wells were initially drilled and may not represent the present day system.
Implications
Potential future impacts to surface water base flow in the Cienega Creek Natural Preserve are
related to impacts to the groundwater which sustains the streams. Base flow supported by the
regional aquifer is more likely to be impacted by regional groundwater pumping. Impacts from
pumping are likely to be observed over a longer period as a result of lowering of the regional
groundwater elevations to the extent at which groundwater would no longer support the stream
perennially and or intermittently. Recovery of the regional groundwater table could take decades
to many millennia, as groundwater ages range from 10s to 10,000s of years in the study area
(Vicenti, 2018). Pumping which is proximal to the stream could also impact surface water base
flow, as a result of capturing water that would have otherwise discharged to the stream. The
response to local groundwater pumping would be observed more quickly in the stream, but local
water tables and streamflows would also likely recover faster if pumping was stopped.
Base flow which is supported by groundwaters recharged more recently following local
flowpaths are more sensitive to changes in precipitation patterns and/or upstream surface
alterations, which could change the location and quantity of recharge in and along streambeds or
along nearby hillslopes. Climate change impacts are likely to be observed sooner where base
flow is primarily sourced from younger groundwater coming from local flowpaths, such as
recharge along streambeds or in nearby hill slopes. Regional groundwater systems will also
likely be impacted by climate change, however, there will be lag in response due to the longer
transit times (Cuthbert et al., 2019).
Climate change is predicted to result in fewer, more intense storms, larger droughts, and bigger
floods in Southern Arizona (Demaria et. al, 2019). Where recharge occurs along streambeds it
has been found that longer duration flows result in more recharge (Meixner et. al, 2016). Shorter
more intense storms, as well as increased temperatures and evaporation, could result in less local
recharge and ultimately water available to sustain surface base flow.
Both regional groundwater and locally recharged groundwater are important for sustaining
surface base flow in the Cienega Creek Natural Preserve. Lower Cienega Creek surface water
base flow is more sensitive to depletion of the regional aquifer, pumping near the stream, and
may also be impacted by reduced recharge in and along the stream related to climate change.
Davidson Canyon surface water base flow is more sensitive to impacts from climate change and
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upstream surface alterations, as well as depletion of the regional aquifer and pumping near the
stream. Impacts in Davidson Canyon are likely to also be observed in Cienega Creek
downstream of the confluence since results indicate the potential for substantial contributions
from Davidson canyon to Lower Cienega Creek.
Suggested Future Work
Some changes in surface water base flow chemistry have been observed seasonally as well as
throughout both winter and summer seasons. The addition of higher frequency data related to
changes throughout a precipitation event to understand contributions of base flow and storm flow
could be useful in better understanding the system dynamics. Additional data should be collected
from shallow alluvial groundwater to help better understand spatial and temporal variability
within the alluvial aquifer which is currently unknown. In addition to chemical data, additional
information on water level data in the alluvium as well as groundwater wells could aid in
clarification of physical responses of the system over time.
Mineralogical data was limited in this study and therefore more freedom was allowed for
geochemical inverse models then needed. Mineralogical analysis using x-ray diffraction on rock
sediments could help constrain mineral assumptions used in inverse modeling and result in fewer
potential models.
CONCLUSIONS
Geochemical modeling results indicate that regional groundwater is the primary source (71% to
84%) to surface water base flow in Lower Cienega Creek and that locally recharged
groundwater, which is sustained by recent precipitation, is the primary source (55% to 92%) to
surface water in Davidson Canyon just upstream of the confluence with Cienega Creek. Regional
groundwater also contributes a smaller, but not insignificant, amount to Davidson Canyon
surface water base flow (8% to 45%). Downstream of the confluence with Davidson Canyon,
Lower Cienega Creek surface water base flow is primarily sourced from Cienega Creek (57%);
however, results indicate that Davidson Canyon also contributes a substantial amount to surface
water base flow (43%). Results from this study can aid future water resource management
strategies and research in the Cienega Creek Natural Preserve and other semi-arid riparian areas.
In Lower Cienega Creek, substantial increases to groundwater pumping of the regional
groundwater (basin-fill aquifer) could likely impact surface water in Lower Cienega Creek.
Locally recharged water is estimated to account for as much as 29% of surface water base flow
at CC1, indicating that impacts from reduced precipitation and increased temperature related to
climate change could also have a significant impact on surface water base flow in Lower
Cienega Creek. Additionally, pumping (or capture) of locally recharged groundwater that would
otherwise go to the stream could also reduce surface water base flows. Downstream of the
confluence with Davidson Canyon, Lower Cienega Creek surface water base flow is also
sensitive to reductions in flow from Davidson Canyon.
In Davidson Canyon, results indicate that shallow groundwater sustains surface water base flow
near the confluence with Cienega Creek and is dependent on recent precipitation and upstream
runoff which locally recharges along streambeds and in surrounding hillslopes. Surface water
base flow could be largely impacted by reduced precipitation and increased temperatures related
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to climate change as well as alterations to upstream pathways that reduce the amount of recharge
to the shallow alluvial aquifer. Local pumping could result in a reduction to surface water base
flow as a result of capturing locally recharged groundwater that would have otherwise gone to
the stream. Regional groundwater is also an important component with, as modeling suggests the
potential of up to 45% of surface base flow coming from regional groundwaters. Minimizing
future pumping of regional groundwater is also likely to be important for sustaining surface
water flows in Davidson Canyon. Additional investigation should be conducted to better
understand interconnectivity as well as spatial and temporal variability of sources to Davidson
Canyon surface water flows, shallow alluvial groundwaters and regional groundwaters.
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Appendix A - Sample Location Information and Water
Chemistry Results
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Table A0. Sample Location Information

Water Chemistry Results - Precipitation
Table A1. Local Precipitation

Samples Selected for Inverse Modeling are in Bold Text
Samples collected prior to 2019 reported in Vicenti’s 2018 Master’s Thesis
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Water Chemistry Results - Surface Water
Table A2. Water Chemistry Results for CC1 Surface Water

Samples Selected for Inverse Modeling are in Bold Text
Samples collected prior to 2019 reported in Vicenti’s 2018 Master’s Thesis

Table A3. Water Chemistry Results for DAV2 Surface Water

Sample Selected for Inverse Modeling is in Bold Text
Samples collected prior to 2019 reported in Vicenti’s 2018 Master’s Thesis
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Table A4. Water Chemistry Results for DAV13 Surface Water

Sample Selected for Inverse Modeling is in Bold Text
Samples collected prior to 2019 reported in Vicenti’s 2018 Master’s Thesis
Table A5. Water Chemistry Results for CC2 Surface Water

Sample Selected for Inverse Modeling is in Bold Text
Samples collected prior to 2019 reported in Vicenti’s 2018 Master’s Thesis
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Water Chemistry Results -Groundwater
Table A6. Water Chemistry results for Groundwater Samples

Samples Selected for Inverse Modeling are in Bold Text
Samples collected prior to 2019 reported in Vicenti’s 2018 Master’s Thesis
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Appendix B - Phase Mole Transfer Plots
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CC1 Surface Water base flow from Regional Groundwater

Figure B1. Gypsum, H2O, and Cation Exchange Phase Mole Transfer results with solution
fraction types for CC1 surface water from regional groundwater
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CC1 Surface Water base flow from Regional Groundwater

Figure B2. Clay mineral phase mole transfer results with solution fraction types for CC1 surface
water from regional groundwater
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CC1 Surface Water base flow from Regional Groundwater

Figure B3. Carbonate minerals and CO2(g) phase mole transfer results with solution fraction
types for CC1 surface water from regional groundwater
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CC1 Surface Water base flow from Regional Groundwater

Figure B4. SiO2(a), K-feldspar and K-mica phase mole transfer results with solution fraction
types for CC1 surface water from regional groundwater
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DAV2 Surface Water base flow from Regional and Alluvial Groundwater

Figure B5. Gypsum, H2O, and Cation Exchange Phase Mole Transfer results with solution
fraction types for DAV2 surface water from regional groundwater and alluvial groundwater
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DAV2 Surface Water base flow from Regional and Alluvial Groundwater

Figure B6. Clay mineral phase mole transfer results with solution fraction types for DAV2
surface water from regional groundwater and alluvial groundwater
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DAV2 Surface Water base flow from Regional and Alluvial Groundwater

Figure B7. Carbonate minerals, CO2(g) and SiO2(a) phase mole transfer results with solution
fraction types for DAV2 surface water from regional groundwater and alluvial groundwater
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DAV2 Surface Water base flow from Regional and Alluvial Groundwater

Figure B8. K-feldspar, K-mica, albite and anorthite phase mole transfer results with solution
fraction types for DAV2 surface water from regional groundwater and alluvial groundwater
CC2 Surface Water base flow from CC1 and DAV2 Surface Base Flow
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Figure B9. Gypsum, H2O, and Cation Exchange Phase Mole Transfer results with solution
fraction types for CC2 surface water from DAV2 and CC1
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CC2 Surface Water Base Flow from CC1 and DAV2 Surface Base Flow

Figure B10. Clay mineral phase mole transfer results with solution fraction types for CC2
surface water from DAV2 and CC1
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CC2 Surface Water Base Flow from CC1 and DAV2 Surface Base Flow

Figure B11. Carbonate minerals and CO2(g) phase mole transfer results with solution fraction
types for CC2 surface water from DAV2 and CC1
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CC2 Surface Water Base Flow from CC1 and DAV2 Surface Base Flow

Figure B12. SiO2(a), K-feldspar and K-mica phase mole transfer results with solution fraction
types for CC2 surface water from DAV2 and CC1
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