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ABSTRACT 
 
 Groundwater resources are under stress due to increased pumping observed in an 
increasingly arid American southwest. When more water is pumped out than is recharged, this 
results in over pumping which causes drying wells, land fissures, and land subsidence. 
Therefore, it is important to look for ways in which to conserve and replenish our aquifers. One 
possible mitigation strategy is the use of rock dams, which slow the flow of water and promote 
infiltration beneath ephemeral streams. Studies have shown that rock dams can improve riparian 
health, however, it is unclear whether these structures can cause recharge of groundwater over 
short timescales (months). The sooner that aquifers can be recharged, the sooner aquifers can 
begin to recover, drawdown can be mitigated, and land subsidence and fissures can be avoided. 
Our hypothesis was that rock dams could cause rapid recharge (recharge within 3-months) and 
that mounding of the water table could be an indication that rapid recharge was occuring. To test 
this hypothesis, water samples were collected during the 2021 summer monsoon season and 
analyzed for major anions and cations, stable water isotopes (δ18O and δD), and tritium (3H). The 
water chemistry and isotope data did not show any evidence of rapid recharge. Using HYDRUS-
1D, different soil textures and streamflow durations were modeled to determine the theoretical 
conditions that would allow for rapid recharge. Based on the modeling results, we found that 
only soils that contained little to no clay would allow for recharge on the scale of months. 
However, our models used several simplifying assumptions and considering real-world 
complexities, we would not expect to see recharge on the scale of months, but rather years. To 
determine true recharge rates of rock dams, future monitoring systems could do tritium testing on 
the scale of years and/or install additional sensors (pressure or water content) in the subsurface to 
track infiltration rates on a longer timescale. 
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INTRODUCTION 

Southwestern North America has been in a megadrought for the past 22 years which has 
been the regions driest since at least the year 800 (Williams et. al., 2022). One place where the 
effects of this drought can be seen is at Lake Mead, which has been experiencing record-low 
water levels. This has been exacerbated by the over allocation of the Colorado River, which 
feeds into Lake Mead. Quite simply, water demand exceeds supply. This has resulted in the US 
Bureau of Reclamation to declare a Tier 1 shortage for Colorado River operations which began 
January 2022. A Tier 1 shortage results in a 30% reduction of Colorado River water delivered by 
the Central Arizona Project to Arizona (ADWR and CAP, 2022). 

Arizona’s water portfolio relies heavily on the Colorado River with 36% of the state’s 
water supply coming from the Colorado River (pre-shortage). However, Arizona relies most 
heavily on groundwater with 41% of the state’s water supply coming from groundwater (ADWR, 
2020). The reduction of Colorado River water will almost certainly increase stresses placed on 
Arizona’s groundwater. This problem is compounded by the fact that irrigated agriculture is the 
largest user of water in Arizona, consuming ~74 % of the available water supply (ADWR, n.d.). 
With the cut in Colorado River water, farmers will need to rely on more groundwater if they 
want to continue growing the same crops over the same area. By relying on groundwater more, 
over pumping aquifers will become more common, and drawdown of groundwater will increase 
at an even faster rate. The effects of drawdown can cause land fissures and land subsidence. 
Land subsidence is the gradual settling, or the sudden sinking, of the Earth’s surface and is 
essentially irreversible (USGS, 2018; USGS, 2019). Land subsidence removes the possibility of 
recharging the aquifer in the future. With groundwater being placed under additional stresses, it 
is imperative to research alternative methods for improving groundwater recharge on short 
timescales. Recharge is when surface water or water in the unsaturated zone move into an aquifer 
or the saturated zone (Nimmo, et. al. 2005). 

This study focuses specifically upon the use of rock dams and their impact on recharge. 
Rock dams have been used for thousands of years to manage agricultural water (Norman, 2020) 
and there is evidence that rock dams improve riparian health after installation (Norman et. al., 
2014). However, determining whether rock dams cause recharge is still an active area of 
research. Fandel (2016) found that rock dams could potentially increase infiltration (defined as 
surface water that enters the vadose/unsaturated zone); however, whether this water resulted in 
increased groundwater recharge and storage, was not determined. 

Our hypothesis was that rock dams may cause rapid recharge. Rapid recharge is defined 
here as recharge that occurs within 3-months. To explore this hypothesis, we used water 
chemistry, isotope, and modeling data. Further, we hypothesized that we could use mounding of 
the water table as an indication that rapid recharge was occuring. Mounding could be observed 
using piezometer data from a well located near a rock dam.  
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BACKGROUND 
Study Area  
 The research area is at Cienega Ranch in Willcox, Arizona approximately 85 miles East 
of Tucson. The Willcox Basin is approximately 1,910 square miles (Konieczki, 2006; Town and 
Freark 1999) and is composed of a broad alluvial valley with a playa at the center and mountain 
ranges at the fringes (Towne and Freark, 1999). The basin is topographically closed, and 
groundwater generally flows from mountain fronts toward the Willcox Playa. The center of the 
Willcox basin recieves approximately 12 inches of precipitation annually (Brown and Schumann, 
1969), but surrounding mountains can receive more than 35 inches of rain (University of 
Arizona, 1965). Annual evaporation at Willcox averages 84.59 inches, seven times greater than 
the average annual precipitation (Brown and Schumann, 1969).  

All residents and businesses of Willcox rely exclusively on groundwater for their source 
of water. Recharge rates range from 15,000 to 75,000 acre-feet/year (Anderson and Freethy, 
1995; Brown and Schumann, 1969; Towne and Freark, 1999); however, the rate of usage of 
groundwater has ranged from 172,000 acre-feet/year to 300,000 acre-feet/year since 1967 (Town 
and Freark, 1999; Anderson and Freethey, 1995; ADWR, 2018). This is a deficit of 97,000 to 
285,000 acre-feet/year for over 50 years. The ADWR (2018) has modeled drawdown of the 
groundwater level (or water table) ranging from 100-300 feet from 1940 to 2015 and predicted 
that by the year 2115 the drawdown may be as high as 573 feet. This drawdown has resulted in 
land subsidence, fissures, and residents’ wells going dry. 

Primary uses of groundwater in Willcox are for domestic, municipal, irrigation, livestock, 
and mining uses (Towne and Freark, 1999) with 90% of the groundwater used for 
agricultural/irrigation (Konieczki, 2006; 2040 General Plan, n.d.). There are cattle operations as 
well as cornfields, wheat, alfalfa, pistachio groves, vineyards, wineries, peaches, apples, and 
cotton being farmed in Willcox (ACA, 2018).  

Sampling Locations 
There were four sampling locations: White Rock Springs (WRS), Leaky Weir Upstream 

(LWU), Krabee Well, and Leaky Weir Downstream (LWD). These sampling locations are all in 
the same wash located in the mountain block of the Dos Cabezas mountains. A mountain block 
is an area that is topographically elevated and which the shallow subsurface is primarily bedrock 
(Markovich, et. al. 2019). The wash is ephemeral and dry for most of the year unless recent 
precipitation has occurred. After precipitation, water is focused along these mountain block 
washes and travels down to lowland basin fill. White Rock Springs is the sampling site most 
upstream and northward, followed by LWU, Krabee Well, and LWD. Figure 1 below shows the 
sampling locations.  
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Figure 1. Sampling Locations 
 

According to the Arizona Department of Water Resources Well Registry, Krabee Well 
was constructed in 1978 and is 100 feet deep with a casing depth of 40 ft. At the time of 
construction, the depth to water was 60 feet. No well log can be found for Krabee Well. Krabee 
Well is located on a hill adjacent to the wash approximately 70 meters downwash from LWU. 

 LWU is approximately 12.7 meters wide and is 1.95 meters high (Figure 2). It was 
constructed in the summer of 2018 by cementing stones from the surrounding area together. 
Using the natural topography of the area, the stones form an impediment to water flows.  
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Figure 2. Looking Upstream at Leaky Weir Upstream 

Leaky Weir Downstream is located ~700 m downstream from LWU. It is approximately 
3.5 meters wide and 1.17 meters tall. It is placed in a tighter constriction than LWU (Figure 3).

  

Figure 3. Sideview (left) and Looking Upstream (right) at Leaky Weir Downstream
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Archeology 
White Rock Springs is located approximately 1400 meters upstream of LWU. At White 

Rock Springs there are two possible bedrock mortars located on rock outcroppings adjacent to 
the spring (Figure 4). The presence of these mortars indicate that White Rock Springs may have 
once had perennial flow of water that may have been used by indigenous peoples.  

  

Figure 4. Possible Bedrock Mortars 
 

Geology 
 The sampling locations are in a wash filled with alluvium underlain with granite and 
grandiorite of middle Proterozoic age. The wash consists of gravel and sand of Pleistocene and 
Pliocene age. There are several volcanic dikes and plugs composed of rhyolite surrounding the 
sampling location. To the north of the sampling locations are the Dos Cabezas Mountains, 
composed of volcanic rocks of late Cretaceous or Paleocene age (Figure 19 in Appendix A). A 
cross section of the geology is also provided in Figure 19. The alluvium that the sampling 
locations are in do not appear in the cross section due to its scale. Additionally, the GPS 
coordinates of the sampling locations may be slightly different than the geologic map. This may 
be due to inaccuracies of the GPS unit and/or the errors that come from georeferencing the 
geologic map. 
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Alkalinity 
Alkalinity is a measure of the ability of a water body to neutralize acids and bases to 

maintain a fairly stable pH (USGS, 2018). Rainwater has alkalinity values near zero. However, 
once rainwater interacts with its surrounding, the alkalinity will increase. Rocks containing 
calcium carbonate will raise the pH and alkalinity of the water while areas where there are large 
amounts of granite will have a lower alkalinity.  

Major Cations and Anions 
Groundwater quality can be affected by the source and chemical composition of recharge 

water, the lithological and hydrological properties of the geologic unit, the various chemical 
processes occuring within the geologic unit, and the residence time of the water (Bartos and 
Ogle, 2002). Major ions are the most abundant dissolved constituents in groundwater and 
analysis of major ions can provide information on the solute chemistry of the groundwater and as 
well as the lithology of the area. 

Water Stable Isotopes 
Hydrogen has two stable isotopes (1H and 2H) and oxygen has three stable isotopes (16O, 

17O, and 18O). Stable isotopes are nuclides which do not decay to other isotopes on geologic 
timescales. Isotopes have different masses because of the different number of neutrons present. 
Heavier isotopes will be found in disproportionate amounts in liquid or solid states while the 
lighter isotopes will be found in higher concentrations in gas states. This behavior is called 
isotope fractionation and it is due to the difference in the strength of bonds in lighter vs heavier 
isotopes (Clark and Fritz, 1997). The heavier isotope will require greater energy to break its bond 
than a lighter isotope. Isotope fractionation allows us to determine flowpaths of our water 
samples as well as potential seasonality and elevation of recharge. 

 Isotopic concentrations are expressed using a delta symbol (δ) which represents the 
difference between the measured ratios of the sample and reference normalized by the ratio of 
the reference (Equation 1). 

δ18Osample = 
(

𝑂𝑂18

𝑂𝑂16� )𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−(
𝑂𝑂18

𝑂𝑂16� )𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠

(
𝑂𝑂18

𝑂𝑂16� )𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠
  Eq. (1) 

The Vienna Standard Mean Ocean Water (VSMOW) is the internationally accepted 
reference for δ18O and δ2H in waters that have not been highly depleted (i.e., water in the 
Artic/Antarctic). Because fractionation does not impart large variations in isotope concentrations, 
δ-values are expressed as the parts per thousand, using the “permille” (‰) notation (Clark and 
Fritz, 1997). In this study deuterium (δ2H or δD) and Oxygen-18 (δ18O) were used for analysis.   

The global meteoric water line (GMWL) defines the relationship between δ18O and δ2H 
values in precipitation first described by Harmon Craig in 1961. Rozanski et. al. (1993), updated 
the GMWL presented in Equation (2):  

δ2H = 8.13 δ18O + 10.8    Eq. (2) 
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The local meteoric water line (LMWL) defines the relationship between δ18O and δ2H in 
precipitation for specific locations, which can vary based on local sources of precipitation, 
humidity, etc. For this research, the summer and winter LMWL of Tucson, AZ was used to 
characterize our groundwater samples. Summer is defined here as June to October and winter is 
November to May. The LMWL was obtained from Eastoe and Dettman (2016).  

Tritium (3H) 
Tritium is the third isotope of hydrogen and contains one proton, one electron, and two 

neutrons. Tritium concentrations are expressed in absolute concentrations, using “tritium units” 
(TU). One TU corresponds to one 3H atom per 1018 atoms of hydrogen (1H). Tritium is a 
radiogenic isotope and has a half-life of 12.43 years (Clark and Fritz, 1997).  

 Tritium is generated naturally in our atmosphere by cosmic radiation, but most tritium in 
our environment originates from thermonuclear bomb testing in the 50’s and 60’s. Both natural 
and anthropogenic tritium enter the hydrological cycle through precipitation and its presence 
provides evidence of active recharge. It is the only radioisotope that is part of the water 
molecule, and therefore, is the only direct water dating method (Clark and Fritz, 1997).  

HYDRUS-1D Modeling 
HYDRUS-1D is a public domain modeling program for water flow and solute transfer in 

variably saturated media. We used it as a screening model tool to determine under what 
conditions, if any, we would expect to see recharge. If we were to model a 1-dimensional system 
that was in steady state and fully saturated, we could use Darcy’s Law to solve infiltration rates 
(Equation 3). This could mathematically be done by using the saturated hydraulic conductivity of 
the soil and multiplying it by the hydraulic gradient of the system. If the hydraulic heads at the 
boundaries were the same for all soils, then the only variable that would determine flux is the 
saturated hydraulic conductivity.  

q = 𝑄𝑄
𝐴𝐴

=  −𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠 ∗  𝐻𝐻2−𝐻𝐻1
𝐿𝐿

     Eq. (3) 

q = flux per unit area [L/T] 
Q = volumetric flux [L3/T] 
A = area [L2] 
Ksat = saturated hydraulic conductivity [L/T] 
H = hydraulic head [L] 
L = length [L] 

If we were to model a 1-dimensional system that was in steady state and unsaturated, we 
would use the unsaturated hydraulic conductivity (Equation 4) to solve infiltration rates.  

q =  −𝐾𝐾𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠 ∗  𝑑𝑑(ψ+z)
𝑑𝑑𝑑𝑑

     Eq. (4) 

q = flux per unit area [L/T] 
Kunsat = unsaturated hydraulic conductivity [L/T] 
Ψ = matric potential [L] 
z = depth [L] 
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Unlike saturated hydraulic conductivity, the unsaturated hydraulic conductivity varies with the 
pressure head and therefore, may not be constant in space even under steady state conditions. 
However, assuming unit gradient flow, flux will be equal to the unsaturated hydraulic 
conductivity. Therefore, if the applied flux is known, the unsaturated hydraulic conductivity will 
be known, and the water content of the soil profile can be solved using the soil water 
characteristics curve. The soil water characteristics curve is the relationship between water 
content and water pressure head and can be determined using the soil hydraulic parameters of the 
soil (these are often approximated using the soil texture). 

For our model, we are solving infiltration rates for a transient unsaturated system and 
therefore, we must use Richards’ equation. To do this, we use HYDRUS-1D which numerically 
solves Richards’ equation. Assuming a constant fluid density, porosity, and unsaturated 
conditions, Richards’ equation is presented below as Equation (5).  

𝜕𝜕𝜃𝜃𝑤𝑤
𝜕𝜕𝑠𝑠

− ∇ ·  �𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘𝑟𝑟(∇ψ+ ∇z)� = 0    Eq. (5) 

θw = water content [-] 
t = time [T]  
∇· = divergence operator [-] 
Ksat = saturated hydraulic conductivity [L/T] 
kr = relative permeability [-] 
ψ = pressure head [L] 
z = vertical distance [L] 

 
The first term expresses the change of water content over change in time. The next term 

is the divergence operator which takes a vector field and produces a scalar field. The term inside 
the parathesis is the unsaturated hydraulic conductivity multiplied by the sum of the change in 
pressure and elevation head (i.e., the hydraulic head gradient).  

Richards’ equation is a mass balance equation where the net flux must equal the rate of 
mass change in a given control volume. By setting appropriate intial and boundary conditions, 
Richards’ equation can be solved. Boundary conditions used for our model are discussed in the 
HYDRUS-1D Inputs section.  

Assumptions for Richards’ Equation  
 Richards’ equation presented in Equation (5) assumes that soil and fluid compressibility 
are negligible. This assumption is valid under unsaturated conditions because change with time 
in the soil media is driven primarily by changes in moisture content. Because our study site is in 
an arid environment, we are primarily dealing with unsaturated conditions, so our assumption 
appear reasonable. 
 Secondly, Richards’ equation has built in assumptions the viscosity and density of air are 
negligible compared to that of a fluid (in our case, water). This assumption allows us to assume 
that the air pressure is 0 pascals everywhere in the subsurface, but this does not mean that air is 
stationary. Because the viscosity of air is so low, a small gradient will still cause air to move 
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extremely fast; however, the air will also equilibrate extremely fast which will make the gradient 
appear to be 0 again.  

MATERIALS and METHODS 
Sampling 

Six water samples were collected from four locations over 3-months. Table 1 below 
presents the dates and the samples collected during each visit.  

Table 1. Sampling Dates at Cienega Ranch 
Date Sample(s) Collected 
7/16/21 Krabee Well 
8/8/21 LWD 
8/13/21 LWU, LWD, WRS 
10/22/21 Krabee Well 

  

Sampling at LWU on 8/13/21 was collected from a surface water sample; however, this 
sample is believed to be composed of groundwater as it was visually seen that the pool of water 
sampled was being filled by a leak from the bottom of the rock dam (Figure 5).  

 

Figure 5. Sampling from LWU (Circle Showing Location of Seep) 



Page 17 of 61 
 

Collection of water from White Rock Spring was done by digging a 1.3 feet hole into the 
alluvium in the center of the wash. Groundwater actively seeped into the hole and a sample was 
collected.  

Krabee Well samples were collected by tying a rope onto a 1L-HDPE bottle and lowering 
it into the casing of Krabee Well. The bottle was half filled with rocks found adjacent to the well 
to make the container dense enough to submerge beneath the water level in the well. The well 
was not purged beforehand as the well was not connected to a power source and therefore 
pumping was not possible. The well casing is covered year-round.  

For each sample three measurements were taken in the field: electrical conductivity, pH, 
and dissolved oxygen. These measurements were taken using the Oakton CON 150, Oakton pH 
150, and YSI 550A, respectively. Temperature was also recorded with each measurement and 
elevation and GPS coordinates were taken in the field using a Garmin eTrex Legend. 

Below are measurements of the depth to the water table in Krabee Well collected by 
USGS (2019-2020) and author (2021) using a well sounder (Table 2). 

Table 2. Krabee Well Water Level Measurements 

Date Depth to Water (feet) 
3/9/2019  43.86 
10/3/2019 42.88 
10/4/2019  42.85 
12/20/2019  40.05 
1/29/2020  36.15 
2/28/2020 34.20 
6/11/2020 27.80 
8/5/2020 30.00 
8/13/21 40.10 
10/22/21 36.78 

From Coy, et. al. 2021 

A piezometer was also installed into Krabee Well from March 2019 – September 2020. 
Measurements were taken every 10 minutes. From March 2019 to May 2019 groundwater levels 
increase, then from May 2019 to September 2019 groundwater levels decrease. From September 
2019 to May 2020 groundwater levels tend to increase, then from May 2020 to September 2020 
the groundwater levels decrease. The depth to water oscillates between 27 - 44 feet.  Figure 6 
below shows the measurements from the piezometer. 
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Figure 6. Krabee Well Piezometer Readings (Coy, et. al. 2021) 

  

Aqueous Chemistry and Isotope Analyses 
The bottles used to collect the samples were rinsed three times in the field with water at 

the sampling site prior to filling with the collected sample. Samples were brought back to the lab 
and filtered using a 0.45 µm filter paper. Tritium samples were stored in 1L-HDPE deionized 
bottles, cation and anion samples were stored in 30-mL HDPE bottles, and stable water isotopes 
were stored in 60-mL glass vials. Cations samples were stabilized using two drops of nitric acid 
immediately after filtration. All samples were stored in coolers with ice in the field and in 
refrigerators prior to analysis at University of Arizona Environmental Isotope Laboratory (EIL) 
and the Arizona Laboratory for Emerging Contaminants (ALEC).   

Tritium and stable water isotopes were analyzed at EIL. Tritium samples were analyzed 
using liquid scintillation spectrometry and stable water isotopes were measured using the 
Finnigan Delta S gas-source isotope ratio mass spectrometer.  

Major cations (Na+, Mg2+, K+, and Ca2+) and anions (F-, Cl-, NO2-, Br-, NO3-, PO4, and 
SO42-) were analyzed at ALEC using ion chromatography for anions (precision ± 2%) and 
inductively coupled plasma-mass spectrometry for cations (precision ± 3%).  

Alkalinity was measured using the Gran titration method by author. Alkalinity 
measurements for both Krabee Well samples and LWD (8/8) were made within 8 hours of 
collection. Alkalinity measurements for LWU and LWD (8/13) had erroneously low values and 
were remeasured on March 18th, 2022. The alkalinity of the White Rock Spring was estimated 
using the charge balance as no sample remained to be retested. Charge balance for all samples 
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were within ±10%, except for White Rock Spring, which did not have a reliable alkalinity 
measurement. Alkalinity, at near-neutral conditions (pH between 6 and 8), is assumed to be 
dominated by bicarbonate (HCO3-). 

HYDRUS-1D Inputs 
HYDRUS-1D has four single porosity models that may be used to determine the 

unsaturated soil hydraulic properties in Richards’ equation (i.e., soil water retention and 
hydraulic conductivity): van Genuchten-Mualem, Modified van Genuchten, Brooks-Corey, and 
Kosugi (log-normal). For our analysis the van Genuchten-Mualem model was chosen.  

We modeled water flow using a run time of 90-days and 1-year. The depth of the soil 
profile used was 1000 cm (32.8 ft) and began with an intial condition of field capacity (-330 cm) 
everywhere. Field capacity is the water remaining in soil after is has been thoroughly saturated 
and allowed to drain freely, usually for one or two days (USDA, 2008).  

 Our upper boundary condition was “atmospheric boundary condition with surface 
runoff”. This meant that we had zero height ponding. By setting our precipitation rate to be 95% 
of the Ks of each respective soil, we simulated a scenario where infiltration was occuring nearly 
at saturated conductivity. This coupled with the upper boundary condition was akin to simulating 
a streamflow event, rather than a precipitation event. Two scenarios were modeled using a 
runtime of 90-days: a 12-hour and 24-hour streamflow event. One scenario was modeled using a 
runtime of 1-year: six 12-hour flow events, each spaced two weeks apart beginning at time 0.  

Our lower boundary condition was “free drainage” which represents unit gradient flow. 
This meant that flux was equal to the hydraulic conductivity at the current water content at the 
bottom boundary. This boundary condition is appropriate for scenarios where the water table is 
far beneath our domain of interest, where the capillary fringe (an area above the water table that 
is saturated, but which the pressure head is less than atmospheric pressure) will not influence 
infiltration rates or water table levels. Other bottom boundary conditions (i.e., constant/variable 
pressure head or flux) were not appropriate for our model because this information was 
unknown. Therefore, using free drainage as our bottom boundary condition allows us to assume 
unit gradient flow at the wetting front and determine the pressure head and flux at the bottom 
boundary. 

 Five different observation nodes were specified to track the rate at which the wetting 
front propagated down the soil column: 10, 100, 250, 500, and 1000 cm depths. An observation 
node is a specific location in the soil column where HYDRUS-1D records pressure head, water 
content, and water flux varying with time.  

HYDRUS-1D Assumptions 
The parameters specified for our models were not meant to represent a specific rain event 

or time period, but were instead meant to serve as a screening level model to characterize general 
conditions that would lead to recharge. Therefore, several assumptions were made to simplify the 
parameters of our models.  
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We modeled infiltration at nearly Ks which is a simplification how infiltration truly 
occurs. Infiltration is controlled by two forces- gravity and capillary pressure. At early times, 
infiltration rates would be greater than Ks because capillary pressure plays a larger part in driving 
flux. At later times, the length of the wetting front increases and flow becomes dominated by 
gravity and infiltration occurs at nearly Ks. Because our simulations were run using an 
infiltration rate of 95% Ks, we are assuming that gravity was the main driving force of infiltration 
and bypassing the initial infiltration where capillary action plays a larger role and increases 
initial infiltration rate. This would result in a slightly shorter wetting front (i.e., if our wetting 
front would have traveled 100 cm previously, now it may only travel 95 cm). 

Each simulation was run using a homogenous soil column. If we had modeled 
heterogeneous soil columns the wetting front travel times for each simulation could either 
increase or decrease, depending on the ratios of coarse to fine sediment. 

We only modeled 1-dimensional flow and therefore, lateral flow was not considered. 
Krabee Well is located ~70 meters southwest from the rock dam and therefore, the time needed 
for the water table to rise in Krabee Well would take longer than what was modeled.  

We did not model any root uptake or evapotransiration, which would increase the wetting 
fronts travel times and decrease the number of soils which would have wetting fronts that would 
travel down to deeper depths.  

Running HYDRUS-1D through Python 
HYDRUS-1D can be used through its graphical user interface, however, this is time 

consuming and unrealistic when running more than just a few soils. Therefore, we called 
HYDRUS-1D using a python script (written by David Wessner and updated by author) that 
would analyze van Genuchten (vG) soil properties and wetting front travel times. A conceptual 
diagram is provided as Figure 7 and the process is described in more detail below.  

Using python script, HYDRUS-1D was called. Code was then added to create a soil 
dictionary that consisted of 231 soils with sand, silt, and clay (SSC) contents that varied by 5%. 
The 231 soils and their SSC contents are presented in Table 8 in Appendix B. 

This soil dictionary was sent to an online ROSETTA application (Skaggs, n.d.) which 
would generate vG parameters (i.e., residual water content, saturated water content, alpha, n, and 
saturated hydraulic conductivity) for each soil (Table 9 in Appendix B). For the 1-year 
simulation, only 66 soils (each varying by 10% SSC contents) were modeled as opposed to 231 
soils. This was done because the purpose of this simulation was to determine representative soils 
that would allow for recharge. The difference between SSC contents of 5% vs. 10% would not 
provide additional insights as the most important aspect is to have the 12 USDA soil textures 
represented (Figure 11 and 12), rather than as many soils as possible in each of the 12 soil 
textures. 

The vG parameters were then used in the python script to generate two input files: 
SELECTOR.IN and ATMOSPH.IN. The “selector” file specifies basic information, water flow 
information, and time information into HYDRUS-1D. The “atmosph” file specifies the 
atmospheric boundary conditions in HYDRUS-1D. These input files were sent to HYDRUS-1D 



Page 21 of 61 
 

which then generated output files. These output files were then analyzed by custom script 
(written by author) which searched for when the wetting front reached an observation node and 
recorded the time that that occurred. The water content at the wetting front is represented in 
Equation (6). 

 
 Өwf = Өi−Ө𝑠𝑠

2
     Eq. (6) 

Өwf = water content at the wetting front [-] 
Өi = initial water content [-] 
Өs = saturated water content [-]  

This value was chosen because the wetting front would have a water content less than the 
saturated water content as the propagating wetting front would be entering unsaturated zones 
which would reduce its water content. However, the wetting front should be more saturated than 
our initial water content and therefore, the medium value between initial and saturated water 
content was chosen to represent Өwf. If the wetting front did not reach the observation node, then 
“nan” was recorded. These “nan” values were then removed from the figures to decrease 
cluttering and improve readability.  

Our python code also included a check to see when our simulations would fail to 
converge on a solution. When our numerical solutions failed to converge for a particular soil, the 
simulation was recorded as “inf” to differentiate between a nonconverging solution and a wetting 
front that failed to reach a node. These “inf” values were recorded as a black X on our figures, to 
show when a solution did not converge. A conceptual diagram is presented below (Figure 7) that 
shows the steps used to run HYDRUS-1D through python. 
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Figure 7. Conceptual Diagram of Modeling Process 

RESULTS 
Field Parameters  
 Field parameters taken during sampling are presented below in Table 3.  

Table 3. Field Parameters of Samples  

Water Stable Isotopes 
 The δ18O and δD values of our samples range from -9.6 to -6.0‰ and -67.5 to -41.4‰, 
respectively. Additionally, well data from Vinson et. al. (2011) have been included and the δ18O 

Sample 
Name 

Date Elevation 
(ft) 

pH Temperature 
 (oC) 

Dissolved 
Oxygen 
(%) 

Electrical 
Conductivity 
(µs) 

 

White Rock 
Spring 

8/13/21 5347 7.01 23.0 35.0 133.1  

LWU 8/13/21 5195 6.71 23.7 9.5 235.7  

Krabee 
Well 

7/16/21 5195 7.03 21.9 9.2 814.2  

10/22/21 5195 6.90 21.1 13.3 1065  

LWD 

8/8/21 5168 6.41 28.3 9.7 215.8  

8/13/21 5168 6.54 24.6 9.5 119.9  
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and δD values are -9.8‰ and -72‰, respectively. The well sample from Vinson et. al. was taken 
from a well located in the mountain blocks of the Dos Cabezas mountains within 5 miles of our 
sampling location.  
 

*From Vinson et al. 2011 

Precipitation Data from Empire Mountains and Davidson Canyon 
 Precipitation samples were collected from the Empire Mountains and Davidson Canyon, 
approximately 70 miles west-southwest from Cienega Ranch. These samples were collected over 
the entirety of the 2021 summer monsoon season and represent 2021 summer precipitation 
values, not a single rain event. The δ18O values range from -5.50 to -4.70‰ and the δ2H values 
range from -37.00 to -35.90‰. Tritium values ranged from 6.10 to 6.40 TU. 

Table 5. Summer Precipitation Data 
Sample 
Name 

Date 
Collected 

δ18O  
(‰) 

δ2H  
(‰) 

Tritium 
(TU) 

Error  
(TU) 

Precip Empire 
Mountains 

10/1/21 -4.70 -35.90 6.40 0.2 

Precip DAV 10/1/21 -5.50 -37.00 6.10 0.2 
(Stratman, 2022) 

 The water stable isotopes are plotted in Figure 8 and show the summer and winter 
LMWL for Tucson (from Eastoe and Dettman, 2016). The summer LMWL has a slope of 4.97 
and a Y-intercept of -6.96‰ while the winter LMWL has a slope of 7.78 and a Y-intercept of 
9.92‰. Three circles have been added to the figure that represents end members for our samples 
(i.e., precipitation, shallow alluvium groundwater, and bedrock groundwater). LWD 8/8 is the 
most enriched and composed mainly of precipitation; Spring 8/13, LWU 8/13 and LWD 8/13 are 
composed of shallow alluvium groundwater; and Krabee Well 7/16 and 10/22 are the most 
depleted and are composed mainly of deep bedrock groundwater. 

Table 4. Isotopic Results of Samples 

Sample 
Name 

Date 
Collected 

δ18O (‰) δ2H (‰) Tritium (TU) Error (TU) 

White Rock 
Spring 

8/13/21 -8.2 -55.9 4.4 0.26 

LWU 8/13/21 -8.6 -57.8 4.5 0.20 

Krabee Well  7/16/21 -9.6 -67.5 2.3 0.20 

10/22/21 -9.1 -63.2 2.4 0.20 

LWD 8/8/21 -6.0 -41.4 6.4 0.24 

8/13/21 -8.5 -59.8 3.5 0.18 

Well 2* -- -9.8 -72 -- -- 
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Figure 8. Stable Oxygen and Hydrogen Isotopes of Water 
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Aqueous Chemistry 
   Krabee Well samples have the highest ion concentrations compared to the other samples, with the exception of nitrate 
(NO3-). Krabee Well also had the highest alkalinity measurements ranging from 6.41-7.65 meq/kg. LWD 8/13 had the lowest ion 
concentrations with the exception of Na+, F-, and NO3-. No samples contained detectable concentrations of NO2- or Br-. The rest of the 
samples have ion concentrations inbetween those of Krabee Well and LWD 8/13. Table 6 below presents the results of the aqueous 
chemistry of our samples.  

Table 6. Aqueous Chemistry for Samples  

-- represents ions that were below the detection limit (5.00 µm/L) 
Precision ± 3% 
 

Figure 9 below depicts our water samples plotted on the carbonate dissolution line. Samples plotting near this line represent 
systems where they are likely dominated by carbonate dissolution. All our samples plot near the carbonate dissolution line. 

Sample 
Name 

Date 
Collected 
 

Alkalinity 
(meq/kg as 
HCO3-) 

Ca2+ 

(mg/L) 
Mg2+ 
(mg/L) 

Na+ 
(mg/L) 

K+ 
(mg/L) 

F- 
(mg/L) 

Cl-

(mg/L) 
NO2- 

(mg/L) 
Br-  
(mg/L) 

NO3-  
(mg/L) 

PO4  
(mg/L) 

SO42-  
(mg/L) 

White 
Rock 
Spring 

8/13/21 1.00 
(calculated) 

15.0 3.8  5.6 5.1 0.65 2.97 -- -- 12.28 0.52 5.04 

LWU 8/13/21 2.12 30.3 6.8 3.2 8.5 0.28 1.51 -- -- 2.59 0.58 3.39 

Krabee 
Well 

7/16/21 6.41 97.3 17.5 53.6 8.5 1.4 12.6 -- -- 0.15 
 

-- 114.6 

10/22/21 7.65 106.4 19.3 53.5 5.3 1.57 7.96 -- -- 0.54 -- 86.56 

 
LWD 

8/8/21 1.94 26.5 5.6 6.4 6.3 0.69 2.55 -- -- -- -- 4.62 

8/13/21 0.96 14.4 3.3 4.1 4.2 0.50 1.22 -- -- 1.06 0.30 2.17 
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Figure 9. Calcium Plus Magnesium Versus Alkalinity 

Tritium 
Tritium concentrations ranged from 2.3-6.4 TU for our samples. LWD 8/8 had the 

highest tritium units of 6.4. Krabee Well 7/16 and 10/22 had nearly identical TU of 2.3 and 2.4, 
respectively. White Rock Springs and LWU had nearly identical TU of 4.4 and 4.5. Compared to 
the other samples LWD 8/13 had an intermediate TU value of 3.5.  Error bars have been added to 
show analytical uncertainty (0.20 TU). 

 

Figure 10. Tritium Values of Samples 
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HYDRUS Outputs 
Figure 11 below is the USDA soil texture triangle, which classifies soil textures into 12 

different categories.  

 

Figure 11. USDA Soil Texture Triangle 

Figure 12 below shows the soil texture triangle with percent silt on the Y-axis and 
percent sand on the X-axis. The percent clay can be inferred as it is the sum of the sand and clay 
subtracted from 100. This soil texture triangle is overlain on the modeling results.

Figure 12. Modified USDA Soil Texture Triangle 
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Figure 13 through Figure 17 show the time (in hours) it took the wetting front to reach a 
specified depth in our soil columns. Colored circles represent a specific soil while blank areas of 
each figure represent wetting fronts for specific soils that did not reach that node. Values labeled 
with an “X” represent solutions that did not converge. Note, color bars vary for each figure. 
Appendix C contains Table 10, 11, and 12 which lists the wetting front travel times for each 
scenario and node. 

For our 10 cm node, the soils located in the center of our triangle (i.e., silty clay loam, 
clay loam, silty clay loam, and sandy clay) tend to have the slowest propagating wetting fronts 
with arrival times of ~2.5 to 5 hours. Sandy soils have the fastest propagating wetting fronts 
taking < 1 hour. Both flow durations (12 and 24-hour) produce identical results.  

 

Figure 13. Time Needed to Infiltrate 10 cm for 12-Hour (top) and 24-Hour (bottom) Flows. 
3-Month Simulation.  
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For the 100 cm node, only soils that contain low clay contents (< 20%) have wetting 
fronts that reach this node within ~25 hours for the 12-hour flow event. Soils with high clay 
contents (>50% approx.) tended to have solutions that would not converge. For the 24-hour flow, 
most soils have wetting fronts that reach this node within ~30 hours. Sandy clay and clay loam 
soils tended to have wetting fronts that would not reach this node. Nonconvergent solutions 
follow the same pattern as the 12-hour flow event. 

   

Figure 14. Time Needed to Infiltrate 100 cm for 12-Hour (top) and 24-Hour (bottom) 
Flows. 3-Month Simulation.  
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For the 250 cm node, only soils that contain < 10% clay have wetting fronts that reach 
this node within ~50 hours for the 12-hour flow event and nonconvergent solutions remain 
unchanged. One soil (65% sand, 30% silt, 5% clay) had a wetting front that took 108 hours to 
reach this node. For the 24-hour flow, soils with approximately ≤15% clay content have wetting 
fronts make it to this node within ~50 hours. One soil (75% sand, 5% silt, 20% clay) had a 
wetting front that took 236 hours to reach this node. There was one additional nonconvergent 
solution compared to the 100 cm node.  

Figure 15. Time Needed to Infiltrate 250 cm for 12-Hour (top) and 24-Hour (bottom) 
Flows. 3-Month Simulation.  
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For the 500 cm node, only 17 soils have wetting fronts that make it to this node for the 
12-hour flow event. These soils contained ≤10% clay and reach this node within 2.5 to 76 hours. 
For the 24-hour flow, 49 soils have wetting fronts that reach this node and only soils with ≤10% 
clay reach this node. Wetting front travel times range from 2.5 (100% sand) to 332 hours (75% 
sand 15% silt). Nonconvergent solutions remain unchanged for both flow events. 

Figure 16. Time needed to Infiltrate 500 cm for 12-Hour (top) and 24-Hour (bottom) Flows. 
3-Month Simulation.  
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For the 1000 cm node, most soils have wetting fronts that do not reach this node except 
for five soils which contain ≥90% sand for the 12-hour flow event. The travel times varied from 
5 to 49 hours. For the 24-hour flow, 28 soils have wetting fronts that reach this node. Only soils 
with approximately ≤10% clay content reach this node with travel times of 5 to 476 hours. 
Nonconvergent solutions remain unchanged for both scenarios. 

 

Figure 17. Time Needed to Infiltrate 1000 cm for 12-Hour (top) and 24-Hour (bottom) 
Flows. 3-Month Simulation.  
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 The below figure shows the results of our model with six 12-hour flow events spaced 2-
weeks apart beginning at time 0 and run for 1-year. Only the 1000 cm node is shown and only 66 
soils (with SSC contents varying by 10%) were modeled. Out of 66 soils, 26 soils had wetting 
fronts that reached this node and the longest time a wetting front took to reach the bottom of 
column was 3039 hours for the 50% sand 30% silt and 20% clay soil. The fastest a wetting front 
traveled the length of the column was 5 hours for our 100% sand soil. There were 26 soils that 
had nonconvergent solutions and 14 soils that had wetting fronts that did not reach this node. 

 

Figure 18. Time Needed to Infiltrate 1000 cm for Six 12-Hour Flow Events Over 1-Year 
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DISCUSSION 
End Members 

By using end member mixing analysis, we can identify and quantify the dominant 
sources of water in our samples. Based on our study location, we hypothesize that there were 
three end members: precipitation, shallow alluvium groundwater, and deeper bedrock 
groundwater. 

These end members differ from each other in their δD and δ18O values, solute 
concentrations, and tritium units. Monsoon precipitation is expected to be relatively enriched in 
the heavier isotopes (18O and 2H), compared to winter precipitation. Recent precipitation would 
also be expected to contain lower solute concentrations, but higher tritium units. Deeper bedrock 
groundwater would be expected to be more depleted in heavier isotopes due to the longer 
residence time of this water which may contain several different sources of water. This would 
also mean deeper bedrock groundwater would tend to have higher ion concentrations but lower 
tritium units. The shallow alluvium groundwater is expected to have a relatively short transit 
time in the subsurface and therefore, their isotope and ion concentration data are expected to fall 
between the two other end members.  

Krabee Well likely represents deeper bedrock groundwater as it is composed of older 
more chemically evolved water based on isotope and major cation and anion data (Table 4 and 
Table 6). A well sample (collected from deep bedrock groundwater) from Vinson et. al 2011 
corroborate this. Based on water stable isotope data collected from Davidson Canyon and Empire 
Mountains, LWD 8/8 is likely composed mainly of precipitation (Figure 8). LWU, LWD 8/13, 
and the White Rock Spring samples are intermediate in composition, and are likely composed of 
shallow alluvium groundwater (Figure 8). 

Major Cation/Anion and Alkalinity 
Krabee Well contains the oldest water out of our samples and contains the highest 

amount of carbonate minerals (calcite and/or dolomite). This is due to the longer residence time 
that the water has spent in the subsurface. A longer residence time allows the water more time to 
interact and dissolve surrounding minerals resulting in higher ion concentrations. This is 
supported by our alkalinity measurement of Krabee Well which had the highest alkalinity values 
compared to our other samples. This can be seen in Figure 9, where Krabee Well samples plot 
further out on the x-axis (representing higher alkalinity) and higher on the y-axis (representing 
higher calcium and magnesium concentrations).  

Fluoride tends to be elevated in older groundwater due to increased water-rock reactions 
(Hopkins, 2013). We see that Krabee Well samples showed an increase in fluoride 
concentrations from July to October, which suggests that the water in Krabee Well was getting 
older during our sampling period and had not received input from the 2021 summer monsoon 
rains. Further, we would expect to see Krabee Well samples become more diluted in solute 
concentration if there had been input of recent precipitation, which is absent in the data, again 
suggesting Krabee Well water was getting older.  
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White Rock Spring contained the highest nitrate concentration indicating contamination. 
Cattle graze freely around the area and contamination was likely caused by precipitation coming 
into contact with cow manure and draining into the wash. 

The ion concentrations were lower in LWD 8/13 samples compared to LWD 8/8, with the 
exception of nitrate and phosphate, which increased. There was one rain event between the two 
samples (confirmed by resident of research site and supported by rainlog.org) and the decrease in 
ion concentrations suggests that the LWD 8/13 sample was composed of more rainwater. This is 
supported by the decrease in alkalinity and an increase in nitrate and phosphate; which, may have 
been elevated from the rain event washing cow manure into the wash. This suggests that the later 
sample collected at LWD (8/13) was composed of a higher percentage of modern precipitation 
compared to LWD 8/8, however, this data conflicts with the tritium and water stable isotope 
data. 

Isotopes 
Tritium (3H) 

The Environmental Isotope Lab at the University of Arizona has tritium data avaiable 
online for Tucson, Arizona beginning from summer 2001 until winter 2020-2021 (citation in 
references). From 2001 to 2013 the average tritium units were reported to be 5.3. From summer 
2013 to winter 2017, the average TU were 3.1 and from summer 2017 until summer 2020, the 
TU were 4.2. With these variable TU, water ages were not calculated using decay relationships 
as they would yield non-unique ages. Based on prior research around southeastern Arizona, 
tritium values less than 3 TU are assumed to be older than a decade (Vicenti, 2018; Kirk, 2020; 
Tritz, 2021). 

Krabee Well was sampled at the beginning and end of the 2021 summer monsoon season 
and its tritium concentrations (2.3 and 2.4) did not increase outside of the analytical uncertainty 
(0.20 TU). This suggests that the well did not have input from recent precipitation during the 
sampling period. Two scenarios exist that would result in tritium units of 2.3 – 2.4: The water is 
a mixture of older groundwater and recent recharge, or the groundwater was modern recharge 
that was recharged several decades ago and has been radioactively decaying since its recharge. 
From our data it is not possible to determine which scenario Krabee Well samples fall under. If 
another tritium sample were taken from Krabee Well a few years into the future and the TU 
increased, it would be an indication that Krabee Well water is a mixture of older groundwater 
and recent recharge. If, however, the TU do not increase, this would be indication that Krabee 
Well was recharged decades ago and is no longer being actively recharged. 

The sample collected at LWD on 8/8 contained the highest tritium concentration (6.4 TU) 
which indicates that it was composed of the highest amount of young water. Five days later 
another sample was taken at LWD which contained 3.5 TU. This decrease in tritium units may 
be explained by the hypothesis that the recent rain event infiltrated and caused an upwelling of 
older groundwater displacing the recent precipitation event. The water stable isotope data 
support this hypothesis; however, it is contradicted by the water chemistry data. 
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The tritium concentration of White Rock Spring (4.4 TU) and LWU (4.5 TU) are within 
the analytical uncertainty (0.20 TU) which suggests that water at LWU is the same water from 
White Rock Springs. 

Water Stable Isotopes (δD and δ18O) 
Two samples were collected at LWD five days apart. The first sample was collected on 

8/8 and the second on 8/13. There was one rain event between these samples on 8/10/21. The 
first sample was more enriched in 18O and 2H compared to the second sample. This indicates that 
the water collected on 8/13 was not from recent precipitation, as we would have expected it to 
plot closer to our precipitation samples (Figure 8). Instead, we see the opposite (i.e., LWD 8/13 
became more depleted). One explanation for this is that the recent rain event infiltrated and 
displaced older groundwater trapped in the subsurface upwards, which is supported by our 
tritium data.   

White Rock Spring and LWU share similar isotopic signatures which further supports the 
tritium data that the water from White Rock Spring is traveling down to LWU.   

The Krabee Well sample from 10/22 showed a slight enrichment of < 0.3‰ (accounting 
for analytical uncertainty) compared to the sample taken on 7/16. We do not believe this slight 
increase represents any modern recharge as the tritium values did not reflect any increase in 
modern water.  

Hydrochemistry 
All of our samples plot near the 1:2 ratio of (Ca2++Mg2+):HCO3- and are therefore likely 

to be dominated by carbonate dissolution (Figure 9). This can be represented by the following 
equation for dolomite (a sedimentary carbonate rock) dissolution: 

2CO2 (g) + CaMg(CO3)2 + 2H2O  Ca2+ + Mg2+ + 4HCO3- 

When one mole of dolomite (CaMg(CO3)2) is dissolved, one mole of Ca2+, one mole of Mg2+, 
and four moles of bicarbonate (HCO3-) are produced. Krabee Well samples plot much further 
along the carbonate dissolution line, indicating that they are older waters that have had time to 
interact and dissolve carbonate. Our other samples have lower concentrations and alkalinity 
indicating that they have not had long residence times in the subsurface to interact with 
carbonate (i.e., the samples are from recent precipitation). Thus, they plot closer to the bottom 
left of Figure 9, where there is low alkalinity and low Ca2+ + Mg2+. 

HYDRUS-1D Modeling 
HYDRUS-1D was used to see which scenarios would allow for rapid recharge beneath a 

rock dam. This was determined by the amount of water that infiltrated (which was a function of 
soil hydraulic conductivity and flow duration) and the dynamics of storage change in the soil 
profile (a function of the unsaturated soil hydraulic properties). Depending on the scenario and 
the soil, three outcomes were observed: wetting fronts that would travel through the soil column 
quickly, wetting fronts that would require longer transit times to reach the bottom of the column, 
and wetting fronts that eventually stopped propagating downward. These outcomes are described 
using the wetting front travel times to reach different depths within the soil column below.     
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For the 10 cm node, the wetting front travel times are identical for the 12-hour and 24-
hour flow events (Figure 13). This is because the infiltration depth is shallow enough that the 
wetting front reaches 10 cm within 5-hours for all soils, therefore, any flow duration <5 hours 
would yield identical results. Further, we see that well mixed soils (silty clay loam, clay loam, 
silty clay loam, and sandy clay) have slower wetting fronts. Chung et. al. (2018) found that the 
mixing ratios of soils strongly impacts the hydraulic conductivity. In a soil column that contained 
fine grained material, the hydraulic conductivity slightly decreased when coarse material was 
added into the soil column until a critical point was reached. This critical point was when ratio of 
fine soils perfectly filed the voids between the coarse soils. After this critical point, the hydraulic 
conductivity would drastically increase with additional coarse material added. The well mixed 
soils in our simulations do not have mixing ratios past the critical point mentioned in Chung et. 
al. (2018), and therefore, those soils have slower wetting front travel times. 

For the 100 cm node, we begin to see a strong pattern emerge. We see that with a longer 
flow event, the wetting front will reach further depths for more soils. By the 250 cm node, only 
soils that contain very little clay content (≤ ~5% for 12-hour flow and ≤ ~20% for 24-hour flow) 
will have the wetting front reach it. This same trend is seen for the 500 cm node. By the 1000 cm 
node only soils containing ≥ 90% of sand will have a wetting front reach it with a 12-hour flow 
event. For a 24-hour flow event, soils containing ≤ 5% clay, high silt contents (≥ 45%), and/or 
high sand contents (≥ 75%) will have a wetting front reach it.  

Based on the results of this screening level model, for flow events lasting 12-hours, we 
would only expect to see recharge at 1000 cm on the scale of 3-months from soils that are 90-
100% sand, 0-10% silt, and 0-5% clay. For flow events lasting 24-hours, we would only expect 
to see recharge from soils that are 15-100% sand, 0-90% silt, and 0-5% clay. Therefore, we 
would not expect to see recharge at Krabee Well on the scale of 3-months as very specific SSCs 
are needed for recharge to occur.  

The question then arises, under which conditions would we expect to see recharge? From 
our final simulation run (six 12-hour flow events), we see that only soils with low clay contents 
would be expected to travel 1000 cm within 1-year (Figure 18). A soil containing 50% sand, 
30% silt, and 20% clay would take ~4 months for the wetting front to travel down 1000 cm. Soils 
containing higher percentages of clay contents would not have wetting fronts that would travel 
1000 cm within 1-year.  

HYDRUS-1D Special Considerations 
Our simulations provide us with some results that demonstrate rapid recharge. However, 

our simulations were run using idealized conditions (i.e., homogenous soil columns, no 
evapotransipration, no root uptake), and it is important to note that we would not actually expect 
to see recharge on the scale of months, but on the scale of years. In the natural world soil is not 
homogenous and can contain several different soil textures over a given depth. Arizona soils 
commonly contains caliche, which is a layer of soil that has been cemented by carbonates which 
impedes water flow. These caliche layers would hold groundwater in place and prevent recharge 
for long periods of time. 
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Our soil media is also unsaturated and because of this, the wetting front will move 
downward at progressively slower rates the further down it travels. This is because the water 
supplying the wetting front comes from storage above the wetting front. As a result, the water 
content above the wetting front decreases with time. As the wetting front travels downward, the 
water content at the wetting front will decrease until it matches the soil beneath it. At this point, 
the wetting front will stop propagating downward. This behavior can be seen in Figure 19, 
which is a HYDRUS-1D printout of the depth over water content for six specified times-0, 1752, 
3504, 5256, 7008, and 8760 hours (T0 through T5, respectively). The soil was composed of 50% 
sand and 50% clay and the 1-year scenario was run. At time 0, the water content in the soil 
column is 0.3236, which is the result of the initial condition specified (i.e., field capacity). At 
time 1, the water content at the wetting front (calculated as 0.369) is approximately 200 cm deep. 
Times 2-5 appear to have nearly identical water content profiles because the wetting front is 
traveling so slowly through the column at these times it essentially appears to be stationary.  

 

 

Figure 19. HYDRUS-1D Water Content Profile Information for 50% Sand 50% Clay Soil. 
1-Year Simulation. 

 

Figure 20 is a zoomed in version of Figure 19 and shows this behavior more clearly. With the 
zoomed in figure, the wetting front is moving on the order of tenths of a centimeter over 5,000 
hours (~208 days) and the wetting front is essentially stationary. 
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Figure 20. Zoomed in HYDRUS-1D Water Content Profile Information for 50% Sand 50% 
Clay Soil. 1-Year Simulation. 

This effect is why initially, all our soils have water that infiltrates (Figure 13), however, most 
soils don’t have wetting fronts that reach the bottom of the soil column (Figure 17 and Figure 
18). 

HYDRUS-1D Nonconvergent Runs 
Soils containing high amounts of clay content tended to result in solutions that would not 

converge. For simulations that failed to converge, we cannot say for certain that the wetting front 
would not have reached a specific observation node; however, it would be extremely unlikely for 
a wetting front to reach a node for a nonconverging solution because of the high clay content. 
Therefore, soils that did not converge are akin to soils where the wetting front did not travel to a 
particular node. Table 7 below presents the number of soils that had wetting fronts that either 
reached or did not reach a node, and the simulations that failed to converge. Predictably, fewer 
wetting fronts make it to deeper observation nodes (due to the decreasing water content above 
the wetting front).  

Table 7. Solutions that Failed to Converge or Which the Wetting Front Failed to Reach an 
Observation Node  
Observation 
Node Depth 
(cm) 

12-Hour Flow 
(231 soils) 

24-Hour Flow 
(231 soils) 

Six 12-Hour Flows 
(66 soils) 

inf nan Arrival inf nan Arrival inf nan Arrival 
10 0 0 231 0 0 231 -- -- -- 
100 41 106 84  48 30 153 -- -- -- 
250 41 150 40  49 110 72 -- -- -- 
500 41 173 17  49 133 49 -- -- -- 
1000 41 185 5   49 154 28 26 26 14 

inf = number of solutions that did not converge for a simulation 
nan = number of soils that the wetting front did not travel to that specific node (solutions converged) 
Arrival = number of soils that have wetting fronts that reach the observation node 
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To decrease the number of simulations that would not converge, a few alterations (that 
would not change the model scenario) could be implemented when setting up the pre-processing 
steps of our model: 

• Increasing the maximum time step 
• Increasing the number of nodes 
• Increasing the maximum number of iterations 
• Changing the node density 

The first three options increased the time needed to run a simulation while the last 
alteration was soil specific and difficult to code. The nonconvergent solutions all contain high 
clay contents (≥30%) and would likely not have had its wetting front reach the bottom of the soil 
column. To test this assumption, we manually tested a few simulations using the HYDRUS-1D 
graphical user interface. Three soils were manually run: 

a) 50% sand and 50% clay 
b) 70% sand and 30% clay 
c) 95% silt and 5% clay 

All three soils did not have a wetting front that reached the bottom of the column. Therefore, no 
additional soils were run and it was assumed the rest of the nonconvergent simulations would not 
reach the bottom of the soil column. 

Piezometer and Well Sounding Data 
 From the well sounder and piezometer data (Table 2 and Figure 6), the water table in 
Krabee Well show oscillations frequently. From our water chemistry and isotope data, we know 
that these oscillations were not caused by rapid recharge. We can therefore reject our initial 
hypothesis that mounding of the water table could be used as an indication of rapid recharge at 
our testing site. Work by Earman et. al. (2006) show that snowmelt may provide 40-70% of 
groundwater recharge and may be a possible explanation for the oscillations seen in Krabee Well 
water levels. However, the true causes of the oscillations are unknown.  

CONCLUSION 
Based on our screening models, we would not expect rapid recharge to occur except for 

soils which contain ≥90% of sand for a flow event lasting 12-hours. For a flow event lasting 24-
hours, soils which contain little to no clay (≤ 5%) and either high amounts of silt (≥50%) or sand 
(≥75%) could see rapid recharge. For our scenario with six 12-hour flow events, recharge could 
be seen within 4-months with soils that contained low clay contents (≤20%). It is clear, that even 
with our idealized modeling (i.e., homogenous soil columns), we would not have expected to see 
rapid recharge except for the coarsest of soils.  

If we consider that soil is typically not homogenous in the real-world and that soil in 
southern Arizona commonly contains caliche, we would certainly not expect to see rapid 
recharge. This is confirmed from the water chemistry and isotope data, which showed no 
evidence of rapid recharge. Depending on the composition of the soil, it will likely be years 
before the 2021 summer monsoon rains reach the water table.  
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To truly determine recharge rates, a better monitoring system would need to be 
implemented. Because we were interested in determining whether rock dams could influence 
recharge, we searched for an additional method that would indicate recharge was occuring – 
water table monitoring. Though the water table depths fluctuated in Krabee Well, based on the 
modeling and water sampling data, these fluctuations were not due to rapid recharge. Therefore, 
water table monitoring was not a suitable method for indicating whether rapid recharge was 
occuring at our test location. Further, based on our models, rapid recharge could only occur in 
soils that contain little to no clay, regardless of location. Viable methods for determining the 
effects rock dams have on recharge could be taking tritium samples on a yearly time scale (to 
determine whether any recent precipitation is recharging), and/or installing additional sensors 
(pressure or water content) into the subsurface that could track infiltration rates on a longer 
timescale.  

Based on our data, rock dams are not an effective method to mitigate drawdown of 
groundwater on either short or long timeframes. Drawdown is occuring at much faster rates than 
rock dams can mitigate, and the demand of groundwater exceeds its’ supply. This means 
additional capture of rainwater will not offset the existing drawdown. However, rock dams are 
valuable for improving the riparian health near the dams, and for ecosystem services. A better 
understanding of the effectiveness of rock dams will allow for more meaningful and appropriate 
installations.  

 



Page 42 of 61 
 

Appendix A. Geologic Maps
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Figure 21. Local Geology and Cross Section with Sampling Locations Included; Taken from Drewes, 1985  
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Appendix B. Soil Properties 
 

Table 8. Sand, Silt, and Clay Contents of Soils Used in Modeling 

Soil ID Sand (%) Silt (%) Clay (%) Soil ID Sand (%) Silt (%) Clay (%) 
 soil1   0 0 100  soil117   30 25 45 
 soil2   0 5 95  soil118   30 30 40 
 soil3   0 10 90  soil119   30 35 35 
 soil4   0 15 85  soil120   30 40 30 
 soil5   0 20 80  soil121   30 45 25 
 soil6   0 25 75  soil122   30 50 20 
 soil7   0 30 70  soil123   30 55 15 
 soil8   0 35 65  soil124   30 60 10 
 soil9   0 40 60  soil125   30 65 5 
 soil10   0 45 55  soil126   30 70 0 
 soil11   0 50 50  soil127   35 0 65 
 soil12   0 55 45  soil128   35 5 60 
 soil13   0 60 40  soil129   35 10 55 
 soil14   0 65 35  soil130   35 15 50 
 soil15   0 70 30  soil131   35 20 45 
 soil16   0 75 25  soil132   35 25 40 
 soil17   0 80 20  soil133   35 30 35 
 soil18   0 85 15  soil134   35 35 30 
 soil19   0 90 10  soil135   35 40 25 
 soil20   0 95 5  soil136   35 45 20 
 soil21   0 100 0  soil137   35 50 15 
 soil22   5 0 95  soil138   35 55 10 
 soil23   5 5 90  soil139   35 60 5 
 soil24   5 10 85  soil140   35 65 0 
 soil25   5 15 80  soil141   40 0 60 
 soil26   5 20 75  soil142   40 5 55 
 soil27   5 25 70  soil143   40 10 50 
 soil28   5 30 65  soil144   40 15 45 
 soil29   5 35 60  soil145   40 20 40 
 soil30   5 40 55  soil146   40 25 35 
 soil31   5 45 50  soil147   40 30 30 
 soil32   5 50 45  soil148   40 35 25 
 soil33   5 55 40  soil149   40 40 20 
 soil34   5 60 35  soil150   40 45 15 
 soil35   5 65 30  soil151   40 50 10 
 soil36   5 70 25  soil152   40 55 5 
 soil37   5 75 20  soil153   40 60 0 
 soil38   5 80 15  soil154   45 0 55 
 soil39   5 85 10  soil155   45 5 50 
 soil40   5 90 5  soil156   45 10 45 
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Soil ID Sand (%) Silt (%) Clay (%) Soil ID Sand (%) Silt (%) Clay (%) 
 soil41   5 95 0  soil157   45 15 40 
 soil42   10 0 90  soil158   45 20 35 
 soil43   10 5 85  soil159   45 25 30 
 soil44   10 10 80  soil160   45 30 25 
 soil45   10 15 75  soil161   45 35 20 
 soil46   10 20 70  soil162   45 40 15 
 soil47   10 25 65  soil163   45 45 10 
 soil48   10 30 60  soil164   45 50 5 
 soil49   10 35 55  soil165   45 55 0 
 soil50   10 40 50  soil166   50 0 50 
 soil51   10 45 45  soil167   50 5 45 
 soil52   10 50 40  soil168   50 10 40 
 soil53   10 55 35  soil169   50 15 35 
 soil54   10 60 30  soil170   50 20 30 
 soil55   10 65 25  soil171   50 25 25 
 soil56   10 70 20  soil172   50 30 20 
 soil57   10 75 15  soil173   50 35 15 
 soil58   10 80 10  soil174   50 40 10 
 soil59   10 85 5  soil175   50 45 5 
 soil60   10 90 0  soil176   50 50 0 
 soil61   15 0 85  soil177   55 0 45 
 soil62   15 5 80  soil178   55 5 40 
 soil63   15 10 75  soil179   55 10 35 
 soil64   15 15 70  soil180   55 15 30 
 soil65   15 20 65  soil181   55 20 25 
 soil66   15 25 60  soil182   55 25 20 
 soil67   15 30 55  soil183   55 30 15 
 soil68   15 35 50  soil184   55 35 10 
 soil69   15 40 45  soil185   55 40 5 
 soil70   15 45 40  soil186   55 45 0 
 soil71   15 50 35  soil187   60 0 40 
 soil72   15 55 30  soil188   60 5 35 
 soil73   15 60 25  soil189   60 10 30 
 soil74   15 65 20  soil190   60 15 25 
 soil75   15 70 15  soil191   60 20 20 
 soil76   15 75 10  soil192   60 25 15 
 soil77   15 80 5  soil193   60 30 10 
 soil78   15 85 0  soil194   60 35 5 
 soil79   20 0 80  soil195   60 40 0 
 soil80   20 5 75  soil196   65 0 35 
 soil81   20 10 70  soil197   65 5 30 
 soil82   20 15 65  soil198   65 10 25 
 soil83   20 20 60  soil199   65 15 20 
 soil84   20 25 55  soil200   65 20 15 
 soil85   20 30 50  soil201   65 25 10 
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Soil ID Sand (%) Silt (%) Clay (%) Soil ID Sand (%) Silt (%) Clay (%) 
 soil86   20 35 45  soil202   65 30 5 
 soil87   20 40 40  soil203   65 35 0 
 soil88   20 45 35  soil204   70 0 30 
 soil89   20 50 30  soil205   70 5 25 
 soil90   20 55 25  soil206   70 10 20 
 soil91   20 60 20  soil207   70 15 15 
 soil92   20 65 15  soil208   70 20 10 
 soil93   20 70 10  soil209   70 25 5 
 soil94   20 75 5  soil210   70 30 0 
 soil95   20 80 0  soil211   75 0 25 
 soil96   25 0 75  soil212   75 5 20 
 soil97   25 5 70  soil213   75 10 15 
 soil98   25 10 65  soil214   75 15 10 
 soil99   25 15 60  soil215   75 20 5 
 soil100   25 20 55  soil216   75 25 0 
 soil101   25 25 50  soil217   80 0 20 
 soil102   25 30 45  soil218   80 5 15 
 soil103   25 35 40  soil219   80 10 10 
 soil104   25 40 35  soil220   80 15 5 
 soil105   25 45 30  soil221   80 20 0 
 soil106   25 50 25  soil222   85 0 15 
 soil107   25 55 20  soil223   85 5 10 
 soil108   25 60 15  soil224   85 10 5 
 soil109   25 65 10  soil225   85 15 0 
 soil110   25 70 5  soil226   90 0 10 
 soil111   25 75 0  soil227   90 5 5 
 soil112   30 0 70  soil228   90 10 0 
 soil113   30 5 65  soil229   95 0 5 
 soil114   30 10 60  soil230   95 5 0 
 soil115   30 15 55  soil231   100 0 0 
 soil116   30 20 50 -- -- -- -- 
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Table 9.Van Genuchten Soil Hydraulic Parameters 

Soil ID  
theta_r 
 (-) 

theta_s 
 (-) 

Alpha  
(1/cm) 

N 
 (-)  

Ksat 
(cm/hr) 

Soil ID 
 

theta_r 
 (-) 

theta_s 
 (-) 

Alpha  
(1/cm) 

N  
(-) 

Ksat 
(cm/hr) 

 soil1 0.175 0.539 0.015 1.200 1.031 soil117 0.123 0.443 0.010 1.280 0.391 
 soil2   0.165 0.542 0.015 1.204 1.051 soil118 0.119 0.435 0.009 1.309 0.344 
 soil3   0.157 0.546 0.015 1.210 1.064 soil119 0.114 0.429 0.007 1.343 0.343 
 soil4   0.151 0.547 0.014 1.217 1.067 soil120 0.108 0.424 0.006 1.382 0.397 
 soil5   0.146 0.548 0.014 1.226 1.072 soil121 0.099 0.420 0.005 1.425 0.478 
 soil6   0.142 0.547 0.013 1.237 1.075 soil122 0.089 0.417 0.005 1.471 0.622 
 soil7   0.139 0.544 0.012 1.249 1.071 soil123 0.078 0.417 0.004 1.522 0.911 
 soil8   0.136 0.539 0.011 1.263 1.032 soil124 0.067 0.420 0.004 1.576 1.478 
 soil9   0.133 0.532 0.010 1.279 0.904 soil125 0.058 0.425 0.004 1.632 2.525 
 soil10   0.131 0.523 0.009 1.297 0.751 soil126 0.050 0.431 0.004 1.689 4.362 
 soil11   0.128 0.512 0.008 1.318 0.619 soil127 0.135 0.457 0.015 1.204 0.633 
 soil12   0.125 0.501 0.007 1.341 0.512 soil128 0.131 0.453 0.015 1.215 0.580 
 soil13   0.122 0.490 0.006 1.366 0.431 soil129 0.129 0.448 0.014 1.229 0.515 
 soil14   0.119 0.479 0.006 1.393 0.375 soil130 0.127 0.442 0.013 1.246 0.446 
 soil15   0.113 0.469 0.005 1.423 0.344 soil131 0.124 0.434 0.012 1.267 0.375 
 soil16   0.106 0.462 0.005 1.455 0.344 soil132 0.120 0.426 0.010 1.294 0.320 
 soil17   0.098 0.458 0.005 1.491 0.383 soil133 0.115 0.420 0.009 1.324 0.306 
 soil18   0.089 0.459 0.005 1.532 0.480 soil134 0.108 0.416 0.008 1.358 0.331 
 soil19   0.080 0.463 0.005 1.578 0.663 soil135 0.099 0.413 0.006 1.400 0.425 
 soil20   0.074 0.470 0.005 1.631 0.987 soil136 0.089 0.411 0.005 1.448 0.591 
 soil21   0.071 0.478 0.006 1.693 1.497 soil137 0.077 0.411 0.005 1.500 0.889 
 soil22   0.164 0.528 0.014 1.198 1.114 soil138 0.066 0.413 0.004 1.556 1.458 
 soil23   0.155 0.531 0.015 1.203 1.128 soil139 0.057 0.418 0.004 1.614 2.496 
 soil24   0.148 0.534 0.014 1.210 1.128 soil140 0.049 0.425 0.004 1.673 4.288 
 soil25   0.143 0.534 0.014 1.219 1.117 soil141 0.132 0.443 0.015 1.208 0.577 
 soil26   0.139 0.534 0.013 1.229 1.101 soil142 0.129 0.439 0.015 1.221 0.522 
 soil27   0.136 0.531 0.012 1.241 1.097 soil143 0.127 0.433 0.014 1.237 0.459 
 soil28   0.133 0.527 0.011 1.255 1.087 soil144 0.124 0.426 0.013 1.256 0.393 
 soil29   0.131 0.521 0.010 1.273 1.035 soil145 0.120 0.419 0.012 1.280 0.332 
 soil30   0.128 0.513 0.009 1.293 0.873 soil146 0.115 0.413 0.010 1.308 0.307 
 soil31   0.126 0.502 0.008 1.315 0.721 soil147 0.108 0.408 0.009 1.339 0.321 
 soil32   0.123 0.492 0.007 1.340 0.606 soil148 0.099 0.406 0.008 1.375 0.374 
 soil33   0.120 0.481 0.006 1.368 0.524 soil149 0.089 0.404 0.007 1.419 0.513 
 soil34   0.115 0.471 0.005 1.397 0.472 soil150 0.077 0.404 0.006 1.471 0.816 
 soil35   0.110 0.461 0.005 1.429 0.453 soil151 0.066 0.407 0.005 1.528 1.382 
 soil36   0.102 0.454 0.004 1.464 0.477 soil152 0.056 0.412 0.005 1.588 2.403 
 soil37   0.094 0.450 0.004 1.502 0.565 soil153 0.048 0.418 0.005 1.649 4.132 
 soil38   0.084 0.450 0.004 1.545 0.757 soil154 0.130 0.429 0.015 1.214 0.529 
 soil39   0.074 0.453 0.004 1.592 1.119 soil155 0.126 0.424 0.015 1.229 0.476 
 soil40   0.066 0.459 0.004 1.644 1.758 soil156 0.123 0.419 0.014 1.247 0.419 
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Soil ID  
theta_r 
 (-) 

theta_s 
 (-) 

Alpha  
(1/cm) 

N 
 (-)  

Ksat 
(cm/hr) 

Soil ID 
 

theta_r 
 (-) 

theta_s 
 (-) 

Alpha  
(1/cm) 

N  
(-) 

Ksat 
(cm/hr) 

 soil41   0.060 0.467 0.004 1.703 2.787 soil157 0.119 0.412 0.013 1.269 0.362 
 soil42   0.155 0.517 0.014 1.197 1.099 soil158 0.114 0.406 0.012 1.295 0.333 
 soil43   0.148 0.520 0.014 1.203 1.097 soil159 0.107 0.402 0.011 1.323 0.346 
 soil44   0.142 0.521 0.014 1.211 1.078 soil160 0.099 0.400 0.010 1.356 0.401 
 soil45   0.138 0.521 0.014 1.221 1.049 soil161 0.088 0.398 0.008 1.394 0.510 
 soil46   0.135 0.519 0.013 1.232 1.011 soil162 0.077 0.398 0.007 1.439 0.740 
 soil47   0.132 0.515 0.012 1.246 0.983 soil163 0.065 0.401 0.006 1.494 1.264 
 soil48   0.130 0.510 0.010 1.263 0.953 soil164 0.056 0.405 0.006 1.554 2.216 
 soil49   0.127 0.502 0.009 1.284 0.878 soil165 0.048 0.411 0.005 1.617 3.818 
 soil50   0.125 0.493 0.008 1.308 0.729 soil166 0.127 0.415 0.015 1.222 0.490 
 soil51   0.122 0.482 0.007 1.335 0.614 soil167 0.123 0.411 0.015 1.239 0.444 
 soil52   0.119 0.472 0.006 1.364 0.538 soil168 0.118 0.405 0.014 1.260 0.398 
 soil53   0.114 0.463 0.005 1.396 0.494 soil169 0.113 0.400 0.013 1.284 0.367 
 soil54   0.109 0.454 0.004 1.429 0.485 soil170 0.106 0.396 0.012 1.311 0.381 
 soil55   0.101 0.447 0.004 1.466 0.523 soil171 0.097 0.394 0.011 1.341 0.446 
 soil56   0.092 0.443 0.004 1.505 0.637 soil172 0.087 0.393 0.011 1.375 0.575 
 soil57   0.082 0.442 0.004 1.549 0.883 soil173 0.076 0.393 0.010 1.416 0.807 
 soil58   0.072 0.445 0.004 1.598 1.359 soil174 0.065 0.395 0.009 1.463 1.227 
 soil59   0.063 0.451 0.004 1.650 2.232 soil175 0.055 0.399 0.008 1.518 2.086 
 soil60   0.056 0.459 0.004 1.707 3.737 soil176 0.047 0.405 0.007 1.580 3.537 
 soil61   0.149 0.506 0.014 1.197 1.009 soil177 0.123 0.403 0.015 1.234 0.462 
 soil62   0.143 0.508 0.014 1.204 0.995 soil178 0.118 0.399 0.015 1.254 0.432 
 soil63   0.138 0.508 0.014 1.213 0.965 soil179 0.112 0.394 0.015 1.277 0.407 
 soil64   0.134 0.506 0.013 1.223 0.920 soil180 0.105 0.391 0.014 1.303 0.420 
 soil65   0.132 0.503 0.012 1.236 0.870 soil181 0.096 0.389 0.013 1.331 0.492 
 soil66   0.130 0.498 0.011 1.251 0.821 soil182 0.086 0.389 0.013 1.364 0.639 
 soil67   0.127 0.491 0.010 1.271 0.761 soil183 0.075 0.389 0.012 1.401 0.904 
 soil68   0.125 0.482 0.008 1.297 0.677 soil184 0.064 0.391 0.011 1.443 1.361 
 soil69   0.122 0.473 0.007 1.326 0.582 soil185 0.055 0.394 0.010 1.491 2.097 
 soil70   0.118 0.463 0.006 1.356 0.512 soil186 0.047 0.399 0.010 1.548 3.389 
 soil71   0.114 0.455 0.005 1.390 0.479 soil187 0.118 0.391 0.015 1.250 0.453 
 soil72   0.108 0.447 0.005 1.425 0.480 soil188 0.112 0.388 0.016 1.273 0.445 
 soil73   0.100 0.440 0.004 1.463 0.528 soil189 0.104 0.385 0.015 1.299 0.460 
 soil74   0.091 0.436 0.004 1.504 0.654 soil190 0.095 0.384 0.015 1.328 0.539 
 soil75   0.080 0.436 0.003 1.550 0.925 soil191 0.085 0.384 0.015 1.359 0.704 
 soil76   0.070 0.439 0.003 1.599 1.452 soil192 0.074 0.385 0.014 1.395 0.996 
 soil77   0.061 0.444 0.003 1.652 2.432 soil193 0.064 0.387 0.014 1.435 1.481 
 soil78   0.054 0.451 0.003 1.708 4.178 soil194 0.054 0.390 0.013 1.479 2.269 
 soil79   0.145 0.495 0.014 1.197 0.898 soil195 0.047 0.394 0.013 1.532 3.428 
 soil80   0.139 0.495 0.014 1.205 0.875 soil196 0.112 0.382 0.016 1.273 0.475 
 soil81   0.135 0.494 0.014 1.215 0.836 soil197 0.104 0.380 0.016 1.300 0.502 
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Soil ID  
theta_r 
 (-) 

theta_s 
 (-) 

Alpha  
(1/cm) 

N 
 (-)  

Ksat 
(cm/hr) 

Soil ID 
 

theta_r 
 (-) 

theta_s 
 (-) 

Alpha  
(1/cm) 

N  
(-) 

Ksat 
(cm/hr) 

 soil82   0.132 0.491 0.013 1.227 0.783 soil198 0.095 0.379 0.016 1.330 0.589 
 soil83   0.130 0.486 0.012 1.241 0.724 soil199 0.085 0.380 0.016 1.363 0.775 
 soil84   0.127 0.480 0.011 1.259 0.655 soil200 0.074 0.382 0.016 1.399 1.102 
 soil85   0.125 0.471 0.009 1.282 0.571 soil201 0.063 0.383 0.016 1.439 1.620 
 soil86   0.122 0.463 0.008 1.311 0.509 soil202 0.054 0.386 0.016 1.483 2.423 
 soil87   0.118 0.454 0.007 1.344 0.472 soil203 0.047 0.390 0.016 1.534 3.640 
 soil88   0.114 0.447 0.006 1.379 0.451 soil204 0.105 0.374 0.016 1.307 0.551 
 soil89   0.108 0.440 0.005 1.416 0.462 soil205 0.095 0.374 0.017 1.340 0.651 
 soil90   0.100 0.434 0.004 1.456 0.516 soil206 0.085 0.376 0.018 1.376 0.867 
 soil91   0.090 0.430 0.004 1.499 0.649 soil207 0.074 0.378 0.018 1.416 1.249 
 soil92   0.079 0.430 0.003 1.546 0.931 soil208 0.063 0.380 0.019 1.459 1.832 
 soil93   0.069 0.432 0.003 1.597 1.484 soil209 0.054 0.382 0.019 1.506 2.681 
 soil94   0.060 0.437 0.003 1.650 2.511 soil210 0.047 0.386 0.019 1.561 3.954 
 soil95   0.052 0.445 0.003 1.706 4.354 soil211 0.096 0.369 0.017 1.363 0.751 
 soil96   0.141 0.483 0.015 1.199 0.786 soil212 0.085 0.371 0.018 1.405 1.009 
 soil97   0.136 0.482 0.015 1.208 0.750 soil213 0.074 0.374 0.020 1.452 1.486 
 soil98   0.133 0.479 0.014 1.218 0.702 soil214 0.063 0.377 0.021 1.504 2.208 
 soil99   0.130 0.475 0.013 1.231 0.647 soil215 0.054 0.379 0.022 1.559 3.202 
soil100   0.128 0.469 0.012 1.248 0.586 soil216 0.047 0.382 0.022 1.624 4.651 
soil101   0.125 0.461 0.011 1.268 0.509 soil217 0.085 0.366 0.019 1.463 1.293 
soil102   0.122 0.452 0.009 1.295 0.429 soil218 0.074 0.369 0.021 1.523 1.933 
soil103   0.119 0.444 0.008 1.327 0.399 soil219 0.063 0.373 0.023 1.592 2.954 
soil104   0.114 0.438 0.006 1.364 0.412 soil220 0.054 0.376 0.024 1.666 4.326 
soil105   0.108 0.432 0.005 1.402 0.438 soil221 0.047 0.378 0.026 1.753 6.247 
soil106   0.099 0.427 0.005 1.444 0.500 soil222 0.074 0.364 0.021 1.666 2.959 
soil107   0.089 0.424 0.004 1.488 0.637 soil223 0.063 0.369 0.024 1.766 4.632 
soil108   0.078 0.423 0.004 1.537 0.923 soil224 0.055 0.372 0.027 1.880 6.947 
soil109   0.068 0.426 0.003 1.589 1.487 soil225 0.047 0.374 0.029 2.011 10.065 
soil110   0.059 0.431 0.003 1.644 2.532 soil226 0.064 0.363 0.026 2.115 8.761 
soil111   0.051 0.438 0.003 1.700 4.390 soil227 0.055 0.367 0.029 2.302 13.321 
soil112   0.138 0.470 0.015 1.201 0.698 soil228 0.048 0.370 0.032 2.509 19.027 
soil113   0.134 0.468 0.015 1.211 0.650 soil229 0.056 0.362 0.031 2.976 26.267 
soil114   0.131 0.464 0.014 1.223 0.590 soil230 0.048 0.366 0.034 3.279 36.225 
soil115   0.129 0.458 0.013 1.238 0.528 soil231 0.049 0.361 0.036 4.319 64.568 
soil116   0.126 0.451 0.012 1.256 0.464 -- -- -- -- -- -- 

       - Values rounded to 3 decimal places 
       - vG parameters retrieved from  https://www.handbook60.org/rosetta/  
 

 

  

https://www.handbook60.org/rosetta/
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Appendix C. Wetting Front Travel Times 
 

Table 10. Wetting Front Travel Times (Hours) for 231 Soil Textures for One 12-Hour Flow 
Event. Simulation Run for 90 Days. 

Soil ID 
  

Observation Node Depth (cm) Soil ID 
 

Observation Node Depth (cm) 
10 100 250 500 1000 10 100 250 500 1000 

 soil1 1.069 inf inf inf inf soil117 2.749 nan nan nan nan 
 soil2   1.117 inf inf inf inf soil118 3.085 nan nan nan nan 
 soil3   1.157 inf inf inf inf soil119 3.061 nan nan nan nan 
 soil4   1.194 inf inf inf inf soil120 2.629 nan nan nan nan 
 soil5   1.213 inf inf inf inf soil121 2.221 nan nan nan nan 
 soil6   1.220 inf inf inf inf soil122 1.765 nan nan nan nan 
 soil7   1.224 nan nan nan nan soil123 1.309 10.62 nan nan nan 
 soil8   1.285 16.51 nan nan nan soil124 0.901 6.829 nan nan nan 
 soil9   1.425 inf inf inf inf soil125 0.589 4.261 10.91 nan nan 
 soil10   1.673 inf inf inf inf soil126 0.397 2.653 6.805 14.18 nan 
 soil11   2.005 nan nan nan nan soil127 1.574 inf inf inf inf 
 soil12   2.341 nan nan nan nan soil128 1.784 nan nan nan nan 
 soil13   2.725 nan nan nan nan soil129 2.046 nan nan nan nan 
 soil14   3.061 nan nan nan nan soil130 2.389 nan nan nan nan 
 soil15   3.325 nan nan nan nan soil131 2.845 nan nan nan nan 
 soil16   3.421 nan nan nan nan soil132 3.325 nan nan nan nan 
 soil17   3.277 nan nan nan nan soil133 3.469 nan nan nan nan 
 soil18   2.893 nan nan nan nan soil134 3.229 nan nan nan nan 
 soil19   2.365 nan nan nan nan soil135 2.557 nan nan nan nan 
 soil20   1.813 nan nan nan nan soil136 1.909 nan nan nan nan 
 soil21   1.381 12.14 nan nan nan soil137 1.357 11.65 nan nan nan 
 soil22   0.969 inf inf inf inf soil138 0.901 7.381 nan nan nan 
 soil23   1.018 inf inf inf inf soil139 0.589 4.549 11.65 nan nan 
 soil24   1.067 nan nan nan nan soil140 0.397 2.821 7.261 15.89 nan 
 soil25   1.110 nan nan nan nan soil141 1.701 inf inf inf inf 
 soil26   1.145 inf inf inf inf soil142 1.952 nan nan nan nan 
 soil27   1.156 inf inf inf inf soil143 2.268 nan nan nan nan 
 soil28   1.161 inf inf inf inf soil144 2.701 nan nan nan nan 
 soil29   1.205 inf inf inf inf soil145 3.205 nan nan nan nan 
 soil30   1.405 19.88 nan nan nan soil146 3.493 nan nan nan nan 
 soil31   1.640 nan nan nan nan soil147 3.397 nan nan nan nan 
 soil32   1.909 nan nan nan nan soil148 2.989 nan nan nan nan 
 soil33   2.149 nan nan nan nan soil149 2.269 nan nan nan nan 
 soil34   2.341 nan nan nan nan soil150 1.501 14.78 nan nan nan 
 soil35   2.413 nan nan nan nan soil151 0.973 8.461 nan nan nan 
 soil36   2.341 nan nan nan nan soil152 0.613 5.125 13.25 nan nan 
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Soil ID 
  

Observation Node Depth (cm) Soil ID 
 

Observation Node Depth (cm) 
10 100 250 500 1000 10 100 250 500 1000 

 soil37   2.101 nan nan nan nan soil153 0.397 3.157 8.101 20.59 nan 
 soil38   1.717 14.02 nan nan nan soil154 1.835 inf inf inf inf 
 soil39   1.309 10.07 nan nan nan soil155 2.127 inf inf inf inf 
 soil40   0.949 7.213 nan nan nan soil156 2.485 nan nan nan nan 
 soil41   0.685 5.221 13.66 nan nan soil157 2.941 nan nan nan nan 
 soil42   0.969 inf inf inf inf soil158 3.277 nan nan nan nan 
 soil43   1.032 inf inf inf inf soil159 3.229 nan nan nan nan 
 soil44   1.095 inf inf inf inf soil160 2.917 nan nan nan nan 
 soil45   1.154 nan nan nan nan soil161 2.413 nan nan nan nan 
 soil46   1.210 nan nan nan nan soil162 1.741 nan nan nan nan 
 soil47   1.249 nan nan nan nan soil163 1.093 10.26 nan nan nan 
 soil48   1.279 nan nan nan nan soil164 0.685 6.133 20.20 nan nan 
 soil49   1.381 18.54 nan nan nan soil165 0.445 3.757 9.602 37.75 nan 
 soil50   1.597 nan nan nan nan soil166 1.974 nan nan nan nan 
 soil51   1.837 nan nan nan nan soil167 2.287 nan nan nan nan 
 soil52   2.053 nan nan nan nan soil168 2.652 inf inf inf inf 
 soil53   2.173 nan nan nan nan soil169 2.989 nan nan nan nan 
 soil54   2.197 nan nan nan nan soil170 3.013 nan nan nan nan 
 soil55   2.077 nan nan nan nan soil171 2.725 nan nan nan nan 
 soil56   1.813 16.39 nan nan nan soil172 2.245 nan nan nan nan 
 soil57   1.429 10.79 nan nan nan soil173 1.717 nan nan nan nan 
 soil58   1.045 7.573 nan nan nan soil174 1.213 11.77 nan nan nan 
 soil59   0.733 5.101 13.18 nan nan soil175 0.781 7.309 47.53 nan nan 
 soil60   0.493 3.421 8.797 25.73 nan soil176 0.493 4.549 11.55 nan nan 
 soil61   1.043 inf inf inf inf soil177 2.113 nan nan nan nan 
 soil62   1.121 inf inf inf inf soil178 2.403 nan nan nan nan 
 soil63   1.200 nan nan nan nan soil179 2.701 nan nan nan nan 
 soil64   1.281 inf inf inf inf soil180 2.773 nan nan nan nan 
 soil65   1.364 inf inf inf inf soil181 2.533 nan nan nan nan 
 soil66   1.453 35.83 nan nan nan soil182 2.125 nan nan nan nan 
 soil67   1.549 55.90 nan nan nan soil183 1.621 36.82 nan nan nan 
 soil68   1.693 nan nan nan nan soil184 1.165 11.62 nan nan nan 
 soil69   1.909 nan nan nan nan soil185 0.829 8.031 nan nan nan 
 soil70   2.101 nan nan nan nan soil186 0.565 5.317 14.01 nan nan 
 soil71   2.197 nan nan nan nan soil187 2.215 nan nan nan nan 
 soil72   2.197 nan nan nan nan soil188 2.443 inf inf inf inf 
 soil73   2.029 nan nan nan nan soil189 2.557 nan nan nan nan 
 soil74   1.717 14.09 nan nan nan soil190 2.365 nan nan nan nan 
 soil75   1.333 9.925 nan nan nan soil191 2.005 nan nan nan nan 
 soil76   0.949 6.757 nan nan nan soil192 1.549 28.97 nan nan nan 
 soil77   0.637 4.405 11.29 nan nan soil193 1.141 11.47 nan nan nan 
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Soil ID 
  

Observation Node Depth (cm) Soil ID 
 

Observation Node Depth (cm) 
10 100 250 500 1000 10 100 250 500 1000 

 soil78   0.421 2.845 7.285 15.84 nan soil194 0.829 8.044 nan nan nan 
 soil79   1.158 inf inf inf inf soil195 0.589 5.756 17.40 nan nan 
 soil80   1.252 inf inf inf inf soil196 2.238 inf inf inf inf 
 soil81   1.351 nan nan nan nan soil197 2.336 inf inf inf inf 
 soil82   1.463 inf inf inf inf soil198 2.221 nan nan nan nan 
 soil83   1.59 inf inf inf inf soil199 1.885 nan nan nan nan 
 soil84   1.765 nan nan nan nan soil200 1.477 22.82 nan nan nan 
 soil85   1.981 nan nan nan nan soil201 1.117 11.21 nan nan nan 
 soil86   2.149 nan nan nan nan soil202 0.805 8.112 108.9 nan nan 
 soil87   2.245 nan nan nan nan soil203 0.589 5.843 18.73 nan nan 
 soil88   2.317 nan nan nan nan soil204 2.117 inf inf inf inf 
 soil89   2.245 nan nan nan nan soil205 2.053 nan nan nan nan 
 soil90   2.053 nan nan nan nan soil206 1.741 nan nan nan nan 
 soil91   1.717 14.33 nan nan nan soil207 1.381 16.90 nan nan nan 
 soil92   1.309 9.781 nan nan nan soil208 1.045 10.56 nan nan nan 
 soil93   0.925 6.517 nan nan nan soil209 0.781 7.868 75.63 nan nan 
 soil94   0.613 4.165 10.65 nan nan soil210 0.589 5.794 18.20 nan nan 
 soil95   0.397 2.629 6.709 13.90 nan soil211 1.813 nan nan nan nan 
 soil96   1.303 inf inf inf inf soil212 1.573 32.93 nan nan nan 
 soil97   1.433 inf inf inf inf soil213 1.237 12.57 nan nan nan 
 soil98   1.569 nan nan nan nan soil214 0.949 9.41 nan nan nan 
 soil99   1.723 inf inf inf inf soil215 0.709 7.16 41.76 nan nan 
soil100   1.904 inf inf inf inf soil216 0.541 5.41 14.65 nan nan 
soil101   2.197 nan nan nan nan soil217 1.309 14.11 nan nan nan 
soil102   2.533 nan nan nan nan soil218 1.021 10.29 nan nan nan 
soil103   2.653 nan nan nan nan soil219 0.781 7.704 56.74 nan nan 
soil104   2.533 nan nan nan nan soil220 0.589 5.859 17.70 nan nan 
soil105   2.365 nan nan nan nan soil221 0.448 4.443 11.13 76.29 nan 
soil106   2.101 nan nan nan nan soil222 0.757 7.504 44.56 nan nan 
soil107   1.717 16.2 nan nan nan soil223 0.556 5.500 14.79 nan nan 
soil108   1.309 10.05 nan nan nan soil224 0.429 4.077 10.24 46.54 nan 
soil109   0.901 6.565 nan nan nan soil225 0.315 3.051 7.635 17.53 nan 
soil110   0.613 4.117 10.57 nan nan soil226 0.336 3.240 8.112 19.71 nan 
soil111   0.397 2.581 6.613 13.61 nan soil227 0.246 2.317 5.821 11.65 49.69 
soil112   1.448 inf inf inf inf soil228 0.181 1.712 4.304 8.648 20.31 
soil113   1.622 inf inf inf inf soil229 0.126 1.197 3.020 6.059 12.07 
soil114   1.822 inf inf inf inf soil230 0.097 0.917 2.289 4.583 9.132 
soil115   2.052 nan nan nan nan soil231 0.057 0.497 1.263 2.528 5.045 
soil116   2.341 nan nan nan nan -- -- -- -- -- -- 

inf = solutions that did not converge for a simulation 
nan = soils that the wetting front did not travel to that specific node (solutions converged)  
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Table 11. Wetting Front Travel Times (Hours) for 231 Soil Textures for One 24-Hour Flow 
Event. Simulation Run for 90 Days.  

Soil ID 
  

Observation Node Depth (cm) Soil ID 
 

Observation Node Depth (cm) 
10 100 250 500 1000 10 100 250 500 1000 

 soil1 1.069 inf inf inf inf soil117 2.749 44.4 nan nan nan 
 soil2   1.117 inf inf inf inf soil118 3.085 79.58 nan nan nan 
 soil3   1.157 inf inf inf inf soil119 3.061 50.45 nan nan nan 
 soil4   1.194 inf inf inf inf soil120 2.629 25.61 nan nan nan 
 soil5   1.213 inf inf inf inf soil121 2.221 20.41 nan nan nan 
 soil6   1.220 inf inf inf inf soil122 1.765 15.40 nan nan nan 
 soil7   1.224 inf inf inf inf soil123 1.309 10.62 28.08 nan nan 
 soil8   1.264 nan nan nan nan soil124 0.901 6.829 17.49 53.64 nan 
 soil9   1.425 inf inf inf inf soil125 0.589 4.261 10.91 22.03 70.10 
 soil10   1.673 inf inf inf inf soil126 0.397 2.653 6.805 13.79 27.53 
 soil11   2.005 20.40 nan nan nan soil127 1.574 inf inf inf inf 
 soil12   2.335 23.80 nan nan nan soil128 1.784 nan nan nan nan 
 soil13   2.704 27.87 nan nan nan soil129 2.046 nan nan nan nan 
 soil14   3.061 35.33 nan nan nan soil130 2.389 28.97 nan nan nan 
 soil15   3.325 nan nan nan nan soil131 2.832 nan nan nan nan 
 soil16   3.421 nan nan nan nan soil132 3.325 nan nan nan nan 
 soil17   3.277 31.68 nan nan nan soil133 3.469 nan nan nan nan 
 soil18   2.893 24.77 nan nan nan soil134 3.229 nan nan nan nan 
 soil19   2.365 20.25 nan nan nan soil135 2.557 24.48 nan nan nan 
 soil20   1.813 15.78 nan nan nan soil136 1.909 17.37 nan nan nan 
 soil21   1.381 12.13 37.92 nan nan soil137 1.357 11.65 34.93 nan nan 
 soil22   0.969 inf inf inf inf soil138 0.901 7.381 18.83 75.14 nan 
 soil23   1.018 inf inf inf inf soil139 0.589 4.549 11.65 23.51 87.80 
 soil24   1.067 inf inf inf inf soil140 0.397 2.821 7.261 14.68 30.35 
 soil25   1.110 inf inf inf inf soil141 1.701 inf inf inf inf 
 soil26   1.145 inf inf inf inf soil142 1.952 nan nan nan nan 
 soil27   1.156 inf inf inf inf soil143 2.268 inf inf inf inf 
 soil28   1.161 inf inf inf inf soil144 2.701 71.74 nan nan nan 
 soil29   1.205 inf inf inf inf soil145 3.205 nan nan nan nan 
 soil30   1.405 14.62 nan nan nan soil146 3.493 nan nan nan nan 
 soil31   1.640 17.24 inf inf inf soil147 3.397 nan nan nan nan 
 soil32   1.898 19.41 nan nan nan soil148 2.989 41.21 nan nan nan 
 soil33   2.149 20.76 nan nan nan soil149 2.269 21.81 nan nan nan 
 soil34   2.341 21.73 nan nan nan soil150 1.501 13.84 80.76 nan nan 
 soil35   2.413 21.59 nan nan nan soil151 0.973 8.461 21.58 nan nan 
 soil36   2.341 20.01 nan nan nan soil152 0.613 5.125 13.08 26.88 141.4 
 soil37   2.101 17.13 nan nan nan soil153 0.397 3.157 8.101 16.34 37.43 
 soil38   1.717 13.55 nan nan nan soil154 1.835 inf inf inf inf 
 soil39   1.291 10.05 25.94 nan nan soil155 2.127 inf inf inf inf 
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Soil ID 
  

Observation Node Depth (cm) Soil ID 
 

Observation Node Depth (cm) 
10 100 250 500 1000 10 100 250 500 1000 

 soil40   0.929 7.194 18.511 65.36 nan soil156 2.485 nan nan nan nan 
 soil41   0.685 5.221 13.43 27.84 nan soil157 2.941 78.17 nan nan nan 
 soil42   0.969 inf inf inf inf soil158 3.277 nan nan nan nan 
 soil43   1.032 inf inf inf inf soil159 3.229 nan nan nan nan 
 soil44   1.095 inf inf inf inf soil160 2.917 41.93 nan nan nan 
 soil45   1.154 nan nan nan nan soil161 2.413 23.92 nan nan nan 
 soil46   1.210 nan nan nan nan soil162 1.741 16.93 nan nan nan 
 soil47   1.249 nan nan nan nan soil163 1.093 10.26 26.46 nan nan 
 soil48   1.279 nan nan nan nan soil164 0.685 6.133 15.62 39.72 nan 
 soil49   1.381 14.36 nan nan nan soil165 0.445 3.757 9.602 19.35 58.06 
 soil50   1.597 16.39 nan nan nan soil166 1.974 inf inf inf inf 
 soil51   1.837 18.33 nan nan nan soil167 2.287 nan nan nan nan 
 soil52   2.053 19.73 nan nan nan soil168 2.652 inf inf inf inf 
 soil53   2.173 20.173 nan nan nan soil169 2.989 80.81 nan nan nan 
 soil54   2.197 19.501 nan nan nan soil170 3.013 69.89 nan nan nan 
 soil55   2.077 17.461 nan nan nan soil171 2.725 35.45 nan nan nan 
 soil56   1.813 14.317 nan nan nan soil172 2.245 23.03 nan nan nan 
 soil57   1.41 10.78 28.77 nan nan soil173 1.717 17.08 nan nan nan 
 soil58   1.045 7.573 19.43 nan nan soil174 1.213 11.77 38.21 nan nan 
 soil59   0.733 5.101 13.07 26.76 nan soil175 0.781 7.309 18.44 73.91 nan 
 soil60   0.493 3.421 8.797 17.82 42.10 soil176 0.493 4.549 11.55 23.23 110.1 
 soil61   1.043 inf inf inf inf soil177 2.113 nan nan nan nan 
 soil62   1.121 inf inf inf inf soil178 2.403 nan nan nan nan 
 soil63   1.200 inf inf inf inf soil179 2.701 45.40 nan nan nan 
 soil64   1.281 inf inf inf inf soil180 2.773 46.45 nan nan nan 
 soil65   1.364 inf inf inf inf soil181 2.533 29.712 nan nan nan 
 soil66   1.445 nan nan nan nan soil182 2.125 21.90 nan nan nan 
 soil67   1.537 nan nan nan nan soil183 1.621 16.46 nan nan nan 
 soil68   1.693 17.59 nan nan nan soil184 1.165 11.62 38.03 nan nan 
 soil69   1.909 19.26 nan nan nan soil185 0.829 8.031 20.36 124.51 nan 
 soil70   2.101 20.54 nan nan nan soil186 0.565 5.317 13.37 28.57 222.7 
 soil71   2.197 20.61 nan nan nan soil187 2.215 nan nan nan nan 
 soil72   2.197 19.50 nan nan nan soil188 2.443 inf inf inf inf 
 soil73   2.029 17.03 nan nan nan soil189 2.557 32.93 nan nan nan 
 soil74   1.717 13.60 nan nan nan soil190 2.365 25.56 nan nan nan 
 soil75   1.333 9.925 25.44 nan nan soil191 2.005 20.81 nan nan nan 
 soil76   0.949 6.757 17.32 51.29 nan soil192 1.549 15.88 nan nan nan 
 soil77   0.637 4.405 11.29 22.81 74.04 soil193 1.141 11.47 37.104 nan nan 
 soil78   0.421 2.845 7.285 14.75 30.05 soil194 0.829 8.044 20.50 137.89 nan 
 soil79   1.158 inf inf inf inf soil195 0.589 5.756 14.55 35.49 nan 
 soil80   1.252 inf inf inf inf soil196 2.238 inf inf inf inf 
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Soil ID 
  

Observation Node Depth (cm) Soil ID 
 

Observation Node Depth (cm) 
10 100 250 500 1000 10 100 250 500 1000 

 soil81   1.351 nan nan nan nan soil197 2.336 inf inf inf inf 
 soil82   1.463 inf inf inf inf soil198 2.221 23.44 nan nan nan 
 soil83   1.59 inf inf inf inf soil199 1.885 19.588 nan nan nan 
 soil84   1.748 nan nan nan nan soil200 1.477 15.11 148.2 nan nan 
 soil85   1.981 21.04 nan nan nan soil201 1.117 11.21 34.62 nan nan 
 soil86   2.149 22.25 nan nan nan soil202 0.805 8.11 20.59 148.0 nan 
 soil87   2.245 22.45 nan nan nan soil203 0.589 5.84 14.82 37.88 nan 
 soil88   2.317 22.02 nan nan nan soil204 2.117 inf inf inf inf 
 soil89   2.245 20.44 nan nan nan soil205 2.053 21.48 nan nan nan 
 soil90   2.053 17.53 nan nan nan soil206 1.741 18.10 nan nan nan 
 soil91   1.717 13.69 nan nan nan soil207 1.381 14.04 94.02 nan nan 
 soil92   1.309 9.781 25.0 nan nan soil208 1.045 10.56 29.11 nan nan 
 soil93   0.925 6.517 16.65 44.83 nan soil209 0.781 7.87 19.96 127.93 nan 
 soil94   0.613 4.165 10.65 21.52 63.58 soil210 0.589 5.79 14.69 36.76 nan 
 soil95   0.397 2.629 6.709 13.62 26.98 soil211 1.813 18.95 nan nan nan 
 soil96   1.303 inf inf inf inf soil212 1.573 16.17 236.33 nan nan 
 soil97   1.433 inf inf inf inf soil213 1.237 12.47 51.299 nan nan 
 soil98   1.569 inf inf inf inf soil214 0.949 9.41 23.80 332.66 nan 
 soil99   1.723 inf inf inf inf soil215 0.709 7.159 18.07 78.25 nan 
soil100   1.904 inf inf inf inf soil216 0.541 5.41 13.61 29.45 339.2 
soil101   2.171 nan nan nan nan soil217 1.309 13.25 65.784 nan nan 
soil102   2.533 29.71 nan nan nan soil218 1.021 10.29 27.086 nan nan 
soil103   2.653 29.86 nan nan nan soil219 0.781 7.704 19.398 102.29 nan 
soil104   2.533 24.74 nan nan nan soil220 0.589 5.859 14.72 35.20 476.4 
soil105   2.365 22.09 nan nan nan soil221 0.4484 4.443 11.13 22.30 132.1 
soil106   2.101 18.61 nan nan nan soil222 0.757 7.504 18.87 81.33 nan 
soil107   1.717 14.32 nan nan nan soil223 0.556 5.500 13.80 29.52 302.9 
soil108   1.309 10.05 25.75 nan nan soil224 0.429 4.077 10.24 20.47 85.35 
soil109   0.901 6.565 16.77 46.10 nan soil225 0.315 3.051 7.64 15.32 34.45 
soil110   0.613 4.117 10.57 21.37 63.22 soil226 0.336 3.240 8.11 16.27 38.43 
soil111   0.397 2.581 6.613 13.41 26.52 soil227 0.246 2.317 5.82 11.65 23.24 
soil112   1.448 inf inf inf inf soil228 0.181 1.712 4.30 8.65 17.24 
soil113   1.622 inf inf inf inf soil229 0.126 1.197 3.02 6.06 12.08 
soil114   1.822 inf inf inf inf soil230 0.097 0.917 2.29 4.58 9.13 
soil115   2.052 nan nan nan nan soil231 0.057 0.497 1.26 2.53 5.04 
soil116   2.341 28.68 nan nan nan -- -- -- -- -- -- 

inf = solutions that did not converge for a simulation 
nan = soils that the wetting front did not travel to that specific node (solutions converged) 
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Table 12. Wetting Front Travel Times (Hours) for 66 Soil Textures for Six 12-Hour Flow 
Events Spaced 2-Weeks Apart. Simulation Run for 1-Year.  

Soil ID 
  

Observation Node Depth (cm) Soil ID 
 

Observation Node Depth (cm) 
10 100 250 500 1000 10 100 250 500 1000 

 Soil1 1.069 inf inf inf inf  Soil118 3.070 inf inf inf inf 
 Soil3   1.157 inf inf inf inf  Soil120   2.629 734.2 1745 1883 nan 
 Soil5   1.213 inf inf inf inf  Soil122   1.754 366.4 1738 1799 nan 
 Soil7   1.224 723.7 inf inf inf  Soil124   0.901 6.83 1725.3 1743. 1797.2 
 Soil9   1.425 inf inf inf inf  Soil126   0.397 2.65 6.81 14.18 1739.3 
 Soil11   1.982 365.97 inf inf inf  Soil141   1.701 inf inf inf inf 
 Soil13  2.725 739.60 1746 1917 nan Soil143 2.268 1080.2 2146.2 nan nan 
 Soil15 3.325 1727.7 1768 nan nan  Soil145   3.194 inf inf inf inf 
 Soil17 3.267 1727.6 1771 nan nan  Soil147   3.397 745.03 1749.7 2374 nan 
 Soil19   2.365 1722.6 1748 1866 nan  Soil149   2.269 384.43 1739.6 1802 2639.2 
 Soil21   1.381 12.144 1731 1754 1859.9  Soil151   0.973 8.461 1724.5 1741 1790.1 
 Soil42   0.969 inf inf inf inf  Soil153   0.397 3.16 8.10 20.59 1738.8 
 Soil44   1.095 inf inf inf inf  Soil166   1.974 1113.1 inf inf inf 
 Soil46   1.210 411.98 inf inf inf  Soil168   2.652 inf inf inf inf 
 Soil48   1.279 inf inf inf inf  Soil170   2.994 715.02 1492.4 inf inf 
 Soil50   1.584 360 796.0 inf inf  Soil172   2.245 369.58 1145.1 1779. 3039.3 
 Soil52   2.024 367.80 1736 1821 nan  Soil174   1.213 11.77 412.46 1209 1789.8 
 Soil54   2.185 1071.9 1743 1923 nan  Soil176   0.493 4.55 11.55 392.2 1740.1 
 Soil56   1.787 16.378 1741 1842 nan  Soil187   2.215 791.07 1948.4 nan nan 
 Soil58   1.025 7.5701 1728 1749 1835.1  Soil189   2.542 inf inf inf inf 
 Soil60   0.473 3.4128 8.786 25.70 1746.1  Soil191   1.983 360.95 394.04 457.4 583.26 
 Soil79   1.158 inf inf inf inf  Soil193   1.141 11.47 385.13 866.8 1769.5 
 Soil81   1.351 1078.9 inf inf inf  Soil195   0.589 5.76 17.40 387.7 829.07 
 Soil83   1.590 inf inf inf inf  Soil204   2.117 inf inf inf inf 
 Soil85   1.963 inf inf inf inf  Soil206   1.729 358.87 762.16 1635 2380.0 
 Soil87   2.245 380.92 1737. 1807 3004.0  Soil208   1.045 10.56 371.85 803.9 1731.0 
 Soil89  2.245 1721.0 1744 1840. nan  Soil210   0.589 5.79 18.20 380.2 813.75 
 Soil91   1.693 14.302 1739 1809 nan  Soil217   1.298 14.28 406.66 1089 1836.8 
 Soil93   0.925 6.517 1726 1745 1812.8  Soil219   0.761 7.674 55.79 434.4 1102.5 
 Soil95   0.386 2.6098 6.702 13.85 1740.2  Soil221   0.448 4.44 11.13 76.29 468.48 
 Soil112  1.448 inf inf inf inf  Soil226   0.323 3.22 8.11 19.68 385.18 
 Soil114 1.822 inf inf inf inf  Soil228   0.174 1.71 4.30 8.63 20.27 
 Soil116 2.335 inf inf inf inf  Soil231   0.057 0.497 1.26 2.53 5.04 

Sand Silt Clay content for soils run for this simulation correspond to specified soil IDs from Table 8 
inf = solutions that did not converge for a simulation 
nan = soils that the wetting front did not travel to that specific node (solutions converged) 
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