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EXECUTIVE SUMMARY
This report provides results of seepage studies for four different channel reaches in Flagstaff, AZ. The
study was designed to determine seepage rates for reclaimed water released into the channels. This initial
study is intended to compare seepage rates for three different reaches of tributaries of the Rio de Flag.
These tests were set as discreet, steady flow rates targeted for 500 gallons per minute and 1000 gallons
per minute. These tests were run until seepage had reached an equilibrium with inflow to the channel
(usually 4 to 5 days).
The fourth site was in the Rio de Flag itself, downstream of the normal reclaimed water release point
from the Rio de Flag Water Reclamation Plant. This study continued for approximately 12 months and
was not a steady release test. Releases from the treatment plant vary on a diel basis as well as seasonally
depending on water use and treatment output.
The tributary reaches varied in their ability to lose water to the ground. The total length of channel to
reach equilibrium was:
~250 gpm
3,700 ft

500 gpm
770 gpm
1000 gpm
Rio de Flag*
8,300 ft
12,500 ft
14,600 ft
Sinclair Wash
4,950 ft
5,700 ft
Bow and Arrow Wash
1,054 ft
2,720 ft
2,990 ft
Switzer Wash
8,180 ft
*RDF did not experience steady flows and these lengths of channel are based on mean flows for a short
duration
Specific reaches with each tributary varied in seepage rate, with variation likely being attributed to soil
type and depth over bedrock. Also, the type of underlying bedrock may have been a large contributor to
variation. Bow and Arrow Wash had the greatest loss per foot within a specific reach and much of this
loss was determined to be through a sinkhole or crack within the Kaibab limestone which was very near
the surface in the channel.
While tributary tests were run during periods of time when evapotranspiration losses were assumed to be
minimal, the Rio de Flag test ran for a year, and the effects of evaporation and evapotranspiration were
modeled. Our model indicated that annually these losses were just under 1.5%, of the total discharge
volume. As expected, the month with the highest evapotranspiration losses is June, the potential
evapotranspiration losses are just over 8.5% of the June 2020 discharge. Evaporation losses were greatest
in reaches of the RDF that had large wetland ponds with emergent vegetation, those areas account for
nearly 50% of the total open water within the Rio de Flag reach.
The study indicates that the Rio de Flag and its tributaries have significant ability to recharge reclaimed
water to the ground. The fate of the reclaimed water to reservoir in the shallow ground water (soil water)
system or continue to the regional aquifer is unknown without further research. Specifically, it is
recommended that tracer studies could illuminate how much water is being lost to shallow ground water
and how much is contributing to the regional aquifer. It is also noted that surface flows provided
enhancements to the aesthetic and habitat quality of the normally dry channels and these attributes should
also be a consideration in decisions to whether this is a good use of reclaimed water and where it would
be most beneficial to develop a permanent release point.
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PROJECT DESCRIPTION
Waste water treatment by the City of Flagstaff produces relatively high quality, Class A+ reclaimed water,
as regulated by the Arizona Department of Environmental Quality (ADEQ). Currently the water is utilized
for a variety of services throughout the city (irrigation, snowmaking and industrial use). Potable water for
the city is either sourced from surface water (Upper Lake Mary Reservoir) or pumped from a system of
deep groundwater wells drilled into the Coconino Aquifer. In an effort to increase the sustainability of the
aquifer, The City of Flagstaff, Water Services Division desired to conduct a study to determine the potential
for recharge of the underlying aquifer with reclaimed waste water. This preliminary study is focused on
determining a range of expected rates of seepage loss from several potential release points throughout the
city. A portion of this study is focused on determining the seepage rate of several ephemeral stream
channels around Flagstaff, including a current release point at the Rio de Flag Water Reclamation Plant.
The city seeks to conduct a year-long study of seepage at the water reclamation plant reach and a series or
discreet (1 week) tests at two discharge rates (500 gpm and 1000 gpm) at 3 different sites throughout the
city. The goals of the tests are to determine
• Seepage rates and permeability properties of the streambeds at the locations tested
• Determine if potential releases will have significant effects on stream bed morphology
• Determine surface flow extent given the range of test flows
• Identify natural or manmade inflection points thresholds or boundaries that control seepage rate or
recharge
• Develop stage-discharge rating curve models for the test sites.
All work and results are to be summarized in a final report to accompany all raw data and analysis files.

LOCATION
The study reaches are located entirely within the city limits of Flagstaff, AZ (Figure 1). The locations
were selected by city personnel by the wash’s proximity to reclaimed water lines and the current outfall
for the Rio de Flag Water Reclamation Plant. Additionally, the reaches were chosen for their relatively
natural stream channels and floodplains were water could be released without impacting private property
or infrastructure. Additionally, the city desired to explore potential recharge zones that are within the
withdrawal zones for the numerous wells located around the city. Sites chosen for the study are:
•

Rio de Flag downstream of the water reclamation plant outfall – this is to be a one-year study of
the current outfall zone recharge rate.

•

Switzer Canyon downstream of Jay Lively Skating Rink on Turquoise Lane. This site is to be
utilized for a short term 500 gpm and 1000 gpm test.

•

Bow and Arrow Wash downstream of Lone Tree Ave. This site is to be utilized for a short term
500 gpm and 1000 gpm test.

•

Sinclair Wash Downstream of Lone Tree Ave. This site is to be utilized for a short term 500 gpm
and 1000 gpm test.
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Figure 1: Reach locations for recharge study
The project consists of four study reaches within the city limits of Flagstaff, AZ. “H” indicates hydrant, “D” indicates
release point and ”W” indicates approximate weir locations.
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PROJECT OBJECTIVES
The objective of this study is to compare potential recharge sites for seepage rates, channel stability and
overall efficacy as recharge distribution points. The study will examine seepage rate losses from the
channels through multiple reaches within a study area and the extent of flow for the study recharge
volumes (500 gpm and 1000 gpm). Additionally, it is desired to determine channel stability concerns for
perennial release of flows in ephemeral channels and other potential issues related to changes in
hydrology for these channels.
Three of the study sites are to be studied for relatively short duration (days until relative equilibrium of
seepage with steady release of water). These sites are Switzer Wash, Bow and Arrow Wash, and Sinclair
Wash. The fourth site (Rio de Flag) is to be utilized for a longer-term study and has already been subject
to daily release of waste water for several decades.
This study is intended to provide and initial analysis of recharge feasibility and to help determine which
sites are most feasible for a long-term recharge release point. It is assumed that additional studies to
determine actual aquifer recharge, perceived water quality issues and other aspects related to recharge
will be necessary prior to initiation of a groundwater recharge program.

METHODS
Prior to the study each channel was walked to determine channel condition, obstructions, and priority
locations for measurements. Four to five measurement locations were chosen for each reach. Because
the planned release volumes were relatively low and the channels were relatively wide compared to flows,
measurement via a rating curve in the natural channel would have not provided adequate precision for this
study. It was determined to fashion temporary weirs from plywood at each measurement site. A V-notch
weir was cut into a 2 ft × 8ft section of ¾ inch plywood. The plywood was trenched into the channel at
each site and sealed to the bed with sandbags and plastic sheeting. A stage discharge plate was installed
on each weir to aid in visual measurements. Data recording pressure transducers were installed in PVC
pipe stilling wells at each weir as well when they were available. Pressure transducers recording at 15minute intervals were utilized at all gage sites on the long-term Rio de Flag study site to determine lag
times and understand the range of daily fluctuation at the site. Pressure transducers were also used at the
initial weir on each of the short-term study sites to help ensure that inflow was steady at each site.

Flows were calculated in gpm using the equation below.
𝑸 = 𝟒𝟒𝟗 × 𝟐. 𝟒𝟗𝑯𝟐.𝟒𝟖
𝑾𝒉𝒆𝒓𝒆
𝑸 = 𝑭𝒍𝒐𝒘 (𝒈𝒑𝒎)
𝑯 = 𝑾𝒂𝒕𝒆𝒓 𝑺𝒖𝒓𝒇𝒂𝒄𝒆 𝑬𝒍𝒆𝒗𝒂𝒕𝒊𝒐𝒏 (𝒇𝒕)
Weekly visual observations were made at the Rio de Flag site to ensure that the weirs were not blocked or
leaking and to download the data loggers. The short-term study sites were walked twice daily (morning
and evenings) to make visual measurements of flow over the weirs and ensure that all operations were
going smoothly. Observations of weather, flow conditions, terminal end of the flow as well general
conditions were recorded.
The terminal end of the flow for the long-term study site at the Rio de Flag was also monitored with
HOBO Tidbit™ temperature monitors. These temperature from these monitors were compared to air
temperatures to determine if they had been inundated by water, marking the approximate location of the
terminal end of flow for the day.
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Inflow for the short duration seepage tests were measured with a meter attached to the diffuser on the
inflow hose. The valve at the hydrant was adjusted to achieve either a 500 gpm or 1000 gpm steady
inflow. Each test flow was discharged until the flow and seepage had reached an apparent equilibrium
(steady flow over the weirs and no advancement of the flow for at least two days).
Inflow for the long-term Rio de Flag study was determined at the outflow of the Rio de Flag Water
Reclamation Plant. Outflow was measured via SCADA at least three times daily at a Cipolletti weir in
the plant. During the initial months of the yearlong study, the outflow weir was measured at 15-minute
intervals to help determine a more precise hydrograph to compare with downstream weirs.
The short duration tests were all made during fall and winter conditions when evaporation and
transpiration was assumed to be near zero. The long-term test on the Rio de Flag was also run during
summer months when evaporation and evapotranspiration had a more significant effect on loss rates.
This is compounded by the reach containing two relatively large wetland features containing emergent
vegetation with large surface areas for evaporation and transpiration. We measured the extent of open
water and emergent vegetation in the system and applied a simplified model of evapotranspiration to
determine the relative amount of water loss to this function.
The Rio de Flag reach utilized for the study contains two wetland areas that have potentially high
proportions of evapotranspiration losses. To estimate evaporation and transpiration losses we utilized
several different methods and compared them. For evaporation, we used historic pan evaporation data
from the Western Regional Climate Center, using data from the Fort Valley test location, measured from
1909 to 2005. The standard pan evaporation test provides the monthly average pan evaporation, in inches.
We multiplied the pan evaporation by the conservative factor of 0.8 to better estimate evaporation from a
pond. That result can then be used to determine the total volume lost via open water evaporation, each
month. We measured the total wetland area, as 78,500 square feet, and the pond between weirs 1 and 2 at
60,000 square feet. To get the open water area of each location, we again assumed a conservative factor
of 60% for the wetlands and 80% for the pond. Then using the average length of reach over the month,
and an average channel width of 8’ we had the total average open water. The total open water is roughly
one-half wetlands and pond and one-half the actual channel flow. The average monthly evaporation can
be found in Figure 2 and Figure 3.
For evapotranspiration, we used historic weather data (January 2015 to December 2018) from multiple
sources to determine the average precipitation, temperature, wind speed, and solar radiation. That data
was used to determine a potential for evapotranspiration in short and tall vegetation. Then for the reaches
including the wetlands and discharge point, discharge point and weir 1, and then between the weirs 1-2, 23, a multiplier for the amount of vegetation for each reach was applied to the evapotranspiration potential
for short and tall vegetation. To check the validity of the evapotranspiration data, information from the
Bureau of Reclamation for evapotranspiration of mixed low and medium vegetation on the Colorado
River, and while the BOR data proved higher, the BOR region is also warmer and drier. Therefore, we are
using the historic weather data model. The average monthly evapotranspiration losses can be seen in
Figure 2, the monthly discharge verses evapotranspiration totals can be seen in Figure 3.
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Figure 2: Monthly Evaporation & Evapotranspiration Losses in the Rio de Flag

Figure 3: Monthly Discharge and Evaporation & Evapotranspiration totals
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For the short-term studies, seepage loss was estimated for each sub reach by taking the difference in flow
between each weir, then dividing that by the length of the channel between each weir, evaporation and
evapotranspiration were not considered, as those tests were run when those losses would account for
under 1%.
For the Rio de Flag study, seepage was calculated using the City of Flagstaff provided discharge volumes
from the SWAT weir over a weeks’ time, the volumes were also calculated from the weir flow data from
the HOBO’s. The HOBO’s at weirs 1 and 2 provide barometric and absolute pressure, temperature, as
well as depth of water. The HOBO’s at weirs 3 and 4 provide temperature and absolute pressure. Using
the barometric pressure readings from the weir 2 HOBO at the same time, we could calculate the depth of
water flowing through the weir, using the formula:
𝛥𝑃
𝐻= 𝛾
𝑤
144
Where
H = Calculated head over V notch (ft)
γw = Unit weight of water 62.4 lb/ft³
P = Pabs - Pbaro
Pabs = absolute pressure measured by the HOBO
Pbaro = barometric pressure measured at the HOBO

EXISTING CONDITIONS
RIO DE FLAG
The study reach begins at the release point for the Rio de Flag Waste Water Treatment Plant which is
located near the Interstate 40 overpass on the Rio de Flag and just downstream of the I 40 Wetlands. The
channel is initially a concrete lined ditch running alongside the Flagstaff Urban Trail System (FUTS) trail.
Once past the Interstate 40 bridges the channel is a natural bottom channel leading to a small pond with
wetland emergent vegetation at the confluence of Bow and Arrow Wash. The outlet of this pond is a
small natural bottom channel running through a relatively wide floodplain. The channel and flood plain
alluvium is relatively fine-grained material and supports mostly grasses. Grasses consist of barnyard
grass near the channel margins and various native bunch grasses farther from the channel margin. The
channel is generally trapezoidal in shape, approximately 8 to 10 feet wide and 3 feet deep. The depth of
the alluvium is approximately 30 feet deep as indicated from drilling logs for a test well. It is assumed
that the underlying rock is Kaibab Limestone. The rock outcrops at the flood plain margin are generally
Kaibab Limestone, although there are areas of basalt flows along the northern side of the floodplain.
It should be noted that discharge at this site varies on a daily basis depending on water use patterns within
the city. Furthermore, the discharge point is located such that higher discharges can flow upstream into
the shallow I 40 wetland basin. Flows flow into the basin and slowly discharge back downstream. This
daily influx is an important means of maintaining the wetland vegetation and habitat in this basin.
Storm flows enter the reach from both the Rio de Flag and Sinclair Wash. These are ephemeral channels
but have the potential to discharge significant flows into the site during high runoff periods. Bow and
Arrow Wash also contributes to the flow downstream of the pond.
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SWITZER WASH
The Switzer Wash study area begins along Turquoise Avenue near the Jay Lively Skating Rink. The
channel is generally a natural bottom channel varying in size due to ditching and relocation. It flows
alongside Turquoise Avenue then through a small housing development before flowing under Cedar
Avenue. Below Cedar the channel has slightly less access to the floodplain until near the intersection
with Switzer Avenue. At this point the channel is trapezoidal in shape and more deeply entrenched
without a wide flood plain. While the channel is generally through alluvium, it is mixed with colluvial
boulders and fill. Switzer Wash soils are generally different from the other three study sites (Figure 4).
The outcroppings along banks are generally basalt and Moenkopi Sandstone which is different from the
dominant Kaibab Limestone of the other three reaches. Depth to bedrock is estimated to be 30 to 40 feet.
Discharge for the study was provided by a recently installed reclaimed water hydrant at the corner south
east corner of the skating rink parcel. Storm flows into the site from the upstream watershed are
negligible until larger, less frequent events. Stormwater runoff is infrequent enough that there is no active
channel upstream of the site. Storm flows appear to be generated most frequently within the city limits
where impermeable surfaces are dominant. Locally generated runoff does contribute to the channel
downstream of the discharge point.
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Figure 4: Soil map of study reaches
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BOW & ARROW WASH
The Bow and Arrow study reach begins at the Lone Tree Avenue crossing and continues downstream to
the confluence with the Rio de Flag below the I 40 wetlands (connecting with the Rio de Flag reach). The
channel through this reach has been modified in the past and disturbed by construction of a sewer line.
An unpaved road bed runs along the channel and crosses it in several places through the reach.
Additionally, there is the remnant of a shallow stock tank towards the middle of the reach. The channel is
generally trapezoidal varying in depth from two to 4 feet with a bottom width of approximately 2 feet.
The channel is composed of natural material, mainly fine alluvial materials. Both valley edges are
composed of exposed and weathered Kaibab limestone. Depth of the alluvium is unknown. However, the
channel has exposed edges of the base limestone along the edges of the valley.
The discharge source for this reach is a reclaimed water line hydrant along Lone Tree Road. The hydrant
is located over 100 feet away from the channel, creating the need for an extended discharge line and a
crossing of the FUTS trail that runs parallel to the wash.

SINCLAIR WASH
The Sinclair Wash reach also begins on Lone Tree Road. The supply hydrant is located west of the
roadway, across from the intersection with Woodland Dr, just upstream of the crossing. The reach
extends downstream to the upstream end of the I40 wetlands. The reach has been modified in the past by
construction of a sewer line and the FUTS trail which parallels the channel for the full length of the reach.
The channel substrate is native materials and varies throughout the reach. Fine grained alluvium
dominates the upstream portion of the reach, upstream of Lone Tree Road. The next portion of the reach
is composed of much coarser materials (cobble and boulder). The coarser materials give way to fine
alluvium again in the lower portion of the reach near the I 40 wetlands. The valley is generally the
narrowest of the study sites. The northern side of the valley is dominated by basalt out crops while the
southern side is exposed and weathered Kaibab limestone. It is assumed that the valley is formed by the
contact between a basalt flow and the underlying limestone. Depth to bedrock is estimated to be 25 feet.
Of all the study sites, this site is the most heavily utilized for recreation. The FUTS trail runs the entire
length from Northern Arizona University to the I 40 wetlands and the valley forms a green space located
within a relatively dense urban zone.

TEST RESULTS
The following are the results for each test performed for the Rio de Flag, Switzer Wash, Bow & Arrow
Wash and Sinclair Wash

RIO DE FLAG
Records for discharge were kept from September 2019 through November 2020. There were several
notable weather events during the test period, which was expected. There are locations of additional
runoff during storm events that effect the ability to calculate loss between weirs. Between weirs two and
three, it appears that there is roadway drainage or parking lot drainage that makes its way into the Rio de
Flag just nearest to the Sam’s club parking lot. For the sake of this report, those dates are removed from
the overall wash analysis.
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The discharge from the City Water Reclamation Plant to the Rio de Flag varies daily and throughout the
year, to determine rates of infiltration in each reach, the weekly total volume was used. This method
makes estimating the infiltration easier, however it also takes out the finer details, so we don’t see that
over the summer season flow reached weir 4, due to a single large discharge, but we do see that generally
discharges make it to weir 3, however we don’t see that there are times in the week where the flow does
not make it to weir 3 due to variability in discharge. The Range of Discharges, Max Mean Min and
median for the winter and summer seasons are provided in Table 1. In Table 2, we see that the average
rate if infiltration is between 60 and 65 gallons per day per foot of reach, with the higher rate of
infiltration coming in the fall and winter timeframe, likely due to the increased average available flow.
Table 1: Rio de Flag Range of Discharges.

Winter
Summer

Gallons/Week
Equivalent gpm
Gallons/Week
Equivalent gpm

Max Weekly Flow

Mean Weekly Flow

Min Weekly Flow

7,016,000 (gal)
700 (gpm)
6,037,000 (gal)
600 (gpm)

4,297,000 (gal)
430 (gpm)
2,204,000 (gal)
220 (gpm)

1,112,000 (gal)
110 (gpm)
270,000 (gal)
30 (gpm)

Figure 5: Rio de Flag weir locations and seepage loss rates.
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Figure 6. Lag time between weirs.
Table 2: Rio de Flag Data Summary

Reach

Length
(ft)
940
160
1132
2445
108

Spring/Summer
Ave. Flow Flow
Infiltration
(gal/week) (gpm)
Rate (gpm/ft)
1,988,033 197
1,408,130 140
0.052
392,798
39
0.089
20,539
2
0.015

Ave. Flow
(gal/week)
4,190,686
2,795,026
2,016,364
1,435,708

Fall/Winter
Flow
Infiltration
(gpm)
Rate (gpm/ft)
416
277
0.126
200
0.068
142
0.024

COF Discharge *
Weir 1
Weir 2
Weir 3
End of Flow
0
0.019
(Spring/Summer)
Weir 4 & End of
4,617
0.031
Flow (Fall/Winter)
Average Infiltration Rate (gpm/ft)
0.041
0.045
Average Infiltration Rate (gpd/ft)
59
64
* The measured losses between the CoF discharge and Weir 1 includes losses due to the wetlands upstream of
the Rio de Flag Water Reclamation Plant
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Table 3: Evapotranspiration losses by month and sub reach

Month
January
February
March
April
May
June
July
August
September
October
November
December

1st Reach
Total (g/ft)
6.38
9.32
14.24
18.61
20.99
28.32
23.13
20.11
18.67
14.25
10.01
7.37

2nd Reach
Total (g/ft)
0.53
0.77
1.17
1.53
1.72
2.32
1.88
1.63
1.52
1.17
0.83
0.62

3rd Reach
Total (g/ft)
3.85
5.62
8.59
11.23
12.67
17.1
13.96
12.14
11.27
8.6
6.04
4.45

4th Reach
Total (g/ft)
0.93
1.36
2.08
2.71
3.06
4.12
3.36
2.92
2.72
2.08
1.46
1.08

1

4

2
3

Figure 7: Rio de Flag Evapotranspiration Reaches

From the data we have, and incorporating it with Well Monitoring data from the City of Flagstaff, it
appears that the flow from the Rio de Flag makes its way into a shallow aquafer. In Error! Reference
source not found., we can see the comparison of the weekly discharge from the Rio de Flag Reclaimed
Water Plant, to the weekly average of the Monitoring Well water level below land surface (bls), and the
weekly precipitation from March 2020 to September 2020. This closely resembles the same input from
HydroSystems, Inc.’s report, Evaluation Report for POC Well #1 at Rio de Flag WRP; APP No P-
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102421, from July 11, 2017 showing three and a-half years of data, in Figure 9. While we cannot say
from this information how much is making it into the aquafer, we can reasonably conclude that the water
is contained for a brief time, before making its way elsewhere. We can see from both figures that the
monitoring well water surface changes with discharge changes and precipitation.
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Figure 8: Monitoring Well Water Level vs Discharge and Precipitation

Figure 9: Flagstaff Precipitation with POC depth to water and Rio de Flag WRP discharge

from HIS Evaluation Report for POC Well #1 at Rio de Flag WRP; APP No. P-102421
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SWITZER WASH
On November 14, 2019, Jon Ebers and Tanner Fuhrmann began installation of four weirs in the Switzer
wash. On November 15, the reclaim study started at 10:30 am when the City opened up the reclaimed
water hydrant at N Turquoise Dr and E Cedar Ave. The summer test ran from November 15 through
November 20, this test was considered “summer” due to the extended dry period, and warm temperatures.
NCD staff recorded flows, flow limits, took cross sections and investigated potential leaks into the City of
Flagstaff Sewer system, within the Switzer Wash. City of Flagstaff staff confirmed incidental infiltration
into the sewer system during this test, however the exact location(s) of infiltration was not determined. On
November 20, due to precipitation causing adverse and unaccountable influence on readings, the City and
NCD agreed to terminate the 500 gallon per minute test in Switzer Wash.
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Figure 10: Switzer Wash Test Flows

Following the conclusion of the 500 gpm summer test on Switzer, NCD began preparing for a 500 gpm
winter test at Switzer Wash. Beginning December 2, 2019 Jon Ebers and Tanner Fuhrmann reinforced
and repaired the Switzer Wash weirs for the winter test. On December 17, the winter test commenced.
Due to lack of infiltration the Switzer test was ended on December 20 (the leading edge of the Switzer
flow reached the intersection of 4th and Butler Ave). Due to the low infiltration rate, the City and NCD
agreed that running the 1000 gpm test at Switzer during winter conditions was unnecessary. During the
limited 500 gpm winter test, the flow extended to just downstream of the intersection of 4th Street and
Butler Avenue. Figure 11, shows the Switzer wash losses and extent of flows.
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Table 4: Switzer Wash Data Summary

Reach
Diffuser
Weir 1
Weir 2
Weir 3
Weir 4
End of flow Summer
Weir 5
End of flow winter
Total gpm/ft
Total gpd/ft

Length
(ft)
0
76
343
903
778
4656
1500
9500

Summer Test
Flow
Infiltration Rate
(gpm)
(gpm/ft)
480
458
0.289
398
0.175
363
0.039
252
0.143
0
0.054
0.071
102

Winter Test
Flow
Infiltration Rate
(gpm)
(gpm/ft)
570
557
0.171
482
0.219
395
0.096
391
0.005
209
0.030
0
0.022
0.032
46

A group of students from Northern Arizona University, performed a Geologic Survey of portions of
Switzer Canyon, and found the region between weirs three and four to consist of a 3-layer subsurface
consisting of a thin alluvium, overtop basalt cobbles with sediment infill, and a lower layer of Kaibab
limestone. The thin alluvium varies from 3-feet to a few inches thick, while the basalt cobble layer is up
to 33 feet below the surface, with an unknown depth of the Kaibab limestone layer.
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Figure 11: Switzer Wash Losses and Extent of Flow.

H is the reclaimed water hydrant, D is the diffuser box, W 1 is the Weir 1 location

BOW & ARROW WASH
On January 6, 2020, NCD began removing the weirs in Switzer wash, and preparing them for installation
in the Bow & Arrow wash. Jon Ebers worked with the City of Flagstaff to install a pipe under the FUTS
trail so the fire hose could run from the Reclaimed Fire Hydrant across the FUTS trail to the inlet of the
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CMP running under Lone Tree Rd. On January 14, Jon Ebers, Tanner Fuhrmann and Lia Melis began
installation of the Bow & Arrow weirs. On January 29, the Bow & Arrow wash winter test began. Due to
backwater effects at the Connell Drive box culvert, Jon Ebers and Lia Melis relocated weir 1. Due to the
length and diameter of hose, the test was only able to generate 250 gpm +/-, and all flow infiltrated the wash
between weirs 1 and 2. On March 2, after Jon Ebers, Tanner Fuhrmann and Jake Fleishman made
modifications to the diffusion system, and the City changed the culvert under the FUTS trail, the 500 gpm
test was started. Tanner Fuhrmann and Mark Wirtanen took observations during the 500 gpm test. On
March 9, Jake Fleishman and Chris Liszewski made required repairs to Weir 1 and began the 1000 gpm
test. However, the hose “blew off” the diffuser, and additional repairs were required. On March 16, the
1000 gpm test restarted. Allen Haden, Jake Fleishman, and Chris Liszewski took observations until the
conclusion on March 20, 2020.

The first test along Bow and Arrow Wash began on January 31 2020. The flow produced from
the hose was about 250 gallons per minute (gpm). A higher flow was desired but the capacity of
the hose did not allow for any greater flow with the pressure provided. A diffusor box was
initially used to avoid down cutting the channel, see Figure 12. Field observations were typically
conducted in the morning between 7 am and 9 am. These observations recorded general
conditions of the flow and stream, temperature, wind conditions, precipitation conditions, and
water surface elevation at each weir (used to calculate flows).

Figure 12: Diffusion Box Set-Up for the Bow & Arrow Wash Tests

With the 250 gpm provided to the stream, the maximum measured flow through field
observation was 228 gpm and the minimum was 200 gpm at weir 1. The flow never reached weir
2 under the 250 gpm flow condition. The end of the flow was consistently located just
downstream of a very wide section of stream where flow appears stagnant in the area, any flow
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out of this area it is unobservable. The area in question is very close to a limestone outcrop and it
is believed that the high infiltration rate is a product of cracks in the limestone bedrock located
near the surface. The location of this wide area is shown in Figure 13 as “250 gpm Test Extent of
Flow”. The difference of flow coming into this section of channel and the flow leaving this
section is visibly different.

Figure 13: Bow and Arrow Wash Losses and Extent of Flow.

The observed flow leaving this area is much less than what is entering indicating high infiltration
rates at this location. The 250 gpm test concluded on February 6, 2020.
The second part of the test began on March 3, 2020. This test was conducted to test the infiltration
at higher flows. A larger 4” hose was used to increase the discharge capacity. This hose was held
down by sand bags and rebar, and instead of discharging into a diffusor box, the hose discharged
directly into the culvert under Lone Tree Rd to avoid erosion of the channel. The flow during this
test has increased to more than 500 gpm. Weir 1 experienced flows up to 529 gpm and as low as
461 gpm through field observation over the study period of the second test. The flow of this test
was able to continue over weir 2 and weir 3 and completely infiltrated not far downstream of weir
3. Weir 2 experienced relatively consistent flows around 200-250 gpm with a maximum observed
flow of 293 gpm at the first observation. Weir 3 experienced consistently low flows of 50-80 gpm
with a minimum observed flow of 23 gpm at the first observation. The end of flow was in an area
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that appeared to have been excavated and bermed for a stock pond sometime in the past. The
discharge made it as far as the upstream edge of the berm but did not rise on the berm over a series
of several days.
Observations were typically performed in the morning but afternoon observations were performed
to determine if the infiltration rates changed at different times of the day. It was shown through
field observation that later in the day (4-5 pm), there is visibly and measurably greater infiltration
rates than in the morning (7-9 am). This is likely due to warmer temperatures in the afternoon. The
550 gpm test was concluded on March 8, 2020. The 1000 gpm test began on March 16 and concluded
on March 20, 2020, test results were similar to the 550 gpm test, with the exception of the total length of
the reach increased to 2,990 ft.
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Figure 14: Bow & Arrow Wash Test Flows

Table 5: Bow & Arrow Wash Data Summary

Reach
Diffuser
Weir 1
Weir 2
Weir 3
End of Flow
(500)
End of Flow
(1000)
Total gpm/ft
Total gpd/ft

250 gpm Test
Flow Infiltration Rate
Length (gpm) (gpm/ft)
0
250
266
213
0.139
788
0
0.270
837
281

500 gpm Test
Flow Infiltration Rate
(gpm) (gpm/ft)
500
495
0.019
226
0.341
53
0.207
0
0.189

1100
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1000 gpm Test
Flow Infiltration Rate
(gpm) (gpm/ft)
1000
989
0.041
616
0.473
616
0.000

0
0.237
342

0.230
331
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SINCLAIR WASH
In mid-October, weirs were placed in Sinclair wash in anticipation of beginning the test. Weir locations,
losses and the extents of flow can be seen in Figure 15. On November 3, 2020 the test was started with
500 gpm measured at the diffusion box. Readings were taken and the end of flow was recorded three
times daily, to ensure that no problems with the test occurred, as it did on Wednesday, November 11th at
8am, during the 770 gpm test, when the diffuser rotated and began spraying outside of the diffuser box,
there was minimal erosion to the roadway embankment that did not require repair. During the test, two
weirs were relocated, since they were placed inside a pool, however, they were easily relocated
downstream to provide adequate data.
During the test there were three pools that developed, the first was at the diffuser, and progressed to just
past the FUTS trail crossing some 100 feet upstream, the second was located some 100 to 200 feet
downstream, and the third was located on either side of and through the Lone Tree Road double box
culvert. It was noted that this area had been heavily disturbed earlier in the year as new underground lines
were installed under the channel.

Figure 15: Sinclair Wash Losses and Extent of Flow

The 500 gpm test reached equilibrium after 6 days. The previous two months, had seen virtually no
precipitation, and it is reasonable to assume that the flow had a lot of void to fill prior to advancing
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downstream. After seven days the flow had progressed past weir 5, but had not yet made it past the sewer
crossing and into the wetlands.
The second test began on November 10th, at 2PM with a flow of 770 gpm. Due to the limited available
pressure at the hydrant, we were not able to get a 1000 gpm test run and it was determined that the lower
steady flow would be adequate. The test reached an equilibrium state within 18 hours and continued over
the next seven days. A measurement of the flow over the sewer crossing was taken to determine the flow
entering the wetlands, and found that of the 770 gpm, 250 gpm was entering the wetlands. Based on the
data we have from the Rio de Flag portion of the study, we estimate up to 100 gpm would make it to weir
1 in the Rio de Flag below the wetland, based on the average loss rate. The Sinclair wash test flows, can
be seen in Figure 16.
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Figure 16: Sinclair Wash Test Flows
Table 6: Sinclair Wash Data Summary

Reach

Length
(ft)

550 gpm Test
Flow
Infiltration Rate
(gpm)
(gpm/ft)
550
403
0.236
297
0.079
233
0.069
136
0.062
70
0.136
0
0.092

770 gpm Test
Flow
Infiltration Rate
(gpm)
(gpm/ft)
770
567
0.223
486
0.060
431
0.059
338
0.060
298
0.082
235
0.083

Diffuser
Weir 1 *
623 - 910
Weir 2
1348
Weir 3
932
Weir 4
1560
Weir 5
486
Sewer Crossing
757
Est. End of Flow ** 2200
Total gpm/ft
0.096
0.094
Total gpd/ft
139
135
* The distance between weir 1 and the beginning of flow backwatered from the diffuser during the 770
gpm trial was 910 ft
** The wetlands take an average of 150 gpm during wintertime months from the sewer crossing to
RDF weir 1 is a length of 1100 ft, and from RDF weir 1 to weir 2 is an additional 1100 ft, and takes an
average of another 100 gpm
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The length of reach between the diffuser and Weir 1 contains two ponds, the first just upstream of the
diffuser, that flows traveled into and the second just upstream of Weir 1, both of these are significantly
large, this is likely the reason for the very high infiltration rates seen in the weir 1 reach. These ponds are
effectively the floodplain, and are much more spread out than elsewhere in the wash where flow was
contained in the channel.
A group of students from Northern Arizona University, performed a Geologic Survey of portions of
Sinclair Wash. Their survey concluded that the portion of Sinclair Wash from the Lone Tree box culvert
to nearly weir four has in soil layer of infill of about 10-feet deep, over a 13-foot fractured limestone layer
that grades into un-weathered bedrock.

PROBLEMS ENCOUNTERED/LESSONS LEARNED
Generally, the testing methodology was sound, and provided good data. The plywood weir provided an
economical and transportable temporary weir structure. The very wide flat channels of most of the
reaches would have proved to be difficult or impossible to accurately gage at these low flows using a
stage discharge model. If a future test is made, it would be reasonable to change the shape of the weir, a
trapezoidal weir may have provided greater capacity, and performed better over a wider discharge range.
Another issue encountered was flow bypassing the weir, usually under, while installations improved with
each test, making sure to adhere impervious sheeting, and burying it in the channel 2-3 ft upstream would
be a good idea. One of the long-term weirs along the Rio de Flag had to be reset as debris from a high
flow collected on the stage pipe and tipped the weir downstream.
The HOBO’s used to measure the flow over the weir(s) were very good in this test, however, some issues
reading and removing bad data were difficult to figure out. Particularly, several times in the Rio de Flag
study, ice formed in the stilling basin. Until that ice melted, no data could be recorded, as the HOBO uses
the difference between barometric and absolute pressure, and the pressure exerted upon the sensor was
just too great to get an accurate reading. We sometimes saw a reading of 15 feet of water. It was easy to
find this discrepancy as the temperature was at or very near 32 degrees.
The TidBit™ loggers used to trace the extent of flow with differential temperature readings were not
useful. Debris collected on the logger and held moisture which masked the ‘wet/dry’ temperature
differentials.
Having access to surplus reclaimed water to conduct the tests and ensuring that hydrants were installed at
appropriate locations dictated the timing of the tests. Hydrant locations and available delivery equipment
were not always adequate to achieve the higher flow rates desired for the tests.
Staff at the waste water treatment plant were flexible in making additional readings of the Cipolletti weir
at the outflow. While very helpful in establishing the timing of peak outflow these additional readings
took considerable staff time. If additional studies are conducted at this outfall, additional data logging
equipment should be considered.

SUMMARY
RIO DE FLAG
The Rio de Flag showed that it can regularly infiltrate up to 1000 gallons per minute over an approximate
15,000-foot reach. While evapotranspiration and evaporation at the wetlands and pond were a concern
prior to this study, we have shown that the losses due to those effects is relatively small, and would
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decrease if sustained flows could be introduced to the wash. The relatively large soil/water contact of the
wetlands provides a better morphology for infiltration than the confined and steeper channel.

SWITZER WASH
The Switzer wash study provided two diverging problems, first an apparent excess infiltration to the
sanitary sewer system during the summer test, and then a lack of infiltration over a very long reach during
the winter test. The discharge from the final test reached the stormwater detention basin near Route 66
and was filling this basin.

BOW & ARROW WASH
The Bow & Arrow wash study showed that it can infiltrate over 1000 gpm over a relatively short reach of
2,200 feet. However, there is concern that the area of infiltration is very small, and that leads us to
speculate that sustained flow would lead to the creation of a sinkhole. The relatively high rate of
infiltration loss also indicates that water may be added to the aquifer relatively quickly without moving
through a soil layer. Additionally, there was a small headcut that formed downstream of this sinkhole.
Temporary repairs were made with hand placed stones and were adequate to avoid any further erosion. If
additional studies are planned for this reach, the headcut should be permanently repaired.

SINCLAIR WASH
The Sinclair wash study showed that it can infiltrate 500 gpm over 5700 ft and that 770 gpm would go
into the I-40 wetlands and then into the Rio de Flag for an additional 2300 ft. If chosen for a 500 or even
1000 gpm sustained flow location, minor work would need to be performed to fix some bank erosion, and
could end up benefitting the wetlands and the Rio de Flag.
The infiltration rates for each reach, as measured during each test can be found in Table 7, the most
consistently high infiltration rates can be found in Sinclair Wash.
Table 7: Infiltration Rates of each Reach

Test Location
Test Name
Weir 1
Weir 2
Weir 3
Weir 4/end of flow
Weir 5
End of Flow

Rio de Flag
Summer Winter
0.052
0.126
0.089
0.068
0.015
0.024
0.019
0.031

Loss (gpm/ft)
Bow & Arrow Wash
Switzer Canyon
250
500
770
Summer Winter
0.139 0.019 0.041 0.289
0.171
0.270 0.341 0.473 0.175
0.219
0.207 0.000 0.039
0.096
0.189 0.560 0.143
0.005
0.030
0.022

Sinclair Wash
550
770
0.236 0.223
0.079 0.06
0.069 0.059
0.062 0.06
0.136 0.082
0.092 0.083

CONCLUSIONS
This study provides some relatively good information for comparing infiltration potential at several sites
of interest to the City of Flagstaff. It should be noted that this study took place during an extremely dry
period of climate. While there were several precipitation events, their influence on infiltration rates was
minimal and likely short lived. Additionally, while it appeared that stasis in recharge rates was achieved,
the relatively short duration of the tests may not be fully representative of long-term rates of infiltration.
As soils become saturated or more biologically active, infiltration rates can be expected to change.
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The methodology appears to provide good information for long-term monitoring and could be improved
with the construction of more permanent weirs in areas chosen for long-term infiltration.
It is apparent that some areas may not have deep alluvial soils but could be passing a portion of surface
flows directly into voids in the Kaibab Limestone. Conversely, for areas with deeper alluvium, it is
unknow how much water is retained in shallow groundwater and how much actually recharges the
aquifer. It is highly recommended that some type of tracer study be conducted that can provide estimates
of the length of time required for surface water to mix with the aquifer and help provide an estimate of
how much is retained in the near surface alluvium.
Our preliminary estimates of losses to evapotranspiration indicate that the proportion is relatively small.
Long-term additions to the shallow ground water have the potential to change the vegetative component
and likewise change the total amount of infiltration water that is utilized by plants. The Sinclair Wash
site and the Rio de Flag site have relatively high proportions of wetland and riparian adapted plants
already so these changes to E/T potential in these sites are likely less than could be expected at the dryer
sites such as Bow and Arrow or Switzer Wash.
While there is much to be learned about the fate of reclaimed water releases related to groundwater
recharge this study indicates that there is a potential to release significant amounts of water within city
limits and that the water will infiltrate completely before it leaves the city limits. The next steps of the
study should focus on the effects on the shallow and deep aquifers as well as the multiple additional
resources that are affected by these releases.
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Switzer Wash: Weir #2
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Switzer Wash: Weir #3
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Switzer Wash: Weir #4
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Rio de Flag: Weir #1
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Bow & Arrow Wash: Weir #1
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Bow & Arrow Wash: Weir #2

Natural Channel Design, Inc.
Flagstaff, Arizona

Appendix 2: 12

February 2021

Bow & Arrow Wash: Weir #3
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