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The City of Nogales, Arizona, is in the Santa Cruz Active Management Area and is subject

to the assured water supply and conservation mandates of the 1980, Groundwater
Management Act (State of Arizona, 1980). The primary water supply for both Nogales
Arizona, and Nogales, Sonora, (commonly referred to as Ambos Nogales) is groundwater
pumped from the shallow alluvial aquifers which underlie the Upper Santa Cruz River in

Arizona and Mexico, and its tributaries (principally Nogales Wash and Potrero Creek).
Nogales, Sonora also obtains water from the Los Alisos Basin, which is south of the Santa

Cruz Basin in Mexico (Carruth, 1995).
The NIWTP provides wastewater treatment for Ambos Nogales, and discharges treated

wastewater to the Upper Santa Cruz River near the confluence with Nogales Wash and
Sonoita Creek. The discharge of effluent creates an intermittent stream from the NIWTP
outfall for approximately 13 river miles to Tubac, Arizona.
The conservation mandates of the 1980, Groundwater Management Act (State of Arizona,
1980) require the City of Nogales, Arizona to prove the existence

of a 100-year water supply

as a condition for future growth. The Act also allows Nogales, Arizona to receive recharge

credits for the portion of effluent that recharges the aquifer underlying the Santa Cruz River.

The recharge credits will be used by the City of Nogales as partial proof of a 100-year water
supply (Carruth, 1995).
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The purpose of this study was to estimate the volume of effluent from the Nogales
International Wastewater Treatment Plant (NIWTP) that recharged the floodplain aquifer

underlying the Upper Santa Cruz River. Participants in this study included the Arizona

Research Laboratory for Riparian Studies and the Department of Hydrology and Water
Resources at The University of Arizona, the Center for Environmental Studies at Arizona
State University, and the U.S. Geological Survey (USGS).

The area of focus for this study was the reach of the Upper Santa Cruz River (referred to

herein as the study reach) that extends from the NIWTP to Santa Gertrudis Lane at
Tumacacori, Arizona (see Figure 1 -1). In addition to data collection activities performed

within the study reach, this study also entailed field activities in surrounding areas and
compilation of historical data for locations outside of the study reach. The area within which

these additional data originate is defined herein as the study area, and extends about 45 river
miles along the Upper Santa Cruz River from the international boundary to Continental,
Arizona.
:>.,y:{,}.;'yi;Y,i1;::::y;};}:ry}r:;4 }

The objectives of this project were: to quantify the volume of effluent recharge that occurred

during two synoptic field studies, completed in June and December of 1995; to conduct an
analysis of the hydrologic conditions that prevailed during the synoptics; and to make
recommendations on the monitoring requirements for a long -term effluent recharge program.
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An analysis of hydrologic conditions and an estimate of effluent recharge for 1995, were also

completed.

To achieve these objectives water budgets were constructed for the synoptic periods and on
a monthly basis for 1995. Groundwater and effluent chemistry data were used to provide a

independent estimate of effluent recharge for 1995.

PREVIOUS
Geologic maps with coverage of the study area include those by Drewes (1980), Simons

(1974) and Wilson, et. al., (1960). Maps showing depth to bedrock and/or thicknesses of
alluvial deposits were constructed by Carruth (1995), Cooley (1973), Oppenheimer and

Sumner (1980) and Parker (1978).

Generalized descriptions of the study area geologic setting are included in works by
Cunningham (1964), The Earth Technology Corporation (1988), Geoscience Consultants,
Ltd., (1987), Halpenny and Halpenny (1988), Parker (1978), Schmidt (1988) and the U.S.

Department of Agriculture (1977). A detailed description of the tectonics of Southeast
Arizona is given by Drewes (1981). Descriptions of structural geology and stratigraphy are

provided by Drewes (1981) and the Geological Society of America (1981).

Geologic studies that focused on specific areas include Helmick's (1986) description of the

terrace deposits near Tubac. Menges (1981) provides discussion on the geology of the
Sonoita Creek Basin. Discussion on the Mesozoic stratigraphy, Cenozoic rocks and structural

geology of the Santa Rita Mountains is provided by Drewes (1971), (1972a) and (1972b),
respectively.

Simons (1972) described the Mesozoic stratigraphy of the Patagonia

Mountains.

Surface water flow and resources in the study area are described in Department of Economic

Planning and Development (1971),

Eychaner et. al., (1984),
4

Federal Emergency

Management Agency (1980), U.S. Department of Agriculture (1977) and the U.S.
Department of the Army (1969) and (1987). Discussions on the sources, uses and losses of
streamflow in the Upper Santa Cruz River Basin are provided by Harshbarger (1969) and
Aldridge (1973).
Webb and Betancourt (1992) discuss regional climatic variability and its effect on the flow

of the Santa Cruz river. Sellers, et. al., (1985) discusses the climate of Arizona.

Putman et al., (1983) provides discussion of the hydrogeology near the international
boundary. Halpenny (1964) conducted a geophysical and hydrogeologic investigation of the

Upper Santa Cruz River Valley from the international boundary to the mouth of Sonoita
Creek. Schmidt (1988) described the hydrogeologic conditions along the Upper Santa Cruz

River Valley from the NIWTP to the vicinity of the Pima County line. Halpenny and Halpenny

(1988) describe the hydrogeology of the study area in the vicinity of the Santa Cruz -Pima
County line.
Bradbeer (1978) wrote about the hydrogeology of the Sonoita Creek aquifer. The northern

portion of the study area is included in the area for which Hanson and Benedict (1994)
simulated groundwater flow and land subsidence.
A study of the surface water resources of the Upper Santa Cruz River Basin was conducted
by De I.a Torre (1970). The Arizona Department of Water Resources (ADWR; 1990) and

Harshbarger and Associates (1969 and 1979) constructed water budgets for the study area.
Schwalen and Shaw (1957) Turner et al., (1943) discussed the water resources of the Santa

Cruz Valley. Matlock and Davis (1972) wrote about the groundwater supply in the Santa
Cruz Valley. Halpenny (1982, 1983 and 1984) studied groundwater supply adequacy within

the study area.

5

Additional studies concerning the water resources of the Upper Santa Cruz Basin were
conducted by Osterkamp (1973a, b and c). Studies related specifically to the effluent
dominated reach of the Upper Santa Cruz River include the ADWR (1994), Lawson (1995),
Schmidt (1988), and Stromberg, et al., 1995.

6

CHAPTER 2
DESCRIPTION OF THE STUDY AREA
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The study area is located in the Basin and Range Physiographic Province, where blockfaulting has resulted in mountain ranges and down-dropped valleys. The valleys are filled with
alluvial materials derived from the erosion of highland areas.

The Santa Cruz River valley, from the international boundary to the Pima County line, is
bounded by the Patagonia, San Cayetano and Santa Rita Mountains to the east and by the
Pajarito, Atascosa and Tumacacori Mountains to the west. The distance from the base of the

mountains to the stream ranges from roughly 3 to 6 miles on both sides. Mountain peaks
along the east side of the river valley range from 6,000 to 8,600 feet (ft) above sea level,
while those to the west range from 4,900 to 5,300 ft above sea level (Halpenny and Halpenny,
1988).

Principal eastern tributaries to the Santa Cruz River between the international boundary and

Continental, Arizona are Sonoita Creek, Josephine Canyon, Montosa Canyon, Cottonwood
Wash, and Agua Caliente Wash. Along the west side are Nogales Wash, Calabasas Canyon,

Agua Fria Canyon, Peck Canyon and Sopori Wash.

The Santa Cruz River Valley is within a semiarid climate zone with temperatures (recorded
at Nogales, Arizona) ranging from 27°F to 95°F, and having an annual average of 61°F. The

7

growing season typically begins in March, when minimum monthly temperatures are above
32°F, and ends in October (ADWR, 1994).

Precipitation generally occurs in a bimodal pattern, during the summer monsoon season (July
and August), and in fall/winter (October, December and January). The summer monsoonal
storms produce heavy local rainfall, winds and flooding, while winter storms are characterized
by low intensity storms of relatively long duration.

The magnitude and occurrence of precipitation has fluctuated over time; the period from
about 1930 to 1960, being climatically distinct from preceding and following periods (Webb
and Betancourt, 1992). A period of relative drought occurred from the mid- 1940's to the mid

-1960's, when a wetter climatic cycle began (Halpenny and Halpenny, 1988).
The valleys of Santa Cruz County receive 16 -18 inches of precipitation per year (1893 -1983)

on average, while mountainous areas may receive up to 30 inches per year (ADWR, 1990).

The 30 -year average rainfall for three stations in the vicinity of the study area are provided

below in Table 2 -1

.

Table 2 - 1: 30 -year average precipitation (from Halpenny and Halpenny, 1988)
Station

Station Elevation (feet

30year average

precipitation (in., to 1985)

Nogales SN.
Tumacacori Nat. Mon.
Santa Rita Exp. Sta.

above msl)
3,560
3,267
4,300

21.35
14.73

21.02

DROGEOLOGY
The materials which overlay the bedrock valley floor in the vicinity of the study area are
composed of the Nogales Formation and Quaternary Alluvium. The Quaternary alluvium
includes the Older Alluvium which is moderately consolidated and Younger Alluvium which
is unconsolidated. Figure 1 -1 shows the rock types that occur in the study area.

8

2.3.1 Nogales Formation
The Nogales Formation was deposited during late Tertiary time, and consists of a volcanic

conglomerate that contains many beds of sandstone and siltstone (Bradbeer, 1978). The
formation has been classified into three members (Simons, 1974).

The uppermost member is a gray to brownish gray volcanic conglomerate with angular to
subangular pebbles and cobbles of silicic volcanics in a sparse matrix, and is up to 2,000 ft in
thickness. The underlying middle member is a light-brown to light-gray tuffaceous sandstone

containing pebbles (generally of silicic volcanic origin) and boulders and is over 500 ft thick.

The well bedded pebbly sandstone of the middle member is present along Sonoita Creek from
its confluence with the Santa Cruz River to Patagonia Lake. The basal member may be 5,000

ft thick and consists of light -gray to light -brown conglomerate and fanglomerate with

intermittent tuffaceous sandstone beds (Simons, 1974).
Groundwater occurs primarily in fracture zones and unconsolidated layers within the Nogales

Formation (Putman et al., 1983). The Nogales Formation has poor water bearing
characteristics and has not been widely developed (ADWR, 1994). Although the presence of
clays and consolidated rocks may produce confined conditions locally, groundwater present
in the alluvium is considered to be under unconfined conditions (Coggeshall, 1990). Well

yields of several hundred gallons per minute (gpm) have been obtained, but yields from the

formation average at about 30 gpm (Putman et al., 1983).
2.3.2 Quaternary Alluvium

The two principal water -bearing formations in the study area are the Older Alluvium and
Younger Alluvium, which together comprise the Quaternary Alluvium. The geometry of the
Quaternary Alluvium changes to the south of the NIWTP as a series of aquifer segments are

separated by outcroppings of the lower permeability materials which bound the aquifer
(Halpenny, 1964 and Putman et al., 1983). To the north, in the vicinity of the confluence
9

of

Nogales Wash and Sonoita Creek with the Santa Cruz River, the valley widens, and the
thickness of the Quaternary Alluvium increases (ADWR, 1994). In the vicinity of the Pima

County Line the valley of the Santa Cruz river essentially terminates as the river enters the
broad expanse of the Tucson basin.
2.3.2.1 Older Alluvium

The Older Alluvium consists of locally stratified lenses of boulders, gravel, sand, silt and
clays with cemented zones or caliche. The Older Alluvium near Nogales was reported to
consist of tightly cemented sands and gravels grading to a conglomerate at a depth of about

800 ft (Cella Barr & Associates, 1991). The thickness of the Older Alluvium in Santa Cruz

County ranges from a thin veneer along the mountain ranges up to 4,800 ft or more in the

north -central portion of the valley (Oppenheimer and Sumner, 1980). The Older Alluvium
was deposited in structurally formed basins by streams draining the mountains to the east and
west, and before the Santa Cruz river developed as a through- flowing stream (Halpenny and
Halpenny, 1988).

The Older Alluvium is exposed in terraces that rise above the floodplain of the Santa Cruz
river. The terrace slopes at the edges of the inner valley generally rise about 10 to 15 ft above

the valley floor in Santa Cruz County. However, about 4 miles south of Tumacacori the top

of the terrace is more than 100 ft above the valley floor (Halpenny and Halpenny, 1988). This
suggests that the cause of the incision of the Older Alluvium is most likely to have been
caused 6y faulting which lowered the base level of the river, causing it to downcut.
Halpenny and Halpenny, 1988, reported specific capacity data obtained from several constant
discharge tests (72 hour duration) performed in Santa Cruz County. Specific capacity values

generally ranged from 0.6 to 2.7 gallons per minute per foot of drawdown (gpm/ft) at
constant discharge rates of 175 and 74 gpm, respectively. The exception was a Tubac Valley

Water Company municipal supply well which was pumped at 1,500 gpm, with a specific
capacity value of 9.6 gpm/ft.
10

The highest well yield known is 1,750 gpm on a short-term basis. Few well yields exceed 500

gpm ( Halpenny and Halpenny, 1988).

2.3.2.2 Younger Alluvium
The Younger Alluvium is present along the Santa Cruz River and some of the larger
tributaries. It is comprised of unconsolidated sands, gravels and boulders, usually

of coarser

grain size than those found in the Older Alluvium in Santa Cruz County (Ha'penny and
Halpenny, 1988).

According to Halpenny and Halpenny, 1988, the depositional history of the Younger
Alluvium in the region differs from that of the Older Alluvium in that it was deposited by a

through-flowing stream. As the structural basins filled with the Older Alluvium, the drainage
became integrated and the ancestral Santa Cruz river was established.
The ancestral Santa Cruz river cut a trough in the Older Alluvium ranging in width from half
a mile to over a mile in places. Over time, this through flowing stream deposited the Younger
Alluvium. Continued movements along the bounding structures in the underlying bedrock,

and now including the Older Alluvium, caused a series of basin -like structures in the Older
Alluvium that are filled with Younger Alluvium that reaches 125 feet in thickness (Ha'penny

and Ha'penny, 1988).

2.3.3 Floodplain Aquifer
The saturated sands and gravels of the Younger Alluvium comprise the floodplain aquifer,
which is in hydraulic connection with the Santa Cruz river in reaches where there is perennial

of this study involve the interaction of the Sant Cruz river
with the floodplain aquifer, the hydrology of this unit must be examined in detail.
flow. As the principal objectives

Field observations in 1995, indicate well yields ranging up to 2,850 gpm for wells pumping
from the floodplain aquifer between the NIWTP and Tumacacori. Ha'penny, (1964) estimated
11

the horizontal to vertical hydraulic conductivity ratio to be 10 to

1.

Transmissivities and

specific yield values obtained in the study area for both the floodplain aquifer and the

saturated Older Alluvium are shown in Table 2 -2.

Table 2 - 2: Aquifer Characteristics (Adapted from ADWR, 1994)
Geologic Unit

Transmissivity

Well Location

(gal/day/ft)

Younger

Specific

Reference

Yield

413,000

D(23 -14)22

0.17

Halpenny, 1964

124,000
140,000
2,100

D(24 -15)16 BD

0.17
0.15
0.10

Putman et al., 1983
Halpenny, 1982
Cella Barr

Alluvium

Older

D(24 -15)18

Alluvium/

Associates, 1991

Nogales
Formation
7,500

D(21 -13)05

0.15

Halpenny, 1982

3,800

ABD
D(21 -13)05

0.15

Halpenny, 1982

22,000
24,650

DDB
D(21 -13)07 ABA
D(21 -12)24 AA

0.15
0.12

Halpenny, 1983
Halpenny, 1984

The floodplain aquifer is recharged by infiltrating streamflow, and by groundwater which
originates as mountain front recharge. According to Osterkamp (1973a), recharge along the
9 -miles

of stream channel within the study reach ranges from 3,600 to 5,400 af/yr. Estimates

of annual mountain front recharge along the margins of the study reach range from 200 to 400
af/mi for the eastern margin and 100 to 200 af/mi for the western margin (Osterkamp, 1973a).

Generally, groundwater flow in the Younger Alluvium is parallel to the direction of river flow

i.e., in a northerly direction within the study area. According to the groundwater elevation
contour map by Murphy and Hedley (1982) the hydraulic gradient between the NIWTP and
12

Tubac is about 0.0032. A slight steepening of the hydraulic gradient shown on the map in the

area extending from around Peck Canyon to about a mile upstream of Josephine Canyon may
be due to changes in aquifer geometry (see Chapter 5), and/or an increased volume of water
moving through the aquifer as a result of tributary contributions. The hydrograph shown on

Figure 2 -1, for well RRP -I10 (see Plate 1, in pocket, for all well locations) is representative

of historic water level changes in the study reach. Water levels in the area dropped steadily
through the 1940's and into the early 1950's. Water levels exhibited a generally upward trend
beginning in the early to mid 1950's, and continuing into the late 1980's.
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Figure 2 -

1:

Hydrograph for well RRP -I10 for the period June 1939 to June 1995.

Declining water levels during the 1940's and 1950's are attributable to pumpage and drought

conditions. Recovery may have been initiated by two relatively large floods for the period of
1940 - 1960, which occurred in the late summers of 1954 and 1955. Effluent discharge, which

began in Nogales Wash in 1951, was likely an important factor in the continuing upward trend
in water levels.
13

The maximum depth to the water table in the study reach appears to have occurred in the

early to mid 1950's and ranged up to 50 ft. Water levels in the area in the 1980's generally
ranged between

5

and 20 ft below ground surface and were mostly at or above 1940's water

levels. Current depth to groundwater within the study reach generally ranges from a few feet

to about 30 ft, and about 10 to

-

90000

15 ft on average.
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Figure 2 - 2: Historic record of annual flow at the Nogales gage and from the NIWTP.

Streams in the study area with perennial flow in some reaches include the Santa Cruz river
and Sonoita Creek. The remaining streams are ephemeral, and flow in response to storms in

the surrounding mountains. Surface water which moves through the study reach includes
both streamflow in response to precipitation events (referred to herein as natural flow) and
effluent discharged from the NIWTP. Within the study area, there are three USGS streamflow
14

gaging stations along the Upper Santa Cruz River. Effluent discharge is measured at the
NIWTP gage.
2.4.1 USGS Nogales and Continental Gaging Stations

The USGS Nogales gaging station is located on the Santa Cruz River, about a mile

downstream of the international border, and about 10 miles upstream of the NIWTP. The
USGS Tubac gage became operational in September of 1995, and is located about 13 miles

downstream of the NIWTP. The USGS Continental gaging station is located on the Santa
Cruz River at Continental, about 35 miles downstream from the NIWTP.
Information from the USGS Nogales and Continental gaging stations and from the NIWTP

gage are provided below. Figure 2 -2 shows total annual effluent volumes and total annual
discharge at the Nogales station.
The drainage areas upstream of the USGS Nogales and Continental gaging stations are 542
square miles and 1,640 square miles respectively. The drainage area between the two stations
is 1,098 square miles. The change in river bed elevation over the 45 river miles from the

boundary (3,702 feet) to Continental (2,836 feet) results in a gradient of 19.2 feet per mile
(Halpenny and Halpenny, 1988).

The mean annual discharge at the Nogales gage for the period of 1970 -93 averaged to 40
cubic feet per second (cfs). The median daily flow at the Nogales gage was

3

cfs for the

period of 1936 -92 (ADWR, 1994).
The mean annual flow at the Continental gage was 34 cfs for the period of 1960 -85. The
median daily flow at Continental for 1941 -85 was zero (ADWR, 1994).
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2.4.2 Effluent
The Nogales International Wastewater Treatment Plant (NIWTP) currently discharges treated

wastewater to the Santa Cruz River just south of the confluence of the river and Sonoita
Creek. Originally the treatment plant was located on the right bank of Nogales wash about
2 miles downstream

of the international boundary and was capable of treating up to

1.6

million gallons per day (MGD; Smith, personal communication, 1994). The available record

of plant discharge into Nogales wash began in August of 1951.
In 1972, operation began at the current location. The plant was expanded in 1991, from a

capacity of 8.2 MGD to about 17.2 MGD. The expansion included a transition from
chlorination to ultraviolet disinfection (International Boundary and Water Commission, 1992).

Currently, chlorination is again part of the disinfection process.

Effluent volume has been increasing since release began in 1951. The rate of increase was
greater after 1980, and increased sharply in response to the importation of groundwater from
the Los Alisos Basin, Mexico in 1991.
Effluent has been estimated to include an average of one million gallons per day (MGD) of
storm water which infiltrates the sewage system (ADWR, 1990). More recent estimates are

reflective of a groundwater infiltration problem and have ranged up to 3 MGD (Vega,
personal communication, 1995). The total volumes of effluent discharged from the NIWTP
in 1990, and 1995, were 10,202 of and 13,448 af, respectively, though the accuracy of the

gage may under estimate flow by as much as 15 %. This is addressed in later chapters.

IN LAND USE
M1aw

A

.

+

.

Aerial photographs show that most of the land in the floodplain of the study reach was being

farmed in 1937 (Department of Agriculture, aerial photograph collection). Agricultural
acreage generally increased into the 1970's, and declined thereafter. Declines in agricultural
16

acreage were greatest in the southern third of the study reach, where increases in industrial
development were also the greatest (Department of Agriculture, aerial photograph collection).

Vegetation density generally increased in the area extending from the vicinity of Peck Canyon

to Tubac in the 1970's and 1980's in response to a raised water table and the increased
frequency of large floods (Cooper Aerial Survey, aerial photograph collection). The discharge

of effluent from the NIWTP made nutrients available to phreatophytes and stabilized
groundwater levels along the reach, allowing vegetation to flourish during this time period.
A depiction of 1990, land use and the distribution of vegetation types within the study reach
is provided on Plate 1.
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CHAPTER 3
DATA COLLECTION AND CHEMICAL ANALYSIS
In addition to the compilation of historic data from the literature, hydrologic data supporting

this project were collected over the period August 14, 1994, through April 30, 1996. A
description is provided below of the method of selection of the study reach, the seismic

refraction survey, instrumentation of the study reach, the synoptic studies and sample
collection and chemical analysis procedures.
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SELECTION

A reconnaissance of the study area was made on June 14, 1994, from the vicinity of Peck
Canyon north to Tubac. During the visit the Santa Cruz River bed was observed to be dry

about 1.5 miles down stream from Peck Canyon, but streamflow was again noted about 2
miles further down stream, near Tumacacori. Another dry area was observed at Carmen, but

the stream was again flowing at Tubac. The lengths of the dry reaches are unknown, since the
locations of streamflow cessation and reappearance were not observed on June 14, 1995.
The June 14, 1994, observations are in agreement with aerial photographs taken of the
Tumacacori area in 1937, on May

1,

1975, and on September 23, 1980, which all show the

cessation and reappearance of surface flow between Peck Canyon and Santa Gertrudis Lane,
Tumacacori. These observations suggest that during hot and dry periods of the year, surface

water recharge (i.e., effluent recharge) to the floodplain aquifer between the NIWTP and
Tumacacori is significant.

Effluent recharge within the study reach was taken to include all effluent that crosses the

water table and enters the floodplain aquifer, regardless of whether the effluent is
subsequently discharged from the aquifer (e.g., as baseflow). For this reason the cessation of

18

streamflow was considered an important factor in study reach selection, despite the proximal

reappearance of streamflow.
Other evidence of significant effluent recharge between the NIWTP and Tumacacori includes

relatively stable water levels in wells along the study reach. In addition, the flourishing of

riparian vegetation along the study reach since 1972, the time at which the NIWTP began
discharging effluent directly into the Santa Cruz River, may be attributable to the provision

of nutrients by recharging effluent. Because of the evidence of significant effluent recharge

^I7

along the river reach between the NIWTP and Tumacacori, it was selected as the study reach.
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A seismic survey of the study reach was conducted by the USGS (Carruth, 1995). Seismic
survey lines cross the Upper Santa Cruz River near the NIWTP and Santa Gertrudis Lane,
near Tumacacori, marking the up- and downstream ends of the study reach, respectively.

Data from the seismic survey were used in saturated cross-sectional area estimates for the
floodplain aquifer. Cross - sectional areas were used to calculate volumetric rates of

groundwater flow into and out of the study reach.

3.2.1Methods
A shotgun blast provided the energy source for the survey. Geophones, spaced 25 ft apart,

extended away from the source in a direction perpendicular to the floodplain axis. Seismic
data were collected using an EG&G Geometrics Model 2415 24- channel signal - enhancement
seismograph (Carruth, 1995). Robert Carruth of the USGS modeled the field data using an

interactive personal computer program for seismic-refraction data interpretation.
Baseline velocity information on the Older Alluvium that underlies the floodplain aquifer was

obtained by conducting an initial survey on Older Alluvium outcrop in the study area.
19

Generally, a velocity contrast of 3,500 to 5,500 fi/s was detected at the unsaturated/saturated

interface of the Younger Alluvium. A 1,500 to 4,000 ft/s velocity contrast was characteristic

of the interface between the saturated Younger Alluvium and the saturated Older Alluvium
(Carruth, 1995).

Driller's logs for wells located near seismic survey lines and previous geologic descriptions

of the area were considered in the interpretation of seismic velocity data (Carruth, 1995). This
information was used as a check on the calculated floodplain aquifer thicknesses. For
additional information on the seismic refraction survey and field data interpretation, see
Carruth (1995).
3.2.2 Results
Plate

1

shows the locations of the seismic survey lines. Cross -sections for each seismic survey

line are depicted on Figures 3 -1 and 3 -2. The interpretation of seismic velocity data led to the

following cross- sectional area estimates for the floodplain aquifer in the Younger Alluvium

(Carruth, 1995):

Upstream end of the study reach: 140,000 ft2; and
Downstream end of the study reach: 200,000

ft2.
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Many existing wells in the study area were utilized in the study. Additional wells and
piezometers were installed in three transects to obtain more detailed information on hydraulic

gradients and for groundwater sampling.
Two monitor well nests were completed to allow vertical hydraulic gradients across the Older
and Younger Alluvium to be monitored. Transects of piezometers and shallow monitor wells

provided data on hydraulic gradients lateral to the river, as well as data for calculating
hydraulic gradients along the floodplain axis.

The locations of the wells and piezometers which constitute the monitor well network are
shown on Plate

1.

Wells were named according to ownership and type. Wells with RRP and

RRU prefixes are owned by Rio Rico Properties, Inc., and Rio Rico Utilities, Inc.,
respectively. Wells with the WTP prefix are NIWTP monitor wells. Wells with suffixes
beginning with an I or D are irrigation wells or domestic wells, respectively. Well names with

the prefix RRU and only a numeral in the suffix are municipal wells. Well names with either
the MW prefix and only a numeral in the suffix are monitor wells. An S or D in the suffix for

monitor wells indicates shallow or deep, respectively for nested wells. Piezometers are
denoted by a prefix of PZ, and a suffix indicating position (e.g., DE1 indicates that the
piezometer is located at the downstream end of the reach on the east side of the river). Details

on the wells and piezometers installed for this study are provided below.
3.4.1 Monitor Wells

In the Fall of 1995, three 8 -inch diameter monitor wells were completed by a drilling firm

under contract with the University of Arizona. The wells were completed using the cable tool
method. Blank and perforated casing was driven as the borehole was extended downward.

22

Two of the monitor wells (MW-1S & 1D), one extending to a depth of 65 ft and the other

to 120 ft, were completed at the downstream end of the study reach (see Figures 3 -3 and 3 -4
for well construction diagrams and geologic logs). The shallow well is screened in the
floodplain aquifer from a depth of 30 to 60 ft. The deep well is located about 10 ft from the
shallow well, and is screened from a depth of 100 to 115 ft. The screened interval of the deep
well occurs in the saturated sediments of the Older Alluvium as indicated by the geologic logs

(change in color and lithology; see Figures 3 -3 and 3 -4) and the results of the seismic
refraction survey (see Figure 3- 2).
The third well (WTP -5D) is 140 ft deep and is nested with an existing 6 -inch diameter, 50-

foot NIWTP monitor well (WTP -5S) at the upstream end of the study reach. Figure 3 -5
shows the well construction details and geologic log for well WTP -5D. The shallow NIWTP
well is screened in the floodplain aquifer from a depth of 20 to 50 ft. The deep well is less

than 10 ft away from the shallow well and is screened from a depth of 120 to 135 ft. The
screened interval of the deep well occurs in the saturated sediments of the Older Alluvium as
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MW -1S Construction Details and Well Log
Located near Santa Gertrudis Lane (Not to Scale)
Locking Cap
On Protruding 8 -inch
Diameter Steel Casing
Depth in feet from ground surface
0 -5 pale yellowish brown 10yr 6/2 coarse

sandy clay

8 -inch

6 -10 same with pebbles

Diameter
Steel
Casing

poorly sorted, clayey medium sand
w/ pebbles and cobbles

11 -15

16 -20 same
21-25 light brown 5yr 6/4 very fine -medium
sand w/ some silt
26-30 light brown 5yr 6/4 to grayish orange
pink 10 yr 7/4 poorly sorted medium sand
with pebbles, some silt & trace clay
31 -35 grayish orange pink 5yr 7/2,
variegated, poorly sorted medium sand w/
pebbles
36 -40 same
41 -45 same color, fine to medium poorly
sorted sand w/ pebbles, and trace silt &
clay
46 -50 same color, medium poorly sorted
sand w/ some silt
51 -55 grayish orange pink 5yr 7/2 to
grayish pink 5yr 8/2 poorly sorted
medium sand w/ trace clay
56 -60 grayish pink to pale red l Or 6/2 clayey
poorly sorted fine to medium sand w/
pebbles (rhyolite)
61 -65 same

,Cj 20 -foot Surface
Seal

Slotted Casing from
30 to 60 feet

Blank Casing From
60 to 65 feet
Total Depth 65 feet

Figure 3 - 3: Construction details and Geologic log for MW 1 S.
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MW-1D Construction Details and Well Log
Located near Santa Gertrudis Lane, Adjacent to MW -1 S (Not to Scale)
Locking Cap
On Protruding 8 -inch
Diameter Steel Casing

Depth in feet from ground surface
0 -5 pale

yellowish brown 10yr 6/2 coarse
clayey sand
6 -10 same with pebbles
11 -15 poorly sorted, medium sand w/
pebbles, cobbles and some clay
16 -20 same
21 -25 light brown 5yr 6/4 very fine- medium
sand w/ some silt
26 -30 grayish orange pink 5 yr 7/2 poorly
sorted, sub -angular to sub -rounded medium
sand with pebbles, & trace silt
31 -35 same
36 -40 same, w/ cobble-size igneous rock
fragments
41 -45 same w/ large, sub -rounded pebbles
46 -50 grayish orange pink to pale red lOr 6/2
poorly sorted medium sand w/ cobbles (sand
has higher fme fraction)
51 -55 same color, poorly sorted, sub-rounded
medium sand w/ some silt & pebbles (quartz,
olivine and other mafics)
56 -60 same color, poorly sorted coarse sand
w/ some silt
61 -65 pale red to grayish orange pink, poorly
sorted, sub -rounded coarse sand w/ pebbles,
some silt and trace clay
66 -70 same color, poorly sorted clayey
medium to coarse sand w/ some silt
71 -75 same
76 -80 pale red to moderate orange pink lOr
7/4, poorly sorted, clayey medium sand w/
pebbles
81 -85 same color, poorly sorted fme to
medium clayey sand (increased clay and
fme sand content)
86 -90 same, w/ pebbles
91 -95 pale red, poorly sorted clayey
medium sand w/ pebbles
96 -120 same, w/ some rhyolitc pebbles

8 -inch

Diameter
Steel
Casing

<j

20 -foot Surface
Seal

Slotted Casing from
100 to 115 feet

Blank Casing From
115 to 120 feet

Total Depth 120 feet

Figure

3 - 4:

Construction details and Geologic log for MW -1D.
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MW-5D Construction Details and Well Log
Located at NIWTP, Adjacent to NIWTP MW-5, (Not to Scale)
Locking Cap
On Protruding 8 -inch
Diameter Steel Casing
Depth in feet from ground surface
0 -5 no sample
6 -10 dark brown

8 -inch

H

11

Diameter
Steel
Casing

sandy silt
-15 moderate to light brown 5yr 6/4 silty

fme sand w/ pebbles
light brown, clayey fine-medium sand
w/ pebbles
21 -25 light brown to grayish orange pink
5yr 7/2 poorly sorted, pebbly medium sand
26 -35 same
36-45 same, but variegated sand
46 -50 same color, poorly sorted, pebbly
coarse sand
51 -55 same
56 -60 same color, poorly sorted, pebbly
coarse to very coarse sand
61 -65 same
66 -70 grayish orange pink, poorly sorted
medium sand w/ some silt
71 -75 light brown 5yr 5/6 to moderate reddish
brown l Or 4/6, clayey medium sand
76 -80 same w/ pebbles
81 -95 same
96 -100 same color, clayey coarse sand w/
pebbles and cobbles
101 -105 same, but higher clay content
106 -115 same
116 -120 moderate reddish brown, clayey
fme to medium sand
121 -125 same color, medium to coarse sandy
clay
126 -135 same w/ pebbles
135 -140 same color, coarse sandy clay
16 -20

0 20Seal-foot Surface

Slotted Casing from
120 to 135 feet

Blank Casing From
135 to 140 feet

Total Depth 140 feet

Figure

3 - 5:

Construction details and Geologic log for MW -5D.
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indicated by a change in color and lithology; see Figure 3 -5) and the results of the seismic
refraction survey (see Figure 3 -1).
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Two pumping tests were conducted, one at the upstream end of the study reach on the Santa

Cruz river, and one at the downstream end. The first one took place at the Nogales
International Wastewater Treatment Plant (NIWTP) on May 29, 1996, and the second took
place the following day on the Binney property near Santa Gertrudis Lane. The purpose of

the pumping tests was to obtain an estimate of the transmissivity of the regional aquifer, as
well as determining the degree of interconnection between the regional and floodplain
aquifers.
3.5.1 Pumping Test at the NIWTP

The NIWTP pumping test was conducted using MW -5D as the pumping well and MW-5S
as the observation well. The D and S aspect of the well nomenclature indicate the relative

depth of each well; the D means that the well is deep-set in the lower aquifer (at 140 feet
below the ground surface), and the S means the well is shallow -set in the upper aquifer (at
50 feet below the ground surface). The purpose of setting the observation well in the upper

aquifer was to monitor drawdown due to leakage into the lower aquifer during the pumping

test. It was not intended to monitor drawdown in the same aquifer as the pumping well.
Logs and explicit construction details were not available for MW-5S, but since it is
immediately adjacent to the deeper well, that log can be used to estimate the aquifer materials

the well is open to.
The pump was lowered to 57.3 feet below the ground surface, and the piezometric level
measured 18.9 feet below the ground surface. Accordingly, the pump was set at 38.4 feet
below the water surface. The pumping rate remained constant at 7.3 gpm for the entire length
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of the 180 minute test. Figure

3 -

6 shows the drawdown and recovery vs. time; a detailed

graph of the well recovery data is shown in Figure

3 - 7.

The transmissivity and storage coefficient were calculated using the Cooper -Jacob method

of comparing the slope (Ss) of drawdown with that of recovery, and using this Ss value in the
following equation for transmissivity:

264Q
As

(1)

where T = coefficient of transmissivity [gpd
Q =

pumping rate [gpm]

Ss =

slope of the time -drawdown graph expressed as the change in drawdown
between any two times on the log scale whose ratio is 10 (one log cycle)

The storage coefficient, S, can then be calculated using:

Swhere

S

=

T =

0.3 Tto

r2

(2)

storage coefficient
coefficient of transmissivity [gpd

to

=

intercept of the straight line at zero drawdown [days]

r

=

distance from the pumped well to the observation well where the drawdown

measurements were made [ft]

Using Figures 3 - 6 and 3 - 7,

ft'' and

S

&s

was determined to be 28.5 ft min'. Accordingly, T = 67 gpd

= 0.24. It should be noted that the accuracy of the storage coefficient is less reliable

because there was no observation well set in the same aquifer as the pumping well. The
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value of r was therefore taken to be the radius of the well instead of the distance from the
pumped well to an observation well where drawdown measurements would have been made.
The shallow observation well showed no fluctuation in water levels (shown on Figure 3 - 6)

during the entire duration of the pumping and recovery periods. The conclusion is that the
connection between the two aquifers was not sufficiently conductive to detect a response in

the floodplain aquifer after 3 hours of pumping had produced 36 feet of drawdown in the
regional aquifer.

3.5.2 Pumping Test at the Binney Property
The Binney well pumping test was conducted using MW -1D as the pumping well and MW-1S
as the observation well. The D and S indicate deep and shallow depth settings, following the

same nomenclature as for the NIWTP wells. MW-1D is set at 120 feet below the ground
surface, and MW-1S is set at 65 feet below the ground surface. Figures 3 - 3 and 3 - 4 show

the lithology and associated details for each well.

The pump was lowered to 57.9 feet below the ground surface, and the piezometric level
measured 7.6 feet below the ground surface. Accordingly, the pump was set at 50.3 feet
below the water surface. The pumping rate remained constant at 7.9 gpm for the entire length

of the 180 minute test. Figure 3

- 8 shows the

drawdown vs. time. No well recovery data

was collected. There were several problems encountered during this test that render the
interpretation of the test suspect. First, measurement of the shallow observation well water
level during the test was made difficult by the fact the aperture through which measurements

were made was small and difficult to establish an exact measuring point. The minor and step like changes in the water level in this well (shown on Figure 3 - 8)are believed to be due to

inconsistencies between measurements made with the same equipment but by different people.

Second, at the start of the pump test, as drawdown reached about 25 feet below land surface,

water was heard splashing in the well and the test was stopped to determine if the pump
column was leaking. No leaks were found, but as the water level recovered, the sounds of
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water splashing inside the well ceased. Recovery was allowed to continue until the water
level was within 1.23 feet of the original static head, and the subsequent drawdown data was

adjusted to the original static level for analysis. The cause of the water splashing in the casing
is believed to be cascading water from the floodplain aquifer entering the well through some

defect in the well casing at about 20 feet below land surface. The consequence of this
conclusion is that the transmissivity values for the regional aquifer derived from analysis of

this pump test are almost certainly higher than actual values. The degree to which the
transmissivity is inflated is unknown, as there was no way to estimate the quantity of water
contributed by the cascading water from the floodplain aquifer during the test. Finally, over

two hours into the test, a large irrigation well approximately 100 meters away, and tapping
the floodplain aquifer, was turned on by an uninformed employee of the owner who had
promised to leave the well off during the test. It does not appear that the effects of the
irrigation well reached the shallow observation well during the test, and thus is not thought

to have affected the analytical results. Due to the volume of water being pumped from that
well, the effects would very likely have appeared during the recovery and rendered analysis

of the recovery data virtually impossible.
The transmissivity and storage coefficient were calculated using the Cooper -Jacob method
as described above. Using Figure 3 - 8,

is was determined to be 29.5 ft min'.

Accordingly,

T = 72 gpd ft' and S = 0.27. Recall that the accuracy of the storage coefficient is less reliable

because of the reasons stated in the discussion of NTWTP results, and as noted above, the
estimate of the transmissivity is likely to be higher than actual due to the effect of cascading

water from the floodplain aquifer.
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Drawdown vs. Time for Pumping Test #1
Nogales Intn'I Treatment Plant
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Figure

3 - 6:

Drawdown and recovery of MW -5D water levels during pump test.

Recovery data for the NIWTP well
aquifer test

40

-35 -

--

a-

ß

-°c

Observation well

*
ß..

ß

... .._ ..

25

4--.._....a

ß....ß____

...

ß

..

___

+....}...+.....}...

ß

»..»

....

.._

_}__

_.

}....y._ _}.. ..

O
c3)

o

20

I--

a)
_o

-..... -.... -... ».......

_

.-

».._

ß... ._ß..

+

+....}...}... ..}..

1

ß

ß....y...y... ..y..

+

+-._..

_..}... ..}.. ..

ß

Y....ß.... ... ..ß..

_.

ß

}

..

.... ...

..}..

5
0
1

10

100
Time [minutes]

Figure

3 - 7:

Recovery detail for MW -5D after cessation of pumping.
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Drawdown vs. Time for Pumping Test #2
Binney Property Well
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Figure 3 - 8: Drawdown of MW -1D near Santa Gertrudis Lane during pump test.
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A transect of 5 piezometers orthogonal to the Santa Cruz is located at the upstream end of

the study reach:

3

on the west side of the river (PZ-UW1, UW2 & UW3); and 2 to the east

(PZ -UE1 & UE2). The piezometers on the west side are roughly 50, 300 and 900 ft distant

from the low-flow channel, and extend to depths of about 20, 25 and 30 ft, respectively.
The 2 piezometers on the east side of the river are located about 600 and 1,000 ft from the
low flow channel. The piezometer nearer to the river is 18 ft deep. The second piezometer
32

reached the water table, but extends only to 14.8 ft because subsurface conditions would not

allow further advancement.
A generalized construction diagram for the piezometers installed during this study is provided
in Figure 3 - 9. Figure 3 - 10 provides a view

of the wells and piezometers at the upstream

end of the study reach.

Not to Scale

Up- and Downstream Ends
Cased in and open to Younger
Alluvium
3/16 - inch I.D. tube (casing)

Depth range: 14.8 to 30 feet

-inch O.D. Protective PVC
casing
1

Near Agua Fria Canyon
1

-inch I.D. steel casing

Depth range: 4.5 to 13 feet

Figure 3 - 9: Piezometer Construction Schematic.
A second transect of

3

piezometers orthogonal to the Santa Cruz is located at the

downstream end of the study reach. One is located about 50 feet west of the river channel
(PZ -DW1), and 2 (PZ -DE1 & DE2) are located about 50 and 300 feet east of the river
channel. From west to east, the piezometer depths are 17.3, 19.1 and 23.2 feet. Figure 3 - 11
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provides a cross -sectional view of the wells and piezometers at the upstream end of the study

reach.
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- 10:

Transect at the downstream end of the study reach.

A third transect of three piezometers orthogonal to the Santa Cruz was completed near the

confluence of Agua Fria Canyon and the Upper Santa Cruz River, in the vicinity of the
meteorological stations. The piezometer located closest to the Santa Cruz River (PZ -AF1),
is about 30 ft from the channel and extends about 4.5 ft below ground surface. Two additional

piezometers are about

8

and 13 ft deep, and are located about 100 and 150 ft west of the

river, respectively. Figure 3 - 12 provides a view

of the piezometers near Agua Fria Canyon.

Northeast

- 3450

3390

- 3330

Figure 3 - 11: Transect at the upstream end of the study reach.
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Mid -reach transect near Agua Fria canyon.

After the piezometers and wells were installed, a Global Positioning System (GPS) survey
was conducted. The GPS equipment used in this study provides vertical accuracy within a
margin of a few centimeters. This was checked using a bench mark of known elevation. In

some cases it was necessary to use points surveyed by GPS as reference points, surveying

wells and piezometers by stadia and transit. This was done when overhead obstructions
precluded setting the GPS equipment directly over the well or piezometer.
The GPS was also used to survey the river channel at the up- and downstream ends of the
reach. The elevations derived from the survey allowed comparison of water level elevations

,

in piezometers adjacent to the stream channel with the approximate stream surface elevation.
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Two towers equipped with meteorological instrumentation were installed within the study

reach to monitor and quantify the surface energy balance, but in particular the
evapotranspiration processes. The towers are located near the confluence of Agua Fria
35

Canyon and the Santa Cruz River, approximately 2.5 miles northwest of the NIWTP (see
Plate 1). Erection and instrumentation of the towers, calibration and operation of the

instrumentation and data downloading and manipulation was performed by Dr. James

Shuttleworth and his students of the Department of Hydrology and Water Resources,
University of Arizona.
3.7.1 Tower Instrumentation

A 40-ft tall tower was erected within a dense mesquite bosque cover, approximately 450 ft

west of the Santa Cruz River. Instrumentation installed on this tower includes a Bowen Ratio

System and a standard meteorological station (Shuttleworth et al., 1995).
The Campbell Scientific, Inc., Bowen Ratio System measures the vertical gradient of

temperature and humidity and derives the sensible and latent heat fluxes through an energy
balance calculation. The Campbell Scientific Inc., Automatic Weather Station was deployed

to collect net radiation, incoming short wave radiation, soil heat flux, air temperature,
humidity, and wind speed and direction data (Shuttleworth et al., 1995).

A second Bowen Ratio System was installed on a 20 -ft tall tower which was erected about
150 ft west of the Santa Cruz River, within a flood -prone region of very low vegetation.

Distance between the two towers is about 300 ft.
The evapotranspirative fluxes for riparian and low vegetation used herein were derived from

the Bowen ratio system data. Reference crop and potential evaporation rates were calculated
using the automatic weather station data. For a detailed explanation of how meteorological
and energy flux data are used to derive the values of evapotranspiration used in this report,

the reader is referred to the companion report by Shuttleworth, et. al. 1996, titled
"Evaporation From A Riparian System on the Santa Cruz River."
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Synoptic runs were conducted to estimate effluent recharge along the study reach and to
identify the processes that exert the greatest influence on recharge. These synoptic runs were

intensive hydrologic field studies that provided detailed information on inputs and outputs to

and from the study reach over a short period of time.

Two 48 -hour synoptic field studies were conducted, one during the days of June 20 -22, 1995,
and the other during December

11 -13,

1995. It was desirable to conduct the synoptic runs

during dry periods of the year like June and December, because the absence of natural
streamflow simplified the effluent recharge estimation process. June and December were also
selected because ET peaks and valleys occur around those respective times of the year. This

allowed the effects of ET on recharge to be evaluated.

The synoptic studies included the following data collection activities:
Discharge measurements at the upstream and downstream ends of the study reach,

and at mid-reach;

Operation of meteorological stations;

Groundwater level monitoring;
Metering of pumpage from the study reach; and

Collection of surface water and groundwater samples.
3.8.1 Discharge Measurements
Stream discharge measurement, and initial data processing to calculate and tabulate results,

was conducted by USGS personnel. During the synoptic periods the only surface water flows

entering the upstream end of the study reach were effluent flows from the NIWTP. No
tributary surface flows entered the reach during either synoptic period.
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There is a diurnal discharge cycle of effluent from the NIWTP. During the synoptics, and
apparently in general, the discharge trough occurs roughly between 07:00 and 10:00, and the
maximum flows are sustained from about 16:00 to about 03:00 the following day. Streamflow

gaging during the synoptic periods was timed so that the discharge measurements would be

representative of the diurnal cycle.
The June synoptic involved development of a rating curve for each of the

current meter and stage measurements over roughly an

8

3

stations based on

hour period. Stream stage was

continually monitored at the sites by pressure transducers which fed data to CR-10 data
loggers.
The June synoptic discharge measurements were conducted near the outfall of the NIWTP,
near the confluence of the Santa Cruz River with Peck Canyon, and at Santa Gertrudis Lane,

Tumacacori (see Plate 1 for locations). Measurements were taken at each site during a rising

or falling limb of the diurnal flow cycle.
The December synoptic involved current meter measurements at the same 3 stations where

discharge was measured for the June synoptic. No rating curves were developed for the
December synoptic. Instead, current meter measurements were conducted periodically at all
3

sites for the duration of the synoptic.

Rating curves were not developed for the December synoptic primarily because of problems
experienced during the June synoptic. In June, shifting sands at the stations caused the stage

discharge relationship to change, and the data for the mid -reach station was rendered useless.

3.8.2 Groundwater Levels
Groundwater levels were monitored throughout the study reach. Water levels in wells were
measured at the beginning and end of each synoptic period. Measurements were made using

steel tapes and power sounders.
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3.8.3 Municipal and Irrigation Pumpage

Because the study reach is in the Santa Cruz County Active Management Area, all wells
which pump more than 35 gpm are required to have meters installed so that annual pumpage
can be reported. This allowed monitoring of pumpage from all irrigation and municipal supply
wells within the study reach during the synoptic periods. Meters were read at the beginning

and end of each synoptic.
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Groundwater and surface water samples were collected for analysis during or around the time

of each synoptic. Surface water samples were collected at each of the discharge measurement
stations, and at the NIWTP outfall. Groundwater samples were collected for analysis of
boron, nitrate, bromide, the major cations and anions and boron isotope ratios from select
wells and piezometers throughout the study area. Field analyses included pH, temperature,

electrical conductance and alkalinity. See Chapter 4 and Plate

1

for further information on

sampled locations.
In addition to synoptic sampling rounds, surface water and groundwater samples were also

collected in each of the months between the synoptics.

The samples were collected because the chemistry of a water tends to be reflective of the

water's interaction with its surroundings. For example, the composition and concentration of
groundwater may be influenced by the minerals encountered along its flow path. Domestic
and industrial use of a water and subsequent treatment of that water at a wastewater

treatment facility will tend to change its chemical characteristics.
For the purposes of this study, using water chemistry to identify the proportion of effluent
that occurred in the floodplain aquifer groundwater mixture, provided another independent
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estimate of effluent recharge. To accomplish this, it was necessary to identify characteristics

of the effluent water that differed significantly from background waters entering the study
reach.

Boron, and boron isotope ratios were considered because wastewater effluents generally
exhibit high boron concentrations and low boron isotope ratios relative to background waters.

Chloride/bromide ratios and nitrate concentrations were of interest because their values tend

to be higher in wastewater effluent than in background waters. Major cation/anion
concentrations were also obtained and used as an aid in ensuring analytical quality through
charge balance calculations.
3.9.1 Sampling Procedures
Samples collected for both boron isotope analysis and general chemical parameter analysis

were collected in Nalgene HDPE plastic bottles. Prior to use, the bottles used for boron
sample collection were washed with 0.1N HNO3, rinsed three times with distilled water,
allowed to soak several hours in distilled water and then rinsed three times with de- ionized
water. Bottles used for major ion analyses were washed similarly excepting the omission of

the acid rinse to avoid nitrate contamination.
In the field, all bottles were rinsed three times in the sample water before final sample
collection. Samples taken for general chemical parameter analysis were tightly sealed and
promptly refrigerated in the field. Due to the stability of boron in solution, the samples taken

for isotopic analysis were carefully sealed but not refrigerated unless ambient temperatures
were excessive.
Three or more well volumes were evacuated from wells prior to sample collection so that the

water obtained was representative of the aquifer. Whenever possible, domestic wells were
sampled at the wellhead, and irrigation wells from either a sample port in the discharge pipe

or from the outflow of the discharge pipe.
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3.9.1 Analytical Procedures

Boron isotope analyses were conducted as described by Leenhouts, et. al. (1994) in the
Isotope Laboratory of the Department of Hydrology and Water Resources, University of
Arizona, operated by Dr. R. L. Bassett. Major cation and anion analyses were conducted by
a laboratory

of the Soil and Water Science Department at the University of Arizona. The

chloride, bromide, fluoride, sulfate and nitrate anions were analyzed using ion
chromatography. Alkalinity was done by acid titration and reported as bicarbonate. The major

cations, sodium, potassium, calcium and magnesium, as well as boron concentrations were
measured using Inductively Coupled Plasma Emission Spectrometry.
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CHAPTER 4
1995 WATER BUDGET
The components of the water budget for 1995, were estimated on a monthly basis. Estimates

of effluent recharge were calculated using the monthly component volumes.
:.:..>:.

RECIPITAT1ON '

Precipitation was not considered a direct input to the floodplain aquifer. Runoff from rainfall

events and mountain front recharge resulting from precipitation at higher elevations are
treated as separate inputs. Infiltration of rain falling directly on the study reach is considered
negligible in light of the high potential evaporation rate and low annual precipitation totals

characteristic of this semi -arid environment.
The rain which fell directly on the riparian corridor and on agricultural fields was credited to

water transpired by the vegetation, thereby reducing the amount of water extracted from the

ground water body by phreatophytes and irrigators. For reference, the 1995, monthly
precipitation totals recorded at Nogales and Tumacacori, Arizona, through December are
provided in Table 4-1. The Tumacacori values were used in adjusting ET estimates for
irrigated crops and Cottonwood/Willow ET in the northern third of the reach. The average

of the two stations was used for irrigated crops in the middle and southern parts of the study
reach. Most of the Cottonwood/Willow biome is in the northern part.
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Table 4 - 1: Monthly precipitation at Nogales and Tumacacori, Arizona, 1995
(Department of Commerce, 1995)

Month
January
February
March
April
May
June

$j':;;

Nogales

Tumacacori

(inches)

(inches)

2.17
2.78

1.16
1.84
0.51

0.41
1.05

0.20
trace

0.69
No data
0.00

Month
July

August
September
October
November
December

Nogales

Tumacacori

(inches)

(inches)

0.46
4.20

1.24

1.02

0.90
0.87
trace

No data
2.57
0.75
1.29

No data
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The hydrograph in Figure 4 -1 shows mean daily discharge at the USGS Nogales gaging
station for 1995. The preponderance of streamflow at the Nogales gage occurred during the

months of January February and March, with some flow occurring in August and early
September. Median monthly flow totals at the Nogales gage, and monthly effluent totals from

the NIWTP are shown on Figure 4 -2.
Surface water which moves through the reach consists of effluent discharged at the NIWTP,
and natural flows responding to precipitation events. For 1995, monthly volumes gaged and

tabulated by the NIWTP were incorporated into the water budget. Monthly volumes of

natural flow through the reach were estimated using monthly median flows gaged at the
USGS Nogales gaging station. Monthly volumes were summed to provide annual totals for

both of the surface water components.
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Nogales Streamgage Hydrograph, October 1994 through January 1996.
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Figure 4 - 2: Monthly Mean and Median Flow Volumes for 1995 at Nogales.
4.2.1 Reliability of NIWTP Discharge Record
During the synoptic runs in June and December of 1995, and in March and April of 1996, 20
discharge measurements were conducted along the effluent stream within roughly 1,500 ft of

the NIWTP outfall. Thirteen of the measurements were higher than flows indicated by the
NIWTP gage. Four of the manual discharge measurements which were higher than the those
measured by the NIWTP were made 150 ft away from the outfall. An analysis of these data
by USGS personnel (Pope and Smith, personal communication, 1996) indicates that the

NIWTP gage is underestimating effluent flow by as much as

15%.

Under the assumption that

the USGS measurements were the most accurate, the 15% value was used to modify the
reported monthly flow volumes for the NIWTP gage for the 1995, water budget.

\r

APOTRA14SPIRATION
t

e

AAA

Monthly surface water, reference crop, riparian and low vegetation evapotranspiration
volumes calculated for 1995, are shown in Table 4 - 2 and on Figure 4 -3. Volumetric rates

of evapotranspiration (ET) were calculated by multiplying riparian ET, reference crop
evaporation (Erc) and low vegetation/bare soil ET by areas derived from a 1990, land use
map (Arizona State University, 1992; see Plate 1). The map was created by digitizing land use

areas from 1990, aerial photos. A set of 1973, georeferenced orthophoto 7
quadrangles were used to georeference the 1990, aerial photos.
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1/2

minute

Table

4 - 2:

Monthly evapotranspiration volumes (acre- feet), 1995

Month

Surface

Reference

Riparian

Low

water

crop

evapotranspiration

vegetation/bare soil

evaporation

evaporation

January
February
March
April
May
June

evapotranspiration

13

167

115

30

17

233

265

69

30

408

510

124

39

540

333

189

43

608

367

118

49

681

542

39

July

44

616

696

57

August
September
October
November
December

37

522

700

77

33

464

513

51

31

423

325

42

19

255

185

30

17

222

40

18

_
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Figure 4 - 3: Monthly evapotranspiration by vegetative category.
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River
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The land use areas, or as used here, areas of similar ET rates, are believed to be reasonable
approximations of actual land use acreage in 1990, and land use designations appear to agree

with field observations in 1995. Acreages determined included sparse low vegetation areas
including retired agriculture and areas of bare soil at 1640 acres. Riparian vegetation included

807 acres of Mesquite and 421 acres of Cottonwood/Willow. Irrigated agriculture occupied
1070 acres and the stream surface was estimated at 66 acres. Areas which were ignored in

the ET computations included 146 acres of transportation corridors, 59 acres of industrial
land use, and 19 acres of low density residential land use. Changes in coverage which may

have occurred since 1990, are undocumented, and introduce an unknown, but probably small,

margin of error into the ET calculations.
4.3.1 Surface Water Evaporation

Monthly potential evaporation rates were calculated based on meteorological data from the

two weather towers located within the reach. Monthly data were averaged and input to a
specific implementation

of the Penman-Monteith equation (Shuttleworth, 1993) shown below.

A
6.43(1+ 0.536U2 )D
(1, + Ah ) + y
EP
o+y
o+y
2

E

where Rn = net radiation exchange for the free water surface, mm/day
A,, = energy

advected to the water body, mm/day, if significant

U2 = wind speed at 2m, m/s

D = vapor pressure deficit e, - e, kPa
A=
X,

gradient of saturated vapor pressure curve at air temperature

= latent heat of vaporization of water, MJ/kg

y = psychrometric constant, kPa/°C
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The potential evaporation rate is defined by Shuttleworth (1993) as "the quantity of water

evaporated per unit area, per unit time from an idealized, extensive free water surface
under existing atmospheric conditions." Application of Ep to the stream surface of the
Upper Santa Cruz River may tend to overestimate evaporation, since the stream is shaded
in some areas and since it is not an extensive free water surface.

An estimation of the stream surface area (66 acres) was made based on the length of the

stream as shown on USGS topographic maps (United States Geological Survey, 1981a, b
& c) and widths recorded during previous discharge measurements. A stream length

roughly

11

of

miles and an average width of 50 ft were used in the calculations.

4.3.2 Reference Crop Evaporation
Reference crop evaporation (Erc) volumes were calculated to estimate agricultural
consumptive use. For comparison, the monthly reference crop evaporation totals are shown

with monthly irrigation pumpage volumes from the reach in Table 4 - 3. Monthly irrigation
pumpage volumes were greater than calculated reference crop volumes, except for the months

of March, September and October. In the budget calculations, irrigation pumpage was not
used except in those months when irrigation pumpage was less than the Erc. For months
where pumpage exceeded the Erc values, the excess water was assumed to percolate back
into the aquifer. The effect of this on the budget calculations may have caused some offset
in the timing of the delay between pumping and the percolation of the excess waters back to

the water table. As the delay is likely to be on the order of a day or two, the effect on a
monthly budget is thought to be small.

Monthly Erc rates were calculated using another specific implementation of the Penman Monteith equation (Shuttleworth, 1993).
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A
y
900
E- 0+y*(R,7-G)+O+2,*
T+275Ú2D
r°

Where the parameters are defined as above for the potential evaporation equation, except
for:

G = soil heat flux, mm/day
T = temperature, °C
y* = modified psychrometric constant at air temperature, given by:
y* = y(1 + 0.33U2).

The reference crop evaporation rate is an estimated rate of evaporation for an extensive short,

green grass cover of uniform height, that is actively growing, completely shading the ground

and is not short of water (Shuttleworth, 1993). A more precise definition is given by
Shuttleworth (1993) as "the rate of evaporation from an idealized grass crop with a fixed crop

height of 0.12 m, and albedo of 0.23, and a surface resistance of 69 s/m."
Input data for the monthly calculations were monthly averages of weather tower data. Areas
believed to be representative of agricultural acreage within the reach were calculated using

digitized 1990, land use maps (Arizona State University, 1994). Calculated Erc rates were

multiplied by the 1070 acres of agricultural land areas to arrive at monthly Erc volume
estimates.

4.3.3 Riparian Vegetation and Low Vegetation / Bare Soil Evapotranspiration

The monthly average evapotranspiration rates calculated for riparian vegetation and low
vegetation/bare soil, were calculated by the Bowen ratio method (Shuttleworth, 1993) using

data collected at the two meteorological towers. The Bowen ratio B, is the ratio of sensible
heat H, to latent heat ?,E, and is directly related to the ratio of the differences in temperature
(OT) and humidity

(se) measured between any two heights (Shuttleworth, 1993).
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Therefore:

H

AT

fl= AE-yde

where the psychrometric constant y is necessary to account for units.
The evaporation rate E, is found by using the equation:

E-

I? G
1+ y(AT / de)

mm/day

which results from simultaneous solution of the energy budget and Bowen ratio equations
( Shuttleworth, 1993).

Fluxes derived from the tall tower data are considered to be representative of mesquite

bosques within the reach, and fluxes derived from the short tower data are considered as

representative of low vegetation and bare soil within the reach. Cottonwood and willow
populations, primarily present in a narrow band along the river channel, were not represented
by fluxes derived from data from either of the meteorological towers.

In order to provide what is believed to be a more representative estimate of phreatophyte
volumetric evapotranspiration, the monthly fluxes for mesquite were doubled and applied to

areas of cottonwood/willow stands (Shuttleworth, personal communication, 1996).
Gatewood (1950), estimated cottonwood evapotranspirative flux to be roughly twice that of
mesquite in the Safford Valley, AZ. Figure 4-4 shows monthly ET volumes for mesquite and

cottonwood/willow populations along the reach. Although a reasonable approximation of
cottonwood/willow ET is considered to be obtained by doubling the mesquite ET flux, the
effect of a lower riparian ET rate on the 1995, recharge estimate is discussed in the last
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section of this chapter. To use this information in developing the ground water budget,
several assumptions are made. First, any rainfall falling on the floodplain aquifer surface is
presumed to satisfy some or all of the monthly ET for the particular biome it falls upon. The

riparian vegetation is presumed to satisfy the remainder of its ET requirements by tapping

ground water.

Figures 4

and 4 - 6 show a comparison of the total ET for Riparian

- 5

Vegetation and irrigated crops (Erc) and the amount of the total riparian ETthat was
calculated to be derived from the ground water in the floodplain aquifer. Figure 4 - 6 shows

that only in three months, the combined amounts of rainfall and irrigation pumpage did not
supply enough water to satisfy the theoretical crop consumptive use demand. Figure 4 - 7

compares the low vegetation/bare soil measured ET with soil moisture surplus, which was

computed as cumulative precipitation less monthly measured ET. The shapes of the two
curves suggest that this biome is not able to capture water from the water table, and

therefore, ET from this biome was not used in fashioning the ground water budget.
Monthly Evapotranspiration, 1995
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Figure 4 - 4: Monthly ET volumes for Mesquite and Cottonwood.
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Figure 4 - 6: ET by irrigated agriculture, and the amount of water available.
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Monthly total irrigation and municipal pumpage volumes are presented in Table 4 -3.
Municipal pumpage totals for 1995, metered by Rio Rico Utilities, were incorporated into the

water budget. The theoretical crop consumptive use (Erc) is shown for comparison.

Table 4 - 3: Monthly pumpage volumes (acre -feet) 1995
Month

Municipal

Irrigation

pumpage

pumpage

January
February
March
April

32

151

167

41

448

233

39

295

408

46

715

540

May
June
July
August

53

707

608

60

681

55

998
996
767

September
October
November

46

89

44

120

464
423

37

499

255

December

37

504

222

68

Erc

616
522

4.4.1 Municipal Pumpage
Rio Rico Utilities uses 4 wells to supply the water needs of the Rio Rico community. Water

from these wells that is not consumptively used moves through the sewer system to the
NIWTP, where it is treated and discharged. Two of the wells (RRU-5 and 86) are in excess

of 600 ft deep, with screened intervals extending downward from 150 ft for RRU-5, and from
335 ft for RRU -86. Wells RRU-8 and 52 are both reported to be 250 ft deep with screened

intervals over shallower depths.
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A test to determine the degree of stratigraphic separation was conducted using well RRU -5
(Geraghty & Miller, 1970). After 10 hours of pumping at rates up to 980 gpm, no water level

decline was observed in an 80-foot deep irrigation well situated 600 ft to the west of the

pumped well. Giving consideration to the results of the Geraghty & Miller test, municipal
pumpage from RRU-5 and 86 was not considered as an output from the floodplain aquifer.

4.4.2 Irrigation Pumpage

Monthly irrigation pumpage records were received from Rio Rico properties for January

through October, 1995. Additional meter readings were conducted in December of 1995.

I:.

Monthly irrigation pumpage totals for other private wells within the study reach were

estimated based on periodic meter readings during 1995, and on the proportional pumpage

quantities evidenced in the monthly Rio Rico Properties data. As noted earlier, irrigation
pumpage was used in water budget calculations only when pumpage was less than Erc minus
rainfall.
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4.5.1 Underflow at the NIWTP and at Tumacacori

Underflow at the NIWTP and at Tumacacori was estimated using water level data in the
vicinity

of either end of the reach to calculate hydraulic gradients and cross - sectional areas

of saturated aquifer materials from seismic refraction surveys.
The hydraulic conductivity used in the calculations was based on reported (Halpenny, 1964

and 1982 and Putman et al., 1983) floodplain aquifer hydraulic conductivities and
transmissivities (with accompanying data on tested saturated thickness). The K values derived

from the reported data ranged from 187 to 650 ft/d. A geometric mean of 355 ft/d was
calculated from this data. Darcy's Law was used to calculate the flows.
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The annual floodplain aquifer underflow into the study reach was calculated as 1,490 af.
Annual underflow out of the study reach was 2,025 af.
4.5.2 Inflow from the Regional Aquifer

One of the important components in the water balance calculation is the estimate of
groundwater from the regional aquifer which recharges the floodplain aquifer. Evidence that
this phenomenon occurs includes the lateral hydraulic gradients away from the floodplain
margins and toward the channel at both the up- and downstream ends of the study reach.
Additional evidence is in the form of an upward hydraulic gradient observed at the

downstream end of the reach (see Figures

3 - 10

and 3 - 11).

The value used in the 1995 water budget for the study reach was calculated by subdividing
the downstream cross- section of the floodplain aquifer into six sub -sections. Water samples

for wells located within the general boundaries of the sub-sections were then analyzed to
estimate the percentage of the water in that sub -section that was comprised of effluent. Flow
through each subsection was computed, and a total non -effluent outflow value was derived.
During the synoptics, water quality samples of the Santa Cruz at Santa Gertrudis lane showed
a consistent non -effluent discharge component that ranged from 240 af/mo in December to
268 af/mo in June. Linear interpolation between those values led to an estimate of 3046 acft

of non-effluent baseflow. From the total of the surface water and ground water discharges
from the floodplain aquifer, the value of the annual ground water inflow at the upstream end
of the reách (1490 acft) was subtracted. The value derived was 3136 acft, which is about in
the middle of all other estimates made here and elsewhere.

The spatial availability of water level data along the reach which can reliably be used to

estimate storage changes in the aquifer is poor. The wells and piezometers installed
specifically for this project are primarily located at the up- and downstream ends
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of the study

reach, with the exception of the three piezometers located near Agua Fria Canyon, which
were not installed until after the first synoptic. Attempts to install additional piezometers were
unsuccessful.

Existing wells along the reach are primarily irrigation wells which were often pumping when

water level measurements were being taken in the area. Many areas along the reach are
subject to local influences of irrigation wells (i.e., drawdown during times of pumpage and
possible mounding of irrigation return flow).
The temporal data is considered poor for January through April, fair from April to June and

good for June through December. Data for the entire year are only available for 4 wells (K -Il,
RRP-I8,9 & 11). These wells are spread fairly evenly throughout the study reach. The reach

was divided into thirds for purposes of storage volume change calculations. The year -long
water level declines for K-I1 (4.4 ft) and RRP-I9 (3.08 ft) were averaged and applied to the
northern third of the reach. Declines for RRP -I9 and RRP -I8 (3.07 ft) were averaged and
applied to the middle third. Declines for RRP-I8, RRP -Il1 (3.65 ft) and an average of
declines measured in wells near the NIWTP (6.6 ft) since April, 1995, were averaged and
applied to the southern third

of the reach. Areas for each of the thirds were calculated from

the 1990, land use map (Arizona State University, 1994). A specific yield value of 0.15 was
applied to each of the calculations. The calculated stored water loss for 1995, was 2,360 af.

The calculated storage loss for the period of July through December of 1995, is 430 af, based

on an average water level drop of about 2 ft in the southern third of the reach. In the
calculation of monthly storage changes, used in the monthly water budget, it was assumed

that changes in storage were directly related to the balance between inflows and outflows.
The total storage change for each six month period was distributed over each period by
making the storage change for each month proportional to the monthly ground water deficit.

The relatively minor loss of stored groundwater over the period of June through December

of Figures 4 - 9 through 4 - 12. The hydrographs also show
a relatively steep decline in water levels prior to June in 1995.
is suggested by the hydrographs
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Figure 4 - 9: Hydrograph for well SCV - D1
Depth to water at RRP -I11 (about 1.5 mi.
downstream from NIWTP)

o
5
10
15

20
1/1/95

1

4/11/95

I

7/20/95

I

10/28/95

Figure 4 - 10: Hydrograph for well RRP - I11.
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Figure 4 - 11: Hydrograph for piezometer UW1.
The year 1995, was relatively dry and a loss of stored water at the southern end of the reach

occurred in response to continued pumpage and phreatophyte withdrawal, and reduced
available water for in- stream recharge. A drop in the water table also occurred further

northward along the reach, although it did not continue throughout the year.
A possible explanation for the continued drop in water levels at the up- stream end of the

reach is that the stream became disconnected from the water table. Water level elevations
(December, 1995) in piezometers near the stream channel were several feet below the stream
channel elevation at the upstream end of the study reach (see Figure

3 - 10).

Depth to water

in PZ -UW1, which is roughly 50 ft to the southwest of the low -flow channel, was 7.2 ft

below the stream. It is possible that the zone between the stream and the water table became

partially unsaturated. Development of an unsaturated zone at the upstream end would
decrease the rate at which recharging water could move into the aquifer in response to nearby

pumpage, and consequently water would be removed from storage by pumping wells.
Development of a clogging layer within the streambed sediments could also inhibit recharge
and lead to water level declines at the southern end of the reach. This phenomenon has been

observed below waste water treatment plants on the Santa Cruz river in Tucson (Lacher,
1996), where nutrient rich effluent promoted the development of an algal film in the
uppermost layers of the stream sediments. Lacher also noted that while the films were most
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rapidly formed in the warmer months, they persisted until a stream runoff event sufficiently

large to erode and redeposit the stream bed sediments occurred. Although this clogging
layers occurrence was not documented by excavating stream sediments, the proximity of the

reach it is suspected to have occurred in to the NIWTP, and the dearth of runoff events in the
last nine months of 1995, combine to support this as a plausible explanation for the continued
declines in the southern portion of the study reach. The stream and aquifer appeared to share

a saturated connection at the downstream end of the reach in December of 1995 (see Figure
3

-11).

The paucity of piezometers and/or wells with which to monitor water levels over the areal
extent of the floodplain aquifer made calculations of storage changes difficult. The estimate

of storage change over the year is more reliable than short term storage changes (as during
the synoptics) because there was a much larger change over the course of the year.

Monthly streamflow net losses or gains for 1995, were calculated using the groundwater
budget equation. The actual volume of effluent which recharged the aquifer was estimated by
multiplying the recharge volume by the percentages of effluent and natural flow in the total
surface water inflows to the reach during that month. This was based on the assumption that

the proportions of effluent and natural flow were the same in the surface water entering and
leaving the reach. The non -effluent component of streamflow leaving the study reach was
assumed to be groundwater discharged to the stream in the study reach, and this non -effluent

streamflow was incorporated in the balance of the ground water budget.

Total recharge of streamflow to groundwater in 1995, was estimated at 5,149 acre ft. Of this
total, effluent recharge was estimated to be 4,598 acre ft in 1995. This estimate is believed

to be a very conservative one, in that a portion of the effluent component of the surface
outflow entered the floodplain aquifer somewhere in the study reach and then discharged back

to the stream. Observations that the Santa Cruz has periodically been dry in June demonstrate
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that under such conditions as existed at those times, the entire effluent stream enters the
ground water system.
4.7.1 1995 Water Budget

The 1995 water budget for the study reach was developed by using independently estimated

and/or measured monthly values for the budget components. Of the inflows, the natural
streamflow was measured at the Nogales gage, with an additional 35% of that flow added as

an estimate of tributary inflow in the study reach. This percentage reflects the relative
proportions of gaged and engaged inflows. The effluent stream is measured at the treatment
plant, and that figure was increased by 15% to correct the apparent error in that gage. The

methods of estimating the annual inflow from both the upstream floodplain aquifer and the
regional aquifer were described earlier, and the inflow rates were assumed to be constant, so
monthly inflows were derived by multiplying the number of days in the month by the annual

rate, and dividing the result by 365.
Outflows included Natural streamflow and effluent which was calculated as a residual, after

satisfying all other budget items. Underflow leaving the study reach at Tumacacori was
calculated from the aquifers cross -sectional area as described earlier. Surface water
evaporation was taken as being equal to potential evaporation described earlier and applied

to the surface area of the stream. The ET in the Riparian Vegetation biome was computed
based on measured rates for the Mesquite, and estimates for the Cottonwood/Willow. As
precipitation could satisfy some of ET demands, and the amount of water pumped by
irrigators far exceeded the Erc, the amount that was assumed to come from ground water was
adjusted downward for both Riparian Vegetation and irrigated crops, as shown in figures 4 6 and 4 - 7.

It is noteworthy that the assumption of precipitation partially satisfying the ET

demands of riparian vegetation and irrigated crops is conservative (ie. if some of the

precipitation

escaped as overland flow to the stream, or evaporated from ponded

depressions, the estimate of effluent recharge would be larger).
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The estimated 1995, water budget volumes are shown in Table 4- 4.

Table 4 - 4: Total water budget volumes for 1995
Calculated volume for 1995, in acre -feet
7,209
15,465
1,490
3,136
2,360
28,170

INFLOWS
Natural streamflow
Effluent
Underflow at the NIWTP
Inflow from the regional aquifer
"Inflow" from storage
Total inflow

OUTFLOWS
Natural streamflow and effluent
Underflow at Tumacacori
Surface water evaporation
Crop consumptive use (reference crop

20,018
2,025

evaporation)
Riparian evapotranspiration
Municipal pumpage
Total outflow

3,343
3,162
559
29,480

373

Total inflow - Total outflow

4.7.2 Sensitivity Analysis

The effects of possible errors in the calculation of groundwater inflow from the regional
aquifer,

change in the volume of stored groundwater and cottonwood/willow

evapotranspiration on the 1995 effluent recharge estimate were assessed. The results of the
sensitivity analysis are provided below.
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4.7.2.1 Inflow from the Regional Aquifer
As inflow from the regional aquifer is perhaps the most uncertain value in the calculations,

the value was adjusted by +/- 25 %, and the effect on the effluent recharge figure responded
by increasing or decreasing by 583 acre ft or about 12.5 %.

4.7.2.2 Storage
The storage loss was varied by +/- 20% to gage the impact of error in the storage loss

estimation on the recharge estimation for 1995. The variation of +20% and -20% in the
quantity of water lost from aquifer storage effected a -7.8% and +7.8% (a difference of +/366 acre ft) change in the effluent recharge estimation, respectively.

4.7.2.3 Evapotranspiration
The impact on the recharge calculation of a lower riparian ET output was determined.
Riparian ET was adjusted to 75% of the volumetric outflows used in the initial recharge

estimation. The adjusted values are believed to represent the lower bound of riparian ET
(Shuttleworth, personal communication, 1996), and were calculated by applying the mesquite

ET fluxes to areas mapped as both mesquite and cottonwood/willow by the Arizona State
University (1994). The effect of 25% less riparian ET was to lower the effluent recharge
estimate by about 12 %, to 4,104 acre ft.
While the ET needs of irrigated crops was fully met on a monthly time scale, the Erc used as

an estimator assumes that water application is optimized and that the crop transpires all it is

capable of transpiring under the prevailing weather conditions. It is likely, that while more

water was applied than the crops could use, the timing of the applications was probably less

than perfect, and the Erg is therefore likely an over -estimate of irrigated crop ET. In the
absence of any mechanism to estimate the magnitude of the over-estimate, it was not
adjusted.

If it were 10% less, the effect would be to reduce the effluent recharge calculated
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by 246 acre ft or 5.3 %. The computed ground water deficit for July exceeded the available

effluent that was available for recharge. The cause of the error is unknown, but potential
sources include an erroneous distribution of storage change, error in computed ground water
inflows and outflow from the study reach, and more likely, monsoonal precipitation that fell

on the study reach but was not recorded at the gage a few miles upstream. The latter error
would have gone to satisfy the Erc demand, and reduced the ground water deficit. Less than
1

inch of unrecorded rainfall on the irrigated crop land and the riparian vegetation would

bring the budget into balance.

4.7.3 Range of Error in the Recharge Estimate
The result of this analysis is to expose a range of error in the recharge estimate of +20.3% to
-32.3 %, suggesting an effluent recharge estimate range of 3,155 to 5,607 acre ft. While this

ground water budget technique has provided an estimate of effluent recharge in the study
reach, it is very likely to be a very conservative estimate. The principle reason for it being so

conservative is the fact that an unknown but possibly quite large amount of effluent enters the
aquifer above Peck Canyon, and re- emerges in the stream downstream of Peck Canyon where

there is an apparent constriction in the aquifer that impedes down-valley ground water flow.
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CHAPTER 5
SYNOPTIC RUNS
The purpose of the synoptic runs was to estimate transmission loss along the study reach, and

to obtain intensive data on individual water balance components so that the process of effluent
recharge to the floodplain aquifer might be better understood. The two synoptic field studies

were conducted during hot/dry (June 20-22) and cool/dry (December

11 -13)

periods of 1995.

These periods were chosen because they mark the times of the year when ET and

groundwater pumpage were expected to be at their maximum (June) and minimum
(December) rates, allowing analysis of the extreme annual conditions. These 48 -hour field
studies provided detailed snapshots of the system which allowed for a check on the 1995,

water budget as well as an insight into the major controls on effluent recharge.

.v>.:: ::....:....

5.1.1 Surface Water Volume Calculations

Discharge curves for the synoptics are shown on Figures 5 -1 and 5 -2. The volumes of flow
which entered and left the study reach during the June synoptic were based on converting

mean flows for each day into daily volumes and summing the volumes over the 48 -hour
period. A travel time of roughly 7 hours between the NIWTP and Tumacacori sites was
considered in calculating the mean flows.
Two major problems occurred with the streamflow measurements for the June synoptic. First,

the control was unstable at both the Peck Canyon and Tumacacori sites. The rating curve
developed for the Tumacacori site was considered to be good for the duration of the synoptic.

However, shifting sands at the Peck Canyon site caused the stage -discharge relationship to
change. The Peck Canyon discharge record was considered to be very poor after the time
when current meter measurements were made. Second, the stage record for the NIWTP site
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Discharge, Upper Santa Cruz River at NIWTP, Peck Canyon and Santa
Gertrudis Lane (6/20-22/95)
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Figure 5 - 2: Discharge of the Santa Cruz during the December Synoptic study.
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12/13/95
6:00

was lost due to a data logger malfunction, precluding use of a rating curve to estimate flows

after the period of current meter measurement.
The loss of the stage data at the NIWTP site was compensated for by performing a linear
regression using the USGS manual discharge measurements and the flows recorded by the
NIWTP gage about 20 minutes (approximate travel time between the outfall and the USGS

measurement site) prior to the USGS measurements.

Because the discharge record for the December synoptic was not long enough at the Peck
Canyon and Tumacacori sites to incorporate travel times into the calculations for both days,
mean flows for each site were calculated using data from 08:00 to 08:00 for both December
11 -12, and December 12 -13. This

was considered to be a fair representation of flows at the

sites for use in calculating gains or losses of streamflow since a peak and a valley occurred
in the two 24 -hour periods on the hydrographs for each site.

An alternative calculation using a 7 hour travel time for a full 24-hours on December 11 and
12, and 14 hours on December 12 and 13, led to a difference in the total cumulative flows

of

roughly +1- 5% for each site. Using the transmission loss calculated from the full 24 -hour
hydrographs for December

11

and 12, and the partial 14 -hour hydrographs for December 12

and 13, a net gain of 6.34 of is obtained between the NIWTP and Tumacacori after

accounting for evaporation loss.

The cause for some of the USGS discharge measurements at the NIWTP site being lower

than those recorded at the NIWTP gage, while others were higher (see Figure 5 -2) was
investigated by USGS personnel (Pope and Smith, personal communication 1996). The

investigation revealed no equipment or procedural errors. Therefore the discharge
measurements for the December synoptic were considered to be reliable, and data reported
by the NIWTP outflow gage was adjusted upward by 15% in all calculations in which it was

used.
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5.1.2 Evapotranspiration, Net Groundwater Flow and Pumpage Volume Calculations

Volumetric rates of evapotranspiration and groundwater inflows and outflows for the
floodplain alluvium were calculated in the same way as described in the 1995, water budget

chapter. Groundwater flows into the reach during the June synoptic differed slightly from
inflows in December because the hydraulic gradient was slightly steeper during the June
synoptic (see Plate 2, in pocket).

Groundwater pumpage totals were based on readings taken at the beginning and end of each
synoptic. Pumpage from the deep Rio Rico Utilities wells, RRU-5 and RRU-86, were not

figured into the total as was noted and explained in Chapter 4.
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5.2.1 Net Gains and Losses Along the Reach

Although the June record of discharge for the Peck Canyon site was poor, a comparison of

the USGS measurements (see Table 5 -1) at the Peck Canyon and NIWTP sites indicates a
loss of between 10 and 20% of flow between the NIWTP and Peck Canyon, allowing for

3

to 4 hours of travel time. However, during the winter synoptic a net gain of 9.5 of (about a
13% increase) occurred between the NIWTP and Peck Canyon sites

Analysis of the Boron/Chloride ratios in the streamflow leaving the study reach showed that

of that discharge was from a non -effluent source. Therefore, of the
86.89 acre ft of effluent entering the reach, a minimum of 61.55 acre ft recharged the
floodplain aquifer. The pattern of gaining and losing reaches along the study reach leads to
in June, 17.86 acre ft

the assumption that some of the water being discharged to the stream in gaining reaches may
have had an effluent source, and therefore, the 61.55 acre ft of effluent recharge is an absolute
minimum estimate. In December, 53.12 acre ft of the 68.6 acre ft leaving the study reach had
68

an effluent source, and so for the December synoptic, the absolute minimum estimate of
effluent recharge is 16.88 acre ft.

Table 5 - 1: USGS Discharge measurements, June 20, 1995 (cfs)
Time

I

6/20/951220
6/20/951330
6/20/951445

NIWTP

I

Time

6/20/951641
6/20/951740
6/20/951843

21.83

23.2
24.3

I

Peck Canyon
20.3
19.6

20.6

During the June synoptic the Santa Cruz River was observed to be dry at Carmen, about 2
miles north

of Tumacacori. This indicates that

all

of the effluent discharged by the NIWTP

during the June synoptic, which had not evaporated, recharged the aquifer.
5.2.2 Synoptic Water Budgets

The water budgets for the June and December synoptics are provided in Table 5 -2. The
budgets were developed by computing ground water inflow and outflow, using the measured
and estimated values for riparian ET, measured values of municipal and irrigation pumpage,

measuring the surface runoff and separating its components by source, calculating surface

water evaporation, and solving for the change in storage necessary to balance the budget.
The storage changes thus computed were in a range that would require, on average, less than
a tenth of a foot of water level change over the course of each synoptic. The sparse network

of monitoring points for the water levels in the floodplain aquifer, and the sporadic and
random pumping that occurred over the synoptic periods precludes being able to estimate a
storage change based on water levels. The direction of change of storage (in both synoptic

periods water was lost from storage) parallels what can be inferred from the water level data.
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Table 5 - 2: Total water budget volumes for the 1995 Synoptic Studies.
INFLOWS

June budget

December budget

in acre -feet

in acre -feet

Natural streamflow
Effluent
Underflow at the NIWTP
Inflow from the regional aquifer

0

0

86.9
8.4

71.0
7.9

17.2

17.2

Total inflow

112.5

96.1

39.8

68.6

11.1

11.1

3.4
75.3
27.1
4.6

1.0

61.2
2.6
2.9

161.3

147.4

OUTFLOWS
Surface water
Underflow at Tumacacori
Surface water evaporation
Irrigation pumpage
Riparian evapotranspiration
Municipal pumpage

Total outflow
CHANGE IN VOLUME OF STORED
GROUNDWATER = Total inflow - Total

- 48.8

outflow

5.3.1 Reference Crop Evaporation and Irrigation Pumpage

Although the reference crop evaporation, or Erc volume decreased significantly from June

to December (see Table 5 -2), actual irrigation pumpage showed less of a decline in December
(81% of the June volume). Of the 64.2 of pumped from irrigation wells during the December
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synoptic, about

3

of was for the Rio Rico golf course which is along Sonoita Creek. The

remainder of the water was applied to fields along the Santa Cruz River.
The Erc estimates indicate that 57% of water applied to fields in June was consumed by
crops, whereas only 23% was consumed in December. Water applied to agricultural fields in

excess of Erc during June and December was 34.4 of and 49.4

at

respectively. In developing

the monthly water budgets, Erc was used as the best estimate of ground water consumption
by irrigated crops, except for the few months when Erc was greater than irrigation pumpage.

This was done because over the course of a month, water in excess of plant needs has time

to percolate back down to the water table. In the synoptics, the short time duration of the
study puts a much greater emphasis on stresses applied during and immediately before the
synoptic period. The ground water budget equation was solved for both alternatives (using

Erc or irrigation pumpage) and the result of using Erc led to a much smaller amount of water
coming from storage in both synoptics. Qualitatively, the pumpage driven budget seems

closer in that the pattern of declines inferred by the data matches, while in the Erc driven
budget, the pattern is the opposite of what can be inferred from the water level data.
5.3.2 Riparian Evapotranspiration
The greatest areal coverage of the cottonwood/willow forests along the reach begins about
2 miles downstream

of Peck Canyon and extends to Tumacacori. This area is coincident with

the portion of the reach where streamflow has historically disappeared during late spring and
summer months of the year. This could suggest that the cottonwood/willow stands exert a

significant influence on streamflow loss and effluent recharge. However, estimations of
volumetric riparian ET along the reach indicate that the riparian ET volumes are essentially
split evenly between mesquite populations and cottonwood/willow populations (see Figure
4 -5). Total riparian ET during the summer synoptic was 27 acre ft. Cottonwood/willow ET

during the June synoptic (about 13.8 acre ft) could only be responsible for a maximum of 22%

of the 61.55 acre ft of effluent recharge which occurred during that period.
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5.3.3 Geologic Control

It is possible that geologic conditions between the Peck Canyon site and the Tumacacori site
exert some influence on recharge. A loss of 11.4 acre ft occurred between the two sites in
December, and, as mentioned above, the middle section of this reach has historically gone dry
during the hottest and driest parts of the year. It is probable that streamflow losses along this

reach are due to more than one major influence, including riparian ET and possibly geologic

controls (e.g., aquifer geometry).
Aerial photographs taken on June 25, 1995, show water apparently emerging to the surface

and flowing into the main channel of the Santa Cruz River about

1

mile downstream of the

Peck Canyon discharge measurement site. The emergence of groundwater in this area is
probably related to the constriction in the floodplain aquifer which occurs in the vicinity of

the confluence with Peck Canyon (see Plate 1), and groundwater inflow through the alluvium

of Peck Canyon.
5.3.4 Streamflow Loss Versus Effluent Recharge

The effluent recharge estimates that were derived from the synoptic and 1995, water budget

data exceed estimates of net streamflow loss. The observations made during this study
indicate that the total volume of effluent that recharges the floodplain aquifer exceeds the
calculated volumes of net streamflow loss. Thus the use of a simple surface water budget to

track effluent recharge will under-estimate the actual amount.
Seasonally, the stream dries up at various locations suggesting complete recharge

of effluent,

excepting a small fraction that is evaporated. Chloride and boron concentrations and electrical

conductance of stream water indicate that reaches occur where effluent is lost, and
intervening reaches where groundwater, and likely previously recharged effluent are gained.
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5.3.5 Surface Water Chemistry

Table

5 - 3,

shows Ci , B and electrical conductance at the 3 discharge measurement stations.

Sample rounds from both synoptics indicate dilution of water in the effluent stream by
groundwater between the N1WTP and Peck Canyon and from Peck Canyon to Tumacacori.
Results of surface water sample analyses for samples downstream of the NIWTP collected
by Lawson, 1995, support this finding. The dilution indicated by the surface water analysis
results between Peck Canyon and Tumacacori is consistent with the observed emergence of

water from the subsurface near Peck Canyon.

Table 5 - 3: Chloride, Boron and Electrical Conductance in Surface Water
December, 1995

June, 1995
1.5

miles

Peck Santa

1.5

miles

Peck

S

ant

a

downstream

Canyon

Gertrudis

downstream

Canyon

Gertrudis

of N1WTP

Site

Lane

of N1WTP

Site

Lane

28.8

21.2

32

34.3

26

103

94.9

60.8

112

103

91.2

675

610

590

684

658

607

chloride 33.9
mg/I

boron
ug/1

Micromhos

Dilution along the reach suggests that actual effluent recharge was greater than the net loss

of streamflow which occurred during the synoptic runs. Data from the June and December
synoptic studies showed that a minimum of 71% of the effluent was recharged in June, and
a minimum of 24% of the effluent was recharged in December.
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5.3.6 Gaining and Losing Portions of the Study Reach
The groundwater elevation contour map on Plate 2 shows the locations along the reach where

streamflow losses (contours "V" downstream) and gains occur. As discussed above in this

chapter and in Chapter 4, losing reaches occur at the upstream end of the study reach and
near the downstream end. Gaining reaches apparently occur between the NLWTP and Peck

Canyon and near the confluence of Peck Canyon with the Santa Cruz River.
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CHAPTER 6
CHLORIDE,

BORON

AND

BORON

ISOTOPE

CHEMISTRY
TRODU
The results of chloride, boron, and boron isotope ratio analyses are presented and discussed
in this chapter. These analyses were conducted to provide data that could be used to identify

chemical characteristics of effluent water that differed significantly from background waters,

and to identify the proportion of effluent in floodplain aquifer groundwater.

Chloride and boron concentrations were used to calculate the effluent fraction in the
floodplain aquifer. The calculated effluent fraction was used in conjunction with 1995 water

budget components to provide an estimate of effluent recharge for 1995.
Samples of effluent were collected at the NIWTP effluent outfall (SW -OUT on Plate 1).

Background water comprises waters entering the study reach from the east, from the west and
from up-gradient of the NIWTP. Sample collection points are listed below in Table 6 -1. Some

of these locations are not shown on Plate

1,

they are: MOL-D1, located about

5

miles up

Agua Fria Canyon from the Santa Cruz River; and SDG -TNK, located about 4.5 miles
upstream of the NIWTP.
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Table 6

- 1: Sample collection locations

Location Names, listed from south to north for

Source of Samples

each source
SW-OUT, SW -RRB, SW-PC
RRP -I1, RRP -I6, K -Il, JPCH -D1
SCV -I2, MOL -Dl
RRP -I2, SDG -TNK
PZ-UW1, PZ -UW2, RRP -Il 1, RRP -I9, RRP -I13,

Effluent
Eastern Water
Western Water
Up- gradient Water
Background/Effluent Mixture

+
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e
-

i.- r

PZ -DE1, PBR -I1, BN -Il, BN-I2, TNM-Dl
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6.2.1 Boron Isotope Ratios

Boron isotopic ratio analyses were conducted on samples from locations listed in Table 6 -2.

Table

6 - 2: Boron isotope analysis sample collection locations

Location Names, listed from south to

Source of Samples

north for each source
SW -OUT, SW -RRB, SW-PC
JPCH -D 1
SCV -12, MOL -Dl
SDG -TNK, WTP -3
PZ -UW2, RRP -I9, PBR-Il

Effluent
Eastern Water
Western Water
Up- gradient Water
Background/Effluent Mixture

The boron isotope ratio is expressed as a relative difference with respect to a standard given
by the equation:

8118( per

\11B/loB)sampre
(
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11

-(11B
10

B / B )atd.

/1 oB)std

x 1,000

The boric acid standard typically used for boron isotope calculations is the National Bureau

of Standards, Standard Reference Material No. 951.
A relatively few samples were analyzed for boron isotope ratios, due primarily to budget
constraints. Of the sample analysis results, the greatest uncertainty lies with the sample from

the upgradient well SDG-TNK. Only 20 isotope ratios were available for averaging, while 50

to 100 ratios are generally averaged in a successful analysis. An attempt at an analysis of an
additional sample from SDG-TNK failed. Reliable boron isotope ratios representing

upgradient waters would be critical to percentage calculations.

The 6 "B values were plotted with boron concentrations (see Figure 6 -1). There is a large
difference between the

511B

values of effluent and background waters, and the difference

between the various background waters is also significant. Mixed waters plot between effluent
and background waters on Figure 6-1. The large separation in 611B values between effluent
and background waters shows that boron isotope ratios have strong potential for use in the

identification of effluent fractions in floodplain aquifer groundwater.
The separation of the

611B

values suggests that 4 end -members are contributing water to the

groundwater mixture. They are upgradient water, water from Peck Canyon, waters from both
Agua Fria Canyon and the eastern fringe of the floodplain and effluent. Prior to attempting

to construct and solve a system of 4 equations to address the 4 end -member problem, a
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Figure 6 -

1:

Plot of 5B11 versus Boron concentration for end members and mixtures.

thorough investigation of the sources of boron in the groundwater mixture would be
necessary. Temporal variation of the boron sources, and verification that the samples
collected are actually representative of end -member waters are additional areas that require

further study.
6.2.2 Chloride and Boron Concentrations
The chloride and boron concentrations for samples from effluent, background and mixed

waters were plotted on a composition diagram (see Figure 6 -2). The samples plot in linear
fashion with the mixed water samples generally falling between higher effluent concentrations

and lower background water concentrations. Several of the points appearing on Figure 6 -2

are results for the same location sampled at different times.
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Chloride versus boron concentrations
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Figure 6 - 2: Chloride versus Boron Concentrations.

The chloride and boron concentration ranges and mean concentrations for effluent,

background and mixed waters are shown in Table 6 -3. Generally, the mean concentrations

of the various background waters are

similar. The mean effluent concentrations are

substantially higher than background. The slightly higher boron concentration in the
upgradient waters may reflect some contribution of boron entering the floodplain aquifer from
leaking sewer systems in Nogales wash.
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Table 6 - 3: Chloride and boron concentrations in waters from different sources.

Chloride

Boron

(mg/1)

(mg/1)

Source

Minimum

Maximum

Mean

Minimum

Maximum

Mean

Effluent
East
West
Up- gradient
Mixture

32.0
7.5
4.7

39.2

35.7

17.3

11.8

6.3

7.3

10.4

5.6
7.5

4.9

35.8

21.5

0.096
0.026
0.013
0.022
0.035

0.124
0.044
0.022
0.041
0.091

0.115
0.036
0.017
0.040
0.066

6.2.3 Percentage Calculations
Average values for background water boron and chloride concentrations were calculated and
used along with the mean values for effluent (shown in Table 6 -3) to estimate the percentage

of effluent in samples collected from wells along the study reach. The average boron and
chloride concentrations assumed to represent background water were 0.029 and 8.3 mg/1,

respectively. The equation used in the effluent percentage calculations is:

Cfi,,auir

=

Cbackground

(1- (°ioemuen,/100)) + Ceffiuent

(3/4)effiuent/100)

where:
C is the concentration

of boron or chloride in effluent, background or mixed water;

and % is the percentage of effluent in the groundwater mixture. The percentages of effluent

calculated for wells and piezometers along the study reach are shown in Table 6 -4.
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Table 6 - 4: Effluent percentages for samples from wells in the study reach.
Well Name

PZ-UW 1
RRP -I11
RRP -I9
RRP -I13
TNM-D l
BN-I2
PZ-DE1
PBR-I1
PBR-D 1
RRU-52
RRU-8

.

Effluent Percentage in Sample
Based on boron concentration
69

Based on chloride concentration
92

60

74

38

34

44

53

7

0

34

44

52

53

40

47

22

35

no boron analysis

50

no boron analysis

50

.. tE
:::<`.::._

r

TE

An estimate of effluent recharge was made using calculated effluent fractions in the floodplain

aquifer and 1995 output volumes for Riparian vegetation, Erc, municipal pumpage and
groundwater outflow. The effluent fractions, based on chloride and boron concentrations in

effluent and groundwater (the chloride and boron based fractions were averaged for each
well) were multiplied by the system output volumes, discussed in Chapter 4, to obtain the
estimate.

6.3.1 Assumptions

The underlying assumption for this approach was that the volume of effluent entering the
system in 1995, could be estimated by multiplying output volumes (i.e., Riparian ET, Erc,

groundwater outflow and municipal pumpage) by the percentage of effluent in each of the
output waters. This implies that the quantity of effluent that recharged the aquifer in 1995,
was equal to the quantity of effluent that was discharged from the aquifer in 1995.
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Three assumptions were made regarding the fractional composition of the output waters.
First, the average percent composition for water from wells in close proximity to the river
(50% effluent)was representative of water consumed by Riparian vegetation along the reach.
Second, the water removed from the aquifer by Erc contained 35% effluent, midway between

the wells close to the river and wells near the floodplain aquifer margins (20 %).
The conversion of the calculated effluent fractions for output waters into a volumetric

recharge rate was done assuming that no change in storage occurred for the period to which

the calculations were applied.
The period of July through December was used since little change in water levels in wells and

piezometers throughout most of the reach occurred during this time (see Figures 4-8 through
4 -11). However, the assumption stating that no change in storage occurred for the period to

which the calculations were applied was violated since there was some loss in stored
groundwater from the southern third of the reach. At the NIWTP the drop in water levels
from July through December was 3.5 feet. About 1.5 miles to the north a well exhibited a
change of 0.85 ft. The calculated volume of storage change for the period is 430 of (about
7% of total outputs calculated for the period).

The methods of averaging effluent percentages along the riparian corridor and at the
downstream end of the study reach, as well as the calculations of effluent volumes output
from the floodplain aquifer are described below.

6.3.2 Riparian Corridor
Effluent percentages calculated for wells and piezometers BN -I2, RRP -19, 11 &13, PZ-DE1
and PZ -UW2 were arithmetically averaged. The average effluent fraction was multiplied by

the Riparian ET volume for July through December of 1995. The effluent volume calculated

for July through December was then doubled to obtain a total volume for 1995.
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6.3.3 Municipal Wells
The July through December, 1995, volume of pumpage for wells RRU-8 and RRU-52 was
multiplied by effluent fractions calculated for these wells. The effluent volumes calculated for
July through December were doubled to obtain total volumes for 1995. The effluent fractions

for these wells were based only on chloride concentration (Rio Rico Utilities, 1995), because

no boron analyses were conducted for these wells.
6.3.4 Undertlow at Tumacacori
Wells PZ-DE1 and PBR -I1 occur along the downstream end of the study reach. A transect

at the downstream end was formed by projecting wells BN -I2, TNM -D 1 and PBR-D 1 140,

2,160, and 2,000 ft to the south, respectively (see Plate

1

for well locations). Effluent

percentages calculated for samples from wells BN -I2, TNM -D1, PZ -DE1, PBR-I1 and PBRD 1 were used to estimate an average effluent fraction in the underflow at Tumacacori.

The effluent percentages were assumed to vary linearly between wells, and were assumed to

be vertically homogeneous. The effluent percentages for each pair of adjacent wells were
averaged and assumed to be representative of the effluent percentage that occurred in the
interval between the two wells.

The distances between wells used in the analysis were multiplied by average saturated
thicknesses between each well pair to obtain intervening cross sectional areas. Cross -sectional
areas for each interval were divided by the total cross-sectional area of the aquifer. The cross sectional area fraction was multiplied by the average effluent fraction for each interval. The

products for all intervals were then summed, providing an average percentage of effluent in

the groundwater at Tumacacori, weighted by cross -sectional area.
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6.3.5 Reference Crop Evaporation
The fraction of effluent consumed by Erc was estimated as being represented by an average
(26.5 %) of the four cross-sectional areas in the center of the downstream cross -section. The

rationale for this assumption is that few irrigation wells are near the outer margins of the
floodplain aquifer.

6.3.6 Effluent Volume Calculation
The average effluent fraction was multiplied by the July through December, 1995 volumes of

Erc, Riparian ET, municipal pumpage and underflow at Tumacacori. The effluent volumes
calculated for July through December were doubled to obtain total volumes for 1995. The

resulting total is 4,184 acre ft, or about 10 % less than the value computed using monthly
water budgets.

166.4.1 Chloride and Boron Percentage Calculations
The calculations of the percentage of effluent in the floodplain aquifer were subject to errors

associated with averaging the concentrations of background water samples. The western

waters contained consistently lower boron and chloride concentrations than eastern and
upgradient waters, and it is unknown what the relative volumetric contributions from these
three sources are.

Spatial representation of background waters and temporal representation of background
waters and effluent is limited. A small number of samples were assumed to be representative

of large source areas and of waters whose chloride and boron concentrations may vary with
time. Also, the impact on the groundwater mixture
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of the floodplain aquifer by natural flow

and water moving into the study reach from Nogales Wash is unknown because of a lack of

information.
The groundwater of Nogales Wash (upgradient from the NIWTP outfall) is impacted to some
extent by effluent, since the NIWTP trunk line runs along Nogales Wash. Leakage from the

trunk line, and infiltration of groundwater into the trunk line occurs (Vega, personal
communication, 1995).
6.4.2 Recharge Calculations
The underlying assumption of the recharge estimate, stating that the quantity of effluent that

recharged the aquifer in 1995, was equal to the quantity of effluent that was discharged from

the aquifer in 1995, is untested. Also, the chemistry method of recharge estimation employed

herein is subject not only to the possible errors associated with water budget component
calculations (see Chapter 4), but also to errors associated with the effluent percentage
calculations and with any violation of the assumptions upon which the estimate is based. This

estimate is considered secondary to the water budget estimate described in Chapter 4, though
it is encouraging to note the reasonably close comparison.

However, this chapter demonstrates that water chemistry has potential as a useful tool in
identification of effluent fractions in the waters

of the study reach. The boron isotope results

are especially promising in this regard, and further study should be devoted to developing this

potential.
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CHAPTER 7
SUMMARY AND CONCLUSIONS
This study was designed to provide an estimate of the quantity of effluent that recharges the

shallow floodplain aquifer underlying the Upper Santa Cruz River. The reach selected for
study extends from the NIWTP to Tumacacori. Historical evidence indicates that a significant

quantity of recharge occurs along this reach.

Hydrologic data were collected throughout the year of 1995. Intensive data collection
occurred during two synoptic field studies conducted in June and December, 1995. The
synoptics entailed discharge measurements, continuous operation of meteorological stations,

groundwater level monitoring, pumpage metering and collection of surface water and
groundwater samples.
Information on water quality and quantity were applied in the recharge estimation process.

A summary of the results and conclusions of this study is provided below.
,,,,Ï,:., ....................................................,......__:..:.- _._._.:_:.:_._..._

WATER BU`rET

Water budget components were estimated for 1995. A groundwater budget calculation was
used to estimate the net streamflow loss to, or gain from, the aquifer on a monthly basis.
The largest input to the floodplain aquifer in 1995 was recharge from surface water, estimated

at 5,162 acre ft, of which 4,661 acre ft was effluent from the NIWTP. Groundwater inflow

from the regional aquifer was also large in comparison to all other inputs at 3,136 acre ft.
Storage loss, which can be considered an "inflow" to the flow system, was significant at 2,360

acre ft over the year. The largest outputs from the floodplain aquifer during 1995, were
consumptive use by crops (3,342 acre ft), riparian evapotranspiration (3,279 acre ft) and
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baseflow discharge to the stream (3,046). Riparian ET was divided evenly between
cottonwood/willow stands and mesquite bosques.
Large errors may be associated with some of the component estimations i.e., regional inflows,

storage change and cottonwood/willow ET. An attempt was made to put upper and lower
bounds on the possible error that would be introduced into the recharge estimate by faulty
estimates of the above mentioned components. The range of error was +20.3% to -32.3 %,

assuming in both cases that errors for each component were all in the same direction.

Another potentially large error can not be quantified or estimated is the amount of effluent
water that entered the aquifer as recharge and subsequently discharges back to the stream in
a gaining reach. In the late spring and early summer months, it is quite possible that all the

effluent is recharged, and that effluent- source waters leaving the reach are discharges of

effluent-source water from the floodplain aquifer.

:..:.;:

.
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The hydrologic data collected during the synoptic periods were used to calculate effluent
recharge and to attempt to identify the water budget components that exert the greatest
influence on recharge. The minimum quantity of effluent recharge to the floodplain aquifer

that occurred between the N EWTP and Tumacacori during the December synoptic was 17
acre ft., while in June the volume was 62 acre ft., suggesting that effluent recharge is a
strongly seasonal phenomenon. It is likely that the seasonal effect is a result of the floodplain
aquifer being near capacity, and so high periods of recharge are associated with periods when

the largest amounts of water are being removed from the aquifer by irrigation and riparian ET.

Reference crop evaporation was used to represent the amount of ground water used by
irrigated crops in the development of the monthly water budget. During the synoptic studies,

irrigation pumpage appeared to be a better estimate of water removed from the aquifer. The

reason for this difference in approach lies in the fact that over the course of a month, water
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applied in excess of crop needs has time to return to the water table, while in the short 48
hour long synoptic studies, this did not appear to be the case. While storage changes during

the synoptics could not be accurately quantified, the volumes of water pumped better
explained the nature of the water level changes in the aquifer than did the volumes of
reference crop evaporation in those periods.

The greatest significant result of the synoptic studies was to develop a better estimate of

natural ground water recharge in the study reach. Quantitative measures of streamflow,

water chemistries, aquifer geometry and hydraulic gradients, coupled with estimates of
floodplain aquifer parameters provided a unique means to estimate ground water recharge
from the regional aquifer in the study reach.

CHLORIDE, BORON AND BORON ISOTOPE CHEMISTRY
The mean chloride and boron concentrations in effluent were significantly higher than in

background waters from the east, west and up- gradient of the NIWTP. Concentrations in
wells and piezometers down- gradient from the NIWTP, assumed representative of mixed

background and effluent waters, were scattered between those of effluent and background.
The chloride and boron concentrations in the waters of the study area were used to calculate

the fraction of effluent in the groundwater of the floodplain aquifer. The calculated range of
effluent percentages in groundwater near the river was 36 to 80 %. Effluent percentages
decline away from the river. This analysis led to the development of estimates of non -effluent

discharge from the study reach, and as the non-effluent discharge is expected to be essentially

constant in groundwater and baseflow discharge, it can be used as an estimate of non -effluent

recharge to the ground water system from the floodplain aquifer upstream from the study
reach, and from inflow from the regional aquifer in the study reach.

A large difference exists between the

511B

values of effluent and background waters and the

difference between various background waters is also significant. The large separation in 511B
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values between effluent and background waters shows that boron isotope ratios have strong

potential for use in the identification of effluent fractions in the waters of the study reach.

Better definition of upstream and western end -members will be required to enable this
technique to be used in the quantification of effluent recharge.

It has become evident through this study that hydrologic processes at work along the reach

are complex and varied. At least two gaining and losing reaches were identified. A losing
reach occurs near the NIWTP where water level elevations in piezometers and wells near the

stream are lower by up to 7 ft than the stream elevation. A second losing reach occurs and
has apparently historically occurred about 2 miles upstream from Tumacacori. A gaining
reach between the NIWTP and Peck Canyon was evidenced by discharge measurements at

the two sites in December, and suggested by a slight dilution of the effluent stream that
occurred during both synoptics. A second gaining reach occurs immediately downstream of

Peck Canyon as evidenced on aerial photos shot during a June, 1995 fly-over. Further dilution

of the effluent stream between Peck Canyon and Tumacacori also occurred during both
synoptics.
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Effluent recharge estimates for 1995, based on the 1995, water budget, and on effluent
percentage calculations in groundwater were 4,661 and 4184 acre ft, respectively. The 1995,

water budget number falls midway in the range of total surface water recharge to
groundwater suggested by Osterkamp (1973a), which was 3,600 -5,400 acre ft/yr. The
recharge estimate based on effluent percentages is subject to greater possible error than the

water budget estimate, and is therefore considered less reliable.
The effluent recharge estimates that were derived from the synoptic and 1995, water budget

data are minimum estimates. Some of the observations made during this study indicate that
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the total volume of effluent that recharges the floodplain aquifer exceeds the calculated
volumes of effluent recharge. Evidence for this consists of dilution along the effluent stream

and historical cessation of streamflow within the study reach, and immediately to the north

of the study reach.
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CHAPTER 8
RECOMMENDATIONS FOR LONG TERM EFFLUENT

RECHARGE QUANTIFICATION

Recommendations are made for a long term monitoring program to quantify the amount of
effluent recharge in the Santa Cruz river within the Santa Cruz Active Management Area.
The recommendations vary in complexity, expense, and accuracy, and are presented in order

of increasing expense and complexity. Additional recommendations address enhancing the
accuracy of the monitoring program, and enhancing the recharge of effluent.
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8.1.1 Surface water budget method
Monitoring flow entering the reach from the Nogales stream gage, and from the discharge of

the NIWTP, and utilizing the new stream gage at Tubac to measure outflow provides a simple
means of tracking effluent recharge. The ungaged tributary contributions must be estimated,

and with about 35% of the drainage basin above Tubac ungaged, there is error introduced.

There is additional error introduced by reliance on the present gage measuring the outflow
from theNIWTP, which was found in this study to under -report flow by about 15 %. Another

source of error is in the estimate of evaporation from the stream surface in the reach, though
this quantity is very small compared to all others, and the amount of error introduced would
also be small.

For periods of natural flow, an estimate of effluent recharge could be made by subtracting the
flow at the Tubac or Continental gage and the calculated surface water evaporation volume
(outflow) from the sum total of flows entering the reach of interest (inflow; i.e., discharge at
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the Nogales gage, tributary inflow and NIWTP effluent). An estimate of effluent recharge
could be made by multiplying the difference in volume between inflows and outflows to and

from the reach by the fraction of inflow that is effluent. For example:

RECH _ ( NIWTP + NOG + TRIB - TUBAC -E) x [NIWTP / ( NIWTP + NOG + TRIB)]
where:

RECH

= Recharge

NIWTP = NIWTP discharge

NOG

= Nogales gage discharge

TRIB

= Tributary inflow (estimated as 35% of NOG)

TUBAC = Tubac gage discharge

E

= Surface water evaporation (use monthly rates from this report)

The surface water budget estimate of recharge will produce the most conservative estimate

of recharge of all methods suggested. The reasons for this include the fact that in both June
and December synoptic studies 45% and 23 %, respectively, of the surface outflow was from
non-effluent sources, and because an unknown, but possibly large amount of effluent
recharges the aquifer and then re- enters the stream in the gaining reaches.
8.1.2 Ground Water Model Method
A groundwater flow model such as MODFLOW (McDonald and Harbaugh, 1988) or

MODXX (Jones, 1993) combined with a stream- aquifer package (Prudic, 1989) applied to
the study reach would provide an alternative means of estimating effluent recharge. A model
would also provide a predictive tool to simulate effects on effluent recharge and the riparian

habitat produced by changing conditions (e.g., increased aquifer development) within the
study reach. The information amassed for this study would serve as a data base for model
inputs. Sources of error in this method are the poor control on water table elevations in large

areas of the study reach. Another data requirement would be several series of seepage runs
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through the reach to better define the gains and losses in, and define the extent of gaining and

losing reaches. The accurate replication of gaining and losing reaches would lead to very
good estimates of the total effluent recharge, which is underestimated in this report because

of the alternation of losing and gaining reaches within the study reach.
Initial model runs could be used to aid in identifying additional hydrologic information which

may be required (e.g., aquifer testing, additional wells for increased control on head
distribution, etc.) for a better simulation of conditions along the reach. While the initial cost

of developing such a model can be high, particularly if wells must be drilled to better define
storage changes in the aquifer or additional stream gages are installed to better define
tributary inflows, the cost of operating the model to obtain an estimate of annual effluent
recharge would be relatively small.
8.1.3 Boron Isotope Method
Boron isotope ratios have shown the greatest potential for the identification and quantification

of effluent fractions in study area waters (see Chapter 6). Further study should be devoted to
developing this potential.

A sampling program that incorporates new and existing wells would be required to better
characterize waters moving into the reach from the east, west and upgradient of the NIWTP.
Wells used for hydraulic gradients in the regional aquifer, as discussed above, could double

as sampling points for both eastern and western end -member waters.
The temporal variability of boron concentration and isotopic ratio in end -member waters (e.g.,
effluent) also requires further study. In addition, the impact over time on mixed water boron

chemistry by recharging natural flow should be investigated.

If the boron chemistry of the study area becomes well understood,

it could be a useful tool.

Isotopic ratios could be applied to the effluent recharge problem to discern the fraction of
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effluent in the groundwater mixture of the study reach and to quantify the extent to which the

effluent stream is diluted as it moves away from the NWWTP.

UPGRADES TO MON1Tp

G PROGRAMS

Replace the NWITP outflow gage and check frequently for accuracy.
Install a new streamgage on Sonoita Creek just below Patagonia Lake. This

gage would reduce the uncertainty in tributary inflow by 70%.
Expand the network of piezometers to better define the water level
fluctuations in the floodplain aquifer, gradients at the upstream and

downstream ends of the study reach and to provide access to samples to
utilize boron, chloride, and boron isotope chemistry in separating the ground

water according to its origin.

ENHANCING EFFLUENT RECHARGE'
Incorporate Nitrogen removal in the treatment process at NIWTP. This
would have two benefits in that the recharged waters would be low in nitrate,
and the suspected clogging layer that retards the flow of water into the
aquifer, particularly at the southern end of the study reach would allow more,

and better quality, water to enter the aquifer.

-

Incorporate a storage facility at the NWITP to store part of the treated
effluent for periodic release. The purpose of this would be to provide periodic

"flood" events that could scour the clogging layer at two or three week
intervals in the warm summer months.

If Nitrogen removal was utilized, this

recommendation would likely not have any beneficial effect.
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Plate 2: Groundwater Elevation
Contours, June and December, 1995
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