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ABSTRACT 

East Valley Water District is located in San Bernardi

no, California which is approximately 50 miles east of Los 

Angeles. In order to meet future water demands, East 

Valley Water District^ plans to increase recharge activities 

in the forebay area of the San Bernardino groundwater basin 

and expand wellfield operations immediately downgradient. 

Three possible recharge and wellfield designs were under 

consideration with annual recharge rates increasing 10,000 

to 20,000 acre-feet/year in the Santa Ana spreading basins. 

Approximately four to five new production wells pumping an 

equal quantity of groundwater have been proposed. 

A two-dimensional finite element groundwater flow 

model was constructed and calibrated to reproduce histori

cal water level data for the year 1945. The calibrated 

model was applied to simulate the hydrologic effects of 

each of the three designs over a ten-year period. 



INTRODUCTION 

BACKGROUND 

The San Bernardino basin is located in the eastern 

part of the upper Santa Ana alluvial valley (Figure 1), 

approximately 50 miles east of Los Angeles, California. 

Due to naturally occurring groundwater flow barriers, 

several groundwater basins are located within this valley. 

The San Bernardino basin is one of the largest with an area 

of approximately 110 square miles. The San Bernardino 

basin is bounded on the west by both the Loma Linda and San 

Jacinto faults and by groundwater flow barrier G; on the 

northeast by the San Bernardino Mountains; and on the south 

by the Crafton Hills and Badlands. 

Recharge to the San Bernardino basin is supplied by 

runoff from the San Bernardino Mountains, and smaller 

quantities are supplied from percolation of rainfall, 

groundwater inflow, and artificial recharge of diverted 

streamflow and imported water. Most of the percolation of 

mountain runoff occurs in the forebay of the basin which 

extends approximately eastward from Nevada Street in San 

Bernardino. Water level measurements indicate groundwater 

moves westward beneath the Santa Ana River, southeast and 

south from the north and northeast sides of the basin, and 

northwest from San Timoteo basin. The San Jacinto fault 

acts as a flow barrier and creates upward movement of 
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groundwater. The groundwater flows toward a common line of 

discharge at the San Jacinto fault beneath the Santa Ana 

River at Colton Narrows (Dutcher and Garrett, 1963) . 

Most of the groundwater in the basin occurs under 

unconfined conditions; however, groundwater in the south

western part of the basin (pressure zone) occurs under 

confined and semi-confined conditions. In the early 

19001s, groundwater levels in the pressure zone, which 

includes the Warm Creek and the Santa Ana River areas 

adjacent to the San Jacinto fault, were near or above the 

land surface. Marshlands, springs, and flowing streams 

were noted in these areas. From the early 1940's to the 

late 1960*3, water levels declined more than 100 feet due 

to excessive groundwater pumpage and below normal precipi

tation. As a result, the marshlands dried up and a highly 

urbanized area of San Bernardino was developed above the 

pressure zone. 

From the late 1960's to the early 1980's, the ground

water basin received greater than average quantities of 

recharge from streamflow and precipitation. Additionally, 

imported water from the California Aqueduct also increased 

the supply of water to the basin. This increase in re

charge caused water levels to rise substantially. During 

early 1980's water levels in the pressure zone area were 

near or above land surface. In 1984, the rising ground-



water levels caused damage to buildings, roads, and public 

utilities in low-lying areas (Hardt and Freckleton, 1987). 

These incidents of damage have heightened public 

concern and drawn attention to the need for careful manage

ment of groundwater activities in the basin. Groundwater 

recharge significantly in excess of discharge in the basin 

can adversely effect this pressure zone area by causing 

groundwater to rise near land surface (Durbin and Morgan, 

1978; and Hardt and Hutchinson, 1980) 

STUDY OBJECTIVES 

In order to meet future water demands, East Valley 

Water District plans to expand its water production from 

groundwater. Additional available local or imported sur

face water will be spread in the Santa Ana spreading ba

sins, and well field operations will be increased immedi

ately downgradient of this spreading operation. These new 

production wells will be located within the forebay area to 

the east of Orange Street in San Bernardino. 

Optimization of the design of these proposed recharge 

operations and new production wells is the primary objec

tive of this study. Criteria for the design of this re

charge and extraction system has been developed in conjunc

tion with the needs of the East Valley Water District, and 

the maintenance of reasonable water levels in the downgra-



dient San Bernardino area. The East Valley Water District 

has been responsible for the investigation of non-hydrogeo 

logic factors such as land availability and water distribu

tion systems. 

STUDY AREA 

In order to achieve the objectives of this study, the 

hydrogeology of the entire San Bernardino basin has been 

considered. The hydrogeologic behavior of the forebay area 

of the basin as presented in Figure 2 was extensively 

examined. As discussed previously, the aquifer system of 

this forebay area consists of a single undivided aquifer 

under unconfined conditions. This forebay portion of the 

aquifer receives most of the recharge for the entire basin. 

Figure 2 presents several geographic and structural fea

tures which may effect groundwater flow in this forebay 

area. 

TECHNICAL APPROACH 

Review of the hydrogeology of the San Bernardino basin 

indicates several criteria necessary to optimize the design 

of the proposed recharge operations and wellfield. Study 

of the water balance and groundwater flow dynamics of the 

basin reveals the well field should be designed to limit 

the extent of the groundwater mound created by the recharge 

operations. The water level elevations resulting from 

these recharge and extraction systems within the forebay 



area should minimize pumping lift costs across the forebay 

area. Any proposed new wells should be designed to cause 

minimal interference with existing wells. Additionally, 

the capture areas of the proposed production wells should 

include high quality and protected groundwater. 

In order to develop an understanding of the flow 

dynamics of the forebay area of the basin, and to simulate 

the effect of various recharge and well field designs on 

the hydraulics of the basin, a computer-based numerical 

model of groundwater flow in the forebay area has been 

constructed. This local model of the forebay area was 

developed based on the U.S. Geological Survey (USGS) re

gional model of the entire San Bernardino basin (Hardt and 

Hutchinson, 1980; and Hardt and Freckleton, 1987). 

Initially, a steady-state areal numerical model of 

the forebay area of the San Bernardino basin was developed 

with the addition of an artificial constant-flow boundary 

condition on the western-most extent of the model. The 

development and calibration of this model to 1945 hydrolog-

ic conditions is documented in the appendix of this report, 

in addition to a discussion of data sufficiency and a 

description of the computer-based numerical code. 

In order to optimize the design of the proposed well-

field and recharge operation under flow conditions likely 



over the next ten year period, a range of projected quanti

ties of natural recharge from surface water sources, arti

ficial recharge of diverted streamflow and imported water 

and groundwater pumpage were programmed into the model. 

Various wellfield and recharge operation designs were then 

simulated with this predictive model under the range of 

likely flow conditions within the forebay. Model results 

indicated the changes in water level elevations, the cap

ture zones and flowpaths resulting from the various well-

field and recharge operation designs under consideration. 

HISTORICAL DEVELOPMENT AND PREVIOUS INVESTIGATIONS 

A report by Hall (1888) detailed the early irrigation 

works and practices in the San Bernardino area. This 

report was unusually complete in its discussion of the use 

of surface water for irrigation; however, only 29 wells 

were mentioned. Prior to 1900, stream and canal flow 

adequately supplied agricultural water needs; therefore, 

no early studies of the groundwater system were done. 

The first inventory of wells in the San Bernardino and 

Redlands area was given in two reports by Lippincott (1902a 

and 1902b). These reports are comprehensive with regard to 

the various methods of distributing surface water to irri

gated lands in the Upper Santa Ana Valley east of San 

Bernardino. Approximately 412 wells in the Redland quad



rangle and 478 wells in the San Bernardino quadrangle were 

discussed in these reports. 

The nature of sediments of San Antonio Creek was 

discussed in a paper by Hilgard (1902). This paper in

cludes one of the first attempts to analyze the interrela

tionship of the drawdown cones of several pumping wells. A 

discussion of the depletion of regional yield due to exces

sive pumping in the basin is also presented. 

Mendenhall (1905) contributed one of the first papers 

describing the "San Bernardino artesian area" with an 

accompanying plate which showed the area of flowing wells 

under natural conditions. The report also included a 

description of the origin and probable depth of the basin, 

lithologic character of the alluvium, and ability of the 

deposits to receive recharge. 

Sonderegger (1918) discussed early water-level fluctu

ations in the Bunker Hill basin and their relationship to 

recharge. He compared water level behavior in areas of 

confined and unconfined groundwater systems. 

Several bulletins of the California Division of Water 

Resources discussed the San Bernardino area. Bulletin 19 

(Post, 1928) included discussion of flood control, and 

proposed the alluvial cones of Lytle Creek, Mill Creek, and 

Santa Ana River as possible spreading grounds. Eckis 
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(1934) in Bulletin 45 described the geology, hydrology, and 

groundwater storage capacity of the various groundwater 

basins in the area. Bulletin 53 (Gleason, 1947) discussed 

inflow, outflow, overdraft, and other storage factors for 

several of the groundwater basins in the area. 

Dutcher and Garrett (1963) prepared a report which 

estimated the groundwater outflow from Bunker Hill basin to 

the Rialto-Colton basin across the San Jacinto fault. The 

report deals qualitatively with the geology, fault barriers, 

hydrology and chemical quality of surface and groundwater 

in the San Bernardino area. 

East Riverside Irrigation District made the earliest 

attempt to increase infiltration from runoff in the San 

Bernardino area. In 1891 flood flow from Lytle Creek was 

diverted into a series of ditches constructed on the lower 

parts of the Lytle Creek fan (Finkle and Rowe, 1933). In 

1903, the Gage Canal Company began spreading flood water in 

the lower part of the Santa Ana River fan. 

During the early 1900's, below-average precipitation 

and increased water use resulted in a general decline in 

groundwater levels. The Water Conservation Association 

(Association) composed of residents of Orange, Riverside, 

and San Bernardino Counties was formed in 1909. The chief 

function of the Association was to conserve local water 

supplies. In 1911, the Association contributed to spread



ing operations on the Santa Ana River fan (Beattie, 1951) . 

In 1923 an extended period of below-average precipitation 

again occurred, and in 1929 the Association expanded its 

spreading facilities on the Santa Ana River fan. 

A report by Elliot (1932) on behalf of the Irvine 

Company of Orange County indicates some of the earlier 

concerns downstream water users expressed over the effects 

of large-scale expansion of recharge operations. This 

report precipitated a series of lawsuits that continue to 

effect water spreading in the upper valley. 

In 1939, San Bernardino County Flood Control District 

was established and assumed operation of most of the 

spreading grounds within its jurisdiction. The San Bernar

dino Valley Water Conservation District's spreading grounds 

on the Santa Ana River and Mill Creek represent an excep

tion to this operation. Artificial recharge to the valley 

aquifers has been studied by Moreland (1972), Dutcher and 

Garrett (1963), and Dutcher and Fenzel (1972). 

Several groundwater flow models have been constructed 

of the San Bernardino basin based on extensive hydrogeolog-

ic studies. Hardt and Hutchinson (1980) developed a two-

layer Galerkin finite-element model of the San Bernardino 

basin. This USGS regional model was used for predicting 

the rate and extent of the rise in water levels due to 
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artificial recharge from 1975 to 2000 under six hydrologic 

conditions. This USGS regional model was refined in 1987 

by Hardt and Freckleton, and was used to evaluate specific 

water-level changes in response to observed and projected 

recharge and pumping rates. 

Williamson and Schmidt (1985) developed a two-dimen

sional model based on the USGS model. This two-dimensional 

model was applied by Papadopulos and Associates (1985) in 

order to predict the effects of recharge and discharge on 

groundwater levels in the Bunker Hill groundwater basin. 

Durbin and Morgan (1978) also developed a two-dimensional 

model of the groundwater basin. These models were con

structed for the entire San Bernardino basin and were 

essentially similar in the geographic area modeled, aquifer 

characteristics, and boundary conditions. The success of 

these modeling efforts warranted the development of a local 

model of the forebay region of the San Bernardino basin. 
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HYDROGEOIiOGIC CONDITIONS WITHIN THE FOREBAY AREA 

Design of the wellfield and recharge operations re

quires a comprehensive understanding of the hydrology of 

the forebay area and how this area communicates hydrologi-

cally with the downgradient areas of the San Bernardino 

basin. The geology, basin boundaries and general parame

ters of the forebay aquifer system have remained relatively 

unchanged since the early 1940's. However, the quantity 

and distribution of discharge and recharge over the forebay 

have changed and are predicted to change further over the 

next ten years. This study attempted to establish the 

range of likely average hydrologic conditions which will 

exist within the forebay over the next ten year period. 

GEOLOGY 

The San Bernardino basin was formed by downfaulting 

relative to the bordering mountains. The San Bernardino 

Valley consists of a series of coalescing alluvial fans, of 

which the combined fan of the Santa Ana River and Mill 

Creek is the largest and most distinct (Dutcher and Gar

rett, 1963). Consolidated, non-water-bearing rocks outcrop 

in the highlands surrounding the basin. 

The forebay area of the basin is bordered on the 

northeast by the San Bernardino Mountains, and on the south 

by the Badlands and Crafton Hills. The land surface of 

this semiarid inland valley area slopes generally to the 



southwest with gradients ranging from 75 to 150 feet per 

mile near the edges of the forebay and from 30 to 50 feet 

per mile near the central part of the forebay. 

The water-bearing formations of the forebay area 

consist of alluvial deposits of sand, gravel and boulders 

interspersed with lenticular deposits of silt and clay 

(Dutcher and Garrett, 1963). To the west and immediately 

downgradient of the forebay area, unconsolidated deposits 

contain numerous clay layers that act as leaky confining 

beds within the aquifer system. 

Several faults and barriers have been located in the 

unconsolidated water-bearing deposits of the forebay area 

which may affect groundwater movement. These structures 

include the Crafton, Redlands, K and L faults, and the Bryn 

Mawr and Mentone groundwater flow barriers. The appendix 

of this report presents a discussion of these structures. 

AQUIFER SYSTEM 

A single unconfined aquifer with a base of consolidat

ed and semi-consolidated basement-complex rock is encoun

tered continuously across the forebay area of the basin. 

Generally, the average saturated thickness of the forebay 

aquifer varies from 200 to 800 feet with increasing thick

ness to the center. Depth to water may vary considerably 



across the forebay area over time, but, in general, ranges 

from 100 to 300 feet (Hardt and Hutchinson, 1980). 

Two basic physical properties of the aquifer which are 

important in the design of the wellfield and recharge 

operations include the transmissivity and the storage 

coefficient. The transmissivity values within the forebay 

area range from lows of 7480 gallons per day per foot 

(gpd/ft) in the bedrock high areas of Mentone, and 

22,440 gpd/ft along the San Bernardino Mountain front to 

highs of 300,000 gpd/ft in the center of the forebay area 

along the Santa Ana River (See Appendix, Figure A-2). 

Generally, transmissivities greater than 100,000 gpd/ft 

represent productive aquifers for water well exploitation 

(Freeze and Cherry, 1979). 

The storage term for unconfined aquifers is known as 

specific yield and indicates how the aquifer releases water 

from storage. In the forebay area, the specific yield 

ranges from a high of 0.15 in the eastern sections to a low 

of 0.07 in the western sections closer to the confined 

zone. These values indicate water is released from storage 

within the forebay area aquifer primarily by dewatering of 

the soil pores. 

HYDROGEOLOGIC BOUNDARIES OF THE FOREBAY 

Generally, the types and quantities of groundwater 

underflow crossing the hydrogeologic boundaries and enter



ing the forebay aquifer have remained unchanged over the 

last fifty years. On the average, approximately 400 acre-

feet/year (AF/year) of groundwater flow across one-mile 

segments of the faulted boundary formed by the San Andreas 

Fault Zone (DWR 1971 memorandum report). Surface flow from 

the City Creek, Plunge Creek, Santa Ana River, and Mill 

Creek may deep percolate to unconsolidated deposits overly

ing the faulted margin. 

An average underflow of approximately 7700 AF/year of 

groundwater moves across the Crafton Fault into the forebay 

aquifer (Dutcher and Fenzel, 1972). Approximately 7800 

AF/year enters the forebay from the Mill Canyon area, 

including deep percolation of surface flow from Mill Creek, 

and groundwater underflow from both the Mill Creek Canyon 

subbasin and the Triple Falls Creek subbasin. 

Depending upon groundwater elevations and conditions 

within the forebay area, groundwater flows at varying rates 

and volumes across the western extent of the forebay into 

the "pressure zone" area of the basin. As indicated by 

water level elevations measured over a 25 year period in a 

well (1S\3W—17C3) located on the eastern periphery of the 

"pressure zone", groundwater elevations have varied by 

approximately 140 feet, but generally vary less than 

forty feet over a five year period. 



Recent simulations with the USGS basin-wide model 

indicate artificial recharge in the Santa Ana eastern 

spreading basins results in slight changes in water level 

elevation at this western boundary of the forebay model. 

The basin-wide model calculated approximately 7,700 acre-

feet per year of artificial recharge in the eastern spread

ing basins over a ten year period produced a 1-foot rise 

in water levels in the center of the confined area if 

aquifer conditions, including pumping rates, remained 

unchanged (Hardt and Freckleton, 1987). 

DISTRIBUTION OF DISCHARGE AND RECHARGE 

In addition to boundary inflow, groundwater recharge 

to the forebay area is comprised of percolating streamflow, 

return flow from irrigation, percolation of precipitation, 

and artificial recharge of diverted streamflow and imported 

water. Discharge from the forebay area consists primarily 

of pumpage and flow across the westernmost "model" boundary 

into the pressure zone area of San Bernardino. 

Pumpage: For the five-year period 1982-86, the pumping 

rates for 108 wells within the forebay area were reported 

in the latest San Bernardino Water Master Report. Over 

this period, an average of 25,353 acre-feet per year of 

water was pumped from the forebay area. Pumping rates 

generally varied from 1 to 200 gallons per minute (gpm), 

although a few wells were pumping at rates of 900 to 1400 



23 

gpm. The Water Master report indicated approximately 25% 

of this pumpage was related to irrigation. Pumpage distri

bution, rate, and application is anticipated to change 

slightly over the next ten years. 

Streamflow: Most of the groundwater recharge within the 

San Bernardino basin occurs as percolation of streamflow 

from Mill Creek and the Santa Ana River within the forebay 

region. A smaller quantity of water percolates to the 

forebay aquifer from City Creek and Plunge Creek. USGS 

streamflow records indicate the following gauged inflows 

for these four streams over the water years 1945 to 1983: 

STREAM MINIMUM MAXIMUM AVERAGE 
(Station) (Water Year 1961) (Water Year 1969) (1945-83) 

Units= Acre-feet/Year 

SANTA ANA RIVER 17,290 
(#51500) 
MILL CREEK 7,840 
(#54000) 
PLUNGE CREEK 727 
(#55500) 
CITY CREEK 1,470 
(#55800) 

208,900 

143,900 

32,120 

56,310 

52,390 

27,660 

6,370 

8,480 

Streamflow records indicate that approximately sixty to 

eighty percent of streamflow entering the basin percolates 

to the aquifer, except under high flow conditions when this 

rate decreases significantly. 



However, some of the gauged streamflow from Mill Creek 

and Santa Ana River is diverted for municipal, spreading 

and agricultural purposes prior to release into the 

streambeds. Review of Water Master Reports for the period 

1982 to 1986 indicate an average of 21,510 AF/year being 

diverted from the Santa Ana River and 15,324 AF/year being 

diverted from Mill Creek. Within this five year period, 

this diversion generally varied by less than fifteen per

cent from the average. 

Stream diversions are expected to increase slightly 

over the next ten years. The current agricultural applica

tions of this diverted streamflow are anticipated to shift 

to municipal usage and increased spreading applications 

(personal communication, East Valley Water District). 

Irrigation Return Flow and Precipitation: Return flow of 

irrigated waters to the forebay aquifer was calculated 

based on irrigation pumping rates and streamxlow diverted 

for agricultural purposes as documented in the San Bernar

dino Water Master reports for the period 1982-86. On the 

average, approximately 6,270 acre-feet of groundwater was 

pumped for irrigation, and based on USGS modeling results, 

approximately 30 percent of this water is assumed returned 

to the aquifer in the general vicinity of the pumpage 

(Hardt and Hutchinson, 1980). Pumpage rates, distribu
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tions, and applications are anticipated to vary over the 

next ten years. 

As reported in the San Bernardino Water Master report 

for the years 1982-86, approximately 4050 acre-feet per 

year of streamflow is diverted to agricultural purposes. 

Approximately 30 percent of this diverted streamflow is 

assumed returned to the forebay aquifer. The quantity and 

applied areas for irrigation are anticipated to decline 

over the next ten years. 

Consumptive use calculations by the Department of 

Water Resources (1971) for the San Bernardino area indicate 

approximately 5 percent of total rainfall deep percolate to 

the basin aquifer. In order to calculate the average 

amount of precipitation percolating to the forebay aquifer, 

five percent of the average annual rainfall for the period 

1870-1970 as mapped by the San Bernardino Flood Control 

District (SW Portion map) was applied across the modeled 

area. 

Artificial Recharge: Water supply management within the 

forebay area of the San Bernardino basin has invariably 

included artificial recharge. The San Bernardino Water 

Master report indicates approximately five recharge facili

ties (Figure 2) are currently available for water spreading 

within the forebay area, as follows: 
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© Eastern Santa Ana River spreading basins: 
© City Creek and Sand Canyon spreading faciities; 
© Mentone reservoir area; 
© Mill Creek and Rees Ponds spreading facilities; 

and 
© Unlined channels of the Zanja Creek. 

For the period 1982-86, an average of 4105 acre-

feet/year of diverted streamflow was applied to these 

spreading facilities (San Bernardino Water Master Report, 

1988). Spreading of imported surface water was relatively 

limited during this time period. The quantity of diverted 

streamflow and imported water artificially recharging the 

forebay will likely be carefully increased under future 

water supply management plans over the next ten years. 

Additionally, the City of Redlands is currently re

leasing approximately five million gallons/day of processed 

wastewater into percolation ponds within the Santa Ana 

River bed between Tennessee and Palm Avenue in San Bernar

dino (personal communication, East Valley Water District). 

HISTORIC GROUNDWATER LEVELS AND MOVEMENT 

Groundwater movement in the San Bernardino basin 

generally follows the surface-drainage pattern. Within the 

forebay area, groundwater inflow and percolation of 

streamflow occurs near the mountain fronts and along the 

stream channels. Groundwater moves generally to the west, 

converging to a common line of discharge at the San Jacinto 

fault beneath the Santa Ana River. The water levels in 
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wells tapping the forebay aquifer indicate this area 

responds more readily to recharge than the seasonal effects 

of pumping. 

Since 1946, the San Bernardino basin has experienced 

four dry periods ranging from 4 to 10 years, and four wet 

periods ranging from 1 to 3 years in duration (Hardt and 

Freckleton, 1987). Additionally, quantities of water 

artificially recharged to the forebay area have varied 

greatly since 1946. For instance, quantities of native 

water spread in the Santa Ana spreading grounds over a one-

year period have ranged from less than 1000 acre-feet to 

over 52,000 acre-feet (personal communication, Bill Hilt-

gen) . For these reasons, water level elevations have 

historically fluctuated significantly from year to year 

within the forebay area. However, general flow directions 

have not changed in response to the fluctuating water level 

elevations. More active water supply management of basin 

conditions is anticipated to dampen these fluctuating water 

level elevations in future years. 

WATER QUALITY 

The chemical characteristics of groundwater within the 

forebay region is also meaningful to review in siting the 

new production wells. The chemical character of the 

groundwater is determined by its concentration of major 



dissolved constituents and the relative proportions of the 

several ions present in solution. Analyses of groundwater 

within areas feasible for production well siting indicate 

groundwater of a calcium-bicarbonate character with low 

total dissolved solids (less than 200 milligrams/liter) and 

a low to moderate total hardness (75-145). These chemical 

analyses indicate groundwater quality acceptable for domes

tic purposes. 

Groundwater captured by the new production wells 

should not be contaminated by metals and organic compounds 

with harmful health effects. Generally, capture of ground

water flowing through areas with detectable levels of 

industrial chemicals should be avoided. For instance, 

groundwater in the vicinity of the Redlands Airport has 

reportedly been contaminated by solvents (personal communi

cation, East Valley Water District); therefore, the 10-year 

capture zone of the new production wells should be located 

well outside this area. Additionally, the quality of 

groundwater within the capture zone of the new production 

wells should continue to be well protected. 
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GROUNDWATER FLOW MODEL OF FOREBAY AREA 

Several groundwater flow criteria were important to 

consider when evaluating the various possible wellfield and 

recharge operation designs, including the following: 

© Likely water level elevations and flow conditions 
existing in the forebay prior to operation of the 
proposed wellfield and recharge operations; 

© The changes in water level elevations within the 
forebay resulting from operation of the proposed 
wellfield and recharge operations; 

© Drawdowns at the proposed pumping wells and the 
extent and height of any recharge mound resulting 
from spreading in the eastern Santa Ana River 
basins; and 

© The groundwater flow directions and travel times 
within the forebay resulting from the wellfield 
and recharge operations, including the capture 
zones of the proposed pumping wells and the 
flow path of the recharged water. 

In order to study these flow criteria as they relate 

to the various wellfield and recharge operation designs, 

predictive versions of the calibrated groundwater flow 

model were developed for the average range of groundwater 

flow conditions likely over the next ten years. The 

changes in water level elevations resulting from the pro

posed wellfield and recharge operation designs were simu

lated with these models. Additionally, groundwater path-

line and capture zone analyses were performed for each of 



the proposed wellfield and recharge operation designs under 

cons ideration. 

DEVELOPMENT OF BASE CONDITION FLOW MODELS 

The predictive versions of the flow model of ground

water conditions in the forebay were developed from the 

calibrated model described in the Appendix, and consist of 

average groundwater flow conditions estimated for the next 

ten years. The transmissivity and storage coefficient 

distributions as described in the Appendix (Figure A-2) 

remain unchanged in the predictive models. The quantity of 

groundwater flowing into the forebay along the faulted 

margin of the forebay and due to deep percolation of rain

fall also remains generally unchanged from 1945 condi

tions. However, the quantity of recharge and discharge was 

changed significantly from 1945 modeled conditions, and 

also included slight changes in distribution. 

Pumpage distribution for the predictive models (Fig

ure 3) was input based on well locations and average pump

ing rates from the 1982 through 1986 period as recorded in 

the San Bernardino Water Master report. Additionally, 

pumpage in three new wells ("proposed wells" in Figure 3) 

being developed in the forebay were simulated as follows: 

© East Valley Water District's well #121 located 
in East Highlands and pumping at 1700 gallons 
per minute (gpm) (Personal communication, East 
Valley Water District); 



o Redland's Madiera well (1S/2W-20D) pumping at 
1000 gpm (Slade, 1986a); and 

© Redland's Airport well (1S/3W-13H) pumping 
within a range of 2000 to 3000 gpm (Slade, 1986b). 

Although use of the pumped water has shifted from agricul

tural to municipal, historically the total quantity and 

general locations of pumpage have varied only slightly 

over the last few years. 

Percolation of approximately 67 percent of average 

gauged streamflow (as described in the previous section) 

was applied in the predictive model to all streams in the 

forebay, except the Santa Ana River. The flow patterns 

resulting from the proposed wellfield and recharge opera

tions were determined to be sensitive to the quantity of 

water percolating to the aquifer from Santa Ana River 

channel flow. For this reason, Santa Ana River channel 

flow values ranging from no flow to a maximum of approxi

mately 45,000 acre-feet per year were simulated by the 

model, and considered during the design of wellfield and 

recharge operations. The average diverted streamflow for 

Mill Creek as recorded for the period 1982-86 (San Bernar

dino Water Master report) was also applied to the model. 

Return flow of irrigated waters to the forebay aquifer 

was decreased approximately 15 percent from quantities 

recorded for the period 1982-86 (San Bernardino Water 

Master report). Distribution of irrigated waters was 
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limited to the following areas: 

© Citrus areas to the east of Plunge Creek 
and north of the Santa Ana wash; 

© Citrus areas on the alluvial terrace 
generally northeast of Mill Creek; 

© Agricultural areas generally south of 
the Redlands Fault; and 

© Agricultural areas along southern boundary 
of Santa Ana wash between Alabama and Orange 
Streets. 

Artificial recharge in the forebay spreading basins 

as recorded for the period 1982-86 in the San Bernardino 

Water Master report was simulated. Recharge applied to the 

Santa Ana spreading basin was simulated over a range of 

design quantities. Additionally, application of processed 

wastewater at the City of Redlands plant on the Santa Ana 

wash was simulated at a rate of approximately five million 

gallons per day. 

Flow across the artificial constant flow boundary on 

the westernmost edge of the models was maintained at a rate 

which resulted in a zero change in groundwater storage 

within the forebay aquifer. The validity of the resulting 

water levels at this artificial boundary was checked 

against historical water levels under similar water budg

ets. 

Figures 4 through 6 present three contours of water 

level elevations calculated by the model for a range of 



hydrological conditions likely in the forebay aquifer over 

the next ten years. These computed water level elevations 

represent three of several base flow conditions which were 

considered in the design of the wellfield and recharge 

operations. 

DEVELOPMENT OF FLOW PATH MODELS 

The flow paths and travel times resulting from the 

various wellfield and recharge operation designs over the 

average range of base flow conditions were also analyzed. 

These analyses were performed by a computer model GWPATH 

which was developed and validated by the Illinois State 

Water Survey (Shafer, 1987). Model assumptions included 

a two-dimensional,heterogeneous, anisotropic flow system 

under steady state conditions. Flow conditions resulting 

after five years of continuous operation of the various 

wellfield and recharge systems as calculated by the ground

water flow model were assumed to represent an averaged 

estimate of the total transient 10-year flow conditions. 



DETERMINATION OF OPTIMAL WELLFIELD AND RECHARGE OPERATIONS 

WELLFIELD AND RECHARGE OPERATION DESIGNS 

Recharge operation designs include spreading of ap

proximately 10,000 to 20,000 acre-feet per year of imported 

and native surface water in the eastern Santa Ana spreading 

basins. Four to five new production wells are planned to 

operate downgradient of this recharge area and will capture 

the total quantity of water being spread; therefore, total 

pumping rates will range from 6,200 gpm to 12,400 

gpm. 

Recharge Operations: The eastern spreading basins of the 

Santa Ana River (Figure 2 ) are operated by the San Bernar

dino Valley Water Conservation District (SBVWCD) and have 

been in operation since 1911. Surface water is diverted 

into a series of ditches and dikes in order to encourage 

percolation through the coarse-grained, younger alluvium of 

this area. The recharge rate of these basins is high, more 

than 2 feet per day (Moreland, 1972; and Schaefer and 

Warner, 1975). Approximate depth to the static water table 

from ground surface has varied historically from 100 to 245 

feet. Geologic logs and past operation of the basins 

indicate no extensive, intervening perching layers are 

present. 

The recharge rate of the Santa Ana spreading basins is 

high enough and the storage capacity in the aquifer within 
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the spreading ground area should be adequate under average 

basin conditions to accept 10,000 to 20,000 acre-feet of 

applied water. The transmissivity of aquifer material 

downgradient of the spreading grounds is sufficient to 

transmit recharged water away from the spreading grounds 

toward areas of pumpage. 

Wellfield Specifications: Approximately four to five new 

production wells are recommended to efficiently capture 

10,000 to 20,000 acre-feet/year of groundwater. In order 

to maintain reasonable pumping levels, and to distribute 

pumpage evenly across the wellfield, pumping rates ranging 

from 1000 to 3200 gpm per well are recommended, with a 

total pumpage value of 6200 to 12,400 gpm. 

Review of flow conditions, land uses, and existing 

water distribution systems indicate two optimal areas to 

locate the new production wells, including SBVWCD land 

surrounding the spreading basins and outlying areas in or 

near Santa Ana wash, close to Church Street. Wells located 

downgradient and surrounding the Santa Ana spreading basins 

would benefit from both high quality groundwater within a 

protected location, and the increased saturated aquifer 

thickness resulting from the proposed recharge operations. 

Water distribution systems existing within this recharge 

area could handle this increased groundwater production. 
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However, the high pumping rates from wells in this location 

would be dependent upon the constant and efficient opera

tion of the spreading basins. 

Wells located in or near Santa Ana wash, close to 

Church Street are in the flow path of the recharged ground

water and would benefit from the increase in storage 

resulting from the recharge operations. Production from 

these wells could also be independent of recharge opera

tions. Power supplies and construction of adequate water 

distribution systems are feasible at this location. Howev

er, the capture zone of wells in this area consists of a 

location less protected in terms of groundwater quality. 

Three wellfield designs involving various combinations 

of pumping at these two locations were considered, as 

follows: 

DESIGN #1: 
Approximately 75 percent of the pumpage was 
allocated to three new wells surrounding the Santa 
Ana eastern spreading basins. The remainder of 
the pumpage was allocated to one new well located 
off Church Street within the Santa Ana wash and to 
a well recently purchased by East Valley 
Water District, the "Cram well" (1S\3W-2Q) located 
to the northwest of Plunge Creek; 

DESIGN #2: 
Pumpage was split equally between the two 
locations. One to two new wells were located 
immediately to the west of Santa Ana eastern 
spreading basins and pumpage was increased 50 to 
100 percent in the existing East Valley Water 
District well #125 (1S\2W-07H). The remaining 
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half of the pumpage was allocated to two new wells 
located off Church Street within the Santa Ana 
wash and to the Cram well. 

DESIGN #3: 
Approximately 75 percent of the pumpage was 
allocated to three new wells located off Church 
Street within the Santa Ana wash and to the Cram 
well. The remainder of the pumpage was allocated 
to one new well immediately to the southwest of 
the Santa Ana spreading basins. 

HYDROGEOLOGIC IMPACTS OF WELLFIELD AND RECHARGE OPERATIONS 

The geology and hydrology of the selected well loca

tions, including the operation of any nearby production 

wells were reviewed for each of the new well locations. 

The constant operation of each of the three wellfield and 

recharge application designs was simulated with both the 

groundwater flow models and the flowpath model for a ten 

year period under a range of hydrologic conditions within 

the forebay. Each design was evaluated in terms of feasi

bility, drawdowns in pumping wells, resulting recharge 

mounds, capture zones and flow paths, and regional changes 

in water levels resulting from constant operation of the 

design over a ten-year period. The following subsections 

present an evaluation of each of the three wellfield and 

recharge operation designs. 

Design #1: Figure 7 presents the changes in water levels 

simulated with the groundwater flow model after five years 
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of constant operation, under the following pumping and 

recharge program: 

© 20,000 AF/year of groundwater recharge occurring in 
the Santa Ana spreading basins; 

© Three new wells located near the spreading basins and 
pumping 3130 gpm each; and 

© Two wells pumping at 1500 gpm each, including 
one new well located within the Santa Ana wash 
immediately to the east of Church Street, and Cram 
well. 

The large filled circles shown in Figure 7 represent 

the modeled locations of these five new wells. The ground

water mound resulting from groundwater recharge is con

tained within an area extending approximately 5000 feet 

downgradient from the spreading basins. An increase in 

groundwater elevation of approximately 5 to 10 feet extends 

southward into the Redland and Mentone areas of the fore-

bay. (Under all three designs, simulations continuing 

through a ten year period indicated the forebay aquifer is 

nearly in a steady state condition after five years of 

operation; therefore, only slight changes in water level 

elevations were noted across the forebay after the next 

five years of operation.) 

Two small drawdown cones of approximately ten feet 

extend locally around the Church Street and Cram wells. 



These wells are located well outside the recharge mound. 

Figure 8 presents a hydrograph of the changes in water 

level elevations in the pumping wells and under the spread

ing basins as simulated by the model. The total drawdown 

in each of these two outlying wells over a ten year period 

was less than 25 feet. (Actual drawdown experienced in the 

field operation of the wells will be slightly more than 

model simulations indicate due to limiting model assump

tions and reduced well efficiencies.) 

Figure 8 indicates the three wells located near the 

spreading basins will experience as much as 30 feet of 

drawdown in the first year of operation, until the saturat

ed thickness of the aguifer in this area increases due to 

recharge activities. After the first year, an increase in 

water level elevation of as much as 20 feet in the recharge 

area pumping wells was calculated. 

An increase in water level elevation under the spread

ing basins of as much as 100 feet was calculated by the 

model. This simulation indicates that prior to operation 

of this pumping program for Design #1, the depth to water 

under the spreading basins should be at least 150 feet. 

Design #2: Figure 9 presents the changes in water level 

elevations simulated with the groundwater flow model after 

five years of constant operation, under the following 

pumping and recharge program (Design 2a): 
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o 20,000 AF/year of groundwater recharge occurring in 
the Santa Ana spreading basins; 

o Two new wells located near the spreading basins and 
pumping 2600 gpm and 3100 gpm; 

o Increase average pumpage in East Valley Water 
District well #125 from approximately 1000 gpm to 
1935 gpm; 

© Two new wells located in Santa Ana wash immediately 
to the east of Church Street pumping 2100 gpm each; 
and 

© Pumping the Cram well 1500 gpm. 

The large filled circles in Figure 9 show the modeled 

locations of the five new wells. The groundwater mound 

resulting from groundwater recharge is again contained 

within an area extending approximately 5000 feet downgradi-

ent of the spreading basins. There is an approximate 

increase of 10 feet in groundwater elevation as compared to 

Design #1 in the outer areas of the groundwater mound under 

the design. 

One continuous drawdown cone of ten feet encloses all 

three wells extending slightly upgradient and downgradient 

to the western boundary of the model. The constant flux 

boundary defined by the model at this location has probably 

imposed an artificial effect on the drawdown cone and some 

inaccuracies in model calculations; however, sensitivity 

analyses, mass balance calculations, and review of nodal 

water level calculations indicate no serious calculation 



errors occur. In reality, the flux across this western 

boundary would probably decrease slightly, and the drawdown 

cone would be less extensive downgradient of the wells. 

Figure 10 presents a hydrograph of the water level 

elevation changes in the pumping wells (including well 

#125) and under the spreading basins as simulated by the 

model. The total drawdown in the Church Street and Cram 

wells calculated by the model over a ten year period is 

less than 30 feet. The two new wells located near the 

recharge area will experience as much as 20 feet of draw

down in the first year of operation, until the saturated 

thickness of the aquifer in this area increases due to the 

recharge activities. After the first year, an increase in 

water level elevations in these wells of as much as 20 feet 

was calculated by the model. 

Model results indicate East Valley Water District well 

#125 will quickly benefit from the recharge activities, and 

an increase of over 80 feet in water level elevation was 

calculated over a ten year period at this well. (Restric

tions due to assignment of nodes to pumping and recharge 

locations may over estimate the actual increase in water 

level elevations in well #125.) An increase in water level 

elevations underlying the spreading basins of as much as 

130 feet was calculated by the model. This simulation 

indicates depth to water under the spreading basins should 
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be at least 180 feet prior to operation of this program and 

design. 

Figure 11 presents the changes in water levels simu

lated with the groundwater flow model after five years of 

constant operation, with design #2 under the following 

pumping and recharge program (Design 2b): 

© 10,000 AF\year of groundwater recharge occurring in the 
Santa Ana spreading basins: 

© One new recharge well located immediately to the west 
of the spreading basins pumping at 2000 gpm; 

© Increase pumpage in East Valley Water District well 
#125 from 1000 gpm to 1435 gpm; 

© Two new wells located within the Santa Ana wash 
immediately to the east of Church Street pumping at 
1235 gpm each; and 

© Pumping the Cram well at 1235 gpm. 

As shown in this Figure, the groundwater mound result

ing from groundwater recharge is contained within an area 

extending approximately 5000 feet downgradient of the 

spreading basins. Figure 12 presents a hydrograph of the 

changes in water level elevations in the pumping wells and 

under the spreading basins as simulated by the model. The 

total drawdown of the Church Street and Cram wells over a 

ten year period is less than 20 feet. 

The new well located near the spreading basins will 

experience a drawdown of less than 15 feet the first year. 
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After the first year, recharge operations will cause an 

increase to static conditions in this well within ten 

years. Model calculations indicate water level elevations 

in well #125 will increase substantially over the ten year 

period. An increase in water level elevation of as much as 

70 feet under the spreading basins was calculated by the 

model. 

Design #3: Figure 13 presents the changes in water levels 

simulated with the groundwater flow model after five years 

of constant operation, under the following pumping and 

recharge program: 

© 20,000 acre-feet/year of groundwater recharge 
occurring in the Santa Ana spreading basins; 

© One new well located immediately to the south of the 
spreading basins pumping at 3000 gpm; 

© Three new wells located within the Santa Ana wash 
immediately to the east of Church Street pumping 
at 2460 gpm each; and 

© Pumping the Cram well at 2000 gpm. 

As shown in Figure 13, the groundwater mound resulting 

from groundwater recharge is contained within an area 

extending approximately 5000 feet downgradient from the 

spreading basins. Groundwater levels within the mound area 

show the maximum increase under this design. The 10-foot 

increased groundwater elevation contour is nearly as exten

sive as the groundwater mound. 



A 20-foot drawdown cone encloses the Church Street 

wells, with a 10-foot drawdown cone extending through most 

of the area downgradient of the pumping wells. Figure 14 

presents a hydrograph of the changes in water level eleva

tions in the pumping wells and under the spreading basins 

as simulated by the model. The total drawdown in each of 

the Church Street and Cram wells over a ten year period was 

less than 40 feet. 

The well located near the recharge basins again showed 

drawdown during the first year, but recovered to show an 

increase in groundwater elevation of approximately 60 feet 

after ten years. An increase in water level elevation 

under the spreading basins of as much as 140 feet was 

calculated by the model. This simulation indicates that 

prior to operation of this design, the depth to water under 

the spreading basins should be at least 190 feet. 
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RECOMMENDED DESIGN 

Design #2 under either the 20,000 acre-feet/year 

(Design #2a) or the 10,000 acre-feet/year (Design #2b) 

program is recommended for several reasons. The pumping 

program under Design #2 is flexible with the best ability 

to adapt to changing basin conditions. The location of the 

pumping wells allows for a lot of flexibility in control

ling the extent of the groundwater mound. Additionally, 

the location of the wells is most feasible in terms of the 

existing water distribution systems and power supplies. 

Pumping from the Church Street and Cram wells allows 

for some degree of independence from the artificial re

charge activities. However, a significant quantity of the 

good quality water recharged at the spreading basins is 

captured by the new wells and well #125 near this area. 

The model simulations indicate operation of Design #2 

pumping wells and spreading operations will not result in 

increased water level elevations in the downgradient re

gions in San Bernardino. A groundwater level elevation 

monitoring program is recommended during operation of 

Design #2 to ensure the extent of the groundwater mound is 

limited. 



FLOW PATHS AND CAPTURE ZONES OF DESIGN #2 

The flow paths and capture zones of the wellfield and 

recharge operations are sensitive to hydrologic conditions 

in the basin. A range of base flow conditions were evalu

ated under this design with the GWPATH program. Figure 15 

presents the flow paths and capture zones resulting from 

operation of Design 2a (20,000 AF/year) as simulated by the 

model. This figure presents the results of two recharge 

conditions, as follows: 

© No surface water released to the Santa Ana River 
channel; and 

© Approximately 30,000 acre-feet/year of water deep 
percolating to the aquifer from surface water released 
down the Santa Ana River channel, in addition to 
streamflow diverted to the spreading basins. 

The ten year flow paths of groundwater moving from the 

spreading basins are shown by the solid lines in Figure 15. 

As indicated under both recharge conditions, spreading 

basin water flows toward the pumping wells through areas 

considered to contain good quality water. The wells near 

the recharge area are predominantly collecting the perco

lating spreading basin water. 

The capture areas and flow paths over a ten year 

period of the pumping wells in Design #2a are outlined by 

the dotted lines of Figure 15. These capture zones are 

located in areas considered to contain good quality water. 



These capture zone areas should remain protected from 

contaminants if Design #2 is implemented. 

Figure 16 presents the flowpaths and capture areas for 

Design #2b (10,000 acre-feet/year) under the two Santa Ana 

channel recharge conditions. This design shows the same 

general features as Design #2a discussed above. 

Under both Design 2a and 2b, the flowpaths and capture 

areas are more areally extensive when surface water is 

allowed to percolate from the Santa Ana channel due to the 

resulting increase in groundwater gradients. Flowpaths in 

the Mentone and Redlands area were also evaluated. Simula

tions indicate Design #2 does not affect flowpaths in this 

area. 
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CONCLUSIONS 

A computer-based groundwater flow model of the forebay 

area of the San Bernardino basin has been developed and 

calibrated to reproduce historical water level data for 

the year 1945. This flow model has been successfully 

applied to facilitate design of the proposed spreading 

basin and wellfield operations of the East Valley Water 

District. 

The value and effectiveness of groundwater modeling to 

design of recharge and wellfield systems has been demon

strated with this project. For instance, this project has 

resulted in an enhanced understanding of the flow dynamics 

of the forebay aquifer system. This analysis has resulted 

in well design information which can be used for direct 

field application. Additionally, simulation results may be 

applied to basin management practices of several local 

water districts. 
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INTRODUCTION 

A groundwater flow model of the forebay area was 

developed in order to simulate the effect of recharge in 

the Santa Ana eastern spreading basins and to aid in the 

design of new production wells. This appendix presents the 

development and calibration process of this groundwater 

flow model. A description is also presented of both the 

microcomputer-based numerical code SEFTRAN, which was 

selected for this model, and the conceptual understanding 

of the forebay aquifer system which was applied in the 

development of the model. 

MATHEMATICAL MODEL OF FOREBAY AQUIFER SYSTEM 

A local model of the forebay area (Figure A-l) was 

developed based on the U.S. Geological Survey (USGS) 

regional model of the entire San Bernardino basin (Hardt 

and Hutchinson, 1980; and Hardt and Freckleton, 1987). 

This modeling approach involved a process of stepwise grid 

refinement and a degree of automatic calibration which 

simplified the calibration procedure. 

Initially, a steady-state areal numerical model of 

1945 hydrogeologic conditions in the forebay area of the 

San Bernardino basin was developed, with the addition of a 

constant- or specified-flow boundary on the western end of 



the model just to the east of the "pressure zone" area. 

This artificial boundary is located distant enough from the 

proposed wellfield and recharge operations in order not to 

seriously affect the simulations. Additionally, previous 

USGS model-derived aquifer parameters and boundary condi

tions were refined based on newly available data sets. A 

transient-state version of this model was developed by the 

addition of the USGS model storage coefficient distribu

tions, averaged between the upper and lower layers. The 

following sections of this appendix detail the development 

of this model. 

SEFTRAN: GROUNDWATER FLOW NUMERICAL CODE 

The SEFTRAN groundwater flow numerical code was se

lected for this study after careful review of its capabili

ties and limitations. The microcomputer-based code uses a 

Galerkin finite element formulation of the well estab

lished, governing groundwater flow equation in two dimen

sions (Bear, 1979). By providing various boundary condi

tions, hydrologic stresses, and hydrogeologic parameters, 

the program computes potentiometric heads, and consequent

ly, velocity vectors of groundwater flow. SEFTRAN,' a 

proprietary code developed by GeoTrans, Inc. (1986), has 

been slightly modified by Todd Engineers to better meet the 

needs of this modeling effort. SEFTRAN has undergone exten
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sive testing and validation by GeoTrans as presented in a 

SEFTRAN benchmarking report (Huyakorn et al., 1984). 

DESIGN OF FINITE ELEMENT MESH 

Discretization of the area of the forebay aquifer 

system into nodes and elements was performed based on the 

objectives of the study and hydrologic features of the 

forebay area (Figure A-l). The mesh is composed of rectan

gular and triangular elements with the nodes located at the 

corners of each element. During SEFTRAN operations, the 

hydraulic head is calculated at each node. Boundary condi

tions are also applied at the nodes, while material proper

ties such as transmissivity are defined in elements. 

The modeled area extended to natural boundaries of the 

basin and also included an artificial boundary located 

immediately upgradient of the "pressure" zone. A finer 

mesh was applied in the proposed location of the artificial 

recharge area and the well field. Nodes were placed along 

structural features of the basin (faults, flow barriers) 

which may affect groundwater flow movement. 

CONCEPTUAL UNDERSTANDING OF AQUIFER SYSTEM 

Initially, hydrogeologic data and reports on the San 

Bernardino basin were collected and reviewed, in addition 

to analysis of the USGS basin-wide groundwater flow model. 
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A simplified "conceptual" representation of the physical 

aquifer system of the forebay region was developed which 

involved determination of the hydrogeologic boundary condi

tions, aquifer parameters, surface-water movement, ground

water levels and movement, and historic water budgets. A 

"mathematical" model of the San Bernardino forebay area, in 

the form of a set of accepted mathematical equations 

(SEFTRAN), was then formulated. 

Development of a computer-based mathematical model 

requires the use of assumptions and approximations which 

simplify the physical aquifer system. Principal simplify

ing assumptions include the following: 

© Groundwater flow is laminar; 

© Groundwater movement occurs only along a two-dimensional 
horizontal plane; 

o Groundwater is homogeneous, isothermal, and slightly 
compressible; 

© The physical parameters of the system do not change with 
the state of the system; 

© The aquifer is bounded by no-flow and constant flow 
boundaries; and 

© The barrier effect of faults can be simulated by line 
elements. 

The large-scale groundwater flow field phenomena is a 

three-dimensional problem; however, data indicate simplifi

cation to flow along a two-dimensional horizontal plane 



will not introduce errors significant to this study. Water 

level measurements do not suggest significant vertical 

gradients within the forebay area, and well logs indicate 

saturated thicknesses generally exceeding 400 feet with no 

critical vertical changes in aquifer material; therefore, a 

two-dimensional representation, of the forebay aquifer 

system was believed justified. 

HYDR06E0L0GIC BOUNDARIES 

The perimeter of the modeled forebay aquifer system 

was selected based on known hydrologic conditions; general

ly, no-flow segments along consolidated-rock boundaries or 

constant-flow segments along unconsolidated deposits. On 

the average, approximately 400 acre-feet/year (AF/year) of 

groundwater underflow cross one-mile segments of the 

faulted boundary of the San Andreas Fault Zone (DWR 1971 

memorandum report), except where City Creek, Plunge Creek, 

Santa Ana River and Mill Creek enter the basin (Figure 2). 

The nodes in these creek and river regions were assigned 

constant-flow conditions in order to simulate the deep 

percolation of surface flow in addition to the faulted 

margin underflow. 

The southern perimeter of the modeled area along the 

Crafton Fault was simulated under constant flow conditions 



based on the results of a USGS open-file report (Dutcher 

and Fenzel, 1972) which indicated, on the average, 7700 

AF/year of groundwater flow cross this faulted margin. The 

Mill Canyon boundary was simulated as constant flow and 

included deep percolation of surface flow from Mill Creek, 

and groundwater underflow from both the Mill Creek Canyon 

subbasin and the Triple Falls Creek subbasin. 

The western perimeter of the modeled area represents 

an artificial boundary of constant flow conditions. During 

all model simulations, the total flux across this western 

boundary equals the net flux of fluid entering the forebay 

region. This artificial boundary is justified based on 

the net mass balance of zero maintained by the model and a 

location chosen to minimize its effect on the proposed well 

field and artificial recharge area. 

TRANSMISSIVITY AND STORAGE COEFFICIENT DISTRIBUTION 

In order to develop a model of the unconfined aquifer 

in the forebay area of the San Bernardino basin, transmis-

sivity values must be assigned to each element of the 

finite element mesh. The transmissivity values initially 

applied to the model were based on the transmissivity 

distribution developed by Hardt and Hutchinson (1980) for 

their aquifer model. Their transmissivity values were 

originally derived from estimates by the California Depart

ment of Water Resources (1971) based on specific capacity 



tests across the basin. In order to double-check the 

validity of this initial transmissivity distribution, 

numerous specific capacity test results, geologic cross-

sections and well logs were independently studied to gain 

an understanding of aquifer materials and potential satu

rated aquifer thicknesses (Dutcher and Garrett, 1963 and 

Burnham and Dutcher, 1960). 

Additionally, the results of two recent 48-hour con

stant discharge pumping tests conducted for the City of 

Redlands by Richard Slade (July 1986) on Airport well No. 1 

(1S/3W-13H) and the Madiera well (1S/2W-20) were reviewed. 

These transmissivity values and the values derived from 

recent specific capacity tests of well #125 (1S/2W-7) by 

East Valley Water District were incorporated into the model 

in order to update the original USGS transmissivity distri

bution. 

Based on the calibration process of the steady-state 

1945 model, this initial transmissivity distribution was 

adjusted and refined. The final modeled transmissivity 

distribution presented in Figure A-2 represents reasonable 

changes from the initial estimate and generally agrees 

with the existing data set. Transmissivity values range 

from lows of 1000 ft2/day (7480 gallons per day per foot 

(gpd/ft)) in bedrock high areas and 3000 ft2/day (22,440 



gpd/ft) along the San Bernardino Mountain front to highs 

of 40,000 ft2/day (300,000 gpd/ft) in the center of the 

forebay area along the Santa Ana River. 

A transient-state version of this model was developed 

by the addition of the modeled USGS storage coefficient 

values. These values were derived by the California De

partment of Water Resources (1971) by assigning specific 

yield values to different aquifer materials recorded on 

driller's logs and computing a total value. Distribution 

of these calculated storage coefficients was refined during 

the calibration process of the USGS model to transient-

state conditions over the period 1945 to 1974. In the 

forebay area, these storage coefficents ranged from a high 

of 0.15 in the eastern sections to a low of 0.07 in the 

western sections closer to the confined zone (Figure A-2). 

DISTRIBUTION OF DISCHARGE AND RECHARGE IN THE FOREBAY AREA 

Recharge into the aquifer system of the forebay of 

San Bernardino basin is generally supplied by percolation 

of surface water along the City Creek, Plunge Creek, Mill 

Creek, and Santa Ana River stream channels. In 1945, 

smaller quantities of recharge resulted from inflow across 

the Crafton fault and artificial recharge through percola

tion basins constructed along the Santa Ana River, City 

Creek, and Mill Creek stream channels. Additionally, 



percolation of precipitation and return flow in irrigated 

areas contributed minor amounts of recharge. 

Discharge from the modeled aquifer system of the 

forebay area occurs principally as groundwater pumpage and 

movement across the western artificial boundary of the 

model. The quantity of groundwater flowing across this 

artificial boundary was determined by the water budget in 

order to maintain steady-state conditions, and its distri

bution was based on the gradients, transmissivity values, 

and simulated water level elevations of the Hardt and 

Hutchinson groundwater flow model (1980). 

Distribution of the total recharge calculated for the 

modeled forebay area was initially based on the modeled 

distribution of Hardt and Hutchinson (1980), and the geo

graphic distribution of natural recharge estimated by 

Durbin and Morgan (1978). This initial distribution was 

further refined during the calibration process of the model 

(Figure A-3). 

Distribution of discharge by groundwater pumpage 

calculated for the model (Figure A-4) was based on the 

modeled distribution of Hardt and Hutchinson (1980) and the 

geographic distribution of production pumping estimated for 

the period 1959-1963 by Hanson (1985). Pumpage from the 



basin was simulated in the model by grouping individual 

wells to the nearest node and totaling their discharge. 

GROUNDWATER FLOW BARRIERS 

Geologic structures (Figure A-l) have been located in 

the unconsolidated water-bearing deposits of the forebay 

area which may effect groundwater movement (Burnham and 

Dutcher, 1960 and Dutcher and Garrett, 1963). These struc

tures include the Redlands, Crafton, K and L faults and the 

Bryn Mawr and Mentone groundwater flow barriers (Figure 2). 

The Crafton and Redlands faults are northeast-trending and 

may be defined by geologic logs and their effect on ground

water levels. Water level measurements through older 

alluvial deposits. Faults L and K are postulated based on 

hydrologic and limited geologic data, and are not believed 

to significantly influence groundwater flow within the 

modeled forebay area. The existence of the Bryn Mawr and 

Mentone flow barriers is inferred entirely from hydrologic 

data. 

The Redlands and Crafton faults were developed in the 

model as line elements which are nodal connections imposed 

on top of the model grid which simulate linear transport 

through restrictive channels. The Bryn Mawr and Mentone 

flow barriers were represented as zones of lower permeabil

ity based on consideration of the water level elevations of 



interest to this modeling effort and review of historic 

groundwater flow conditions. 

SIMPL&TION OF STEADY-STATE CONDITION (1945) 

Longterm hydrographs of several wells in the San 

Bernardino basin remain relatively flat during the period 

1944-45, indicating little change in groundwater storage. 

After analysis of the water budget for that time period, 

the basin was considered to be in a relatively steady-state 

condition (Hardt and Hutchinson, 1980). Therefore, this 

model of the forebay area was developed based on the water 

budget calculated for that period, and calibrated to spring 

1945 water level measurements. 

The total steady-state recharge applied to the model 

was 79,844 acre-feet, based on the 133,600 acre-feet calcu

lated for the entire basin for the year 1945 during Hardt 

and Hutchinson's modeling effort (1980). The quantities 

and distribution of stream channel recharge in the forebay 

area were based on values reported from USGS stream gauging 

stations and assumed approximately sixty-seven percent of 

the surface flow percolated to the aquifer (Hardt and 

Freckleton, 1987). As discussed previously, small quanti

ties of recharge were assumed from ungauged streamflow and 

mountain front underflow through the faulted margins. 



Quantities of Santa Ana underflow simulated in the 

1945 model are in agreement with average values of Redlands 

tunnel outflow presented in San Bernardino County Watermas-

ter reports. Simulated artificial recharge through perco

lation basins was based on values recorded by the San 

Bernardino Valley Water Conservation District, and values 

discussed in two USGS reports on artificial recharge in the 

Upper Santa Ana valley (Moreland, 1972 and Schaefer and 

Warner, 1975). 

Return flow from irrigation and percolation of rain

fall were estimated by Hardt and Hutchinson (1980) as 30% 

of total pumpage. This estimate is uncertain, but more 

accurate data were not located. Infiltration studies in 

semiarid climates (Young and Blaney, 1942) indicate very 

low percolation rates are probable. 

The distributed rates of pumpage for 1945 within the 

forebay area were based on values established by Hardt and 

Hutchinson (1980), and Hanson (1985). These values were 

based on several reports (California Department of Water 

Resources, 1971; Albert A. Webb Associates, 1973a, 1973b; 

and Hanson and Harriger, 1976a, 1976b). A net pumpage 

value of 21,200 acre-ft was simulated with the 1945 model. 

This value assumes 30% of the total pumpage of the forebay 



area returns to the aquifer as percolating irrigation and 

return flow water, and rainfall. 

Water levels and probable water level contours for the 

basin under this steady-state condition were established 

from several sources. Water level contours published in 

reports by Hardt and Hutchinson (1980) and Dutcher and 

Garrett (1963) provided hydraulic gradients and flow direc

tions across the modeled area for the spring of 1945. 

Additionally, individual water level measurements for the 

spring of 1945 were obtained from the San Bernardino Valley 

Water Conservation District records. 

CALIBRATION OF THE STEADY-STATE MODEL 

The model was calibrated to the previously discussed 

water level measurements and contours by adjusting and 

refining the transmissivity distribution and the distribu

tion of recharge. The water level elevation contours 

representing 1945 conditions and computed by the calibrated 

model are presented in Figure A-5, which includes several 

measured water level elevations. These computed water 

levels were in an acceptable range of agreement with meas

ured values and published water level contours. 

Sixty-nine percent of the computed values were within 

10 feet of measured values, and computed contours are 

generally within 25 feet of published interpretations, and 
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in acceptable agreement with their gradients and flow direc

tions. Eighty-eight precent of the computed values were 

within 25 feet of values measured in 1945. 

The steady-state groundwater flow model of the forebay 

of the San Bernardino basin has been constructed to an 

acceptable level of calibration for the objectives of this 

study. Sufficient data exist to support the modeling 

effort and to establish a good conceptual understanding of 

the forebay basin area. 
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Computed Water Lend Etaratson Contours, 
(bitenfal 25 Feet) 
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FIGURE 4 

COMPUTED WATER LEVEL 
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LEGEND 

Computed Water Level Elevation Contours, MSL 
(Interval 25 Feet) 
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FIGURE 5 

COMPUTED WATER LEVEL 
CONTOURS, 15,(MM) AF/YEAR 
SANTA ANA PERCOLATION 
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LEGEND 

Computed Water Level Elevation Contouis, MSI 
(Interval 25 Feet) 
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FIGURE 6 

CXMFUIBD WATER LEVEL 

SANTA ANA PERCOLATION 
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LEGEND 
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Design #1 Pumping Wells 

Change in Water Level Elevation 
(Contour Interval 10 Feet) 

EVWD Wells #121,#125 

Extent of Recharge Mound 

Extent of Dravwk»&n Cone (Exceeding 10 loot) 
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FIGURE 7 

DESIGN #1, CHANGES IN 
WATER LEVEL ELEVATIONS 
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•«• J'.-f.-jR,:... a .!* *V»»»t» t• .• • r.-i V>« •-* ._T.•» • i 

Hi*?"'-

ii 
Site 





I LEGEND 

Design #2a Pumping WeSSs EVWD Wells #121,#125 

Change in Water Level Elevation 
(Contour Interval 10 Feet) 

Extent of Recharge Mound 

Extent of Drawdown Cone (Exceeding io f@©t> 

NOTE: 
(Production weH #125 foarsacsd 
t© t@35 gpm 
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FIGURE 9-

BKUGN #2A, CHANGES IN 
WATER LEVEL ELEVATIONS 
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LEGEND 

Design #2b Pumping Welts 

Change in Water Level Elevation 
(Contour Interval 10 Feet) 

Extent of Recharge Mound 

EVWD Weils #121,# 125 

NOTE: 
Productbn well #125 pumping fetereased 
to 1435 gpm. 

Extent of Drawdown Cone (Exceeding 10 feet) 
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FIGURE 11 

DESIGN #2B, CHANGES IN 
WATER LEVEL EliVATIONS 
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LEGEND 

O 

Design #3 Pumping Wells 

Change in Water Level Elevation 
(Contour Interval 10 Feet) 

Extent of Recharge Mound 

Extent of Drawdown Cone 

© EVWD Wells #121,#125 
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FIGURE 13 

DESIGN #3, CHANGES IN 
WATER LEVEL ELEVATIONS 
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s of pumping wells 

from Santa Asia 

TOTAL RECHARGE=TOTAL PUMPAGE 
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FIGURE 16 
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LEGEND 

Pump Test Transmissivity (feetVday) 

® 4000 @000 « 
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Haterial Hmabero Plotted In Elements 
(table presents corresponding 
transmissivity values; 

MATERIAL NUMBER TRANSMISSIVITY (I 'T2/I 

1 .......777... 3 000 
2 I 000 
3 2 000 
4 4 000 
5 5 000 
6 8 000 
7 11 000 
e 12 500 
9 16 000 
10 20 000 
11 24 000 
12 28 000 
13 30 0 00 
14 32 000 
15 36 000 
16 38 000 
17 40 ,000 

Note: Specific yield for material 
numbers 1 through 13 is 0.07, 
and for material numbers 14 
through 17 increases to 0.15. 

FIGURE A-2 

TEANSMISSIVITY DISTRIBUTION 
APPLIED IN GROUNDWATER MODEL 
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LEGEND 
Number indicates percentage of total recharge: 

Percolation of Surface Water 

Groundwater Inflow Across Faulted Margin 

Groundwater Inflow from Crafton Hills & Badlands 

[Total 1945 recharge modeled = 79,844 acre-ft/year) 
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FIGURE A-3 

DISTRIBUTION OF SURFACE 
AND GROUNDWATER RECHARGE, 

t§45 CONDITIONS 
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Pumping rates of 1945 conditions simulated in model: 

© Pumping Rate =126,802 gal/day 

Pumping Rate = 252,555 gal/day 
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FIGURE A4 

MODELED PUMPING DISTRIBUTION, 
1945 CONDITIONS 
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Computed Water Level Elevation Contours MSL 
(Interval 25 feet) 

Measured Water Level Elevation 1945 CMSL.feet) 
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FIGURE A-5 

COMPUTED WATER LEVEL 
OQNTOURS, 1945 

HYDROLOGIC CONDITIONS 


