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1. EXECUTIVE SUMMARY 

The City of Davis (City) currently obtains all its water from groundwater wells, most of them less 
than 700 feet deep. University of California, Davis (UCD) currently obtains all its domestic water 
supplies from groundwater wells deeper than 700 feet. UCD obtains water for cooling towers, 
landscape irrigation, and other utility uses from wells less than 700 feet deep. 

Beginning with the City’s Water Master Plan in 1989, several studies have recommended that the 
City use deep wells or treated surface water to supply all its future needs because of water quality 
problems with intermediate depth wells. The recently completed Draft UCD Water Management 
Plan contained the recommendation that UCD seek to secure a high quality surface water source 
to supply new water demands and reduce the use of groundwater. Relevant water resource studies 
for the City and UCD are listed in Table 1-1. 

Table 1-1. Water Resource Studies for the City and UCD 

Date Report Author 

March 1989 City of Davis Water System Management Plan Brown and Caldwell 
March 1990 Supplemental Surface Water Supply 

Development Program 
Borcalli & Associates 

May 1992 Yolo-Solano Supplemental Water Supplies: 
Reconnaissance Level Investigation 

Borcalli & Associates 

May 1992 Draft, Yolo County Water Plan Update The Water Task Force of 
Yolo County 

February 1994 SWP Conjunctive Use – Eastern Yolo County California Department of 
Water Resources 

March 1996 City of Davis, Future Water Supply Study, 
Phase 2  

Montgomery Watson/  
West Yost & Associates 

October 1997 Draft, UCD Water Management Plan UC Davis Water 
Management Task Force 

 

This hydrogeologic investigation was performed as a follow-up to the City of Davis Future Water 
Supply Study (1996) to obtain more information about the capacity, water quality, and reliability 
of the deep (greater than 700 ft) groundwater aquifer zone in the vicinity of Davis and UCD. The 
study area and existing wells are shown in Figure 1-1. 

The major questions to be answered by this study included: 

• What are the potential impacts of supplying most or all of the City’s and UCD’s 
domestic water needs with water from deep wells? 
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• Should the surface water rights application submitted by the Yolo County Flood 
Control and Water Conservation District (District) on behalf of the District, Davis, 
Woodland, and UCD continue to be pursued? 

The information needed to answer the above questions was developed through: 

1. A review of previous reports and data on hydrogeology for the study area 

1. An evaluation of existing and new water quality data from intermediate (200 to 700 feet 
deep) and deep (greater than 700 feet deep) wells 

2. Tests to evaluate how water levels in the deep aquifer responded to pumping 

3. A review of longer term pumping versus water level data for UCD deep wells  

HYDROGEOLOGY 

The generalized geologic cross section for the Sacramento Valley is shown in Figure 1-2. The 
deep wells in the Davis area are completed into the Tehama Formation, which contains 
sediments derived from the Coast Range. 

Figure 1-2. Sacramento Valley Geologic Cross Section 

 
Source: California Department of Water Resources, 1978 

The Davis area is part of the Sacramento Valley groundwater basin. The Plainfield Ridge creates 
a minor restriction to east-west groundwater flow just west of the City, but there are no other 
major restrictions to horizontal groundwater flow in the area (California Department of Water 
Resources, 1978). 

The productive aquifers in the Davis area of Yolo County occur in Tehama and younger 
formations. In most areas of Yolo County, the sands and gravels of the Tehama Formation are 
thin, discontinuous layers between silt and clay deposits. In much of the eastern portion of the 
county, productive aquifers are found up to 700 feet below ground surface with few productive 
aquifers in the 700-foot to 1,000-foot depth range. In the study area (especially to the west), good 
quality water is also found in the Tehama Formation at depths of approximately 1,200 feet to 
1,500 feet. Detailed geologic cross-sections are shown in Section 3 of this report. 
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Aquifers in the Davis are recharged by a number of sources. Deep percolation of irrigation water 
and rainfall are major components of groundwater recharge. Other significant sources include 
infiltration in streambeds, channels, and the Yolo Bypass. Relatively coarse-grained deposits line 
both Putah and Cache Creeks, allowing substantial infiltration.  

Water moves very slowly between aquifers at different depths. In some places, water moves 
between aquifers through wells which have been screened at a number of different depths. This 
causes the well columns to act as open pipes to equalize the water pressure of aquifers at 
different depths. 

Pumping from intermediate depth aquifers in Yolo County has caused about two feet of 
subsidence in the area between the cities of Davis and Woodland. Possible subsidence damage 
has also been observed in some of the City’s intermediate depth wells. This subsidence is due to 
a lowering of water pressures in the aquifers below their historical minimums, and the 
subsequent one-time extraction of water from the fine-grained interlayers as they are compressed 
by differential pressure. 

GROUNDWATER PUMPING 

Currently the City draws nearly all its water supply from its 20 intermediate depth wells and one 
deep well (CDW-28). A second deep well (CDW-29) has recently been completed. Water 
demand for the City is projected to be 15,500 acre-feet per year by the year 2010 and 
21,000 acre-feet per year by the year 2035.  

UCD currently draws all its domestic water from the deep aquifer zone. The domestic water use 
by the University was 2,400 acre-feet in 1993. The domestic water use is projected to increase to 
2,780 acre-feet per year by the year 2005. If UCD does not obtain surface water or water from 
other sources, the deep aquifer zone may also be used to supply other UCD water needs in future 
years.  

Hunt-Wesson (Hunts) has a deep well and two intermediate depth wells for its water supply 
needs. Hunts may add a second deep well in the future. The use of water from the deep aquifer 
zone in year 2035 by the City, UCD and Hunts could be over seven times as great as at present. 

GROUNDWATER QUALITY 

Groundwater quality was evaluated for two purposes. The first purpose was to see if there were 
distinguishing water quality related characteristics between the intermediate and deep aquifer 
zones. The second purpose was to evaluate the suitability of water from the deep aquifer zone for 
present and future needs based on water quality considerations. 

Chemical Constituents 

Chemical water quality parameters between the intermediate and deep aquifer zones are 
compared in Table 1-2. 
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Table 1-2. Comparison of Deep and Intermediate Aquifer Water Quality 

 
Parameter 

Deep Aquifer, 
Avg.(a) 

Intermediate 
Aquifer, Avg.(a,b) 

Water Quality 
Limit 

Problems at  
High Levels 

Boron, µg/L 780 1080 — Hurts Sensitive Plants 

Nitrate, mg/L 1.4 17.9 45 Blood Oxygen Capacity 

Selenium, µg/L 0.8 9.6 50 (drinking) 
5 (wastewater) (d) 

Chronic Toxicity 
Waterfowl Health  

Electrical Conductivity, 
µmhos/cm 

544 966 900 Taste 

Hardness, mg/L 106 353 — Scale, Deposits 
TDS, mg/L 337 577 500 Taste 

Arsenic, µg/L 4.4 0.9 50(c) Cancer Risk 

Manganese, µg/L 16 8.2 50 Black Sediment, Stains 

Iron, µg/L 40 61 300 Red Sediment, Stains, 
Taste 

pH 8.0 7.9 6.5-8.5 Taste, Scale 

(a) Individual wells may have much higher levels of some chemical constituents than the averages shown. 
(b) This includes data from all of the DWR, City, and UCD wells used in this study 
(c) Arsenic limits may be lowered to 5 µg/L 
(d) Wastewater discharge limit 

As can be seen in Table 1-2, the average chemical water quality is much better in the deep 
aquifer than the intermediate aquifer, with the exception of arsenic and manganese. Intermediate 
depth City wells CDW-16, CDW-10, CDW-17 have all been abandoned because of water quality 
related problems. Other intermediate depth City wells are used sparingly because of high 
selenium levels. 

Higher levels of arsenic and manganese occur in samples taken from wells and deep strata in test 
holes in the eastern portion of the study area relative to the northern and western portions. More 
data is needed from the eastern portion of the study area to see how widespread this trend is. 

Isotopic Characteristics and Age 

Concentrations of stable isotopes of oxygen and hydrogen for water from intermediate and deep 
wells were evaluated to see if there was a distinction based on depth. Water from the deep wells 
was found to have lower concentrations of oxygen-18 than water from intermediate wells, which 
indicates that the water in the deep aquifer percolated into the ground during a cooler, wetter 
climate period. 

Carbon-14 dating was also performed on samples from intermediate and deep wells. Water from 
the deep wells was found to be 8,000 to 17,000 years old, versus water from intermediate wells 
which is a few hundred to a few thousand years old. Carbon-14 ages versus depth are shown in 
Figure 1-3. 
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Figure 1-3. Carbon-14 Age Versus Depth 
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Potential for Water Quality Deterioration with Time 

The intermediate aquifer has become substantially contaminated with nitrate in a period of less 
than 75 years. The deep aquifer zone is separated from the intermediate zone by substantial clay 
layers, but some of the UCD deep wells now produce water with small amounts of nitrate. It will 
probably be at least many decades before deep wells become contaminated with substantial 
amounts of undesirable constituents from the intermediate aquifer zone, but increased pumping 
from deep wells will accelerate the process. 

PUMPING TESTS 

Three pumping tests were performed during the 1997 UCD Christmas break. In each of these 
tests, one well was pumped and the water levels in other wells were monitored for changes. 
Water levels in the pumping wells were also monitored before, during, and after pumping. 

The dates of the pumping tests, wells pumped, and wells monitored are shown in Table 1-3. 
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Table 1-3. Deep Well Pumping Tests Performed during Christmas Break 

 
Test  

 
Dates Well Pumped 

 
Pumping 
Well(a) 

 
Flow, gpm(b) 

Intermediate 
Wells Monitored 

Deep Wells 
Monitored 

1 12/15/97 - 12/20/97 UDW - 3 860 UUW-5 UDW-2, 
UDW-4, 
UDW-5, 
UDW-6, 
UDW-7, 
CDW-28, 
CDW-29, 

Hunts 
2 12/22/97 - 12/27/97 CDW - 28 980 CDW-25  UDW-2, 

UDW-3, 
UDW-4, 
UDW-5, 
UDW-6, 
UDW-7, 
Hunts,  

CDW-29 
3 12/30/97 - 1/04/98 CDW - 29 1,850 CDW-15,  

CDW-22,  
CDW-25,  

UDW-2, 
UDW-3, 
UDW-5, 
UDW-6, 
Hunts,  

CDW-28 
(a) UDW and UUW are UCD domestic and utility wells, respectively. CDW is a City well.  
(b) gpm is gallons per minute. 

An example of the data obtained from the pumping tests is shown in Figure 1-4. 
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Figure 1-4. Pumping Test 1 Monitoring at UDW-4 
(UDW-3 Pumping) 
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Data from the pumping tests were used to derive physical characteristics of the deep aquifer zone 
in the study area by fitting the water level drawdown or recovery to characteristic curves. A 
sample of the curve fitting process is shown in Figure 1-5. This process is described in more 
detail in Section 5 and Appendix B-2. 

A summary of average pumping test results is shown in Table 1-4. Transmissivity indicates how 
well the aquifer conducts water to the well. The values for transmissivity shown in Table 1-4 
would be considered moderate, and are significantly lower than what has typically been 
calculated for the intermediate aquifer zone.  

Leakage Factor indicates how tightly confined and separated the aquifer is from shallower 
aquifers. High Leakage Factors such as those shown in Table 1-4 mean that there is little leakage 
down into the pumped aquifer from above. Water removed from the deep aquifer zone by 
pumping therefore must be replaced by horizontal and vertical leakage over a wide area. This 
conclusion was reinforced by the fact that pumping by the deeper wells had no observable effect 
on water levels in nearby intermediate depth wells. 

The physical characteristics derived from the pumping tests can be used in groundwater models 
to predict drawdowns under different pumping scenarios.  
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Figure 1-5. Example of Curve Fitting of Hantush for UDW-5 in Pumping Test 1 
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Table 1-4. Summary of Average Pumping Test Results 

Area Transmissivity, sq. ft. per day Leakage Factor, ft. 

UCD 3,900 20,000 to 50,000+ 
City Well CDW-28 (northwest) 3,600 50,000+ 
City Well CDW-29 (east) 4,500 50,000+ 

Note: Transmissivities for the intermediate aquifer zone are typically 4,000 to 10,000 sq. ft. per 
day. 

LONG-TERM DRAWDOWN EFFECTS 

Water level decrease versus 2-month pumping was evaluated for the UCD wells for 1995 
through 1997. The best correlation was obtained for average water level decrease in all the core 
area UCD deep wells (UDW-2 through UDW-6A) versus total pumping for the core area deep 
wells. The ratio obtained was 1,880 gallons per day (gpd) per foot of water level decrease for an 
estimated no-pumping water level of 30 feet below ground surface. If total pumping in the UCD 
core area deep wells were doubled to meet future needs, the static water levels (in wells not 
pumping at a given instant) could drop to more than 150 feet below ground surface. The potential 
future seven fold increase in total pumping from deep wells by the City, UCD, and Hunts would 
drop water levels even more. 
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CONCLUSIONS AND RECOMMENDATIONS 

The deep aquifer zone has the following physical characteristics:  

• It appears to exist throughout the study area, but may be less predominant toward the 
north 

• It conducts water moderately well in the horizontal direction 

• It is highly confined, meaning that future deep wells in the study area will interfere 
with each other and draw recharge water from a wide area;  

If the results of the pumping tests are applied to projected Year 2035 water demands, the total lift 
for deep wells in the central area of the City could be in excess of 400 feet versus the 100- to 
125-foot typical lift for existing intermediate depth wells. This could cause pumping energy costs 
to more than double. Future City deep wells could seriously impact existing UCD deep wells. 
Increased drawdown in the deep aquifer zone could also induce ground surface subsidence as 
deep clay layers become compressed. 

The deep aquifer zone has: 

• chemical and isotopic water quality characteristics which are distinct from the 
intermediate aquifer zone 

• moderately good water quality in terms of aesthetics, taste, selenium, and nitrate 

• moderately elevated levels of arsenic, manganese and temperature, especially in the 
eastern portion of the study area.  

Therefore, while water from the deep aquifer would generally be higher in quality than water 
from existing intermediate wells, there would still be some short- and long-term water quality 
issues. 

Additional water quality, subsidence, and general aquifer physical data should be gathered for the 
deep aquifer zone in the eastern portion of the study area. This additional data should be 
combined with the data from this report so that a regional groundwater data set can be 
maintained.  

The answers to the two questions this study was designed to address are as follows: 

1. What are the potential impacts of supplying most or all of the City’s and UCD’s 
domestic water needs with water from deep wells? 

Answer: As demands could increase pumping to seven times the current pumping 
rate, some attendant concerns over subsidence and water quality will arise. 
Consequently, the deep aquifer zone may not provide an adequate degree 
of long-term reliability for the total domestic water needs of the City and 
UCD. The City and UCD will likely have to agree a regional groundwater 
management plan. 
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2. Should the surface water rights application submitted by the Yolo County Flood 
Control and Water Conservation District (District) on behalf of the District, Davis, 
Woodland, and UCD continue to be pursued? 

Answer: It is likely that the City and UCD will ultimately need an additional water 
supply. Because of the water quality issues associated with use of the 
intermediate aquifer, surface water will probably be needed to provide a 
portion of future supply in combination with the deep aquifer. The surface 
water rights application and associated issues should continue to be 
pursued to provide at least a supplemental water supply for the City and 
UCD. 
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2. INTRODUCTION 

The City has been investigating alternative sources of water supply over the past several years. 
This began with the recommendation in the Water Master Plan (Brown and Caldwell, 1989) that 
the City look to the deeper aquifer for a higher quality water supply. In the Future Water Supply 
Study (Montgomery Watson, 1996) one of the recommended alternatives was to gradually 
replace intermediate depth wells with wells penetrating the deep aquifer zone. The second 
recommendation was to continue to pursue the application for surface water rights begun by Yolo 
County Flood Control and Water Conservation District. These recommendations were based 
primarily on water quality and reliability considerations given projected future demands. 

UCD currently depends on deep wells for its potable water supply and may increase its demands 
on the deep aquifer in the future. In the recently released draft UC Davis Water Management 
Plan (1997), domestic water usage is estimated to nearly double by the year 2046. The increased 
water demands for domestic use, utility use, and research are expected to come from either a new 
source of surface water and/or an increase in deep well pumping. 

Despite the fact that both the City and UCD are interested in pumping substantially more water 
from the deep aquifer zone, the characteristics and extent of the deep aquifer zone are not well 
understood. In 1997, the City and UCD decided to complete a study of the deep aquifer zone, and 
retained the team of Montgomery Watson and West Yost & Associates to conduct the study. The 
primary purpose of this study was to learn more about the deep aquifer zone to predict the effects 
of increased pumping. In particular, the study was focused on identifying potential problems that 
may occur such as overdraft, drawdown interference, subsidence, and water quality degradation. 

The specific goals of this study were to evaluate the following items for the water bearing 
formations between 700 and 1,500 feet below ground surface in the Davis area: 

• The lateral and vertical extents of aquifers 
• Aquifer physical characteristics (i.e., transmissivity, storage coefficient, and leakage) 
• Probable recharge sources 
• Water quality and age versus depth 
• Potential future water quality deterioration related to increased pumping 
• Potential for subsidence from increased pumping 
• Estimated effects of increased pumping on static water levels 

To develop the data needed to accomplish the specific goals of the study: 

1. Previous reports and data on hydrogeology were gathered. These were used to 
develop geologic cross sections and provide background information on water quality 
and subsidence. 

1. Existing and new water quality data sets were used to provide an indication of the sources of 
groundwater for various wells. 
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2. Pumping tests were performed so that physical characteristics of the deep aquifer zone 
could be estimated. 

3. Historical water level data from the City and UCD was evaluated to provide rough 
estimates of long-term well interference and recharge. 

Section 3 of this report contains information on the hydrogeology and current and projected 
groundwater pumping for the study area. Section 4 provides detailed information on the results of 
water quality sampling before and during this study. Included in Section 4 are the results of stable 
isotope and carbon-14 sampling used to differentiate the sources of water for wells in the study 
area. Section 5 presents the methods, results, and analysis of pumping tests. Section 6 contains a 
discussion of long-term historical water level trends in the deep aquifer zone and possible long-
term impacts of future pumping. Section 7 contains the summary and conclusions for the study. 
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3. BACKGROUND 

CLIMATE 

Climate in the Davis area is Mediterranean. Winters are mild and wet while summers are hot and 
dry. Annual precipitation typically ranges between 6 and 30 inches, with an average of 17 inches 
(Bertoldi et al, 1991). Almost all precipitation occurs between November and April resulting in 
recharge of the shallower aquifers. Average annual reference (grass) evapotranspiration is 
51.8 inches. Most of the annual water needs of agricultural and landscape plants are supplied by 
irrigation. Because of these climatic characteristics, water demand is much higher in summer 
months than in the winter. 

HYDROGEOLOGY 

Regional Geology 

The Sacramento Valley is a large intermontane basin created by the collision of continental and 
oceanic plates. The collision caused the formation of a large chain of volcanoes that would 
eventually become the Sierra Nevada Batholith (See Figure 3-1). The batholith is mainly 
composed of igneous and metamorphic rocks. Subsequent collisions moved marine sediments 
onto the edge of the continent eventually forming the Coast Range. The basin between the Sierra 
Nevada and the Coast Range subsequently filled with sediments shed from both ranges and 
marine sediments from an inland sea bounded by the two mountain ranges. 

Figure 3-1. Sacramento Valley Geologic Cross-Section 

 
Source: California Department of Water Resources, 1978 

The Coast Range includes the Cretaceous-age Great Valley Group deposits that dip to the east 
under the valley. Overlying the Great Valley Group are Paleocene to early Miocene shallow 
marine deposits from the inland sea (Table 3-1; Page, 1986). These deposits can reach to within 
2,700 feet of the surface and mainly contain saline water (California Department of Water 
Resources, 1978), therefore no further mention will be made of these deposits. Alluvial fan and 
fluvial deposition has continued from the early Miocene until the present. 
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Table 3-1. Geologic Formations in the Study Area 

Geologic 
Period 

Geologic 
Epoch 

Time Span  
(millions of years ago) 

Formation in  
Yolo County 

   Stream Channel and Flood Basin Deposits 
 
 
 
Quaternary 

 
Holocene 

 
Last ≈ 5000 years 

Younger Alluvial Fan Deposits. Sediments 
were derived from the Coast Range and 
consist of silts and clays with buried channel 
deposits of sand and gravel. Generally 
coarser than the Tehama Formation. 

  
Pleistocene 

 
2.5 to Holocene 

Older Alluvium (similar to above.) 

   Tehama Formation. Predominantly  
 
 
 
 
Tertiary 

 
 

Pliocene 

 
 

7.0 - 2.5 

fine grained sediments, also has thin beds of 
sand and gravel. Sediments were derived 
from the Coast Range. They are semi-
consolidated throughout and may be locally 
cemented. 

 Miocene 38 - 7.0 Primarily shallow marine deposits, but may 
include volcanic sediments and some  

 Eocene 54 - 38 continental deposits. Contains saline or 
brackish water. 

Cretaceous  136 - 65 Great Valley Group  

Source: This table is derived from Table 14, p.50 of the Putah Cone Investigation (1951). 

The Tehama Formation is a 2,000 to 3,000 feet thick Plio-Pleistocene fluvial deposit that is 
found from the Coast Range to the valley axis. It is the main water-bearing formation on the west 
side of the valley. The Laguna Formation is the Tehama Formation’s equivalent on the eastern 
side. The two formations interfinger and it is difficult to distinguish between the two in the 
subsurface. Both are mainly unconsolidated, heterogeneous mixes of sandy silt and clay with 
some discontinuous beds of sand and gravel (Page, 1986). The sediments of the Tehama were 
derived from the Coast Range and deposited in the valley by meandering rivers and streams 
(California Department of Water Resources, 1978). 

The Pleistocene and Holocene deposits overlying the Tehama Formation are less than 150 feet 
thick. These deposits of clay, silt, sand, and gravel are coarser than the Tehama and represent 
deposits from the modern Cache and Putah Creeks (California Department of Water Resources, 
1978). These deposits are interfingered with the Sacramento flood basin deposits, mostly clays 
and silts, that occur more toward the center of the valley. 

Local Geology 

The Davis area is part of the Sacramento Valley groundwater basin. There are no extensive 
barriers to north-south groundwater flow from the Montezuma Hills up to Stony Creek on the 
west side of the Sacramento Valley. The Plainfield Ridge, an extension of the Dunnigan Hills 
anticline, creates a minor restriction to east-west groundwater flow just west of the City, but there 
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are no other major restrictions to horizontal groundwater flow in the area (California Department 
of Water Resources, 1978). 

The productive aquifers in the Davis area of Yolo County occur in the Plio-Pleistocene and 
younger deposits discussed above. In some areas of Yolo County, the very productive sands and 
gravels of the Tehama Formation are wide in extent, but in most areas they are thin, 
discontinuous layers between silt and clay deposits. The aquifers below 200 feet tend to be 
confined, having little short-term interaction with the shallow water table. In much of the eastern 
portion of the county, productive aquifers are found up to 700 feet below ground surface (fbs). 
Few productive aquifers are found in the 700 foot to 1,000 foot depth range. In the area around 
Davis (especially to the west), good quality water is also found in the Tehama Formation at 
depths of approximately 1,200 feet to 1,500 feet. The base of fresh water is between 2,600 and 
2,700 fbs, near the contact between the Tehama Formation and the underlying Miocene marine 
sediments according to natural gas well logs from the area and the California Department of 
Water Resources (DWR, 1978).  

Recharge to the aquifers in the Davis area comes from a number of sources. Deep percolation of 
irrigation water and rainfall are major components of groundwater recharge. Other significant 
sources include infiltration in streambeds, channels, and the Yolo Bypass. Relatively coarse-
grained deposits line both Putah and Cache Creeks, allowing substantial infiltration. For 
example, Criss and Davisson (1995) found that water from Putah Creek has infiltrated the 
intermediate aquifer at a horizontal rate of 60 meters per year since Monticello Dam was built in 
1957. The dam is located upstream and to the west of the study area. 

Vertical interaction between aquifers at different depths generally takes place gradually. In the 
intermediate zone (200 fbs to 700 fbs), vertical continuity has been increased by the substantial 
numbers of wells which have been screened at all productive zones. This causes the well 
columns to act as open pipes to equalize the water pressure of aquifers at different depths. 

Pumping from confined intermediate depth aquifers in Yolo County has caused approximately 
two feet of subsidence in the area between the cities of Davis and Woodland, 8 miles to the north 
of the study area. Four feet of subsidence has occurred near Zamora, 16 miles north of the study 
area. This subsidence is due to a lowering of water pressures in the aquifers below their historical 
minimums, and the subsequent one-time extraction of water from the fine-grained interlayers as 
they are compressed by differential pressure. 

Davis Area Geologic Cross-Sections 

The study area, the wells studied, and the cross-section locations are shown in Figure 1-1. Water 
and natural gas well logs were analyzed to map areas with good aquifer potential. Well logs for 
the wells shown in Figure 1-1 came from the City, UCD, DWR, and the Division of Oil and Gas. 
Cross-sections are shown in Figures 3-2A, 3-2B, and 3-2C. Sand and gravel layers near the 
natural gas wells were inferred from gas well electrical logs using data sets that begin at 
approximately 600 fbs. All of the sand and gravel deposits depicted on the cross-sections are 
hypothetical depictions of the subsurface geology. There is no data in the areas between the wells 
shown on the cross-sections. 
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On an alluvial fan, streams meander back and forth, never remaining in one set channel for very 
long. For example, Willow Slough is an old channel of Putah Creek. Sand and gravel were 
deposited in the channels as the creek meandered back and forth leaving some deposits here and 
some there, but never leaving continuous layers. The cross-sections show the creek’s meandering 
by displaying lenses of sand and gravel rather than continuous layers underlying the entire area.  

The underlying Tehama formation was deposited in the same manner, with streams meandering 
back and forth over the alluvial fan. One good example is UCD Domestic Well 3 (UDW-3) 
shown on Figures 3-2A and C. Very little sand and gravel is found near the well except for the 
bottom 150 feet, whereas UDW-2, UDW-4, and UDW-5 have much more sand and gravel 
overall and more sand and gravel higher in elevation. These wells are relatively close together, 
yet the deposits do not correlate well. A similar situation can be seen in City Well 19 (CDW-19), 
CDW-28, and CDW-25 on Figure 3-2B. Several zones of sand and gravel are found in CDW-19 
that are not seen in CDW-28. Similarly, many zones of sand and gravel found in CDW-25 are not 
found in CDW-28.  

Like the lenses of sand and gravel, the clay and silt deposits are not continuous “pancake” layers 
throughout the area. Though the degree of confinement of the deep aquifer will be discussed 
later, there is no single, continuous layer that can be delineated as the aquitard or the aquiclude 
bounding the deep aquifer.  

The meandering stream deposition may explain some of the directional flow found during the 
pumping tests. If two wells are screened in the same zone along an old stream channel deposit, 
the water will preferentially flow along the sand/gravel zone of the old channel. This connection 
was found between UDW-3 and UDW-4 during the first pumping test and is discussed in greater 
detail later in Section 5.  

The cross-sections suggest that a deep well drilled near the center of the City will encounter one 
or two potential groundwater production zones. Figure 3-2A suggests that a zone of greater sand 
and gravel content exists between 1,300 and 1,700 fbs beneath the City. Figure 3-2B suggests 
that on the northern side of the City a production zone may be between 1,000 and 1,350 fbs and 
another zone between 1,450 and 1,650 fbs. Lack of any data below 600 feet in the central portion 
of the City makes more specific recommendations unreliable for that area. 

GROUNDWATER PUMPING 

Currently the City draws nearly all its water supply from its 20 intermediate depth wells. Two 
wells, CDW-28 and CDW-29, are currently drawing from the deep aquifer zone, supplying a 
very small fraction of the City’s total needs. Water demand for the City is currently 
13,000 acre-feet per year (afa) and projected to be 15,500 afa by the year 2010 and 22,950 afa by 
the year 2035 (Montgomery Watson, 1996). A majority of this water will have to be supplied by 
deep wells to meet water quality objectives unless higher quality surface water supplies are 
obtained.  

UCD currently draws all its domestic water from the deep aquifer zone. The domestic water use 
by the University was 2,400 acre feet (af) in 1993. The domestic water use is projected to









 

March 24, 1999 3-8 Deep Aquifer Study 
073-97-03.03 

increase to 3,430 afa by the year 2006 and to 4,300 afa by the year 2046 (UCD, 1997). If the 
University does not obtain surface water or water from other sources, the deep aquifer zone may 
also be used to supply other University water needs in future years.  

Hunt-Wesson (Hunts) operates a tomato cannery on the northeast side of the City. The cannery 
has been using a deep well for the majority of its process water. Annual pumping is 
approximately 800 af. Hunts may install a second deep well in the future to eliminate pumping 
from the intermediate zone and to provide increased water production capacity. 

Future pumping from the deep aquifer zone by the City, UCD and Hunts could be over seven 
times as great as at present (28,000 afa in 2035 versus 3,900 afa now). 



 

March 24, 1999 4-1 Deep Aquifer Study 
073-97-03.03 

4. WATER QUALITY AND CHEMISTRY 

GROUNDWATER QUALITY SAMPLING 

Water quality characteristics can be used to help determine the sources of groundwater and the 
extent of an aquifer. Waters with similar quality have a higher probability of being from the same 
source and of being in hydraulic contact with each other. The best chemical indicators are those 
with a relatively low reactivity, such as boron or selenium. Other general water quality 
parameters can also be useful for characterizing groundwater. The use of stable isotopes of 
oxygen and hydrogen for characterizing the sources of groundwater has gained increased 
acceptance in recent years. Stable isotopes are not affected by chemical reactivity, so they are 
ideal indicators. Carbon-14 data is also used to estimate the age of groundwater and provides 
insight into the groundwater sources and natural groundwater flow rates.  

Water quality data from previous studies was first compiled to determine what data sets were 
available for wells completed into the intermediate and deep aquifers. Other available relevant 
data sets were also collected from the City, UCD, and DWR. The data was then compiled and, 
where inadequate, these data sets were supplemented with results from additional sampling and 
analysis. The water quality sampling performed as part of this study is listed in Table 4-1. The 
data was analyzed to determine the characteristics of the deep aquifer and its suitability as a long-
term water supply for the City and UCD. 

Table 4-1. Wells Sampled for Water Quality(a) 

Oxygen-18 Hydrogen-2 Carbon-14 Boron Selenium 
CDW-15 CDW-15    
CDW-20 CDW-20    
CDW-25 CDW-25 CDW-25   
CDW-28 CDW-28 CDW-28   
CDW-29 CDW-29 CDW-29   

Hunts Hunts Hunts  Hunts 
UUW-5 UUW-5 UUW-5 UUW-5  
UDW-3 UDW-3 UDW-3 UDW-3  
UDW-4 UDW-4 UDW-4 UDW-4  

  UDW-5 UDW-5  
   UDW-6  

UDW-7 UDW-7 UDW-7 UDW-7  
(a) UDW is a UCD domestic well, UUW is a UCD utility well, and CDW is 

a City of Davis well. Hunts is the Hunts deep well (No. 4). 
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Samples were taken on March 10 and 11, 1998. Wells were run for a minimum of 10 minutes 
before the samples were acquired. All samples were stored in glass bottles with polyvinyl seals. 
Boron and selenium samples were placed on ice and driven to Sequoia Analytical in Sacramento. 
The stable isotope samples were packed and shipped to Southern Methodist University’s Stable 
Isotope Laboratory for analysis. The carbon-14 samples were preserved with sodium hydroxide 
and shipped to Beta Analytical Labs for analysis. 

GROUNDWATER CHEMICAL CHARACTERISTICS 

There are a number of sources providing data on groundwater quality in the Study area. A report 
on the chemical quality of groundwater in the Davis area was completed by the U.S. Geological 
Survey (1985). The Water Management Plan for the City of Davis (1989) contained a summary 
of groundwater quality measurements for wells in the vicinity of the City. In conjunction with 
water transfers to the State Emergency Drought Water Bank, Conaway Conservancy Group 
completed investigations, monitoring and reports on groundwater in eastern Yolo County. The 
summary report contained water quality measurement results for wells and surface waters 
throughout eastern Yolo County. DWR compiles water level, quality, and other data for counties 
throughout California. Water quality data compiled for Yolo County has not been formally 
released, but was made available for the City’s recently completed Future Water Supply Study 
(1996). 

Data discussed below comes from several sources: 

• The City’s groundwater sampling from 1987 to 1997 
• UCD’s groundwater sampling from 1994 to 1997 
• DWR sampling in Yolo County from the 1950’s to 1997. 
• Data collected for this report. 

Graphs included in this section show average concentrations for samples taken over the years. 
The exceptions are samples taken for this report, test hole samples, and most of the stable isotope 
and carbon-14 data. Those represent only one sampling point. 

Water quality measurements compiled by DWR and by this study are summarized in Table 4-2. 
Wells in the DWR data base are completed to an intermediate depth and have water very similar 
in quality to the UCD utility wells and most of the City’s wells. The UCD domestic wells are 
deep and have water quality similar to the City’s deep wells. The complete water quality database 
is included in Appendix A-1. Data sets from wells CDW-10, CDW-16, and CDW-17 are 
included in Appendix A-1 and in the following discussion even though the wells have been 
abandoned in recent years. 

Major Chemical Constituents of Area Groundwater 

The general chemical type of the shallow and intermediate depth groundwater, to 700 feet below 
surface (fbs), in the vicinity of the City are magnesium sodium bicarbonate, with relative levels 
of sodium generally increasing to the north of the City. Water from the deeper zone is generally 
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sodium bicarbonate type (See Appendix A-2). The locations of City and UCD wells are shown in 
Figure 1-1. 

Table 4-2. Average Water Quality Constituent Concentrations and MCLs(a) for 
Wells in the Vicinity of the City and UCD 

 DWR The City and UCD  
 

Parameter, Units 
No. of wells 

sampled 
 

Avg. (b) 
Intermediate 
Wells, Max. 

Intermediate 
Wells, Avg. (b) 

Deep Wells, 
Max. 

Deep Wells, 
Avg. (b) 

 
MCL 

Boron, µg/L 80 1,144 3,500 908 1,044 778 — 

Selenium, µg/L(c) — — 108 9.9 6.4 0.8 50(c) 

Arsenic, µg/L(d) — — 6.5 0.9 12.0 4.4 50 

Nitrate, mg/L 33 15.5 38 19.7 3.3 1.4 45 
Manganese, µg/L — — 190 9 48 16 50 
Iron, µg/L — — 3,500 62 183 40 300 
Electrical Conductivity, 
µmhos/cm 

80 908 1,835 1,125 572 544 900 

Total Dissolved Solids, 
mg/L 

79 553 1,242 663 350 337 500 

Hardness, mg/L 80 318 729 447 160 106 — 
pH 77 7.9 7.9 7.8 8.5 8.0 6.5 

(a) MCL is the Maximum Contaminant Level for an individual constituent. 
(b) Refers to average constituent concentration. 
(c) Selenium wastewater discharge limit is 5 µg/L. 
(d) Arsenic MCL may be reduced to 5 µg/L. 

Boron 

Boron is found in groundwater throughout much of Yolo County. Over geologic time, it has been 
a common mineral constituent in creeks that originate in the Coast Range, principally Cache 
Creek. Average boron levels for City and UCD wells are shown in Table 4-2. 

Boron is a plant micronutrient up to 500 µg/L concentration. However, it is a problem for most 
plants when at concentrations above 2,000 µg/L, and water containing more than 4,000 µg/L 
boron is unsuitable for any irrigation. Some plants, especially fruit trees, are sensitive to boron 
even at concentrations of 750 µg/L (Evenson, 1985).  

Boron concentrations in the deep wells, range from 490 to 1,044 µg/L. The boron concentrations 
of the intermediate wells have greater variation, ranging from 500 to 1,992 µg/L. Boron does not 
appear to have a good correlation with the location of the well within the City nor with average 
perforation depth, however CDW-10, CDW-13, and UUW-4 have higher average concentrations 
than the overall average. CDW-13 and UUW-4, with an average concentration of 1992 µg/L and 
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1600 µg/L, respectively, are significantly higher than the rest. There is currently no Maximum 
Contaminant Level (MCL) for boron in drinking water. 

Selenium 

Selenium is a naturally occurring mineral found in groundwater and soil in Yolo County. 
Selenium concentrations are a concern for the City and UCD because of wastewater discharge 
requirements rather than drinking water standards. The primary MCL for selenium is 50 µg/L. 
The waste discharge requirements for the City are more stringent, and specify a maximum 
wastewater effluent concentration of 5 µg/L to protect waterfowl health. 

The City has reduced its average selenium levels substantially since 1990 by assigning a higher 
operating priority to wells with lower levels of selenium and by installing new wells in zones 
which contain less selenium.  

The selenium concentrations of the intermediate wells are approximately 7 times higher than the 
deep wells (Figure 4-1). Figures 4-2 and 4-3 show how selenium decreases with depth. 
Figure 4-2 suggests that selenium may increase to the east, but more data is needed to confirm 
this conclusion. The highest concentration found in a deep well was one sample of 6.4 µg/L at 
Hunts. All of the other deep wells have concentrations below the 1.0 µg/L detection limit 
(UDW-7 was below 0.5 µg/L). The intermediate wells have a much wider range of selenium 
concentrations, ranging from below the 1.0 µg/L detection limit to a concentration of 108 µg/L at 
CDW-13. CDW-10 also had one reading of 100 µg/L. These two wells also have the highest 
average concentrations in the study area with CDW-10 at 38.3 µg/L and CDW-13 at 44.7 µg/L. 
City wells 11, 12, 16, and 22, and UUW-4 also have higher than average concentrations of 
selenium.  

Arsenic 

Arsenic in large doses can be toxic to both plants and animals. Concentrations vary from 0 µg/L 
to 6.3 µg/L in the study area. The older waters have 5 times the arsenic concentrations of the 
younger waters (see Appendix A-1). Arsenic appears to increase to the east (Figure 4-2 and 4-3), 
however more information is needed to determine the extent of this trend. The primary MCL for 
arsenic is currently 50 µg/L. The MCL may be reduced to as low as 5.0 µg/L in the future, and 
UDW-2, UDW-4 UDW-7, and CDW-29 are near or above that value.  

Nitrate 

Most pristine groundwater is relatively low in nitrate. The use of nitrogen fertilizers in 
agriculture has caused substantial amounts of nitrate to leach into shallow groundwater. In Yolo 
County, elevated nitrate concentrations in groundwater samples are indicative of a shallow 
source of groundwater. High nitrate concentrations can cause health problems in infants and the 
very elderly. Figure 4-4 shows decreasing nitrate concentration with deeper perforation depth. 

The deep wells have low nitrate concentrations that range from 0 mg/L at Hunts to 3.3 mg/L at 
CDW-28. Intermediate wells have higher nitrate concentrations ranging from 4.8 to 38 mg/L. 
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City wells 10, 12, 13, 16, and 18 and all of the University utility wells have higher than the 
average nitrate concentration for intermediate depth wells listed in Table 4-2. The MCL for 
Nitrate is 45 mg/L as NO3

-. None of the average nitrate concentrations for individual wells 
currently exceed the MCL. 
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Manganese and Iron 

Manganese, along with ferrous iron (Fe2+), can indicate the oxidation-reduction state of the 
aquifer. The more reducing the conditions are in the aquifer, the more soluble manganese and 
iron become. Shallow groundwater that has been in recent contact with the atmosphere tends to 
have higher levels of dissolved oxygen than deep groundwater. Older, deep groundwater can end 
up with dissolved oxygen contents close to zero. Consequently, older, deep groundwater will 
often contain higher levels of manganese and ferrous iron. Both iron and manganese 
concentrations increase toward the Sacramento River according to Evenson (1985). While this is 
not a health related issue, manganese, like iron, can cause staining of plumbing fixtures and 
clothing when laundering, and can clog well screens. Manganese stains are much more difficult 
to remove than iron stains. 

Manganese, and to a lesser extent, iron, concentrations are a concern with groundwater from the 
deep aquifer. The California secondary MCLs for manganese and iron are 50 µg/L and 300 µg/L, 
respectively.  

As seen in Figures 4-5 and 4-6, manganese concentrations seem to increase to the east and to the 
south. However, more data is needed in the deep aquifer near the center of the City and further to 
the south east to confirm this conclusion. UDW- 4, UDW-6, and City Wells 15, 16, 18, 21, EM2 
and EM3 all have relatively high average concentrations, 25 µg/L or more. CDW-21 has the 
highest reading at 190 µg/L, however, some strata in 29 Test Holes 1 and 2 had concentrations of 
110 µg/L. The fact that the highest average concentrations come from the wells on the east side 
of the study area, corroborates Evenson’s (1985) conclusions. 

The average iron concentration is near or above the MCL in wells CDW-16, CDW-18, and 
CDW-21 and in some strata in 29 Test Hole 2. Individual samples in the intermediate wells have 
had large variations, ranging from a reading below the detection limit up to 3,500 µg/L. Other 
factors including iron bacteria may contribute to this variation. The deep wells, with the 
exception of UDW-4 and 29 Test Hole 2, are below 140 µg/L in iron concentration. 

Electrical Conductivity and Total Dissolved Solids 

Electrical conductivity (EC) is closely related to the total dissolved solids (TDS) concentration 
(salinity) of the water. EC is a measure of how well water conducts an electrical charge. The 
more dissolved solids which are in the water, the better the water conducts a charge. Higher EC 
water indicates electrochemical activity and a possible corrosion problem in the well. 

TDS of a water can be estimated from EC by multiplying EC by a factor of 0.64. As shown in 
Figure 4-7, EC correlates strongly with depth. EC in intermediate wells ranges from 
737 µmhos/cm to 1,835 µmhos/cm (TDS from 264 mg/L to 1,242 mg/L). The deep wells are 
almost uniform, ranging only from 520 µmhos/cm to 572 µmhos/cm (TDS from 320 mg/L to 
approximately 350 mg/L). 

All of the intermediate wells exceed the 900 µmhos/cm recommended secondary MCL for EC, 
except for CDW-20, CDW-25, CDW-26, and CDW-27. The recommended secondary MCL for 
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TDS is 500 mg/L and all of the intermediate wells exceed that level except for CDW-17, 
CDW-20, and CDW-27. All of the deep wells are below the MCLs for both EC and TDS. 

Hardness and Sodium Adsorption Ratio (SAR) 

High levels of hardness cause scaling, deposits, and increased soap usage. Hardness can also 
reduce the life of water heaters, fixtures and other equipment. Water from the City’s intermediate 
wells is very hard, ranging from 729 mg/L (as CaCo3) in CDW-10 to 264 mg/L in CDW-17, with 
the average at 447 mg/L. The deep wells all have moderately hard water (106 mg/L average) but 
the levels are much lower than for water from the intermediate wells. SAR is a measure of 
sodium versus calcium and magnesium in the water. CDW-29 has an SAR of 4.6, considered a 
moderate risk to decrease soil permeability for long-term landscape irrigation. 

pH 

The recommended secondary MCL range for pH is 6.5 to 8.5. The average pH of all of the wells 
in the study area currently fall within that range. In 29 Test Holes 1 and 2 and in a few of the 
DWR wells, pH has been measured at 8.5 and 8.6. As pH may increase with increasing depth, it 
should be monitored in new wells, however it is not a concern at this time. 

GROUNDWATER ISOTOPIC CHARACTERISTICS 

Stable isotopes can be used to “fingerprint” groundwater. Stable isotopes of oxygen and 
hydrogen are non-reactive tracers as they are an intrinsic part of the water molecule. Therefore 
they move with the water from its source to the well. The time it took to get from the source to 
the well can be determined using Carbon-14 dating techniques. Both stable isotopes and carbon-
14 ages are used to further define the deep aquifer and characterize its properties. 

Use of Stable Isotopes for Characterization of Water 

Water is composed of two atoms of hydrogen and one of oxygen. Atoms of the same element 
with a different number of neutrons in the nucleus are isotopes. For example, oxygen-16 (16O) 
has 8 protons and 8 neutrons in its nucleus, whereas oxygen-18 (18O) has 8 protons and 
10 neutrons. Isotopes of oxygen and hydrogen can be used to trace water in the hydrologic cycle 
since the isotopic content of each molecule is an intrinsic part of the molecule and is unaffected 
by the sediments the water comes in contact with.  

Oxygen-16 is the most abundant of the three isotopes of oxygen (99.759%), while 18O is much 
less abundant (0.204%), and oxygen-17 is so rare (0.037%) that it is not used in hydrologic 
studies (Weast, 1974). Hydrogen also has three isotopes. Hydrogen is the most abundant isotope 
(99.985%). The second most abundant is hydrogen-2 (0.015%) also known as deuterium 
(D; Criss, 1993). The least abundant isotope of hydrogen, tritium, is also radioactive and is used 
in hydrologic studies. However tritium can only be used to date water that is less than 50 years 
old, so it will not be discussed further in this report. 
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Ocean water throughout the world has nearly uniform isotopic concentrations, δ18O = 0±1 per 
mil (‰ or parts per thousand) and δD = 0±5 per mil (Criss, 1993). All of the data reported here 
have been normalized to Standard Mean Ocean Water (SMOW) by comparing the ratios of 18O 
to 16O and D to H of the unknown water to the 18O/16O and D/H ratios of SMOW, as shown in 
these two equations:  

δ 18
18 16

18 16 1 1000O
O O
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
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
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≡ −






1 1000  Equation 2 

Where:  18O/16Ounk and D/Hunk are the raw isotopic ratios of unknown waters,  
18O/16OSMOW and D/HSMOW are the isotopic ratios of SMOW,  
the δ symbol is pronounced “del” (Criss, 1993).  

The oxygen and deuterium normalized ratios are reported as δ18O and δD, respectively, in per 
mil (‰). Note from Equations 1 and 2 that δ18OSMOW and δDSMOW are 0‰ by definition. 

As water changes phase, fractionation factors cause heavier isotopes to concentrate in one phase 
or the other. Generally the heavy isotopes will prefer to be in the most stable phase. For example, 
in evaporation, the heavier isotope is more likely to remain behind in the liquid phase. When 
water condenses the heavier isotope is prone to go into the liquid phase rather than remain in the 
vapor phase. When water turns to ice the heavier isotopes will also concentrate in the ice.  

Identifying Local Water Sources from Stable Isotope Data 

The absolute amount of the heavy isotope that will be in any phase is entirely temperature 
dependent. Consequently, precipitation that falls in the very northern (colder) latitudes has a 
lower concentration (as low as δ18O = -60‰ and δD = -500‰; Criss, 1993) of the heavy isotopes 
than precipitation that falls in equatorial regions (δ18O and δD ≈ 0‰; Criss, 1993). Likewise, 
precipitation that falls in the Sierra Nevada typically has δ18O of -12‰ or lower, while 
precipitation in the Davis area has a δ18O of -7.5‰ (Davisson et al, 1993). 

Water in the Sacramento River contains depleted levels of δ18O, between -10.6‰ and -11.8‰, 
because of its origin at the higher, and colder elevations, of the Sierra Nevada, Cascade, and 
Klamath Mountains (Davisson et al, 1993). Water from Putah and Cache Creeks originates as 
precipitation, but has enriched stable isotope concentrations, δ18O of -6.9‰ to +0.6‰, as a result 
of evaporation during impoundment and transport (Davisson et al, 1993). Recharged agricultural 
irrigation water has enriched isotopic concentrations relative to local precipitation, δ18O greater 
than -7.5‰, as a result of evaporation on the surface during application and some additional 
evaporation in the vadose zone (Davisson et al, 1993). 
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The difference in δ18O concentrations of the intermediate and deep aquifers is shown in 
Figure 4-8. Groundwater in the deep aquifer, below 700 feet, has δ18O values ranging from 
-7.8‰ to -9.4‰. The intermediate aquifer, above 700 feet, has δ18O values above -7.5‰. When 
the isotopic values of meteoric waters are plotted on a graph of δ18O versus δD, the values will 
fall on the Global Meteoric Water Line (MWL; see Figure 4-9) as defined by Craig (1961). In 
Figure 4-9, water from the deep wells falls along and just to the right of the MWL (slope of 7.9). 
Water from the intermediate wells falls on a line with a slope of 4.6. 

A slope of between 2 and 5 indicates that groundwater has experienced some evaporation on the 
surface and some in the vadose zone prior to groundwater recharge (Allison et al, 1983; Davisson 
and Criss, 1993). The slope of the line is dependent on kinetic conditions of evaporation 
including evaporation rate (Fontes, 1979). Groundwater that falls along this lower sloped line is a 
mix of pristine groundwater and recharged agricultural irrigation water as indicated by the nitrate 
concentrations of these waters (Figure 4-10). Deep groundwater has little or no measurable 
nitrate (Figure 4-4). 

The deeper, pristine groundwater may have been deposited under colder climatic conditions than 
exist today, and colder temperatures result in more isotopically depleted precipitation. Hence, 
groundwater with δ18O ranging from -7.8‰ to 9.4‰ and δD ranging from -54‰ to -67‰, has 
ages of 8,000 years before present (years bp) or greater (see next section). The original δ18O and 
δD for the intermediate aquifer may be approximated by tracing the line of slope 4.6 (Figure 4-9) 
back to the MWL, therefore δ18O is -8.0‰ and δD is -55‰. 

Carbon-14 Dating of Groundwater 

Carbon has three isotopes, carbon-12 (12C; 98.9%), carbon-13 (13C; 1.1%), and the radioactive 
carbon-14 (14C; less than 0.1%; Weast, 1974). 14C is continually being produced in the upper 
atmosphere by collisions of high-energy particles with other atoms. The rate that 14C is produced 
is the same as the rate at which it decays to nitrogen-14. Therefore, the amount of 14C in the 
atmosphere is constant over time.  

The decay rate, or half-life, of 14C is a constant 5730 years (Weast, 1974). The percent of modern 
carbon in a material measured at any time is the ratio of the measured to the initial 14C 
content(14Cmes/14Ci). 

14

14
C
C

emes

i

t
=

−λ
 Equation 3 

where:  14Cmes is the amount of 14C in a material at any given time,  
14Ci is the initial amount of 14C in the material,  
t is time,  
λ is the proportionality constant (Davisson and Campbell, 1995).  

To calculate the apparent age of a water sample, solve for t in Equation 3. Since 14Ci is constant, 
the fraction of modern carbon is always less than or equal to 1.0. Above-ground nuclear testing in 
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the 1950’s injected a greater amount of 14C into the atmosphere than would normally occur. The 
most recent samples can thus have a fraction of modern carbon that is greater than 1.0, resulting 
in negative ages (see Table 4-3, UUW-5). For our purposes we will assume 14Ci to be at pre-
nuclear testing levels.  
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After 14C is produced in the atmosphere it is incorporated into CO2 molecules. The CO2 is then 
incorporated into biological processes, including plant respiration. When plants expel CO2 
through their roots, the CO2 they expire has the same 14C content as the atmosphere. When rain 
infiltrates the soil, it dissolves some of the CO2 in the soil and carries the CO2 into the 
groundwater. Once in the aquifer, the dissolved CO2 is no longer in contact with the atmosphere, 
so the 14C atoms can no longer be replenished when they decay to nitrogen-14. So, assuming a 
value for the pre-nuclear testing 14Ci, the measured 14C content can be used with Equation 3 
above to calculate the apparent age of groundwater (Vogel, 1967).  

Carbon-14 Ages of Local Groundwater 

In the study area, groundwater ranges in calculated age from -83 years to approximately 
17,500 years bp (Table 4-3; Davisson et al, 1993). Once the apparent age of a water has been 
calculated, it can be used to determine some of the pre-historical conditions of recharge and flow. 

Table 4-3. Stable Isotope Values and 14C Ages for City and UCD Wells 

Well Number δ18O, ‰ δD, ‰ 14C Age, years bp 
Deep Wells    

UDW-2 -8.8 -63 17,500 
UDW-3 -7.9 -56 11,200 
UDW-4 -8.1 -58 8,600 
UDW-5 -8.1 -54 14,100 
UDW-6 -8.0 -56 10,900 
UDW-7 -8.1 -56 11,100 
28 Test Hole -8.1 -57 — 
CDW-28 -7.8 -56 8,600 
29 Test Hole1 -8.7 -60 — 
CDW-29 -8.5 -60 14,500 
Hunts Well -8.7 -64 16,000 

Intermediate Wells    
UUW-5 -5.9 -45 (83)(a) 
CDW-12 -6.9 -50 — 
CDW-15 -7.3 -52 — 
CDW-18 -6.2 — 330 
CDW-19 -7.4 — 3,560 
CDW-20 -6.7 -48 — 
CDW-21 -7.3 — 4,250 
CDW-22 -7.1 -51 3,850 
CDW-23 -6.7 -47 — 
CDW-24 -6.9 -49 — 
CDW-25 -7.4 -54 4,240 

(a) This sample has a 14C age that is 83 years in the future. This apparent 
age is an artifact of a large portion of post-1950s recharge mixing with 
the existing groundwater. 
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Figure 4-11 shows the correlation between δ18O and 14C age. The waters with δ18O less than 
-7.5‰ are also all greater than 8000 years old. These old, depleted waters are also from depths 
greater than 700 fbs (Figure 4-12). CDW-28 and UDW-4 have the youngest water of any of the 
deep wells while UDW-2 has the oldest water.  

Table 4-3 lists the 14C and stable isotope data compiled from previous studies (Davisson and 
Criss, 1993, Davisson et al, 1995) and supplemented by data generated for this study. Wells 
sampled during this study for 14C and stable isotopes are listed in Table 4-1. 

SUMMARY OF DISTINCTIVE CHARACTERISTICS OF WATER FROM THE DEEP 
AQUIFER 

Distinctive Water Quality Characteristics 

Based on the findings in this study, Davisson et al (1995), and Davisson and Criss (1993), the 
deeper groundwater is distinct chemically and isotopically from the intermediate groundwater 
and has the following characteristics: 

• Hardness less than 160 mg/L 
• Nitrate content less than 3.5 mg/L, average 1.4 mg/L 
• Selenium averaging 0.8 µg/L 
• δ18O less than -7.8‰ and δD less than -55‰ 
• 14C Age greater than 8,000 years 

In general, the water quality in the deep aquifer is much better than the quality in the intermediate 
aquifer and would be suitable for the future water supply for the City and UCD. The deep aquifer 
has much lower nitrate and selenium content. Hardness, TDS, and EC are also much lower in the 
deep aquifer. The only constituents of major concern are arsenic, if the EPA lowers the MCL, 
and manganese. These constituents appear to increase to the east and with depth.  

Possible Reduced Conditions to the South and East of the Study Area 

The wells to the south and to the east of the City may have more reducing conditions that would 
increase the amount of manganese and iron in the water. In addition the amount of arsenic 
increases to the east and may increase with depth. Selenium and boron may increase slightly to 
the east and to the south of the City, but they do not appear to be a concern at this time.  

Warmer Water Temperatures in the Deep Aquifer 

One field observation from the deep wells is that the water is warmer than expected, in the range 
of 70 to 80°F. Ron Allen (1998) stated that Hunts has measured the water temperature from their 
deep well at 80°F. 
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POTENTIAL FOR WATER QUALITY DETERIORATION OVER TIME 

Extensive groundwater pumping and nitrate fertilizer application has occurred over the last 
75 years. The nitrate content of a water can be used as a tracer to estimate the rate of vertical 
migration of surface applied water into the groundwater. The water that contains nitrate will also 
contain some of the chemical constituents that are currently a problem in the intermediate 
aquifer.  

Assuming that the intermediate wells with measurable nitrate in the water acquired that nitrate 
from agricultural application of fertilizers beginning 75 years ago, the average rate of vertical 
migration into the intermediate aquifer can be estimated by dividing the screened depth of a well 
containing significant quantities of nitrates by 75 years. In 29 Test Hole-2, 9.7 mg/L nitrate was 
measured in a sample taken from a discrete zone from 290 to 340 fbs. If the average depth is 
divided by 75 years, the result is a vertical migration rate of 4.2 feet per year. The top of the 
screened interval in the most deeply screened intermediate well, CDW-22, is 312 fbs. CDW-22 
has an average nitrate concentration of 8.8 mg/L, which also corresponds to a vertical migration 
rate of also 4.2 ft/yr. Although this approach is very simplistic compared to a three dimensional 
model with mixing functions and it does not include vertical migration through the wells, it does 
provide a rough indication of the potential for vertical migration of contaminants.  

If the same value of 4.2 ft/yr is used for vertical migration of nitrate to the deep wells, significant 
quantities of nitrate could reach the deep wells in roughly 100 to 200 years. However, the deep 
aquifer system is separated from the intermediate aquifer system by thicker clay aquitard layers 
than those that separate the intermediate aquifer system from the surface. This may retard 
downward migration of contaminants. The aquitards between the intermediate and deep aquifer 
will not completely eliminate vertical recharge, however, because the aquitards are discontinuous 
lenses of clay rather than continuous layers over the entire area.  

Some of the UCD deep wells already produce water with small amounts of nitrate. This may be 
due to vertical migration of water down the gravel packs of the wells. Vertical migration down 
well gravel packs will hasten the contamination of the deep aquifer with constituents from the 
intermediate aquifer system, especially as average piezometric water levels in the deep aquifer 
decrease with increased pumping in the future.  

While there are a number of factors which could affect the downward migration of undesirable 
constituents into the deep aquifer system, salinity, hardness, selenium, and nitrate concentrations 
will probably not reach levels of concern for at least several decades. However, levels of these 
undesirable constituents will increase over time. 

ADDITIONAL WATER QUALITY ANALYSIS RECOMMENDED  

Further testing to determine groundwater chemistry for the areas with little data is warranted to 
determine the lateral extent of high quality deep groundwater. The future testing of the deep 
wells and some select intermediate wells for dissolved oxygen, manganese, arsenic, boron, 
selenium, EC, and pH to monitor both seasonal and annual changes in the chemistry. Tests for 
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dissolved oxygen, EC, and pH are simple and can be done in the field when the other samples are 
collected.  

Future exploration in the deep aquifer should concentrate on the center of the City and areas to 
the north. Water quality in the deep aquifer may improve in those directions and information in 
those areas would greatly increase the understanding of the entire deep aquifer system and 
provide better information on where to site any future deep wells. 
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5. PUMPING TESTS AND AQUIFER CHARACTERISTICS 

PUMPING TESTS 

Drawdown and recovery tests can be used to derive physical characteristics of the aquifers being 
pumped. Best results are obtained when one well is used for extracting groundwater during the 
drawdown test and wells in the surrounding area are used as observation wells for piezometric 
water level monitoring. Water level data obtained from the pumped well during the drawdown 
and recovery periods can also be used to estimate aquifer characteristics. 

To determine the aquifer characteristics for the Davis area, three wells completed in the deep 
aquifer where chosen for the three separate pumping tests. This section describes the setup for 
each test, the wells observed during the tests, the methodology behind the analysis of using 
pumped well data for determining aquifer characteristics, and the pumping test results. 

Setup 

The pumping tests were scheduled during times when usage of deep wells was not critically 
necessary. Christmas break (December 15, 1997 through January 5, 1998) at UCD was 
considered to be the best opportunity for minimum water usage.  

To maximize the sensitivity of the pumping tests, all other deep wells in the region were left idle. 
Intermediate depth wells were used to supply water to both the City and UCD. The selection of 
City wells for water supply use was based on maximizing the distance from wells monitored 
during testing and on maintaining a reasonable water quality for UCD uses. The two interties 
between the City and UCD were also opened for the test period to assure ample backup water 
supply capacity for UCD. 

Table 5-1 shows the dates of each test, the well being pumped, and the wells that were monitored 
during the test. The location of these wells can be seen on Figure 1-1. 

Hermit brand water level transducers and electronic dataloggers were installed at the wells for all 
the tests. For wells which were expected to have large variations in water level, transducers with 
30 or 50 psi ranges were used. For wells with low expected variations in water level, transducers 
with 10 to 20 psi ranges were used. The transducers used in UDW-6 and CDW-29 (Tests 1 and 
2) had such exceptional resolution that earth tide fluctuations could be seen in the raw data. A 
table listing the transducers used in each well for each test is provided in Appendix B-1. 

None of the available transducers fit down the access port for the Hunts well. Therefore, a 
bubbler system was set up using flexible ¼” tubing and regulated compressed air from the Hunts 
plant. A high accuracy 15 psi transducer (Hermit Troll) was installed on the flexible line at the 
wellhead. This provided reasonably accurate data, although the readings had a significant amount 
of small very short term fluctuations or “noise”. 
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The transducer in UDW-3 became lodged in the well during the first drawdown test, and the 
water level eventually dropped below the transducer during Pumping Test #1. Manual readings 
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Table 5-1. Deep Well Pumping Tests Performed during Christmas Break 

 
Test  

 
Dates Well Pumped 

Pumping 
Well 

Flow, 
gpm 

Intermediate 
Wells Monitored 

Deep Wells 
Monitored 

1 12/15/97 - 12/20/97 UDW-3 860 UUW-5 UDW-2, 
UDW-4, 
UDW-5, 
UDW-6, 
UDW-7, 
CDW-28, 
CDW-29, 

Hunts 
2 12/22/97 - 12/27/97 CDW-28 980 CDW-25  UDW-2, 

UDW-3, 
UDW-4, 
UDW-5, 
UDW-6, 
UDW-7, 
Hunts,  

CDW-29 
3 12/30/97 - 1/04/98 CDW-29 1,850 CDW-15,  

CDW-22,  
CDW-25,  

UDW-2, 
UDW-3, 
UDW-5, 
UDW-6, 
Hunts,  

CDW-28 
 

were taken during the final phase of drawdown and the initial phase of recovery until the 
transducer was submerged again. 

Analysis Methodology 

Aquifer characteristics that can be determined from the results of these tests include 
transmissivity (T), coefficient of storage (S), and leakage factor (B). To better understand the 
importance of these characteristics in helping to define the properties of an aquifer, definitions of 
each are provided below. 

Transmissivity (T). Hydraulic conductivity is a property of the soil or rock material and is equal 
to the Darcy velocity at unit gradient. Darcy velocity is not the real macroscopic velocity of the 
water, but the velocity as if the water were moving through the entire cross section area normal to 
the flow, solids as well as pores. 
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Coefficient of Storage (S). The volume of water released from storage, or taken into storage, per 
unit of aquifer storage area per unit change in head. S is the same as specific yield for unconfined 
aquifers. In confined aquifers, S is the result of compression of the aquifer and expansion of the 
confined water when the head (pressure) is reduced during pumping. Values of S for unconfined 
aquifers range from 0.01 to 0.3, values for confined aquifers range from 10-5 to 10-3. 

Leakage Factor (B). A leaky aquifer is an aquifer overlain by semi-permeable material 
(aquitard) which has a low hydraulic conductivity. Pumping water from a well causes a 
downward flow from the aquitard to the aquifer. This flow is proportional to the vertical 
difference between the water table in the aquitard and the piezometric surface of the aquifer. The 
leakage factor has dimensions of length and represents the amount of resistance offered by the 
aquitard and the transmissivity of the aquifer. The larger the value of B, the smaller the amount 
of leakance from the aquifer. 

Knowing these properties helps to determine the amount of yield that can be expected from an 
aquifer. There are several different analytical methods to determine T, S, and B. The most 
common methods are integrated into the software program Aquiferwin32 (ESI, 1997). With good 
initial estimates, the Aquiferwin32 program uses an iterative convergence method to calculate best 
fit values for the desired parameters. Results of the pumping tests were analyzed using this 
software.  

Recovery data sets for all pumped wells were evaluated using the Theis Recovery Method (Theis, 
1946) to derive estimates for transmissivity. This is a graphical solution technique where a 
straight line is fitted through the data points. The slope of the line is used with a residual 
drawdown equation to determine T. The transmissivity calculated represents the aquifer 
immediately surrounding the pumped well. This method does not provide a value for S. 

Drawdown data was then analyzed in the observation wells some distance away from the pumped 
well. The Theis method for confined aquifers (Theis, 1935) was first used to estimate 
transmissivity and storativity. These values were then used for initial estimates in the solution of 
the Hantush leaky aquifer with storage method (Hantush, 1960) for leaky confined aquifers to 
estimate transmissivity, storativity, and leakage factor. The values generated represent the 
properties of the aquifer between the observation well and the pumped well. The Theis and 
Hantush methods are discussed in Appendix B-2. 

The Papadopulos method (Papadopulos and Cooper, 1967) was used for the pumping wells 
during the second and third test. This method provides estimates of aquifer transmissivity and 
storativity immediately surrounding the pumping well.  

For analysis purposes, drawdown is normally defined as the drop in water level from a 
preexisting static condition in the aquifer. However, it would have taken at least several weeks 
with no pumping to approach static (non-changing) conditions. Since a limited window of time 
was available to complete these tests, the calculation of drawdown had to be changed to 
incorporate the general water level recovery in the aquifer which would have continued to occur 
if the pumping tests were not performed. This is a valid technique because the principal of 
superposition can be applied to water level impacts from pumping. 
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To determine the drawdown for each well, the initial recovery line had to first be extrapolated. 
The difference between the extrapolated recovery line and the actual water level measurement 
was taken as the estimated drawdown. Refer to Figure 5-1 as an example. UDW-4 was shut off 
on the 12th of December. The recovery of the water level was disrupted by the UDW-3 pump 
starting up on the 15th of December. The water level in UDW-4 dropped as a result of UDW-3 
being pumped. If UDW-4 had been off for several weeks and no other nearby wells had been 
turned on, the piezometric water level would have followed the line in Figure 5-1 (at the end of 
this section) designated extrapolated recovery. The estimated drawdown in the well was 
calculated as the extrapolated recovery water level line minus the measured water level during 
the test. 

Intermediate Aquifer Properties 

The main focus of this study was to research and understand the properties of the aquifer within 
the deep groundwater zone, at a depth greater than 700 fbs. Test pumping was not performed in 
the intermediate aquifer (150 to 700 fbs). There are, however, several studies completed in the 
past that have analyzed the intermediate zone. The Draft UC Davis Water Management Plan 
(UC Davis 1997) cited findings from the 1970s that indicate transmissivity in the intermediate 
aquifer to be approximately 9,400 ft2/day. The Davis Area Study - Investigation of Alternatives to 
Improve the Water Supply Situation (YCFCWCD 1978) cited a range of transmissivity from 
4,270 to 8,690 ft2/day, and the Department of Water Resources gave a range of transmissivity 
from 4,300 to 8,700 ft2/day (DWR Bulletin 118-6 1978). Water levels were monitored in some 
intermediate wells located near the pumped deep wells to determine if the intermediate water 
levels were impacted by the deep well pumping. 

Pumping Test 1 Results 

For Pumping Test 1, UDW-3 was pumped at approximately 860 gallons per minute (gpm) from 
December 15, 1997 at noon to December 20, 1997 at noon. The observed wells that showed 
some response included UDW-2, UDW-4, UDW-5, and UDW-6. Observed wells that did not 
show a discernible response included UDW-7, CDW-28, CDW-29, and Hunts. Although UUW-5 
was observed during this test, a response was not apparent. The valid observation data for 
UUW-5 was greatly reduced because UCD turned the pump on and off several times during the 
test to maintain water system pressures. Figures 5-1 through 5-4 (all figures at the end of this 
section) show the response of pumping UDW-3. 

The drawdown results from Pumping Test #1 were matched to type curves for the Theis and 
Hantush equations as described above. Examples of the curve matches for UDW-5 are shown in 
Figure 5-5 and Figure 5-6. The estimated values from these curves are shown in Table 5-2 at the 
end of this section). A discussion of curve fitting parameters such as u, w(u), and w(u, r/B) is 
contained in Appendix B-2. Graphs of the curve matches for all the data are shown in 
Appendix B-3.  
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Pumping Test 2 Results 

For Pumping Test 2, CDW-28 was pumped at approximately 980 gpm from December 22, 1997 
at noon to December 27, 1997 at noon. The observed well that showed some response was 
UDW-6. Observed wells that did not show a discernible response included UDW-7, CDW-25, 
CDW-29, and Hunts. The best example of the response to pumping CDW-28 is shown in 
Figure 5-7 for UDW-6. 

Pumping Test 3 Results 

For Pumping Test 3, CDW-29 was pumped at approximately 1,850 gpm from 
December 30, 1997 at noon to January 4, 1998 at noon. The observed wells that showed some 
response include UDW-5 and Hunts, although the response in UDW-5 was not sufficiently 
distinct to use in the numerical calculation of aquifer properties. Observed wells that did not 
show a response include CDW-28, CDW-22, and CDW-15. Figures 5-8 and 5-9 show the 
response of pumping CDW-29 in observation wells UDW-5 and Hunts Well. 

SUMMARY OF PUMPING TEST RESULTS 

Table 5-2 contains a summary of the results obtained from all three pumping tests plus recovery 
from pumping in UDW-7 and UDW-5 when these pumps were shut off several days before the 
first pumping test began. 

As can be seen in the table, the calculated values for transmissivity range from 1,900 sq ft/d to 
over 8,000 sq ft/d. The most reliable transmissivity values are for observation wells close to the 
pumping wells or for recovery data from the pumping well. The average transmissivity for the 
core University area is approximately 3,900 sq ft/d. The average value for the area around 
CDW-28 is approximately 3,600 sq ft/d. The average value for the area around CDW-29 is 
approximately 4,500 sq ft/d. The degree of variability shown in Table 5-2 is not unusual for 
pumping test results because of anisotropy of the actual aquifer system versus the assumption of 
isotropic conditions for the calculation of transmissivity values. 

Calculated storage coefficient values generally range from 2x10-4 to 2x10-3. These values are 
consistent with what would be expected for confined aquifers. However, storage coefficient 
values are more important for short duration pumping rather than for the long-term pumping 
impacts, which are the focus of this study. 

Calculated leakage factors are very large, which implies that the deep aquifers are very confined 
and receive little downward vertical leakage. This result was reinforced by the fact that none of 
the intermediate wells monitored showed any water level changes as a result of nearby deep well 
pumping. This means that the vertical recharge area for the deep aquifer zone extends well 
beyond the boundaries of the City and UCD even for moderate amounts of pumping. No 
horizontal recharge sources or constant head boundaries for the deep aquifer zone were identified 
in the study area. Some horizontal recharge may come from areas where the Tehama formation 
surfaces such as at the Plainfield Ridge and near the foot of the Coast Range. A more quantitative 
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illustration of potential pumping impacts is contained in Section 7, Conclusions and 
Recommendations. 

 

 

Figure 5-1. Pumping Test 1 Monitoring at UDW-4 
(UDW-3 Pumping) 
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Figure 5-2. Pumping Test 1 Monitoring at UDW-2 
(UDW-3 Pumping) 
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Figure 5-3. Pumping Test 1 Monitoring at UDW-5 
(UDW-3 Pumping) 
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Figure 5-4. Pumping Test 1 Monitoring at UDW-6 
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(UDW-3 Pumping) 
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Figure 5-5. Example of Curve Fitting of Theis for UDW-5 in Pumping Test 1 
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Figure 5-6. Example of Curve Fitting of Hantush for UDW-5 in Pumping Test 1 
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Figure 5-7. Pumping Test 2 Monitoring at UDW-6 
(CDW-28 Pumping) 
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Figure 5-8. Pumping Test 3 Monitoring at UDW-5 
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(CDW-29 Pumping) 
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Table 5-2. Values of Transmissivity, Storage Coefficient, and Leakage 

 
Data Type and Well Name 

Transmissivity, 
Theis sq ft/d 

Storage Coef, 
Theis 

Transmissivity, 
Hantush sq ft/d 

Storage Coef, 
Hantush 

 
r/B Hantush 

Distance from 
pumping well, r (ft) 

Calculated 
Leakage Coef, B 

Transmissivity, 
Papadopulos sq ft/d 

Storage Coef, 
Papadopulos 

Recovery            

 UDW-7 6,700          
 UDW-5 2,750          
 UDW-3 2,200          
 CDW-28 1,900          
 CDW-29 3,860          

Test 1, Dec 15-Dec 20, Well UDW-3 
Pumping at 860 gpm 

         

 UDW-2 3,000 6.22E-04 3,400 5.87E-04  < 0.05 2,818 5.64E+4 > 50,000   
 UDW-5 3,100 4.44E-04 3,100 4.45E-04  < 0.05 1,656 3.31E+4 > 50,000   
 UDW-4 4,100 2.26E-04 3,700 2.29E-04 0.2 4,000 2.00E+4 20,000   
 UDW-6 8,400 1.23E-03 8,300 1.23E-03 < 0.05 5,124 5.12E+8 > 50,000   

Test 2, Dec 22-Dec 27, Well CDW-28 
Pumping at 980 gpm 

         

 CDW-28 — — — — — — — — 2,880 2.60E-04 
 UDW-6 6,100 4.81E-04 6,140 4.86E-04 < 0.05 10,845 2.17E+5 > 50,000   

Test 3, Dec 30-Jan 4, Well CDW-29  
Pumping at 1,850 gpm 

         

 CDW-29 — — — — — — — — 2,650 4.04E-02 
 Hunts 6,950 1.97E-03 6,950 1.96E-03 0.1525 8,896 5.83E+4 > 50,000   
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6. LONG-TERM DRAWDOWN EFFECTS 

Pumping from the deep aquifer will cause piezometric water levels to drop until an equilibrium is 
reached where vertical and lateral recharge into the deep aquifer equal groundwater extraction. 
Since water level declines are generally proportional to pumping, a review of long-term data can 
provide an indication of the magnitude of future water level declines with increased pumping. 
This approach can be used to complement the results of the pumping tests presented in Section 5. 

Pumping and static water level data for 1995 through 1997 were obtained from UCD for wells 
penetrating the deep aquifer. The static water levels were taken when pumps had been shut off 
for at least 24 hours. The relationships between long-term pumping and static piezometric water 
levels were evaluated to determine the ratios for pumping versus water levels. 

The sum of the concurrent and previous month’s pumping was divided by the decrease in the 
water level from an assumed “non-pumping” level. This provided a number analogous to a long-
term version of specific capacity. The previous month’s pumping was included in the calculation 
because experience at the City of Vacaville and the results of the pumping tests performed for 
this study (Section 5) showed that recovery of water levels in the deep aquifer zone can continue 
for more than several weeks after pumping rates are reduced. A non-pumping water level of 
30 fbs was assumed, based on the approximate average of the minimum water levels observed 
during recent years (approximately 50 fbs) and the water levels recorded in the drilling logs for 
the older wells (approximately 10 fbs). A more accurate estimate of the non-pumping water level 
could be obtained by ceasing all groundwater extractions from the deep aquifer for several 
months, but this would not be practical. The ratios and coefficients of variation are shown in 
Table 6-1. The data is contained in Appendix C. 

Table 6-1. Long-Term Pumping Divided by Static Water Level Decreases 

 
Well 

Flow Rate/Water 
Level Decrease, gpd/ft 

Coefficient of 
Variation(a) 

UDW-2 118 0.71 
UDW-3 363 0.37 
UDW-4 510 0.34 
UDW-5 642 0.29 

UDW-6A 343 1.23 
UDW-7A 1,178 0.70 

Central Area Total(B) 1,880 0.21 
(a) A low CV value indicates a good relationship between pumping and 

static water levels. 
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(b) Total pumping for wells UDW-2 through UDW-6A divided by 
average static water level for the same area. 

Coefficient of variation (CV) is defined as standard deviation divided by the mean. A low 
coefficient of variation is indicative of a good relationship between pumping and static water 
level. The best relationship observed was between total pumping for the central area UCD wells 
(UDW-2 through UDW-6A) and average static water level decrease for the same wells. As can 
be seen in Table 6-1, the pumping rate per foot of decrease in the water level was 31,000 gallons 
per day per foot (gpd/ft). Because groundwater extractions from the wells in the UCD central 
area affect the water levels in the other central area wells as was shown in Section 5, it should not 
be surprising that the total pumping from all the central area wells would provide the best 
relationship. 

Based on the data in Table 6-1, a doubling of deep well pumping in the central area of UCD 
would probably result in static piezometric water levels below 150 fbs. The potential future seven 
fold increase in regional groundwater extractions from the deep aquifer as discussed in Section 3 
would cause much greater water level decreases due to interference effects from wells outside the 
UCD central area. The results of a 2 dimensional analytical groundwater model of potential 
future pumping over the entire study area are presented in Section 7. 
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7. CONCLUSIONS AND RECOMMENDATIONS 

In this section, results from previous sections are summarized and overall conclusions are 
presented in regards to the viability of the deep aquifer as a long-term source of domestic water 
for the City and UCD. 

HORIZONTAL EXTENT OF THE DEEP AQUIFER 

The deep aquifer zone does appear to exist throughout the study area, but is less predominant to 
the north and west. The deep aquifer zone slopes downward from the Plainfield Ridge, 3.5 miles 
west of the study area, with a gradual flattening towards the east. The deep aquifer zone appears 
to extend past the eastern boundary of the study area, however as suggested in Section 4, there is 
potential for reduced water quality in that direction. 

POTENTIAL FUTURE PUMPING IMPACTS—GROUNDWATER LEVELS 

The pumping test results indicated a high degree of confinement for the deep aquifer zone and 
only moderate values for transmissivity. The transmissivity values obtained were generally in the 
range of 2,000 to 7,000 square feet per day, which is substantially lower than typical values for 
the intermediate aquifer zone. 

A preliminary simulation of Year 2035 average summer conditions was performed using a two 
dimensional analytical groundwater model (Quickflow), and assuming all water for the City was 
derived from deep wells. It should be emphasized that this is a preliminary model for planning 
purposes only. The results of this simulation are shown in Figure 7-1, along with numerical 
assumptions for aquifer properties. Total pumping rate was set to match projected average 
summer demands. No constant head boundary or other horizontal boundary conditions were 
assumed. 

As can be seen in the figure, general water level drawdown in the deep aquifer in the central 
Davis area would be approximately 280 feet. Adding in the drawdown within and immediately 
surrounding a pumping well, the total lift could be in the 350- to 400-foot range. While this 
magnitude of pumping lift is physically very feasible, it would result in substantially increased 
operating costs and potentially adverse subsidence and groundwater quality impacts. Energy 
costs for summer pumping would roughly double from $38 per acre-foot (af) to $78 per af in 
current dollars assuming $0.10 per kWh. 

The simulation results also demonstrate that future deep pumping could create interagency 
interference effects which are undesirable to both the City and UCD and may result in new water 
supply challenges. In particular, many of the existing UCD deep wells would probably have to be 
reworked to accommodate the lower water levels. 
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Water Quality 

One of the main reasons for constructing wells into the deep aquifer is to obtain water with 
higher overall quality. As was presented in Section 4, water from the deep aquifer is much lower 
in hardness, selenium, and total salinity. However, the concentrations of some objectionable trace 
constituents in the deep aquifer are likely to be higher for wells in the far eastern portion of the 
study area. Parameters of greatest concern in the deep aquifer zone are arsenic, manganese, and 
temperature. Manganese levels in some deep strata exceed secondary drinking water standards 
designed to prevent nuisance manganese deposit conditions. Arsenic levels are within current 
drinking water standards, but could be problematic if the limit is substantially reduced as has 
been initially proposed by the EPA. Treatment processes could be installed to remove arsenic and 
manganese or adjust temperature at the wellhead, but these would add to the capital and 
operating costs of deep wells. 

Increased pumping from the deep aquifer would also accelerate the migration of undesirable 
constituents from the intermediate aquifer zone into the deep zone. This effect will be gradual, 
but could become an issue several decades in the future. 

Subsidence 

There is no evidence to date of large amounts of subsidence from deep aquifer pumping. This is 
based only on the fact that deep well casings do not appear to have been damaged by subsidence. 
However, approximately 2 to 3 feet of subsidence has been documented between Davis and 
Woodland due to pumping from the intermediate aquifer system. In addition, some City 
intermediate wells appear to have been damaged by subsidence or other subterranean movement 
based on well screen failures. Some subsidence would be likely if groundwater pumping from 
deep wells is substantially increased. Actual high precision measurements would need to be 
taken during pumping tests to obtain a realistic estimate of the subsidence potential. 

Subsidence could cause a number of adverse impacts. In the eastern portion of the study area, 
subsidence could increase the risk of flooding. Subsidence could cause reduced water quality 
because water removed from clay interlayers during subsidence is typically somewhat poorer 
quality than water in the coarse grained layers. This lower quality water would eventually reach 
the pumping wells. Subsidence could also cause a differential force on deep well casings and 
screens, possibly resulting in buckling and other damage similar to what has been experienced in 
some of the intermediate wells. 

CONCLUSIONS 

Additional deep wells will be necessary to meet water demands for the City and UCD, especially 
as intermediate wells are abandoned due to water quality problems or physical failure. The deep 
aquifer has distinct characteristics from the intermediate aquifer zone, and the quality of water 
from the deep aquifer is greatly improved over that in the intermediate aquifer zone. 

The deep aquifer system could provide the City and UCD with all their water needs for the next 
40 years and possibly beyond. However, reliance upon the deep aquifer for all the domestic water 
needs of the City and UCD will result in significantly greater costs, potential subsidence and 
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some water quality problems. These problems will become greater with increased pumping and 
time. Because of these factors, it would be prudent to continue the pursuit of surface water at 
least as a supplemental supply for the City and UCD. It would also be prudent to gather 
additional information on water quality and subsidence for deep wells in the eastern portion of 
the study area as described in Section 4. 
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Table A-1. Water Quality Data in the Study Area

I
D WELL_NUM SOURCE DESCR

Screen 
Depth EC pH Ca Mg Na HCO3 SO4 Cl NO3

Ca/Na 
Ratio

ALK, 
CaCO3

As, ug 
min

As, ug 
max

As, ug 
avg

B, ug 
min

B, ug 
max

B, ug 
avg

Se, ug 
min

Se, ug 
max

Se, ug 
avg

Fe, ug 
min

Fe, ug 
max

Fe, ug 
avg

Mn, ug 
min

Mn, ug 
max

Mn, ug 
avg

DISS-
HARD TDS d18O d2H C14_AGE

Hunts #4 Hunt-Wesson Fo Hunts #4 1079 536 34.0 18.0 0.0 3.5 3.5 3.5 2.5 6.4 4.5 6.6 6.6 6.6 1.0 1.0 1.0 320 -8.7 -64 16,000
UC08N02E 15M UCD UDW2 1265 550 7.8 16.6 15.2 83.7 265.0 35.0 20.7 1.2 0.198 210 4.9 4.9 4.9 600 920 700 <1 <1 0.5 <30 <30 15.0 9.1 9.1 9.1 83 -8.8 -63 17,500
UCD DW 3 UCD UDW3 1361 540 7.8 16.5 16.8 81.7 256.0 36.0 21.0 1.7 0.202 210 3.1 3.1 3.1 490 870 700 <1 <1 0.5 <30 <30 15.0 8.5 8.5 8.5 130 -7.9 -56 11,200
UC08N02E 21Q UCD UDW4 1260 530 7.8 18.0 18.6 80.7 267.0 29.0 16.9 1.8 0.223 260 5.0 5.0 5.0 570 820 800 <1 <1 0.5 140.0 140.0 29.0 29.0 29.0 160 -8.1 -58 8,600
UC08N02E 16R UCD UDW5 1383 550 7.9 16.4 18.9 84.8 266.0 35.0 23.2 1.1 0.193 210 4.4 4.4 4.4 600 1000 700 <1 <1 0.5 <30 <30 15.0 13.0 13.0 13.0 100 -8.1 -54 14,100
UC08N02E 20B UCD UDW6 1286 570 7.9 18.9 22.6 75.6 269.0 46.0 22.1 2.5 0.250 220 2.1 2.1 2.1 400 800 600 <1 <1 0.5 <30 <30 15.0 30.0 30.0 30.0 130 -8.0 -56 10,900
UC08N02E UCD UDW7 784 540 8.0 17.1 19.2 78.3 277.0 34.0 14.9 1.9 0.218 230 4.8 4.8 4.8 700 800 800 <0.5 <0.5 0.3 <30 <30 15.0 <5 <5 2.5 120 -8.1 -56 11,100
UC08N02E 16H UCD UUW2 253 980 7.6 44.7 79.5 68.0 533.0 49.0 27.5 27.0 0.657 460 2.8 2.8 2.8 470 820 600 5.5 5.5 5.5 190.0 190.0 <5 <5 2.5 440 -6.2
UC08N02E 15M UCD UUW3 1200 7.6 48.0 96.4 95.8 637.0 84.0 37.8 28.4 0.501 540 1.6 1.6 1.6 700 1150 900 9.8 9.8 9.8 <30 <30 15.0 <5 <5 2.5 530 -6.4
UC08N02E 16C UCD UUW4 233 1500 7.7 51.3 115.0 146.9 818.0 110.0 61.6 38.0 0.349 660 1.8 1.8 1.8 1220 1600 1500 11.0 11.0 11.0 73.0 73.0 5.7 5.7 5.7 570 -6.3
UC08N02E UCD UUW5 315 1040 7.7 47.5 84.8 73.9 568.0 50.0 26.8 24.3 0.643 500 1.2 1.2 1.2 500 1240 800 6.4 6.4 6.4 <30 <30 15.0 <5 <5 2.5 470 -5.9 -45 (83)
UC08N02E UCD UUW6 238 930 7.7 44.8 76.0 58.8 513.0 46.0 22.0 27.9 0.762 440 <1 <1 0.5 400 700 600 7.8 7.8 7.8 <30 <30 15.0 5.3 5.3 5.3 440
UC08N02E 16N UCD UUW7 1050 7.7 45.7 91.2 76.5 571.0 49.0 22.4 35.4 0.597 480 1.5 1.5 1.5 590 1260 800 8.1 8.1 8.1 <30 <30 15.0 <5 <5 2.5 430 -5.9
Da 08N02E DAVIS CDW-1 368 996 7.9 45.3 75.9 67.2 483.9 58.1 37.5 19.0 0.674 461 0.0 3.0 0.3 490 1500 960 0.0 10.0 7.5 0.0 60.0 20.6 0.0 20.0 2.2 417 596 -6.6 -49
Da 08N02E DAVIS CDW-10 1835 7.8 44.4 132.6 198.3 862.3 197.3 111.6 29.3 0.224 916 0.0 0.0 0.0 1600 2400 1925 0.0 100.0 38.3 0.0 93.0 51.0 0.0 20.0 6.7 729 1242
Da 08N02E DAVIS CDW-11 295 1168 7.9 37.5 84.4 91.6 489.2 98.2 63.3 13.7 0.409 463 0.0 2.7 0.2 650 1200 839 0.0 30.0 18.0 0.0 90.0 7.7 0.0 80.0 8.6 463 692 -7.1 -49
Da 08N02E DAVIS CDW-12 265 1284 7.4 47.0 94.4 90.2 568.0 105.6 69.4 31.9 0.521 480 0.0 3.3 1.0 660 800 734 0.0 29.0 13.1 0.0 0.0 0.0 0.0 11.0 2.2 512 736 -6.9 -50
Da 08N02E DAVIS CDW-13 292 1750 7.6 41.6 122.9 201.8 770.3 141.5 94.6 24.0 0.206 720 0.0 3.1 0.4 1600 3500 1992 0.0 108.0 44.7 0.0 870.0 120.6 0.0 73.0 11.3 620 1027 -6.9 -48
Da 08N02E DAVIS CDW-14 302 980 7.7 34.3 76.7 78.0 439.1 66.9 46.7 14.2 0.440 407 0.0 2.7 0.4 550 1660 748 0.0 14.0 4.7 0.0 400.0 81.0 0.0 11.0 1.5 423 594 -6.9 -48
Da 08N02E DAVIS CDW-15 423 1025 7.9 33.2 65.9 93.2 368.8 85.0 71.1 4.8 0.356 350 0.0 5.3 0.9 730 1300 1010 0.0 19.0 6.4 0.0 270.0 27.5 0.0 56.0 28.9 358 608 -7.2 -51
Da 08N02E DAVIS CDW-16 330 1433 7.8 50.3 113.5 99.6 542.9 160.5 92.4 33.5 0.505 504 0.0 2.3 0.3 620 1680 839 0.0 32.0 17.0 0.0 1800.0 310.4 0.0 94.0 24.9 618 860 -6.8 -49
Da 08N02E DAVIS CDW-17 942 7.8 28.8 57.6 97.3 356.0 51.3 37.3 4.8 0.296 310 0.0 0.0 0.0 700 1600 976 0.0 20.0 5.7 0.0 50.0 16.7 0.0 0.0 0.0 264 467
Da 08N02E 8N DAVIS CDW-18 281 1185 7.8 50.1 98.0 73.0 562.9 78.3 57.9 31.1 0.687 500 0.0 2.4 0.3 490 950 603 0.0 3.0 0.8 0.0 1600.0 319.6 0.0 94.0 29.4 524 710 -6.2 -45 330
Da 08N02E 4K DAVIS CDW-19 409 913 7.9 33.4 71.6 84.5 418.0 56.6 41.2 11.9 0.395 398 0.0 4.0 0.3 450 1930 900 0.0 22.0 7.9 0.0 320.0 32.3 0.0 0.0 0.0 355 551 -7.4 -52 3,560
Da 08N02E DAVIS CDW-20 321 737 7.9 32.1 58.5 53.3 357.3 29.6 23.5 19.1 0.602 340 0.0 3.6 0.5 35 1000 498 0.0 3.0 1.3 0.0 420.0 57.2 0.0 57.0 5.5 300 456 -6.6 -48
Da 08N03E 7F DAVIS CDW-21 347 1446 7.7 57.6 108.5 115.5 395.4 252.2 123.1 8.5 0.499 373 0.0 4.0 0.6 640 1790 919 0.0 14.0 6.1 0.0 3500.0 296.5 0.0 190.0 25.8 573 866 -7.3 -53 4,250
Da 08N02E 11A DAVIS CDW-22 462 1131 7.9 37.5 77.4 110.9 442.8 108.0 60.0 8.8 0.338 422 0.0 5.4 1.1 800 1600 1133 0.0 30.0 12.8 0.0 780.0 73.3 0.0 61.0 17.9 404 696 -7.1 -51 3,850
Da 08N02E DAVIS CDW-23 318 1166 7.8 42.1 88.6 84.9 511.5 83.5 52.8 19.0 0.496 466 0.0 2.8 0.5 620 1900 943 0.0 14.0 9.7 0.0 30.0 2.5 0.0 10.0 0.8 460 681 -6.7 -47
Da 08N02E DAVIS CDW-24 313 1046 7.7 44.8 79.3 73.8 501.6 70.5 43.3 17.3 0.607 458 0.0 2.6 0.4 600 820 668 0.0 13.0 8.9 0.0 240.0 39.1 0.0 0.0 0.0 449 669 -6.9 -49
Da 08N02E DAVIS CDW-25 312 791 7.8 27.0 52.8 60.5 397.0 36.7 25.8 15.9 0.447 347 0.0 4.8 1.1 570 620 610 0.0 13.0 1.9 0.0 40.0 11.7 0.0 25.0 4.2 297 481 -7.4 -53 4,240
Da 08N02E DAVIS CDW-26 377 890 7.8 37.3 65.5 62.8 395.0 62.8 37.2 13.6 0.594 355 0.0 4.4 1.1 540 640 585 0.0 15.0 8.0 0.0 42.0 7.0 0.0 20.0 6.2 363 525 -7.2 -49
Da 08N02E DAVIS CDW-27 323 790 8.0 25.0 49.5 81.5 385.0 53.3 41.5 10.5 0.307 328 0.0 6.5 3.5 860 970 920 0.0 3.7 1.7 0.0 34.0 8.5 0.0 6.0 1.5 270 378 -7.4 -48
Da 08N02E DAVIS CDW-28 1243 520 8.0 19.5 20.5 57.0 245.0 27.5 16.0 3.3 0.342 205 0.0 3.9 1.3 610 640 625 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.0 5.5 135 325 -8.1 -57 8,600
Da 08N02E DAVIS CDW-29 1036 540 8.3 18.0 10.0 99.0 210 32.0 21.0 0.5 0.182 210 0.0 12.0 6.3 840 880 900 <1 <1 0.5 ND 32.0 15.3 5.4 9.8 7.1 86 340 -8.5 -60 14,500
Davis CW 29TH1-715-730 723 561 8.6 19.0 14.0 74.0 270 34.0 22.0 0.5 0.257 230 4.0 4.0 4.0 760 760 760 <1 <1 0.5 <30 <30 15.0 110.0 110.0 110.0 110 340 -7.6 -53

29TH1-770-785 778 520 8.4 16.0 9.0 74.0 260 26.0 16.0 0.5 0.216 210 7.0 7.0 7.0 870 870 870 <1 <1 0.5 <30 <30 15.0 <10 <10 5.0 84 320 -8.4 -57
29TH1-880-895 888 541 8.6 11.0 4.7 100.0 250 34.0 28.0 0.5 0.110 210 6.0 6.0 6.0 1000 1000 1000 <1 <1 0.5 <30 <30 15.0 39.0 39.0 39.0 47 330 -9.4 -66
29TH1-952-964 958 557 8.5 11.0 5.0 96.0 250 40.0 27.0 0.5 0.115 210 8.0 8.0 8.0 1100 1100 1100 <1 <1 0.5 <30 <30 15.0 34.0 34.0 34.0 45 340 -9.2 -64

29TH1-1375-1385 1380 584 8.6 5.7 1.7 120.0 220 50.0 42.0 0.5 0.048 180 <4 <4 2.0 <1 <1 0.5 <30 <30 15.0 <10 <10 5.0 20 360 -9.2 -64
29TH1-1523-1533 1528 605 8.5 11.0 3.7 120.0 240 56.0 35.0 0.5 0.092 210 5.0 5.0 5.0 880 880 880 <1 <1 0.5 <30 <30 15.0 29.0 29.0 29.0 43 380 -8.8 -61
29TH1-1616-1626 1621 634 8.5 13.0 6.3 120.0 250 59.0 38.0 0.5 0.108 220 6.0 6.0 6.0 870 870 870 <1 <1 0.5 <30 <30 15.0 29.0 29.0 29.0 57 370 -8.3 -56

29TH2-290-340 315 1130 7.6 43.0 81.0 110.0 440 130.0 74.0 9.7 0.391 360 3.6 3.6 3.6 1000 1000 1000 7.2 7.2 7.2 380.0 380.0 380.0 13.0 13.0 13.0 440 670
29TH2-405-435 420 586 7.8 25.0 25.0 86.0 330 39.0 23.0 0.3 0.291 270 6.9 6.9 6.9 860 860 860 <1 <1 0.5 170.0 170.0 170.0 110.0 110.0 110.0 160 370
29TH2-745-805 775 455 8.0 19.0 12.0 75.0 240 27.0 14.0 0.3 0.253 200 7.7 7.7 7.7 860 860 860 <1 <1 0.5 60.0 60.0 60.0 68.0 68.0 68.0 97 290
29TH2-880-890 885 558 17.0 6.9 110.0 270 37.0 24.0 0.3 0.155 220 8.9 8.9 8.9 1200 1200 1200 <1 <1 0.5 170.0 170.0 170.0 50.0 50.0 50.0 71 340

29TH2-1010-1050 1030 492 8.1 11.0 4.2 110.0 260 37.0 23.0 0.3 0.100 210 11.0 11.0 11.0 1100 1100 1100 <1 <1 0.5 74.0 74.0 74.0 25.0 25.0 25.0 45 310
29TH2-1300-1340 1320 600 8.2 8.8 2.8 120.0 250 52.0 2.9 0.9 0.073 220 3.4 3.4 3.4 1100 1100 1100 <1 <1 0.5 410.0 410.0 410.0 25.0 25.0 25.0 34 450
29TH2-1500-1540 1520 568 8.1 11.0 3.2 120.0 240 49.0 28.0 0.3 0.092 200 5.3 5.3 5.3 960 960 960 <1 <1 0.5 200.0 200.0 200.0 26.0 26.0 26.0 40 360

28TH-750 750 -7.1 -49
28TH-792 792 -8.2 -56

28TH-1120 1120 -9.1 -67
28TH-1350 1350 -8.2 -58
28TH-1440 1440 -7.8 -55

Da 08N02E DAVIS CDW-7 326 978 7.7 41.4 75.7 74.2 459.5 64.7 40.9 13.4 0.558 436 0.0 4.2 0.9 460 1540 876 0.0 33.0 13.8 0.0 0.0 0.0 0.0 5.0 0.4 430 558 -7.0 -48
Da 08N02E DAVIS CDW-EM2 358 1014 7.8 43.4 76.1 87.7 405.3 109.2 65.1 19.5 0.494 378 0.0 3.0 0.4 28 1100 675 0.0 23.0 7.8 0.0 140.0 40.7 0.0 68.0 27.9 431 663 -7.1 -50
Da 08N03E 7N DAVIS CDW-EM3 339 1450 7.6 57.0 92.0 86.0 415.0 185.0 93.0 8.2 0.663 340 2.5 3.1 2.8 620 620 600 6.0 9.0 6.9 0.0 0.0 0.0 26.0 32.0 29.0 520 730 -7.1
Da 08N02E DAVIS CDW-NDM 920 7.8 42.1 54.9 77.0 384.0 57.0 50.4 15.2 0.547 353 0.0 4.3 0.6 740 1200 900 0.0 8.0 3.4 0.0 0.1 0.0 0.0 0.0 0.0 334 531
Da 08N02E DAVIS CDW-NDMS 1170 7.5 52.0 67.0 92.0 500.0 52.0 57.0 22.0 0.565 410 0.0 0.0 0.0 1200 1200 1200 3.0 3.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 410 600
Davis CW DAVIS CDW-Unit 784 7.3 38.0 62.0 46.0 390.0 61.0 48.0 43.0 0.826 320 0.0 0.0 0.0 0.0 31.0 0.0 350 420

08N/01E-07R01M DWR 902 8.0 43.6 55.4 71.1 64.0 54.7 15.0 0.613 326 700 343 511 -5.2
08N/01E-09E01M DWR 658 8.3 34.0 42.3 50.3 41.0 33.3 7.4 0.675 270 600 261 422
08N/01E-09F01M DWR 814 8.2 38.4 48.4 71.0 59.8 52.2 7.3 0.541 313 800 296 456
08N/01E-11P01M DWR 524 8.2 31.0 36.0 31.0 23.0 19.0 14.0 1.000 231 200 224 303
08N/01E-11P02M DWR 552 7.8 27.0 43.0 34.0 18.0 18.0 0.794 270 500 240 329
08N/01E-15L03M DWR 559 7.9 31.0 38.0 32.0 21.0 21.0 0.969 260 900 230 322
08N/01W-01M01M DWR 502 32.0 26.0 35.0 19.0 20.0 0.914 200 190 297
08N/01W-09A02M DWR 896 92.0 36.0 51.0 12.0 51.0 1.804 300 380 534
08N/01W-13G01M DWR 649 8.1 43.5 31.4 51.1 35.6 38.5 6.9 0.851 252 500 238 359 -5.7
08N/01W-14Q01M DWR 274 7.6 39.0 37.0 24.0 22.0 22.0 1.625 900 250 342
08N/01W-16G02M DWR 276 8.1 16.8 17.8 15.0 1.0 6.4 6.7 1.122 131 100 115 172
08N/01W-16M01M DWR 443 7.8 29.0 26.0 25.0 27.0 20.0 1.160 170 200 180 265
08N/01W-20F01M DWR 441 7.6 32.0 22.0 26.0 21.0 18.0 1.231 180 200 170 263
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Table A-1. Water Quality Data in the Study Area

I
D WELL_NUM SOURCE DESCR

Screen 
Depth EC pH Ca Mg Na HCO3 SO4 Cl NO3

Ca/Na 
Ratio

ALK, 
CaCO3

As, ug 
min

As, ug 
max

As, ug 
avg

B, ug 
min

B, ug 
max

B, ug 
avg

Se, ug 
min

Se, ug 
max

Se, ug 
avg

Fe, ug 
min

Fe, ug 
max

Fe, ug 
avg

Mn, ug 
min

Mn, ug 
max

Mn, ug 
avg

DISS-
HARD TDS d18O d2H C14_AGE

08N/01W-20J02M DWR 397 8.1 28.6 21.3 24.6 24.0 17.5 11.0 1.160 156 200 158 230 -7.4
08N/02E-03Q01M DWR 500 8.1 16.0 8.0 92.0 37.0 19.0 0.174 210 800 74 325
08N/02E-05A02M DWR 886 7.8 34.0 50.0 69.0 38.0 34.0 11.0 0.493 341 900 291 448
08N/02E-13F02M DWR 655 8.2 29.5 48.1 46.8 30.8 18.5 3.9 0.630 311 500 273 379
08N/02E-13H02M DWR 1540 7.9 62.0 139.9 86.8 186.8 165.3 17.2 0.714 406 600 684 1058
08N/02E-14M03M DWR 980 8.1 37.6 77.4 69.4 69.0 40.6 9.4 0.542 428 600 420 607
08N/02E-18C01M DWR 542 7.4 56.0 93.0 53.0 50.0 51.0 1.057 520 500 520 666
08N/02E-20B01M DWR 952 7.5 41.0 76.0 66.0 35.0 25.0 0.621 480 800 420 568
08N/03E-05N01M DWR 791 8.5 30.0 44.6 83.1 55.4 47.6 2.0 0.361 309 1000 252 462
08N/03E-05Q01M DWR 742 8.5 24.0 43.0 75.5 44.8 48.1 1.5 0.318 287 1000 238 434
08N/03E-06B01M DWR 2640 7.5 22.0 200.0 310.0 500.0 190.0 0.071 660 3100 880 1710
08N/03E-07E02M DWR 1150 7.7 31.0 82.0 110.0 150.0 75.0 0.282 380 1000 420 700
08N/03E-08G01M DWR 784 8.0 32.0 58.0 55.0 69.0 42.0 2.1 0.582 317 600 321 479
08N/03E-19D01M DWR 1064 8.2 38.1 91.1 74.3 85.6 50.5 16.1 0.513 460 700 470 731
08N/03E-19E05M DWR 1640 8.6 44.0 135.0 148.0 129.0 70.3 92.0 0.297 688 1700 671 1030
08N/03E-19M02M DWR 1757 8.2 53.6 172.0 120.2 128.6 65.6 143.0 0.446 761 1700 841 1080
08N/03E-19M03M DWR 1220 7.8 26.0 77.0 95.0 88.0 40.0 0.274 900 380 602
08N/03E-28G02M DWR 885 7.8 20.0 49.0 110.0 58.0 38.0 0.182 360 1100 250 514
08N/03E-30P01M DWR 812 7.8 31.0 63.0 58.0 52.0 37.0 0.534 360 600 340 478
08N/04E-03B01M DWR 794 8.0 53.8 21.0 65.3 2.5 162.3 0.3 0.825 141 300 219 456
08N/04E-03B02M DWR 756 7.7 44.0 24.0 66.0 160.0 0.667 150 300 210 457
08N/04E-06C01M DWR 1387 8.1 28.5 67.0 172.0 186.0 156.0 0.166 322 2600 365 805
08N/04E-08R01M DWR 1130 8.0 20.0 31.0 170.0 230.0 0.118 220 1500 180 603
08N/04E-09L01M DWR 1159 7.6 52.3 30.7 140.3 28.7 260.0 0.2 0.373 181 1200 256 742
08N/04E-15G02M DWR 335 7.9 30.0 15.0 17.0 15.0 1.765 170 100 140 206
08N/04E-16N08M DWR 1095 8.1 41.8 19.6 162.0 8.0 193.9 0.258 249 1800 181 616
08N/04E-18N01M DWR 612 8.1 19.0 10.0 100.0 43.0 46.0 0.190 210 1200 89 384
08N/04E-29F02M DWR 521 7.7 32.0 36.0 22.0 38.0 40.0 1.455 180 200 230 327
09N/01E-04C01M DWR 697 8.0 12.0 17.0 120.0 66.0 26.0 0.100 280 1700 100 437
09N/01E-11H01M DWR 759 7.8 25.0 42.0 76.0 52.0 51.0 0.329 290 1300 240 383
09N/01E-12A01M DWR 881 8.2 47.7 49.0 76.9 46.3 77.8 9.8 0.620 313 1800 310 525
09N/01E-17N01M DWR 182 8.2 9.0 7.0 18.0 6.0 5.0 0.500 100 52 126 -4.9
09N/01E-19E01M DWR 663 7.9 23.0 35.0 110.0 72.0 64.0 0.209 280 1000 200 463
09N/01E-20C02M DWR 767 8.0 29.0 40.0 79.0 68.0 51.0 0.367 270 800 240 453
09N/01E-25H02M DWR 655 7.7 54.0 65.0 65.0 35.0 43.0 0.831 450 800 400 579
09N/01E-31D02M DWR 1160 7.5 62.0 46.0 120.0 120.0 81.0 0.517 350 1100 350 704
09N/01E-34N01M DWR 796 8.2 23.5 61.8 62.5 46.0 54.4 8.5 0.376 308 500 307 473 -5.0
09N/01E-34Q02M DWR 838 7.7 40.0 48.0 76.0 78.0 58.0 0.526 310 800 300 508
09N/01W-04J01M DWR 976 7.4 96.0 37.0 56.0 44.0 59.0 1.714 350 400 390 576
09N/01W-15D03M DWR 795 7.4 73.0 24.0 67.0 47.0 68.0 1.090 272 400 280 474
09N/01W-16H01M DWR 876 8.3 56.4 25.7 99.0 67.1 95.8 1.9 0.570 246 700 236 519
09N/01W-21E01M DWR 686 7.8 66.0 30.4 33.3 30.0 47.6 19.0 1.984 243 100 289 410
09N/01W-21N01M DWR 612 7.3 59.0 24.0 39.0 23.0 27.0 1.513 200 250 380
09N/01W-30L01M DWR 791 8.1 52.9 32.3 72.4 60.0 74.3 16.1 0.730 234 800 254 484
09N/01W-36E01M DWR 584 7.7 43.0 32.0 57.0 53.0 42.0 0.754 250 300 240 398 -6.5
09N/02E-03A01M DWR 855 7.4 56.0 42.0 55.0 27.0 78.0 1.018 290 2000 310 464
09N/02E-04L01M DWR 790 8.2 49.1 38.1 66.6 31.1 58.3 12.5 0.738 304 2000 280 404
09N/02E-07H02M DWR 981 7.5 54.0 58.0 80.0 37.0 72.0 0.675 2300 370 592
09N/02E-10D01M DWR 908 8.2 40.2 60.7 76.7 35.5 64.8 10.4 0.524 384 2300 409 539
09N/02E-10D02M DWR 578 7.9 31.0 31.0 50.0 11.0 43.0 0.620 240 1500 210 331
09N/02E-10E01M DWR 600 8.2 32.2 32.0 50.3 17.5 43.8 1.8 0.639 239 1600 211 339
09N/02E-20A02M DWR 1560 7.4 65.0 110.0 110.0 69.0 140.0 0.591 580 2500 620 900
09N/02E-22A01M DWR 1270 7.6 49.0 88.0 100.0 56.0 93.0 0.490 510 2600 480 713
09N/02E-22A02M DWR 1270 7.8 39.0 50.0 61.0 25.0 51.0 0.639 320 1400 300 446
09N/02E-22H02M DWR 2021 8.0 39.5 109.3 293.9 152.5 165.9 43.5 0.134 752 6800 522 1330
09N/02E-25E01M DWR 650 7.8 22.0 33.0 70.0 34.0 42.0 0.314 250 1200 190 383
09N/02E-32G01M DWR 1110 8.0 39.2 74.0 99.0 50.0 65.6 11.5 0.396 449 1200 421 547
09N/02E-35D01M DWR 1283 8.4 28.0 84.5 141.8 82.7 104.7 5.7 0.197 489 1900 417 836
09N/02E-35E02M DWR 1000 7.7 38.0 62.0 80.0 70.0 78.0 0.475 350 1100 350 567
09N/03E-02E01M DWR 806 8.0 29.0 29.0 110.0 58.0 88.0 0.264 250 1700 190 480
09N/03E-07D01M DWR 576 8.0 45.3 26.0 40.7 14.2 39.3 2.4 1.115 237 1500 220 -5.9
09N/03E-07D02M DWR 634 8.4 30.0 29.3 66.5 31.0 33.3 0.6 0.451 263 1800 196 367
09N/03E-11D02M DWR 1380 7.4 45.0 73.0 130.0 140.0 180.0 0.346 3000 410 790
09N/03E-30N02M DWR 3200 7.8 85.0 230.0 280.0 720.0 500.0 0.304 360 2400 1200 2130
09N/03E-33N02M DWR 906 7.9 24.0 53.0 93.0 110.0 69.0 0.258 280 1300 280 535
09N/04E-31P02M DWR 745 21.0 35.0 94.0 54.0 70.0 0.223 1400 200 446
09N/04E-33L01M DWR 1609 8.1 79.9 30.9 204.1 9.6 397.0 0.6 0.392 194 1600 311 966
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APPENDIX A-2 
Water Quality Graphs 
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Transducers Used During Pumping Tests  
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Table B-1. Transducers Used During Pumping Tests 

Well Number Pumping Test 1 Pumping Test 2 Pumping Test 3 

UDW-2 87349 87349 87349 
UDW-3 87351 87351 87351 
UDW-4 1273 1273 1273 
UDW-5 1217 1217 1217 
UDW-6 87352 87352 87352 
UDW-7 87350 87350 — 
UUW-5 87353 — — 
CDW-15 — — Troll 1 
CDW-22 — 87353 87350 
CDW-25 — whichever one was here 

probably went to 29 
— 

CDW-28 200647 200823 200823 
CDW-29 Troll 1 Troll 1 201066/87353 
Hunts Troll 2 Troll 2 Troll 2 
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Discussion of Theis and Hantush Methods  
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APPENDIX B-2 
DISCUSSION OF THEIS AND HANTUSH METHODS 

 

THEIS 

Transmissivity and storativity using the Theis method are obtained from the following equations 
and graphical methodology: 

T
Q

h h
w u

o


4 ( )

( )  Equation B-1. 

where: T = aquifer transmissivity (L2/T; ft2/d) 
Q = steady state pumping rate (L3/T; ft3/d) 
ho-h = drawdown (L; ft) 
w(u) = well function of u (dimensionless) 

Storativity can be determined from  

S
Tut

r


4
2  Equation B-2. 

where: S = aquifer storativity (dimensionless) 
t = time since pumping began (T; days) 
r = radial distance from the pumping well (L; ft) 
T = aquifer transmissivity (L2/T; ft2/d) 
u = dimensionless constant 

The logarithmic plot of w(u) versus 1/u (refer to the line on Figure 5-5) is a type of curve that is 
created with a set of standard values. The book “Applied Hydrogeology” by Macmillan has a 
table of these values in Appendix 1. u is a dimensionless constant based on well properties (see 
equation B-2). w(u) is a function of u and represents a numerical series solution to an integral 
equation containing u.  

Once this plot is created, the data points of drawdown, ho-h, versus time, t, should be plotted on 
logarithmic paper of the same scale. If this exercise is done by hand, the graphs are overlain on a 
light table until the data points line up over the type curve. The axis must be parallel. A match 
point is selected, typically w(u) = 1 and 1/u = 1. The data on the drawdown curve does not have 
to correspond to the match point. From the match point, obtain values for w(u), 1/u, ho-h, and t. 
The value of t is most often in minutes and must be converted to days. Use these values in 
equations B-1 and B-2 to obtain values of transmissivity and storativity. 
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HANTUSH 

Transmissivity and storativity using the Hantush method are obtained from the following 
equations: 

T
Q

h h
w u r

B
o


4 ( )

( , )  Equation B-3. 

Where the well function w(u, r/B) is a numerical series solution to an integral equation containing 
u and r/B (leakance). 

S
ur

Tt


2

4
 Equation B-4. 

The type curve w(u, r/B) versus 1/u can be plotted from data obtained in a hydrogeology textbook. 
The book “Applied Hydrogeology” by Macmillan has a table of values in Appendix 3. Each 
curve represents a different value of r/B. Figure 5-6 is an example of these curves. The graphical 
method to finding a solution for transmissivity and storativity is similar to that described for 
Theis. 

 



 

 

APPENDIX B-3 
Graphs of Pumping Test Results  

 

 



































































APPENDIX C 
Long-Term Drawdown Data Table 

 



Table C-1. Long-term Drawdown Data for UCD Deep Wells

UDW-2 UDW-3 UDW-4 UDW-5 UDW-6A UDW-7 Avg UDW-2 through 6A
Volume Level Vol./drawdown Volume Level Vol./drawdown Volume Level Vol./drawdown Volume Level Vol./drawdown Volume Level Vol./drawdown Volume Level Vol./drawdown Tot. Volume Level Vol./drawdown

Month Kgal ft Kgal/ft Kgal ft Kgal/ft Kgal ft Kgal/ft Kgal ft Kgal/ft Kgal ft Kgal/ft Kgal ft Kgal/ft Kgal ft Kgal/ft
Dec-94 5,804 44,033 11,201 3,088 1,282 0 65,408
Jan-95 471 1,341 7,909 22,889 95 0 32,705
Feb-95 7,091 22,653 11,143 8,872 0 0 49,759
Mar-95 10,865 35,043 15,677 992 9 0 62,586
Apr-95 9,283 28,910 13,843 0 2,332 0 54,368

May-95 0 29,444 17,079 0 4,089 0 50,612
Jun-95 14,662 26,313 39,365 0 13,621 0 93,961
Jul-95 86,066 10,249 34,467 1,772 12,941 0 145,495

Aug-95 17,331 3,793 9,065 74,052 28,724 0 132,965
Sep-95 4,415 26,903 4,937 1,595 48,221 0 86,071
Oct-95 1,756 12,678 29,430 100 491 12,153 8,707 87 999 0 64,724 94 2,375
Nov-95 791 6,784 29,430 16,327 90 475 899 0 54,230 90 1,983
Dec-95 2,960 16,099 6,468 32,693 26 0 58,246
Jan-96 8,988 29,129 0 3,641 0 0 41,758
Feb-96 1,329 25,792 0 18,913 9,470 0 55,504
Mar-96 3,953 14,928 0 16,948 3,917 0 39,746
Apr-96 5,993 76 216 14,263 82 561 0 62 17,886 1,137 96 77 0 39,279 79 1,613

May-96 2,783 11,922 0 16,816 8,828 0 40,349
Jun-96 3,135 21,280 39,365 0 16,102 5,225 79,882
Jul-96 5,904 24,218 34,467 0 14,044 6,430 78,633

Aug-96 6,903 12,349 34,467 5,096 20,138 8,874 78,953
Sep-96 3,354 95 158 11,298 108 303 34,467 19,946 12,428 90 543 7,812 82 321 81,493 98 2,371
Oct-96 1,618 11,938 9,223 93 693 15,374 97 527 5,654 14,653 43,807 95 1,928
Nov-96 1 21,122 2 2,446 19 41,460 23,589
Dec-96 0
Jan-97 13 12,953 13 1,701 29 36,723 14,709
Feb-97 755 1,042 0 18,316 0 30,017 20,112
Mar-97 638 56 54 8,915 64 293 19 48 8,481 60 893 1,342 57 50 33,312 62 1,979 19,394 57 1,463
Apr-97 2,843 19,625 2,201 3,789 91 33,910 28,549

May-97 154 3,405 7,569 32,588 8 45,776 43,724
Jun-97 4,217 15,543 6,990 11,757 113 34,988 38,619
Jul-97 9,296 13,489 8,302 19,376 0 44,636 50,463

Aug-97 216 19,369 10,058 12,180 672 37,743 42,495
Sep-97 2,269 88 43 0 96 293 9,673 87 346 26,190 87 673 1,738 80 48 36,333 90 1,235 39,869 88 1,430
Oct-97 705 22,425 12,087 3,572 44 48,249 38,833
Nov-97 509 7,519 6,958 7,708 11 36,689 22,705
Dec-97 0 65 60 0 62 0 66 0 67 0 93 0 64
Jan-98 0 59 55 0 54 0 51 0 56 0 48 0 55

Averages 79 118 88 363 78 510 84 642 82 343 78 1,178 86 1,880
Standard Deviation 84 133 174 187 422 831 397
Cv 1 0 0 0 1 1 0

Notes:
Vol./drawdown = (this month's Volume + last month's Volume)/(Level-30)
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