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UWCD OPEN-FILE REPORT 2010-003 

EXECUTIVE SUMMARY / ABSTRACT 

 

United Water Conservation District performed a geophysical survey on the southern Oxnard Plain.  
The objective of the study was to use the Time Domain Electromagnetic method (TDEM) to assess 
the lateral limits of saline intrusion in the Upper Aquifer System (UAS) and Lower Aquifer System 
(LAS) at four different depth ranges.  Two TDEM systems were used.  One system was used for the 
Upper Aquifer System and the second system was used for the Lower Aquifer System.   

The field survey area was approximately 35 square miles.  It extended along the coast between 
Port Hueneme and Point Mugu (approximately 7 miles).  The survey extended inland for 
approximately 5 miles.  One hundred twenty five (125) soundings (data points) were obtained in 
agricultural fields, open private land, open preservation land, game preserve land, and in open 
areas on the Mugu Naval Air Station.  The data were forward and inverse modeled for each 
sounding.  The model data were used to construct resistivity maps, at four depth ranges typical of 
the UAS and LAS.  

The investigation was successful at delineating earth resistivity values that are typical of saline and 
brackish water in both aquifer systems.  Due to the resistivity configuration it was interpreted that 
they represent the limits of saline water.  Resistivities typical of saline water occurred along the 
coast and extended farther inland near Point Mugu.  Resistivities typical of brackish water occurred 
at various locations inland.  The resistivity maps also exhibited configurations that are typical of 
geologic features which may be groundwater pathways for the migration of saline waters.   

1 INTRODUCTION AND BACKGROUND 

The United Water Conservation District (United Water) is a public agency within Ventura County, 
California that is charged with conserving the water of the Santa Clara Rivers and tributaries.  
United Water works to manage the surface water and groundwater resources within eight 
groundwater basins.  United Water stores surface water in a surface reservoir, diverts natural and 
reservoir released water, replenishes groundwater through percolation ponds, and delivers both 
diverted surface water and groundwater to those areas vulnerable to overdraft and saline water 
intrusion.  Since the 1950s, United Water has been studying means to improve groundwater 
management throughout the District.  Larger facilities and projects for improved conservation of 
water and groundwater management have been built since the 1950s and these efforts continue to 
the present day. 
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The creation of the Fox Canyon Groundwater Management Agency (GMA) in the early 1980s 
provided a regulatory means to manage the collective overdraft associated with the Oxnard Plain, 
Pleasant Valley, and the Oxnard Forebay Basins.  The GMA set pumping allocations based on 
historic pumping and mandated a series of five percent pumping cutbacks to be implemented 
between 1992 and 2010.  The issue of the overdraft was also addressed in the early 1980s, by a 
County of Ventura Well Ordinance that mandated replacement wells be drilled and completed in 
deeper aquifers versus the shallower more overdrafted aquifers.  This ordinance was later 
rescinded when the USGS RASA study of the late 1980s and early 1990s determined that the lower 
aquifer system was more difficult to replenish and thus more subject to overdraft than the upper 
aquifer system. 

The 1990s up to today represents a period of more detailed studies by United Water to improve the 
understanding of the hydrogeology, basin yields, additional water quality issues, river dynamics, 
and impacts of the continued high demand for water resources.  These studies progressively 
became more fine-tuned to address more localized issues.  One major issue of concern to United 
Water is the saline water intrusion of the Oxnard Plain.  This study (Oxnard Plain Time Domain 
Electromagnetic (TDEM) Study for Saline Intrusion) was conducted to assess what is referred to as 
the Upper Aquifer System (UAS) and Lower Aquifer System (LAS) and the extent of intrusion by 
saline waters.   

In the past 20 years, United Water has continued a program of monitoring water levels and 
collecting groundwater samples from the Oxnard Plain for laboratory analysis and has enhanced 
this with the installation of nested monitoring wells designed to provide aquifer specific (depth 
specific) water level and water quality data.  This study is one task (Part 1) in a three part plan 
pertaining to the understanding of the saline water intrusion on the Southern Oxnard Plain.  Part 2 
consists of conducting conductivity profiling in existing wells/piezometers to determine if the saline 
waters have begun to impact strata other than the screened intervals.  Part 3 consists of conducting 
production profiling with discrete depth water quality sampling and mass balance calculations on 
existing production wells to identify salinity changes that may be masked in a high capacity well. 

The three part study is designed to provide United Water and other area water resource managers 
with an updated understanding of the areal extent (inland extent) of impacted waters and to a 
degree the vertical distribution of those impacted waters.  An understanding of where this migration 
has occurred (especially lateral migration) has important implications to current and future 
groundwater resource management programs.   

1.1 TECHNICAL SETTING 

Saline water intrusion on the Oxnard Plain has been recognized since the 1930s.  In the 1950s 
serious concerns regarding the potential threat to the groundwater resources of the Oxnard Plain 
groundwater basin became evident.  Early efforts to monitor the impact of the saline waters were 
restricted to periodic sampling of a small number of existing agricultural or municipal water supply 
wells.  Interpretations of the water quality results were complicated by the common well 



 
Page | 3  UWCD OFR 2010-003  

construction practice of using multiple perforations that allowed groundwater from more than one 
water-bearing zone.  This also permitted the intermingling of waters from different aquifers with 
potentially different water qualities.  Therefore, the water samples were composites of all the 
aquifers screened by the well.  The samples represented the weighted average of all water bearing 
zones.   

Recognizing the need to have better tools to assess the lateral and vertical extent of the impacted 
aquifers, the US Geological Survey (USGS) conducted local studies using surface geophysics (DC 
electrical resistivity) and some down-hole production profiles.  The USGS released the results of the 
1990 study in 1993 (Zhody, et al, 1993).  The study focused primarily on the Oxnard aquifer (part of 
Upper Aquifer System) although they did collect data for deeper aquifers.  The authors inferred that 
that the extent of brackish and saline waters was different than previous approximations (using 
monitoring wells only) and had significant variations with depth.  In addition, the USGS installed 
fourteen monitoring wells along the coast on the Oxnard Plain as a result of the Regional Aquifer 
System Analysis (RASA) in the early 1990s (USGS, 1996). 

United Water performs periodic monitoring of the total dissolved solids (TDS) and chloride 
concentrations in coastal monitoring wells constructed to allow for depth specific water quality 
sample collection.  The data indicate that the chloride concentrations can display significant 
variations with depth and time within a single well.  This suggests that the migration of the saline 
water has both special and temporal variations that are more complicated than what is commonly 
displayed in maps depicting the UAS and LAS saline intrusion areas. 

A major factor regarding saline intrusion is the reduction in the potentiometric surface of a confined 
aquifer by extraction of water from the system (pumping and drought).  If pressure heads along the 
coast fall below sea level, the lateral intrusion of seawater will occur.  The dewatering of marine 
clays will occur if heads in the surrounding sediments remain below their historic levels for 
prolonged periods which also generate TDS.  Water level records and water quality data indicate 
that there is a water deficit in the southern Oxnard Plain.  Major strategies to combat saline 
intrusion include increased groundwater recharge and pipeline deliveries to lessen groundwater 
pumping to coastal areas (United Water), reduced pumping over all in the coastal basins (Fox 
Canyon Groundwater Management Agency), and switching pumping to less impacted aquifers 
(County of Ventura).  Additionally, the City of Oxnard is moving forward with planning for a major 
water reclamation program that could help mitigate additional demand for groundwater in the 
southern Oxnard Plain. 

The introduction of poor water quality into the UAS and LAS is also dependent upon existing well 
bores that were improperly constructed, improperly destroyed, or have been eroded by poor water 
quality in the Semi-Perched zone (above UAS and LAS).  In addition, the lateral movement of saline 
waters from older geologic formations (marine formations) that have been uplifted by faulting occurs 
across a buried fault (Bailey fault) near Pt Mugu where Tertiary rocks are in contact with the 
younger aquifers and has, as water levels continue to be below sea level over portions of the 
Pleasant Valley basin, led to elevated chloride concentrations in many wells.  . 
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1.2 GEOLOGIC / HYDROGEOLOGIC SETTING 

United Water Conservation District overlies eight groundwater basins in Ventura County.  An 
overview of the geologic setting of the coastal basins, the regional aquifers, and some specifics of 
the Oxnard Plain and other Basins are discussed in this section. 

The basins within United Water are part of the Transverse Ranges geologic province, in which the 
mountain ranges and basins are oriented east-west rather than the typical northwest-southeast 
trend over much of California.  The groundwater basins are within the more regional Ventura basin, 
which is an elongate east to west trending structurally complex syncline within the Transverse 
Range province (Yeats, et. al., 1981).   The geology associated with the Transverse Range is 
primarily east to west trending folding and faulting that creates the elongate mountains and valleys 
that dominate Santa Barbara County and Ventura County. 

Active thrust faults border the basins of the Santa Clara River valley, causing uplift of the adjacent 
mountains and down-dropping of the basins.  The basins are filled with substantial amounts of 
Tertiary and Quaternary sediments that were deposited in both marine and terrestrial settings.  The 
basins on the Oxnard Plain are filled with sediments deposited on a wide delta complex that formed 
at the terminus of the Santa Clara River.  The eight basins that underlie United Water are the Piru, 
Fillmore, Santa Paula, Mound, Oxnard Forebay, Oxnard Plain, West Los Posas, and Pleasant 
Valley basins.  Figure 1-1 is a geologic map of the region showing the general geology and location 
of the basins.   

 

Figure 1-1:  Geologic map for United Water Conservation District showing groundwater basins including Oxnard Plain Basin. 
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The Piru, Fillmore, Mound, and Santa Paula basins (along the Santa Clara River) are bounded by 
the Oak Ridge fault to the south and the San Cayetano/Ventura fault systems to the north. These 
basins are not discussed in detail in this publication.  The Oak Ridge fault separates the Oxnard 
Forebay and Oxnard Plain basins from the Santa Paula and Mound basins (Figure 1-1).  The 
Oxnard Plain and Mound basins extend across the offshore marine shelf to the shelf/slope break.  
Two significant northeast trending submarine canyons occur in the offshore Oxnard Plain Basin and 
extend to the shoreline at Port Hueneme and Point Mugu.  The canyons are deeply cut into the 
offshore sediments in that area and are also shown on Figure 1-1.  The canyons are directly 
adjacent to the shoreline and act as conduits for saline intrusion at those locations. 

The aquifers within United Water Conservation District are generally grouped into  the Upper 
Aquifer System (UAS) and Lower Aquifer System (LAS) (Turner, 1975).  The aquifers contain 
gravel and sand deposited along the ancestral Santa Clara River, within alluvial fans along the 
flanks of the mountains, and in a coastal plain/delta complex at the terminus of the Santa Clara 
River (Oxnard Plain Basin).  The aquifers are recharged by infiltration of stream flow (primarily the 
Santa Clara River), artificial recharge of diverted stream flow (recharge basins), mountain-front 
recharge along the exterior boundary of the basins, direct infiltration of precipitation on the valley 
floors of the basins and on bedrock outcrops in adjacent mountain fronts, and irrigation return flow 
in some agricultural areas. 

Figure 1-2 is a schematic of the UAS and LAS showing their subsurface sequence.  Figure 1-2 also 
shows general depths in feet.  However, more recent work with geophysical logs has suggested 
that some of the aquifers are actually deeper than originally thought and indicated on this 
schematic.  Also note that the clay layers (aquicludes) shown in the UAS are inter-fingering and in 
some places discontinuous in the field area where this study was conducted. 

 

Figure 1-2:  Schematic diagram of aquifer system near the coast beneath the Oxnard Plain 
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The Lower Aquifer System (LAS) consists of the Hueneme, Fox Canyon, and Grimes Canyon 
aquifers.  The LAS is part of the Santa Barbara, San Pedro, and Saugus formations of Pleistocene 
age (Hanson et al, 2003).  The lowest water-bearing unit of the East Las Posas, Pleasant Valley, 
and Oxnard Plain basins is commonly referred to as the Grimes Canyon aquifer (California 
Department of Water Resources, 1954; Turner, 1975).  The Fox Canyon aquifer overlies the 
Grimes Canyon aquifer.  The Hueneme aquifer overlies the Fox Canyon aquifer.  It is considered to 
underlie some coastal areas of the southern Oxnard Plain, however, has been eroded and is 
missing in areas along the coastline (Hanson et al, 2003).  In any of the basins, the aquifers of the 
LAS may be isolated from each other vertically by low permeability units in some places and in 
some places there are no low permeability units separating them vertically.  The LAS is bounded 
horizontally by regional fault systems.  The LAS is folded and tilted in many areas, and has been 
eroded along an unconformity that separates the upper and lower aquifer systems. 

The Upper Aquifer System (UAS) of the Oxnard Plain consists of the Mugu and Oxnard aquifers of 
Late Pleistocene and Holocene age.  The UAS rests unconformably on the LAS, with basal 
conglomerates in many areas (Hanson et al, 2003).  In the Oxnard Plain, these coarse-grained 
basal deposits are referred to as the Mugu aquifer (Turner, 1975).  The Oxnard aquifer rests 
unconformably on the Mugu aquifer and is present throughout the Oxnard Plain basin.  The Oxnard 
aquifer is the primary aquifer used for groundwater supply on the Oxnard Plain.  This highly-
permeable assemblage of sand and gravel is generally found at depths that range between 
approximately 100 ft to 300 ft below land surface elevation.   

Recent river channel deposits comprise the uppermost water-bearing units along portions of the 
Santa Clara River basins.  On the Oxnard Plain, the uppermost silt and clay deposits of the Oxnard 
aquifer are overlain by sand layers of the “semi-perched zone,” which generally contains poor-
quality water. This zone extends from the surface to no more than 100 ft in depth.  The confining 
clay of the upper Oxnard aquifer generally protects the underlying aquifers from contamination from 
surface land uses.  Deep percolation of rainfall and irrigation return flows are the major components 
of recharge to the semi-perched zone. The semi-perched zone is rarely used for water supply on 
the Oxnard Plain. 

Both UAS and LAS aquifers are present in the Oxnard Forebay and Oxnard Plain basins.  The 
Oxnard Plain basin extends several miles offshore beneath the marine shelf, where outer edges of 
the aquifer are in direct contact with seawater.  As discussed earlier, in areas near Port Hueneme 
and Point Mugu where submarine canyons extend to the coastline, the fresh-water aquifers may be 
in direct contact with seawater a short distance offshore.  The Forebay is the main source of 
recharge to the Oxnard Plain basin. The absence of low-permeability confining layers between 
surface recharge sources and the underlying aquifers in the Forebay allows effective recharge of 
the basin.  Recharge to the Forebay comes from percolation of Santa Clara River flows, artificial 
recharge from United’s spreading grounds, irrigation return flows, percolation of rainfall, and lesser 
amounts of underflow from adjacent basins.  In the area of the Forebay the LAS has been uplifted 
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and truncated along its contact with the UAS.  Recharge from surface sources may enter both the 
UAS and the underlying LAS.  It is estimated that about 20% of the water recharged to this area 
reaches the LAS, with the remainder recharging the UAS (USGS RASA study).  Thus, the primary 
recharge to the Oxnard Plain basin is from underflow from the Forebay rather than the deep 
percolation of water from surface sources on the Plain.   

When groundwater levels are below sea level along the coastline, there may also be significant 
recharge by seawater flowing into the aquifers.  When LAS water levels are substantially lower than 
UAS water levels (creating a downward gradient), there may be substantial leakage of UAS water 
into the LAS through the silts and clays that separate the aquifers on the Oxnard Plain.   

Figure 1-3 is a cross section of the aquifer system in the Oxnard Plain basin (near the coast) in the 
general vicinity of the field area for this study (Mukae and Turner, 1975).  Note that the Hueneme 
aquifer is not present in this area.  Also note the complexity of the aquifer systems, aquifer 
boundaries, and their distribution of materials. 

 

Figure 1-3:  Interpreted cross section of aquifer systems in the Oxnard Plain basin in the general vicinity of the field area for 
this study (near the coast).  Cross section extends from Port Hueneme in the west (left) through Point Mugu NAS to the 
mountains on the east (right).  Note Hueneme aquifer is missing in this area. 

1.3 GENERAL FEATURES OF THE STUDY AREA 

Data were obtained for this study during the period June through August 2010.  The Oxnard Plain 
has a typical coastal climate of warm dry summers and cool wet winters.  The precipitation 
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generally occurs from November through April.  Mean annual precipitation in the Oxnard Plain area 
is approximately 14 inches.   

Most of the land in the study area is used for agriculture.  However, there are also dune and marsh 
areas, open unused fields, and the Mugu NAS.  At the time of this study (2010) most of the 
agricultural area included irrigated turf grasses and various truck crops (beans, cilantro, 
strawberries, etc.).  Due to poor soil drainage, many of the fields are tile drained.  Data were 
obtained in the agricultural fields that were accessible.  United Water worked closely with the 
agricultural personnel to access fields between planting of the various crops.  Due to the time of 
year, there were numerous fields that were accessible because of the crop rotation.  Data was also 
obtained in fields where some crops were growing (such as turf grass, beans, etc.).  United Water 
worked very closely with the farmers in these areas to gain access to fields that were strategically 
located.  However, there were several fields and areas where United Water could not gain access 
to collect data.  This was due to the sensitivity of some crops which could not withstand the 
fieldwork operations.  In general, a good distribution of data points was achieved by working in all 
areas that were accessible. 

The eastern section of the field area included the Point Mugu Naval Air Station.  It consisted of a 
runway for aircraft, several administrative buildings, and housing for the military personnel.  
Although the facility was developed there were several open areas on the base.  Data was obtained 
in those open areas.  This included open fields and wetlands that were dry during the summer 
months.  Access to the base was obtained prior to obtaining data.  The Point Mugu Naval Air 
Station was considerably large and covered approximately 25 to 30 percent of the study area.  It is 
located at the eastern end of the overall field area. 

The western end of the field area was directly adjacent to the city of Port Hueneme.  Data could not 
be obtained in Port Hueneme due to the urban environment and myriad of potential interferences.  
There were essentially no open areas in Port Hueneme where data could be obtained.  The area 
consisted of streets, houses, commercial buildings and other structures which completely covered 
that area. 

Although most of the field area was open agricultural land many access roads were located in the 
area.  Some of the access roads had power lines associated with them, which can generate 
interference to the data.  For the most part the power line effects were avoided by collecting data far 
away from a given line as possible.  However, a Southern California Edison Plant was located on 
the coastline within the field area.  A very large high voltage power line ran northward from the plant 
for approximately 1.7 miles (past Hueneme Road).  The high voltage line then made a 90 degree 
turn and trended approximately due east.  Data was not obtained near that high voltage line.  The 
closest data point was a few hundred feet away from the line.  In general the line trended through 
the field area but was peripheral enough to obtain data in most of that area. 
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2 THE PROBLEM 

High chloride levels were first detected on the Oxnard Plain in the vicinity of the Hueneme and 
Mugu submarine canyons in the early 1930s (California Department of Water Resources, 1971).  
This became a serious concern in the 1950s.  Early monitoring programs used existing production 
wells and abandoned wells as monitoring points.  Sampling of these wells indicated that there was 
an area of elevated chloride concentrations in both the Hueneme and Mugu areas.  In 1989, the 
U.S. Geological Survey initiated their Regional Aquifer-System Analysis (RASA) study and 
cooperative studies with United Water Conservation District on the Santa Clara-Calleguas 
groundwater basin.  As part of those studies, a series of fourteen nested well sites (with two or 
more wells installed at each site) were drilled and completed at specific depths in the Oxnard Plain 
basin in 1991 (Densmore,1996).  The locations of these wells are shown on Figures 2-1 and 2-2 in 
the following section (Section 2.1). 

Prior to the RASA study, it was believed that an area extending from approximately 3 miles north of 
Port Hueneme, across the Oxnard Plain, and south to Point Mugu was intruded by seawater.  The 
installation of a dedicated monitoring network and detailed chemical analysis of water samples from 
the new wells and other wells yielded new interpretations.  It is believed that some areas of the 
southern Oxnard Plain are not intruded by seawater, and that high chloride readings from older 
production wells were the result of perched water leaking down failed well casings and 
contaminating the aquifer (Izbicki, 1992; Izbicki et al, 1995; U.S. Geological Survey, 1996).  Maps 
presented in the following section delineate the approximate extent of high-chloride water on the 
Oxnard Plain as interpreted from the RASA wells.  During periods of low water levels in the Oxnard 
aquifer there exists a downward hydraulic gradient from the semi-perched zone to the Oxnard 
aquifer, and significant leakage is thought to occur.  In recent years the County of Ventura has 
increased efforts to properly destroy abandoned and unused wells to reduce the passive flow of 
groundwater and contaminants between aquifers units. 

In addition to drilling the monitoring wells, the USGS conducted geophysical surveys (DC resistivity) 
to determine the general extent of the high-saline areas (Stamos et al, 1992; Zohdy et al, 1993).  
This work indicated that resistivities typical of high saline areas (very low resistivities – less than 5 
Ohm-meters) occurred contiguously along the coastline from Port Hueneme to Point Mugu at 
depths between 5 and 45 meters (16 to 150 feet).  This depth range is typical for the perched 
aquifer and the Oxnard aquifer.  The low resistivities extended inland in areas near Point Mugu a 
maximum of approximately 2 miles.  At depths greater than 45 meters the low resistivities did not 
occur contiguously along the coast and were concentrated in a small area at Point Mugu.  The low 
resistivity values did not occur at depths greater than 150 meters (500 feet). 

Additional down-hole conductivity surveys were conducted by the USGS and indicate that the saline 
intrusion front areas are relatively distinct.  The first saline intrusion occurs in thin individual beds of 
permeable sand and gravel.  As intrusion continues, more individual beds are impacted, resulting in 
increasing chloride levels (U.S. Geological Survey, 1996). 
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Isotope studies of samples from the nested monitoring wells indicate that the cause of the elevated 
chloride levels varies on the Oxnard Plain (Izbicki, 1991, 1992).  Four major types of chloride 
degradation have been documented: 

• Lateral Seawater Intrusion - the inland movement of seawater adjacent to the Hueneme 
and Mugu submarine canyons. 

• Cross Contamination - the introduction of poor quality water into the fresh water supply via 
existing wellbores that were improperly constructed, improperly destroyed, or have been 
corroded by poor quality water in the Semi-Perched zone. 

• Salt-Laden Marine Clays - the dewatering of marine clays, interbedded within the sand and 
gravel rich aquifers, yields high concentrations of chloride enriched water.  This dewatering 
is the result of decreased pressure in the aquifers, caused by regional pumping stresses. 

• Lateral Movement of Brines from Tertiary formations - the lateral movement of saline 
water from older geologic formations that have been uplifted by faulting. The lateral 
movement occurs across a buried fault face near Pt. Mugu where Tertiary rocks are in 
contact with the younger aquifers. 

Chloride degradation from each of the processes identified above is directly related to water levels 
in the basin.  The water balance of the Oxnard Plain units is a dynamic relationship between 
groundwater recharge, groundwater extraction and change in aquifer storage.  The primary source 
of groundwater recharge for the Oxnard Plain groundwater basin is the unconfined portion of this 
basin, known as the Oxnard Forebay.  High water levels in the Forebay exert a positive pressure on 
the confined aquifers of the Oxnard Plain, and water flows from the recharge areas toward the 
coast.  While the pressure exerted by high water levels in the Forebay propagates rapidly through 
the confined aquifers, the actual movement of water is very slow, approximately 3 feet per day or 
less in the Forebay (Izbicki et al, 1992).  The pressure (potentiometric) surface of the confined 
aquifer is diminished by the extraction of water from the system.  If pressure heads at the coast fall 
below sea level, the lateral intrusion of seawater will occur.  The dewatering of marine clays will 
occur if heads in the surrounding sediments remain below their historic levels for prolonged periods. 

Water levels and basin storage dropped to alarming levels in the drought of the late 1980s-early 
1990s, and water levels in many coastal wells did not recover until approximately 1995.  During the 
drought and for several years following, saline intrusion advanced in broad areas near Port 
Hueneme and in the southern Oxnard Plain.  In recent years the seawater front has moved back 
toward the ocean in some areas, but it has also moved laterally down the coast east and southeast 
of Port Hueneme.  Water levels in the Upper Aquifer System in the vicinity of Port Hueneme have 
remained near or above sea level in recent years.  In the area surrounding Pt. Mugu, the Oxnard 
and Mugu aquifers are impacted by saline waters in specific areas, and degradation has continued 
throughout the recent wet years (Bachman and Detmer, 2004). 

The decade spanning 1992 to 2001 was the wettest on record for some rain gauges in Ventura 
County. Throughout this recent wet period, Lower Aquifer System groundwater elevations remained 
well below sea level throughout broad areas of the southern Oxnard Plain. Groundwater elevation 
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records in this area indicate a long-term water deficit, resulting in formidable problems such as 
water quality deterioration and land subsidence.  The deterioration of water quality is expected to 
continue and intensify.  Land subsidence and widespread saline intrusion are very difficult to 
remedy, even with the return of high water levels and favorable groundwater gradients. 

Water level records and water quality data indicate that there is a large water deficit in the southern 
Oxnard Plain.  Major strategies to combat saline intrusion include increased groundwater recharge 
and pipeline deliveries to lessen groundwater pumping to coastal areas (United Water), reduced 
pumping over all in the coastal basins (GMA), and switching pumping to less impacted aquifers 
(County of Ventura).  Additionally, the City of Oxnard is moving forward with planning for a major 
water reclamation program that could help mitigate additional demand for groundwater in the 
southern Oxnard Plain. 

The maximum recommended chloride concentration in drinking water is 250 mg/L, and the upper 
advisory limit is 500 mg/L (California Department of Health Services, 2000). The growing of food 
crops common to the Oxnard Plain is generally not feasible when chloride in irrigation waters 
approach the drinking water limits, and certain sensitive crops are impaired at chloride 
concentrations as low as 100 mg/L. 

2.1 PREVIOUS MONITORING WELL DATA 

The principal water quality concern in the Oxnard Plain groundwater basin is the intrusion of saline 
waters.  A series of coastal monitoring wells (RASA Wells) have been sampled since installation in 
approximately 1991.  Measured chloride concentrations during the 2006 water year are shown on 
two maps included in this section, with one map for each aquifer level.  Water quality monitoring 
results are reported for several depth intervals, generally corresponding with the Oxnard and Mugu 
aquifers (UAS), and the major units of the LAS.  Chloride concentrations from the water samples 
are displayed on the maps as contours.   

2.1.1 UPPER AQUIFER SYSTEM 

Figure 2-1 is a contour map of chloride concentrations using the 14 RASA Wells drilled in 1991.  
There are two distinct lobes of saline water in the UAS, occurring in the Port Hueneme and Pt. 
Mugu areas.  The data used to construct the map were collected in 2006. 
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Figure 2-1:  Contour maps of chloride concentrations in the Upper Aquifer System measured in the 14 RASA monitoring wells.  
Data is from 2006. 

Over the past fourteen years dramatic decreases in chloride concentration have been observed in 
certain wells near Port Hueneme, as heads in the Oxnard aquifer have increased and the intrusion 
of seawater has been reversed (Bachman and Detmer, 2004). Chloride in well A1-195 (well label – 
depth to screen (feet)) near the seawater front at Port Hueneme dropped from 6,500 mg/L in 1993 
to 179 mg/L in September 2006 and 162 mg/L in 2010.  Chloride had increased slightly in this well 
in 2007 at 205 mg/L.  Well A2-170 located west of the Port, has improved from 9,900 mg/L chloride 
in 1992 to 247 mg/L in spring 2006 and 140 mg/L in fall 2010. Water levels in this area have been 
relatively high since 1995, and artesian conditions have not been uncommon.  It is thought that 
there is considerable groundwater discharge to Hueneme Canyon (submarine canyon) during 
periods of high water levels.  Chloride concentrations in well SW-195, located two miles east of Port 
Hueneme, have improved to 550 and 940 mg/L in 2010 and 2006, respectively, from a high of 
3,100 mg/L in 1994.   

The interpreted groundwater gradients indicate that in this vicinity flow is generally toward the south 
and southeast.  The eastern portion of the plume of seawater that intruded the Oxnard Aquifer from 
Hueneme canyon during periods of depressed water levels is likely now migrating southeast with 
the prevailing groundwater flow direction.  Water quality in monitoring well CM4-200 has improved 
steadily to 170 mg/L in 2010 from 3,000 mg/L in 1994, suggesting that a large mass of the seawater 
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has migrated south and southeast of this location.  The steady increase in chloride concentration in 
well CM7-190 (2,610 mg/L in 2010) since March 2000 (560 mg/L) further supports this concept.  
Confirmation of this hypothesis remains difficult for several reasons, including: the coarse spacing 
of monitoring wells in the area, incomplete knowledge of dynamics and uniformity of saline 
intrusion, pumping influences, and no knowledge of water quality and groundwater flow in the 
offshore component of the aquifer.  However, well CM5 appears to be well-located to intercept this 
chloride plume in the Oxnard aquifer if it is indeed migrating to the southeast.  It is likely that the 
seawater plume near Port Hueneme is actually narrower than shown in Figure 2-1, especially 
between Saviers and Ventura Roads, but this has not been confirmed by groundwater sampling. 

In the vicinity of Mugu lagoon, chloride concentrations in the Oxnard aquifer remain well above 
levels acceptable for beneficial use.  At the coast west of the Mugu submarine canyon, well CM1A-
220 produces pure seawater (44,400 mg/L in fall 2010).  Two miles inland, water quality in well 
CM6-200 has deteriorated since 1997 (1,760 mg/L), and measured 4,400 mg/L chloride in fall 2003, 
3,810 mg/L in 2006, and 3,090 mg/L in 2010.  Chloride concentration has essentially doubled in this 
well.  Slightly farther to the north, chloride concentrations were improving in well DP-195, falling 
from a high of 1,800 mg/L in late 1998 to 343 mg/L in fall 2006 and 304 mg/L in fall 2010.  Chloride 
concentrations increased slightly in this well over the past year.  Summer and fall water levels are 
below sea level in this well, and spring water levels are slightly greater than sea level (Bachman et 
al, 2004).  In the Oxnard aquifer, water quality in the SWIFT-205 well deteriorated steadily from 
1995 (1,200 mg/L) through 2001 (2,850 mg/L), from which point it has improved slightly to a 2010 
chloride concentration of 1,940 mg/L (2,310 mg/L in 2006).  From 1995 to 2002 all groundwater 
elevations in this well were measured above sea level, and nearby groundwater extractions from 
the Oxnard aquifer have been minor.  In recent years groundwater flow in this vicinity is interpreted 
to be toward the southeast or south-southeast. It is possible that seawater from the plume that 
emanated from near Port Hueneme has migrated from the area near monitoring well SW to the 
SWIFT well locality. 

The Mugu aquifer, like the Oxnard aquifer, has distinct lobes of high chloride in the Port Hueneme 
and Point Mugu areas (Figure 2-1).  East of Port Hueneme, chloride concentrations fluctuate 
throughout the year in well CM4-275, with the chloride concentration commonly ranging from 6,000 
to 7,000 mg/L from 1997 through 2010.  The labeled extent of the seawater intrusion in the Mugu 
aquifer east of Port Hueneme has not been revised in recent years due to the lack of additional 
aquifer-specific water quality data.  The shape of the impacted area may indicate the possible 
movement of saline waters down the coast to the southeast after being drawn into the aquifer near 
Hueneme canyon.  Elevated chloride concentrations may extend southeast of the area depicted in 
Figure 2-1. 

Water quality has deteriorated in all Mugu aquifer monitoring wells near Point Mugu.  Chloride 
concentrations in well CM6-330 increased from 710 mg/L in 1993 to 2,400 in 2010.  In well Q2-370 
chloride concentrations measured to be 1,000 mg/L in 1997 and increased to 2410 mg/L in 2010.  
Chloride concentrations were generally not detected above 50 mg/L from 1990 through 2010 in well 
DP-330 located less than a mile north of well CM6 (Figure 2-1).  Mugu aquifer groundwater 
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elevations are commonly below sea level in the area surrounding Point Mugu naval base and 
chloride degradation is expected in this vicinity. There is more structural complexity within the UAS 
sediments in the greater Mugu area compared to other areas of the Oxnard Plain (Turner, 1975), 
complicating the evaluation of saline intrusion in this area. 

2.1.2 LOWER AQUIFER SYSTEM 

Figure 2-2 is a contour map of chloride concentrations using the 14 RASA Wells drilled in 1991.  
There are two distinct lobes of saline water in the LAS, similar to the UAS, occurring in the Port 
Hueneme and Pt. Mugu areas.  The data used to construct the map were taken in 2006. 

 

Figure 2-2:  Contour maps of chloride concentrations in the Lower Aquifer System measured in the 14 RASA monitoring wells.  
Data is from 2006. 

In coastal areas impacted by the intrusion of saline waters, the Lower Aquifer System is separated 
into three units for display and reporting purposes: 410 to 580 ft. depth; 600 to 760 ft. depth; and 
deeper than 800 ft.  These depth intervals were selected for display purposes and are not likely to 
correspond well with specific assemblages of beds throughout the study area, especially in the area 
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north of Mugu lagoon where the deposits of the LAS are known to be heavily disrupted by folding 
and faulting.  Near Port Hueneme, well CM2 is the only nested monitoring well that has detected 
seawater intrusion in the Lower Aquifer System.  Well CM2-520 has recorded a dramatic drop in 
chloride levels, improving from a chloride peak of 2,800 mg/L in 1993 to 131 mg/L in September 
2010.  Chloride concentrations in well CM2-760 were elevated but fairly stable from 1989 through 
1995 (range of 5,400 to 7,100 mg/L).  Since 1995 chloride has increased to 10,800 mg/L by 2010. 
Samples from LAS monitoring wells A1 and A2, located north and west of Port Hueneme, have not 
yet detected the presence of saline waters.  The lack of monitoring east of the port itself precludes 
the evaluation of saline intrusion in this area.  The trio of monitoring wells near Port Hueneme (A1, 
A2, and CM4) has not detected the intrusion of saline waters in the LAS to depths greater than 800 
feet.   

Water quality continues to deteriorate throughout the Lower Aquifer System at and inland of Point 
Mugu.  At the coast, well CM1A-565 has become steadily more saline since its installation in 1989 
(520 mg/L), with 5,170 mg/L chloride recorded in September 2010. Well Q2, located 1.5 miles north 
of Mugu lagoon, shows steady degradation in all LAS completions.  Well Q2-840 has recorded 
severe deterioration since 1991 (340 mg/L).  The 2010 sample measured 15,700 mg/L chloride.  
Well Q2-640 exhibits a trend of increasing salinity over the same period, with quarterly sampling 
showing 1,800 mg/L in 1991 to a chloride concentration of 5,330 mg/L in 2010.   

Northwest of the Mugu submarine canyon, salinity has increased steadily in the two deepest wells 
of the DP cluster.  Chloride concentrations in wells DP-580 and DP-720 measured 460 and 1,900 
mg/L, respectively, in 1990.  In 2010 they measured 1,780 and 6,800 mg/L.  Chloride 
concentrations in well CM6-550, located northwest of Mugu lagoon and south of the DP well cluster 
were measured to be 730 mg/L in 2010.  In 2004 concentrations were as high as 6,800 mg/L in 
CM6-550.  The Lower Aquifer System is severely degraded by chloride in the areas north and 
northwest of Point Mugu.  The rate of degradation in the deeper completions of the CM1A, DP and 
Q2 well clusters is high.  Degradation may extend north of the shaded area in Figures 2-2, but the 
lack of additional monitoring points prohibits accurate mapping. 

The intrusion of saline waters is expected to broaden and intensify due to the persistent presence of 
severely depressed groundwater elevations in the LAS over wide areas of the southern Oxnard 
Plain basin.  It is not uncommon for fall groundwater elevations in the deeper completions of well 
clusters DP and Q2 to exceed 80 feet below sea level.   

Chloride data from Lower Aquifer System wells located in the northwestern Oxnard Plain (well 
CM3) and the Mound basin (well MP) do not detect seawater intrusion in the LAS (wells not shown).  
Artesian conditions have existed intermittently in wells CM3 and MP since 1995.  Offshore 
groundwater flow directions are thought to be common at these locations, and the threat of 
seawater intrusion does not appear likely under current basin conditions. 
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3 TECHNICAL APPROACH 

In order to assess the lateral effect of saline water intrusion, a geophysical survey was conducted 
on the Oxnard Plain in the vicinity of the coast near the RASA wells that exhibited saline waters.  
The geophysical field area covered the Oxnard Plain along the coastline between the outer 
periphery of Port Hueneme on the west to, and including, the Point Mugu Naval Air Station on the 
east.  This consisted of a general area of approximately 30 square miles.  The east to west distance 
covered approximately 7 miles along the coast and the survey extended inland for approximately 4 
to 5 miles.  The technical approach for the investigation is discussed in the following sections. 

3.1 METHODOLOGY 

The geophysical methodology that was used was Time Domain Electromagnetics (TDEM or TEM).  
TDEM has been used for saline water intrusion studies at numerous locations within the US and 
abroad.  Several TDEM surveys were previously conducted in California.  Notable studies were 
conducted in Monterey, California and in Orange County, California to assess the lateral extent of 
saline water intrusion.  The theory of operation for the TDEM method is outlined in this section 
(Section 3.1) of this document. 

TDEM techniques are effective for determining electrical resistivity of soils at depths from 30 feet to 
more than a thousand feet.  Since electrical resistivity of earth materials correlates strongly with soil 
properties and the groundwater properties TDEM is a powerful tool for mapping soils and changes 
in soil type and groundwater conditions in that depth range.  TDEM can be used for numerous 
purposes some of which include: salt water intrusion, depth to bedrock, leachate in groundwater, 
mapping sand and gravel aquifers, mapping clay layers, mineral exploration, etc.  TDEM went 
through a renaissance in the 1980’s with the development of efficient and effective field equipment 
and computer interpretation techniques.   

The TDEM technique induces electrical currents in the earth’s subsurface using electromagnetic 
induction.  A time-varying magnetic field is created using a loop of wire laid on the earth surface.  
Faraday’s Law of induction indicates that a changing magnetic field will produce an electric field, 
which will in turn create an electric current.  Thus the primary magnetic field from the transmitter 
loop will create a secondary electric current in the earth.  Finally, instrumentation measures the 
secondary magnetic field produced by those secondary electric currents in the earth. 

The first panel in Figure 3-1 shows the waveform of the transmitter current and primary magnetic 
field generated by the transmitter.  The second panel shows the induced electromotive force 
(primary field impulse) which creates the secondary currents (referred to as eddy currents) 
immediately below the transmitter loop.  These eddy currents approximate a mirror image of the 
transmitter loop.  As the initial near surface eddy currents decay, they in turn induce eddy currents 
at greater depths.  The third panel in Figure 3-1 shows the waveform of the secondary magnetic 
field generated by the series of eddy currents induced in the ground.  The magnitude and rate of 
decay of those secondary currents depend upon the conductivity of the medium (i.e. electrical 
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resistivity of the soil) and the geometry of the subsurface.  The TDEM receiver measures the decay 
of the magnetic fields (secondary magnetic fields) created by those secondary currents. 

 

 

Figure 3-1:  TDEM Waveforms 

In TDEM techniques the inducing signal is a sharp pulse, or transient signal.  The induced currents 
in the earth (eddy currents) are initially concentrated immediately below the transmitter loop.  This is 
depicted schematically in Figure 3-2.  Those currents will diffuse down and away from the 
transmitter with time.  This is also depicted in Figure 3-2.  An analogy with smoke rings is often 
used to describe the behavior of the currents in the ground.  Initially strong currents form in the 
ground adjacent to the transmitting loop.  The “smoke ring” then expands, weakens, and travels 
down through the earth.  The rate of diffusion depends upon the earth resistivity.  In resistive media 
the current will diffuse very rapidly.  In conductive media (low resistivity) the currents will diffuse 
more slowly.  A conductive layer at depth may “trap” currents in that layer, while currents elsewhere 
decay more rapidly. 

Measurements of the secondary magnetic field are typically made in the time range from 10 micro-
seconds to 10 milli-seconds following the “turn-off” of the primary field.  Measurements are made in 
20 to 30 discrete “time gates” (or time intervals) following the primary inducing pulse.  For deeper 
exploration in conductive areas, measurement times can extend up to one second.  Because 
measurements are made while the transmitting current is turned off, more sensitive measurements 
of the secondary field can be made. 
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Figure 3-2:  TDEM Eddy Current Flow - a) early time and b) late time 

The measured decay values of the secondary magnetic field are used to generate values of 
apparent resistivity.  Apparent resistivity is the resistivity of homogeneous and isotropic ground 
which would give the same voltage current relationship as measured.  However, non-homogeneous 
and non-isotropic media consist of different “true resistivities” which result in that measured value.  
Therefore, the data must be modeled to achieve a solution for resistivity structure and depth. 

3.2 INTERPRETATION 

Interpretation procedures generally use forward and inverse modeling.  A hypothetical layered earth 
model is generated and then the theoretical response for that model is calculated.  The model is 
then refined until the calculated response matches the observed or measured field response.  The 
model refinements can be made using an automated iterative process or “inversion modeling”. 

Figure 3-3 shows the decay of the secondary magnetic field.  It decays over three decades during 
the course of the recording from 0.006 milli-seconds (ms) to 7 ms.  The electrical potential induced 
in the receiver coil is proportional to dBZ/dt and is reported as “normalized voltage”, normalized to 
the receiver coil moment and transmitter current of 2.6 amperes (A).  On Figure 3-4 the left hand 
panel shows a plot of the same data converted to “late stage” apparent resistivity.  The apparent 
resistivity curve gives a somewhat more intuitive feel for the geoelectric section.  However, as 
explained in the following paragraph, TDEM apparent resistivity is not a true apparent resistivity as 
observed in DC resistivity of frequency domain techniques. 
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In concept, the “apparent resistivity” is the resistivity of a uniform earth which will produce the 
observed instrument response.  However, the observed TDEM field is a non-linear function of time 
and earth resistivity.  In fact, the instrument response is not a single valued function of the resistivity 
over the time range of the instrument. 

 

Figure 3-3:  TDEM Decay of Secondary Magnetic Field for Sounding L16S2 

For most TDEM soundings a “late stage” apparent resistivity is used, which is a “true” apparent 
resistivity only for a later stage of the decay curve.  It is generally attempted to make measurements 
in this time range but often the first portion of the curve is not truly in late stage, hence the 
numerical values may not accurately indicate the earth resistivity for the first few time gates.  This 
discussed in Section 3.3. 

The right hand panel of Figure 3-4 shows the model geoelectric section (red line) used to calculate 
the model response shown as the solid line in the plot in the left hand panel (small squares are 
observed or measured data).  The model shown is a six layer model with alternating higher and 
lower resistivity layers and varying thicknesses.  The resistivity of each layer is considered to be the 
“true resistivity” which is used to calculate the given response in attempt to match the observed or 
field data.  The alternating layers represent varying earth materials with inherent true resistivities 
(sand versus clay versus silt versus rock, etc.).  The true resistivity is dependent upon many factors 
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some of which include: grain size, composition, water content, consolidation/lithification, 
weathering, etc. 

 

Figure 3-4:  TDEM Sounding and Model for Sounding L16S2 

 

3.3 APPARENT RESISTIVITY IN TDEM SOUNDINGS 

Figure 3-5 shows, schematically, a linear plot of a typical TDEM transient response from the earth.  
The vertical axis is instrument response (output voltage) in nV/m2.  It is useful to examine this 
response when plotted logarithmically against the logarithm of time for a homogeneous earth (i.e. 
the resistivity does not vary with either lateral distance or depth).  Such a plot is shown in Figure 3-
6.  It suggests that the response can be divided into an early stage (where the response is constant 
with time), an intermediate stage (response continually varying with time), and a late stage 
(response is now a straight line on the log-log plot).  The response is generally a mathematically 
complex function of conductivity and time; however, during the late stage, the mathematics 
simplifies considerably, and it can be shown that during this time the response varies quite simply 
with time and conductivity as 

(1) 

e(t) = output voltage from a single-turn receiver coil of area 1 m2 
k1 = a constant 
M = product of Tx current x area (a-m2) 
σ = terrain conductivity (siemens/m = S/m = 1/Ωm) 
t = time (s) 



 
Page | 21  UWCD OFR 2010-003  

For conventional resistivity methods (DC resistivity) the measured voltage varies linearly with terrain 
resistivity.  For TDEM, the measured voltage [e(t)] varies as σ3/2, therefore, it is intrinsically more 
sensitive to small variations in the conductivity than conventional resistivity methods.  Note that 
during the late stage, the measured voltage is decaying at the rate t-5/2, which is very rapidly with 
time.  Eventually the signal disappears into the system noise, and further measurement is 
impossible.  This is the maximum depth of exploration for the particular system. 

 

Figure 3-5:  Receiver time gate locations. 

 

Figure 3-6.  Log plot-receiver output voltage versus time (one transient). 
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With conventional DC resistivity methods, for example the Wenner array, the measured voltage 
over a uniform earth can be shown to be  

(2a) 

 
 

a = inter-electrode spacing (m) 
ρ = terrain resistivity (Ω-m) 
I = current into the outer electrodes 
V(a) = voltage measured across the inner electrodes for the specific value of a 

In order to obtain the resistivity of the ground, equation 2a is rearranged to give equation 2b:  

(2b) 

 

If ground resistivity is homogeneous and isotropic (uniform half space), and the inter-electrode 
spacing (a) is increased, the measured voltage decreases directly with a so that the right-hand side 
of equation 2b stays constant, and the equation gives the true resistivity.  Suppose now that the 
ground is horizontally layered (i.e., that the resistivity varies with depth).  For example, it might 
consist of an upper layer of thickness h and resistivity ρ1, overlying a more resistive basement of 
resistivity (ρ2 > ρ1).  This is called a two-layered earth.  At very short inter-electrode spacing 
(a<<h), virtually no current penetrates into the more resistive basement, and resistivity calculation 
from equation 2b will give the value ρ1.  As the inter-electrode spacing (a) is increased, the current 
(I) is forced to flow to greater and greater depths.  Suppose that, at large values of a (a>>h), the 
effect of the near-surface material of resistivity ρ1 will be negligible, and resistivity calculated from 
equation 2b will give the value ρ2.  At intermediate values of a, the resistivity given by equation 2b 
will lie somewhere between ρ1 and ρ2. 

Equation 2b is, in the general case, used to define an apparent resistivity which is a function of a 
(ρa(a)).  The variation of ρa(a) with a 

(3) 

is descriptive of the variation of resistivity with depth.  The behavior of the apparent resistivity ρa(a) 
for a Wenner array for the two-layered earth above is shown schematically in Figure 3-7.  With 
conventional resistivity sounding, to increase the depth of exploration, the inter-electrode spacing 
must be increased.  In the case of TDEM soundings it was observed earlier that as time increases, 
the depth to the eddy current loops increases.  This phenomenon is used to perform the sounding 
of resistivity with depth in TDEM.  Thus, in analogy with equation 3, equation 1 can be inverted to 
read (since ρ = 1/σ) 

            (4) 
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Suppose once again that resistivity does not vary with depth (uniform half-space) and is of 
resistivity ρ1.  For this case, a plot of ρa(t) against time would be as shown in Figure 3-8.  Note that 
at late time the apparent resistivity ρa(t) is equal to ρ1, but at early time ρa(t) is much larger than ρ1.  
The reason for this is that the definition of apparent resistivity is based (as seen from Figure 3-6) on 
the time behavior of the receiver coil output voltage.  At earlier and intermediate time, Figure 3-6 
shows that the receiver voltage is too low (the dashed line indicates the voltage given by the late 
stage approximation) and thus, from equation 4, the apparent resistivity will be too high.  For this 
reason, there will always be, as shown on Figure 3-8, a "descending branch" at early time where 
the apparent resistivity is higher than the half-space resistivity (or, as will be seen later, is higher 
than the upper layer resistivity in a horizontally layered earth).  This is not a problem, but it is an 
artifact of which we must be aware.  

Suppose the earth is two-layered with upper layer resistivity ρ1 (thickness h) and basement 
resistivity ρ2 (>ρ1).  At early time when the currents are entirely in the upper layer of resistivity ρ1 
the decay curve will look like that of Figure 3-6.  However, later on the currents will lie in both 
layers, and at much later time, they will be located entirely in the basement (resistivity ρ2).  Since 
ρ2>ρ1, equation 4 shows that the measured voltage will now be less than it should have been for 
the homogeneous half-space of resistivity ρ1 (as indicated in Figure 3-9).  The effect on the 
apparent resistivity curve is shown in Figure 3-10a.  Since at late times all the currents are in the 
basement, the apparent resistivity ρa(t) becomes equal to ρ2, completely in analogy with Figure 3-7 
for conventional resistivity measurements.  In the event that ρ2<ρ1, the inverse behavior is also as 
expected.  At late times the measured voltage response, shown in Figure 3-9, is greater than that 
from a homogeneous half-space of resistivity ρ1, and the apparent resistivity curve correspondingly 
becomes that of Figure 3-10b, becoming equal to the new value of ρ2 at late time.  Note that for the 
case of a (relatively) conductive basement, there is a region of intermediate time (shown as t*), 
where the voltage response temporarily falls before continuing on to adopt the value appropriate to 
ρ2.  This behavior, which is a characteristic of TDEM, is again not a problem, as long as it is 
recognized.  The resultant influence of the anomalous behavior on the apparent resistivity is also 
shown on Figure 3-10b at t*. 

 

Figure 3-7:  Wenner array: apparent resistivity, two layer curve 
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Figure 3-8.  Time Domain Electromagnetic (TDEM): apparent resistivity, homogeneous half space. 

 

Figure 3-9.  Time Domain Electromagnetic (TDEM): receiver output voltage, two layer earth. 

To summarize, except for the early-time descending branch and the intermediate-time anomalous 
region described above, the sounding behavior of TDEM is analogous to that of conventional DC 
resistivity if the passage of time is allowed to achieve the increasing depth of exploration rather than 
increasing inter-electrode spacing.  

 

Figure 3-10.  Time Domain Electromagnetic (TDEM): apparent resistivity, two layered earth. 
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Curves of apparent resistivity such as Figure 3-10 tend to disguise the fact, that, at very late times, 
there is simply no signal, as is evident from Figure 3-9.  In fact, in the TDEM central loop sounding 
method, it is unusual to see, in practical data, the curve of apparent resistivity actually asymptote to 
the basement resistivity due to loss of measurable signal.  Fortunately, both theoretically and in 
practice, the information about the behavior of the apparent resistivity curve at early time and in the 
transition region is generally sufficient to allow the interpretation to determine relatively accurately 
the resistivity of the basement without use of the full resistivity-sounding curve. 

3.4 FIELD PROCEDURE 

Figure 3-11 shows a typical layout for a central loop TDEM sounding.  Field procedures involve 
placing a square transmitter loop of wire on the ground surface.  Two loop sizes were used for this 
study, a 60 m loop and a 100 m loop.  As discussed earlier, the square wave current from the 
transmitter loop is abruptly turned off and turned on automatically which creates the eddy currents 
and decay of their secondary magnetic fields in the ground. 

 

Figure 3-11:  TDEM Field Setup 

Measurements are made with a small circular receiver coil in the center of the transmitter loop, as 
the induced eddy currents penetrate and diffuse through the earth.  The receiver may also be 
placed outside of the transmitter loop in an “offset” configuration.  For typical groundwater 
applications the measurement times range from 0.006 to 50 ms after the primary transmitter current 
is turned off.   

The receiver electronics average over tens or hundreds of repetitions to increase the signal to noise 
ratio performance of the instrument.  Data are recorded digitally and then reviewed by the field 
geophysicist or technician and stored in memory.  Data are downloaded to a laptop or PC at the 
end of the day’s survey for further processing and interpretation.   

Two different TDEM systems were used for this study, the Protem 47 and Protem 57 (Geonics 
LTD).  Both systems use the same receiver but use different transmitters and different field setup 
parameters.  The purpose for using two systems is related to depth of investigation and resolution.  
The Protem 47 has better resolution; however, the depth of investigation is less than the Protem 57.  



 
Page | 26  UWCD OFR 2010-003  

The Protem 47 is commonly used for investigation depths up to approximately 150 m 
(approximately 500 feet).  That depth is approximately the same thickness (depth) as the Upper 
Aquifer System.  The Protem 57 has better depth of investigation; however, the resolution is not as 
good as the Protem 47.  The Protem 57 is commonly used for investigation depths up to 
approximately 400 m (approximately 1300 feet), which corresponds with the Lower Aquifer System 
depths. 

The Protem 47 was used for the UAS.  Three frequency sweeps for every sounding were used (285 
Hertz (Hz), 75 Hz, and 30 Hz).  The Protem 47 is battery powered.  A 60m by 60m (200 feet by 200 
feet) transmitter loop (12 gauge wire) was utilized for the soundings.   

The Protem 57 was used for the LAS.  Three frequency sweeps for every sounding were used (30 
Hz, 7.5 Hz, and 3 Hz).  The Protem 57 is powered with a generator to achieve more current.  A 
100m by 100m (330 feet  by 330 feet) transmitter loop (12 gauge wire) was utilized for the 
soundings.   

The field environment varied.  Soundings were obtained in agricultural fields, the duck pond 
property, open non-agricultural fields (Nature Conservancy land and other private land), orchards, 
and the Point Mugu NAS.  For the most part minimal brush clearing was required for the surveys.   

Some cultural interference did occur in the field and those areas were avoided.  Power lines and 
high voltage lines trended through parts of the field area.  Data were not obtained within 500 to 
1,000 feet of a potential power line.  Careful field inspection of the data in real time revealed any 
possible interference so the sounding can be relocated.  The field inspection of the data also served 
as quality control check to address data quality issues. 

3.5 SCOPE OF WORK 

Figure 3-12 is a location map indicating the location of the Protem 47 Soundings.  In all, 75 
soundings were obtained with the Protem 47.  Each of the sounding locations represents a single 
transmitter loop laid on the ground surface where measurements were obtained at that location with 
the receiver coil in the center of the transmitter loop.  Figure 3-12 also shows the locations of the 
monitoring wells (RASA Wells) that are located in the field area. 

Each sounding was located with GPS to generate the map.  Prior to obtaining any data the receiver 
coil was located with the GPS system.  The receiver coil is the theoretical location for a given 
sounding;  the data are assumed to be from directly below the receiver coil. 

Every sounding location required access agreements from the local landowners, land workers, or 
the Mugu NAS.  Due to the number of sites where access required approval, strong coordination of 
the field activities was required between United Water, landowners and other entities involved.  
Prior to conducting any soundings the proper entities were contacted by telephone and asked to 
sign an access agreement to obtain data from their property.   



 
Page | 27  UWCD OFR 2010-003  

Figure 3-13 shows the same information (sounding locations, wells, etc.) for the Protem 57 
Soundings which were conducted in the same field area.  In all, 47 Protem 57 soundings were 
collected. 

Data were stored on the instrument receiver console during a given field day.  At the end of the day 
the data was downloaded to a laptop computer for further processing.  One day worth of data 
typically contained 3 to 4 soundings located in the downloaded file for a given day.  Therefore, each 
field day consisted of one file which had a unique name with 3 to 4 soundings stored within the file. 

Prior to performing the modeling, the raw data was converted to USF format (Universal Sounding 
Format).  This process takes the raw data and formats it for import to a modeling program.  The two 
software programs (PROTEMW and USFXLT) used for this process were written by Geonics LTD 
and operate under a DOS environment (DOSBOX).   

One model was generated for each sounding.  IX1D modeling software (Interpex, Inc.) was used to 
model the data.  The approach to the modeling is discussed in the following section.  In general a 
consistent modeling approach was used for all of the soundings in the study area.  Approximately 3 
to 4 soundings were modeled on a given day. 

Quality control of the data was conducted both in the field and in the office.  In general, data 
obtained on a given day was modeled the very next day.  If there were any problems with the data 
(interference, wrong settings, instrument malfunction, etc.) it was discovered very fast and the 
sounding was relocated and data was obtained properly.  Many times these problems were 
discovered in the field.  In those instances, the field geophysicist would photograph the data on the 
instrument console and email the picture to the processing senior geophysicist.  The problem was 
discussed and a solution was generated to recollect that sounding if possible.   
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Figure 3-12:  Location Map for Protem 47 Soundings for Saline Intrusion Project 
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Figure 3-13:  Location Map for Protem 57 Soundings for Saline Intrusion Project 
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3.6 MODELING APPROACH 

Multi-layer models were used for each sounding in this study.  Although the UAS and the LAS are 
of the main interest for the study there are several other conditions that will affect the sounding data 
(perched aquifer, vadose zone, complex geology, etc.).  It was found during modeling procedures 
that six layers was an optimal number of layers to match the observed data and have the ability to 
represent the target zones for the study. 

During the modeling procedures deeper layers were modeled at depths in effort to be 
representative of the conditions of the aquifers of interest for this study.  That is, layers were first 
modeled at specific depths to correspond to the general depth range of, or within, the aquifers of 
interest.  In general, layers comparable in depth to the upper and lower UAS, as well as, the upper 
and lower LAS were utilized to start the model process.  However, during the inversion modeling 
part of the process the depths were changed or “adjusted” automatically to achieve a good match 
between the observed and calculated data. 

The data was first forward modeled to set the layer parameters for depth and thickness to correlate 
with general aquifer depths.  During the forward modeling process, the models were manually 
adjusted to get as close as possible a match between the observed data (field data) and calculated 
data (model generated data).  At that point inversion modeling techniques were used.  The inverse 
modeling was used to adjust the forward model and its parameters to the “real” conditions for a 
given sounding.  That is, the inverse modeling achieved a closer match between the observed and 
calculated data and theoretically modeled the specific conditions at a given model location 
(sounding). 

The same approach was used for the Protem 47 and Protem 57 data.  The only differences were 
the modeled depths, thicknesses, and resistivities for the upper and lower UAS and upper and 
lower LAS layers. 

4 STUDY RESULTS 

The results of this study are presented in this section of the report.  The figures that pertain to this 
section of the report (Study Results) are included in the Appendix (Section 4 Figures).   

The results are presented as map views of resistivity which correspond to a given modeled layer.  
That is, there are maps for the interpreted upper UAS, lower UAS, upper LAS, and lower LAS.  
However, due to the inversion process the depths of the geoelectric layers may not exactly match 
the assumed aquifer depths after adjustments were made to achieve a good match between 
observed and calculated data.  The methodology maps the actual resistivity values which may or 
may not correspond with the aquifer boundaries.  The maps are shown as figures in the Appendix 
(Section 7).  A discussion is included in this section of the report for each map that is presented.  In 
general, these mapped data were handled in two ways.  One approach was to manually contour the 
resistivity of a given layer (for example the upper UAS) using only the modeled results.  A second 
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approach was to grid the modeled data to generate a computer gridded/generated version of the 
map (Surfer 9, Golden Software, 2009).  Both maps are shown for each layer.  The units of 
resistivity are Ohm-meters (Ω-m). 

4.1 RESISTIVITY VALUES 

Resistivity values correlate well with the concentration of saline water.  In general, water with a high 
salinity has a very low resistivity.  Water with a low concentration or salinity is characterized by 
relatively higher resistivities.  Several other factors do apply to the actual resistivity values.  The 
resistivity of the subsurface sediments is an important factor. 

Coarse grained materials (gravel, sand, etc.) typically have relatively higher resistivities than fine-
grained materials (clay, silt).  Solid, dry rock has a very high resistivity.  Composition also plays a 
significant factor in resistivity.  However, the presence of water greatly reduces the resistivity of all 
earth materials.  It typically lowers the resistivity of all earth materials significantly.  Measured 
resistivity values represent a contribution from the water content, water type, and host materials. 

Although the resistivity of aquifers can vary significantly, some general trends or values have been 
observed for sedimentary aquifers along the coast in California.  Aquifers which are characterized 
by highly saline water (Total Dissolved Solids [TDS] greater than approximately 20,000 mg/L) are 
typically 5 Ω-m or less (some workers use a 10 Ω -m cutoff – not for this study).  Some saline 
aquifers exhibit resistivities below 1 Ω-m.  Brackish water aquifers, which can vary between 1,000 
mg/L and 10,000 mg/L TDS, are characterized by resistivity values from 5 Ω-m to approximately 20 
Ω-m.  Aquifers that are characterized by resistivity values greater than 20 Ω-m are typically 
considered to be at the freshwater end of the spectrum (less than 1,000 mg/L TDS).   

The values discussed in the previous paragraph are general guidelines.  They were taken from 
observed values from studies conducted along the California coast.  All sites are different and the 
values can vary.  The values chosen are similar (not exactly the same) as the interpreted values 
used by Zohdy, et al when the USGS conducted the resistivity survey on the Oxnard Plain along the 
coast in 1993. 

4.2 TEM 47 SURVEY RESULTS 

Figure 4-1 is a manually contoured map of the data for the interpreted lower part of the UAS.  The 
modeled layers are generally within the 200 feet to 500 feet depth range.  Resistivity contour lines 
range from 10 Ω-m to 50 Ω-m.  All of the resistivity values below 10 Ω-m exist along the coast and 
extend farther inland at the Mugu NAS.  These low resistivities are continuous along the coast and 
do not form two separate lobes as indicated on contour maps using monitoring wells.  Groundwater 
level contour maps indicate that he groundwater is moving in a southeast direction in this area away 
from Port Hueneme.  That may have contributed to the transport of saline water southeastward 
forming one body of saline water rather than two separate lobes. 
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On Figure 4-1, resistivity values increase significantly toward the inland direction.  The resistivity 
values directly adjacent to the coast are very low (less than 5 Ω-m) and occupy a significant portion 
of the resistivity zone below 10 Ω-m.  The 10 Ω-m contour line occurs between 2,000 feet inland at 
the west end and 12,000 feet inland at the Mugu NAS (east end).   

Contour lines indicate a steep gradient of increasing resistivity northward from the 10 Ω-m contour.  
This may represent the “front” of the saline and brackish water body.  The 20 Ω-m contour line is 
similar looking to the 10 Ω-m contour and is located close to it on the north side.  Resistivity values 
increase significantly from that location northward. 

Figure 4-2 is a computer generated contour map (Surfer 9, Golden Software, 2009) of the same 
area and same data.  Resistivity values are represented by colors which are shown on the color bar 
in the lower left hand corner of the map.  The dark blue colors are all below 5 Ω -m and likely 
represent saline water conditions.  The lighter blue or turquoise colors represent the range between 
5 Ω-m and 20 Ω-m which is considered the brackish water range.   

The gray color represents resistivity values greater than 20 Ω-m.  Although, the range is considered 
to be generally freshwater it is included to emphasize the geologic conditions (possible structure) in 
the area. 

In some areas disconnected turquoise colored bodies (5 to 20 Ω -m) are separated from the main 
part of the resistivity configuration for that range.  If these bodies are separated lobes of brackish 
water they may have been caused by the compaction of marine clays, compromised wells, or other 
mechanisms for the generation of saline water than coastal intrusion. 

Several fingers or lobes are located on the north side of the resistivity configuration in both the 
manual and computer generated contours.  These lobes may represent geologic conditions.  They 
may represent pathways for the migration of water along buried channels or other similar geologic 
features.  They are quite prominent and those types of features are expected to occur in this 
geologic setting. 

Figure 4-3 is a manually contoured map of the data for the upper part of the UAS.  The modeled 
layers are generally within the 100 feet to 300 feet depth range.  Resistivity contours range from 10 
Ω-m to 40 Ω-m and increase significantly toward the inland direction.  Figure 4-3 is similar to Figure 
4-1 in that all of the resistivity values below 10 Ω -m exist along the coast and farther inland at the 
Mugu NAS.  The lowest resistivities are also continuous along the coast and do not form two 
separate lobes.  In addition, some of the same features observed in Figure 4-1 occur in Figure 4-3.  
This includes the fingers or lobes on the north side of the contours.  One major difference is that the 
area covered by brackish water values (5 Ω-m to 20 Ω-m) is much greater than in Figure 4-1.  This 
may be from influence by the perched aquifer or compaction (during overpumping) of marine clays.   

Figure 4-4 is a computer generated contour map of the same area and same data as Figure 4-3.  
Resistivity values are represented by colors which are shown on the color bar in the lower left hand 
corner of the map.  The dark blue colors are all below 5 Ω -m and likely represent saline water 
conditions.  The lighter blue or turquoise colors represent the range between 5 Ω -m and 20 Ω -m 
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which is considered the interpreted brackish water range.  The gray (and brown) color represents 
resistivity values greater than 20 Ω-m.  These values are considered to be generally freshwater. 

Two large lobes of resistivity values in the interpreted brackish water range (5 to 20 Ω -m) extend 
northward on Figure 4-4.  The western lobe correlates with a lobe of the same values and location 
shown on the manually contoured map.  However the manually contoured map exhibits a narrower 
lobe.  This is likely due to the computer gridding of data in that area.  It is typical for data to cover 
larger areas when gridding the data before contouring as it extrapolates the data outward into areas 
where there are no data.   

The eastern lobe does not have a counterpart on the manually contoured map.  Data is somewhat 
sparse in that area.  However, the lowest contour value on the computer generated map is 5 Ω -m.  
The lowest contour on the manually contoured map is 10 Ω -m.  This difference would generate a 
larger “brackish water” lobe on the eastern side of the computer generated map since there are 
values between 5 Ω-m and 10 Ω-m in that area. 

In general, the manually contoured and computer contoured maps compare with each other well.  
There are minor differences that are related to the contouring method used.  However, the same 
features do occur on both types of maps.  Computer gridding tends to expand certain features of 
the data in some areas.  The gridded maps should not be discounted because the gridding occurs 
in areas where there is no data.  Extrapolation of the data in those areas is handled by the software 
in a consistent manner that honors the true data points, wherever located.  Manually contouring the 
data can have some qualitative characteristics. 

None of the data whose resistivities represent highly saline water (<5 Ω-m) extend north of 
Hueneme Road.  This is the case for both the interpreted lower UAS and upper UAS.  In fact the 
closest front is approximately 7,000 feet south of Hueneme Road (near Mugu NAS).  However, the 
western lobe of resistivities that are typical of brackish water (between 5 Ω-m and 20 Ω-m) do 
extend north of Hueneme Road approximately 10,000 feet (1.89 miles).  That zone of resistivity 
extends inland from the coast for approximately 23,000 feet.   

Due to the inland extent of both the eastern and western lobe of resistivities typical of brackish 
water in the upper UAS, they may have been caused by the compaction of marine clays, 
compromised wells, or other mechanisms for the generation of saline water other than direct 
migration from the ocean.  It may also be caused by seepage from the overlying perched aquifer 
which is known to have high salinities.  TEM 57 survey results 

Figure 4-5 is a manually contoured map of the data for the lower part of the LAS.  The modeled 
layers are generally within the 800 feet to 1200 feet depth range.  Resistivity contours range from 
10 Ω -m to 30 Ω -m.  Most of the resistivity values below 10 Ω -m exist along the coast and are 
contoured to form two lobes.   

The 20 Ω-m contour is generally located adjacent to the 10 Ω-m contour line along the southeast 
section of the field area; however, it does not form two lobes.  The 20 Ω -m contour does exhibit a 
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major east-west lobe in the vicinity of Hueneme Road (directly east of Port Hueneme).  Resistivity 
values within that lobe actually drop below 10 Ω-m, and forms a small isolated elongated zone of 
low resistivity.  However, resistivity values in that area do not drop below 5 Ω -m.  Another isolated 
patch of resistivity below 20 Ω -m occurs east of the aforementioned area.  That patch is small and 
is surrounded by background (> 20 Ω-m) values.   

On Figure 4-5 the 30 Ω -m contour surrounds the “low resistivity zones” and indicates where the 
interpreted background values are consistent.  Resistivity values increase significantly in the inland 
direction.  The 10 Ω-m contour line occurs approximately 10,000 feet inland at the Mugu NAS (east 
end).  Contour lines indicate a steep gradient of increasing resistivity northward from the 10 Ω-m 
contour.  This may represent the “front” of the saline and brackish water body.   

Figure 4-6 is a computer generated contour map (Surfer 9, Golden Software, 2009) of the same 
area and same data as Figure 4-5.  Resistivity values are represented by colors which are shown 
on the color bar in the lower left hand corner of the map.  The dark blue colors are all below 5 Ω -m 
and are interpreted to represent saline water conditions.  The lighter blue or turquoise colors 
represent the range between 5 Ω-m and 20 Ω-m which is considered the brackish water range.   

The gray color represents resistivity values greater than 20 Ω-m but less than 30 Ω -m.  Although, 
the range is considered to be generally freshwater it is included to emphasize the geologic 
conditions (possible structure) in the area and define the gradient towards generally fresh water. 

The same isolated turquoise colored bodies (5 to 20 Ω -m) occur at the same locations as the ones 
in Figure 4-5 which are separated from the main part of the low resistivity configuration.  They 
appear wider on Figure 4-6 due to gridding the data before contouring.  These lobes are not clearly 
understood.  They may have been caused by the compaction of marine clays, or connection with 
the perched aquifer, or other mechanisms for the generation of saline water than direct migration of 
marine waters. 

Figure 4-7 is a manually contoured map of the data for the interpreted upper part of the LAS.  The 
modeled layers are generally within the 400 feet to 800 feet depth range.  Resistivity contours range 
from 10 Ω -m to 30 Ω -m.  Most of the resistivity values below 10 Ω -m exist along the coast and at 
the Mugu NAS.  The 20 Ω-m contour is generally located adjacent to the 10 Ω-m contour line along 
the southeast section of the field area.  The 20 Ω -m contour exhibits a major east-west lobe in the 
vicinity of Hueneme Road (similar to Figure 4-5).  Resistivity values within that lobe actually drop 
below 10 Ω -m and forms a zone of low resistivity connected to the main part of the low resistivity 
zone.  However, resistivity values in that area do not drop below 5 Ω-m.  A north-south extension or 
finger of low resistivity is located on the east side of the Mugu NAS.  The 10 Ω -m contour extends 
inland from the coast for approximately 13,000 feet in that area.  Resistivity values increase 
significantly toward the inland direction.  Contour lines indicate a steep gradient of increasing 
resistivity northward from the 10 Ω-m contour.  This may represent the “front” of the saline and 
brackish water body.   
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Figure 4-8 is a computer generated contour map (Surfer 9, Golden Software, 2009) of the same 
area and same data as Figure 4-7.  Resistivity values are represented by colors which are shown 
on the color bar in the lower left hand corner of the map.  The dark blue colors are all below 5 Ω -m 
and likely represent saline water conditions.  The lighter blue or turquoise colors represent the 
range between 5 Ω-m and 20 Ω-m which is considered the brackish water range.   

On Figure 4-8 the gray color represents resistivity values greater than 20 Ω-m but less than 30 Ω-m.  
Although, the range is considered to be generally freshwater it is included to emphasize conditions 
in the area that indicate the transition to background values. 

There are differences between Figure 4-7 and 4-8.  On Figure 4-8 the two disconnected turquoise 
colored bodies (5 to 20 Ω -m) occur at the same locations as the lobe and finger which are 
contoured as connected to the main low resistivity zone on Figure 4-7.  On Figure 4-8 the 30 Ω -m 
contour is connected across the northern section of the field area.  It is unconnected in Figure 4-7.  
The disconnected lobes in Figure 4-8 are not clearly understood.  If these bodies are separated 
lobes of brackish water they may have been caused by the compaction of marine clays, cross 
contamination from a poorly constructed wellbore, or leakage from the overlying perched aquifer.   

5 DISCUSSION AND RECOMMENDATION 

The TDEM surveys were successful at detecting resistivity values, and exhibited a resistivity 
distribution, typical of an area characterized by saline intrusion.  Resistivity values typical of highly 
saline water (<5 Ω-m) occur along the coastline between Port Hueneme and Point Mugu in all four 
resistivity depth levels that were mapped.  The contours extend inland much farther at the Mugu 
NAS.  Resistivity values typical of brackish water (5 Ω-m to 20 Ω-m) occur adjacent to and inland 
from the resistivities typical of highly saline water.  The “brackish water resistivities” occupy areas 
that have different sizes and shapes, depending upon the specific depth level resistivity map.  

Along most of the coastline, resistivity values typical of highly saline water extend inland 5,000 feet 
and less.  However, they extend inland 15,000 feet in the vicinity of the Mugu NAS (upper UAS).  
Resistivity values typical of brackish water extend inland a maximum of 23,000 feet at two locations 
on the upper UAS map.  In general, resistivity values typical of saline and brackish water extend 
inland at their maximum distance on the upper UAS map.  However, they extend inland significantly 
on the other three maps (lower UAS, lower LAS, and upper LAS).   

Isolated areas with resistivity values typical of brackish water occur on the lower UAS, lower LAS, 
and upper LAS contour maps.  These isolated bodies may have been caused by compaction of 
marine clays during pumping activities, cross contamination from wells, brines, other connections 
with the overlying perched aquifer, etc.   

Several elongated features or lobes are located on the north side of the resistivity configuration in 
both the manual and computer generated contours for the lower UAS.  These lobes likely represent 
geologic conditions.  They may represent pathways for the migration of water along buried channels 
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or other similar geologic features.  They are quite prominent and those types of features are 
expected to occur in this geologic setting. 

This study is one task (Part 1) in a three part plan pertaining to the understanding of the saline 
water intrusion on the Southern Oxnard Plain.  It is recommended to continue on with Part 2 which 
consists of conducting conductivity profiling in existing wells/piezometers to determine if the saline 
waters have begun to impact strata other than the screened intervals.  It is also recommended to 
conduct Part 3 which consists of conducting production profiling with discrete depth water quality 
sampling and mass balance calculations on existing production wells to identify salinity changes 
that may be masked in a high capacity well.  The area impacted by saline water intrusion as 
inferred by this study is generally similar to that interpreted from the USGS 1990 resistivity study 
(Zhody et al, 1993).  However, this provides additional detail to suggest that the western and 
eastern lobes of saline water have merged along the coast and the inland extent of the brackish 
waters may, at least for some depth intervals, be influenced by geologic features.  As previously 
investigators have found, the vertical extent of the saline water intrusion is highly variable.  The 
interpreted leading edge of the saline water-impacted aquifer is not consistent vertically (i.e., within 
the UAS v. LAS) nor the same laterally from the Port Hueneme to Point Mugu areas. 

The three part study is designed to provide United Water and other regional water resource 
managers with an updated understanding of the areal extent (inland extent) of impacted waters 
and, to a degree, the vertical distribution of those impacted waters.  An understanding of where this 
migration has occurred (especially lateral migration) has important implications to our current and 
future groundwater resource management programs. 
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7 APPENDIX - SECTION 4 FIGURES 

 

 

 

 

 

 

 

 

 



 
Page | 39  UWCD OFR 2010-003  

 

 

Figure 4-1:  Manual Resistivity Contours for Lower UAS - Protem 47 Soundings for Saline Intrusion Project 



 
Page | 40  UWCD OFR 2010-003  

 

 

Figure 4-2:  Computer Generated Resistivity Contours for Lower UAS - Protem 47 Soundings for Saline Intrusion Project 
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Figure 4-3:  Manual Resistivity Contours for Upper UAS - Protem 47 Soundings for Saline Intrusion Project 
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Figure 4-4:  Computer Generated Resistivity Contours for Upper UAS - Protem 47 Soundings for Saline Intrusion Project 
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Figure 4-5:  Manual Resistivity Contours for Lower LAS - Protem 57 Soundings for Saline Intrusion Project 
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Figure 4-6:  Computer Generated Resistivity Contours for Lower LAS - Protem 57 Soundings for Saline Intrusion Project 
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Figure 4-7:  Manual Resistivity Contours for Upper LAS - Protem 57 Soundings for Saline Intrusion Project 
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Figure 4-8:  Computer Generated Resistivity Contours for Upper LAS - Protem 57 Soundings for Saline Intrusion Project 
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