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Executive Summary
The Sacramento Valley Groundwater Basin and the Redding Groundwater Basin represent the principal
groundwater basins of the broader Sacramento River Hydrologic Region. The Sacramento Valley
Groundwater Basin is bound by the Coast Ranges to the west, the Cascade Range to the northeast, and
the Sierra Nevada to the east, extending from the City of Red Bluff in the north to the Delta in the south.
As described by California Department of Water Resources (DWR), the Sacramento Valley groundwater
basin underlies approximately 4,900 square miles of the Sacramento Valley.
The Tuscan Aquifer system, a regional aquifer of the Sacramento Valley Groundwater Basin, is among
the principal water bearing units in Butte County. The Lower Tuscan is a critical resource to the region.
However, there have been limited regional planning and utilization efforts due to incomplete data
pertaining to aquifer system functions in terms of source, recharge and recovery. Butte County was
awarded grant funds from DWR through Proposition 50 (Water Security, Clean Drinking Water, Coastal
and Beach Protection Act of 2002) for implementation of the proposed LTA Project. Butte County
Department of Water and Resource Conservation (BCDWRC) is administering the LTA Project in
partnership with the Northern Sacramento Valley Integrated Regional Water Management Group,
previously the Four County Group.
The project consisted of seven tasks:
Task 1 – California Environmental Quality Act (CEQA) Initial Study
Task 2 – Technical Steering Committee
Task 3 – Development of GIS Geodatabase
Task 4 – Aquifer Recharge Assessment
Task 5 – Installation of Groundwater Monitoring Wells
Task 6 – Aquifer Performance Testing
Task 7 – Public Outreach
For the CEQA Initial Study, BCDWRC, acting as the CEQA Lead Agency, determined that the proposed LTA
Project would not have a significant impact on the environment with mitigation, pursuant to CEQA.
Because the Lead Agency finds no substantial evidence that the project or any of its aspects may cause
a significant impact on the environment with mitigation, a Proposed Mitigated Negative Declaration
(MND) was prepared. A Technical Steering Committee (TSC) was formed to provide input and
recommendations to help guide the progress of the project and the quality of the data. The TSC was
comprised of qualified scientists selected from within the Six County area and included representatives
from State and local agencies, the academic community and various special districts throughout the
northern Sacramento Valley.
The project also included development of a comprehensive GIS Geodatabase to store data collected
during the duration of the project. This system is an important tool for the BCDWRC to monitor
conditions in the groundwater basin and promote education regarding the local water resources.
The LTA Project included a scientific investigation to develop data and analytical tools to improve the
understanding of the aquifer. Field tasks to collect these data were included as part of Tasks 4 through
6. Specifically, these tasks represent a scientific field investigation designed to improve the
understanding of the properties of the LTA system including:
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The physical parameters that influence the ability of surface water to percolate to the aquifer
system;
When, where and how much water from streams interact with groundwater in the Lower Tuscan
Aquifer;
The current recharge contribution of other aquifer systems to the Lower Tuscan Aquifer;
Typical aquifer properties and variability of the properties over the region;
Ability to predict the natural recharge areas and source waters under current hydrologic conditions;
How pumping activities may impact the aquifer.

Although the result of the LTA project as documented in this report has greatly enhanced the
understanding of the LTA, it is important to note what issues this study was not intended to address as
listed below:

Determine the safe yield of the LTA, locally or regionally

Determine the storage capacity of the North Sacramento Valley

Study recharge from the Sacramento and Feather Rivers

Update the Butte Basin IWFM model

Identify the subsurface extent of the Tuscan Formation
It is also important to note that no new production wells were installed and the project was not
connected with any water transfer programs.
Although as stated above, the LTA project was not intended to assess recharge from the Sacramento
River, as discussed in the Final Report, review of hydrographs from one of the newly installed
groundwater monitoring well nests provided some insights to this interaction. Further insights to
recharge mechanisms from the Sacramento and Feather River discussed in this report were also
provided by analysis of stable isotopes of oxygen and hydrogen for groundwater and surface water
samples collected from the groundwater monitoring well nests and five creeks monitored for the project.
These analyses were added to the project and were not part of the original scope of work.

Hydrostratigraphy
The Tuscan Formation includes a sequence of variably cemented, interbedded clay, sand, and gravel.
This formation consists predominantly of purple volcanic debris flow deposits and interbedded waterlain
fluvial deposits rich in volcanic material produced by erosion, but in many areas containing crystalline
basement-derived clasts and rare tuff beds. The reported occurrence of both channel-lain, clast
supported, pebble- and cobble-gravel facies and interbedded volcanic-rich debris-flow facies in this
formation suggests that debris flows related to volcanic events episodically choked the ancestral
stream/river systems of the area (Blair and others, 1991). In contrast, the Tehama Formation to the
west of the study area consists predominantly of metamorphic clasts originating from the Coast Ranges.
Helley and Hardwood (1985) divided the Tuscan Formation into four hydrostratigraphic units, labeled
from deepest to shallowest, A through D. Units A and B together define the LTA, the subject of the LTA
project, and units C and D define the Upper Tuscan Aquifer. Helley and Hardwood (1985) also identified
several tuffaceous units that were used to separate the hydrostratigraphic units that included the Tuff of
Hogback Road (separates Unit D from Unit C), Ishi Tuff Member (separates Unit C from Unit B), and the
Nomlaki Tuff Member (top of Unit A). It should be noted that although an attempt was made to
distinguish these units from drill cuttings during the drilling of monitoring wells for the LTA project, the
Helley and Harwood definitions of A through D are generalizations derived from the outcrop that have not
been established in the subsurface.
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Evaluation of BBGM Input Parameters
The reviewed BBGM was prepared for BCDWRC by Camp Dresser McKee (CDM) and is documented in
Butte Basin Groundwater Model Update – Phase II Report (CDM, March 2008). The BBGM model code
is an Integrated Water Flow Model (IWFM) developed by California Department of Water Resources
(DWR). The model version used for this effort, version 2.4.1a and 2.4.1b, is no longer supported by
DWR. The model is intended to fully integrate surface water and groundwater interaction and flow within
the model domain. The model is based on a finite element mesh which is defined by nodes in a
triangular arrangement. Physical properties controlling water flow are assigned to these elements for
use in the numerical evaluation by the model.
The BBGM is a regional model that was calibrated in 2008 using the best information of physical
characteristics of the LTA available at the time. The comparison of LTA data to specific BBGM nodes
does not negate the utility of the model but rather provides critical information that can be used to refine
the model using the newly developed data. The description of the current BBGM provided by CDM
(2008) also states that due to the broad area covered and data density, the model is not capable of
evaluating the potential yield of individual wells or the impacts of individual wells or recharge facilities.
As such, caution should be exercised if the model were to be used on a location specific basis.
Specific model files reviewed with respect to the LTA investigation include: Stream ratings curves,
Stream bed thickness, model Layer 6 (LTA Unit B) hydraulic conductivity, and Layer 6 stratigraphic
thickness. The differences between values are dependent upon the natural variability associated with
each specific parameter. The objective of the comparison was to identify parameters of the model that
could be further refined to improve the predictive nature of the BBGM. Overall, the findings of the
evaluation identify that broad regional assumptions of field parameters should be refined regularly to
address the natural variability and heterogeneities observed during the LTA investigation.

Evaluation of Recharge Mechanisms and Aquifer Interactions
Studies conducted to assess recharge mechanisms of the LTA included stream gauging, temperature
gradient profiling, infiltrometer testing, and analysis of stable isotopes of hydrogen and oxygen from
groundwater and surface water samples. Stream gauging and temperature gradient profiling were
conducted to assess if surface waters from local streams, such as Butte Creek and Big Chico Creek,
recharged the LTA directly in areas where the streams crossed outcrops of the Lower Tuscan Formation.
Prior to conducting the LTA Project, this mechanism was thought to be a major contributor to recharge of
the LTA. Analysis of stable isotopes of hydrogen and oxygen from groundwater and surface water
samples was conducted to assess the source of the recharge water. The analyses of general chemical
parameters and stable isotopes for water samples from the groundwater observation wells and surface
water samples were not part of the original LTA Project scope, but provided critical insights into the
recharge mechanisms and interactions with other aquifer systems for the LTA. In addition, aquifer
performance tests conducted for the LTA Project also provided important insights for recharge
mechanisms of the LTA including through interaction with other aquifers and possible recharge from the
Sacramento River. Each of the recharge mechanisms and aquifer interactions assessed by these
studies were critical to evaluating recharge mechanisms.
The recharge analysis of stream flow for all five creeks indicate that if recharge is occurring within the
reaches of the channel overlying Tuscan Formation outcrop, it is within the calculated accuracy of the
instrumentation used for instantaneous stream flow measurements and thus cannot be assessed with
developed estimates of continuous stream flow. This indicates that, for any given measurement, the
losses or gains within the stream reach cannot be attributed to recharge with any certainty and cannot
be quantified based upon the subtle differences in stream flow between upstream and downstream
measurements. These results indicate that recharge along these reaches are minimal and not a
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significant source of water for the LTA. It is important to note this applies to reaches in the foothills
where the creeks cross the outcrop. Interaction of the creeks with the aquifers further into the valley
was not directly evaluated.
The results of the infiltrometer testing also suggests that movement of water within the vadose zone
(unsaturated portions) of Tuscan Formation as a whole, does not follow a straight vertical pathway
downward towards the groundwater aquifers. Instead, water moving vertically downward from the
surface will follow a sinuous path flowing horizontally along finer grained units with low permeabilities
and then vertically when encountering coarser material. Horizontal flow was observed at shallow depths
during the infiltrometer tests within the shallow soils borings completed next to the test area.
Water samples and isotopic analysis from wells and streams were analyzed to assess recharge
characteristics. The data for samples from all three depths of the Hackett Property monitoring well
(MW-HP-1), which are located close to the LTA outcrop on the east edge of the valley, are similar and are
indicative of precipitation from elevations that are not far above the valley floor. There is a slight trend of
increasing elevation with greater aquifer depth, which is what would be expected from recharge at the
outcrop along the edge of the valley. The aquifer test conducted at the Hackett Property demonstrated
that there are at least two primary aquifers hydraulically disconnected (deep and intermediate zones).
The test also shows that the intermediate aquifer interacts with a shallow aquifer through a leaky
aquitard and that there is significant storage within the aquitard consistent with observations made
during drilling of the observation well.
The data for the CSU Farm monitoring wells (MW-CSU-1) indicates a divergent source of recharge for the
shallow interval compared to the intermediate and deep intervals. The shallow CSU interval has an
isotope signature that suggests recharge may be occurring locally from Butte Creek or its diversions,
through the shallow alluvium, and into the Upper Tuscan Aquifer. The CSU deep interval, completed
within the LTA, has an isotope signature that is similar to those from the MW-HP-1 location, suggesting
the deep interval at CSU Farms is recharged primarily from local precipitation near the east edge of the
valley and lower foothills. The MW-CSU-1 intermediate interval, also completed in the LTA, is indicative
of a somewhat higher recharge elevation than the deep zone, but may be the result of mixing between
zones, with influence from both the shallow and deep zones.
The data from the M&T Ranch monitoring wells (MW-MT-1) indicates that the recharge source decreases
in elevation with increasing depth in the aquifer. This is the opposite pattern than what occurs in the
MW-HP-1 wells. The MW-MT-1 wells are located in the central part of the valley, near the Sacramento
River. Thus, recharged water in the area of these wells may be due to a mixture of lower-elevation
precipitation along the basin perimeter and mid-elevation precipitation from the Sacramento River. The
source of Sacramento River water would be at a location north of the M&T Ranch near Red Bluff where
the LTA outcrops or extends to shallower depths that would be connected with waters from the river.
The MW-MT-1 intermediate zone (completed in the LTA) isotope values could also result from mixing
between the shallow (completed in Upper Tuscan Aquifer) and deep intervals. The stable isotope data
and water-level interpretations suggest that much of the water in the upper zone at M&T Ranch may be
from the Sacramento River, though this warrants further investigation. The aquifer test conducted at the
M&T Ranch demonstrated that there are at least two primary aquifers hydraulically connected (shallow
and deep zones) and that there is significant storage within the aquitard separating these zones.
Water level data recorded within monitoring wells at the M&T Ranch during a major storm event that
occurred in March 2011 showed a distinct change of increasing water levels. The distinct change to
increasing water levels noted in the MW-MT-1 wells, corresponded in time almost identically to
significant increases in river flow of the Sacramento River. One possible explanation for this response is
that distant outcrops of the LTA are hydraulically connected with the Sacramento River systems. Since
the LTA in this area of the M&T Ranch is confined, the location of this connection would have to be in an
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area that is at or above the water level for a confined aquifer to cause the response observed in the
wells. Although not definitive, this relationship suggests that the Sacramento River is a potential
recharge source of the LTA in areas north of the M&T Ranch in the vicinity of Red Bluff, California.
Additional studies are recommended in Section 7 to further explore this potential recharge source.
The Esquon Ranch irrigation wells, PW-ESQ-39 and PW-ESQ-40, have isotopic signatures that suggest
most of the recharge is from local, low elevation precipitation. The aquifer test conducted at the Esquon
Ranch demonstrated that the primary LTA aquifer is hydraulically connected to the aquifer within the
upper Ione Formation but water from these two zones follow indirect pathways. The shallow aquifer zone
of the LTA in this area is not hydraulically connected with the lower zone of the LTA.

Future Data Needs
Based on the findings of the Final report, future data needs and additional studies have been identified
to further the overall understanding of the LTA.
Recommendation 1: Expand Isotopic Analysis to Further Assess Spatial and Seasonal Relationships
As an add-on to this project, stable isotope data were obtained at several locations. Based on the
insights gained from the initial data with respect to the identification and elimination of potential major
recharge areas, it is recommended that future studies include much greater emphasis on the collection
and interpretation of stable isotope data.
Recommendation 2: Assess Interaction between Sacramento and Other River Stage Response to
Changes in Groundwater Levels
A comparison of the river stage data for the Sacramento River with the water levels in the monitoring
well at the M&T Ranch indicate a possible correlation, which is supported by the stable isotope data
from the river and the same monitoring well. Given the understanding of the hydrogeology of the study
area, it is very likely that the Feather River also acts in a similar fashion. It is recommended that
additional studies be conducted to better assess the interaction between the river stage on the
Sacramento River, Feather River, and other major tributaries with changes in groundwater levels in the
LTA and other aquifers that may also provide water to the LTA.
Recommendation 3: Assess Recharge Potential of Shallow Alluvial Aquifer to LTA
The results of the LTA Project indicate that the individual stream channels, flowing across the Tuscan
Formation outcrop to the east of the valley floor, are not major sources of recharge to the LTA. Yet, the
limited stable isotope data currently available suggests that appreciable recharge does occur near the
eastern perimeter of the basin. One possible explanation for these observations is that the shallow
alluvial aquifers overlying the Tuscan Formation near the foothills acts as a recharge source, or
“sponge”, that absorb water from local precipitation and from the creeks as they enter the valley. This
water subsequently percolates downward into the LTA over a broad area due to the areal extent and
vertical hydraulic head within the shallow alluvium. To test this hypothesis, and further evaluate the
actual sources and mechanisms of recharge along the eastern perimeter of the valley, it is
recommended that a localized study of recharge potential be conducted.
Recommendation 4: Conduct Focused Recharge and Aquifer Interaction Assessments towards
Development of Management Tools Such as Groundwater Model
Although the LTA Project identified a number of hydrologic complexities, there are approaches to build
upon the information gained from the study. One opportunity would be to conduct focused recharge and
aquifer interaction assessments that will improve management tools such as the groundwater model. It
is recommended that the guiding objective be to obtain sufficient data to develop a subregional
groundwater model with sufficient detail to be able to be used as a tool for planning and management of
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individual projects. This detail includes improving the overall understanding of the stratigraphic
relationships of the Tuscan Formation and other geologic units in the area as they relate to the control of
the overall hydrogeology.
Recommendation 5: Definition of Stratigraphic Zones
It is recommended that a uniform set of criteria for logging of cuttings from the LTA be developed. Such
an effort would need the participation and cooperation of various agencies and, researchers in the
region. The criteria adopted should be such that the contacts between geologic formations are easily
identifiable from the drill cuttings, such as developed by Blair and others (1991) for the Oroville area.
Recommendation 6: Development of Subregional Groundwater Models
The current extent of the Butte Basin Groundwater Model (BBGM) and the existing data density limit the
ability of the BBGM to be used for evaluation of the potential impacts or benefits of localized projects.
Development of subregional models in areas of sufficient data density, for example as discussed in the
Recharge and Aquifer Assessment Recommendation, is recommended where feasible. In addition, the
knowledge gained from the development and use of such models can also help identify the data needs
for projects being considered outside of an area covered by a subregional model.
Recommendation 7: Development of Hydrogeologic Conceptual Model for Eastern Sacramento
Valley Basin.
The results of the LTA project provided detailed analysis of the hydrogeologic framework at localized
areas of the overall basin. Using this solid framework and methods to analyze data, it is recommended
that the results of this study, combined with the results of existing and future studies of the area, be
used to develop an overall hydrogeologic conceptual model (HCM) of the eastern Sacramento Valley
Groundwater Basin. The HCM would present the best understanding of the hydrogeologic processes
affecting the LTA and can be used to develop the future data needs to further this understanding. As
additional data is collected, it is important to update the HCM so that the process is continued allowing
for proper management decisions to be made for this critical resource to the area.
In closing, the results of the LTA project have provided important insights towards understanding the
recharge mechanisms and interactions with other aquifers that will assist BCDWRC’s and other
stakeholder’s management and protection of this important regional resource. The LTA project has:
1. Provided a framework for following a consistent characterization of the hydrostratigraphy
2. Shown that LTA characteristics change from north to south indicating that management of these
resources should not be conducted under broad assumed aquifer characteristics.
3. Provided methods for assessing aquifer properties through use of existing pumping practices
4. Established a baseline for using isotopic and water quality analysis to evaluate recharge
5. Identified potential recharge mechanisms related to stages of the Sacramento River and other
regional streams within the area
6. Demonstrated that surface infiltration does not follow a straight vertical pathway to the underlying
aquifers
7. Demonstrated significant storage and recharge to the LTA occurs within the overlying and underlying
aquitards and aquifers.
In addition, the project has provided the framework for continuing the overall understanding of the LTA
that can be used to develop future studies such as those recommended above.
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Section 1

Introduction
This document presents the Final Report for the Lower Tuscan Aquifer Monitoring, Recharge, and Data
Management Project (LTA Project). This report is being submitted in accordance with Attachment Two
Section A2.3 of the County of Butte Contract Number 18050 dated January 31, 2010 between Butte
County and Brown and Caldwell (BC). A description of the overall LTA Project is presented in the Initial
Study/Proposed Mitigated Negative Declaration prepared by the Butte County, Department of Water and
Resource Conservation in May 2010.

1.1 LTA Project Overview
The Sacramento Valley Groundwater Basin and the Redding Groundwater Basin represent the principal
groundwater basins of the broader Sacramento River Hydrologic Region (Figure 1-1). The Sacramento
Valley Groundwater Basin is bound by the Coast Ranges to the west, the Cascade Range to the
northeast, and the Sierra Nevada to the east, extending from the City of Red Bluff in the north to the
Delta in the south. As described by California Department of Water Resources (DWR), the Sacramento
Valley groundwater basin underlies approximately 4,900 square miles of the Sacramento Valley.
The Tuscan Aquifer system, a regional aquifer of the Sacramento Valley Groundwater Basin, is among
the principal water bearing units in Butte County. The Tuscan Formation was defined by Helley and
Hardwood (1985) to consist of four units, labeled A through D, with A and B defining the Lower Tuscan
and C and D defining the Upper Tuscan. Camp, Dresser, and McKee, Incorporated (CDM, 2005)
indicated that the majority of the groundwater is found in the Lower Tuscan units.
The Lower Tuscan is a critical resource to the region. However, there have been limited regional planning
and utilization efforts due to incomplete data pertaining to aquifer system functions in terms of source,
recharge and recovery. Butte County was awarded grant funds from DWR through Proposition 50 (Water
Security, Clean Drinking Water, Coastal and Beach Protection Act of 2002) for implementation of the
proposed LTA Project. Butte County is administering the LTA Project in partnership with the Northern
Sacramento Valley Integrated Regional Water Management Group, previously the Four County Group.
Figure 1-2 shows the approximate boundaries of the area studied as part of the LTA Project.
The project consisted of seven tasks:
Task 1 – California Environmental Quality Act (CEQA) Initial Study
Task 2 – Technical Steering Committee
Task 3 – Development of GIS Geodatabase
Task 4 – Aquifer Recharge Assessment
Task 5 – Installation of Groundwater Monitoring Wells
Task 6 – Aquifer Performance Testing
Task 7 – Public Outreach
For Task 1, CEQA Initial Study, BCDWRC, acting as the CEQA Lead Agency, determined that the proposed
LTA Project would not have a significant impact on the environment with mitigation, pursuant to CEQA.
Because the Lead Agency finds no substantial evidence that the project or any of its aspects may cause
a significant impact on the environment with mitigation, a Proposed Mitigated Negative Declaration
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(MND) was prepared. BC with teaming partner Galloway Consulting (subsequently acquired by Northstar
Engineering) were responsible for preparation of the CEQA Initial Study/Proposed Mitigated Negative
Declaration (IS/MND). The IS/MND was approved by the Butte County Board of Supervisors on July 13,
2010. A copy of the IS/MND and response to comments can be found on the BCDWRC website at
www.buttecounty.net and on CD in Appendix A of this report.
Task 2 involved interactions with a Technical Steering Committee (TSC) formed to provide input and
recommendations to help guide the progress of the project and the quality of the data. The TSC was
comprised of qualified scientists selected from within the Six County area and included representatives
from State and local agencies, the academic community and various special districts throughout the
northern Sacramento Valley. The TSC met on an as-needed basis throughout the duration of the project
and acted solely in an advisory capacity to Butte County and the BC Project Team. A list of the TSC
members and the organization they represent are in Table 1-1.
Table 1-1. TSC Members
TSC Member

Organization

Four County Group Members
Vickie Newlin

BCDWRC

Allan Fulton

Tehama County

Lester Messina

Glenn County, Department of Agriculture

Steve Hackney

Colusa County, Planning and Building Department

Dan Peterson

Water Resources, Sutter County Department of Public Works

External TSC Members
Joe Connell

University of California Cooperative Extension

Brendon Flynn

Pacific Farms & Orchards

Dr. Steffen Mehl

California State University (CSU) Chico

Dr. Todd Greene

CSU Chico

Benn Pennock

Glenn Colusa Irrigation District

Ted Trimble

Western Canal Water District

Kelly Staton

DWR, Northern Regional Office

Tracy McReynolds

Department of Fish and Game

John Lane

Chico Environmental Science and Planning

Mark Kimmelshue

Armco

Dr. Lev Kavvas

Hydraulic Research Laboratory, California Hydrologic Research Laboratory

Carol Perkins

Butte Environmental Council

The project also included development of a comprehensive GIS Geodatabase, Task 3, to store data
collected during the duration of the project. This system is an important tool for the BCDWRC to monitor
conditions in the groundwater basin and promote education regarding the local water resources. It also
allowed qualification and quantification of surface water and groundwater properties from the LTA
Project area. As part of this task, the BC Project Team also developed a field data collection tool that
improved the quality of the data collected in the field to be incorporated into the geodatabase. A
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Technical Memorandum documenting the geodatabase development and implementation, including a
data dictionary, was completed and is reproduced on compact disc (CD) in Appendix A.
The LTA Project grant application included a scientific investigation to develop data and analytical tools
to improve the understanding of the aquifer. Field tasks to collect these data were included as part of
Tasks 4 through 6. Specifically, these tasks represent a scientific field investigation designed to improve
the scientific understanding of the properties of the LTA system including:

The physical parameters that influence the ability of surface water to percolate to the aquifer
system;

When, where and how much water from streams interact with groundwater in the Lower Tuscan
Aquifer;

The current recharge contribution of other aquifer systems to the Lower Tuscan Aquifer

Typical aquifer properties and variability of the properties over the region;

Ability to predict the natural recharge areas and source waters under current hydrologic conditions;

How pumping activities may impact the aquifer.
Although the result of the LTA project as documented in this report has greatly enhanced the
understanding of the LTA, it is also important to note what issues this study was not intended to address
as listed below:

Determine the safe yield of the LTA, locally or regionally

Determine the storage capacity of the North Sacramento Valley

Study recharge from the Sacramento and Feather Rivers

Update the Butte Basin IWFM model

Identify the subsurface extent of the Tuscan Formation
It is also important to note that no new production wells were installed and the project was not
connected with any water transfer programs.
Although as stated above, the LTA project was not intended to assess recharge from the Sacramento
River, as discussed in this report, review of hydrographs from one of the newly installed groundwater
monitoring well nests provided some insights to this interaction. Further insights to recharge
mechanisms from the Sacramento and Feather River discussed in this report were also provided by
analysis of stable isotopes of oxygen and hydrogen for groundwater and surface water samples collected
from the groundwater monitoring well nests and five creeks monitored for the project. These analyses
were added to the project and were not part of the original scope of work.
Three technical reports were prepared for the project summarizing the results of the field investigations
and detailing the methods and procedures used to collect the data: the Field Investigation Report (Brown
and Caldwell, 2012); the Aquifer Performance Test Report (Brown and Caldwell, 2013a); and the
Recharge Assessment Report (Brown and Caldwell, 2013b). Each of these reports are included on the
project web page and are reproduced on CD in Appendix A.
The Field Investigation Report (Brown and Caldwell, 2013a) documents the methods and procedures
used to: drill, install, and sample the groundwater monitoring wells; perform the double ring infiltrometer
tests; and, install the staff gauges and temperature gradient wells used for the aquifer recharge
assessment. This report also summarizes the results of data collected during the installation of the
groundwater monitoring wells and performance of the double ring infiltrometer tests. The Aquifer
Performance Test Report (Brown and Caldwell, 2013a) summarizes: results of the review of four existing
aquifer tests performed by others in the near vicinity; the methods and procedures used to conduct each
of the new aquifer tests conducted for the LTA project; and, presents the results of the aquifer
performance test analyses. The Recharge Assessment Report (Brown and Caldwell, 2013b) summarizes
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the data collected as part of the stream gauging activities and temperature gradient wells and provides
an assessment of the data as it relates to the evaluation of recharge to the LTA.
The purpose of the public outreach task, Task 7, was to educate regional and county decision makers
and the public about the aquifer investigation’s objectives, progress, and results. Public outreach as
part of the LTA Project primarily consisted of stakeholder and public meetings, with support in the form
of quarterly reports, a website, and newsletters. The website provided the means of sharing the project
schedule, status, and outreach materials with the public and stakeholders. The website was updated
monthly and contains content such as: project schedule, CEQA documentation, quarterly and project
reports (including this Final Report), meeting minutes, outreach meeting schedules, project data,
newsletters, and links to other related websites.

1.2 Objectives and Outline of Final Report
As discussed in Section 1.1, detailed technical reports have been prepared that: describe the methods
and procedures used to collect data for the project; summarize the results; and, discuss and present the
methods used to analyze the results. Copies of these reports are provided on CD in Appendix A.
The primary objective of this Final Report is to summarize the findings presented in the technical reports
and evaluate the data and analyses with regard to insights into the recharge mechanisms and aquifer
properties of the LTA. Since these reports are technical in nature and discuss several technical terms
and concepts regarding the nature of groundwater aquifer systems and their source of water, Section 2
presents an overview of these terms and concepts for the general public. Section 3 presents a summary
of the results presented in the three technical reports and Section 4 provides an evaluation of the
validity of input parameters to the Butte Basin Groundwater Model (BBGM) based on these findings. The
evaluation presented in Section 4 includes direct comparison of more than 100 points using data
collected from the LTA Project to values used at corresponding nodal points within the BBGM.
Using the data and analysis completed for the LTA Project, Section 5 presents an evaluation of recharge
mechanisms and aquifer properties. Section 6 presents our recommended “road map” to collect the
identified data needs through completion of additional focused investigations, models, and desk top
studies. References cited are listed in Section 7.
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Overview of Technical Terms and
Concepts used for the LTA Project
As discussed in Section 1, the LTA project is a scientific investigation. Previous reports produced for the
project have discussed several technical terms and concepts regarding the nature of groundwater
aquifer systems and their source of water. As stated in Section 1.2, the purpose of the Final Report is to
summarize the data and technical concepts presented in these reports. Since this report will be the
primary report used by the public and other stakeholders such as policy makers for the overall results of
the LTA project, this section presents a general overview of the technical terms and concepts that the
reader will encounter throughout this document. It is intended that this Final Report will provide all
interested readers the necessary information to comprehend the current understanding of LTA to allow
proper management and protection of this important regional asset.

2.1 Geology and Hydrogeology
As part of the LTA project, the identification of both geologic and hydrogeologic units is critical to the
overall understanding of how groundwater flows through the environment. Identification of geologic
formations, such as the Tuscan Formation, should be based on explicit practices for classifying and
naming all formally defined geologic units as presented in the North American Stratigraphic Code (North
American Commission on Stratigraphic Nomenclature (NACSM, 2005).
The formation (always capitalized when used for geologic unit, i.e. Tuscan Formation) is the fundamental
unit in lithostratigraphic (layers of rock in the ground) classification. As defined by the NACSM (2005), “a
formation is a body of rock identified by lithic (rock or stone) characteristics and stratigraphic position; it
is prevailingly but not necessarily tabular and is mappable at the Earth’s surface or traceable in the
subsurface.” The key portion of this definition for the LTA project is mappable, or easily identified, at the
Earth’s surface or traceable in the subsurface. For the LTA, characteristics easily identifiable in drill
cuttings (material produced from the ground when drilling a well) were critical to the identification of
geologic formation boundaries. For example, the Tuscan Formation was identified in drill cuttings
collected from soil borings completed as part of the LTA project following the criteria of Blair and others
(1991) that distinguished this unit of material from overlying units by the significant presence (greater
than 50 percent) of volcanic rock types referred to as andesite, andesitic basalt, and/or dacite. In
contrast, the numerous Quaternary formations used by others in the area are based on geomorphic or
buried-soil information rather than on criteria by which formal formations are distinguished. More
importantly, the criteria used by others cannot be easily distinguished in drill cuttings. For the LTA
project, these units were defined to include all post-Tuscan sediments in the area and were designated
as Quaternary Deposits. Section 3 summarizes the geologic units identified during the LTA project.
Both the Quaternary Deposits (younger than Tuscan material) and distal portion of the Tuscan Formation
primarily consist of fluvial deposits, or deposits formed from the processes of rivers and streams. The
term distal refers to areas farthest away from the source of rock material making up the sediments as
opposed to proximal that indicates portions of the geologic formation nearest the source of rock
material. Photograph 2-1 shows an example of the distal portion of the Tuscan Formation whereas
Photograph 2-2 shows an example of the proximal portion (see discussion below for proximal portion).
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Characteristic of former river systems is the deposition of interbedded sands, gravels, silts and clays
whereby the sand and gravel units represent material deposited within the high velocity flows of the
main river channels and the silts and clays represent material deposited within areas of low velocity
flows such as the floodplains. This type of depositional environment forms subsurface features referred
to as “paleo-valleys” that represent areas of former canyons that have been filled in with coarse grained
sediments. An example of this type of feature was observed by Blair and Others (1991) in the Oroville
area as shown on Figure 2-1. As seen on this figure, the paleo-valley is represented by the thick
sequence of sands and gravel deposits from the younger Laguna Formation juxtaposed (deposited
adjacent to) older deposits of the Tuscan Formation. As discussed within this report, identification of
these types of features will be critical to the overall understanding of groundwater movement within the
LTA and interactions with other aquifer systems as discussed below for hydrogeologic unit classification.
It is also important to note, that identification of these features requires detailed analysis of drill cuttings
and identification of geologic formation boundaries as discussed above.

Photograph 2-1. Photograph of fluvial sand and gravel units within the Tuscan Formation representing distal
portions of the unit. Photograph taken along Highway 91 near Paradise, California.
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Figure 2-1. Hydrostratigraphic cross section developed by Blair and Others (1991) for area in vicinity of Oroville, California. Cross section shows
development of paleo-valley formed by younger Laguna Formation resulting in aquifers of this formation being placed adjacent to other aquifers
including the LTA.
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The proximal portion of the Tuscan Formation (see Photograph 2-2) primarily consists of interbedded
fluvial deposits and lahars. A lahar is a type of mudflow or debris flow composed of a slurry of
pyroclastic material, rocky debris, and water that flows down from a volcano, typically along a river valley.
The consistency, viscosity, approximate density and hardness of a lahar are that of concrete.

Photograph 2-2. Photograph of cement-like lahar unit within the Tuscan Formation representing proximal
portions of the unit. Photograph taken adjacent to Mill Creek.

Hydrogeologic, or hydrostratigraphic, units are designated based on permeability (ability to transmit
water) of the sediment. The LTA is a hydrostratigraphic unit designation that represents the more
permeable material (sands and gravels) of units A and B of the Tuscan Formation. The LTA system
refers to both the permeable and low permeable (primarily silt and clay material) units within units A and
B of the Tuscan Formation. An aquifer is defined as an underground layer of water-bearing permeable
rock or unconsolidated materials (gravel, sand, or silt) from which groundwater can be extracted using a
water well. An aquitard represents the low permeable material (silts and clays) that restricts the flow of
water. As shown on Figure 2-1, where the formation of paleo-valleys occur, a specific aquifer could be
flowing through one or more geologic formations and in the case of Figure 2-1 for the Oroville area,
groundwater flows from and to the LTA through aquifers formed in the younger Laguna Formation.
Aquifers can be either unconfined or confined. In unconfined aquifers , the ground water only partially
fills the aquifer and the upper surface of the ground water (the water table) is free to rise and decline.
The ground water is at atmospheric pressure. The height of the water table will be the same as the water
level in a well constructed in that unconfined aquifer. A confined aquifer is sandwiched between
aquitards, or confining beds, that impede the movement of water into and out of the aquifer. Because of
the confining beds, ground water in these aquifers is under pressure. Because of the pressure, the
water level in a well will rise to a level higher than the water level at the top of the aquifer. The water
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level in the well is referred to as the potentiometric surface or pressure surface. In some instances, the
potentiometric surface may be above the surface of the ground, in which case the well is called a flowing
artesian well, where water will flow out of the well to the ground surface naturally. Figure 2-2 below
illustrates the concepts of confined and unconfined aquifers discussed above. An aquifer partially
confined by aquitards is referred to as a semi-confined aquifer. In semi-confined aquifers, the water
level in a well will still rise to a level higher than the water level at the top of the aquifer. A leaky
confined aquifer indicates that the aquitards slowly give up water to the aquifer, providing additional
water that reduces drawdown during pumping. As discussed in this report, the presence of leaky
confined aquifers are important to the overall understanding of how the LTA is recharged and interacts
with other aquifer systems in the area.

Figure 2-2. Schematic drawing showing concept of confined and unconfined aquifer systems.

2.2 Recharge and Infiltration
One of the primary objectives of the LTA project is to assess recharge mechanisms to this aquifer.
Groundwater recharge is a hydrologic process where water moves downward from surface water to
groundwater. This process usually occurs in the vadose zone below plant roots and is often expressed as
a flux to the water table surface. Recharge occurs both naturally (through the water cycle) and through
anthropogenic processes (i.e., "artificial groundwater recharge"), where rainwater and or reclaimed water
is routed to the subsurface. Recharge to deeper confined aquifers such as the LTA can also occur from
overlying aquifers through a leaky confining unit (see Section 2.3).
One of the methods used for the LTA project to assess the ability of surface soils to transmit water
downward was soil infiltration testing. Soil infiltration testing is a measure of the rate at which soil is
able to absorb water. Soil infiltration testing allows an assessment of water infiltration capacity of the
Lower Tuscan Formation.
An assessment of groundwater recharge for the LTA project also included analysis of the minor stable
isotopes of water molecules 2H (deuterium, denoted as D) and 18O. Stable isotope analysis of water
samples is based on the principal that the hydrogen and oxygen atoms that form water molecules
contain different isotopic forms. Stable isotopes are those that do not undergo radioactive decay and,
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thus, do not change composition over time. The most prevalent stable isotopes in water are D and 18O.
These stable isotopes are present at very low levels in sea water, in the parts per thousand range. These
stable isotopes have atomic masses that are greater than those of the most common isotopes, which
are hydrogen (H) and oxygen-16 (16O).
The proportion of deuterium and 18O in a water sample is presented relative to a standard value, defined
as Standard Mean Ocean Water (SMOW) on a parts per thousand (per mil) basis. As water vapor moves
inland from the ocean and forms clouds, the isotopic composition of the resulting precipitation is
affected by the temperature, altitude, and distance from the ocean. Since the stable isotopes are
heavier than the predominant isotopes of hydrogen and oxygen in water, the precipitation that falls at
lower latitudes, higher temperatures, and/or lower altitudes will tend to have a higher proportion of
stable isotopes compared to precipitation that falls farther to the north, farther inland, and at higher
altitudes. As the proportion of stable isotopes in the precipitation decreases with increasing distance
from the ocean, for example, the water is said to be more depleted in terms of the stable isotopes. This
effect is illustrated on Figure 2-3. In California, several authors have documented the isotopic shift in
precipitation owing to cloud movement inland from the coast (Davis and Coplen, 1987; Ingram and
Taylor, 1986; Williams and Rodoni, 1997).

Figure 2-3. Changes in stable isotope composition with increasing distance inland and increasing altitude.
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Isotope data are reported using delta notation (δ) and are displayed graphically with 18O (δ18O) on the x
(horizontal) axis and deuterium (δD) on the y (vertical) axis. Because the isotopic data are presented as
ratios relative to the SMOW isotope concentrations, the δ18O and δD values are negative numbers. Thus,
data values that plot farther to the left and lower on the chart represent precipitation that fell farther
from the ocean and/or at higher elevations than data values that plot farther to the right and higher on
the chart, as illustrated on Figure 2-4.

Figure 2-4. Typical stable isotope plot showing the trend in values with increasing
distance from the ocean, or increasing altitude.

A discussion of the isotopic data collected for the LTA project in regards to recharge mechanisms is
presented in Section 5.2.2.
Groundwater and surface water samples were also submitted for analysis of common ionic compounds.
Ionic compounds are basically defined as being compounds where two or more ions are held next to
each other by electrical attraction. One of the ions has a positive charge (called a "cation") and the other
has a negative charge ("anion"). The cations are the metal atoms including calcium and sodium and
anions are the nonmetals including chloride and sulfate.
For the LTA project, these compounds were plotted on a Piper Diagram. A Piper diagram is a graphical
representation of the chemistry of a water sample or samples. Piper diagrams are a combination cation
triangle (lower left) and anion triangle (lower right) that lie on a common baseline (see Figure 5-1). A
diamond shape is placed between them. Information that can be assessed from this diagram includes
water type, mixing of waters, and potential precipitation or solution (dissolving) of minerals. A more
detailed discussion of the use and interpretation of Piper diagrams are presented in Section 5.2.1.
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2.3 Stream Monitoring
Stream monitoring for the LTA project was conducted to assess potential recharge from streams that
cross over outcrops of the LTA. Stream monitoring included the installation of staff gauges and stilling
wells. A staff gauge is a long ruler placed semi-permanently in a stream or lake to read water depth
(Photograph 2-3). A stilling well is a pipe placed within the stream that allows the measurement of water
levels. For the LTA project, the 2-inch diameter galvanized steel post used for mounting the staff gauge
was used as the stilling well by placing a pressure transducer within the pipe for continual monitoring of
stream water levels or stream stage.

Photograph 2-3. Typical staff gauge used for stream monitoring.

The staff gauge data was used to develop a ratings curve to evaluate discharge on a continuous basis as
it relates to changing stage. A rating curve is a graph of discharge versus stage for a given point on a
stream. Discharge is the volume of water per unit of time flowing by a specific point in the stream. Units
of discharge are typically expressed as cubic feet per second (cfs). The stage is measured from the staff
gauge at the same time as the discharge measurement. Discharge for the project was measured using
an Acoustic Doppler Current Profiler (ADCP) that uses acoustic energy (sound) to measure water velocity
(discharge value) throughout most of the water column. Further discussion of the ADCP is provided in
Section 3.4.
Once developed, the ratings curve can be used to estimate flows within the stream by recording the
water level from the staff gauge and plotting it on the ratings curve. An example of a ratings curve for
Big Chico Creek is shown on Figure 2-5. Using this figure, if a water level of 35 feet was recorded from
the staff gauge at this location, the estimated flow for this time period would be 150 cfs.
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Figure 2-5. Stream ratings curve for stage to discharge at Big Chico Creek Station SG-BCC-1U.

2.4 Aquifer Testing
An aquifer test is a field test where a well is pumped at a known and controlled rate and water-level
response, or drawdown, is measured within the pumping well and one or more surrounding observation
wells. Two types of aquifer tests are common and were reviewed as part the LTA project, step drawdown
aquifer tests and constant rate aquifer tests.
A step drawdown aquifer test is a single-well pumping test designed to investigate the performance of a
pumping well under controlled variable discharge conditions. In a step drawdown test, the discharge
rate, or pumping rate, in the pumping well is increased from an initially low constant rate through a
sequence of pumping intervals (steps) of progressively higher constant rates. Each step is typically of
equal duration, lasting from approximately 30 minutes to 2 hours. Figure 2-6 shows a typical drawdown
plot produced for a step drawdown aquifer test. The primary objective of a step drawdown aquifer test is
to evaluate well performance criteria such as well loss and well efficiency that can be used to select an
appropriate pumping rate for a constant rate aquifer test. Well loss is head loss, or drawdown of water
level, caused by flow through a screen and inside a well. Well efficiency is defined as the ratio of the
theoretical drawdown in the formation to the actual drawdown in the well. The difference between the
two is caused by frictional energy losses of the water as it moves from within the formation to the pump
intake. Thus, well efficiency describes the effectiveness of a well in yielding water. Step drawdown tests
are also used to calculate the specific capacity of a well. Specific capacity is simply the pumping rate
(usually reported as gallons per minute) divided by the drawdown (usually reported in feet). It is a very
valuable number that can be used to provide the design pumping rate or maximum yield for the well. It
can be used to identify potential well, pump, or aquifer problems, and accordingly to develop a proper
well maintenance schedule. The data from a step drawdown aquifer test can also be used to provide
preliminary estimates of hydraulic properties of an aquifer system such as transmissivity and hydraulic
conductivity.
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Figure 2-6. Typical drawdown curve produced for step drawdown test.

The goal of a constant rate aquifer test is to estimate hydraulic properties of an aquifer system. A
constant rate aquifer tests consists of pumping a well at a single rate for a long enough duration to see
drawdown responses (decline in water levels) from one or more observation wells. For the pumped
aquifer, one seeks to determine hydraulic conductivity, transmissivity, and storativity. Hydraulic
conductivity, represented in this report with a “K”, describes the ease with which water can move
through pore spaces or fractures. Average K values for unconsolidated sedimentary materials are
provided on Table 2-1.
Table 2-1. Hydraulic conductivity values of common aquifer materials. Modified from Bear (1972)
K values in units of feet per day (ft/day)
100,000 10,000 1,000 100 10 1 0.1 0.01 0.001 0.0001 0.00001
Aquifer Quality

Good

Typical Aquifer Material Well Sorted Gravel

Well Sorted Sand or
Sand and Gravel

Poor

None

Very Fine Sand

Clay

Transmissivity, represented by a “T” in this report, is a measure of the ability of an aquifer to produce
water and is equal to K times the thickness of the aquifer (represented with a “b” in this report), or T =
Kb. As such, a T value for a 10 foot thick well sorted sand with a K value of 100 would be the same as a
100 foot thick fine sand with a K value 10. Within the gravel materials shown on Figure 2-1, although
the K values are the same across the gravel units within the same aquifer, the T value within the paleovalley is much greater than the gravel units outside of the paleo-valley. Units of T are feet squared per
day (ft2/day). Typically, T values of less than 100 ft2/day will supply only enough water for domestic

2-10
P:\38000\138604 - Butte Co. Lower Tuscan Aquifer Inv\Report Deliverables\Final Report\LTA Final Report.docx

Section 2

Final Report

wells or other low-yield purposes. In wells with T values greater than 1,300 ft2/day, the production yields
are typically sufficient for industrial, municipal, or irrigation use.
Storativity, represented by an “S” in this report, is a physical property that characterizes the capacity of
an aquifer to release groundwater. Specifically, it is defined as the volume of water an aquifer releases
from or takes into storage, per unit surface area per change in head and is a unitless number. The
storativity of a confined aquifer typically ranges from 0.00005 to 0.005 (Todd 1980) whereas for
unconfined aquifers, storativity ranges from 0.1 to 0.3 (Todd, 1980).
For the LTA project, aquifer properties were estimated from the constant-rate aquifer test by fitting
mathematical models to drawdown data through a procedure known as curve matching. Curve matching
may be performed using type-curve methods (curves produced by solving the mathematical equation for
a particular solution), on log-log plots, or straight-line methods on semi-log plots. To allow for a more
detailed analysis of the curve matching process, the software package AQTESOLV™ was used to analyze
the drawdown data collected for the LTA project. A detailed discussion of the use of the AQTESOLV™
software package is presented in Aquifer Performance Test Report provided on CD in Appendix A.
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This section summarizes the results of data collected and analysis performed for the field activities
conducted as part of the LTA project including:

Installation of groundwater monitoring wells (3)

Performance of double ring infiltrometer tests (11)

Stream gauging activities (5 streams)

Installation of temperature gradient wells (1 location)

Analysis of aquifer performance tests (4 reviewed, 3 conducted)
Detailed descriptions of the methods and procedures used to collect the data for each of these activities
and the analysis performed are presented in the three task specific reports: the Field Investigation
Report (Brown and Caldwell, 2012; Aquifer Performance Test Report (Brown and Caldwell, 2013a); and,
the Groundwater Recharge Assessment Report (Brown and Caldwell, 2013b). Copies of these reports
are provided on CD in Appendix A. Using this data, an evaluation of recharge mechanisms and aquifer
properties is presented in Section 5.

3.1 Installation of Groundwater Monitoring Wells
Over the past few years dedicated groundwater monitoring infrastructure (monitoring wells) have been
installed in the Northern Sacramento Valley, which has contributed to a better understanding and
quantification of the regional aquifers. The LTA Project included the installation of three additional
monitoring wells to further contribute to the groundwater monitoring databases. The specific purpose of
these new wells is to:

Contribute to a reliable baseline of hydrogeologic data

Provide observation points for measurement of drawdown during aquifer performance tests
conducted as part of the overall LTA Project

Monitor interactions between the Lower Tuscan Aquifer and other aquifers

Evaluate well performance and pumping impacts
The new monitoring wells cannot be used for or retrofitted for groundwater extraction or production of
water. With the completion of the LTA Project, the monitoring wells have been integrated into the
cooperative DWR-BCDWRC groundwater monitoring network.
The location of the three new monitoring wells, designated MW-HP-1, MW-MT-1, and MW-CSU-1 are
shown on Figure 3-1. Information collected during this program included a continuous lithologic
description of formation cuttings and a relative assessment of the different permeability of aquifer
materials. Selected sediment samples were submitted for physical testing for use in design of the wells
and for evaluating the general physical properties of aquifer material. Downhole geophysical logs were
conducted within each of the soil borings as a check of the lithologic descriptions and for use in design
of the wells. Field work was conducted under the direct supervision of a Brown and Caldwell California
Professional Geologist.
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Figure 3-1. Approximate location of newly installed groundwater monitoring wells.

Using the information collected during the drilling of the pilot boring, a California Certified Hydrogeologist
developed the final well design to include screen intervals, slot size, and gravel pack size and gradation.
Prior to construction, the finalized well design was provided to BCDWRC for approval and the DWR for
review. Table 3-1 summarizes the final well designs for each of the monitoring well points. Schematics
of the screen intervals illustrating the adjacent geologic formation and material type are provided in the
Field Investigation Report (Appendix A). Figure 3-2 is a scaled down version of the summary profile for
monitoring well MW-MT-1. As seen from this figure and information provided on Table 3-1, each well
consists of three individual well casings screened at varying depths. Photographs 3-1, 3-2, and 3-3 show
the three above ground completions of groundwater monitoring wells for the LTA project. A discussion of
the hydrogeologic environment within the LTA project area is presented in Section 3.2.
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Table 3-1. Groundwater Monitoring Well Construction Details
Well I.D.

MW-HP-1

MW-MT-1

MW-CSU-1

State Well Number

23N01W03H004M – Shallow
21N01W13J003M - Shallow
23N01W03H003M – Intermediate 21N01W13J002M - Intermediate
23N01W03H002M – Deep
21N01W13J001M – Deep

21N01E13L004M - Shallow
21N01E13L003M – Intermediate
21N01E13L002M - Deep

Date Completed

October 14, 2010

November 5, 2010

October 11, 2010

Total Depth Reamed to 12-inches

600 feet bgs

845 feet bgs

820 feet bgs

Top of Casing Well Elevation

Deep – 218.84 MSLD1
Intermediate – 219.01 MSLD
Shallow – 219.32 MSLD

Deep – 128.94 MSLD
Intermediate – 129.21 MSLD
Shallow – 129.46 MSLD

Deep – 181.90 MSLD
Intermediate – 181.99 MSLD
Shallow – 182.06 MSLD

Ground Surface Elevation

216.88 MSLD

127.68 MSLD

179.85 MSLD

510 to 540 feet bgs2
320 to 340 feet bgs
70 to 100 feet bgs

780 to 820 feet bgs
570 to 590 feet bgs
355 to 385 feet bgs

735 to 760 feet bgs
540 to 560 feet bgs
240 to 340 feet bgs

Well Sumps

540 to 545 feet bgs
340 to 345 feet bgs
100 to 105 feet bgs

820 to 825 feet bgs
590 to 595 feet bgs
385 to 390 feet bgs

760 to 765 feet bgs
560 to 565 feet bgs
340 to 345 feet bgs

Casing Diameter

2.5-inches

“

“

Screen Material

Machine slotted Schedule 80 PVC

“

“

Screen Slot Size

0.020 inches

“

“

Blank Casing

Schedule 80 PVC

“

“

Filter Pack Material

Number 3 Sand

Number 3 Sand (Deep and Shallow)
Number 3 Sand
2/12 Sand (Intermediate)

Filter Pack Interval

499 to 555 feet bgs
309 to 351 feet bgs
60 to 115 feet bgs

758 to 830 feet bgs
560 to 605 feet bgs
280 to 400 feet bgs

720 to 772 feet bgs
524 to 574 feet bgs
229 to 350 feet bgs

555 to 600 feet bgs
351 to 499 feet bgs
50 to 60 feet bgs

830 to 845 feet bgs
605 to 758 feet bgs
400 to 560 feet bgs
60 to 280 feet bgs

772 to 820 feet bgs
574 to 718 feet bgs
353 to 524 feet bgs
70 to 229 feet bgs

Grout

Surface to 50 feet bgs

Surface to 60 feet bgs

Surface to 70 feet bgs

Centralizers

Every 30 feet from bottom of
screen to top of well

“

“

Screen Interval

Bentonite Pellet/Fine Sand Seal

1. MSLD = mean sea level datum
2. Bgs = below ground surface
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Figure 3-2. Summary Log and Selected Well Screens – MW-MT-1
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Photograph 3-1. Above ground completion for groundwater monitoring well installed on the Hackett Property.

Photograph 3-2. Above ground completion for groundwater monitoring well installed at the M&T Ranch.

Photograph 3-3. Above ground completion for groundwater monitoring well installed at the CSU Farms.
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After a minimum of 24 hours after installation, each of the newly installed wells was developed by
bailing, surging, and air-lift pumping. Development is conducted to remove fine grained material left
over from the drilling process within the filter pack material that could affect results of aquifer tests and
the performance of the well. After development, pressure transducers, instruments used to measure
and record changes in water levels, were placed within each of the individual wells. Each well was
surveyed by a California licensed surveyor that included the top of each well casing, top of the steel
locking case, and ground surface at the base of the steel locking case to the nearest 0.01 feet.
Although not included as part of the original scope of work for the LTA project, to supplement the
assessment of potential recharge sources and interactions between aquifers, groundwater samples from
each of the newly installed monitoring wells and surface water samples from each of the five monitored
streams (see Section 3.2 for name and location of monitored streams) were collected and submitted for
analysis of cations, anions, isotopes, and general chemical parameters. Two rounds of groundwater
sampling and one round of surface water sampling were conducted. The results of this analysis are
summarized on Table 3-2 (groundwater) and Table 3-3 (surface water).
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Table 3-2. Summary of Groundwater Monitoring Well Analytical Results
MW-CSU-1
Shallow
Date Collected

MW-CSU-1
Intermediate

MW-CSU-1
Deep

MW-MT-1
Shallow

MW-MT-1
Intermediate

MW-MT-1
Deep

MW-HP-1
Shallow

MW-HP-1
Intermediate

MW-HP-1
Deep

5/4/2011

7/12/2012

5/5/2011

7/12/2012

5/5/2011

7/12/2012

5/12/2011

7/19/2012

5/12/2011

7/19/2012

5/12/2011

7/19/2012

6/3/2011

7/16/2012

6/3/2011

7/16/2012

5/13/2011

7/16/2012

Units

Total Alkalinity

140

120

130

120

120

120

130

120

120

110

110

97

140

150

82

83

89

90

mg/L

Bicarbonate as CaCO3

140

120

130

120

120

120

130

120

120

110

110

97

140

150

82

83

89

90

mg/L

Chloride

6.2

2.1

3

1.8

1.9

1.8

16

12

15

7.9

8.9

4.2

5

4.4

2.9

2.3

2.7

2.4

mg/L

Fluoride

-1

0.098

-

0.094

-

0.063

-

0.076

-

0.11

-

0.088

-

0.064

-

0.071

-

0.096

mg/L

Nitrate

12

11

2

2

<0.50

0.43

2.5

3

1.2

1

2.3

2.1

25

25

6.7

5.8

4.6

5.1

mg/L

Nitrite as N

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

<0.10

mg/L

Orthophosphate

0.34

0.017

0.33

0.096

0.16

0.013

0.18

0.15

<0.15

0.16

0.2

0.16

0.51

<0.15

0.61

0.078

0.33

0.23

mg/L

Sulfate

27

5.3

6.6

2.5

9.5

8.9

24

4.7

25

8.8

16

4.1

16

14

3.7

1.2

4

1.5

mg/L

Sulfide

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

<1.0

mg/L

Boron

-

0.015

-

0.017

-

0.028

-

0.1

-

0.12

-

0.093

-

0.019

-

0.01

-

0.029

mg/L

10

20

12

15

18

20

16

23

12

14

10

15

31

34

15

15

12

16

mg/L

Iron

0.21

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

0.16

<0.1

mg/L

Magnesium

7.6

14

9.8

11

15

16

10

14

8.2

8.5

7

9.1

24

25

9.9

8.9

7.2

9.4

mg/L

Manganese

<0.02

<0.02

<0.02

0.002

<0.02

<0.02

0.047

0.0079

0.043

0.043

<0.02

<0.02

<0.02

<0.02

<0.02

<0.02

<0.02

<0.02

mg/L

Potassium

2.1

1.7

1.9

2.1

1.7

1.9

2

1.9

1.9

1.8

1.6

1.5

2

1.9

1.4

1.2

2

1.8

mg/L

Sodium

55

14

29

22

11

11

53

17

45

28

42

18

12

11

12

8.9

21

11

mg/L

Specific Conductance

7.64

-

7.88

-

7.84

-

7.96

-

8.04

-

8.04

-

7.31

-

7.68

-

7.72

-

pH Units

Total Dissolved Solids

350

240

260

240

240

250

340

290

300

250

270

220

340

380

200

170

200

180

umhos/cm

Total Hardness as CaCO3

240

180

180

170

180

180

240

190

220

180

210

170

240

250

150

150

160

150

mg/L

δ18O

-10.8

-11

-9.3

-9.3

-9

-9

-10.1

-10

-10

-9.8

-9.4

-9.4

-8.7

-8.9

-8.9

-9

-9

-9.1

‰

δD

-74.4

-77.7

-66.6

-67.4

-62.4

-66.1

-70.7

-70.7

-69.2

-70.5

-66.4

-67.6

-62.4

-64.8

-64.8

-67.7

-66.4

-68.7

‰

Temperature

17.75

18.43

18.21

19.11

19.97

20.22

21.70

18.73

20.26

19.81

20.73

20.54

19.50

18.67

19.00

20.74

21.40

22.00

C

Specific Conductance

335

224

226

213

240

231

339

253

230

222

325

200

478

325

275

161

252

179

umhos/cm

pH

7.78

7.60

8.08

7.89

8.00

7.70

7.97

7.38

8.08

7.51

8.14

7.57

7.20

6.70

8.02

7.30

7.71

7.54

pH Units

Anions

Cations

Calcium

General Parameters

Isotopes

Field Parameters

1.

“-“indicates parameter not analyzed
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Table 3-3. Summary of Surface Water Analytical Results
Station

Little Dry Creek
Upper

Butte Creek
Upper

Big Chico Creek
Middle
(DWR Station)

Deer Creek
Lower

Mill Creek
Lower

Date Collected

6/6/2012

6/6/2012

6/6/2012

6/6/2012

7/11/2012

Total Alkalinity

52

42

78

60

47

mg/L

Bicarbonate as CaCO3

52

42

78

60

47

mg/L

Chloride

3.8

0.8

5.9

2.6

16

mg/L

Fluoride

0.053

0.045

0.053

0.058

0.075

mg/L

Nitrate

2

0.44

0.39

0.35

<0.5

mg/L

Nitrite as N

<0.10

<0.10

<0.10

<0.10

<0.10

mg/L

Orthophosphate

<0.15

<0.15

<0.15

<0.15

<0.15

mg/L

Sulfate

1.3

1.1

3.2

1.5

18

mg/L

Sulfide

<1.0

<1.0

<1.0

<1.0

<1.0

mg/L

Boron

0.012

0.02

0.12

0.083

0.5

mg/L

10

9.1

14

9.9

12

mg/L

0.036

0.0076

0.009

<0.1

0.018

mg/L

Magnesium

6.2

3.7

7.5

5.2

4.7

mg/L

Manganese

0.0028

<0.02

<0.02

<0.02

0.0014

mg/L

Potassium

0.93

0.65

0.92

1.6

2.7

mg/L

5

2.8

9.9

7.4

15

mg/L

Specific Conductance

120

91

180

130

180

umhos/cm

Total Dissolved Solids

94

62

130

98

130

mg/L

Total Hardness as CaCO3

45

34

60

41

50

mg/L

δ18O

-8.6

-11.5

-10.5

-12.1

-12.1

‰

δD

-60.6

-80.7

-73.9

-86

-85.8

‰

Temperature

14.6

13.6

17.4

16.4

-1

C

Specific Conductance

2.88

86

176

127

-

umhos/cm

pH

7.34

7.56

7.4

8.09

-

pH Units

Units

Anions

Cations

Calcium
Iron

Sodium

General Parameters

Isotopes

Field Parameters
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3.2 Hydrogeology

This section presents an overview of the hydrogeology for LTA study area based on review of existing
reports and lithologic data collected during the drilling of the three new groundwater monitoring wells
discussed in Section 3.1. The Tuscan Formation includes a sequence of variably cemented, interbedded
clay, sand, and gravel. This formation consists predominantly of purple volcanic debris flow deposits and
interbedded waterlain fluvial deposits rich in volcanic material produced by erosion, but in many areas
containing crystalline basement-derived clasts and rare tuff beds. The reported occurrence of both
channel-lain, clast supported, pebble- and cobble-gravel facies and interbedded volcanic-rich debris-flow
facies in this formation suggests that debris flows related to volcanic events episodically choked the
ancestral stream/river systems of the area (Blair and others, 1991). In contrast, the Tehama Formation
to the west of the study area consists predominantly of metamorphic clasts originating from the Coast
Ranges.
Helley and Hardwood (1985) divided the Tuscan Formation into four hydrostratigraphic units, labeled
from deepest to shallowest, A through D. Units A and B define the LTA and units C and D define the
Upper Tuscan Aquifer. It should be noted that although an attempt was made to distinguish these units
from drill cuttings during the drilling of monitoring wells for the LTA project, the Helley and Harwood
definitions of A through D are generalizations derived from the outcrop that have not been established in
the subsurface. The approximate extent of the LTA within the project boundaries is shown in Section 3.6
on Figure 3-10 as part of the aquifer performance testing review. Within the northern portion of the
project area, outcrops of the LTA consist of classic lahar deposits interbedded with tuff units and fluvial
sand and gravels. As discussed in Section 2.1, a lahar is a type of mudflow or debris flow composed of a
slurry of pyroclastic material, rocky debris, and water that flows down from a volcano, typically along a
river valley. The consistency, viscosity, approximate density and hardness of a lahar are that of concrete.
In the southern portion of the project area, outcrops of the LTA consist of distal portions of the Tuscan
Formation consisting of reworked materials of the lahar units forming fluvial interbedded clay, sand, and
gravel units.
Overlying the Tuscan Formation are numerous Quaternary deposits (Qd). For the LTA project this unit
was designated as Qd. As discussed in Section 2.1, this broader definition is employed because the
numerous Quaternary formations others have proposed are based on geomorphic or buried-soil
information rather than on criteria by which formal formations are distinguished. More importantly, the
criteria used by others cannot be accurately distinguished in drill cuttings for classification of
stratigraphic samples collected during the drilling of monitoring wells for the project.
Geologic units underlying the Tuscan Formation within the project area are the Miocene Lovejoy Basalt
and Eocene Ione Formation. The Ione Formation was observed at a depth of 772 feet bgs in the soil
boring drilled at the CSU Farms and recognized at 500 to 600 feet bgs for the wells used for the aquifer
test at the Esquon Ranch (see Figure 5-17). Some recent investigations have interpreted the presence
of a unit referred to as the Upper Princeton Valley Formation. As defined by Redwine (1972), the
Princeton Submarine Valley System is a morphological feature of the ancestral Sacramento River Basin
and contains the geologic formations described above. For example, the Ione Formation is used by
Redwine to separate the lower and upper Princeton Valley fills and the Lovejoy Basalt is interpreted to
represent the rim rock of the upper Princeton Valley Fill.

3.3 Double Ring Infiltrometer Tests
Soil infiltration testing is a measure of the rate at which soil is able to absorb water. Soil infiltration
testing allows an assessment water infiltration capacity of the Lower Tuscan Formation. Using doublering infiltrometers, soil infiltration testing was performed at 11 locations at Lower Tuscan Formation
outcrop areas as shown in Figure 3-3. Photograph 3-4 shows a double ring infiltrometer setup.
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Figure 3-3. Location of Soil Infiltrometer Tests
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Photograph 3-4. Double ring infiltrometer setup. Measurements recorded visually
using marked gauges shown and electronically using pressure transducers.

Table 3-4 summarizes the results of the double ring infiltrometer testing and includes coordinates for
each test site, summary of grain size analysis testing, identified soil units for each test site, and
calculated infiltration rates. The infiltration rates were calculated by taking the slope of the line
produced by the plot of time versus infiltration using linear regression trendline. Figure 3-4 illustrates
the plot and calculation for the data collected from SI-DR-12. The slope of the line is the calculated
infiltration rate. Copies of all the plots and calculations are provided in the Field Investigation Report.
Brief descriptions of each the site locations are provided on Table 1 of the CEQA document for the
project (Appendix A).
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Table 3-4. Summary of Double Ring Infiltrometer Tests
Site I.D.

Test Date

X
Coordinate1

Y
Coordinate

Borehole
Depth
(Feet Bgs)

%
Gravel

Sieve
Analysis
%Sand

%
Fines

Soil Unit

Infiltration
Rate
(Feet/Hour)

LTA-SI-DR-1

10/27/2010 618584.5833

4382064.483

1.6

14.4

48.7

36.9

FLAGCANYON-WICKSCORNER
COMPLEX, 2 TO 5 PERCENT SLOPES

0.144

LTA-SI-DR-2

10/27/2010 616681.3389

4378956.059

0.9

19.4

37.8

42.8

DURIXERALFS-TYPIC PETRAQUEPTS
COMPLEX, 0 TO 2 PERCENT SLOPES

0.15

LTA-SI-DR-3

8/5/2011

614969.2657

4388795.972

2.5

11.1

37.2

51.6

LUCKSEV-BUTTESIDE-CARHART
COMPLEX, 2 TO 15 PERCENT SLOPES

0.096

LTA-SI-DR-4

10/26/2010 609226.416

4389340.948

1.3

27.4

27.4

45.2

TUSCAN-FALLAGER-ANITA, GRAVELLY
DURIPAN, COMPLEX, 0 TO 3 PERCENT
SLOPES

0.336

LTA-SI-DR-5

10/26/2010 608333.2541

4420005.122

3.5

2.8

36

61.2

PARADISO LOAM, 2 TO 15 PERCENT
SLOPES

1.8

LTA-SI-DR-6

8/4/2011

606896.725

4403753.525

1

28

22.4

49.6

TUSCAN-FALLAGER-ANITA, GRAVELLY
DURIPAN, COMPLEX, 0 TO 3 PERCENT
SLOPES

1.62

LTA-SI-DR-7

10/25/2010 598473.2232

4409689.422

1.5

6.2

31.5

62.3

REDTOUGH-REDSWALE COMPLEX, 0
TO 2 PERCENT SLOPES

0.066

LTA-SI-DR-8

8/5/2011

604930.3456

4414002.341

3

35.9

36.9

27.1

ULTIC HAPLOXERALFS-ROCKSTRIPEROCKOUTCROP, CLIFFS COMPLEX,30
TO 50 PERCENT SLOPES

1.764

LTA-SI-DR-9

10/21/2010 590408.8855

4415941.959

1

12

45.7

42.3

Millrace gravelly fine sandy loam, 0 to
3 percent slope s

0.3

LTA-SI-DR-10

10/19/2010 596502.4653

4417115.326

2

8.7

47.4

44

LTA-SI-DR-11

12/15/2011 586599.7326

4435178.129

0.5

8

68.8

23.3

Tuscan cobbly loam, 1 to 5 percent
slopes

0.072

Molinos complex, channeled

0.63
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Figure 3-4. Example of Plot used to Calculate Infiltration Rate

3.4 Stream Gauging
The stream gauging task was intended to provide estimates of discharge and potential recharge from six
primary streams within the drainage basin overlying and intersecting outcrops of the LTA. The streams
include: Antelope Creek, Mill Creek, Deer Creek, Big Chico Creek, Butte Creek, and Little Dry Creek.
Access to Antelope Creek was not obtained for the project and, therefore, no stream gauges were
installed in this stream.
Two stream gauges were established on each of the listed streams within outcrop areas of the Lower
Tuscan Formation as shown on Figure 3-5. The stream gauges consist of a surveyed post with staff
gauge. The 2-inch diameter galvanized steel post was hand driven into the stream bed or attached to
existing structures (such as bridges) in a location that contained flows within the channel throughout the
periods that the stream was flowing for the project. Each gauge also consisted of a temporary stilling
well, within the mounting post, in which a pressure transducer for recording water levels and
temperature data logger were placed for continual monitoring of stream stage and water temperature.
Photographs 3-5 and 3-6 show the installation of the stilling well and staff gauge at the upper location
along Mill Creek. In addition to the upper and lower stations installed for the project within Big Chico
Creek, the existing staff gauge installed by the DWR adjacent to the Bidwell Park Golf Club was also
monitored for the project.
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Figure 3-5. Location of Staff Gauges and Stilling Wells. Area shaded red on figure shows
outcrops of the Lower Tuscan Formation.
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Photograph 3-5. Installation of Stilling Well at Upper Mill Creek Location

Photograph 3-6. Completed Staff Gauge and Stilling Well at Upper Mill Creek Location

The stream discharge evaluation was conducted to determine if significant quantifiable flows were lost
over reaches of the stream that directly overly the outcrops of the Lower Tuscan Formation. The
assumed interpretation would be losses to the subsurface over a given reach would be attributable to
either aquifer recharge or losses to evapotranspiration of riparian vegetation. Special care was taken in
selecting each location to limit the number of tributary side channels entering each reach, but most
locations were limited to the available access provided by private land owner and resource managers.
The assessment focused on a discharge period from April through November of each year, but the staff
gauges were set for continuous recording throughout the year. The rating curves were limited to
discharges occurring during this period and were not intended to account for the highest of flows or
predicting flood conditions.
The staff gauge data was used to develop a rating curve to evaluate discharge on a continuous basis as
it relates to changing stage. Rating curves were developed for staff gauges used for the project.
Discharge measurements were collected using an Acoustic Doppler Current Profiler (ADCP) at different
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discharges at each gauge location to support the rating curves and stage data was continuously
recorded with pressure transducers in the gauge stilling wells. An ADCP uses acoustic energy to
measure water velocity throughout most of the water column by measuring the shift in the frequency of
the acoustic signals reflected from materials suspended in, and moving with, the water (see
Groundwater Recharge Assessment Report (Appendix A) for more information on the ADCP). An example
of a rating curve developed for the project is shown on Figure 3-6.

Figure 3-6. Stream rating curve for stage to discharge at Big Chico Creek Station SG-BCC-1U. See Groundwater
Recharge Assessment Report (Appendix A) for detailed discussion on development of rating curve.

The equation shown above on the rating curve was applied to stage data (height of water) collected by
the pressure transducers at the staff gauges. Using this data, hydrographs showing continuous stage
data was plotted for both upper and lower stations. As an example, Figure 3-7 shows the hydrograph
constructed for the Mill Creek stations. For a complete description and presentation of results, see the
Groundwater Recharge Assessment Report (Appendix A).
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Figure 3-7. Stream discharge at Mill Creek Stations SG-MIC-1U and SG-MIC-1D.

The recharge analysis of discharge values for all five creeks indicate that if recharge is occurring within
the reaches of the channel it is within the calculated error of the ADCP measurements for instantaneous
discharge values and thus cannot be assessed with the continuous discharge values. This indicates that,
for any given measurement the losses or gains within the stream reach cannot be attributable to
recharge with any certainty and cannot be quantified based upon the subtle differences in discharge.
This error is propagated further when applied to a rating curve which has additional error associated with
regression analysis.

3.5 Temperature Gradient Profile Evaluation
The stream temperature gradient profile evaluation was performed to establish a vertical profile of water
temperature fluctuations within the upper portion of the shallow subsurface immediately adjacent to
streams. These measurements are used to assess how groundwater is influenced by the influx of
surface waters to the aquifer or, conversely, the movement of groundwater towards the surface water
feature. The temperature gradient adjacent to the streams provides information regarding the vertical
direction of water movement and the amount of water a stream is losing or gaining from an aquifer. The
relationship of heat as a tracer is intended to provide insight to the stream-aquifer interactions
throughout the water year. However, this technique was developed for unconsolidated sediments. The
use of this technique had not been documented for areas such as the Lower Tuscan Formation that
consist of hard, well cemented units at the surface. As such, this task was only attempted at two sites to
assess the viability of this method for use in areas such as the Lower Tuscan Formation. The two sites
were adjacent to the lower stream monitoring station on Mill Creek and adjacent to the upper stream
monitoring location at Big Chico Creek. At the Big Chico Creek location, the wells needed for the
evaluation could not be installed due to the extreme hardness of the Lower Tuscan Formation at this
location.
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To conduct the temperature gradient evaluation at Mill
Creek, two 2-inch diameter boreholes were drilled to 10
feet bgs. One borehole was placed approximately 1 foot
and the second borehole was placed approximately 24
feet from Mill Creek. Due to the hardness of the
material, the boreholes were left open and no well casing
was installed. To minimize the potential for surface
water to run down the borehole, a 2-inch diameter PVC
casing was placed to 1.5 feet bgs and the annular space
filled with a bentonite grout. Photograph 3-7 shows the
surface completion of one of the temperature gradient
wells.
Photograph 3-7. Completed boring with
PVC conductor casing and cap

The temperature probe consisted of a ¾-inch diameter PVC
pipe with temperature loggers placed every 1-foot interval
along the PVC pipe starting at 0.5 feet from the bottom of the
pipe (Photograph 3-8). The PVC pipe was then placed into the
borehole and the cap placed over the PVC conductor casing.
The temperature loggers were programmed to record
temperature readings every 30 minutes. Processing of the
data included evaluation of temperature changes both spatially
and temporally.

Photograph 3-8. Temperature probe with
gaskets and data loggers attached.

Figure 3-8 illustrates temperature fluctuations over a single
day. The figure shows the stream water body demonstrating
some moderate temperature fluctuations based on solar
radiant heating, but the probe temperature sensors
immediately adjacent to the stream do not demonstrate any
change on a daily basis as would be expected if significant
recharge were occurring in this vicinity. The more distal probe
illustrates a similar pattern although slightly warmer. The
temperature stratification observed in these boreholes can be
attributed to static temperature associated with subsurface
soils and does not indicate any significant connection with the
stream.

Figure 3-9 illustrates the temperature fluctuations over the entire observation period. Temperature
changes observed during this period do show a slow change in temperature, but remain largely stratified
throughout the period. The changes in temperature are attributable to season temperature fluctuations
and changes in ambient air temperatures. These rates of change again suggest there is not significant
flux of surface water into the subsurface in this vicinity.
In general, this method of using heat as a tracer for surface water flux assessment to the subsurface is
not appropriate for these geologic materials. The consolidated nature and low permeability of the Lower
Tuscan Formation along this reach prevent infiltration at rates significant enough to quantify changes in
water temperature as it moves into the subsurface. This method is more applicable in unconsolidated
formations where the flux rates can be much greater.
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Figure 3-8. Proximal and distal diurnal temperature variations in temperature profile wells at Mill Creek near
stream gauging station SG-MIL-1D (see Figure 3-5).

3-19
P:\38000\138604 - Butte Co. Lower Tuscan Aquifer Inv\Report Deliverables\Final Report\LTA Final Report.docx

Section 3

Final Report

Figure 3-9. Proximal and distal full season temperature variations in temperature profile wells.

3.6 Aquifer Performance Testing
The LTA project included reanalysis of existing aquifer performance tests conducted by others and
performance of three new aquifer tests. Detailed discussion of the results of this analysis and testing
are presented in the Aquifer Performance Test Report presented on CD in Appendix A. Reanalysis of
existing aquifer performance tests was conducted to assess if these tests were performed consistent
with industry standards whereby the data reported can be used to provide better understanding of the
Lower Tuscan Formation aquifer system’s hydraulic performance. Completion of the three new aquifer
performance tests were conducted to: 1) collect basic aquifer data including transmissivity (T) and
storativity (S) expanded to areas and zones of the LTA not assessed during previous tests; and, 2) to gain
a better understanding of the vertical interformational leakage between the Lower Tuscan Formation
aquifer system and other hydraulic units.
The Tuscan Project listed six previously conducted tests for consideration. These included:

Sun City, Tehama County (Tehama County)

Deer Creek Irrigation District, Tehama County (DWR)

M&T Ranch, Butte County (DWR)

GCID -1, Glenn County (DWR)

Orland/Artois, Glenn County (DWR)

Western Canal/Glenn, Butte County (DWR)
The Technical Steering Committee (TSC) was consulted on these and other tests for inclusion in this
task. Based on input from the TSC, the following four existing aquifer test studies were identified for
reanalysis:
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A July 1993 report describing aquifer tests conducted as part of the startup of a groundwater
extraction system to address impacts associated with the former Koppers Company wood treating
facility located in Oroville, California (Dames & Moore, 1993).
A December 1996 report describing two aquifer tests conducted on the M&T Ranch by the DWR as
part of a conjunctive use assessment (DWR, 1996).
A March 2009 report discussing aquifer testing of a test production well installed for the GlennColusa Irrigation District (DWR, 2009)
An October 5, 2009 report discussing aquifer testing conducted for a test well installed for the
Crystal Geyser Water Company (Crystal Geyser, 2009).

Copies of these reports are provided in the Aquifer Performance Test Report on CD in Appendix A.
Overall, review of these aquifer reports indicated that the tests were performed in accordance with
industry standards of the time and the data reported can be used to provide a better understanding of
the Lower Tuscan Formation aquifer system’s hydraulic performance.
The aquifer performance testing for the LTA project was conducted at existing irrigation and production
wells – no new production wells were constructed for this project at the three sites shown on Figure 310. For this report the sites are referred to from north to south as the Hackett property, the M&T Ranch,
and the Esquon Ranch. The water extracted for each test was used as part of existing irrigation practices
and distributed according to normal operating conditions at each location.
Figures 3-11, 3-12, and 3-13 show close-ups for each of the aquifer test areas including the location of
the pumping well(s), primary observation well(s), and other known irrigation supply wells. The locations
of the aquifer tests were selected to represent areas with distinct lithologic facies differences of the LTA.
In the north, the aquifer test was conducted within aquifers formed within the hard cemented lahar units
of the Tuscan Formation. In the central portion of the LTA project area, the pump test was conducted
within aquifers formed by sand and gravel deposits of the distal portions of the Tuscan Formation
overlain by a significant thickness of the Quaternary Deposits. In the south, the pump test was
conducted within aquifers formed by sand and gravel deposits of the distal portions of the Tuscan
Formation with only a thin layer of Quaternary Deposits but with wells that were screened within the
underlying Ione Formation.
Prior to startup of the aquifer tests, the primary pumping wells and observation wells for each test were
outfitted with pressure transducers to record water level changes. Other irrigation wells identified in the
vicinity of the tests were outfitted with Ibuttons. These instruments are small (less than 1-inch diameter)
and are placed on the discharge pipe of the irrigation well to record temperature changes that can be
used to tell when the wells are turned on and off. These data were critical to the overall assessment of
each test so that effects of other pumping occurring during the time period of the aquifer tests could be
accounted for during analysis of the drawdown curves.
Analysis of the aquifer tests followed a stepwise process focused on assessing both the characteristics
and interactions of the aquifers and calculation of aquifer properties. The first step involved developing
a conceptual hydrogeologic model using the lithologic data obtained during the drilling of monitoring
wells for the project. A clear understanding of the hydrogeology including identification of geologic
formation boundaries is critical to an accurate interpretation of aquifer test data. This detailed geologic
information also allowed the placement of screen intervals within specific hydrogeologic zones that
provided detailed data on individual hydrogeologic zones and interactions between aquifers during the
aquifer tests. Having accurate lithologic data from known well completions also assists in the
interpretation of driller’s logs produced during the installation of pumping wells used for the aquifer
tests.
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Figure 3-10. Location Map of Aquifer Testing Program of the LTA Recharge Project. Northern (Hackett Property),
Central (M&T Ranch), and Southern (Esquon Ranch).

3-22
P:\38000\138604 - Butte Co. Lower Tuscan Aquifer Inv\Report Deliverables\Final Report\LTA Final Report.docx

Section 3

Final Report

Figure 3-11. Location of observation and pumping for wells for the Hackett Property Aquifer Test.
Pumping well used for test is PW-HP-1.
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Figure 3-12. Location of observation and pumping for wells for the M&T Ranch Aquifer Test.
Pumping well used for test is PW-MT-1.
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Figure 3-13. Location of observation and pumping for wells for the Esquon Ranch Aquifer Test.
Pumping wells used for test are PW-ESQ-39 and PW-ESQ-40.

After development of the conceptual hydrogeologic model, drawdown curves from the observation and
pumping wells were visually assessed prior to calculating aquifer parameters. A detailed discussion on
the development of the site conceptual hydrogeologic models and visual assessment of drawdown
curves conducted for the LTA project at the three sites listed above is provided within the Aquifer
Performance Test Report (Appendix A).
In summary, for the Hackett Property, the aquifer test demonstrated that there are at least two primary
aquifers hydraulically disconnected (designated deep and intermediate zones). The test also showed
that the intermediate aquifer interacts with a shallow aquifer through a leaky aquitard and that there is
significant storage within the aquitard consistent with observations made during drilling of the
observation well. For the M&T Ranch, the aquifer test demonstrated that at least two primary aquifers
are hydraulically connected (shallow and deep zones) and the aquitard separating these zones contains
significant storage. For the Esquon Ranch, the aquifer test demonstrated that the primary LTA aquifer is
hydraulically connected to the aquifer within the upper Ione Formation but water from these two zones
follow indirect pathways. The shallow aquifer zone of the LTA in this area is not hydraulically connected
with the lower zone of the LTA.
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Based on the conceptual hydrogeologic model and visual assessment of drawdown curves, quantitative
curve matching was performed to assess aquifer parameters for the zones with drawdown curves that
adequately addressed the assumptions for type curve analysis using appropriate common published
solutions available in AQTESOLV™. This quantitative analysis is presented in detail in the Aquifer
Performance Test Report (Appendix A). To calculate aquifer parameters, drawdown curves developed
from the aquifer test from pumping wells and observation wells are compared to type curves developed
from mathematical solutions of the flow equation (i.e. Moench 1985). Type curves developed from
these methods are based on specific assumptions about the characteristics of the aquifer. If the actual
aquifer characteristics are distinctly different from these assumptions, then the drawdown curves
observed for wells during the test will not match the type curves and aquifer parameters cannot be
calculated. However, departures from the type curves can provide important qualitative interpretations
of the aquifer characteristics that are essential for construction of future groundwater models developed
for the basin as a management tool, design of subsequent aquifer tests, and design and construction of
future irrigation and groundwater supply wells.
Based on the conceptual model described in the Aquifer Performance Test Report and response of the
observation wells, Case 1 (M&T Ranch and Esquon Ranch) and Case 3 (Hackett Property) best
represents conditions of the aquifer tests performed. Table 3-5 summarizes the result of T, S, and K
values calculated using this solution for observation wells used for each of the aquifer tests. For an
overview discussing the concepts and use of these parameters, please refer to Section 2.3.
Table 3-5. Summary of aquifer parameters calculated using Moench (1985) solutions.
T
(feet2/day)

S
(unitless)

K
(feet/day)

2,322 to 3,078

0.00004 to 0.00009

66 to 881

M&T Ranch

11,550 to 20,540

0.0003 to 0.0005

321 to 5712

Esquon Ranch

12,230 to 23,650

0.00004 to 0.001

41 to 793

Hackett Property

1. Assumes aquifer thickness of 35 feet.
2. Assumes aquifer thickness of 36 feet.
3. Assumes aquifer thickness of 300 feet.

The reported K values listed in Table 3-5 are consistent with the sand to sandy gravel units as reported
for each of the aquifer zones tested for the LTA project (refer to Table 2.1 for typical K values). Reported
S values for the observation wells are consistent with the interpretation of a confined aquifer.
As part of the LTA project, groundwater samples were collected from each of the pumping wells used for
the aquifer tests and submitted for analysis of cations, anions, and oxygen/deuterium isotopes.
Samples were collected after a minimum of 24 hours after startup of each of the aquifer tests. The
results of this testing is summarized in Table 3-6.
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Table 3-6. Summary of Groundwater Samples – LTA Aquifer Testing
Station

PW-HP-1

PW-MT-1

PW-MT-2

PW-ESQ-39

PW-ESQ-40

Date Collected

6/24/2011

7/12/2012

7/12/2012

5/25/2011

5/25/2011

Anions

Units
Total Alkalinity

99

170

180

110

110

mg/L

Bicarbonate as CaCO3

99

170

180

110

110

mg/L

Fluoride

NA

0.063

0.061

NA

NA

mg/L

Chloride

2.9

9.4

16

2.1

1.9

mg/L

Nitrate

12

3.2

3.6

1.3

0.55

mg/L

Nitrite as N

<0.10

<0.10

<0.10

<0.10

<0.10

mg/L

Orthophosphate

<0.15

0.1

<0.15

0.25

0.31

mg/L

Sulfate

7.6

6.6

7.5

0.92

0.82

mg/L

Sulfide

<1.0

<1.0

<1.0

<1.0

<1.0

mg/L

Calcium

21

32

38

17

17

mg/L

Boron

NA

0.077

0.087

NA

NA

mg/L

<0.10

<0.10

<0.10

<0.10

<0.10

mg/L

Magnesium

14

22

25

13

14

mg/L

Manganese

<0.02

<0.02

<0.02

0.11

0.16

mg/L

Potassium

16

2.1

1.8

1.8

2.1

mg/L

Sodium

8.6

14

16

8.1

8.6

mg/L

Specific Conductance

230

370

420

NA

NA

umhos/cm

Total Dissolved Solids

190

230

270

NA

NA

mg/L

pH

7.22

NA

NA

NA

NA

Total Hardness as CaCO3

130

170

200

NA

NA

mg/L

-9

-9.9

-9.9

-8.6

-8.8

‰

-64.9

-71.4

-71.8

-61.3

-62.2

‰

Temperature

NA1

19.3

19.4

24.9

24.9

C

Specific Conductance

NA1

359

419

208

194

umhos/cm

pH

NA1

7.91

7.84

7.57

7.45

pH Units

Cations

Iron

General Parameters

Isotopes
δ18O
δD

Field Parameters

1.

Field Parameter not collected due to the problem with field meter.

2.

N/A – Not Analyzed
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This section presents the evaluation of the Butte Basin Groundwater Model (BBGM) prepared for Butte
County in 2008. As stated in Attachment Two Section A2.2 of the Contract, a field based data quality
control check would be performed on the BBGM input files based on the observation made during the
LTA project. The evaluation of the input files serves as a validation of a few discrete data types within
the model with respect to the direct observations made during the drilling of monitoring wells,
performance of aquifer testing, and stream gauging activities. The purpose of this evaluation is to
provide insight to specific data refinement needs to improve the model’s performance. As with any
model, continuous improvements should be evaluated and incorporated as appropriate to meet the
objectives of the specific model.
This section presents a brief description of the BBGM, comparison of model inputs to observations made
during the LTA project for stream ratings curve development, stream bed thickness, hydraulic
conductivity, stratigraphy, and soil infiltration properties.

4.1 Model Description
The reviewed BBGM was prepared for BCDWRC by Camp Dresser McKee (CDM) and is documented in
Butte Basin Groundwater Model Update – Phase II Report (CDM, March 2008). The BBGM model code
is an Integrated Water Flow Model (IWFM) developed by California Department of Water Resources
(DWR). The model version used for this effort, version 2.4.1a and 2.4.1b, is no longer supported by
DWR. The model is intended to fully integrate surface water and groundwater interaction and flow
within the model domain. The model is based on a finite element mesh which is defined by nodes in a
triangular arrangement. Physical properties controlling water flow are assigned to these elements for
use in the numerical evaluation by the model. The model domain is illustrated on Figure 5-1 and shows
the nodes and associated elements of the finite element mesh.
The BBGM is a regional model that was calibrated in 2008 using the best information of physical
characteristics of the LTA available at the time. The comparison of LTA data to specific BBGM nodes
does not negate the utility of the model but rather provides critical information that can be used to refine
the model using the newly developed data. The description of the current BBGM provided by CDM
(2008) also states that due to the broad area covered and data density, the model is not capable of
evaluating the potential yield of individual wells or the impacts of individual wells or recharge
facilities. As such, caution should be exercised if the model were to be used on a location specific basis.
The model consists of 7,216 elements defined by 3,770 nodes. The node spacing was approximately
5,000 feet over much of the model, but is refined to 2,500 foot spacing in the vicinity of the City of
Chico. The model subsurface is defined by 9 layers to define the groundwater flow system, with layer 6
and 7 representing the Lower Tuscan Formation. The model is comprised of numerous parameters and
boundary conditions controlling the means by which surface and groundwater interact (recharge and
discharge). These are defined in the CDM March 2008 report.
Input files prepared as part of the CDM BBGM Update were adapted from existing documentation and
interpretations of the conditions controlling surface and groundwater flow in the region. Assumptions
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were made for many physical properties within the basin where data was incomplete or finer resolution
was not available. The data evaluated in this document includes: stream discharges based on ratings
curves, stream bed thickness, aquifer hydraulic conductivity, layer stratigraphic thicknesses, and soil
infiltration properties.

Figure 4-1. BBGM domain and finite element mesh and node distribution.

4.2 Stream Discharge
The stream ratings curves developed for the BBGM were evaluated based on the observed discharge to
stage relationship made during the LTA investigation (see Section 3.4). Developed ratings curves for the
four stream reaches within the model domain, Deer Creek, Big Chico Creek, Butte Creek, and Little Dry
Creek, were compared to BBGM model input. Model nodes were selected based upon the equivalent
locations of the reaches described in the Groundwater Recharge Assessment Report (Appendix A). The
model nodes selected are bound by the upper and lower stream monitoring locations for this project as
illustrated in figure 4-2, 4-3, 4-4, 4-5. The model file containing the data, bcstrm.dat, identified the
components of the stage to discharge step of the ratings curves. Discharge values were compared for
typical stages that represented near base flow conditions and were compared to equivalent measured
discharge values at similar stages. Table 4-1 presents the results of the comparison.
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Table 4-1. Stream Ratings Curves
Model Stage (ft)

Model
Discharge
(ft3/sec)

Observed Stage (ft)

Observation
Discharge
(ft3/sec)

Comparison - %
difference (model /
observed)

6

1.0

130

1.16

113

15%

721

7

2.0

520

1.98

117

344%

1009

181

2.0

360

2.09

32

1025%

Big Chico

1008

182

2.0

360

32

1025%

Big Chico

1007

183

2.0

360

32

1025%

1006

184

2.0

360

32

1025%

1010

185

2.0

360

32

1025%

LTA Stream
Reach

Site ID

Deer Creek

SG-DEC-1U

720

Deer Creek

SG-DEC-1D

Big Chico

SG-BCC-1U

Big Chico

SG-BCCGolf

Big Chico

Model GW
Model
Node
Stream Node

Big Chico

SG-BCC-1D

1011

186

2.0

360

1.70

32

1025%

Butte

SG-BUC-1U

1372

304

1.0

160

1.20

143

12%

Butte

1373

305

1.0

160

140

14%

Butte

1374

306

1.0

160

140

14%

Butte

SG-BUC-1D

1416

307

1.0

160

1.17

139

15%

Little Dry

SG-LDC-1U

1693

359

1.0

5

1.01

4.8

4%

Little Dry

1754

360

1.0

5

4.8

4%

Little Dry

1819

361

1.0

5

4.8

4%

1886

362

1.0

5

4.8

4%

Little Dry

SG-LDC-1D

1.52

Note: Model File: bcstrm.dat, Unit 10. Parameter QRTB
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Figure 4-2. Evaluated Stream Nodes at Deer Creek

The comparison demonstrated that the ratings curves appeared reasonable for the upper Deer Creek
and the LTA reaches for Butte Creek and Little Dry Creek. Significant deviations from observed values
exist for the lower station at Deer Creek and the LTA reach of Big Chico Creek. The ratings curves are
significant because they translate flow rates to stream stage (or head) which is used to calculate streamgroundwater interaction. The governing equations to account for flux from the stream to the aquifer is
dependent upon the head value within the stream (how deep the stream is for a given flow), the head
within the underlying aquifer, and the ability of the streambed and aquifer material to transmit water.
The significance of not accurately representing the stage-discharge relationship is that the model may
inaccurately calculate recharge to the subsurface from these streams. The reported relative percent
difference values are used to identify relative differences between model values versus observed values;
and do not reflect equivalent error associated with the model output. These values can be utilized to
identify values of the model which may require additional consideration to improve model results.
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Figure 4-3. Evaluated Stream Nodes at Big Chico Creek

4.3 Stream Bed Thickness
The stream bed thickness values developed for the BBGM were evaluated based on the observed
stream bed thicknesses made during the LTA investigation as discussed in Section 3.4. Stream bed
thickness values for four stream reaches within the model domain were compared to BBGM model input
including Deer Creek, Big Chico Creek, Butte Creek, and Little Dry Creek. Model nodes were selected
based upon the equivalent locations of the reaches described in the Groundwater Recharge Assessment
Report (Appendix A). The model nodes selected are bound by the upper and lower stream monitoring
locations for this project as illustrated in Figures 4-2, 4-3, 4-4, 4-5. The model file bcparam.dat contains
the specific parameter to be evaluated, DSTRM. The values for stream bed thickness in the model were
assumed to be 3.28 feet across the entire domain for all streams. Table 4-2 presents the results of the
comparison.
The comparison demonstrates that the assumed modeled stream bed thickness of 3.28 ft was often
different than the observed streambed thickness in the LTA project reaches. The stream bed
thicknesses are relatively thin, typically less than the assumed 3.28 feet, in all of the LTA streams where
the stream directly overlies the outcrops of the Lower Tuscan Formation. As each of these streams flow
out of the canyons and into lower gradient reaches, the stream bed thickness increases substantially as
is observed in the Butte Creek Reach and to some extent on the Big Chico Creek reach. Characteristics
of the stream reach (stream bed thickness, wetted perimeter) and the hydraulic conductivity of the
stream bed material affect the ease at which water moves between the stream and underlying
groundwater. Therefore, differing values of stream bed thickness influence model calculated stream-
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groundwater interactions. The sensitivity of groundwater flow to and from the stream to stream bed
thickness could be further evaluated to determine the importance of more accurately representing
stream bed thickness in the model. The reported relative percent difference values are used to identify
relative differences between model values versus observed values; and do not reflect equivalent error
associated with the model output. These values can be utilized to identify values of the model which
may require additional consideration to improve model results.

Figure 4-4. Evaluated Stream Nodes at Butte Creek
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Figure 4-5. Evaluated Stream Nodes at Little Dry Creek
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Table 4-2. Stream Bed Thickness
LTA Stream
Reach

Model
Stream
Node

Model Value
Description

Model
Value (ft)

Observed Value
Description

Observation
Value (ft)

Comparison - % difference
(model / observed)

Deer Creek

6

Estimated value

3.28

Observations during
stream gauging

2

64%

Deer Creek

7

Estimated value

3.28

Observations during
stream gauging

2

64%

Big Chico

181

Estimated value

3.28

Observations during
stream gauging

0.5

556%

Big Chico

182

Estimated value

3.28

Observations during
stream gauging

0.5

556%

Big Chico

183

Estimated value

3.28

Observations during
stream gauging

1

228%

Big Chico

184

Estimated value

3.28

Observations during
stream gauging

1

228%

Big Chico

185

Estimated value

3.28

Observations during
stream gauging

2

64%

Big Chico

186

Estimated value

3.28

Observations during
stream gauging

3

9%

Butte

304

Estimated value

3.28

Observations during
stream gauging

1

228%

Butte

305

Estimated value

3.28

Observations during
stream gauging

1

228%

Butte

306

Estimated value

3.28

Observations during
stream gauging

5

-34%

Butte

307

Estimated value

3.28

Observations during
stream gauging

6

-45%

Little Dry

359

Estimated value

3.28

Observations during
stream gauging

0.5

556%

Little Dry

360

Estimated value

3.28

Observations during
stream gauging

0.5

556%

Little Dry

361

Estimated value

3.28

Observations during
stream gauging

0.5

556%

Little Dry

362

Estimated value

3.28

Observations during
stream gauging

1

228%

Note:
Model File bcparam.dat, Unit 7. Parameter DSTRM.

4-8
P:\38000\138604 - Butte Co. Lower Tuscan Aquifer Inv\Report Deliverables\Final Report\LTA Final Report.docx

Section 4

Final Report

4.4 Hydraulic Conductivity
The horizontal hydraulic conductivity values developed for the BBGM were evaluated based on the
observed hydraulic conductivity values made during the aquifer testing component of the LTA
investigation. Hydraulic conductivity values were evaluated for regions in the immediate vicinity of the
aquifer testing locations performed as part of this study (Section 3.6). Model nodes were selected
based upon a 1-mile radius from the test locations as they are defined in the Aquifer Performance Test
Report (Appendix A). The model file bcparam.dat contains the data and the specific parameter
evaluated, PKH. The values for hydraulic conductivity in the BBGM were assumed to be the same across
the model domain for each model layer. The model layers evaluated and their corresponding calibrated
hydraulic conductivity values are: Layer 5 - Tuscan C (25 feet/day), Layer 6 – Tuscan B (100 feet/day),
and Layer 7 – Tuscan A (125 feet/day). Table 4-3 presents the results of the comparison.
The comparison shows that the calibrated hydraulic conductivities are potentially significantly different
for Layer 5 – Tuscan C, but are relatively similar for Layer 6 – Tuscan B and Layer 7 – Tuscan A. It’s
important to note that model hydraulic conductivities are calibrated to reflect effective hydraulic
conductivity representing broad regional aquifer characteristics whereas hydraulic conductivities
estimated by aquifer testing provides localized information on aquifer conditions. However, aquifer
testing indicates the spatial variability with respect to hydraulic conductivity is significant within the
domain of the model and the use of equivalent values for each layer over the domain may not accurately
reflect this controlling factor of groundwater flow. The significance of over or under estimating the
hydraulic conductivity can significantly affect the groundwater flow and surface water groundwater
interaction and directly affect model results. The reported relative percent difference values are used to
identify relative differences between model values versus observed values; and do not reflect equivalent
error associated with the model output. As described previously in Section 2.1, the hydraulic
conductivity values commonly vary by orders of magnitude for a general textural description of a material
(for example sand). Groundwater is commonly associated with the terms aquifer, aquitard, and
aquiclude. These terms describe the way a given material’s hydraulic conductivity relates to the
adjacent material. The difference between aquifer and aquitard can be simply described as significant
contrasts of hydraulic conductivity between the rock units with differences in orders of magnitude of
three or greater. For this reason the assumed values in the BBGM and the differences observed likely
do not have significant effect on the output of the model, but may result in inaccurate groundwater flow
mechanisms within the primary aquifers. Consideration should be made to address spatial variability of
hydraulic conductivity within the model domain.

4.5 Stratigraphy
The stratigraphy and layer thicknesses developed for the BBGM were evaluated based on the observed
unit thicknesses during drilling of the monitoring wells for the LTA investigation (Section 3.1). The drilling
of the monitoring wells and supporting documentation is presented in the Field Investigation Report
(Appendix A). The three monitoring wells constructed as part of the project included triple completion
monitoring wells at M&T Ranch, Hackett Property, and the California State University, Chico Farm. The
model file containing the data, bcstrat.dat and the specific parameter evaluated was W(12) which is the
thickness of the aquifer of Layer 6 – Tuscan B. Model nodes were selected based upon a 1-mile radius
from the constructed monitoring well for comparison. The model values for Layer 6 aquifer thickness
were interpreted based upon cross sections developed for the region by DWR and were digitized and
interpolated across the model domain. Table 4-4 presents the results of the comparison.
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Table 4-3. Hydraulic Conductivity
Comparison Observation Value
% difference (model /
(ft/day)
observed)

Site ID

Site Description

Model
GW Node

Parameter

Model Value
Description

Model Value
(ft/day)

Observed Value
Range Description

P-39

Esquon Aquifer Test

1777

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1778

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1779

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1780

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1844

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1845

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1846

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1847

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%
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Table 4-3. Hydraulic Conductivity
Comparison Observation Value
% difference (model /
(ft/day)
observed)

Site ID

Site Description

Model
GW Node

Parameter

Model Value
Description

Model Value
(ft/day)

Observed Value
Range Description

P-39

Esquon Aquifer Test

1884

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1900

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1916

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1917

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1919

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1920

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1970

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

P-39

Esquon Aquifer Test

1986

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%
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Table 4-3. Hydraulic Conductivity
Comparison Observation Value
% difference (model /
(ft/day)
observed)

Site ID

Site Description

Model
GW Node

Parameter

Model Value
Description

Model Value
(ft/day)

Observed Value
Range Description

P-39

Esquon Aquifer Test

1990

Aquifer Hydraulic conductivity
Layer 7 (Tuscan Frm. Unit A)

Hydraulic conductivity
(PKH)

125

Calculated K for MW-ESQ-1
Intermediate Shallow from
Aquifer Test 2

41 - 79

58%

MW-MT-1

M&T Aquifer Test

844

Aquifer Hydraulic conductivity
Layer 5 (Tuscan Frm. Unit C)

Hydraulic conductivity
(PKH)

25

Calculated K for MW-MT-1
Shallow from Aquifer Test

321 - 571

-92%

MW-MT-1

M&T Aquifer Test

846

Aquifer Hydraulic conductivity
Layer 5 (Tuscan Frm. Unit C)

Hydraulic conductivity
(PKH)

25

Calculated K for MW-MT-1
Shallow from Aquifer Test

321 - 571

-92%

MW-MT-1

M&T Aquifer Test

867

Aquifer Hydraulic conductivity
Layer 5 (Tuscan Frm. Unit C)

Hydraulic conductivity
(PKH)

25

Calculated K for MW-MT-1
Shallow from Aquifer Test

321 - 571

-92%

MW-MT-1

M&T Aquifer Test

879

Aquifer Hydraulic conductivity
Layer 5 (Tuscan Frm. Unit C)

Hydraulic conductivity
(PKH)

25

Calculated K for MW-MT-1
Shallow from Aquifer Test

321 - 571

-92%

MW-MT-1

M&T Aquifer Test

880

Aquifer Hydraulic conductivity
Layer 5 (Tuscan Frm. Unit C)

Hydraulic conductivity
(PKH)

25

Calculated K for MW-MT-1
Shallow from Aquifer Test

321 - 571

-92%

MW-MT-1

M&T Aquifer Test

882

Aquifer Hydraulic conductivity
Layer 5 (Tuscan Frm. Unit C)

Hydraulic conductivity
(PKH)

25

Calculated K for MW-MT-1
Shallow from Aquifer Test

321 - 571

-92%

MW-MT-1

M&T Aquifer Test

901

Aquifer Hydraulic conductivity
Layer 5 (Tuscan Frm. Unit C)

Hydraulic conductivity
(PKH)

25

Calculated K for MW-MT-1
Shallow from Aquifer Test

321 - 571

-92%
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Table 4-3. Hydraulic Conductivity
Comparison Observation Value
% difference (model /
(ft/day)
observed)

Site ID

Site Description

Model
GW Node

Parameter

Model Value
Description

Model Value
(ft/day)

Observed Value
Range Description

MW-MT-1

M&T Aquifer Test

915

Aquifer Hydraulic conductivity
Layer 5 (Tuscan Frm. Unit C)

Hydraulic conductivity
(PKH)

25

Calculated K for MW-MT-1
Shallow from Aquifer Test

321 - 571

-92%

MW-MT-1

M&T Aquifer Test

918

Aquifer Hydraulic conductivity
Layer 5 (Tuscan Frm. Unit C)

Hydraulic conductivity
(PKH)

25

Calculated K for MW-MT-1
Shallow from Aquifer Test

321 - 571

-92%

MW-MT-1

M&T Aquifer Test

919

Aquifer Hydraulic conductivity
Layer 5 (Tuscan Frm. Unit C)

Hydraulic conductivity
(PKH)

25

Calculated K for MW-MT-1
Shallow from Aquifer Test

321 - 571

-92%

MW-MT-1

M&T Aquifer Test

938

Aquifer Hydraulic conductivity
Layer 5 (Tuscan Frm. Unit C)

Hydraulic conductivity
(PKH)

25

Calculated K for MW-MT-1
Shallow from Aquifer Test

321 - 571

-92%

MW-HP-1

Hackett Aquifer Test

91

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1
Intermediate from Aquifer Test

66 - 88

52%

MW-HP-1

Hackett Aquifer Test

92

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%

MW-HP-1

Hackett Aquifer Test

128

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%

MW-HP-1

Hackett Aquifer Test

129

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%
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Table 4-3. Hydraulic Conductivity
Comparison Observation Value
% difference (model /
(ft/day)
observed)

Site ID

Site Description

Model
GW Node

Parameter

Model Value
Description

Model Value
(ft/day)

Observed Value
Range Description

MW-HP-1

Hackett Aquifer Test

130

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%

MW-HP-1

Hackett Aquifer Test

131

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%

MW-HP-1

Hackett Aquifer Test

168

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%

MW-HP-1

Hackett Aquifer Test

169

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%

MW-HP-1

Hackett Aquifer Test

170

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%

MW-HP-1

Hackett Aquifer Test

171

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%

MW-HP-1

Hackett Aquifer Test

172

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%

MW-HP-1

Hackett Aquifer Test

212

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%
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Table 4-3. Hydraulic Conductivity
Comparison Observation Value
% difference (model /
(ft/day)
observed)

Site ID

Site Description

Model
GW Node

Parameter

Model Value
Description

Model Value
(ft/day)

Observed Value
Range Description

MW-HP-1

Hackett Aquifer Test

213

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%

MW-HP-1

Hackett Aquifer Test

214

Aquifer Hydraulic conductivity
Layer 6 (Tuscan Frm. Unit B)

Hydraulic conductivity
(PKH)

100

Calculated K for MW-HP-1 from
Aquifer Test

66 - 88

52%

Note:
Model File: bcparam.dat, Unit 7. Parameter: PKH
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Table 4-4. Stratigraphic Thickness
Site ID

Site Description

Model GW
Node

Model Value
Description

Model Value
(ft)

Observed Value Description

Observation
Value (ft)

Comparison - %
difference
(model / observed)

MW-MT-1

M&T Aquifer Test

844

Thickness Tuscan Frm.
Unit B ( W(12) )

661

Thickness of Tuscan Frm. Unit B from
drilling log.

220

300%

MW-MT-1

M&T Aquifer Test

846

Thickness Tuscan Frm.
Unit B ( W(12) )

695.7

Thickness of Tuscan Frm. Unit B from
drilling log.

220

316%

MW-MT-1

M&T Aquifer Test

867

Thickness Tuscan Frm.
Unit B ( W(12) )

626.7

Thickness of Tuscan Frm. Unit B from
drilling log.

220

285%

MW-MT-1

M&T Aquifer Test

879

Thickness Tuscan Frm.
Unit B ( W(12) )

687.7

Thickness of Tuscan Frm. Unit B from
drilling log.

220

313%

MW-MT-1

M&T Aquifer Test

880

Thickness Tuscan Frm.
Unit B ( W(12) )

619.1

Thickness of Tuscan Frm. Unit B from
drilling log.

220

281%

MW-MT-1

M&T Aquifer Test

882

Thickness Tuscan Frm.
Unit B ( W(12) )

692.6

Thickness of Tuscan Frm. Unit B from
drilling log.

220

315%

MW-MT-1

M&T Aquifer Test

901

Thickness Tuscan Frm.
Unit B ( W(12) )

651.6

Thickness of Tuscan Frm. Unit B from
drilling log.

220

296%

MW-MT-1

M&T Aquifer Test

915

Thickness Tuscan Frm.
Unit B ( W(12) )

697

Thickness of Tuscan Frm. Unit B from
drilling log.

220

317%

MW-MT-1

M&T Aquifer Test

918

Thickness Tuscan Frm.
Unit B ( W(12) )

700.1

Thickness of Tuscan Frm. Unit B from
drilling log.

220

318%

MW-MT-1

M&T Aquifer Test

919

Thickness Tuscan Frm.
Unit B ( W(12) )

671.3

Thickness of Tuscan Frm. Unit B from
drilling log.

220

305%

MW-MT-1

M&T Aquifer Test

938

Thickness Tuscan Frm.
Unit B ( W(12) )

650.9

Thickness of Tuscan Frm. Unit B from
drilling log.

220

296%

MW-HP-1

Hackett Aquifer
Test

91

Thickness Tuscan Frm.
Unit B ( W(12) )

661

Thickness of Tuscan Frm. Unit B from
drilling log.

244

271%
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Table 4-4. Stratigraphic Thickness
Site ID

Site Description

Model GW
Node

Model Value
Description

Model Value
(ft)

Observed Value Description

Observation
Value (ft)

Comparison - %
difference
(model / observed)

MW-HP-1

Hackett Aquifer
Test

92

Thickness Tuscan Frm.
Unit B ( W(12) )

620.6

Thickness of Tuscan Frm. Unit B from
drilling log.

244

254%

MW-HP-1

Hackett Aquifer
Test

128

Thickness Tuscan Frm.
Unit B ( W(12) )

712.2

Thickness of Tuscan Frm. Unit B from
drilling log.

244

292%

MW-HP-1

Hackett Aquifer
Test

129

Thickness Tuscan Frm.
Unit B ( W(12) )

639.4

Thickness of Tuscan Frm. Unit B from
drilling log.

244

262%

MW-HP-1

Hackett Aquifer
Test

130

Thickness Tuscan Frm.
Unit B ( W(12) )

585.4

Thickness of Tuscan Frm. Unit B from
drilling log.

244

240%

MW-HP-1

Hackett Aquifer
Test

131

Thickness Tuscan Frm.
Unit B ( W(12) )

550.7

Thickness of Tuscan Frm. Unit B from
drilling log.

244

226%

MW-HP-1

Hackett Aquifer
Test

168

Thickness Tuscan Frm.
Unit B ( W(12) )

668.6

Thickness of Tuscan Frm. Unit B from
drilling log.

244

274%

MW-HP-1

Hackett Aquifer
Test

169

Thickness Tuscan Frm.
Unit B ( W(12) )

576.5

Thickness of Tuscan Frm. Unit B from
drilling log.

244

236%

MW-HP-1

Hackett Aquifer
Test

170

Thickness Tuscan Frm.
Unit B ( W(12) )

576.6

Thickness of Tuscan Frm. Unit B from
drilling log.

244

236%

MW-HP-1

Hackett Aquifer
Test

171

Thickness Tuscan Frm.
Unit B ( W(12) )

509

Thickness of Tuscan Frm. Unit B from
drilling log.

244

209%

MW-HP-1

Hackett Aquifer
Test

172

Thickness Tuscan Frm.
Unit B ( W(12) )

485.4

Thickness of Tuscan Frm. Unit B from
drilling log.

244

199%

MW-HP-1

Hackett Aquifer
Test

212

Thickness Tuscan Frm.
Unit B ( W(12) )

584.8

Thickness of Tuscan Frm. Unit B from
drilling log.

244

240%

MW-HP-1

Hackett Aquifer
Test

213

Thickness Tuscan Frm.
Unit B ( W(12) )

445.6

Thickness of Tuscan Frm. Unit B from
drilling log.

244

183%
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Table 4-4. Stratigraphic Thickness
Site ID

Site Description

Model GW
Node

Model Value
Description

Model Value
(ft)

Observed Value Description

Observation
Value (ft)

Comparison - %
difference
(model / observed)

MW-HP-1

Hackett Aquifer
Test

214

Thickness Tuscan Frm.
Unit B ( W(12) )

473.1

Thickness of Tuscan Frm. Unit B from
drilling log.

244

194%

MW-CSU-1

CSU Farm
Monitoring Well

1180

Thickness Tuscan Frm.
Unit B ( W(12) )

266.6

Thickness of Tuscan Frm. Unit B from
drilling log.

93

287%

MW-CSU-1

CSU Farm
Monitoring Well

1181

Thickness Tuscan Frm.
Unit B ( W(12) )

258.4

Thickness of Tuscan Frm. Unit B from
drilling log.

93

278%

MW-CSU-1

CSU Farm
Monitoring Well

1232

Thickness Tuscan Frm.
Unit B ( W(12) )

244.8

Thickness of Tuscan Frm. Unit B from
drilling log.

93

263%

MW-CSU-1

CSU Farm
Monitoring Well

1233

Thickness Tuscan Frm.
Unit B ( W(12) )

260.9

Thickness of Tuscan Frm. Unit B from
drilling log.

93

281%

MW-CSU-1

CSU Farm
Monitoring Well

1234

Thickness Tuscan Frm.
Unit B ( W(12) )

242.7

Thickness of Tuscan Frm. Unit B from
drilling log.

93

261%

MW-CSU-1

CSU Farm
Monitoring Well

1235

Thickness Tuscan Frm.
Unit B ( W(12) )

221.8

Thickness of Tuscan Frm. Unit B from
drilling log.

93

238%

MW-CSU-1

CSU Farm
Monitoring Well

1279

Thickness Tuscan Frm.
Unit B ( W(12) )

195.7

Thickness of Tuscan Frm. Unit B from
drilling log.

93

210%

4-18
P:\38000\138604 - Butte Co. Lower Tuscan Aquifer Inv\Report Deliverables\Final Report\LTA Final Report.docx

Section 4

Final Report

Table 4-4. Stratigraphic Thickness
Site ID

Site Description

Model GW
Node

Model Value
Description

Model Value
(ft)

Observed Value Description

Observation
Value (ft)

Comparison - %
difference
(model / observed)

MW-CSU-1

CSU Farm
Monitoring Well

1280

Thickness Tuscan Frm.
Unit B ( W(12) )

267.1

Thickness of Tuscan Frm. Unit B from
drilling log.

93

287%

MW-CSU-1

CSU Farm
Monitoring Well

1281

Thickness Tuscan Frm.
Unit B ( W(12) )

247.5

Thickness of Tuscan Frm. Unit B from
drilling log.

93

266%

MW-CSU-1

CSU Farm
Monitoring Well

1282

Thickness Tuscan Frm.
Unit B ( W(12) )

217

Thickness of Tuscan Frm. Unit B from
drilling log.

93

233%

MW-CSU-1

CSU Farm
Monitoring Well

1289

Thickness Tuscan Frm.
Unit B ( W(12) )

284.4

Thickness of Tuscan Frm. Unit B from
drilling log.

93

306%

MW-CSU-1

CSU Farm
Monitoring Well

1327

Thickness Tuscan Frm.
Unit B ( W(12) )

189.2

Thickness of Tuscan Frm. Unit B from
drilling log.

93

203%

MW-CSU-1

CSU Farm
Monitoring Well

1328

Thickness Tuscan Frm.
Unit B ( W(12) )

272.2

Thickness of Tuscan Frm. Unit B from
drilling log.

93

293%

MW-CSU-1

CSU Farm
Monitoring Well

1329

Thickness Tuscan Frm.
Unit B ( W(12) )

255.4

Thickness of Tuscan Frm. Unit B from
drilling log.

93

275%

MW-CSU-1

CSU Farm
Monitoring Well

1330

Thickness Tuscan Frm.
Unit B ( W(12) )

238.5

Thickness of Tuscan Frm. Unit B from
drilling log.

93

256%
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Table 4-4. Stratigraphic Thickness
Site ID

Site Description

Model GW
Node

Model Value
Description

Model Value
(ft)

Observed Value Description

Observation
Value (ft)

Comparison - %
difference
(model / observed)

MW-CSU-1

CSU Farm
Monitoring Well

1331

Thickness Tuscan Frm.
Unit B ( W(12) )

210.7

Thickness of Tuscan Frm. Unit B from
drilling log.

93

227%

MW-CSU-1

CSU Farm
Monitoring Well

1380

Thickness Tuscan Frm.
Unit B ( W(12) )

232.6

Thickness of Tuscan Frm. Unit B from
drilling log.

93

250%

Note:
Model File: bcstrat.dat, Unit 9. Parameter: Aquifer Thickness Model Layer 6-Tuscan B (W(12))
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The comparison shows that in general the model thickness of this critical aquifer layer in these locations
was more than twice the observed thickness. The significance of over estimating the aquifer thickness
affects the flux the model calculates and may result in inaccurate assessments of groundwater flow and
available groundwater. The reported relative percent difference values are used to identify relative
differences between model values versus observed values; and do not reflect equivalent error
associated with the model output. These values can be utilized to identify values of the model which
may require additional consideration to improve model performance.

4.6 Soil Infiltration
An evaluation of observed soil infiltration rates with values in the BBGM could not be performed. The
model was set up to handle general infiltration using another methodology than applying a hydraulic
conductivity for the soils. The model utilizes National Resource Conservation Service defined soil types
A, B, C, or D where A soils have the highest infiltration rates and D soils have the lowest infiltration rate.
These soil types were assigned to nodes/elements across the model domain correlated to the generally
mapped soil conditions. The methodology specifies a fraction of excess soil moisture to be directly
applied to recharge. The model assumes that the percent of precipitation which does not run-off
contributes ranges of direct recharge of 80% to 50% for soils B through D, respectively. Potential
recharge associated with this methodology does not capture the variability and heterogeneity observed
during the study and should be explored further to better represent recharge during future studies.
Refinement of these data will significantly affect the understanding of aerial recharge mechanisms and
contribute to increased accuracy of the BBGM with regards to surficial recharge and runoff processes.
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Evaluation of Recharge Mechanisms
and Aquifer Interactions
As discussed in Section 1.1, the primary goal of LTA Project was to conduct a scientific field investigation
seeking to improve the scientific understanding of recharge mechanisms of the LTA system and
interactions with other aquifer systems. A summary of the results for data collected during the field
investigations is presented in Section 3. Detailed discussions of the methods and procedures and
analysis conducted for the field investigations is presented in three primary technical reports: The Field
Investigation Report (Brown and Caldwell, 2012), the Aquifer Performance Test Report (Brown and
Caldwell, 2013a), and the Groundwater Recharge Assessment Report (Brown and Caldwell, 2013b).
Copies of these reports are provided on CD in Appendix A.
Studies conducted to assess recharge mechanisms of the LTA included stream gauging, temperature
gradient profiling, and oxygen isotope analysis of groundwater and surface water samples. Stream
gauging and temperature gradient profiling (see Sections 3.4 and 3.5 for summary of studies) were
conducted to assess if surface waters from local streams, such and Butte Creek and Big Chico Creek,
recharged the LTA directly in areas where the streams crossed outcrops of the Lower Tuscan Formation
(see Figure 3-5 for location of stream gauges in relationship to outcrops of the Lower Tuscan Formation).
Prior to conducting the LTA project, this mechanism was thought to be a major contributor to recharge of
the LTA. Oxygen isotopic analyses (see Table 3-2 (groundwater monitoring well samples), Table 3-3
(surface water samples), and Table 3-6 (groundwater pumping well samples) for summary of results)
were conducted to assess the source of the recharge water. The analyses of general chemical
parameters and oxygen isotopes for water samples from the groundwater observations wells and
surface water samples were not part of the original LTA project scope, but provided critical insights into
the recharge mechanisms and interactions with other aquifer systems for the LTA.
Aquifer performance tests conducted for the LTA project also provided important insights for recharge
mechanisms of the LTA regarding interaction with other aquifers and possible recharge from the
Sacramento River. Each of the recharge mechanisms and aquifer interactions assessed by these
studies are discussed in the following sections.

5.1 Stream Gauging and Temperature Profile Analysis
As stated above, stream gauging and temperature gradient profiling were conducted to assess if surface
waters from local streams recharged the LTA directly in areas where the streams crossed outcrops of the
Lower Tuscan Formation. For stream gauging (Section 3.4), the stream discharge evaluation was
conducted to determine if significant quantifiable flows were lost over reaches of the stream that directly
overly the outcrops of the Lower Tuscan Formation. The assumed interpretation would be losses to the
subsurface over a given reach would be attributable to either aquifer recharge or losses to
evapotranspiration of riparian vegetation.
The recharge analysis of discharge values for all five creeks indicate that if recharge is occurring within
the reaches of the channel it is within the calculated error of the instrumentation used for instantaneous
discharge values and thus cannot be assessed with the continuous discharge values. This indicates that,
for any given measurement the losses or gains within the stream reach cannot be attributable to
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recharge with any certainty and cannot be quantified based upon the subtle differences in discharge.
These results indicate that recharge along these reaches are minimal and not a significant source of
water for the LTA.
The stream temperature gradient profile evaluation (Section 3.5) was performed to establish a vertical
profile of water temperature fluctuations within the upper portion of the shallow subsurface immediately
adjacent to streams. These measurements are used to assess how groundwater is influenced by the
influx of surface waters to the aquifer or, conversely, the movement of groundwater towards the surface
water feature. To assess the viability of this method for use in areas such as the Lower Tuscan
Formation, this method was only conducted at one location along Mill Creek.
Temperature changes observed during the period recorded at Mill Creek showed a slow change in
temperature, but remained largely stratified throughout the period. The changes in temperature are
attributable to seasonal temperature fluctuations and changes in ambient air temperatures. These rates
of change suggest there is not significant flux of surface water into the subsurface in the vicinity of the
tested area.
The results of the infiltrometer testing also suggests that movement of water within the vadose zone
(unsaturated portions) of Tuscan Formation as a whole, does not follow a straight vertical pathway
downward towards the groundwater aquifers. Instead, water moving vertically downward from the
surface will follow a sinous path flowing horizontally along finer grained units with low permeabilities
then vertically when encountering coarser material. Horizontal flow was observed at shallow depths
during the double ring infiltrometer tests within the shallow soils borings completed next to the test area
(see Field Investigation Report, Appendix A).

5.2 Water Quality Analysis
As discussed in Section 3.1, the collection and analysis of water samples from the five monitored
streams and newly installed groundwater monitoring wells was not part of the original scope of the LTA
project. This task was added to the project to supplement the assessment of potential recharge sources
and interactions between aquifers. The LTA project did include collection of water samples from the
irrigation wells used for the aquifer performance tests (Section 3.6).
Samples were submitted for analysis of general water chemical parameters and the isotopes 18O and 2H
(deuterium designated with a D in this report). A summary of the results of this testing are provided on
Tables 3-2 (groundwater monitoring wells), Table 3-3 (surface water samples), and Table 3-6 (pumping
well samples). A discussion of these results pertaining to potential recharge mechanisms and
interactions of aquifer systems is provided below.

5.2.1 General Water Chemical Parameters
To assess the general chemical analysis, the cations (metals such as calcium and sodium) and anions
(such as chloride and sulfate) were plotted on Piper Diagrams. A piper diagram is a graphical
representation of the chemistry of a water sample or samples. As shown in Figure 5-1, Piper diagrams
are a combination cation triangle (lower left) and anion triangle (lower right) that lie on a common
baseline. A diamond shape is placed between them. Information that can be assessed from this
diagram includes water type, mixing of waters, and potential precipitation or solution (dissolving) of
minerals.
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Figure 5-1. Outline of Piper diagram showing water classifications developed for cation and anion analysis.

As shown on Figure 5-1, four primary water types (colored circles on diamond) are designated on the
Piper diagram. Figures 5-2 through 5-5 show the Piper Diagrams constructed using data collected for
the LTA project. Although the classifications are for groundwater types, the surface water samples have
been included for comparison with the groundwater samples. As seen on these figures, with the
exception of the water sample from Mill Creek, all water samples plot as calcium (Ca) – bicarbonate
(HCO3) waters typical of shallow, fresh groundwater. The sample for Mill Creek plots between the areas
for classification suggesting potential mixing of waters.
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Figure 5-2. Piper Diagram for cation/anion results for groundwater samples collected at Hackett Property from
MW-HP-1. Results from surface water samples are shown for comparison.
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Figure 5-3. Piper Diagram for cation/anion results for groundwater samples collected at M&T Ranch from
MW-MT-1. As discussed in text, straight line drawn on cation triangle suggests ion exchange of
sodium/potassium with calcium. Results from surface water samples are shown for comparison.
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Figure 5-4. Piper Diagram for cation/anion results for groundwater samples collected at CSU Ranch from
MW-CSU-1. As discussed in text, straight line drawn on cation triangle suggests ion exchange of
sodium/potassium with calcium. Results from surface water samples are shown for comparison.
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Figure 5-5. Piper Diagram for cation/anion results for groundwater samples collected from pumping wells
used for aquifer tests at Hackett Property (PW-HP-1), M&T Ranch (PW-MT-1 and PW-MT-2), and Esquon Ranch
(PW-ESQ-39 and PW-ESQ-40). Results from surface water samples are shown for comparison.

If a series of water samples, such as from the three discrete depths of each nested groundwater
monitoring well, lie on a straight line that when extended passes through the corner of one or both of the
bottom triangles, it is possible that the trend is indicative of a mineral precipitating out of the water or
dissolving from the rock material into the water (Hounslow, 1995). This trend could also be formed by
ion exchange processes. Ion exchange is the process where a particular ion, such as calcium, replaces
another ion, such as sodium, on the soil particle. This straight line trend is observed on the cation
triangle of the plot for samples collected from monitoring well MW-MT-1 (Figure 5-3) and MW-CSU-1
(Figure 5-4). For these two cation diagrams, a straight line can be drawn between the three individual
samples collected from each well through the apex (bottom right hand corner) that represents 100
percent sodium (Na) plus potassium (K). Since the total dissolved solid concentrations are relatively the
same for all three depth intervals in each well (Table 3-2), the data suggests an ion exchange process is
occurring whereby calcium is replacing sodium and/or potassium on the soil particles with the sodium
and/or potassium being dissolved into the water. Although not definitive, this relationship suggests an
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interaction (either upward or downward vertical movement) between the aquifer zones monitored by the
individual well screens within each monitoring well due to differences in the cation exchange capacity
(CEC) of the clay material between the aquifer zones. The CEC is the maximum quantity of total cations,
of any class, that a soil is capable of holding (adsorbing onto the soil particle), at a given pH value,
available for exchange with the soil solution. The CEC of the soil therefore affects the water chemistry of
groundwater that passes through the clay material which can be used to assess potential interactions of
groundwater flow.
The relationships discussed above suggests that additional insights from this type of analysis could be
obtained from further testing of groundwater samples throughout the area combined with geochemical
modeling. Water present below the land surface takes on some of the characteristics of that
environment. Rainfall and surface waters percolating through the soil zone and unsaturated material
chemically react with the gases, minerals, and organic compounds that occur naturally in the
subsurface. These reactions continue below the water table as the water flows through the aquifer. The
result is that the characteristics and composition of the water evolve as it flows through the ground in
response to the types of solids and gas phases that the solution encounters and the geochemical
reactions that occur between these phases. Recognizing these reactions through chemical testing of
surface water and groundwater samples can provide important insights into recharge mechanisms of the
LTA.

5.2.2 Stable Isotope Analysis
As discussed in Section 2.2, stable isotope analysis of water samples is based on the principal that the
hydrogen and oxygen atoms that form water molecules contain different isotopic forms. Stable isotopes
are those that do not undergo radioactive decay and, thus, do not change composition over time. The
most prevalent stable isotopes in water are deuterium (D) and oxygen-18 (18O). These stable isotopes
are present at very low levels in sea water, in the parts per thousand range. These stable isotopes have
atomic masses that are greater than those of the most common isotopes, which are hydrogen (H) and
oxygen-16 (16O). Because the isotopic data are presented as ratios relative to the SMOW isotope
concentrations, the δ18O and δD values are negative numbers. Thus, data values that plot farther to the
left and lower on the chart represent precipitation that fell farther from the ocean and/or at higher
elevations than data values that plot farther to the right and higher on the chart, as illustrated on
Figure 2-4.
For comparison purposes, recent studies in Nevada County (Hydrofocus, 2010; Kopania 2012) indicate
that water samples with a δ18O less than -12 typically are sourced from higher elevation snowmelt
(elevations greater than about 6,000 feet above mean sea level, or ft msl). Water samples with a δ18O
of about -10.5 represent rainfall and snowmelt from between about 3,000 ft msl to 4,000 ft msl. As a
result, rainfall within the Sacramento Valley would have a δ18O of -9 or higher (Hydrofocus, 2010;
Kopania 2012).
The stable isotope data collected as part of the LTA project are plotted on Figure 5-6 through
Figure 5-10. Isotopic data for the Sacramento River and Feather River presented on these plots are
from Moran and Others (2005). Figure 5-6 presents the isotope data for the surface water samples.
The sample from Little Dry Creek plots to the far upper right of the diagram. Based on the δ18O and δD
values, as discussed above, the water from Little Dry Creek is primarily from precipitation that fell at
relatively low elevations near the edge of the valley floor or lower part of the foothills to the east. At the
other end of the diagram are the samples from Deer Creek and Mill Creek. The isotope signature from
these two creeks is consistent with runoff from high-elevation snowmelt. The isotopic signatures for Big
Chico Creek and the Sacramento River are generally consistent with snowmelt and rainfall runoff from
elevations between 3,000 ft msl and 4,000 ft msl. The samples from the Feather River and Butte Creek
are indicative of runoff from elevations between the high-elevation and mid-elevation samples. It is
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important to note that the isotopic signature for water courses with very large watersheds, like the
Sacramento River and the Feather River are aggregate averages of the entire watershed. The data
should not be interpreted to mean that all of the runoff from the Sacramento River watershed, for
example, originates at an elevation between 3,000 ft msl and 4,000 ft msl. The isotope ratios for the
different water courses, however, can be used to help interpret the source, or sources, of recharge for
the different aquifer zones in the LTA.

Figure 5-6. Plot of isotope data for surface water samples collected from the five streams monitored
for the LTA project.

Figures 5-7 through 5-9 present the isotope data for the water samples from the relatively shortscreened groundwater monitoring wells. For the MW-HP-1 wells, which are located close to the LTA
outcrop on the east edge of the valley, the samples from all three depths plot very close together and are
indicative of precipitation from elevations that are not far above the valley floor. There is a slight trend of
increasing elevation with greater aquifer depth, which is what would be expected from recharge at the
outcrop along the edge of the valley.
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Figure 5-7. Plot of isotope data for two rounds of groundwater samples, May/June 2011 (symbols in blue) and
July 2012 (symbols in red), from Hackett Property monitoring well MW-HP-1.

As indicated in Figure 5-8, the data from the MW-MT-1 wells indicates that the recharge source
decreases in elevation with increasing depth in the aquifer. This is the opposite pattern than what
occurs in the MW-HP-1 wells. The MW-MT-1 wells are located in the central part of the valley, near the
Sacramento River. Thus, the recharge source of water in the area of these wells may be due to a mixture
of lower-elevation precipitation along the basin perimeter and mid-elevation precipitation from the
Sacramento River. As discussed in Section 5.3, the source of recharged Sacramento River water would
be at a location north of the M&T Ranch near Red Bluff where the LTA outcrops or extends to shallower
depths that would be connected with waters from the river. The MW-MT-1 intermediate zone (completed
in the LTA) isotope values could also result from mixing between the shallow (completed in the Upper
Tuscan Aquifer) and deep intervals (completed in the LTA).
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Figure 5-8. Plot of isotope data for two rounds of groundwater samples, May 2011 (symbols in blue) and July
2012 (symbols in red), from M&T Ranch monitoring well MW-MT-1.

The data for the MW-CSU-1 wells, as shown on Figure 5-9, indicates a divergent source of recharge for
the shallow interval compared to the intermediate and deep intervals. The shallow CSU interval
(completed in the Upper Tuscan Aquifer) has an isotope signature that suggests recharge may be
occurring locally from Butte Creek or diversions from Butte Creek, through the shallow alluvium, and into
Upper Tuscan Aquifer. The CSU deep interval (complete in the LTA) has an isotope signature that is
similar to those from the MW-HP-1 location, suggesting the deep interval at CSU Farms is recharged
primarily from local precipitation near the east edge of the valley and lower foothills. The MW-CSU-1
intermediate interval (completed in the LTA) is indicative of a somewhat higher recharge elevation than
the deep zone, but may be the result of mixing between zones, with influence from both the shallow and
deep zones.
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Figure 5-9. Plot of isotope data for two rounds of groundwater samples, May 2011 (symbols in blue) and July
2012 (symbols in red), from CSU Farms monitoring well MW-CSU-1.

Figure 5-10 presents the isotope data for the long-screened irrigation wells. The data for the Hackett
Property irrigation well, PW-HP-1, plot in essentially the same location as the data for the MW-HP-1
monitoring wells. As shown on Figure 5-7, however, the results for the three MW-HP-1 monitoring wells
is very similar and plot close together. The data for the M&T Ranch irrigation wells, PW-MT-1 and
PW-MT-2, plot right between the data for the shallow and intermediate MW-MT-1 monitoring wells,
indicating that most of the water pumped from this location is from those two depth intervals, and not
from the deep interval. However, as discussed in Section 5.3, there is hydraulic connection between
these intervals during pumping. As discussed above, the stable isotope data and water-level
interpretations suggest that much of the water in the upper zone at M&T Ranch may be recharged from
the Sacramento River. Other nearby streams like Big or Little Chico Creek also have similar isotopic
signatures (Figure 5-6) and could possibly provide recharge, although the data from this project does not
directly provide evidence for this. It warrants further investigation to better understand groundwater flow
dynamics with regards to tributaries. The Esquon Ranch irrigation wells, PW-ESQ-39 and PW-ESQ-40,
have isotopic signatures that suggest most of the recharge is from local, low elevation precipitation.
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Figure 5-10. Plot of isotope data for groundwater samples collected from pumping wells during aquifer tests at
the Hackett Property (PW-HP-1), M&T Ranch (PW-MT-1 and PW-MT-2), and Esquon Ranch
(PW-ESQ-39 and PW-ESQ-40).

The initial, limited sampling of surface water and groundwater for stable hydrogen and oxygen isotopes
has provided important insight into the sources of runoff in the surface streams and potential recharge
sources within different parts of the study area and at different depths in the LTA. The data and
discussion presented above should be considered preliminary and provisional at this time. Additional
isotope studies are recommended in Section 6 to verify the initial sampling results and provide further
details and insights. The additional isotope study recommendations include not only the hydrogen and
oxygen stable isotopes, but also stable isotopes of elements such as carbon, sulfur, boron, and nitrogen.

5.3 Aquifer Performance Testing
As discussed in Section 3.6, one of the objectives of conducting the three aquifer performance tests for
the LTA project was to gain a better understanding of the vertical inter-formational leakage between the
Lower Tuscan Formation aquifer system and other hydraulic units. To enhance this assessment, using
the detailed geologic information collected during the drilling of soil borings, individual screen intervals
for the new groundwater monitoring wells were placed within specific hydrogeologic zones that provided
detailed data on these individual zones including interactions between aquifers during the aquifer
performance tests. As discussed in the Aquifer Performance Test Report (Appendix A), interactions
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between LTA and other aquifer systems changed from north to south within the project area as
discussed below.

5.3.1 Hackett Property Aquifer Test – Northern LTA Area
As discussed 3-6, the aquifer test completed in the northern area of the LTA at the Hackett Property was
conducted in aquifers formed within the hard cemented lahar units of the Tuscan Formation. A
generalized geologic cross section developed using the lithologic logs produced from the observation
(MW-HP-1) and pumping well (PW-HP-1, Figure 3-11) for this test is presented on Figure 5-11. As seen
on this figure, three separate well screens were constructed within the observation well to monitor zones
within both the Upper and Lower Tuscan Aquifers. The pumping well is reported to be screened within
the same sand zone of the intermediate screen for the observation well between 320 and 340 feet
below ground surface (bgs). Based on field observations, the lahar units were expected to have low
permeabilities and the three screen intervals were placed within sand and gravel zones separated by
significant thicknesses of these units. This design allowed assessment of the interaction between the
aquifers and leakage responses through the low permeability lahar units.

Figure 5-11. Generalized Geologic Cross Section, Hackett Property Aquifer Test.
Pumping Well, PW-HP-1. Observation Well, MW-HP-1.

Figure 5-12 shows the drawdown curves developed for the three screen intervals within the observation
well during the aquifer test. These drawdown curves demonstrate that the intermediate and shallow
zones show a typical response to pumping from a nearby well while the deep zone does not. The deep
zone drawdown curve indicates that this aquifer is not in hydraulic connection with the upper two zones
indicating limited to no interaction of this deep aquifer with shallower aquifers in the area. The
drawdown observed from the deep zone well reflects pumping from another well in the area believed to
be used for a nearby gravel mine operation (PW-HP-5; Figure 3-11). Both the intermediate and shallow
drawdown curves show a delayed response to the onset of pumping and to changes in the pumping rate
during modifications to irrigation of the orchard. However, the shallow zone (completed in the Upper
Tuscan Aquifer) response occurs about one minute after the intermediate zone suggesting leakage
through the lahar package separating these units.
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Figure 5-12. Drawdown Curves Plotted On Log-Log Diagram for Three Screens of
Hackett Property Observation Well MW-HP-1

As presented in the Aquifer Performance Test Report (Appendix A), the calculated S/S' values for both
the pumping well (S/S' = 4.01) and observation well (S/S' = 26.87) are greater than 1 suggesting
downward recharge is occurring from the shallower aquifer through the lahar unit to the deeper aquifer
screened by the intermediate well. These results suggest that a major recharge source to the LTA in this
area is through the overlying aquitard and overlying aquifers.

5.3.2 M&T Ranch Aquifer Test – Central LTA Area
The aquifer test completed at the M&T Ranch was conducted in aquifers formed within the distal portion
of the Tuscan Formation composed predominantly of unconsolidated fluvial material. The hard
cemented lahar units noted in the Hackett Property area are not as prevalent in this area. Overlying the
Tuscan Formation are approximately 160 feet of quaternary deposits formed by the ancestral movement
of the Sacramento River system. A generalized geologic cross section developed using the lithologic logs
produced from the observation (MW-MT-1) and pumping well (PW-MT-1) for this test is presented on
Figure 5-13.
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Figure 5-13. Generalized Geologic Cross Section, M&T Ranch Aquifer Test.
Pumping Well, PW-MT-1. Observation Well, MW-MT-1.

Three separate well screens were constructed within the observation well to monitor zones within both
the Upper and Lower Tuscan Aquifers. The pumping well, PW-MT-1, is reported to be screened within the
same sand zone of the shallow screen for the observation well between 280 and 400 feet bgs within the
Upper Tuscan Aquifer Zone. The intermediate well screen was placed within the lower permeable fine
grain units between the aquifers screened by the shallow and deep well screens. Both the intermediate
and deep well screens are completed within the LTA system. This design allowed assessment of the
interaction between the aquifers and a more detailed assessment of leakage responses through the low
permeability units.
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Figure 5-14 shows the drawdown curves developed for the three screen intervals within the observation
well during the aquifer test. These drawdown curves demonstrate that all three zones show a typical
drawdown pattern to pumping. The shallow well drawdown curve shows a slight delayed response
(within 10 seconds) to the onset of pumping, changes in the pumping rate during modifications to
irrigation of the orchard, and the turning on and off of PW-MT-3 (Figure 3-12).

Figure 5-14. Drawdown Curves Plotted on Log-Log Diagram for Three Observation Well Screens
within MW-MT-1 Used for M&T Ranch Aquifer Test

Both the intermediate and deep well drawdown curves also show a delayed response but the first
response is a rise in water level at approximately two minutes after the onset of pumping. This response
cannot be seen on Figure 5-14 that plots drawdown on a logarithmic scale (negative numbers do not plot
on logarithmic scales). To illustrate the rise in water levels, Figure 5-15 presents the drawdown curves
for the intermediate and deep wells plotted on a semi-log plot with drawdown on a linear scale. The
effect of rising water levels in response to pumping was first recognized by Verruijt (1969) and is referred
to as the Noordbergum effect (see Aquifer Performance Test Report, Appendix A). The observance of
this effect supports that the LTA aquifer in this area is confined but has hydraulic connection with the
overlying aquifer system of the Upper Tuscan Formation.

5-17
P:\38000\138604 - Butte Co. Lower Tuscan Aquifer Inv\Report Deliverables\Final Report\LTA Final Report.docx

Section 5

Final Report

Figure 5-15. Drawdown Curves Plotted for Intermediate and Deep Well Screens of
Observation Well MW-MT-1 on Semi-Log Diagram. Figure shows that first response to pumping in shallow zone
well aquifer for wells in the intermediate (aquitard) and deep (aquifer) zones is an increase in water level.

Using Theis Recovery plots, S/S' values for both the pumping well (S/S' = 2.171) and observation well
(S/S' = 1.393) are greater than 1 suggesting recharge occurs during the test. These results suggest that
a major recharge source to the LTA (both the aquifer tested and underlying deep aquifer) in this area is
through the overlying and underlying aquitards and aquifers. Although no observation wells were
installed in the Quaternary Deposits (overlying) for this aquifer test, based on observations made during
drilling (water produced and content of sand within aquitard separating LTA and Quaternary Deposits), it
is believed that aquifers in this unit are also in hydraulic communication and act as recharge source to
aquifers within the Upper Tuscan Aquifer and LTA.
Prior to conducting the aquifer tests at the M&T Ranch, water level data was recorded within each of the
well screens of MW-MT-1 to observe regional changes. During a major storm event that occurred in
March 2011, a distinct change of increasing water levels were noted for the hydrographs plotted from
these wells as shown on Figure 5-16. One possible explanation for this response is that distant outcrop
of the LTA is hydraulically connected with one of the river systems and the LTA at depth in the M&T
Ranch area. Since as discussed above the LTA in this area is confined, the location of this connection
would have to be in an area that is at or above the water level for a confined aquifer (potentiometric
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surface, see Section 2.1 for discussion) to cause the response observed in the wells. To assess this
possibility, stream gauge data from the Red Bluff Station monitored by the USGS on the Sacramento
River was also plotted on Figure 5-16. As seen on this figure, the distinct change to increasing water
levels noted in the MW-MT-1 wells, corresponds in time almost identically to significant increases in river
flow of the Sacramento River. This figure also shows that water levels begin to decrease within the
monitoring wells with decreases in river flow after the major storm event. Although not definitive, this
relationship suggests that the Sacramento River is a potential recharge source of the LTA in areas north
of the M&T Ranch in the vicinity of Red Bluff, Caliornia. Additional studies are recommended in Section6
to verify this potential recharge source.

Figure 5-16. Hydrographs for MW-MT-1 wells plotted with hydrograph for flows within the
Sacramento River reported from the USGS Red Bluff Station.

5.3.3 Esquon Ranch Aquifer Test – Southern LTA Area
The aquifer test completed at the Esquon Ranch was conducted in aquifers formed within the distal
portions of the LTA composed predominantly of unconsolidated fluvial material but with some hard
cemented reworked lahar units. The Lower Tuscan Formation was observed at the surface in this area.
A generalized geologic cross section developed using the lithologic logs produced from the observation
(MW-ESQ-1) and pumping wells (PW-ESQ-39 and PW-ESQ-40) for this test is presented on Figure 5-17.
Figure 3-13 shows the location of these wells along with other irrigation wells that were monitored for
this test. As discussed in Section 3.6, the monitoring well used for this test was installed by the DWR.
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Four separate well screens were constructed within the observation well to monitor zones within the LTA
(shallow, intermediate shallow and intermediate deep wells) and the underlying Ione Formation (deep
well). The pumping wells, as illustrated on Figure 5-17, are reported to be screened across the entire
interval monitored by both the intermediate shallow and intermediate deep wells between 110 and 520
feet bgs. The shallow, intermediate shallow and intermediate deep wells are placed within permeable
sand units separated by low permeable fines and lahar units of the LTA. The deep well is placed within
permeable sands of the Ione Formation that is overlain by low permeability fines and lahar units of the
LTA. This design allowed assessment of the interaction between the aquifers of both the LTA and Ione
Formation and an assessment of leakage responses through the low permeability units.

Figure 5-17. Generalized geologic cross section, Esquon Ranch Aquifer Test. Tuscan Formation in this area is
part of the LTA. Pumping Wells, PW-ESQ-39 and PW-ESQ-40. Observation Well, MW-ESQ-1.

Figure 5-18 shows the drawdown curves developed for the four screen intervals within the observation
well during the aquifer tests along with startup and shutdown times for each of the irrigation wells that
affected the drawdown curves. As discussed in Section 3.6, due to weather conditions two aquifer tests
were conducted at the Esquon Ranch.
Unlike the other drawdown curves presented above, this plot is presented on a linear scale to highlight
the differences in response between wells. The drawdown curves demonstrate that the two
intermediate zones show typical response to pumping. Both of these well drawdown curves show
delayed responses to the onset of pumping between 40 minutes (intermediate shallow) and 90 minutes
(intermediate deep). Both wells also show responses to the other four pumping wells discussed above.
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The drawdown curve for the deep well showed a delayed response of approximately 1,000 minutes
(16.5 hours) and the shape of the curve suggests that although hydraulically connected, water from this
zone has to follow an indirect path to the zone of pumping used for the test. This observation is
consistent with the geologic cross section illustrated on Figure 5-17 that shows this well completed
within the Ione Formation beneath fine grained units of the Tuscan Formation and suggests that the
sands of the Ione Formation in this area connect with the sands of the Tuscan Formation at a different
location. The shallow zone drawdown curve indicates that this aquifer is not hydraulically connected
with the lower zones. The shallow well did respond to pumping from PW-ESQ-22 (Figure 5-18).
Using the Theis Recovery plots, the S/S' values for the pumping wells and observation wells are greater
than 1 suggesting recharge is occurring during the test (Aquifer Test Report reference). These results
suggest that a major recharge source to the LTA in this area is also through aquitards and overlying
aquifers.
As shown on Figure 5-17, it also appears the Lower Tuscan Formation forms a channel like feature
within the underlying Ione Formation. Although not as definitive, possibly due to the lack of detailed
lithologic data for the area, this feature suggests the presence of a paleo-valley as illustrated on
Figure 2-1 for the Oroville area south of the Esquon Ranch. As noted in Section 2.1, this type of feature
can result in direct connections with aquifer systems developed within other geologic formations. These
types of features are believed to be important in the vicinity of the Feather River system.
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Figure 5-18. Drawdown curves plotted on Semi-log diagram for four observation well screens within MW-ESQ-1 used for Esquon Ranch aquifer test. Figure also shows bars indicating startup and shutdown of irrigation wells, weather events that effected
the duration of the aquifer tests, and a brief evaluation of each of the curves with respect to validity for use in quantitative curve matching analysis.
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5.4 Summary
In the vicinity of the Hackett Property (see Figure 3-1 for location), outcrops of the Lower Tuscan
Formation are deeper and there appears to be no connection with the Sacramento River. Isotopic
analysis for groundwater samples collected from the monitoring well (MW-HP-1) and pumping well (PWHP-1) at the Hackett Property suggest that the source of recharge to the LTA in this area occurs from
precipitation and runoff from lower elevation near the margin of the valley floor (Section 5.3.1). There is
a slight trend of increasing elevation with greater depth suggested from the isotopic results which is
what would be expected from recharge at the outcrop along the edge of the valley (deeper groundwater
flow paths from higher elevation sources). The Tuscan Formation in this area consists of the hard
cemented lahar units characteristic of the proximal deposits of this unit (see discussion in Section 2-1).
Lahars typically have lower permeabilities that limit the interaction between aquifer units. The results of
the aquifer performance test at the Hackett property (Section 5.3.1) indicate that there is some hydraulic
connection between the Upper Tuscan Aquifer and middle aquifer zone of the LTA in this area but no
hydraulic connection with deeper aquifer zone of the LTA. These results indicate that once water moves
within the groundwater system in this area, there is limited downward movement.
As discussed in Section 5.3.2, water level data collected for the project suggests that the Sacramento
River may directly recharge the LTA in an area north of the M&T Ranch possibly near Red Bluff,
California, especially during high river flows. Evidence for this recharge mechanism was the
instantaneous rise in water levels in the monitoring wells at the M&T Ranch corresponding to a major
storm event and rise in river flows recorded on the Sacramento River in Red Bluff, California. Isotopic
analysis for groundwater samples collected from the monitoring well (MW-MT-1) and pumping well (PWMT-1 and PW-MT-2) at the M&T Ranch also suggest that the Sacramento River could be a source of
recharge to the LTA (Section 5.3.2). Additional studies are needed to further assess this potential
recharge mechanism as discussed in Section 6.
In the vicinity of the M&T Ranch, in addition to the potential recharge source of the Sacramento River in
this area as discussed above, isotopic analysis for groundwater samples collected from the M&T Ranch
suggests that recharge may be due to a mixture of lower-elevation precipitation along the basin
perimeter and water from the Sacramento River (Section 5.3.1). The results of the aquifer performance
test at the M&T Ranch demonstrated that the aquifer systems in this area are hydraulically connected
and that a major recharge mechanism for a specific aquifer is the water stored within the overlying and
underlying aquifers and aquitards. The isotopic analysis for the groundwater sample collected from the
intermediate screened zone of monitoring well MW-MT-1 completed in the LTA suggests that water could
represent mixing between the Upper Tuscan Aquifer (shallow screen interval) and LTA aquifers
monitored in this area (deeper screen interval). The intermediate screen zone is completed within the
aquitard separating these two aquifer systems.
As discussed in Section 5.3.1, in the vicinity of the CSU Ranch, isotopic data from the MW-CSU-1 shallow
screen interval (completed in the Upper Tuscan Aquifer) has an isotope signature that suggests recharge
may be occurring locally from Butte Creek waters (from the creek itself or from diversion canals), through
the recent alluvium, and into the upper zone of the Tuscan Formation. The groundwater samples from
MW-CSU-1 deep interval (completed in the LTA) has an isotope signature that is similar to those from the
MW-HP-1 location, suggesting the deep interval at CSU Farms is recharged primarily from local
precipitation near the east edge of the valley and lower foothills. The MW-CSU-1 intermediate interval is
indicative of a somewhat higher recharge elevation than the deep zone, but may be the result of mixing
between zones, with influence from both the shallow and deep zones. Although no aquifer performance
tests were performed at this location, it is expected that the aquifer systems interact with each other
similar to that observed for the aquifer performance test conducted at the M&T Ranch discussed above.
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At the Esquon Ranch, isotopic results for groundwater samples collected from the pumping wells suggest
that most recharge is from local, low elevation recharge. Results of the aquifer performance test
indicate interactions between the aquifer systems including aquifers of the Ione Formation. As you move
further south, the LTA interacts with deposits of the ancestral Feather River system as illustrated on
Figure 2-1.
Overall, results from this study suggest that recharge from streams as they cross the Lower Tuscan
Formation where it outcrops in the foothills does not contribute significant recharge to the aquifer
system. Aquifer testing and isotope data indicate that significant movement of water can occur from
shallower aquifer systems within or above the Tuscan Formation and ‘leak’ through lower permeability
layers in the Tuscan Formation providing recharge sources to the deeper aquifer systems. Aqufier
testing also indicated that many of the lower permeability layers within the Tuscan Formation also
provide a significant amount of storage for recharge to the LTA. However, even this leaky confined
model does not capture the complexity of the system. Distance from the volcanic source affects the
aquifer material’s characteristics and thereby connectivity of aquifer layers with depth. The system
displays characteristics of a confined aquifer, yet data suggests the maintained head in the shallower
aquifer layers provides for broad aerial recharge to the LTA. Further work remains to better characterize
the interaction of the Sacramento and Feather Rivers (and tributaries) with the aquifer. Specific
recommendations are detailed in the following section.
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The LTA Project provides a wide-ranging scientific investigation to develop data and analytical tools to
improve the understanding of the aquifer. As described in Section 3, the field investigation was
designed to improve the scientific understanding of the properties of the LTA system including:

The physical parameters that influence the ability of surface water to percolate to the aquifer
system;

When, where and how much water from streams interact with groundwater in the Lower Tuscan
Aquifer;

Typical aquifer properties and variability of the properties over the region;

Ability to predict the natural recharge areas and source waters under current hydrologic conditions;

How pumping activities may impact the aquifer.
Although the LTA project was not intended to assess recharge from the Sacramento River, comparison of
the hydrograph from one of the newly installed groundwater monitoring well nests with flow data from
the river and stable isotope signatures provided some important insight into potential interactions, as
described in Section 5.2.2 and 5.3.2. This evaluation was not part of the original scope of work but was
added to the project as a result of realized efficiencies and the recognition that additional available data
could substantially enhance the findings of the investigation.
Based on the findings of this report, future data needs and additional studies have been identified to
further the overall objectives described in Section 1. These future data needs and additional studies
were first outlined at the December 8, 2012 TSC meeting and the December 11, 2012 Public Workshop
conducted as part of the Task 7 public outreach. The recommendations presented at those meetings
were:
1. Expand isotopic analysis to further assess spatial and seasonal relationships
2. Assess interaction between Sacramento and other river stage response to changes in groundwater
levels
3. Assess recharge potential of shallow alluvial aquifer to LTA
4. Conduct focused recharge and aquifer interaction assessments in vicinity of Esquon Ranch towards
development of management tools such as groundwater model.
Each of these items is discussed further below. In addition, at the end of this section, several
recommendations are provided related to data collection and evaluation methodologies to provide some
consistency between the observations and interpretations of this study and future field investigations
conducted in the northern Sacramento Valley.
Recommendation 1: Expand Isotopic Analysis to Further Assess Spatial and Seasonal Relationships
As an add-on to this project, stable isotope data were obtained at several locations, as discussed in
Section 5.2.2. The stable isotope data were collected twice from the monitoring well nests but only once
from the other locations. Based on the insights gained from the initial data with respect to the
identification and elimination of potential major recharge areas, it is recommended that future studies
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include much greater emphasis on the collection and interpretation of stable isotope data. The
additional data should be focused on the three objectives discussed below.
1. Greater spatial coverage. For this project, stable isotope data were collected from single locations
on five surface streams, from the three new monitoring well nests, and from four irrigation wells.
Additional data collected over a broader array of locations will help assess the interactions between
surface water and groundwater. For the larger surface water streams, specifically the Sacramento
River and the Feather River, samples should be collected at multiple locations. These rivers
potentially cross multiple plausible recharge areas and have multiple tributaries. Therefore, the
isotopic signature of the rivers may change along their lengths.
If available and accessible, sampling of a larger number of monitoring wells over a broader area
should be conducted. Ideally, the samples should be collected from monitoring wells with a relatively
short screen interval compared to the thickness of the aquifer. The mixing of groundwater from
multiple aquifer zones that occurs in long-screened irrigation wells may not provide data that is most
useful for this type of evaluation. As described in Section 5.3, the nature of the Tuscan Formation,
and thus the LTA, changes appreciably from north to south. Collection of stable isotope data over a
wider area will help to assess the effects the geologic differences may have on recharge, storage,
and movement of groundwater in the LTA.
2. As discussed in Section 2.2, the stable isotope ratios can vary with temperature, and thus with
season. A focused study of the seasonal variation in the stable isotope signature of hydrogen and
oxygen should be conducted if further use of this tool is planned. A study of seasonal variation
should be conducted at multiple locations, for both surface water and groundwater. Ideally,
locations with significantly different isotopic signatures should be used. It is recommended that
such a study incorporate quarterly analysis of the stable isotopes for at least two years at each of
the test locations.
3. Stable isotopes of other elements, besides hydrogen and oxygen, should be analyzed. Possible
candidates include boron, carbon, sulfur, and nitrogen. The isotopic signature of boron is useful
because it is present in virtually all waters and it is chemically conservative. Thus, the isotopic
signature can be used as a tracer to map a flow path, such as from a local rock type or
anthropogenic source to down gradient locations.
Stable isotopic analysis for carbon is measured from dissolved inorganic carbon (i.e. the TDS
fraction) and not from dissolved organic material that may be present in varying amounts in the
water. The isotopic signature that is derived from dissolution of naturally-occurring carbonates (e.g.
limestone, caliche) is minimally depleted, whereas the carbon dioxide that forms from decomposition
of plant matter in the soil is highly depleted. Thus, measurement of the stable isotope ratios for
carbon can identify areas that are being recharged through soil zones with a large amount of plant
matter present, potentially distinguishing between areal recharge across a large agricultural area
versus recharge directly on areas where the Tuscan Formation outcrops.
Other candidates that could also be considered include stable isotopes of sulfur and nitrogen. Sulfur
isotopes may distinguish waters affected by sulfide minerals, gypsum, and high organic content soils.
Thus, agricultural fields where there is a large organic content in the soils and/or gypsum is used as
a soil amendment may be identifiable as a recharge source. Nitrogen isotopes can be used to
identify and trace the sources of nitrate in groundwater. Biological activity in the soil, however, has
the potential to affect the nitrogen isotope ratios, so this application is best suited to areas with
sandy soils or rock outcrops and minimal organic matter, which are not typical areas where nitratebased fertilizers are used.

6-2
P:\38000\138604 - Butte Co. Lower Tuscan Aquifer Inv\Report Deliverables\Final Report\LTA Final Report.docx

Section 6

Final Report

Recommendation 2: Assess Interaction between Sacramento and Other River Stage Response to
Changes in Groundwater Levels
As discussed in Section 5.3.2, a comparison of the river stage data for the Sacramento River with the
water levels in the MW-MT-1 monitoring well indicate a possible correlation, which is supported by the
stable isotope data from the river and the same monitoring well. As discussed in Section 1, the isotope
data and evaluation of data from the Sacramento River were not a part of the scope of the LTA Project,
but were included due to efficiencies in the collection of other data. Thus, the observed correlation was
not evaluated further as part of this project, but indicates an important relationship related to recharge
of at least some parts of the LTA. Given the understanding of the hydrogeology of the study area
(Section 6), it is very likely that the Feather River also acts in a similar fashion.
The following steps are recommended to better assess the interaction between the river stage on the
Sacramento River, Feather River, and other major tributaries with changes in groundwater levels in the
LTA and other aquifers that may also provide water to the LTA:
1. Identify available river stage gauging locations within the study area along the Sacramento River and
Feather River. Gauging stations can be identified using the California Data Exchange Center website
(cdec.water.ca.gov) and the USGS website (waterdata.USGS.gov). The river stage data, or if not
available, flow rate data, from gauging stations identified within the study area should be
downloaded, archived in the GIS geodatabase, and plotted.
2. Obtain the groundwater elevation data from the available DWR, County, and Northern Sacramento
Valley Integrated Regional Water Management Group monitoring well network. Data that may not be
in the project GIS geodatabase should be added to the database. The water level data from each
well should be plotted along with the river stage data.
3. Expand the groundwater elevation monitoring network to include other potentially-available wells
and data from the DWR water data library (water.ca.gov/waterdatalibrary). If relationships are
observed or suspected in areas that are not adequately covered by available groundwater elevation
data, consideration should also be given to drilling new nested monitoring well clusters in
appropriate locations, similar to those installed as part of this project. All additional data relied upon
for any assessments should also be added to the GIS geodatabase.
4. The river stage and groundwater elevation data should be compared to identify river gauging
stations and monitoring wells that show a correlation between river stage and groundwater
elevation. These relationships should then be compared with the available geologic data to identify
the likely extent of the area of interaction and the conceptual model should be updated accordingly.
5. Additional focused data collection involving the correlated river and well locations should be
conducted. Data collection efforts might include detailed stable isotope assessments, as described
above, aquifer testing (i.e. pumping tests), and/or instrumentation with electronic dataloggers for
more frequent data collection intervals, as appropriate.
6. Any identified correlations should be incorporated into the BBGM and other modeling efforts that
may be conducted in the future.
Recommendation 3: Assess Recharge Potential of Shallow Alluvial Aquifer to LTA
The results of the LTA Project indicate that the individual stream channels, flowing across the Tuscan
Formation outcrop to the east of the valley floor, are not major sources of recharge to the LTA. Yet, the
limited stable isotope data currently available suggests that appreciable recharge does occur near the
eastern perimeter of the basin. One possible explanation for these observations is that the shallow
alluvial aquifers (Qd) overlying the Tuscan Formation near the foothills acts as a recharge source, or
“sponge”, that absorb water from local precipitation and from the creeks as they enter the valley. This
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water subsequently percolates downward into the LTA over a broad area due to the areal extent and
vertical hydraulic head within the shallow alluvium.
To test this hypothesis, and further evaluate the actual sources and mechanisms of recharge along the
eastern perimeter of the valley, it is recommended that a localized study of recharge potential be
conducted. The localized study should include the following:
1. The study location should be located at the eastern edge of the saturated portion of the shallow
alluvial aquifer, in the area where one of the creeks from this study leaves the foothills. Candidate
locations for such a study include the area along Butte Creek or along Big Chico Creek east of
Highway 99.
2. Well nests should be installed within the saturated interval of the shallow alluvium, and within the
different aquifer intervals of the LTA below the shallow alluvium. Depending on location, these well
nests may include two to four individual monitoring wells.
3. Water levels should be recorded on a frequent basis (for example, every six hours) in each well in the
group for at least one year using electronic dataloggers.
4. Stream gauge data should continue to be collected along the creek at the stations used in this
study.
5. The water level data should be plotted and compared with the stream gauge data and local rainfall
data to assess the effects of stream flow and rainfall on the water level in the shallow alluvium and
water levels within the LTA zones. This evaluation would also help determine whether or not there
are periods when the shallow alluvial aquifer or any part of the LTA acts to provide water to the creek
(i.e. whether or not it is a gaining stream).
6. Stable isotope data should be collected from the creek and each monitoring well. At a minimum the
analyses should include measurement of the stable isotopes of hydrogen and oxygen. Further
consideration should also be given to the measurement of boron, carbon and sulfur isotopes as
discussed above.
Recommendation 4: Conduct Focused Recharge and Aquifer Interaction Assessments Towards
Development of Management Tools Such as Groundwater Model
Although the LTA Project identified a number of hydrologic complexities, there are approaches to build
upon the information gained from the study. One opportunity would be to conduct focused recharge and
aquifer interaction assessments that will improve management tools such as the groundwater model. It
is recommended that the guiding objective be to obtain sufficient data to develop a subregional
groundwater model with sufficient detail to be able to be used as a tool for planning and management of
individual projects.
The LTA Project identified a number of areas that could potentially provide promising results. One area
in particular is the Esquon Ranch area. Its location is near the Tuscan Formation outcrop, a large
number of wells in the area, close proximity to both Little Dry Creek and Butte Creek, and a
historically/potentially cooperative landowner. A broad range of potential studies is possible in this area.
However, other areas meeting these profiles could be suitable for further investigation.
Potential individual data collection and evaluation activities that could be considered include:
1. Installation of appropriate devices to measure and analyze the progression of the wetting front in
shallow soils from individual rainfall events and from seasonal irrigation.
2. Installation of well nests within the shallow alluvium and LTA similar to those described above,
especially in the areas adjacent to Butte Creek and/or Little Dry Creek.
3. Detailed isotope data analysis and geochemical modeling. For example, Figure 5-17 indicates that
part of the LTA may be present in a channel that was eroded into the underlying Ione Formation
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before deposition of the Tuscan Formation occurred. The lateral juxtaposition of these two
formations suggests that there could be lateral movement of groundwater between the Ione
Formation and the LTA. The Ione Formation in the area is known to contain elevated boron levels, so
boron isotope analysis could provide an ideal tracer to evaluate interactions between the different
formations.
4. Surface geophysics to identify the nature of the contact between the Tuscan Formation and the
shallow alluvium (Qd) and the distribution of channel deposits in the LTA. Surface geophysics, such
as electrical resistivity profiling, had been used successfully in the Sacramento Valley to identify and
map coarse gravel channels within finer-grained materials. Such studies could be used to identify
the general morphology, thickness, and extent of the permeable zones within the LTA because the
aquifer zones may be closer to the surface in parts of the Esquon Ranch area than in many other
parts of the study area.
Recommendation 5: Definition of stratigraphic zones.
It is recommended that a uniform set of criteria for logging of cuttings from the LTA be developed. Such
an effort would need the participation and cooperation of various agencies and, researchers in the
region. The criteria adopted should be such that the contacts between geologic formations are easily
identifiable from the drill cuttings, such as developed by Blair and others (1991) for the Oroville area.
The different studies reviewed for this project use a wide range of definitions and terminology that are
not consistent from one investigation to the next. This lack of consistency presents a challenge when
attempting to correlate the definition of stratigraphic sequences, aquifer zones, and even geologic
formations between different studies. As described in Section 2.1, many previous studies do not follow
USGS standards and the North American Stratigraphic Code, resulting in confusing and sometimes
incorrect naming of geologic units. Future studies would benefit from development of a uniform
methodology and clearly defined set of stratigraphic terminology so that studies conducted by different
investigators can be correlated and the value of the data maximized.
Recommendation 6: Development of subregional groundwater models.
The current extent of the BBGM and the existing data density limit the ability of the BBGM to be used for
evaluation of the potential impacts or benefits of localized projects. Development of subregional models
in areas of sufficient data density, for example as discussed in the Recharge and Aquifer Assessment
Recommendation, is recommended where feasible. The description of the current BBGM notes that,
due to the broad area covered and data density, the model is not capable of evaluating the potential
yield of individual wells or the impacts of individual wells or recharge facilities. By creating subregional
models where the data density and hydrogeologic knowledge is adequate, future actions in these areas
can be evaluated with a well-calibrated and validated model based on parameters applicable to the area
under consideration. In addition, the knowledge gained from the development and use of such models
can also help identify the data needs for projects being considered outside of an area covered by a
subregional model. Over time, the additional data collected will allow the individual models to be
expanded until adequate coverage exists for most of the LTA.
Recommendation 7: Development of Hydrogeologic Conceptual Model for Eastern Sacramento
Valley Basin.
The results of the LTA project provided detailed analysis of the hydrogeologic framework at localized
areas of the overall basin. Using this solid framework and methods to analyze data, it is recommended
that the results of this study, combined with the results of existing and future studies of the area, be
used to develop an overall hydrogeologic conceptual model (HCM) of the eastern Sacramento Valley
Groundwater Basin. The HCM would present the best understanding of the hydrogeologic processes
affecting the LTA and can be used to develop the future data needs to further this understanding. As
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additional data is collected, it is important to update the HCM so that the process is continued allowing
for proper management decisions to be made for this critical resource to the area.
In closing, the results of the LTA project have provided important insights towards understanding the
recharge mechanisms and interactions with other aquifers that will assist BCDWRC’s and other
stakeholder’s management and protection of this important regional resource. The LTA project has:
1. Provided a framework for following a consistent characterization of the hydrostratigraphy
2. Shown that LTA characteristics change from north to south indicating that management of these
resources should not be conducted under broad assumed aquifer characteristics.
3. Provided methods for assessing aquifer properties through use of existing pumping practices
4. Established a baseline for using isotopic and water quality analysis to evaluate recharge
5. Identified potential recharge mechanisms related to stages of the Sacramento River and other
regional streams within the area
6. Demonstrated that surface infiltration does not follow a straight vertical pathway to the underlying
aquifers
7. Demonstrated significant storage and recharge to the LTA occurs within the overlying and underlying
aquitards and aquifers.
In addition, the project has provided the framework for continuing the overall understanding of the LTA
that can be used to develop future studies such as those recommended above.
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Appendix A: LTA Technical Reports and Documents
(files available by separate download on website)
Aquifer Performance Test Report
CEQA Documentation
Geodatabase Report
Field Investigation Report
Groundwater Recharge Assessment Report
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