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Stratigraphic and hydrogeologic characterization of Cenozoic strata in the central 

Sacramento Valley near the Sutter Buttes was completed to establish a conceptual 

understanding of the subsurface geology and hydrostratigraphy, and provide a foundation 

for future water resource investigations.  The regional stratigraphy and stratigraphic 

nomenclature for Cenozoic deposits in the study area are synthesized, a subsurface 

stratigraphic framework is established, the subsurface extent and volume of the Sutter 

Buttes Rampart is estimated, and the thickness of the freshwater aquifer is delineated. 

Subsurface interpretation was achieved by maximizing the use of existing datasets 

(drillers’ logs, Division of Oil, Gas, and Geothermal Resources well files) and integration 

of new data (logs of recent Department of Water Resources wells) in the Valley.  Nine 

stratigraphic units are defined and make up the stratigraphic framework of the central 

Sacramento Valley.  The units, from oldest to youngest, are the Capay Formation, Ione 

Formation, Lovejoy Basalt, Sutter formation (containing the Valley Springs, Mehrten, 

and Tuscan Formations), Rhyolitic Rampart, Andesitic Rampart, Laguna Formation, 

Turlock Lake Formation, and Alluvial deposits (containing the Riverbank and Modesto 
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Formations).  Distinctive subsurface characteristics of each stratigraphic unit were 

summarized to create a type log that was used for subsurface correlation.  

Four regional geologic cross sections along with a chronostratigraphic framework 

chart illustrate the temporal, genetic, and stratigraphic relationships between the 

subsurface units, and provide insights into the paleogeography and basin evolution of the 

study area.  The chronostratigraphic units identified suggest the depositional history of 

the central Sacramento Valley has been dominated by alluvial and fluvial processes from 

the late Tertiary through the Quaternary with a lacustrine environment during the middle 

Pleistocene as indicated by the Turlock Lake Formation, a diatomaceous clay interval 

(~25 feet average thickness) ranging from 0 to -150 feet mean sea level encountered in 

eleven recent boreholes distributed throughout the Sacramento Valley.  In addition, dome 

eruptions and explosive magmatism occurred at the Sutter Buttes in the early Pleistocene.  

A distinctive increase or baseline shift in the natural gamma ray signature 

coincides with the Sutter Buttes Rampart material in well logs. This distinctive signature 

enhances the subsurface characterization of the Rampart.  The source of the high natural 

gamma ray values was determined, using the spectral gamma ray log, to be a pronounced 

increase in potassium and uranium, and a minor increase in thorium.  These findings were 

substantiated by lithologic samples.  Volcaniclastic material of the Rampart extends into 

the subsurface approximately 10 miles (16 km) to the north from the contact between the 

Rampart and the Sacramento Valley sediments, 5 miles (8 km) to the south, 4 miles (6 

km) to the west near the Sacramento River, and 5 miles (8 km) to the east near the 

Feather River, and has an estimated minimum volume of 72 km3.  The areal extent of the 
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Rampart is elongated to the north and slightly to the south while the areal extent is 

reduced on the east and west suggesting truncation and reworking by fluvial processes.  

The coarse-grained nature and considerable subsurface extent of the Rampart forms a 

significant aquifer in this area.  However, analyses of water quality samples collected in 

the study area suggest there is a connection between elevated arsenic concentrations in 

groundwater and the presence of Rampart volcaniclastic material.  In stratigraphic units 

above and below the Rampart, arsenic concentrations in groundwater are generally less 

than 10 µg/l.  In contrast, within Rampart material, arsenic concentrations in groundwater 

samples are found in much higher concentrations (10 to 370 µg/l).  Concentrations of 

arsenic in 27 spatially and depth distributed water samples from DWR monitoring wells 

ranged from < 0.1 to 370 µg/l.  Concentrations in 15 of the samples exceed the USEPA 

drinking water Maximum Contaminant Level (MCL) of 10 µg/l, and 92 percent of 

groundwater samples collected from monitoring wells screened in Rampart volcaniclastic 

material have arsenic concentrations exceeding the MCL.  

Fresh groundwater occurs primarily in late Tertiary to Quaternary unconsolidated 

sediments that extend to depths ranging from 0 to greater than -2,000 feet mean sea level.  

The configuration of the base of fresh groundwater is an uneven surface that commonly 

reflects the underlying geologic structure of the Valley.  The maximum depth of the base 

of fresh groundwater in the study area is just south of the Sutter Buttes (greater than -

2,000 ft. msl).  The occurrence of freshwater at this depth may be produced by the 

combination of the structural complexity related to the uplift of the Buttes and the 

exposure of Eocene to Cretaceous units (Ione and Kione Formation) and subsequent 
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flushing of meteoric water through these units.  On the west side of the study area the 

base of fresh groundwater reflects the underlying Colusa Buttes, which at the crest of this 

structure the Eocene-age Capay Formation is within 500 feet of the surface.  The base of 

fresh groundwater boundary in the study area is consistently at or above the top of 

Eocene marine strata and is observed in Pliocene to Miocene continental deposits.  This 

is likely caused by high artesian pressures and upward vertical gradients in deep aquifers 

in the Valley, which have been documented in deep (600-1,200 ft bgs) DWR monitoring 

wells.  The brackish water in the lower part of aquifers near the base of fresh 

groundwater is classified as sodium-chloride (Na-Cl) water.  The presence of brackish 

water in these deeper aquifers combined with upward vertical gradients creates the 

potential for continued upward migration of brackish water into overlying fresh water 

aquifers, or upconing beneath areas of pumping.  Prolonged well pumping in these areas 

is likely to result in regional water quality degradation and may ultimately reduce the 

thickness of the fresh groundwater in Sacramento Valley aquifers. 

___________________________, Committee Chair 
Dr. Brian P. Hausback 

_______________________
Date
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1.0 INTRODUCTION, STUDY OBJECTIVES, AND METHODOLOGY  

1.1 Introduction and Study Objectives 

The central Sacramento Valley near the Sutter Buttes is a rich agricultural area 

dominated by water-intensive crops (e.g., rice, orchards), as well as home to a rapidly 

growing population projected to increase over two hundred percent by 2050 (State of 

California, Department of Finance, 2007).  Current climate models predict significant 

future impacts on water resource systems, especially in California due to the dependence 

on mountain snow accumulation and spring snowmelt (Vicuna and Dracup, 2007).  

Groundwater provides approximately 30 percent of the total water supply in this region 

and demand will continue to increase across the Valley associated with urban 

development and conversion to orchard crops.  This increased demand requires a better 

understanding and characterization of regional stratigraphic units and aquifer systems in 

order to develop management programs that will maintain a sustainable groundwater 

supply in the future.  

The objectives of this study are: 1) to compile all relevant surface and subsurface 

data applicable to this study area in order to create a comprehensive stratigraphic 

database; 2) to establish the regional stratigraphy and stratigraphic nomenclature for 

Cenozoic deposits in the study area; 3) determine the thickness of the fresh water aquifer; 

and 4) construct a subsurface stratigraphic framework for the central Sacramento Valley 

near the Sutter Buttes.  Creation of a subsurface stratigraphic framework will permit an 

improved understanding of the three-dimensional distribution of regional 
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hydrostratigraphic units in the basin, and of particular importance the subsurface 

distribution of Sutter Buttes volcanic sediments. 

1.2 Location, Methods, and Data Sources 

1.2.1 Location of Study 

The Sacramento Valley occupies the northern one-third of the Central Valley of 

California, a large northwest trending, asymmetric structural trough containing marine 

and continental sediments up to 10 miles (16 km) thick (Page, 1986).  The Valley is 

bounded on the west by the Coast Ranges and on the east by the Sierra Nevada 

Mountains.  The study area is located in the central Sacramento Valley near the Sutter 

Buttes (Figure 1.1), and encompasses approximately 500 mi2 (1295 km2) of northern 

Sutter County, westernmost Yuba County, and southern Butte County.  The study area is 

bounded on the west by the Sacramento River, on the east by the Feather River and the 

Sutter Buttes are located in the center of the study area (Figure 1.1).  Williams and Curtis 

(1977) provided nomenclature for specific geomorphic areas within the Sutter Buttes that 

is used throughout this thesis (Figure 1.2). 
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Figure 1.1: Regional map of the Sacramento Valley and location of study area. 
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The interior portion of the Buttes that includes the large intermediate volcanic 

domes is referred to as the Castellated Core; the pre-volcanic, Cretaceous to Tertiary 

strata deformed by the emplacement of the volcanic domes, and subsequently eroded is 

referred to as the Moat; and the peripheral ring of volcaniclastic material deposited 

during Sutter Buttes volcanism is called the Rampart. 

 
Figure 1.2: Sutter Buttes nomenclature from Williams and Curtis (1977). 

 

1.2.2 Methods and Data Sources 

The primary units used in this study are English because most of the information 

used is reported in English units; however, both English (feet (ft)) and metric (meter (m)) 

equivalents are provided throughout this thesis.  
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1.2.2.1 Well-Logs 

Subsurface interpretation was based primarily on three sources of subsurface data: 

1) information from recent water resource boreholes, mainly from the California 

Department of Water Resources (DWR); 2) well-log data from numerous oil and gas 

exploration wells compiled by the California Department of Conservation, Division of 

Oil, Gas, and Geothermal Resources (DOGGR); and 3) thousands of water well-logs 

(drillers’ logs). 

Detailed subsurface information from 13 water resource boreholes that were 

drilled or were recently completed since the start of this investigation (Appendix A) 

provided invaluable information on the subsurface character and distribution of 

stratigraphic units in the study area.  Data collected at these sites consist of detailed 

lithologic cutting samples, enhanced borehole geophysical information, and 

hydrostratigraphic information.  These data points bridge the gap between the typical 

shallow investigation depths of private water wells, commonly less than 200 ft (61 m) 

below ground surface (bgs) and information from deeper DOGGR well-logs. 

California State law requires water well drillers to submit a well completion 

report, commonly referred to as a drillers’ log, to DWR for every water well drilled in the 

state.  Information on the well owner, location, well construction, drilling company, and a 

lithologic log, describing the sediments encountered during drilling operations is required 

on every well completion report.  DWR has an internal database with thousands of well 

completion reports that cover the study area.  Access to the drillers’ log database was 

granted through the connection of this project with ongoing DWR hydrogeologic studies 



 

 

6

in the Sacramento Valley.  Approximately 13,000 drillers’ logs were examined for this 

study.  The utility of lithologic information from drillers’ logs is problematic due to the 

relatively shallow investigation depth, commonly less that 200 ft (61 m) bgs, and the 

cursory and non-standardized lithologic descriptions of the sediments encountered during 

drilling operations.  Variability and ambiguity in these logs are caused from the varying 

degree of training or experience of the individual that recorded the log.  In some 

instances, water wells are installed by government agencies or private geologic 

consultants, resulting in a drillers’ log being completed by a professional geologist, while 

the majority of the logs are completed by the driller that installed the well.  To extract the 

most useful information from this large database of lithologic information, a screening 

process modified from Burow and others (2004) was used to select logs that contain the 

most geologic information.  Drillers’ logs that were used in this study had to have at least 

one depth interval containing a textural modifier, such as silty sand; at least one depth 

interval containing a color descriptor; and location information sufficient to allow for  

plotting on georeferenced United States Geologic Survey (USGS) 7.5 minute quad 

sheets.  Logs that met these initial requirements were then entered into a Rockworks™ 

database to be used for generation of a local to sub-regional subsurface lithologic model.  

This database was used to calibrate the “low-quality” or limited drillers’ log information 

with recent water resource drilling project “high quality” data, to provide additional 

information on the distribution of subsurface stratigraphic units.  California state law 

requires that the information contained on drillers’ logs remain confidential, so the 

location and details of individual logs may not be made public.  A generic alias was 
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created for individual wells to keep the information confidential, but allow the use of 

pertinent lithologic information for subsurface interpretation.  The generic naming 

scheme used contains the abbreviation DWR followed by a number (e.g., DWR-25). 

Subsurface data from exploratory and development wells in the study area that 

were drilled for natural gas provided useful information on the deeper stratigraphic units.  

Because the focus of these gas wells is at a much deeper interval than this study, 

primarily Cretaceous strata, the majority of the wells have surface casing extending to 

1,000 to 2,000 ft (304 to 608 m) bgs, precluding any useful information for this 

investigation.  Data from approximately 2,000 gas wells were examined to locate 

particular wells that were completed with less surface casing (100 to 500 ft (30 to 152 m) 

bgs).  The main source of information from these wells came from electric (spontaneous 

potential (SP) and resistivity logs) and induction-electric logs (resistivity and 

conductivity).  These geophysical logs provide a continuous, objective record of the strata 

encountered in the borehole.  Gas well-logs were also invaluable for identifying the base 

of fresh groundwater (BFW) boundary in the study area (Figure 5.1 and 5.2).  A small 

number of “mud logs,” lithologic sample descriptions, and core descriptions were 

included in the well data.  All of the gas well-log data used in this study was obtained 

from the public DOGGR website http://www.consrv.ca.gov/DOG/ under the “Online 

Well Record” Search.  Well data can be queried many ways on this website; however, for 

this report DOGGR data are categorized by their unique eight digit American Petroleum 

Institute (API) number.  This number can be used to obtain all the data for every well 

used in this investigation.  
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1.2.2.2 Drill Cuttings 

Drill cuttings are made up of ground soil and rock that is penetrated by the drill 

bit and transported up the borehole via drilling fluid.  Drill cuttings are characteristically 

lithologically mixed, with the mixing being due to differential transport up the borehole, 

minor caving of the well bore, and mixing of thin-bedded lithologies during sampling. 

The mixed lithological character of cuttings adds uncertainty to the exact depth bgs at 

which samples were derived, resulting in an uncertainty range of 5 to 10 ft (1.5 to 3 m).  

For this study drill cuttings were either collected directly from the annulus of the 

borehole prior to transport to the mud-circulation system (shaker) or collected directly 

from the screens on the shaker.  The cuttings were washed of drilling fluid and placed in 

plastic chip trays.  Detailed sediment descriptions and petrographic analysis of washed 

well cuttings were used to characterize and identify the distinct mineral assemblages and 

attributes of each subsurface stratigraphic unit.  The coarse fraction of the cuttings for 

each sample interval (approximately 5-10 ft (1.5 to 3 m)) was examined under dissecting 

and petrographic microscopes.  In addition to regional stratigraphic information gained 

from this analysis, petrographic analysis of cuttings led to the identification of 

microfossils (e.g., diatoms) and tephra layers that were used as marker beds in the 

subsurface, which improved understanding of the chronostratigraphic framework of the 

study area. 

1.2.2.3 Regional Tephrochronology and Dating Methods 

The principles and techniques of tephrochronology were used to characterize late 

Cenozoic tephra deposits, from surface exposures and subsurface data, in the study area.  
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Five tephra samples that were found during this investigation were processed and 

analyzed by the USGS Tephrochronology Lab in Menlo Park, CA, and compared to their 

regional geochemical reference database.   

A dacitic (?) pumiceous ash interval within the Sutter formation located in the 

southern Moat area of the Sutter Buttes was collected.  A 40Argon-39Argon (40Ar-39Ar) 

age for this unit was determined using a plagioclase separate (BH06SB-24B Plagioclase, 

Table 3.2) by the Nevada Isotope Geochronology Lab.  The radiometric age analysis and 

tephra correlations were used to establish temporal and genetic relationships between 

strata layers in this investigation (discussed in Chapter 3).  These relationships improved 

the definition of the stratigraphic column for the study area.  Establishing an initial 

framework of chronostratigraphically significant surfaces, or marker-beds, combined 

with future collection of high-resolution stratigraphic information (e.g., core-samples) 

will permit the application of sequence stratigraphy, which is crucial when drawing 

accurate cross sections, reconstructing regional paleogeography, and characterizing basin 

evolution. 

1.2.2.4 Borehole Geophysical Data 

Use of multiple types of borehole geophysical tools (mechanical, electrical, and 

nuclear) combined with enhanced drill cuttings analysis provided a synergistic approach 

for characterization of subsurface geology.  Borehole geophysical tools provide a 

continuous, objective record of the strata encountered in the borehole, and when 

correlated with drill cuttings a more detailed understanding of subsurface stratigraphic 

units is achieved.  For this study, the standard logging suite at the majority of the 
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investigation sites included:  Caliper log (mechanical), resistivity and SP (electrical), and 

natural and spectral gamma-ray (nuclear) logs.  The caliper log measures borehole 

diameter and stability, which provides quality assessment and control (QA/QC) for 

subsequent borehole geophysical tools.  Electric logs (SP and resistivity) determine the 

gross sediment texture of material encountered in each borehole (Page, 1986), and 

indicate the relative salinity of groundwater.  Examination of electric logs reveals that 

certain resistivity signatures of sand zones have characteristic shapes.  These 

characteristic shapes reflect significant lithologic properties which are a function of the 

depositional origin of the corresponding sand body.  The shape of the resistivity curve is 

indicative of the mode of formation of certain sands.  From this knowledge the extent and 

the depositional environment of the sand body can be estimated.  The natural gamma ray 

log measures the overall gamma radiation emitted by the sediments in the borehole and is 

mostly used to estimate clay-rich sediments (Keys, 1990).  The natural gamma ray log 

also proved to be a valuable tool to characterize the Sutter Buttes Rampart in the 

subsurface (Springhorn and others, 2006).  The spectral gamma ray log is similar to the 

natural gamma log but, measures the contribution of the individual radioisotopes, 

potassium (K), thorium (Th), and uranium (U).  The spectral gamma ray log permits a 

more refined interpretation of lithology, recognition of possible boundaries that inhibit 

groundwater flow paths (unconformities and paleosols), and is used as a proxy for 

determining depositional environments.  Resistivity and natural gamma ray logs, used in 

conjunction with detailed lithologic descriptions were used to make the best 

approximation of lithology and delineate the stratigraphic units encountered in each 
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borehole. The synergistic use of borehole geophysics, accompanied by detailed lithologic 

analysis, was used to characterize stratigraphic units in the subsurface and generate a 

stratigraphic framework, which can be used to improve groundwater models, and aid in 

more effective and efficient management of groundwater resources. 

1.2.2.5 Stratigraphic Sections 

Two stratigraphic sections were measured along well-exposed areas in the 

western and southern moat area of the Buttes (Plate A and Plate B).  The sections were 

measured using a 5 ft (1.5 m) Jacob staff and Brunton compass-clinometer.  Due to the 

lack of continuous exposures in the measured areas, composite sections were used.  

When movement of the section line between exposures was necessary, a line 

perpendicular to the section line was sighted to the base of the next correlative exposure.  

Stratigraphic assessment included estimation of grain size (e.g., clay, sand, and gravel), 

grain shape, grain sorting, pedogenic character, as well as a description of sedimentary 

structures.  The Pass Road stratigraphic section (Plate A) is a 2,300 ft (700 m) long 

composite section of well-exposed outcrops in the southern Moat area.  This section 

includes the Eocene Ione Formation at the base and was measured to the upper surface of 

the Sutter Buttes Andesitic Rampart.  Another stratigraphic section was measured in the 

western Moat area (Plate B).  This section is referred to as the Western section and is a 

460 ft (140 m) long composite section containing the upper portion of the Sutter 

formation and the Andesitic Rampart. 

The textures observed in the measured sections were used as proxies for 

qualitative porosity and permeability estimates for aquifer characteristics in the 
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subsurface.  Sedimentary textures and structures as well as sediment composition were 

used to resolve the depositional environment of each formation measured.  It is the 

environment of deposition that largely determines the three-dimensional geometry and 

distribution of the stratigraphic units.  The information obtained from the measured 

sections is used to facilitate correlation of exposed stratigraphic units to their subsurface 

equivalents.  

1.2.2.6 Geologic Cross Sections 

Four geologic cross sections were created for this study.  Cross sections were 

located to: 1) best utilize the most accurate and detailed borehole data, 2) utilize 

boreholes that penetrated distinctive stratigraphic units and marker beds, such as 

diatomaceous clay intervals and tephra layers, and 3) include areas where the surface 

stratigraphy is well known in the interior of the Buttes (e.g., field reconnaissance, 

measured sections, and detailed geologic mapping). 

1.2.2.7 Structure Contour and Isopach Maps 

Structure contour maps of the top and base of the Sutter Buttes Rampart and an 

isopach map of this deposit were generated using ESRI® ArcMap software.  The structure 

contour maps and isopach map highlight the distribution of the Sutter Buttes Rampart and 

thickness of this deposit in the subsurface.  This information provides a geological basis 

for future groundwater investigations and management plans in this area of the 

Sacramento Valley. 
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1.2.2.8 Seismic Reflection Analysis 

Access to seismic reflection data was provided by Venoco Inc, a gas exploration 

company operating in the region.  Two-dimensional and limited three-dimensional 

seismic data were analyzed to determine subsurface stratigraphic architecture, and gross 

geometry of Tertiary strata in a small area near the southeast side of the Sutter Buttes. 
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2.0 GEOLOGIC SETTING AND DESCRIPTION OF STRATIGRAPHIC UNITS 

2.1 Geologic and Tectonic Setting of the Central Sacramento Valley 

The central Sacramento Valley near the Sutter Buttes is an element of the Sierra 

Nevada Microplate, a ridged block comprising the Sierra Nevada and Great Valley 

geomorphic provinces.  The Sierra Nevada or “Sierran” Microplate migrates 

approximately 10-14 millimeters per year (mm/yr) northwestward relative to the stable 

North America Plate (Wakabayashi and Sawyer, 2001).  The majority of deformation 

associated with Sierran Microplate motion occurs near its margins.  The eastern margin 

of the Valley, situated near the center of the microplate, is characterized by active 

extension, in the form of normal and limited strike-slip fault displacements (Unruh, 

1990).  The western margin of the valley, and microplate, is undergoing active east-west 

compression, dominated by thrust, reverse and blind thrust faults (Harwood and Helley, 

1987, Unruh and others, 1995).  The central Sacramento Valley is situated in a relatively 

seismically-stable, transitional tectonic setting compared to the east and west bounding 

kinematic domains (Unruh, 1990).  Two fault systems have been identified in the central 

Sacramento Valley, The Willows Fault and the Oro-Buttes Fault System (Figure 2.1). 

The trace of the Willows Fault lies west to southwest of the Sutter Buttes (Figure 

2.1).  The Willows Fault was first discovered by oil industry geologists using subsurface 

structure contour maps (Redwine, 1972; Harwood and Helley, 1987; Alkire, 1962).  

Redwine (1972) described the Willows Fault near the Sutter Buttes, as a steeply northeast 

dipping structure (74°) that exhibits approximately 1,610 ft (490 m) of east-side-up 

reverse separation within Great Valley Group sediments (Redwine, 1972, p.189).  The 
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amount of displacement along the fault decreases at shallower depths, with minimal 

offset of the basal Tehama Formation (Harwood and Helley, 1987, p.7).  The Willows 

Fault is interpreted by Harwood and Helley (1987) to be a Mesozoic tectonic boundary 

that juxtaposes Sierran basement rocks (on the east) against ophiolitic rocks of the Great 

Valley Ophiolite (on the west). 

 
Figure 2.1: Map of prominent faults in the Study Area.  Background grid is townships and ranges. 

M, Mount Diablo Meridian. 

The Oro-Buttes Fault System (Figure 2.1), unnamed at the time, was first 

documented by Van Den Berge (1968) based on displacement of the Lovejoy Basalt in 

the subsurface of the Sacramento Valley.  Van Den Berge (1968) described the fault 

system as a series of northwest-southeast oriented faults that exhibit southeast-side-down 

normal displacement.  In a study of late Cenozoic deformation of the Oroville area, 

Study Area



 

 

16

Unruh (1990) named and identified the Oro-Buttes Fault System as a large fault system 

near the northern shoulder of the Sutter Buttes that continued into the Oroville area to the 

northeast.  Displacement of the 16 Ma Lovejoy Basalt (Page and others, 1995; Garrison, 

2004) establishes a maximum age for the fault zone; however, in the Oroville area, the 

Nomlaki Tuff has been displaced by the Oro-Buttes Fault System suggesting late 

Cenozoic movement. 

2.1.1 Origin and Regional Correlation of Sutter Buttes Volcanism 

The origin and regional correlation of the Sutter Buttes volcanism is somewhat 

enigmatic.  The relationship of the Sutter Buttes magma system to the Cascades volcanic 

province or to the Clear Lake volcanic system has not been established (Hausback, 1991).  

The Cascades and Clear Lake volcanic systems are both associated with migration of the 

Mendocino Triple Junction; however, each originated from different magmatic processes.  

Migration of the Mendocino Triple Junction (Figure 2.2) essentially shut-off subduction 

related magmatism to the Sierra Nevada, possibly resulting in a northward cessation of 

volcanism (Atwater and Stock, 1998; Wakabayashi and Sawyer, 2001). 



 

 

17

 
Figure 2.2: Location of Mendocino Triple Junction, and subducted edge of Juan de Fuca plate 

beneath the Sierra Nevada Microplate, 20 Ma to present (from Atwater and Stock, 
1998). SN, Sierra Nevada; GV, Great Valley.  

Unlike the Cascades, the Coast Range volcanic centers are younger in the north 

and older in the south.  Dickinson and Snyder (1979b) suggest northward migration of 

the Mendocino Triple Junction has opened a “slab window” where upwelling 

asthenosphere encounters continental crust.  The “slab window” and subsequent late 

Cenozoic volcanism in northern California is caused by northward migration of the 

southern edge of the subducted Gorda Plate (Severinghaus and Atwater, 1990; Dickinson 

and Snyder, 1979b). 
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2.1.2 Intrusive and Extrusive Magmatism and Associated Deformation of Sutter Buttes 

During the emplacement of piercement intrusions, widespread deformation 

occurred in the form of faulting, folding, and uparching of Cretaceous to Tertiary strata 

(Williams and Curtis, 1977).  Ensuing denudation occurred, followed by rhyolite dome 

extrusion and explosive eruptions.  The early rhyolitic eruption episodes created a 

fragmental volcanic fan apron, referred to as the Rhyolitic Rampart.  The base of this 

unit, marking the initial extrusive volcanism, has been dated at 1.59 Ma (Hausback and 

Nilsen, 1999).  The rhyolite phase of volcanism was followed by andesite dome 

extrusion.  The younger, more voluminous andesitic magmas intruded the central portion 

of the Buttes, and produced a larger fragmental volcanic fan apron.  The conclusion of 

volcanism at the Sutter Buttes is not as well constrained, but current dates on the andesite 

domes are between 1.56 and 1.36 Ma (Hausback and Nilsen, 1999)  

Deformation associated with intrusive and extrusive volcanism at the Sutter 

Buttes was caused by rising rhyolitic and andesitic magmas that uparched and deformed 

Cretaceous to late Tertiary sediments in a radial pattern.  The amount of tilting of 

stratigraphic units decreases with decreasing age.  Cretaceous strata are dipping near 

vertical to slightly overturned, while the youngest Andesitic Rampart deposits dip 

approximately 10-20°  (Williams and Curtis, 1977).  A north-south oriented, two-

dimensional seismic profile (Figure 2.3) located near the town of Sutter, CA displays the 

contrasting nature of the pre-Sutter Buttes volcanic strata, marked by steeply south 

dipping seismic reflections and Sutter Buttes Rampart material marked by more flat-lying 

to north dipping seismic reflections. 
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Figure 2.3: North-south oriented, two-dimensional seismic reflection profile located near the town 

of Sutter, CA.  Seismic data courtesy of Venoco Inc. 

Another structural feature probably associated with the Sutter Buttes magma 

system is the Colusa Dome (buried Colusa Buttes), located in the subsurface (between 

5,600 and 9,470 ft (1,710 to 2,890 m) bgs) about 6 miles (10 km) west of the Sutter 

Buttes (Williams and Curtis, 1977; Harwood and Helley, 1987).  The Colusa Dome is an 

elongate structural feature, approximately 12 miles (19 km) long in a north-south 

direction and approximately 3 to 4 miles (5 to 6 km) across that has uplifted Cretaceous 
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beds to heights of more than 1,500 ft (460 m) bgs and Eocene beds to approximately 500-

600 ft (152 to 183 m) bgs (Williams and Curtis, 1977). 

2.2 Description of Stratigraphic Units of the Central Sacramento Valley and Sierra 
Nevada Foothills 

2.2.1 Introduction 

Many regional and local studies of the geology and hydrogeology have been 

completed in the Sacramento Valley and the Sierra Nevada foothills (studies referenced 

in Table 2.1).  The large number of studies and variability in focus and scale of these 

previous works has led to a complex and often conflicting nomenclature for the 

stratigraphic units in the region.  In order to clarify the complicated nomenclature 

associated with strata in this region, a correlation chart of geologic and stratigraphic 

nomenclature for the eastern Sacramento Valley and Sierra Nevada foothills was created 

(Table 2.1).  This chart is a collection of significant studies (from 1939 to present) that 

have been completed in the Sacramento Valley near the Sutter Buttes and the Sierra 

Nevada foothills from Oroville in the north to the Mokelumne River area in the south.  

Each study on the compilation log is arranged (using the timescale of Ogg, 2004) based 

on reported ages of the rock units and not by lithostratigraphy.  A few correlations are 

complicated by the fact that the geologic timescale has changes over the last half century.   

The majority of the studies on the correlation chart were focused on surface 

exposures on the margins of the valley.  For this reason the character and continuity of 

the subsurface equivalents to many of these recognized surface deposits have not been 

described in detail in the various studies compiled in Table 2.1. 
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The following section is a description of the Eocene to Holocene stratigraphic 

units encountered on the surface and in the subsurface of the central Sacramento Valley 

near the Sutter Buttes.  Due to the variability in the stratigraphic nomenclature mentioned 

above, and the sparse spatial distribution of subsurface data, it is consider more useful 

and consistent to have the stratigraphic units comprised of multiple informal units from 

previous literature and not attempt to extend every previously mapped unit into the 

subsurface.  A generalized stratigraphic column of the stratigraphic units of this study 

combined with idealized natural gamma, SP and resistivity log curves is presented in 

Figure 2.4.  The criteria for differentiating these units is based on age, lithology, borehole 

geophysical log signatures, and inferred depositional environment.  The description of 

each unit includes:  A summary of the previous work with nomenclature, local to regional 

correlation and stratigraphic relationships, age, and characteristics that can be used to aid 

in the identification of each unit in the subsurface.  The stratigraphic units are discussed 

below from oldest to youngest. 
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Table 2.1: Compilation of geologic and stratigraphic nomenclature for the eastern Sacramento Valley and Sierra Nevada Foothill geologic units. X’s in columns represent time gaps (erosion or non-deposition). 
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2.2.2 Eocene Stratigraphic Units 

2.2.2.1 Capay Formation 

Lowell Redwine (1972) completed the most comprehensive work to date on the 

Capay Formation, in his study of the Tertiary Princeton Submarine Valley System.  

According to Redwine (1972, p. 92), the Capay Formation, which he defined as the 

Lower Princeton Submarine Valley fill, consists predominantly of glauconitic shale with 

minor amounts of siltstone and sand that was deposited on a submarine shelf during the 

early Eocene.  In the Sutter Buttes Area, Garrison (1962a) defined the “Capay Shale” as 

250 ft (76 m) of greenish-gray, glauconitic bearing claystone and shale uncomformably 

overlying the Upper Cretaceous Kione Sand and below the Ione Sand.  On the north and 

east flanks of the Sutter Buttes, Williams and Curtis (1977) identified occasional deposits 

of carbonaceous mudstone and inferior coal within the Capay Formation. 

The DWR Honcut Creek MW-1 Borehole (Appendix A) encountered sediments 

from 820 ft (250 m) bgs to the bottom of the borehole at 1,150 ft (350 m) that are here 

interpreted to be equivalent to the Capay Formation.  The sediments consist of greenish 

black to black siltstone, sandstone, and shale with calcite cement.  Throughout this 

interval gastropod, scaphopod, and bivalve shell fragments with probable glauconite 

coatings and a moderate amount of pyrite fragments were observed. 

Typical geophysical log patterns of the Capay Formation are best illustrated in the 

DWR Honcut Creek MW-1 compilation log (Appendix A).  Generally, the resistivity 

measurements are very low (< 10 ohmmeter2/m) with little character, indicating fine-

grained siltstone and shale, and the presence of brackish to saline formation water 
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contained in these marine sediments.  Corresponding natural gamma log patterns 

commonly exhibit a pronounced increase to approximately 80 to 120 API units, further 

suggesting silt and shale is present at depth.  Spectral gamma ray logs display a distinct 

increase in potassium concentration probably related to the presence of glauconite within 

this formation. 

2.2.2.1.1 Subsurface Characteristics 

The subsurface characteristics of the Capay Formation are: 

• Predominantly black to greenish black shale and siltstone with calcite cement, 

micromicaeous, and presence of fine-grained pyrite. Strong effervescence 

with hydrochloric acid (HCl). 

• Occurrence of fossiliferous intervals containing gastropod, scaphopod, and 

bivalve shell fragments. 

• Presence of glauconite grains and nodules (Redwine, 1972; Garrison, 1962a) 

and the presence of glauconitic coatings on fossil fragments (e.g., well 

cuttings from the DWR Honcut Creek MW-1 Borehole).  

• Increase in potassium radioisotope percentage as measured by the spectral 

gamma ray log.  Increase in potassium probably caused by the presence of 

potassium bearing glauconite observed in well cuttings. 

• High natural gamma ray log response associated with Capay Formation.  

Probably caused by abundance of marine shale and siltstone and presence of 

glauconite. 
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• Generally low (< 10 ohmmeter2/m) 16 inch and 64 inch resistivity readings.  

Overall low resistivity signature probably caused by the fine-grained nature of 

the Capay siltstone and shale, and by the presence of brackish to saline 

formation water contained in the marine sediments. 

2.2.2.2 Ione Formation 

Continental fluvio-deltaic to marginal marine sediments of the Ione Formation, 

originally named by Lindgren (1894) overlie the submarine shelf sediments of the Capay 

Formation in the Sutter Buttes area, and uncomformably overlie Sierran basement rocks 

on the east side of the Sacramento Valley (Redwine, 1972, p. 92; Williams and Curtis, 

p.12; Allen 1929, p. 360-361).  The Ione Formation crops out on the south and west 

flanks of the Sutter Buttes and in a narrow discontinuous band along the eastern margin 

of the Sacramento Valley.  The thickness of the Ione is greatest in the foothills of the 

Sierra Nevada, averaging 400 to 500 ft (122 to 152 m), and thins to 150 ft (45 m) in the 

Sutter Buttes (Williams and Curtis, 1977).  Surface exposures of Ione Formation are 

characterized by three distinct facies, derived from extremely weathered Sierra Nevada 

basement material:  1) fine-grained, well sorted angular quartz-rich sands containing 

anauxite; 2) deeply weathered varicolored kaolinite clays with occasional lignite beds; 

and 3) pebble to boulder-sized Sierran bedrock gravels, commonly referred to as the 

“auriferous gravels” (Lindgren, 1894, p.24; Allen, 1929, p. 365-366).  The type section of 

the Ione Formation, located near the town of Ione, CA in Amador County was described 

by Turner (1894).  The age of the Ione Formation has been established as early to middle 
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Eocene by Allen (1929) based on the occurrence of the marine gastropod, Turritella 

merriami, near the base of the Ione sands. 

A portion of Allen’s (1929) regional study of the Ione Formation focused on 

exposures on the south and west flanks of the Sutter Buttes.  Allen (1929) noted that the 

Ione Formation in the Sutter Buttes has a similar mineral assemblage and shows evidence 

of being deposited under similar fluvio-deltaic conditions as the Ione Formation at its 

type section.  Williams and Curtis (1977, p. 12) concur with Allen by stating,  

“widely spaced outcrops of white quartz-anauxite sands, a few feet to a few tens 
of feet thick, are present beneath the main bed of gravels [Butte Gravels]; these 
[Ione sediments] are now considered to be equivalents of the white sands at the 
type section of the Ione Formation in the Sierran foothills.” 
  

Allen (1929) agreed with numerous prior studies, and correlated the auriferous gravels (in 

the Sierra Nevada foothills) with the Ione Formation.  However, Allen (1929) suggested 

that the Butte Gravels (in the Sutter Buttes) are younger than the Ione sand and auriferous 

gravels and are the erosional byproducts of these two units.  Williams and Curtis (1977, 

p. 12) maintain that the overlying Butte Gravels are “unequivocally Eocene age…shallow 

marine deposits with subordinate fluviatile and deltaic interbeds… [which are] marine 

equivalents of the fluviatile “Auriferous Gravels” of the Sierra Nevada.” 

The DWR Feather River MW-1 Borehole (Appendix A) encountered sediments 

from 1,360 ft (415 m) bgs to the bottom of the borehole at 1,500 ft (457 m) that are here 

interpreted to be equivalent to the Ione Formation.  The sediments consist of gray, well 

sorted quartz-rich angular sand, with a minor amount of fine-grained pyrite.  The natural 

gamma ray log and the SP signatures exhibit a distinctive, shift to the left (lower values), 

and a blocky to cylindrical log pattern associated with these sediments (e.g., 1,400 to 
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1,450 ft (427 to 442 m) on Feather River compilation log, Appendix A).  Redwine (1972) 

used these same characteristics, quartz-rich lithology and distinctive blocky to cylindrical 

SP log response, as significant correlation markers to map the distribution of the Ione in 

the subsurface of the Sacramento Valley.  Further to the north and east in the study area 

at DWR Honcut Creek MW-1, similar quartz-bearing sand was encountered at a depth of 

780 ft to 820 ft (238 to 250) bgs.  At this location the cuttings consist of angular quartz 

sand and a moderate amount of metamorphic rock fragments.  The increase in 

metamorphic detritus may be caused by the proximity of DWR Honcut Creek MW-1 

(Appendix A) to the margin of the Valley (~6 miles (10 km) to the east) and source of 

metamorphic material. Despite the increase in the amount of metamorphic detritus, these 

sediments are considered equivalent to the Ione Formation based on the stratigraphic 

position of this unit directly over fossiliferous, black shale and siltstone interpreted as the 

Capay Formation.  

2.2.2.2.1 Subsurface Characteristics 

The subsurface characteristics of the Ione Formation are: 

• Predominantly gray to white quartz-rich sand, with varying amounts of 

metamorphic detritus.  Commonly well sorted with angular to sub-angular 

grains.  

• Distinctive natural gamma ray and SP geophysical log response.  Both logs 

exhibit a shift to the left (lower values) and a blocky to cylindrical log pattern 
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(e.g., 1,400 to 1,450 ft (427 to 442 m) on Feather River compilation log, 

Appendix A).  

• Stratigraphic position of the Ione Formation directly above the Capay 

Formation, and below the Lovejoy Basalt (where present) or the Sutter 

formation. 

2.2.3 Early Miocene to Late Pliocene Stratigrapic Units 

2.2.3.1 Lovejoy Basalt 

The Lovejoy Basalt, unnamed at the time, was first mapped and described by 

Turner (1894), and later named by Durrell (1959a).  The Lovejoy is comprised of 

approximately 15 flows of black, dense, microcrystalline olivine basalt, which originated 

from a source in the northern Sierra Nevada near Honey Lake and flowed southwestward 

down paleodrainages 45 miles (~75 km) to as much as 125 miles (~200 km) into the 

paleo Sacramento Valley (Wagner and others, 2000, p. 158; Coe and others, 2005, p. 

697).  Recent paleomagnetic data (Coe and others, 2005, p. 697) suggest the majority of 

the Lovejoy Basalt erupted over a short time span of hundreds to a few thousand years.  

In the Sacramento Valley, the Lovejoy is encountered in numerous wells, and was 

defined by Redwine (1972, p. 126) as a single stratigraphic unit that includes the Putnam 

Peak basalt, the Lovejoy Basalt, and the equivalent basalt in the Sacramento Valley 

surface and subsurface based on similarities in appearance and composition. 

The age of the Lovejoy has been disputed for years, but recent 40Ar-39Ar age dates 

from two separate studies give an age range of 15.5 to 16.4 Ma (Page and others, 1995; 

Garrison, 2004). 
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Typical geophysical log patterns of the Lovejoy Basalt are best illustrated in 

DOGGR well-logs in the Valley (e.g., DOGGR 00700100 well-log).  Generally, the 

resistivity readings are very high (> 150-200 ohmmeter2/m) with a blocky to cylindrical 

log shape.  Corresponding SP log patterns commonly exhibit a lack of character or 

straight-line appearance. 

2.2.3.1.1 Subsurface Characteristics 

The subsurface characteristics of the Lovejoy Basalt are: 

• Black microcrystalline olivine basalt fragments in well cuttings.  Very slow 

drilling rates if encountered in the subsurface.  

• Very high resistivity readings associated with Lovejoy Basalt (Redwine, 1972, 

p. 129) and lack of SP log character.  

• Stratigraphic position of the Lovejoy Basalt above the Ione Formation, and 

below the Sutter formation. 

2.2.3.2 Sutter formation 

The relative continuum of volcanism from the Oligocene to the Holocene along 

the crest of the northern Sierra Nevada and the southern Cascade volcanic province 

resulted in the deposition of numerous coeval and overlapping rhyolitic deposits followed 

by mostly andesitic deposits in the Sierra Nevada Mountains and foothills.  

Transportation of these sediments from their source areas, largely by fluvial processes 

has produced a large thickness of reworked volcaniclastic and epiclastic strata in the 

subsurface of the central Sacramento Valley.  This overlap and mixture of formal and 
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informal stratigraphic units, has created complications and confusion in subsurface 

studies due to the lack of distinguishing characteristics of these deposits.  To avoid 

further confusion, the various nomenclatures of these units have been grouped together as 

a single informal stratigraphic unit in this study for the purpose of subsurface correlation.  

The single stratigraphic unit that is used in this study is the Sutter formation that was 

originally described by Williams (1929).  Below is a description of the stratigraphic units 

that comprise the informal Sutter formation.  The common link to all of the units within 

the Sutter formation is their connection to the Oligocene to Holocene, subduction related 

rhyolitic and andesitic volcanism of the northern Sierra Nevada, western Nevada, and the 

southern Cascade volcanic province. 

The Sutter formation is a local to sub-regional, informally-named formation that 

contains all the sediments deposited in the Sutter Buttes area from the Oligocene to the 

initiation of Quaternary Sutter Buttes volcanism.  The use of lower case f in formation in 

this thesis reflects the unit’s informal status (North American Stratigraphic Code, 2005).   

The regional stratigraphic units that comprise the Sutter formation are, from the base to 

the top, the upper Princeton Valley fill of Redwine (1972) (equivalent to the Valley 

Springs Formation); the Mehrten Formation of Curtis (1954); and the Tuscan Formation 

of Anderson (1933).  A description of the Sutter formation is presented below and then a 

discussion of the regional stratigraphic units that comprise the Sutter formation follows. 

The Sutter formation was first described by Dickerson (1913) as predominantly 

fine-grained sandstone, siltstone, tuff, and minor amounts of gravel derived from the 

rhyolitic phase of volcanism in the Sutter Buttes.  Williams (1929) proposed a “drastic 
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revision” of Dickerson’s hypothesis and described the Sutter formation as the detrital 

equivalent of the Tertiary rhyolite tuffs, and pyroxene and hornblende-pyroxene andesitic 

tuffs of the Sierra Nevada (Williams, 1929, p. 130).  Later work by Williams and Curtis 

(1977) concluded, “all but a few Sutter beds represent fine outwash from the copious 

bouldery volcanic mudflows (lahars) of the Mehrten Formation on the slopes of the 

Sierra Nevada directly east of the Sutter Buttes” (Williams and Curtis, 1977, p. 13-14).  

Williams (1929) discusses in detail the composition and characteristics of the Sutter 

formation, as well as the correlation between the Sutter formation and the volcaniclastic 

rocks directly east of the Sutter Buttes, in the Yuba River Drainage. 

The Sutter formation crops out in a limited number of areas within the Moat 

region of the Buttes with the best exposures occurring along Pass Road in the southern 

Moat area.  The full thickness of the exposed Sutter formation at this location is 1,380 ft 

(421 m, Plate A).  The dip of the Sutter formation in the Sutter Buttes is highly variable, 

but exhibits an overall decrease from near vertical at the base to roughly 40° near the top 

of the unit (Williams, 1929, p.131).  The majority of the lower section of the Sutter 

formation is covered by vegetation, soils, or alluvium, but the few exposures that occur 

consist of dacitic tuffaceous to pumiceous intervals highly enriched with primary 

volcanic material.  Higher up in the section the amount of exposure increases and the 

presence of sub-rounded to well-rounded clasts and cross bedding within sand packages 

suggests a shift to primarily fluvial deposition.  These exposures are comprised of brown 

to light gray tuffaceous siltstones, and light yellowish brown to gray sandstones 

containing, pyroxene-hornblende-bearing andesite, metavolcanic and metasedimentary 
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grains, weathered feldspar, and biotite.  Recent boreholes that have encountered Sutter 

formation sediments in the subsurface include (Appendix A):  DWR Gray Lodge MW-1 

(700 to 1,500 ft (213 to 457 m) bgs Total depth of well (TD)); DWR Cassady MW-1 (546 

to 1,000 ft (166 to 304 m) bgs TD); DWR Wild Goose MW-1 (540 to 620 ft (165 to 189 

m) bgs TD); DWR Meyer MW-1 (450 to 1020 ft (137 to 311 m) bgs TD); Butte Water 

District MW-1 (420 to 700 ft (128 to 213 m) bgs TD); DWR Honcut Creek MW-1 (445 

to 780 ft (136 to 238 m) bgs); DWR-300 MW-1 (440 to 700 ft (134 to 213 m) bgs TD); 

Sutter Extension Water District MW-1 (650 to 900 ft (198 to 274 m) bgs TD); Sutter 

Extension Water District MW-2 (690 to 700 ft (210 to 213 m) bgs TD); Sutter Extension 

Water District MW-3 (480 to 750 ft (146 to 229 m) bgs TD); Venoco BC-1-204 (740 to 

1,500 ft (226 to 457 m) bgs TD); Venoco Henshaw #11 (460 to 1,430 ft (140 to 436 m) 

bgs); and DWR Feather River MW-1 (400 to 1,350 ft (122 to 411 m) bgs).  The cuttings 

from these boreholes consist of black, greenish gray and blue clay, silt, and sand with 

minor fine-grained gravel.  The sand and gravel fraction consists of pyroxene-

hornblende-bearing andesite, metamorphic fragments (common green quartzite), 

weathered feldspars, and biotite.  The fine fraction consists of non-plastic siltstone chips 

and low- to medium-plasticity clay nodules.  Drillers commonly refer to the Sutter 

formation as “black sand and sandstone,” “blue clay,” “volcanic sands,” and “cemented 

sand and gravel.” 

Typical geophysical log patterns within the Sutter formation are best illustrated in 

the DWR Gray Lodge MW-1 compilation log (Appendix A).  Generally, the resistivity 

patterns are bell-shaped fining upward packages, indicating fluvial channels with coarse-
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grained material at the base of the channel fining upward to silts and clays.  A serrated 

resistivity log pattern is also common within the Sutter formation, indicating interbedded 

sand, silt, and clay layers probably deposited in an overbank (levee) to floodplain 

environment.  Corresponding natural gamma log patterns generally exhibit an erratic 

pattern. 

2.2.3.2.1 Age and local correlation 

The majority of the published work on the age of the Sutter formation comes from 

Williams (1929) and Williams and Curtis (1977) both of which assign an Oligocene to 

Pliocene age to this unit.  The latter study found exposures of an “airborne rhyolitic, 

pumiceous ash” near the base of the Sutter formation, which they associated with the 

Oligocene to Miocene Valley Springs Formation to the east of the study area, in the 

Sierra Nevada.  Williams and Curtis give a, best approximation, age of 20-30 Ma to these 

basal rhyolitic beds and suggest  

“the age of all but the basal rhyolitic beds [of the Sutter] is Mio-Pliocene; 
virtually all are coeval with the andesitic mudflows of the Sierra Nevada, and 
hence range in age from about 10 to 20 Ma; however, deposition of reworked 
Mehrten beds continued in the Sutter Buttes until the onset of local volcanism 
(Williams and Curtis, 1977. p. 14).” 
 

A similar ashy to pumiceous interval was observed in this study near the base of the 

Sutter formation in the south Moat area at 282 ft (86 m) on the Pass Road section (Plate 

A).  This location is very close to, or may be the same exposure of “rhyolitic ash” 

described by Williams and Curtis (1977, p. 13).  These beds consist of white to yellow 

devitrified pumiceous fragments.  A mineral separate of this sample was examined 

revealing an apparent dacitic mineral assemblage containing mostly plagioclase, minor 
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quartz, biotite, and trace amounts of black hornblende.  The relative purity of this interval 

suggests these deposits were coincident with an eruption and were subsequently 

transported by fluvial processes into the paleo Sacramento Valley.  This interval was 

sampled (BH06SB-24B Plagioclase and SS06-6, Table 3.2) and a 40Ar-39Ar age of 4.09 ± 

0.21 Ma (a plateau was defined at 4.09) was determined by the Nevada Isotope 

Geochronology Lab.  This age is significantly younger than the previously suggested 

Oligocene age for the basal portion of the Sutter formation.  It should be noted that the 

interval that was dated is not at the exact base of the Sutter formation.  The stratigraphic 

position of this interval is 25 ft (8 m) above tan to orange, cross-bedded sandstone and 

conglomerate beds comprised of quartz and metamorphic grains and clasts.  The 

difference in lithology and inferred depositional environment between these two intervals 

reflects an abrupt change and is interpreted as the change from the Sutter formation above 

to the Ione Formation below, however; the exact contact can not be determined due to 

surface cover.  Stratigraphically above the dated interval is 110 ft (34 m) of cover to the 

next exposure consisting of tuffaceous andesitic sandstone.  The occurrence of cover 

above and below the exposure containing the 40Ar-39Ar age dated sample makes it 

difficult to determine if there is any rhyolitic material contained in this section of the 

Sutter formation. 

Another age constraint within the Sutter formation is the presence of the Nomlaki 

Tuff 320 ft (97 m) stratigraphically above the new 40Ar-39Ar date in the south Moat area 

(Plate A).  This exposure of the Nomlaki Tuff was correlated using trace element 
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chemistry by Andrei Sarna-Wojcicki (USGS) to exposures of Nomlaki Tuff at Bear 

Creek Falls dated by Evernden and others (1964) at 3.4 ± 0.4 Ma. 

Based on the new radiometric age obtained near the base of the Sutter formation, 

the presence of the Nomlaki Tuff near the middle of the formation and the age of the 

overlying Pleistocene Rampart deposits, the Sutter formation is largely comprised of 

early Pliocene to late Pliocene strata.  Based on the age constraints of the Sutter 

formation, presence of the Nomlaki Tuff and similar mineralogy, the upper portion of the 

Sutter is interpreted to be the distal equivalent of the Tuscan Formation (Figure 2.4). 

2.2.3.2.2 Subsurface Characteristics 

The subsurface characteristics of the Sutter formation are: 

• Black, blue, gray, and greenish gray, angular to sub-rounded sand and gravel. 

• Sand fraction lithology includes: pyroxene and hornblende-bearing andesite; 

metavolcanic and metasedimentary fragments; green quartzite fragments; 

quartz; weathered feldspar; biotite and magnetite.  Boreholes near the eastern 

margin of the valley or deep (>2,000 ft (610 m)) boreholes in the Sacramento 

Valley may encounter tan, white, or green rhyolitic fragments associated with 

rhyolitic volcanism in the Sierra Nevada (Valley Springs Formation).   

• Gray, blue, and greenish gray silt and clay.  The fine fraction consists of non-

plastic siltstone chips and low- to medium-plasticity clay nodules.   
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• Stratigraphic position of the Sutter formation is above the Lovejoy Basalt 

(where present) or more commonly above the Ione Formation, and below the 

Sutter Buttes Rampart or Laguna Formation. 

The regional stratigraphic units that comprise the Sutter formation, as defined by 

Williams and Curtis (1977) and used in this study, are described below in order of their 

age and stratigraphic position. 

A. Upper Princeton Valley fill 

The upper Princeton Valley fill is an informal subsurface stratigraphic unit 

defined by Redwine (1972) that contains up to 1,400 ft (427 m) of fluvially derived 

sands, conglomerates, and shales, partially or entirely equivalent to the Valley Springs 

Formation of the Sierra Nevada.  According to Redwine (1972, p. 319), the upper 

Princeton Valley fill sediments were transported by an ancient river very similar in shape 

and size to the modern Sacramento River, which deposited sediment in the subaerial 

upper Princeton Valley, a smaller analog to the modern Sacramento Valley.  The upper 

Princeton Valley incised through the Lovejoy Basalt and the subsequent fill lies 

uncomformably above the Lovejoy Basalt and unconformably below the Neroly 

Formation (equivalent to the Mehrten Formation), placing this formation in the lower 

portion of the Sutter formation of Williams and Curtis (1977).  The age of the upper 

Princeton Valley fill was originally thought to be early Miocene by Redwine, but new 

radiometric age constraints on the underlying Lovejoy Basalt, (ca. 16 Ma) place the upper 

Princeton Valley fill within the Miocene. 
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No surface exposures of this unit are observed in the study area.  DWR Honcut 

Creek MW-1 encountered well-rounded, light gray aphanitic rhyolite, basalt, and 

metamorphic fragments at a depth of 610 ft to 780 ft (186 to 238 m) bgs.  These 

sediments are probably equivalent to the upper Princeton Valley fill observed by 

Redwine. 

B. Mehrten Formation 

The majority of studies on the Mehrten Formation have been conducted in 

locations outside the area of this investigation; to the south, in the northeastern San 

Joaquin Valley, and to the east in the Sierra Nevada.  The large accumulation of Mehrten 

sediments in the Sierra Nevada that has been transported down paleodrainages and 

deposited in the subsurface of the Sacramento Valley, make the distal equivalents of this 

formation important to this study. 

Piper and others (1939, p. 61) formally proposed the name and described the type 

section of the Mehrten Formation, in the Mokelumne River basin near the Comanche 

Dam.  At this location, the Mehrten is dominated by fluvially derived andesitic sandstone, 

laminated siltstone, conglomerate, and tuff-breccia. 

The next work to be published on the Mehrten Formation was by Curtis (1954).  

His research focused on the mode of origin of debris in the Mehrten Formation, in which 

he applies the name Mehrten Formation to “all deposits of clastic and pyroclastic material 

of predominantly andesitic composition deposited on the Sierra Nevada and contiguous 

terrain.”  In the northern Sierra, Durrell (1959a) studied the Tertiary stratigraphy of the 
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Blairsden quadrangle, and divided the andesitic Mehrten Formation of Curtis (1954) into; 

the upper Miocene Bonta Formation, which consists of hornblende and pyroxene andesite 

mudflow breccia, and the lower Pliocene Penman Formation, which consists of 

hornblende andesite mudflow breccia, volcanic conglomerate, and sand. 

Slemmons (1966) investigated the Cenozoic volcanism of the central Sierra 

Nevada near Sonora Pass, using the newly obtain potassium-argon (K-Ar) radiometric 

dates from Dalrymple (1964) and Evernden and others (1964), which made it “possible to 

subdivide more accurately the volcanic sequences and correlate between widely 

separated, nonfossiliferous units.”  Slemmons (1966) subdivided the Mehrten Formation 

of Curtis (1954) in the foothills and at the crest of the Sierra Nevada.  In the Sierra 

Foothills, Slemmons (1966) divided the Mehrten of Curtis (1954) into three formations 

from oldest to youngest; the Relief Peak, the Stanislaus, and the Mehrten Formations.  At 

the crest of the Sierra, Slemmons (1966) identified, from oldest to youngest; the Relief 

Peak Formation; Stanislaus Formation, consisting of the Table Mountain Latite dated at 

8.9 Ma (Dalrymple, 1964), the Eureka Valley and the Dardanelles members; and the 

Disaster Peak Formations.  To the north, near Carson Pass DeOreo, (2005) recently 

obtained 40Ar-39Ar dates on subdivided fragmental rocks equivalent to the Mehrten 

Formation that suggest volcanic activity spanned from 14.7 ± 0.2 Ma to 6.0 ± 0.2 Ma. 

A comprehensive study on the geochronology of the Mehrten Formation in 

Stanislaus County was conducted by Wagner (1981).  Wagner used local superposition, 

biostratigraphy, and radiometric chronology to establish a late Miocene age for the 

Mehrten Formation.  Piper and others (1939, p. 71) reported scattered occurrences of 
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flora and fauna that suggests an upper Miocene and possibly lower Pliocene age in the 

Mokelumne River basin. 

According to the geologic map of late Cenozoic deposits of the Sacramento 

Valley and northern Sierran foothills by Helley and Harwood (1985), the only outcrops of 

Mehrten Formation in the northern Sacramento Valley occur in a small area on the 

southeast side of the Valley, near Roseville.  A detailed analysis of the lithologic and 

stratigraphic nature and potential local source area of these deposits was conducted by 

Moses (1985).  Moses (1985, p. 18-19) divided the Mehrten Formation into four 

lithostratigraphic units: Type 1: fluvial deposits, composed of clast supported, sub-

rounded to rounded, coarse, andesitic gravel, with a trace amount of metamorphic 

bedrock clasts; Type 2: Cobble Tuff Breccia Deposits, consist of matrix supported 

andesitic cobbles and boulders; Type 3: Tuff Deposits, composed of thin-bedded lithic 

fragments, pumice fragments, and broken crystal grains; and Type 4: Tuff Breccia 

Deposits, consist of angular to sub-rounded centimeter to several meter diameter 

andesitic clasts.  This latter unit is very resistant and forms the uppermost portion of the 

Mehrten Formation in the Sierra Nevada foothills.  Of these four lithostratigraphic units, 

only the Type 1 fluvial deposits are observed in the current study area. 

Just to the north of the Mehrten Formation described by Moses (1985) near Beale 

Air Force Base, Wagner and Saucedo (1990) obtained radiometric dates on the Reeds 

Creek andesite between 8.4 ± 0.9 Ma and 18.0 ± 0.5 Ma and correlated this unit (Figure 

2.5) with the Mehrten Formation of the Mokelumne River area. 
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Figure 2.5: Map showing distribution of Late Cenozoic andesitic volcanic units in the central and 

northern Sierra Nevada (modified from Wagner and Saucedo, 1990).  The map unit 
titled “andesitic rocks of the Sierra Nevada” is equivalent to the Mehrten Formation of 
Curtis (1954).  LP, Lassen Peak; MY, Mount Yana; MM, Mount Maidu. 

In the subsurface of the Sacramento Valley, the distribution of the Mehrten 

Formation was studied by Redwine (1972).  Redwine tentatively correlated Mehrten-

equivalent, Miocene andesitic detritus encountered in the subsurface to the informally 

named Neroly formation that crops out on the west side of the Sacramento Valley and 

along the eastern flanks of Mount Diablo in the northwestern San Joaquin Valley.  In a 

later study of the surface and subsurface stratigraphy in the Oroville area, Unruh (1990) 

divided late Cenozoic andesitic material into proximal, medial, and distal facies.  The 

LP 
MM 

MY 
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proximal facies consists of the volcanic vents and source area and is comprised of the 

Penman and Bonta Formations of Durrell (1959a) located in the northern Sierra and the 

Relief Peak and Disaster Peak Formations of Slemmons (1966) in the central Sierra 

Nevada.  The medial facies consists of debris-flow and braided-stream dominated, 

coalescing alluvial fans which comprise the Mehrten Formation of Piper and others 

(1939) and the Reed’s Creek Andesite of Wagner and Saucedo (1990).  The distal facies 

consists of floodplain, fluvial channel, and marginal marine deposits composed of the 

Neroly formation of Redwine (1972). 

In DWR Honcut Creek MW-1, mixed andesitic and metamorphic sediments are 

encountered from 460 ft to 610 ft (140 to 186 m) bgs, and are here interpreted to be 

equivalent to the Mehrten and Neroly Formation.  The subsurface character of the 

Mehrten and Neroly Formation is considerably different from surface exposures 

described by many previous authors.  There is a substantial amount of metamorphic 

detritus mixed with the more typical andesitic fragments that are seen in surface 

exposures.  This may be due to substantial fluvial reworking of the sediments during 

transport from the source areas near the crest of the Sierra Nevada (Curtis, 1954; 

Slemmons, 1966) and incorporation of metamorphic sediments in the Sierra Nevada 

foothills and the paleo Sacramento Valley floodplain. 

Age 

The age of Mehrten Formation sediments, based on the compilation of previous 

literature that did not use radiometric dating techniques is middle Miocene to lower 

Pliocene.  More recent studies that used radiometric dating techniques (K-Ar, and 40Ar-
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39Ar) give ages of 18 Ma at the base (Wagner and Saucedo, 1990) to 6 Ma near the top 

(DeOreo, 2005).  These more recent ages place the Mehrten Formation completely in the 

Miocene, and not the Pliocene.  These ages are considerably older than the age 

constraints established (~4.09 Ma to 3.4 Ma) in Mehrten equivalent sediments within the 

Sutter formation in the Sutter Buttes.  This disagreement in age may be a function of 

continued fluvial reworking of andesitic sediments in the paleo Sacramento Valley until 

initiation of Sutter Buttes volcanism.  Another possible explanation for the difference in 

age between these two units may be related to deformation and subsequent erosion of 

Mehrten equivalent sediments associated with emplacement of the Sutter Buttes intrusive 

complex.  It appears that there is a significant unconformity in the Sutter Buttes between 

the Eocene Ione Formation and the overlying Sutter formation which has a 4.09 Ma age 

date very close to the bottom of the formation. 

C. Nomlaki Tuff 

The Nomlaki Tuff is a widespread chronostratigraphic marker in California and 

Nevada, and is found at or near the base of many Pliocene formations in the Sacramento 

Valley.  The age of the Nomlaki has been established at 3.4 Ma based on K-Ar 

radiometric age dating techniques (Evernden, 1964; Obradovich and others, 1978).  In the 

lower to middle portion of the Sutter formation along the Pass Road measured section 

(603 ft; (184 m) Plate A), exposures of white to light gray, rounded to sub-rounded 

pumice fragments up to 2 in (5 cm) in diameter, dispersed in a matrix of ash and fine silty 

sand have been observed.  These exposures have been correlated to the Nomlaki Tuff 
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based on trace-element chemistry by Andrei Sarna-Wojcicki (USGS Menlo Park) (Brian 

Hausback, personal communication, 2006).  A detailed description of the Nomlaki Tuff 

can be found in Chapter 3. 

D. Tuscan Formation  

The Tuscan Formation is a principle aquifer in the northeastern Sacramento 

Valley.  However, there is limited analysis of the subsurface lithologic variations, 

southern subsurface extent, and possible regional correlation with Tertiary volcaniclastic 

sediments in the subsurface of the central Sacramento Valley. 

The first investigation of the Tuscan Formation was conducted by Diller (1895) in 

which he designated the type section at Tuscan Springs, northeast of Red Bluff.  The first 

comprehensive characterization of surficial exposures done on the Tuscan came from 

Anderson (1933).  His study focused on the detailed description of the Tuscan Formation 

and origin of the volcanic breccias within the formation.  The overall increase in 

thickness of the Tuscan Formation sediments to the east, led Anderson (1933, p. 232) to 

the conclusion that, “the source area lies to the east of the present exposures… and that 

the source is apparently old volcanoes that possibly existed in the vicinity of Lassen 

Peak.”  Later work by Lydon (1968) shed light on the approximate source area, thickness, 

and distribution of the Tuscan Formation (Figure 2.5).  According to Lydon (1968), the 

principle sources of the volcanic sediments are Mount Yana and Mount Maidu, which are 

located south of Lassen Peak (Figure 2.5).  More recent published and unpublished 

mapping in the Lassen area by Mike Clynne and others (USGS) suggests that the 
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principle source of Tuscan volcaniclastic material is Mount Yana only and Mount Maidu 

is related to younger volcanic units (Mike Clynne, personal communication, 2007).  The 

volume and thickness of the Tuscan Formation was calculated by Lydon (1968), using 

outcrop and well-log data, to be 300 miles3 (1250 cubic km3) of material that covered an 

area of 2,000 miles2 (5200 km2), with a maximum thickness of 1,700 ft (518 m) near 

Mount Yana.  The western most exposure of the Tuscan Formation (Anderson, 1933, p. 

240), from the southernmost exposure near Oroville to Chico, exhibits a homoclinal dip 

of 2° to 3° as it gradually passes under the alluvium of the Sacramento Valley. 

Harwood and others (1981) were the first to formally subdivide and apply 

regional nomenclature to the Tuscan Formation.  They divided the Tuscan from bottom to 

top into:  the Nomlaki Tuff member, white to light gray dacitic pumice tuff dated at 3.4 

Ma; Unit A, interbedded lahars, volcanic conglomerate, volcanic sandstone, and siltstone 

all of which is combined with metamorphic fragments from the underlying metamorphic 

rocks; Unit B, interbedded lahars, volcanic conglomerate, volcanic sandstone, and 

siltstone; Ishi Tuff member, pumiceous, air-fall biotite tuff dated at 2.7 Ma; Unit C, 

lahars with minor interbedded volcanic conglomerate and volcanic sandstone; Tuff of 

Hogback Road, thin lapilli tuff; and Unit D, predominantly fragmental deposits of large 

monolithic blocks of gray hornblende andesite (Helley and Harwood, 1985, p.16-17). 

The southernmost exposures of the Tuscan Formation, are in the northwestern 

portion of the Oroville quadrangle, and were described by Creely (1965) as, “principally 

tuff-breccia, lapilli tuff, volcanic conglomerate and sandstone, with lesser quantities of 

tuff, claystone, and siltstone.”  In a study of the geologic history and soil development of 
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northeastern Sacramento Valley, Busacca (1982) identified and mapped a dacitic unit that 

is in gradational contact with the Nomlaki Tuff.  The presence of the Nomlaki Tuff in 

gradational contact with the Dacite Unit suggests these two deposits are possibly related, 

and may have been derived from the same source area and transported down the Feather 

River drainage and deposited in the Oroville area and further west in the subsurface of 

the Sacramento Valley (Busacca, 1989).  According to Busacca (1989, p. G33), 

“the Dacite Unit is generally poorly exposed; it crops out in a few places in the 
foothills east and northeast of Oroville and in exposures at channel level on the 
Feather River, Wyandotte Creek, Honcut Creek, and the Yuba River.  It has been 
penetrated by many research and test wells drilled by the DWR in the Oroville 
area, and it also appears in artificial exposures such as the Thermalito Power 
Canal.” 
 
The Dacite Unit consists of predominantly tuffaceous sand and silt derived from 

dacite.  The mineral assemblage of this unit is comprised of plagioclase, hornblende, and 

biotite; while quartz and pyroxene are not present in this unit (Busacca, 1989).  DWR 

Honcut Creek MW-1 is located approximately 3 to 6 miles (5 to 10 km) west 

(downstream) from exposures of the Dacite Unit along Honcut Creek mapped by 

Busacca.  At a depth of 445 ft to 460 ft (136 to 140 m) bgs this borehole encountered 

light gray tuffaceous sand and fine gravel.  The clasts of this interval consist of 

porphyritic grains with plagioclase, hornblende, and biotite; and quartz and pyroxene 

were not observed.  This interval is interpreted to be the subsurface equivalent to the 

Dacite unit. 

Age 

The preponderance of early work on the Tuscan Formation (Diller, 1895; 

Anderson, 1933, p. 236; Creely, 1955, p. 73; Olmsted and Davis, 1961, p. 68-69) assign 
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an upper Pliocene age based on limited vertebrate fossil evidence and the occurrence of 

the Nomlaki Tuff at and near the base.  Evernden and others (1964) obtained a K-Ar age 

of 3.4 Ma for a welded ash-flow tuff at Bear Creek Falls, which Anderson and Russell 

(1939) correlated with the type Nomlaki.  The age of the upper boundary of the Tuscan 

Formation is not well defined.  However, an age of 1.5 Ma was obtained from a rhyolite 

flow overlying the Tuscan Formation west of Mineral California (Lydon, 1968, p. 30).  

2.2.3.3 Peace Valley Ash 

An exposure of light gray, vitric ash about 15 inches (40 cm) thick was found in 

Peace Valley on the north side of the Sutter Buttes and informally named the Peace 

Valley Ash by Brian Hausback (CSU, Sacramento). This tephra is within the Sutter 

formation approximately 100 ft (30 m) below the contact between the Sutter formation 

and the Sutter Buttes Rhyolitic Rampart.  A sample of this tephra layer was sent to the 

USGS Tephrochronology Laboratory, and was correlated to the youngest Sonoma 

Volcanic field tephra above the Putah and Nomlaki tuffs and has an age range of >2.85 to 

<3.34 Ma.  A detailed description of this unit can be found in Chapter 3. 

2.2.3.4 Tehama Formation  

The Tehama Formation, named by Diller (1894), is an eastward thickening 

sequence of alluvial and fluvially-derived sediments deposited along the western edge of 

the Sacramento Valley, which unconformably overlie Cretaceous Great Valley Group 

sediments (Helley and Harwood, 1985, p. 14).  The Tehama consists of approximately 

2,000 ft (600 m) of pale yellow to greenish gray, sandy, siltstone, and claystone with 
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discontinuous lenses of sandstone and cross-bedded conglomerate derived from the Coast 

Ranges and Klamath Mountains.  This unit extends into the subsurface and makes up the 

principle aquifer on the western side of the Sacramento Valley.  Tehama sediments were 

not recognized within the current area of investigation using the available data, but are 

likely present in the subsurface along the westernmost margin of the study area near the 

Sacramento River. 

2.2.3.4.1 Age 

The majority of geochronology and correlation of the Tehama Formation has been 

done in the northern portion of the Sacramento Valley, where the unit crops out.  Olmsted 

and Davis (1961) assign the Tehama Formation to the upper Pliocene and possibly the 

lower Pleistocene, based on the presence of the Nomlaki Tuff, which had not been 

radiometrically dated at the time, near the base of the unit and numerous Plio-Pleistocene 

vertebrate fossils found within the Tehama Formation.  According to Olmsted and Davis 

(1961) the Tehama interfingers with the Tuscan Formation beneath the northern part of 

the Sacramento Valley, and is probably correlative to the Laguna Formation.  Helley and 

Harwood (1985) also studied the northern portion of the Sacramento Valley and 

suggested that the Tehama and Tuscan Formations are age equivalent.  A radiometric age 

of 3.4 Ma for the Nomlaki Tuff (Evernden and others, 1964) confirms the upper Pliocene 

age of the base of the Tehama.   

Within the area of this study, in the central portion of the Sacramento Valley the 

correlation and age of the Tehama is poorly understood.  An extensive subsurface study 

was conducted by Redwine (1972), but was focused on Miocene and older deposits in the 
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subsurface.  Redwine (1972) defined the Tehama Formation as all rocks in the subsurface 

that are younger than Late Miocene, and “presumed the Tehama to be the same age as the 

type Tehama and Tuscan, of Late Pliocene.”  

2.2.3.4.2 Subsurface Characteristics 

The subsurface characteristics of the Tehama Formation are: 

• Pale yellow, greenish grey, and bluish gray clay, silt, sand, and gravel. 

• The sand and gravel fraction consists of metamorphic fragments, and quartz 

(vein quartz common) derived from the Coast Ranges and Klamath 

Mountains; as well as Cretaceous Great Valley Group sandstone and siltstone 

detritus. 

• The fine fraction consists of non-plastic siltstone chips and low- to medium-

plasticity clay nodules.  

2.2.3.5 Laguna Formation 

The Laguna Formation in the area of this study is complicated by differing 

nomenclature, and composition.  These discrepancies stem from the location of the type 

section of the Laguna Formation approximately 60 miles (100 km) to the south in the San 

Joaquin Valley (Piper and other, 1939).  The Laguna Formation, as described by Olmsted 

and Davis (1961), is a compilation of the Laguna Formation, Arroyo Seco gravel, and 

gravel deposits of uncertain age from Piper and others (1939) at the type section exposed 

along Hadselville Creek in the Mokelumne area.  Olmsted and Davis (1961) describe the 

Laguna Formation as a series of predominantly fine-grained continental sedimentary 
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deposits that were emplaced after the late Miocene to early Pliocene andesitic volcanism 

of the Sierra Nevada, and before the last major tilting of the Sierra Nevada in the 

Pleistocene (Olmsted and Davis, 1961, p.82).  In the Oroville area, Laguna sediments 

consist of mixed volcaniclastic, metamorphic, and arkosic; fluvially derived silt, sand, 

and gravel (Busacca, 1982). 

Recent boreholes that have encountered Laguna Formation sediments include 

(Appendix A):  DWR Cassady MW-1 (146 to 286 ft (44 to 87 m) bgs); DWR Wild 

Goose MW-1 (120 to 270 ft (37 to 82 m) bgs); DWR Meyer MW-1 (120 to 450 ft (37 to 

137 m) bgs); Butte Water District MW-1 (100 to 150 ft (30 to 45 m) bgs); DWR Honcut 

Creek MW-1 (240 to 445 ft (73 to 136 m) bgs); DWR-300 MW-1 (170 to 200 ft (52 to 60 

m) bgs); Sutter Extension Water District MW-1 (120 to 220 ft (37 to 67 m) bgs); Sutter 

Extension Water District MW-2 (130 to 250 ft (40 to 76 m) bgs); Sutter Extension Water 

District MW-3 (200 to 480 ft (60 to 146 m) bgs); Venoco Henshaw #11 (290 to 460 ft (88 

to 140 m) bgs); and DWR Feather River MW-1 (100 to 400 ft (30 to 122 m) bgs).  The 

cuttings from these boreholes consist of brown, tan and greenish gray silt, sand, and 

gravel with minor clay.  The sand and gravel fraction consists of metamorphic fragments, 

quartz, weathered feldspars, and bronze to black biotite.  The fine fraction consists of 

non-plastic siltstone chips and low- to medium-plasticity clay nodules.  Drillers 

commonly refer to the Laguna Formation as “brown or tan sand,” “brown clay,” and 

occasionally “cemented sand.” 

Typical geophysical log patterns of the Laguna Formation are best illustrated in 

the DWR Honcut Creek MW-1 compilation log (Appendix A).  Generally, the resistivity 
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patterns are bell-shaped fining upward packages, indicating fluvial channels with coarse-

grained material at the base of the channel fining upward to silts and clays.  A serrated 

resistivity log pattern is also common within the Laguna Formation, indicating 

interbedded sand, silt, and clay layers probably deposited in an overbank (levee) to 

floodplain environment.  Corresponding natural gamma log patterns generally exhibit an 

erratic pattern. 

2.2.3.5.1 Age and local correlation 

Piper and others (1939) suggest the Laguna Formation is Pliocene to partly 

Pleistocene in age based on the occurrence of an early Pliocene horse tooth obtained from 

a depth of 58 ft (18 m) in a water well.  The Laguna Formation is overlain by the Arroyo 

Seco gravel, which is a middle to late Pleistocene pediment surface, deposited after the 

last major uplift of the Sierra Nevada (Olmsted and Davis, 1961, p.83).  In the 

northeastern Sacramento Valley, the Laguna Formation of Olmsted and Davis (1961) and 

Busacca (1982) contains the 3.4 Ma Nomlaki Tuff interbedded at and near the base.  

Busacca (1982) measured the magnetic polarity of the Nomlaki Tuff in two locations in 

the Laguna Formation that yielded reverse polarities with strong magnetizations, which 

correspond to the Gilbert reverse epoch (3.3 to 4.5 Ma); corroborating the 3.4 Ma 

radiometric age.  Unruh (1990) described a similar stratigraphic unit to Busacca (1982) 

consisting of an upper and lower member, which includes the Nomlaki Tuff at the base, 

but used the “Tuffs of Oroville” nomenclature from Lindgren (1911). 
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2.2.3.5.2 Subsurface Characteristics 

The subsurface characteristics of the Laguna Formation are: 

• Brown, tan and greenish gray silt, sand, and gravel with minor clay. 

• The sand and gravel fraction consists of metamorphic fragments, quartz, 

weathered feldspars, and bronze to black biotite.  A potential increase in the 

amount of reworked volcaniclastic sediments may be observed in the 

northeastern portion of the study area and near the Sutter Buttes. 

• The fine fraction consists of non-plastic siltstone chips and low- to medium-

plasticity clay nodules. 

• Stratigraphic position of the Laguna Formation above the Sutter formation and 

above Andesitic Rampart.  Stratigraphically below the Turlock Lake 

Formation (where present) or the Alluvial deposits (Riverbank Fm., Modesto 

Fm., and Basin deposits). 

2.2.4 Pleistocene to Holocene Stratigraphic Units 

2.2.4.1 Sutter Buttes Rampart 

Williams (1929) completed the principle work on the Sutter Buttes, wherein he 

described the mechanism of emplacement and associated deposits of the Sutter Buttes.  

Williams’ 1929 study was reinterpreted by Williams and Curtis in 1977.  Williams and 

Curtis (1977) is the most complete work done to date on the Sutter Buttes.  Based on 

surficial exposures of the Rampart formation, Williams and Curtis (1977) divided the 

fragmental deposits derived from the Sutter Buttes into a basal, middle, and upper 
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member.  The present study focuses on the characterization of the subsurface equivalents 

to the Rampart beds of Williams and Curtis in the Sacramento Valley.  The vertical and 

lateral distribution of Rampart sediments in the subsurface change considerably from 

place to place around the Sutter Buttes due to the variability in the volcanic history of the 

Buttes, the composition of the sediments, and depositional processes in which these 

sediments were deposited.  Because of this variability and limited resolution of 

subsurface data used in this study (cutting samples, borehole geophysics, and drillers’ 

logs), Williams and Curtis’ three members of the Rampart formation are grouped into 

two units, the stratigraphically lower, earlier Rhyolitic Rampart unit and the overlying, 

younger Andesitic Rampart unit.  The surface characteristics of the Rampart were 

established by field reconnaissance, measured sections, and descriptions from previous 

work (Williams, 1929; Williams and Curtis, 1977; Hausback and Nilsen, 1999).  This 

information was used in conjunction with existing and recent subsurface data to 

characterize the distribution of the Rampart in the Sacramento Valley. 

A distinctive, possibly diagnostic, increase or baseline shift in the natural gamma 

ray log signature occurs within the Sutter Buttes Rampart sediments in the subsurface 

(Springhorn and others, 2006).  The source of the distinctive natural gamma ray signature 

was determined, using the spectral gamma ray log, to be a pronounced increase in 

potassium and uranium, and a minor increase in thorium.  The spectral gamma ray log 

also displayed a slight additional increase in the potassium concentration associated with 

rhyolitic fragmental material.  The subtle change in the percent of potassium is probably 

caused by an increase in potassium, including alkali feldspar in the Rhyolitic Rampart. 
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Geochemical analyses of Sutter Buttes andesite and rhyolite exposures yield 

concentrations of potassium, and uranium that are two to four times higher than samples 

from overlying alluvial strata.  The natural gamma ray and spectral gamma ray data 

suggest the Sutter Buttes volcaniclastic material is also two to four times higher than the 

underlying Sutter formation, which consists of reworked andesitic sediments probably 

equivalent to the Tuscan and Mehrten Formations, discussed above.  The lower 

concentrations of potassium and uranium in the Sutter formation are attributed to fluvial 

reworking and incorporation of metamorphic detritus. 

2.2.4.2 Rhyolitic Rampart 

The Rhyolitic Rampart of this study is equivalent to the Basal Member of 

Williams and Curtis (1977) and represents the initial phase of volcanism in the Buttes.  

These deposits consist of gray to white, fine-grained, volcanic sediments derived from 

airfall and debris-flow deposits composed principally of biotite rhyolite and dacite, along 

with fragments of the underlying Sutter formation (Williams and Curtis, 1977, p. 27).  

The dip of the Rhyolitic Rampart varies from 10° to 40° depending on the deformation 

caused by the upward migration of the younger andesitic volcanic domes (Williams and 

Curtis, 1977).  The thickness of the Rhyolitic Rampart is variable due to the irregular 

topography at the beginning of volcanism.  Williams and Curtis (1977) report the 

Rhyolitic Rampart beds are “thickest near North Butte, where they reach a maximum 

thickness of almost 500 ft, though elsewhere they are rarely more than 200 ft thick.”  On 

the Pass Road measured section (Plate A) in the south Moat area the thickness of the 

Rhyolitic Rampart was measured at 275 ft (84 m). 
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The Rhyolitic Rampart was encountered at a depth of 510 to 650 ft (155 to 198 m) 

bgs in Sutter Extension Water District MW-1 (Appendix A), 2 miles (3.1 km) southeast 

of the contact between the Rampart and the Sacramento Valley sediments.  The borehole 

cuttings consist of fine to medium sand-sized, gray to white, biotite rhyolite.  The rhyolite 

material was mixed with minor amounts of pyroxene bearing andesite, and green 

quartzite, which were probably derived from the underlying Sutter formation, or a result 

of contamination from migration up the borehole during drilling.  As discussed 

previously, the natural gamma log displayed a very distinct baseline shift, from 60 API to 

105 API, in the signature throughout this interval.  DWR Gray Lodge MW-1, 1.8 miles 

(2.9 km) north of the contact between the Rampart and the Sacramento Valley sediments 

encountered rhyolitic material at a depth of 590 ft to 700 ft (180 to 213 m) bgs. 

Typical geophysical log patterns of the Rhyolitic Rampart are best illustrated in 

the DWR Gray Lodge MW-1 and the Sutter Extension Water District MW-1 compilation 

logs (Appendix A).  Generally, the resistivity patterns are low with little character to 

serrated, indicating the fine-grained nature of this unit.  As previously described, the 

corresponding natural gamma log patterns commonly exhibit a pronounced increase and 

blocky character.  Spectral gamma ray logs display a pronounced increase in potassium 

and uranium, and a minor increase in thorium.  The spectral gamma ray log also displays 

a slight additional increase in the potassium concentration associated with rhyolitic 

fragmental material.  Drillers commonly refer to the Rhyolitic Rampart as “brown, white, 

or tan clay,” and “brown and tan sand.” 
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2.2.4.2.1 Age 

The age of the initial volcanism and deposition of the Rhyolitic Rampart is 

complicated by the erosional processes and relict topography that was present at the start 

of volcanism.  Based on K-Ar age dates on both Rampart and dome material, Williams 

and Curtis (1977) suggest “the basal beds cannot be much older than the first domes in 

the core of the buttes,” placing the beginning of volcanism at roughly 2 Ma (Williams 

and Curtis, 1977, p. 42).  In more recent studies of the Sutter Buttes, Hausback and 

Nilsen (1999) obtained a 40Ar-39Ar age of 1.59 Ma on individual crystals of sanidine 

taken from the base of the Rhyolitic Rampart, which directly overlies the Sutter 

formation.  The upper age of the Rhyolitic Rampart is not well constrained.  The 

stratigraphic position of the Rhyolitic Rampart underlying the Andesitic Rampart 

suggests the Rhyolitic Rampart is younger than the recent 40Ar-39Ar ages of the Andesite 

domes in the core of the Sutter Buttes that range from 1.56 to 1.36 Ma (Hausback and 

Nilsen, 1999). 

2.2.4.2.2 Subsurface Characteristics 

The subsurface characteristics of the Rhyolitic Rampart are: 

• White, light gray and bluish gray, rhyolite fragments. 

• Mineralogy:  Biotite rhyolite, with a minor amount of metamorphic fragments 

derived from underlying Sutter formation. 

• Brown to tan silt. 
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• Fine fraction consists of non- to low-plasticity tuffaceous silt, which 

occasionally contains volcanic glass shards, and minor low-plasticity clay 

nodules. 

• Common geophysical signatures include: low resistivity values, high natural 

gamma ray values, and high K, Th, and U radioisotope concentrations on 

spectral gamma ray log. 

• Stratigraphic position of the Rhyolitic Rampart above the Sutter formation, 

and below the Andesitic Rampart. 

2.2.4.3 Andesitic Rampart 

The Andesitic Rampart in this study consists of the Middle Member and Upper 

Member of the Rampart formation from Williams and Curtis (1977, p. 27) which were 

described as,  

“Middle member consists almost exclusively of waterlaid andesitic lithic 
debris derived from steam-blast eruptions.  Includes lenses of coarse laharic 
material carrying blocks of andesite and rhyolite, and lenses rich in pre-volcanic, 
sedimentary debris. 

Upper Member is composed almost wholly of stringers of coarse, bouldery 
andesitic debris laid down by lahars and perhaps in small part by “block and ash 
flows” from the flanks of the youngest Pelean domes.” 

 
As stated above, streams and lahars were the primary depositional processes during the 

development of the Andesitic Rampart, which corresponds with Hausback and Nilsen 

(1999) suggestion of wet climatic conditions from 1.6 to 1.3 Ma, caused by the 

Nebraskan glacial period.  Large block deposits found near the top of the Andesitic 

Rampart that were not deposited by streams, are interpreted as either, “products of cold or 

cool avalanches and lahars that came down from the steep Pelean domes” (Williams and 
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Curtis, 1977) or “deposited as both lahars and pyroclastic flows probably derived by 

dome collapse” (Hausback and Nilsen, 1999).  During the deposition of the Andesitic 

Rampart, most of the intrusive and extrusive domes had been emplaced and surficial 

deformation had ceased, resulting in more uniform dips of 10° to 20° (Williams and 

Curtis, 1977).  The thickness of the Andesitic Rampart in the south Moat area along the 

Pass Road measured section is 367 ft (112 m, Plate A) and in the west Moat area along 

the Western measured section is 262 ft (80 m, Plate B). 

One of the key differences between andesitic material that was derived from the 

Sutter Buttes and that of the underlying Sutter formation is the lack of pyroxene-bearing 

andesite in Sutter Butte andesite and the relative abundance of pyroxene in Sierra Nevada 

and southern Cascade andesites.  The lack of pyroxene in Sutter Buttes andesite may be 

caused by an increased amount of water in the magma chamber during crystallization 

(Brian Hausback, personal communication, 2007).  Another major difference between 

these two units is the amount of metamorphic rock fragments present; the Sutter Buttes 

Rampart has a small percentage of metamorphic detritus compared to the underlying 

Sutter formation deposits.  This is probably due to the proximity of these deposits to their 

source areas and distance they have been transported.  For example, the source areas for 

the Sutter formation are ten to hundreds of kilometers away in the southern Cascade and 

Sierra Nevada (Williams and Curtis, 1977) which allows sufficient time to incorporate 

metamorphic and epiclastic material with the andesitic material.  Conversely, the 

transport distance for the Sutter Buttes Rampart is much shorter resulting in relatively 

pure andesitic, and rhyolitic material comprising the Rampart.  The shape and sorting of 
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individual grains can also be used to differentiate between the Rampart and Sutter 

formation.  As discussed above, the amount of transport is significantly different between 

these units and the shape of the grains and clasts should reflect this difference.  Based on 

borehole cuttings and surface exposures the Sutter formation commonly contains sub-

rounded to well-rounded grains and clasts, while the Rampart commonly has angular to 

sub-angular clasts. 

Recent boreholes that have encountered Andesitic Rampart sediments include 

(Appendix A):  DWR Gray Lodge MW-1 (148 to 590 ft (45 to 180 m) bgs); DWR 

Cassady MW-1 (286 to 546 ft (87 to 166 m) bgs); DWR Wild Goose MW-1 (270 to 540 

ft (82 to165 m) bgs); Butte Water District MW-1 (150 to 420 ft (46 to128 m) bgs); DWR-

300 MW-1 (200 to 420 ft (60 to 128 m) bgs); Sutter Extension Water District MW-1 (220 

to 650 ft (67 to 198 m) bgs); Sutter Extension Water District MW-2 (250 to 660 ft (76 to 

201 m) bgs); and Venoco BC-1-204 (surface to 740 ft (0 to 226 m) bgs).  The cuttings 

from these boreholes consist of gray, red, white, brown, and black sand, gravel and silt 

with minor clay.  The sand and gravel fraction consists of porphyritic plagioclase-

hornblende-, and biotite-bearing andesite with minor rhyolite fragments.  Minor amounts 

of basement lithologies are present such as granite and gabbro probably derived from 

xenolith inclusions within the volcanic domes.  Where the Andesitic Rampart directly 

overlies the Sutter formation there is a common occurrence of metamorphic detritus near 

the top of the Sutter formation.  The fine fraction consists of non- to low-plasticity 

tuffaceous silt, and minor low-plasticity clay nodules.  Drillers commonly refer to the 
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Andesitic Rampart as “butte rock,” “lava,” “brown, tan, red, gray, and black sand,” 

“cemented sand,” and “brown silt and clay.” 

Typical geophysical log patterns of the Andesitic Rampart are best illustrated in 

the DWR Gray Lodge MW-1 and the Sutter Extension Water District MW-1 compilation 

logs (Appendix A).  Generally, the resistivity values are high and the patterns are blocky, 

slightly bell-shaped and occasionally funnel-shaped in profile, characteristic of massively 

bedded, braided-stream, and debris-flow deposits.  The blocky to bell-shape patterns 

indicate fining upward depositional events probably associated with braided-streams and 

the funnel-shaped patterns indicate coarsening upward depositional events probably 

associated with eruptive periods.  These resistivity log patterns typically display an 

abrupt basal contact produced by erosion and subsequent deposition of sand and gravel 

on silt or clay. (e.g., 380 ft (116 m) and 500 ft (152 m) SEWD MW-1 compilation log, 

Appendix A).  The lithologies indicated by the resistivity patterns range from silty sand, 

as in (DWR Gray Lodge MW-1, 500-550 ft (152-168 m)) to thick-bedded sands and 

gravels, as in (DWR Gray Lodge MW-1, 150-300 ft (46-91 m)).  As previously 

described, the corresponding natural gamma log patterns commonly exhibit a pronounced 

increase and blocky character.  Spectral gamma ray logs display a pronounced increase in 

potassium and uranium, and a minor increase in thorium. 

2.2.4.3.1 Age 

The transition from rhyolitic to andesitic volcanism and deposition of the 

Andesitic Rampart is clearly older than the Rhyolitic Rampart, based on the stratigraphic 

stacking pattern, but a definite age of the andesitic fragmental material has not been 
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confirmed.  Williams and Curtis (1977) proposed the end of explosive volcanism was 

approximately 1.5 Ma, based on the age of the youngest Andesite Pelean domes, however 

recent 40Ar-39Ar ages of the Andesite domes in the core of the Sutter Buttes range from 

1.56 to 1.36 Ma (Hausback and Nilsen, 1999).  The DWR Cassady MW-1 ash (discussed 

below) overlies the Andesitic Rampart in the Subsurface.  A glass separate of this ash 

was sent to the USGS Tephrochronology Lab for Electron Microprobe analyses and 

comparison to their geochemical reference database.  Glass from the Cassady ash did not 

match any of the > 5,500 chemical fingerprints in the USGS database.  A radiometric age 

determination of this ash would help constrain the end of Sutter Buttes volcanism. 

2.2.4.3.2 Subsurface Characteristics 

The subsurface characteristics of the Andesitic Rampart are: 

• Gray, red, white, brown, and black andesite with minor rhyolite fragments.  

• Coarse fraction: Predominantly angular to sub-angular grains and clasts.  Fine 

sand to boulder-sized clasts, depending on proximity to Sutter Buttes. 

• Mineralogy: Porphyritic andesite with phenocrysts of plagioclase, hornblende, 

and biotite.  Low occurrence of metamorphic fragments derived from 

underlying Sutter formation. 

• Gray, blue, and greenish gray silt and clay. 

• Fine fraction consists of non- to low-plasticity tuffaceous silt, which may be 

ashy, and minor low-plasticity clay nodules. 
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• Common geophysical signatures include: High resistivity values, high natural 

gamma ray values, and high K, Th, and U radioisotope concentrations on 

spectral gamma ray log. 

• Substantial thickness (~50-200 ft (15-61 m)) of blocky, bell-shaped and 

funnel-shaped resistivity patterns. 

• Stratigraphic position of the Andesitic Rampart above the Rhyolitic Rampart 

or above the Sutter formation (where the Rhyolitic Rampart is not present).  

Stratigraphically below the Turlock Lake Formation or Alluvial deposits. 

2.2.4.4 DWR Cassady MW-1 ash 

A sample of reworked ash, containing pumice and fresh glass was obtained from 

borehole cuttings from the DWR Cassady Borehole in the central portion of the 

Sacramento Valley, 6 miles (10 km) north of the Sutter Buttes (sample: BH05SB-20).  

This ash was found and informally named the DWR Cassady MW-1 ash by Brian 

Hausback.  A detailed description of this unit can be found in Chapter 3. 

2.2.4.5 Turlock Lake Formation 

The Turlock Lake Formation was first recognized by Arkley (1954) in the San 

Joaquin Valley and later named by Davis and Hall (1959).  In the subsurface of the San 

Joaquin Valley the Turlock Lake Formation includes two distinct units:  1) the 

widespread, lacustrine Corcoran Clay Member with abundant diatomaceous material that 

is located in the middle of the formation (Frink and Kues, 1954; Davis and others, 1959; 

Marchand and Allwardt, 1981; Page, 1986; and Burow and others, 2004); and 2) the 
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Friant Pumice Member, located near the top of the Turlock Lake Formation, which has a 

radiometric date (K/Ar) of 0.62 ± 0.02 Ma (Janda, 1965). 

Helley and Harwood (1985) mapped weathered arkosic gravels, sand, and silt 

they interpreted as the Turlock Lake Formation along the south and east margins of the 

Sacramento Valley, and proposed the Corcoran Clay Member of the Turlock Lake 

Formation is probably correlative to the Red Bluff pediment surface located in the 

northern Sacramento Valley.  The Red Bluff pediment surface was formed by a long term 

fixed base level, possibly a lacustrine environment, created by closed drainages in the 

Sacramento Valley (Helley and Jaworoski, 1985).  Evidence for internal drainage and a 

lacustrine environment in the Sacramento Valley was observed by Page and Bertoldi 

(1983) near Zamora.  In the USGS Zamora borehole Page and Bertoldi (1983) described 

a diatomaceous clay interval (534 to 544 ft (163 to 166 m) bgs) with very similar flora as 

the Corcoran Clay.  The same borehole encountered a pumiceous ash at 453 ft (138 m) 

bgs that was identified as the Rockland tephra.  Based on these earlier findings, Helley 

and Jaworoski (1985) tentatively correlated the diatomaceous clay interval below the 

Rockland tephra in the Sacramento Valley to the Corcoran Clay of the San Joaquin 

Valley.   

In this study, diatomaceous silt and clay has been observed in cuttings from 

eleven recent boreholes that have been drilled in the Sacramento Valley.  These boreholes 

include (Appendix A):  DWR Meyers Borehole no.2 (80-120 ft (24 to 37 m) bgs); DWR 

Cassady MW-1 (106 to 146 ft (32 to 45 m) bgs); DWR Wild Goose MW-1 (100 to 110 ft 

(30 to 33 m) bgs); DWR Gray Lodge MW-1 (120 to 140 ft (37 to 43 m) bgs); Butte 
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Water District MW-1 (90 to 100 ft (27 to 30 m) bgs); DWR-300 MW-1 (80 to 170 ft (24 

to 52 m) bgs); Sutter Extension Water District MW-1 (110 to 150 ft (33 to 46 m) bgs); 

Sutter Extension Water District MW-2 (120 to 130 ft (37 to 40 m) bgs); Sutter Extension 

Water District MW-3 (190 to 200 ft (58 to 61 m) bgs); Venoco Henshaw #11 (190 to 210 

ft (58 to 64 m) bgs); and DWR Sacramento River MW-1 (390 to 400 ft (119 to 122 m) 

bgs).  The cuttings from these boreholes consist of white, tan, brown, orange brown, and 

greenish gray silt to clayey silt, with sand and occasional gravel.  The fine fraction 

consists of firm to moderately indurated siltstone chips.  The siltstone commonly contains 

dark organic fragments.  The presence of diatomaceous material in borehole cuttings, and 

the stratigraphic position of this deposit are being used to delineate the Turlock Lake 

Formation in the subsurface of the study area.  Drillers commonly refer to the Turlock 

Lake Formation as “white clay,” and “brown to tan clay.” 

Typical geophysical log patterns of the Turlock Lake Formation are best 

illustrated in the DWR Gray Lodge MW-1, DWR-300 MW-1, and DWR Meyer MW-1 

compilation logs (Appendix A).  Generally, the resistivity values are low and patterns are 

flat in profile, characteristic of massively-bedded predominantly clayey to silty deposits.  

A serrated resistivity log pattern is also occasionally observed within the Turlock Lake 

Formation, indicating interbedded fine-grained sand, silt, and clay layers.  Corresponding 

natural gamma log patterns generally exhibit an erratic pattern with low to moderate 

values. 
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2.2.4.5.1 Age 

The age of the Turlock Lake Formation is constrained at the base by the presence 

of the Bishop Ash bed, 758 ± 2 thousand years (kyr) (Sarna-Wojcicki, 1995) in the San 

Joaquin Valley.  The age of top of the Turlock Lake Formation is established in the San 

Joaquin Valley by two widespread tephra layers; 1) the Friant Pumice Member, located 

near the top of the Turlock Lake Formation, which has a radiometric date (K/Ar) of 0.62 

± 0.02 Ma (Janda, 1965), and 2) the Lava Creek B ash bed (~665 ± 5 kyr; Sarna-

Wojcicki, 1995). 

In the Sacramento Valley, the age of the top of the Turlock Lake Formation is 

established by the presence of the Rockland tephra (565 to 610 kyr; Lanphere and others, 

2004) overlying diatomaceous clay (Helley and Jaworoski, 1985). 

2.2.4.5.2 Subsurface Characteristics 

The subsurface characteristics of the Turlock Lake Formation are: 

• White to tan silt to clayey silt, commonly firm to moderately indurated 

siltstone chips. 

• Presence of abundant diatomaceous material observed using a petrographic 

microscope (100-400X magnification; diatoms are commonly 5-10 µm wide 

by 20-40 µm long). 

• Generally low resistivity values with a flat to straight pattern. 
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• Stratigraphic position of Turlock Lake Formation above the Andesitic 

Rampart or the Laguna Formation and below the Alluvial Deposits 

(Riverbank Fm., Modesto Fm., Basin deposits). 

2.2.4.6 DWR Meyers Borehole no. 2 tephra (Rockland tephra) 

In the central portion of the Sacramento Valley northwest of the Sutter Buttes, a 

pumiceous ash sample was found in the DWR Meyers no. 2 borehole at a depth of 90 to 

100 ft (27 to 30 m) bgs that is underlain by diatomaceous silty clay.  This ash consists of 

fresh pumiceous glass shards, quartz, plagioclase, dark green hornblende, and green 

hypersthene.  A sample of this tephra was sent to the USGS Tephrochronology Lab and 

was correlated to the Rockland tephra.  A detailed description of this unit can be found in 

Chapter 3. 

2.2.4.7 Alluvial deposits 

During the Late Pleistocene to Holocene, the central and eastern Sacramento 

Valley was dominated by floodplain and alluvial fan deposition.  Tectonic uplift along 

the margins of the valley created inset depositional units and dissected alluvial fans that 

have been mapped and described by previous researchers as the Riverbank Formation, 

Modesto Formation, and Basin deposits (Busacca, 1982; Helley and Harwood, 1985).  

The subsurface equivalents of these units consist of overlapping, amalgamated floodplain 

and alluvial deposits of varying ages with similar lithologies.  Due to the lithologic 

similarity, lack of distinctive subsurface characteristics, and amalgamated character of 
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these deposits these units were grouped into one unit and are referred to in this study as 

Alluvial deposits. 

Surface exposures and cuttings from boreholes that have encountered Alluvial 

deposits are characterized by metamorphic and arkosic lithology with the amount of 

weathering, clay fraction, and oxidized sediments increasing with depth.  The coarse 

fraction of this unit consists of primarily rounded to sub-rounded sand and gravel caused 

by fluvial transport of these sediments.  The majority of the recent water resource 

boreholes (Appendix A) and water wells (drillers’ logs) drilled in the study area 

encounter a thick (20 to 80 ft (6 to 24 m)) interval of coarse-grained sand and gravel to a 

depth of 20 to 150 ft (6 to 46 m) bgs interpreted as the lower portion of the Alluvial 

deposits.  Thickness trends of this coarse-grained unit are greatest near the active 

Sacramento and Feather River floodplain.  The base of this unit marks the probable 

contact between the Alluvial deposits and the underlying Laguna Formation or the 

Andesitic Rampart in the Sutter Buttes area.  

Typical geophysical log patterns of the Alluvial deposits are best illustrated in the 

Butte Water District MW-1, DWR Feather River MW-1, DWR Gray Lodge MW-1, 

Sutter Extension Water District MW-1 and DWR Honcut Creek MW-1 compilation logs 

(Appendix A).  Generally, the resistivity patterns are blocky to bell-shaped fining upward 

packages, indicating fluvial channels with coarse-grained material at the base of the 

channel fining upward to silts and clays.  A serrated resistivity log pattern is also 

common within the Alluvial deposits, indicating interbedded sand, silt, and clay layers 

probably deposited in an overbank (levee) to floodplain environment.  The blocky to bell-
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shaped resistivity log patterns typically display an abrupt basal contact produced by 

erosion and subsequent deposition of sand and gravel on silt or clay (e.g., 120 ft (37 m) 

SEWD MW-3 compilation log, Appendix A).  The lithologies indicated by the resistivity 

patterns range from clay and silt, as in (SEWD MW-3, 120-170 ft (37 to 52 m)) to thick 

bedded sands and gravels, as in (SEWD MW-3, 40-120 ft (12 to 37 m)).  Corresponding 

natural gamma log patterns generally exhibit an erratic pattern. Drillers commonly refer 

to the Alluvial deposits as “soft brown sand,” “sand and gravel,” “sand and gravel with 

water,” “brown, tan and yellow clay,” and occasionally “hardpan.” 

2.2.4.7.1 Subsurface Characteristics 

The subsurface characteristics of the Alluvial deposits are: 

• Brown, yellow, and orange sand and gravel. 

• Coarse fraction: sub-angular to well-rounded sand and gravel.  Predominantly 

metamorphic and arkosic rock fragments. 

• Brown, black, orange, and blue silt and clay. 

• The fine fraction consists of non-plastic siltstone chips and low- to medium-

plasticity clay nodules. 

• Occurrence of shallow (~40 to 150 ft (12 to 46 m) bgs) blocky, bell-shaped 

and funnel-shaped resistivity patterns with an abrupt basal contact. 

• Stratigraphic position of Alluvial deposits above the Sutter Buttes Rampart 

(where present) or Laguna Formation. In areas where Alluvial deposits overlie 

Laguna Formation it is difficult to determine the contact.  The base of the first 
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significant gravel (commonly encountered at a depth of 50 to 120 ft (15 to 37 

m) bgs) and appearance of medium-plasticity fines can be cautiously used to 

differentiate between the Alluvial deposits and the Laguna Formation. 

A description of the surface character and extent of the stratigraphic units that 

comprise the Alluvial deposits follows. 

A. Riverbank Formation  

The Riverbank Formation is exposed on the surface around the western periphery 

of the Sutter Buttes, and along the eastern margin of the Sacramento and San Joaquin 

Valleys (Helley and Harwood, 1985).  Olmsted and Davis (1961) identified these 

deposits as the “alluvial plains enclosing the Sutter Buttes.”  Later Harwood and others 

(1981) divided the Riverbank Formation into an upper and lower member.  The upper 

member comprises the majority of the exposures in the area of investigation, and consists 

of alluvial fans and terraces of unconsolidated, weathered, reddish gravel, sand, silt, and 

minor clay with occasional semi-developed soil profiles (Helley and Harwood, 1985, p. 

11).  The deposition of the Riverbank Formation was caused by Pleistocene glacial 

advances and interglacial episodes of landscape stability (Busacca and others, 1989). 

Age 

The majority of the ages of the Riverbank Formation come from studies south of 

the study area, in the San Joaquin Valley.  In the San Joaquin Valley, Marchand and 

Allwardt (1981) reported an age for the Riverbank between 130 to 450 kyr, based on 

“several lines of evidence including uranium-trend dating on soils, which gave them the 
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younger limit; while the older limit was based on stratigraphic position between the 

younger Modesto Formation and the older Turlock Lake Formation” (in Helley and 

Harwood, 1985, p. 11). 

B. Modesto Formation 

The Modesto Formation crops out along the periphery, and deep valleys that drain 

the eastern half of the Sutter Buttes, and represents the youngest Pleistocene alluvial 

terrace deposits in the study area, consisting of unconsolidated, slightly weathered gravel, 

sand, silt, and clay (Helley and Harwood, 1985).  The Modesto Formation was deposited 

by the south-flowing Feather River and south-west-flowing flood distributary channels 

that drain to the Butte and Sutter Basins in the Valley trough (Busacca, 1982, p. 144). 

C. Basin Deposits 

The basin deposits of this study consist of the uppermost active; alluvial, 

floodplain, and channel deposits in the drainage basin.  The predominant fluvial input 

into the basin comes from the Sacramento River to the west, and the Feather River to the 

east, along with numerous subordinate creeks and sloughs.  The northern and 

northwestern portions of the area of investigation are occupied by natural wetland 

deposits of the Butte Sink and Grey Lodge National Wildlife Refuge.  Basin deposits are 

characterized by, fine-grained silts and clays with abundant organic material in the 

floodplain, and fine silt, sand, and interbedded lenses of gravel adjacent to the active 

fluvial_channel_areas.
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3.0 REGIONAL TEPHROCHRONOLOGY AND CHRONOSTRATIGRAPHY OF 
THE CENTRAL SACRAMENTO VALLEY NEAR THE SUTTER BUTTES. 

3.1 Introduction 

The principles and methods of tephrochronology are used in this study to 

characterize late Cenozoic tephra layers in northern California near the Sutter Buttes.  

Tephra is the universal term for all volcanic material erupted from a vent, including air-

fall and pyroclastic density current material (Thorarinsson, 1974). Because they are 

rapidly emplaced, tephra establish an instant time horizon in the rock record.  The 

temporal significance of tephra layers is utilized in tephrochronology, which is  

“a chronology based on measurement, connection, and dating of tephra layers.  
In particular, tephrochronology is concerned with establishment of a 
chronosequence of geologic events based on the unique characteristics of tephra 
layers (Thorarinsson, 1974).”  
 
Pyroclastic materials that are used for tephrochronology include pumice, volcanic 

glass shards, comagmatic minerals, and to a lesser extent lithic fragments.  The most 

commonly used component of tephra is volcanic glass shards, because of their 

widespread distribution and relative abundance at distal locations.  These materials are 

genetically related to their source, and do not vary randomly.  Site-specific characteristics 

of a tephra source (e.g., tectonic setting, composition and differentiation path of parent 

magmas) give unique characteristics that can be used to identify a particular geographic 

region or volcanic field from which the individual tephra came from (Sarna-Wojcicki and 

Davis, 1991).  Fine-grained tephra can be deposited great distances from a source, which 

provides a time-diagnostic layer or chronostratigraphic marker in the rock record.  Other 

uses for tephrochronology include, determining characteristics of tephra layers (age, 
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aerial distribution, and geochemical properties) to delineate source areas, and volcanic 

hazard identification.  Tephrochronology is used in this study to establish a 

chronostratigraphic framework for the study area, and compile a list of tephra layers that 

may be encountered in the subsurface of the central Sacramento Valley. 

Despite the utility of tephrochronology, there are a few limitations associated with 

this method of correlation.  The unconsolidated nature of freshly deposited tephra may 

result in rapid erosion, fluvial reworking, and incorporation of exotic detritus, all of 

which are expected within the study area.  This phenomenon can lead to erroneous 

chemical concentration data and incorrect correlations.  As described by Sarna-Wojcicki 

and Davis (1991, p. 95), “other limitations of tephrochronology are that the physical, 

mineralogical, and chemical characteristics of tephra layers can change with (1) distance 

from volcanic source, (2) depositional environment, and (3) age/weathering.” 

3.2 Tephra Correlation and Dating Methods  

Tephra layers have unique characteristics that are consistent and do not vary 

randomly.  Based on tephra characteristics, several field and analytical methods have 

been created to differentiate between tephra layers (Sarna-Wojcicki, 1976; Izett, 1981; 

Sarna-Wojcicki and Davis, 1991).  The tephra correlation and age control methods used 

in this study include:  1) field and petrographic methods (glass shard morphology and 

mineralogy of tephra layers), 2) chemical analysis of volcanic glass separated from tephra 

layers, and 3) 40Ar-39Ar dating of comagmatic minerals separated from tephra layers.
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3.2.1 Field and Petrographic Methods 

The first method of correlation used in this study is determining the field 

characteristic of tephra, such as the thickness, color, texture, and bedding.  This approach 

is useful for correlation over short distances, up to several kilometers, but may be 

inconsistent over longer distances because of the heterogeneity of tephra and 

incorporation of exotic detritus (Sarna-Wojcicki and Davis, 1991). 

The next method of correlation used is petrographic analysis of tephra to 

determine the presence of mineral suites and their relative abundances.  Tephra samples 

were disaggregated and washed to remove the fine-grained-size fraction and concentrate 

the glass shards and mineral grains.  Minerals that are commonly found in silicic tephra 

layers include feldspar (plagioclase and sanidine), quartz, biotite, hornblende, 

orthopyroxene (hypersthene), clinopyroxene (augite), ilmenite-magnetite, apatite, and 

zircon.  Correlations based on distinct mineral assemblages have been successful up to 

600 miles (~1,000 km) from the source vent (Sarna-Wojcicki and Davis, 1991).  Because 

of the non-quantitative separation and concentration methods employed, the use of 

relative mineral abundances such as (less-than (<), greater-than (>), or equal-to (=)) have 

been used to differentiate tephra layers in this study. 

Another distinguishing characteristic of tephra observed under the microscope is 

glass shard morphology (Sarna-Wojcicki, 1976; Izett, 1981).  Common glass shard 

morphologies observed in this study are, bubble-wall shards, bubble-wall junction shards, 

blocky shards, and pumiceous shards. 
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3.2.2 Chemical Method 

Five tephra samples collected during this study were processed and sent to the 

USGS Tephrochronology Laboratory, in Menlo Park, California (Table 3.1).  This 

facility has an extensive geochemical database composed of >5,500 tephra samples from 

the western United States.  The geochemical database is supplemented by a relational 

database that consists of location data, field characteristics, field notes, petrographic, and 

mineralogic information (Walker, 2004).  The geochemical signatures of the five tephra 

samples were evaluated using the electron microprobe analysis method. 

Sample Identification 
(see text for location) Analytical Technique Correlation to Regional Tephra 

BH05SB-20 (DWR Cassady MW-1 ash) Electron Microprobe Analysis No correlation available in USGS database 

BH05SB-46 (Edgewater Ranch borehole 
tuff) Electron Microprobe Analysis No correlation available in USGS database 

BH06SB-18 (Peace Valley ash) Electron Microprobe Analysis Correlated to MRM-00-34 tephra, <3.34 to 
>2.85 Ma (Mark West Springs, Sonoma, CA) 

BH06SB-54A Electron Microprobe Analysis 

Contains three distinct glass shard populations 
(Pops):  Two pops have no correlation to USGS 
database.  Pop 3 is correlated to the Rockland 

tephra 

BH06SB-54B Electron Microprobe Analysis Correlated to the Rockland tephra 

 

Table 3.1: Tephra samples sent to the USGS Tephrochronology Laboratory for electron 
microprobe analysis and correlation. 

Electron microprobe (EM) analysis is typically the most common chemical 

technique used for tephra correlation.  The development of EM analysis was a 

breakthrough for correlation of tephra layers, by making it possible to determine a 
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chemical “fingerprint” for individual glass shards (Sarna-Wojcicki and Davis, 1991).  

The most common component of tephra used for this technique is volcanic glass shards.  

EM analysis is a relatively inexpensive and easy-to-use technique because many 

laboratories have EM facilities, this technique requires a small sample size of pure glass, 

and analysis can be done on single volcanic glass shards.  EM analysis determines a small 

number of major and a few minor elements.  For silicic glass samples, the major elements 

include Si, Al, Fe, Ca, K and Na, which are the most useful for correlation, and the minor 

elements Mg, Mn, Ti, Cl, P, and Ba, (Sarna-Wojcicki, 1991).  Distinct compositional 

modes or populations of glass shards are identified by their characteristic elemental 

concentrations.  Because of the relatively small number of elements that are determined, 

this method of analysis is limited when multiple, chemically similar, tephra layers from a 

similar source need to be differentiated.  However, when complementary data (e.g., 

petrology, trace-element chemistry, and stratigraphic position) are used this method can 

be very useful. 

A limitation of the EM method is analysis of older glass shards can yield weight-

percent less than 100, due to hydration and divitrification of the glass (Sarna-Wojcicki 

and Davis, 1991).  To resolve this problem,  

“cations are usually recorded and reported as the weight-percent of their 
respective oxides.  The latter, together with the anions, are summed, and should 
total close to 100 percent…cation-oxide values obtained from EM analysis can be 
normalized to 100 percent, on a fluid-free basis, so that differences between more 
and less hydrated samples of the same tephra layer are minimized (Sarna-
Wojcicki and Davis, 1991, p. 102).” 
 

Another common analytical problem associated with the EM technique is sodium loss, as 

sodium is mobilized under the electron beam (Sarna-Wojcicki and Davis, 1991). 
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3.2.2.1 Statistical Method Used to Correlate Tephra Deposits 

Once chemical concentrations of tephra samples are determined, the raw data are 

entered into a computer database for statistical analyses.  The statistical analysis used by 

the USGS Tephrochronology Lab on the tephra layers from this study was the similarity 

coefficient technique described by Sarna-Wojcicki (1984).  Similarity coefficient (SC) 

comparison was first used in tephrochronology by Borchardt and others (1971) and later 

by Sarna-Wojcicki (1976).  This method has become the primary statistical comparison 

technique used for correlation of chemical data, because of its applicability to computer 

databases.  The SC is based on the ratios of normalized oxide values from element 

concentrations in two glass samples to be compared (Sarna-Wojcicki and Davis, 1991; 

Kuehn, 2006).  The ratios are determined by dividing the concentration of one sample by 

the concentration of another, with the greater concentration in the denominator.  The 

calculated oxide ratio is always less than or equal to one, with one being an identical 

match.  Once individual ratios are calculated, they are averaged to produce an SC for the 

pair of analyses (Kuehn, 2006).  An SC of 0.92 is typically considered the lowest 

acceptable value for correlation, SC’s greater than 0.95 are considered good evidence for 

correlation, and SC’s greater than 0.97 are considered very good, however correlations 

with SC’s below 0.95 may be accepted where there is other compelling evidence (Kuehn, 

2006). 

A few disadvantages of the SC method are, (1) it compares a large number of 

samples that grow exponentially as the number of analyzed samples increases, requiring a 

specific range of SC’s be chosen (e.g., SC of  > 0.92) (Sarna-Wojcicki, 1976); and (2) 
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SC’s of tephra with different ages that were erupted from the same volcanic province 

have shown SC’s as high as 0.90, requiring SC’s in the range of 0.89 to 0.92 be 

corroborated by complementary data such as stratigraphic position and petrology (Sarna-

Wojcicki and others, 1979). 

3.2.3 40Argon-39Argon Dating 

In instances were physical and chemical characteristics are not distinctive enough 

to differentiate between tephra layers, pyroclastic units can be dated directly by the   

40Ar-39Ar dating technique.  Plagioclase crystals were separated from a mildly reworked 

pumiceous ash sample (BH06SB-24B) within the Sutter formation on the south side of 

the Sutter Buttes (282 ft along the Pass Road measured section, Plate A).  In the 

laboratory, the BH06SB-24B ash sample was disaggregated and wet-sieved using 35-60 

mesh screens.  The sample was cleaned chemically, first with 7 percent HN03 and then 

with 5 percent HF.  The sample was then separated using a Frantz magnetic separator.  

The non-magnetic portion of the sample was hand picked to collect 200 milligrams of 

clear, glassy plagioclase feldspar.  The plagioclase sample was sent to the Nevada Isotope 

Geochronology Lab for 40Ar-39Ar Dating.  The plagioclase sample was analyzed using a 

conventional step heating furnace.  A total gas age (4.19 ± 0.06 Ma), a plateau age (4.09 

± 0.21 Ma), and an isochron age (4.59 ± 0.09 Ma) were determined.  The plateau age of 

4.09 ± 0.21 Ma is considered the most reliable age for this sample based on a relatively 

flat 5 step plateau, similar total and plateau ages, and lack of an indication for excess 
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argon (Terry Spell, written communication, 2007).  For a detailed description of the 

procedures used by the Nevada lab and the 40Ar-39Ar analyses see Appendix B. 

3.3 Late Cenozoic Tephra Deposits in Northern California near the Sutter Buttes 

The principles and techniques of tephrochronology described above were used to 

characterize late Cenozoic tephra deposits in northern California near the Sutter Buttes 

(Table 3.2) in order to establish a chronostratigraphic framework and determine the 

depositional history of the basin.  The tephra layers described below, from youngest to 

oldest, have been found in surface exposures and in subsurface samples collected in the 

central Sacramento Valley. 

3.3.1 Rockland tephra 

The Rockland tephra is a widespread and significant chronostratigraphic unit in 

northern California (Figure 3.1; Sarna-Wojcicki and others, 1985; Harwood and Helley, 

1987; Lanphere and others, 2004).  The Rockland tephra was erupted from a vent near 

Brokeoff Mountain, in Lassen National Park (Sarna-Wojcicki and others, 1985; Lanphere 

and others, 2004) that produced approximately 29 mi3 (120 km3) of tephra (Sarna-

Wojcicki and others, 1985).  The age of this unit has been debated; an age of 410,000 

years (yrs) derived from fission-track analysis on zircons (Meyer and others, 1991; 

Sarna-Wojcicki and others, 1985) was the previously accepted age.  However, recent 

work by Lanphere and others (2004, p. 94) has constrained the age to 565,000 to 610,000 

yrs using 40Ar-39Ar, U-Pb dating, and stratigraphic constraints. 
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Table 3.2: Stratigraphic Column and Correlation Chart of tephra layers in the Sacramento Valley near the Sutter Buttes. 
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Figure 3.1: Distribution of the Rockland tephra from Lanphere and others, 2004.  The open circle 

represents the inferred source of the Rockland tephra. Solid circles are sites where 
Rockland tephra layers have been previously described by Sarna-Wojcicki and others 
(1985), Sarna-Wojcicki and Davis (1991), and Alloway et al. (1992). 

The Rockland tephra is rhyolitic in composition, and contains dark green to 

brown hornblende, and hypersthene (hornblende > hypersthene) (Sarna-Wojcicki and 

others, 1985).  Pumice fragments consist of “elongate, spindle-shaped vesicles and 

subordinate frothy, irregularly shaped pumice shards with spherical or ovoid vesicles” 

(Figure 3.2; Sarna-Wojcicki and others, 1985).  Deformation of this chronostratigraphic 

unit gives a maximum age of late Cenozoic tectonism in the Sacramento Valley 

(Harwood and Helley, 1987). 



 

 

81

 
Figure 3.2: Scanning electron microscope (SEM) image of Rockland tephra pumiceous glass 

shards.  Tic marks 100 microns apart (Sarna-Wojcicki, 
http://volcanoes.usgs.gov/Products/Pglossary/ ash_more.html). 

Widespread distribution of the Rockland tephra, into various depositional 

environments (marine, lacustrine, and fluvial) has allowed workers to reconstruct the 

mid-Pleistocene paleogeography of northern California.  Sarna-Wojcicki and others 

(1985) suggest the Great Valley was an internally drained lacustrine basin during the 

middle Pleistocene and that the present drainage, near the Carquinez Strait, was 

established approximately 600,000 yrs ago.  On the southwestern side of the Sacramento 

Valley near Zamora, the Rockland tephra has been found at a depth of 453 ft (138 m) bgs 

(Page and Bertoldi, 1983) in the USGS Zamora borehole, 80 ft (24 m) above a 

diatomaceous interval, tentatively correlated to the Corcoran Clay.  In the central portion 

of the Sacramento Valley north of the Sutter Buttes, a pumiceous ash (sample: BH06SB-

54B; Table 3.2) was found in the DWR Meyer borehole no. 2 at a depth of 90 to 100 ft 

(27 to 30 m) bgs.  The pumiceous ash is underlain by diatomaceous silty clay.  This ash 

consists of fresh pumiceous glass shards, quartz, plagioclase, dark green hornblende, and 

green hypersthene. 



 

 

82

A glass separate of the DWR Meyer borehole no. 2 ash (BH06SB-54B; Table 3.1) 

was sent to the USGS Tephrochronology Lab for EM analyses and comparison to their 

geochemical reference database.  Its glass chemistry strongly indicates (≥0.96 SC) that it 

matches very well with numerous Rockland tephra glass samples from throughout the 

western conterminous U.S. and eastern Pacific Ocean. 

3.3.2 DWR Cassady MW-1 ash 

A sample of reworked ash, containing pumice and fresh glass was observed (by 

Brian Hausback) in drill cuttings from DWR Cassady MW-1 (Appendix A) in the central 

portion of the Sacramento Valley, 6 miles (10 km) north of the Sutter Buttes (sample: 

BH05SB-20; Figure 3.3).  The sample is comprised of sub-angular to well-rounded, clear 

to gray glass shards and beads; the mineralogy of individual pumice lapillus consists of 

plagioclase > green and brown hornblende > quartz > clinopyroxene and orthopyroxene 

(Brian Hausback, personal communication, 2006). 

     
Figure 3.3: Photomicrographs of the DWR Cassady MW-1 ash (BH05SB-20) using a dissecting 

microscope.  (A) Sub-rounded to well-rounded glass shards, (B) pumice fragments 
and fresh glass (Brian Hausback, 2005).  Width of field is ~ 5 mm. 

A B



 

 

83

A glass separate of the DWR Cassady MW-1 ash (BH05SB-20; Table 3.1) was 

sent to the USGS Tephrochronology Lab for EM analyses and comparison to their 

geochemical reference database.  Glass from the DWR Cassady MW-1 ash did not match 

any of the >5,500 chemical fingerprints in the USGS database.  This tephra 

stratigraphically overlies the Sutter Buttes Andesitic Rampart, making it a significant 

stratigraphic marker.  Currently, the only age constraint for this tephra is that it is 

younger than 1.59 Ma; the age of the underlying Rhyolitic Rampart obtained by 40Ar-39Ar 

analysis of sanidine (Hausback and Nilsen, 1999). 

3.3.3 Peace Valley ash 

A fine-grained light gray vitric ash about 16 inches (40 cm) thick crops out within 

the Sutter formation, on the north side of the Sutter Buttes in Peace Valley (sample: 

BH06SB-18; Figure 3.4).  This ash was found and informally named the Peace Valley 

ash by Brian Hausback. The sample is comprised of bubble wall shards of clear and tan 

to brown glass; the mineralogy of a bulk sample of glass consists of quartz > plagioclase 

>> sanidine (Brian Hausback, personal communication, 2006). 
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Figure 3.4: Photomicrographs of Peace Valley ash (BH06SB-18).  (A) Picture of bubble wall 

shards from a dissecting microscope, (B) Picture of glass shards and bubble-wall 
shards from a petrographic microscope using clove oil (Brian Hausback, 2005).  
Width of field is ~5 mm. 

A glass separate of the Peace Valley ash (BH06SB-18; Table 3.1) was sent to the 

USGS Tephrochronology Lab for EM analyses and comparison to their geochemical 

reference database.  Its glass chemistry strongly indicates (0.9351 SC) that it correlates to 

the tephra sample MRM-00-34 collected by Bob McLaughlin from Mark West Springs, 

in Sonoma, CA.  This tephra is the youngest Sonoma Volcanic Field tephra sample above 

the Putah and Nomlaki tuffs and has an age range of < 3.34 Ma to >2.85 Ma.  This age 

corresponds well with the stratigraphic position of the Peace Valley ash, which lies 

approximately 100 ft (30 m) below the contact between the Sutter formation and the 

Sutter Buttes Rhyolitic Rampart. 

3.3.4 Nomlaki Tuff 

Anderson and Russell (in Russell and Vanderhoff, 1931, p. 14) proposed the 

name Nomlaki Tuff for exposures of pink to white, dacitic pumice tuff on the Nomlaki 

A B
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Indian Reservation in Tehama County.  Anderson (1933, p. 234) described the Nomlaki 

Tuff as, “chiefly of white pumice fragments embedded in a pink, gray, or white matrix of 

glass and crystal shards.  The crystal shards consist of basic oligoclase, hypersthene, and 

green and brown hornblende.”  The Nomlaki Tuff is an exceptionally widespread tephra 

in northern California, making it a useful chronostratigraphic marker at or near the base 

of numerous Pliocene formations in the Sacramento Valley.  The Nomlaki erupted from 

the Yana Volcanic Center (Figure 2.5), now an eroded remnant of a stratocone southeast 

of Lassen Peak (Russell, 1931; and Anderson and Russell, 1939).  Russell and 

Vanderhoff (1931) first mentioned the occurrence of the tuff at the base of both the 

Tehama and Tuscan Formations, suggesting these units must be in part contemporaneous.  

After this early work, a number of subsequent studies have identified and described the 

Nomlaki Tuff at or near the base of Pliocene stratigraphic units in northern and southern 

California, and Nevada (Sarna-Wojcicki and other, 1991).  Two studies in the Oroville 

area, Busacca (1982) and Unruh (1990) reported the Nomlaki Tuff at the base of the 

Laguna Formation and at the base of the age-equivalent “Tuffs of Oroville” from 

Lindgren (1911) (Table 2.1).  On the south side of the Sutter Buttes, a tuff was reported 

in the Sutter formation, which Andrei Sarna-Wojcicki identified based on its trace-

element chemistry, as the Nomlaki (Brian Hausback, personal communication, 2005).  

Near this location, along Pass Road, recent field work and measurement of stratigraphic 

sections (Pass Road measured section, Plate A) has yielded three additional occurrences 

of lenses of white to light gray, rounded to sub-rounded pumice fragments up to 2 inches 

(5 cm), dispersed in a matrix of ash and fine silty sand at the same stratigraphic interval.  
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These tephra layers are 603 ft (184 m) above the base of the Sutter formation.  

Petrographic analysis of individual pumice as well as bulk groundmass samples were 

examined for glass shard morphology, and the mineral species present and their relative 

abundance.  The samples are comprised of bubble wall shards of clear and tan to medium 

brown glass; the mineralogy of the pumice sample consists of plagioclase > yellow to 

brown orthopyroxene with magnetite inclusions > black hornblende >> magnetite.  

Another tephra in a similar stratigraphic position within the Sutter formation has been 

found in the northern portion of the Sutter Buttes, in Peace Valley.  This tephra exhibits 

similar field characteristics, glass morphology, minerals present, and their relative 

abundances to the Nomlaki on the southern side of the Sutter Buttes. 

Russell and Vanderhoff (1931) established the age of the Tehama and Tuscan 

Formation as upper middle to upper Pliocene based on the occurrence of faunal evidence 

10 ft (3 m) above the Nomlaki Tuff.  Evernden and others (1964) obtained a K-Ar age of 

3.4 ± 0.4 Ma for the Nomlaki Tuff on the east side of the Sacramento Valley and 

Obradovich and others (1978) reported a zircon fission-track age of 3.4 ± 0.3 Ma for the 

Nomlaki exposed in marine deposits in southern California.  These two radiometric ages 

confirm the upper middle Pliocene age given by Russell and Vanderhoff (1931). 
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Figure 3.5: Approximate areal distribution of the Nomlaki Tuff Member of the Tehama and Tuscan 

Formations and the Putah Tuff Member of the Tehama Formation.  Modified from 
Sarna-Wojcicki and Davis, 1991.  Solid circles indicate locations where Nomlaki and 
Putah tephra has been found.  Colored stars represent the inferred source and 
shaded area represents minimum area covered by tephra layers (Sarna-Wojcicki, 
1991). 

3.3.5 Putah Tuff 

The Putah Tuff Member of the Tehama Formation was erupted from the Sonoma 

Volcanic Field (Figure 3.5) approximately 3.4 Ma ago, an estimated 75,000 yrs prior to 

the eruption of the Nomlaki Tuff, and was deposited eastward into the Great Valley 

(Miller, 1966 as discussed in Sarna-Wojcicki and others, 1991; Sarna-Wojcicki, 1976). 
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Figure 3.6: SEM image of glass shards from the Putah Tuff.  Tic marks 100 microns apart (Sarna-

Wojcicki, http://volcanoes.usgs.gov/Products/Pglossary/ash_more.html). 

The Putah tuff crops out along the southwestern side of the Sacramento Valley, 

and the type section is approximately 12 miles (20 km) north of Vacaville near the Yolo-

Solano County line (Sarna-Wojcicki and others, 1979).  The Putah Tuff is comprised of 

pumiceous, bubble-wall, bubble-wall junction, and blocky glass shards (Figure 3.6); the 

mineralogy of this tephra is dominated by hypersthene, with minor amounts of augite, 

and dark brown hornblende (Figure 3.7; Sarna-Wojcicki and Davis, 1991, p. 121).  The 

stratigraphic position of the Putah Tuff at the base of the Tehama Formation, gives an 

approximate age of northern Coast Range uplift.  Although not recognized in exposures 

at the Sutter Buttes, the distribution of this tephra suggests that it was deposited in the 

area of the Sacramento Valley now occupied by the Sutter Buttes. 
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Figure 3.7: Relative abundance of ferromagnesium minerals in the Nomlaki and Putah Tuffs.  

Relative abundance of ferromagnesium minerals in the Nomlaki Tuff Member of the 
Tehama and Tuscan Formations (A, B) and the Putah Tuff Member of the Tehama 
Formation (C, D) modified from Sarna-Wojcicki and others, 1991.   

3.3.6 Pass Road ash 

A reworked pumiceous ash layer was observed near the base of the Sutter 

formation in the south Moat area at 282 ft (86 m) on the Pass Road measured section 

(Appendix A).  The pumiceous ash consists of white to yellow devitrified pumiceous 

fragments.  A mineral separate of this interval was examined revealing an apparent 

dacitic mineral assemblage containing mostly plagioclase, minor quartz, and trace 

amounts of black hornblende and biotite.  This interval is highly enriched with primary 

volcanic material.  The relative purity of this interval suggests these deposits were 

coincident with an eruption and were subsequently transported into the paleo Sacramento 

Valley.  This ash was sampled (BH06SB-24B (Table 3.2) and a 40Ar-39Ar plateau age of 

4.09 ± 0.21 Ma was determined by the Nevada Isotope Geochronology Lab.  The age of 
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this unit is significantly younger than the previously suggested Oligocene age for the 

basal portion of the Sutter formation proposed by Williams and Curtis (1977).  It should 

be noted that the interval that was dated is not at the exact base of the Sutter formation.  

The stratigraphic position of this interval is 8 m above tan to orange, cross-bedded 

sandstone and conglomerate beds comprised of quartz and metamorphic grains and clasts.  

The difference in lithology and inferred depositional environment between these two 

intervals reflects an abrupt change and is interpreted as the change from the Sutter 

formation above to the Ione Formation below, however; the exact contact can not be 

determined due to surface cover. 

3.3.7 Edgewater Ranch borehole tuff 

The Edgewater Ranch borehole tuff was found in drill cuttings from a borehole 

located on the south east side of the Valley near the town of Linda.  The Edgewater 

Ranch borehole tuff was encountered at a depth of 610 ft bgs (186 m), and was easily 

identified in drill cuttings because it made up 90-95% of the 10 ft (3 m) grab sample.  

The sample is comprised of sub-angular to well-rounded, white pumice lapilli, 1-3 cm in 

diameter; the mineralogy of individual pumice lapillus consists of plagioclase with glass 

rims > greenish black biotite > orthopyroxene > hornblende > brassy-colored pyrite > 

magnetite (Figure 3.8). 
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Figure 3.8: Photomicrograph of the Edgewater Ranch borehole tuff.  Vesiculated, and ribbed 

pumiceous glass shards.  Width of field is ~ 5 mm.   

This tephra was processed by Brian Hausback and a glass separate (BH05SB-46, 

Table 3.1) was sent to the USGS Tephrochronology Lab for EM analyses and comparison 

to their geochemical reference database.  Glass from this tephra did not match any of the 

>5,500 chemical fingerprints in the USGS database.  Based on the depth and the 

occurrence of this tephra layer stratigraphically below andesitic detritus interpreted to be 

the Mehrten Formation, it is possibly Miocene to Oligocene in age.  
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3.4 Chronostratigraphy of the Sacramento Valley near the Sutter Buttes 

Chronostratigraphy refers to the branch of stratigraphy that establishes temporal 

and genetic relationships between strata layers.  These relationships can be used to 

delineate the organization of a stratigraphic column based on the relative or absolute ages 

of the rocks.  Establishing a framework of chronostratigraphically significant surfaces, or 

marker-beds, is important when drawing cross sections, reconstructing regional 

paleogeography, and characterizing basin evolution.  Below is a description of the marker 

beds used to establish a chronostratigraphic framework for the study area (Table 3.3).  

Table 3.3 illustrates the relative stratigraphic position of each regional 

chronostratigraphic marker bed, the stratigraphic units that the marker beds occur in, and 

the inferred depositional environment for each stratigraphic unit.  

The Rockland tephra is the youngest regional chronostratigraphic marker bed in 

the study area and has been observed in many locations in the Sacramento Valley.  The 

Rockland was observed by Page and Bertoldi (1983) in the USGS Zamora borehole on 

the south west side of the Sacramento Valley.  In the Zamora borehole, the Rockland 

tephra was identified at a depth of 453 ft (138 m) bgs, which is 80 ft (24 m) above a 

diatomaceous interval, tentatively correlated to the Corcoran Clay (Page and Bertoldi, 

1983).  In the northern Sacramento Valley the Rockland tephra has been found overlying 

the Red Bluff Formation, a coarse-grained gravel, interpreted as a pediment surface 

formed from a long-term fixed base level created by closed drainages in the Valley 

(Figure 3.9) (Helley and Jaworoski, 1985).  The Rockland tephra was found (90 to 100 ft 

bgs) overlying a diatomaceous siltstone interval in the north-central Sacramento Valley in 



 

 

93

  
Table 3.3: Chronostratigraphic framework for the Sacramento Valley.  Colored lines represent regional chronostratigraphic markers that have been found within late Cenozoic deposits in the study area.
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the DWR Meyers borehole no. 2 (Figure 3.9).  It appears Rockland tephra deposition 

occurred in both subaerial (Red Bluff pediment) and subaqueous (lacustrine) 

environments in the northern Sacramento Valley approximately 600 kyr (Table 3.3). 

 
Figure 3.9: Location of boreholes with diatomaceous material in the study area.  Image of the 

northern Sacramento Valley (courtesy of W. Bowen, CSU, Northridge) with 
approximate outline of Red Bluff pediment (modified from Helley and Jaworoski, 
1985), location of Rockland tephra exposure, and boreholes with diatomaceous 
material observed in cuttings. 

The contrasting environments that the Rockland tephra was deposited in may be 

caused by late Cenozoic tectonism in the Sacramento Valley.  The eastern and northern 

margins of the Valley (where the Rockland tephra has been found overlying the Red 

Bluff) have been uplifted by the Chico Monocline and Corning Domes (Harwood and 

Helley, 1987), while the middle of the Sacramento Valley, where the Rockland tephra has 
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been found in the subsurface, has been a depositional basin throughout much of the late 

Cenozoic.  Further evidence suggesting a lacustrine environment in the Sacramento 

Valley comes from the presence of diatomaceous material observed in cuttings from 

eleven boreholes in the Valley at a relatively comparable stratigraphic interval (Figure 

3.9).  The difference in the stratigraphic position of the diatomaceous clay for the 

majority of the wells is interpreted to be a product of paleo-relief of the Valley during the 

Pleistocene.  However, the diatomaceous clay intervals in the USGS Zamora and DWR 

Sacramento River MW-1 boreholes are significantly deeper than the other diatomaceous 

clay layers in the study area.  This difference is probably related to active tectonics on the 

western margin of the Sacramento Valley, namely the Zamora Fault and Zamora 

Syncline (Harwood and Helley, 1987).  The fairly widespread occurrence of 

diatomaceous clay and presence of the overlying Rockland tephra suggests a lacustrine 

environment was present in the Sacramento Valley approximately 600 kyr, and the 

paleoshoreline of the lake is perhaps marked by the margins of the Red Bluff pediment 

surface (Figure 3.9). 

Previous work in the Great Valley has found evidence suggesting there were 

lacustrine conditions in the middle Pleistocene.  Evidence of a lacustrine environment 

and internal drainage in the Great Valley has been observed by Sarna-Wojcicki (1995).  

He documented the age, and areal extent of “Lake Clyde,” a mid-Pleistocene lake that 

occupied the Great Valley approximately 780 kyr to 660 kyr, ago, which created the 

Corcoran Clay, found in the subsurface in the San Joaquin Valley.  Based on similar 

elevations of topographic break in slope from several areas throughout the Great Valley, 
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Sarna-Wojcicki (1995, p. 2) estimated the maximum extent of the lake, and determined 

two long-lived shorelines of the lake, ~490 ft mean sea level (msl) (150 m) and ~590 ft 

msl (180m).  The termination of Lake Clyde, and widespread lacustrine deposition in the 

Great Valley, has been established by the presence of three widespread tephra layers in 

California that overlie the Corcoran Clay; the Lava Creek B ash bed (~665 ± 5 kyr), the 

Friant pumice member of the Turlock Lake Formation (620 ± 2 kyr) and the Rockland 

tephra (565 to 610 kyr) (Sarna-Wojcicki, 1995, p. 2; Janda, 1965; Lanphere and others, 

2004).   

Sarna-Wojcicki (1985, and 1995) used the Rockland tephra to reconstruct the 

paleogeography, and ancestral drainage pattern of the Great Valley.  In the late Miocene 

and Pliocene, prior to the period of internal drainage in the Great Valley, drainage was 

directed north-south to an outlet near the Kettleman Hills (Sarna-Wojcicki, 1995).  This 

southern outlet was tectonically dammed by motion along the San Andreas Fault system, 

and resulted in internal drainage of the Great Valley.  Evidence of the end of Lake Clyde 

and lacustrine deposition in the Great Valley was documented by Sarna-Wojcicki (1995, 

p. 6-7), 

“at about 660 kyr age, shortly after the eruption and deposition of the Lava Creek 
B ash bed, the lake rose high enough to overtop a low sill near the present site of 
the Carquinez Strait, cutting through it and thereby draining itself, though the 
ancestral San Francisco Bay, and into the ocean…evidence of this drainage event 
is preserved in sediments of the marine-estuarine Merced Formation, exposed at 
the western San Francisco Peninsula to the southwest of Carquinez Strait.  An 
abrupt change in sediment composition is observed in this formation, from a 
mineralogy derived from Coast Range rocks in the lower part of the section, to a 
dominantly exotic mineralogy, derived from rocks of the Great Valley drainage 
basin, in the upper part.  This change marks the inception of Great Valley 
drainage into the ancestral San Francisco Bay.” 
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The Rockland tephra was found 377 ft (115 m) to 492 ft (150 m) stratigraphically above 

the abrupt change in sediment provenance (Hall, 1965), giving an age constraint of the 

opening of the northern outlet. 

Another important chronostratigraphic marker in the Sacramento Valley, near the 

Sutter Buttes is the DWR Cassady MW-1 ash (Table 3.3).  This tephra was found, by 

Brian Hausback, in the DWR Cassady MW-1 borehole approximately 6 miles (10 km) 

north of the Sutter Buttes.  Tephra fragments were identified from drill cuttings that were 

washed, and pumice and glass shards were separated and analyzed under a dissecting and 

petrographic microscope (Figure 3.3). The significance of this chronostratigraphic unit, if 

the absolute or relative age can be determined, is that it would provide an approximate 

age of the end of Sutter Buttes volcanism. The age of the initial volcanism and deposition 

of the Rhyolitic Rampart is based on K-Ar age dates on both Sutter Buttes Rampart and 

dome material.  Williams and Curtis (1977) suggest “the basal beds cannot be much older 

than the first domes in the core of the buttes,” placing the beginning of volcanism at 

roughly 2 Ma (Williams and Curtis, 1977, p. 42).  In more recent studies of the Sutter 

Buttes, Hausback and Nilsen (1999) obtained a 40Ar-39Ar age of 1.59 Ma on individual 

crystals of sanidine taken from the base of the Rhyolitic Rampart, which directly overlies 

the Sutter formation.  The Andesitic Rampart is clearly younger than the Rhyolitic 

Rampart, based on the stratigraphic position, but an absolute age of the andesitic 

fragmental material has not been confirmed.  Williams and Curtis (1977) proposed the 

end of “explosive” volcanism was approximately 1.5 Ma, based on the age of the 
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youngest Andesite Pelean domes, however recent 40Ar-39Ar ages of the Andesite domes 

in the core of the Sutter Buttes range from 1.56 to 1.36 Ma (Hausback and Nilsen, 1999). 

The Peace Valley ash (Table 3.2, Table 3.3; <3.34 Ma to >2.85 Ma) is found near 

the top of the Sutter formation.  According to the USGS tephrochronology database, the 

Peace Valley ash is the youngest tephra from the Sonoma Volcanic Field above the Putah 

and Nomlaki Tuffs.  On the north side of the Sutter Buttes, three significant 

chronostratigraphic markers have been found.  These markers include the contact 

between the overlying Sutter Buttes Rampart and the Sutter formation (~ 1.59 Ma, 

Hausback and Nilsen, 1999); the Peace Valley ash (<3.34 Ma to >2.85 Ma); and the 

Nomlaki Tuff (3.4 Ma). 

The most significant and widespread chronostratigraphic marker in the 

Sacramento Valley is the Nomlaki Tuff (Table 3.2, Table 3.3), because its occurrence at 

or near the base of several late Pliocene formations in the Sacramento Valley.  The 

Nomlaki is near the base of the Tuscan Formation to the north, in the middle of the Sutter 

formation on the north and south side of the Sutter Buttes, is near the base of the Tehama 

Formation on the western margin of the Valley, and is at the base of the Laguna 

Formation along the southeastern margin of the Valley.  This establishes a 

chronostratigraphic datum for late Pliocene andesitic fan apron deposition of the Tuscan 

Formation into the Sacramento Basin from the east, and northern Coast Range derived 

alluvial fans of the Tehama Formation from the west.   

The stratigraphic position of the 3.4 Ma Nomlaki Tuff, at the base of the Coast 

Range derived Tehama Formation establishes an age for the initial uplift of the northern 
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Coast Ranges.  The uplift may have been caused by a change in the plate motion between 

the North American and Pacific plates and subsequent compression along the San 

Andreas Fault System (Sarna-Wojcicki and others, 1991).     

The Nomlaki has also been used (Sarna-Wojcicki and others, 1991) to determine 

the late Pliocene paleogeography of California.  In the late Miocene and Pliocene, prior to 

the period of internal drainage in the Great Valley, fluvial drainage in the Great Valley 

was oriented north-south and flowed to a marine embayment near the Kettleman Hills on 

the southwest side of the Valley.  Evidence for this drainage pattern comes from an 

occurrence of fluvially reworked Nomlaki Tuff found near the Kettleman Hills (Sarna-

Wojcicki and others, 1991). 

The oldest late Cenozoic regional chronostratigraphic marker in the Sacramento 

Valley is the Putah Tuff, which underlies the Nomlaki Tuff (Sarna-Wojcicki and others, 

1991).  Like the Nomlaki tuff, the Putah is also near the base of the Tehama Formation, 

and these two tephra layers have been used to determine the direction and timing of Coast 

Range uplift (Sarna-Wojcicki and others, 1991). 

3.5 Discussion and Summary 

Chronostratigraphy has been used to establish the temporal and geologic 

framework of the study area, including the identification and characterization of 

stratigraphic units and the relationships among them. 

Delineating the sedimentary units that comprise the aquifer system in the central 

Sacramento Valley is difficult when based solely on lithology.  Most of the units contain 

sediments of fluvial and alluvial origin that include several lenticular depositional facies 
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with proximal to distal changes and transgress time.  Chronostratigraphy has been applied 

to the various sedimentary units for age determination and interpretation of depositional 

environments and basin evolution.  Knowledge of the depositional history of the Valley 

significantly improves 1) the understanding of the three-dimensional geometry and 

distribution of stratigraphic units and 2) capability to predict aquifer vs. aquitard material 

and groundwater preferential pathways, which is essential for developing conceptual 

geologic models and accurate groundwater flow models.  Age interpretations based on 

chronostratigraphy allow for more accurate correlation with other stratigraphic units in 

the Valley.  The chronostratigraphic units identified in the central Sacramento Valley 

(Table 3.3) suggest a depositional history dominated by alluvial and fluvial processes 

throughout the late Tertiary and Quaternary with a lacustrine environment during the 

middle Pleistocene. 

Identification of distinctive tephra layers (Table 3.2) in the Sacramento Valley 

provides insights on the position in the stratigraphic column and where tephra may be 

expected in future drilling projects.  If a tephra layer is known to potentially occur in the 

subsurface of a future drilling project, cutting sample collection procedures can be 

modified in attempts to collect tephra samples that are normally missed using standard 

sampling procedures.  In areas where multiple tephra layers may occur at depth, 

collecting continuous core samples gives the highest potential of obtaining and 

preserving the thin friable intervals of tephra. 
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4.0 SUBSURFACE DISTRIBUTION OF STRATIGRAPHIC UNITS 

4.1 Introduction 

Structure contour and isopach maps together with four geologic cross sections 

were constructed to: 1) establish a subsurface stratigraphic framework for the Sacramento 

Valley near the Sutter Buttes, 2) illustrate both the horizontal and vertical relationships 

between stratigraphic units, and 3) characterize the distribution and approximate volume 

of the Sutter Buttes Rampart in the Valley.  This information enhances the understanding 

of the subsurface distribution of the stratigraphic units, which comprise the entire fresh 

water aquifer in the region and provides a foundation for future studies to build upon and 

basis for informed water resource management decisions. 

4.2 Geologic Cross Sections 

Four geologic cross sections were created for this study (Plate C).  Cross sections 

were located to: 1) best utilize the most accurate and detailed borehole data, 2) utilize 

boreholes that penetrated distinctive stratigraphic units and marker beds, such as 

diatomaceous clay intervals and tephra layers, and 3) include areas where the surface 

stratigraphy is well known in the interior of the Buttes (e.g., field reconnaissance, 

measured sections, and detailed geologic mapping).  A straight line, or best fit line, was 

drawn through the cross section data points that did not exactly intersect each data point 

(Figure 4.1).  Where data points did not directly fall on the cross section line, borehole 

information was projected perpendicular to the section line. 
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The geologic cross sections were distributed throughout the study area as much as 

the existing dataset would allow (Figure 4.1).  A description of the location, 

identification, data source, investigation interval, total depth of borehole, data available 

for each borehole, distance from section line, base of fresh water boundary, and depth to 

the top of each stratigraphic unit is provided for each geologic cross section in Tables 4.1, 

4.2, 4.3, and 4.4. 

The topographic profile for each cross section was created using the 3D Analyst 

extension of ESRI® ArcMap software and a 30 m (100 ft) digital elevation model (DEM) 

of California, and a 10 m (30 ft) DEM within the Sutter Buttes. The cross section scale is 

1 inch equals 1,000 ft (304 m) in the vertical direction and 1 inch equals 10,000 ft (3,050 

m) in the horizontal direction.  Due to the 10X vertical exaggeration of the cross sections, 

stratigraphic units appear to thin dramatically where exposed in the Sutter Buttes. 

The stratigraphic units displayed on the cross sections are the same as those 

described in Chapter 2.  A generalized geologic map (Figure 4.1) that illustrates the 

surface exposures of the stratigraphic units of this study was created using previous 

geologic maps from Williams and Curtis (1977), Helley and Harwood (1985), and 

unpublished mapping by Brian Hausback.  A correlation chart of subsurface units used in 

this study and equivalent previously established map units in the region is presented in 

Figure 4.2. 
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Figure 4.2: Correlation chart of subsurface units used in this study and previously established map units in the region. 
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The quantity and type of data used for the geologic cross sections varied widely, 

from many DOGGR wells with only standard electric logs (SP and resistivity); to water 

well drillers’ logs with limited lithologic information; to recently drilled boreholes with 

an advanced suite of borehole geophysics (SP, natural gamma, resistivity, spectral 

gamma), drill rate information, and 5 to 10 ft (1.5 to 3 m) drill cutting samples. 

Due to the regional nature of the cross sections combined with sparse subsurface 

information, exact correlation of stratigraphic units was unfeasible.  It was necessary to 

use the subsurface information available at each data point to pick stratigraphic tops for 

each unit, and then, by projecting and using regional trends, establish a geologically 

reasonable correlation between known contacts.  Drillers’ logs were commonly the only 

subsurface data available between cross section data points.  The previously described 

drillers’ log lithologic database was used to establish local to regional lithologic trends 

that facilitated correlation of stratigraphic units and interpretation of the subsurface 

stratigraphy.  The investigation interval of the cross sections is from the ground surface to 

the contact between the Capay Formation and the Kione Formation, the Tertiary-

Cretaceous boundary in this region.  This boundary was selected as the lower limit of the 

cross sections because: 1) this boundary is easily recognizable on borehole geophysical 

logs, 2) is the approximate boundary between Cenozoic and Mesozoic strata, and 3) is 

well below the base of fresh water, which is the focus of this study. 

The cross sections were constructed to establish a subsurface stratigraphic 

framework of the Sacramento Valley near the Sutter Buttes.  Creation of a subsurface 

stratigraphic framework permits an improved understanding of the stratigraphic 
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architecture and distribution of regional hydrostratigraphic units in the basin, and of 

particular importance the subsurface distribution of Sutter Buttes volcaniclastic 

sediments. 

The geologic cross sections can be used to determine the relative positions of, and 

depth to, the stratigraphic units in the Sacramento Valley near the Sutter Buttes.  

However, these sections are to be used only as a guide and because of the lateral and 

vertical variation typical of sedimentary deposits, should not be considered a substitute 

for borehole drilling, especially in areas where data are sparse. 

4.2.1 Discussion and Summary of Geologic Cross Sections 

The following sections will discuss the cross section locations, deformation and 

structural features, local to regional stratigraphic thickness trends, and stratigraphic 

relationships on each geologic cross section.  An important note, due to the 10X vertical 

exaggeration of the cross sections, stratigraphic units appear to thin dramatically where 

exposed in the Sutter Buttes.  Based on field observations, there is a noticeable amount of 

erosion of exposed units, but not to the extent portrayed by the difference in vertical and 

horizontal scale. 

4.2.1.1 Geologic Cross Section A-A’ 

Geologic cross section A-A’ (Figure 4.3 and Plate C) is oriented east-west to 

slightly southeast-northwest, approximately 5 miles (8 km) north of the Sutter Buttes.  A 

description of the location, identification, data source, investigation interval, total depth 

of borehole, data available for each borehole, distance from section line, base of
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Figure 4.3: Geologic cross section A-A’. 
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Table 4.1: Geologic cross section A-A’ data. 
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fresh water boundary, and depth to the top of each stratigraphic unit is provided in Table 

4.1. 

4.2.1.1.1 Structural Features 

• The overall structure displayed on cross section A-A’ is the eastern portion of 

the Sacramento Valley structural and stratigraphic trough.  The dip of pre-

Miocene strata mirrors the basement structure contours of the area which dip 

steeply to the west (Harwood and Helley, 1987) and are exposed in the 

foothills east of the study area.  Also, drillers’ logs that report encountering 

basement material are more common to the east of the study area.  

• In the western portion of the cross section, near A, the depths to Ione and 

Capay Formations are at relatively shallow depths.  The deformation of these 

formations is most likely associated with the Wild Goose Structure, an 

elongate dome approximately 10 miles (16 km) long in an east-west direction 

and 6 miles (10 km) long in a north-south direction that was discovered by 

extensive drilling for natural gas (Hawley, 1962).   

• The Oro-Buttes Fault System also trends through the western portion of the 

cross section.  The approximate trace of the fault system (Harwood and 

Helley, 1987; Unruh, 1990) has been marked on the cross section.  However, 

an attempt to infer the displacement of subsurface units was not done due to 

lack of subsurface information.  The orientation of the fault system is 

northwest-southeast and exhibits southeast-side-down normal displacement.  

The trace of the Oro-Buttes Fault System appears to be in the general area 
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where the Capay and Ione Formations are deformed by the Wild Goose 

Structure.  

4.2.1.1.2 Stratigraphic Trends and Relationships 

• The Capay and Ione Formations have an average thickness of 250 ft (76 m) 

and 300 ft (91 m), respectively.  In the eastern portion of the cross section, 

near A’, The Capay Formation and Ione Formation thin to 200 ft (61 m) and 

100 ft (30 m), respectively and are significantly higher in elevation to the east 

which is consistent with the basement structure contour map of the area 

(Harwood and Helley, 1987).  

• The Sutter formation is thickest in the western portion of the cross section and 

thins to the east with a thickness of 335 ft (102 m) in DWR Honcut Creek 

MW-1. 

• The Rhyolitic Rampart is found in DWR Gray Lodge MW-1 with a thickness 

of 110 ft (34 m).  The lateral extent of this unit is poorly constrained by well 

data, but is interpreted to have a limited subsurface extent, due to: 1) 

subsequent erosion and deposition of the Andesitic Rampart, or 2) non 

deposition due to the minor amount of eruptive volcanism associated with the 

rhyolite phase (Williams and Curtis, 1977).  

• The Andesitic Rampart has an average thickness of 350 ft (107 m) and thins to 

the east where this unit either pinches out or has been truncated by fluvial 

processes.  The Sutter Buttes Rampart is not present in DWR Honcut Creek 

MW-1 located on the east side the Feather River suggesting, if Rampart 



 

 

111

material was deposited in this area it was subsequently eroded by fluvial 

processes probably associated to the ancestral Feather River. 

• The Laguna Formation is observed in the eastern margin of the cross section 

with an average thickness of 100 ft (30 m) and a maximum thickness of 205 ft 

(62 m) in DWR Honcut Creek MW-1.  On the western portion of the cross 

section the Laguna Formation is delineated, however at this location Tehama 

Formation sediments, derived from the west side of the Valley are expected.  

As mentioned in Chapter 2, the Tehama and Laguna Formations are 

contemporaneous deposits in the Valley given that the Nomlaki Tuff is found 

at or near the base of both units. 

• The maximum thickness of the diatomaceous interval in the Turlock Lake 

Formation penetrated by a borehole is 20 ft (6 m) in DWR Gray Lodge MW-1 

from -50 to -70 ft (-15 to -21 m) msl.  This unit is also encountered in drill 

cutting samples from -41 to -51 ft (-12 to -15 m) msl in DWR Wild Goose 

MW-1.  If the diatomaceous interval was deposited during lacustrine 

conditions as suggested above, the areal distribution of this unit is possibly 

widespread and may act as a local to sub-regional confining layer.  Locations 

where the diatomaceous material is absent (e.g., near the Feather River) are 

probably caused from incision and reworking caused by fluvial processes in 

the Valley after deposition of the diatomaceous clay. 
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• The alluvial deposits have an average thickness of 125 ft (38 m), with a 

maximum thickness of 250 ft (76 m) in the area of the Feather River and 

Honcut Creek near A’. 

4.2.1.2 Geologic Cross Section B-B’ 

Geologic cross section B-B’ (Figure 4.4 and Plate C) is oriented east-west to 

southeast-northwest, projected directly through the Sutter Buttes.  A description of the 

location, identification, data source, investigation interval, total depth of borehole, data 

available for each borehole, distance from section line, base of fresh water boundary, and 

depth to the top of each stratigraphic unit is provided in Table 4.2. 

4.2.1.2.1 Structural Features 

• Substantial deformation related to the intrusion of the Sutter Buttes occurs in 

the central portion of the cross section in close proximity to the Buttes, and 

decreases away from the Buttes.  Steeply-inclined to overturned Cretaceous 

and Tertiary beds are predominantly located in the Moat area.  The base of the 

Sutter formation is near vertical (86 degrees) at the base and decreases to (~40 

degrees) near the top of the unit where it is covered by the Rampart. 

• On the western portion of the cross section, near B, strata are deformed and 

there is evidence of significant late Cenozoic uplift in this area.  This 

deformation and uplift has been linked to the emplacement of the Colusa 

Buttes (Colusa Dome), which are rhyolite intrusions related to Sutter Buttes 

magmatism (Williams and Curtis, 1977).  At the western edge of the cross
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Figure 4.4: Geologic cross section B-B’. 
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Table 4.2: Geologic cross section B-B’ data. 
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section, data from DOGGR well files suggests the Capay Formation is 

encountered at a depth of approximately 500 ft (152 m) bgs.  Further evidence 

suggesting this marine deposit is near the surface is shown in the elevated 

BFW contact on the cross section and BFW map of the region (Figure 5.2). 

4.2.1.2.2 Stratigraphic Trends and Relationships 

• The Capay and Ione Formations have an average thickness of 350 ft (107 m) 

and 200 ft (61 m) respectively, and appear to get progressively thinner near 

the Buttes.  The thinning is mostly caused by the difference in vertical and 

horizontal scale; however some thinning is observed in surface exposures in 

the south Moat and is probably caused by uplift and erosion of these units 

during Sutter Buttes volcanism. 

• The Sutter formation ranges in thickness from 1,000 to 1,300 ft (300 to 396 

m) near the Buttes.  

• The Rhyolitic Rampart is 140 ft (43 m) thick in the SEWD MW-1 borehole 

and is interpreted to have limited subsurface extent, due to 1) subsequent 

erosion and deposition of the Andesitic Rampart or 2) non deposition due to 

the minor amount of eruptive volcanism associated with the rhyolite phase 

(Williams and Curtis, 1977).  

• The western terminus of the Sutter Buttes Rampart is poorly constrained due 

to lack of boreholes that penetrate this stratigraphic interval.  It is probable 

that the Rampart has been truncated by fluvial processes of the ancestral 

Sacramento River over the last ~1.5 Ma.  The maximum thickness of the 
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Andesitic Rampart on the west side of the Buttes is 600 ft (183 m) near 

DOGGR 10100019.  The Rampart on the eastern portion of the Buttes thins 

from approximately 500 ft (152 m) near the Buttes to 240 ft (73 m) in DWR-

300 MW-1.  To the east of this cross section is the Feather River, where the 

Andesitic Rampart is likely truncated and substantially reworked; however, 

the eastern extent of the Rampart cannot be determined due to the lack of 

subsurface data in this area (Figure 6.1). 

• The Laguna Formation is observed in the eastern margin of the cross section 

with an average thickness of less than 100 ft (30 m).  On the western portion 

of the cross section the Laguna Formation is delineated, however at this 

location Tehama Formation sediments, derived from the west side of the 

Valley are expected.  As mention above, the Tehama and Laguna Formations 

are contemporaneous deposits in the Valley given that the Nomlaki Tuff is 

found at or near the base of both units. 

• The maximum thickness of the diatomaceous clay interval in the Turlock 

Lake Formation penetrated by a borehole is 90 ft (27 m) in DWR-300 MW-1 

from -18 to -108 ft (-5 to -33 m) msl.  This unit is also encountered in cutting 

samples from -45 to -75 ft (-14 to 23 m) msl in SEWD MW-1.   

• The alluvial deposits have an average thickness of 150 ft (45 m), with a 

maximum thickness of 250 ft (76 m) in the area of the Sacramento River near 

B. 
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4.2.1.3 Geologic Cross Section C-C’ 

Geologic cross section C-C’ (Figure 4.5 and Plate C) is oriented northwest-

southeast, on the southeastern flank of the Sutter Buttes, near the town of Sutter.  A 

description of the location, identification, data source, investigation interval, total depth 

of borehole, data available for each borehole, distance from section line, base of fresh 

water boundary, and depth to the top of each stratigraphic unit is provided in Table 4.3. 

4.2.1.3.1 Structural Features 

• Deformation and uplift related to Sutter Buttes magmatism occurs in the 

northern portion of the cross section near C.   

4.2.1.3.2 Stratigraphic Trends and Relationships 

• The Capay Formation has an average thickness of 600 ft (183 m), and 

increases in thickness to the south.  

• The Ione Formation has an average thickness of 200 ft (61 m). 

• The Sutter formation has a maximum thickness of 1,100 ft (335 m) in the 

central portion of the cross section and thins to the northwest near the Sutter 

Buttes and thins to the southeast. 

• The Laguna Formation is thickest in the southern portion of the cross section 

with a maximum thickness of 630 ft (192 m) in DWR Feather River MW-1.  

• The Andesitic Rampart has a thickness of 410 ft (125 m) in SEWD MW-2.  

Further to the south in SEWD MW-3 the sediments encountered are
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Figure 4.5: Geologic cross section C-C’. 
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Table 4.3: Geologic cross section C-C’ data. 
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dominated by silts and clays with only a minor amount of Sutter Buttes 

volcaniclastic material.  The majority of the sand-sized fraction present in this 

borehole consists of metamorphic rock fragments, and is interpreted as the 

Laguna Formation.  This suggests that the Rampart extends approximately 7 

miles (11 km) south-southeast of the contact between the exposed Rampart 

and the Alluvial and Floodplain deposits of the Valley.  

• Diatomaceous material associated with the Turlock Lake Formation is present 

in the central portion of the cross section, with a thickness of 10 ft (3 m) in 

SEWD MW-2 and SEWD MW-3.  Diatomaceous clay of the Turlock Lake 

Formation was not found in DWR Feather River MW-1.  The preservation 

potential of the diatomaceous clay appears to decrease near active fluvial 

systems, due to stream bed migration, incision, and reworking of material.  As 

mentioned previously, the opening of the Carquinez Strait in the Pleistocene 

(Sarna-Wojcicki, 1995) significantly changed the drainage pattern of the Great 

Valley from internal drainage to fluvial transport through the Carquinez Strait, 

into the San Francisco Bay and ultimately to the Pacific Ocean.  This change 

in drainage would have resulted in an abrupt change in base level, resulting in 

modification of the equilibrium profile of the major rivers draining the 

Sacramento Valley.  This would have probably caused increased erosion and 

incision of the floodplain deposits of the Valley. 

• The alluvial deposits have an average thickness of 125 ft (38 m), with a 

maximum thickness of 150 ft (45 m) near the Feather River.
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4.2.1.4 Geologic Cross Section D-D’ 

Geologic cross section D-D’ (Figure 4.6 and Plate C) is oriented generally north-

south, and is projected through the Sutter Buttes.  A description of the location, 

identification, data source, investigation interval, total depth of borehole, data available 

for each borehole, distance from section line, base of fresh water boundary, and depth to 

the top of each stratigraphic unit is provided in Table 4.4. 

4.2.1.4.1 Structural Features 

• Deformation associated with Sutter Buttes magmatism has resulted in tilting 

of the entire stratigraphic section near the core of the Buttes and to a lesser 

extent away from the Buttes.   

• The Oro-Buttes Fault System trends through the central portion of the cross 

section.  The approximate trace of the fault system (Harwood and Helley, 

1987; Unruh, 1990) has been marked on the cross section.  However, an 

attempt to infer the displacement of subsurface units was not done due to lack 

of subsurface information.  The orientation of the fault system is northwest-

southeast and reportedly exhibits southeast-side-down normal displacement. 

4.2.1.4.2 Stratigraphic Trends and Relationships 

• The Ione Formation is 500 to 700 ft (152 to 213 m) thick in the central portion 

of the cross section.  The increase in stratigraphic thickness, along this section 

is probably a function of the grouping of multiple stratigraphic units into the 

Ione Formation of this study.  The Ione Formation of this study contains the



 

 

122

 
Figure 4.6: Geologic cross section D-D’. 
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Table 4.4: Geologic cross section D-D’ data. 
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Domengine Formation, Butte Gravels, and the Ione Formation.  The increased 

thickness of the Ione Formation in the central portion of the study area may be 

associated with the Sierra Nevada auriferous gravels (Butte Gravels) 

suggesting the presence of a major fluvial system in this portion of the Valley.    

• The Lovejoy Basalt is present in the central portion of the geologic cross 

section from 1,390 to 1,570 ft (424 to 479 m) bgs in DOGGR well, 00700100.  

According to Redwine (1972) the Lovejoy is a rim rock that capped the upper 

Princeton Valley and deposition of the upper Princeton Valley fill (part of the 

Sutter formation in this study) occurred after emplacement of the basalt.  This 

isolated occurrence of the Lovejoy may suggest paleo-inverted topography 

created by the Lovejoy lava flowing into ancestral river channels and later 

differential erosion, leaving a topographic high of Lovejoy Basalt and Ione 

Formation. 

• The thickness of the Sutter formation was measured at 1,380 ft (421 m) on the 

Pass Road measured section (Plate A).  The thickness of the Sutter formation 

in the subsurface ranges from 1,100 ft (335 m) in the north, near D, to 1,300 ft 

(396 m) near Gray Lodge Wildlife Refuge. 

• The Rhyolitic Rampart is observed in surface exposures in Peace Valley on 

the north side of the Sutter Buttes, and has a thickness of 275 ft (84 m) along 

the Pass Road measured section (Plate A) in the south Moat area of the Buttes.  

The Rhyolitic Rampart is found in the subsurface in DWR Gray Lodge MW-1 

with a thickness of 110 ft (34 m).  The lateral extent of this unit is poorly 
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constrained by well data, but is interpreted to have a limited subsurface extent, 

due to: 1) subsequent erosion and deposition of the Andesitic Rampart, or 2) 

non deposition due to the minor amount of eruptive volcanism associated with 

the rhyolite phase (Williams and Curtis, 1977).  

• The thickness of the Andesitic Rampart was measured at 367 ft (112 m) on the 

Pass Road measured section (Plate A).  The thickness of the Andesitic 

Rampart in the subsurface ranges from 450 ft (137 m) in DWR Gray Lodge 

MW-1 to 260 ft (79 m) in DWR Cassady MW-1.  The Andesitic Rampart is 

not present in DWR Meyer MW-1, suggesting this deposit extends 

approximately 10 miles (16 km) to the north of the Sutter Buttes 

• The Laguna is thickest in the northern portion of the cross section with a 

maximum thickness of 520 ft (158 m) in DWR Meyer MW-1.  In the northern 

portion of this study area, previous work by Busacca (1982) has documented a 

noticeable amount of volcaniclastic material in the Laguna Formation.  As 

discussed in Chapter 2, this may complicate the differentiation of Laguna 

sediments from Sutter formation (equivalent to Tuscan Fm.) sediments in this 

area. 

• Diatomaceous material of the Turlock Lake Formation is found in DWR 

Meyer MW-1 from 5 to -35 ft (1.5 to -11 m) msl, DWR Cassady MW-1 from 

-37 to -77 ft (-11 to -23 m) msl, and in DWR Gray Lodge MW-1 from -50 to  

-70 ft (-15 to -21 m) msl.  This unit has a relatively consistent thickness of 30 

to 40 ft (9 to 12 m).  The difference in the elevation of the diatomaceous clay 
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in the three wells is interpreted to be a product of paleo relief of the Valley 

during the Pleistocene. 

• The alluvial deposits have a relatively uniform thickness of 100 to 150 ft (30 

to 45 m). 

4.3 Distribution of Sutter Buttes Rampart in the Sacramento Valley 

4.3.1 Introduction 

The lithologic character and surficial extent of the Sutter Buttes Rampart have 

been well established by previous work and geologic mapping by Williams (1929), 

Williams and Curtis (1977), and recent unpublished mapping by Brian Hausback.  The 

information collected by previous authors is limited to the surface exposures of the 

Rampart in the Buttes and very little attention has been given to the characterization of 

this unit in the subsurface of the Sacramento Valley.  Williams (1929, p. 185) was the 

first to pose the question, “how far [does] the andesite tuff and breccia extend beneath the 

alluvium of the Sacramento Valley, [he concluded in 1929] it is at present impossible to 

decide.  Probably the beds thin out and disappear within a short distance” 

It is one of the primary objectives of this thesis to characterize the subsurface 

distribution and extent of the Sutter Buttes Rampart in the Sacramento Valley.  By 

achieving this objective a better knowledge of the eruptive history of the Sutter Buttes 

and extent of important aquifer material is established.  This chapter describes the dataset 

and methodology used to recognize the Rampart in the subsurface, the construction of 

structure contour maps of the top and base of the Sutter Buttes Rampart material, an 
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isopach map of this unit, and an approximate volume calculation of Rampart material in 

the Valley. 

4.3.2 Data Sources 

Multiple data sources were used to analyze the distribution of the Sutter Buttes 

Rampart on the surface and in the subsurface of the Valley.  The first step was to compile 

applicable, existing surface and subsurface data.  These data varied widely from 

information from surface mapping and stratigraphic sections to multiple subsurface 

datasets.  Data used to characterize the distribution of the Rampart can be found in 

Appendix C. 

4.3.2.1 Surface Data 

Surface data was obtained from previous work and geologic mapping by Williams 

and Curtis (1977) and recent unpublished mapping by Brian Hausback.  These geologic 

maps were georeferenced using ESRI® ArcMap GIS software and draped over a 10 m (30 

ft) DEM, providing digital elevation information for the surface exposures of the 

Rampart.  The Pass Road measured section (Plate A) and the Western measured section 

(Plate B) provide additional surface characteristics and thicknesses of the Rampart that 

are used to calibrate subsurface information. 

4.3.2.2 Subsurface Data 

Characterization of the subsurface distribution and extent of the Sutter Buttes 

Rampart was based primarily on subsurface data from 155 well-logs obtained from three 

sources:  
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1. 13 recent water resource boreholes with enhanced subsurface data (Table 4.5, 

Appendix A) 

• Lithologic samples collected at 5 to 10 ft (1.5 to 3 m) intervals 

• Enhanced geophysics 

• Drilling rate information  

2. 50 DOGGR well files 

• Borehole geophysics 

• Lithologic information from a limited number of mud logs and core 

descriptions. 

3. 92 water well drillers’ logs 

• Lithologic descriptions 

Criteria used to recognize the Sutter Buttes Rampart in the subsurface were 

established for each data source and are discussed below. 



 

 

129

 s. Ta
bl

e 
4.

5:
 S

ub
su

rfa
ce

 d
at

a 
av

ai
la

bl
e 

fro
m

 re
ce

nt
 w

at
er

 re
so

ur
ce

 b
or

eh
ol

es
. 



 

 

130

4.3.2.3 Criteria for Subsurface Recognition of Sutter Buttes Rampart Using Recent 
Water Resource Borehole Data 

The subsurface distribution of the Rampart is best constrained using data from 

recent water resource boreholes that have been drilled in the study area (Appendix A).  

The enhanced dataset from these boreholes includes 5 to 10 ft (1.5 to 3 m) drill cutting 

samples and enhanced geophysics that where used to select the top and base of the 

Rampart.  This enhanced subsurface information was also utilized to define the 

characteristic sediment textures and create a type geophysical signature (type log) for the 

Rampart (Figure 2.4).  The type log and characteristic textural data were used to compare 

and calibrate DOGGR well data and drillers’ logs. 

The most useful method for identifying the Rampart in the subsurface is 

comparing the drill cuttings of the borehole to the borehole geophysics.  As previously 

described in Chapter 2, a distinctive, possibly diagnostic, increase or baseline shift in the 

natural gamma ray log signature occurred when Sutter Buttes Rampart sediments were 

encountered in the subsurface (Springhorn and others, 2006).  These findings were 

verified in the corresponding lithologic log of the borehole.  An example of the 

diagnostic gamma ray signature can be seen in compilation logs (Appendix A); DWR 

Gray Lodge MW-1 (148 to 590 ft (48 to 180 m) bgs); DWR Cassady MW-1 (286 to 546 

ft (87 to 166 m) bgs); Butte Water District MW-1 (150 to 420 ft (45 to 128 m) bgs); 

DWR-300 MW-1 (200 to 420 ft (61 to 128 m) bgs); Sutter Extension Water District 

MW-1 (220 to 650 ft (67 to 198 m) bgs); and Sutter Extension Water District MW-2 (250 

to 660 ft (76 to 201 m) bgs). 
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Another distinctive borehole geophysical signature used to characterize the 

Rampart in the subsurface is the resistivity signature.  In general, the characteristic 

resistivity signature created by Rampart material is a high resistivity (~50 to 200 

ohmmeter2/m) upper interval associated with coarse-grained Andesitic Rampart 

sediments, and a lower interval with relatively low (~10 to 50 ohmmeter2/m) resistivity 

values associated with fine-grained Rhyolitic Rampart sediments (Figure 2.4).   

4.3.2.3.1 Criteria for Subsurface Recognition of Sutter Buttes Rampart Using DOGGR 
Data 

In DOGGR well data, the top and base of the Rampart are identified primarily 

from the characteristic resistivity pattern associated with this deposit; thick (~100-400 ft), 

blocky interval of high resistivity material, underlain by low resistivity material (Figure 

2.4).  The resistivity signature is used as a proxy for coarse-grained material in the 

subsurface, and to infer depositional processes, as described in Chapter 2.  Characterizing 

the Rampart only using DOGGR resistivity data is less reliable than using enhanced 

information from recent boreholes, due to the lack of corresponding lithologic 

information.  However, examination of approximately 2,000 DOGGR well files and 

calibration of DOGGR data with the type log signatures of the Rampart (Figure 2.4) 

established from recent water resource boreholes permitted regional trends to be 

estimated and guided well-log interpretation. 
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4.3.2.3.2 Criteria for Subsurface Recognition of Sutter Buttes Rampart Using Drillers’ 
Log Data 

After an initial screening of the 13,000 drillers’ logs available in the study area, as 

described in Chapter 1, the logs that contained sufficient descriptive information were 

further examined to estimate the presence of the Sutter Buttes Rampart in the subsurface.   

The distinctive surficial and subsurface characteristics of the Rampart, described 

in Chapter 2, were used to establish criteria to identify this unit using drillers’ logs.  The 

enhanced data (measured sections, cuttings, borehole geophysics, and previous work by 

Williams and Curtis, 1977) suggest the majority of the Rampart, primarily the Andesitic 

Rampart, consists of coarse-grained material.  This texture should be reflected in the logs 

of drillers who have encountered this material in the subsurface.  The criteria used to 

identify the Rampart are based on the percentage of coarse-grained material versus all 

textures described on the log.  The percentages were calculated by adding the total 

thickness of “sand,” “gravel,” and “sand and gravel” intervals recorded on the drillers’ 

log and dividing that value by the total thickness of sediments over a 100 ft (30 m) 

interval.  This calculation was repeated to the total depth of the log, to illustrate the 

distribution of coarse-grained material throughout the drillers’ log.  Once the percentage 

of coarse-grained material was calculated, the methodology used to estimate the presence 

of Rampart material is as follows:    

1. Occurrence of multiple, >20 ft (6 m) thick “sand,” “gravel,” and “sand and gravel” 

intervals recorded on the drillers log.  The Rampart is characterized by thick, 

typically >20 ft (6 m) coarse-grained, blocky debris-flow and braided-stream 
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deposits, while the coarse-grained deposits of the overlying and underlying floodplain 

and meandering stream deposits are commonly < 20 ft thick (Figure 2.4). 

2. Percentage of coarse-grained texture from drillers’ log is 70-80 percent of total 

lithology over a 100 to 200 ft (30 to 61 m) interval.  Field observations and measured 

sections suggest the Rampart has a limited thickness of thick fine-grained intervals, 

suggesting the subsurface equivalents should be primarily coarse-grained sand and 

gravel. 

3. After criterion 1 and 2 are achieved, the upper and lower boundaries of the Rampart 

are constrained using enhanced data from recent water resource boreholes and 

additional DOGGR well data and drillers’ logs in the same geographic area. 

4.3.2.3.3 Use of Criteria Discussion 

Combining the Rampart identification criteria from each dataset permits the best 

estimate of the distribution of this unit in the subsurface.  Collectively, these criteria 

differentiate between overlying and underlying alluvial and floodplain sand and gravel 

intervals (typically less than 20 ft (6 m) in thickness in the study area), and Sutter Buttes 

Rampart material deposited by braided-streams, debris-flows, and primary volcanic 

events, which are characterized by thick-bedded coarse-grained intervals in the 

subsurface (typically 20 to 200 ft (6 to 61 m)).  Braided-streams are commonly associated 

with active volcanism due to the abundant amount of easily erodible material and the 

large volume of coarse sediment transported by rivers draining volcanic regions (Vessel 

and Davies, 1981).  Characteristic borehole geophysical signatures are also used to 

differentiate Sutter Buttes Rampart volcanic fan apron deposits from overlying and 
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underlying floodplain deposits.  Resistivity log signatures for floodplain deposits are 

characterized by serrated to fining upwards patterns (940 ft to 960 ft on DWR Gray 

Lodge MW-1 compilation log, Appendix A); while braided-stream deposits and debris-

flow deposits are characterized by thick high resistivity, blocky patterns (140 ft (43 m) to 

460 ft (140 m) on DWR Gray Lodge MW-1 compilation log, Appendix A).  

Other than using the recent water resource borehole data, the identification 

method using drillers’ logs is most relevant for recognizing the upper contact of the 

Rampart, because the majority of these logs do not penetrate the entire thickness of the 

Rampart.  Identification of the base of the Rampart is best determined using information 

from recent water resource boreholes with borehole geophysics and lithologic cutting 

samples, as well as DOGGR well-logs. 

4.3.3 Sutter Buttes Rampart Structure Contour and Isopach Maps 

Structure contour maps of the top and base of the Sutter Buttes Rampart and an 

isopach map of the Rampart were generated using ESRI® ArcMap software.  The 

information used to construct these surfaces is derived from the data sources described 

above.  

The structure contour surfaces and isopach map highlight the distribution of the 

Sutter Buttes Rampart and thickness of this deposit in the subsurface (Figure 4.7, Figure 

4.8, and Figure 4.9).  This information provides a geological basis for future groundwater 

investigations and management plans in this area of the Sacramento Valley.  An 

explanation of the process used to construct the structure contour surfaces and an isopach 

map is described in the next section. 
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Figure 4.9: Isopach map of the Sutter Buttes Rampart. 
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4.3.3.1 Procedure for Generating Structure Contour and Isopach Maps 

Based on the wide distribution of control points in this study, the spline-tension 

method was selected over other gridding methods available in the 3D Analyst extension 

of ArcMap, as it tends to produce a smoother (interpolated) geologic surface.  The spline 

is an interpolation method in which cell values are estimated using a mathematical 

function that minimizes overall surface curvature, resulting in a smooth surface that 

passes exactly through the input points (ESRI®, GIS Dictionary, 2007).  Conceptually, “it 

is like bending a sheet of rubber to pass through the points, while minimizing the total 

curvature of the surface.  It fits a mathematical function to a specified number of nearest 

input points, while passing through the sample points” (Childs, 2004).  The spline method 

was used to create an orthogonal grid (most northward, southward, eastward, and 

westward data points defines the limits of the grid) of the top (Figure 4.7) and base 

(Figure 4.8) of the Rampart using the data described above.  Data points (control points) 

used to create the structure contour surfaces are presented in Appendix C.  The top and 

base Rampart structure contour maps were created using the spline-tension method.  The 

weight of tension was 1.0 for both structure contour surfaces (the higher the weight, the 

coarser the surface). The values entered for this parameter must be equal to or greater 

than zero and typical values are 0, 0.1, 1, 5, and 10, with the default value being 0.1.  The 

number of points (i.e., smoothing factor) used for the structure control surfaces was 20 

for the top and 60 for the base. The more input points specified, the more each cell is 

influenced by distant points and the smoother the surface.  The spline surfaces were 

contoured using a 100 ft (30 m) contour interval. 
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The isopach map of the Rampart (Figure 4.9) was created by subtracting the top 

of Rampart spline surface (Figure 4.7) from the base of Rampart spline surface (Figure 

4.8) using the Raster Math tool in ArcMap, which subtracts the values of two raster 

images on a cell-by-cell basis.  The isopach map was contoured using a 100 ft (30 m) 

contour interval and only the boreholes that penetrated the upper and lower boundary of 

the Rampart are displayed on the isopach map (Figure 4.9).  

As all gridding methods are geostatistical representations of data, some contour 

patterns, such as bull’s-eyes and some thickness trends may be computer-generated 

artifacts. The structure contour maps and isopach maps can be used to determine the 

relative positions of, and depth to, the Rampart.  However, these sections are to be used 

only as a guide and because of the lateral and vertical variation typical of sedimentary 

deposits, should not be considered a substitute for borehole drilling, especially in areas 

where data are sparse. 

4.3.3.2 Use of Spline Surface to Interpolate Top and Base of Rampart Formation 

Well data for the top and base of the Rampart overlap in the study area.  An 

example of this is when the base of the Rampart boundary is estimated using a DOGGR 

resistivity log that has surface casing to 500 ft (152 m) bgs, preventing an analysis above 

500 ft (152 m) at this location.  Another case is when drillers’ logs are used that typically 

have total depths of less than 300 ft (91 m) bgs, allowing only the top of the Rampart to 

be estimated.  Where partial intervals of Rampart are encountered in the subsurface, 

either at the top or base of the formation, it is geologically reasonable to assume that a 
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certain thickness of Rampart exists above, in the case of only having information at the 

base of the Rampart, and below for the case where only the upper interval is constrained.  

The spline method produces a square grid, resulting in identical extents of the data 

points for the top and bottom Rampart surface.  This method was used to standardize the 

surfaces, giving them the same aerial extent for subsequent analytical processes required 

to calculate a volume for this stratigraphic unit.  The interpolated points are designated on 

the structure contour maps as spline interpolation control points (Figure 4.7 and Figure 

4.8). 

4.3.4 Sutter Buttes Rampart Volume Calculation 

From the same data points used to create the structure contour maps (Appendix 

C), a triangulated irregular network (TIN) was created for the upper and lower Rampart 

surfaces (Figure 4.10).  A TIN is a vector data structure used to store and display surface 

models.  A TIN partitions geographic space using a set of irregularly spaced data points, 

each of which has x-, y-, and z-values.  These points are connected by edges that form 

contiguous, non-overlapping triangles and create a continuous surface that represents the 

terrain (Childs, 2004).  TIN’s were used for the volume calculation in this study instead 

of spline surfaces because the TIN method does not interpolate beyond the distribution of 

the data, and the TIN surface is forced to fit the control points, which more accurately 

honors the data set.  This method does not utilize interpolation processes, resulting in a 

product that is considered more reproducible than the spline method.  Unlike the square 

grid created by the spline method, the perimeter of each TIN is an irregular boundary 

defined by the outermost peripheral data points.  The same perimeter for the top and base 
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Rampart TIN was used to standardize the volume calculation. To achieve a common 

outer boundary the spline surfaces were used to interpolate the depth of the missing 

value, as described above in the spline methodology.  The area and volume option under 

Surface Analysis in the 3D Analyst extension of ArcMap was used to calculate the 

volume of both the top and base Rampart TIN surface above a common reference plane  

(-500 m; Figure 4.10).   

The interior portions of the Sutter Buttes (Castellated Core and the Moat     

(Figure 1.2) were excluded from the volume calculation, because the majority of this area 

contains silicic to intermediate volcanic domes and pre-volcanic strata, with only a 

limited amount of Rampart material. 
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4.3.4.1 Results of Rampart Volume Calculation 

The volume between the top of the Rampart TIN and the reference plane is 2.6 x 

1011 m3 and the volume between the base of the Rampart and reference plane is 1.9 x 1011 

m3.  The top Rampart TIN volume was subtracted from the base Rampart TIN volume, to 

achieve an approximate volume of 7.2 x 1010 m3 or 72 km3 for the Rampart (Figure 4.10).  

The calculated volume of well-known volcanic deposits is presented below to provide a 

context for the Rampart volume calculation. 

• Mount Saint Helens May 18, 1980 eruption (Cascade Volcanic Arc):  1.2 km3 

of erupted material and 2.3 km3 landslide, debris avalanche (Foxworthy and 

Hill, 1982).  

• Brokeoff Volcano, Lassen Volcanic Center (Cascade Volcanic Arc): Is 

estimated to have been approximately 3,350 meters high, had a basal diameter 

of approximately 12 kilometers, and a volume of about 80 km3 (Wood and 

Kienle, 1990). 

• Mount Shasta (Cascade Volcanic Arc): 350 km3 (Crandell, 1989) 

It should be noted that in most volume calculations of volcanic terrenes the entire 

volcanic edifice (in the case of the Sutter Buttes, the Castellated Core and the Rampart) is 

included in the calculation.  As stated above, only the volume of the Rampart was 

estimated and the interior portion was excluded suggesting the total volume of the Sutter 

Buttes Volcanic center is larger than 72 km3.  
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4.3.5 Discussion and Conclusions of the Distribution of the Sutter Buttes Rampart in 
the Study Area 

The Sutter Buttes Rampart extends into the subsurface approximately 10 miles 

(16 km) to the north from the contact between the Rampart and the Sacramento Valley 

sediments, 5 miles (8 km) to the south, 4 miles (6 km) to the west near the Sacramento 

River, and 5 miles (8 km) to the east near the Feather River (Figure 4.11), and has an 

estimated minimum volume of 72 km3 (Figure 4.10). 



 

 

145

 
Figure 4.11: Estimated subsurface extent of the Sutter Buttes Rampart. 
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The estimated volume of 72 km3 for the Rampart is considered a minimum 

approximation for a number of reasons: 

1. The top and base Rampart TIN surfaces do not converge (Figure 4.10).  An attempt to 

arbitrarily choose a point at which the Rampart pinches out was not attempted in the 

volume calculation, because of the lack of subsurface data and the variability of this 

deposit.  Not having the two surfaces converge leaves a considerable amount of 

Rampart material that is not accounted for in the volume estimation.  An example of 

this is illustrated on geologic cross section D-D’ (Figure 4.6).  The Rampart is 

interpreted to pinch out between DWR Cassady MW-1 and DWR Meyer MW-1 

(approximately 10 miles (16 km) north of the contact between the Rampart and 

Valley sediments).  This interpretation is based on the analysis of lithologic samples 

from each borehole, where the Meyers borehole did not encounter Rampart material 

and the Cassady borehole encountered 260 ft of Rampart material.  Figure 4.11 

illustrates the hypothesized extent of recognizable Rampart material in the 

Sacramento Valley.  The Rampart extent line is drawn between the boreholes that 

have recognizable Rampart material and those that do not.  Determining the precise 

extent and terminus of the Rampart in the subsurface of the Valley is complicated by 

the fact this unit was deposited into an active floodplain environment, and has 

experienced multiple phases of fluvial transport and resedimentation.  Future drilling 

in the area outside the known occurrence of the Rampart will better constrain the 

subsurface extent of this unit permitting a refined estimation of the volume.  
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2. The sparse subsurface data set used to create the top and base Rampart TIN surfaces 

produces a generalized surface that may underestimate or in some cases overestimate 

the volume of the Rampart.  The present topography of the exposed Rampart 

illustrates the complex geomorphic surface that resulted from the deposition and 

subsequent erosion of this unit.  The topographic complexity of the Rampart surface 

is smoothed by the TIN surfaces and only approximates the average Rampart surface.  

3. A portion of the top of the Rampart TIN was established using the surface exposures 

of the Rampart in the Buttes.  This underestimates the true thickness of the Rampart, 

due to erosion of this surface over the last ~1.5 million years.  

4. The interior portions of the Buttes (Castellated Core and Moat) were excluded from 

the volume approximation.  However, previous mapping from Williams and Curtis 

(1977), and unpublished mapping from Brian Hausback show isolated exposures of 

Rampart material in this area, resulting in a small amount of Rampart material not 

being accounted for in the calculation. 

The subsurface extent of the Sutter Buttes Rampart has been significantly altered 

by fluvial processes throughout the late Cenozoic era.  The major river corridors in the 

study area, the Sacramento River on the west and the Feather River on the east have 

truncated and reworked substantial amounts of Rampart material (Figure 4.11).  In these 

fluvial corridors, Sutter Buttes Rampart was probably truncated by fluvial erosion and the 

material was thoroughly reworked, and mixed with floodplain sediments. 
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5.0 REGIONAL BASE OF FRESH GROUNDWATER 

5.1 Introduction 

A base of fresh groundwater (BFW) contour map was created to establish the 

approximate lower limit and the thickness of the fresh groundwater aquifer system in the 

study area and western Yuba County.  This information provides a basis for groundwater 

flow models, total groundwater storage calculations, and effective basin management 

strategies. 

Two previous BFW maps covering the entire Sacramento Valley were created, 

first by Olmsted and Davis in 1961, which was updated in 1973 by Berkstresser.  A 

substantial amount of new subsurface data are available that allow a more complete and 

updated BFW map to be created for the central Sacramento Valley.  Variations between 

the Berkstresser (1973) BFW map and the BFW map created for this study result mainly 

from the smaller area of investigation, the availability of more well data in 2008, and the 

difference in the contour interval of each map (200 ft this study, 400 ft Berkstresser). 

5.2 Definition of Fresh Groundwater 

Fresh water is defined in this report as water containing less than 1,000 mg/l total 

dissolved solids (TDS) (approximately 1,550 µmhos/cm specific conductance) as defined 

by Freeze and Cherry (1979, Table 5.1).  This concentration is used because the focus of 

this report is on the characterization of the fresh water aquifer in the central Sacramento 

Valley.  Direct measurement of the TDS in water samples at or near the BFW is limited 

to four DWR monitoring wells in the study area.  
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Table 5.1: Groundwater Classification based on total dissolved solids (Freeze and Cherry, 1979). 

5.3 Data Sources 

The BFW in the study area was estimated based on 271 geophysical logs 

(Appendix C), and water chemistry data from four monitoring wells screened near the 

BFW (Table 5.1).  Borehole geophysical logs were obtained from three sources: 

• 15 recent water resource boreholes containing 

o Electric log 

1. Spontaneous Potential (SP) log 

2. 16 inch and 64 inch normal resistivity logs 

o Water chemistry data from monitoring wells screened near the BFW 

• 247 DOGGR well-logs 

o Electric log 

1. SP log 

2. Normal Resistivity (16 inch, 64 inch) logs 

o Induction log (resistivity, conductivity) 

• 9 private water well-logs 

o Electric log 



 

 

150

1. SP log 

2. 16 inch and 64 inch normal resistivity logs 

5.3.1 Borehole Geophysics 

The geophysical logs used to approximate the BFW are electric logs from DWR 

monitoring wells or private water wells, and DOGGR electric and induction-electric logs 

of wells drilled for natural gas. Because of the areal extent of the project and the 

variability of the subsurface dataset, the geophysical logs were interpreted by inspection, 

and no attempt was made to calculate the bulk formation resistivity or compute the 

sodium-chloride content. 

The interpretations of the geophysical logs are based on the comparative values of 

the three curves, as shown on the idealized electric log (Figure 5.1): the SP curve and two 

resistivity curves (conductivity logs were also used when available on DOGGR logs).  

The SP curve measures the differences in electrical potential across formation boundaries 

and is of little value in the fresh-water section.  However, as the “formation water” 

becomes more saline, the curve becomes more indicative of the quality of the water and 

is a valuable aid in determining the transition zone between fresh and saline waters. 

Resistivity (the reciprocal of conductivity) represents the degree to which a 

substance resists the flow of electrical current and is a function of porosity and pore fluid 

in a formation.  The resistivity log consists of two curves representing different depths of 

investigation.  The first resistivity curve is called the short normal and is a shallow depth 

measurement based on an electrode spacing of 16 inches.  It measures the resistivity of 

the formation and the interstitial fluid for a short distance from the wall of the hole and is, 
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therefore, influenced by the drilling fluid, which invades the formation during drilling 

operations.  The second resistivity curve, or long normal, is based on an electrode spacing 

of 64 inches and is a deep penetration measurement, which measures the apparent 

resistivity of the formation and undisturbed interstitial fluid.  A comparison of the short 

and long normal curves gives an (qualitative) indication of the water quality in a 

formation.  As the water in the formation becomes more saline, the resistivity values 

decrease. 

This decrease in resistivity (shown on the long-normal curve) and the 

corresponding increase in the SP character can be used to identify approximately the 

depth where ground water becomes brackish or saline. 

5.3.2 Lithologic Information 

It is important to have lithologic samples to compare to the borehole geophysics 

when estimating BFW, because the lithologic log provides an independent check on the 

interpretation.  In some cases very low resistivity signatures can be produced by low 

permeability zones (clays, silts and cemented rock) where most of the water is bound 

(immobile) and would contribute little to the water produced in a well.  While high 

permeability zones (sand and gravel) with very low resistivity signatures and a developed 

SP signature can be interpreted as containing brackish to saline water. 

Lithologic information also provides insights on the depositional environment in 

which each subsurface formation was deposited, which helps to determine if the unit was 

formed in a marine (expected to contain saline water) or continental setting (expected to 

contain freshwater).  
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5.3.3 Water Chemistry Data 

The BFW boundary was calibrated by comparing the borehole geophysics with 

water chemistry results from monitoring wells screened near the BFW (Table 5.2, Figure 

5.2). 

• Sutter Extension Water District MW-3 (14N02E, sec. 12) 

o Water quality sample depth: 560 ft bgs 

o Interpreted to be 80 ft above the BFW 

o 930 mg/l TDS 

o Na-Mg-Cl-HCO3 water type  

• DWR Yuba River MW-1 (15N04E, sec. 3) 

o Water quality sample depth, 620 ft bgs 

o Interpreted to be 50 ft above BFW 

o 883 mg/l TDS 

o Na-Cl water type 

• DWR Feather River MW-1 (14N03E, sec. 23) 

o Water quality sample depth, 1016 ft bgs 

o Interpreted to be approximately equal to BFW 

o 1,843 mg/l TDS 

o Na-Ca-Cl water type 

• DWR American Basin MW-1 (12N04E, sec. 4) 

o Water quality sample depth, 980 ft bgs 

o Interpreted to be 139 ft below BFW 
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o 2,760 mg/l TDS 

o Na-Cl water type  

The water chemistry results from screen zones above, at, and below the BFW 

selected in this study provide an independent check on the BFW criteria used in this 

study.  It should be noted, the water chemistry samples came from screened intervals and 

likely give an average of the water chemistry over the entire screened interval.  
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Table 5.2: Water chemistry data from monitoring wells with screen intervals near the base of fresh groundwater. 
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5.4 Criteria for Approximating Base of Fresh Groundwater 

A qualitative approach is used in this study to approximate the BFW surface for 

the Sacramento Valley near the Sutter Buttes, which is calibrated by water chemistry data 

from four DWR monitoring wells screened at or near the BFW.  The BFW surface is 

determined using DWR and private water well electric logs (SP, short (16 inch) and long 

(64 inch) normal resistivity), DOGGR electric logs (SP, short and long normal resistivity) 

and DOGGR induction-electric logs (resistivity, conductivity).  The criteria for 

approximating the BFW using these geophysical logs are below and illustrated in Figure 

5.1. 

1. At the depth where both the short (16 inch) and long (64 inch) normal resistivity 

curves are consistently below 10 ohmmeter2/m. 

2. The short (16 inch) and long (64 inch) resistivity signatures are consistently within 5 

ohmmeter2/m of each other. 

3. At the depth or just above the depth where the SP signature develops and starts 

displaying significant deflections.   

4. Significant increase in the conductivity signature (if conductivity log is available, 

DOGGR induction-electric logs). 

5. Constrain BFW selection with other well-log information in the same geographic 

area.  
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Figure 5.1: Criteria for approximating base of fresh groundwater, criterion 4 and 5 are not shown. 
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A modification to the BFW criteria is made in the area surrounding and adjacent 

to the Sutter Buttes.  There appears to be two BFW boundaries in well-logs in the 

southern Sutter Buttes area.  There is a shallower depth BFW boundary that fulfills the 

criteria described above and is suggestive of fresh water overlying brackish to saline 

water; however below this point there is a reactivation of the resistivity in the Butte 

Gravels, Ione Formation, and occasionally in the Kione Formation, and below these 

formations the BFW criteria are fulfilled permanently.  All three of these formations were 

deposited in marine to marginal marine conditions and are expected to contain brackish 

to saline interstitial fluids, and not fresh groundwater.   One possible explanation for the 

reactivation of the resistivity signature within the Butte Gravels, Ione Formation, and 

Kione Formations is these units are up-arched and exposed in the Moat area of the Sutter 

Buttes, and may have been flushed with meteoric water.  Another possible explanation is 

these formations do contain brackish to saline water, but they are well cemented 

producing a higher resistivity.  Evidence that supports this is the erratic or “developed” 

character of the SP log throughout this interval, suggesting brackish to saline water is 

present and an increase in the density as measured by sonic logs in the area.  In the case 

where there was an upper and lower BFW boundary, the upper BFW boundary was used 

for the BFW contour map, due to the uncertainty of the water quality in the questioned 

interval. 

5.5 Creation of Base of Fresh Groundwater Map 

The BFW contour map was generated using ESRI® ArcMap software.  The 

information used to construct these surfaces is derived from the data sources described 
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above.  The BFW surface highlights the approximate elevation of brackish and/or saline 

water, and in turn gives an estimated thickness of the fresh water aquifer in the 

Sacramento Valley near the Sutter Buttes (Figure 5.2). 

Based on the wide distribution of data points in this study, the spline-tension 

method was preferred over other gridding methods available in 3D Analyst extension of 

ArcMap, as it tends to reflect a more smoothed (interpolated) natural surface.  The spline 

is an interpolation method in which cell values are estimated using a mathematical 

function that minimizes overall surface curvature, resulting in a smooth surface that 

passes exactly through the input points (ESRI®, GIS Dictionary, 2007).  Conceptually, “it 

is like bending a sheet of rubber to pass through the points, while minimizing the total 

curvature of the surface.  It fits a mathematical function to a specified number of nearest 

input points, while passing through the sample points” (Childs, 2004).  The spline method 

was used to create an orthogonal grid (most northward, southward, an eastward, and 

westward data point defines the limits of the grid).  Data used to create the BFW contour 

surface are presented in Appendix D.  The BFW contour surface was created using the 

tension spline method.  The weight of tension was 15 for the contour surface (the higher 

the weight, the coarser the surface).  The number of points (i.e., smoothing factor) used 

for the contour surface was 80. The more input points specified, the more each cell is 

influenced by distant points and the smoother the surface.  The spline surface was 

contoured using a 200 ft (61 m) contour interval. 

As all gridding methods are geostatistical representations of data, some contour 

patterns, such as bull’s-eyes and some depth trends may be computer-generated artifacts. 
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The BFW contour map can be used to determine the approximate depth to water with 

greater than 1000 mg/l TDS.  However, this map should be used only as a guide, and 

because of the variable nature of the subsurface hydrogeology, should not be a substitute 

for test-hole drilling, especially in areas where data are sparse. 

5.6 Discussion and Summary  

The methods used to characterize the BFW in this study area are considered 

estimates, and should be recognized as such.  Based on the existing dataset and sparse 

water quality information the BFW contour map is an approximation.  Until future wells 

are installed and additional water quality analyses are performed, this map is considered 

the best approximation of the BFW using the current existing dataset.  Additional deep 

boreholes (with geophysics) that penetrate the BFW boundary would greatly enhance the 

understanding of the configuration of the BFW in the study area.  In addition to deep 

boreholes, monitoring wells completed above, at, and below the BFW are needed to 

establish a baseline of BFW conditions and monitor the long-term variations in BFW as 

groundwater development occurs in the Sacramento Valley. 

Fresh groundwater occurs primarily in late Tertiary to Quaternary unconsolidated 

sediments that extend to a depth ranging from approximately 0 to more than -2,000 ft msl 

(Figure 5.2).  The configuration of the base of fresh groundwater is an uneven surface 

that in some places reflects the underlying structure of the Valley, and in other areas, 

transgresses underlying structure. 

Along the east side of the study area in Yuba County, the BFW generally follows 

the underlying basement structure and dips to the west into the Valley.  On the west side 
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of the study area the BFW reflects the underlying Colusa Dome (geologic cross section 

B-B’, Figure 4.4), which at the crest of this structure the Eocene-age Capay Formation 

(comprised of marine sediments) is within 500 ft of the surface.  In the middle of the 

study area just north of Yuba City, the BFW appears to be significantly shallower in 

depth (446 ft bgs).  Another area of shallow BFW is a northeast-southwest oriented ridge 

located southeast of the Buttes (14N02E and 15N03E).  This BFW anomaly may 

continue to the south where there is a suggested mound of saline water near the surface 

(Curtin, 1971).  An area where the base transgresses underlying structure occurs over the 

Wild Goose structure to the northwest of the Buttes. 

The maximum depth of BFW in the study area occurs just south of the Sutter 

Buttes (greater than -2,000 ft. msl).  The occurrence of freshwater at this depth may be 

produced by the combination of the structural complexity related to the uplift of the 

Buttes and the exposure of Eocene to Cretaceous units (Butte Gravels, Ione, and Kione 

Formation) and subsequent flushing of meteoric water through these units. 

The BFW boundary is well above the base of post Eocene marine strata and is 

currently within Pliocene to Miocene continental deposits (geologic cross sections A thru 

D, Figure 4.3, 4.4, 4.5, and 4.6).  This is most likely caused by high artesian pressures 

and upward vertical gradients in deep aquifers in the Valley, which have been 

documented in DWR monitoring wells with deep (600-1,200 ft bgs) screen intervals.  

This suggests that migration of poor quality water into continental sediments that 

previously contained freshwater has occurred over geologic time. 
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Based on recent water chemistry data, the brackish water in the lower part of 

aquifers near the BFW is classified as sodium-chloride (Na-Cl) type water.  The presence 

of brackish water in these deeper aquifers combined with upward vertical gradients 

presents the potential for upward migration of brackish water into overlying fresh water 

aquifers, or upconing beneath areas of pumping.  Prolonged well pumping will result in 

regional water quality degradation and will reduce the thickness of the fresh groundwater 

aquifers in the Valley.  The current (2008) approximation of the boundary between 

freshwater and brackish water in the Sacramento Valley near the Sutter Buttes is 

illustrated in Figure 5.2. 

The updated BFW map present in this report gives a more accurate representation 

of the BFW and can be used in hydrologic flow models in this section of the Valley 

(C2VSIM).  Work has started on a BFW map for the entire southern Sacramento Valley, 

and will be linked to a BFW map of the northern Sacramento Valley, which is currently 

being generated by DWR Northern District Staff (Nick Hightower). 
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Figure 5.2: Base of fresh groundwater in the central Sacramento Valley near the Sutter Buttes. 
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6.0 FUTURE WORK 

This study has focused on maximizing the use of existing data and integration of 

new data to generate a stratigraphic framework of the Valley and improve the overall 

understanding of the aquifer system.  Based on the information collected, a number of 

data gaps exist and future work is needed.  In this section, additional data collection 

needs are identified including:  

• Elevated arsenic concentrations in groundwater related to the Sutter Buttes 

Rampart material.  

• Additional subsurface information is needed in several areas within the central 

Sacramento Valley. 

• Sequence stratigraphic analysis. 

These data collection needs are essential to better understand the groundwater 

resources in the Sacramento Valley near the Sutter Buttes. These additional data will 

improve knowledge of the basin hydrogeology and significantly enhance the ability of 

water managers to cooperatively manage the shared resources in a manner that is 

economically and environmentally sustainable. 

6.1 Elevated Arsenic Concentrations in Groundwater Related to Sutter Buttes 
Rampart Material 

Data analyses suggest there is a connection between elevated arsenic 

concentrations in groundwater and the presence of the Sutter Buttes Rampart 

volcaniclastic material (which is derived from silicic and intermediate volcanic rocks).  In 

stratigraphic units that occur above and below the Rampart, arsenic concentrations in 
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groundwater are generally less than 10 µg/l (micrograms/liter).  In contrast, within 

Rampart material, arsenic concentrations in groundwater are found in much higher 

concentrations (10 to 370 µg/l). 

Concentrations of arsenic in 27 spatially and depth distributed samples from 

DWR multi-completion monitoring wells ranged from < 0.1 to 370 µg/l.  Concentrations 

in 15 of the samples exceeded the USEPA current drinking water Maximum Contaminant 

Level (MCL) of 10 µg/l, and 90 percent of groundwater samples collected from 

monitoring wells screened in Rampart volcaniclastic material have arsenic concentrations 

exceeding the MCL.  

A detailed geochemical analysis of the relationship between elevated arsenic 

concentrations and Sutter Buttes Rampart material is needed, because of the health risks 

associated with this constituent.  If a strong link is found between arsenic in groundwater 

and Rampart volcaniclastic material, the subsurface distribution of the Rampart presented 

in this thesis can be used in future geochemical investigations to delineate areas that have 

a high probability of containing elevated arsenic concentrations. 

6.2 Location of Data Gaps and Additional Subsurface Data Needed  

A significant amount of geologic, geophysical, and hydrogeologic data has been 

collected to date in the study area; however, there are many areas in the central 

Sacramento Valley that would benefit from additional geologic, geophysical, and 

dedicated groundwater monitoring data.  These areas include (Figure 6.1): 
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Figure 6.1: Areas where subsurface information is needed. 
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• East of the Sutter Buttes near the Feather River (between Live Oak and 

Marysville/Yuba City):  The BFW appears to be significantly shallower in 

depth than the regional BFW trend. However, there is only one monitoring 

well in the area that has penetrated the BFW.  Additional deep boreholes need 

to be installed to understand the hydrogeology and confirm the shallow BFW 

in this area because the majority of the local population is located here, and 

future development will likely increase groundwater demand. 

• South and west of the Sutter Buttes:  The subsurface geology and 

hydrogeology in these areas are poorly understood, due to the lack of 

boreholes and monitoring wells.  Important features that may impact 

groundwater availability and water quality within these areas include 

deformation associated with the buried Colusa Dome (shallow BFW) and the 

subsurface extent of the Sutter Buttes Rampart. 

Additional deep (1,000-2,000 ft) boreholes that penetrate the entire fresh water 

interval will help characterize the extent, distribution, and subsurface properties of 

aquifer materials in the Valley.  Increased numbers of borings with subsurface 

information in the Valley will produce a higher resolution stratigraphic framework and 

understanding of the aquifer system. 

Perhaps the most effective way to further the understanding of the Sacramento 

Valley aquifer system is to collect core samples in representative areas in the Valley for 

each fresh water bearing unit, and then log the core hole with an enhanced suite of 

borehole geophysics. The log signatures from the borehole geophysics can be correlated 
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directly with the lithologies observed in the core and can then be used to accurately 

interpret the many electric logs that are available from water wells and DOGGR well files 

in the Valley.  With outcrop, core, and borehole geophysical data a higher resolution 

subsurface stratigraphy can be developed for the Valley.  The lithology, thickness of 

beds, and the connectivity of the porous sandstone units are useful information for the 

development of a more accurate groundwater model for the Sacramento Valley. 

Additional multiple-depth monitoring wells (in areas of identified data gaps) will 

help identify aquifer material, allow for measurement of vertical differences in hydraulic 

head, and quantify vertical changes in ground-water quality.  Aquifer testing can be 

performed using the new wells as monitoring points, and aquifer parameters 

(transmissivity and storativity) can be quantified. 

6.3 Sequence Stratigraphic Analysis 

This study has established an initial stratigraphic framework and documented 

chronostratigraphically significant surfaces and marker-beds in the region. Once 

additional enhanced subsurface information is collected (borehole geophysics, core, and 

aquifer characteristics) the initial stratigraphic framework can be reevaluated using 

sequence stratigraphic principles.  Sequence stratigraphy is a method of describing the 

aquifers and aquitards in the subsurface that relates the depositional environment of the 

sediments to the stratigraphic framework in which they were deposited. Sequence 

stratigraphy provides a tool for predicting the lateral and vertical extent of geologic units 

and the migration pathways of fluids (water, hydrocarbons, and contaminants) in the 

subsurface.



 

 

168

 
APPENDIX  A 
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Compilation logs are arranged in alphabetical order 
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40Ar-39Ar Dating Procedures and B06SB-24 sample data 

(Descriptions and Procedures provided by Terry Spell, Nevada Isotope Geochronology 

Laboratory) 

 

Nevada Isotope Geochronology Laboratory - Description and Procedures 

 Samples analyzed by the 40Ar-39Ar method at the University of Nevada Las Vegas 

were wrapped in Al foil and stacked in 6 mm inside diameter sealed fused silica tubes.  

Individual packets averaged 3 mm thick and neutron fluence monitors (FC-2, Fish 

Canyon Tuff sanidine) were placed every 5-10 mm along the tube.  Synthetic K-glass and 

optical grade CaF2 were included in the irradiation packages to monitor neutron induced 

argon interferences from K and Ca.  Loaded tubes were packed in an Al container for 

irradiation.  Samples irradiated at the Oregon State University Radiation Center were in-

core for 7 hours in the In-Core Irradiation Tube (ICIT) of the 1 MW TRIGA type reactor.  

Correction factors for interfering neutron reactions on K and Ca were determined by 

repeated analysis of K-glass and CaF2 fragments.  Measured (40Ar-39Ar)K values were 7.6 

(± 75.9%) x 10-3.  Ca correction factors were (36Ar-37Ar)Ca = 2.5132 (± 2.96%) x 10-4 and 

(39Ar-37Ar)Ca = 6.6726 (± 2.04%) x 10-4.  J factors were determined by fusion of 3-8 

individual crystals of neutron fluence monitors which gave reproducibility’s of 0.05% to 

0.3% at each standard position. An error in J of 0.4745% was used in age calculations.  

No significant neutron flux gradients were present within individual packets of crystals as 

indicated by the excellent reproducibility of the single crystal flux monitor fusions. 
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 Irradiated crystals together with CaF2 and K-glass fragments were placed in a Cu 

sample tray in a high vacuum extraction line and were fused using a 20 W CO2 laser.  

Sample viewing during laser fusion was by a video camera system and positioning was 

via a motorized sample stage.  Samples analyzed by the furnace step heating method 

utilized a double vacuum resistance furnace similar to the Staudacher et al. (1978) design.  

Reactive gases were removed by three GP-50 SAES getters prior to being admitted to a 

MAP 215-50 mass spectrometer by expansion.  The relative volumes of the extraction 

line and mass spectrometer allow 80% of the gas to be admitted to the mass spectrometer 

for laser fusion analyses and 76% for furnace heating analyses.  Peak intensities were 

measured using a Balzers electron multiplier by peak hopping through 7 cycles; initial 

peak heights were determined by linear regression to the time of gas admission.  Mass 

spectrometer discrimination and sensitivity was monitored by repeated analysis of 

atmospheric argon aliquots from an on-line pipette system.  Measured 40Ar-36Ar ratios 

were 293.08 ± 0.40% during this work, thus a discrimination correction of 1.00826 (4 

AMU) was applied to measured isotope ratios.  The sensitivity of the mass spectrometer 

was ~6 x 10-17 mol mV-1 with the multiplier operated at a gain of 36 over the Faraday.  

Line blanks averaged 3.65 mV for mass 40 and 0.05 mV for mass 36 for laser fusion 

analyses and 12.0 mV for mass 40 and 0.06 mV for mass 36 for furnace heating analyses.  

Discrimination, sensitivity, and blanks were relatively constant over the period of data 

collection.  Computer automated operation of the sample stage, laser, extraction line and 

mass spectrometer as well as final data reduction and age calculations were done using 

LabSPEC software written by B. Idleman (Lehigh University).  An age of 27.9 Ma 
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(Steven et al., 1967; Cebula et al., 1986) was used for the Fish Canyon Tuff sanidine flux 

monitor in calculating ages for samples. 

 For 40Ar-39Ar analyses a plateau segment consists of 3 or more contiguous gas 

fractions having analytically indistinguishable ages (i.e., all plateau steps overlap in age 

at  ± 2σ analytical error) and comprising a significant portion of the total gas released 

(typically >50%).  Total gas (integrated) ages are calculated by weighting by the amount 

of 39Ar released, whereas plateau ages are weighted by the inverse of the variance.  For 

each sample inverse isochron diagrams are examined to check for the effects of excess 

argon.  Reliable isochrons are based on the MSWD criteria of Wendt and Carl (1991) 

and, as for plateaus, must comprise contiguous steps and a significant fraction of the total 

gas released.  All analytical data are reported at the confidence level of 1σ (standard 

deviation). 

Cebula, G.T., M.J. Kunk, H.H. Mehnert, C.W. Naeser, J.D. Obradovich, and J.F. Sutter, 

The Fish Canyon Tuff, a potential standard for the 40Ar-39Ar and fission-track 

dating methods (abstract), Terra Cognita (6th Int. Conf. on Geochronology, 

Cosmochronology and Isotope Geology), 6, 139, 1986. 

Staudacher, T.H., Jessberger, E.K., Dorflinger, D., and Kiko, J., A refined ultrahigh-

vacuum furnace for rare gas analysis, J. Phys. E: Sci. Instrum., 11, 781-784, 1978. 

Steven, T.A., H.H. Mehnert, and J.D. Obradovich, Age of volcanic activity in the San 

Juan Mountains, Colorado, U.S. Geol. Surv. Prof. Pap., 575-D, 47-55, 1967. 

Wendt, I., and Carl, C., 1991, The statistical distribution of the mean squared weighted 

deviation, Chemical Geology, v. 86, p. 275-285. 
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Nevada Isotope Geochronology Laboratory - Sample Descriptions 

General Comments: 

Isochrons are the most desirable treatment of 40Ar-39Ar data.  This is because the 

isochron actually defines the isotopic composition of the initial argon in the sample (non-

radiogenic argon).  Ages calculated for an age spectrum are referred to as "apparent ages" 

because they are calculated assuming the initial argon is atmospheric in composition - 

thus, if there is excess argon (40Ar-36Ar > 295.5) the age will be overestimated.  

Isochrons have their measure of reliability, known as the mean square of weighted 

deviates (MSWD) which is a statistical goodness of fit parameter.  If it is greater than a 

certain value (which changes depending on the number of points, see Wendt and Carl, 

1991, the statistical distribution of the mean squared weighted deviation, Chem. Geol., v. 

86, p. 275-285) then there is more scatter than can be explained by analytical errors and it 

is not a statistically valid isochron.  If we provide an isochron it means that the statistical 

test is valid, if not then no valid isochron was obtained.  Also, there are issues of number 

of data points defining the isochron - the more the better.  Four points should be 

considered a bare minimum for statistical reasons, three points is getting to be a real 

concern.  This can be understood simply by considering two points - a perfectly fit 

straight line can be put through any two points, so completely accidental data can have a 

perfect line fit.  It follows that with three points there is less of a chance of an accidental 

line fit, but it is still a very real possibility (especially if analytical errors are fairly large), 

this possibility gets exponentially smaller as the number of points defining the line 

(isochron) goes up, thus more points = a more reliable isochron. 
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If there is no isochron, then a plateau age is next in preference.  This is because a 

sample that gives ages which are analytically indistinguishable from step to step is 

exhibiting what is known as "ideal" behavior, which suggests it has a simple geologic 

history, e.g., rapid cooling as a basalt lava, followed by no reheating or alteration, both of 

which may produce disturbed (discordant) age spectra.  A reliable plateau is 3 or more 

consecutive steps which are indistinguishable in age at the 2 sigma level and comprise 

>50% of the total 39Ar released.  The lack of an isochron or a plateau does not mean the 

sample provides no useful information, but their presence gives greater confidence in the 

ages obtained and requires less subjective interpretation. 

Of course, you must consider that we run samples such as this "blind" in that we 

do not know the geologic relations of the samples, either when we analyze them, or when 

we provide these general interpretations.  The geologic constraints must always be 

considered when interpreting isotopic ages; if any discrepancies arise feel free to discuss 

them with us, as it can in some cases make a difference in how age data are interpreted.  

All analytical errors are 1σ. 

 

Nevada Isotope Geochronology Laboratory - BH06SB-24 Sample Description 

General Comments:    

 Your sample was run as conventional furnace step heating analyses.  This type of 

sample run produces what is referred to as an apparent age spectrum.  The "apparent" 

derives from the fact that ages on an age spectrum plot are calculated assuming that the 

non-radiogenic argon (often referred to as trapped, or initial argon) is atmospheric in 
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isotopic composition (40Ar-36Ar = 295.5).  If there is excess argon in the sample      

(40Ar-36Ar > 295.5) then these ages will be older than the actual age of the sample.  U-

shaped age spectra are commonly associated with excess argon (the first few and final 

few steps often have lower radiogenic yields, thus apparent ages calculated for these steps 

are effected more by any excess argon present), and this is often verified by isochron 

analysis, which utilizes the analytical data generated during the step heating run, but 

makes no assumption regarding the composition of the non-radiogenic argon.  Thus, 

isochrons can verify (or rule out) excess argon, and isochron ages are usually preferred if 

a statistically valid regression is obtained (as evidenced by an acceptably low MSWD 

value).  If such a sample yields no reliable isochron, the best estimate of the age is that 

the minimum on the age spectrum is a maximum age for the sample (it could be affected 

by excess argon, the extent depending on the radiogenic yield).  40Ar-39Ar total gas ages 

are equivalent to K-Ar ages.  Plateau ages are sometimes found, these are simply a 

segment of the age spectrum which consists of 3 or more steps, comprising >50% of the 

total gas released, which overlap in age at the  ±2σ analytical error level (not including 

the J-factor error, which is common to all steps).  Such ages are preferred to total gas or 

maximum ages if obtained. However, in general an isochron age is the best estimate of 

the age of a sample, even if a plateau age is obtained.    

BH06SB-24B Plagioclase 

 The age spectrum for this sample is discordant, which (aside from the first two 

steps) generally exhibits younger ages with increasing 39Ar released.  The total gas age is 

4.19 ± 0.06 Ma (equivalent to a conventional K-Ar age).  Steps 6-10 (54% of the total 
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39Ar released) define a plateau with an indistinguishable age of 4.09 ± 0.21 Ma.  An 

isochron is defined by steps 8-11 (42% of the total 39Ar released) and yields an age of 

4.59 ± 0.09 Ma.  However, this isochron is defined by only 4 points which are clustered 

very near each other and the indicated initial argon composition (40Ar-36Ar = 247) is 

clearly anomalous (less than atmospheric ratios- 295.5 - have rarely been reported and 

even then have not been clearly documented to be less than ~285).  This isochron should 

thus not be considered reliable.  Although this sample does not yield the ideal, flat age 

spectrum the sample can be considered fairly reliable overall based on similar total gas 

and plateau ages and lack of an indication for excess argon (either in the form of the age 

spectrum, or the isochron).  The plateau age should be considered most reliable for this 

sample. 

 Some samples do not yield unambiguous data from the laboratory analysis alone, 

and other constraints (geological) must also be considered.  As is typical these comments 

are made knowing little about the geology associated with the sample.  Often such 

relationships can help refine interpretations of the data. 
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Pass Road

M

=

Sandstone; Orange (oxidized); quatrz-rich sand.

Sandstone; orange to tan; quartz-rich sand; sub-angular to 
rounded; moderate amount of metamorphic rock fragments.

Sandstone and conglomerate; orange to tan;  medium to 
coarse sand; angular to sub-rounded; consists of quatrz, and 
metamorphic rock fragments. Conglomerate; clast-
supported; 1-4 cm, sub-rounded to well rounded clasts; 
consist of metamorphic rock fragments; multiple fining 
upward packages; cross bedding at base of individual beds.

Sandstone; white to light gray; tuffaceous.

Debris flow; white to light gray; 0.5-2 cm pumice 
fragments; sandy silt matrix, matrix-supported; blocky 
weathering texture.  Tephra sample BH06SB-24B was 
collected from this location: Devitrified tuff (see Chapter 3 
for detailed description of this tephra). 

Siltstone; pale yellow; tuffaceous; well sorted.

Sandstone; light yellowish brown; tuffaceous; massive; 
presence of light gray, andesitic fragments.

Silty sandstone; light yellowish brown; tuffaceous;presence 
of white pumice fragments.

Sandstone; light yellowish brown; tuffaceous.

Sandstone; light gray; tuffaceous.
Siltstone; Red; (oxidized) layer.

Siltstone; light yellowish brown; tuffaceous; blocky texture.

Sandstone; light gray; tuffaceous.

Siltstone; light yellowish brown; tuffaceous; blocky texture.

Siltstone to claystone; gray; tuffaceous; well indurated; 
abundant 5 to 8 mm white, rounded pumice fragments; 
SS06-4 sampled from this location.

Claystone to siltstone; white; very indurated.

Siltstone to very fine sandstone; light gray; presence of 
black laminations; wavy to choatic bedding.

Silty sandstone; light gray; tuffaceous.

Siltstone; light yellowish brown; tuffaceous; blocky texture.

Sandstone; light gray; tuffaceous.

Siltstone; light yellowish brown; tuffaceous; blocky texture.

Sandstone; light gray; tuffaceous.

Siltstone; light yellowish brown; tuffaceous; blocky texture.

Siltstone; Red; (oxidized) layer.

Sandstone; light gray; tuffaceous.

Sandstone; light gray; tuffaceous.

Siltstone; light yellowish brown; tuffaceous; blocky texture.

Sandstone; light gray; tuffaceous.

Siltstone; light yellowish brown; tuffaceous; blocky texture.

Sandstone; light gray; tuffaceous.

Siltstone; light yellowish brown; tuffaceous; blocky texture.

Sandstone; light gray; tuffaceous.

Sandstone; light gray; tuffaceous.

Sandstone; light gray; tuffaceous; lenses of white, rounded pumice 
fragments in fine ash matrix; S06-5 sampled from this location (see 
Chapter 3 for detailed description of this tephra). 
 (Nomlaki Tuff; 3.4 Ma)
Claystone; white; very indurated.

Sandstone; light gray; tuffaceous.

Siltstone; light yellowish brown; tuffaceous; blocky texture.

Sandstone; light yellowish brown; tuffaceous.

Siltstone; light yellowish brown; tuffaceous; blocky texture.

Sandstone; light gray; tuffaceous.

Siltstone; light gray; tuffaceous; blocky texture; presence of 
mica.

Silty Sandstone; light gray; tuffaceous; presence of mica.

Silty Sandstone; light gray; tuffaceous; medium sand fining 
to silt; rounded to sub-rounded; well-sorted; feldspar and 
andesite and rhyolite fragments.

Siltstone; light gray; tuffaceous; blocky texture.

Sandstone; light gray; tuffaceous; massive; angular, 
andesite and rhyolite fragments.

Siltstone; light gray; tuffaceous; blocky texture.

Sandstone; light gray; tuffaceous.

Siltstone; light gray; tuffaceous; blocky texture; abundant 
rootlets; presence of black fragments.

Siltstone; light gray; tuffaceous; blocky texture; white 
mineral filling rootlets.

Silty Sandstone; light gray; tuffaceous.

Siltstone; light gray; tuffaceous; blocky texture; white 
mineral filling rootlets.

Sandstone; light gray; tuffaceous.

Siltstone; light gray; tuffaceous.

Silty Sandstone; light gray; tuffaceous.

Sandstone; light gray; tuffaceous.

Siltstone; light gray; tuffaceous; blocky texture; abundant 
rootlets; presence of black fragments.

Sandstone; light gray; tuffaceous.

Sandstone; light gray; tuffaceous; well sorted.

Sandy siltstone; light gray; tuffaceous; well sorted; 
laminated near top of bed.

Sandstone; light gray; tuffaceous; well sorted; presence of 
dark laminations on bedding surfaces (heavy mineral 
lags?).

Sandstone; gray to orange (oxidized); tuffaceous; angular 
to sub-rounded, weathered feldspar, and lithic fragments; 
presence of green, metamorphic, lithic fragments.

Sandstone; light gray; tuffaceous; well sorted; comprised of 
andesite lithic fragments; multiple beds.

Siltstone; light gray; tuffaceous; blocky texture; white 
mineral filling rootlets.

Sandstone; gray; tuffaceous; well sorted; cross-bedded at 
base; planar laminated near top of bed.

Siltstone; light gray; tuffaceous; blocky texture; presence of 
rootlets.

Siltstone; light gray; tuffaceous; blocky texture; abundant 
rootlets; presence of black fragments.

Sandstone; gray; tuffaceous; well sorted; cross-bedded at 
base; planar laminated near top of bed; comprised of 
andesitic, and metamorphic lithic fragments.

Siltstone; light gray; tuffaceous; blocky texture; presence of 
rootlets.

Silty Sandstone; light gray; tuffaceous.

Sandstone; gray; tuffaceous; well sorted.

Siltstone; light gray to orange; tuffaceous; blocky texture; 
abundant orange rootlets; presence of orange to black 
fragments.

Siltstone; light gray to orange; tuffaceous; blocky texture; 
abundant orange rootlets; presence of orange to black 
fragments.

Sandy siltstone; light gray; tuffaceous; blocky texture; 
common black fragment up to 4 cm.

Sandstone; light gray; tuffaceous; well sorted.

Siltstone; light gray; tuffaceous; blocky texture.

Siltstone; light gray; tuffaceous; blocky texture.

Sandstone; gray; tuffaceous; well sorted; white mineral 
forms a crude linear feature near the top of the bed.

Sandstone; light gray; tuffaceous; well sorted.

Siltstone; light gray; tuffaceous; blocky texture.

Sandstone; gray; tuffaceous; well sorted.

Siltstone; light gray; tuffaceous; blocky texture.

Siltstone to claystone; dark yellowish brown; very blocky 
texture; pervasive white seondary mineralization in rootlet 
casts.

Sandstone; gray; tuffaceous; well sorted.

Sandstone; gray; tuffaceous; sub-rounded to rounded; 
andesitic and metamorphic lithic fragments; trough 
cross-bedded at base, with current ripples near top of bed.

Siltstone; light gray; tuffaceous; blocky texture.

Sandstone; gray; tuffaceous; sub-rounded to rounded 
andesitic and metamorphic lithic fragments.

Siltstone; light gray; tuffaceous; blocky texture.

Sandstone; light gray; tuffaceous; well sorted.

Siltstone; light gray; tuffaceous; blocky texture.

Siltstone; light gray; tuffaceous; blocky texture.

Sandstone; gray; tuffaceous; sub-rounded to rounded 
andesitic and metamorphic lithic fragments.

Sandstone; gray; tuffaceous.

Sandstone; light gray; tuffaceous; angular; predominantly 
rhyolitic lithic fragments, with minor metamorphic lithic 
fragments; clast supported.

Sandstone and siltstone; light gray; tuffaceous; interbedded.

Silty sandstone; light gray; tuffaceous; finely laminated; 
rhyolite lithic fragments, presence  of mica.

Conglomerate; light gray; clast-supported, angular to 
rounded rhyolitic and metamorphic lithic fragments.

Conglomerate; light gray; clast-supported, angular to 
rounded rhyolitic and metamorphic lithic fragments.

Alternating coarse sand to pebble; clast-supported, 
conglomerate, and lapilli and ash beds; consists of angular, 
rhyolitic fragments.

Debris flow; light gray; martix-supported (matrix consists 
of medium to coarse sand); poorly sorted; angular rhyolitic 
fragments; minor amount of rounded, metamorphic 
fragments.

Debris flow; very pale brown; martix-supported (matrix 
consists of silt to fine sand); poorly sorted; angular rhyolitic 
fragments; abundant mica.

Debris flow; very pale brown; martix-supported (matrix 
consists of ash to fine sand); poorly sorted; white to light 
gray, angular rhyolitic fragments; presence of a 2-3 cm 
layer of accretionary lapilli at the top of the bed.

Siltstone; pale brown; well sorted; micromicaeous; bottom 
surface of bed has a dark brown to black indurated layer 
with slickensides.

Debris flow; very pale brown; martix-supported (matrix 
consists of ash to fine sand); poorly sorted; white to light 
gray, angular rhyolitic fragments. 

Sandstone; light gray; tuffaceous; well indurated; consists 
of andesitic and rhyolitic fragments.

Sandstone; light gray; tuffaceous; well sorted; consists of 
sub-angular; andesitic and rhyolitic fragments, with trace of 
pebbles; displays wavy bedding, bedding mantles 
underlying sediment; possibly surge deposit.

Debris flow; light gray; martix-supported (matrix consists 
of ash to fine sand); poorly sorted; consists of, gray, black, 
and white angular to sub-angular; andesitic and rhyolitic 
fragments, with trace amount of pebbles.

Debris flow; light gray; martix-supported (matrix consists 
of medium sand to granule); poorly sorted; consists of, 
gray, angular to sub-angular andesite blocks up to 80 cm.

80 cm discontinuous lense of silty sandstone; light gray; 
displays chaotic bedding and flame strucutres.

Block avalache breccia; reddish brown; martix-supported 
(matrix consists of coarse sand to pebbles); poorly sorted; 
consists of, reddish brown, angular polygonal andesite 
blocks up to 2 m; monolithologic, matrix and blocks consist 
of reddish brown andesite. 

Block avalache breccia; reddish brown; martix-supported 
(matrix consists of coarse sand to pebbles); poorly sorted; 
consists of, reddish brown, angular polygonal andesite 
blocks up to 2 m; monolithologic, matrix and blocks consist 
of reddish brown andesite. 
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Plate A:  Pass Road Measured Section
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Sandstone; dark gray; tuffaceous; fine sand, 
sub-angular to sub-rounded; massive; 
andesitic lithic grains; presence of green 
quartzite, and weathered bronze biotite.

Sandstone; dark gray; tuffaceous; medium to 
coarse sand; sub-angular to sub-rounded; 
clast-supported; andesitic lithic grains, 
presence of green quartzite, biotite.

Siltstone; light tan to brown; tuffaceous; 
massive, trace of biotite.

Sandstone; brownish gray; tuffaceous; fine 
sand; sub-angular; massive to weakly 
cross-stratified; andesitic lithic grains, 
presence of black (organic?) material.

Siltstone; brown; tuffaceous; massive.

Siltstone; brown to orange; oxidized (?); 
mottled to blocky texture.

Siltstone; white to tan; tuffaceous; blocky, 
trace of biotite.

Sandstone; brownish gray; tuffaceous; coarse 
sand; sub-angular; well sorted, clast-
supported; cross-bedding; andesitic sand

Siltstone; brown; tuffaceous; massive.

Silty sandstone; brownish tan; tuffaceous; 
medium sorted, moderate amount of biotite.

Sandstone; gray; tuffaceous; fine sand; well 
sorted; cross-bedded.

Sandy siltstone; orange brown; tuffaceous; 
poorly sorted; blocky; moderate amount of 
biotite.

Sandstone to gravel; gray; granule to cobbles; 
sub-rounded to well-rounded; clast-
supported; metamorphic rock fragments 
(quartzite, chert, metavolcanic clasts, 
presence of green quartzite.

Sandstone; brown; tuffaceous; sub-angular to 
sub-rounded; well-sorted.

Siltstone; brown; tuffaceous; blocky texture.

Siltstone; gray; tuffaceous; minor biotite.

Sandy siltstone; light gray; tuffaceous; poorly 
sorted.

Claystone; reddish tan; tuffaceous.

Sandstone; gray; tuffaceous; sub-angular; 
well-sorted.

Siltstone; brown to tan; tuffaceous; blocky.

Sandy siltstone; brown; tuffaceous.

Clayey siltstone; whitish tan; tuffaceous.

Sandstone; gray; tuffaceous.

Sandstone; gray; tuffaceous; granule to 
pebbles; sub-angular to sub-rounded; 1-2 cm 
rounded pumice clasts. 

Siltstone; brown to tan; tuffaceous; blocky.

Siltstone; brown to tan; tuffaceous.

Sandstone; gray; tuffaceous; granule to 
pebbles; sub-angular to sub-rounded.

Sandstone; brown; tuffaceous.

Siltstone; brown to tan; tuffaceous.

Debris flow; light gray; tuffaceous; coarse 
sand to cobbles with silt matrix; angular to 
sub-angular clasts; poorly sorted, matrix- 
suppported; clasts consist of andesitic rock 
fragments.

Debris flow; light gray; tuffaceous; coarse 
sand to cobbles with silt matrix; angular to 
sub-angular clasts; poorly sorted, matrix- 
suppported; clasts consist of black, red, and 
light gray andesitic rock fragments.

Debris flow; light gray; tuffaceous; coarse 
sand to cobbles with silt matrix; angular to 
sub-angular clasts; poorly sorted, matrix- 
suppported; clasts consist of black, glassy, 
porphoritic andesite rock fragments.

Conglomerate; gray; tuffaceous; coarse sand 
to cobbles; angular to sub-angular clasts; 
poorly sorted, matrix-suppported to top; 
clasts consist of black, red, and light gray 
andesitic rock fragments.

Debris flow; light gray; tuffaceous; coarse 
sand to pebbles with silt matrix; angular to 
sub-angular clasts; poorly sorted, matrix-
suppported; clasts consist of black, and light 
gray andesitic rock fragments.

Debris avalache (?); light gray; tuffaceous; 
granules to boulders with silt matrix; angular 
to sub-angular clasts; poorly sorted, matrix- 
suppported; monolithologic, clasts consist of 
pumiceous andesite; presence of two clast 
size groups, pebbble to blocks and medium to 
fine sand (comminuted ?). Blocks have pitted 
apperance (weathering of feldspars).

Possible “fines enriched” zone seperating 
two deposits.
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DOGGR Borehole with geophysical data

Explanation

Scale

Subsurface Data
(see Table 4.1 to 4.4)

California Department of Conservation, 
Division of Oil, Gas, and Geothermal 

Resources (DOGGR) data
California Department of Water Resources (DWR) data

Inferrred Geologic contact, queried where uncertain.

Approximate base of fresh groundwater (BFW), queried when uncertain.  
Interpretation of BFW is an approximation based on criteria presented in Figure 
5.1 and should not be considered absolute.  Absolute base of fresh water at a 
specific location on these sections can only be determined through exploratory 
drilling.  See chapter 5 for discussion on study area BFW.  Factors that 
introduce uncertainty include:
  Change in base of fresh water with time and season
  Differences in types of drilling fluids used in each borehole.
  Differences in geophysical logging equipment used in each    
  borehole (oil & gas tools vs. water well tools)

Data source for determining base of fresh water (Appendix D):
  California, Division of Oil, Gas and Geothermal Resources
  California, Departmetn of Water Resources

?

Plate C:  Geologic Cross Sections of the Sacramento Valley, near the Sutter Buttes
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