ZUSGS

science for a changing world

Groundwater Availability and Use Assessments

Prepared in cooperation with Santa Barbara County Water Agency and Vandenberg Space
Force Base

Hydrogeologic Characterization of the San Antonio Creek
Valley Watershed, Santa Barbara County, California

Scientific Investigations Report 2022-5001

U.S. Department of the Interior
U.S. Geological Survey



Cover: Visualization of the three-dimensional hydrogeologic framework model and land use of the
San Antonio Creek Valley watershed.



Hydrogeologic Characterization of the San
Antonio Creek Valley Watershed, Santa
Barbara County, California

By Geoffrey Cromwell, Donald S. Sweetkind, Jill N. Densmore, John A. Engott,
Whitney A. Seymour, Joshua D. Larsen, Christopher P. Ely, Christina L. Stamos,

Claudia C. Faunt

Groundwater Availability and Use Assessments

Prepared in cooperation with Santa Barbara County Water Agency and
Vandenberg Space Force Base

Scientific Investigations Report 2022-5001



U.S. Geological Survey, Reston, Virginia: 2022

For more information on the USGS—the Federal source for science about the Earth, its natural and living resources,
natural hazards, and the environment—uvisit https://www.usgs.gov or call 1-888—ASK-USGS.

For an overview of USGS information products, including maps, imagery, and publications, visit
https://store.usgs.gov/.

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:

Cromwell, G., Sweetkind, D.S., Densmore, J.N., Engott, J.A., Seymour, W.A., Larsen, J.D., Ely, C.P, Stamos, C.L., and
Faunt, C.C., 2022, Hydrogeologic characterization of the San Antonio Creek Valley watershed, Santa Barbara County,
California: U.S. Geological Survey Scientific Investigations Report 2022-5001, 124 p.,
https://doi.org/10.3133/sir20225001.

Associated data for this publication:

Ely, C.P, Cromwell, G., Sweetkind, D.S., Larsen, J.D. Kohel, C.A., and O’Leary, D.R., 2022, Data release of
hydrogeologic data from the San Antonio Creek Valley watershed, Santa Barbara County, California: U.S. Geological
Survey data release. [Available at https://doi.org/10.5066/P9AD7DLS8.]

ISSN 2328-0328 (online)


https://www.usgs.gov
https://doi.org/10.3133/sir20225001

Acknowledgments

The authors thank the Santa Barbara County Water Agency and Vandenberg Space Force Base
for their cooperation on this project, including funding, expertise, and logistical support for data
collection and analysis. The Cachuma Resource Conservation District facilitated community
involvement with stakeholders in the San Antonio Creek area, and landowners in the San
Antonio Creek area provided access for data collection and local and historical expertise about
the area. In particular, we want to express appreciation for the guidance and dedication that
Dennis Gibbs, former Hydrologist at Santa Barbara County Water Agency, gave to this project in
its formative years.

The authors thank USGS colleagues for assistance in data collection, analysis, and support,
including the staff at the Santa Maria Field Office, Steve Crawford, the Western Region
Research Drilling team, Adam Kjos, Chris Kohel, Ryan Mesmer, Tony Brown, Mike Lee,

Milissa Peterson, Sarah Roberts, Meghan Dick, Sandra Bond, and Anthony McCarlson. Finally,
we want to express special acknowledgment to and recognize the leadership that Dave O'Leary
provided to this project for a number of years. His hard work resulted in significant influence on
the available data and interpretations.






Contents

ACKNOWIBAGMENTS ..ottt sttt ettt neas iii
A 0 - U 1
INEEOAUCTION. vttt bbb s s s s s st s b s bbb st en et s ae b s 2
PUIPOSE ANA SCOPE vttt ettt sttt ettt ens st 4
Previous INVESTIGAtioNS.......cccicicieieesee sttt bt bbbt n s 5
Description 0f the STUAY AT ... 5
ClIMATE ettt ettt bbbt s ettt en s s s b aen st b s sttt enaes s tanen
Land Use
o Y700 Lo T=To] oo TP T TP
SUMACE WALET ..ottt st bbbttt et es e 20
Surface-Water MONITOTING ...c.cvicveeeeeeeeeee ettt bbb bbb bas 21
Base FIow to San Antonio CreeK.......occucuiececieeecceeeee ettt enaes 25
Streambed Hydraulic CONAUCTIVILY ......ocueveeeeeeesiseireiececiestses ettt sessensenes 28
Streambed Electrical Resistivity INStrUMENtS ........c.cocueveeeeeceeee e 29
Geology and Structure
GEOIOGIC UNILS w.eovvereceeeeiecestse ettt
GEOIOGIC STIUCTUIE w.ecveeecveeetecte ettt bbbt
FAUIES ...ttt a et en b
Hydrogeologic Framework MOdel ...ttt
DAL SOUMCES .uveeicereteerese et ss sttt st s et
Subsurface Hydrogeologic INterpretation........cceccecveeeiecceseeeeeee e
Subdivision of the Paso Robles Formation........
Framework Model Construction and Results
Framework Model Summary and Limitations .........ccccceceeeieercinceeeeee e 45
Definition of the AQUIET SYSTEM .....vuieiecicieecreee et 47
AQUIFET PIOPEITIES .ottt bbb s bbbt s 48
ChanNEI AlTUVIUM «...cuvieeecetcece ettt bbb bbbt enaen 52
Lower, Middle, and Upper Members of the Paso Robles Formation ..........cccccccoevecunenene. 52
Careaga SANASIONE ..ottt bbb st 53
Consolidated BEAIOCK.. ..ottt naen 53
Estimates and SoUrces of RECNAIGE ... 53
NAtUFAl RECRAITE ..ttt bbbttt 53
Infiltration from Precipitation and Streamflow ........cc.ccoeveceecrveniceccrcecececeee 53
Subsurface INflOW ...
Anthropogenic Recharge
Wastewater EffJUBNT........cccicceec e 56
[rrigation RETUMN FIOW ...ttt 56
Municipal Water SYSTEMS .......cccuvieeeceeeeeee ettt s 56
Estimates and Sources 0f DiSChAIQe .....c.ccucucveececieceeeec ettt saes 56
EVaPOIranSPIration ..ottt sttt eeaen 58
PUMIPAGE. ettt bbb bbbttt naneas 58
Base FIow to San ANtonio Cre K.t nans 62

SUDSUIMTACE DULFIOW ...ttt n st renas 64



Groundwater Levels, FIow, and MOVEMENT ...t ee s s 64

Long-Term Trends in Groundwater LEVEIS.........ccerrieerirenenieseessisee st ssssseseesessssssensnes 74
EQSterN UPlands ...ttt en 74
EASTEIN ValIBY ..ottt ettt
Central Uplands
WESLEIN VAIIEY ...ttt
LR g T o= o £ OO 79
Barka SIOUGN ..ottt 79
Groundwater and Surface-Water QUAlIty........cccceeeeeecrreeeceesees e 80
Method of Sample Collection and ANAIYSIS ..o ssssssssnens 80
Chemical Composition of Surface-Water and Groundwater...........cccoccveeeeeeecveceeeereeeesennns 82
SUface-Water QUAIITY ..ottt bbb naen 82
General Water-Quality COMPOSIION ........ocuveveveeerereireiseieseest st sessessssssessesessessenss 82
(0T 0o N E=T 3 =Y o KT 83
GroundWater QUATILY ...ttt enaen 86
General Water-Quality COMPOSIION ........ovuvvveeeeeeeireiieiseieeeestsstses s ssessensenss 86
LONG-TEIM ChANGES vttt snsennns 87
Reduction/Oxidation Conditions of Groundwater............ccevvereeneneeneeneeneennenseneens 91
Age and SoUrce of GrOUNAWALET ........c.oveveieeeeeeeeeseesee ettt ss st sssssessssees 96
Tritium @nd Carbon-T4........oeeeeeeeeeecree ettt 96
Stable Isotopes of Oxygen and Hydrogen ... sessenaens 97
SUMIMATY oottt st 102
RETEIENCES CIBM......cecvicteecectecteeee ettt et bbb bbb bbbt 104
Appendix 1. Supplementary Information on Population, Streambed Electrical Resistivity
Instruments, and U.S. Geological Survey Monitoring Wells..........ccccveveverneerccrncrseeeenenn, 112
AppendiX 2. Water QUATIY ..ottt ss s ss st ssnes 120
Figures
1. Map showing location of the San Antonio Creek Valley groundwater basin and
the San Antonio Creek Valley watershed, Santa Barbara County, California.................... 3
2. Map showing the San Antonio Creek Valley groundwater basin and the San
Antonio Creek Valley watershed, Santa Barbara County, California.........cccccoevveverveeennnns 4
3. Graph showing mean monthly precipitation during water years 1948 to 2018,
San Antonio Creek Valley watershed, Santa Barbara, California........ccccccoveeeeveveveneicrnenns 6
4. Graph showing annual precipitation during water years 1948-2018, San
Antonio Creek Valley Watershed, Santa Barbara, California..........ccccocoveveereeeceneneireinenens 7
5. Map showing contours of mean annual precipitation during 1981-2010, San
Antonio Creek Valley watershed, Santa Barbara, California ........cccccoeeeevevcveceesccnecnne, 8
6. Land-use maps showing selected years, San Antonio Creek Valley watershed,
Santa Barbara County, California. ... sseens 9

7. Bar charts showing changes in land use and agricultural land-use for 1959,
1968, 1977, 1986, 1996, 2006, and 2016 for the San Antonio Creek Valley
watershed, Santa Barbara County, California ... 13



20.

21.

22.

Map showing location of U.S. Geological Survey streamgages, infiltrometer
sites, and streambed instruments in the San Antonio Creek Valley watershed,
Santa Barbara County, California........ccoeececueeueeeceeceeeeceee ettt benaes

Graphs showing mean annual streamflow at U.S. Geological Survey

streamgages in the San Antonio Creek Valley watershed, Santa Barbara

County, California. Annual precipitation shown from a climate station in Los

Alamos. Streamflow is shown only for water years with complete records..................

Graphs showing mean monthly streamflow during water years 1948-2018 at
U.S. Geological Survey stations 11135800 and 111361000 on San Antonio Creek,
San Antonio Creek Valley Watershed, Santa Barbara County, California .........cc.ccecuu.....

Graphs showing measured daily streamflow and estimated daily base flow
at U.S. Geological Survey station 11136100 during a wet water year and a dry
water year, San Antonio Creek Valley watershed, Santa Barbara County, California....

Graph showing base flow at U.S. Geological Survey station 11136100 for water

years 1956—2003 and 2016—18 and estimated average, wet, and dry annual
precipitation, San Antonio Creek Valley watershed, Santa Barbara County,

CalIfOMNIA vttt bbbt s et b s st st aen

Plots showing estimated aquifer properties at streambed infiltrometer
infiltrometer test sites along the main channel of San Antonio Creek and

tributary streambeds, San Antonio Creek Valley watershed, Santa Barbara

County, CalifOrNia...ccccieeeceecreeee et b s bbb aen

Graphs showing percent relative conductance of streambed electrical

resistivity sensor SERS-6 compared to daily precipitation recorded at climate

station 204, Los Alamos Fire Station #24; and daily streamflow from U.S.

Geological survey stations 11135800, 111360460, and 11136100 San Antonio

Creek Valley watershed, Santa Barbara County, California.........c.cocveeeeeernrverseeiecsninnnnns

Graphs showing percent relative conductance of streambed electrical

resistivity sensor SERS-3 compared to daily precipitation recorded at climate

station 204, Los Alamos Fire Station #24, and daily streamflow from U.S.

Geological survey stations 11135800, 111360460, and 11136100, San Antonio

Creek Valley watershed, Santa Barbara County, California........cccccoeeveeeereveneneseeneensenenns

Map showing the geology of the San Antonio Creek Valley Watershed, Santa
Barbara County, California ...t

Map showing the hydrogeologic units of the San Antonio Creek Valley

watershed, Santa Barbara County, California ........c..ccooeveveriecnineneneiesssssese s
Graphs showing borehole lithology and geophysical logs for U.S. Geological

Survey multiple-depth, monitoring-well sites SACR and SACC, San Antonio

Creek Valley watershed, Santa Barbara County, California........ccccoeveeerevenenereeneensenenns
Graphs showing measured groundwater elevations during 2016—18 for U.S
Geological Survey multiple-depth, monitoring-well sites SACR and SACC, San
Antonio Creek Valley watershed, Santa Barbara County, California........cccoeeoeeecrveninnnes

Conceptual hydrogeologic section showing U.S. Geological Survey

multiple-depth, monitoring-well sites SACR and SACC ........c.cccoevvrvereeieeerinsiseseeieseenennes
Map showing elevation of the consolidated bedrock from the

three-dimensional hydrogeologic framework model, San Antonio Creek Valley
watershed, Santa Barbara County, California.......c.ccocveeeeeeeeeceeecceeceeecee e
Maps showing extent and thickness of basin-fill hydrogeologic units from

the three-dimensional hydrogeologic framework model, and the estimated
percentage of coarse-grained materials for boreholes that penetrate each unit..........

26

42

vii



viii

23.

24

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Egg-crate diagram showing the three-dimensional hydrogeologic framework

model for San Antonio Creek Valley watershed, Santa Barbara County, California.......45
Generalized cross sections showing the three-dimensional hydrogeologic

framework model of the San Antonio Creek Valley watershed, Santa Barbara

L0 LU LA O 11 L PP 46
Plots showing measured aquifer properties of hydrogeologic units in the San
Antonio Creek Valley watershed, Santa Barbara County, California........ccccoeeoevvervenennnee 50

Graphs showing frequency of coarse-grained materials, in percent, from
borehole logs for basin-fill hydrogeologic units of the San Antonio Creek Valley
watershed, Santa Barbara County, California ........c..cccoeveverieonencncneiesssssese s 51

Graph showing reported estimates of natural recharge during calendar years
1948-2018, San Antonio Creek Valley watershed, Santa Barbara County, California.....54

Map showing locations of anthropogenic recharge and pumpage, San Antonio
Creek Valley watershed, Santa Barbara County, California........cccccoeeveeevcrvenccrvcnscncinnnes 55

Graphs showing estimated annual anthropogenic recharge during water

years 1948-2018, all sources of anthropogenic recharge, and sources of
anthropogenic recharge not including agricultural irrigation return, San

Antonio Creek Valley watershed, Santa Barbara County, California........ccccceevereernernnen. 57
Graphs showing annual and cumulative pumpage during 1948-2018, all water

uses and water uses not including agriculture, San Antonio Creek Valley

watershed, Santa Barbara County, California ......c.cccoocveeennnrneiensnssessenesseee e 59

Graphs showing best-fit line equations and coefficients of determination that
describe relations between net annual pumpage and annual base flow at

U.S. Geological Survey station 11136100 during years with average annual
precipitation for water years 1956-90; and water years 1991-2003, San Antonio

Creek Valley watershed, Santa Barbara County, California........cccccooeveveevervenecrverscncrnnnens 63
Maps showing groundwater elevation in the San Antonio Creek Valley
watershed for December 1943; January 1978; and water year 2017 .......cccocveeeeuvenenenns 69

Cross-section showing the three-dimensional hydrogeologic framework model
showing estimated groundwater elevations from groundwater-elevation

contour maps for December 1943, January 1978, and water year 2017.........cccoevvvrerenne 73
Map showing location of selected wells with groundwater-elevation

hydrographs, San Antonio Creek Valley watershed, Santa Barbara County,

CAlIFOMMIA vttt bbbttt 75
Graphs showing measured groundwater elevations for selected wells for

calendar years 1948-2018, San Antonio Creek Valley watershed, Santa Barbara

CoUNtY, CalfOIMIA ...ttt ettt et s e bt s st esaen 76
Map showing location of select groundwater and surface-water quality sites,
San Antonio Creek Valley watershed, Santa Barbara County, California.......c.ccccocvvueeee. 81

Graph showing annual precipitation and concentrations of total dissolved

solids and chloride at U.S. Geological Survey stations 11136040, 11135800, and
11136100, San Antonio Creek Valley watershed, Santa Barbara County, California.......83
Cross-sections showing water-quality diagrams and total dissolved-solids
concentration for select wells and surface-water sites, San Antonio Creek

Valley watershed, Santa Barbara County, California ........cccoeoeevenenesecssneneseseesssens 84
Maps showing chemigraphs of water-quality data from selected wells showing

total dissolved solids and chloride, nitrate, and calcium and magnesium, San

Antonio Creek watershed, Santa Barbara County, California..........cocoveeervnerenereineneennnns 88



40.

41.

42.

Tables

1.

Cross-sections showing concentrations of tritium as tritium units and percent
modern carbon in groundwater, and groupings of stable isotope compositions

of groundwater in selected wells; section D-D’; section E-E"; section F-F’; and
section G—G"; San Antonio Creek Valley watershed, Santa Barbara County,

CalIfOIMIA ottt ettt bttt et a s bt s st enaen
Graphs showing stable isotope concentrations in parts per thousand (per

mil) for groundwater samples from selected wells, San Antonio Creek Valley
watershed, Santa Barbara County, California .......c.cccoeveveeienensnsenssesseee e 1

Map showing groups of stable isotopic concentrations and well depth from
selected groundwater samples, San Antonio Creek Valley watershed, Santa
Barbara County, California ..ot ssaes 1

General land-use categories with corresponding Landscape Fire and Resource
Management Planning Tools version 140, California Department of Water
Resources, and Farmland Mapping & Monitoring Program vegetation codes

and classes for 1959, 1968, 1977, 1986, 1996, 2006, and 2016, San Antonio Creek
Valley Watershed, Santa Barbara County, California........ccccoeveeecervencenecceseneseeesesessiennns

General land-use categories and agricultural sub-categories for 1959, 1968,
1977, 1986, 1996, 2006, and 2016 San Antonio Creek Valley Watershed, Santa
Barbara County, California ..o

Description and summary monthly statistics of USGS streamgages active
during water years 1948-2018 in the San Antonio Creek Valley watershed,
Santa Barbara County, California.......cocoeenrrereeerercneeresesee e seesessenees

Estimates of base flow at U.S. Geological Survey station 11136100 from this
study and from previous studies using available measured streamflow data
during water years 1956-2018, San Antonio Creek Valley watershed, Santa
Barbara County, California......cccccceceereiseseescsssse st sssssesaees

Estimated aquifer properties from streambed infiltrometer test sites, San
Antonio Creek Valley watershed, Santa Barbara County, California........c.ccccoeveeeeineennen.

Streambed electrical resistivity instrument locations, San Antonio Creek Valley
watershed, Santa Barbara County, California ......ccccooeveeenrnrncenensneersneseeee s

Well information, hydraulic conductivity estimates, and measurement data

from aquifer slug tests for U.S. Geological Survey single- and multiple-depth,
monitoring well sites and monitoring well 8N/34W-21A1, San Antonio Creek

Valley watershed, Santa Barbara County, California ........ccccocveeeveveneneccensnesceecesessiennns
Annual groundwater pumpage during 1948-2018, San Antonio Creek Valley
watershed, Santa Barbara County, California ...
Selected wells with groundwater-level and water-quality data and

streamgages with water-quality data, San Antonio Creek Valley watershed,
CalIfOMNIA vttt bbb bbbttt b st aen
Redox conditions of select groundwater samples from wells in the San Antonio
Creek Valley Watershed, Santa Barbara County, California ........ccccoooeeeevevencecrvcrnernceninns



Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
Acre 4,047 square meter (m?)
Acre 0.4047 hectare (ha)
Acre 0.4047 square hectometer (hm?)
Acre 0.004047 square kilometer (km?)
square foot (ft?) 929.0 square centimeter (cm?)
square foot (ft?) 0.09290  square meter (m?)
square inch (in?) 6.452 square centimeter (cm?)
square mile (mi?) 259.0 hectare (ha)
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
gallon (gal) 0.003785 cubic meter (m?)
gallon (gal) 3.785 cubic decimeter (dm?)
cubic foot (ft?) 28.32 cubic decimeter (dm?)
cubic foot (ft?) 0.02832  cubic meter (m?)
acre-foot (acre-ft) 1,233 cubic meter (m?3)
acre-foot (acre-ft) 0.001233  cubic hectometer (hm?3)
Flow rate
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year (m3/yr)
acre-foot per year (acre-ft/yr) 0.001233  cubic hectometer per year (hm?/yr)
foot per day (ft/d) 0.3048 meter per day (m/d)
cubic foot per second (ft/s) 0.02832  cubic meter per second (m?3/s)
cubic foot per day per square foot 0.0348 cubic meter per day per square meter ([m?/s]/
([fE/s)/1t2) m?)

cubic foot per day (ft3/d) 0.02832  cubic meter per day (m3/d)
gallon per minute (gal/min) 0.06309 liter per second (L/s)
gallon per day (gal/d) 0.003785  cubic meter per day (m3/d)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)

Specific capacity

gallon per minute per foot ([gal/min]/ft) 0.2070 liter per second per meter ([L/s]/m)



Multiply By To obtain

Hydraulic conductivity

foot per day (ft/d) 0.3048 meter per day (m/d)

Hydraulic gradient

foot per mile (ft/mi) 0.1894 meter per kilometer (m/km)
Transmissivity

foot squared per day (ft?/d) 0.09290  meter squared per day (m?/d)

foot per day per foot ([ft/d]/ft) 1

inch per year per foot ([in/yr]/ft) 83.33

International System of Units to U.S. customary units

Multiply By To obtain
Length
meter (m) 3.281 foot (ft)
meter (m) 1.094 yard (yd)
micrometer (um) 0.000039 inch (in.)
Volume
cubic meter (m?) 6.290 barrel (petroleum, 1 barrel = 42 gal)
liter (L) 33.81402 ounce, fluid (fl. 0z)
liter (L) 2.113 pint (pt)
liter (L) 1.057 quart (qt)
liter (L) 0.2642 gallon (gal)
cubic meter (m?3) 264.2 gallon (gal)
cubic meter (m?) 0.0002642  million gallons (Mgal)
liter (L) 61.02 cubic inch (in?)
cubic meter (m?3) 35.31 cubic foot (ft?)
cubic meter (m?) 1.308 cubic yard (yd3)
cubic meter (m?) 0.0008107  acre-foot (acre-ft)
Flow rate
meter per second (m/s) 3.281 foot per second (ft/s)
Mass
kilogram (kg) 2.205 pound avoirdupois (1b)
Density
kilogram per cubic meter (kg/m?) 0.06242 pound per cubic foot (Ib/ft?)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x °C) + 32.
Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(F-32)/1.8.



xii

Datum

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

Supplemental Information

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)
or milliequivalent units per liter (meg/L)

Concentrations of tritium are presented in tritium units (TU)

Relative ages of groundwater are presented in units of years before present (yrs BP)

A value of 9.81 meters per second squared (m/s?) is used for gravity

Carbon-13 data are expressed as ratios in delta notation (3'3C) as parts per thousand (per mil)
Carbon-14 data are expressed as percent modern carbon (pmC)

Data from streambed electrical resistivity instruments are presented as percent relative
conductance (PRC)



Well-Numbering System

Wells are identified and numbered according to their location in the rectangular system for the
subdivision of public lands. Identification consists of the township number, north or south; the

range number, east or west; and the section number. Each section is divided into 16 40-acre

tracts lettered consecutively (except “I” and “0"), beginning with “A” in the northeast corner

of the section and progressing in a sinusoidal manner to “R” in the southeast corner. Within
the 40-acre tract, wells are sequentially numbered in the order they are inventoried. The
final letter refers to the base line and meridian. In California, there are three base lines and
meridians: Humboldt (H), Mount Diablo (M), and San Bernardino (S). All wells in the study
area are referenced to the San Bernardino base line and meridian (S). Well numbers consist
of 15 characters and follow the format 008N0034W21A001S. In this report, well numbers are
abbreviated and written 8N/34W-21A1. The following diagram shows how the number for

well 8N/34W-21A1 is derived.
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Abbreviations

bls below land surface

DWR California Department of Water Resources

EPA U.S. Environmental Protection Agency

FMMP California Department of Conservation, Farmland Mapping & Monitoring Program

HFM hydrogeologic framework model

LANDFIRE  United States Forest Service Landscape Fire and Resource Management
Planning Tools

NHD National Hydrography Dataset

SACIM San Antonio Creek Integrated Model

SACVGB San Antonio Creek Valley groundwater basin

SACVW San Antonio Creek Valley watershed

SBCWA Santa Barbara County Water Agency

SERS Streambed electrical resistivity sensor

STIC Stream temperature, intermittency, and conductivity instrument

TDS Total dissolved solids

USGS U.S. Geological Survey

VSFB Vandenberg Space Force Base



Hydrogeologic Characterization of the San Antonio Creek
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By Geoffrey Cromwell, Donald S. Sweetkind, Jill N. Densmore, John A. Engott, Whitney A. Seymour,
Joshua D. Larsen, Christopher P. Ely, Christina L. Stamos, Claudia C. Faunt

Abstract

The San Antonio Creek Valley watershed (SACVW)
is located in western Santa Barbara County, about 15 miles
south of Santa Maria and 55 miles north of Santa Barbara,
California. The SACVW is about 135 square miles and
encompasses the San Antonio Creek Valley groundwater
basin; the SACVW is separated from adjacent groundwater
basins by the Casmalia and Solomon Hills to the north, and the
Purisima Hills to the south. At the western, downstream part
of the valley, uplifted, consolidated rocks cause groundwater
to discharge at land surface at Barka Slough. Since the late
1800s, groundwater has been the primary source of water
for agricultural, military, municipal, and domestic uses.
Groundwater withdrawal by pumping exceeded the amount
of water replenishing the aquifer system during water years
1948-2018, causing groundwater-level declines of more than
150 feet in parts of the valley and reducing base flow at Barka
Slough. Reliance on groundwater for agricultural water use
(primarily for the irrigation and frost protection of vineyards,
and fruit and berry crops) continues to strain the sustainability
of the groundwater system.

Through a cooperative agreement, the Santa Barbara
County Water Agency and Vandenberg Space Force Base
invited the U.S. Geological Survey to address declines in
groundwater levels, develop a better understanding of the
hydrogeologic system, and provide tools to help evaluate and
manage the effects of future development of the San Antonio
Creek Valley groundwater basin within the encompassing San
Antonio Creek Valley watershed (SACVW). The objectives
of this study were to (1) refine the hydrogeologic framework
of the San Antonio Creek Valley watershed, (2) quantify
the hydrologic budget of the valley, and (3) develop
hydrologic modeling tools to evaluate and aid in managing
the groundwater resource. This report focuses on the first and
second objectives to construct a hydrogeologic framework
and characterize the historical and present-day hydrologic
conditions of the SACVW during water years 1948-2018.

As part of the second objective, work included quantifying
the hydrologic budget and evaluating the hydrogeologic
system using a combination of existing data and geologic and
hydrologic data collected for this study.

The groundwater-flow system in the SACVW consists
of five hydrogeologic units. These separate water-bearing
units were identified based on hydrogeologic properties,
such as sediment grain size, vertical-head differences in
multiple-depth, monitoring-well sites, long-term groundwater
level responses to pumping and climate, and the chemical
character of groundwater and groundwater age in the mostly
semi-consolidated to unconsolidated basin-fill sediments. The
hydrogeologic units that comprise the different aquifers vary
in their lithologic composition. The upper and lower aquifers
(upper Paso Robles Formation, and lower Paso Robles
Formation and Careaga Sandstone, respectively) are relatively
coarse grained and are comprised of sand, gravel, and clay; the
middle confining unit (the middle Paso Robles Formation) is
relatively fine grained and is comprised of primarily clay, silt,
and sand. The Pezzoni-Casmalia and Los Alamos faults, which
are inferred to transect the SACVW between the western and
eastern areas of the valley floor, do not appear to substantially
affect the groundwater system.

Present-day recharge to the study area occurs primarily
as infiltration from precipitation and streams in the upland
areas of the Casmalia Hills and Solomon Hills, and along
the main channel of San Antonio Creek. Reported estimates
of annual natural recharge during water years 1948-2018
generally ranged from about 5,000 acre-feet to more than
about 30,000 acre-feet. Stable and radioactive isotopes show
that groundwater from the lower aquifer is old and probably
was recharged as infiltration from precipitation and streams in
the eastern upland areas of the Solomon Hills; however, the
infiltration and recharge from these sources probably does not
occur under present-day climatic conditions. Anthropogenic
recharge, from sources such as return flow from agricultural
irrigation, municipal water systems, and wastewater effluent,
was estimated to range from about 600 acre-feet in 1948 to
about 6,600 acre-feet in 2018. The average annual amount of
groundwater removed from the SACVW by pumping during
1948-2018 was estimated to be about 17,200 acre-feet per
year, increasing from about 3,000 acre-feet in 1948 to about
32,600 acre-feet in 2018. Estimates of annual pumpage
generally exceeded estimates of annual recharge beginning in
the mid-1970s and continuing through 2018. The predominant
direction of groundwater flow under historical and present-day
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conditions was from the eastern uplands in the Solomon Hills
to the west along San Antonio Creek to the discharge area in
Barka Slough, and from the northern uplands in the Casmalia
Hills south to San Antonio Creek.

Pumpage since the early 1900s and the subsequent
groundwater-level declines have substantially reduced the
amount of natural groundwater discharge at Barka Slough.
Estimates of base flow to San Antonio Creek at the western,
downstream extent of the SACVW have varied over time in
response to changes in groundwater pumpage and climate;
however, there was an overall decline in base flow during
water years 19562018, decreasing from an average of
about 1,700 acre-feet per year during 1956—69, to about
300 acre-feet per year during 2016-18. The long-term
extraction of groundwater correlates with a decrease in
groundwater levels by more than about 150 feet since the early
1940s in the eastern part of the basin near Los Alamos, and as
much as about 50 feet in the upland areas and in the western
part of the basin. At Barka Slough, groundwater levels have
declined below land surface in some places, altering native
riparian vegetation in and around the slough.

Surface-water quality in the SACVW varied depending
on location and the time of year the samples were collected
and on the amount of annual precipitation Most groundwater
in the SACVW was calcium-bicarbonate-type water with total
dissolved-solids concentrations of about 500-800 milligrams
per liter generally representing water naturally recharged
as infiltration from precipitation and streams. Total
dissolved-solids concentrations in some wells ranged from
800 to 8,000 milligrams per liter, suggesting mixing of
naturally recharged infiltrated water with water associated
with oil-bearing geologic formations, agricultural products,
or the evaporation of shallow groundwater. Concentrations of
total dissolved solids and the chemical constituents chloride,
nitrate plus nitrite (as nitrogen), calcium, and magnesium
at selected wells generally increased during water years
1980-2018; increasing concentrations of these constituents
may be associated with the expansion of agriculture in the
watershed over time and the corresponding increase in the use
of nitrates and calcium- and magnesium-based fertilizers and
soil additives in modern agricultural practices.

The predominant direction of groundwater flow during
historical and present-day conditions was from the eastern
uplands in the Solomon Hills to the west along San Antonio
Creek toward Barka Slough, and from the western uplands
in the Casmalia Hills south to San Antonio Creek. The age of
groundwater in the SACVW was evaluated using radioactive
isotopes, and the flow of groundwater within the SACVW
was evaluated using radioactive and stable isotopes. Modern
groundwater (recharged after 1952) was generally found
adjacent to San Antonio Creek and its tributaries in wells with

perforated depths that averaged about 270 feet below land
surface. Pre-modern groundwater (recharged before 1952) was
found in wells that had average perforation depths of about
540 ft below land surface. Pre-modern groundwater identified
in wells in the eastern upland area is interpreted to have had
long, slow travel times to the western part of the SACVW
where it was eventually discharged as base flow at Barka
Slough or extracted as groundwater pumpage.

Introduction

Groundwater is the primary source of water supply in the
San Antonio Creek Valley groundwater basin (SACVGB). The
SACVGB is in western Santa Barbara County about 15 miles
(mi) south of Santa Maria and 55 mi northwest of Santa
Barbara (fig. 1). Groundwater in the SACVGB is an important
source of water for Vandenberg Space Force Base (VSFB), the
town of Los Alamos, and irrigated agriculture. Groundwater
is also the source of water for Barka Slough (Martin, 1985),
which provides important habitat for several endangered
species (Descheneaux, 1975; California Department of
Fish and Wildlife, 2021). Residents and water managers are
concerned that if the groundwater withdrawals continue,
groundwater levels will decline to a point where it will be
uneconomical to produce water. In addition, water managers
are concerned that water quality may deteriorate due to
pumping from deeper aquifer units with poorer quality water
as a result of dewatering of the alluvial aquifer deposits.

Previous studies have indicated that by the 1980s,
groundwater pumpage in the SACVGB was already greater
than perennial base flow in San Antonio Creek (Muir,
1964; Hutchinson, 1980; Martin, 1985). Further declines in
groundwater levels in wells and corresponding reductions
in base flow to San Antonio Creek will likely affect all
users in the SACVGB and will affect the viability of several
endangered species and their habitats in Barka Slough.
Furthermore, the SACVGB was designated a “medium
priority” groundwater basin by the California Department
of Water Resources (DWR) as part of the Sustainable
Groundwater Management Act (SGMA) that was enacted
in 2014. As a result of this designation, stakeholders were
required to develop a groundwater sustainability plan with
the goal of balancing groundwater withdrawals and recharge
in order to prevent further losses of groundwater storage.
Defining the quantity and quality of the groundwater supply
and establishing tools to allow users to efficiently and
sustainably utilize the available groundwater resources will
help resource managers plan for anticipated growth and future
water use in the SACVGB.



Introduction

120°45' 120°30' 120°15' 120°00' 119°45'
- | | NN | |
~ ~
9 A
@ 2)( \“1 ~ ann A
, @
{/(/\—1 ~ r‘/‘ \ \s ]
" (11\’ L
350 8§4~2UIs oBISP,
v q AL LU T
00' - 4 BARBARA\_ 04,
o Q)
/V]»P
34°
45'
B
Santa Ynez Mountains ]
34°
30'
Santa Barbara

Base from U.S. Geological Survey and other Federal and State digital data,
various scales; Universal Transverse Mercator projection, zone 10; North
American Datum of 1983

5 10 15 20 MILES
|

o —_T—o

EXPLANATION
‘ Barka Slough

California Department of Water Resources
Bulletin 118 groundwater basin (California
Department of Water Resources, 2016)

Santa Maria River Valley
Santa Ynez River Valley
San Antonio Creek Valley

National Hydrography Dataset watershed
boundary (U.S. Geological Survey, 2016)

San Antonio Creek Valley watershed boundary

Vandenberg Space Force Base boundary

Figure 1. Location of the San Antonio Creek Valley groundwater basin and the San Antonio Creek Valley watershed, Santa Barbara
County, California.

3



4 Hydrogeologic Characterization of the San Antonio Creek Valley Watershed, Santa Barbara County

To better manage water resources in the SACVGB, the
Santa Barbara County Water Agency (SBCWA), VSFB, and
the U.S. Geological Survey (USGS) initiated a cooperative
study to understand the hydrogeologic system of the
SACVGB and in the encompassing San Antonio Creek Valley
watershed (SACVW; figs. 1, 2). The numerical San Antonio
Creek Valley Integrated Hydrological Model (SACIM) also
was developed to simulate the integrated surface-water and
groundwater systems in the SACVW, including natural and
anthropogenic (that is, originating from human activity)
recharge and discharge throughout the study area during
water years 1948-2018 (Woolfenden and others, 2022). This
report describes the historical hydrologic and hydrogeologic
conditions of the SACVW during water years 1948-2018.
Unless specified otherwise, all listed years in this report
are water years; a water year is the one-year period from
October 1 to September 30 and is designated by the year in
which the period ends.

120°30° 120°25'

Purpose and Scope

The purpose of this report is to quantify and characterize
the historical hydrologic and hydrogeologic conditions in the
SACVGB from 1948 to 2018 that inform the development
of an integrated hydrological model (Woolfenden and others,
2022). Hydrologic and hydrogeologic data were compiled
from existing databases and published reports and were
supplemented with new data collected as part of this study
to evaluate the aquifer system and better understand changes
in the hydrologic and hydrogeologic conditions of the area.
Information presented in this report includes precipitation
and streamflow records, changes in land use during the study
period, surface and subsurface hydrogeologic data, results
from instruments designed to characterize surface water/
groundwater interactions, groundwater-level measurements
(existing and new), and groundwater-quality data (existing
and new). This report provides analysis and synthesis of
these data and information and characterizes the SACVGB
aquifer system.
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Previous Investigations

Previous investigations of the SACVGB focused on the
geology or hydrology of the valley and northwestern Santa
Barbara County, and were often performed with the purpose of
characterizing the geology of nearby oil fields. These previous
studies provided local and regional context of the geologic and
hydrology of basin.

The geology of the SACVGB was described by
Dibblee (1950), Woodring and Bramlette (1950), and Muir
(1964). Dibblee (1950; scale 1:62,500) mapped the geology
of the southern part of the SACVGB as part of a broader
investigation to map and characterize the southwestern
district of Santa Barbara County. Woodring and Bramlette
(1950; scale 1:24,000) described the stratigraphy, lithology,
and paleontology of the Mesozoic bedrock and Cenozoic
sedimentary rocks of the Santa Maria area, including the
SACVGB, and applied geologic and structural overlays
to aerial photographs. Muir (1964) focused specifically on
the geology and groundwater of the SACVGB. As part of
this work, Muir (1964; scale 1:48,000) refined the geologic
mapping of Woodring and Bramlette (1950) and described the
hydrogeologic characteristics of the Cenozoic sedimentary
rocks within the SACVGB. Geologic maps at 1:24,000 scale
of the six quadrangles that comprise the SACVGB were
published by Dibblee and Ehrenspeck (1988, 1989, 1993a,

b) and Dibblee and others (1994a, b). Preliminary geologic
maps of the Santa Maria 30-minute x 60-minute quadrangle
(which includes the SACVGB) were compiled by Tennyson
(1992), and Tennyson and others (1995; scale 1:100,000).
These preliminary geologic maps were superseded by geologic
and geophysical maps of the Santa Maria and part of the Point
Conception 30-minute x 60-minute quadrangle by Sweetkind
and others (2021; scale 1:100,000). Namson and Davis (1990)
characterized the late Cenozoic deformation and the tectonic
history of the southern California Coast Ranges (San Rafael
Mountains; fig. 1) and presented geologic cross-sections that
helped define the structural and stratigraphic relations of the
greater SACVGB area (discussed later in the “Geology and
Structure” section). Studies of the geology and petroleum
resources of the area include Jenkins (1943), American
Association of Petroleum Geologists (1959), Crawford (1971),
California Division of Oil, Gas and Geothermal Resources
(1982), Issacs (1992), Stanley and others (1996), Miller

and Meltzer (2002), California Department of Conservation
(2008), and Sweetkind and others (2010).

Early hydrologic evaluations specific to the SACVGB
were performed by Muir (1964), Lafreniere and French
(1968), Hutchinson (1980), Mallory (1980), Martin (1985)
and Bright and others (1997). Muir (1964) provided the first
assessment of hydrologic and hydrogeologic conditions in the
SACVGB, including assessments of water quality. Hutchinson
(1980) provided a temporal update to the hydrologic and
hydrogeologic work of Muir (1964) and evaluated relations
between agricultural pumping and base flow in San Antonio
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Creek. Mallory (1980) studied the effects of increasing
groundwater pumpage on water supply in Barka Slough.
Martin (1985) developed the first numerical groundwater

flow model of the SACVGB; a two-dimensional model that
simulated transient conditions in the basin during calendar
years 1944-77. More recent studies by Tetra Tech, Inc. (2012,
2013) provided temporal updates on the hydrologic and
hydrogeologic conditions of the basin through 2010. Tetra
Tech, Inc. (2012) evaluated the hydrologic conditions and
historical water balance in the SACVGB during water years
1935-2010, and Tetra Tech, Inc. (2013) developed a numerical
groundwater flow model based on the work of Tetra Tech,

Inc. (2012). Additional hydrologic reports focused on the
collection and analysis of groundwater-level and water-quality
data, including California Department of Water Resources
(1971), Mathany and others (2010), Burton and Belitz (2013),
and Burton and others (2013).

Description of the Study Area

The SACVGB is defined by the DWR Bulletin 118
(California Department of Water Resources, 2016) and
encompasses an area of about 105 mi2. The basin is bounded
on the north by the Casmalia Hills and the Solomon Hills,
on the east by a watershed divide, on the south by the
Purisima Hills and Burton Mesa, and on the west by uplifted
consolidated sedimentary rocks that form the western
boundary of Barka Slough (figs. 1, 2). San Antonio Creek
and its tributaries provide the main surface drainage for
the SACVGB. San Antonio Creek originates at the eastern
part of the SACVGB and flows west along the valley floor
(fig. 2); San Antonio Creek flows into the Pacific Ocean
about five miles east of the SACVGB (fig. 1). Tributaries that
originate in the Casmalia Hills and Solomon Hills flow south
into San Antonio Creek, and tributaries that originate in the
Purisima Hills and Burton Mesa flow north into San Antonio
Creek (fig. 2). The general direction of groundwater flow in
the SACVGB matches the direction of surface water flow;
groundwater generally flows from the upland hills toward San
Antonio Creek on the valley floor and then along the valley
floor from east to west toward the Pacific Ocean (Muir, 1964;
Hutchinson, 1980; Martin, 1985).

At the western end of the groundwater basin,
consolidated rocks near land surface form a barrier to the
seaward flow of groundwater; groundwater upwelling east
of the barrier has created a 660-acre marshland known
as Barka Slough (fig. 1). Barka slough is one of the few
pristine marshlands in southern California and historically
is known to have been inhabited by several threatened or
endangered species of wildlife (Descheneaux, 1975; California
Department of Fish and Wildlife, 2021), including the
California Red-legged Frog (Rana draytonii), the unarmored
threespine stickleback (Gasterosteus aculeatus).
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Groundwater basins designations are largely based
on local hydrogeologic conditions but are also subject to
geographic and political considerations; therefore, specific
groundwater basin boundaries do not always encompass
the entirety of the local hydrologic system. The SACVGB
is the focus of this study because of specific stakeholder
interests, however, the SACVW was used as the study area
and active domain of the numerical SACIM (Woolfenden
and others, 2022) because the SACVW comprises parts of
the San Antonio Creek watershed that encompass most of
the SACVGB (USGS National Hydrography Dataset [NHD]
Hydrologic Unit 10-1806000901; U.S. Geological Survey,
2016). Using the SACVW as the study area ensures that
estimates of recharge and discharge are representative of the
SACVGB. The SACVW has an area of about 135 square
miles (mi?), about 30 mi? larger than the SACVGB, which
has an area of about 105 mi2. The northeastern-most part of
the SACVGB is excluded from the SACVW because it lies
outside the local watershed boundary (fig. 2).

Climate

The SACVW has a semiarid climate characterized by
a wet season and dry season. Mean monthly precipitation
in the town of Los Alamos ranges from about 0.02 inches
in July to about 3.2 inches (in.) in February (fig. 3; Western
Regional Climate Center, 2020). About 92 percent of annual
precipitation recorded in Los Alamos during 1948-2018 falls
during the wet season from November to April (fig. 3; Santa
Barbara County, 2019), and the mean annual precipitation
recorded in Los Alamos during 1948-2018 was 15.2 in/yr
(fig. 4; climate station 204, Los Alamos Fire Station #24;
Santa Barbara County, 2019). Interannual variation of
precipitation is large (fig. 4) and follows natural cycles
and trends in global circulation patterns that tend to favor
formation of atmospheric rivers (Zhu and Newell, 1998).
Atmospheric rivers are regions of the lower atmosphere
characterized by strong winds and large water-vapor content
that commonly produce heavy rainfall during the wet season
(Ralph and others, 2013). About 40 percent of annual
precipitation in the SACVW can be attributed to atmospheric
river events (Dettinger, 2011). In figure 4, average, wet,
and dry precipitation years were classified based on the
percentage of annual precipitation relative to the long-term
mean precipitation (following the work of Hutchinson, 1980)
for 1948 to 2018 (15.2 in/yr). Average years had precipitation
within plus or minus 25 percent of the long-term mean,
between 11.4 and 19.0 in/yr. Wet years had precipitation
greater than 19.0 in/yr, and dry years had precipitation less
than 11.4 in/yr. The spatial distribution of precipitation varies

across the study area (fig. 5). Mean annual precipitation
during calendar years 1981-2010 generally is lower in the
western part of the SACVW (about 15 in/yr) and higher in the
Solomon Hills and eastern upland areas (about 22 in/yr; fig. 5;
PRISM Climate Group, 2013).

Mean temperatures in the SACVW vary according
to season, proximity to the coast, and elevation. Maritime
influence is more evident in the western part of the valley
and is responsible for frequent fog events and high humidity
that moderate summertime maximum temperatures. During
calendar year 1981-2010, July mean maximum temperatures
ranged from about 60 degrees Fahrenheit (°F) in the western
part of the SACVW to about 88 °F in the eastern part
(PRISM Climate Group, 2013). Summertime mean minimum
temperatures were more uniform across the SACVW and were
generally between 50 and 60 °F during July. Mean maximum
January temperatures did not vary considerably across the
watershed and were generally between 60 and 70 °F. Mean
minimum January temperatures generally were warmer in
the hills surrounding the valley than on the valley floor—a
condition known as a temperature inversion. January mean
minimum temperatures were about 45 to 50 °F in the upland
areas of the Casmalia Hills, Solomon Hills, and Purisima
Hills, and about 35 to 40 °F on the valley floor along San
Antonio Creek.
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Figure 3. Mean monthly precipitation during water years 1948
to 2018, San Antonio Creek Valley watershed, Santa Barbara,
California (Western Regional Climate Center, 2020).
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in/yr, and dry years had precipitation less than 11.4 in/yr.

Land Use

Land in the SACVW has been used primarily for
agriculture. Historically, the upland parts of the valley have
been used for dry farming or pastureland, and the valley
floor along San Antonio Creek and its tributaries was used
for irrigated farming. However, large sections of formerly
non-irrigated pastureland in the uplands were converted
to irrigated vineyards between 1977 and 1986 (figs. 6, 7).
The western quarter of the valley is owned by VSFB, and
the remainder of the valley is privately owned. The town
of Los Alamos is a census-designated place (U.S. Census
Bureau, 2020), and has experienced a slow, steady growth
in population over about the last one hundred years,
ranging from about 140 people in 1935 (Tetra Tech, Inc.,
2012) to 900 people in 1977 (Hutchinson, 1980, citing
Los Alamos Community Services District, oral commun.,
1977), 1,372 people in 2000 (U.S. Census Bureau, 2000),
1,890 people in 2010 (U.S. Census Bureau, 2010), and to
1,839 people in 2020 (U.S. Census Bureau, 2020; table 1.1).
For 2018, the population of Los Alamos was estimated to be
1,850 people (see appendix 1; table 1.1)

The total population of the SACVW includes residents
who live in the town of Los Alamos and rural residents who
live outside the town but within the SACVW. Estimates of
population of the SACVW were 1,921, 2,646, and 2,575
people for 2000, 2010, and 2020, respectively (table 1.1). For

these three years, the estimated population of the SACVW
was, on average, 1.4 times the population of the town of
Los Alamos—based on this multiplier, the population of
the SACVW for 2018 was estimated to be 2,590 people
(appendix 1; table 1.1).

Land-use data from DWR (California Department of
Water Resources, 1959, 1968, 1977, 2000) and the Farmland
Mapping & Monitoring Program (FMMP; California
Department of Conservation, 2018) were used to quantify
agricultural and developed acreage in the SACVW. Land-use
maps of the SACVW were compiled for 1959, 1968, 1977,
1986, 1996, 2006, and 2016 in a geographic information
system (GIS) database (figs. 6, 7), using data from DWR,
the FMMP, and the U.S. Forest Service Landscape Fire
and Resource Management Planning Tools (LANDFIRE;
LANDFIRE, 2014; table 1); land-use classifications for these
years were used in the numerical SACIM (Woolfenden and
others, 2022). Land not classified as agricultural or developed
in these data sources was assumed to be native vegetation and
assigned native vegetation land-use codes according to the
LANDFIRE version 140 classification for 2014 (LANDFIRE
140; LANDFIRE, 2014) to better classify the distribution
of native plants. If the original sources classified an area of
land as native vegetation, and LANDFIRE 140 classified the
same area of land as agriculture, then the California Mesic
Chaparral native vegetation code was applied (table 1), except
for 2016 for which the LANDFIRE 140 codes were used to
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classify the entire year. If an area of land was not classified

as agricultural or developed in the original sources, the
LANDFIRE 140 classifications for native vegetation (table 1)
were assigned to that area of land. . Land classified as roads in
LANDFIRE 140 was assigned as ‘Developed’ for all land-use
years (table 1).

Land-use data from DWR for USGS 7.5-minute
topographic quadrangles (Careaga Canyon, Casmalia, Foxen
Canyon, Lompoc, Los Alamos, Los Olivos, Orcutt, Sisquoc,
and Zaca Creek) were compiled for 1959, 1968, 1977, and
1996 (California Department of Water Resources, 1959,

1968, 1977, 2000). Unfortunately, not all quadrangles were
available for each of these years, resulting in some gaps in
data. For years with missing data, agricultural land-use data
from the next available land-use year was used. For 1959, data
were missing from the Lompoc and Zaca Creek quadrangle,
as a result data from the 1968 land-use map were used for

the Lompoc quadrangle, and data from the 1996 and 2016
land-use maps were used for the Zaca Creek quadrangle.

For 1968 and 1977, data were missing from the Zaca Creek
quadrangle, as a result data from the 1996 and 2016 land-use
maps were also used for the Zaca Creek quadrangle.

Land-use data from FMMP were compiled for 1986,
2006, and 2016 (California Department of Conservation,
2018). Areas defined as any type of farmland were refined
using historical satellite imagery from Google Earth (imagery
dates December 30, 1986; variously dated, 2006; and
variously dated, 2016: Google, Landsat/Copernicus, accessed
November 2018), DWR land-use maps for 1977 and 1996,
and Agricultural Field Boundaries for 2016 (Santa Barbara
County, 2017).

All land-use classes for the seven years with land-use
data were assigned LANDFIRE 140 codes and grouped into
one of three general categories: developed, agriculture, and
native vegetation (table 2). Agricultural land use was further
sub-categorized (figs. 6, 7; tables 1, 2). The LANDFIRE
140 dataset lacked a category for field crops, which were
commonly identified in the other land-use sources; therefore,
agriculture classified as field crops in the original sources were
grouped with row crops for this study.
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The SACVW was comprised of native vegetation (80.0
to 87.2 percent), agricultural land (8.7 to 16.0 percent), and

developed land (3.9 to 4.3 percent; table 2) during 1959-2016.

Land use in the SACVW was characterized by an increase

in agricultural lands from 8,674 acres in 1959 (9.7 percent

of total land use) to 14,080 acres in 2016 (15.8 percent of
total land use) and an associated reduction in the amount of
native vegetation from 76,700 acres (86.1 percent) in 1959 to
71,367 acres (80.1 percent) in 2016. The amount of developed
land was relatively constant during 19592016, covering
between 3,459 to 3,853 acres (3.9 to 4.3 percent; figs. 6, 7;
table 2).

Agricultural lands in the 1959, 1968, and 1977 were
primarily on the valley floor along San Antonio Creek and in
Harris Canyon in the northwest part of the study area, with
small tracts of agricultural land in the narrow valleys and
tributary streams south of San Antonio Creek (figs. 64—C). In
1986 (fig. 6D), the acreage of agricultural lands increased in
the narrow valleys and broad hillsides north of San Antonio

Description of the Study Area 19

Creek; these additional agricultural lands extended from Harris
Canyon to the northeastern boundary of the SACVW. During
1959-2016, agriculture acreage in the SACVW increased
every year with available land-use data, except in 1977 and
2016, when the amount of agricultural land decreased by
947 and 181 acres, respectively, from the previous year with
available land-use data (fig. 7; table 2). The largest increases
in agricultural acreage occurred between 1977 and 1986, when
the amount of agricultural land increased by 2,081 acres, and
between 1996 and 2006, when the amount of agricultural land
increased by 3,988 acres (table 2).

Increases in the amount of agricultural acreage were
accompanied by a shift in crop types and an associated shift
in farming practices from predominantly non-irrigated dry
farming in 1959, to almost entirely irrigated farming in 2016
(table 2). Crop types changed from predominantly wheat, row
crops, and pasture and hayland, to predominantly vineyards
and fruit and berries (figs. 6, 7; table 2).
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Table 2. General land-use categories and agricultural sub-categories for 1959, 1968, 1977, 1986, 1996, 2006, and 2016 San Antonio
Creek Valley watershed, Santa Barbara County, California (California Department of Water Resources, 1959, 1968, 1977, 2000, LANDFIRE,

2014; California Department of Conservation, 2018).

[Percent calculations are for the total area; Total Area is the sum of developed, agricultural, and native vegetation land from geographic information systems

(GIS) polygons, resulting in slight differences between years. Abbreviations: mi2, square mile; —, not applicable]
1959 1968 1977
General land-use type . - -
Acres mi? Percent Acres mi? Percent Acres mi? Percent
Developed 3,666 5.7 4.1 3,853 6.0 43 3,667 5.7 4.1
Agriculture 8,674 13.6 9.7 8,704 13.6 9.8 7,757 12.1 8.7
Irrigated 2,118 33 24 2,059 32 23 5,094 8.0 5.8
Mixed Irrigated/non-irrigated 14 0.0 0.0 1,235 1.9 1.4 0 0.0 0.0
Non-irrigated 6,541 10.2 7.3 5,410 8.5 6.1 2,662 4.2 3.0
Orchard — — — 32 0.0 0.0 5 0.0 0.0
Vineyard — — — — — — 732 1.1 0.8
Fruit and berries 116 0.2 0.1 125.4 0.2 0.1 1,403 2.2 1.6
Row crop 2,877 4.5 32 3,232.4 5.1 3.6 2,390 3.7 2.7
Close grown 4 0.01 0.0 — — — — — —
Fallow 345 0.5 0.4 338.8 0.5 0.4 — — —
Pasture and hayland 1,477 2.3 1.7 1,670.1 2.6 1.9 1,639 2.6 1.9
Wheat 3,855 6.0 43 3,334.5 5.2 3.7 1,589 2.5 1.8
Native vegetation 76,700 119.8 86.1 7,6481 119.5 85.9 77,617 121.3 87.2
Total area 89,039 139 — 89,039 139 — 89,041 139 —

Hydrogeology

This section describes the hydrogeologic characteristics
of the SACVW, including surface-water hydrology, the
geologic setting and aquifer system, sources of recharge to
and discharge from the groundwater system, and long-term
trends in groundwater levels, flow, and movement within the
SACVW. Descriptions of surface-water and groundwater
conditions in the SACVW are based on streamflow and
groundwater-level measurement data as well as estimated and
reported water-use information. Descriptions of the geologic
setting and aquifer system are based on previously published
maps, hydraulic measurement data, and a three-dimensional
(3D) hydrogeologic framework model (HFM) of the SACVW
developed as part of this study.

Surface Water

Knowledge of the spatial and temporal characteristics of
streamflow is needed for municipal, industrial, agricultural,
and other water-supply and flood-control projects (Viessman
and Lewis, 2003). Streamflow records from streamgages in
the SACVW were analyzed to develop a better understanding
of the seasonal and interannual distributions of streamflow.
The analysis of streamflow was used to help characterize

the hydrologic system of the SACVW. Data from the USGS
National Hydrography Dataset (NHD; U.S. Geological Survey,
2016) were used to describe the surface-water hydrology of
the SACVW in this section and are available from the USGS
National Map website (https://www.usgs.gov/core-science-
systems/national-geospatial-program/national-map).

The SACVW coincides with the drainage basin of USGS
station 11136100 (San Antonio Creek near Casmalia, Calif.,
hereafter referred to as the “Casmalia streamgage”; fig. 8;
table 3; U.S. Geological Survey, 2021). The surface-water
drainage pattern within the SACVW generally is dendritic
(Zernitz, 1932). The main stem of San Antonio Creek runs
for about 34 mi in a general westerly direction from its
headwaters in the Solomon Hills to the Pacific Ocean about
6 mi west of the SACVW (figs. 1, 8). The first 28 mi of the
main stem is within the SACVW. All of San Antonio Creek
cast of Barka Slough is classified in the NHD as intermittent,
but west of Barka Slough, San Antonio Creek is classified as
perennial (fig. 8; U.S. Geological Survey, 2016). The perennial
reach of San Antonio Creek begins at Barka Slough, where
consolidated bedrock underlying the SACVW at shallow depth
creates a barrier to groundwater flow that, combined with
the narrowing of the valley, causes almost all groundwater
to move upward to the land surface and discharge into San
Antonio Creek (Muir, 1964). All tributaries to San Antonio
Creek within the SACVW are classified as intermittent (fig. 8).


https://www.usgs.gov/core-science-systems/national-geospatial-program/national-map
https://www.usgs.gov/core-science-systems/national-geospatial-program/national-map
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Table 2. General land-use categories and agricultural sub-categories for 1959, 1968, 1977, 1986, 1996, 2006, and 2016 San Antonio
Creek Valley watershed, Santa Barbara County, California (California Department of Water Resources, 1959, 1968, 1977, 2000;

LANDFIRE, 2014; California Department of Conservation, 2018).—Continued

[Percent calculations are for the total area; Total Area is the sum of developed, agricultural, and native vegetation land from geographic information sys-

tems (GIS) polygons, resulting in slight differences between years. Abbreviations: mi2, square mile; —, not applicable]
1986 1996 2006 2016

Acres mi? Percent Acres mi? Percent Acres mi? Percent Acres mi? Percent
3,459 54 3.9 3,569 5.6 4.0 3,522 5.5 4.0 3,597 5.6 4.0
9,838 15.4 11.0 10,273 16.1 11.5 14,261 223 16.0 14,080 22.0 15.8
7,923 12.4 8.9 8,892 13.9 10.0 13,246 20.7 14.9 13,310 20.8 14.9
0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0
1,914 3.0 2.2 1,381 2.2 1.6 1,016 1.6 1.1 769 1.2 0.9
7 0.0 0.0 3 0.0 0.0 33 0.1 0.0 450 0.7 0.5
3,744 59 4.2 4,743 7.4 53 8,312 13.0 9.3 7,195 11.2 8.1
3,061 4.8 34 3,243 5.1 3.6 4,671 7.3 5.2 5,292 8.3 5.9
1,111 1.7 1.2 394 0.6 0.4 229 0.4 0.3 373 0.6 0.4
— — — 15 0.0 — — — — — — —
122 0.2 0.1 737 1.2 0.8 411 0.6 0.5 243 0.4 0.3
1,792 2.8 2.0 1,139 1.8 1.3 605 0.9 0.7 526 0.8 0.6
75,746 1184 85.1 75,202 117.5 84.5 71,260 111.3 80.0 71,367 111.5 80.1
89,043 139 — 89,044 139 — 89,043 139 100.0 89,043 139 —

Many tributary stream courses beginning in the hills above
the valley floor become ill-defined, and some stream courses
disappear altogether as the streams approach the valley floor.

Surface-Water Monitoring

Streamflow has been measured at five USGS streamgages
along San Antonio Creek and its tributaries (fig. 8;
U.S. Geological Survey, 2021).These five streamgages have
had varying periods of operation starting in 1941 (fig. 9;
table 3; note, fig. 9 only shows streamflow data from 1948
to 2018). USGS station 11135800 (San Antonio Creek at
Los Alamos, Calif., hereafter referred to as the “Los Alamos
streamgage”) was active during water years 1971-2018 with
intermittent periods of inactivity during 1993-2002 (fig. 9).
USGS stations 11136000 (San Antonio Creek at Harris, Calif.,
hereafter referred to as the “Harris Grade streamgage”) and
11136050 (San Antonio Creek above Barka Slough, Calif.,
hereafter referred to as the “Barka streamgage”) are about
9 mi downstream from the Los Alamos streamgage. The
Harris Grade streamgage was operated for about 14 years
during 1941-55, and the Barka streamgage was operated
for about 3 years during 1985-87. USGS station 11136040
(Harris Canyon Creek near Orcutt, Calif., hereafter referred
to as the “Harris Canyon streamgage”) was installed as part
of this study about 0.7 mi upstream from the confluence of
Harris Canyon and San Antonio Creek; the Harris Canyon
streamgage (11136040) was operated for about 2 years

during 2017-19. The Casmalia streamgage was about 2.8 mi
downstream from Barka Slough at the western boundary of the
SACVW. The Casmalia streamgage (11136100) was operated
during water years 1955-2003 (with one year of inactivity in
1994) and was reinstalled and operated as part of this study
during 2014-18.

The Casmalia and Los Alamos streamgages have the
longest periods of recorded streamflow in the SACVW (fig. 9).
The water years with the highest mean annual streamflow
at the Casmalia streamgage—1978, 1983, and 1998—had
some of the highest annual precipitation on record (fig. 9).
Mean annual streamflow at the Casmalia streamgage during
19562018 was about 6.1 cubic feet per second (ft3/s), or
about 4,400 acre-feet per year (acre-ft/yr). At the Casmalia
streamgage, the highest mean monthly streamflows are during
the rainy season (November through April) and the lowest
mean monthly streamflows are during the dry season (May
through October; figs. 4, 10; table 3). During the dry season,
streamflow at the Los Alamos streamgage usually was zero.
At the Casmalia streamgage, streamflow during the dry season
was low. Streamflow at the Los Alamos streamgage consisted
almost entirely of direct runoff, which was an indication that
the stream was not connected to the groundwater system at,
and upstream of, the Los Alamos streamgage. The Harris
Canyon streamgage, on a tributary to San Antonio Creek,
had sporadic dry-season streamflow, indicated by non-zero
mean monthly streamflow values (table 3); the low flows at
this streamgage may derive from irrigation runoff or shallow
subsurface flow from nearby agricultural fields.
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Figure 9. Mean annual streamflow at U.S. Geological Survey streamgages in the San Antonio Creek Valley watershed, Santa Barbara
County, California (U.S. Geological Survey, 2021). A, U.S. Geological Survey station 11135800; B, U.S. Geological Survey stations

11136050, 11136000, and 11136040; C, U.S. Geological Survey station 11136100. Annual precipitation shown for the town of Los Alamos

(climate station 204, Los Alamos Fire Station #24; Santa Barbara County, 2019). Streamflow data are shown only for water years with
complete records.



24 Hydrogeologic Characterization of the San Antonio Creek Valley Watershed, Santa Barbara County

Table 3. Description and summary monthly statistics of USGS stream gages active during water years 1948-2018 in the San Antonio
Creek Valley watershed, Santa Barbara County, California. (U.S. Geological Survey, 2021).

[USGS, U.S. Geological Survey; mi?, square mile; Jan., January; Feb. February; Mar., March; Apr., April; Aug., August; Sept., September; Oct., October;
Nov., November; Dec., December —, unavailable]

0.001

USGS d‘r\;?:ame
station USGS station name nag Period of record
basin, in
number -
mi

11135800 San Antonio Creek at Los Alamos, California 349 Oct. 1970-Sept. 1992, Oct. 1997-Sept. 1999, Oct. 2003—
current (Dec. 2021)

11136000 San Antonio Creek at Harris, California (Harris Grade) 93.7 Jan. 1941-Sept. 1955

11136050 San Antonio Creek above Barka Slough, Cailfornia 114 Apr. 1985-Sept. 1987

11136040 Harris Canyon Creek near Orcutt, California 17.3 Dec. 14, 2016-Jan. 20, 2019

11136100 San Antonio Creek near Casmalia, California 135 Oct. 1955-Sept. 1993, Oct. 1994—Sept. 2003, Oct. 2014—
current (Dec. 2021)
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. 11136100 (San Antonio Creek near Casmalia, Calif.)

Figure 10. Mean monthly streamflow during water years 1948-2018 at U.S. Geological Survey stations 11135800 and 111361000 on San
Antonio Creek (U.S. Geological Survey, 2021), San Antonio Creek Valley watershed, Santa Barbara County, California.
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Table 3. Description and summary monthly statistics of USGS stream gages active during water years 1948-2018 in the San Antonio
Creek Valley watershed, Santa Barbara County, California. (U.S. Geological Survey, 2021).—Continued

[USGS, U.S. Geological Survey; mi2, square mile; Jan., January; Feb. February; Mar., March; Apr., April; Aug., August; Sept., September; Oct., October;

Nov., November; Dec., December —, unavailable]

Status of Mean monthly streamflow’
streamgage as of (cubic feet per second)
December 1,
2021 Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.
Active 1.1 10 7.3 0.67 0.05 0.02 0.01 0.00 0.00 0.00 0.03 0.12
Inactive 2.7 0.03 7.9 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.53
Inactive — — — 0.14 0.31 0.25 0.13 0.09 — — — —
Inactive 4.9 8.2 2.3 0.26 0.06 0.92 0.24 0.07 0.01 0.02 0.39 0.12
Active 10.0 27.0 20.0 6.50 1.30 0.89 0.65 0.66 0.74 1.00 1.60 2.60

IComputed using available water years of data for the period 1948-2018.

Base Flow to San Antonio Creek

Base flow is defined as sustained or fair-weather
streamflow composed of groundwater discharge and delayed
subsurface runoff (Chow, 1964). The perennial streamflow
of San Antonio Creek downstream of Barka Slough is
demonstrated at the Casmalia streamgage (figs. 10, 11).
Streamflow in this part of San Antonio Creek is a combination
of direct runoff and base flow; however, during the dry season,
streamflow at the Casmalia streamgage is sustained by base
flow. Previous reported estimates of annual base flow over
the various periods of record at the Casmalia streamgage
ranged from about 430 acre-ft/yr (Martin, 1985) to about
2,330 acre-ft/yr (Hutchinson, 1980; table 4; fig. 12).

Estimates of base flow at the Casmalia streamgage
were calculated using the Base-Flow Index (BFI) Standard
method (Wahl and Wahl, 1995) in the USGS Groundwater
Toolkit (Barlow and others, 2017). This computerized
base-flow-separation method defines local streamflow
minimums within consecutive, non-overlapping n-day periods
and requires two parameters (1) £, the turning-point test factor,
and (2) n, the number of days in a test window. In this study,

the /' value used was 0.9, the default value. The used n value
of 3 was determined using the method described by Wahl and
Wahl (1995).

Estimated annual base flow at the Casmalia streamgage
during water years 19562018 ranged from 0.24 to 5.84 ft¥/s,
and annual average base flow generally decreased during this
period (fig. 12). Estimated annual base flow decreased from
about 2.3 ft3/s in the 1950s and 1960s to 0.75 ft3/s in water
year 1977, and then decreased to a low of 0.24 ft3/s in water
year 1990. Hutchinson (1980) and Martin (1985) estimated
similar declines in base flows during 195677 (fig. 12) and
generally considered this decline a response to increasing
pumpage in the SACVW. During 1991-2003, estimated
annual base flows ranged from 0.62 ft3/s to 5.2 ft3/s. The
climate during the period from 1956 to 2003 was characterized
by wet and average precipitation years; estimated annual
base flows increased during wet years and were generally
the same for all average years during this period (fig. 12).
During 2016-18, which followed a dry period from 2012 to
2015, the average estimated annual base flow was 0.62 ft3/s. A
more detailed analysis of base flows and the relation between
groundwater recharge and discharge in the SACVW is
presented in the “Estimates and Sources of Discharge” section.
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Figure 11. Measured daily streamflow and estimated daily base flow at U.S. Geological Survey station 11136100 U.S. Geological
Survey, 2021) during A, a wet water year (1998); and B, a dry water year (1990), San Antonio Creek Valley watershed, Santa Barbara

County, California.
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Table 4. Estimates of base flow at U.S. Geological Survey station 11136100 from this study and from previous studies using available
measured streamflow data during water years 1956-2018 (U.S. Geological Survey, 2021), San Antonio Creek Valley watershed, Santa

Barbara County, California.

[ft3/s, cubic foot per second; acre-ft/yr, acre-foot per year]

27

Stud Period of Mean annual base flow estimate Range of annual base flow estimates
u
v record used (f63/s) (acre-ft/yr) (ft/s) (acre-ft per yr)
This study 19562018 1.60 1,140 0.24-5.84 172-4,230
Tetra Tech, Inc. (2012) 1959-98 1.74 1,260 1.29-1.82 931-1,320
Martin (1985) 1956-77 0.96 695 0.59-1.56 430-1,130
Hutchinson (1980) 1958-77 1.75 1,270 0.79-3.22 570-2,330
Muir (1964) 1956-58 2.21 1,600 1.93-2.62 1,400-1,900
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Figure 12. Base flow at U.S. Geological Survey station 11136100 for water years 1956-2003 and 2016—18 (U.S. Geological Survey, 2021)

and estimated average, wet, and dry annual precipitation, San Antonio Creek Valley watershed, Santa Barbara County, California.
Average years had annual precipitation between 11.4 and 19.0 inches per year (in/yr), wet years had precipitation greater than 19.0 in/yr,
and dry years had precipitation less than 11.4 in/yr (Santa Barbara County, 2019).
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Streambed Hydraulic Conductivity A
Infiltrometer tests were completed at 12 sites within the X EXPLANATION
SACVW to quantify infiltration potential (fig. 8; table 5). ‘E 300 — T 1 o Calculated value
Tests were performed during August 22-26, 2017, at five § 250 90th percentile
sites along the San Antonio Creek stream bed (SAC-STBI E - B ]
through SAC-STBS) and seven sites along tributary streams S ? 200 . N 75th percentile
(SAC-UPLI1 through SAC-UPL7); the sites are numbered <_;u o
in ascending order from east to west to match the general S 8 150 |- _ 50th percentile
direction of surface-water drainage and groundwater flow = (median)
through the basin (fig. 8). Measurement data, analysis 2 100 o —
information, and results are published in a data release (Ely § T 25th percentile
and others, 2022). & 50 |- l —
Infiltration tests were performed using large Mariotte ° . 10th percentile
bottles (Schwertz, 1950) and a double ring infiltrometer 0 Trib San Antoni
(Bouwer, 1986). Cumulative infiltration (I) was derived from ributary anC ] en;ckmlo
Schwertz (1950) as: B
18
A2 (AP, 6 B
1= <7> pog TAN M . T EXPLANATION
% 14 = ] e Calculated value
where g 5 12 — — 90th percentile
r,  represents the inner radius of the Mariotte &2 0 a
bottle (0.75 feet), % E’_ ‘ 75th percentile
r,  represents the radius of the inner ring of the é B 8 ° —
double ring infiltrometer (0.98 feet), £ = 6 . n 50th percentile
AP,  is the change in gas pressure in the head 8 (median)
space of the Mariotte bottle (pounds per &% b l ]
. 25th percentile
square inch), 2 ]
p,,  1s the temperature dependent fluid density of 0 Q )
K 10th percentile
water (62.3 pounds per cubic foot; Tanaka Tributary San Antonio
and others, 2001), Creek
g s gravity (32.2 feet per second squared), and c
Ah,  accounts for changes in water level in the 0.45

040 |— ‘|’ _
035 I— — EXPLANATION
0.30 ° Calculated value

inner ring, in feet.

Aquifer property data calculated from the infiltrometer
test measurements were streambed hydraulic conductivity,

infiltration rate, and specific yield and are shown as box and 90th percentile

whisker plots in figure 13 and listed in table 5. Streambed 0.5 - .
hydraulic conductivity was calculated using common methods 020 — : = 75th percentile
outlined by Philip (1969) for double ring infiltration tests -

and Wooding (1968), using the inverse capillary length
term presented by White and Sully (1987) for single ring 0.10 | — (median)
infiltration tests. 005 J» B

Estimated aquifer property values at infiltrometer test ' 25th percentile
sites along the main channel of San Antonio Creek varied 0.00
substantially from sites in tributary drainages (fig. 13).
Individual site values are shown on figure 13 as circles, the
horizontal line within each box represents the median value
of all individual site values, and the box itself represents the
interquartile range between the 25t percentile (lower bound)
and 75™ percentile (upper bound) of the data. Estimated
streambed hydraulic conductivity at sites along the main
channel of San Antonio Creek ranged from 24.8 to 309 feet
per day (ft/d) and generally were one order of magnitude

50th percentile

Streambed specific yield, dimensionless

Tributary San Antonio 10th percentile
Creek

Figure 13. Estimated aquifer properties from streambed
infiltrometer test sites along the main channel of San Antonio
Creek and tributary streambeds (Ely and others, 2022; U.S.
Geological Survey, 2021), San Antonio Creek Valley watershed,
Santa Barbara County, California: A, streambed hydraulic
conductivity; B, infiltration rate; and C, specific yield.

Interquartile range

Interquartile range

Interquartile range
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Table 5. Estimated aquifer properties from streambed infiltrometer test sites (Ely and others, 2022; U.S. Geological Survey, 2021), San
Antonio Creek Valley watershed, Santa Barbara County, California. Site names correspond to locations shown in figure 8.

[USGS, U.S. Geological Survey; mm/dd/yyyy, month/day/year; —, not applicable]

Streambed

Site USGS Measurement . jaulic ~ MITAUON g cificyield  Chocuve Field soil
name station number date conductivity rate (Dimensionless) .. poro_sny texture
(mm/dd/yyyy) (feet/day) (feet/hour) (Dimensionless)
SAC-STB1  344436120161702 08/23/2017 212.88 9.8 0.19 0.194 Sand
SAC-STB2  344446120165103 08/24/2017 308.98 16.5 0.19 0.188 Sand
SAC-STB3 344521120205602 08/24/2017 127.28 8.3 0.20 0.198 Sand
SAC-STB4  344533120233801 08/24/2017 104.60 8.3 0.20 0.199 Sand
SAC-STB5  344602120260102 08/25/2017 24.80 1.7 0.22 0.215 Sandy Clay Loam
SAC-UPLI1 344510120105502 08/23/2017 92.13 6.7 0.20 0.201 Gravely sandy loam
SAC-UPL2  344349120164501 08/22/2017 12.08 0.3 — — Silty clay loam
SAC-UPL3  344444120171501 08/23/2017 20.38 0.6 0.19 0.194 Clay loam
SAC-UPL4 344652120204601 08/24/2017 1.92 0.1 0.32 10.324 Silty clay loam
SAC-UPL5  344617120254101 08/25/2017 10.26 0.3 0.42 10.415 Loamy sand
SAC-UPL6  344530120255401 08/25/2017 65.76 1.8 0.01 10.010 Sandy Loam
SAC-UPL7 344843120265601 08/26/2017 6.52 0.2 — — Clay loam

Effective porosity values for these sites are outside of the normal range of effective porosity for soils.

greater than at sites in tributary drainages (fig. 134; table 5).
The estimated streambed hydraulic conductivity at sites

along the tributary drainages ranged from 1.92 to 92.1 ft/d

(fig. 134; table 5). The highest values of streambed hydraulic
conductivity were associated with field soil textures of “sand”
at sites along San Antonio Creek in the western part of the
SACVW, and the lowest values were associated with field soil
textures of “clay,” “loam,” and “silty clay loam” in tributary
drainages in the central part of the SACVW (fig. §; table 5).
The range of estimated streambed infiltration rate at sites along
the main channel of San Antonio Creek (1.7 to 16.5 ft per
hour [ft/hr]) were also about one order of magnitude greater
than for sites in tributary drainages (0.1 to 6.7 ft/hr; fig. 13B;
table 5). Estimated streambed specific yield at sites along the
main channel of San Antonio Creek had a substantially smaller
range of values (0.19 to 0.22) than sites in tributary drainages
(0.01 to 0.42; fig. 13C; table 5).

Streambed Electrical Resistivity Instruments

Streambed instruments that measure electrical resistivity
were constructed and installed along the main channel
in San Antonio Creek and along tributary streambeds to
provide insight into streamflow not recorded by traditional
streamgages (fig. 8; table 6). These instruments can record
high-resolution temporal and geographic responses of
streamflow to precipitation in intermittent streams. The
streambed instruments were installed during fall 2015 through

spring 2017 and were monitored through spring 2019, or
until they were damaged or lost during storm events. Of the
25 instruments deployed, only 18 were recovered. The quality
of the data from the recovered instruments was variable and,
although promising for selected instruments, were generally
not suitable for meaningful interpretations of streamflow in
San Antonio Creek or its tributary streams. Examples of two
of the best-quality instruments are discussed below.

The streambed instruments used in this study were
streambed electrical resistivity sensors (SERS) and Stream
Temperature, Intermittency, and Conductivity (STIC;

Chapin and others, 2014) loggers. The instruments are small,
cost-effective, and can be installed (and re-installed) along
stream reaches to measure stream intermittency. Both SERS
and STICs employ water contact electrodes to record wet and
dry periods—dry periods with no streamflow are characterized
by no or small electrical signals, whereas wet periods with
streamflow are characterized by large electrical signals

when submerged. Twenty SERS and five STICs (hereafter

all streambed instruments are referred to as SERS) were
deployed inside protective casings level with the streambed
and secured to the ground with steel stakes (fig. 1.1). The
SERS instruments recorded data in 5- to 15-minute intervals;
site visits to download data and maintain the instruments
occurred about every six weeks while the instruments were
deployed. More information on the construction, installation,
and instrument development of SERS and STICs can be found
in appendix 1. Measurement data, analysis information, and
results are published in a data release (Ely and others, 2022).
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Table 6. Streambed electrical resistivity instrument location information, San
Antonio Creek Valley watershed, Santa Barbara County, California.

[USGS; U.S. Geological Survey; SERS, streambed electrical resistivity sensor; STIC, Stream
temperature, intermittency, and conductivity instrument; NAVD 88, North American Vertical

Datum of 1988]
Instrument USGS Land y urface Instrument Instrument
name station number altitude type location
(NAVD 88)
SERS-1 344510120105501 940 SERS Tributary stream
SERS-2 344518120221201 403 SERS Tributary stream
SERS-3 344547120253001 329 SERS San Antonio Creek
SERS-4 344716120193401 403 SERS Tributary stream
SERS-5 344446120165102 425 STIC San Antonio Creek
SERS-6 344547120180501 604 SERS Tributary stream
SERS-7 344524120174101 588 SERS Tributary stream
SERS-8 344441120125002 725 SERS Tributary stream
SERS-9 344408120140901 670 SERS San Antonio Creek
SERS-10  344436120161602 582 SERS San Antonio Creek
SERS-11 344511120192001 523 SERS San Antonio Creek
SERS-12  344500120172901 548 SERS San Antonio Creek
SERS-13  344602120260101 302 SERS Tributary stream
SERS-14  344629120205301 521 STIC Tributary stream
SERS-15  344532120233906 362 SERS San Antonio Creek
SERS-16  344521120205601 424 STIC San Antonio Creek
SERS-17  344613120283601 265 SERS Tributary stream
SERS-18  344617120272201 280 SERS Tributary stream
SERS-19  344601120260002 302 SERS San Antonio Creek
SERS-20  344548120274101 305 SERS Tributary stream
SERS-21 344530120225701 391 STIC San Antonio Creek
SERS-22  344639120255101 322 SERS Tributary stream
SERS-23  344517120190501 492 STIC Tributary stream
SERS-24A 344839120265501 451 SERS Tributary stream
SERS-24B  344839120265601 451 SERS Tributary stream
The measured electrical signals from the SERS Minimum values correspond to time when the
instruments were analyzed as percent relative conductivity instruments were exposed to open air. Maximum values are
(PRC), which was calculated for each instrument as: recorded during periods of streamflow when the presence of

where
obs

obs

obs

min

max

PRC—<

water reduces the contact resistance of the instrument. Values
obs = obs,,;, between the minimum and maximum range may correspond to
— | x 100 2) .. . . . .
obs, .. —0bs times of various amounts of saturation when the instrument is
exposed to moisture, either from damp air conditions near the
streambed surface, or is the instrument is buried by sediment

min

is each reading, mobilized by streamflow. The SERS instruments are modified

is the minimum observation for the period of ~ temperature sensors with the thermistor removed and record
record, and data as degrees Fahrenheit (°F); negative minimum values

is the maximum observation for the period are possible because the lower limits of the instruments are

of record. below zero.



Examples of daily PRC for water year 2017 from two
SERS instruments (SERS-6 and SERS-3; fig. 8) are shown in
figures 14 and 15, respectively, and discussed below. PRC data
are shown with daily precipitation recorded at Los Alamos
(climate station 204, Los Alamos Fire Station #24; Santa
Barbara County, 2019; figs. 144, 154) and daily streamflow
recorded at the Los Alamos, Casmalia, and Harris Canyon
streamgages (figs. 14B, 15B). Because San Antonio Creek
and its tributaries are primarily intermittent streams (fig. 8),
they flow only during precipitation events and with little
lag time; therefore, PRC data points for days with measured
precipitation (rainy-day PRC points) generally would be
expected to have higher values than PRC data points for days
with no measured precipitation (dry-day PRC points).This
generally is true for the examples shown in figures 14 and 15.

Hydrogeology 3

SERS-6 was installed in the eastern part of the SACVW,
in a tributary stream about 1 mi north of San Antonio Creek
(fig. 8). The daily PRC data show two distinct patterns:
between mid-November 2016 and mid-February 2017, the
daily PRC data points were generally separated into high
(above about 75) and low (below about 25) values; and after
mid-February 2017 the PRC data points have a continuous
trend of values declining from about 100 to about 60 in June,
values of 0 from June to September, and then variable values
below 50 through October 2017 (fig. 144). The change in
pattern occurred after a large storm event on February 17-18,
2017. Recorded streamflow at the Casmalia streamgage during
this event was 218 ft3/s (fig. 14B; U.S. Geological Survey,
2021). After this storm, there was no obvious separation of
points, and the instrument recorded consistently high PRC
values for a period of time (fig. 144). The high PRC values
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Figure 14. Percent relative conductance (PRC) of streambed electrical resistivity sensor (SERS)-6 compared to A, daily precipitation
recorded at climate station 204, Los Alamos Fire Station #24 (Santa Barbara County, 2019); and B, daily streamflow from U.S. Geological
survey stations 11135800, 111360460, and 11136100 (U.S. Geological Survey, 2021), San Antonio Creek Valley watershed, Santa Barbara

County, California.
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Figure 15. Percent relative conductance (PRC) of streambed electrical resistivity sensor (SERS)-3 compared to A, daily precipitation

recorded at climate station 204, Los Alamos Fire Station #24 (Santa Barbara County, 2019); and B, daily streamflow from U.S. Geological
survey stations 11135800, 111360460, and 11136100 (U.S. Geological Survey, 2021), Santa Barbara County, California.

following this storm event were likely the result of burial
of the instrument beneath sediment mobilized by the storm.
Nearby instruments show a separation of PRC data points
after this storm, indicating that the pattern observed in SERS-6
was unique to that instrument and not indicative of persistent
streamflow in the tributary stream. The February 17-18, 2017,
storm event altered, damaged, or buried 14 of the instruments
deployed for this study across the SACVW.

The PRC data in SERS-6 prior to the February 17-18,
2017, storm event were separated with values above about
75, or below about 25 (fig. 144). The data points with values
above 75 are likely indicative of streamflow. All but two of the
data points above 75 are rainy-day data points, indicating that
streamflow in the tributary stream at which this site is located
usually occurred when there was some amount of measurable
precipitation. The two PRC values above 75 from dry-day
PRC data points could be due to streamflow in the tributary

stream following precipitation events or could be due by
latent moisture in the air following days with large amounts of
precipitation, especially at the streambed-air interface where
the instruments are located (fig. 1.1).

SERS-3 was installed in the western part of the SACVW,
in the main channel of San Antonio Creek about 1.8 mi
east of Barka Slough (fig. 8). The instrument was damaged
during the February 17-18, 2017, storm event, therefore daily
PRC data points are only available from October 2016 to
mid-February 2017 (fig. 154). Like SERS-6, the daily PRC
data points are separated into high (above about 75) and low
(below about 25) values, and the high PRC values are likely
indicative of streamflow. Unlike SERS-6, however, the high
PRC values consist of rainy-day and dry-day data points
(fig. 154), indicating that streamflow at this site occurred on
days with and without measurable precipitation. The regular
occurrence of dry-day PRC data points with values above 75



indicates that streamflow is likely to occur along this reach
of San Antonio Creek on days where there is no measurable
precipitation, possibly flowing for several days following
precipitation events.

Geology and Structure

The SACVW sits between two regional tectonic
provinces, the Transverse Ranges to the south (Santa
Ynez Mountains) and the California Coast Ranges to the
north and east (San Rafael Mountains; fig. 1). Tectonic
convergence between these two provinces produced a series
of west-northwest trending anticlinal, synclinal, and fault
structures (Dibblee, 1950; Muir, 1964; Namson and Davis,
1990) that are present in the SACVW. The primary geologic
structure in the SACVW is the Los Alamos syncline, a
west-east trending fold that downfolds and preserves the
upper, younger part of the geologic section along the axis of
the SACVW (fig. 16). The Los Alamos syncline is flanked
by anticlinal structures that result in uplifted bedrock that
bounds the southern edge of the basin in the Purisima Hills
and bounds the north side of the basin in the Casmalia and
Solomon Hills (fig. 16). The Los Alamos syncline plunges
east-southeast, resulting in older bedrock units that wrap
around the synclinal axis near the western edge of the
SACVW, and along the northern and southern boundaries
(fig. 16). These upfolded consolidated bedrock outcrops
locally impede groundwater flow, resulting in the formation of
Barka Slough through groundwater upwelling (Muir, 1964).

Geologic Units

The SACVW is underlain by consolidated sedimentary
rocks and filled with poorly consolidated to unconsolidated
basin-fill materials (fig. 16). Consolidated sedimentary
rocks include the Miocene to Pliocene Monterey Shale,
Sisquoc Formation, and Foxen Mudstone which are
combined and shown as a single undifferentiated unit
(“consolidated bedrock™) in figure 16. Stratigraphically
above the consolidated bedrock are poorly consolidated
to unconsolidated basin-fill sedimentary materials that
include, from oldest to youngest, the upper Pliocene Careaga
Sandstone, the early Pleistocene and upper Pliocene Paso
Robles Formation, the Pleistocene Orcutt Sand, Pleistocene
to recent terrace and alluvial deposits, and young surficial
sediments (Woodring and Bramlette, 1950; Dibblee and
Ehrenspeck, 1988, 1989, 1993a, b; Dibblee and others, 1994a,
b; Sweetkind and others, 2021; fig. 16). The Orcutt Sand
and terrace and alluvial deposits are limited in extent and are
mapped as part of the Paso Robles Formation and old alluvium
on figure 16. Young surficial sediments are labeled as channel
alluvium in figure 16.
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The Careaga Sandstone is a shallow marine sandstone
(Muir, 1964; Dibblee and Ehrenspeck, 1988, 1989, 1993a, b;
Dibblee and others, 1994a, b). The Paso Robles Formation is
unconsolidated non-marine clayey sand with scattered pebbles
and lenses of pebble and cobble gravel with white siliceous
shale clasts of the Monterey Shale (Dibblee and Ehrenspeck,
1988, 1989, 1993a, b; Dibblee and others, 1994a, b). The
Paso Robles Formation includes discontinuous beds of pebbly
sand, clay, and freshwater limestone, including a thin layer of
light gray to tan pebbly sand with freshwater marly limestone
and shale stratigraphically dissects the formation (mapped
as a sub-unit of the Paso Robles Formation with map-unit
abbreviation QTps by Dibblee and Ehrenspeck [1988, 1993a]
and Dibblee and others [1994a]; fig. 16). The Orcutt Sand,
and terrace and alluvial deposits mapped as part of the
Paso Robles Formation (fig. 16), are geographically limited
remnants of weakly consolidated, non-marine alluvial and
wind-blown sands and gravels (Dibblee and others, 1994a).
Channel alluvium are unconsolidated deposits of gravel, sand,
and clay and are present along San Antonio Creek and its
major tributaries.

Geologic Structure

The geologic structure of the SACVW is generally
controlled by the Los Alamos syncline, a west-east trending
fold that plunges to the east-southeast. The Los Alamos
syncline, and associated faults and subparallel anticlinal and
synclinal folds, deform the consolidated bedrock sedimentary
materials and downfold and preserve the upper, younger
part of the geologic section along the axis of the SACVW.
Borehole data have shown that the basin-fill sedimentary
materials are nearly 3,000 feet thick in the center of the basin
to the west of the town of Los Alamos and rapidly decreases
in thickness toward the basin margins (Hutchinson, 1980).
Anticlinally folded consolidated bedrock is uplifted at the
southern edge of the basin in the Purisima Hills and at the
northern edge of the basin in the Casmalia and Solomon Hills
(fig. 16). Surface geologic maps show that younger basin-fill
sedimentary units are steeply north-dipping to vertical and
locally overturned along the southern basin margin (Muir,
1964; Martin, 1985; Dibblee and Ehrenspeck, 1988, 1989,
1993a, b; Dibblee and others, 1994a, b). Strata on the north
margin of the basin dip moderately to the south, as does the
consolidated bedrock surface, toward the basin axis (Muir,
1964; Martin, 1985). At the western edge of the SACVW,
upfolded consolidated bedrock at land surface and at shallow
depths locally impedes groundwater flow, resulting in the
formation of the Barka Slough through groundwater upwelling
(Muir, 1964). The complexity of the top of consolidated
bedrock surface reflects the prolonged and complicated
tectonic history and structural development of the SACVW
that affected the older rocks (Woodring and Bramlette, 1950;
Namson and Davis, 1990).
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Faults

Numerous faults have been mapped in the vicinity
of the SACVW (fig. 16); several older faults, such as the
Zaca, Purisima, and Lions Head faults, and one unnamed
fault, are likely to only offset the consolidated bedrock
(fig. 16; Sweetkind and others, 2021). Three faults, the
Quaternary Pezzoni-Casmalia, Los Alamos, and Garey faults
(U.S. Geological Survey and California Geological Survey,
2019; fig. 15), potentially offset the younger, basin-fill
sedimentary units based on evidence of fault recency and
proximity to basin-center. Other Quaternary faults in the
vicinity of the SACVW include the Foxen Canyon fault, the
East Huasna fault zone, and the Orcutt Oil Field fault zone
(U.S. Geological Survey and California Geological Survey,
2019); these faults likely do not substantially offset the
younger basin-fill sedimentary units.

Hydrogeologic Framework Model

To develop the necessary hydrogeologic understanding
from the mapped geology, a 3D HFM of the SACVW was
developed from geologic, geophysical, and hydrologic data.
The HFM is a digital representation of thickness and extent
of hydrogeologic units that comprise the aquifer system
and the geometry of hydrogeologically and structurally
important folds and faults as interpreted from input data
and from a conceptual understanding of the geology. The
HFM was constructed by compiling surface and subsurface
hydrogeologic data as point data and using geologic-modeling
software to interpolate three-dimensional surface horizons and
volumes of each hydrogeologic unit. The HFM comprises six
hydrogeologic units: one basal bedrock unit and five basin-fill
sedimentary units. The previously described geologic units
(fig. 16) were classified into six hydrogeologic units (fig. 17)
that represent the aquifer system. The six units from bottom
to top (oldest to youngest) are (1) consolidated bedrock—
comprised of Miocene to Pliocene Monterey Shale, Sisquoc
Formation, and Foxen Mudstone, (2) Careaga Sandstone—
comprising the Pliocene geologic formation of the same name,
(3) lower Paso Robles Formation, (4) middle Paso Robles
Formation, (5) upper Paso Robles Formation—comprising
informal members of the Pleistocene and Pliocene Paso
Robles Formation (see ’Subdivision of the Paso Robles
Formation” section below), and (6) channel alluvium—
comprising the young, unconsolidated deposits along San
Antonio Creek and its tributaries. The resulting HFM is
consistent with geologic concepts and the geologic history of
the area.
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Data Sources

Surface and subsurface geologic data were used
to derive the geometry, thickness, and extent of the
hydrogeologic units in the SACVW. Geologic map data
were compiled from Woodring and Bramlette (1950),

Muir (1964), Tennyson and others (1995), Dibblee and
Ehrenspeck (1988, 1989, 1993a, b), Dibblee and others
(19944, b), and Jennings (2010). Surface-fault traces were
compiled from these geologic maps and from the Quaternary
Fault and Fold Database of the United States (fig. 16;

U.S. Geological Survey and California Geological Survey,
2019). Ground-based direct-current resistivity surveys were
performed in the north-central portion of the study area

(fig. 16); the geophysical data from these surveys were
interpolated as two-dimensional profiles of the electrical
resistivity structure of subsurface materials down to about
650 feet below land surface (bls; Carlson, 2019). Lithologic
and geophysical logs were compiled from 247 boreholes
(fig. 16; Ely and others, 2022), including logs from water
wells that were obtained from the California Department

of Water Resources Well Completion Report database
(https://water.ca.gov/Programs/Groundwater-Management/
Wells/Well-Completion-Reports), the USGS National Water
Information System (NWIS: https://waterdata.usgs.gov/nwis;
U.S. Geological Survey, 2021), and oil and gas well from
the California Geologic Energy Management Division
(CalGEM; https://www.conservation.ca.gov/calgem/Pages/
WellFinder.aspx). Additional stratigraphic information from
oil wells were compiled from the tabulation of Sweetkind and
others (2010; fig. 16).

Two multiple-depth, monitoring-well sites (SACR and
SACC) and six single-depth, monitoring-well sites (SAHC,
SASA, SAGR, SACR, SALS, and SALA) were drilled by
the USGS along the main east-west axis of the SACVW and
in Harris Canyon (figs. 16, 17; table 1.2). More information
on the installation, drilling, and construction of each well site
can be found in appendix 1 and in the USGS GeoLog Locator
(U.S Geological Survey, 2018). Hydrogeologic data collected
from these well-sites include detailed descriptions of drill
cuttings, a suite of geophysical log measurements (fig. 18),
aquifer slug tests (see “Definition of the Aquifer System”
section), and discrete and continuous groundwater-level
measurements (fig. 19; see “Long-Term Trends in
Groundwater Levels” section). Compiled well data, including
locations, well construction, and standardized lithology
depth-interval information are available in a data release (Ely
and others, 2022)


https://water.ca.gov/Programs/Groundwater-Management/Wells/Well-Completion-Reports
https://water.ca.gov/Programs/Groundwater-Management/Wells/Well-Completion-Reports
https://waterdata.usgs.gov/nwis
https://www.conservation.ca.gov/calgem/Pages/WellFinder.aspx
https://www.conservation.ca.gov/calgem/Pages/WellFinder.aspx
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Figure 18. Borehole lithology and geophysical logs for U.S. Geological Survey multiple-depth, monitoring-well sites A, SACR, and
B, SACC (appendix 1; table 1.2; U.S. Geological Survey, 2018), San Antonio Creek Valley watershed, Santa Barbara County, California.
Dashed blue boxes indicate hydraulically connected aquifer intervals.
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Figure 19. Measured groundwater elevations during 2016—18 for U.S Geological Survey multiple-depth, monitoring-well sites A, SACR,
and B, SACC (table 1.2; U.S. Geological Survey, 2021), San Antonio Creek Valley watershed, Santa Barbara County, California.

Subsurface Hydrogeologic Interpretation

Interpretation of the geometry, thickness, and extent of
the hydrogeologic units was an iterative process based on
the conceptual understanding of SACVW geology and the
input data described earlier. The structural conceptualization
developed in previous studies of the basin (Woodring and
Bramlette, 1950; Hutchinson, 1980; Martin; 1985) were
incorporated into this study and used as guides from which
interpretations of subsurface data were derived. Geologic
maps, drillers’ lithology log descriptions, and geophysical
logs were the primary data sources used to interpret
subsurface hydrogeologic units. Interpretation of these data
was generally a two-step procedure: (1) hydrogeologic
units were identified and characterized in the two USGS
multiple-depth, monitoring-well sites, where high-quality
lithology descriptions, geophysical logs, physical-sample
material, and groundwater-level data allowed for
high-confidence interpretations and descriptions of each unit
and (2) hydrogeologic units identified in the multiple-depth,
monitoring-well sites were correlated to other boreholes
throughout the subsurface of the SACVW using drillers’
log descriptions, geophysical logs, and geologic-map data
Subsurface data points of consolidated bedrock were derived
from stratigraphic information tabulated by Sweetkind
and others (2010; fig. 16). Subsurface data points for the
basin-fill hydrogeologic units were derived from drillers’
log descriptions and geophysical logs from water wells, oil
wells, and USGS monitoring-well sites, groundwater-level
measurements from USGS multiple-depth, monitoring-well

sites, structural contours of the Careaga Sandstone and middle
Paso Robles Formation, and previously published geologic
sections of the channel alluvium.

Subdivision of the Paso Robles Formation

The Paso Robles Formation was subdivided into three
informal members: lower, middle, and upper (fig. 17). The
lower and upper members were interpreted to consist of
more coarse-grained sediment, and the middle member was
interpreted to consist of fine-grained sediment and act as a
confining layer where present. Initial interpretation of the three
members was based on analysis of drillers’ log descriptions,
geophysical logs, and groundwater-level measurements from
USGS multiple-depth, monitoring-well sites SACR and SACC
(figs. 18, 19); initial interpretations were corroborated using
compiled subsurface information from other water wells and
oil wells.

Drilling at USGS multiple-depth, monitoring-well
sites, SACR and SACC, was initiated in the Paso Robles
Formation (fig. 16). SACR was interpreted to intersect the
Careaga Sandstone at a depth of about 550 feet bls based on
the appearance of very fine-grained sand with shell fragments,
and geophysical log data that indicate the presence of
well-sorted, fine-grained material (fig. 184; U.S. Geological
Survey, 2018). In contrast, SACC was interpreted to be drilled
entirely within the Paso Robles Formation (fig. 18B). The
lithologies at each site within the interpreted Paso Robles
Formation were generally heterogeneous, with multiple
coarse-grained and fine-grained intervals apparent in the
lithologic and geophysical logs (fig. 18). In SACR, the



deepest well (SACR1) was completed within the Careaga
Sandstone, and the remaining four wells were completed in
the Paso Robles Formation (fig. 184). SACR2, SACR3, and
SACR4 had groundwater elevations that fluctuated through
time, indicating a response to nearby groundwater pumping
and a connected aquifer system across these depth intervals
(fig. 194). Groundwater-level differences between wells
SACR2 and SACR4 indicated an upward vertical gradient
(deep to shallow) from SACR2 to SACR3 to SACR4 within
the Paso Robles Formation (fig. 194). Groundwater levels
between SACR1 and SACR?2 indicated an upward vertical
gradient (deep to shallow) between the Careaga Sandstone and
overlying Paso Robles Formation.

Hydrographs from wells at SACC show a distinct
difference in measured groundwater levels between the three
deepest wells (SACCI1, SACC2, and SACC3) and the two
shallow wells (SACC4 and SACCS; fig. 19B). The three
deepest wells had similar groundwater elevations and similar
fluctuations through time, indicating a response to nearby
pumping and a connected aquifer system across this depth
interval. In contrast, the two shallow wells had groundwater
elevations that were about 40 and 100 ft higher than levels
in the deep wells, and had little fluctuations over time,
indicating a muted response to nearby pumping (fig. 19B).
Groundwater-level differences between the wells at SACC
indicate a downward vertical gradient (from shallow to deep),
and the different responses to pumping between the upper
two and lower three wells indicate that they are hydraulically
isolated from each other. This isolation is interpreted to
primarily occur across about a 150-foot-thick, fine-grained
layer identified in the drill cuttings and on the geophysical logs
between wells SACC3 and SACC4 (fig. 18B).

Defining the extent of the intra-Paso Robles Formation
fine-grained layer that was identified within borehole SACC
was essential to understanding the hydrogeology of the
SACVW. If found to be extensive, this layer could act as
a barrier to vertical groundwater flow across the SACVW.
Geologic maps show thin limestone beds within the Paso
Robles Formation that are at least locally continuous
(Woodring and Bramlette, 1950; mapped unit QTps of
Dibblee and Ehrenspeck [1988, 1993a] and Dibblee and
others [1994a]; fig. 16). These limestones are known to be
associated with shale horizons at the base of the Paso Robles
Formation and locally elsewhere in the unit (Woodring and
Bramlette, 1950). The fine-grained layer penetrated in SACC
(fig. 18B), and the thin limestone plus shale horizons mapped
in outcrop as QTps (fig. 16), are interpreted to be one or more
fine-grained terrestrial sediment intervals within the Paso
Robles Formation, possibly representing a lacustrine deposit.

Single-depth, monitoring-well site SALS is located
along San Antonio Creek where the mapped outcrop of
unit QTps crosses the valley (fig. 16). The well penetrated
abundant clay and silt, with trace gravels, to a depth of
60 feet bls (U.S. Geological Survey, 2018; Ely and others,
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2022). A conceptual east-west section from SACR to SACC
shows the interpreted subsurface configuration of basin-fill
hydrostratigraphy and lithology (fig. 20). The top of Carcaga
Sandstone in this section was drawn from the contact in SACR
(fig. 184), an interpreted structural contour of the top of the
Careaga Sandstone, and compiled elevations of the top of the
Careaga Sandstone from the stratigraphic data tabulation of
Sweetkind and others (2010). Lithologic data from nearby
water wells were projected onto the section (Ely and others,
2022). The Paso Robles Formation was divided into informal
lower, middle, and upper units based on drillers’ lithology
logs and hydraulic data from SACC and SACR (fig. 20). The
middle unit was interpreted as a near-continuous fine-grained
interval connecting the fine-grained interval intercepted in
SACC with the mapped outcrop of fine-grained unit QTps
near monitoring well SALS. The lower and upper units

were relatively coarse grained and consisted of substantial
sequences of sands and gravels with interbedded fine-grained
layers. In general, site SACR penetrates intervals in the Paso
Robles Formation that are stratigraphically below most of the
section sampled by SACC (fig. 20).

Framework Model Construction and Results

Digital datasets representing the top of each
hydrogeologic unit were compiled as input data for the HFM
(see “Data Sources” section above). Each hydrogeologic unit
dataset contains outcrop information from geologic maps,
subsurface picks from drillers’ lithology logs and geophysical
logs, and reported stratigraphic picks from oil wells; datasets
for selected units also contain structural contours.

Digital fault data for the HFM were created by generating
a set of horizontal (X, y) and vertical (z) data points along
each surface fault trace and determining X, y, and z at depth
from the fault dip-angle and dip-direction. The dip-angle for
all faults was assumed to be vertical; however, the faults were
incorporated into the HFM with 85-degree dip angles because
of limitations of the geologic modeling software. The older
Zaca, Purisima, and Lions Head faults, and the one unnamed
fault, are likely to only offset the consolidated bedrock
(Sweetkind and others, 2021); therefore, these faults were only
used to constrain the structure of the consolidated bedrock
in the HFM (labeled as figs. 16 and 21). The Quaternary
Pezzoni-Casmalia, Los Alamos, and Garey faults are likely to
offset the consolidated bedrock unit and the younger, basin-fill
hydrogeologic units based on evidence of fault recency
and proximity to basin-center (U.S. Geological Survey and
California Geological Survey, 2019; figs. 16, 17). These faults
were used in the HFM to constrain the structure of all units
in the HFM. The Foxen Canyon fault, the East Huasna fault,
and the Orcutt Oil Field fault zone (fig. 16) were not included
in the HFM.
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Figure 20. Conceptual hydrogeologic section between U.S. Geological Survey multiple-depth, monitoring-well sites SACR
and SACC, San Antonio Creek Valley watershed, Santa Barbara County, California. See table 1.2 for information on U.S
Geological Survey single- and multiple-depth, monitoring-well sites. A sub-unit of the Paso Robles Formation (called QTps by
Dibblee and Ehrenspeck [1988, 1993a] and Dibblee and others [1994a]) is a light gray to tan pebbly sand with freshwater marly
limestone and shale that stratigraphically dissects the Paso Robles Formation. Borehole lithology logs projected onto the
section are shown in figure 16; the outcrop of QTps shown in this figure is projected from figure 16.

The mapped locations of the Pezzoni-Casmalia and
Los Alamos faults from the Quaternary Fault and Folds
Database of the United States (figs. 16, 17; U.S. Geological
Survey and California Geological Survey, 2019) are based on
inferred locations reported by Sylvester and Darrow (1979)
even though these faults are not identifiable at land surface
(Sweetkind and others, 2021). Although there is no evidence
of these faults at land surface, these structures could be present
at depth and therefore are included in the HFM as mapped by
the U.S. Geological Survey and California Geological Survey
(2019; figs. 16, 17). Additional work was not completed in this
study to verify the existence or location of these faults.

The HFM was built using EarthVision, a 3D
geologic-modeling software package (Dynamic Graphics, Inc.,
2021). EarthVision uses a biharmonic cubic-spline algorithm
that utilizes a minimum-tension (minimum curvature)
gridding technique designed to generate horizon grids from

3D point data (Dynamic Graphics, Inc., 2021), such as the
hydrogeologic unit datasets described earlier. Grid spacing

of all hydrogeologic unit horizons was 492.1 ft in the x and y
horizontal directions. Each hydrogeologic unit horizon grid
was constructed in stratigraphic order from oldest (deepest) to
youngest (most shallow), and subsequently younger horizons
were built on top of previously constructed horizon grids. The
total thickness of each hydrogeologic unit was defined as the
difference between a given unit horizon and the upper surface
of the unit horizon below. Finally, all horizon grids were
clipped at land surface using a discretized digital elevation
model (DEM) grid based on the National Elevation Dataset
10-meter DEM (U.S. Geological Survey, 2013).

In EarthVision, the HFM was formed from a set of
independent blocks (called fault blocks) that represented
hydrogeologic materials within a particular volume defined
by faults. Horizon tops were interpolated independently for
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Figure 21. Elevation of the consolidated bedrock from the three-dimensional hydrogeologic framework model for the San Antonio
Creek Valley watershed, Santa Barbara County, California (Ely and others, 2022).

each fault block, and offsets across each fault were maintained

during the gridding process by utilizing data point elevations

on cither side of the fault surface for each hydrogeologic unit.
Each of the fault blocks were modeled independently and then

combined to form a single model. The resulting EarthVision
horizon grids were exported to Esri ArcGIS version 10.7.1
geographic information systems software and were manually
adjusted to enforce a minimum thickness of about 10 ft for
each hydrogeologic unit and to ensure that the grid was
consistent with basic geologic principles and the geologic
understanding of the SACVW.

Maps showing the extent, elevation, and thickness of
the hydrogeologic units in the HFM are shown in figures 21
and 22. Figure 21 shows the elevation of the top of the
consolidated bedrock unit. Consolidated bedrock is present
across the SACVW and defines the east-plunging synclinal
structure of the basin. Surface outcrops of this unit in the
Purisima and Solomon Hills are at elevations of more than

1,600 feet above the North American Vertical Datum of 1988
(NAVD 88), but in the center of the basin, the unit surface is
as deep as about 3,200 feet below NAVD 88. Figure 22 shows
map view images of the extent and thickness of the basin-fill
hydrogeologic units. Careaga Sandstone is present across
most of the SACVW and ranges from about 10 feet thick in
the Purisima and Casmalia Hills to upward of 3,000 feet thick
in the center of the basin (fig. 224). The lower, middle, and
upper Paso Robles Formation occupy successively smaller
areas in the synclinal axis of the basin (figs. 22B8-D). Channel
alluvium is present along San Antonio Creek and other active
stream channels in the SACVW (fig. 22F). Channel alluvium
was difficult to distinguish from underlying units; therefore,
average thicknesses were assigned to the channel alluvium
based on the work of Muir (1964): 82 ft on the valley floor
along San Antonio Creek, 49 ft in Harris Canyon and along
San Antonio Creek west of Barka Slough, and 16 ft in all
tributary streams.
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Figure 22. Extent and thickness of basin-fill hydrogeologic units from the three-dimensional hydrogeologic framework model
for the San Antonio Creek Valley watershed, Santa Barbara County, California (Ely and others, 2022): A, Careaga Sandstone; B,
lower Paso Robles Formation; C, middle Paso Robles Formation; D, upper Paso Robles Formation; and E, channel alluvium. Also
shown are the estimated percentage of coarse-grained materials for boreholes that penetrate each unit.
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Figure 22.—Continued

An egg-crate diagram of the HFM is shown in
perspective view in figure 23 and two vertical cross-section
panels through the HFM are shown in figure 24. The
perspective view of the HFM shows the upper surface of
the consolidated bedrock horizon as a solid-block and the
basin-fill hydrogeologic units as a series of east-west and
north-south vertical profiles. The Careaga Sandstone is
present across the SACVW and fills most of the volume
above consolidated bedrock. The lower member of the Paso
Robles Formation is the second most-voluminous unit in the
HFM: the unit varies in thickness, follows the structure of the
underlying Careaga Sandstone and consolidated bedrock, and
thins against the underlying Careaga Sandstone east of well
SALA. The middle fine-grained member of the Paso Robles
Formation is thin and barely visible at the scale presented in
figure 23. The upper member of the Paso Robles Formation
fills the uppermost part of the model volume and is the
second most voluminous unit in the southeastern part of the
HFM. Channel alluvium is also not easily visible at the scale
presented in figure 23.

Vertical sections through the HFM (fig. 24) illustrate the
thickness, extent, and configuration of hydrogeologic units
in the SACVW. The east-west oriented cross-section (A—A’;

fig. 244) shows the along-axis structure of the SACVW; at
the west (left) end of the cross-section, consolidated bedrock
is exposed at land surface and overlain by a thin layer of
Careaga Sandstone and channel alluvium. Barka Slough is
located above these uplifted units, west of the lower member
of the Paso Robles Formation. The hydrogeologic units dip

to the east (right), following the eastward plunge of the Los
Alamos syncline (fig. 16). The total thickness of the Paso
Robles Formation increases from west to east, until just east of
well-site SACC; here, the synclinal plunge is less prominent,
and the hydrogeologic units rise to the east. The south-north
oriented cross-section (B—B’; fig. 24B) shows the synclinal
structure of the SACVW, with all units dipping inward toward
the axis of the basin. The syncline is asymmetric, with the
consolidated bedrock and Careaga Sandstone dipping more
shallowly on the north (right) side of the basin than the south
(left) side. The overlying units thin and disappear at the
margins of the basin and differ in their dip patterns from the
underlying consolidated bedrock and Careaga Sandstone,
implying stratigraphic onlap or angular unconformity between
the hydrogeologic units.
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“hanging” from land surface. Vertical exaggeration is 3x.

The thickness of basin-fill hydrogeologic units in the
SACVW ranges from 0 to 650 ft at the western and eastern
margins of the basin, to more than 3,200 ft east of the
Pezzoni-Casmalia fault in the center of the basin (fig. 24).
The Careaga Sandstone is thicker than the combined
thickness of the lower, middle, and upper members of the
Paso Robles Formation, which are thickest in the middle
part of the SACVW, just east of well SACC; the synclinal
plunge is less prominent, and the hydrogeologic units rise
to the east (fig. 244). In the northern part of the SACVW,
the hydrogeologic units dip gently southward toward the
fold axis. The unit horizons in the northern part of the
SACVW also indicate the presence of at least one additional
anticline-syncline fold structure, north of well SACC,
consistent with the surface geologic map. In the southern part
of the SACVW, hydrogeologic units dip steeply southward
toward the fold axis (fig. 24B).

Framework Model Summary and Limitations

The HFM is a hydrogeologic model that was developed
to synthesize geologic structures and hydrologic information,
hydrogeologic conditions, and the relative hydrologic
importance of hydrogeologic units in the SACVW for use
in a numerical hydrologic model (Woolfenden and others,
2022). The consolidated bedrock unit (a combination of
primarily Tertiary sedimentary rocks) is assumed to be
hydrologically homogeneous and likely provides limited, if
any, contribution to the groundwater flow system. The Careaga
Sandstone is treated as a geologic and hydrogeologic unit in
the HFM and is assumed to be a hydrologically homogeneous,
semi-consolidated, fine-grained sandstone that may contribute
to groundwater availability in the SACVW.
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Subsurface lithologic data and hydrologic data were
combined to demonstrate that the Paso Robles Formation
is more lithologically and hydrologically heterogeneous
in the SACVW than has been shown on geologic maps of
the region (Woodring and Bramlette, 1950; Dibblee and
Ehrenspeck, 1988, 1989, 1993a, b; Dibblee and others,
1994a, b). Therefore, the Paso Robles Formation was divided
into upper, middle, and lower hydrogeologic units. The
coarser-grained lower and upper units of the Paso Robles
Formation likely provide more groundwater storage within
the formation than the informal, fine-grained middle unit.
The predominantly fine-grained middle unit of the Paso
Robles Formation functions as a semi-confining to confining
unit depending on its subsurface continuity within the basin.
A similar fine-grained lithostratigraphic interval within the
Paso Robles Formation has been identified in the Los Osos
Valley groundwater basin (not shown) about 60 mi north
of the SACVW in San Luis Obispo County, California
(Cleath-Harris Geologists, 2018); however, without age
control in both basins, it is unclear whether these stratigraphic
sequences are age-equivalent and represent a single event.
Auvailable borehole data indicate that the SACVW may have
additional local confining layers in the heterogeneous lower
and upper units of the Paso Robles Formation (fig. 20; Ely
and others, 2022).

Faults in the HFM are known or inferred to be present
from geologic and geophysical evidence (see “Faults”
section), but their potential influence on groundwater
flow in the SACVW is poorly understood. Faults can
inhibit groundwater flow in permeable sediments through
the presence of fine-grained gouge material, chemical
cementation of sediments, and the juxtaposition of
transmissive layers across faults. The Pezzoni-Casmalia
and Los Alamos faults transect the SACVW and are the
faults most likely to influence groundwater flow in the
basin because they are mapped as transecting the basin-fill
hydrogeologic units (fig. 17).

The conceptual hydrogeology of the SACVW developed
based on previously published reports and analysis of
hydrogeologic data was central to the construction of the
HFM. The conceptual model (which includes the conceptual
section in fig. 20) provided an interpretive framework
on which to build the digital HFM and guided model
development so that the model did not simply rely on
extrapolation of input data. The HFM is partly deterministic
because the model output is defined by the input data. The
HFM is also partly conceptual because the initial horizons
generated by the EarthVision geologic modeling software
were based on interpolation of hydrogeologic information.
These horizons generally represented the input data and
provided reasonable geologic representations of each
hydrogeologic unit. The SACVW is a relatively narrow
basin; therefore, interpolation distances were short and
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input data were sufficient to constrain horizon gridding.
Adjustments to unit extents were required where units thinned
out and disappeared, beyond, or fell short of their expected
terminations. Unit thicknesses were manually adjusted to

be at least 10 feet thick, or 16 feet in the case of the channel
alluvium. The resulting HFM provides a balance between
closely matching available data and following the conceptual
hydrogeology developed for the basin.

Definition of the Aquifer System

The aquifer system in the SACVW consists mainly of
semi-consolidated, basin-fill sedimentary materials underlain
by consolidated bedrock (figs. 17, 24). Most water wells are
perforated in the lower and upper units of the Paso Robles
Formation and the Careaga Sandstone (see “Long-Term
Trends in Groundwater Levels” section), indicating that these
units are the main water-bearing units in the SACVW. The
hydrogeologic units generally are considered unconfined
where present at land surface and confined where overlain
by other units. Channel alluvium is the only unit that is
considered unconfined across its entire extent. The upper
Paso Robles Formation is considered unconfined, and the
middle Paso Robles Formation is considered confined. The
lower Paso Robles Formation is considered unconfined in the
western part of the SACVW and confined in the eastern part
of the SACVW. Careaga Sandstone generally is considered
unconfined in the upland areas and confined in the valley
areas. Consolidated bedrock is considered confined except
where it crops out near the boundary of the SACVW.
Localized artesian conditions have been observed where the
middle Paso Robles Formation overlies the lower Paso Robles
Formation, and in the northern part of the valley where the
Careaga Sandstone is at shallow depths beneath the Paso
Robles Formation.

The water-bearing properties of each hydrogeologic unit
vary because of geologic heterogeneity, depth below land
surface, and other factors related to the depositional history
pf the hydrogeologic units; estimations of these properties
can help determine how aquifers may be affected by changes
in recharge, pumping, and other stresses. The available well
data provided sufficient information for a semi-quantitative
description of the aquifer characteristics in the SACVW to a
depth of about 1,000 ft (U.S. Geological Survey, 2021; Ely
and others, 2022). Data to define the physical characteristics or
hydraulic properties of the hydrogeologic units below depths
commonly drilled for water wells are sparse. Most of the water
wells drilled in the SACVW through 2016 are 1,000 ft or less
in depth; only 22 water wells compiled for the HFM were
drilled to depths greater than 1,000 ft (U.S. Geological Survey,
2021; Ely and others, 2022). The aquifer properties of the
hydrogeologic units are described in the following section.
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Aquifer Properties

Aquifer properties (transmissivity, horizontal and vertical
hydraulic conductivity, specific yield, and specific capacity)
and textural analysis of grain size for the hydrogeologic
units in the SACVW were reported in previous studies
and estimated from aquifer slug tests performed at USGS
monitoring-well sites, and from borehole lithology data
compiled for the HFM (sources of these data are discussed
below). Aquifer property and textural data can form the
geologic basis for estimating the hydraulic properties within
a numerical hydrologic-flow model (Burow and others, 2004;
Faunt and others, 2010). A summary of the aquifer property
and textural grain-size information collected and compiled for
this study are presented below and discussed in more detail for
each of the hydrogeologic units.

Previous studies of the SACVW reported estimates of
transmissivity, but reported values are often for the basin-fill
materials in general and not specific to a particular aquifer
unit. Hutchinson (1980) reported transmissivity values ranging
from 2,600 to 34,000 square feet per day (ft¥d), but none
of the wells used by Hutchinson (1980) to test the aquifer
penetrated more than half the estimated aquifer thickness. The
highest transmissivity values reported by Hutchinson (1980)
were near the perimeter of the SACVW, while the lowest
values were reported along the valley floor. In contrast, Martin
(1985) reported calibrated transmissivity values from their
groundwater model ranging from less than 100 ft2/d along
the perimeter of the SACVW, to more than 20,000 ft*/d along
the valley floor. Tetra Tech, Inc. (2013) reported horizontal
hydraulic conductivity values from a calibrated groundwater
model ranging from 0.08 to 400 feet per day (ft/d) and vertical
hydraulic conductivity values ranging from 0.005 to 0.1 ft/d.
The average specific capacity of wells in the SACVW was
reported to be about 11 gallons per minute per foot (gal/min/ft)
of drawdown (Muir, 1964).

Aquifer slug tests were completed at each of the USGS
single- and multiple-depth, monitoring-well sites, and at
monitoring well 8N/34W-21A1 (fig. 17; table 7; Ely and
others, 2022), to estimate the hydraulic conductivity of
the hydrogeologic units that comprise the aquifer system.
Groundwater levels for each well were measured prior to
aquifer slug testing and were monitored using pressure
transducers during the tests. A physical slug was used for the
slug test if the initial measured groundwater level was within
about 7 ft of the perforation interval, otherwise an air slug
was used. Air slugs were avoided when the groundwater level
was near the top of the perforation interval to avoid displacing
the water level to below the top of the interval during testing
(Arnold, 2015). Pressure transducers were installed at depths
ranging from 7 to 15 ft below the initial pre-test groundwater
level, and the slug was lowered to approximately 5 ft above
the initial groundwater level. Sufficient time, about 15 to
20 minutes for most wells, was allowed for groundwater levels
in the well to recover before completing another slug test.

Multiple slug tests were performed at each well to check for
consistency between the different tests and provide enough
data to statistically evaluate the test results.

Evaluation tools developed by Halford and Kuniansky
(2002) and Butler and Garnett (2000) were used to help
evaluate the slug-test data and estimate hydraulic conductivity
(table 7; Ely and others, 2022). The following assumptions
were made for data evaluation using both methods: the volume
of water injected into or discharged from the well occurs
instantaneously at time (t) = 0, the well diameter is finite,
and the well fully penetrates the aquifer. The aquifers were
assumed to be confined, homogeneous, isotropic, and uniform
in thickness, the flow of groundwater within the aquifer was
assumed to be horizontal and radially symmetric, and the
response within the aquifer was assumed to be influenced
across the entire screened interval. Relatively small changes
in hydraulic head were observed in all wells; therefore,
early-time data (about 2—10 seconds) were removed from the
datasets used in the analysis.

The single-depth, monitoring-well sites and shallowest
wells of the multiple-depth, monitoring-well sites (SACCS and
SACRS), and monitoring well 8N/34W-21A1 were assumed to
be in unconfined aquifers; therefore, the Bouwer-Rice method
of analysis (Bouwer and Rice, 1976) was used to evaluate
the slug test data (table 7; fig. 17). For these wells, the results
from the Bouwer-Rice method were checked against or
compared to the Cooper-Greene method of analysis (Cooper
and others, 1967; Shapiro and Greene, 1995; Greene and
Shapiro, 1998), unless the water level was within the screened
interval, and the KGS High-K analysis method (Butler and
others, 2003) for consistency in hydraulic conductivity value,
curve match, and root mean square error. The deep wells of
the multiple-depth, monitoring-well sites (SACC1 to SACC4
and SACRI to SACR4; fig. 17; table 7) were assumed to
be in confined aquifers, and either the Cooper-Greene or
KGS_High-K method was used for analysis. A summary of
the analytical results for each well is presented in table 7,
shown in figure 254, and discussed for each hydrogeologic
unit below.

An analysis of the textural variability of lithology and
grain size was performed for the basin-fill hydrogeologic
units using borehole data (figs. 22, 26; Ely and others, 2022).
The primary variable used was sediment grain size, tabulated
as percentage of coarse-grained texture (Phillips and Belitz,
1991; Burow and others, 2004; Faunt and others, 2010). For
each well in the study area, each downhole lithologic interval
was classified in a binary fashion as either “coarse-grained”
or “fine-grained” based on the well driller’s description (Ely
and others, 2022). In this study, coarse-grained intervals were
those dominated by gravel- and sand-size clasts with little to
no clay matrix; all other lithology classes were considered
fine grained. Units that had a considerable fraction of large
clasts were classified as fine grained if the clasts tended to
be suspended in a fine-grained matrix. Textural variability in
the basin-fill units is ultimately a function of the sedimentary
facies, environment of deposition, and depositional history of
the basin.
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Figure 25. Measured aquifer properties of hydrogeologic units in the San Antonio Creek Valley watershed, Santa Barbara County,
California. A, hydraulic conductivity (Ely and others, 2022, table 7), and B, specific capacity (table 1.3).

Textural data were compiled by digitally intersecting for each hydrogeologic unit was then normalized by the total
the downhole lithologic interval data (in 16-ft intervals) in thickness of all boreholes that penetrated that unit and plotted
each borehole with the elevation of the top of each basin-fill as frequency distributions (fig. 26).
hydrogeologic unit, thereby assigning specific lithologic Specific capacity data were calculated for 28 water
intervals to a hydrogeologic unit at each borehole. The wells with reported aquifer pump test data (fig. 25B;
percentage of coarse-grained material for a borehole within table 1.3). Calculated specific capacity results were assigned
a given hydrogeologic unit was calculated as the aggregate to hydrogeologic units for which at least 60 percent of the
thickness of coarse-grained intervals penetrated by the reported perforation interval intersected a given unit. A value
borehole, divided by the total thickness of the unit in that of 60 percent of the perforation interval intersection was
borehole (fig. 22). The frequency of percent coarse values chosen to provide a reasonable distribution of specific capacity

estimates for each hydrogeologic unit.
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Creek Valley watershed, Santa Barbara County, California (Ely and others, 2022). A, Channel alluvium; B, upper Paso Robles Formation;

C, middle Paso Robles Formation; D, lower Paso Robles Formation; E, Careaga Sandstone. Frequency values are normalized by the total
thickness of available borehole data in each hydrogeologic unit.
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Channel Alluvium

Channel alluvium is composed of unconsolidated gravels,
sands, and clays and is located proximal to San Antonio Creek
and its tributaries (fig. 17). The sedimentary materials that
comprise the channel alluvium were difficult to distinguish
from underlying aquifer units; therefore, the channel alluvium
was assigned thicknesses based on the work of Muir (1964). In
the HFM, the channel alluvium has thicknesses of about 82 ft
on the valley floor along San Antonio Creek, 50 ft along Harris
Canyon and along San Antonio Creek west of Barka Slough,
and 16 ft along all tributary streams. Channel alluvium is not
considered a major aquifer because it is probably unsaturated
across most of the SACVW, except along the valley floor
near Barka Slough where groundwater discharges to the
land surface.

Aquifer property data for channel alluvium were
compiled from hydraulic conductivity results estimated
from aquifer slug tests completed in select USGS
single-depth, monitoring-well sites (fig. 254; table 7),
the estimated percentage of coarse-grained material from
borehole logs (figs. 22E, 26A4), and reported estimates of
flow rate and specific capacity (Muir, 1964). Estimated
hydraulic-conductivity values from aquifer slug tests at three
wells along the main channel (SALS, SASA, and SAHG;
figs. 17, 254; table 7) ranged from 0.3 to 8.7 ft/d. Sediment
grain size in the channel alluvium, tabulated as percentage of
coarse-grained texture (figs. 22F, 264) had a distinct peak at
low values of percent coarse, which could indicate deposition
in a relatively low-gradient surface-water flow system on
geologic timescales. Wells in channel alluvium in the eastern
(upstream) part of the SACVW had average flow rates of
about 350 gallons per minute (gal/min) and average specific
capacities of about 13 (gal/min)/ft (Muir, 1964). Wells in
channel alluvium in the western (downstream) middle part
of the valley had average flow rates of about 200 gal/min
and average specific capacities of about 8 (gal/min)/ft (Muir,
1964). Specific capacity data were not available in this unit for
water wells compiled as part of this study.

Lower, Middle, and Upper Members of the Paso
Robles Formation

The Paso Robles Formation is non-marine in origin, up
to about 2,000 feet thick, and is identified by Muir (1964) as
the main water-bearing unit in the SACVW. The Paso Robles
Formation was partitioned into three informal members
(lower, middle, and upper) based largely on drillers’ lithology
logs, geophysical logs, and hydraulic data from USGS
multiple-depth, monitoring-well sites SACC and SACR
(U.S. Geological Survey, 2018; Ely and others, 2022). The
middle member is interpreted as a continuous fine-grained
interval, while the lower and upper memebrs are coarser
grained, consisting of substantial sequences of sands and

gravels, with interbedded fine-grained layers (figs. 18, 20).
The lower and upper members of the Paso Robles Formation
provide most of the groundwater storage within the unit, while
hydraulic properties of the middle member inhibit vertical
groundwater flow between the upper and lower members.
The middle member of the Paso Robles Formation could

be related (or similar) to a regional low-permeability unit
that impedes groundwater flow identified in another coastal
groundwater basin about 60 mi north of the SACVGB that

is interpreted to separate the upper and lower aquifers of that
basin (Cleath-Harris Geologists, 2018).

Aquifer property data for the Paso Robles Formation
were compiled from hydraulic conductivity results estimated
from aquifer slug tests completed in USGS single- and
multiple-depth, monitoring-well sites (figs. 17, 254;
table 7; Ely and others, 2022), the estimated percentage of
coarse-grained material from borehole logs (figs. 228D,
26B-D), specific capacities calculated from water well driller’s
records (table 1.3; fig. 25B), and reported estimates of flow
rate, specific capacity, and specific yield of the undifferentiated
unit (Muir, 1964; Singer and Swarzenski, 1970). Measured
hydraulic conductivity values from aquifer slug tests for three
wells perforated in the upper Paso Robles Formation had a
range of values from 0.32 to 1.0 ft/d (fig. 254). No wells with
aquifer slug tests were perforated in the middle Paso Robles
Formation. Measured hydraulic conductivity values from
aquifer slug tests for eight wells perforated in the lower Paso
Robles Formation had a median value of 2.2 ft/d, with a range
of values from 0.04 to 25.0 ft/d (fig. 254; table 7).

Sediment grain size, tabulated as percentages of
coarse-grained texture, was estimated for the three
hydrogeologic members of the Paso Robles Formation
(figs. 22B—D, 26B-D). The lower member of the Paso Robles
Formation showed a broad range of percent coarse values, but
the middle and upper members of the Paso Robles Formation
showed distinct peaks at low values of percent coarse. Specific
capacity was calculated for eleven water wells for which
60 percent of the reported perforation interval intersected
with the lower, middle, or upper members of the Paso Robles
Formation (fig. 25B; table 1.3). one water well was perforated
in each of the middle and upper members of the Paso
Robles Formation, with specific capacity values of 2.6 and
12.2 (gal/min)/ft, respectively. Nine water wells perforated in
the lower member of the Paso Robles Formation had a median
specific capacity value of 3.8 (gal/min)/ft, with a range of
values from 1.78 to 17.9 (gal/min)/ft. A well near the town of
Los Alamos was reported by Muir (1964) to have a flow rate
of 1,200 gal/min and a specific capacity of 12 (gal/min)/ft.
Flow rates of 500 gal/min and specific capacities of between
5 to 15 (gal/min)/ft were common for the Paso Robles
Formation (Muir, 1964). Specific yield estimates of the Paso
Robles Formation from nearby groundwater basins were
estimated to be about 0.15 (Singer and Swarzenski, 1970;
Miller, 1976).



Careaga Sandstone

The Careaga Sandstone is a weakly indurated,
semi-consolidated, fine-grained sandstone that may contribute
to groundwater availability in the SACVW. Muir (1964)
observed that this unit yielded only small quantities of water
to wells and that the lack of production was attributed to the
difficulty of completing wells in this poorly consolidated
sand. The Careaga Sandstone may, however, yield substantial
amounts of groundwater at depth (Muir, 1964).

Aquifer property data of the Careaga Sandstone were
compiled from hydraulic conductivity results estimates from
aquifer slug tests completed in USGS monitoring-wells
SACRI and SAHC (figs. 17, 254; table 7; Ely and others,
2022), specific capacities calculated from water well driller’s
records (fig. 25B; table 1.3), the estimated percentage of
coarse-grained material from borehole logs (fig. 26F), and
reported estimates of permeability (Upson and Thomasson,
1951). Measured hydraulic conductivity values for two wells
perforated in the Carcaga Sandstone had values of 0.43 and
7.5 ft/d (fig. 254; table 7). Sediment grain size, tabulated
as percentage of coarse-grained texture, showed a broad
range of percent coarse values, likely the result of averaging
sediment-texture data from coarse-grained and fine-grained
parts of the Carcaga Sandstone (figs. 224, 26F).Specific
capacities were calculated for seventeen water wells for
which at least 30 percent of the reported perforation interval
intersected with the Careaga Sandstone; the median specific
capacity was 4.2 (gal/min)/ft, with a range of values from 0.3
to 83.3 (gal/min)/ft (fig. 25B). Laboratory tests by Upson and
Thomasson (1951) on samples of Careaga Sandstone from the
Santa Ynez River Valley groundwater basin (fig. 1) indicated
an average coefficient of permeability of about 12 cubic feet
per day per square foot (ft3/d/ft2).

Consolidated Bedrock

In the SACVW, the consolidated bedrock unit is a
combination of consolidated, or highly compacted, Tertiary
sedimentary rocks, including Monterey Shale, Sisquoc
Formation, and Foxen Mudstone. Aquifer property data
for this unit were limited; an aquifer slug test in one well
(8N/34W-21A1; fig. 17; table 7) had a measured hydraulic
conductivity value of 0.36 ft/d (fig 254; table 7), and specific
capacity data were not available in this unit for water wells
compiled as part of this study. The consolidated bedrock
unit contains small amounts of water in joints and fractures
but does not store or transmit water in substantial quantities
(Muir, 1964). For the purposes of this study, consolidated
bedrock is assumed to be hydrologically homogeneous
and likely provides limited, if any, contribution to the
groundwater-flow system.
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Estimates and Sources of Recharge

Estimates of recharge to the groundwater system have
been reported as perennial yield, safe yield, or sustainable
yield (Muir, 1964; Hutchinson, 1980; Martin, 1985; Gibbs,
20006; Tetra Tech, Inc., 2012). Reported estimates of natural
recharge (fig. 27) were highly variable likely because of
different methods of calculation and periods of investigation.

Natural Recharge

Sources of natural recharge in the SACVW are infiltration
of precipitation and infiltration from streams. All estimates
of natural recharge are reported for calendar years, except for
those by Tetra Tech, Inc. (2012), which are for water years.
Martin (1985) estimated the amount of natural recharge during
early development (before calendar year 1944, not shown
on fig. 27) to be about 6,200 acre-ft/yr, with average annual
infiltration from precipitation and streamflow of 4,700 and
1,500 acre-ft/yr, respectively. Estimates of natural recharge
to the SACVW during calendar years 19482018 ranged
from about 5,000 to 30,000 acre-ft/yr (fig. 27). Estimates
of natural recharge during calendar years 1948-80 (fig. 27)
ranged from about 5,000 to 12,000 acre-ft/yr (Muir, 1964;
Hutchinson, 1980; Martin, 1985; Tetra Tech, Inc., 2012);
estimates of natural recharge during calendar years 1980-2010
were substantially larger, ranging from about 15,000 to
30,000 acre-ft/yr (Gibbs, 2006; Tetra Tech, Inc., 2012).

Infiltration from Precipitation and Streamflow

Estimates of infiltration from precipitation generally
ranged from about 2,500 to 10,000 acre-ft/yr and were
assumed by previous studies to be relatively constant
throughout each period of investigation (fig. 27; Muir, 1964;
Hutchinson, 1980; Martin, 1985; Gibbs, 2006; Tetra Tech,
Inc., 2012); the exception to this is the period of 1992-98 that
included several years of above-average annual precipitation
(fig. 3). Tetra Tech, Inc. (2012) estimated infiltration from
precipitation to be about 19,000 acre-ft/yr during 1992-98, or
about 13,000 acre-ft/yr higher than estimates for the periods
before 1992 and after 1998 (fig. 27).

Estimates of infiltration from streamflow ranged from
about 1,300 to 5,800 acre-ft/yr during 1948—80 and from
about 9,400 to 12,600 acre-ft/yr during 19802010 (fig. 27).
Muir (1964) and Hutchinson (1980) assumed that infiltration
from streamflow was constant throughout their respective
periods of investigation. Martin (1985) and Tetra Tech, Inc.
(2012), however, estimated that infiltration from streamflow
increased over time. Martin (1985) estimated an increase in
infiltration from streamflow of about 3,200 acre-ft/yr between
1948-80 (from 1,290 to 4,520 acre-ft/yr), and Tetra Tech,
Inc. (2012) estimated estimated increase of about 4,900
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Figure 27. Reported estimates of natural recharge during calendar years 1948-2018, San Antonio Creek Valley watershed, Santa

Barbara County, California.

acre-ft/yr for the same period (from 4,556 to 9,415 acre-ft/

yr). During 1980-2010, Tetra Tech, Inc. (2012) estimated an
additional increase in infiltration from streamflow of about
3,200 acre-ft/yr (from 9,415 to 12,580 acre-ft/yr). Martin
(1985) attributed the increase in infiltration from streamflow to
increased pumpage in the stream channel along San Antonio
Creek, whereby increased groundwater pumping over time and
the subsequent lowering of the water table below San Antonio
Creek may have created more available storage space for the
infiltration of water.

Subsurface Inflow

Previous investigators have concluded that subsurface
inflow from the adjacent Santa Maria River Valley and Santa
Ynez River Valley groundwater basins (fig. 28) is negligible
and that all groundwater recharge likely occurs within the
SACVW (Muir, 1964; Hutchinson, 1980; Tetra Tech, Inc.,
2012). A substantial reduction in groundwater levels in the
SACVW could potentially induce subsurface inflow through
saturated aquifer materials, but the topography and underlying
structure of the SACVW may prevent such an occurrence. The
amount and location of any subsurface inflow to the SACVW
could be evaluated with a numerical model.
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Anthropogenic Recharge

Anthropogenic recharge to the groundwater system in
the SACVW comes from infiltration of wastewater effluent,
agricultural irrigation return, and leakage from municipal
water systems (figs. 28, 29). All estimates of anthropogenic
recharge are for water years.

Wastewater Effluent

Infiltration of wastewater effluent from domestic
septic systems and treatment facilities has occurred since
the initial development of the area. Prior to 1988, septic
tanks were the primary method for disposal of residential
wastewater effluent in the SACVW (K. Barnard, Los Alamos
Community Services District, written commun., 2019). In
1988, a sewer network was constructed in the town of Los
Alamos. Since then, wastewater within the Los Alamos
Community Services District (Los Alamos CSD) boundary
area has been piped to the Los Alamos CSD wastewater
treatment plant (not shown on fig. 28), and treated wastewater
has been used to spray-irrigate over 66 acres of open fields
adjacent to the plant (fig. 28; K. Barnard, Los Alamos
Community Services District, written commun., 2019).
Discharge records of the effluent used for spray irrigation
have been available since 1993 (fig. 29). During 1993-2018,
the amount of spray-irrigated wastewater effluent ranged
from about 55 to 150 acre-ft/yr, with an average of about
110 acre-ft/yr (K. Barnard, Los Alamos Community Services
District, written commun., 2019; fig. 29). The recharge from
spray-irrigated wastewater effluent likely will be smaller than
the applied volume because of evapotranspiration.

Recharge of wastewater effluent from septic systems
before and after installation of the Los Alamos CSD
wastewater treatment plant in 1988 were estimated in this
study and were based on an average septic tank discharge of
70 gallons per day per person ([gal/d]/p; Umari and others,
1995). The actual amount of anthropogenic recharge from
septic systems could be less after accounting for losses from
evaporation of near-surface septic systems. Mills (2009)
estimated a 50-percent loss rate of septic-return flow caused
by evaporation and transpiration and the travel time necessary
for the effluent to migrate through the unsaturated zone to the
groundwater table. Prior to 1988, the entire population of the
SACVW was assumed to be using septic systems for disposal
of wastewater effluent. Using population estimates for the
entire SACVW during 1948-87 (table 1.1) and an average
septic tank discharge of 70 [gal/d]/p (Umari and others, 1995),
the estimated amount of potential recharge from septic effluent
ranged from 41.5 acre-ft/yr in 1948 to 122 acre-ft/yr in 1987
(fig. 29). After 1988, only rural residences located outside the
Los Alamos CSD boundary area (fig. 28) used septic systems;
using population estimates for residents living outside of
the town of Los Alamos during 1988-2018 (table 1.1), the
estimated amount of potential recharge from septic effluent

ranged from 35.5 acre-ft/yr in 1988 to 58.0 acre-ft/yr in 2018,
with the greatest amount of potential recharge during this
period occurring in 2010 (59.3 acre-ft; fig. 29).

Irrigation Return Flow

Irrigation return flow from agriculture is the amount of
groundwater that has been pumped to irrigate crops but is not
consumed by the plants and is subsequently returned to the
groundwater system. The amount of water that is consumed
through plant use and evaporation and does not return to
the groundwater table is considered consumptive use. The
consumptive use, or net pumpage, associated with irrigation,
as well agricultural-irrigation return flow can be estimated
by a numerical model using the acreage of irrigated land,
reference evapotranspiration, and crop coefficients.

Recharge from agricultural-irrigation return flow in the
SACVW was estimated by Muir (1964) to be about 20 percent
of total agricultural pumpage., Estimates of total agricultural
pumpage in the SACVW increased from about 2,800 acre-ft/yr
in 1948 to about 32,000 acre-ft/yr in 2018 (see “Estimates and
Sources of Discharge” section). Assuming a 20 percent return
rate of agricultural pumpage, the amount of potential recharge
to the groundwater system from agricultural-irrigation return
flow increased from about 550 acre-ft/yr in 1948 to about
6,400 acre-ft/yr in 2018 (fig. 294).

Municipal Water Systems

Municipal water-system leakage is water that was
destined for domestic and industrial use but returns to the
groundwater system via leaks and cracks in the municipal
piping infrastructure. Tetra Tech, Inc. (2012) reported a
13 percent rate of return flow from municipal water-system
leakage. Reported and estimated amounts of municipal
pumpage in the SACVW increased from about 100 acre-ft/yr
in 1948 to about 280 acre-ft/yr in 2018 (see “Estimates
and Sources of Discharge” section); assuming a 13 percent
return rate of municipal pumpage, the amount of recharge
to the groundwater system from municipal water-system
leakage increased from about 13 acre-ft/yr in 1948 to about
38 acre-ft/yr in 2018 (fig. 29).

Estimates and Sources of Discharge

Groundwater is discharged from the SACVW in
three primary forms: (1) evapotranspiration (ET), which
is a combination of evaporation from open water along
San Antonio Creek and Barka Slough, from bare soil, and
transpiration from the direct uptake of water by plants,
(2) groundwater pumping for agricultural, military, municipal,
and domestic uses, and (3) base flow in San Antonio Creek at
Barka Slough. Subsurface outflow to adjacent groundwater
basins is considered negligible.
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Evapotranspiration

Evapotranspiration is the combined water loss to the
atmosphere from evaporation of water and soil water and plant
transpiration. ET is a function of potential evapotranspiration
(PET), water availability, soil texture, vegetation type,
vegetation density, and root depth. PET is the rate of ET that
is possible given an unlimited supply of water under specific
climatic conditions (Maidment, 1993). If water supply is
limited, actual ET will be less than PET. All reported estimates
of evapotranspiration are for calendar years, except for those
by Tetra Tech, Inc. (2012), which are for water years.

The average reference evapotranspiration is the PET for
a well-watered cropped grass surface. This value is 46.3 in/yr
in the western part of the SACVW (California Irrigation
Management Information System [CIMIS] zone 3) and
49.7 in/yr in the eastern part of the SACVW (CIMIS zone 6;
California Irrigation Management Information System, 2005).
The average total ET of chaparral, cropland, and pasture lands
in the SACVW (excluding Barka Slough and San Antonio
Creek) was estimated to be about 94,600 acre-ft/yr during
1958-77, and this estimate of average total ET was computed
as a residual in the hydrologic budget of Hutchinson (1980).

Natural discharge from phreatophyte evapotranspiration
occurs in Barka Slough and along the channel of San Antonio
Creek where native vegetation habitually obtains water
from areas where the groundwater table is shallow. Prior to
substantial groundwater development in the SACVW (1943
and earlier; Martin, 1985), native vegetation in Barka Slough
consisted predominantly of marshland plants, including cattail
(Typha spp.), bulrush (Scirpus spp.), saltgrass (Distichlis spp.)
and tule (Schoenoplectus acutus var. occidentalis)—these
plants require abundant water and live where the depth to
water is only a few inches (Mower and Nace, 1957; Martin,
1985). Native vegetation along the San Antonio Creek
channel consisted of riparian cottonwood (Populus spp.) and
willow (Salix spp.) trees—these plants also require abundant
water but can extend their roots to deeper depths to reach the
groundwater table.

Muir (1964) estimated an average ET rate of about
4.7 acre-ft/yr per acre (acre-ft/yr/acre) for marshland
plants in Barka Slough, and an average ET rate of about
3.0 acre-ft/yr/acre for riparian trees along San Antonio Creek.
Martin (1985) assumed that these rates were representative
of pre-development conditions (1943 and earlier; Martin,
1985) and estimated an average total phreatophyte ET rate of
3,500 acre-ft/yr (3,100 acre-ft/yr for 660 acres of marshland
at Barka Slough and 400 acre-ft/yr for 130 acres of riparian
vegetation along San Antonio Creek). Muir (1964) calculated
a lower rate of total phreatophyte ET of 3,000 acre-ft/yr
for 1958 based on a lower amount of marshland acreage
(550 acres). Tetra Tech, Inc. (2012) estimated an average
total phreatophyte ET rate of 2,900 acre-ft/yr for 1935-2010
based on ET rates of 3.3 acre-ft/yr/acre for marshland in Barka
Slough (670 acres) and 2.2 acre-ft/yr per acre for riparian
vegetation along San Antonio Creek (700 acres).

Martin (1985) estimated reductions in the total amount
of water lost through phreatophyte ET in Barka Slough
and along San Antonio Creek using their groundwater-flow
model; the reductions in ET were assumed to be the result of
increased pumpage in the SACVW leading to a reduction in
groundwater levels and available groundwater for consumptive
use. The estimated phreatophyte ET rate in Barka Slough
was reduced from about 3,100 acre-ft/yr in pre-development
conditions (1943 and earlier) to about 1,000 acre-ft/yr in
1977, and the estimated ET rate along San Antonio Creek was
reduced from about 400 to 0 acre-ft/yr during the same period
(Martin, 1985). The reduction in the amount of water lost
through ET at Barka Slough was consistent with an observed
increase in vegetation that can survive in drier conditions,
such as willow trees (Dial and Pisapia, 1980). The reduction in
the amount of water lost through ET along San Antonio Creek
was directly attributed to a lowering of the groundwater table
below the assumed ET extinction depth (the depth at which
ET ceases) of 10 ft below land surface. Phreatophyte ET
along San Antonio Creek is probably not zero in present day,
despite the estimate of Martin (1985) that phreatophyte ET
was 0 acre-ft/yr in 1977; satellite imagery from Google Earth
(imagery date August 11, 2018; Google, Maxar Technologies
2021) show riparian vegetation along most of the entire reach
of the creek, indicating that at least some groundwater is
consumed by riparian vegetation.

Pumpage

Pumpage, or anthropogenic discharge, is the main
mechanism by which groundwater is removed from the
SACVW. Groundwater pumpage in the SACVW is used
to satisfy the needs of four water-use sectors: domestic,
municipal, military, and agricultural. The first domestic wells
in the SACVW were developed following initial surveying of
the town of Los Alamos in 1876 (Muir, 1964). Pumpage for
military use by VSFB and municipal use by the Los Alamos
CSD began in the mid-1900s, and pumpage for agricultural
irrigation began around 1900 (Muir, 1964). Since at least
the 1930s, most groundwater pumped in the SACVW has
been used to satisfy agricultural water demand (Muir, 1964;
Hutchinson, 1980; Martin, 1985; Tetra Tech, Inc., 2012). Total
annual groundwater pumpage from the four water-use sectors
during 1948-2018 increased from about 3,000 acre-ft/yr in
1948 to about 32,600 acre-ft/yr in 2018 (fig. 30; table 8).

Reported estimates of groundwater pumpage for the
four water-use sectors are for calendar years and water years,
depending on the data source. The sources of groundwater
pumpage data, and whether the reported values are for
calendar or water years, are listed in table 8 and summarized
below. Estimates of domestic pumpage were for calendar
years (Hutchinson, 1980; this study, see below); estimates
of military pumpage were for water years (K. Domako,
Vandenberg Space Force Base, written commun., 2019),
except for 1963, which was for calendar year (Martin, 1985);
and estimates of municipal and agricultural pumpage were for
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Table 8. Annual groundwater pumpage during 1948-2018, San Antonio Creek
Valley watershed, Santa Barbara County, California.

[Sources of pumpage information and use of water years or calendar years are listed in the
table footnotes. Pumpage values in acre-feet. Abbreviation: —, not applicable]

Total Cumulative

Year Agriculture’ Military? Municipal® Domestic* annual annual
pumpage pumpage
1948 2,750 — 100 90 2,940 2,940
1949 2,875 — 100 90 3,065 6,005
1950 3,125 — 100 90 3,315 9,320
1951 3,375 — 100 90 3,565 12,885
1952 3,625 — 100 90 3,815 16,700
1953 3,750 — 100 90 3,940 20,640
1954 4,000 — 100 90 4,190 24,830
1955 4,250 — 100 90 4,440 29,270
1956 4,375 — 100 90 4,565 33,835
1957 4,625 — 100 90 4,815 38,650
1958 4,825 — 100 90 5,015 43,665
1959 4,663 — 100 90 4,853 48,518
1960 4,825 — 100 90 5,015 53,533
1961 5,038 — 100 90 5,228 58,760
1962 5,250 — 100 90 5,440 64,200
1963 5,563 320 100 90 6,073 70,273
1964 5,875 916 100 90 6,981 77,253
1965 6,200 1,770 100 90 8,160 85,413
1966 6,513 965 100 90 7,668 93,081
1967 7,038 1,931 100 90 9,159 102,239
1968 7,563 1,744 100 90 9,496 111,735
1969 7,975 962 100 90 9,127 120,862
1970 8,400 996 110 90 9,596 130,458
1971 8,713 976 120 90 9,898 140,356
1972 9,025 962 140 90 10,217 150,573
1973 9,350 1,042 140 90 10,622 161,195
1974 9,663 1,033 140 90 10,926 172,121
1975 9,938 1,497 150 90 11,674 183,795
1976 10,288 1,484 158 90 12,019 195,815
1977 10,600 1,788 158 90 12,636 208,451
1978 11,566 2,626 161 92 14,445 222,896
1979 12,696 3,398 205 94 16,393 239,289
1980 15,593 3,523 230 96 19,442 258,731
1981 16,562 3,366 211 98 20,237 278,968
1982 15,442 3,531 211 100 19,284 298,252
1983 14,162 2,877 179 102 17,321 315,572
1984 21,878 3,557 240 104 25,779 341,352
1985 17,064 3,217 230 106 20,617 361,968
1986 16,104 2,701 269 108 19,183 381,152

1987 17,555 3,509 262 111 21,437 402,588



Table 8. Annual groundwater pumpage during 1948-2018, San Antonio Creek
Valley watershed, Santa Barbara County, California. —Continued

[Sources of pumpage information and use of water years or calendar years are listed in the

table footnotes. Pumpage values in acre-feet. Abbreviation: —, not applicable]

Total Cumulative

Year Agriculture’ Military? Municipal®* Domestic®* annual annual
pumpage pumpage

1988 16,918 3,189 253 113 20,473 423,061
1989 18,047 2,914 256 115 21,332 444,393
1990 20,462 3,431 251 117 24,261 468,654
1991 18,218 3,217 238 119 21,792 490,446
1992 18,705 3,385 225 121 22,435 512,881
1993 18,549 2,812 192 123 21,676 534,557
1994 16,948 2,802 235 125 20,109 554,666
1995 17,113 2,789 244 127 20,273 574,939
1996 21,777 3,022 286 129 25,214 600,153
1997 24,353 4,112 290 131 28,886 629,038
1998 16,004 357 260 133 16,755 645,793
1999 20,989 331 305 135 21,761 667,553
2000 22,280 496 315 137 23,229 690,782
2001 22,927 813 312 142 24,195 714,977
2002 25,341 565 336 148 26,390 741,367
2003 25,186 428 319 153 26,086 767,454
2004 28,886 340 375 158 29,759 797,213
2005 25,035 422 346 163 25,966 823,178
2006 24,397 414 347 168 25,327 848,505
2007 34,042 233 362 173 34,810 883,315
2008 29,870 1,115 355 179 31,519 914,833
2009 28,590 1,560 349 184 30,683 945,517
2010 24,900 1,557 301 189 26,947 972,464
2011 28,600 377 296 188 29,439 1,001,903
2012 29,100 333 314 188 29,885 1,031,788
2013 29,500 287 322 187 30,318 1,062,106
2014 30,000 2,178 316 187 32,676 1,094,782
2015 30,500 1,954 254 186 32,860 1,127,643
2016 30,900 99 251 186 31,474 1,159,117
2017 31,400 0 249 185 31,845 1,190,962
2018 31,900 115 283 185 32,466 1,223,428

11948-57 (Martin, 1985; calendar years), 1958—77 (Hutchinson, 1980; calendar years),
1978-2010 (Tetra Tech Inc., 2012, water years), 201118 (this study; water years).

21963 (Martin, 1985; calendar year), 1964-2018 (K. Domako, Vandenberg Space Force
Base, written commun., 2019; water years).

31958 (Hutchinson, 1980; calendar year), 195975 (Martin, 1985; calendar years), 1976-92
(Gibbs, 2009; calendar years), 1993-2018 (K. Barnard, Los Alamos Community Services

District, written communication, 2019; water years).

41948-76 (Hutchinson, 1980; calendar years), 1977-2018 (this study; calendar years).
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water years (Tetra Tech, Inc., 2012; K. Barnard, Los Alamos
Community Services District, written communication, 2019;
this study, see below) and calendar years (Hutchinson, 1980;
Martin, 1985; Gibbs, 2009).

The estimated amounts of domestic pumpage (assumed
to be from rural residents living outside the town of Los
Alamos, see table 1.1) during 1948-2018 ranged from 90
to 189 acre-ft/yr (fig. 30; table 8). Domestic pumpage was
reported to be 90 acre-ft/yr in calendar year 1976 (Hutchinson,
1980, citing Santa Barbara County Water Agency, 1977).
Hutchinson (1980) assumed that the estimate from Santa
Barbara County Water Agency (1977) was probably the
average value for rural domestic pumpage during calendar
years 1958—77. In this study, 90 acre-ft/yr is assumed to be
the value for rural domestic pumpage during calendar years
1948-77. In 1976, the estimated rural residential population
(people living in the SACVW but outside the town of Los
Alamos) was 353 people (see appendix 1; table 1.1)—
assuming that domestic pumpage in 1976 was 90 acre-ft/yr,
the resulting per capita water demand was 0.25 acre-ft/yr.

For this study, the amount of rural domestic pumpage
during calendar years 1978—2018 was calculated based on
the estimated rural residential population of the SACVW
(table 1.1) and a per capita water demand of 0.25 acre-ft/yr
per person.

Reported and metered municipal pumpage during
1948-2018 ranged from 100 to 375 acre-ft/yr (fig. 30; table 8).
The Los Alamos CSD is the sole purveyor of groundwater for
municipal use in the SACVW and provides water to customers
within its boundary area (fig. 28). The Los Alamos CSD
owns five wells within its boundary area, three of which were
actively pumping groundwater during water years 2007—18.
Municipal pumpage compiled for this study was reported in
Martin (1985) and Gibbs (2009) for calendar years 1948-75
and 1976-92, respectively, and monthly data were provided
by the Los Alamos CSD for calendar years 1993-2018
(K. Barnard, Los Alamos Community Services District,
written commun., 2019). The monthly municipal pumpage
data provided by the Los Alamos CSD was converted to
annual municipal pumpage for water years 1993-2018.

Groundwater pumpage for military use began in 1963.
Groundwater is pumped from several wells in the western
end of the SACVW near Barka Slough (pumping area
shown in fig. 28). Military pumpage compiled for this study
was reported by Martin (1985) for calendar year 1963, and
monthly data were provided by VSFB for calendar years
1964-2018 (K. Domako, Vandenberg Space Force Base,
written commun., 2019). The monthly military pumpage
data provided by VSFB were converted to annual military
pumpage for water years 1964-2018. The annual pumpage
from calendar year 1963 to water year 1997 ranged from
about 320 acre-ft to 4,112 acre-ft (fig. 30; table 8). In 1997,
VSFB began receiving delivery of California State Water
from northern California to augment its water supply, thereby
reducing the amount local groundwater required to meet the
demand for water (K. Domako, Vandenberg Space Force Base,

written commun., 2019); during water years 19982018 the
average annual pumpage for military use in the SACVW was
about 670 acre-ft/yr (fig. 10; table 8).

Agricultural pumpage accounts for most groundwater
pumpage in the SACVW, ranging from 74.9 to 98.5 percent
of total annual pumpage during 1948-2018 (fig. 304; table 8).
The amount of groundwater pumpage for agricultural use
increased from 2,750 acre-ft in 1948 to 31,900 acre-ft in 2018.
Agricultural pumpage compiled for this study was estimated
by Martin (1985) and Hutchinson (1980) for calendar years
1948-57, and 1958-77, respectively, and by Tetra Tech, Inc.
(2012) for water years 1978-2010. The estimated values
from Tetra Tech, Inc. (2012) included groundwater pumped
for frost protection; the estimated values from Martin (1985)
and Hutchinson (1980) did not include groundwater pumped
for frost protection. Frost protection by overhead spray is
used in the SACVW to protect grape vines from damage
when the air temperature drops below freezing (Tetra Tech,
Inc., 2012). Published estimates of agricultural pumpage
were not available for water years 2011-18; therefore,
agricultural pumpage for these years was estimated by
linearly extrapolating the agricultural pumpage data from
Tetra Tech, Inc. (2012) during 1978-2010 (table 8). A straight
line was fitted to the pumpage data for 1978-2010 using the
least squares method and then extrapolated for 201118 to
estimate pumpage for those years. Estimated agricultural
pumpage during water years 2011-18 ranged from 28,600 to
31,900 acre-ft/yr (table 8).

Base Flow to San Antonio Creek

Groundwater discharges as base flow to San Antonio
Creek at Barka Slough where shallow consolidated bedrock
causes groundwater to rise above land surface (Martin,
1985); the discharge of groundwater as base flow to the
stream channel sustains a reach of naturally occurring
perennial streamflow west of Barka Slough (fig. 8).

During water years 19562018, estimated annual base

flow at the Casmalia streamgage ranged from about 170 to
4,230 acre-ft/yr and generally declined over time (fig. 12;
table 4). A Mann-Kendall test with a level of significance
(a) of 0.05 (Helsel and Hirsch, 2002) was used to identify

a statistically significant downward trend (n = 50, p-value
=0.000302) in the time series of base-flow estimates

(fig. 12). Hutchinson (1980) and Martin (1985) estimated
similar declines in base flow during calendar years 195677
(fig. 12) and generally attributed this decline as a response to
increasing pumpage in the SACVW.

Hutchinson (1980) presented a statistical comparison of
net groundwater pumpage in the basin to base flow in the San
Antonio Creek groundwater basin using data from calendar
years 1958 to 1977. Hutchinson (1980) fit a line to filtered
base-flow data for years with average annual precipitation,
with the assumption that base flow and pumpage in these years
represented “average” conditions. Years with average annual
precipitation were defined by Hutchinson (1980) as having



measured annual precipitation within plus or minus 25 percent
of the long-term average annual precipitation during 1909-77.
Hutchinson (1980) calculated the slope of the regression
relating base flow to net pumpage to be —0.2, meaning that for
every 10,000 acre-ft/yr of net pumpage in the groundwater
basin, base flow in San Antonio Creek would decline by

2,000 acre-ft/yr. Tetra Tech, Inc. (2012) evaluated base flow
during 1935-2010 and concluded that the patterns in base flow
were better correlated with variations in precipitation rather
than pumpage and that the effect of increased pumpage in the
SACVW was more likely accommodated by a decrease in
groundwater storage rather than a decrease in base flow. Tetra
Tech, Inc. (2012) also observed that increases in agricultural
pumpage in the hills and valleys north of the valley floor,
away from San Antonio Creek, likely limited the short-term
influence of increasing pumpage on base flow. Variations in
base flow are likely due to the delayed effects of increases in
groundwater pumpage and variations in precipitation.

A statistical analysis similar to that of Hutchinson (1980)
was performed for this study. A best-fit line of net annual
groundwater pumpage (described below) to annual base flow
(fig. 12) for water years 1956-90 (fig. 314) and 1991-2003
(fig. 31B) provided quantitative evaluations of the effects of
anthropogenic and natural influences on base flow in San
Antonio Creek through time. The years 2016 to 2018 were
not included in this analysis because of the substantial gap
in the period of record from 2003 to 2015 (fig. 12). Best-fit
line equations and coefficients of determination (R?) for the
195690 and 1991-2003 periods were compared to evaluate
the effects of net pumpage and base flow under different
climatic conditions (fig. 31). Water years 1956-90 represent
a period of alternating average and dry precipitation with
occasional wet years, and water years 1991-2003 represent
a period of primarily average precipitation with occasional
wet years (fig. 4). Net annual pumpage was calculated as
the difference between the sum of agricultural, military,
municipal, and domestic pumping (fig. 30; table 8) and the
sum of return flow from agricultural irrigation (20 percent of
agricultural pumpage), municipal system leakage (13 percent
of municipal pumpage), and wastewater effluent from spray
fields and septic systems (fig. 29). Following the work of
Hutchinson (1980), the statistical analyses for each period
were fit to filtered data that represent years with average
annual precipitation within 25 percent of the mean annual
precipitation during 1948-2018 (fig. 4).

The statistical analysis of net pumpage to base flow
for years with average annual precipitation during water
years 1956-90 had an R? value of 0.82 and a p-value less
than 0.00001, indicating a statistically significant correlation
between the two variables during this period (fig. 314) based
on an o of 0.05. The slope of the best-fit line relating net
pumpage to base flow for 1956 to 1990 was —0.080 (fig. 314),
meaning that for every 10,000 acre-ft of net pumpage in the
SACVW, base flow in San Antonio Creek would decline by
800 acre-ft. This estimated rate of base-flow decline was
less than half of that calculated by Hutchinson (1980) for the
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Figure 31. Best-fitline equations and coefficients of determination

(R2values) that describe relations between net annual pumpage
and annual base flow at U.S. Geological Survey station 11136100
during years with average annual precipitation (within plus or
minus 25 percent of the average annual precipitation from 1948 to
2018; represented by blue dots) for A, water years 1956-90; and B,
water years 1991-2003, San Antonio Creek Valley watershed, Santa
Barbara County, California. Sources of pumpage information and
use of water or calendar years are listed in table 8.
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period 1958-77. The longer period of 1956 to 1990 (fig. 314)
may better demonstrate the long-term effects of net pumpage
on base flow, while the shorter period of 1958 to 1977
(Hutchinson, 1980) may have been influenced by a few dry
precipitation years at the end of that period (1969, 1970-72;
fig. 4) and had a more limited set of available data than for the
longer period. A steady decline in base flow during 1956-90
was associated with an increase in total pumpage from about
4,600 acre-ft/yr to about 24,300 acre-ft/yr (figs. 12, 30, 31);
this period had mostly average and dry years of precipitation
(only 7 of 34 years in this period were classified as wet years;
fig. 12). Most of the pumpage in the SACVW was agricultural
along the middle of the valley, proximal to San Antonio Creek
(figs. 6, 30). The increase in agricultural pumpage was due

to an increase in agricultural acreage (from 8,674 acres in
1959 to 9,838 acres in 1986) and a shift in farming practices
to irrigated crop land (the amount of irrigated cropland
increased from 2,118 acres in 1959 to 7,923 acres in 1986).
The correlation of net pumpage to base flow for this period is
indicative of the influence of groundwater pumping on base
flow in the SACVW during periods of primarily average and
dry climatic conditions.

The statistical analysis of net pumpage to base flow for
years with average annual precipitation during water years for
1991-2003 had an R? value of 0.063 and a p-value of 0.55,
indicating that correlations between the two variables were not
statistically significant during this period (fig. 31B). The slope
of the best-fit line relating net annual pumpage to base flow
was —0.064 (fig. 31B), meaning that for every 10,000 acre-ft/yr
of net pumpage in the SACVW, base flow in San Antonio
Creek would decline by 640 acre-ft/yr. This estimated rate
of base-flow decline was less than values for 1956 to 1990
(fig. 314) and for 1957 to 1977 (Hutchinson, 1980). The
period of 1991 to 2003 was associated with relatively steady
base-flow values with punctuated increases in annual base
flow during wet years (figs. 12, 31B), a relatively moderate
increase in total pumpage from about 22,000 acre-ft/yr to
about 26,000 acre-ft/yr (fig. 30; table 8), and mostly average
and wet years of precipitation (only 2 of 12 years in this period
were classified as dry years). The relatively moderate increase
in pumpage over this period, and smaller slope of regression,
was in response to relatively high amounts of precipitation
and the likely resulting reduction in water demand for crops
despite the overall increase in agricultural acreage, all of
which was irrigated cropland (from about 10,300 acre-ft/yr
in 1996 to about 14,200 acre-ft/yr in 2006; fig. 6; table 2).
Agricultural lands generally increased in the northern hills
and valleys away from San Antonio Creek (fig. 6). The poor
correlation between net pumpage and base flow for this period
indicates the influence of climatic variations on base flow in
the SACVW during periods of average and wet climate; the
groundwater system is sensitive to changes in precipitation
because the SACVW is relatively shallow and narrow.

Subsurface Outflow

Groundwater underflow to the neighboring Santa Maria
River Valley and Santa Ynez River Valley groundwater
basins (fig. 28) was assumed to be negligible (Hutchinson,
1980; Martin, 1985). Tetra Tech, Inc. (2012) observed that
groundwater-level data across the SACVW boundary with
adjacent groundwater basins were consistent with previous
conclusions that subsurface outflow from the SACVW was
unlikely. If hydrologically connected, a substantial lowering
of groundwater levels in the neighboring Santa Maria River
Valley and Santa Ynez River Valley groundwater basins could
potentially induce subsurface underflow from the SACVW
through saturated aquifer materials, but the topography and
underlying structure of the SACVW would likely prevent such
an occurrence. The amount and location of any subsurface
outflow from the SACVW can be estimated with a numerical
model based on groundwater-head differences across the
boundary of the SACVW.

Groundwater Levels, Flow, and Movement

Groundwater-level data were compiled and collected to
evaluate spatial and vertical variations in groundwater levels
and to identify the sensitivity of the aquifer system to seasonal
changes in climatic and pumping conditions. Additional
groundwater-level measurements were made available through
the installation and construction of eight new multiple- and
single-depth, monitoring-well sites by the USGS (fig. 16;
table 9; appendix 1). With a few exceptions, groundwater
levels were measured as part of this study in wells from
early 2017 through June 2019. Manual groundwater-level
measurements were collected approximately quarterly from
55 wells (including all wells at the eight USGS single-
and multiple-depth, monitoring-well sites); continuous
groundwater-level measurements were collected at 18 wells
(including all wells at the eight USGS monitoring-well sites
and one previously installed multiple-depth, monitoring-well
site near Barka Slough; 8N/34W-16C1-4; table 9). The
continuous monitoring sites were equipped with pressure
transducers that recorded hourly measurements that
were regularly downloaded and processed to calculate
groundwater levels. Wells measured as part of this study
are listed in table 9. Groundwater-level and water-quality
data are available from the USGS NWIS database at
https://nwis.waterdata.usgs.gov/nwis by searching for the
USGS Site Number (U.S. Geological Survey, 2021).

The historical reliance on groundwater in the SACVW
for agricultural, military, and municipal use has caused
changes to the depth of groundwater since the mid-1900s. In
general, the direction of groundwater flow in the SACVW is
from the Solomon Hills, Casmalia Hills, and Purisima Hills to
San Antonio Creek and Barka Slough (fig. 32). This general
direction of flow was the same during early development
conditions (1944 to 1948; fig. 324), mid-development
conditions (1948-78; fig. 32B), and expanded-development


https://nwis.waterdata.usgs.gov/nwis

65

Hydrogeology

wAipeng) Iojem 061 L6S L6S 19€0LT°0CI— O0SLOVLYE €T16T-MTE/NS  10TI910TI8CrITe £716¢
ydei3o1pAH SHoMION MD — £6S £6S YPSILTOTI— €6SEVLYE TI6T-MTE/NS  TOVI9IOCILEYIYE ¢16¢C
«Aend) 1ojep ‘qderSoIpAH y1ompoN MD 144 979 979 6€9¢ST0CT— LIOGLELYVE Pd8T-MTE/NS 10€1SI0CINTPIE d8¢C
yde130IpAH SHOMIN MO 011 979 979 99LESTOTI— 8E08ELYE  €d8T-MTE/N8 CTOOISIOTILIVYYE £€d8¢
yder301pAH SHoMION MD %4 979 979 6€9€ST0CI— LI6LELYE Td8T-MTE/NS T001STOCILIVYYE 1d8¢C
AipenQ) 1orem — €L9 €L9 60LSETOCI— SOTLELVE TALT-MTE/NS  10SOVI0CIVIvYIE ¢dLT
KpenQ) 1ojem 0201 €CL €CL [EP0ETOCI— 6V99VL'vE THLT-MTE/NS  109%€10T18vPirE [HLT
wAipen Iorem Sv9 1€L 1€L LOTTETOCT— SLLSYLYE TVLT-MTE/NS 1000€10T100VH€ CVLT
yde13oIpAH SHOMIN MD 00L S9L S9L 00990T°0CI— 9ScovLve 1AST-MTE/NS  T0ITTIOTILSYIPE 1dsc
«LrenQ) 1o1ep ‘yderSoIpAH I0mMON MD 0cl 98¢ 98¢ 05976 0TI~ 0SLSSLYE SINOGI-MTE/NS  SO00¥VLIOTIOTSYYE SOOVS
«KrenQ) 1o1ep ‘qderSoIpAH I0moN MO Y4 98¢ 98¢ 189%6C°0CI— 689SSL¥E VYINOT-MTE/NS  +00VLIOCIOTSYYE ¥OOVS
«Aend) 1ojep ‘qderSoIpAH 1ompoN MD 0€s 98¢ 98¢ [189%6C°0CI— 689SSL¥E CINO6I-MTE/NS  €00¥LI0CI0CSYIE £IIOVS
«LrenQ) 1o1ep (qderSoIpAH I0MION MD 0cCL 986 986 18976C°0CI— 689SSLYE CTINOI-MTE/NS  TO0VLIOCTIOTSTYE 7ODVS
«K1renQ) 1ojep ‘qderSoIpAH I0mON MO 086 98¢ 98¢ 189%6C°0C1I— 689SSL¥E TINO6T-MTE/NS  T00VLIOTIOTSYYE 1D0VS
FIOMIIN MD 09¢ 108 108 TT69LT0CI— 8LVPLILYE TNLI-MTE/N8 T0LEITOTIE09T¥E CNLI
#AHrenQ 191eA| SHOMIN MO 08 18L 18L LTILLTOTI— €€€99LvE  INLI-MTE/NS 108€910C16SSTPE INLI
wAipen Iopem 06L 006 006 9SS061°0TI— LI6GLELYE INOC-MIE/NS T109CIIOCI9IVIPE INOE
AipenQ) 1orem — €051 €051 6710C1°0CI— 8€0E9L¥E TAET-MIE/NS  1060L00CILYSYIE 1dgc
FI0OMISN MD SLIL 1021 10T°1 00S6€1°0CI— TI9€ESLvE  INCT-MIE/NS  10CT800CICISTPE INCT
FI0OMIN MD — 89C°T 89T°T 9SCLET'OTI— 0STOSLYE TINTTMIE/NS  T10SI800CITCSYYE TINTT
S i To RV €9T°1 1At PIvl L998TI'0CI— 19€9SL¥E  TUTT-MIE/NS  1000L00C100SHE Cree
FIOMPN MD - 8EH'l 8’1 9S0TTI'0CI— PO6I9SLvE  IILCTMIE/NS  T061L00CITCSYYE [S¥44
ApenQ) 1orem — €90°T €90°T SISILI'OCI— 808SLYE TINOT-MIE/NS T10S1010CI6TSHE IINOCT
«A1[end) Iarem 009 el TTEl CCLEETOTI— POI0LLYE  TTISIT-MIE/NS  1000800C1009%1¢€ 1161
KpenQ) 1ojem — £e8 £e8 686S61°0CI— SOTLILYE  TdI-MTE/NL 10TPI10TITOEYTE gl
«Aipeng Iojem SL9 768 768 €8SL81°0CI— €8S8ILPE 1d9-MTE/NL  TOSTITOTILOEYYE 149
oqy (88 GAVN) sweu
R e TR o M A
ajoy jejo) : . 10 [|I3M

ajeunxoiddy

[1012MPUNOIT ‘M D) ‘886 JO WNIR( [BINLIOA UBILIDWY YHON ‘88 TAVN €861

JO wnje uBOLIDWY YUON ‘€8 VN ‘WNjep 20BLINS pue] Mo[oq ‘STd ‘A2AIng [B2130[090) 'S ‘SDS :SUONBIAIQQY 9[—8(0(T SIBAA Iepua[ed SuLnp pojduwes a10m ., M S[[oM ‘§1—L10T
sIedA Tepud[ed SuLnp pajdwes a1om 4 YIIm S[[om ‘ejep Aijenb-107em yim s[jom ‘Ayfend) I9ep\ SGE pue ‘p¢ ‘6 seIn3y ul sydeiSoIpAy se umoys SUOIBAQ[S [oAd]-10)empunoll ‘Yder3oIpAH 61-9107
SIBOA TBPUS[ED SULIND PAINSEIW SUOTIBAD[Q [OAJ[-IJBMPUNOIS [JIM S[[M NI0OMION M D :310dal s1y) ul pasn eep o130[0IpAY ‘odA] eyeq 1odail siy) Jo Juruuidoq je uorods WA FULIDQUINN-[[OM
U0 Paseq SIdqUINU [[om 9)e)S (AJoANSadSaI )sed pue )Iou $9I39p [eWIOP Ul OpmISuo] pue opmneT $10dal Siyy ur songy ul pasn dWeu pIjeIAdIqqe :dweu oFeSweans Jo [[9p o[qe[ieae jou “—]

‘eluIofe) ‘paysialem As|jep
8819 oluojuy ues ‘(1zog ‘Aening |eaibojoag g M) eiep Aujenb-iazem yum sabebweasis pue ejep Aujenb-1ajem pue |ans|-1ajempunolb yum sj|am palos|as ‘6 ajqer



Hydrogeologic Characterization of the San Antonio Creek Valley Watershed, Santa Barbara County

66

«LrenQ) 1o1ep ‘qderSoIpAH I0MON MD 011 9¢ 9¢ EEEVOL 0TI~ SLOOGSLYE 9MO61-MEE/NS  SO06EETOTITESYTE SADVS
«K1renQ) 1ojep ‘qdersoIpAH I0moN MO 0¢c £€9¢ £9¢ 80P6£°0CI— 8S06SLYE SA6GI-MEE/NS  P06E£ECOCITESYIE PIOVS
«Arend) 1o1ep ‘qderSoIpAH 1ompoN MD 0S¢ £9¢ £€9¢ 807P6L°0CI— 8SO06SLYE PAGI-MEE/NS  €06€€C0TITESTIE ADVS
«LrenQ) 1o1ep ‘qderSoIpAH I0mMON MO ors £9¢ £9¢ 80¥6€°0CI— 8SO6SLTE E€A6I-MEE/NS  TO6E£ECOTITESTYE IOVS
«K1renQ) 1ojep ‘qdersoIpAH I0moN MO 069 £9¢ £9¢ 8076£°0CI— 8S06SLYE TA6I-MEE/NS  T06£ECOCITESYIE AOVS
ydei3oipAH — 0LE 0LE 00988€°0CI— T9I8SLTE II61-MEE/NS  T091€COTI0ESTPE 6l
wAipenQ) Iorem 06t £6¢ £6¢ 198L8€°0CI— 8TO09LTE E€DO6I-MEL/NS 1091€C0CI9€STYE €061
ApenQ) 1orem 601 £€9¢ £9¢ 6EV06£°0CT— O0L8YSLYE TOHO6I-MEE/NS TOTTETOTITESYYE O61
FI0OMIBN MD 699 865 865 79L0SE0CI— CTTSSLLYE THOI-MEE/NS  10€01C0TITEIrPE [TH9I
#AHrenQ 191eA| SHOMIN MO S6¢C 799 99 61710€°021— 8S069LFE  TOECI-MEE/NS  10L0810T1609t¢€ 10€1
FIOMIDN MD 0L0°T LLL LLL €6990€°0CI— LYI6LLYE TDCI-MEC/N8 10¥C810TISHITYeE D¢l
#AN[ENQ 191BAN SIOMIN MO 061 6€9 6£9 8CIEPE0CI— LYVIO6L¥E  TAOIT-MEE/NS  10SE0COTISTLYTE 1401
wAipeng Iojem S8l 86¢S 86§ YOrore 0Cl— LOI8SLYE  E€HO-MEE/N8 T108SOCOTILILYYE ¢H6
«AenQ 101eAN SHOMIPN MO 065 €L9 €L9 rr88E°0CI— 0S6T8L'YE TIL-MEE/N8  T08IECOTI6S9TTE [R:V5
«A1[enQ) Iarem ST €LL €LL C8ELICOTI— TO60908'FE  TVS-MEE/NS 106S1C0CITI8YIE Iv§
AyrenQ) 1ep SHOMIBN MD 6v¢ 689 689 IEITPE0CI— 1€686LFE  TTE-MEE/NS 10STOTOTISSLYYE 11¢
wAipeng Iorem (043 6LL 6LL 0S0S1E0CI— TO66VO6L¥E TIT-MEE/NS  TOPS8I0TITYLYYE R[4
FIOMIIN MD — (44 8 0ST9TE0CI— vr6S6L e INT-MEE/NS  T0VE610CISYLYYE INT
+AHrEnQ 191eAN SHOMIN MO 086 LT8 LT8 68€0€€°0CI— 9S066LYE  INT-MEL/NS  1000610C100LYYE INC
ydergoipAH - 19¢ 196 LOLESTOTI— IL8EVLYE TIAOE-MTE/NS T108SOI0CIREVYIE ol0E
Ayrend) 1pep ‘ydersorpAH 0r¢ 99¢ 99¢ 9S108C°0CI— 09CSYLve LHOE-MTE/NS  T10SYII0CIEVPive LHOE
wAipeng Iojem — IS IS 00SS6T°0CI— L99ePLvE  LAOE-MTE/NS TOVYPLIOTILEYYYE LA0E
wAipeng Iorem 00¢ £es £€es 19€26C°0CI— 8TOSYL¥E 9d0E-MTE/NS  TOTELIOTICHIIPE 9d0¢
JIOMIN MD 100°T 13749 £€rs Y6€C6C0CI— 8T8YYLYE SHOC-MTE/NS  108CLIOCI IV ive Sd0¢
ydei301pAH SHoMON MD S68 329 3729 PEVS6T 0TI~ 8vlIovL e 1AOE-MTE/NS  T00VLIOTILSYYYE 1daog
«AenQ 101eAN SHOMIN MO 06 96¢S 9665 YOVILTOCI— TISEVL¥E VI6T-MTE/NS  TOLI9TIOTIOEYYYE VIVS
ooy (88 GAYN) J—
R O B o M A S
ajoy |ejo) : . 10 [I3p

ajewixoiddy

[1o1eMpPUNOIT ‘D 1886 T JO WNJE(] [BINIBA UBOLIDUIY YION ‘88 AAVN €861

JO wnje( UBOLIDWY YUON ‘€8 VN ‘WNIBp 90BLINS PUB] MO[oq ‘(S Td ‘A9AING [BII30[090) S ‘SDS( :SUONBIAAIQQY 9]—8((T SIBAA Iepuded FuLnp pojdwes a1om ., M S[[oM ‘§1—L10T
SIBAA TepUS[Ed SuLInp pajdwues a1om 4 IIM S[[om ‘ejep Ajijenb-107em yim sjom Kfend) I9Jep\ SGE Pue ‘t¢ ‘6 saIn3y ul sydeISoIpAy se umoys SUOIBA[d [9Ad]-19)empunoid ‘Yder3oIpAH 61-9107
SIBOA TBPUD[ED SULIND PAINSEIW SUOIIBAD[Q [AJ[-I1JBMPUNOIS [JIM S[[M I0OMIIN M D :11odax sy ur pasn eiep 0130[0IpAY ‘@dA] ereq 91odar siy) Jo Suruuidaq je uoridds w)sAS FULIqUINN-[[OM
UO Paseq SIdQUINU [[om 91e)§ ‘A[OAI10dSAI 1S8d puE LIOU SOIZIP [BUWIIOSP Ul IpMISUO] pue opmire] 1odal SIy) ur samgy ul pasn SWeu PIJRIAAIqQe :dWeU 9Fe3WeanS 10 [[OA 9[qe[IBAR JOU ‘—]

panuiuo)—eiuioyljen ‘paysiarem As|jep
Y9819 oluojuy ues ‘(1z0z ‘AeAing [eo16ojoag 'S M) eiep Aujenb-1alem yum sabebwesns pue eiep Aljenb-1alem pue [aA3|-181BMPUN0IB YIIM S||aM paldsjes ‘6 alqeL



67

Hydrogeology

ANENd 1M 06€ vTe vTe €SI 0TI~ 9TO9LLYE  TAIT-MPE/NS  T101¥LTOTI6E9PYE 791
JIOMPN MD 8§ 9.7 9.7 68979V°0TT— T609LL'YE  TA9T-MPE/NS  10TPLTOTIIEOVYE 1491
AnEend 1M peg 1343 1343 0TTEIY' 0TI~ 6SLLLL'YE  SO9T-MPE/NS  SOPPLTOTIOPIVFE $O91
+ArenQ 1orep (yderSoIpAH SHIOMIDN MD 096 6C¢ 43 001€9Y°0TT— 688LLLYE YOIT-MYE/NS  +HOVFLTOTIOVIVHE ¥O91
ydeiSoIpAH SHOMIDN MDD LI€ 6T¢ 6T¢ 00TE9Y° 0TI~ 688LLLYE  €D9T-MPE/NS  €0VPLTOTIONIVYE €091
ydeiSoIpAH SHOMIDN MD 691 6C¢ 6C¢ 001€9Y°0T1— 688LLL'YE TI9I-MPE/NS  TOVPLIOTIOPIVYE 7091
ydesSoipAH SpompN MO 98 6¢ 6T¢ 00T€9Y° 0TI~ 688LLL'YE TD9T-MPE/NS  10vPLTOTIOVIVYE 1091
Areng) 1091ep SHOMIN MD €8% €1¢ €1 6ILSPY 0TI~ €OLVLL'YE PAST-MPE/NS  €0TH9ITOTISTOVYE PAST
#ANEND JTEM OMIPN MD 06 0€¢ 0¢¢ LYSSTY 0TI~ $98TLL'YE  TIYI-MPE/NS  10€¥STOTITIOVYE AOVS
+ANEND INEA IOMPN MD €65 6T¢ 6T¢ SL9STH 0TI~ 8TOTLLYE 1TIPI-MPE/NS  106£STOTIFTITYE I'Tp1
ydeioipAH 08¢ 8T 8T 98€T9Y' 0TI~ 6STSSLYE  TI6-MPE/NS  106ELTOTITILYYE 1316
AnrenQ) 1oep ‘yderSoIpAH SpomisN MO — 61t 61+ 950¥EY’ 0TI~ 6£S008' S TINT-MPE/NS  1065ST0TIT08HE 1INT
LANEnd 1ep  — 09 095 00S9LE0TI— T981PLPE  €T6T-MEE/NS  10SETTOTITEYE 1158 (74
JIOMPN MD 001 97§ 9§ TPPEOE0TI— €SESPLYE  SAST-MEE/NS  10VISTOTIHSHPeE sdsT
ydesSoipky ~ — %9 1+9 95020€°0T1— 90€S9L'YE  €APT-MEE/NS  T0L0STOTISSSHPE €ave
Aend ey — €v9 €9 9PST0E 0TI~ T86VIL'YE TAYT-MEE/NS  10T0ST0TIHSSHE zare
ydeiorpAy ~ — L19 L19 10120€°0TT— 6SLTILYE  TAPT-MEE/NS  T0P0STOTIONSHHE 19¥C
ydesSoipAH  The €Ly €Ly 8ST0EE0TI— 9TPPSL'YE INST-MEE/NS  10SH610TIOISHYE INET
ANENd 1M 09T €Ly €Ly 6889€€°0TT— €809SLYE  PITT-MEE/NS  10€10T0TITTSHPE yTT
ydeiSoIpAH SHOMIBN MD 05T 99t 99t 6889€€°0TT— €809SLYE  €TT-MEE/NS  10800T0TTITSHYE 1% (44
#ANEND JOJEM DHOMIN MD 0L 09t 09% LI68EE0TI— 9099SLYE  [DTT-MEE/NS  1002020TIHTSHe STVS
Arend 1M 05T 8t St 18ELVE 0TI~ $OTTILYE  THCT-MEE/NS  T0LVOTOTIYYSTIE 142e
JIOMPN MDD — 68t 681 TL6TSE 0TI~ PhPbILvE  TAIT-MEE/NS  TOTTITOTITSSHYE 1412
Aend e S 887 487 $0969€°0C1— $OLYSL'YE  TUOT-MEE/NS  10L0TTOTILISHYE 10T
ydeiSoIpAH SpHoOMISN MO — 90t 90t 8S90LE°0TI— 901SSL'YE  TOOT-MEE/NS  TOOITTOTISISHYE 7007
ydeiorpAH g€z 1Ty 1y 8EPOLE 0TI~ T86FSL'YE TOOT-MEE/NS  1001TTOTISISHYE 1002
- (88 AAVN) J—
R O B o M A S
ajoy |ejol : ; 10 I3

ajewixoiddy

[1o1eMpPUNOIT ‘D 1886 T JO WNJE(] [BINIBA UBOLIDUIY YION ‘88 AAVN €861
JO wnje( UBOLIDWY YUON ‘€8 VN ‘WNIBp 90BLINS PUL] MO[oq ‘STd ‘A9AING [BII30[090) S ‘SDS( :SUONBIAAIQQY 9]—8((T SIBAA Iepud[ed SuLnp pojdwes a1om ., M S[[oM ‘§1—L10T
SIBAA TepUS[Ed SuLInp pajdwues a1om 4 IIM S[[om ‘ejep Ajijenb-107em yim sjom Kfend) I9Jep\ SGE Pue ‘t¢ ‘6 saIn3y ul sydeISoIpAy se umoys SUOIBA[d [9Ad]-19)empunoid ‘Yder3oIpAH 61-9107
SIBOA TBPUD[ED SULIND PAINSBIW SUOIIBAJ[Q [AJ[-1JBMPUNOIS [JIM S[[M I0OMIIN M D :11odax sy ur pasn eiep 0130[0IpAY ‘@dA] ereq 91odar siy) Jo Suruuidaq je uoridds w)sAS SULIQUINN-[[OM
UO Paseq SIdQUINU [[om 91e)§ ‘A[OAI10dSAI JSBd puE [LIOU SOI3IP [BUWIIOAP Ul IpMISUO] pue opmire] 1odal SIy) Ul samgy Ul pasn SwWeu pIJeIAAIqQe :dWeU 9Fe3Weans 10 [[OA 9[qe[IBAR JOU ‘—]

panuiuo)—eiuioyljen ‘paysiarem As|jep

Y9819 oluojuy ues ‘(1z0z ‘AeAing [eo16ojoag 'S M) eiep Aujenb-1alem yum sabeBwesns pue eiep Aljenb-1alem pue [aA3|-181BMPUN0IB Y1IM S||jaM paldsjes ‘6 alqeL



Hydrogeologic Characterization of the San Antonio Creek Valley Watershed, Santa Barbara County

68

LArend oy — — L9TOES 0TI~ €0TTVL'HE — 0019€I11 eI[RWSE)
ANENQ RN — — L99TEY 0TI~ SLLLLLVE — 009€I11  uOKue) SLueH
ANENQ RN — — 6860LT0CI— SIEEHLHE — 008SEITT  sowe[y SO
ANENO JTEM 08T 129 129 61€S0F0TI— 1€8608+E TU9E-MYE/NG  10614TOTISESYHE 49¢
«AN[ENQ JOJeA SHOMIN MD 48T 879 879 8THSOF0TI— 90118 +HE  TI9E-MPE/N6  100THTOTII¥8PHE ur9e
JIOMPN MD 0T 494 454 1810S°0T1— 188608°v€  1dFPE-MPE/NG  10¥S9T0TI9€8THE [db€
#ANEND JTEM HOMPN MD 06 397 1397 6110SY°0TI— 000018°+€ TNYE-MYE/NG  1000LTOTIIESYHE OHVS
Arend e 8yl 1397 1397 TSSOPY 0TI~ TOSEI8HE  TIPE-MYE/N6  10¥H9T0TI6v8HE (4143
w+KNENO JOJBN,  ShE S0S S0 €8SIHY 0TI 000918°FE  IMYE-MYE/NG6 10009201008t H€ 3Ive
ANENO I 0T€ 88t 88t 98Y8YH 0TI— +9S618vE  TOPE-MPE/NG  10SS9TOTI0167HE (48} 43
#AN[ENQ JJeA BHOMIN MD  SOb SIS SIS 8L98YY 0TI~ STTLTISHE  TILT-MYE/NG  10SS9TOTISE6YHE 11Le
Arend sorepm ‘ydeiSoipAH 001 Y1 Y1 TTTETSOTI— 9€SO8LPE TINTI-MSE/NS  100T1€0T10S9PHE [INTI
Aiend LreM  L01 353 353 LTILSOFOTI— 8¥99SLYE  IMYT-MYE/NS  T0LTYTOTIVISHYE 3IvC
w+KNENO JOJBM 009 LS€E LS¢E TLYITF 0TI 6EI8SLPE  TAYT-MPE/NS  1000¥T0T100SHH€ Tdve
Ayreng) 101ep ‘qdeiSoIpAH SHOMIDN MD 086 €6¢ €s¢ OPYSIH0TI— SIE8SL'YE  THFT-MPE/NS  10TSHTOTIOESTHE 149y
#ANEND JOJEM HHOMIN MD S/ Ice Ice TLTSTHOTI— €86T9LE THET-MYE/NS  101€STOTIOPSHYE DHVS
yderSoipAy ~ — 8I¢ 81¢ 8ILSTH' 0TI~ 6SLTIL'YE TAET-MYE/NS  106ZSTOTIONSHYE 14¢¢
Aiend rEM 96 LIg LIE €9ISHY 0TI SI809LFE IDTT-MYE/NS  106£9T0TI6ESHHE 1972
#ANEND JOTEM HOMIN MD  §9 01¢ 01¢ LOLTOYOTI— €8TEILVE TVIT-MYE/NS  10THLTOTISYSHYE VSVS
ydeiSoipAH SIOMIN MO 1LT 10€ 10€ PPTIOr0TI— 80SE9LVE  IVIT-MPE/NS  106ELT0TI0SSHHE IvIC
JIOMPN MD 8 €LT €LT 866SLY0TI— 9TH69LPE  TOLI-MYE/NS  100€8T0TTTI9VHE 10L1
JIOMPN MD 09 €92 €92 YSSOLY'0TI— SYIILL'YE TALI-MPE/NS  10TESTOTIBIONHE ALT
JIOMPN MD 19 £€9¢ €92 86VELYOTI— FISSLLPE THLI-MYE/NS  10618T0TI€E9PHE THLI
ydeSoIpAH SHOMPN MO €6 374 374 019%8%°0T1— 186VLL'YE  THLI-MPE/NS  1010620T10€97HE 4Ll
wxAN[ENO IR 00F 343 343 TLY9SHOTI— LIGTLLYE  TI9T-MYE/NS  100TLTOTIETOVHE 91
Anrend) R1EM  06€ 60¢ 60€ SLL8SY0TI— 9TYYLLYE ¥DII-MYE/NS  106TLT0TI6T9VHE D91
JIOMPN MD 9§ Y6z v6< 0S68SH'0TI— TTOVLL'YE €D91-MPE/NS  106TLT0TI9T9PHE €091
90 (88 AAVN) J—
R O B o R A
ajoy |ejoL ; ; 10 [I3W\

ajewixoiddy

[1o1eMpPUNOIT ‘D 1886 T JO WNJE(] [BINIBA UBOLIDUIY YION ‘88 AAVN €861

JO wnje( UBOLIDWY YUON ‘€8 VN ‘WNIBp 90BLINS PUB] MO[oq ‘(S Td ‘A9AING [BII30[090) S ‘SDS( :SUONBIAAIQQY 9]—8((T SIBAA Iepuded FuLnp pojdwes a1om ., M S[[oM ‘§1—L10T
SIBAA TepUS[Ed SuLInp pajdwues a1om 4 IIM S[[om ‘ejep Ajijenb-107em yim sjom Kfend) I9Jep\ SGE Pue ‘t¢ ‘6 saIn3y ul sydeISoIpAy se umoys SUOIBA[d [9Ad]-19)empunoid ‘Yder3oIpAH 61-9107
SIBOA TBPUD[ED SULIND PAINSEIW SUOIIBAD[Q [AJ[-I1JBMPUNOIS [JIM S[[M I0OMIIN M D :11odax sy ur pasn eiep 0130[0IpAY ‘@dA] ereq 91odar siy) Jo Suruuidaq je uoridds w)sAS FULIqUINN-[[OM
UO Paseq SIdQUINU [[om 91e)§ ‘A[OAI10dSAI 1S8d puE LIOU SOIZIP [BUWIIOSP Ul IpMISUO] pue opmire] 1odal SIy) ur samgy ul pasn SWeu PIJRIAAIqQe :dWeU 9Fe3WeanS 10 [[OA 9[qe[IBAR JOU ‘—]

panuiuo)—eiuioyljen ‘paysiarem As|jep
Y9819 oluojuy ues ‘(1z0z ‘AeAing [eo16ojoag 'S M) eiep Aujenb-1alem yum sabebwesns pue eiep Aljenb-1alem pue [aA3|-181BMPUN0IB YIIM S||aM paldsjes ‘6 alqeL



69

Hydrogeology

'S||8M Pajage| YU PaleIo0SSe UOIBWIO)UI 8YIS [BUOIIPPE 10} 6 8|qe3 888 “(Apnis siyp)
107 1eaA 1818M ‘9 pUR (086 ‘UOSUIYIINH) 8761 Alenuep ‘g (G861 ‘UILBN) S¥6L J8qwadaq ‘v 104 paysialem Asjje) 38919 0lUOIUY UBS Y} Ul SUOIBAS|S Jalempunoly  -zg aanbiy

Aajjepdealg ooy ueg T T

UIBJIBOUN UONBIOT  —(gpg— uopdasjoaun 5 o) Asj|ep 1aA1Y zau ) ejues

ajewixoidde uoneso]  —00e— Arepunoq aseg aoioy aoeds fiaquapuey [ | Asjlep Janty ele|y ejues
3]qeLIBA SI ‘6761 JO WNJE( [BIILIB) 98P0

(9102 ‘saanosay 1ajep) jo yuawpedaq
|euolje aAoqe 188} Ul ‘|eAIdlul IN0IU0I—(G86L Asepunog paysiaiem Aajjep yoai) ojuojuy ues _H_

eluioji|eg) uiseq sa3empunoib g | unajng

‘uIMeAl) €461 18qWAI3( ‘IN0JUOD |N3|-13)RA\ ybnojs eyieg DF.V $321n0say 1a)ep Jo Juawpedaq elusojijeny
NOILYNV1dX3
SHILINOTIN 9 14 14 0 €861 J0 WneQ UedLIBWY
T L o : | yUON ‘0 8uoz ‘uondaloid J0JeIIB|\ 8SIBASURI] [ESIBAIUN) 'SB[EIS SNOLIBA
SINN 9 14 14 0

‘ejep [e)Bip 81l pue [eiapa4 Jayio pue Aanng [aiBojoag 'S’ woly aseg
MLEH ‘MZEH ‘MEEH MVE Y ‘MGE Y
[ [ I

S|IIH ewisting

~

B

N - S
-~ —

W\(\ .\./(J‘ .‘fA esa|\ uoling e

©

@ S|IIH eljewse)
_ _ _ _
0Lo0Z1 SLo0ZL 02,021 S20ZL 084021




Hydrogeologic Characterization of the San Antonio Creek Valley Watershed, Santa Barbara County

70

panuiuo)—-ge ainbiy

Aajlep yealg oluouy ueg " T

uonadasjoaul] H ko) As||ep J8AIY ZBUA elURS

6261 J0 wnieQ |eoILIB/\ 21}8Pp0AY >.=m—-==oa aseg adlo4 Qum-_m m._m:_:@—u:m> D Asjjep Janiy euey ejues

|euonen sl wnie( ‘jeAlaqul Inojuod Kie (910Z ‘saainosay 1ajep\ Jo Juawpedaq

punoq paysiajem Asjjep )}aai) oluojuy ueg _H_
100J-001—(0861 ‘UoSuIyNY) eluioyijeq) uiseq Jajempunoib gi| unajng
8.6l Atenuep unojuod [ansj-1ajepy  -00e— ybno|g eyieg Pﬂwv $321n0say 13)eA\ Jo Juawpedaq eluiojijen
NOILLVNY1dX3

SHILINOTIN 9 14 14 0 €861 O Wnjeq uedLBWY
T ! by 1 | YHON ‘01 8uoz ‘uonasfold J0JeaIB|\ 8SIASURI] [ESIBAIU( SB|EIS SNOLIBA
SINN 9 12 z 0 ‘ejep [e)BIp 81e1g pue [esapa4 Jaylo pue Aaning [eaiBojoan "S M wouy aseg

‘M1EY ‘MZEY ‘MEE Y M¥VEY ‘MSGEH

[ [ I
b S|I1H ewisting
1
St
006 g o€
| e
_M 1aee07 /L \’
.\\
Z
/\//
-~ 5
~2 S|IIH uowojos
N 05
6 ofE
1
| | | | |
01e0ZL GLo0ZL 0Z:021 SZo02L 02021 g



n

Hydrogeology

panunuo)—-gg ainbi4

1||
SIN0JU0D [A9]-1a)eM 311D 0} Pasn [IGM O, o As|jep ya81 oluouy ueS _
UIBLI2OUN UONRIO]  —00E— uopmdasjoaun 5 H As||ep saniy zau, ejueg
ajewixoidde uoneao]  —ppg— Arepunoq aseg a2104 aosedg fiaquapuep _H_ Asjjep Janty ele|y ejues

a|qelien s1‘ggpl Jo wnieq

(9102 ‘sa2.nosay 1ajepp jo yuawpedag
|e2118/\ UBDLIBWY YLION 8A0QR 183} Ul ‘|eAlajul hsepunog paysiasem Rajrep 19319 oluojuy ues D eluiojijeg) uiseq sajempunoib g unajng
1N0JU09—/ |0 1A 13)eMm “IN0Ju0D |aA3|-1d)A ybnojg epeg W saaunosay Jajep) jo Juswpedaq eluojje
NOILVYNY1dX3
SHILINOTIN 9 14 14 0 €861 O Wnjeq uedLBWY
T ! by 1 | YHON ‘01 8uoz ‘uonasfold J0JeaIB|\ 8SIASURI] [ESIBAIU( SB|EIS SNOLIBA
ST 9 ¥ z 0 ‘ejep [e)BIp 81e1g pue [esapa4 Jaylo pue Aaning [eaiBojoan "S M woiy aseg

‘M1EY ‘MZEY ‘MEE Y M¥VEY ‘MSGEH

S|I'H ewisking

~

eS8\ uoling — o¥€

©

@ S|IIH eljewse)
_ _ _ _ _
0Lo0Z1 SLo0ZL 02,021 S20ZL 084021




72 Hydrogeologic Characterization of the San Antonio Creek Valley Watershed, Santa Barbara County

conditions (1979-2018; fig. 32C), but groundwater levels
have generally declined from period to period. Groundwater
discharge at Barka Slough has persisted over each
developmental period; however, the amount of base flow has
decreased through time as a result of increased pumpage in
the SACVW (see “Base Flow to San Antonio Creek” section).
Contour maps of groundwater elevation for December 1943
(Martin, 1985; fig. 324), January 1978 (Hutchinson, 1980;
fig. 32B), and water year 2017 (this study; fig. 32C) show
changes in groundwater elevation caused by changing patterns
of water use and climatic conditions.

Prior to 1948, groundwater extraction in the SACVW
was minimal; groundwater pumpage for agricultural use
was supplied by up to 39 irrigation wells (Muir, 1964), and
pumpage for municipal and domestic water use only needed to
supply an estimated population of less than about 500 people
(table 1.1). Muir (1964) produced a map of groundwater
elevations of the SACVW for December 1943 and observed
that, over their period of investigation, the groundwater
table was the highest on record. Martin (1985) redrafted the
contour map of Muir (1964; fig. 324) and considered the high
groundwater elevations of December 1943 to be representative
of steady-state (natural) conditions. The December 1943
groundwater elevation contour map shows that groundwater
flowed from recharge areas in the surrounding Solomon and
Casmalia Hills, and the Purisima Hills, to the southwest and
northwest, respectively. An area of groundwater discharge is
indicated by the trough in the groundwater elevation contours
along San Antonio Creek from near the town of Los Alamos
to Barka Slough. Prior to 1947, flowing wells were present
near the town of Los Alamos along a 2-mile stretch of San
Antonio Creek, from just east of the town of Los Alamos to
about 2 miles west of the town. Groundwater elevations for
December 1943 ranged from higher than 1,100 ft above the
National Geodetic Vertical Datum of 1929 (NGVD 29) at the
northeastern boundary of the SACVW to slightly less than
300 ft above NGVD 29 at Barka Slough, where groundwater
elevation was at or above land surface (fig. 324). Groundwater
gradients adjacent to the eastern boundary of the SACVW
sloped steeply from more than 1,100 ft to about 700 ft above
NGVD 29 toward the valley floor east of Los Alamos, and
flattened along the valley floor, decreasing from about 700 ft
above NGVD 29 east of Los Alamos to less than 300 ft above
NGVD 29 at Barka Slough (a gradient of about 30 feet per
mile [ft/mi]; Martin, 1985).

Since the early 1940s, groundwater levels have declined
(figs. 32B, 32C). By the early 1970s, increases in pumpage
exceeded most estimates of recharge rates (figs. 27, 30) in
response to the expansion of agriculture, the onset of military

pumpage by VSFB, and the increase in population, resulting
in a decline in groundwater levels throughout the SACVW
and changes to localized artesian conditions. The general
direction of groundwater flow in January 1978 had the same
general character as in December 1943, flowing from recharge
areas in the Solomon Hills, Casmalia Hills, and the Purisima
Hills toward San Antonio Creek and then east to west along
the creek to Barka Slough (fig. 32B). Groundwater elevations
for January 1978 at the eastern boundary of the SACVW, and
near Barka Slough, were similar to groundwater elevations for
December 1943 and ranged from higher than 1,200 ft above
NGVD 29 to less than 300 ft above NGVD 29 (figs. 324,
32B), with groundwater elevations at or above land surface
at Barka Slough (fig. 33). Groundwater elevations generally
declined along the valley floor (figs. 324, 32B); elevations
declined east of Barka Slough, but the greatest decline of more
than about 50 ft was east of Los Alamos (fig. 33). The depth to
groundwater increased enough by 1958 that the flowing wells
observed by Muir (1964) near Los Alamos had ceased flowing.
The groundwater gradient in 1978 from the valley floor east
of Los Alamos (about 600 ft asl) to Barka Slough (less than
300 ft asl) was about 25 ft/mi (Hutchinson, 1980).
Groundwater pumpage steadily increased during
1979-2018, culminating in a period of 12 years (2007—-18)
with the highest estimated annual pumpage, often exceeding
30,000 acre-ft/yr (fig. 304; table 8). Groundwater elevations
in the SACVW for water year 2017 indicate further declines
in groundwater elevations since December 1978, especially
along the valley floor (figs. 32C, 33) and in upland areas
where agriculture has expanded (such as along Harris Canyon;
fig. 6). The water year 2017 groundwater-elevation contour
map was constructed based on the shallowest groundwater
measurements for wells sampled during the year (fig. 32C).
The number and extent of groundwater-elevation contours for
2017 are fewer and more limited in extent than the contours
for January 1978 (figs. 32B) because fewer groundwater-level
measurements were available. The general direction of
groundwater flow in the SACVW was similar in 2017 and
January 1978. By 2017, groundwater elevations declined
between about 50 to 150 ft on the valley floor along San
Antonio Creek; the greatest declines were near and east of
Los Alamos (figs. 32B, 32C, 33). At the western end of Barka
Slough, groundwater elevations declined below land surface
(fig. 33). Groundwater elevations in the upland areas north
of San Antonio Creek also declined between about 50 to
100 ft. The hydraulic gradient from the valley floor east of
Los Alamos (about 400 ft above NAVD 88) to Barka Slough
(about 250 ft above NAVD 88) was about 13 ft/mi (fig. 32C).
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Long-Term Trends in Groundwater Levels

Long-term groundwater-level data from individual
wells with multiple measurements provide insight about
how stresses on the aquifer system affect groundwater levels
through time. The historical data available in the SACVW
document the long-term trends in groundwater levels
throughout the valley and were used to evaluate hydrologic
differences between the upland areas, the valley floor, and
Barka Slough; historical data were also used to compare
differences between different hydrogeologic units and the
effects of long-term pumping and climate. The SACVW
was subdivided into groundwater subareas to better evaluate
hydrologic trends within the study area (fig. 34). The subareas
were delineated based on the extent of hydrogeologic units and
surface-water (topographic) divides. To show trends over the
longest possible period, groundwater-level data from adjacent
wells of similar construction were combined. Seventeen
long-term hydrographs showing groundwater elevations
were compiled for wells throughout the SACVW with
groundwater-level measurement data collected during calendar
years 1948-2018 (figs. 34, 35). Long-term hydrographs
are supplemented with short-term groundwater-level
measurement data from the USGS multiple- and single-depth,
monitoring-well sites; groundwater-level data were available
for these sites during calendar year 2016-18 (fig. 19).

Eastern Uplands

Wells in the eastern uplands of the SACVW are near
the main source of natural recharge from precipitation.
Groundwater elevations in well 8N/31W-22J1 show generally
steady groundwater elevations during the period of record,
indicative of the relatively high and usually regular recharge
rates balanced by natural discharge at times when pumping
in the area is negligible (hydrograph 1; table 9; figs. 34, 35).
Groundwater elevations in well 8N/32W-25D1 (hydrograph
2; figs. 34, 35; table 9) show more pronounced variations over
the period of record than well 8N/31W-22J1. The declining
trend in groundwater elevations in well 8N/32W-25D1 are
characteristic of other areas in the SACVW and are associated
with periods of increased pumping during years with low
precipitation (fig. 4). In this area, groundwater elevations
generally declined from the beginning of the period of
record until about 1990, after which there was an increase in
groundwater levels from 1991 to about 2001 that corresponded
with a period of 7 yrs with above-average annual precipitation
(fig. 4). During the mostly dry climatic period that followed
(fig. 3), there was a steady decline in groundwater elevations
from 2001 to 2018 (figs. 34, 35).

Eastern Valley

Groundwater-level variations observed in wells on the
valley floor along the entire reach of San Antonio Creek were
similar to groundwater-level variations in the eastern uplands,
but the amplitudes of these variations were dependent on the

hydrogeologic unit in which the wells were perforated and the
proximity of the wells to the area of groundwater discharge at
Barka Slough. In the eastern valley of the SACVW, channel
alluvium is present along San Antonio Creek, and the upper
Paso Robles Formation overlies the middle and lower Paso
Robles Formations (figs. 17, 33). Wells 8N/32W-28P1 and
8N/32W-28P3; 8N/32W-29L.2; and 8N/32W-30K2 and
8N/32W-30H7 (hydrographs 3, 4, and 5, respectively; figs. 34,
35; table 9) are perforated primarily in the upper Paso Robles
Formation (fig. 33). Wells 8N/32W-28P1, 8N/32W-28P3
(hydrograph 3), and 8N/32W-28L2 (hydrograph 4) show
groundwater-elevation declines of about 25 to 50 ft between
1984 and 2018, which are associated with expanded
development and increased groundwater pumpage during that
period. Wells 8N/32W-30K2 and 8N/32W-30H7 (hydrograph
5) show an overall decline in groundwater elevations of
about 25 ft between 1958 and 1985. Wells 8N/32W-28P4;
8N/32W-30D1; and 8N/33W-22K3 and 8N/33W-23N1
(hydrographs 6, 7, and 8, respectively; figs. 34, 35; table 9)
are perforated primarily in the middle or lower Paso Robles
Formation (fig. 33)—these deep wells show a greater decline
in groundwater elevations than the shallow wells perforated
in the upper Paso Robles Formation; well 8N/32W-30D1,

for example, shows a drop of groundwater elevations

of about 125 ft from 1984 to 2018 (fig. 35). The smaller
groundwater-elevation declines in wells perforated in the
upper member of the Paso Robles Formation, compared to
wells perforated in the middle and lower members, are the
result of proximity of this upper member to natural recharge
from precipitation and streamflow in San Antonio Creek. In
contrast, the greater groundwater-elevation declines in the
middle and lower Paso Robles Formations in this area likely
are due to smaller amounts of recharge to these units and a
response to pumping under more confined conditions.

Data from wells 8N/32W-28P1 and 8N/32W-28P3;
8N/32W-28L2; 8N/32W-30K2 and 8N/32W-30H7;
8N/32W-28P4; 8N/32W-30D1; and 8N/33W-22K3 and
8N/33W-23N1 show a downward hydraulic gradient between
the upper and lower Paso Robles Formations: groundwater
elevations range from between about 525 and 600 ft above
NAVD 88 in the upper Paso Robles Formation and between
about 385 and 520 ft above NAVD 88 in the lower Paso
Robles Formation. This downward gradient between these two
units is also evident in USGS multiple-depth, monitoring-well
site SACC (figs. 19B, 34, 35), where groundwater elevation
differences ranged from about 80 to 110 ft between wells in
the upper Paso Robles Formation (SACC4 and 5) and the
wells in the lower Paso Robles Formation (SACC1, SACC2,
and SACC3). Groundwater elevations in well SACCS5 were
about 60 ft higher than in well SACC4, indicating downward
vertical flow within the upper Paso Robles Formation;
the higher groundwater levels in SACCS likely are due to
localized recharge from spray-irrigated wastewater effluent
due to the proximity of the well-site to the Los Alamos CSD
spray fields (fig. 28; K. Barnard, Los Alamos Community
Services District, written communication, 2019).
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Central Uplands

Wells 8N/33W-24B3 and 8N/33W-24B1 in the central
uplands (hydrograph 9; figs. 34, 35; table 9) are drilled
entirely within the upper Paso Robles Formation. Well
8N/33W-24B1 is 582 ft deep; the depth of well 8N/33W-24B3
is unknown, but this well was likely constructed similarly
to well 8N/33W-24B1 because of the physical proximity of
these wells. These wells show a rate of groundwater-elevation
decline similar to deep wells 8N/32W-28P4, 8N/32W-30D1,
8N/33W-24B3, 8N/33W-24B1, 8N/33W-22K3, and
8N/33W-23N1.

Western Valley

In the western valley of the SACVW, channel alluvium is
present along San Antonio Creek, and the lower Paso Robles
Formation and Careaga Sandstone comprise the remainder
of the basin-fill sedimentary materials (figs. 17, 33); the
upper and middle Paso Robles Formation units are absent,
pinching out in the center of the SACVW (figs. 17, 33).
Wells 8N/33W-20Q1 and 8N/33W-20Q2, and 8N/34W-23B1
and 8N/34W-24E1 (hydrographs 10 and 11, respectively;
figs. 34, 35; table 9), are perforated in the lower Paso Robles
Formation. Groundwater elevations were relatively steady
from 1948to 1984 and declined about 40 ft from 1984 to
2018 (with the most substantial declines occuring since
about 2008). Wells in the western valley show less of a
decline in groundwater elevations over the period of record
than wells in the eastern valley because the western valley
receives more groundwater recharge to offset the effects of
local groundwater withdrawals. The western valley receives
recharge from the infiltration of streamflow along San
Antonio Creek and from groundwater that flows from the
northern, southern, and eastern parts of the SACVW. An
upward gradient is evident in the western valley from USGS
multiple-depth, monitoring-well site SACR (figs. 194, 34),
where groundwater-elevations differences ranged from about
25 ft between well SACR1 in the Careaga Sandstone and well
SACR2 in the lower Paso Robles Formation, and between
about 30 to 50 ft between well SACR2 and wells SACR3,
SACR4, and SACRS within the upper Paso Robles Formation.
The upward vertical gradient occurs in this area because
groundwater flowing toward the west is forced to the surface
by the shallow consolidated bedrock (fig. 33), eventually
discharging to land surface at Barka Slough.

The Pezzoni-Casmalia and Los Alamos faults were
inferred to transect the SACVW between the western
and eastern valley subareas, near well SALS (figs. 33,

34). Groundwater elevations in wells on either side of the
faults indicated that these faults did not substantially affect
groundwater flow in this part of the SACVW.
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Western Uplands

In the western uplands, the lower Paso Robles Formation
and Careaga Sandstone comprise most of the basin-fill
sedimentary materials; in the northern parts of this subarea,
consolidated bedrock is at, or near, land surface (fig. 17).

Well 9N/34W-34P1, in Harris Canyon, is perforated in the
Careaga Sandstone (hydrograph 12; table 9; figs. 34, 35). In
this well, groundwater elevations gradually declined over
time, about 14 ft between 1980 and 2018, with periodic
increases in groundwater elevations, such as between 1983
and1985, and 1995 and 2002, associated with years of average
or above-average precipitation (fig. 4). Well§N/34W-2M1,
east of Harris Canyon, is drilled in the lower Paso Robles
Formation and Careaga Sandstone (hydrograph 13; figs. 34,
35; table 9; perforation information was not available for

this well). Groundwater elevations declined about 65 ft from
1978 to 2018 but stayed relatively steady during a period of
generally above-average precipitation during 1996-2005.

The greater groundwater-elevation declines through time and
smaller increases during years of above-average precipitation
in well 8N/34W-2M1 compared with well 9N/34W-34P1

were likely caused by well 8N/34W-2M1 being among the
irrigated agricultural fields adjacent to Harris Canyon, whereas
well 9N/34W-34P1 is north and west of the agricultural fields
(figs. 6, 34).

Barka Slough

Barka Slough is a perennial marshland at the western end
of the SACVW where groundwater is forced to land surface
and discharges as base flow into San Antonio Creek. Variations
in groundwater levels and base flow at Barka Slough indicate
changing groundwater stresses and inputs in the upgradient
and upstream areas of the SACVW. Wells 8N/34W-21A1,
8N/34W-16C1-16C4, 8N/34W-17E1, and 8N/35W-12M1 are
adjacent to, or downstream of, Barka Slough (hydrographs
14, 15, 16, and 17, respectively; figs. 34, 35; table 9).
Groundwater elevations in well 8N/34W-21A1 declined about
25 ft between 1978 and 2018. The muted groundwater-level
variations were likely caused by the well being perforated
primarily in consolidated bedrock with limited responses to
pumping and recharge.

Wells 8N/34W-16C1-16C4 comprise a multiple-depth,
monitoring-well site where well 8N/34W-16C4 is the deepest
(560 ft bls) and well 8N/34W-16C1 is the shallowest (86 ft bls;
figs. 34, 35; table 9). The wells at site 8N/34W-16C1-16C4
show an upward vertical gradient with groundwater-elevation
differences that ranged between about 25 ft in the early 1970s
to about 15 ft in 2017 (hydrograph 15; figs. 34, 35). This
upward vertical gradient is due to groundwater discharge near
Barka Slough, but the decline in elevation difference through
time may indicate that the groundwater head at depth has
declined or reduced hydrostatic pressure on the deeper aquifer
from groundwater-level declines in upgradient areas.
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Wells 8N/34W-17E1 and 8N/35W-12M1 are at the
western margins of Barka Slough and are perforated in
the shallow channel alluvium along San Antonio Creek
(hydrographs 16 and 17, respectively; table 9; figs. 33, 34,
35). Groundwater elevations in these wells gradually declined
through time, with some variations in groundwater elevations
associated with years of higher-than-average precipitation
(fig. 4), such as 1983, 1995, and 1998; however, the variations
in well 8N/34W-17E1 were less pronounced. During the
period of record, groundwater elevations were between 237
and 227 ft above NAVD 88 in 8N/34W-17E1 and between
138 and 130 ft NAVD 88 in 8N/35W-12M1; the difference in
groundwater elevation between these two wells demonstrates
the east to west flow of groundwater from the SACVW toward
the Pacific Ocean.

Groundwater and
Surface-Water Quality

Water-quality data provide information on the type,
source, and age of water in the SACVW. When compared,
the water-quality data can be used to evaluate the character
and differences in surface-water quality along San Antonio
Creek and fingerprint the vertical and spatial distribution of
hydrogeochemical facies within the aquifer system, which
are related to aquifer mineralogy, recharge source, and
groundwater age.

The earliest comprehensive study of groundwater quality
in the SACVW was by Muir (1964). Muir (1964) reported that
the quality of groundwater throughout most of the SACVW
was satisfactory for ordinary use, with total dissolved-solids
(TDS) concentrations generally less than about 1,000 parts
per million, or milligrams per liter (mg/L); water with TDS
concentrations less than 1,000 mg/L is defined as fresh
water (Robinove and others, 1958), but groundwater near
Barka Slough had high TDS concentrations of more than
3,000 mg/L. West of Barka Slough, the quality of surface
water and groundwater was poor because of seepage of
saline water from the shallow underlying geologic units that
comprise the consolidated bedrock unit and possibly the
Careaga Sandstone (Muir, 1964). Muir (1964) also reported
that water quality in the SACVW did not change appreciably
between 1927 and 1958. The California Department of Water
Resources (1971) did not document any substantial changes in
water quality since the publication of findings by Muir (1964).
Hutchinson (1980) reported an average TDS concentration in
groundwater east of Barka Slough of 710 mg/L and noted that
salinity, or dissolved salts mainly of sodium and chloride, was
increasing in the agricultural parts of the basin.

Mathany and others (2010), Burton and others (2013),
and Burton and Belitz (2013) collected groundwater-quality
samples in the SACVW as part of the USGS Priority
Basin Project of the Groundwater Ambient Monitoring
and Assessment (GAMA) program. The GAMA program

provides a statistically unbiased, spatially distributed
assessment of the quality of untreated groundwater within
primary aquifer systems on a regional scale throughout
California. Fifty-five wells were sampled in 2008 in parts

of Santa Barbara and San Luis Obispo Counties, 10 of
which were in the SACVW (Burton and others, 2013).
Groundwater-quality samples from wells within and near the
Orecutt Oil Field (fig. 36) were sampled as part of the USGS
California Oil, Gas, and Groundwater program (COGG). The
COGG program is a cooperative effort between the USGS
and the California State Water Resources Control Board
(https://webapps.usgs.gov/cogg/; accessed September 2019)
to address concerns about groundwater quality in regions

of oil and gas development activities. A total of 16 wells
were sampled in 2017-18 as part of the COGG program, 10
of which were in the SACVW (R. Anders, U.S. Geological
Survey, written commun., 2020; McCarlson and others, 2021).

Method of Sample Collection and Analysis

Water-quality samples were collected at 42 groundwater
sites and 3 surface-water sites in 2017-18 (table 9;
U.S. Geological Survey, 2021). Sample collection and
processing followed the methods described in the USGS
National Field Manual (U.S. Geological Survey, variously
dated). Groundwater samples were analyzed in the field for
specific conductance, pH, temperature, and alkalinity (USGS
National Water-Quality Laboratory [NWQL] field schedule;
Barbash and Bell, 2002; Wilde, variously dated) and analyzed
in the laboratory for pH, specific conductance, and alkalinity
(NWQL schedule 1948; Fishman and Friedman, 1989; Wilde,
variously dated), major and minor ions and selected trace
elements (NWQL schedule 1948; Fishman and Friedman,
1989; Fishman, 1993; Garbarino, 1999; Garbarino and others,
2005), nutrients (NWQL schedule 2755; Fishman, 1993;
Patton and Kryskalla, 2003, 2011), stable isotopes of water
(NWQL schedule 1142; Epstein and Mayeda, 1953; Coplen
and others, 1991; Coplen, 1994; Révész and Coplen, 2008a,
b), and activities of radioactive isotopes of trittum (NWQL
laboratory code 1565; Thatcher and others, 1977) and carbon
(NWQL schedule 2255; Vogel and others, 1987; Donahue
and others, 1990; Gagnon and Jones, 1993; Schneider and
others, 1994; National Ocean Sciences Accelerator Mass
Spectrometry Facility, 2018).

Groundwater samples for major and minor ions,
trace elements, alkalinity, and TDS analyses included raw
groundwater and filtered groundwater (U.S. Geological
Survey, variously dated). Filtered samples were filtered
using a 0.45-micrometer capsule filter. The filtered sample
was preserved with nitric acid. Major ions, selected trace
elements, and nutrient samples were analyzed at the NWQL
or by laboratories contracted by the NWQL. Stable isotopes
were analyzed by the USGS Reston Stable Isotope Laboratory
in Reston, Virginia. Activities of radioactive isotopes of
tritium were analyzed by the USGS Stable Isotope and
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Tritium Laboratory in Menlo Park, California. Activities
of radioactive isotopes of tritium carbon were analyzed by
Woods Hole Oceanographic Institution, National Ocean
Sciences Accelerator Mass Spectrometry Facility in Woods
Hole, Massachusetts.

The TDS concentration in water was primarily
determined from the weight of the dry residue remaining
after evaporation of an aliquot of the water sample at
180 degrees Celsius (referred to as residue on evaporation,
ROE; U.S. Geological Survey, 2021). In instances where ROE
data were unavailable, the TDS concentrations in water were
determined using major ion concentration data. If ROE data
were unavailable, the summed dissolved-solids concentration
was used, but these values did not include adjustments of
bicarbonate to carbonate ions that are commonly made to
make the computation comparable to the ROE value for the
same sample. Thus, these summed concentrations can be much
lower than the ROE. The concentration of TDS was used to
characterize groundwater salinity. In this study, definitions
of groundwater salinity were as defined by Robinove and
others (1958): TDS less than 1,000 mg/L is fresh water, TDS
between 1,000 and 3,000 mg/L is slightly saline water, TDS
between 3,000 and 10,000 mg/L is moderately saline water,
TDS between 10,000 and 35,000 mg/L is highly saline water,
and TDS greater than 35,000 mg/L is briny water.

Chemical Composition of Surface-Water
and Groundwater

The general water-quality characteristics of surface water
and groundwater in the SACVW were evaluated using several
methods and are described in the following sections. A variety
of water-quality diagrams can be used to show the spatial and
vertical variability of water quality among sites.

Surface-Water Quality

The quality of surface water in the SACVW is controlled
by the water quality of storm runoff, groundwater discharged
as base flow, and runoff from agricultural irrigation; thus,
surface-water quality varied greatly depending on location
within the SACVW and the time of year the samples were
collected. Water-quality samples were collected from three
surface-water sites in the SACVW during 2017-18: San
Antonio Creek at 11135800 (hereafter referred to as the Los
Alamos streamgage), Harris Creek at surface-water quality
site 11136040 (hereafter referred to as the Harris Canyon
streamgage), and San Antonio Creek at surface-water
quality site 11136100 (hereafter referred to as the Casmalia
streamgage; fig. 36; table 9; U.S. Geological Survey, 2021).

The surface-water quality varied depending on the where
the samples were taken. The Los Alamos streamgage is in a
sandy channel in San Antonio Creek in the eastern valley, and
the Harris Canyon streamgage is in a narrow sandy creek that

drains from the Casmalia Hills into San Antonio Creek in the
western uplands; streamflow is intermittent at each of these
sites. The Casmalia streamgage is situated at the westernmost
end of the SACVW, west of Barka Slough. Samples were
collected from all three sites during the winter, after a storm,
and from the Harris Canyon and Casmalia streamgages during
the fall, at the end of the dry season (Santa Barbara County,
2019). A sample was not collected from the Los Alamos
streamgage during the fall because the creek was dry. The
Harris Canyon streamgage sample collected during the winter
was not used for this evaluation because the sample appeared
to have been compromised with excess sediment as a result
of poor sample collection technique or incomplete filtration
during sampling (U.S. Geological Survey, 2021).

General Water-Quality Composition

Surface-water quality varied depending on time of year
the sample was collected and the location of the sample within
the SACVW (U.S. Geological Survey, 2021). In general,

TDS concentrations and major ion concentrations were

lower at the Los Alamos and Harris Canyon streamgages

than at the downstream Casmalia streamgage (figs. 37, 38;
U.S. Geological Survey, 2021). Calcium-sulfate-type water
was identified using surface-water quality data collected at
the Los Alamos streamgage during the winter in 2017, with a
TDS concentrations of 280mg/L and major ion concentrations
for calcium, chloride, nitrate, and sulfate of 29.5, 24.9, 1.33,
and 106 mg/L, respectively (fig. 38D; U.S. Geological Survey,
2021). Cation-chloride-type water was identified using
surface-water quality data collected at the Harris Canyon
streamgage during fall 2017, with a TDS concentration

of 1,080 mg/L and major ion concentrations of calcium,
chloride, nitrate, and sulfate of 144, 208, 35.1, and 204 mg/L,
respectively (fig. 384; U.S. Geological Survey, 2021).
Calcium-sulfate-type water was identified using surface-water
quality data at the Casmalia streamgage during the winter

in 2017, with a TDS concentration of 1,370 mg/L and major
ion concentrations of calcium, chloride, nitrate, and sulfate

of 191, 196, 26.6, and 526 mg/L, respectively (fig. 38D;

U.S. Geological Survey, 2021). Sodium-chloride-type water
was identified using surface-water quality data collected

at the Casmalia streamgage during fall 2017, with a TDS
concentration of 1,580 mg/L and major ion concentrations

of calcium, chloride, nitrate, sulfate, and sodium of 142,
375,6.77, 316, and 347 mg/L, respectively (fig. 38D;

U.S. Geological Survey, 2021). The Casmalia streamgage had
TDS concentrations that were higher than the Los Alamos and
Harris Canyon streamgages during winter and fall 2017. The
winter 2017 sample collected at the Los Alamos streamgage
likely represented water quality associated with storm runoff,
and the samples collected at the Harris Canyon and Casmalia
streamgages likely represented a mixture of storm runoff and
base flow.
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Figure 37. Annual precipitation and concentrations of total dissolved solids and chloride at U.S. Geological Survey stations 11136040,
11135800, and 11136100 (U.S. Geological Survey, 2021), San Antonio Creek Valley watershed, Santa Barbara County, California. U.S.
Environmental Protection Agency (EPA) secondary maximum contaminant levels from U.S. Environmental Protection Agency (2017a).

Long-Term Trends

As discussed in the previous section, water quality at
the three surface-water quality sites varied greatly depending
on location within the SACVW and the time of year the
samples were collected. To evaluate the long-term trends
in water quality, concentrations of TDS and chloride at the
Los Alamos and Casmalia streamgages were compared for
samples collected during 1980-2018 (fig. 37). The Harris
Canyon streamgage and water-quality site was only sampled
in 2017 and was therefore not included in this discussion.
TDS and chloride concentrations at the Los Alamos
streamgage and water-quality site (11135800) remained
mostly unchanged over the period of record, and almost all
samples had concentrations below the U.S. Environmental
Protection Agency (EPA) recommended Secondary Maximum
Contaminant Level (SMCL) of 500 mg/L for TDS and

250 mg/L for chloride (U.S. Environmental Protection Agency,
2017a)—only two samples had TDS concentrations above
the SMCL.

The TDS and chloride concentrations at the Casmalia
streamgage varied with respect to the amount of annual
precipitation and, except for four samples , had concentrations
above EPA recommended SMCLs for both constituents
(fig. 37; U.S. Environmental Protection Agency, 2017a;

U.S. Geological Survey, 2021). Decreased concentrations of
TDS and chloride at the Casmalia streamgage during 1980-90
and 2001-03 coincided with general decreases in annual
precipitation; increased concentrations of TDS and chloride
during 1991-2000 coincided with a general increase in annual
precipitation. The relation between increased precipitation and
high concentrations of TDS and chloride may be attributed to
an increase in the amount of runoff of soil additives used in
agriculture during wetter years and a corresponding decrease
in runoff during drier years.
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Groundwater Quality

Groundwater quality in the SACVW is controlled by
the chemistry of the recharge water and various geochemical
reactions occurring in the subsurface, including dissolution,
precipitation of minerals in the subsurface, mixing with
agricultural irrigation-return flow, and solute concentration
resulting from evaporation. Groundwater quality and
source and age of groundwater were characterized for the
SACVW using analyses for selected physical properties,
inorganic constituents, and stable and radioactive isotopes.
Each chemical and isotopic tracer preserves some aspect
of the hydrologic history of the groundwater, including the
chemical composition of the groundwater (major ions, minor
ions, and TDS), reduction/oxidation (redox) conditions of
groundwater, time-since-recharge (tritium and carbon-14), and
the source of water (stable isotopes of oxygen and hydrogen).
This section describes (1) the areal, depth-dependent,
and temporal variations in groundwater quality, including
groundwater-quality constituents of concern, and (2) the
recharge source and age of groundwater.

General Water-Quality Composition

There are many ways to evaluate the chemical
composition of surface water and groundwater. The
chemical composition of groundwater in the SACVW from
the corresponding hydrogeologic units and with depth is
illustrated using water-quality diagrams using a method
suggested by Stiff (1951; fig. 38). TDS and major ion
concentrations are presented in milliequivalent units per
liter (meq/L) diagrammatically on four sections through the
SACVW from the HFM. Each section (locations shown on
fig. 36) shows selected surface-water sites and groundwater
wells that were sampled, and the depth of the perforated
interval from which samples were analyzed for each well.
The left side of each Stiff diagram shows the major cations,
with sodium plus potassium (Na + K) at the top, calcium (Ca)
in the middle, and magnesium (Mg) at the bottom. The right
side of the diagram shows major anions, with chloride (CI)
at the top, carbonate plus bicarbonate (CO, + HCO,) in the
middle, and sulfate (SO,) on the bottom. The width and shape
of the diagrams differ depending on the concentrations of
major ions; water that contains higher concentrations of major
ions has a wider diagram than the diagram for water with
lower concentrations. Water samples with similar major-ion
concentrations can be easily identified by their similarly
shaped water-quality diagrams.

Groundwater in wells in the SACVW had TDS
concentrations ranging from between about 300 mg/L to more
than 3,200 mg/L (fig. 38; U.S. Geological Survey, 2021).
Groundwater samples with lower TDS concentrations (about
500-800 mg/L) generally were from wells near sources of
natural recharge in the eastern uplands in the upper Paso
Robles Formation and Careaga Sandstone, in the eastern
valley in the basin-fill hydrogeologic units, and in deep

wells in the western valley and Barka Slough in the Careaga
Sandstone (figs. 36, 38D). Groundwater samples with higher
TDS concentrations (about 800—1,500 mg/L) were from
shallow wells in the western uplands and the western valley
floor near areas of deep groundwater discharge in the lower
Paso Robles Formation. Groundwater samples with the
highest TDS concentrations (about 1,100-3,200 mg/L) were
from wells in the western uplands near the Orcutt Oil Field
in the Careaga Sandstone and consolidated bedrock (figs. 36,
384, 38B).

Three groundwater types were observed in the SACVW
and were classified based on the major ion composition of
groundwater: (1) calcium-bicarbonate groundwater present
throughout most of the valley sourced from recharge areas
in the eastern uplands, (2) calcium/sodium-chloride-type to
calcium-sulfate-type groundwater in the western uplands
that may be mixed with water from oil-bearing formations or
older, saline groundwater and (or) thermogenic hydrocarbon
gases from oil-bearing formations (R. Anders, U.S. Geological
Survey, written commun., 2020; McCarlson and others,
2021), and (3) sodium- or chloride-rich calcium-bicarbonate
groundwater in the western uplands and western valley that
is a mixture of recharged water from the eastern uplands and
saline groundwater from the shallow underlying geologic units
that comprise consolidated bedrock and possibly the Careaga
Sandstone.

Groundwater samples from most wells throughout the
SACVW are characterized as calcium-bicarbonate-type
water. Wells in the eastern part of the SACVW (such as
wells 8N/31W-30N1, 8N/32W-28P4, SACC1-5, and
8N/33W-22K4; fig. 38D), and select wells in the western
part of the SACVW (such as wells SACR1, SACR2,
8N/34W-14L1, 8N/33W-07R1, and 8N/34W-16C4), had
groundwater quality with the chemical composition of natural
recharge and TDS concentrations that ranged from about
300 to 800 mg/L (figs. 38B, 38D; U.S. Geological Survey,
2021). The chemical composition of groundwater for most
other wells in the SACVW was similar, indicating that most
groundwater was recharged from natural sources (infiltration
of streamflow and precipitation), although water in some
wells had slightly higher concentrations of sodium or sulfate.
Wells with groundwater recharged from natural sources were
perforated in all basin-fill hydrogeologic units (fig. 38). The
Pezzoni-Casmalia and Los Alamos faults, which were inferred
to transect the SACVW between the western and eastern areas
of the valley floor (figs. 36, 38), did not markedly divide the
major ion concentrations in groundwater in the SACVW.

Four wells in the SACVW (9N/34W-27L1,
9ON/34W-34C2, 9N/34W-36J2, and 9N/34W-36R1; figs. 36,
384, 38B) were identified as possibly containing groundwater
mixed with water from oil-bearing formations or older,
saline groundwater (R. Anders, U.S. Geological Survey,
written commun., 2020; McCarlson and others, 2021). Wells
9ON/34W-34C2 and 9N/34W-27L1 were adjacent to the Orcutt
Oil Field (fig. 36), were perforated in the Careaga Sandstone
and consolidated bedrock, and had groundwater enriched in



sodium and chloride compared to groundwater throughout
most of the valley. Wells 9N/34W-34C2 and 9N/34W-27L1
had TDS concentrations of 2,710 and 7,920 mg/L, respectively
(fig. 384); however, the sample from well 9N/34W-27L1

may have been contaminated (U.S. Geological Survey, 2021).
These wells appeared to contain groundwater mixed with
water from oil-bearing formations based on a combination

of salinity tracers, ammonium, dissolved organic carbon,
enriched 6'3C values, and the detection of dissolved petroleum
hydrocarbons (R. Anders, U.S. Geological Survey, written
commun., 2020; McCarlson and others, 2021). Wells
9ON/34W-36J2 and 9N/34W-36R 1, located within the Orcutt
Oil Field boundary (fig. 36), had groundwater enriched in
calcium, chloride, and sulfate, compared to groundwater
throughout most of the valley, and had TDS concentrations of
1,130 and 1,590 mg/L, respectively (fig. 38B; U.S. Geological
Survey, 2021). Groundwater in these wells contained a
combination of methanogenic indicators and trace amounts of
hydrocarbon gases (propane and isobutane) that indicated the
presence of thermogenic hydrocarbon gases from oil-bearing
formations mixed with microbial methane. Elevated
concentrations of TDS and bromine/chlorine and iodine/
chlorine ratios may be consistent with either the presence of
small amounts of water from oil-bearing formations or saline
groundwater (R. Anders, U.S. Geological Survey, written
commun., 2020; McCarlson and others, 2021).

Groundwater mixed with saline water was evident in
nine wells: wells SAHC, SAGR, SAHG, and 8N/34W-24E2
(fig. 384), well 8N/33W-2R1 (fig. 38C), and wells
8N/32W-27A2, SACR3, SACR4 and SACRS (fig. 38D). All
nine wells were perforated at shallow depths in all basin-fill
hydrogeologic units (top perforation intervals less than
350 feet bls) and were drilled in the eastern or western uplands
along tributary streams (8N/32W-27A2, 8N/33W-2R1, SAGR,
SAHC) or on the western valley floor near San Antonio Creek
(SACR3, SACR4, SACRS, SAHG, and 8N/34W-24E2).
Groundwater samples in wells 8N/32W-27A2, 8N/33W-2R1,
SAHC, and SAGR, had major ion concentrations that were
depleted in carbonate and bicarbonate and enriched in sodium,
chloride, or sulfate compared to most water in the SACVW
(fig. 38; U.S. Geological Survey, 2021). Groundwater samples
in wells SACR3, SACR4, SACRS, SAHG, and 8N/34W-24E2
had similar chemical compositions to groundwater
throughout most of the SACVW but had slightly higher TDS
concentrations; the water quality of deep wells SACR1 and
SACR?2 were similar to water throughout most of the valley,
and these wells had lower TDS concentrations than water
from shallow wells SACR3, SACR4, and SACRS (fig. 38D;
U.S. Geological Survey, 2021).

The exact source of increased salinity and differences in
major ion concentrations in the nine wells mentioned above
cannot be conclusively identified. Although discharge of deep
groundwater is known to occur in the western part of the
SACVW near Barka Slough, discharge of deep groundwater
was likely not the source of increased salinity in wells at the
western end of the valley. TDS concentrations of groundwater
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in deep wells SACR1 and SACR2 (685 and 622 mg/L,
respectively; fig. 38D; U.S. Geological Survey, 2021) were
almost half of the TDS concentrations in shallow wells
SACR3, SACR4, and SACRS (1,010-1,090 mg/L; figs. 38B,
D; U.S. Geological Survey, 2021). Some inferences can be
made from available water-quality data, such as stable isotope
data presented later in this report. Analysis of chloride-to-trace
element ratios may provide additional insight into sources of
saline water. The long-term patterns in selected constituents
are discussed in detail in the next section to help identify
potential sources of the high-salinity water.

Long-term Changes

Selected wells with long-term water-quality data
were used to evaluate changes over time in the SACVW.
Long-term changes in groundwater quality were evaluated
using analyses of selected constituents from four individual
wells (8N/31W-15L1, 8N/32W-29L3, 8N/32W-30E6, and
8N/34W-16F2) and two sets of paired wells (8N/33W-19G2
and SACRS, and 8N/34W-24E1 and 8N/34W-24E2). The
wells are shown on figure 39, and additional information on
each well is listed in table 9. Each individual well or set of
paired wells had data collected since 1980 and included at
least one sample collected between 2008 and 2018 (fig. 39;
U.S. Geological Survey, 2021). Paired wells were proximal to
each other and were perforated at similar depths. Evaluated
constituents consisted of (1) TDS and chloride (fig. 394),

(2) nitrate (measured as nitrogen; fig. 395), and (3) calcium
and magnesium (fig. 39C). U.S. Environmental Protection
Agency SMCLs for TDS and chloride are shown on figure 394
(500 and 250 mg/L, respectively; U.S. Environmental
Protection Agency, 2017a), and the EPA maximum
contaminant level (MCL) for nitrate (measured as nitrogen) is
shown on figure 398 (10 mg/L; U.S. Environmental Protection
Agency, 2017b). The EPA does not list SMCLs or MCLs for
concentrations of calcium or magnesium (fig. 39C).

Chloride often is chosen as a single-constituent
indicator of general water quality because it is geochemically
nonreactive and highly soluble; as a result, variations in
chloride concentrations are generally attributed to mixing with
water from different sources (Hem, 1992). Because chloride
is a conservative ion and a major component of TDS, the two
constituents are usually strongly correlated. Nitrate (measured
as nitrogen), calcium, and magnesium are essential elements
for plant and animals (Hem, 1992) and are commonly
associated with agricultural activities.

Total dissolved-solid concentrations increased since
1980 in water from all wells except for well 8N/31W-15L1
and paired wells 8N/33W-19G2 and SACRS (fig. 394). TDS
concentrations slightly decreased in well 8N/31W-15L1. In
paired wells 8N/33W-19G2 and SACRS, TDS concentrations
decreased during 1980—87 then remained steady after
1987 (fig. 39; U.S. Geological Survey, 2021). Chloride
concentrations generally increased in water samples from all
wells when TDS concentrations increased except for paired
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wells 8N/33W-19G2 and SACRS, which had a relatively
unchanged concentration of chloride after 1987 (fig. 344). The
decrease in TDS and chloride concentrations in water samples
from paired wells 8N/33W-19G2 and SACRS indicated some
mixing with water that had lower TDS concentrations.

Nitrate (measured as nitrogen [as N]) concentrations
increased since 1980 in well 8N/32W-30E6 and paired
wells 8N/33W-19G2 and SACRS and 8N/34W-24E1 and
8N/34W-24E2 (fig. 39B; U.S. Geological Survey, 2021).
Although only one water sample from well 8N/33W-19G2
showed an increase in nitrate (as N), the sample was
presumed to be representative unless future samples show
otherwise. The variation in concentrations of nitrate (as N)
in water samples from well 8N/32W-30E6 and paired wells
8N/33W-19G2, and SACRS may be related to the timing of
recharge from storms and runoff from agricultural irrigation.
The increase in nitrate concentrations through time may
indicate that groundwater from these wells has been influenced
by the expansion of agriculture in the SACVW (figs. 6, 7;
U.S. Geological Survey, 2021) and the associated increase in
agricultural-irrigation-return water. Calcium and magnesium
concentrations generally increased since 1980 in all wells
(fig. 39C; U.S. Geological Survey, 2021). The increase in
calcium and magnesium across the SACVW may possibly
correspond to the expansion of agriculture (figs. 6, 7) and
the likely use of calcium- and magnesium-based fertilizers
and soil additives, which are commonly used for agricultural
purposes.

Reduction/Oxidation Conditions of Groundwater

The reduction/oxidation (redox) condition of
groundwater affects the concentration, transport, and fate of
many anthropogenic and natural groundwater contaminants
and is often related to groundwater age. The redox condition
of a groundwater sample can be defined in several ways (for
example, Lindberg and Runnels, 1984); in this study the redox
condition is defined by the dominant type of redox reaction
occurring in the sample, as inferred from water-quality
data (Jurgens and others, 2009). The redox conditions of
groundwater can be a strong indicator of contaminants that
might be present at elevated concentrations. For example,
concentrations of arsenic and manganese are more likely to
be present at elevated concentrations in anoxic groundwater,
and concentrations of uranium, selenium, and nitrate are
more likely to be present at elevated concentrations in oxic
groundwater (U.S. Geological Survey, 2020).

Knowing the redox condition of groundwater helps
in predicting what contaminants and constituents might be
present in groundwater at levels of concern for human health.
One of the most common redox processes in groundwater is
the microbially driven reduction of nitrate to nitrogen gas,
which occurs only under anoxic conditions—conversion
of nitrate to nitrogen gas is the primary way that nitrate is
attenuated in the subsurface (McMahon and Chapelle, 2008;
Chapelle and others, 2009).

Groundwater and Surface-Water Quality 91

Aquifer systems are complex environments that may be
oxygenated near the surface (oxic conditions) and reduced at
depth (anoxic conditions), with redox conditions changing in
response to recharge, discharge, and other factors. During oxic
conditions, nitrogen can be oxidized from ammonia to nitrate;
during anoxic conditions, denitrification can occur, and nitrate
(as N) can be reduced to nitrogen gas. Redox conditions in
groundwater, and the occurrence of denitrification, can help
identify areas of discharge of deep groundwater.

Groundwater age is often related to redox conditions.

In general, recently recharged groundwater is likely to be
oxic, and older groundwater is more likely to be anoxic. In
most aquifers, older groundwater is more likely than younger
groundwater to be anoxic because there has been more

time for chemical reactions to consume dissolved oxygen.
However, redox conditions can vary across short distances
because of small-scale variability in aquifers, such as the
irregular distribution of organic-rich layers (U.S. Geological
Survey, 2020).

Redox conditions of groundwater samples in the SACVW
were assigned using a method by Jurgens and others (2009)
that identifies redox processes in groundwater. This method
assigns the predominant redox process to samples as suggested
by McMahon and Chapelle (2008). The assignment of redox
conditions is based on concentrations of dissolved oxygen
(0,), nitrate (NO;"), manganese (Mn?*), iron (Fe?"), sulfate
(SO,*), and sulfide (sum of dihydrogen sulfide [aqueous
H,S], hydrogen sulfide [HS], and sulfide [S,"]; Jurgens and
others, 2009). Redox conditions were assigned to groundwater
samples from 45 wells with water-quality data collected during
calendar years 2008—18 and to samples for which nitrate,
manganese, iron and sulfate were measured (table 10). Some
samples did not contain or were not analyzed for dissolved
oxygen, and only one sample contained a measurable quantity
of sulfide. General redox categories for each sample are listed
in table 10 and were assigned using the criteria in tables 2.1
and 2.2 (McMahon and Chapelle, 2008; Chapelle and others,
2009). A complete description of the methods and possible
outcomes of redox categories and processes is described in
appendix 2 (see also Jurgens and others, 2009).

The redox categories for wells with groundwater samples
are identified in figure 38. Groundwater samples with general
redox categories classified in this study as “oxic” (table 10)
were identified in wells in the eastern uplands subarea, the
eastern valley subarea, and in shallow wells in the western
valley and western uplands subareas. Groundwater samples
with general redox categories classified in this study as
“anoxic” (table 10) were present in wells in the eastern valley
subarea and in deep wells in the western valley and western
uplands subareas.

Groundwater in wells classified as anoxic generally had
lower nitrate concentrations (less than 0.4—-12.4 mg/L as N,
with a median of 1.92 mg/L as N) than groundwater in wells
classified as oxic (0.031-36.5 mg/L as N, with a median
of 2.05 mg/L as N), which is consistent with the reduction
of nitrate in water to nitrogen gas under anoxic conditions
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(tables 10, 2.2). Anoxic groundwater from wells perforated
near the fine-grained middle Paso Robles Formation were
likely associated with fine-grained, organic-rich formations.
Wells in the western part of the SACVW near Barka Slough
were mostly perforated in the lower Paso Robles Formation
and Careaga Sandstone and had anoxic groundwater that likely
was associated with the discharge of deep, old groundwater
(see “Tritium and Carbon-14" section).

Age and Source of Groundwater

The radioactive isotopes of hydrogen and carbon
were used for determining the age (time since recharge) of
groundwater, locating sources of recharge, and identifying
geologic controls on the movement of groundwater. Similarly,
the stable isotopes of oxygen and hydrogen were used as
a tracer of the movement, and to understand the source
and hydrologic history, of groundwater. In this study, the
radioactive isotopes of hydrogen (hydrogen-3 [3H], or
tritium) and carbon (carbon-14 ['“C]) and the stable isotopic
ratios of oxygen (oxygen-18 [1#0]/oxygen-16 ['°0O]) and
hydrogen (hydrogen-2 [2H]/hydrogen-1 ['H]) were analyzed
in groundwater samples from selected wells to help determine
the relative age, or time since recharge, source, and movement
of groundwater.

Tritium and Carbon-14

Tritium is a naturally occurring radioactive isotope of
hydrogen that has a half-life of 12.4 years (Michel, 1976,
2005). Approximately 800 kilograms of tritium was released
into the atmosphere because of the atmospheric testing of
nuclear weapons between 1952 and 1962 (Michel, 1976). As a
result, tritium concentrations in precipitation and groundwater
recharge increased during that time. Tritium concentrations
are not affected by chemical reactions other than radioactive
decay because tritium is part of the water molecule. Therefore,
tritium is a tracer of the movement and relative age of water
on timescales ranging from recent to about 60 years before
present (years BP; post 1952). The concentration of tritium
is typically reported in Tritium Units (TU; Michel, 1976). In
this report, groundwater that had tritium concentrations less
than the detection limit of 0.2 TU was interpreted as water
recharged prior to 1952. Groundwater that had measurable
trittum concentrations was interpreted as water recharged
after 1952.

Carbon-14 is a naturally occurring radioactive isotope
of carbon that has a half-life of about 5,730 years (Mook,
1980). Carbon-14 data are expressed as percent modern
carbon (pmC) by comparing C activities to the specific
activity of National Bureau of Standards oxalic acid, where
13.56 disintegrations per minute per gram of carbon in the
year 1950 equals 100 pmC (Kalin, 2000). Similar to tritium,
14C was produced by the atmospheric testing of nuclear
weapons (Mook, 1980). As a result, 14C activities may exceed

100 pmC in areas where meteoric waters recharged aquifers
in the 1950s. Carbon-14activities also are affected by mixing
younger water that has high 4C activity with older water that
has low '#C activity. To estimate relative age, the greatest 4C
activity of water that no longer contains tritium is selected
as the initial *C activity of groundwater recharge, A,. This
approach is more representative of conditions within the study
area and provides a better estimate of the initial “C activity
of groundwater prior to nuclear weapons testing compared to
analytical estimates. Using initial “C activity does not account
for radioactive decay that occurred since 1952; however,
the decrease in 4C activity resulting from radioactive decay
since 1952 is small and is considered negligible based on the
half-life of 1#C. For the SACVW, the A was about 75 pmC
and is consistent with values estimated in other coastal basins,
which ranged from 64 to 69 pmC (Izbicki and others, 1992;
O’Leary and others, 2015; Teague and others, 2018).

Carbon-14 activities are used to determine the age of a
groundwater sample on timescales generally ranging from
about 1,000 to about 15,000 years BP. Carbon-14 is not
part of the water molecule; therefore, '“C activities may be
affected by chemical reactions that remove or add carbon to
solution. Carbon-13 data can aid in the interpretation of '“C
activities and are expressed as ratios in delta notation (9) as
parts per thousand (per mil) differences relative to the ratio
of stable isotopes '3C to '2C in standard Pee Dee Belemnite
(Gonfiantini, 1978). Carbon-14 ages presented in this report
did not account for changes in “C activity resulting from
chemical reactions or mixing; therefore, presented '“C ages
were considered uncorrected ages. In general, uncorrected
14C ages were older than the actual age of the associated
water. In this report, groundwater that had '“C activities
less than 75 pmC was interpreted as being recharged before
1952. Groundwater having '4C activities greater than 75 pmC
was interpreted as being recharged after 1952 (Izbicki and
Michel, 2003).

For the purposes of age classification in this report,
groundwater samples that had tritium concentrations
greater than 0.2 TU and '#C activities greater than 75 pmC
were considered modern. Water samples that had tritium
concentrations less than 0.2 TU and 'C activities less than
75 pmC were considered pre-modern (that is, recharged
before 1952). Water samples that had pre-modern and modern
water designations from tritium and pmC were designated
as mixed (U.S. Geological Survey, 2021). Groundwater with
14C activity that was less than 75 pmC and had a measurable
tritium concentration indicated that other geochemical
reactions had occurred within the groundwater system; these
reactions may have added carbon that did not contain '“C to
the dissolved phase or may have removed carbon, making the
water appear older than it is. Groundwater samples in 10 wells
were designated as modern, 6 wells were designated as mixed,
and 34 wells were designated as pre-modern (U.S. Geological
Survey, 2021).



Concentrations of trittum in TU and pmC in groundwater
for selected wells are illustrated with depth on four sections
through the SACVW from the HFM (fig. 40; locations shown
on fig. 36). Each section (same locations as those in fig. 38)
shows selected groundwater wells and the perforation interval
from which samples were analyzed for each well, and the
corresponding hydrogeologic units. Wells with modern
groundwater are in the floor of the eastern valley subarea near
Los Alamos, in the western uplands subarea along Harris
Canyon, and adjacent to tributaries of San Antonio Creek
throughout the SACVW; these wells generally have shallow
perforations (with approximate well depths of about 270 ft
bls), and most were perforated in the channel alluvium,
and upper and lower Paso Robles Formation. Wells with
pre-modern groundwater were located in the eastern and
western uplands subareas, and the eastern and western valley
subareas; these wells generally had deep perforations (with
average well depths of about 540 ft bls), and most of these
wells were perforated in lower Paso Robles Formation, the
Careaga Sandstone, or Consolidated bedrock. Wells with
mixed groundwater were located throughout with SACVW
and generally had average well depths of about 430 ft bls.

The tritium concentrations in groundwater samples
from wells sampled during 2008—18 ranged from less than
0.2 TU in numerous wells to 0.91 TU in SACRS (fig. 40;

U.S. Geological Survey, 2021). Groundwater samples from
33 wells did not have measurable ittmconcentrations and
were considered pre-modern. Groundwater samples from

15 wells had measurable tritium concentrations and were
considered modern. The '“C activities in groundwater samples
from wells sampled during 2008—18 ranged from 0.1 pmC in
well 9N/34W-27L1 to 114.9 pmC in well SAGR (fig. 404;
U.S. Geological Survey, 2021). Uncorrected ages for the water
samples ranged from recent (between 1950 and present day)
to more than 37,000 yrs BP. Water-quality samples with '“C
activities less than 75 pmC that represented older, pre-modern
water were collected from 39 wells. Water-quality samples
with 14C activities greater than 75 pmC that represented
younger, modern water were collected in 10 wells

Measured delta carbon-13 (8'3C) composition of water
from wells ranged from 4.25 to 20.49 per mil (U.S. Geological
Survey, 2021). Delta carbon-13 values were generally heavier
(more positive) in the eastern part of SACVW than in the
western part. The heaviest (most positive) 6'3C value was
from groundwater in well 9N/34W-34C2 in the western
uplands subarea proximal to the Orcutt Oil Field, and the
lightest (most negative) 3'3C value was from groundwater in
well 8N/33W-0R1 in the central uplands subarea (see fig. 36
for well locations). This variability in the 61°C data indicates
that additional reactions have occurred in the basin; reactions
could include (1) the formation of carbonates in an organic
rich system which can have produce heavier, more positive,
d13C values or (2) the oxidation of biogenic methane (which is
depleted in 8!3C), which can produce lighter, more negative,
d13C values.
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Stable Isotopes of Oxygen and Hydrogen

Oxygen-18 (1*0) and 2H are natural stable isotopes of
oxygen and hydrogen, respectively. Delta oxygen-18 (5'80)
and delta 2H (82H) are isotopic ratios of oxygen isotopes 80
and '°0, and hydrogen isotopes 2H and 'H, respectively. These
isotopic ratios are expressed as per mil differences, relative to
the standard known as Vienna Standard Mean Ocean Water
(Gonfiantini, 1978) and are indicators of the hydrologic
history of recharge water.

The linear relation between 6'%0 and 6?H in natural
precipitation throughout the world (Craig, 1961) is referred
to as the global meteoric water line (GMWL,; fig. 41). The
isotopic composition of ocean water undergoes fractionation
during the transfer from the ocean surface to the vapor phase.
Further fractionation occurs as precipitation condenses from
the atmosphere, leaving the remaining water vapor relatively
depleted in the heavier isotopes. Latitude, altitude, and air
temperature affect the isotopic composition of atmospheric
water. Precipitation from a given storm becomes isotopically
lighter (more negative) as the storm moves inland and into
higher altitudes with cooler temperatures (Fournier and
Thompson, 1980). More negative values of 6'%0 and 62H
represent enrichment in the lighter isotopes, 10 and 'H
(or a depletion in the heavier isotopes, 30 and 2H); less
negative values represent enrichment in the heavier isotope
of oxygen ('®0) and hydrogen (2H), respectively. Water that
has undergone evaporation is enriched in heavier isotopes
relative to its original composition and generally has values
below and to the right of the meteoric water line, with a slope
between 3 and 6 (International Atomic Energy Agency, 1981).
Isotopic composition of water does not change further at low
temperatures of most groundwater systems after recharged
water has migrated below the depth of evaporation. Therefore,
any subsequent differences in the isotopic composition of
groundwater along a flow line generally reflect only mixing
within the aquifer system or concentration by evaporation
in a discharge area. The 330 and &*H compositions of
groundwater relative to the meteoric water line and the
isotopic composition of water from other sources can indicate
the source of groundwater.

Isotopic compositions of groundwater samples from
wells sampled during 2008—18 ranged from —6.22 to —4.86 per
mil for %0 and from —42 to —31.7 to per mil for 62H (fig. 41;
U.S. Geological Survey, 2021). The isotopic data mostly plot
to the right of the GMWL, indicating possible evaporation
prior to recharge, partial evaporation during precipitation,
or a “local” meteoric water line that differs slightly from the
GMWL (fig. 41). Water samples from wells were categorized
into three main groups: group 1 samples with lighter isotopic
composition (more negative) that plot below and down to
the right of the GMWL, group 2 samples with intermediate
isotopic composition that plot nearest to the GMWL, and
group 3 samples with heavier isotopic compositions (less
negative) that are characteristic of evaporated groundwater
that plot below the GMWL with 880 values of —5.6 and
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Figure 41. Stable isotope concentrations in parts per thousand (per mil) for groundwater samples from selected wells

with respect to the global meteoric water line (GMWL), San Antonio Creek Valley watershed, Santa Barbara County,
California. Group 1 samples have light isotopic compositions and plot below and down to the right of the GMWL; group
2 samples have intermediate isotopic compositions and plot close to the GMWL; group 3 samples have heavy isotopic
compositions and plot below and to the right of the GMWL. See table 9 for additional site information associated with

labeled wells.

greater (fig. 41). Stable isotopic groundwater groups for
selected wells are shown in map view in figure 42 and in
sections on figure 40. The Pezzoni-Casmalia and Los Alamos

faults are inferred to transect the SACVW between the western
and eastern areas of the valley floor and do not markedly affect

stable isotopic compositions of groundwater in the SACVW.
Group 1 groundwater samples (indicated by red symbols
in figs. 40, 41, 42) were primarily from deep wells, in the
eastern uplands and western valley subareas, and from wells
in the Barka Slough subarea or where deep groundwater
discharges to land surface. Group 1 samples represent
old, pre-modern groundwater, with the exception of well
8N/34W-16J2; this well was located in Barka Slough and
had measurable tritium (concentrations greater than 0.2 TU)
and contained some modern groundwater (U.S. Geological
Survey, 2021). Group 1 samples plot below and down to the
right of the GMWL (fig. 41), indicating that the water was
locally recharged during different climate conditions was
slightly evaporated when recharged. The geographic and
vertical distribution of group 1 samples within the SACVW

indicates that recharge occurred from different moisture
sources in the eastern uplands subarea and groundwater from
the eastern uplands subarea has a long, slow travel time to
the western part of the SACVW, where the water eventually
discharges as base flow at Barka Slough (as indicated by the
presence of group 1 groundwater in wells 8N/34W-16C4
and 8N/34W-16J2; figs. 40D, 41, 42). Along this flow path,
groundwater may be extracted as groundwater pumpage
from deep wells in the western valley or eastern uplands
subareas. The presence of pre-modern groundwater in the
western part of the SACVW corresponds with the relatively
stable groundwater levels observed in wells in the western
valley subarea (wells 8N/33W-20Q1 and 8N/33W-20Q2, and
8N/34W-23B1 and 8N/34W-24E1; hydrographs 10 and 11,
respectively, in figs. 34, 35) and the upward vertical gradient
of groundwater flow at multiple-depth, monitoring-well site
SACR (figs. 19, 34; U.S. Geological Survey, 2021).

Group 2 groundwater samples (indicated by purple
dots in figs. 40, 41, 42) were from shallow and deep wells
primarily in the central and western uplands subareas and
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are a mix of modern and pre-modern water (U.S. Geological
Survey, 2021). Groundwater samples in group 2 generally plot
parallel to the GMWL (fig. 41) and likely represent a “local”
meteoric water line. The local meteoric water line consists of
modern and pre-modern local recharge from precipitation that
had relatively short travel times and was discharged as base
flow at Barka Slough (as indicated by the presence of group

2 groundwater at well 8N/34W-16F2; fig. 42) or otherwise
extracted as groundwater pumpage.

Group 3 groundwater samples (indicated by green dots in
figs. 40, 41, 42) were from shallow and deep wells primarily
in the eastern and western valleys and were a mix of modern
and pre-modern water (U.S. Geological Survey, 2021).
Groundwater samples in group 3 plotted below the GMWL
(fig. 41), indicating either mixing with evaporated surface
water or mixing with and additional evaporation of deep
discharge groundwater from group 1 or group 2. Wells SAHC,
SALA, SASA, SAHG, SAGR, and SALS are shallow wells
(less than 250 ft depth bls) and are proximal to San Antonio
Creek or its tributaries (table. 1.2; figs. 40, 42); stable isotopic
compositions of groundwater in these wells may indicate
evaporated surface flow draining from sediments along the
stream channels. The remaining wells in group 3 (such as
8N/34W-24E2, SACC-1, SACC-3, SACC-4, SACR-3, and
8N/32W-29L3) are deep wells (greater than 250 ft depth
bls); groundwater in these wells may be mixed with deep
groundwater (recharged under different climate conditions)
characterized by wells in group 1.

Summary

Working cooperatively with the Santa Barbara County
Water Agency and Vandenberg Space Force Base, the
U.S. Geological Survey (USGS) initiated a study to better
understand the hydrogeology and water resources in the San
Antonio Creek Valley groundwater basin, California. The
goals of the study were to address declines in groundwater
levels, develop a better understanding of the hydrogeologic
system, and provide tools to help evaluate and manage the
effects of future development of the San Antonio Creek Valley
groundwater basin within the encompassing San Antonio
Creek Valley watershed (SACVW). The SACVW is in western
Santa Barbara County about 15 miles south of Santa Maria
and 55 miles north of Santa Barbara, California. The SACVW
is about 140 square miles and encompasses the San Antonio
Creek Valley groundwater basin; the SACVW is separated
from the Santa Maria River Valley and Santa Ynez River
Valley groundwater basins by the Casmalia and Solomon
Hills to the north, and the Purisima Hills to the south. At the
western, downstream part of the valley, uplifted consolidated
rocks cause groundwater to discharge to San Antonio Creek at
Barka Slough. Since the late 1800s, groundwater has been the
primary source of water for agricultural, military, municipal,
and domestic uses. Groundwater withdrawal from pumping
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has exceeded the amount of water replenishing the basin,
causing groundwater declines of more than 125 feet in parts
of the valley, and a reduction in base flow at Barka Slough.
Agricultural water use, primarily for the irrigation of vineyards
and fruit and berry crops, and reliance on groundwater for
irrigation will continue to strain the sustainability of the
groundwater system.

The SACVW has a semiarid climate characterized by a
wet season and dry season. Average monthly precipitation in
the town of Los Alamos ranges from about 0.02 inches per
year in July to about 3.2 inches per year in February. About
92 percent of annual precipitation recorded in Los Alamos
during 1948-2018 falls during the wet season from November
to April, and the average annual recorded precipitation during
1948-2018 was about 15 inches per year.

Land in the SACVW has been used primarily for
agriculture. Historically, the upland parts of the valley have
been used for dry farming or pastureland, and the valley floor
along San Antonio Creek and its tributaries were used for
irrigated farming. Since the 1980s, however, large sections
of formerly non-irrigated pastureland in the uplands have
been converted to irrigated vineyards. Detailed land-use
maps of the SACVW show an increase in agricultural land
use for 1959-2016 of 8,674 acres to 14,080 acres, and an
accompanying shift from predominantly non-irrigation dry
farming in 1959, to almost entirely irrigated farming in 2016.

The groundwater-flow system in the SACVW consists
of five basin-fill hydrogeologic units. These units are
water-bearing and were identified based on hydrogeologic
properties, such as sediment grain size, vertical-head
differences in groundwater multiple-monitoring well
sites, long-term groundwater-level altitude responses to
pumping and climate, and the age and chemical character
of groundwater in the mostly semi-consolidated to
unconsolidated basin-fill sediments. The hydrogeologic units
that comprise the aquifer system vary in their lithologic
composition. The upper and lower units of the aquifer system
(upper Paso Robles Formation, and lower Paso Robles
Formation and Careaga Sandstone, respectively) are relatively
coarse grained and are composed of, sand, gravel, and clay;
the middle confining unit (the middle Paso Robles Formation)
is relatively fine grained and is composed of primarily clay,
silt, and sand. The Pezzoni-Casmalia and Los Alamos faults,
which are inferred to transect the SACVW between the
western and eastern parts of the valley, do not appear to affect
the groundwater system.

Present-day recharge to the study area occurs primarily as
infiltration from precipitation and streams in the upland areas
of the valley in Solomon Hills and Casmalia Hills and along
the main channel of San Antonio Creek; estimates of annual
natural recharge for 1948-2018 generally range from about
5,000 acre-feet per year to more than about 30,000 acre-feet
per year. Anthropogenic sources of recharge, such as return
flow from agricultural irrigation, municipal water systems, and
wastewater effluent, have been additional sources of recharge
to the groundwater system and were estimated to range from



about 600 acre-feet in 1948 to about 6,600 acre-feet in 2018.
Groundwater pumpage estimates for agricultural, military,
municipal, and domestic use during 1948-2018 ranged from
about 3,000 acre-feet in 1948 to about 32,600 acre-feet in
2018. During this time period, pumpage for agricultural

use accounted for about 90 percent of the total groundwater
pumpage in the SACVW. The average annual amount of
groundwater removed from the SACVW by pumping during
1948-2018 was estimated to be about 17,200 acre-feet per
year, which was between about 10 percent to more than

300 percent greater than most estimates of annual recharge to
the valley.

Pumpage since the early 1900s and the subsequent
groundwater-level declines have substantially reduced the
amount of natural groundwater discharge at Barka Slough.
Estimates of the amount of base flow in San Antonio Creek
at the western, downstream extent of the SACVW have
varied historically in response to changes in groundwater
pumpage and climate; however, there was an overall decline
in base flow during 1956-2018, decreasing from an average
of about 1,700 acre-feet per year during 195669, to about
300 acre-feet per year during 2016—18. The long-term
extraction of groundwater has caused groundwater levels to
decrease by more than about 125 feet since the early 1940s in
the eastern part of the valley near Los Alamos and as much
as about 50 feet in the upland areas and in the western part
of the basin. In the eastern part of the valley, groundwater
levels in shallow wells perforated in the upper Paso Robles
Formation declined by about 50 ft, whereas groundwater
levels in deeper wells perforated in the middle and lower Paso
Robles Formation declined by about 125 ft. At Barka Slough,
groundwater levels have declined below land surface in some
places, altering native riparian vegetation in and around
the slough.

The predominant direction of groundwater flow during
historical and present-day conditions was from the eastern
uplands in the Solomon Hills to the west along San Antonio
Creek toward Barka Slough from the western and southern
uplands uplands in the Casmalia and Purisima Hills to the
south and north towards San Antonio Creek. Natural discharge
of deep groundwater occurs as base flow to San Antonio Creek
in the western part of the SACVW. Stable and radioactive
isotopes show that deep groundwater in the SACVW is old
and probably was recharged as infiltration from precipitation
and streams in the eastern upland areas of the valley.

The quality of surface water in the SACVW varied
depending on location and the time of year the samples
were collected. In winter 2017, surface water was
calcium-sulfate-type water, and the concentration of total
dissolved solids (TDS) ranged from about 150 milligrams
per liter (mg/L) to about 1,370 mg/L; in fall 2017, surface
water was mixed cation-chloride-type water, and the TDS
concentration ranged from about 1,080 mg/L to about
1,580 mg/L. Surface-water concentrations of TDS during
19802018 generally varied with respect to the amount
of annual precipitation and ranged from about 2,000 to
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2,500 mg/L during wet years, to about 1,000 to 1,500 mg/L
during dry years at the downstream U.S. Geological Survey
streamgage 11136100.

Most groundwater in the SACVW was
calcium-bicarbonate-type water that was representative of
water naturally recharged as infiltration from precipitation and
streams. Water-quality compositions of groundwater in some
wells showed influences of mixing with water associated with
oil-bearing geologic formations, agricultural products, or the
evaporation of shallow groundwater. Groundwater associated
with naturally recharged water had TDS concentrations of
about 500-800 mg/L and was found in wells throughout
the SACVW. Groundwater samples from four wells in the
Casmalia Hills had TDS concentrations between about 1,130
and 7,920 mg/L and indicated possible mixing with water
from oil-bearing formations or older, saline groundwater
associated with the Orcutt Oil Field. Groundwater samples
from nine wells in the western part of the SACVW had
TDS concentrations between about 800 and 1,500 mg/L;
the source(s) of saline-rich water in these wells could not be
conclusively identified, but the saline-rich water could be
due to mixing with water from oil-bearing formations or with
water from agricultural irrigation-return flow, precipitation
of minerals in the subsurface, or solute concentration
through evaporation.

Concentrations of TDS, chloride, nitrate plus nitrite (as
nitrogen), calcium, and magnesium at selected wells generally
increased during 1980-2018; this increase may be associated
with the expansion of agriculture in the SACVW through
time and corresponding increase in the use of nitrates and
calcium- and magnesium-based fertilizers and soil additives
in modern agricultural practices. An analysis of the reduction/
oxidation (redox) conditions of groundwater showed that
oxic groundwater was found throughout the SACVW,
generally in shallow wells, and likely associated with recently
recharged groundwater. Anoxic groundwater was generally
found in wells perforated adjacent to the middle Paso
Robles Formation, likely associated with the fine-grained,
organic-rich materials of that unit; and in wells located in
the western part of the SACVW near Barka Slough, likely
associated with the discharge of deep, old groundwater.

Radioactive isotopes tritium and carbon-14 and stable
isotopes of oxygen and hydrogen were used to evaluate the
age and flow of groundwater in the SACVW. Uncorrected
ages for groundwater samples ranged from recent to more
than 37,000 years old. Modern groundwater (recharged after
1952) was generally found in shallow wells (about 270 feet
below land surface) adjacent to San Antonio Creek and its
tributaries. Pre-modern groundwater (recharged before 1952)
was found throughout the SACVW in wells that generally
had deep perforations; the average perforation depths of these
wells was 540 ft below land surface. Modern and pre-modern
groundwater were identified in wells along San Antonio Creek
and its tributaries and in the western and central upland areas
of the SACVW. Pre-modern groundwater identified in wells
in the eastern upland area was interpreted to have had long,



104

slow travel times to the western part of the SACVW, where
it was eventually discharged as base flow at Barka Slough or
extracted as groundwater pumpage.

The hydrologic characterization of the SACVW
presented in this study supported the development of an
integrated numerical hydrologic model of the valley. The
integrated model further refines the hydrologic understanding
of the SACVW and can be used as a tool to simulate future
water-management scenarios under different climatic and
hydrologic conditions. Continued groundwater monitoring,
especially multiple-depth, monitoring-well sites, and
surface-water monitoring, especially streamgages proximal
to Barka Slough, will add to the existing record of hydrologic
data in the SACVW and provide long-term observations
that can be used to inform and evaluate water management
decisions.
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Appendix 1.

Supplementary Information on Population, Streambed Electrical

Resistivity Instruments, and U.S. Geological Survey Monitoring Wells

Population

Reported population for the town of Los Alamos,
California, were compiled for 1935 from Tetra Tech, Inc.
(2012), 1977 from Hutchinson (1980, citing Los Alamos
Community Services District, oral commun., 1977), and for
2000, 2010, and 2020 from the U.S. Census Bureau (2000,
2010, 2020). The population of the town of Los Alamos for
years without reported values was estimated in this study by
calculating the average annual change in population for years
between reported values and adding (or subtracting) that
average annual value from a known population year. Note,
table 1.1 only lists population values from 1948 to 2018.

The average annual change in population in the town
of Los Alamos between 1935 (population 140) and 1977
(population 900) was 18 people per year (p/yr). The annual
population during 193676 was therefore estimated by adding
18 people each year from a starting value of 140. The average
annual change in population between 1977 (population
900) and 2000 (population 1,372) was 21 p/yr. The annual
population during 1978-99 was therefore estimated by adding
21 people each year from a starting value of 900. The average
annual change in population between 2000 (population
1,372) and 2010 (population 1,890) was 52 p/yr. The annual
population during 2001-09 was therefore estimated by
adding 52 people each year from a starting value of 1,372.
The average annual change in population between 2010

(population 1,890) and 2020 (population 1,839) was negative
5 p/yr. The annual population during 2011-19 was therefore
estimated by subtracting 5 people each year from a starting
value of 1,890.

The total population of the SACVW includes residents
who live in the town of Los Alamos and rural residents who
live beyond the town boundaries. The total population of
the SACVW was estimated for 2000, 2010, and 2020 from
geospatial census block data (U.S. Census Bureau, 2000,
2010, 2020) using Esri ArcGIS version 10.7.1 geographic
information systems software. The population values of
geospatial census blocks located entirely within the SACVW
were retained, whereas population estimates of geospatial
census blocks located partially within the SACVW were
reduced by the percentage of the census block area within the
boundary. The resulting population estimates of the SACVW
for 2000, 2010, and 2020 were 1,953, 2,790, and 2,183 people,
respectively.

On average, the estimated population of the SACVW was
1.4 times greater than the reported population of the town of
Los Alamos (1.42 times greater in 2000, 1.48 times greater
in 2010, and 1.18 times greater in 2020). For simplicity, the
average value of 1.4 times the population of Los Alamos was
used in this report to estimate the population of the SACVW
for 1948-2018; therefore the population of the SACVW was
assumed to be 1.4 times greater than the reported or estimated
population of the town of Los Alamos (table 1.1).
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Table 1.1. Estimated population of the town of Los Alamos and Table 1.1. Estimated population of the town of Los Alamos and

the San Antonio Creek Valley watershed during calendar years the San Antonio Creek Valley watershed during calendar years

1948-2018, San Antonio Creek Valley watershed, Santa Barbara 1948-2018, San Antonio Creek Valley watershed, Santa Barbara

County, California. County, California.—Continued

[Rural residents are calculated as the difference between the populations of the ~ [Rural residents are calculated as the difference between the populations of the

San Antonio Creek Valley watershed and the town of Los Alamos.] San Antonio Creek Valley watershed and the town of Los Alamos.]

Population Population
Calend Calendar -
year Town of San Antonio Rural year Town of San Antonio Rural
Los Alamos Valley watershed residents Los Alamos Valley watershed residents

1948 378 529 151 1985 1,068 1,495 427
1949 396 554 158 1986 1,089 1,525 436
1950 414 580 166 1987 1,110 1,554 444
1951 432 605 173 1988 1,131 1,583 452
1952 450 630 180 1989 1,152 1,613 461
1953 468 655 187 1990 1,173 1,642 469
1954 486 680 194 1991 1,194 1,672 478
1955 504 706 202 1992 1,215 1,701 486
1956 522 731 209 1993 1,236 1,730 494
1957 540 756 216 1994 1,257 1,760 503
1958 558 781 223 1995 1,278 1,789 511
1959 576 806 230 1996 1,299 1,819 520
1960 594 832 238 1997 1,320 1,848 528
1961 612 857 245 1998 1,341 1,877 536
1962 630 882 252 1999 1,362 1,907 545
1963 648 907 259 2000 1,372 1,921 549
1964 666 932 266 2001 1,424 1,994 570
1965 684 958 274 2002 1,476 2,066 590
1966 702 983 281 2003 1,528 2,139 611
1967 720 1,008 288 2004 1,580 2,212 632
1968 738 1,033 295 2005 1,632 2,285 653
1969 756 1,058 302 2006 1,684 2,358 674
1970 774 1,084 310 2007 1,736 2,430 694
1971 792 1,109 317 2008 1,788 2,503 715
1972 810 1,134 324 2009 1,840 2,576 736
1973 828 1,159 331 2010 1,890 2,646 756
1974 846 1,184 338 2011 1,885 2,639 754
1975 864 1,210 346 2012 1,880 2,632 752
1976 882 1,235 353 2013 1,875 2,625 750
1977 900 1,260 360 2014 1,870 2,618 748
1978 921 1,289 368 2015 1,865 2,611 746
1979 942 1,319 377 2016 1,860 2,604 744
1980 963 1,348 385 2017 1,855 2,597 742
1981 984 1,378 394 2018 1,850 2,590 740
1982 1,005 1,407 402 2019 1,845 2,583 738
1983 1,026 1,436 410 2020 1,839 2,575 736

1984 1,047 1,466 419
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Streambed Electrical
Resistivity Instruments

Various methods have been developed to monitor
streamflow in intermittent and ephemeral streams. The use of
traditional methods, such as semi-permanent streamgaging
stations, to monitor streamflow in intermittent streams is
complicated by the highly variable nature of intermittent
streams, which are typically characterized by variable flows of
short duration, and variable bed morphologies (Tadayon and
others, 2001).

Streambed electrical resistivity sensors (SERS) were
created by repurposing commercial temperature sensors
to record electrical conductivity; this included removing
and replacing the sensor thermistor with water-contact
electrodes (Blasch and others, 2002). A total of 20 SERS
was created by modifying Onset HOBO Water Temp Pro
v2 (Model U22-001, ONSET Computer Corp, Mourne MA,
USA) probes according to the methods of Blasch and others
(2002). Each SERS instrument was deployed inside a metal
box, 4 inches wide by 4 inches long, by 10 inches tall, with the
bottom of the box level with the streambed (fig. 1.1). Stream
Temperature, Intermittency, and Conductivity loggers (STICs)
were created by repurposing commercial optical sensors so
that a temperature and conductivity signal could be recorded
(Chapin and others, 2014). Five STICs were created by
modifying ONSET HOBO Pendant temperature and light data
loggers (Model UA-002-64, ONSET Computer Corp, Mourne
MA, USA) according to the methods of Chapin and others
(2014). Each STIC instrument was housed in a protective
casing created from %4-inch polyvinyl chloride (PVC) unions
and secured to the streambed using steel stakes. The SERS and
STICs logged data in 5 to 15-minute intervals; site visits to
download data and maintain the sensors occurred about every
six weeks while the sensors were deployed.
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These instruments function as simple two-pole
conductivity meters. Electrical conductivity is the inverse
of electrical resistance. The electrical resistance of a porous
medium is the sum of the bulk resistance of the medium
material and the contact resistance at each electrode and
medium interface. Electrical resistance refers to a material’s
ability to inhibit an electrical current, whereas electrical
conductance refers to a material’s ability to conduct an
electrical current. Because the electrical conductivity of air
is practically zero, the instruments record a minimum value
when the contact electrodes are exposed to air. When the
contact electrodes are submerged, contact resistance is at a
minimum, and the maximum conductivity values are recorded
(Blasch and others, 2002). In intermittent streams where these
instruments are deployed, sediment deposition and changes
in channel morphology are common (Tadayon and others,
2001; Chapin and others, 2014). If buried, contact between
the electrodes and sediments will lower the contact resistance
such that a circuit is completed and record conductivity
values. Intermediate conductivity values can correspond to
periods when the instruments were buried at various degrees
of saturation. By establishing percent relative conductance
thresholds, stream intermittency can be determined (Blasch
and others, 2002; Chapin and others, 2014).

The instruments performed best at sites located in
stream channel sections with enough energy to flush away
sediment but not where large pieces of debris could be
mobilized. Sites in high-energy channel sections were likely
to have instruments be lost or damaged during storm events.
Instruments at sites in low-energy channel sections were
often subjected to repeated sedimentation and burial; repeated
burial in saturated sediments likely degraded instrument signal
quality over time, resulting in noisy datasets.
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SERS-3

Photograph by David O’Leary, U.S. Geological Survey

Figure 1.1. Photographs of streambed electrical resistivity sensor (SERS) instrument sites, A, SERS-6, and
B, SERS-3, San Antonio Creek Valley watershed, Santa Barbara County, California.
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Drilling and Construction
of U.S. Geological Survey
Monitoring-Well Sites

Monitoring wells were installed at eight sites across
the San Antonio Creek Valley Watershed (SACVW) during
2015-16 (fig. 16) to collect geographically distinct and
depth-dependent hydrogeologic and hydrologic data. A total
of 16 independent monitoring wells were established across
the 8 sites: 2 of the sites each contain 4 wells completed at
different depths and a single shallow well, and the remaining
6 sites contain a single shallow well (table 1.2). All wells
were developed to obtain representative measurements of
aquifer-system conditions and were subsequently used for
additional data collection.

Well Drilling and Construction

Two multiple-depth, monitoring-well sites (MMWS;
SACR and SACC; table 1.2; U.S. Geological Survey, 2018,
2021) were drilled along the main east-west axis of the
SACVW on the valley floor where basin sediments were
thickest (fig. 17). Each MMWS consists of a deep borehole

(greater than about 700 feet [ft] deep; U.S. Geological Survey,
2018) with four monitoring wells (or piezometers) completed
at different depths below land surface (table 1.2), and an
adjacent shallow borehole (about 100 ft deep; U.S. Geological
Survey, 2018) with a single monitoring well completed at

the bottom of the borehole. All five monitoring wells in each
MMWS were spaced at depths about 200 feet apart to provide
a vertical discretization of the aquifer system. Each MMWS
provides detailed geologic and geophysical data of the aquifer
system and information on the water-bearing properties of the
aquifer materials.

The deep MMWS boreholes were drilled using a
mud-rotary method, and the shallow MMWS boreholes were
drilled using a hollow-stem auger method. Multiple-depth,
monitoring-well site locations were chosen where previous
depth-dependent lithologic, borehole-geophysical, water-level,
and water-quality data were unavailable or limited. When
using mud-rotary drilling methods, the initial 20 ft of the
borehole was drilled to a 20-inch diameter, and surface
casing was installed and cemented to prevent undermining
during the drilling of the remainder of the hole. A full
suite of borehole-geophysical logs was collected for each
deep borehole before wells were constructed (fig. 18).
Electromagnetic induction borehole-geophysical logs were
collected at each shallow borehole. Lithologic and geophysical

Table 1.2. Locations of U.S. Geological Survey (USGS) single- and multiple-well monitoring sites and well-construction information,
San Antonio Creek Valley watershed, Santa Barbara County, California.

[Type and purpose of well: MMWS, multiple-depth monitoring-well site; SMWS, single-depth monitoring-well site. Type of seal: G, grout; GC, grout and
bentonite chips; GP, grout and bentonite pellets; GPC, grout bentonite pellets and bentonite chips; CGr, bentonite chips and granular bentonite. Abbreviations:
NAD 83, North American Datum of 1983; ft, feet; NAVD 88, North American Vertical Datum of 1988; BLSD, below land surface datum; mm/dd/yyyy, month/

day/year]

Well USGS USGS State Latitude  Longitude As':':,':’;'::;fu'::

Name station number station name well number (NAD 83) (NAD 83) (f above NAVD 88)
SACC1 344520120174001 008NO032W19MO001S 8N/32W-19M1 34.75568889 —120.2946806 586.08
SACC2 344520120174002 008N032W19M002S 8N/32W-19M2 34.75568889 —120.2946806 586.08
SACC3 344520120174003 008NO032W19M003S 8N/32W-19M3 34.75568889 —120.2946806 586.08
SACC4 344520120174004 008NO032W19M004S 8N/32W-19M4 34.75568889 —120.2946806 586.08
SACC5 344520120174005 008NO032W19M005S 8N/32W-19M5 34.75575 —120.29465 586.21
SACR1 344532120233901 008N033W19K002S 8N/33W-19K2 34.75905833 —120.3944083 362.98
SACR2 344532120233902 008N033W19K003S 8N/33W-19K3 34.75905833 —120.3944083 362.98
SACR3 344532120233903 008N033W19K004S 8N/33W-19K4 34.75905833 —120.3944083 362.98
SACR4 344532120233904 008NO033W19K005S 8N/33W-19K5 34.75905833 —120.3944083 362.98
SACRS 344532120233905 008NO033W19K006S 8N/33W-19K6 34.759075 —120.3943333 362.45
SAGR  344622120254301 008N034W14L002S 8N/34W-141L.2 34.77286389 —120.4285472 329.64
SAHC  344836120270001 009N034W34N002S IN/34W-34N2 34.81 —120.4501194 453.18
SAHG  344546120253101 008N034W23H001S 8N/34W-23H1 34.76298333 —120.4252722 320.63
SALA  344436120161701 008N032W29L004S 8N/32W-29L4 34.74351111 -120.2714944 596.47
SALS 344524120202001 008N033W22G001S 8N/33W-22G1 34.75660556 —120.3389167 459.5
SASA  344548120274201 008N034W21A002S 8N/34W-21A2 34.76328333 —120.4617667 309.65




data were analyzed to determine the number, diameter, type
of well(s), and depths of screened intervals to be placed in
each deep borehole. At each shallow borehole, lithologic
and groundwater-level data were used to select the screened
interval and auger methods were used to prevent mud
intrusion and to allow for monitoring of the water table.

Six single-depth, monitoring-well sites (SMWS;
SASA, SAHC, SAGR, SAHG, SALS, and SALA; table 1.2;
U.S. Geological Survey, 2018, 2021) were installed at selected
locations in the shallow part of the aquifer system, at or near
the water table (fig. 17). Each SMWS consists of a shallow
borehole (about 100 ft deep; U.S. Geological Survey, 2018)
with a single monitoring well completed at the bottom of
the borehole. These well sites were installed near existing
production wells or other wells in which groundwater levels
were regularly monitored. The purpose of the SMWS was to
quantify vertical variations in groundwater levels and water
quality in the upper part of the aquifer system. The SMWS
boreholes were drilled using a hollow-stem auger method, and
electromagnetic induction borehole-geophysical logs were
collected at each borehole. Lithologic and groundwater-level
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data were used to select the screened interval. Auger methods
were used at each SMWS to prevent mud intrusion and to
allow for monitoring of the water table.

Well construction at each MMWS and SMWS began
with the casing and screen being placed in the borehole
to the desired depth. Well casings had a diameter of about
2 inches. Adjacent to and extending above and below the
screened intervals, the boreholes were packed with number 3
Monterey sand. Sand-packed intervals in each borehole were
isolated by bentonite grout (30 percent solids) pumped into
the annular space. In the multiple-well monitoring sites, this
method was repeated for each well. The bentonite seal was
extended to land surface in all boreholes. Well sites were then
protected and secured by a flush-mount traffic-rated vault,
maintenance-hole or steel stovepipe with a cement pad.

Location information and well-construction data for
each MMWS and SMWS are listed in table 1.2. Composite
diagrams of the well construction, borehole lithology, and
geophysical logs for each well site can be found in the
U.S. Geological Survey (USGS) GeoLog Locator (U.S.
Geological Survey, 2018; search by USGS station number or
station name listed in table 1.2).

Table 1.2. Locations of U.S. Geological Survey (USGS) single- and multiple-well monitoring sites and
well-construction information, San Antonio Creek Valley watershed, Santa Barbara County, California.

[Type and purpose of well: MMWS, multiple-depth monitoring-well site; SMWS, single-depth monitoring-well site. Type of
seal: G, grout; GC, grout and bentonite chips; GP, grout and bentonite pellets; GPC, grout bentonite pellets and bentonite chips;
CQGr, bentonite chips and granular bentonite. Abbreviations: NAD 83, North American Datum of 1983; ft, feet; NAVD 88, North
American Vertical Datum of 1988; BLSD, below land surface datum; mm/dd/yyyy, month/day/year]

ofwell (tBLSD) (itBLsp)  (BLSD) ofseal . cp) (inches) (mm/dd/yyyy)
MMWS 980 890986  745-890 G 920-940 1.94 07/28/2016
MMWS 720 675-745  552-675 G 700-720 1.94 07/28/2016
MMWS 530 496-552 347496  GP 510-530 1.94 07/28/2016
MMWS 325 285347 0-285 GP 305-325 1.94 07/28/2016
SMWS 120 90-120 90-0 GPC  100-120 1.94 11/21/2016
MMWS 690  655-700  552-655 G 670-690 1.94 08/06/2016
MMWS 540  490-552 366490  GP 520-540 1.94 08/06/2016
MMWS 350  306-366  190-306  GPC  330-350 1.94 08/06/2016
MMWS 220 190-228 190-0 GPC  200-220 1.94 08/06/2016
SMWS 110 80-110 0-80 GC 90-110 1.94 11/19/2016
SMWS 90 61-90 0-61 CGr 70-90 1.94 10/18/2015
SMWS 90 60-90 0-60 CGr 70-90 1.94 10/15/2015
SMWS 75 4275 0-75 GP 5575 1.94 12/01/2016
SMWS 90 60-90 0-60 GP 70-90 1.94 11/25/2016
SMWS 70 40-70 0-40 GP 50-70 1.94 11/21/2016
SMWS 65 35-65 0-35 CGr 45-65 1.94 10/16/2015
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Specific Capacity Estimates From
Water Wells

Specific capacity data were calculated for 28 water
wells with reported aquifer pump test data (table 1.3; Ely
and others, 2022). Calculated specific capacity results were
assigned to hydrogeologic units for which at least 60 percent
of the reported perforation interval intersected a given unit. A
value of 60 percent of the perforation interval intersection was
chosen to provide a reasonable distribution of specific capacity
estimates for each hydrogeologic unit. Specific capacity data
were calculated for the upper, middle, and lower members
of the Paso Robles Formation, and the Careaga Sandstone.
Specific capacity data were not available for the channel
alluvium unit for water wells compiled as part of this study.
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Table 1.3. Calculated specific capacity data for selected
boreholes with reported pump test information, San Antonio Creek
Valley Watershed, Santa Barbara County, California.

[g/m/ft, gallon per minute per foot]

California
Department
of Water Resources
legacy log number

Percent of
perforated interval
in hydrogeologic unit

Specific capacity,
in g/m/ft
of drawdown

Upper Paso Robles Formation

240633 2.6 100
Middle Paso Robles Formation
763319 12.22 100
Lower Paso Robles Formation
757863 1.78 100
95702 2.87 100
757872 3.02 100
35757 33 100
925735 3.82 100
907247 5.71 100
97948 14.7 95
470087 16.7 100
521842 17.9 61
Careaga Sandstone
161097 0.3 100
763326 0.34 100
287832 0.77 100
757864 1.09 100
287808 2.0 100
763328 2.4 84
374707 2.86 100
710802 3.59 100
765727 4.15 100
240630 5.0 98
907652 5.15 69
287807 6.0 100
710824 13.59 100
700853 16.9 100
77511 24.8 63
31100 27.8 88

1098082 83.3 100
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Appendix 2. Water Quality

This appendix contains water-quality data sampled
during 1980-2018 from select surface-water sites and
groundwater wells in the San Antonio Creek Valley Watershed
(SACVW). Also included in this appendix is a description of
the methods and possible outcomes of reduction/oxidation
(redox) categories and processes of the Excel Workbook of
Jurgens and others (2009) used to assess redox conditions in
groundwater from select wells in the SACVW.

Selected Water-Quality Data

This section contains a suite of selected water-quality
data sampled during 19802018 from select groundwater
wells and surface-water sites (table 9) in the San Antonio
Creek Valley Watershed (SACVW). All data were downloaded
from the U.S. Geological Survey National (NWIS) database
and can be accessed at https://waterdata.usgs.gov/ca/nwis
(U.S. Geological Survey, 2021).

Other Constituents of Concern

Other selected water-quality constituents of potential
concern are arsenic, iron, manganese, and molybdenum.
Concentrations of these constituents in samples from some
wells exceeded State or Federal recommended or mandatory
regulatory standards for drinking water.

Arsenic, a tasteless, odorless, semi-metallic element,
can be present in surface water and groundwater from natural
and anthropogenic sources. In the natural environment,
arsenic is most commonly associated with sulfide and
with ferromanganese-oxide minerals, particularly in areas
characterized by geothermal water or high-evaporation
rates (Welch and others, 2000). Arsenic from anthropogenic
sources include wood preservatives, pesticides, and use as
a semi-conductor in the manufacture of microelectronics
(Agency for Toxic Substances and Disease Registry, 2009).
Industrial and agricultural uses of arsenic have been reduced
in the United States over the last several decades because
of the increasing recognition of its threat to human health
(Agency for Toxic Substances and Disease Registry, 2009).
The U.S. Environmental Protection Agency (EPA) maximum
contaminant level (MCL) for arsenic is 10 micrograms
per liter (ug/L); long-term exposure to arsenic in water
exceeding this concentration can cause a variety of dermal,
cardiovascular, respiratory, and neurological ailments, as well
as an increased risk of some cancers (U.S. Environmental
Protection Agency, 2006, 2017b). Five wells sampled
during 2017-18 had arsenic concentrations greater than to
the MCL of 10 pg/L (U.S. Geological Survey, 2021). Two
wells sampled during 19802008 had arsenic concentrations
greater than to the MCL of 10 ug/L, but these wells were not

resampled during 2017-18. The highest arsenic concentration
reported for wells sampled during 1980-2008 was 36.4 pg/L
from well SAHG (fig. 36; U.S. Geological Survey, 2021),
which could be the result of reduced (anoxic) conditions

in groundwater (see “Reduction/Oxidation Conditions of
Groundwater” section).

Iron is derived from natural weathering of many rocks
and minerals with high iron content, such as pyroxenes,
amphiboles, biotite, magnetite, and olivine (Hem, 1992).

Iron is readily dissolved in the form of ferrous (Fe2") iron,
when exposed to anoxic or suboxic conditions and low to
near neutral pH. Iron is much less soluble in the form of
ferric (Fe?") iron under oxidizing conditions (dissolved
oxygen greater than 1-2 mg/L), and at all but a low pH
(Hem, 1992). The EPA Secondary MCL for iron is 300 pg/L
(U.S. Environmental Protection Agency, 2017a). Excessive
amounts of iron can cause aesthetic effects, such as an
objectionable metallic taste and turning water a reddish

or orange color that can stain plumbing fixtures and other
surfaces, but normally, it does not pose a health risk.
Excessive iron can also have economic implications, including
corrosion and encrustation of steel well casing, perforations,
and related infrastructure. Six wells sampled during 2017-18
had iron concentrations greater than to the MCL of 300 pg/L
(U.S. Geological Survey, 2021). Twelve wells sampled
during 1980-2008 had iron concentrations greater than the
MCL of 300 pg/L (some wells had multiple samples that
exceeded the MCL during this period). The highest iron
concentrations reported for wells sampled during 1980-2018
were generally about 2,000-5,300 pg/L; however, one sample
from well 9N/34W-27L1 has a reported iron concentration of
94,000 pg/L (U.S. Geological Survey, 2021).

Manganese is derived from natural weathering of
many rocks, such as basalt, and minerals, such as olivine,
pyroxene, and amphibole (Hem, 1992). Manganese, like iron,
dissolves under reducing conditions (dissolved oxygen is
low) and low to near-neutral pH. In the presence of oxygen
and carbonate or silicate at high pH, manganese precipitates
out of solution and forms black-colored deposits that are
unpleasant in appearance and taste in drinking water (Hem,
1992). At concentrations above the EPA Secondary MCL of
50 pg/L (U.S. Environmental Protection Agency, 2017a),
manganese can have a metallic taste and cause staining of
plumbing fixtures and other surfaces, but normally, it does not
pose a health risk. Twenty wells sampled during 2017—18 had
manganese concentrations greater than or equal to the MCL
of 50 pug/L (U.S. Geological Survey, 2021). Thirteen wells
sampled during 1980-2014 had manganese concentrations
greater than the SMCL of 50 pg/L (some wells had multiple
samples that exceeded the SMCL during this period). The
highest manganese concentration reported is 1,090 pg/L,
which was measured in a sample from well 9N/34W-27L1
during the 2017-18 sampling period (table 10).


https://waterdata.usgs.gov/ca/nwis

Molybdenum plays an important biological role as a
micronutrient for plants and animals; but at high levels, it
can be toxic to animals (Smedley and Kinniburgh, 2017).
Concentrations in surface waters are generally less than
5 ng/L, although concentrations as high as 500 pg/L have been
reported in some drinking waters (World Health Organization,
2011). Concentrations in water greater than 20 pg/L are likely
due to anthropogenic inputs. The EPA health-based advisory
level is 40 pg/L for molybdenum (U.S. Environmental
Protection Agency, 2006). Molybdenum concentrations
greater than or equal to the MCL of 40 pg/L were observed
in ten wells sampled during 2017-18 and five wells sampled
during 19802008 (U.S. Geological Survey, 2021). The
highest molybdenum concentration reported for wells sampled
during 19802018 was 363 ug/L, which was measured in a
sample from well 2N1 during the 2017-18 sampling period
(U.S. Geological Survey, 2021).

Reduction/Oxidation Conditions of Groundwater

This section describes the methods and possible
outcomes of redox categories and processes of the Excel
Workbook of Jurgens and others (2009), which was used to
assess redox conditions in groundwater from select wells
in the SACVW (see “Groundwater Quality” section). The
Microsoft Excel® workbook of Jurgens and others (2009),
RedoxAssignment McMahon&Chapelle.xls, assigns the
predominant redox process to water-quality samples using
the framework created by McMahon and Chapelle (2008) and
extended by Chapelle and others (2009; table 2.1).

The following text and tables are copied verbatim from
the “Methods” section of Jurgens and others (2009)—table
names within this text have been updated to indicate their
inclusion in this report:

The possible outcomes of redox categories and processes
were differentiated by the number and type of parameters input
into the program (table 2.2). Samples that had O,, NO;~, Mn?*,
Fe?*, and SO,* were considered complete and the possible
outcomes of redox categories and processes were determined
by the logic outlined in the upper-half of table 2.2. The
possible outcomes for samples that have sulfide in addition
to these five parameters are also included in the upper half of
table 2.2. NOTE: The actual implementation of the logic into
VBA code [Microsoft® Visual Basic® for Applications] is
different than the simple “Yes,” “No” arguments in table 2.2.
The logic used in the code was designed to execute more
efficiently for a large number of samples. Table 2.2 is a
reference for users to understand the general logic behind each
redox assignment.

The redox categories listed in the upper half of table 2.2
are the same or similar to the categories listed by McMahon
and Chapelle (2008). The Mixed category was further
defined to indicate whether the mixture had two anoxic
redox processes (Mixed[anoxic]) or an oxic (O,-reducing)
and an anoxic redox process (Mixed[oxic-anoxic]). The
redox processes comprising the mixture is separated by a

[T3R L)
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(meaning and). For example, a redox process “NO;-Mn(IV)”
is a mixture of nitrate- and manganese-reducing groundwater.
Because both of these redox processes are anoxic, the redox
category is “Mixed(anoxic).”

Samples that have fewer than the five parameters listed
above were considered incomplete, and the possible outcomes
of redox categories and processes are listed in the bottom
half of table 2.2. These samples were further differentiated
into two groups: (1) samples that have measured O, but are
missing one or more of the other four redox constituents,
and (2) samples missing O,, but have NO;~, Mn?*, Fe?*, and
SO,*. Samples collected for regulatory compliance purposes
are often analyzed for major ions, trace elements, and
nutrients, but usually not for dissolved O,. Redox processes
for these samples would be assigned using the logic of the
second group. However, water-quality samples collected for
compliance purposes may not have been filtered or preserved
(acidified), and (or) may have been treated or blended. Users
should always evaluate the source and quality of data to
determine if the data are suitable for redox classification.

Samples that have dissolved O, data but are missing
data for one or more of the other four constituents, will
have a general redox category of either “O, > 0.5 mg/L” or
“0, < 0.5 mg/L.” These two categories are used to distinguish
between predominately oxic and anoxic conditions.

Samples that are missing dissolved O, but have measured
NO;-, Mn?*, Fe?*, and SO,*> will be assigned a redox
category and process that is consistent with the framework
in table 2.1. However, each redox process is amended with
a prefix or suffix of “0,?” or “O,?0rNO;” to indicate that
dissolved oxygen was not measured and could be present
above the threshold concentration (table 2.2). The general
redox category is also amended to indicate the two possible
redox categories for O, above or below the threshold. The
first redox category indicates the predominant redox category
that would be consistent with the other measured data, and
the second category indicates the less likely category. For
example, a sample that has low nitrate (<0.5 milligrams
per liter [mg/L]) and high iron and sulfate (100 pg/L and
>(.5 mg/L, respectively) is consistent with an Fe(II)/SO >
reducing redox environment, so the presence of oxygen would
not be expected. Therefore, the general redox category for this
sample would be “AnoxicOrMixed(oxic-anoxic)” to indicate
this sample is most likely anoxic but would be a mixed
sample if dissolved O, was greater than 0.5 mg/L. Conversely,
a sample containing high NO,~ and low Mn?* and Fe?*, is
consistent with an O, and a NO;~ reducing environment,
as indicated by the “O,?0OrNO;” designation in table 2.2.
McMahon and Chapelle (2008) showed that most groundwater
samples (greater than 50 percent) tend to be O, reducing while
only a small percentage (less than 4 percent) tend to be NO;~
reducing for many hydrogeologic settings. Consequently,
these samples are assigned a general redox category of
“OxicOrAnoxic” to indicate that the oxic condition is more
likely than the anoxic condition, although this assumption may
not be valid in some settings.
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Table 2.2. Classification of redox categories and processes assigned on the basis of water-quality data
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[Table from Jurgens and others (2009). Redox category: O, > 0.5 mg/L, dissolved oxygen greater than or equal to 0.5 mg/L; O, < 0.5 mg/L, dissolved

oxygen less than 0.5 mg/L. Redox process: O,, oxygen reduction; NO;, nitrate reduction; Mn(IV), manganese reduction; Fe(IIl), iron reduction; SO,, sulfate
reduction; CH4gen, methanogenesis. Abbreviations: mg/L, milligram per liter; <, less than; <, less than or equal to; >, greater than or equal to; >, greater than;
Y, yes; N, no; —, criteria do not apply because the species concentration is not affected by the redox process; ?, insufficient data to determine whether process
is occurring or not; /, and (or); -, and; x, not applicable]

Dissolved Nitrate, as Iron  Sulfate Iron/sulfide Iron/sulfide
Redox category Redox process oxygen Nitrogen Manganese >0.01 >0.5 mass ratio  mass ratio
505mgll >05mgL 0BMIL o mgn 503 >10
Water-quality data complete
Oxic 0, Y — N N — X X
Suboxic Suboxic N N N N — X X
Anoxic NO, N Y N N — X X
Anoxic Mn(IV) N N Y N — X X
Anoxic Fe(III)/SO, N N — Y Y No data No data
Anoxic CH4gen N N — Y N X X
Mixed (oxic-anoxic) 0,-Mn(1V) Y — Y N — X X
Mixed (oxic-anoxic) 0O,-Fe(II1)/SO, Y N — Y Y No data No data
Mixed (oxic-anoxic) 0,-CH4gen Y N — Y N X X
Mixed (anoxic) NO;-Mn(I1V) N Y Y N — X X
Mixed (anoxic) NO;-Fe(IIT)/SO, N Y — Y Y No data No data
Mixed (anoxic) NO;-CH,gen N Y — Y N X X
Anoxic SO, N N — Y Y N N
Mixed (anoxic) Fe(III)-SO, N N — Y Y Y N
Anoxic Fe(II) N N — Y Y Y Y
Mixed (oxic-anoxic) 0,-S0O, Y N — Y Y N N
Mixed (oxic-anoxic) 0,-Fe(III)-SO, Y N — Y Y Y N
Mixed (oxic-anoxic) 0O,-Fe(IlI) Y N — Y Y Y Y
Mixed (anoxic) NO,-SO, N Y — Y Y N N
Mixed (anoxic) NO;-Fe(III)-SO, N Y — Y Y Y N
Mixed (anoxic) NO;-Fe(III) N Y — Y Y Y Y
Water-quality data incomplete
0,>0.5 mg/L Unknown Y No data Nodata  Nodata Nodata No data No data
0,<0.5mg/L Unknown N No data Nodata Nodata Nodata No data No data
OxicOrAnoxic 0,?01NO, No data Y N N Y X X
OxicOrSuboxic 0,?0rSuboxic No data N N N N X X
AnoxicOrMixed(oxic-anoxic) Mn(IV)-0,? No data N Y N — X X
AnoxicOrMixed(oxic-anoxic) Fe(IlI)/SO,-0,? No data N — Y Y No data No data
AnoxicOrMixed(oxic-anoxic) CH,gen-O,? No data N — Y N X X
Mixed(anoxic) Mn(IV)-0,?0r NO;  No data Y Y N — X X
Or(oxic-anoxic)
Mixed(anoxic) Fe(11T)/ No data Y — Y Y No data No data
Or(oxic-anoxic) SO,-0,?0rNO;
Mixed(anoxic) CH,gen-0,?0rNO;  No data Y — Y N X X
Or(oxic-anoxic)
AnoxicOrMixed(oxic-anoxic) SO,-0,? No data N Y Y Y N N
Mixed(anoxic) Fe(III)-SO,-0,? No data N Y Y Y Y N
AnoxicOrMixed(oxic-anoxic) Fe(II)-O,? No data N Y Y Y Y Y
Indeterminate Unknown No data No data Nodata Nodata Nodata Nodata No data
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