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Geohydrology of a Deep-Aquifer System Monitoring-Well
Site at Marina, Monterey County, California

By R.T. Hanson, Rhett R. Everett, Mark W. Newhouse, Steven M. Crawford,

M. Isabel Pimentel, and Gregory A. Smith

ABSTRACT

In 2000, a deep-aquifer system monitoring-
well site (DMW1) was completed at Marina,
Cdliforniato provide basic geologic and
hydrologic information about the deep-aquifer
system in the coastal region of the Salinas Valley.
The monitoring-well site contains four wellsin a
single borehole; one completed from 930 to
950 feet below land surface (bls) in the Paso
Robles Formation (DMW1-4); one 1,040 to
1,060 feet below land surface in the upper
PurisimaFormation (DMW1-3); onefrom 1,410to
1,430 feet below land surface in the middle
Purisima Formation (DMW1-2); and one from
1,820t0 1,860 feet below land surfacein the lower
Purisima Formation (DMW1-1). The monitoring
siteisinstalled between the coast and several deep-
aquifer system supply wellsin the Marina Coast
Water District, and the completion depths are
within the zones screened in those supply wells.
Sediments below a depth of 955 feet at DMW1 are
Pliocene age, whereas the sediments encountered
at the water-supply wells are Pleistocene age at an
equivalent depth.

Water levels are below sealevel in DMW1
and the MarinaWater District degp-aquifer system
supply wells, which indicate that the potential for
seawater intrusion exists in the deep-aquifer

system. If the aquifersat DMW1 are hydraulically
connected with the submarine outcropsin
Monterey Bay, then the water levels at the DMW1
site are 8 to 27 feet below the level necessary to
prevent seawater intrusion. Numerous thick fine-
grained interbeds and confining unitsinthe aquifer
systems retard the vertical movement of fresh and
saline ground water between aquifers and restrict
the movement of seawater to narrow water-bearing
zones in the upper-aquifer system.

Hydraulic testing of the DMW1 and the
MarinaWater District supply wellsindicates that
thetested zoneswithin the deep-aquifer systemare
transmissive water-bearing units with hydraulic
conductivitiesranging from 2 to 14.5 feet per day.
The hydraulic properties of the supply wells and
monitoring wellsaresimilar, even though thewells
are completed in different geologic formations.

Geophysical logs collected at the DMW1
site indicate saline water in most water-bearing
zones shallower than 720 feet below land surface
and from about 1,025 to 1,130 feet below land
surface, and indicate fresher water from about
910 to 950 feet below land surface (DMW1-4),
1,130 to 1,550 feet below land surface, and below
1,650 feet below land surface. Temporal
differences between el ectromagnetic induction
logs indicate possible seasonal seawater intrusion
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in five water-bearing zones from 350 to 675 feet
below land surface in the upper-aquifer system.

The water-chemistry analyses from the
deep-aquifer system monitoring and supply wells
indicate that these deep aquifersinthe Marinaarea
contain potable water with the exception of the
saline water in well DMW1-3. The saline water
from well DMW1-3 has a chloride concentration
of 10,800 milligrams per liter and dissolved solids
concentration of 23,800 milligrams per liter. The
source of thiswater was determined not to be
recent seawater based on geochemical indicators
and the age of the ground water. The high salinity
of this ground water may be related to the
dissolution of salts from the saline marine clays
that surround the water-bearing zone screened by
DMW1-3. The major ion water chemistry of the
monitoring wells and the nearby MCWD water-
supply wells are similar, which may indicate they
arein hydraulic connection, even though the
stratigraphic layers differ below 955 feet below
land surface.

No tritium was detected in samplesfrom the
deep monitoring wells. The lack of tritium suggest
that there is no recent recharge water (Iess than 50
yearsold) inthe deep-aquifer system at the DMW1
site. The carbon-14 analyses of these samples
indicate ground water from themonitoring sitewas
recharged thousands of years ago.

INTRODUCTION

In the Salinas Valley, located in the central
coastal areaof California(fig. 1), extensive agriculture
and subsequent urbanization has resulted in extensive
ground-water development and seawater intrusion
within the upper-agquifer system (California State
Water Resources Board, 1953; California Department
of Water Resources, 1973; Yates, 1988). As aresullt,
local water purveyorsin the Marinaarea have installed
water-supply wellsin the deep-aquifer system to help
meet water-resource needs. Because the hydrogeol ogy
of the deep-aquifer system is not well understood, the
U.S. Geological Survey, as part of a cooperative study
with the Monterey County Water Resources Agency
(MCWRA), drilled Deep Monitoring Well 1 (DMW1)
at a site between the coast and several supply wells

that tap the deep aquifers within the Marina Coast
Water District (fig. 1) (Hanson, 2001). Thiswell,
which includes four separate monitoring wells within
the 2,000-foot-deep borehole, was installed during
April and May 2000.

The purpose of thiswell and the related
investigation wasto help resolve several hydrogeologic
issues regarding the deep-aquifer system that were
identified by local agencies (M. B. Feeney, written
commun., 1999). The hydrogeologic issues include

(1) the continuity or connectivity of the aquifersthat
constitute the deep-aquifer system;

(2) the age of the sediments that compose the deep-
aquifer system;

(3) the mechanism of recharge and age of ground
water in the deep-aquifer system; and

(4) therelation of water pressuresin the deep-aquifer
system to pressures in the submarine outcropsin
Monterey Bay, the presumed source of seawater
intrusion.

To address these issues, geologic, geophysical,
hydraulic, and water-chemistry data were collected
from the DMW1 borehole and monitoring wells to
help answer the following specific questions about the
deep aquifer systemsin the Marina area:

(1) What are the sources of recharge?

(2) To what depth is ground water actively
recharged?

(3) At what rate does ground water move through the
aquifers?

(4) What is the nature of confining units between
aquifers?

(5) What is the source (or sources) of saline water?

(6) How does the chemical composition of surface
waters compare with the composition of ground
waters?

(7) What are the water-quality and chemical
characteristics of the deep-aquifer system?

(8) How do the aquifer systems penetrated by the
monitoring wells correlate with those penetrated
by the nearby deep-aguifer system supply wells?

(9) Are the water-bearing units at site DMW1
hydraulically connected to the water-bearing units
at the water-supply wells?

This report summarizes the geologic and
hydrologic data collected at the DMW1 site, including
possible relations with aquifers penetrated in nearby
deep-aquifer system supply wells. A single
monitoring-well sitewill not provide all the answersto

2 Geohydrology of a Deep-Aquifer System Monitoring-Well Site at Marina, Monterey County, California



these questions, but will provide an initial basis for
devel oping a geohydrol ogic framework of the deep-
aguifer system and will guide further investigations of
the deep-aquifer system in the Marina-former Fort Ord
region of the Salinas Valley.

Description of Study Area

The Salinas Valley isalong, narrow trough
extending about 70 mi northwest from the Monterey
County line toward the southern part of Monterey Bay
(fig. 1). The Salinas River drains an area of about
4,400 mi? in coastal central California.

The climate of the Monterey Bay regionis
characterized as mediterranean, with an average
rainfall of about 22 in. in Watsonvilleand 14 in. in
Salinas and adjacent coastal areas. The rainy season
typically extends from November through April, and
rainfall isgreatest in the nearby mountains. The coastal
climate is mild, and the average annual temperature is
14°C (58°F) in Salinas, California (National Oceanic
and Atmospheric Administration, 2000).

The main population centers in the coastal
region of the Salinas Valley include the city of Marina,
the community of Castroville, Sand City, and the cities
of Seaside and Monterey. The population of Marina
has steadily declined during the last decade from
26,415in 199010 17,471in 1999 (U.S Census Bureau,
2001). The former Fort Ord also was a major
population center near Marina, and its closing may
have contributed to this population decline. Inland, the
city of Salinasrepresentsthelargest urban center inthe
largely agricultural-based Salinas Valley. In contrast to
Marina, the population of Salinas has grown from
108,863 in 1990 to 123,607 in 1999 (U.S Census
Bureau, 2001).

Land and Water Use

The Marina and former Fort Ord region of the
Salinas Valley is amix of agriculture and urban land
and water use (Templin and others, 1996). The main
urban land-use areais the city of Marina, which, along
with the surrounding urban areas, is served by ground
water provided by the Marina Coast Water District
(MCWD) (fig. 2). The surrounding agricultural areas
are served by ground water pumped from individual
wells owned by farmers. Most of the ground-water use
in the vicinity of the DMW1 site isfor urban water

supply.

Until 1982, ground water was pumped from
wells tapping the upper-aquifer system in the Marina
area such as MCWD 9 that was completed to 588 ft
below land surface (bls) in January 1979. By 1982,
salinity and dissolved-solids concentrations were
increasing in the “180-foot” and “400-foot” aquifers,
and in 1983 MCWD completed its first deep-aquifer
system water-supply well, well No. 10 (fig. 2)
(Geoconsultants, Inc., 1983). The successful
completion of thiswell was followed by the
installation of two more deep-aquifer system water-
supply wells, MCWD 11 and 12, in 1986 and 1989,
respectively (Geoconsultants, Inc., 1986, 1989). Three
other deep-aquifer system wells (Fontes No.1,
Mulligan Hill No. 1, and well No. 3, fig. 2) were
previously completed just to the north of Salinas River
between 1976 and 1983.

Geohydrology of the Salinas Valley

The Salinas Valley contains an extensive
aluvia aquifer system bounded by bedrock mountains
(fig. 1) and in part by the Zayante-Vergeles Fault zone
on the northeast and by the fault zone that includes the
Navy-Tularcitos, Chupines, Seaside, and Ord Terrace
Faults (Wagner and others, 2000; Rosenberg, 2001) on
the southwest (fig. 2). The alluvial deposits of the
aguifer system are as great as 2,000 ft thick and are
composed of river and sand dune deposits of Holocene
and Pleistocene age that are underlain by the Aromas
Sand and Paso Robles Formation of Pleistocene age.
The Purisima Formation of Pliocene age underliesthe
Paso Robles Formation and the Aromas Sand. The
Monterey Formation (shale) of Miocene age underlies
the Purisima Formation and is, in turn, underlain by the
granitic basement rocks (Green, 1970). The Monterey
Formation and the granitic basement represent the
relatively impermeabl e bedrock that underlies the
regional aluvia aquifer systems.

In the Marina area, previous investigators
(Geoconsultants, Inc., 1993) have grouped the water-
bearing sediments into an upper- and a deep-aquifer
system. The upper-aguifer system includes the shallow
perched aquifer, the “180-foot” aquifer, the “400-foot”
aquifer, and the “900-foot” aquifer. The Salinas Valley
has undergone extensive ground-water development in
the upper-aquifer system, which islocally composed of
river channel and sand dune deposits of Holocene and
Pleistocene age (Green, 1970). The term “400-foot”
aquifer is extended in some parts of the Salinas Valley,
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Figure 1. Location of deep-aquifer system monitoring-well site in the Salinas Valley at Marina, California.
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such as at Marina, to include sediments to depths as
great as 700 ft bls. The base of the “400-foot” aquifer
was previously delineated as the base of the Aromas
Sand (Green, 1970). The underlying sediments that
compose the basal part of the upper-aquifer system
contain parts of the Paso Robles Formation (Green,
1970) and may locally be designated as the “ 900-foot”
aquifer (Geoconsultants, Inc., 1993).

The geohydrol ogic framework of the deep-
aguifer system in the Marina area remains uncertain
and may represent a transition between terrestrial
Plei stocene-age sediments deposited in reincised
channels along the ancestral Salinas River and shallow
marine-shelf sediments that were aligned with and
bounded by the southwestern side of the Marina
“Trough” (Geoconsultants, Inc., 1993; fig. 3). Previous
investigators delineated the deep-aguifer system asthe
interval between 1,300 and more than 2,000 ft bls
(Geoconsultants, Inc., 1993) of Pleistocene-age
deposits based on data from the MCWD deep-aquifer
system water-supply wells. Quaternary-Tertiary
undifferentiated sediments, which may be the Paso
Raobles Formation (Green, 1970), outcrop west of the
monitoring-well site about 25,500 ft (4.8 mi) offshore
(Wagner and others, 2000) at a depth of about 262 ft
below sealevel (fig. 1). These deposits may be
hydraulically connected to the Paso Raobles Formation
at the DMW1 site. The Purisima Formation crops out
on the southwestern side of the Monterey submarine
canyon about 30,500 ft (5.8 mi) offshore (Wagner and
others, 2000) from the monitoring-well site at a depth
of about 295 ft below sealevel (fig. 2). Additional
geologic investigations, beyond the completion of the
DMW1 site, are needed to establish this stratigraphic
relation.

Approach to Investigation

During the drilling of 2,012-foot-deep multiple-
well monitoring site, DMW!1 (tables 1 and A1.1),
cuttings were collected at regular intervals and cores at
selected depths (appendix 1). Geophysical logs were
run after reaching final borehole depth. Fossils
contained in the cuttings and cores were used to
establish the age of the sediments (appendix 2). Water
extracted from cores from depths below 800 ft and

water sampled from the four monitoring wells were
analyzed for general water chemistry (appendix 3), as
well as constituents that would help determine the
source, age, and movement of ground water in the deep
aquifers. Each of the wellswithin the DMW1 borehole
also was hydraulically tested to determine selected
aquifer properties (table 2). The specific methods of
data collection and analysis are summarized, in
addition to the presentation of the data and results, in
later sections and the appendices of this report.

All of these data and estimates of physical
properties were integrated into a preliminary
interpretation of the geohydrology of the DMW1 site,
based on interpretations of the geologic, hydrologic,
and geochemical conditions of the aquifers at the
DMW!1 site and correlations to conditions at the
nearby MCWD deep-aquifer system water-supply
wells. Because this study islargely limited to data
obtained from one monitoring-well site, no broader or
more detailed interpretations of the regional geology
and hydrology for the coastal regions of the Salinas
Valley were made as part of this study.
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Figure 3. Well construction and lithology for the deep-aquifer monitoring well and selected nearby water-supply wells, Marina, California.
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GEOHYDROLOGIC DESCRIPTION OF DMW1

The deep-aquifer system monitoring well
(DMW1) siteislocated at the former wastewater-
treatment facility and current (2000) offices of the
MarinaWater District at Marina State Beach (fig. 1),
and is approximately 55.6 ft above sealevel. The site
contains four separate wellsin a single borehole, each
screened at a different depth below 800 ft and
corresponding to the interval screened in a nearby
MCWD deep-aquifer system water-supply wells. A
schematic of the wells and the lithology of the DMW1
site are shown in figure 3, and general well
construction information is provided in table 1. Water
levelsrange from 58 to 73 ft bls. These water levelsare
all below sealevel.

The DMW!1 site includes a 14-inch-diameter
stedl casing installed to 98 ft blsin a 21-inch-diameter
borehole and sealed from the bottom with cement as
required by the well permit from the County of
Monterey. A tightly fitting 10-inch-diameter polyvinyl
chloride (PVC) casing wasinstalled to a depth of
400 ft bisto help sedl off the saline zones in the upper
aquifer system. Within the screened interval of the
monitoring wells, the borehole diameter varies from
97/8to 7 7/8 inch, depending on the depth of the well.
Monitoring wellsDMW1-2, -3, and -4 are 2 inch inner
diameter, schedule 80 PV C, each with a 20 foot,

1.2 x 0.02 inch slotted screen near the bottom. Well
DMW1-1 is 3 inch diameter, schedule 80 PV C with a
40-foot screen near the bottom. The screened interval
of each monitoring well is sand packed with a mixture

of coarse aquarium and number 3 Monterey sand, and
bentonite pressure-grout seals separate the sand packs.

Geologic Data

The geologic data indicate multiple layers of
coarse- and fine-grained sediments throughout the
depth of thewell (fig. 3). However, these layers are not
homogeneous, as evidenced by the cores (fig. 4).
Layers of fine-grained deposits increase in occurrence
below adepth of 700 ft (fig. 3). Marine sediments,
which areindicated by drill-cutting samples that
contain shell fragments, start at about 1,005 ft bls and
are present intermittently to 1,920 ft bls (table A1.1).
Calcite crystals also are in the drill cuttings between
1,560 and 1,810 ft bls and may represent excess
dissolved calcite that precipitated from pore water as
the cuttings dried during storage.

A major changein color and type of sediments
occur at 955 ft bls. In general, drill cuttings above
955 ft are a characteristic buff-to-tan color that contain
no shell fragments, indicating that the sediments were
deposited on land. Below 955 ft the deposits change to
gray and contain shell fragments, indicating they were
deposited in the ocean (table A1.1). The core
photographs show that a major transition in color
occurs between core 5 (937-942 ft bls) and core 7
(1,102-1,107 ft bls) (figs. 4, A3.1in Appendix 1). Core
6 (1,042—1,046 ft bls) may represent a transition from
land to ocean deposits; drill cuttings from 955 to 1,050
ft bls are characterized by tan-to-buff color and the
presence of shell and wood fragments. The remaining
cores represent sediments deposited in the ocean: The

Table 1. Summary of well completion for the deep-aquifer system multiple-well monitoring site, Marina, California

[ft., foot; bls, below land surface]

[Well siteislocated at latitude 36°41°57” and longitude 121°48"’ 27", NAD 1927]

Depth to Altitude of
L Depth to top of Depth to hottom P water
ocal well State well . . water
perforations  of perforations (ft above
name number (ft bls)
(ft bls) (ft bls) 16/13/00 sea level)
[6/13/00]
DMW1-4 1491E-24L5 930 950 58.6 -3.0
DMW1-3 1491E-24L4 1,040 1,060 73.0 -17.4
DMW1-2 14S/1E-24L3 1,410 1,430 56.4 -8
DMW1-1 14S/1E-24L2 1,820 1,860 725 -16.9
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Figure 4. Cores 1to 19 from the deep-aquifer system monitoring-well site, Marina, California.
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Core7 Core 8 Core 10 Core 11 Corel2 Core 13
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Figure 4.—Continued.
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Figure 4 —Continued.
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material of cores 7 (1,102-1,107 ft bls) through 18
(1,732-1,737 ft bls) have an olive-gray color; the
deepest core, core 19 (1,992-1,997 ft bls), has a green-
gray color suggesting sediment depositionin a
chemically reducing marine environment. Although
weathered fragments of the Monterey Formation were
encountered in some drill-cutting samples, the shales
of the Monterey Formation were not penetrated to the
total drilled depth of 2,012 ft at the DMW1 site.

Geophysical Data

The geophysical logging yielded additional
information about the distribution of aquifers, fine-
grained interbeds and confining units between
aquifers, the relation of water quality with respect to
depth, and the nature of ground-water flow and
seawater intrusion. The following summaries identify
the geologic and hydrol ogic features determined from
the geophysical data collected at the DMW1 site (figs.
5,6, 7, 8). These dataare summarized infigure 5 along
with the related stratigraphic and aquifer-system
layering that was determined from these data (see the
“Hydrostratigraphy of DMW1 Site” section of this
report).

Geophysical logging was completed in the open
borehole after the site was drilled, and additional logs
were completed after well completion. The logs
completed after drilling include caliper, bulk-natural
gammaray, 16-inch and 64-inch resistivity, self-
potential resistivity, electromagnetic conductivity
(EM), borehole inclinometer, temperature, and
acoustic (figs. 5 and 6). Additional logs completed
after well completion include multi-spectral natural
gammaray (fig. 7), EM (fig. 8), downhole shear-wave
velocity (James Gibbs, U.S. Geological Survey,
written commun., 2000) and temperature (Collin
Williams, U.S. Geological Survey, written commun.,
2001).

The figures shown in this report represent the
final set of geophysical logs completed after drillingin
May 2000 (figs. 5 and 6). Additional logs were
completed in November 2000 to help assess the
stratigraphy and the potential for seawater intrusion
(figs. 7 and 8). The borehol e inclinometer log indicates
that the final drill holeisrelatively vertical with

maximum inclinations of lessthan 1 degree to a depth
of about 1,400 ft blsand less than 2 degreesfrom 1,400
to 2,000 ft bls.

The bulk-natural gamma-ray logs are used to
help locate low permeability silt and clay layers that
may be difficult to determine from conventional
electric logs where saline water is present. These silt
and clay layers represent potential confining units
between aquifers. The bulk-natural gammaray and EM
logs and drill cuttings (fig. 5) indicate that substantial
confining units occur from 100 to 110 ft, 330 to 410 ft,
480 to 550 ft, 660 to 710 ft, 720 to 910 ft, 950 to 1,030
ft, 1,060to 1,170 ft, 1,380 to 1,400 ft, 1,430 to 1,700 ft,
and 1,900 to 1,980 ft. These confining units are
commonly very thickly bedded; below 1,005 ft they are
marine fine-grained deposits that are typically saline
and contain shell fragments (table A1.1). The bulk-
natural gamma-ray log also shows seven distinctive
peaks that may represent beds that can be used for
future stratigraphic analysis of the aguifer systemsin
the Salinas Valley. These beds potentially represent
chronostratigraphic markers that may correspond to
stratigraphic layers at other well locations. The seven
gamma peaks occur from 100 to 110 ft, 958 to 962 ft,
990 to 997 ft, 1,010 to 1,020 ft, 1,060 to 1,070 ft, 1,240
to 1,245 ft, and 1,685 to 1,700 ft bls (fig. 5). In
addition, the multi-spectral gamma logs indicate that
the shallowest gamma spike, at about 100 ft bls, is
relatively enriched in thorium, whereas the spikes at
about 1,025 and 1,075 ft bls are relatively enriched in
potassium and uranium (fig. 7). These differences
suggest adifferent origin in the radiogenic constituents
that may represent a different origin for the clay layers.

The combination of spontaneous-potential,
short- and long-normal resistivity, bulk-natural gamma
ray, and EM logs (figs. 5 and 8) were used to identify
the relative quality of water within aquifer zones.
Lower resistivity in sandy zones (from drill cuttings
and cores), combined with lower gamma-ray activity
and higher EM conductance (figs. 5 and 8), indicates
saline water in most water-bearing zones shallower
than 720 ft bls and from about 1,025 to 1,130 ft bls
(fig. 8). Whereas, higher resistivity in sandy zones,
combined with relatively lower gamma-ray activity
and lower EM conductance, indicates fresher water
from about 910 to 950 ft bls (DMW1-4), 1,130 to
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Figure 5. Lithology and geophysical logs for the deep-aquifer system monitoring-well site, Marina, California.
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Figure 6. Acoustic and borehole inclinometer geophysical logs for the deep-aquifer system monitoring-well site, Marina, California.
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Figure 7. Multi-spectral natural gamma ray geophysical logs for the deep-aquifer system monitoring-well site, Marina, California.
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1550 ft bls, and below 1,650 ft bls. Potentially saline
marine silt and clay layers occur at depths from about
1,025 to 1,130 ft bls and from 1,550 to 1,700 ft bls.
(fig. 5).

Changesin water quality and especially
seawater intrusion can be effectively monitored with
the periodic acquisition of EM logs and water-quality
samples. For example, the curvilinear relation (fig. 9)
between log-chloride concentrations from pore-water
samplesand log-EM demonstratesthat the EM appears
to be more related to additional chloride concentration
above aconductivity of about 150 mmho/m (millimhos
per meter). The two sets of EM logs (fig. 8), May 27
and November 17, 2000, indicate ground water with
some degree of salinity to about 1,180 ft bls. Based on
differencesin EM conductivity between the two logs,
some changes in water quality probably occurred
between May and November. In this report, peaks
greater than 150 mmho/m in the EM-difference log
were used to identify potential zones of increased
salinity. As shown on figure 8, increases in salinity
occur in five very narrow and discrete zones between
350 and 400 ft, at about 500 ft, and between 630 and
675 ft. The largest differences occur in the shallowest
zone between 350 and 400 ft and may represent a
small amount of seasonally driven seawater intrusion
in the basal coarse-grained units of the “400-foot”
aquifer. There are additional differences of less than
150 mmhao/m in the EM-difference log from 675 to
700 ft and from 1,025 to 1,100 ft. However, synoptic
water-chemistry samples combined with EM logs are
needed to determine if these differences are increases
in salinity dueto chloride.

Paleontologic Data

Micro-fossil analyses of samples from cores
and drill cuttings (appendix 2); (Kristin McDougall,
U.S. Geologica Survey, written commun., 2001)
indicate that sediments from 1,152 to 1,660 ft bls are
Pliocene in age and correspond to the Purisima
Formation. These micro-fossils aso indicate a marine
shelfal environment on the deeper part of a
submergence depth of 0 to 150 ft below sealevel. The
fine-grained mudstone of core 7 (1,102 to 1,107 ft bls
may represent the younger part of the upper Purisima
Formation. These micro-fossils appear to be distinctly

different assemblages from the groups examined by
Ingle (1985, 1986, 1989) from the MCWD water-
supply wells 10, 11, and 12. These results suggest that
the monitoring well and the water-supply wells
penetrate sediments of different age and different
depositional environment.

Mega-fossil identification (appendix 2; Charles
Powell, U.S. Geological Survey, written commun.,
2001) indicates that the sediments cored from DMW1
at adepth of about 1,317 ft bisaretypical of the marine
sediments of the Purisima Formation of Pliocene age
(appendix 2). The identification of the two mega-fossil
samples from cores 7 and 13 could not be used for a
definitive geologic age or determination of the
sedimentary environment. However, Powell (appendix
2) indicates that fossils from cores 7 and 13 are similar
to those from the Purisima Formation. In addition, the
identification of Anadara trilineata from core 14
(1,317 to 1,322 ft bls) indicates an age of late Miocene
to late Pliocene and a marine environment of typical
water depths of 0 to 150 ft below sealevel. Thisfossil
is common in the Purisima Formation.

Hydrostratigraphy of DMW1 Site

The hydrostratigraphy represents the geologic
and hydrologic data collected at the DMW1 site. In
addition, this hydrostratigraphy is part of the broader
geohydrologic framework of the ground-water
resources that represent the features of the Salinas
Valley. The data from the DMW1 site has provided
new information regarding the geol ogic and hydrologic
relations of the aguifer systemsin the Marina area of
the Salinas Valley.

The upper-aquifer system at the DMW1 sitewas
identified as the six depth-sequential agquifer-system
units within the nonmarine sediments that extend to a
depth of 955 ft bls, which is the base of the Paso
Robles Formation (fig. 5). The upper-aquifer system
constitutes the shallow perched aguifer in the dune
sand, the“ 180-foot” and the “400-foot” aquiferswithin
the older valley-fill alluvium and upper Aromas, and
the “900-foot” aquifer in the lower Aromas and Paso
Robles Formation (fig. 5). Though these depth-
sequentia aquifer-system units are referred to here as
“aquifers,” they generally constitute heterogenous
assemblages of fine- and coarse-grained deposits.
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The deep-aquifer system at the DMW1 siteis
probably all within the Purisima Formation. The
deep-aquifer system isidentified in DMW1 asthe
aguifers within predominantly marine sediments that
extend from the base of the Paso Robles Formation
from a depth of 955 ft to more than 2,012 ft bls. Mega-
fossil identification indicates that the sediments cored
from DMW1 at adepth of about 1,317 ft blsaretypical
of the marine sediments of the Purisima Formation of
Pliocene age (appendix 2). Micro-fossil identification
also confirms that these deposits are from the Purisima
Formation of Pliocene age (appendix 2). The
geophysical logs from the DMW!1 site indicate four
groups of layers of sediment between 955 and 2,012 ft
bls, which probably represent several erosional and
depositional cycles within the Purisima Formation.

The geophysical and geologic data collected
from this study has enabled the identification of
10 hydrostratigraphic units at the DMW1 site (fig. 5)
that were modified from the preliminary classification
by Green (1970).

UPPER-AQUIFER SYSTEM

(2) Oto 80 ft bls—The dune sands of Holocene age
may represent an extension of the Salinas
Valley perched “A” aquifer that is bounded
below by the Salinas Valley Aquiclude
(Tindley, 1975; Andrew Fisher, University of
Cdlifornia at Santa Cruz, written commun.,
2002)

(2) 80 to 180 ft bls—The “180-foot” aquifer
composed of valley-fill alluvium of Holocene
to Pleistocene age.

(3) 180to 250 ft bls—The water-bearing units between
the “180-foot” and the “400-foot” aquifers,
which may be composed of additional valley-
fill alluvium of Holocene to Pleistocene age.

(4) 250 to 450 ft bls—The upper part of the “400-foot”
aquifersis composed of water-bearing sands
and gravels, which may be equivalent to the
upper Aromas Sand of Pleistocene age.

(5) 450to 670 ft bls—The lower part of the “400-foot”
aquifer is predominantly composed of water-
bearing sands, includes athin basal gravelly
sand, and may represent the lower Aromas
Sand of Pleistocene age.

(6) 670 to 955 ft bls—The basal part of the upper-
aquifer system (also referred to as the “900-
foot” aguifer in the Marina area) may

represent the terrestrial deposits of the Paso
Robles Formation of late Pliocene to
Pleistocene age. The shallowest monitoring
well, DMW1-4, is screened at the bottom of
this layer.

DEEP-AQUIFER SYSTEM

(7) 95510 1,380 ft bls—The upper PurisimaFormation
of Pliocene age was identified by micro- and
mega-fossils; the first shell fragments were
encountered at 1,005 ft bls (appendix 2). The
interval 1,030-1,045 ft blsis one of the few
water-bearing unitsin this zone (bounded by
silt and clay layersidentified by natural
gamma spikes 4 and 5 in figure 5); well
DMW!1-3 is screened in the zone bounded by
the more radiogenic fine-grained layers. The
interval 1,345-1,360 ft blsisanother potential
water-bearing zone in the upper Purisima
Formation.

(8) 1,380 to 1,700 ft bls—The middle Purisma
Formation is predominantly fine-grained
marine deposits. On the basis of theresistivity
log (fig. 5), the top of this unit isaregressive
sequence (upward coarsening of sediment
grain size) where the well DMW1-2 is
screened in the water-bearing sediments near
the top of this unit.

(9) 1,700 to 1,975 ft bls—The lower Purissima
Formation is predominantly composed of
sands. The deepest monitoring well,
DMW1-1, is screened near the middle of this
water-bearing unit.

(10) 1,990t0 2,012 ft bls—Thisinterval ispossibly part
of the lower Purisima Formation. The unit is
composed of silts and fine-grained sands of
dark greenish gray to olive gray color that
may be awater-bearing unit that is separate
fromunit 9.

HYDRAULICS

The DMW1 monitoring site provides
information on water levels and aquifer properties of
the deep aquifer system. The water levels, water-level
differences between aquifers, and relation to offshore
equivalent freshwater heads are all aspects of pressure
within the aquifer system that help assess the potential
for seawater intrusion and intraborehole flow in the
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deep-aquifer system. Estimates of hydraulic
conductivity from slug tests of monitoring wells and
their relation to aquifer tests of the deep-aquifer
system water supply wells provide some comparison
of hydraulic transmission properties of the deep-
aquifer system.

Water-Level Measurements

The water-level atitudes for the deep-aquifer
system monitoring wellsat DMW1 are 1 to 18 ft below
sealevel (table 1). Therefore, if these aquifers are
connected to the submarine outcrops of the Paso
Raobles and Purisima Formations in Monterey Bay
(fig. 2), then the potential existsfor seawater intrusion.
The water-level atitudes required to prevent landward
flow of seawater (seawater intrusion) at the submarine
outcrops were estimated by dividing the depth of
seawater above the top of the submarine outcrop by 40
(density ratio between saltwater and freshwater). On
the basis of this relationship, awater-level atitude of
at least 6.6 ft above sealevel isneeded to prevent
seawater intrusion in the aquifers of the Paso Robles
Formation, and at least 7.4 ft above sealevel is needed
to prevent seawater intrusion in the aquifers of the
Purisima Formation. Therefore, water levels at the
DMW1 site are 10 ft below the level that would be
needed to prevent seawater intrusion in DMW1-4
(screened in the Paso Robles Formation) and 8 to 27 ft
below the level that would be needed to prevent
seawater intrusion in DMW1-1,2,3 (screened in the
Purisima Formation).

Water levelsin the supply wells MCWD 9, 10,
and 11 have been below sealevel since they were
completed and, except for initial water levels after
installation, water levelsin MCWD 12 also have been
below sealevel (Lauren Howard, MCWRA, oral
commun., 2001). This suggests alandward hydraulic
gradient from the offshore outcrop to the supply wells,
which provides the potential for the landward flow of
seawater and seawater intrusion. Additional water-
level measurements are needed to determine the
hydraulic connection between the supply and
monitoring wells.

The depth-to-water measurements made in the
four monitoring wells after completion of the

monitoring site range from 56 ft bls for well DMW1-2
to asmuch as 73 ft for thewellsDMW1-1, -3 (table 1).
Thisresultsin awater-level difference of as much as
16 ft between these monitoring wells. On the basis of
the water-level differences measured in the wells at the
DMW1 site, intraborehol e flow could occur in water-
supply wells for wells screened across these water-
bearing units.

Hydraulic Properties

Estimates of hydraulic conductivity for the
deep-aquifer system at the monitoring wells were
obtained using pressure-pulse “dug tests.” Thistest is
very useful in small diameter wells that have a small-
screened interval. Unlike longer-term tests, the results
are based on very small changesin water level
measured over very short periods and, therefore,
represent the hydraulic response from only a small
volume of aquifer material adjacent to the well screen.

Between 24 and 30 slug tests were performed
on each of the four monitoring wells. Slug test results
were analyzed with Aqtesolv 2.01 computer software
(Duffield and Rumbaugh, 1991) using the Cooper-
Bredehoeft-Papadopulus (Cooper and others, 1967)
method. The method was used to solve for values for
transmissivity on the basis of an assumed value of
specific storage. Two values of specific storage were
used, 1x107° ft* and 1x107° ft*, that are typical of
specific storage values estimated for other deep coastal
aquifers (Hanson and Nishikawa, 1996). For each test,
the lower specific-storage value resultsin a
transmissivity of about 22 to 25 percent higher than the
larger specific-storage value. Resulting estimates of
transmissivity were divided by the screened interval to
calculate hydraulic conductivities (table 2). The
geometric mean of estimates for each well yields
values of hydraulic conductivities that ranged from
2 ft/d (foot per day) at well DMW1-4 to 14.5 ft/d at
well DMW1-1 (table 2).

The hydraulic conductivities of the monitoring
wells are bounded by the estimates from aquifer tests
and from tests of side-wall coresfrom the supply wells,
even though the monitoring and supply wells are
completed in different geologic formations. Aquifer
tests of the supply wellsyielded estimates of
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Table 2. Summary of slug-test estimates of hydraulic properties for the deep-aquifer system monitoring-well site Marina, California.

[Geometric-mean values shown are based on an assumed range in specific-storage values of 1x10° to 1x10° ft%: ft bls, feet below land surface; ftd, foot

squared per day; ft/d, foot per day]

Local well Depth to t'op of Depth to bo-ttom Transmissivity Hydrau'lif: Number
name perforations of perforations (#/d) conductivity of tests
(ft bls) (ft bls) (ft/d)
DMW1-4 930 950 48-40 2420 24
DMW1-3 1,040 1,060 276224 13.8-11.2 29
DMW1-2 1,410 1,430 152-124 7.66.2 28
DMW1-1 1,820 1,860 580464 145-11.6 30

transmissivity and hydraulic conductivity
(transmissivities divided by thetotal screened interval)
of 4,070 ft?/d (foot squared per day) and 25.4 ft/d for
MCWD 10, 3,280 ft¥d 2) and 16.4 ft/d for MCWD 11;
and 3,970 ft/d and 16.5 ft/d for MCWD 12
(Geoconsultants, Inc., 1983, 1986, 1989, 1993).
Additional estimates of hydraulic conductivity were
inferred from tests on the sidewall core collected
during drilling of the supply wells (Geoconsultants,
Inc., 1989). Estimates range from 4.6 ft/d at 842 ft bls
to 0.6 ft/d at 1,460 ft blsin MCWD 10; and from 7 ft/d
at 1,536 ft bisto 1 ft/d at 1,436 ft bls.

WATER CHEMISTRY

Water from the DMW1 site was compared with
water from nearby upper-aquifer supply well MCWD
9 and deep-aquifer system supply wells MCWD 10,
11, and 12 to hel p identify the chemical characteristics,
the source, age, and movement of ground water, and
the potential for seawater intrusion in the deep aquifer
in the Marina area. The sampling and analysis
included physical attributes, mgjor ions and nutrients,
selected trace e ements, and selected stable and
unstable isotopes. The four wellsat DMW1 were
sampled June 23-25, 2000. Analytical results are
summarized in appendix 3 (table A3.1). Comparisons
are made with water from MCWD supply wells 9, 10,
11, and 12 sampled in 1995, 1997, and 2000 (C. Moss,
Monterey County Water Resources Agency, written
commun., 2000) and the average chemical
composition of seawater (Hem, 1985). Selected
chemical analyses of pore water extracted from
selected cores at DMW1 also are summarized in
Appendix 3 (table A3.2).

Chemical Characteristics of Water from
Monitoring and Supply Wells

Chemical analyses of water samples from the
DMW1 wells indicate potable water-bearing unitsin
the deep-aquifer system, with the exception of the
saline water from DMW1-3. The chloride
concentrations in samples fromDMW1-1, -2, and -4
and water-supply wellsrange from 45 to 180 mg/L and
the total dissolved solids range from 304 to 610 mg/L.
The dissolved solids concentration of water from
DMW1-1 (610 mg/L) exceeds the secondary
maximum contaminant level (SMCL) of 500 mg/L
(U.S. Environmental Protection Agency, 2000). The
water from well DMW1-3 contains chloride
concentrations of 10,800 mg/L, dissolved solids
concentration of 23,800 mg/L, sulfate concentrations
of 1,510 mg/L, and manganese concentrations of 0.39
mg/L. This water exceeds the SMCL for chloride (250
mg/L), dissolved solids (500 mg/L), sulfate (250
mg/L), and manganese (0.05 mg/L).

Water from the DMW1 monitoring wellslacked
dissolved oxygen and had atrace odor of hydrogen
sulfide, noted during sample collection, indicating that
the waters from these wells are under reduced
conditions. If shallower ground waters are oxygenated,
then mixing of these waters may result in the
precipitation of minerals on well screens, within gravel
packs and aquifer pore spaces, or within agricultural
soils or water-supply transmission pipes.

Trilinear diagrams (Piper, 1944) were used to
classify the major-ion chemistry of water from
monitoring wells at DMW1 and water-supply wells
MCWD 9, 10, 11, and 12. Such diagrams are useful for
grouping major-ion data and for interpreting mixing
and other chemical reactions that occur along flow
paths through aquifers. The water samples from the
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DMW1-4 and DMW1-2 wells are a sodium-
bicarbonate water, water from the DMW1-1 well isa
sodium-chloride water, and water from the DMW1-3
is a calcium/magnesium-chloride water. The sample
from well DMW1-3 isrelatively high in chloride,
similar to seawater, but is proportionally higher in
calcium and magnesium than is seawater (fig. 10).

The water samples from the nearby deep water-
supply wells appear to be a mixture of the water types
sampled from the three non-saline monitoring wells
(DMW1-1, -2, and -4) (fig. 10), which form a
“chemical triangle” surrounding the samples from
water-supply wells. The sides of this chemical triangle
represent the lines of simple mixing between the
monitoring-well compositions. Assuming that the
supply wells are a mixture of the water from the
monitoring wells, figure 10 can be used to determine
source(s) of water. Asshowninfigure3, MCWD 9is
screened solely in the upper-aquifer system, MCWD
10 and 11 are screened in the lower part of the upper-
aquifer system and parts of the deep-aquifer system,
and MCWD 12 is screened solely in the deep-aquifer
system.

Water from MCWD 9in 1995 issimilar to
water sampled from monitoring well DMW1-4, which
is screened in the base of the upper-aguifer system.
The 1997 and 2000 samples from MCWD 9 (14S/2E-
31K?2) show asmall increase in calcium, magnesium,
and chloride that may represent mixing with another
source of ground water (fig. 10). Water from MCWD
10 and 11 also plot near DMW1-4. Both of these wells
have perforations in the upper-aquifer system at the
same elevation as DMW1-4. MWCD 11 well also may
be receiving a small percentage of water from the
lower screen, which isat asimilar elevation as the
screen of well DMW1-2 (figs. 3 and 10).

Water from the deepest supply well (MCWD
12) appears to be a mixture of water sampled from the
two deepest monitoring wells (DMW1-1 and
DMW1-2) (fig. 10). The screened interval of MCWD
12 spans the screened intervals of DMW1-1 and -2,
which may explain the similarity of water types. These
results suggest that wells that are screened opposite
both the upper- and deep-aquifer systems obtain most
of their water from the upper-aquifer system.

Comparison of 1995, 1997, and 2000 data from
the supply wells show some changes in chemical
characteristics. Water from supply wellsMCWD 9 and
11 show increased chloride in 1997 compared to 1995

and 2000. This may indicate mixing with amore saline
source other than that represented by the three non-
saline monitoring wells (DMW1-1, -2, and -4).
Samples from the deepest water-supply well,

MCWD 12, show few to no changesin major
chemistry for the 6-year period (1995 to 2000). Depth-
dependent samples and wellbore flowmeter logs from
the water-supply wells would be needed to apportion
the amounts of inflow and related chemical |oads from
the major contributing water-bearing units (1zbicki and
others, 1999; Gossell and others, 1999). Additional
isotope and depth-dependent samples from water-
supply wells and other monitoring wells also will help
to further delineate the association, source, movement,
and age of ground waters from the agquifer systems of
the Salinas Valley.

Source, Age, and Movement of Ground Water

The source, age, and movement of ground water
in the deep-aquifer system can be delineated, in part,
from the chemical and isotopic characteristics of the
deep-aquifer system and the potential “end-members’
represented by waters from nearby surface-water sites
and upper-aquifer-system wells in the Salinas Valley
(Vengosh and others, 2002).

Theanion ratio of chloride-to-boron was used to
infer possible sources of ground water in the deep-
aquifer system. Plots of chloride-to-boron ratios
against chloride indicate that water in the deep-aquifer
system at DMW1 are enriched in chloride, relative to
boron with respect to surface water from the Salinas
River, Lake Nacimiento, and Lake San Antonio in the
Salinas Valley (labeled as surface water on fig. 11A).
Additionally, the relation of chloride-to-boron ratios to
boron in water from the shallowest well (DMW1-4)
and the monitoring well DMW1-2 are similar to each
other and to samples from some upper-aquifer system
wells (fig. 11A) in the Salinas Valley. The chloride-to-
boron ratiosinfer that ground water from some parts of
the upper- and deep-aquifer systemsin the Salinas
Valley may have asimilar source of recharge. The
chloride-to-boron ratios for the deepest monitoring
well, DMW1-1, and for DMW1-3 are enriched in
chloride, relative to boron. These ratios bracket the
range of upper-aquifer system wells that are identified
as having some seawater intrusion (fig. 11A). Possible
sources for higher chloride-to-boron ratios and
chloride concentrations in these wells may be excess
chloride from seawater intrusion or from dissol ution of
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chloride in sediments. While some boron can be
removed from ground water through adsorption (Rai
and Zachara, 1984), the high chloride concentrations
of the pore waters from core 7 (appendix 3) suggests
that increased chlorides from the dissolution of
chloride from marine sedimentsis alikely cause of
increased chloride-to-boron ratios.

Oxygen (delta-**0) and deuterium (delta-D) are
stable isotopes al so used to provide information on the
source and mixing of the ground water (see Stable
Isotopes in appendix 3). In the Salinas Valley, the
range in isotopic composition of water from wells
completed in the upper- and deep-aquifer systems
indicates that there have been different sources or
different climatic conditions during recharge of the
aquifers underlying the Salinas Valley (fig. 12). The
i sotopic composition of water from the perched aquifer
in Salinas Valley (Vengosh and others, 2002) (fig. 12)
and water from wells in the upper-aquifer system (the
“180-foot” and “400-foot” aquifers) of the Salinas
Valley plots near the meteoric water line and close to
the average isotopic composition of precipitation at
Santa Maria, California. This suggests that the upper
aquifer may be recharged by water that is similar to
recent precipitation. The isotopic composition of all
samples from the deep-aquifer system monitoring
wellsin the Salinas Valley plots below the meteoric
water line and with the exception of DMW1-3, is
lighter (more negative) than wells sampled from the
upper aquifer system (fig. 12). This suggests that the
deep-aquifer system in the Marina area was not
recharged under current climatic conditions.

The strontium-87/86 stable isotope ratio can be
used to determine the origins of strontium in a system
and the related sediments of the aquifers (see Stable
I sotopes in appendix 3). Strontium in selected ground-
water samples from Salinas Valley, including deep-
aquifer system monitoring wells DMW1-2 and
DMW1-4 (fig. 13A), appear to be partitioned abovethe
strontium ratio of 0.7082 for coastal Californiagranitic
rocks (Faure and Powell, 1972), indicating a source of
sediments for the aquifer in the Salinas valley that is,
in part, granitic—possibly derived from the granitic-
bedrock mountains that bound parts of the aluvial
basin. However, the strontium ratios for samples from
DMW1-1 and DMW1-3 plot below theratio for
coastal Californiagranite (fig. 13A, table A3.1), which
may indicate a different source for the sediments for
these aquifers. In contrast to all other water samples,

the sample from DMW1-3 exceeds the strontium
concentration of recent seawater. The strontium
isotopes, which indicate that the DMW1-1 and
DMW1-3 wells are completed in different sediments
than wellsDMW1-2 and DMW1-4, are consistent with
the differences in chloride-to-boron ratios (fig. 11).

On the basis of tritium and carbon-14 analyses,
the water samples from the DMW1 monitoring wells
represent old ground water. Ground-water samples
from the deep-aquifer system monitoring-well site at
DMW1 do not contain detectable amounts of tritium,
indicating that these ground waters were recharged
prior to 1952. Inorganic carbon-14 activities of water
from the DMW1 wells in percent modern carbon are
4.0 percent for DMW1-1, 6.5 percent for DMW1-2,
2.8 percent for DMW1-3 and 2.1 percent for DMW1-4
(tableA3.1). These percentages of modern carbon were
adjusted for initial waters and represent corrected ages
of about 25,000 years before present for
DMW1-1, 21,000 years before present for DMW1-2,
28,000 years before present for DMW1-3, and
29,000 years before present for DMW1-4. These
estimated ages are interpretive and subject to
considerable uncertainty. Davis and Bentley (1982)
estimated that errorsin carbon-14 ages may be as
much as 100 percent. Even considering this
uncertainty, the results indicate that these ground
waters were probably recharged thousands of years
before present. Additional geologic and geochemical
investigations are needed to determine whether the
deep-aquifer system beneath the SalinasValley is
being actively recharged.

Seawater Intrusion and Saline Ground Water

Hydraulic data at the monitoring and supply
wellsindicate the potential for seawater intrusion. The
deep monitoring well DMW1-3 contains high
concentrations of chloride that may indicate seawater
intrusion has already occurred. Seawater intrusion is
the landward inflow of seawater from the ocean
through the submarine outcrops of the aquifer systems.
Seawater intrusion can include the inflow of both
recent and older seawater. For the purposes of this
study, intrusion of recent seawater is defined as
seawater that has entered the aquifer within the last
50 years and typically contains some measurable
tritium. Potential sources of chloride other than
seawater can include high-chloride water from partly
consolidated marine deposits, igneous rocks with high
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chloride concentrations, and irrigation-return water
from shallow unconfined aquifers.

Geochemical indicators were used in this study
to identify the possible sources of the high chloridein
the ground water, including percentages of common
major and minor constituents, anion ratios, and stable
and unstabl e isotopes. These indicators infer the
relation of ground-water samples to recent average
seawater composition and, when combined with other
data, help identify the source of high-chloride water.
lodide, boron, bromide, and barium have been used in
previous studies to determine the origin of ground
water in coastal areas where seawater, high-chloride
water from partly consolidated marine deposits, and
irrigation-return water from shallow unconfined
aguifers may contribute to increasing chloride in wells
(Piper, Garrett, and others, 1953). Graphical
techniques that normalize changes in trace-element
concentrations to changes in concentrations of
conservative (nonreactive) tracers are useful in the
interpretation of the source of the waters represented
by these data.

Major and minor ions and trace elementsin
water from DMW?1 (appendix 3) were compared to
seawater. Chloride was 10,800 mg/L in DMW1-3,
whichisabout 57 percent of the average concentration
of seawater (Hem, 1985). lodide, which averages
about 0.06 mg/L in seawater, ranged from 0.06 mg/L
in the deepest monitoring well (DMW1-1) to 0.19
mg/L in the shallowest (DMW1-4). DWM 1-3 had the
highest concentration of boron, about 0.25 mg/L, but is
about 6 percent of the average concentration of
seawater. Barium ranged from about 102 percent in
DMW1-2 to about 1,200 percent of seawater in
DMW1-3. Strontium was 1.9 mg/L and bromide was
39.1 mg/L inwell DMW1-3, or about 250 percent and
about 50 percent of the average concentrationsin
seawater, respectively. Therefore, the saline water from
DMW1-3 is depleted in boron and bromide and
enriched in iodide, barium, and strontium, relative to
the average concentration of seawater. The enriched
barium and depleted boron concentrations suggests
that seawater is not the source of the high-chloride
water from DMW1-3.

Core 6 (1,042-1,047 ft bls) samples (table
A3.1) the upper sediments screened in monitoring-
well DMW1-3 (1,040-1,060 ft bls), and its pore water
has a chloride concentration of 1,300 mg/L (equivalent
to 7 percent of the chloride concentration of seawater).

Core 7 (1,102-1,107 ft bls) samples (table A34.1) of
the fine-grained marine sediments beneath the
screened interval of DMW1-3, and its pore water hasa
chloride concentration of 9,800 mg/L (equivalent to 52
percent of the chloride concentration of seawater). This
percentage is comparable to the 57 percent of chloride
from the DMW1-3 sample. These results suggest that
fine-grained marine sediments, like those sampled in
core 7, may be the source of salinity-to-water in
DMW1-3. Relative to seawater, the saline water in
DMW!1-3 has ratios of chloride-to-boron, chloride-to-
iodide, and chloride-to-bromide (fig. 11A, B, C),
collectively indicating that the water is enriched in
iodide, depleted in boron, and similar in bromideto the
ratios found in seawater. A plot of chloride-to-boron
ratios against chloride indicates that the high chloride
water from DMW1-3 has almost an order of magnitude
higher chloride-to-boron ratio than seawater. A plot of
chloride-to-iodide ratios against chloride shows that
the sample from DMW1-3 is between seawater and the
upper-aquifer system wells intruded with seawater,
suggesting that seawater could be the source of the
high chloride water. The chloride-to-bromide ratios
indicate that all waters occur along a mixing between
fresh ground water and seawater, which also suggests
that seawater could be the source of the high chlorides
for well DMW1-3.

The stable isotopes of water, deuterium, and
oxygen indicate that the ground-water samplesin the
SalinasValley and core pore watersfrom DMW1 (table
A3.1) generally fall below the meteoric water line,
with the more saline water trending toward the isotopic
composition of recent average seawater
(fig. 12). Assuming the average oxygen isotope
composition (-7.43 per mil) for the three nonsaline
monitoring wells represents the initial composition of
the ground water in the water-bearing zone of
DMW1-3, then the water in DMW1-3 is about 36
percent mixture with seawater. This estimateis
significantly less than the 57 percent mixing estimate
based on chloride. This suggests that the additional
chloride encountered in this part of the aquifer
(1,040 and 1,060 ft bls) has a source other than
seawater.

Because boron isubiquitous and isa solubleion
in water and because boron isotopes have fractionated
through geologic time, boron isotopes provide a
combined indicator of the potential for natural sources
of water such as seawater intrusion as well as
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anthropogenic sources of boron (Bassett, 1990;
Vengosh and others, 1994; Vengosh and others, 2002)
(see Stable Isotopes in appendix 3). Samples from the
upper-aquifer system (“180-foot” and “400-foot”
aquifers) that have been intruded by seawater in the
Salinas Valley (fig. 13B) have boron isotopic
compositions similar to recent seawater (Vengosh and
others, 2002). In contrast, the samples from DMW1
(Appendix 3, table A3.1) are significantly below the
isotopic composition of seawater (39.2 per mil). The
sample from DMW!1-3 has one of the lightest delta-
boron-11 values and plots separately from the rest of
the samples, relative to the chloride-to-boron ratio
(fig. 13B). This suggests that the source of the high
chloride in the sample from thiswell is not seawater
intrusion. Instead, the source may be a mixture of old
ground water and water from, in part, an igneous
source (Tom Bullen, U.S. Geological Survey, written
commun., 2001).

In summary, although the percentage of
chloride and the chloride-to-iodide and chloride-to-
bromide ratios indicate a possible seawater source for
the high chloride water from well DMW1-3, the
percentage of barium and boron, the chloride-to-boron
ratio, the deuterium-oxygen isotopes in comparison to
chloride concentrations, and the boron isotope datain
the DMW1-3 sample, relative to seawater along with
the estimated age of the ground water indicate that the
saline water in deep-aquifer system monitoring well
DMW1-3 is not recent seawater. In particular, the
small percentage of boron in thiswell, relative to
seawater tends to exclude a seawater origin. The high
salinity of this ground water may be related to the
dissolution of salts from the radiogenic saline marine
clays (core 7) that surround the water-bearing zone
screened by DMW1-3 (figs. 3, 4, 5, and 7).

SUMMARY AND CONCLUSIONS

A deep-aquifer system monitoring-well site
(DMW?1) completed at Marina, California, in 2000 has
provided basic geologic and hydrologic information
about the deep-aquifer system in the coastal region of
the Salinas Valley. The monitoring-well site contains
four wells: one from 930 to 950 feet below land
surface (bls) in the Paso Robles Formation; one 1,040
to 1,060 feet blsin the upper Purisima Formation; one
from 1,410 to 1,430 feet blsin the middle Purisima
Formation; and one from 1,820 to 1,860 feet blsin the

lower Purisima Formation. The DMW1 siteisinstalled
between the coast and several deegp-aguifer system
supply wellsin the Marina Coast Water District, and
the completion depths are within the zones screened in
those supply wells. The sediments below a depth of
955 feet are Pliocene age, whereas the sediments
encountered at the water-supply wells just afew miles
inland from the DMW1 site are Pleistocene age at an
equivalent depth. This may suggest that the water-
supply wells are completed in Pleistocene-age
sediments deposited in the proposed Marina Trough.
The deep monitoring wells occur in older sediments
that may extend offshoreto their submarine outcropsin
Monterey Bay. However, additional geologic
investigations would be needed to establish these
geohydrologic relations.

Water levels are below sealevel in DMW1 and
the Marina Water District deep-aquifer system supply
wells, which indicates that the potential for seawater
intrusion exists in the deep-aquifer system. If the
aquifersat DMW1 arein hydraulic connection with the
submarine outcrops in Monterey Bay, then the water
levelsat the DMW1 site are 10 feet below the level that
would be needed to prevent seawater intrusion in
DMW1-4 (screened in the Paso Robles Formation) and
8o 27 feet below the level that would be needed to
prevent seawater intrusion in DMW1-1, 2, 3 (screened
in the Purisima Formation). The numerous, thick, fine-
grained interbeds and confining unitsin the upper- and
lower-aquifer systems retard the vertical movement of
ground water or seawater between aquifers. These fine-
grained units also tend to restrict the movement of
seawater to narrow water-bearing zones in the upper-
aguifer system.

Hydraulic testing of the DMW1 and the Marina
Water District supply wellsindicates that the tested
zones within the deep-aquifer system are transmissive
water-bearing units with hydraulic conductivities
ranging from 2 to 14.5 feet per day. The hydraulic
properties of the supply wells and monitoring wellsare
similar, even though the wells were completed in
different geologic formations.

Geophysical logs indicate saline water in most
water-bearing zones shallower than 720 feet below
land surface and from about 1,025 to 1,130 feet bls,
and indicate fresher water from about 910 to 950 feet
bls (DMW1-4), 1,130 to 1,550 feet bls, and below
1,650 feet bls. Potentially saline marine silt and clay
layers occur at depths from about 1,025 to 1,130 feet
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bls and from 1,550 to 1,700 feet bls. Temporal
differences between EM logs indicate possible
seasonal seawater intrusion in five water-bearing zones
from 350 to 675 feet blsin the upper-aquifer system.

The water-chemistry analyses from the deep-
aquifer system monitoring and supply wells indicate
that these deep aquifers contain potable water, with the
exception of the saline water in well DMW1-3. The
major-ion water chemistry of the monitoring wells and
the nearby MCWD water-supply wells are similar,
which may indicate they are in hydraulic connection,
even though the stratigraphic layers differ below 955 ft
bls. The hydraulic connection could be better inferred
by comparison of continuous water-level records from
the monitoring and supply wells.

The waters from the degp-aquifer system are
dlightly basic (pH greater than 7.0), reduced, oxygen-
depleted, and chemically different from surface waters
and upper-aquifer system ground water. The chloride-
to-boron ratiosinfer that ground water from some parts
of the upper and deep-aquifer systemsin the Salinas
Valley may have asimilar source of recharge. The
deuterium-oxygen data suggest that the waters from
the deep-aquifer system in the Marina area were not
recharged under current climatic conditions. No
tritium was detected in samples from the deep
monitoring wells. The lack of tritium suggests that
thereis no recent recharge water (less than 50 years
old) in the deep-aquifer system at the DMW1 site. The
carbon-14 analyses of these samplesindicate ground
water was recharged thousands of years ago. The
strontium isotopes indicate that the DMW1-1 and
DMW1-3 wellswere completed in different sediments
than wells DMW1-2 and DMW1-4.

The saline water from well DMW1-3 contains
chloride concentrations of 10,800 milligrams per liter
and dissolved solids concentration of 23,800
milligrams per liter. The source of this water was
determined not to be recent seawater on the basis of
geochemical indicators and the estimated age of the
ground water. In particular, the small percentage of
boron inthiswell, relative to seawater tends to exclude
a seawater origin. The high salinity of this ground
water may be related to the dissolution of salts from
the radiogenic saline marine clays that surround the
water-bearing zone screened by DMW1-3.

Additional studies are needed to better
characterize the geohydrol ogic framework of the
aquifer systemsin the Marina area. Geophysical

investigations such as seismic, regional gravity,
aeromagnetic, and electromagnetic-resistivity surveys
could help to identify the areal extent and thickness,
and any potential boundaries, such as faults, of the
regional aquifers. The presence of significant silt and
clay depositsin the Marina area suggests that spatially
detailed INSAR (interferometric synthetic aperture
radar) derived ground-displacement maps from repeat
synthetic aperture radar images also could be used to
help identify hidden faults that may act as potential
hydraulic barriers and assess the extent of potential
aquifer-system compaction and land subsidence
(Galloway and others, 1999). The potential utility of
INSAR in the Salinas Valley depends, in part, on the
susceptibility of silts and claysin the aquifer systems
to deformation resulting from stresses imposed by
changesin hydraulic head.

If the water resources of the deep-aquifer
system are to be further devel oped, the extent and
characteristics of these resources will need to be better
defined. This may require the installation of a network
of additional multiple-well monitoring sites as has
been completed in many other coastal aquifer systems
in California. Thistype of network would allow the
collection of water-level and water-chemistry data
through time to help assess the effects of development
on the water resources of the coastal aquifer systemsin
the Salinas Valley.
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