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Abstract

The Westside Groundwater Basin is a coastal aquifer system located on the San

Francisco Peninsula between Golden Gate Park and Burlingame. Since the beginning of

the 20th century groundwater from the Basin has been used for drinking water and
irrigation purposes. Unfortunately, the basin wide potentiometric surface has gradually
declined and saltwater intrusion from the Pacific Ocean is threatening this fragile aquifer
system. Several studies have looked at groundwater movement within the Basin (Boone,
Cook and Associates (1987), Yates et al. (1990), Applied Consultants (1991),
Geo/Resources Consultants (1993), Phillips et al. (1993), CH2Mhill (1997));
unfortunately, all of the studies assumed horizontal layering of the hydrostratigraphic
units. However, recent studies indicate that tectonic deformation and intense folding has
altered the stratigraphy trend of the Westside Basin close to the Pacific Ocean (Bonilla
(1998), Barr (1999)).  Accordingly, the purpose of this study is to delineate
hydrostratigraphic units within the Westside Basin by using isotopic data in conjunction
with general mineral water quality data, water level data, and geologic cross-sections to
depict the subsurface hydrogeology of the system. Our results indicate that the upper part

of the Merced Formation (sequences P through Z of Clifton and Hunter (1991, 1999))



forms the major hydrostratigraphic units where groundwater is extracted. In addition,
thick clay layers, observed in well logs and identified in cross sections, were tentatively
correlated with sequences W and S2. Difference in water chemistry and isotopic age
indicate that these clay layers work as aquitards between the hydrostratigraphic units.

I certify that the Abstract is a correct representation of the content of this thesis

Chair, Thesis Committee
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Chapter 1

Introduction



_2,

The Westside Groundwater Basin is located on the San Francisco Peninsula and
extends in north-south direction from Golden Gate Park, in San Francisco, to northern
Hillsborough and Burlingame (Figurel.1). The northern boundary is marked by a
bedrock rise to the surface extending from the northeastern part of the Golden Gate Park
to the western edge of the Richmond district. In the northeast the basin is bounded by
bedrock outcrops of Mt. Davis, Twin Peaks and San Bruno Mountain. In the southwest
the Westside Basin is bounded by the San Andreas fault. The western and eastern
boundaries of the basin are open. Unfortunately, the southern boundary has not been
precisely determined. However, Phillips et al. (1993) tentatively assigned a southern
boundary in Millbrae due to an increase in clay content that was encountered in boring
logs (Figure 1.1). Since then, this southern boundary has been used as the basin
boundary in different reports (CH2MHill (1994, 1996, 1997), Luhdortf and Scalmanini
(2002)). However, no further research has been conducted to either corroborate this
boundary or properly determine it. Accordingly, the first purpose of this study is to
define the southern boundary of the Westside Groundwater Basin. This boundary has
been determined based on interpolation of available water level data, as well as, on

existing bedrock elevation maps.
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Figure 1.1: Location of the Westside Groundwater Basin on the San Francisco Peninsula.

Both basin boundaries as defined by Phillips et al. (1993) (light brown) and in this report

are shown (black).
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Figure 1.2: Simplified surficial geology of the San Francisco Peninsula map after Blake

et al. (2000), Bonilla (1998) and Brabb (1998) showing the location of the Merced

Formation, Colma Formation and sand dunes.
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In the Westside Basin the main water bearing zones occur in the Merced (Plio-
Pleistocene) and Colma (Pleistocene-Holocene) formations. The Merced Formation
extends from Lake Merced to Burlingame. Outcrops of the formation can be found along
the coastal bluffs in Daly City and Fort Funston and along the hills bounding the San
Andreas and Serra faults (Figure 1.2). The Colma Formation lies over the Merced
Formation (Clifton and Hunter, 1987, 1988, 1989, 1991, 1999) and, locally, directly on

the Franciscan Complex (Hochstetler, 1973).

The Merced Formation has been well documented and characterized along the
coastal bluffs in Daly City and Fort Funston by Clifton and Hunter (1987, 1988, 1989,
1991, 1999). These coastal exposures demonstrate the folded character of the Merced
Formation between the San Andreas and Serra faults, which has also been documented by
Pampeyan (1994) and Bonilla (1998). However, so far, no correlation between the
coastal exposures and borehole descriptions for the sediments on the San Francisco
Peninsula has been made. Furthermore, cross-sections through the Westside Basin
(Kirker, Chapman & Associates (1972), Boone, Cook and Associates (1987), Applied
Consultants (1991), Guidetti and Schaefer (1995), CHZMHILL (1996, 1997)) do not
account for the folding of the Merced Formation west of the Serra fault. Thus, the second
purpose of this thesis is to achieve a better understanding of the hydrogeologic
characteristics of the Westside Basin via the construction of detailed geologic cross
sections. 1 will attempt to correlate the different sequences of the Merced Formation
along the coastal bluffs in Daly City with the sediments further inland on the San
Francisco Peninsula. These cross sections will provide needed insight into structure and

stratigraphy of the basin.
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The presence of different clay layers that work as effective hydraulic barriers
causes the Westside Basin to be multi-layered (Applied Consultants, 1991). The extent
and location of these aquitards is also poorly understood. Therefore, based on the
geologic correlation of the sediments of the Merced Formation throughout the basin an
attempt is made to subdivide the Westside Basin cast of the Serra fault into different
hydrostratigraphic units. Available water quality data and isotopic data is also taken into

consideration to further support this subdivision.

In summary, the goal of this thesis is to determine the horizontal and vertical
extent of the Westside Basin. In order to achieve this (i) a detailed geological overview
is presented, (ii) water level and water quality data is analyzed, (i11) cross sections are
developed and (iv) isotopic data and historical land use information are included to

corroborate the findings.



Chapter 2

GEOLOGIC SETTING



2.1 Stratieraphy:

2.1.1 Overview:

Different geologic formations are found on the northern part of the San Francisco
Peninsula and many of these formations are found in the Westside Basir. Therefore, it is
essential to have a thorough understanding of the geologic setting of the Westside Basin
in order to be able to produce meaningful cross sections, properly interpret the
geochemical data and understand the interconnection between water bearing zones. In
this chapter the different geologic formations of the Westside Basin are presented and
discussed. The main focus is set on the Merced and Colma formations, which are the
main water bearing units. However, since water is also extracted from younger deposits
such as sand dunes and alluvial deposits a discussion of these units is also presented.
Landslide deposits and artificial fill, which can locally be found, will not be addressed
here since they only influence the water table on a small local scale and do not further

contribute to a regional understanding of the groundwater basin.

2.1.2. Statement of Problem:

Unfortunately, previous hydrogeologic studies (AGS 1995, Boone, Cooks and
Associates 1987, CH2ZMHill 1994, 1996, 1997, Geo/Resource Consultants 1993, Guidetti
and Schaefer 1995, Luhdorff and Scalmanini 2002, Phillips et al. 1993) on the Westside
Basin failed to take into consideration the complex geology and tectonic setting of the

basin. For example, it has been assumed that the unconsolidated sediments are either (i)
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horizontally layered (AGS 1995, Boone, Cooks and Associates 1987, CH2MHill 1994,
1996, 1997, Geo/Resource Consultants 1993, Guidetti and Schaefer 1995, Phillips et al.
1993), or (ii) tilted on the west side but flattening out towards the San Francisco Bay
(Luhdorff and Scalmanini 2002). However, geologic studies in the area (Barr 1999,
Bonilla 1959, 1965, 1971, 1998, Clifton and Hunter 1987, 1989, 1991, 1999, Kennedy
2002, Pampeyan 1994) show that these assumptions are not the case. Subsequently, |
intend to conduct a detailed review of the existing literature on the geologic and tectonic
setting, discuss the basin formation, elaborate on the sedimentology of the basin, and

discuss tectonic influences on the hydrostratigraphy of the basin.

2.1.3 Franciscan Group

The Franciscan Complex forms the basement of the whole Westside Basin. It is
part of the Coast Ranges Province of California; its southern boundary is near Santa
Barbara and its northern extent stretches into southemn Oregon (Page 1966). In
California, the Franciscan Complex is bound to the east by the Great Valley Sequence
and to the west by the San Andreas fault System. However, on the San Francisco
Peninsula the Pilarcitos fault marks the western boundary of the Franciscan Complex
(Wakabayashi 1992, 1999a, 1999b, Wakabayashi and Hengesh 1995). Blake et al. (1982,
1984) subdivided the Franciscan Complex in the San Francisco Bay Area into eight
different, fault-bounded terranes. Of these eight terranes, three underlie the Westside
Basin, the Marin Headlands, the San Bruno Mountain and the Central terranes (Figure
2.1).  Within the Westside Basin, most of these terranes are covered by Neogene

unconsolidated sediments. Outcrops of terranes are found at Mount Davis and Twin
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Peaks (Marin Headlands terrane), San Bruno Mountain (San Bruno Mountain and Central
terranes) and between the Serra and San Andreas fault from San Bruno south to

Hillsborough (Central terrane).

Previous studies (Kirker, Chapman & Associates and Todd, D. K. 1972, Boone,
Cook and Associates 1987, Yates et al. 1990, Phillips et al. 1993, CH2MHill 1994, 1996,
1997 and Luhdorff and Scalmanini 2002) assigned the Franciscan Complex a very low
hydraulic conductivity compared to the overlying unconsolidated and porous sediments.
Thus, it acts as a basement aquitard and also forms a horizontal boundary to the northeast
of the Westside Basin. It is important to note that these studies assume negligible or no
groundwater movement through the Franciscan Complex. Nevertheless, Burns and
McDonnell (2002) showed that small, but significant groundwater flow through fractured
rock does occur from the Franciscan Complex into the overlying unconsolidated
sediments. They determined that fractures encountered in the Franciscan sandstone at the
San Francisco International Airport allowed groundwater to percolate downwards and

migrate into the Colma and Merced formations.

In light of these findings it is necessary to look into the geology of the Franciscan
Complex with almost as much detail as one would look into the geology of the Merced
and Colma formations. To date, Burns and McDonnell (2002) is the only investigation
that has provided detail on the geolo gic and hydrogeologic characteristics of the

Franciscan Complex within the Westside Basin. Unfortunately, this research has been
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restricted to the Franciscan sandstone, which underlies most of San Francisco

International Airport.

Structure and Composition:

The Franciscan Complex is composed of a wide variety of sedimentary, volcanic
and metamorphic rocks. The sediments, mostly sandstones, conglomerates, shales and
chert, were deposited in the Pacific Ocean on top of oceanic basalt of the former Farallon
Plate between the Thitonian and the Cenomanian (Seiders 1988, Elder 1999). As the
Farallon Plate moved east, it was subducted under the North American Plate, where it
was thermally overprinted (Underwood et al. 1999), producing metamorphic rocks
ranging from metasediments formed under zeolite and prehnite-pumpellyite-grade
metamorphism (Underwood et al. 1999) to serpentinite and blueshist formed under
blueshist-grade metamorphism (Wakabayashi 1995). During the subduction process
slivers of the Farallon plate were thrusted off and accreted to the North American Plate
forming a zone of amalgamated tectonostratigraphic terranes (Elder 2001).
Consequently, a stacking sequence formed where the structurally higher rocks to the east
are older and each overthrusted wedge to the west is younger (Wakabayashi 1992,

1999, Elder 2001).
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Figure 2.1: Franciscan terranes located within the Westside Basin. Each of these terranes is

separated from another by a fault or a shear zone composed of Franciscan mélange.

Compiled from maps by (Underwood et al. 1999, Wakabayashi 1999 and Elder 2001 ).
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Terranes of the Westside Basin:

The structurally oldest terrane within the Westside Basin is the Marin Headlands
Terrane, followed by the San Bruno Mountain Terrane and the Central Terrane (Figure
2.1). The Marin Headlands Terrane is composed of a basaltic crust covered by chert and
sandstone (Elder 2001). Based on fossils found in both the chert and sandstone Murchey
and Jones (1984) determined the chert to be between 200 and 100 million years old (Lias
through Albian) and the sandstone to be between 100 and 90 million years old (Albian
and Cenomanian). The San Bruno Mountain Terrane is composed predominantly of
sandstone but its age is unknown due to its lack of fossils (Blake et al. 2000, Elder 2001).
Wakabayashi (1992) suggested the sandstone within the San Bruno Mountain Terrane
might be Campanian in age. The Central Terrane is also composed mostly of sandstone
(Pampeyan 1994, Underwood et al. 1999) but the age of the sandstone is also unknown.
Burns and McDonnell (2002) studied the general trend of fractures in the sandstone of
Central Terrane and observed that they mostly strike either north-south or northwest-

southeast and dip to east or northeast at angles ranging from 45° to 90°.

2.1.4 Pliocene and Pleistocene Deposits:

2.1.4.1 Merced Formation:

From the hydrogeologic point of view the Merced Formation is the most

important geologic formation within the Westside Basin. The majority of the



2.

hydrostratigraphic units can be found in the Merced Formation, as it is composed of
several major sand and clay beds. Consequently, it is of extreme importance to
accurately describe the lithologic and stratigraphic characteristics of the Merced
Formation as well as get a thorough understanding of the environmental and tectonic

setting in which the Merced Formation was deposited.

Lawson (1893) first defined the “Merced series” as a thick succession of only
partially indurated fossiliferous marine sands and sandy silts of late Cenozoic age, which
crop out in a northwest trending belt south of San Francisco. He named the formation
exposed at the sea cliffs at Fort Funston and Thornton Beach State Park after Lake
Merced. The formation is largely restricted to a 3-km-wide structural basin between the
San Andreas fault on the southwest and the covered, poorly known and disputed San
Bruno fault to the northeast (Bonilla 1971, Schlocker 1974, Brabb and Pampeyan 1983,
Hunter et al. 1984) (Figure 1.2). This basin is about 1000 meters at the coastal bluffs and
merely 60 meters deep in Burlingame (Brabb 1993). The exposures stretch continuously
for at least 21 kilometers from Lake Merced to Burlingame and discontinuous as far
south as Hillsdale Boulevard in San Mateo (Pampeyan 1994). About 1,750 meters of
Merced sediments crop out for about 6 km in a well-exposed tilted sequence in sea cliffs
from Mussel Rock till just north of Lake Merced (Clifton et al 1988, Clifton and Hunter
1989, 1991, 1999). Of these 1,750 meters the northernmost 400 meters were deposited in
a mainly terrestrial environment and the subsequent 1,350 meters to the south mostly in a
marine setting (Clifton and Hunter, 1988) (Appendix C). Clifton et al. (1988) subdivided

the Merced Formation into 40 parasequences (Appendix C), which allows a better
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correlation of the various units. This sequence subdivision has also been used in this

report.

Composition:

Sediments of the Merced Formation are primary composed of sands and clays,
and to a minor degree gravel. The amount of each of these grain sizes in a bed is directly
dependent on the environment in which they were deposited. The bedrock elevation map
by Brabb (1993) indicates that bedrock is encountered along the coastal bluffs in Daly
City at a depth of 1,000 meters and consequently the exposures found there represent
only a fraction of the sediments of the Merced Formation. All that can be said, based on
Clifton and Hunter’s (1989, 1991, 1999) description of the exposures along the coastal
bluffs in Daly City, is that sands predominate in the upper 400 meters of the formation
(above sequence J) where the sediments are mainly terrestrial in origin (Clifton and
Hunter 1989). On the other hand, the amount of clays generally increases downwards
along the exposed section of the Merced below sequence J, in the more marine part of the

succession.

e Lower Part of the Merced Formation:

Based on the mineralogical composition the sediments of the lower part of the
Merced Formation are derived mostly from local Franciscan source (Hall 1965).
Indicator minerals for the Franciscan Complex are glaucophane, pumpellyite, lawsonite,
tremolite-actinolite and epidote, which are common among the heavy mineral suite of the

lower Merced Formation. These minerals occur in Franciscan glaucophane schists and
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related metamorphic rocks. In addition, epidote may have originated from Franciscan
sandstone. Albite could have come from veins cutting Franciscan sandstone, from
detrital grains in the sandstone, from albite-rich Franciscan metamorphic rocks such as
jadeitized graywackes, and from albitized Franciscan volcanic rocks such as spilites and
keratophyres. The rare occurrence of augite and hypersthene could have been derived
from basic volcanic rocks in the Franciscan (Hall 1965). The granodiorite of the Montara
Mountain is a probable source for the less than 1% K-feldspar and oligoclase found in the

lower part of the Merced Formation (Hall 1965).

e Upper Part of the Merced Formation:

In contrast to the lower part of the Merced Formation, the mineralogical composition
of the upper part of the Merced Formation indicates a sediment provenance in the Sierra
Nevada (Hall 1965). Franciscan detritus is almost entirely absent from the upper part of
the Merced Formation and Colma Formation. The average composition of the heavy
mineral suite of this part of the succession is 54% hornblende, 18% hypersthene and 15%
augite. This suggests that the most likely source of these materials are the Mehrten
Formation and the Tuscan Formation (Miocene to Pliocene) in the Sierra Nevada (Hall

1965).

Stratigraphy:

The lithology of different units of the Merced Formation varies considerably,

reflecting different depositional environments of the formation. Overall, the stratification

ranges from finely laminated to very thickly bedded. Locally, cross-stratification occurs,
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particularly where gravel is present, and, in places, lamina are contorted (Bonilla 1959).
The bedding thickness of the strata averages 30 centimeters; though it ranges from a
fraction of a centimeter to 9-meter thick zones (Bonilla 1959). In a few places false
stratification due to color banding occurs, which may be at any angle to the true
stratification. Utilizing these stratigraphic variations, Clifton and Stagg (1986), Clifton
and Hunter (1989, 1991,1999) and Clifton et al. (1988), Hunter (1982) and Hunter et al.
(1984) were able to subdivide the Merced Formation into 40 sequences (sequence LL at
the bottom and Y at the top) (Table 2.1) based on transgressive/regressive cycles they
observed along the cliff exposures between Mussel Rock and Fleischhacker Zoo. In the
lower part of the Merced Formation the individual transgressive/regressive cycles are
thicker than those in the upper part. The individual transgressive/regressive cycles reflect
eustatic sea-level fluctuations that occurred during Pleistocene time. The general pattern
of transgression and regression can be fairly well matched in much of the section to a

Pleistocene sea level curve determined from oxygen isotope data (Clifton et al. 1988).

The most common pattern observed at the coastal bluffs is one of upward
shallowing and coarsening of sequences (regression). The landward translation of a
shoreface (transgression) tends to cause the nearshore, foreshore and any nonmarine
deposits associated with the retreating beach (transgressive deposits) to be eroded (Bruun
1962, Ryer 1977). The hiatus produced by this phenomenon is generally marked by a lag
deposit of pebbles and shells or well-sorted non-marine deposits containing root
structures or other evidence of subaerial exposure on the bottom. This transgressive lag

deposit is followed upwards by an abrupt change to muddy sediment of deeper water
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facies that contain marine mollusks. In many of these transitions, a thin lignitic or peaty
layer separates sand and mud. Typically, the muddy sediment becomes progressively
coarser upsection, culminating in crossbedded sand and gravel that contain numerous
shell fragments (regression). Nearly all of the transgressive intervals in the Merced
Formation show such a transgressive surface of erosion, and the facies involved in the

upward deepening differ among the cycles (Clifton and Hunter, 1989, 1991, 1999).

The transgressive/regressive cycles have so far only been described along the
coastal bluffs at Fort Funston and in Daly City. Bonilla (1959) identified unit S2,
containing the Rockland Ash at several locations in the Westlake District and Clifton and
Hunter (1987) identified sequence U at the Olympic Country Club. The identification of
the various sequences of the Merced Formation is even more complicated in most of the
area cast of Highway 280, where the Merced Formation is covered by the Colma
Formation and Holocene deposits. At the San Francisco International Airport various
sand and clay layers have been identified in borings and monitoring wells. There, sand
Jayers have been grouped into zones named from top to bottom A, B and C, respectively.
The A sand is believed to represent young alluvial deposits. The B sand has been
correlated with the upper part of the Colma Formation. The C-Sand Zone, composed of
intercalated silty and clayey sands and sand, is believed to be equivalent to the lower part
of the Colma Formation and the upper part of the Merced Formation (Versar-Sierra

EnviroGroup 1995).
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Versar-Sierra EnviroGroup (1995) noticed significant differences in depth to
bedrock among monitoring wells at the San Francisco International Airport. They
suggested that the C-Sand Zone may not extend east of the bedrock high located between
the main Airport terminal and the Maintenance Operation Center (MOC). At Plot 1 the
bedrock appears to be less than 60 meters in depth, thereby cutting off the C-Sand Zone

(Appendix 1, cross section C-C’).

Within the Merced Formation paleosols can be found at several horizons. Almost
all of the paleosols show root structures. Paleosols also occur in association with lignitic
mud overlying alluvial deposits. In general, the paleosols are well developed in the
backshore facies in the upper 200 meters of the Merced Formation, but are poorly
developed in the same facies in the lower part of the succession (Clifton et al. 1988).
Hochstetler (1973) described that the contact between the Merced and Colma Formations

is marked by an approximately 5 cm thick paleosols with limonite-rich clay and mica.

Structure:

The Merced Formation strikes to the northwest, ranging from N 30° W to N 80° E
but mostly between N 40° W and N 50° W, and dips to the northeast almost everywhere
in the cliff exposures. Dips in the Merced Formation in the Westlake District are to the
northeast and range from 10° to 80° (Bonilla 1959). Along the coastal bluffs the dips are
steeper in the south, adjacent to the San Andreas fault, and gradually become lower to the

north. They can be as low as 2° or 3° close to John Daly Boulevard. North of John Daly
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Boulevard the dips become steeper again. Bonilla (1959, 1998) suggested that this
change in attitude of the strata could be seen as a structural terrace formed by an anticline
and a syncline that trends northwest or west-northwest and passes near the intersection of
John Daly Boulevard and Skyline Boulevard. He also attributed the change in fossil
fauna at John Daly Boulevard and Skyline Boulevard observed by Louderback (1951) to
be related to a possible period of nondeposition or an unconformity in the stratigraphic
sequence. Further inland in Daly City and South San Francisco Bonilla (1998)
recognized several synclines and anticlines that are shown on his geologic map of the San

Francisco South 7.5 minutes Quadrangle (Figure 1.2).

Further south, in San Bruno and Millbrae, Pampeyan (1994) shows on his
geologic map of San Mateo and Montara Mountain 7.5 minutes Quadrangles varying dips
in the Merced Formation both to the northeast and the southwest. This is related to the
folding and faulting of the Merced Formation between the Serra fault and the San
Andreas fault (Figure 1.2). East of the Serra fault the Merced Formation seems to be
tilted to the northeast, as measurements off Berkshire Drive in Millbrae indicate. Similar
trends are also observed in the Colma Formation at Cedar Avenue and Hickory Avenue

and at Jenevein Avenue and Cunnigham Way.

Age:

Since the Merced Formation was first dated (Blake 1858) different ages have been

assigned to the Merced Formation. Based on firmly indurated Merced concretions
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containing Scutellaster interlineata Blake (1858) assigned the Merced Formation to the
Tertiary. Whitney (1865) and Cooper (1888) dated outcrops of the Merced Formation
along the sea cliffs as Pliocene. Ashley (1895) provided the first detailed fossil listing of
the type Merced. He separated the strata above the base of the “upper gastropod bed” (in
sequence R) from the rest of the Merced Formation on the basis of their modern fauna
and tentatively assigned them to the Pleistocene. Arnold (1906) and Martin (1916) also
assigned the type Merced Formation to the upper Pliocene and lower Pleistocene.
Steward and Steward (1933) described the Foraminifera in the Merced Formation and
documented a change in microfaunal population in the vicinity of the Thornton Beach

landslide (in sequence R?).

Glen (1959) provided the first systematic description of the megafaunal
distribution of the Merced Formation and like Ashley (1895) divided the type Merced
section into an upper member of Early Pleistocene age, which lies in apparent
unconformity over a lower member that he correlated with the San Joaquin Formation of
late Pliocene age. He informally called the beds that outcrop between the 1906 trace of
the San Andreas Rift and the Merced-Franciscan contact at Mussel Rock the “lowermost

Merced” and correlated them with the Etchegoin Formation of Middle Pliocene age.

Hall (1965) examined the mineralogical composition of the Merced Formation
and noticed a change in provenance near the top of sequence P from local Franciscan
derived material (lower part of the Merced Formation) to Sierran derived material (upper

part of the Merced Formation) (Table 2.2). The change in mineralogical composition
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reflects the change in drainage of the Sacramento-San Joaquin River system from the
Monterey Bay to the Golden Gate. This change in drainage is dated roughly at 0.6

million years (Sarna-Wojcicki et al. 1985).

Hall (1965) pointed out that marine megafossils below sequence P correlate with
the San Joaquin Formation, which is Blancan age (4.5 to 1.7 million years). About 90
meters above the mineral change occur remains of Mammuthus (top of sequence R),
Tanupolama (sequence U), Megalonyx (base of sequence T), Equus (sequence U), and
antilocaprid (top of sequence T), all of Irvingtonian age (1.7 to 0.2 million years). A few
meters above the Mammuthus locality occurs a hornblende bearing tuff (Rockland Ash at
the top of sequence S;), which has been dated as 0.4 million years by K-Ar method
(Sarna-Wojcicki et al., 1985) (Table 2.1). Although recent work by Lampherer (1999)
assigns an age of 0.61 million years to the Rockland Ash, strontium isotopic composition
of Elphidiella hannai for various sequences of the Merced Formation (Ingram and Ingle

1998) do support an age of 0.4 million years for the Rockland Ash.

Evidence for a Pleistocene age is the occurrence of the echinoid Scutellaster
major (Kew) in the lower Merced (Clifton et al. 1988). According to Roth (1979)
Scutellaster major occurs from 60 meters below to 250 meters above the trace of the San
Andreas fault (Table 2.1). If the range of Scutellaster major in the Merced Formation is
similar to its range in the Eel River Basin, part of the type section of the Merced north of
the trace of the San Andreas fault must be entirely of Pleistocene age. Unfortunately,

Scutellaster major has not been identified elsewhere than in the Eel River Basin and in
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the Merced formation, and therefore its stratigraphic significance in the Merced

Formation must be regarded as questionable (Clifton et al. 1988).

Ingram and Ingle (1998) determined the strontium isotopic composition of the
toraminifera Elphidiella hannai for various sequences of the Merced Formation (Table
2). Although the age resolution for the lower Merced Formation is not precise due to
little variation in the *’Sr/**Sr ratio in global seawater between 2.4 and 4.3 million years,
the base of the exposed section of the Merced Formation in the coastal bluffs in Daly City
can be constrained to 2.4 to 4.8 million years. This age determination for the lower part
of the Merced agrees with Pampeyan (1994) who described molluscan fossils of late
Pliocene age to be common in the area from San Bruno to Burlingame. He states that the

Pleistocene part of the Merced Formation was not recognized in that area.

Clifton et al. (1988) generated a model of Pleistocene global sea levels based on
an oxygen-isotope record. They assumed that all of the '®0/'°0 changes were the result
of eustatic sea-level fluctuations. Based on this assumption and using published oxygen
isotope values (Shackleton and Opdyke 1976) they produced a sea level-versus-depth
curve. This depth curve was converted to age using the oxygen-isotope
stage/paleomagnetic boundary age model of Pisias and Moore (1981). They observed 23
age datums that are evenly distributed between 11,000 and 1.82 million years. In the
absence of better age control, it was difficult for them to correlate individual
transgressive-regressive cycles observed in the Merced cliff exposures with specific

derived sea-level oscillations. The only well-established tie is the Rockland Ash (top of



-

sequence S) dated at 0.4 million years. Following the deposition of the ash, this location
was inundated to the extent that nearshore deposits accumulated. It is possible that this
transgression may correspond to the small rise in sea level that began at approximately
0.39 million years (Clifton et al. 1988). Five transgressive and regressive cycles can be
observed between the Rockland Ash (top of sequence S) and the base of the Colma
Formation (sequence Z). Clifton et al. (1988) concluded that the Colma Formation most
likely was deposited during the last interglacial, the Sangamon. This agrees with Hall’s
(1965, 1966) and Hochstetler’s (1973) findings. The Sangamon now corresponds to
oxygen-isotopic stage 5, dated at 0.07 to 0.13 million years, or to one of the substages of
stage 5 (Shackleton and Opdyke 1973, 1976, Pisias and Moore 1981). Consequently, the
top of the Merced (sequence Y) is probably older than 0.2 million years (Clifton et al.

1988).

1.Rockland Ash:

The Rockland Ash (top of sequence S;) was first noticed along the cliff exposures
at Fort Funston by Lawson in 1893. It comes from an eruption near Lassen Peak, about
185 miles to the northeast (Clifton and Hunter 1999). Several attempts have been done to
date the age of the Rockland Ash by means of fission track and potassium-argon analysis
(Hall 1965, Gilbert 1969, Sarna-Wojcicki et al. 1976, Sarna-Wojcicki et al. 1977, Sarna-
Wojcicki et al. 1985, Meyer et al. 1991, Lampherer et al. 1999). The age of the ash
ranges from 1.5 to 0.4 million years. The most commonly accepted date nowadays is 0.4

million years (Sarna-Wojcicki et al. 1985).
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Bonilla (1959) found during grading operations for the housing tract of the
Westlake District a bed of friable volcanic ash about a foot thick near the intersection of
Westmoor Avenue and Skyline Boulevard. The ash, exposed intermittently for 760
meters northwest of the intersection, is clean, white, fresh to moderately weathered, and
is made up mostly of sharp fragments of volcanic glass, with very rare diatom fragments.
Bonilla (1959) correlated this ash with the Rockland Ash. He also found other exposed
ash bed locations. One of them, close to the intersection of 87" Street and Pinehaven
Drive, is about 1.8 meters thick and probably is the same zone as the ash and
diatomaceous earth zone that crops out along Eastmoor Drive about 640 meters west of
Junipero Serra Boulevard, and is also probably equivalent to the thick ash that crops out
southwest of Lake Merced. Bonilla (1959) did not correlate these ash beds to the
Rockland Ash. However, the glass in nearly all ash samples from 10 localities near Lake
Merced and Westlake areas had a refraction index of 1 .50, and a maximum index of 1.51.
This suggests a similar provenance for all ash outcrops, and, therefore, it is possible that
all ash outcrops in the Westlake District and Lake Merced area are those of the Rockland
Ash. It is important to note that more recently another Rockland Ash locality was found

at the Olympic Country Club by Barr (1999).

The Rockland Ash has also been found in areas other than near Lake Merced and
the Westlake District. Atwater et al. (1977) described the presence of the Rockland Ash
in a borehole about 1,200 meters east of the mouth of Islais Creek Channel. The ash

occurs 20 meters below the bottom layers of the Old Bay Muds. Furthermore, Sarna-
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Wojcicki and others (1985) identified another outcrop of the Rockland Ash imbedded in
the upper part of the Santa Clara Formation in Woodside. Pampeyan (1994) suggests that
this outcrop of the Rockland Ash confirms Addicott’s (1969) assumption that the Merced

Formation is the temporal marine equivalent of the Santa Clara Formation.

Depositional Environment and Development of the Basin:

Most of the sediments of the Merced Formation accumulated in a relatively small
structural basin that probably developed between the San Andreas and San Bruno
Mountain. No evidence exists within the sediments exposed in the sea cliff section for
deposition within a topographic trough (Clifton and Hunter 1999). A small part of the
Merced Formation (lowermost Merced) can be found east of the San Andreas fault at
Mussel Rock. This suggests that the Merced Formation was deposited over a somewhat
larger area than that in which the current exposures are found (Hunter et al. 1984). Part
of the basin is located under the Pacific Ocean. Offshore gravity, magnetic, and seismic
surveys do not indicate whether the basin is intact or broken into a series of smaller
slivers (Cooper 1973, McCulloch 1987 and Clifton 1989). The basin seems to be more
than 1,000 meters deep where it crosses the shoreline in Daly City, but shallows about 4

km to the southeast to less than 200 meters (Bonilla 1964).

The Merced Formation appears to have been deposited in a paralic setting (Clifton
and Hunter 1999) and the depositional basin could have been either a local arm of the sea

developed along the present San Andreas rift or a channel connecting an early San
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Francisco Bay drainage system to the Pacific Ocean (Crandall 1907). Hall (1965) also
stated that the Merced’s basin might have been the former route of drainage from San
Francisco Bay. The sediment exposures along the coast in Daly City indicate an open

coast setting with no highland to the west (Clifton and Hunter 1999).

The Merced Formation was deposited during a series of transgressive/regressive
cycles with a shoreline trending between north and northwest (Chiocci and Clifton,
1992). During regression, the dominant coastal morphology seems to have been a
prograding strand plain without significant embayment. In contrast, the transgressions
seem consistently to have produced a barrier coastline with extensive back barrier
lagoons or estuaries encroaching over an adjacent nonmarine coastal plain. The
progressive upward coarsening of the inferred lagoonal deposits suggests an approaching
barrier, and the crossbedded sand and gravel can be attributed to migrating tidal inlets

(Clifton and Hunter 1999).

Ten depositional facies types can be delineated: outer-shelf, mid-shelf, inner-
shelf, nearshore, foreshore, backshore, aeolian dune, alluvial, marsh/pond/swamp, and
coastal-embayment facies (Clifton et al., 1988). The presence of these facies in the
section is the result of the occurrence of transgressive/regressive cycles. The origin of
these cycles in the Merced is uncertain. Although they appear generally similar in scale
and duration to the known Pleistocene glacio-eustatic sea level fluctuations, tectonic and
sedimentologic influences cannot be precluded (Clifton and Hunter 1999). In fact, the

presence of sand rods, shells and sand dikes aligned in a north-northeast direction parallel



~T8 =

to the strike of extensional fractures as well as laminar lensed intervals in the various
strata do further corroborate the subsiding characteristic of the basin (Clifton and Hunter

1991).

In the lower 1,300 meters of section (below sequence J), the pattern of
transgression and regression is generally larger than in the upper 450 meters. The lower
1300 meters are dominated by shelf facies, and a presence of a shoreline seems to occur
mostly at or near relative low stands of the sea (Clifton and Hunter 1999). This suggests
that the rate of sedimentation generally kept pace with the rate of subsidence (Clifton and
Hunter 1987). The rate of accumulation (and rate of subsidence) in this part of the
section is about 1 to 1.5 meters per 1,000 years (Clifton et al. 1988). This rate of
subsidence seems to have prevailed till the deposition of the Rockland Ash (top of
sequence S;) 0.4 million years ago. The increase in the average thickness of the
transgressive/regressive cycles in the lower part of the section (below sequence J) may
reflect a greater rate of subsidence in the early phase of basin development (Clifton et al.
1988).

The upper 300 meters of the section are dominated by non-marine facies. This
suggests that the presence of a shoreline seems to be associated with relative high stands
of the sea. The change in facies may be due in part to diminished subsidence rates (0.8-
0.9 meters per 1,000 years), but probably reflects an increase in the rate of sedimentation
resulting from a major change in provenance from local Franciscan sources to the
Sacramento-San Joaquin River systems that occurs in the upper part of sequence P (Hall

1965, 1966, Clifton and Hunter 1987, 1989, Clifton et al. 1988).
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The presence of gravel in nearshore deposits throughout the succession suggests
that high gradients were maintained over the entire period of deposition. The abundance
and grain size of gravel in the nearshore facies declines in the section below sequence
VV, possibly reflecting lower stream gradients and/or diminishing discharge. The
patterns of transgressions and regressions, however, seem uninfluenced by any such

change (Clifton et al. 1988).

Several authors including Louderback (1951), Trask and Rolston (1951), Addicott
(1969), Sarna-Wojcicki (1976), Sarna-Wojcicki et al. (1977), Atwater et al. (1977), and
Hunter et al. (1984)) noted that the distribution of the Merced Formation beneath San
Francisco Bay is poorly known. All that is known is that some beds equivalent to the
upper part of the Merced occur locally beneath San Francisco Bay. Apparently, present
San Francisco Bay was not a depositional basin while the lower part of the Merced was
accumulating (Atwater et al. 1977, 1981, Hunter et al. 1984). This observation agrees
with Christensen (1966) statement that on the San Francisco Peninsula throughout the
Pliocene and most of the Pleistocene the ranges have risen repeatedly while the basins

have rather steadily subsided.

The upper boundary of the Merced Formation was determined by Hall (1966)
who identified that sequence Z (Colma Formation) truncates the contact between
sequence Y and sequence X (Merced Formation). This unconformity indicates that the

basin changed dramatically before deposition of the Colma Formation about 0.13 million
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years ago. Meyer et al. (1991) noticed a 30° declination anomaly in the magnetization
pattern of the Rockland Ash after correction for tilting of the Merced Formation. They
noted that the magnetization of the Rockland Ash probably occurred prior to the folding
of the Merced Formation. Rotational uplift due to low angle faults associated with
movement on the nearby San Andreas fault and erosion followed the deposition of
sequence Y in the period of 0.2 to 0.13 million years. Uplift and tilting of the Colma
Formation to elevations of about 180 meters south of Lake Merced suggests that this

deformation may be ongoing today (Clifton et al. 1988).

It is not clear whether the tilting and folding of the Merced Formation started in
the interval between deposition of the Merced and Colma formations (Clifton et al. 1988)
or if it already started before that. A possible early but short-lived episode of emergence
that may be related to tectonic uplift is suggested by the dissected surface that separates

sequences T and U (Hunter et al. 1984).

Recent faulting can be observed in the lower part of the Merced Formation.
There the strata are cut by small, vertical, apparently right-lateral strike-slip faults that
parallel the San Andreas fault and that are offset only a few meters (Clifton et al. 1988).
These faults seem to postdate the folding of the strata and probably occurred within the
last 20,000 years (Clifton and Hunter 1999). The orientation of these faults has a wide
range and varies from an east-west or east-southeast to a west-northwest direction

(Clifton et al. 1980). The section appears to be structurally continuous, although the
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possibility of significant offset by hidden faults at the few places where the section along

the cliffs 1s unexposed cannot be precluded (Clifton and Hunter (1987)).

The lowermost part of the Merced Formation, which is on the southwest side of
the San Andreas fault, contains a fossil fauna that mostly differs from the fossil fauna of
the rest of the Merced Formation in Daly City, north of the San Andreas fault (Addicott
1969, Hunter et al. 1984). Addicott (1969) suggested that this part of the Merced
Formation correlates with marine Pliocene strata of the Santa Clara Formation in

Woodside and was displaced along the San Andreas fault (Figure 2.2).

The relationship of the contact between the lowermost Merced and the Franciscan
basement is also unclear. While Higgins (1961) mapped the contact as a fault,
Kleinfelder (2001) described the contact as an unconformity with the Merced Formation

dipping 20 degrees to the northeast.

The Merced and Colma formations have been complexly folded between the San
Andreas and Serra faults (Bonilla, 1998). Christensen (1966) was the first to notice this
deformation. The scale of deformation increases from the northwest to the southeast. At
Fort Funston and the Olympic Country Club, the Serra fault occurs as a blind fault
indicated by an anticline (Barr 1999, Kennedy 2002). In that area only one syncline and
anticline is present in the onshore section of the Merced Formation (Bonilla 1998, Barr
1999). South of the Broadmoore District the Serra fault already has a surface expression

and at least two sets of synclines and anticlines are present (Bonilla 1998). In San Bruno,
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Millbrae and Burlingame the Serra fault is composed of a set of thrust faults that place

Franciscan basement over the Merced and Colma formations (Pampeyan 1994).

2.1.4.2 Colma Formation

The Colma Formation, of Pleistocene age, is another major formation from the
hydrogeologic point of view within the Westside Basin. As shown later in chapter four,
it comprises at least one hydrostratigraphic unit. The Colma Formation crops out mainly
in the valley that extends from Lake Merced to San Bruno and underlies much of the
alluvial plain southeast from San Bruno, at least as far south as Burlingame and possibly
to San Mateo, and the sand dunes in western San Francisco (Bonilla 1959, Schlocker
1974, Pampeyan 1994) (Figure 1.2). It lies unconformably on the Franciscan Complex
and the Merced Formation, and is unconformably overlain by alluvium, dune sand, and
bay mud. The greatest thickness of sediments of the Colma seen in a single outcrop is
roughly 23 meters; the total thickness of the formation is not known, but it may be as
much as 60 meters (Bonilla 1959). It consists mainly of poorly consolidated sands,
which were deposited on a variety of environments ranging from coastal marine to
continental (Hochstetler 1973). Where the Colma Formation lies on the Merced
Formation, it is difficult to distinguish one formation from the other since the
mineralogical composition and grain size of the upper part of the Merced Formation and

of the Colma Formation are similar (Schlocker 1974).
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Figure 2.2: Location of Pliocene marine sediments that have been displaced along the
San Andreas fault (adapted from Addicott (1969)). Solid dots indicate equivalent

sediments that have been displaced along the San Andreas fault.

Lawson (1895) was the first to identify the Colma Formation based on an angular
unconformity he observed between the base of the formation and the top of the Merced.
He described it as consisting of light yellow sands, generally well stratified but poorly
consolidated and named it the “Terrace Formations”. In his San Francisco Folio (1914)
Lawson no longer separated the “Terrace Formations” from the Merced Formation. The

first use of the “Colma Formation” was by Schlocker, Bonilla and Radbruch (1958) on
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the San Francisco North Quadrangle Geologic Map. They named the formation after the

town of Colma, which is situated in the center of the area in which the unit is found.

Composition:

The Colma Formation is primarily composed of sand and clay with minor
amounts of gravel. Since it is mineralogically similar to the Merced Formation, it is very
difficult to draw a line of separation between the two formations at depth. Consequently,
it is hard to tell the total thickness of the Colma Formation throughout the whole area
where it extends. Therefore, like for the Merced Formation, it is difficult to determine

the percentage of each grain size.

Stratigraphy:

In general, the Colma Formation is horizontally stratified and cross-stratified.
The stratification is brought out by differences in grain size, differences in color,
concentration of heavy minerals, layers of pebbles or zones of scattered pebbles, thin
clayey or silty strata, zones of clay fragments, and strata of clay or silty clay ranging in
thickness from one centimeter up to a meter or more (Bonilla 1959). In addition, most of
the strata are laminated or thin bedded. However, in Westlake one single clay bed attains
a thickness of 1.8 meters (Bonilla 1959). Overall, cross-stratification shows considerable
variation, i.e. cross-strata range from low angle to high angle, small scale to large scale,

and the cross-laminations are either straight or concave upward. The straight cross-
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laminations range from a high-angle large-scale set of 25 centimeters in thickness to a
low-angle large-scale set of 2.5 meters in thickness. Sets of concave upward cross-
laminations range in thickness from a few centimeters to 4 meters. Moreover, the dips of
the cross-strata at various outcrops in San Francisco and the Westlake District range from
6° up to a maximum of 35° to the northeast (Bonilla 1959, Hochstetler 1973, Schlocker
1974). The steeper dipping laminae are probably dune foreset beds (Bonilla 1971). In
Millbrae and Burlingame Pampeyan (1994) observed dips less than 10° to the northeast.
At the Sutro Heights exposure the general dips are 20° to 25° SSE, toward Golden Gate

Park (Hochstetler 1973).

Age:

The Colma Formation has been dated as Pleistocene in age based on several
fossils found throughout the Westside Basin. A Juniperus californica trunk recovered
near Russian Hill (Schlocker, Bonilla and Radbruch 1958) provided a radiocarbon date of
greater than 30,000 years. Savage (1951) found Pleistocene mammalian fossils near
Fleishhacker Zoo in San Francisco. Hay (1927) found mammoth bones in San Mateo and
Millbrae and assigned them to the Pleistocene. Potbury (1932) determined a Pleistocene
age for lignitic seams, logs, cones, and seeds found in a creek bed exposure in the late

1920’s close to the current intersection of Jenevein Avenue and Interstate 280, in San

Bruno.
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Bonilla (1959) deduced that since the Colma Formation is not folded it
presumably was deposited after the mid-Pleistocene deformation period; hence, the
formation is probably late Pleistocene in age. Kennedy et al. (1982) examined marine
invertebrate deposits from the Half Moon Bay terrace deposits and dated them by amino
acid racemization methods. They determined the fossils to be 80,000 to 85,000 thousand
years. This agrees with Smiths (1960) suggestion that this terrace, which he correlated

with the Colma terrace, was cut during the high sea level of the Sangamon Interglacial.

Hochstetler (1973) observed an unconformity in the southern half of the Colma
exposure at Fleishhacker Zoo and deduced that the Colma Formation was probably
deposited during more than one custatically high sea level stand. He believed that the
most likely time of deposition of the Colma Formation was during the Sangamon and

Yarmouth Interglacials.

Clifton et al. (1988) generated a model of Pleistocene global sea levels based on
an oxygen-isotope record and concluded that the Colma Formation most likely was
deposited during the last interglacial stage, the Sangamon. This agrees with the findings
of Hall (1965, 1966) and Hochstetler (1973). The Sangamon corresponds to oxygen-
isotopic stage 5, dated at 0.07 to 0.13 million years, or to one of the substages of stage 3
(Shackleton and Opdyke 1973, 1976, Pisias and Moore 1981). This lower age limit is
consistent with the upper age limit of the Olema Ash (0.055 to 0.07 million years), which
has been found in alluvial deposits correlated with the Colma Formation and

unconformably overlie the Merced Formation at the north end of the sea cliff exposures
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at Fleishhacker Zoo (oral communication by Sarna-Wojcicki to Kennedy and Caskey

2002).

Depositional Environment and Characteristics:

Lawson (1895) assumed that the sands of the Colma Formation were locally
derived and mainly represented erosion of the Merced Formation. His assumption was
confirmed after Hall (1965) studied the mineralogical composition of the Merced and
Colma Formations. Hall (1965) found that the heavy mineral suite of the Colma
Formation was very similar to that found in the upper Merced Formation and to the sands
currently being carried by the Sacramento River but not to the local Franciscan Group.
The Colma Formation as well as the upper part of the Merced Formation show a
predominance of homblende in the heavy mineral suite, which is different from
Franciscan suite (Schlocker 1974). In addition, Hochstetler (1973) determined the mean
diameter of the Colma sands to be 2.15? and noticed that this value fits well with the
mean diameter range determined by Hall (1965) for the upper Merced sands (2.10? to
2.407). Based on his findings, Schlocker (1974) suggested that uplift and folding of the
Merced Formation probably brought the formation above sea level and made it available
as a source of the Colma. However, Hochstetler (1973) compared the total volume of the
Colma to the total volume of eroded upper Merced (2 x 10° m?). He deduced that the
Sacramento-San Joaquin River system is the source of one quarter of the sands found in
the Colma Formation. Sea level was high when the Colma Formation was deposited.

Thus, Schlocker (1974) suggested the ancient Sacramento-San Joaquin River system may
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have provided the silt and clay necessary found in the “Colma estuary”. This is how the
modern Sacramento-San Joaquin River system supplies sediments to the San Francisco
Bay.

Hochstetler (1973) described primary sedimentary structurcs and textural
parameters of several outcrops of the Colma Formation in San Francisco, Daly City and
South San Francisco. He concluded that the Colma Formation was deposited in a variety
of environments ranging from coastal marine to continental. Sediments of the Colma
Formation either accumulated on a broad, gently shoaling coastal margin, or within a
broad estuarine system dominated by tidal currents. Inlets and channels of the estuary
meandered among resistant knobs of Franciscan rocks, creating an array of islands and
quiet water bays. On the margins of these ancient islands marine and continental deposits
often interfingered. This allowed colluvium or stream sediments to be deposited in the
estuary. Oftentimes, sands were transported landward from the beaches by the prevailing
westerly winds, much as they are today, and deposited as coastal dunes. Today Colma
dunes can be found at elevations of 140 meters or more and occur alongside stream
deposits and colluvium of the Colma Formation (Schlocker 1974). Along the eastern side
of the “Colma estuary” Smith (1960) identified a terrace unit at elevations between 60 to
90 meters above sea level and extending for more than 24 kilometers from
Colma to Belmont. He correlated this terrace with the Half Moon Bay-Mussel Rock

terrace.



=39

Deformation and Faulting:

Uplift and deformation of the Colma Formation can be observed at numerous
places. Hochstetler (1973) noticed that these Colma deposits are found at 25 meters
above mean sea level (MSL) at Lands End, 16 meters above MSL along the shores of
Lake Merced, 80 meters above MSL, at Thornton Beach State Park and 35 meters above
MSL near the intersection of Hickey Boulevard and El Camino Real in South San
Francisco. Based on these elevations above MSL he concluded that the uplift of the
Colma Formation was not uniform throughout its area of deposition. Hochstetler (1973)
determined that the amount of uplift is greater adjacent to the San Andreas Rift Zone,
suggesting that the deformation is largely a result of movement along the fault. Kennedy
and Caskey (2002) pointed out, though, that much of the uplift of the Colma Formation at
Thornton Beach is related to the Serra fault. This is also shown in an even more dramatic
form on Pampeyan’s (1994) geologic map of the Montara Mountain and San Mateo
Quadrangles, where in the area from San Bruno to Hillsborough the Colma Formation 1s
overridden along the Serra fault by rocks of the Franciscan Complex and Merced

Formation.

2.1.4.3 Old Bay Mud:

Trask and Rolston (1951) first recognized Old Bay Muds and distinguished them
from the Young Bay Muds because of their consolidated nature. The thickness of Old
Bay Muds varies from 30 meters in the center of the San Francisco Bay to less then 30

cm at the edges of the historical margins of the Bay (Atwater et al. 1977). As shown in
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Figure 2.3 Old Bay Muds (Pleistocene Bay Muds) are overlain by Old Alluvium. At
places where the Young Alluvium and Old Alluvium are absent, the Old Bay Mud is
directly overlain by Young Bay Mud (Schlocker 1974). Oftentimes, bedding in the Old

Bay Mud is not apparently visible (Schlocker 1974).

Composition:

Predominantly, the Old Bay Muds consist of clay and silty clay with rare pockets
of sand and gravel. The unit is dark greenish gray in color. Once the sediments are
exposed they commonly alter to olive gray and dark grayish brown with minor gypsum
precipitates. The Old Bay Muds often contain estuarine diatoms, pelecypopds and
foraminifera similar to those in Young Bay Muds. Locally, they include peaty clays near
contact with older terrestrial deposits (Atwater et al. 1977). Versar EnviroGroup (1996)
determined the organic content of the Old Bay Muds collected at 17 meters depth from a
well at San Francisco International Airport to be 2 percent, which is lower than that of the

Young Bay Mud.

Age:

Atwater et al. (1977) dated the sediments found in boreholes east of the Islais
Creek Channel, along the San Mateo Bridge and along the Dumbarton Bridge. They
assigned the Old Bay Mud to the Sangamon noting that the sediments from the base of

the Old Bay Muds are about 100,000 years and that the disconformably overlying
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terrestrial deposits are 40,000 years old. Consequently, the Old Bay Mud has the same
age as the Colma Formation (70,000 to 130,000 years). In fact, the Old Bay Mud is
probably the estuarine facies of the Colma Formation. This hypothesis agrees with
Hochstetler’s (1973) palinstatic map of the San Francisco Peninsula. The map illustrates

how the deposition of the Colma Formation occurred.

Depositional Environment:

Old Bay Muds are composed of the finest grained sediment carried by creeks that
ran into the ancient San Francisco Bay as well as by the ancient Sacramento River. The
mud was moved around the San Francisco Bay by tidal currents and waves. In addition,
they were deposited primarily in brackish to salt water marshes between mean sea level
and high tide line (Helley et al. 1979). After the end of the Sangamon the Old Bay Muds
were exposed at the Wisconsin on land surface where sustained oxidation, desiccation,
leaching of calcareous fossils, and penetration by roots to a depth of several meters

occurred (Atwater et al. 1977).

Tectonic Activity:

Atwater et al. (1977) concluded that the San Francisco Bay has been subsiding
over the last 300,000 years but at different rates. They determined that the deepest
Sangamon estuarine deposits subsided tectonically 20-40 meters in about 100,000 years

(0.240.1 to 0.4+0.1 mm/year) (Atwater et al. 1977).
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Figure 2.3: Conceptual model of the stratigraphy along much of the San Francisco Bay
showing modern depositional and erosional processes.  The thickness of the various

sedimentary deposits varies locally. The diagram was adapted from Helley et al. (1979).

2.1.5 Holocene Deposits

2.1.5.1 Young Bay Muds

Between 1853 to 1869 the US Coast Survey produced topographic maps that

show the historic landward extent of the margins of the San Francisco Peninsula. These
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maps indicate the area of occurrence of Young Bay Muds (Figure 2.4). Over the last 125
years, much of the Young Bay Mud has been covered by artificial fill changing the
coastline around the San Francisco Bay. The thickness of the Young Bay Muds is as
much as 37 meters beneath San Francisco Bay and thins to less than 30 centimeters

around the margins of the Bay (Helley et al., 1979).

As shown in Figure 2.3, Young Bay Muds generally overlay young (Holocene)
alluvial deposits and Old Alluvium and interfinger with young alluvial deposits along the
margins of the San Francisco Bay. They form flat marshlands with low levees adjacent
to tidal sloughs and gently sloping mudflats exposed only during low tides (Helley et al.
1979). At places, the young alluvium is absent and Young Bay Mud directly overlies Old
Bay Mud (Schlocker 1974). Bedding is not readily apparent in some mud and clay, but
in others it is shown by sand partings, 1-3 mm thick, separating clay layers 0.5 to 20 cm

thick (Schlocker 1974).

Composition:

Young Bay Muds are composed of clay and silty clay that are rich in organic
material. On average, clays make 50% of the sediment composition (Versar-EnviroGroup
(1996), but they can range from 30-60% (Schlocker 1974).  Silt makes up 30-65% of the
sediment grains and sand 1-10%. In their natural state, the Young Bay Muds are generally
olive gray to dark gray. However, when dried, the color lightens typically to greenish
gray or light olive gray (Schlocker 1974). Locally, lenses and stringers of well-sorted silt

and sand (1 cm to several meters thick), beds of peat and fresh and brackish water
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gastropod and pelecypod shells are found within the unit (Helley et al. 1979, Schlocker

1974).

Mineralogically, Young Bay Muds are composed mostly of montmorillonite.
Samples collected and analyzed by Schlocker (1974) from the east shore of San
Francisco and from Richardson Bay showed a content of 50-60% montmorillonite, 20-
30% mica and 10-20% chlorite. The sand grains were mostly composed of quartz and

plagioclase feldspar with minor amounts of potassium feldspar, rock and shell fragments.

Age:

Young Bay Muds are being reworked and deposited by current geologic
processes. Their age represents a time span since the last interglacial period when sea
level rose and entered the San Francisco Bay. The oldest basal deposits of the Young
Bay Muds are, thus, found closer to the Golden Gate, while the youngest basal deposits
are found at the edges of San Francisco Bay (Figure 2.4). Atwater et al. (1977) and
Helley et al. (1979) determined the maximum age of Young Bay Mud by recording
changes in sea level within San Francisco Bay. They used radiocarbon ages for tidal
marsh deposits located at the base of Holocene estuarine sediments to date Young
Bay Mud. Marsh sediments accumulated when sea levels were lower than today.
According to their findings, Atwater et al. (1977) and Helley et al. (1979) believed the
rising sea entered the Golden Gate 10,000-11,000 years ago and moved land inward at

about 30 meters per year. The rising sea level reached the Dumbarton Bridge about
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8,000 years ago. Subsequent shoreline changes have been more gradual because of a
decrease in the rate of sea level rise since about 5,000-6,000 years ago (Helley et al.
1979). In fact, the oldest dated deposits in the San Francisco Bay basin are 9,600 years
old (Atwater et al. 1977). Thus, Young Bay Muds accumulated during the last 125 years
can be separated from their older underlying counterparts based on their molluscan fauna.
They contain non-native species, which have been introduced into San Francisco Bay in

the last 125 years (Helley et al. 1979).

Depositional Environment:

Young Bay Mud is composed of fine grained sediment carried by creeks that run
into San Francisco Bay as well as by the Sacramento River; they are reworked by tidal
currents and waves. The mud was deposited primarily in brackish to salt water marshes

between mean sea level and high tide line (2.5 meters) (Helley et al. 1979).

Tectonic Activity:

Atwater et al. (1977) concluded that San Francisco Bay has been subsiding over
the last 300,000 years but at different rates. They observed that 6,000 years old salt
marsh deposits found in the lower part of the Young Bay Muds had subsided 5 meters.
Based on this observation they determined a subsidence rate of the bay of about 0.8+0.7

mm/yr for the last 6,000 years.



- 46 -

Figure 2.4: Distribution of the Young Bay Mud based on the historical shoreline mapped
by the US Coast Survey (1853, 1854, 1857a, 1857b, 1867, 1868, 1869). The area
between the historic and the current shoreline is now covered with artificial fill. The map

was adapted from Helley et al. (1979).
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2.1.5.2 Sand Dunes

Coastal dune sands overly the Colma Formation over most of the west side of San
Francisco north of Lake Merced, extending inland to Twin Peaks in the east (Figure 1.2).
Historical maps and photographs indicate that active dunes were widespread prior to
urbanization (Schlocker 1974, Olmsted and Olmsted 1979). Active dunes that existed
west of Sunset Boulevard and south of Ortega Street were of the transverse-ridge type
(Schlocker 1974). Most of the dunes are now covered with buildings, except along the
beach where few rare dunes exist near Fleishhacker Zoo. Vague outlines of old sand
dunes can be found at Golden Gate Park. In general, the thickness of the sand dunes
ranges from 0 to 45 meters (Schlocker 1974). However, at the Golden Gate Park their
thickness ranges from 0 to 24 (Schlocker 1974) meters whereas near Lake Merced they

range from 0 to 15 meters (Yates et al. 1990).

gand dunes unconformably overly the Colma and Merced Formations. The
unconformity can be observed at Fleishhacker 700 but a distinct separation of the sand
dunes from the Colma Formation in borings is very difficult. Hochstetler (1973)
observed that sand dunes generally show steeply dipping, large-scale cross bedding,

which concaves upward. Trough cross bedding is rare.
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Composition:

Sand dunes consist of loose, clean, well-sorted, fine- to medium-grain, gray sands
of varying lithology (Phillips et al. 1993). No detrital clays or silts are present and
pebbles occur rarely (Hochstetler 1973). An increase in sorting and roundness of the
sand can be observed from west to east across San Francisco. Schlocker (1974)
determined that the mean diameter for modern dune sands in San Francisco ranges from
0.192mm (2.38?) to 0.266 mm (1.917 ). Most sand grains are subrounded or subangular,
and polished. Quartz, feldspar, and chert make up 70 to 85% of the dune sand (Kirker,
Chapman and Associates 1972). The heavy mineral composition of the dune sands
consists of hornblende, pyroxene, clino-zoisite-epidote, hypersthene, zircon, magnetite,

ilmenite, chromite, sphene, monazite, and apatite (Schlocker 1974).

Age and Depositional Environment:

Sand dunes have been formed since sometime during the last glacial period. As in
the case of the upper Merced and Colma formations, the main source of sediment for the
sand dunes was derived from the Sacramento River. During the last glacial period
sediments transported by the Sacramento River were deposited outside the Golden Gate.
Long shore drift redeposited the sand at the beaches and wind transported it from there
inland onto the plain west of the gate. With the end of the last glacial period the
Sacramento River no longer deposited the majority of its sediments outside the Golden

Gate; thus the main source of sand since then has come from the Merced and Colma



- 49 -

formations, which are exposed along the coastal bluffs south of Fleishhacker Zoo
(Schlocker 1974). Sand located there has been transported along the coast and has been
deposited at Ocean Beach. From this location wind has transported the sand from Ocean
Beach inland to the east into the Sunset and Richmond districts. Sand dunes in those
areas were active until about the 1950’s when urban development started (Schlocker

1974). In fact, there are still active sand dunes still can be found at Fort Funston.

2.1.5.3 Alluvial Deposits

As shown in Figure 2.3 the alluvial deposits on the San Francisco Peninsula can
be subdivided into Old Alluvium of Pleistocene age and Young Alluvium of Holocene
age (Atwater et al. 1977, Helley et al. 1979). Bonilla (1959) already tried separating both
units in the Westlake District of Daly City but mentioned that in places the subdivision is
not feasible. In this thesis both alluvia will be discussed separately in accordance to

Bonilla’s (1959) nomenclature.

OLD ALLUVIUM:

Old Alluvium forms terraces in larger canyons in Daly City and northeastern and
southwestern flanks of Buri-Buri valley. These terraces thin rapidly toward the valley
walls, but in the heads of the canyons the alluvium covers broad areas that extend well up
into the highlands. The average thickness of older alluvium is about 7.5 meters, but in

places it can reach 14 meters. Most of the older alluvium is medium gray in color, but



- 50 =

ranges from light gray to dark gray and in a few places it is yellowish-orange (Bonilla

1959).

Composition and Structure:

In its lower part the Old Alluvium is sandy and has a few beds of gravel. However, in its
upper part it tends to be silty. Close to the surface the Old Alluvium is a compact clayey
silty sand or clayey sandy silt, medium gray or dark gray in color, containing scattered

pebbles and, in places, fragments of wood and other organic matter (Bonilla 1959).

Stratification is generally not visible in Old Alluvium, but where discernable it is
brought out by differences in resistance to erosion, by color banding, or by lines of

pebbles. The crude stratification that is visible in places has a low dip, usually 10° or less.

Age and Depositional Environment:

Bonilla (1959) assigned Old Alluvium to the late Pleistocene. Additionally,
Atwater et al (1977) dated Old Alluvium, which was deposited over the Old Bay Muds to
be 40,000 years old. Helley et al. (1979) assigned an average age of 20,000 years to the
Old Alluvium. These ages are younger than those of the Colma Formation but, in part
younger than those of sand dunes. Therefore, locally in San Francisco, sand dunes might

be overlying Old Alluvium.
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YOUNG ALLUVIUM:

Small thin surficial deposits of Young Alluvium occur at scattered locations
throughout the San Francisco Peninsula. The deposits tend to be long and narrow along
streams or triangular behind artificial barriers such as railroad and highway fills and
debris dams (Bonilla 1959, Kirker, Chapman and Associates 1972). In places the
alluvium behind artificial barriers contain layers of artificial fill. Bonilla (1959) observed
a 30 meters composite deposit behind an artificial fill on the old, abandoned coast
highway. However, the Young Alluvium along the streams is seldom more than a meter

thick.

Composition:

The Young Alluvium is derived primarily from the Merced and Colma
Formations and consequently it consists mostly of poorly sorted sand, silt and clay with

an estimated porosity of 35% (Bonilla 1959, Kirker, Chapman and Associates 1972).

Age and Depositional Environment:

As sea level rose throughout the Holocene the base level of the streams in the San
Francisco Bay region were raised slightly; consequently, Young Alluvial sediments were
deposited on flood plains around the growing bay (Helley et al. 1979). At bay margins,

the Young Alluvium interfingers with the Young Bay Mud. Urbanization in the San
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Francisco Bay Area has altered drainage channels in the basin, thereby, eliminating the

accumulation of younger alluvium (Pampeyan 1994).

2.2 Tectonics:

2.2.1 San Andreas Fault

The San Andreas fault is one of four major structural boundaries in California
separating the granitic-metamorphic complex from the Franciscan Complex (Page 1966),
in particular, the Salinian Block to the west and the Franciscan Complex to the east (Reed
1933). It marks the boundary between the North American and Pacific Plates (Pampeyan
1994). In general, the area west of the fault has been displaced northwestward by at least
420 km (Page 1966) at an average rate of 3.51 to 5 cm per year (Bonilla 1959, Argus and
Gordon 1990). The fault was formally named by Lawson (1908) after the San Andreas

Valley west of Millbrae.

The San Andreas fault enters the coast on the San Francisco Peninsula about 0.6
km north of Mussel Rock and trends inland southeastward from there (Bonilla, 1959).
The San Andreas fault follows Skyline Boulevard between Daly City and Pacifica and in
northwestern San Bruno. The fault is obvious for a stretch of 14.5 km parallel to
Highway 280 between San Bruno Avenue and the interchange with Highway 92, where it
crosses the length of San Andreas Lake in the north and Crystal Springs Reservoir in the

south.
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On the San Francisco Peninsula, the San Andreas fault builds an exception to this
generalized boundary concept. [t is a zone of faulting with a maximum width of about
150 meters (Pampeyan 1994) running entirely through Franciscan Complex from
Woodside, through Mussel Rock, to an unspecified point off the Golden Gate. The
Pilarcitos fault, probably an ancestral strand of the San Andreas fault (Wakabayashi
1996b), forms the basement boundary north of Woodside (Pampeyan 1994). The total
dextral movement between plate boundaries in the Bay Area is not solely accommodated
on the San Andreas fault (Prescott et. al. 1981, Lisowski and Savage 1992, Page 1992).
Movement is distributed along several parallel faults such as the San Gregorio, the
Hayward-Rodgers Creek, the Calaveras-Concord-Green Valley and the Greenville faults
(Page 1992, Hall et al. 1999). Sedlock (1995), Wakabayashi and Hengesh (1995) as well
as Wakabayashi (1999b) concluded that the total offset on the peninsular segment of the
San Andreas fault is between 22 and 27 km. Based on studies conducted by WGCEP
(1990), Hall (1984), Cummings (1983), Addicott (1969) and Weber and Cotton (1981)
the estimated average slip rate on the peninsular segment of the San Andreas faultis 19 +
4 mm per year. More recently, Hall et al. (1999) proposed a horizontal slip rate of 17 £ 4
mm a year based on a paleoseismic investigation of the San Andreas fault at the Filoli
Center, north of Woodside. They also looked into the vertical component of
displacement on the San Andreas fault on the San Francisco Peninsula and concluded that
the average vertical slip rate over the last about 2,000 years is about 1 + 0.2 mm per year,
west side up. The ratio of horizontal to vertical slip at the Filoli site is thus about 17:1 for

the late Holocene (Hall et al. 1999).
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Another major component of the San Andreas fault is contraction normal to the
fault. This can be noticed by the presence of large-amplitude folds and related thrust
faults (such as Serra, Belmont, Atherton, Pulgas and Monte Vista faults) that deform
Pliocene and younger rocks throughout the central Coast Ranges along the San Andreas
fault (Jones 1992, Sedlock 1995). Each major splay of the San Andreas fault System has
an attendant parallel thrust belt that roots within the strike-slip fault zone and dips either
to the east or west (Jones 1992). West verging thrusts are blind; east-verging thrusts
break through the surface and define pop-up blocks. Vergence of these subsidiary thrust
belts, viewed as long-term strain indicators, suggest that the San Andreas fault north of
Gilroy dips to the west (Jones 1992). The Loma Prieta Domain (Figure 2.5) was the
name given by Sedlock (1995) to the area of thrust faults west of the San Andreas fault

on the San Francisco Peninsula.

Section 2.2.2 The San Bruno Fault

The San Bruno fault extends northwestward from San Francisco Bay, along the
southwest side of San Bruno Mountains and passes through the Lake Merced area. Its
age, exact location, and offset are uncertain, since the fault is concealed by the Colma
Formation (Bonilla 1959, Yates et al. 1990, Applied Consultants 1991, Phillips et al.
1993). Lawson (1895) originally proposed the San Bruno fault to explain the absence of
outcrops of the Merced Formation along the flanks of Mount Davidson and San Bruno
Mountains. He estimated the vertical offset of the San Bruno fault to be at least 2,100

meters. By reanalyzing the location of the San Bruno fault using a bedrock contour map
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Figure 2.5:
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generated for the San Francisco South 7 2 Minutes Quadrangle, Bonilla (1964, 1971)

determined the fault lies approximately along the axis of the south arm of Lake Merced.

He determined that the vertical offset is about 520 meters in the vicinity of Lake Merced.

Based on onshore seismic reflection profiles between Fleishhacker Zoo and Stern Grove,

Caldwell-Gonzalez-Kennedy-Tudor (1982) reportedly showed no fault at that location
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proposed by Bonilla (1964), but indicated a fault 460 meters farther east with a vertical
offset of about 60 meters, which they assumed to be the San Bruno Fault. Furthermore,
Yates et al. (1990) pointed out that linear features in offshore seismic reflection data
could align with both Bonilla’s (1964) and Caldwell-Gonzalez-Kennedy-Tudor’s (1982)

onshore location for the San Bruno fault.

The amount of seismic activity on the San Bruno fault is another uncertain.
Although Lawson (1895) and Bonilla (1971) considered the fault inactive, Brabb and
Hanna (1979) reported microseismic activity along a line that could be the offshore
extension of the San Bruno fault. They stated, that the seismic activity could also be
related to movement along the nearby San Andreas fault. Wakabayashi (1999) considers
the San Bruno fault dormant. He stated that major activity on this fault occurred in the
time period from 15 to 18 million years ago with displacement ranging from 30 to 50 km
(Wakabayashi 1999). Interestingly, from 0.2 to 2 million years ago the northern segment
of the San Bruno fault changed its activity role and accommodated movement as a pull-

apart boundary fault (written communication by Wakabayashi 1998).

Despite all aforementioned considerations, the U.S. Geological Survey (1997) and
Bonilla et al. (2000) raised serious doubts about the existence of the San Bruno fault after
a detailed fault investigation including geomorphic, geologic and geophysical analyses to
look for normal or strike-slip fault displacement. The results of each analysis did not

provide any compelling evidence supporting the existence of the San Bruno fault.
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The existence or not of the San Bruno fault has considerable implication on the
stratigraphy and hydrogeology of the Westside Basin. If the fault exists and it extends
through the Merced Formation, then clay layers that have been identified in boreholes
under Lake Merced (Caldwell-Gonzalez-Kennedy-Tudor’s (1982), Yates et al. (1990))
would be offset, which could create a barrier to horizontal groundwater flow (Yates et al.
1990). However, since the current understanding seems to indicate that the fault does not

exist the San Bruno fault will be disregarded in the further course of this thesis.

2.2.3 The Serra Fault

The Serra fault is a series of thrust faults parallel to the San Andreas fault in the
Coast Ranges. The presence of thrust faults on the northeast side of the San Andreas
fault is very common (Page 1966, Jones 1992) and is a result of contraction normal to the
San Andreas fault (Page 1992). Other faults similar in behavior on the San Francisco
Peninsula are Belmont, Atherton, Pulgas and Monte Vista faults. Willis (1938)
considered all of these faults to be one, called them the Foothills Thrust fault, and
produced a map with approximate location of the fault. Later, more detailed mapping of
the San Francisco Peninsula pinpointed the location of each specific thrust fault. Sedlock
(1995) referred to this area of thrust faults east of the San Andreas fault on the San

Francisco Peninsula as the Loma Prieta Domain (Figure 2.5).

Most of these thrust faults are steep (Page 1966), rooted within the strike slip zone

of the San Andreas fault (Jones 1992) and show dip separations in the northeast-
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southwest direction on the order of 300 to 3000 meters (Page 1966). These thrust faults
deform or even override Pliocene and younger rocks (Bailey et al. 1964, Jones 1992,
Sedlock 1995), producing parallel, large-amplitude folds (Page 1966) and often break
through the surface, creating pop-up blocks (Jones, 1992). It is important to note that all

of these faults have been active during the Quaternary (Page 1966).

Figure 2.6: Pop-up block of Franciscan Complex and Merced Formation between strands
of the Serra fault. The outcrop was generated during grading operations in west

Millbrae. Photo taken by Smith (1960).

As for the Serra fault, it extends from Hillsborough in the south (Pampeyan 1994)
to Fort Funston in the north (Kennedy and Caskey 2002). It was first noted in 1955 in the
Montara Mountain Quadrangle by Bonilla and about 1957 named on his geologic map of
the San Francisco South Quadrangle (1965, 1971). Bonilla and Appledomn (1955)

examined and photographed an artificial exposure about half a mile east of Crestmoor
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High School, at the east edge of Junipero Serra County Park. They determined that one
of the shallow west-dipping faults exposed there displaced beds of the Merced
Formation, and modern soil (Pampeyan 1994). Smith (1960) photographed a few strands
of the fault (Figure 2.6), which were exposed during grading operations in west Millbrae,

and plotted their position on his map.

The extent and amount of thrusting and deformation along the Serra fault
decreases from south to north. Between Hillsborough and Millbrae the Serra faults
oceurs as imbricated strands juxtaposing Franciscan and Merced rocks in zones at least
900 meters wide (Pampeyan 1994). In San Bruno, the Serra fault dips 20°-40° west and
places Franciscan sheared rock on top of the Colma Formation (Pampeyan 1994).
Pampeyan (1994) determined this angle based on poor exposures of the mélange in the
Buri-Buri Ridge, which plot as curvilinear boundaries. Bonilla (1965, 1971, 1994, 1998)
mapped the Serra fault as breaking through the surface as far north as Fleetwood Drive,
in San Bruno, and with fault dips ranging from 20° to 60°. He also shows several
synclinal and anticlinal axes that parallel both the San Andreas and the Serra faults in the
Westborough District and in Daly City. One of these anticlines falls in line with the
location of the Wood’s Gulch fault as mapped by Ashley (1895) and GEO Consultants
(1998). A second anticline also falls in line with a fault mapped by Eagle and Squire
(1974) cutting diagonally across the face of the Thornton Bluffs, about 1/3 of the way
down from the Lynvale Court cul-de-sac. Brabb and Olson (1986) mapped the Serra
fault as far north as Broadmoore, where Merced Formation is placed on top of Colma

Formation. The location of this stretch of the Serra fault also agrees with aeromagnetic
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data by Bonilla et al. (2000). Barr (1999) identified the Serra fault as a blind fault
crossing the Olympic Country Club based on an outcrop of the Rockland Ash found in
sequence S of the Merced Formation and an east-vergent fold of the Merced Formation
with the eastern limb dipping 80°. Kennedy and Caskey (2002) inferred the trace of the
blind Serra fault as going through sequence U of the Merced Formation along the coastal
bluffs at Fort Funston. There, the forelimb of the east-vergent fold of the Merced dips

65° to the northeast.

Aside from the mainly vertical movement of the Serra fault, Hengesh et al. (1996)
also suggested small right-lateral component of slip occurring on the fault, thus,
accommodating a component of San Andreas fault motion. Their findings are based on

slickensides they found in a trench exposure of the Serra fault.

2.2.4 Other Faults

The Hillside Fault:

The Hillside fault trends southeast northwest along the southwest side of the San
Bruno Mountains from Oyster Point till the south end of Lake Merced. Crandall (1907)
first mapped the Hillside fault and identified it as a thrust fault with an upthrow of up to
450 meters, but, erroneously, considered it to be Lawson’s (1895) San Bruno fault.

Lawson (1908) considered the Hillside fault to be an auxiliary fault of the San Bruno
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fault. Bonilla (1959) first named the Hillside fault and identified it as an independent

feature.

The Hillside fault runs through the Franciscan Complex and, where exposed, it
can be identified along a line of sheared rocks, serpentinite, and other metamorphic rocks
(Bonilla 1959). The fault is mostly covered by the Colma Formation and younger
deposits at Oyster Point and by the Merced and Colma formations northwest of the San
Bruno Mountains. Based on aeromagnetic data Bonilla et al. (2000) identified the
extension of the Hillside fault under the Merced Formation as far to the northwest as the

southern end of Lake Merced.

The Wood’s Gulch Fault:

The Wood’s Gulch fault runs southeast northwest along the main axis of Wood’s
Gulch and is in line with an anticline mapped by Bonilla (1998) in the Westlake District
of Daly City. It was first identified by Ashley (1895) who assigned 250 meters of
vertical offset along the fault. Bonilla (1959) did not support the existence of the fault as
described by Ashley (1895) and pointed out that the inland trace of the fault is actually
the main drainage of Colma Creek. GEI Consultants (1998) mapped two traces of the
fault exposed by erosion and landsliding in the gulch and named them the north and south
trace of the Wood’s Gulch fault. According to their findings, the two traces separate
three areas of significantly different dip and two zones of predominantly different

lithologies. Although the total amount of offset is unknown at Wood’s Gulch, Clifton
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and Hunter (1987) point out that due to the stratigraphic relationship between sequences
B and C and the succession of sequences ZZ-A-B-C and C-D-E-F of the Merced

Formation no significant faulting occurs in the area.

The City College Shear Zone:

The City College shear zone occupies a band about 0.8 to 1.6 km wide extending
from Lincoln Park southeastward to San Francisco Bay near Bayshore. It crosses Golden
Gate Park about 1.6 km from the coast, between the Elk Glenn Lake and the Golden Gate
Park Stadium and extends southeastwards across the eastern end of Stern Grove. The
shear zone contains intensely sheared cataclasite and blocks up to 60 meters in diameter
(Dames and Moore, 1979). The City College Shear Zone appears to affect only bedrock
and separates the Marin Headlands terrane on the northeast side from the San Bruno
Mountains terrane on the southwest (Wakabayashi 1999). Geologic sections and bedrock
contour maps prepared by previous investigators have not indicated any vertical offset in
the bedrock surface near the fault zone (Bonilla 1971, Schlocker 1974, Dames and Moore

1979, Caldwell-Gonzalez-Kennedy-Tudor 1982, Yates et al. 1990).

Unnamed fault at Lynvale Court:

Eagle and Squire (1974) mapped a fault cutting diagonally across the face of the
Thornton Bluffs, about 1/3 of the way down from the Lynvale Court cul-de-sac. This

fFault falls in line with an anticline mapped by Bonilla (1998) in the Westlake District of
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Daly City. The surface expression of this fault suggests that movement has occurred in
the very recent geologic past; evidence for this displacement is a furrow associated with
its surface trace that can be traced uninterrupted through the southern end of Thornton

Bluffs landslide (Eagle and Squires 1974).
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Chapter 3

HYDROGEOLOGIC SETTING
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3.1 Conceptual Model and Basin Boundaries

3.1.1 Introduction:

The Westside Basin has many different water bearing zones. Despite the fact that
(i) different studies (Kirker, Chapman and Associates 1972, Boone, Cook and Associates
1987, Yates et al. 1990, Phillips et al. 1993, San Mateo County Environmental Health
2001a, 2001b, 2001c, 2002a) indicate differences in water level and water quality
throughout of the basin, and (ii) that some of these water-bearing units provide drinking
water for Daly City, South San Francisco and San Bruno, there hasn’t been a clear
differentiation between the different water bearing zones. In addition, shallow aquifers
are known to the County of San Mateo to be polluted by a wide range of contaminants.

Accordingly, in this chapter a hydrogeologic assessment of the basin is presented.

Assemblage and comparison of stratigraphic data and characteristics (discussed in
Chapter 2), water quality (discussed in section 3.2) and water age dating techniques
(discussed in chapter 4) are useful tools to delineating different water-bearing zones.
They allow the identification of hydrostratigraphic units and their interconnectivity. In
this section I will summarize the results from previous hydrogeologic investigations
conducted in the Westside Basi1;1 as well as discuss recently collected water level and
water quality data. The discussion of this data supports the conceptual model presented

in the subsequent section.
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3.1.2 Conceptual Model:

The Westside Basin is composed of different unconsolidated geologic units,
which comprise the various hydrostratigraphic units of the basin. Conceptually, the
basement of the basin is defined by the Franciscan Group (Figure 3.1). The Franciscan
Group is also found along the northern, northeastern and southwestern fringes of the
Westside Basin.  Although the Franciscan Group has a much lower hydraulic
conductivity than the overlying unconsolidated sediments, locally, groundwater flow

from the Franciscan Group to the overlying unconsolidated sediments does occur.

As shown in Figure 3.1, groundwater flow in the basin is not only controlled by
lithology but also by the tectonic setting of the Basin. West of the Serra fault
groundwater flow is towards the Pacific Ocean (Fio, oral communication April 2003).
East of the Serra fault groundwater flow regime is towards the center of the Buri-Buri
Valley and from the valley center to the southeast. The valley axes runs northwest-
southeast and crosses Lake Merced. Therefore, north of Lake Merced groundwater flow
is towards the Pacific Ocean. South of Lake Merced groundwater flows along the main
axis of the valley from Daly City to San Bruno. Furthermore, there is a small vertical
component to groundwater movement from the upper hydrostratigraphic units to the
lower ones. However, as isotopic data indicates (see section 3.3.3), this movement slow,

mostly retarded by the presence of different aquitards.
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3.1.3 Horizontal Basin Boundaries:

The first attempt to assign boundaries to the Westside Basin was done by Phillips
et al. (1993). Their research utilized previous studies (Kirker, Chapman and Associates
(1972), Boone Cooks and Associates (1987), Yates et al. (1990) and Applied Consultants
(1991)) to delineate horizontal boundaries. For example, the northern boundary was
defined by a subsurface bedrock rise in the eastern part of Golden Gate Park and the
Richmond District. To the northeast and east from San Francisco to South San Francisco

bedrock outcrops of Mount Davidson, San Bruno Mountain and Oyster Point act as basin

a boundary.

From South San Francisco to the south the basin is open to the east and extents to
an unknown distance under San Francisco Bay. The areal extent of the southern
boundary has yet to be accurately defined. However, Applied Consultants (1991)
recognized that the Merced and Colma formations extend as far south as Burlingame, but
they assigned the southernmost extent of the Westside Basin further north, to San Bruno.
Whereas, Phillips et al. (1993) argued that the southern boundary should be further south,
just south of the airport and running through Millbrae. His determination is based on
higher clay contents found in the Merced Formation from Millbrae southward. This
boundary has since been accepted, for lack of better understanding, by subsequent studies
as a possible southern boundary (CH2MHill (1994, 1996, 1997), Luhdorff and
Scalmanini (2002)) for the groundwater basin. Further discussion on the southern

boundary of the Westside Basin is presented in Chapter 4.
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To the southeast the San Andreas fault has been recognized as a basin boundary
(Phillips et al. 1993), since, (i) the Merced Formation does, except for a small area at
Mussel Rock, not extend beyond the San Andreas fault, and (i1) fault gouge would inhibit

horizontal groundwater flow across the fault.

The Westside Basin extends to the west an unknown distance offshore under the
Pacific Ocean (Figure 3.1). There, like on the San Francisco Peninsula, the San Andreas

fault might also be the basin boundary.

3.1.4 Vertical Basin Boundaries:

(I) Basement:

Bedrock from the Franciscan Complex has been proposed to be the base of the
Westside Basin (Yates et al. 1990). Their determination is made on the low hydraulic
conductivity of bedrock compared with the overlying unconsolidated sedimentary

deposits.

Caldwell-Gonzalez-Kennedy-Tudor (1982) and Burns and McDonnell (2002)
showed that groundwater flow in the Franciscan Complex does occur. Most of this
groundwater flow is in form of fracture flow and contributes small amounts of
groundwater to the overlying sediments by means of "buried springs". The behavior of

these springs as similar to above surface springs that can be observed at bedrock outcrops
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‘0 San Francisco. Nevertheless, as stated by Yates et al. (1990), the total amount of
fracture flow can be considered minimal and, therefore, the Franciscan Complex can be

regarded as the basement of the groundwater basin.

Due to the above-mentioned hydrogeologic character of the Franciscan Complex
it is fundamental to the study to look for the bedrock surface in order to identify the total
thickness of the groundwater basin. One main characteristic of the bedrock surface is
that it is highly uneven. In San Francisco, from Golden Gate Park to Lake Merced,
borehole data suggests steep slopes in the buried bedrock, just as those observed on the
slopes of Mount Davidson and possibly, locally, even the presence of buried canyons
(Harding Lawson Associates 1976a, Caldwell-Gonzalez-Kennedy-Tudor 1982, Yates et
al. 1990). In San Mateo County, borehole information, as well as, geophysical evidence
indicates the presence of a deep buried southeast-northwest trending canyon with its
deepest part along the coastal bluffs in Daly City (about 1,000 meters deep) and
shallowing up to the southeast (less than 10 meters in Burlingame) (Bonilla 1971, Bonilla
et al. 2000, Hensolt and Brabb 1990, Yates et al. 1990, Phillips et al. 1993). Based on
this information it is difficult to accurately determine the basin thickness and the amount

of groundwater in storage.

(IT) Aquifer Distribution:

The first hydrogeologic study done on a part of the Westside Basin was by Kirker

Chapman and Associates (1972). In this investigation, they regarded the Merced
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Formation as horizontally layered and omitted the folded area of the Merced Formation
along the coastal bluffs in Daly City and along the San Andreas fault. Consequently,
Based on water level and pump test data within their study area they considered the
whole aquifer as unconsolidated. Their conceptual model did not attempt to differentiate
clay and sand layers of the Merced and Colma formations. Thus, they had a simplified
model that did not delineate multiple unconfined and confined aquifers that are likely to
occur in the region. Their model was supported by Boone, Cook and Associates (1987)
for the Daly City part of the Westside Basin, but was rebuffed by different authors later
on (Yates et al. 1990, Applied consultants 1991, Phillips et al. 1993, CH2MHill 1998,
Bookman-Edmonston and Associates and Hydrofocus, Inc. 1998, Luhdorff and

Scalmanini 2002).

Boone, Cook and Associates (1987) improved on the preexisting conceptual
model because they incorporated in their model a gradual change in the Westside Basin
from Daly City to San Bruno. For example, they noticed a higher content in clay and
gravel in San Bruno and classified the Westside Basin as unconfined in the vicinity of
Daly City and semiconfined near San Bruno. Their conceptual model was supported by
detailed geologic cross sections where all clay, sand and gravel layers were assumed
horizontally stratified. Unfortunately, Holocene aged surficial alluvial deposits and
current surface water features (i.e. creeks) in the area were not incorporated into their

model.
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Yates et al. (1990) while studying the hydrogeology of Golden Gate Park and the
Lake Merced area presented the concept of an upper unconfined aquifer and a lower
confined aquifer. They regarded the shallow aquifer representing the water table in the
basin as isolated from the underlying deep aquifer by a clay layer found at elevations
between 7.3 and 28.7 meters below sea level. Yates et al. (1990) determined that the
shallow aquifer is found in the sand dunes and Colma Formation since extensive clay
layers are not present in these units. The deep aquifer they assigned to the Merced
Formation since it contains interbedded clay beds. They correlated the clay layer that
divided the two aquifers between the northern end of Lake Merced to Stern Grove Park.
However, They stated that to the south, toward the San Francisco Golf Club and the
Olympic Country Club, the clay layer might not be a continuous bed. In fact, based on
logs for wells at both golf clubs, they identified different clay layers that did not seem to
be continuous. Therefore, although Yates et al. (1990) determined the vertical gradient
within the shallow aquifer overlying the main confining clay layer near the zoo to be
negligible this might not be the case south of Lake Merced. In addition, Yates et al.
(1990) considered the observed tilt of the Merced Formation along the coastal bluffs at
Fort Funston and noted that such tilted fine-grained strata might significantly impede

horizontal groundwater flow.

Applied Consultants (1991) also agreed with Yates et al. (1991) on this "dual"
shallow-deep aquifer system for the Westside Basin. However, they considered the deep
aquifer to be semi-confined. They argued that the discontinuous aquitards formed by

clay layers allowed recharge from the shallow to the deep aquifer.
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[.uhdorff and Scalmanini (2002) modified this dual aquifer system model and
regarded the Westside Basin as consisting of several aquifer units. In addition, they
pointed out the necessity of a better understanding of the hydrostratigraphic conditions in
the Westside Basin. They considered in their cross sections that the Merced Formation is
tilted to the northeast along the coastal bluffs in Daly City but regarded it as flattening out
further inland. As a result of their interpolation, they identified a shallow estuary or
lagoonal clay under Lake Merced, which extended to about 30 meters below land surface.
They assumed that this clay layer might be responsible for the isolation of aquifer units
lying below Lake Merced from those along the coastal section. In addition, Luhdorff and
Scalmanini (2002) also identified other clay layers lower in the Merced Formation and
tentatively correlated them with Clifton and Hunter's (1987, 1988, 1992, 1999)
sequences. They concluded that the source of the water in the aquifers units the sand-rich
sediments in the upper part of the Merced Formation. This interpretation agrees with
Potter's (1999) conclusion (discussed in section 3.2) for the source material of water
samples collected from different wells in San Bruno. However, their geologic
interpretation of the basin does not take into consideration the folding of the Merced
Formation west of the Serra fault. Finally, Luhdorff and Scalmanini (2002) determined
that the clay layers of the Merced Formation become thin and discontinuous southward
from Daly City, and suggested that the aquifer systems from Colma southward could be
classified as being unconfined. This interpretation of the aquifer conditions in the
Westside Basin is exactly the opposite of how Boone, Cooks and Associates (1987)

envisioned the basin; i.e. unconfined in Daly City and semiconfined near San Bruno.



- 74-

In summary, The Westside Basin is composed of several water bearing units,
which are delineated by the different sand and clay layers of the Merced and Colma
formations. Although the thickness and extent of these sand and clay layers may vary,
they will undoubtedly create different water bearing zones. Thus, an upper unconfined
aquifer exists which is underlain by several deep aquifers. The conceptual model for the
Westside Basin (Figure 3.1) shows the different geologic units in the basin, which form
the different water bearing zones. Groundwater movement shown in the model is
discussed below in section 3.3. Furthermore, water level and water quality data presented

in this chapter corroborate this interpretation.

3.2 Methods and Materials

In order to collect water level and water quality data for the Westside Basin all the
wells in the basin had to be identified and located. Wells in the Westside Basin were
located with a Trimble ProXR GPS unit that has a submeter instrumental accuracy
(Trimble 1999). All other wells, to which access was not possible, or that have been

destroyed were located based on site location description mentioned in well logs, reports
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Figure 3.2: Location of existing and former wells in the area strefching from Golden Gate

Park in the north to San Mateo and Foster city in the South.
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or other records made available by San Mateo County Environmental Health, California
Water Service Company, Daly City Water and Wastewater Department and San Bruno
Public Works. Data analysis of well locations were compiled using ArcView 3.2. The
map showing the location of all the wells (Figure 3.2) as well as all other maps generated

using this program are in Albers Projection.

Water level readings are a useful tool to identify different hydrostratigraphic
units, since through their interpolation on a regional scale groundwater flow direction
within a unit can be determined. They also allow a better understanding of
interconnectivity between the hydrostratigraphic units. However, it is important to
emphasize that water level readings also depend on well construction and making sure
static conditions are present, i.e., there is no pumping activity occurring nearby. Well
screen intervals have to be taken into consideration when analyzing static water level
readings. Only when a set of wells is screened in the same hydrostratigraphic unit can a
clean and representative interpolation of the static water level be made. Unfortunately,
despite attempts to isolate wells screened in different water bearing zones, such
conditions are, in general, not available in the Westside Basin. Consequently, water
levels within the Westside Basin can show steep downward gradients (Figure 3.3). Thus,
potentiometric surface maps generated in this thesis represent a general water level for

the basin.

The water level data presented in this thesis was collected by municipal water

agencies (San Francisco Water Department, Daly City Water and Wastewater
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Department, California Water Service Company and San Bruno Public Works, all of
them hereafter called Westside Basin Partners) in April 2000, May 2001 and October
2001 (San Mateo County Environmental Health Division 2000, 2001a). Similar to other
investigations (see for example, Kirker, Chapman and Associates 1972, Boone, Cooks
and Associates 1987, Yates et al. 1990, Applied Consultants 1991, Phillips et al. 1993,
CH2Mhill 1997, Luhdorff and Scalmanini 2002) the majority of the wells used were
production wells (both municipal drinking water as well as irrigation wells) with different
depths, and contrasting screen intervals. Therefore, it is possible that water level
contours may contain errors caused by variation of hydraulic head with depth (Yates et
al. 1990). San Mateo County Environmental Health Division (2000, 2001a) noted such
errors in Golden Gate Park, Daly City, South San Francisco and San Bruno (Figure 3.3),
where well in close proximity to one another and with screen intervals deeper than 100
feet showed significant differences in water level even after hours of pumping shutdown.
It is important to note that a depth of 100 feet was considered by Phillips et al. (1993) as

approximate for a distinction between a deep and a shallow aquifer.

Water level data collected in this thesis was collected during a 24 hour shut down
of all pumping wells in the basin. This was done to avoid problems that arise when water
levels are collected near pumping and production wells (Bookman, Chapman and
Associates 1998, San Mateo County Environmental Health 2000, 2001a). These types of
problems had been addressed by Kirker, Chapman and Associates (1972) but none of the
subsequent studies (Boone, Cooks and Associates 1987, Yates et al. 1990, Applied

Consultants 1991, Phillips et al. 1993, CH2Mhill 1997) had made a proper basin wide
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attempt to avoid them. Therefore, such interpretations are not representative of local
static water level conditions. Thus, the water level data collected by the Westside Basin
Partners (San Mateo County Environmental Health 2000, 2001a) can be regarded as more

representative of static water level conditions in the Westside Basin.

Most of the water level data was collected manually using electronic sounders
with one hundredth of a foot increments. However, in April 2000 pressure transducers
(In Situ mini TROLL) with data loggers were installed in some wells. For each
monitoring event, the maps and associated piezometric surface (Figure 3.3) were
generated using ArcView version 3.2, with the ArcView Spatial Analyst version 2.0
extensions. In using the ArcView software, groundwater elevations were interpolated
between wells using Inverse Distance Weighted (IDW) interpolation. The IDW method
requires a grid of points within a predetermined coordinate system where each cell has a
preset size. Within this grid there are cells representing water level measuring points p
with water levels L, and cells g for which water levels L, are determined. As shown in
equation [1], for each individual L, a predetermined number n of neighboring points p is

used to calculate the weight wg, of each point p with water level L.

(1] Ly= S]ng * Ly
b=

The weight wg, is a function of the distance d,, between points g and p [2]. Points
p that are closer to g have a higher weight than those that are farther away (i.e., inverse
distance weighted). The power parameter b in the IDW interpolation controls the

significance of the surrounding points upon the interpolated value.
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[2] Wep—

The distance dg, between points g and p is calculate based on a preset coordinate
system with X easting values and Y northing values. The square of the difference

between X and Y values is summed up and the square root of the sum gives the distance
dgp [3]-

P, EEpe
[3] dgp = V(Xg-Xp) (Ye-Yp)

The number of neighboring points n used for these interpolations was set to 12.
The power parameter b was set at 7 and the cell size was arbitrarily chosen to be 96.5
meters. Spatial analyst 2.1 uses a barrier input line theme to break and limit the
interpolation points. Based on known and inferred geologic and hydrogeologic features,
the San Andreas and Serra faults were defined as barrier themes in the interpolation.
ArcView generated contour lines were adjusted slightly to correct for obvious edge

effects along defined boundaries and where data was obviously limited.

Water quality parameters are also a very useful tool in identifying different
hydrostratigraphic units. For example, wells that are screened at different depths can, at
times, show different concentrations of a chemical constituent. This has been reported

for several wells in the Westside Basin (Yates et al. 1990, Phillips et al. 1993, Guidetti
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and Schaefer 1995, San Mateo County Environmental Health Division 2001a, 2002a,
2002¢). Therefore, it is imperative to identify wells screened at a similar depth and that,
consequently, show similar concentrations for particular constituents. Using this
information in conjunction with local stratigraphy and water level data, aids in the
delineation of different hydrostratigraphic units. However, due to various well
construction designs in the Westside Basin, it is difficult to identify wells screened in one
water-bearing zone. Oftentimes, production wells are designed for maximum possible
water production. Therefore, they are screened throughout several water bearing zones.
Consequently, water quality results represent a composite sample that may have been
drawn from numerous hydrostatigraphic units. Without question, the best possible way
of differentiating water bearing units is by looking at the top of the screen interval for a
given well. Once again there were a very limited number of wells that afforded us this
Juxury; thus I could not use this approach to separate the various aquifer units. Wells
with a deeper top of screen ‘nterval will have different water chemistry than wells with a
shallower water screen interval. Therefore, the precise delineating of different
hydrostratigraphic units is not feasible and only an approximate subdivision as proposed

in chapter 5 can be made.

Water quality samples were collected by the Westside Basin Partners in May
2000, April 2001 and October 2001 (San Mateo County Environmental Health Division
2001a, 2002a, 2002¢). For all production wells samples were collected at taps located
close to the wellheads. Samples collected at monitoring wells were bailed. For each well

a set of bottles was provided by the lab. Some bottles contained no preservatives and
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some contained either HCl or HNO3 as a preservative. All samples were submitted to the
lab on the same day they were collected. A total of 52 samples were collected. Samples
collected in May 2000 were analyzed by Sequoia Analytical. The lab followed Regional
Water Quality Control Board guidelines and analytical methods set by the Environmental
Protection Agency (EPA). In addition, a blank was run for every sample bottle.
Furthermore, for every 10th sampling location a second set of samples was collected and
sent to the lab. The location for duplicate samples was not disclosed to the lab. Thus, we
could use duplicate samples as an internal means of quality assurance. The results were
almost identical in most cases. Moreover, Sequoia Analytical reported relative percent
difference (RPD) values for each batch of samples they analyzed. The average RPD
value was used as the percentage number for the error bars presented in May 2000 plots
(see section 3.3). In addition to the RPD values, a cation-anion balance for all sampling
points was determined. A comparison between the RPD values with cation-anion
balance for the 2000 samples shows a discrepancy. The RPD values seem to indicate that
most of the results are below the 5% error margin. However, the QA/QC analysis
indicates that 28% of the results are above the 10% error margin and 15% fall between
the 5-10% error margin. It is possible that certain analytes that were not analyzed by the
lab were present in the water samples. The presence of these analytes would explain the
higher error margin found in the cation-anion balance. Furthermore, we cannot rule out

the possibility that analytical errors were generated by the lab itself.

Samples collected in April 2001 and October 2001 were analyzed by San

Francisco Water Department’s lab in Millbrae. RPD values were only reported for the
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cations of the samples collected in April 2001. Cation-anion balances were determined
for all sampling sites in April 2001 and October 2001. For the samples collected in April
2001, 50% of the results were above the 10% error margin and 18.5% are between the 5
and 10% error margin. For the samples collected in October 2001, 35% fall within the 5
to 10% error margin. Again, human error or the presence of analytes not detected in the

water most likely explain the reason for such discrepancies.

In this chapter different water quality parameters that are considered (i) major
inorganic cations and anions as well as (ii) analytes that are precursors for potential

saltwater intrusion are discussed. The discussed constituents include chloride, bromide,

boron, sulfate, nitrate, calcium and potassium.

3.3 Results and Discussion

3.3.1 Water Level

In April 2000, Westside Basin Partners and private well owners, agreed to shut
down their wells in the Westside Basin for a period of 24 hours (San Mateo County
Environmental Health 2000). Water level measurements were taken prior to well
shutdown as well as prior to resumption of pumping activities. Figure 3.3a shows the
cesultant water level contour map for that basin wide water level response test. This test
yielded the best approximation of static water level conditions in the deeper aquifers of

the Westside Basin. As observed by previous authors (Kirker, Chapman and Associates
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1972, Boone, Cooks and Associates 1987, Yates et al. 1990, Applied Consultants 1991,
Phillips et al. 1993, CH2Mhil 1997, Luhdorff and Scalmanini 2002) and presented in the
conceptual model for the basin (Figure 3.1) water level conditions of the deep aquifers in
San Francisco indicate a general east-west flow towards the Pacific Ocean. This trend
changes gradually in the Lake Merced area, where groundwater flow changes first to the
south and then to the southeast. In Daly City, Colma, South San Francisco and San
Bruno the lowest water level conditions occur in the "central axis" of the Buri-Buri
Valley. From San Bruno Mountain groundwater flows to the southwest and south to the
neentral axis" of the Basin prior to flowing southeastward. Applied Consultants (1991),
Phillips et al. (1993), CH2Mihill (1997) and Luhdorft and Scalmanini (2002) suggested
that groundwater flow from the Buri-Buri Ridge behaves in a similar way as along the
San Bruno Mountain, i.e. flowing first toward the "central axis" of the basin prior to
flowing southeastward. This interpretation, though plausible, is not confirmed by any
water level readings due to a lack of wells along and at the base of the Buri-Buri Ridge.
Nevertheless, this interpretation has also been incorporated in the conceptual model of
the Westside Basin (Figure 3.1). Between Millbrae and Burlingame, groundwater flows
north northwestward towards San Bruno. Despite these general observations, some
locations (Figure 3.3) do show steep downward gradients. As described earlier, this
results from interpolation of different water level readings for deep wells that are in close
proximity to one another but that have different screening intervals. Therefore, the

contour maps have to be seen as showing general trends in the basin.
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Figure 3.3a: Water level conditions for the deeper aquifers of the Westside Basin on

04/28/00 after a 24-hour well shutdown. Source: San Mateo County Environmental

Health Division (2000).
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Figure 3.3b: Water level conditions for the deeper aquifers of the Westside Basin on
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04/26/01 after a 6-hour well shutdown. Source: San Mateo County Environmental

Health Division (2001c).
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Figure 3.3: Water level conditions for the deeper aquifers of the Westside Basin on

10/25/01 after a 6-hour well shutdown. Source: San Mateo County Environmental

Health Division (2002b).
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Within the shallow aquifers groundwater in San Francisco tends to flow in an east-west
direction towards the Pacific Ocean, i.c., In the same manner as in the deeper aquifers. A
set of monitoring wells around Lake Merced and next to Pine Lake has shown that both
lakes are in hydraulic connection with the shallow aquifer (Yates et al. 1990, Phillips et
al. 1993, CH2Mhill, 1997, San Mateo County Environmental Health 2000, 2001,
Luhdorff and Scalmanini 2002). Yates et al. (1990) suggested that Lake Merced creates a
plateau in the water table by causing a path of low resistance for shallow groundwater
flow. From South San Francisco southward to Burlingame groundwater within the
shallow aquifers generally flows towards San Francisco Bay (Burns and McDonnell

2002).

3.3.2 Water Quality

In this section different water quality parameters that are considered (i) major
inorganic cations and anions as well as (ii) analytes that are precursors for potential
saltwater intrusion are discussed. The discussed constituents include chloride, bromide,

boron, sulfate, nitrate, calcium and potassium.
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3.3.2.1 Inorganic chemical constituents

Chloride:

Chloride is a major anion of seawater and moves through an aquifer at nearly the
same rate as intruding water (Hem 1992). This conservative anion does not react in
groundwater with other chemical constituents to form a precipitate or undergo exchange
with other elements on clay surface (Hem 1985, Yates et al. 1990). Therefore, chloride
concentrations can be used as an indicator of saltwater intrusion for areas where no other
sources of chloride contamination exist (Guidetti and Schaefer 1995).  Chloride
concentrations in seawater are on average 19,400 mg/L (Seafriends 1997). However, in
freshwater they are substantially lower. Rivers, on average, show a concentration of 7.8
mg/L (Seafriends 1997). The EPA has set a secondary maximum concentration level
(SMCL) for chloride at 250 mg/L. Furthermore, the agricultural water goal for chloride
concentrations is 106 mg/L (Ayers and Westcost 1985). Chloride concentrations above
500 mg/L are considered corrosive (Driscoll 1995).

Additional sources of chloride contamination in the environment include leaking
sewer lines, chlorinated organic compounds and connate water from marine deposited
sediments. Chloride derived from leaking sewage can be identified by correlating
chloride, nitrates and boron in groundwater (Yates et al. 1990). The chloride and nitrate
relationship is easily identified when chloride is plotted against nitrate and a linear
relationship exists. In addition, chloride-to-boron ratios can be determined and compared

with that of sewage. Chloride versus nitrate diagrams and chloride-to-boron ratios for
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water samples collected by the Westside Basin Partners (San Mateo County
Environmental Health Division, 2001a, 2002a, 2002c¢) are shown Figure 3.7 and Table

3.3, respectively, and discussed are further below.

In heavily urbanized areas chloride can be introduced to groundwater in form of
chlorinated organic compounds. The best way to identify chloride derived from such

substances is by analyzing for chlorinated organic compounds.

The presence of chloride derived from connate water can be inferred by observing
trends in chloride concentration over long periods of time. Differing from saltwater
intrusion where an abrupt increase in chloride concentration can be noticed, flushing of
connate water will cause a gradual increase of chloride concentration over time (Applied

Consultants 1991).

Chloride concentrations for various wells in the Westside Basin are shown in
Figure 3.4 and Table A.l in Appendix A. The data, collected by the Westside Basin
Partners and compiled by San Mateo County Environmental Health (2001a), confirms
observations noted by previous authors in the area. Chloride concentrations vary
considerably, at times even for wells that are located in close proximity to each other. It
is important to note that wells located close to each other are screened at different levels
and also have different water levels. This suggests that the presence of different aquifer

zones can be delineated. Therefore, no chloride concentration contours were generated in
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Figure 3.4 since they would produce an incorrect representation of the chloride

distribution in the basin.

In general, in the Westside Basin, shallow groundwater zones show higher
chloride concentrations than deeper zones. In the opinion of Phillips et al. (1993) water
quality in the basin is controlled by geologic rather than by urban activities. Guidetti and
Schaefer (1995) went further and argued that for the San Bruno area the difference in
chloride concentration is evidence that the deeper aquifer zones are confined while the
shallow zones are unconfined. Yates et al. (1990) determined that in San Francisco
chloride concentrations average about 80 mg/L in wells 36 meters deep or less while

deeper wells showed an average chloride concentration of 47 mg/L.

Data compiled by San Mateo County Environmental Health (2001a, 2002a) for
May 2000 and April 2001 noted similar observations in chloride concentrations. For
example, average chloride concentrations for deep wells in San Francisco were 44 mg/L
and 47 mg/L in May 2000 and April 2001, respectively, and 74 mg/L and 84 mg/L for
shallow wells. In San Mateo County, however, chloride concentrations for the deeper
aquifer zones are, locally, higher than in San Francisco. Data compiled by San Mateo
County Environmental Health (2001a, 2002a) indicates that average chloride
concentrations for deep wells in Daly City and Colma were 68 mg/L and 76 mg/L in May
2000 and April 2001, respectively. Deep wells in San Bruno showed average chloride
concentrations of 80 mg/L and 79 mg/L in May 2000 and April 2001, respectively.

California Water Service Company wells in South San Francisco show the highest
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chloride concentrations among deep wells in the Westside Basin.  Chloride
concentrations, there, range between 91 mg/L and 160 mg/L. Applied Consultants
(1991) noted that higher chloride concentrations could be due to flushing of connate
water, reflecting the marine sediment environment, in which the Merced Formation was
deposited. The shallow aquifer zones at San Francisco International Airport show much
higher chloride concentrations than in San Francisco. Phillips et al. (1993) noted that at
the San Francisco International Airport chloride concentrations exceed the secondary
maximum contamination level (SMCL) of 250 mg/L. Burns and McDonnell (2002)
confirmed this observation at several monitoring wells at the airport where chloride
concentrations were as high as 4700 mg/L. Furthermore, Phillips et al. (1993) pointed
out that correlation of chloride concentrations with nitrate and boron concentrations
indicate contamination by sewage and scawater. On the other hand, Yates et al. (1990)
showed that in the Golden Gate Park and Lake Merced areas there was a lack of
correlation between nitrate and chloride indicating that sewage was not likely the cause
of the chloride detected. They tentatively attribute the presence of chloride in the
groundwater to sea spray and connate water. In addition, Lake Merced, where chloride
concentration is enriched due to evaporation effects, seems to be in direct connection
with the shallow aquifer zones (Phillips et al. 1993). Shallow wells located south of the
lake, and, therefore, downgradient of it, are enriched in chloride, compared to shallow

wells upgradient of the lake (Yates et al. 1990).

Overall, chloride concentrations found in the basin in May 2000, April 2001 and

October 2001 indicate an increase in chloride concentration with depth. This observation
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Figure 3.4a: Chloride concentrations for wells sampled by Westside Basin Partners in
May 2000. Since there is no differentiation between wells drawing from different water
bearing zones no chloride concentration contours have been interpolated. Source: San

Mateo County Environmental Health (2001a).
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Figure 3.4b: Chloride concentrations for wells sampled by Westside Basin Partners in
April 2001. Since there is no differentiation between wells drawing from different water
bearing zones no chloride concentration contours have been interpolated. Source: San

Mateo County Environmental Health (2002a).
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Figure 3.4c: Chloride concentrations for wells sampled by Westside Basin Partners in
October 2001. Since there is no differentiation between wells drawing from different
water bearing zones no chloride concentration contours have been interpolated. Source:

San Mateo County Environmental Health (2002c).
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is most noticeable among wells located in close vicinity to each other and that have
different screen intervals. An exception to this are wells in the vicinity of Lake Merced
and wells with very shallow screen intervals at the San Francisco International Airport.
In the Lake Merced area wells seem to be influenced by the lake, which is enriched in
chloride due to evaporative effects on the lake surface. At the San Francisco
International Airport shallow wells are installed in artificial fill and Young Bay Muds.
The high chloride concentrations may be due to seawater, sewage or other sources of

chloride found in the artificial fill.

Bromide:

Bromide is another major ion found in seawater that has an average concentration
of 65 mg/L (Hem 1992). Chloride-to-bromide concentrations in seawater are around 300.
This ration can be used to determined potential seawater intrusion. However, unlike
chloride, bromide is not a conservative constituent in groundwater. Since the bromide
jon is larger than the chloride ion, bromide may be selectively concentrated by clay-
membrane effects (Hem 1985). In addition, other sources of bromide, e.g., gasoline
additives and ethylene dibromide, can contribute bromide to groundwater (Philips et al.
1993). Therefore, for urbanized areas chloride-to-bromide ratios cannot be the only

means to determine seawater intrusion.

In the Westside Basin chloride-to-bromide ratios were first determined by Phillips

et al. (1993). They collected samples from different wells in San Francisco and at the
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Figure 3.5a: Chloride-to-bromide ratios for wells sampled by Westside Basin Partners in
May 2000. Since there is no differentiation between wells drawing from different water
bearing zones no chloride-to-bromide ratio contours have been interpolated. Note that

that chloride-to-bromide ratio around 300 can be indicative of seawater intrusion.
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Figure 3.5b: Chloride-to-bromide ratios for wells sampled by Westside Basin Partners in
October 2001. Since there is no differentiation between wells drawing from different
ng zones no chloride-to-bromide ratio contours have been interpolated. Note

water beari

that that chloride-to-bromide ratio around 300 can be indicative of seawater intrusion.
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Figure 3.5¢: Chloride-to-bromide ratios for wells sampled by Westside Basin Partners in
October 2001. Since there is no differentiation between wells drawing from different
water bearing zones no bromide concentration conlours have been interpolated. Note

that that chloride-to-bromide ratio around 300 can be indicative of seawater intrusion.
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San Francisco International Airport and pointed out that the chloride-to-bromide ratios at
the South Windmill well in the Golden Gate Park and at the USGS-D well at the San
Francisco International Airport were similar to that of seawater. Samples collected by the
Westside Basin Partners in 2000 and 2001 (San Mateo County Environmental Health
Division 2001a, 2002a, 2002¢) do corroborate these findings for the South Windmill
well. Chloride-to-bromide ratios in this as well as in various wells in the Westside Basin
(Figure 3.5 and Table A.2, Appendix A) are close or higher to that of seawater. However,
as mentioned above these values cannot be used as sole indicators for presence of
seawater intrusion. Other parameters discussed further ahead have to be taken into

consideration.

Boron:

Boron, another constituent common to seawater, typically averages 4.5 mg/L
(Phillips et al. 1993, Leeman and Sisson 1996). Its geochemical behavior is similar to
chloride. It is a conservative anion and when used in a chloride-to-boron ratio it is a
useful tool for identifying seawater intrusion in a groundwater system. This, of course, 18
only useful as long as there are no other sources of extrancous boron found in a given
system. One additional source of boron is from sewage, which contains high
concentrations of borax cleansers and sodium perborate (as bleach) (Kehew 2000).
However, the chloride-to-boron ratios of seawater (4,220) and sewage (400 to 500) differ
considerably (Phillips et al. 1993). In addition, sewage input to the groundwater can be

confirmed by supplemental analysis of groundwater for methylene blue active substances
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(MBAS), which are common substances found in various detergents (Phillips et al.
1993). Another source of boron is fertilizers. If (i) low concentrations of boron are
found in groundwater alongside low concentrations of MBAS, high concentrations of
nitrate and (ii) if there is a correlation between sulfate and nitrate, it is likely that
fertilizers carried by irrigation water impact groundwater. Discussion on MBAS, nitrates

and sulfates can be found below.

Throughout the Westside Basin production wells show a high chloride-to-boron ratio;
these ratios approach seawater ratios (Figure 3.6 and Appendix A, Table A.3). This
observation was already noticed by Phillips et al. (1993) for the Olympic Country Club
and San Francisco Golf Club. Most of the monitoring wells around Lake Merced also
showed high chloride-to-boron ratios. There are, however, some notable exceptions. For
example, production wells in Golden Gate Park do not show high ratios, despite Phillips
et al. (1993) observation of high chloride-to-boron ratios at the Windmill wells
(Appendix A, Table A.3). Two wells, USGS South Windmill D and LMMW4S showed
ratios close to that of sewage (Appendix A, Table A.3), indicating that in certain areas

sewage might be getting into the groundwater.
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Figure 3.6a: Chloride-to-boron ratios for wells sampled by Westside Basin Partners in
May 2000. Since there is no differentiation between wells drawing from different water
bearing zones no chloride-to-boron ratios contours have been interpolated. Note that
concentrations close to 4220 can indicate presence of seawater and that ratios between

400 and 500 can indicate presence of sewage.
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Figure 3.6b: Chloride-to-boron ratios for wells sampled by Westside Basin Partners in
April 2001. Since there is no differentiation between wells drawing from different water
bearing zones no chloride-to-boron ratios contours have been interpolated. Note that
concentrations close to 4220 can indicate presence of seawater and that ratios between

400 and 500 can indicate presence of sewage.
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Figure 3.6¢: Chloride-to-boron ratios for wells sampled by Westside Basin Partners in
October 2001. Since there is no differentiation between wells drawing from different
water bearing zones no chloride-to-boron ratios contours have been interpolated. Note
that concentrations close to 4220 can indicate presence of seawater and that ratios

between 400 and 500 can indicate presence of sewage.
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MBAS:

Methylene blue active substances (MBAS) analyses are good indicators for the
presence of detergents in groundwater and, therefore, of contamination from leaking
sewer lines (Phillips et al. 1993). Absence or low concentrations of MBAS indicate the
absence of sewage in groundwater or that detergents have been chemically decomposed
and removed (Phillips et al. 1993). The analyses further help to discern whether boron
concentrations that are found in groundwater are related to seawater intrusion, sewage
contamination, or fertilizers. In addition, they help differentiate between nitrate found in

groundwater derived from sewage and that derived from fertilizers.

Only a small number of wells (Appendix A, Table A.4) were sampled for MBAS
by the Westside Basin Partners in May of 2000. At all of them MBAS was not detected.
The absence of MBAS together with the low chloride-to-boron ratios for Arboretum 5,
Elk Glenn 2 and Edgewood School indicate that the elevated nitrate concentrations found
in these wells (see nitrate discussion below) are not due to leaking sewer lines but most
likely due to irrigation return flow containing fertilizers. All of these wells are located in
areas where a lot of irrigation occurs (Golden Gate Park and Stern Grove Park). This

agrees with observations made by Phillips et al. (1993).
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Potassium:

Potassium is generally found in seawater at concentrations of 392 mg/L. (Turekian
1968). 1t can, therefore, also be used as an indicator for potential seawater intrusion.
However, like bromide and sodium, potassium is not a conservative constituent in
groundwater owing to the fact that it undergoes cation exchange on clay mineral surfaces
(Yates et al. 1990). In addition, potassium can be added to groundwater by leaking sewer
lines (Yates et al. 1990). Baert et al. (1998) demonstrated that concentrations of 12 mg/L
and higher in surface water catchment areas in Flanders were a direct result of surface
input. Yates et al. (1990) pointed out that groundwater in the Golden Gate Park and Lake
Merced areas (which are not underlain by sewer lines) showed notably lower potassium
concentration than adjacent urbanized areas. Water samples collected by the Westside
Basin Partners (San Mateo County Environmental Health Division 2001a, 2001b, 2002a)
contained low potassium concentrations. However, concentrations at LMMW?2S,
LMMW2D, LMMW6D and Oceanside wells showed concentrations higher than 10 mg/L
(Figure 3.7 and Appendix A, Table A.5). Despite this fact, a clear connection to possible

sewage water cannot be confirmed.
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Figure 3.7a: Potassium concentrations for wells sampled by Westside Basin Partners in
May 2000. Since there is no differentiation between wells drawing from different water
bearing zones no potassium concentration contours have been interpolated. Source: San

Mateo County Environmental Health (2001a).
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Figure 3.7b: Potassium concentrations for wells sampled by Westside Basin Partners in
April 2001. Since there is no differentiation between wells drawing from different water

bearing zones no potassium concentration contours have been interpolated. Source: San

Mateo County Environmental Health (2002a).
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Figure 3.7c: Potassium concentrations for wells sampled by Westside Basin Partners in
October 2001. Since there is no differentiation between wells drawing from different
water bearing zones no potassium concentration contours have been interpolated.

Source: San Mateo County Environmental Health (2002¢).
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Phosphate:

Phosphate is a minor constituent in groundwater and generally occurs only in very
small quantities (Spellman and Drinan 2000); however, it can be introduced to
groundwater through leaking sewer lines and agricultural runoff. Phosphate is generally
attenuated in the vadose zone where it is sorbed to solids, especially metal oxides with
positively charged surface sites (Kehew, 2000); it can also form precipitates such as
vivianite [Fes(POs)2 8H20], strengite [FePO42H20], and variscite [AIPO42H,0] (Roberts
et al. 1998). Phosphate concentration and distribution in groundwater is pH dependent.
Its solubility increases with clevated pH values (Kehew, 2000). Therefore, phosphate
concentrations tend to be higher in carbonate rich waters, where pH has moderate values
(Kehew 2000). The main problem associated with phosphate is that an increase in
phosphate concentrations even as small as 0.01 mg/L can cause serious changes in

aquatic life by promoting accelerated plant growth (Spellman and Drinan 2000).

Despite the sorption effects in the vadose zone, phosphate can remain mobile in
groundwater and detectable a good distance from the input source. Robertson et al.
(1998) reported average phosphate concentrations ranging from 0.03 to 4.9 mg/L at
distances up to 70 meters from septic systems 1n Ontario. In the Westside Basin, samples
collected by the Westside Basin Partners (San Mateo County Environmental Health
Division, 2001a, 2002a, 2002c) showed concentrations below 0.4 mg/L, even for wells

that showed elevated pH values (Figure 3.8 and Appendix A, Table A.5). No specific
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Figure 3.8a: Phosphate concentrations for wells sampled by Westside Basin Partners in
April 2000. Since there is no differentiation between wells drawing from different water

bearing zones no potassium concentration contours have been interpolated. Source: San

Mateo County Environmental Health (2001 a).
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Figure 3.8b: Phosphate concentrations for wells sampled by Westside Basin Partners in
April 2001. Since there is no differentiation between wells drawing from different water

bearing zones no potassium concentration COntours have been interpolated. Source: San

Mateo County Environmental Health (2002a).
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correlation could be observed between carbonate of bicarbonate alkalinity and
phosphates. In summary. the concentrations observed i1 Westside Basin wells in May

2000 and April 2001 do not seem to indicate the presence of sewage in the groundwater.

Sulfate:

Sulfate is also an important constituent of seawater and accounts for about 8%
(2,649 mg/L) of its chemical composition (Owens 2002). In general it is a stable ion
under oxidizing and alkaline conditions. However, its stability is pH dependent, i.e., as
soon as pH is lowered and conditions become reducing to mildly oxidizing sulfate will no
longer be stable and will be transformed into dissolved hydrogen sulfide (Yates et al
1990). This factor reduces the reliability of sulfate as an indicator for the presence of
seawater intrusion. The pH of scawater (8) is generally higher than of natural
groundwater and, therefore, as soon as both start to mix sulfate reduction reactions begin
to occur reducing the original proportion of sulfate with other seawater constituents such
as chloride (Hem 1985). In addition, cation exchange with fine-grained sediments in the
aquifer matrix will also reduce the original sulfate concentration (Phillips et al. 1993).
Qulfate can also be introduced to groundwater as a result of human activity. Ammonium
sulfate (NH4SO4), commonly used as turf fertilizer, can reach groundwater as a result of
irrigation-return flow (Yates et al., 1990). Sulfate derived from irrigation-return flow can
be identified in groundwater when there is correlation between sulfate and nitrate (Yates

et al., 1990).
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Chloride-to-sulfate ratios can be used to identify the presence of scawater
intrusion in samples (Phillips et al 1993). In seawater the chloride-to-sulfate ration is
about 7.17 (Hendrix Group 1998). Figure 3.10 and Table A.7 (Appendix A) show the
chloride-to-sulfate ratios of well water samples collected by the Westside Basin Partners
(San Mateo County Environmental Health Division 2001a, 2002a, 2002c). Samples
collected at LMMW2D and LMMW?3D, both located in the deeper water bearing zones
around Lake Merced show ratios close to 7.17. High ratio values found in samples
collected from the Oceanside well are due to an unusually low sulfate concentration (0.79
mg/L in May 2000 and less than 0.3 mg/L in April 2001). The pH in the well is above 9,
which favors the presence of sulfate under stable conditions (Figure 3.9). However,
sodium (230 mg/L in April 2001) and carbonate (48 mg/L in April 2001) that are in the
Oceanside well are the highest in all of the Westside Basin. Elevated carbonate
concentration could be the reason for the high pH in the well water. Such sodium and
carbonate concentrations are also associated with a depletion of calcium (Hem 1985).
The Oceanside well does show relatively low calcium (10.9 mg/L in May 2000 and 18
mg/L in April 2001). Tt is feasible that the pH and higher sodium and carbonate
concentrations might induce the complexation of calcium with sulfate, therefore,

depleting both constituents in the well water.

In general, sulfate concentrations in Westside Basin wells range from 1 to 100
mg/L (San Mateo County Environmental Health Division 2001a, 2002a, 2002c), which 1s
similar to that found by Yates et al (1990) in the western part of San Francisco (2.7 to 72

mg/L). Higher sulfate concentrations are, however, found in two California Water
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Figure 3.9: pH and Eh diagram showing the fields of dominance for sulfur species at
equilibrium at 25°C and 1 atmosphere pressure. Total dissolved sulfur activity 96-mg/L
sulfate. Dashed line represents redox equilibrium between dissolved carbon dioxide

species and methane. Source: Hem (1985).
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Figure 3 10a: Chloride-to-sulfate ratios for water sampled collected by the Westside Basin
partners in May 2000. In comparison, chloride-to-sulfate ratio of seawater is about 7.00. Of
all the collected samples the ratios of LMMW2D and LMMW3D are close o that of
seawater. The extremely high chloride-to- sulfate ratio of the Oceanside well is due to an

unusually low sulfate concentration in the well water.
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Figure 3.10b:Chloride-to-sulfate ratios for water sampled collected by the Westside Basin
partners in April 2001. In comparison, chloride-to-sulfate ratio of seawater is about 7. 00. Of
all the collected samples the ratios of LMMW2D and LMMW3D are close to that of
seawater. The extremely high chloride-to-sulfate ratio of the Oceanside well is due to an

wnusually low sulfate concentration in the well water.
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Service wells, SS 1-20 and SS 1-21 (180 to 200 mg/L), both of which have a deeper

screening interval than the remaining wells owned by the company.

Nitrate:

Nitrates are a major concern in drinking water due to damaging health effects,
especially to infants to whom it can cause methemoglobinemia (Driscoll, 1986). Nitrate
concentrations can be analyzed and reported in two ways, cither as nitrate measured as
nitrogen or nitrate measured as nitrate. Therefore, caution has to be taken when
interpreting nitrate values. The U.S. Environmental Protection Agency (1986) set the
maximum concentration Jevel (MCL) for nitrate (as nitrogen) at 10 mg/L and for nitrate
(as nitrate) at 45 mg/L. These values are exceeded in the Westside Basin and were also
noted by Yates et al. (1990) and Phillips et al. (1993). Water samples collected by the
Westside Basin Partners in 2000 and 2001 (San Mateo County Environmental Health

Division 2001a, 2002a, 2002c), Table A.8 (Appendix A) confirms that observation.

Nitrates can be naturally introduced to the groundwater if peat is present in
sedimentary layers. Peat is found in certain sequences of the Merced Formation (Hunter
and Clifton 1982) and could explain elevated nitrate concentration, found in some of the
deeper wells in the basin like those at the cemeteries in Colma (Home of Peace, Hills of
Eternity, Cypress Lawn and Holy Cross), and the municipal wells owned by Daly City
and California Water Service Company (A Street, SS 1-14, SS 1-17, 8S 1-18 and SS 1-

19).
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Another natural source of nitrates in groundwater is bulk precipitation, sorption
and decomposition of guano (Yates et al. 1990). Yates et al. (1990) determined that
assuming that 70% of the 546 mm of average annual precipitation in San Francisco
dissolved nitrates from guano would add up to about 6 mg/L nitrate (as nitrogen) in

groundwater.

Nitrate concentrations found in many wells in the Westside Basin are higher than
background values. Therefore, human activity 18 likely the source of most of the nitrate
in the basin. Major sources of nitrate from human activity are leaking sewer lines, septic
tanks and agricultural runoff. Nitrates derived from sewage can be identified if there is a
correlation between chloride and nitrates or between potassium and nitrate in water
quality data (Yates et al. 1990). Such correlations could not be found in any of the wells

analyzed by Yates et al. (1990) in the western part of San Francisco.

Plots of chloride versus nitrate (Figure 3.11) and potassium Versus nitrate (Figure
3.13) for samples collected at various wells by the Westside Basin Partners in May 2000
(San Mateo County Environmental Health Division 2001a) do not show a clear
correlation between nitrate and either chloride or potassium. Pearson correlation values
for nitrate and chloride were determined to further corroborate the diagrams. Samples
collected in May 2000, April 2001 and October 2001 have a Pearson correlation values
of, respectively, 0.17, -0.05 and —0.26. Overall, these values show that there is no

correlation between nitrates and chlorides. However, the Pearson correlation factor for
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samples collected in October 2001 indicates that a very small inverse relationship

between nitrates and chloride might exist. The lack of correlation could

be due to

independent sources of both chloride and potassium such as connate water and sea spray

(Yates et al. 1990). Furthermore, the plots show that for those wells with high nitrate

concentration other sources of nitrate are likely to be playing a role, too.
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Figure 3.11: Chloride versus nitrate plot for water samples collected from Westside Basin

wells in May 2000 (San Mateo County Environmental Health Division 2001

no correlation between chloride and nitrate can be observed.
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Figure 3.12a: Nitrate values (mg/L) for water sampled collected by the Westside Basin

partners in May 2000. Source: San Mateo County Environmental Health (2001a).
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Figure 3.12b: Nitrate values (mg/L) for water sampled collected by the Westside Basin

partners in April 2001. Source: San Mateo County Environmental Health (2002a).
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Figure 3.13: Potassium versus nitrate plot for water samples collected from Westside

Basin wells in May 2000 (a). Overall no correlation between potassium and nitrate can

be observed.

Fertilizers can be a major contributor of nitrate. For example, ammonium sulfate
(NH4SO4) is a commonly used turf fertilizer and could be the source of both nitrate and
sulfate in groundwater (Yates et al. 1990). Nitrate from this source can be identified by
looking at the correlation between sulfate and nitrate. Yates et al. (1990) as well as
Phillips et al. (1993) identified such a correlation at wells in the Golden Gate Park and
I.ake Merced area. However, such a correlation (Figure 3.14) has not been clear from
samples collected at various wells throughout the basin by the Westside Basin Partners in

May 2000 (San Mateo County Environmental Health Division 2001a). Nevertheless,
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higher sulfate concentrations do indicate the presence of irrigation return water in some
wells. Most likely the nitrate values derived from irrigation return is being masked by

nitrate derived from sewage ot from natural sources.

Overall, nitrate concentrations seem to decrease with depth (Yates et al. 1990).
This trend is observed at wells with different screen intervals that are located close to
cach other, e.g. those owned by California Water Service Company in South San
Francisco (SS 1-14, S8 1-15, SS 1-17, SS 1-18, SS 1-19, SS 1-20, SS 1-21). Wells S8 1-
20 and SS 1-21, which are screcned deeper than the remaining California Water Service
Company wells do show significantly lower nitrate values (Table A.8, Appendix A).
This observation ‘ndicates that groundwater composition 1s primarily controlled by
geologic factors and less by urban activities (Boone Cook and Associates 1987, Phillips
ot al. 1993). Confining layers, whether continuous Or discontinuous, separate different
groundwater bearing zones (Boone Cook and Associates 1987). However, the presence
of higher nitrate concentrations in deep wells in Colma could be derived not just from
natural sources but also from infiltration of fertilizers. This irrigation return water could
have percolated over a very long period of time through confining layers. Isotopic data,

discussed below, does suggest that this might be the case.

Another phenomenon in the nitrate concentration values in the Westside Basin is
the impact Lake Merced has on the basin. Yates et al. (1990) noticed that nitrate
concentrations in well water south of Lake Merced were substantially lower than north of
the Lake. Lake Merced is recharged to the north and east by groundwater and recharges

the groundwater basin to the south. This flow pattern is consistent with the general
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groundwater flow in the area (Figure 3.3). Nitrate in the lake’s water 1s consumed by
biological processes. These processes reduce high nitrate water percolating into the lake
from the north and east to an ambient concentration of 0.1 mg/L nitrate (as nitrogen)
(Phillips et al. 1993). The reduced nitrate concentration in wells south of Lake Merced
can even be noticed in deep wells (Figure 310 and Appendix A, Table A.8) where
concentrations are below 4 mg/L nitrate (as nitrate) (LMMWS3D, LMMWG6D, Fort

Funston D, Fort Funston M, Olympic Country Club 8, San Francisco Golf Club 1).
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Figure 3.14: Sulfate versus nitrate plot for water samples collected from Westside Basin

wells in May 2000 (a). Overall no clear correlation between sulfate and nitrate can be

observed.
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Calcium and Magnesium:

Both calcium and magnesium occur in seawater, however, magnesium 0Ccurs in
much greater concentration than calctum does. Therefore, low calcium-to-magnesium
ratios similar to seawater (0.32) can indicate the presence of saltwater intrusion in a well
(Phillips et al. 1993). Nevertheless, these ratios need to be interpreted with caution,
owing to the fact that natural groundwater calcium concentrations can undergo cation
exchange processes with sodium on the surface of clay minerals, especially
montmorillonitic clays. Cation exchange reactions between calcium and sodium in
general can decrease the permeability of sediments (Yates et al. 1990). Appendix A,
Table A.9 as well as Figure 3.15 show the results of calcium-to-magnesium ratios for
wells sampled by the Westside Basin Partners in 2000 and 2001. Except for one sample
collected at the Oceanside well none of the samples ratios is close to that of seawater.
Therefore, calcium-to-magnesium ratios seem to indicate no overall presence of seawater

intrusion in the basin.
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Piper and Stiff Diagrams:

The main purpose of a piper diagram is to show clustering of data points 0
indicate distinct water quality populations (Fetter, 1994). The major 10ns (calcium,
magnesium, sodium, potassium, chloride, sulfate, carbonate and bicarbonate) are plotted
as percentages of milli-equivalents in two base triangles (Figure 3.16). The total cations
and the total anions are set equal to 100% and the data points in the two triangles are
projected onto an adjacent grid. For cach individual water sample, 2 water quality type
for the major 1ons can be assigned based on the location of the sample within the two
base triangles. This plot reveals useful properties and relationships for large sample

groups.

piper diagram for samples collected in May 2000 (San Mateo County
Environmental Health 20012) is presented in Figure 3.16. The majority of the sampled
wells show no dominant cation (about 76 %). About 50 % of the sampled wells show no
dominant anion and 45% bicarbonate as dominant anion; thereby yielding a mixed 100
type of water. The most noticeable outliers are the USGS South Windmill D, the
Oceanside and LMMW3D wells. A common denominator among these three wells is the
presence of ammonia and very small nitrate concentrations compared to other Westside
Basin wells. Furthermore, LMMW3D and Oceanside wells show clevated pH levels
(11.4 and 0.35, respectively)- As a result, the calculated pe values of the LMMW3D and
Oceanside wells are Very low (-4.21 and —1.86, respectively) (Figure 3.17). Such low pe

values are characteristic of reducing environments where biodegradation of organics
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g LMMW3D
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-pH diagram for selected species in the system N-O2-H20 at 25°C. The

Figure 3.17: pe
plotted values are for samples collected at LMMW3D, Oceanside and USGS S Windmill

D wells in May 2000.

compounds is occurring. At the USGS South Windmill well the pH value falls within the

range of Westside Basin wells (7.84) and, consequently, the pe value is around zero

(0.16).

As shown in Figure 3.18, at high pH values bicarbonate is almost non-existent in solution

and is replaced by carbonate. It is feasible that the decomposition of the organic

.68 =
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compounds 1nCreases the pH value in the wells transforming nitrates into ammonia and

the bicarbonates into carbonates.

~ log concentration

Figure 3.18: Concentration of carbonate species at 25°C, in solution with total dissolved
carbonate=0.001M. At higher pH values bicarbonate is replaced by carbonate. Source:

Krauskopf (1979).

A piper diagram for samples collected in April 2001 (San Mateo County
Environmental Health 2002a) is presented in Figure 3.19. The majority of the sampled
wells show no dominant cation (about 71 %). About 42% of the sampled wells show no
dominant anion and 44% bicarbonate as dominant anion, thereby yielding a mixed type

of water. The most noticeable outliers are the USGS South wWindmill D, Oceanside,



-

LMMW2D, Fort Funston D, Fort Funston M, Fort Funston S, Elk Glenn and SS 1-14
wells. From all of these outliers, only the Oceanside well has a low pe (Figure 3.20).
This well has a high pH value (9.3). Asin the sample collected at this well in May 2001,
possibly the decomposition of organic compounds could be affecting the water chemistry
in the well. Organic compounds could also be affecting the chemistry of USGS South
Windmill D well. This well has no detectable concentration of nitrates; however small
concentrations of ammonia Were measured. The majority of the alkalinity is carbonate
alkalinity and there is also phenol alkalinity present in the well. Phenol can be found in
groundwater  as the result of the decomposition  of lignite by soil bacteria
(basidiomycetes) (Alexander, 1991). Atthe Elk Glenn, Fort Funston M, Fort Funston 8,
LMMW2D and SS 1-14 wells the calcium and magnesium concentrations are much
lower than the sodium and potassium concentrations. These wells could possibly be
screened in clayey layers where cation exchange reactions occur, replacing calcium and
magnesium with sodium and potassium. The Fort Funston D well is the deepest well in
the Westside Basin. It is screened from 442 to 454 meters below surface. The well log
shows the presence of clay rich sediments. It 1s, therefore, feasible that the low

concentration in minerals in the well water is due to sorption on clay mineral surfaces.
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Figure 3.20: pe-pH diagram for selected species in the system N-02-H20 at 25 °C. The
plotted values are for samples collected at LMM W3D, Oceanside and USGS S Windmill

D wells in April 2001.

Piper diagram for samples collected in October 2001 (San Mateo County
Environmental Health 2002c) is presented in Figure 3.21. All of the sampled wells
showed no dominant cation. About 70 % of the sampled wells show no dominant anion
and 30% bicarbonate as dominant anion; thereby yielding a mixed water type. There
were no outliers among the sampled wells. Those wells that had been outliers in the two

pervious sampling events Were not sampled in October 2001.
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Stiff diagrams are developed to allow a graphical comparison between chemical
analyses. Water samples collected from different water bearing zones will show different
polygonal shapes. The Jarger the polygons are the larger the concentration of the
different ions is. The diagrams are created by extending three horizontal axes in either
direction of a vertical zero axis. Sodium, potassium, calcium, magnesium, chloride,
bicarbonate and sulfate are plotted in milliequivalents; the cations to the left of the zero

axis and the anions to the right.

Stiff diagrams were developed for samples collected in May 2000, April 2001 and
October 2001 (Figure 3.22). For each year the diagrams have been organized based on
the shape of the diagrams. Various different shapes are present for Westside Basin wells.
The grouping of the shapes by their form does not suggest that water quality changes
regionally. Fora specific shape there are wells from different areas in the basin present.
Furthermore, grouping the wells by geo graphic location throughout the basin shows that
for each area there are different shapes present. Some of these differences even occur for
wells that located in close proximity to each other. However, in such cases, these wells
are screened at different depths. This further corroborates the hypothesis that several

water bearing zones are present in the basin.
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Westside Basin 05-2000

Cations Anions

WELL NAME

Arboretum 5

Elk Glenn

Windmill NE

USGS South Mill S

Figure 3.22a: Stiff diagrams for wells sampled in May 2000.
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Westside Basin 05-2000

Cations

Lake Merced Country Club

101 New Place Rd

USGS South Mill D

Qceanside

West Sunset Playground
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