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ABSTRACT

The focus of this dissertation is submarine groundwater discharge (SGD), the
direct flow of groundwater from the seabed to the sea, and onsite wastewater treatment
systems in coastal California. The research focuses primarily on a single coastal
community in central California, Stinson Beach, where conventional onsite treatment
systems, or septic systems, are used exclusively for wastewater disposal. The
overarching goal of the work has been to quantify the magnitude and timing of SGD at
the site and to provide insight into how onsite wastewater treatment at Stinson Beach
affects local groundwater quality and, via SGD, surface water quality, all with the

broader goal of informing and guiding future development along the California coast.

The dissertation includes four research chapters, each focused on one or more
important aspects of the issue of SGD and coastal septic systems at Stinson Beach. The
first research chapter, Submarine discharge of nutrient-enriched fresh groundwater at
Stinson Beach, California is enhanced during neap tides, describes a 14-day study
investigating the influence of fortnightly spring-neap tidal variability on submarine
discharge of fresh and saline groundwaters at the site. Fresh, shallow groundwater at the
site was observed to contain high concentrations of nutrients including dissolved
inorganic nitrogen, soluble reactive phosphate, and silicate, as well as human fecal
bacteria. A groundwater-derived freshening and nutrification of the surf zone was
observed at neap tide, and was followed by a 4-day increase in chlorophyll a
concentrations in the surf zone. Analytical models and a fresh water budget in the surf
zone were used to estimate the saline and fresh SGD at both neap and spring tides. Fresh
SGD at the site was estimated at between 1.2 and 4.7 L min"' m" shoreline during neap
tides compared to 0.1 and 0.5 L min" m™ during spring tides. This compares to saline
SGD estimates of 15.9 and 22.0 L min" m" during neap and spring tides, respectively.
Despite the smaller total discharge of groundwater during neap compared to spring tides,
the larger fresh discharge component during neap tides raised surf zone silicate, DIN, and
SRP by 14%, 35%, and 27%, respectively, relative to spring tides. The observed

fortnightly ‘pulse’ of fresh groundwater-derived nutrients into the surf zone was
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consistent with seaward hydraulic gradients across the fresh part of the beach aquifer,
which varied due to aquifer overheight, or the mounding of groundwater due to variable
infiltration of salt water during tides, adjacent the beach face. Darcy-Dupuit estimates of
seaward fresh groundwater flow in this area agreed well with the fresh discharge results

of the mass balance.

The second research chapter of the dissertation, entitled Submarine groundwater
discharge to a high-energy surf zone at Stinson Beach, California, estimated using
radium isotopes, describes and compares results from a pair of two-week long
experiments conducted in the dry season (July 2006) and wet season (March 2007) to
examine tidal, wave-driven and seasonal variability of SGD at the site using natural
radium tracers. Tide stage, tide range, breaker height and season each explained a
significant degree of radium variability in the surf zone. A mass balance of excess radium
in the surf zone was used to estimate SGD and associated nutrient fluxes during each
season, confirming larger discharge rates during the wet season. Our results indicate
median groundwater discharge rates of 6 to 8 L min" m™ in July 2006 and 38 to 43 L
min"' m" in March 2007. SGD from 200 m of Stinson Beach in March 2007 was shown
to contribute a flux of phosphate and dissolved inorganic nitrogen approximately equal to
that associated with all local creeks and streams within 6 km of the study site at that time.

The third research chapter, Fresh submarine groundwater discharge from a
coastal aquifer forced by the Mediterranean climate of central California, is a numerical
investigation of groundwater flow at the land-sea interface forced by precipitation and
evapotranspiration typical of the Mediterranean climate of coastal California. A
numerical groundwater model was developed using the variable density groundwater
flow code SEAWAT-2000 to examine the influence of seasonally variable recharge
conditions typical of coastal California on the magnitude and timing of fresh submarine
groundwater discharge from a generic coastal aquifer with a constant head (non-tidal)
ocean boundary. Model dimensions and hydrogeologic characteristics were chosen based
on a combination of observations from field studies at Stinson Beach, California, and
published numerical investigations of coastal groundwater flow. Average monthly
recharge was calculated from historical precipitation records and potential

evapotranspiration rates calculated from climatological observations made near the field



site. Calculated recharge was approximately sinusoidal across the year, with positive
recharge rates dominated by precipitation during the rainy winter and negative recharge
rates dominated by evapotranspiration during the hot, precipitation-free summer. Rates of
fresh discharge from the model aquifer to the ocean exhibited similar temporal
characteristics for two modeled scenarios, a first including a constant head fresh
landward boundary condition and a second including a constant flux fresh landward
boundary condition. Discharge in both models peaked in January during the period of
maximum precipitation and recharge, and declined until reaching a minimum in
September, two months after the minimum recharge period in July. Minimum simulated
discharge rates for two simulated scenarios were 17% and 18% lower in September than
the maximum simulated discharges in winter. Monthly mean discharge from Lagunitas
Creek, a creek near Stinson Beach, reached maximum and minimum values in February
and September, respectively. The exponential decline in creek discharge was fast
compared to the decline in modeled SGD, however, suggesting that fresh SGD and
associated nutrient fluxes may play a particularly important role in coastal ecosystems in
early summer when surface water discharge has nearly reached a minimum but discharge

of substantial quantities of fresh groundwater is still substantial.

The final research chapter, Nitrogen, fecal indicator bacteria, and coliphage
attenuation and flux from a septic leach field to the coastal ocean, describes a two-year
field study to measure the flux and attenuation of nitrogen, fecal indicator bacteria, and
bacteriophage in groundwater adjacent to a large coastal septic system in Central
California. The study was carried out at Stinson Beach Park, Golden Gate National
Recreation Area, sixteen kilometers northwest of the San Francisco Golden Gate Bridge.
Long-term measurements of septic effluent quality and volumetric discharge to the leach
field, synoptic DC resistivity profiling of the saltwater/freshwater interface, continuous
measurements of hydraulic head in the coastal aquifer, and the installation and
subsequent monitoring of a dense array of multi-level monitoring wells adjacent to the
leach field for chemical and microbiological constituents were carried out. Our results
indicate a nitrogen- and inorganic carbon-rich plume of septic effluent flowing from the
leach field through the beach to the subterranean estuary, or the mixing zone of fresh and

saline groundwaters. Attenuation of E. coli and coliphage was complete within the
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vadose zone and the first few meters of transport. Enterococci were detected throughout
the well network during one sampling event during which no attenuation was observed,
and no attenuation of total nitrogen was observed along the flowpath during the
experiment. Median estimates of total nitrogen fluxing toward the ocean downgradient
from the leach field ranged from 1.6 to 70.6 moles day”’, depending on season and
transect location. Except for enterococcus, the behavior of nitrogen and microbial
pollutants in the field was consistent with results from laboratory experiments, which
demonstrated low denitrification potential in slurry tests, but fast fecal indicator bacteria
and virus attenuation rates in saturated column experiments. Comparisons of total
nitrogen flux to the subterranean estuary in this study agree well with SGD-associated
nutrient flux estimates from prior studies at the site, suggesting that septic systems at the
site are a persistent source of nitrogen to the subterranean estuary and may at times also
be a source of enterococci. Denitrification potentials measured at the site suggest a
possible role for in-situ remediation strategies to optimize nutrient removal in the beach

aquifer.
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CHAPTER 1: INTRODUCTION

Along coastal margins, an invisible connection exists between groundwater and
the ocean. Submarine groundwater discharge (SGD) is any and all fluid flow, regardless
of composition or driving force, flowing from the seabed to the sea (Burnett et al. 2000).
SGD can contribute nutrients, metals, pollutants, and freshwater to the coastal
environment (Johannes 1980, Bone et al. 2007). Driving forces of SGD include meteoric
hydraulic head, tide- and wave pumping, seasonal evapotranspiration cycles (Michael et
al. 2005), and variations in groundwater density. Additional factors influencing the
timing and magnitude of SGD include regional geology, climate, and human activities
along the coastline including groundwater pumping and artificial recharge. The
importance of combinations of factors controlling SGD vary from site to site, and site-
specific studies are often required to fully understand SGD in a given region. These
studies are often labor intensive, so relatively few studies have been conducted
(Taniguchi et al. 2002). Of these, even fewer have been conducted in California
(Oberdorfer et al. 1990; Boehm et al. 2004, Boehm et al. 2006) or other wave-dominated
settings. While the existence and variability of SGD along the world’s coastlines has been
documented researchers are still working to understand the many factors that influence

and modulate the timing and magnitude of this important process.

Numerous potential sources of groundwater pollution can contaminate coastal
waters via SGD, but few pose as much potential risk to coastal ecosystem and human
health as on-site wastewater treatment systems, or septic systems. Septic systems rely on
natural attenuative mechanisms to treat wastewater on-site during infiltration. Incomplete
treatment in the vadose zone can result in the contamination of surficial aquifers by
pathogens, pharmaceuticals, and nutrients (Robertson et al. 1991, Swartz et al. 2006). The
usage of on-site wastewater treatment is widespread, with twenty-five percent of the US
population serviced by onsite wastewater treatment systems (US Census Bureau 1997)
and 1.2 million OWTS in usage in California alone (CWTRC 2003). The Census Bureau
estimated that the 24.6 million OWTS in use in the United States in 1990 generated



approximately 5.5 billion gallons of septage annually, making recharge from OWTS the
single largest volumetric discharge to groundwater in the United States (Robertson et al.
1991). Given the prevalence of OWTS, septic systems are one of the greatest threats to

groundwater quality in the United States (USEPA 2005).

Nowhere is the importance of understanding the environmental effects of on-site
wastewater treatment greater than in active regions of groundwater discharge along the
coastal margin. In fact, in many coastal communities, septic systems have often been
suspected as potential sources of microbial and/or nutrient pollution to the ocean via
SGD. The issue has become hotly contested in California communities such as Malibu,
Rincon, Bolinas, Los Osos, and Carpinteria, as development pressure increases and
communities suffering from water quality problems make the shift from on-site treatment
options to centralized wastewater treatment systems. However, in only a few cases have
coastal septic systems actually been confirmed as sources of coastal nutrient- and
microbial pollution (Ritter 1986; Valiela and Costa 1988; Reay 2004). Additional studies
are needed to better understand the ramifications of treating water on-site along coastlines
where SGD is occurring, and the research presented in this dissertation has been

conducted to fill some off these knowledge gaps.

1.1 CASE STUDY: STINSON BEACH, CALIFORNIA.

My research has had a substantial fieldwork component, the idea being that
careful, intensive study at well-characterized field sites can greatly improve our
understanding of important physical processes at work elsewhere. My work has focused
on the community of Stinson Beach, California (37° 53' 58.387", 122° 38' 45.384"; Fig.
1.1), a small coastal community 30 km north of San Francisco, California uses septic
systems exclusively for wastewater disposal. The beach itself is exposed to the open
ocean and faces southwest. Tides at the beach are mixed semi-diurnal, and the beach
itself is reflective with a spring tide range on the order of 2.5 m, typical breaker heights
of 0.5-1.5 m, and a high-energy surf zone. The climate is Mediterranean with 60 to 120
cm of annual average rainfall occurring predominately between October and April
(SBCWD 1998). During the dry season, Bolinas Lagoon (37° 54' 24.811" N, 122° 40'
54.732" W), a tidally influenced lagoon, and Webb Creek (37° 53' 7.332" N, 122° 37
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43.392" W), a nearby freshwater stream, are the only potential sources of fresh surface
water to the near-shore marine environment within 6 km of town (Fig. 1.1). During the
wet season, numerous ephemeral streams in the area discharge the ocean, mostly via
Bolinas Lagoon. Water quality advisories are rare at Stinson Beach: in 2006, only 3% of

beach water samples were above any California single sample standard (NRDC 2007).

Stinson Beach is home to only 780 permanent residents (US Census Bureau,
factfinder.census.gov), although weekend population can swell by an order of magnitude.
Summer daytime visitors to Stinson Beach Park can number in the thousands, and
summertime water usage in the community increases threefold above wintertime usage
due to vacationers and visitors (SBCWD Manager, pers. comm.) Development is
generally confined to the lower elevations of the area, and households use on-site septic
systems and holding tanks exclusively for wastewater disposal throughout the
community. The unconfined aquifer receiving septage at the site is composed primarily
of Quaternary alluvium and beach- and dune sands underlain by older greenstones,

sandstones, and shales (SBCWD 1996; Blake et al. 2000).

The work at Stinson Beach has focused on two distinct areas: the Calles
residential district and Stinson Beach Park, Golden Gate National Recreation Area
(GGNRA; Fig. 1.1). The Calles district is a waterfront section of the community that was
developed in the 1940’s. The area is approximately 750m in the alongshore direction by
250m in the cross-shore direction. Residential lot size in the Calles area are generally
small and housing is relatively dense, and the areal density of standard gravity leach
fields is approximately one leach field per 650 m2 (SBCWD 1998). The high density of
septic systems in this area allows for research is which focused on the cumulative effect
of dense septic systems on the quality of groundwater and SGD. Adjacent to the Calles
area is Stinson Beach Park, a public park administered by Golden Gate National
Recreation Area. In the Park, three large systems are relied upon for on-site sewage
treatment for both park staff and the throngs of park visitors. Each system is separated
and surrounded by undeveloped park property, providing a unique setting for plume-scale
research focused on the flux and attenuation of specific contaminants as septic effluent-

impacted groundwater flows through the beach toward the ocean.



1.2 DISSERTATION ORGANIZATION AND MOTIVATING QUESTIONS.

This dissertation contains six chapters: this introduction (Chapter 1), four research
chapters (Chapters 2-5) and a final chapter that summarizes and reflects upon my
findings in the broader context of SGD, coastal pollution and on-site wastewater
treatment at the land-sea interface. Each research chapter is written in the format of a
peer-reviewed publication with individual abstracts, introductions, methods, results, and
conclusions. Chapters 2 and 3 have been published in Limnology and Oceanography and
Estuaries and Coasts, respectively. Chapter 5 is in preparation for another peer-reviewed
journal, and includes a Supplemental Information contained in Appendix A of this

dissertation.

Each of the four research chapters are focused around a number of key motivating
questions pertinent to the issue of SGD and coastal septic systems. Often, these

motivating questions are addressed by research described in more than one chapter.

Is SGD occurring at Stinson Beach, and if so, what is the magnitude? What are

the important forces driving SGD at the site, and on what timescales do they act?

Resolving the magnitude, driving forces, and timing of SGD at Stinson Beach is
fundamental to this dissertation, and work in each of the first three chapters addresses
these important issues. In Chapter 2, wave- and tide-driven saline SGD is estimated using
analytic models, and fresh SGD is estimated using a salinity mass balance approach in
the surf zone. Variation in SGD on the neap-spring tidal timescale is investigated and
linked to groundwater fluctuations in the beach aquifer on the same timescale. In Chapter
3, SGD is estimated using a coastal water mass balance of radium isotopes, a well-
recognized natural tracer of SGD. Correlations between radium tracer activity and wave
height, tide stage, and fortnightly tide range are calculated to elucidate the importance of
each of these known forcing mechanisms. Results from experiments conducted during
the summer and winter seasons are compared to investigate seasonal variability of total
SGD. Lastly, Chapter 4 investigates variability of SGD from a simulated beach aquifer
forced by annual precipitation and evapotranspiration conditions typically experienced in

the Mediterranean climate of central California.



Is SGD an environmentally relevant source of nutrients or microbiological

pollution to the coastal environment?

Estimates of SGD-associated fluxes of nutrients and microbial pollution to the
coastal ocean at Stinson Beach, and the environmental importance thereof, are explored
in Chapters 2, 3, and 5. In Chapter 2, fresh-, saline-, and total (fresh + saline)
groundwater discharge-associated nutrient fluxes are calculated in neap and spring tide
and compared. To highlight the importance of site groundwater in the local marine
ecosystem, fertilization of the ocean by site groundwater is investigated in the lab using
mesocosm phytoplankton growth experiments. Chapter 3 calculates SGD and associated
nutrient fluxes during two 14-day studies, and compares SGD-associated nutrient flux
with that of surface water discharges in the area. Lastly, Chapter 5 documents research
focused on measuring the flux of nitrogen, bacteriophage and fecal indicator bacteria
associated with a plume of septic effluent in groundwater emanating from a large septic
system and flowing through the beach into the subterranean estuary. Nutrient fluxes
associated with the plume are compared to previous estimates of SGD-associated nutrient

flux from values reported in Chapter 2.

What role do on-site wastewater treatment systems play in contaminating
groundwater at the site? Is attenuation in the saturated zone adequate for in-situ

treatment septage-derived contamination before discharge to the ocean?

Having documented high concentrations of nutrients and fecal indicator bacteria
in Stinson Beach groundwater in Chapters 2 and 3, Chapter 5 focuses on characterization
of a single septic system at the site in order to better understand contaminant fate and
transport in the coastal groundwater setting. Specifically, the research described in
Chapter 4 tests to what degree the treatment system in question is polluting groundwater
with respect to nitrogen, FIB, and virus, and estimates rates of attenuation for each

contaminant of concern using a combination of field and laboratory methods.



Figure 1.1. Map of the study area showing the locations of Bolinas Lagoon, Webb
Creek, Stinson Beach Park (GGNRA), and the residential Calles district of Stinson
Beach, California.
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2.1 ABSTRACT

The influence of fortnightly spring-neap tidal variability on submarine discharge
of fresh and saline groundwater was examined at Stinson Beach, California. Stinson
Beach is a residential community that utilizes on-site systems for wastewater disposal.
Fresh, shallow groundwater at the site contains high concentrations of nutrients
(dissolved inorganic nitrogen (DIN), soluble reactive phosphate (SRP), and silicate), and
human fecal bacteria. A groundwater-derived freshening and nutrification of the surf
zone during neap tides was observed, followed by a 4-day increase in chlorophyll a
concentrations. Analytical models and a fresh water budget in the surf zone were used to
estimate the saline and fresh discharge of submarine groundwater. We estimate fresh
groundwater discharge between 1.2 and 4.7 L min"' m™ shoreline during neap tides
compared to 0.1 and 0.5 L min"' m™ during spring tides. This compares to 15.9 and 22.0
L min" m™ saline groundwater discharge (forced by waves and tides) during neap and
spring tides, respectively. Despite the smaller total (fresh + saline) flux of groundwater
during neap compared to spring tides, the larger fresh discharge component during neap
tides raises surf zone silicate, DIN, and SRP by 14%, 35%, and 27%, respectively,
relative to spring tides. This observed fortnightly pulsing of fresh groundwater-derived
nutrients was consistent with seaward hydraulic gradients across the fresh part of the
beach aquifer, which varied due to aquifer overheight near the beach face. Darcy-Dupuit
estimates of seaward fresh groundwater flow in this area agreed well with the fresh

discharge results of the mass balance.
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2.2 INTRODUCTION

Submarine groundwater discharge (SGD), defined as fresh and saline ground
waters discharging along the coastline at the land-sea interface (Burnett et al. 2006), can
contribute nutrients, metals, pollutants, and freshwater to the coastal environment
(Johannes 1980; Bone et al. 2007). Driving forces of SGD include meteoric hydraulic
head, tide- and wave pumping, seasonal evapotranspiration cycles (Michael et al. 2005),
and variations in groundwater density. Additional factors influencing the timing and
magnitude of SGD include regional geology, climate, and human activities along the
coast such as groundwater pumping and artificial recharge. The importance of
combinations of factors controlling SGD vary from site to site, and site-specific studies
are often required to fully understand SGD in a given region. While a large body of
literature has documented the existence and variability of SGD along the world’s
coastlines (Taniguchi et al. 2002), we are still working to understand the many factors
that influence and modulate discharge rates.

Human activities along coasts can influence the quality of SGD (Kroeger et al.
2006). Nutrients emanating from fertilizers applied to residential lawns or agricultural
fields may percolate through the vadose zone and increase concentrations in surficial
aquifers (Valiela et al. 1992). In some coastal regions, households utilize cesspools or
septic systems with leach fields for sewage disposal. These practices can recharge
surficial aquifers with freshwater contaminated with pathogens, pharmaceuticals,
nitrogen, and phosphorous (Robertson et al. 1991; Scandura and Sobsey 1997; Swartz et
al. 2006). A number of studies have investigated SGD in areas where on-site wastewater
treatment is prevalent and have shown that SGD can contribute substantial nutrient loads
to coastal waters (Giblin and Gaines 1990; Lapointe et al. 1990; Weiskel and Howes
1991). In order to protect human and ecosystem health, it remains important to
continually improve our understanding of the magnitude and timing of SGD in areas
where septic systems are used for wastewater disposal.

A limited number of studies have documented the importance of spring-neap tides
on total SGD (Kim and Hwang 2002; Taniguchi 2002; Boehm et al. 2004) but not on the
fresh component of SGD specifically. A single study (Campbell and Bate 1999) has
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examined fortnightly variations in fresh SGD. The present study explores the influence of
the fortnightly spring-neap tidal cycle on submarine discharge of fresh groundwater from
an unconfined, septic effluent-impacted coastal aquifer in Central California. Using a
multi-faceted approach that couples analytical models, hydraulic head measurements, and
a nearshore freshwater budget, we document a neap tide pulsing of fresh, nutrient-
enriched SGD. We link this enhanced neap tide discharge to fortnightly changes in
seaward hydraulic gradient across the aquifer induced by aquifer overheight — the buildup
or mounding of the water table near the land-sea interface as a result of tidal variation,
wave set-up, and wave run-up (Nielsen 1990; Turner et al. 1997; Horn 2002) — near the
beach face. Using field data and a controlled mesocosm experiment, we explore the
potential role of nutrient-enriched groundwater in causing increases of chlorophyll @ in

the coastal ocean at the site.

2.3 METHODS AND MATERIALS

2.3.1 STUDY SITE.

Field work was conducted from 14 through 28 July 2006 to characterize SGD
from the unconfined aquifer over a spring-neap cycle at Stinson Beach, a small
residential community 30 km north of San Francisco, California (37° 53' 58.387", 122°
38' 45.384", Fig. 2.1). The beach is an open ocean, southwest facing, reflective beach
with mixed semi-diurnal tides, a spring tide range of 2.4 m, typical breaker heights of
0.5-1.5 m, and a high energy surf zone. During the study, neap tide (17 July) preceded the
spring tide (24 July).

The climate is Mediterranean with 60 to 120 cm of annual average rainfall
occurring predominately between October and April (SBCWD 1998). During the dry
season, Bolinas Lagoon (37° 54' 24.811" N, 122° 40' 54.732" W), a tidally influenced
lagoon, and Webb Creek (37° 53' 7.332" N, 122° 37' 43.392" W), a nearby freshwater
stream, are the only potential sources of fresh surface water to the near-shore marine
environment within 7 km of Stinson Beach. There had been no precipitation in the
watershed for approximately 2 months at the onset of the study, and no rainfall occurred

during the study (data not shown). Easkoot creek, a seasonal groundwater-fed creek, runs

12



parallel to the shoreline through the field site approximately 200 m from the shoreline
(Fig. 2.1). The creek discharges to Bolinas Lagoon and contains very little freshwater
during the dry season.

Human development occupies 5% of the 29.3 km® Stinson Beach watershed and
is primarily contained within 100 m of the coastline (GIS analysis not shown).
Households use on-site septic systems and holding tanks exclusively for wastewater
disposal. The areal density of standard gravity leach fields in the study area is
approximately one leach field per 650 m* (SBCWD 1998).

The unconfined aquifer in the experimental area is composed primarily of beach
and dune sands (Fig. 2.1, SBCWD 1998). At the beachhead, the sands are underlain by
lacustrian clay at a depth of approximately 32 m below mean sea level (Bergquist 1978).
The unit overlies the Franciscan Complex, an assemblage of highly fractured sandstone,
limestone, and shale (SBCWD 1998).

In systems with a high-energy surf zone, such as Stinson Beach, direct
measurement of discharge with seepage meters is not possible (Libelo and Maclntyre
1994; Burnett et al. 2006). Breaking waves dislodge seepage meters and strong currents
can induce flow through the seabed when passing over the objects (Huettel et al. 1996).
This presents a unique challenge in the measurement of SGD in high-surf areas, and may
explain the paucity of studies conducted on high-energy, open ocean coastlines in
California and elsewhere. At Stinson Beach, we estimate SGD by combining three
indirect methods: measurements of hydraulic head and Darcy-Dupuit calculations, a

freshwater budget in the surf zone, and analytical models.

2.3.2 HYDRAULIC HEAD MEASUREMENTS.

Three permanent long-screen monitoring wells (MWO06, MW07, and MW09) and
two temporary piezometers (MW10 and MW11) were installed into the beach to create a
cross-shore array (Fig. 2.1). Well construction details are shown in Table 2.1. Beach
topography and well elevations were surveyed relative to mean sea level (MSL).
Measurements of hydraulic head were recorded in each well at 1 min intervals using
pressure transducers (Solinst, Ontario, Canada). The <1% of head measurements known

to be misrepresentative of true aquifer conditions (hydraulic recovery after well
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installation and sampling) were removed and estimated by interpolation. All head
measurements presented herein are presented as equivalent freshwater head. In the fresh
part of the aquifer where hydraulic gradients are shallow (MWO06 to MW09), the Dupuit
assumptions are made. Namely, we assume that the hydraulic gradient is equal to the
slope of the water table, and streamlines are horizontal and equipotential lines are vertical
(Fetter 2001). Fortnightly average hydraulic heads at each well were calculated from
head measurements collected during the entire experiment. Neap- and spring tide head
measurements were calculated by averaging measurements taken during the lunar day

following the quarter (17 July) and new (24 July) moons, respectively.

2.3.3 WATER SAMPLING.

At the low-low and high-high tide approximately every other day (n= 42 and 32,
respectively), surf zone samples were collected at ankle and waist depths (0.2 and 0.7 m,
respectively) along two cross-shore transects extending from the water line out into the
surf zone adjacent to the well network (Fig. 2.1). Transects were approximately 100 m
apart in the alongshore direction. At low-low tides only, the groundwater immediately
adjacent to the water line was characterized by sampling from shallow pits dug into the
beach approximately 10 m back from the water line (#=19). In addition, subaerial
seepage faces were sampled when they developed at the lowest tides (n=17).
Groundwater was sampled from the five wells approximately every seven days (2<n<5
for each well). Surface offshore ocean water samples were obtained 180 m, 870 m, and
1615 m from the shore in a cross shore transect from our sampling site on the days of the
3rd-quarter and new moons (n=2 for each offshore location). The ebb flow from Bolinas
Lagoon was sampled approximately every four days (n=4). In all cases, clean, triple-
rinsed 20 L collapsible low-density polyethylene containers were used for water
collection. A total of 100 L for ocean and lagoon samples and 20-80 L for groundwater
samples were composited. A 1 L subsample from large volume samples was collected in
clean triple-rinsed bottles and used for all chemical and biological analyses.

Tide elevation measurements were obtained from a NOAA tide gage at Point

Reyes, approximately 30 km from Stinson Beach (http://tidesandcurrents.noaa.gov,
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Station ID 9415020, 37°59°48.12” N, 122°58’30” W). Data were recorded at six-minute

intervals. Daily tidal range was calculated from daily maxima and minima.

2.3.4 SAND ANALYSIS FOR HYDRAULIC CONDUCTIVITY (KH) DETERMINATION.

A 2 m continuous core was collected near monitoring well MW09, homogenized,
and analyzed for grain size distribution using American Society for Testing and Materials
(ASTM) standard C136. Hydraulic conductivity (K;) was estimated from grain size
distribution using the method of Hazen (1911).

2.3.5 SALINITY, DISSOLVED OXYGEN, AND NUTRIENT ANALYSIS.

Salinity and dissolved oxygen were measured in situ using a hand-held probe
(Hydrolab, Loveland, CO). Salinity is reported according to the unitless Practical Salinity
Scale and is accurate to £0.01. A 30-mL aliquot of each sample was filtered with 0.45 um
pore size filter and stored at -20°C for nutrient analyses. The concentrations of soluble
reactive phosphate (SRP), silicate, nitrate, nitrite, and ammonia were measured by
standard methods with a nutrient autoanalyzer (Lachat QuikChem 8000, Loveland, CO).
Samples were diluted as necessary to be within the machine’s detection limits for each
nutrient. Concentrations reported herein reflect both the required sample dilution and the
precision of the analytical method. Dissolved inorganic nitrogen (DIN) was determined
by adding molar concentrations of nitrogen species. Five percent of nutrient samples

were analyzed in duplicate.

2.3.6 CHLOROPHYLL A ANALYSIS.

Waist-deep seawater samples were analyzed in duplicate for chlorophyll a (Chl a)
using a modified version of EPA method 445.0 (Arar and Collins 1997). Samples were
filtered immediately after collection through Whatman GF/F glass filters and stored at -
80°C. Samples were analyzed approximately seven months after collection, longer than
the EPA suggested holding time of three weeks. We assume that negative effects related
to holding time are distributed equally across all samples, allowing intra-study
comparison. During analysis, filters were added to 10 mL 90% acetone in water, shaken
vigorously for 60 seconds, and steeped at 4°C for 18 to 24 h. Samples were then

centrifuged and the supernatant was analyzed on a fluorometer (Turner Designs,
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Sunnyvale, California), acidified, and reanalyzed, as specified in the EPA method. The

precision, based on analysis of duplicates, is 5%.

2.3.7 MESOCOSM EXPERIMENTS.

Experiments were conducted to assess whether the addition of fresh groundwater
to seawater promoted increases in Chl a. Stinson Beach seawater, collected from within
the surf zone, was filtered through a 250 um sieve to remove large zooplankton grazers
(Pederson and Borum 1996). Groundwater from MW09 was 0.2 um filtered to remove
particulates. Filtered groundwater was added to sieved seawater to final concentrations
(v/v) of 0%, 4%, and 8%. Mesocosms were run in duplicate in 3.5 L clear plastic bottles.
Bottles were spaced evenly under constant fluorescent light with illuminance 200 Im m™
and incubated at 15°C for 2 d. Samples were collected and analyzed every 4 to 8 h via
EPA Method 445.0 for in vivo fluorescence. A subset of samples were also analyzed for
in vitro Chl a by the same method. A best-fit curve was used to estimate the
concentrations of Chl a from in vivo fluorescence for those samples where only
fluorescence had been measured. No more than 10% of bottle volumes was removed over
the course of the experiment. Data collected on the final day of the experiment were

averaged for determining final Chl a concentrations.

2.3.8 FECAL INDICATOR BACTERIA ANALYSIS.

Water samples were analyzed for fecal indicator bacteria to determine the degree
of contamination by human waste. Fifty mL of each sample were collected in a sterile
container, and immediately stored on ice. Escherichia coli (EC) and enterococci (ENT)
were quantified from 10 mL of water diluted with 90 mL of Butterfield buffer (Weber
Scientific, Hamilton, NJ) using Colilert-24 and Enterolert (IDEXX, Westbrook, ME),
respectively, within 6 h of collection. Tests were implemented in a 97-well format
following manufacturer’s direction and allowed for the detection of EC and ENT
concentrations between 10 and 24,192 most probable number (MPN) (100 mL)". Note
that the units MPN (100 mL)" are the standard units for reporting indicator bacteria

concentrations in water. No duplicate samples were analyzed.
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2.3.9 ENTEROCOCCAL SURFACE PROTEIN (ESP) GENE ANALYSIS.

A subset of ENT-positive samples were analyzed for the enterococcal surface
protein (esp) gene, a putative human-specific marker in ENT (Scott et al. 2005). Media
from positive IDEXX wells was removed using a 21 1/2 gauge needle and syringe, and
pooled for each sample. One mL of pooled media was enriched in trypic soy broth for 4
to 6 h at 41°C. Deoxyribonucleic acids (DNAs) were extracted from a 1 mL aliquot of
enrichment using QIAamp DNA Mini Kit (Qiagen, Valencia, California). Polymerase
chain reactions (PCRs) containing 3 pL template were run using the conditions, primers,
and buffers described by Scott et al. (2005), except we used Platinum Taq (Invitrogen,
Eugene, Oregon). PCR products were run on a 1.5% agarose gel and stained with SYBR
Gold (Invitrogen, Eugene, Oregon). Positive and negative PCR and extraction controls

were run in conjunction with unknowns.

2.3.10 DATA ANALYSIS.

Pearson correlation coefficients (r,) between measured parameters were
determined using SPSS (Chicago, IL). Groups of data were compared using Student’s t-

test. Correlations were deemed significant if p<0.05.

2.3.11 FLUX CALCULATIONS.

Total SGD (D) can be expressed as D=D, + D, + D, + D, + D, (modified from
Li et al. 1999) where D, and D,, represent saline outflow from tidal- and wave-driven
circulation of seawater through the beach aquifer, respectively, D,, represents SGD of
meteoric and artificially recharged fresh groundwater, D, represents saline SGD forced
by the seasonal recharge-evapotranspiration cycle (Michael et al. 2005), and D,
represents the outflow of density-driven saline waters. We will not consider
contributions from Dy or D, in our estimates for D, and the reasons for and implications
of these omissions will be discussed.

The outflow seepage rate driven by wave set up per unit alongshore distance, D,,,

can be expressed as follows (Longuet-Higgins 1983):

D, =K,S, L 2.1)
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where K, is hydraulic conductivity of the beach aquifer media, S,, is the slope of the wave
setup, and L is the surf zone width defined as the distance between the breaker line and
the wave runup line. Expressions for S, and L can be calculated from the local
oceanographic and geologic conditions including breaker height H,, beach slope S5, and

wave period 7, (Li et al. 1999).

Li et. al. (1999) used Nielsen’s solution predicting the height of the water table
with time in response to tidal forcing to estimate the tidally driven groundwater outflow
seepage rate per alongshore distance (D;). The resulting discharge rate is tidally averaged,
implies quasi-steady-state conditions and should be viewed as a first-order

approximation. Following Nielsen (1990, Eq. 31) and Li et. al. (1999),

2 2

D, = n.A exp(—a)(cos(a) - sin(ar)) + Van.A exp(—/2a)cos(2) + "l (2.22)
K'T; Sb ' Sb t

with

o | N0 (2.2b)
2K, H

and

o KA (2.2¢)
S

In Equation 2.2a-c, 4 corresponds to the tidal amplitude, 7; the tidal period, w the tidal
frequency, n. the effective porosity of the beach sand, and H the aquifer thickness.

Input parameters required for calculating D,, and D; at our study site are as
follows. Beach slope was calculated from surveyed beach topography (s,=0.0378). Tidal
amplitude (4) was set to 0.80 m and 1.12 m for neap and spring tides, respectively. The
tidal period (7/=12.42 h) and frequency (0=1.41x10" rad s™) of the M, harmonic were
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used. During the study, the period of the dominant swell (7,) was 9.6 s
(http://cdip.ucsd.edu, Station ID 029). Breaking wave heights (H),) were approximately
constant during the study and estimated to be 0.8 m from observations in the field.
Porosity was estimated to be 0.4 by displacement of a known volume of sediment in
water in a volumetric flask; all porosity was assumed to be effective porosity (n.). The
hydraulic conductivity (Kj;) of the sand was measured in the lab with aquifer material and
determined to be 3.85 x10” m s, as described earlier. The unconfined aquifer thickness
H was estimated to be 34 m from cores collected in the area, with an aquifer base
approximately 32 m below sea level (Bergquist 1978; SBCWD 1998).

A mass-balance was applied to the surf zone to calculate D,, at neap and spring
tides using salinity as a tracer (Fig. 2.2). The surf zone adjacent to the well network was
treated as a triangular prism with alongshore length (L) 300 m (typical distance between
rip currents) and a right triangular cross shore section of width 20 m (distance from
shoreline to just beyond breakers) and offshore depth 20s, (0.76 m). The salinity in the
prism (Spqism) Was determined for neap and spring tides by averaging all surf zone
samples collected during the two lunar days before and after the quarter and new moons,
respectively (two transects, both ankle and waist measurements, n=16 and n=32 for neap
and spring tide, respectively). Although salinity measurements did not extend past 10 m
in the offshore direction, surf zones are typically well-mixed (Inman et al. 1971), so the
calculated average salinity applied to the entire 20 m wide prism. Water samples
collected at 1615 m offshore on the days of the 3™-quarter and new moons, which were
the most saline and also the furthest from shore, were chosen as the offshore end member
salinities (Sypnore). A salinity of O was assigned to the fresh groundwater end member.
The following equation was used to estimate D,, per unit length of shoreline:

D = (Sqﬁ'shore - S

" S Lt

offshore

V .
prism (23)

prism )

where D,, is meteoric water flux in units of volume per time per unit length of beach, 7 is
the cross shore residence time of water in the rip cell, L is the length of the shoreline of

the prism (a single rip cell), Vs 1s the volume of the prism, and Sp.ism and Sypnore Were

19



defined previously. Following Boehm et al. (2004), we estimate the cross shore
residence time of water in a rip cell to be 1 to 4 h. Eq. 3 assumes that D,, is small
compared to the input of offshore waters into the surf zone via breaking waves (Fig. 2.2),
and thus does not affect the water balance.

Estimation of fresh groundwater discharge across the land/sea interface is
complicated by variations in fluid density, the existence of a seepage face, and the effects
of tidal pumping. Our monitoring network is not as dense as would be needed for direct,
accurate calculation of fresh and saline groundwater flux through the interface using
Darcy’s Law. However, insight into the rate of fresh groundwater flow toward the
land/sea interface, and thus the potential variation in freshwater discharge to the sea
between neap- and spring tides, can be provided by calculating groundwater flow through
a landward section of unconfined aquifer using Darcy’s Law and the Dupuit assumptions

(given previously), which are combined in the Dupuit equation (Fetter 2001):
2 2
Q'=—%Kh(u) 2.4)

In Eq. 4, Q’ is the flow per unit length of shoreline, K, has been defined previously, and
h, and h, are the saturated thicknesses at a distance Y apart. Flow was calculated between
MWO7 and MW09, the two furthest inland monitoring wells in the network installed in
the unconfined aquifer, which are 178 and 70 m from the mean water line, respectively.
The nature of the boundary between the unconfined aquifer and the highly fractured
Franciscan Complex basement rock is uncertain, and for the purpose of this estimate we
assume that the lacustrian clay at 32 m below MSL extends underneath the unconfined
aquifer through this area, and that groundwater is fresh throughout the section. The flow
through the landward part of the aquifer may not be exactly equal to D,,. Rather, since
short-period (diurnal) tidal effects on head are small at MWO7 and MWO09 relative to
effects of long-period (fortnightly) tides (data not shown), this flow rate can be thought of

as the fresh groundwater entering the tidally pumped zone where density effects and
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vertical flow become important. It can also be considered a check on the mass balance-
based estimates of D,,.
The “potential flux” (£),) of nutrients to the surf zone via SGD was calculated as

follows:
F,=C,,,D,+C,(D+D,) (2.5)

where Cpesn and Cyq represent the end member constituent concentrations in fresh and
saline groundwaters, respectively. Cpesn and Cyo were estimated with mixing diagrams of
salinity versus nutrient for all groundwater samples (wells, pits, and subaerial seeps,
n=55), which were fit with a linear regression. The regression equation was extrapolated
to fresh (0) and average offshore marine salinity (32.12) to determine Cp.s, and Cyy,
respectively . Multiplying groundwater end-member concentrations by SGD rates, as in
Eq. 5, is a common method for estimating nutrient fluxes to the coastal ocean via SGD
(Charette et al. 2001; Hwang et al. 2005; Hays and Ullman 2007). However, the method
assumes that the nutrient of interest behaves conservatively as it travels through the
subsurface from aquifer to sea. In fact, sorption of SRP in groundwater systems is
common (Slomp and Van Cappellen 2004) and the potential for nitrification and
denitrification in the subterranean estuary has been demonstrated (Santoro et al. 2006;
Santoro et al. 2008). Therefore, Eq. 5 should be considered a first-order approximation of
the true flux of nutrients.

We used the calculated nutrient discharge values (F),) to examine if observed
changes surf zone nutrient concentrations could be attributable to SGD. The following
expression which includes mass fluxes from all SGD components, excluding D; and Dy,
was used to predict the equilibrium concentration of DIN, SRP, and silicate in the surf

zone, Cpyism, under spring and neap tidal conditions:

Cpri.wn = [Cfre.thm + Csal(Dw + Dt) + Coﬁ‘xhore(Vprism /T - Dm - Dw - Dt)](T/V

prism )

(2.6)

D,, estimated from the freshwater budget was used. Surf zone residence times (7) of 1 and

4 h were used. We then determined the predicted percent change of each constituent in
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the surf zone during neap relative to spring tides and compared this to the constituent’s

actual change.

2.4 RESULTS

2.4.1 GROUNDWATER AND COASTAL OCEAN WATER QUALITY.

The fresh groundwater in the unconfined aquifer at Stinson Beach contains high
concentrations of fecal indicator bacteria, silicate, DIN, and SRP (Table 2.2). The
presence of the esp gene in a subset of groundwater samples is consistent with their being
impacted by septic discharge (Table 2.2). A nutrient- and fecal indicator bacteria-rich
freshwater signature dissipates from inland wells (MW06, MWO07, MW09) through the
brackish mixing zone (MW10, MW11, pits and subaerial seeps) to the open ocean (surf
zone- and offshore samples). Fresh groundwater has, at most, 10, 130, 10, and 2500 times
higher silicate, DIN, SRP, and fecal indicator bacteria, respectively compared to surf
zone waters.

Tide range was positively correlated to salinity in the surf zone (Fig. 2.3, r,=0.81,
p<0.01) indicating a freshening of the surf zone during the neap tide. Tide range was
negatively correlated to silicate, DIN, and SRP in the surf zone (Fig. 2.3, -0.71 <r, < -
0.57, p<0.01, respectively) indicating nutrient enrichment in the surf zone during neap
tides. Silicate, nitrate, DIN, and SRP concentrations were significantly negatively
correlated to salinity (Fig. 2.3, -0.73 < r, < -0.49, p<0.01) supporting the idea that the
freshening of the surf zone is caused by input of nutrient-enriched fresh waters and not by
other large-scale saltwater nutrient sources, such as upwelling, which can act on similar
timescales.

The fresh component of discharges from Bolinas Lagoon and Webb Creek had
little or no effect on the salinity in the surf zone at the experimental site. The salinity
measurements taken during Bolinas Lagoon ebb flow were marine and were not
significantly different (p>0.05) than salinities in the surf zone at the study site. An 800 m
alongshore transect of ankle-depth surf zone samples extending from the study site
toward Webb Creek indicated that salinity was not decreasing with distance toward the

creek (data not shown), indicating the creek’s freshwater plume does not substantially
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influence salinity of the surf zone at our site. Given these observations, we attribute the
freshening of the surf zone during neap tides to discharge of fresh groundwater across the
land-sea interface, and the corresponding nutrient increase a consequence of discharge of
fresh groundwater to the coastal ocean from the surficial aquifer.

Chl a concentrations in the surf zone increased substantially following the 3"-
quarter moon. A least-squares regression of all Chl ¢ measurements from 17 July (3"-
quarter moon) to 21 July with time (r,=0.86, p<0.05) indicates an increase of over 1 ng
L' day’.

Fecal indicator bacteria densities in the surf zone did not correlate significantly to
salinity (r,= 0.16, p=0.17 for EC, and r, = 0.03, p=0.79 for ENT) or tide range (r,= 0.17,
p=0.13 for EC, and r, = 0.01, p=0.97 for ENT). Despite the high concentrations of fecal
indicator bacteria observed in fresh groundwater, they do not appear to be discharged
with the fresh, nutrient-rich groundwater, indicating they may be filtered as groundwater

moves through the sand (Hijnen et al. 2005; Bolster et al. 2006).

2.4.2 MESOCOSM EXPERIMENT.

Average Chl a with 95% confidence intervals at the start of the experiment (day
0, n=4) and on the final day of the experiment (day 2, n=16) are shown in Fig. 2.4. After
incubation for two days, Chl a concentrations in bottles containing 4% and 8%
groundwater exhibit significant (»<0.001 in each case) increases relative to the seawater
control. This experiment illustrates that a dissolved constituent present in the fresh
groundwater at Stinson Beach, or a combination thereof, promotes the growth of

phytoplankton in seawater when light and temperature are held constant.

2.4.3 HYDRAULIC HEAD MEASUREMENTS.

The head varied over a smaller range at the most inland wells compared to the
wells closer to the sea (Table 2.3). The average hydraulic head over the fortnight at the
well farthest from the sea, MWO06, the only well installed into the bedrock at the
landward boundary the surficial beach aquifer, was higher than average heads at other
wells installed into the beach aquifer (Table 2.3). This indicates that there was net flow
from the bedrock to the surficial aquifer and out toward the sea, assuming a hydraulic

connection. At the inland side of the unconfined aquifer, the hydraulic head in wells
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MWO06 and MWO07 was approximately 1 cm above the fortnight average during the neap
tide and 4 cm below the fortnight average during the spring tide (Table 2.3). The
reduction in head from neap to spring tide at these wells may be attributed to lagged
response to low-frequency tidal constituents (Li et al. 2000; Raubenheimer et al. 1999),
and/or to the slow seasonal dropping of the water table during the summer months due to
discharge and evapotranspiration. Changes to hydraulic head at the seaward side of the
aquifer had an opposite and more substantial fortnightly trend. Neap tide average heads at
wells MW09, MW10, and MW11 were 5, 19, and 4 cm below the fortnight averages,
respectively, while spring tide heads at the same wells were 2, 10, and 6 cm, respectively,
above the fortnight averages (Table 2.3). This illustrates an increase in aquifer
overheight, or mounding of water at the land-sea interface during spring relative to neap

tides.

244 SGD ESTIMATES.

Based on the freshwater budget in the surf zone, D,, varies from between 1.2 and
4.7 L min™ m™ of shoreline at neap tide to between 0.1 and 0.5 L min"' m™ at spring tide
(range reported for 1 and 4 h residence times, Table 2.4). By comparison, estimates of
discharge, based on measurements in the fresh part of the aquifer, using the Dupuit
equation are 1.2 L min" m™ (neap tide) and 0.1 L min" m™ (spring tide). Thus, agreement
is excellent between the Dupuit freshwater discharge calculations and the mass balance
estimates of D,, calculated with a 4 h residence time.

We calculate that D,= 7.2 L min” m™ of shoreline (constant throughout study)
and D= 8.7 (neap) and 14.8 (spring) L min" m™' shoreline, respectively (Table 2.4). The
sum of these estimates shows that total SGD (D) during spring tides (Dspring) 1S greater
than SGD during neap tides (D,eqp), Which is consistent with results from other studies in
unconfined aquifers, including those done with seepage meters (Kim and Hwang 2002;
Taniguchi 2002; Boehm et al. 2004). Assuming a 1-hour residence time, 2.2% of Dypying 1S
fresh groundwater while 22.8% of D4, is fresh groundwater, or 0.5% versus 7.0%,

respectively, assuming a 4-hour residence time (Table 2.4).
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2.5 DISCUSSION

Fortnightly trends in surf zone nutrients and salinity at Stinson Beach can be
linked to changes in the meteoric (fresh) component of total SGD, which in this
environment appears to be controlled by tide- and wave-driven aquifer overheight in the
unconfined beach aquifer. Increased fresh groundwater discharge at neap tide
corresponded with a drop in aquifer overheight at the land-sea boundary and a steepening
of the seaward hydraulic gradient in the fresh part of the aquifer. Similarly, increased
aquifer overheight near the beach face during spring tide corresponded with a shallowing
of the hydraulic gradient in the fresh part of the aquifer, and reduced fresh groundwater
discharge to the coastal ocean. Fresh groundwater at the field site is substantially
enriched in nutrients, thus the freshening of the surf zone during neap tide is
accompanied by nutrification of the surf zone.

The discovery of fecal indicator bacteria and esp-positive ENT in monitoring
wells at the site suggests that high nutrient concentrations in fresh groundwater are due at
least in part to contamination by septic effluent. This is not surprising given the high
density of septic systems at the field site. Our field observations indicate that nutrients
from fresh groundwater can be transported from the land to the sea through the
subsurface, impacting coastal water quality. Interestingly, increased surf zone
concentrations of groundwater-derived nutrients were not associated with an increase in
fecal indictor bacteria concentrations, although fresh groundwater at the site is enriched
with these organisms. This indicates attenuation of bacteria in the unconfined beach
aquifer at Stinson Beach is efficient. Future work will concentrate on quantifying
attenuation rates of effluent-derived fecal indicator bacteria, pathogens — in particular
viruses, and nutrients in individual septage plumes at the site.

During the four days following the nutrient pulse that occurred at neap tide at
Stinson Beach, Chl a concentrations in the surf zone increased from approximately 2 pg
L' to 6 pg L. Numerous studies have implicated SGD in causing algal blooms in the
coastal ocean (LaRoche et al. 1997; Hwang et al. 2005a; Hwang et al. 20050), with some
specifically linking SGD-derived nutrient inputs from septic systems to growth of algae
in canals and coastal watersheds (Lapointe et al. 1990; Valiela et al. 1992; Charette et al.

2001). The mesocosm experiments illustrated that the addition of nutrient-rich fresh
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groundwater from well MWO09 (average nutrient concentrations in Table 2.2) to seawater
promoted significant increases in Chl a relative to a control with no addition. While we
are unable to definitively conclude that nutrification of the coastal ocean by fresh SGD
during the neap tide caused the increase in Chl a in the coastal ocean soon thereafter, our
field observations and mesocosm experimental results are consistent with this linkage.
Other possible causes of the increased Chl a in the surf zone include changes in
resuspension of benthic diatoms (Demers et al. 1987), turbidity (May et al. 2003), water
column stability and light penetration (Comeau et al. 1995), and upwelling (Labiosa and
Arrigo 2003).

For the purposes of testing whether the observed changes in nutrient
concentrations in the surf zone could have been caused by the estimated changes to SGD
across the fortnight, theoretical spring- and neap tide nutrient concentrations (Cpys») wWere
estimated using the calculated potential nutrient fluxes (Eq. 5). Based on groundwater
mixing diagrams of salinity versus nutrient concentration, groundwater end member
nutrient concentrations were 422 pmol L™ silicate, 208 pmol L™ DIN, and 13 pmol L
SRP for fresh groundwater, and 113 pmol L™ silicate, 44 pmol L™ DIN, and 2.5 pmol L™
SRP for saline groundwater (mixing diagrams not shown). Using these end members
with the corresponding discharge estimates, the potential flux F), ranges from 2303 to
3780 pmol min"' m™' silicate, 949 to 1677 wmol min"' m™ DIN, and 55 to 101 pmol min™
m” SRP, depending on residence time and tidal condition (spring vs. neap) (Table 2.4).
Variation in F), between neap and spring tides is due to the different proportions of D,,
and D, in total SGD (D).

Using F),, we calculated C,ism, the theoretical concentration of nutrients in the
surf zone during neap and spring tides. For each nutrient constituent C,,,.q, is greater than
the actual measured concentration in the surf zone during both tidal conditions (Table
2.4). This is not surprising given that nutrients do not behave conservatively in the
subsurface, while our calculation of F, assumes they do. However, comparisons of the
projected change in C,., between spring and neap tides to the actual change in surf zone
concentrations agreed reasonably well assuming a 1 h residence time: C,, Increases
18% (silicate), 20% (DIN), and 37% (SRP) during neap relative to spring tides, as
compared to the measured increases of 14% silicate, 35% DIN, and 27% SRP. Thus, it
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appears that if we use the low-end residence time estimate, the fortnightly changes in the
flux of fresh and saline groundwater from the beach aquifer to the coastal ocean can
account for an increase in surf zone concentrations of nutrients during neap tides. If the
residence time is instead 4 h, then our model predicts higher nutrient concentrations
during spring compared to neap tides presumably due to increased saline discharge at
spring tide. This is counter to our observations, and may indicate that the nutrient flux
attributed to the saline groundwater discharge is overestimated by our model.

Neither the seasonal component Ds nor the density-driven component D,; were
included in flux calculations. Seepage metering was instrumental in investigating D; at a
low wave-energy field site at Waquoit Bay, Massachusetts (Michael et al. 2005). In
systems with a high-energy surf zone such as Stinson Beach, seepage metering is
problematic if not impossible (Libelo and MacIntyre 1994; Burnett et al. 2007), and for
this reason D, was not included in our estimate of D. However, since it oscillates on a
yearly timescale, we can assume that D, would have been approximately constant across
the 14 d study. We contend that had D, been included our formulation of D, the
percentages fresh SGD of total reported above would be reduced but the relative
differences, and our general conclusions, would remain the same. The variability and
role of D, at Stinson Beach is uncertain, but we suggest that because the fresh
groundwater at the site is so substantially enriched in nutrients relative to the saltwater
end members, the nutrification effects attributed to D, variability would be small
compared to those attributed by the large changes in fresh groundwater flux across the
fortnight.

To ground-truth our discharge results, it is useful to compare them with those
made in similar environments. At Tomales Bay, a 21 km long embayment along the San
Andreas Fault approximately 27 km to the northwest of Stinson Beach, Oberdorfer et al.
(1990) estimated D,, using both Darcy’s Law and a soil moisture budget approach. Saline
discharge was not investigated. D,, estimates for the two methods were 6.6x10° m’ day™
and 25.3x10° m’ day™, respectively, or 0.12 L min" m™ and 0.44 L min™ m™ given the
approximate length of shoreline along the bay (40 km). During a multi-day experiment,
Mulligan and Charette (2006) used Darcy’s Law and radon-based methods estimated

fresh discharge to Waquoit Bay, Massachusetts, at 2.8 L min™ m™ and 3.9 L min" m™,
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respectively. Kroeger et al. (2007) used Darcy’s Law and a water budget to estimate
fresh SGD from the Pinellas Peninsula in Tampa Bay, Florida. D,, was estimated at 2.0 L
min’ m” and 0.8 L min" m™ using the two methods, respectively. Hays and Ullman
(2007) dammed subaerial seepage faces which developed during 16 spring tide
monitoring events across an 18-month period at Cape Henlopen, Delaware, and measured
D,, directly with a weir. They calculated annual average D,, during the study of 0.9 +/-
0.4 L min' m™. The range of D,, presented in our study is consistent with the values
reported above.

SGD field studies have specifically investigated neap-spring tidal forcing of SGD.
Taniguchi (2002) used seepage meters in Osaka Bay, Japan, and found that total SGD
increased from neap to spring tide. At a monitoring station in Korea’s Yellow Sea, Kim
and Hwang (2002) found that groundwater-derived **’Rn and CH, concentrations near
the sea floor increased sharply from neap to spring tide. Boehm et al. (2004) also found
an increase in total SGD between neap and spring tides using radium isotopes as tracers.
In all three cases, the results indicate a greater total discharge during spring tide relative
to neap tide, and are consistent with the results presented herein. The only study that
examined spring-neap variation in fresh SGD specifically, was conducted in South
Africa. Campbell and Bate (1999) used a Darcy’s Law approach to quantify the flux of
fresh groundwater from a South African sand dune complex, and estimated D,, to be 0.11
L min"' m™ during spring tide and 0.23 L min" m™ during neap tide. The increase in neap
tide D,, versus spring tide D,, is also consistent with the results presented here.

The precise physical explanation of the neap tide pulsing phenomenon is
unknown, though two numerical experiments have been conducted to examine D,, and D,
at a hypothetical beach under varying tidal amplitude scenarios and no wave action
(Ataie-Ashtiani et al. 2001; Robinson et al. 2007), both of which offer some insights.

Ataie-Ashtiani et al. (2001) simulated constant-density steady-state D,, and D;
from a thin isotropic aquifer with a constant-head landward boundary under zero, low-,
and high-tidal amplitude scenarios. They showed that increasing tidal range (as would be
expected during spring tides) increased both D, and aquifer overheight at the boundary,
and decreased D,. Despite differences between the simulated and Stinson Beach

environments, the results of the simulation are consistent with the results of our study.

28



Robinson et al. (2007) simulated variable-density steady-state D,, and D; from a
thick isotropic aquifer with a constant-flux fresh landward boundary and multiple tidal
ranges. They showed that a saline tidally-driven circulation cell develops approximately
between the high and low tide lines. Under certain conditions, a freshwater ‘tube’
discharges seaward of the tidal circulation cell near the low tide line. As tidal amplitude
is increased, the depth and width of the saline circulation cell increase and the freshwater
‘tube’ is forced to flow deeper in the aquifer and discharge further offshore. It is possible
that during our study, fresh groundwater discharged to the surf zone at neap tide but
discharged beyond the surf zone at spring tide, thereby producing a freshening of the surf
zone at neap tide. While we cannot rule out this possibility, no data collected at the site to
date indicate a freshening of nearshore waters beyond the surf zone during spring tides
(Table 2.2, additional data not shown).

Given the results described here, we present a qualitative framework for
understanding the relationship between tide- and wave-driven overheight and the
magnitude and timing of freshwater discharge from unconfined beach aquifers similar to
that at our field site (Fig. 2.5). We introduce two variables, Hj.q and Oggjine, Where Hpegn
is the hydraulic head in the fresh portion of the aquifer and Osqiine is the hydraulic head
due to overheight in the saline portion of the aquifer near the beach face. The magnitude
of Ogqiine 1s controlled by a number of factors including wave set-up, wave run-up, tidal
height, and meteoric hydraulic pressure. Hj.g, 1s measured just beyond the influence of
tides and waves and, thus, controlled entirely by meteoric hydraulic head.

In Fig. 2.5, Oyaine (horizontal axis) is plotted against Hj.g, (vertical axis). The
dashed, horizontal lines represent neap (N) and spring (S) tide conditions at hypothetical
beaches where Hj., is relatively constant but Oyuise varies with tide range, as it does at
Stinson Beach. If Hj.g 1s higher than O,y during all tidal conditions, the system is in
region I of Fig. 2.5 and shallow fresh groundwater continuously discharges throughout
the fortnightly tidal cycle. This may be the case at Waquoit Bay, a site with small tidal
range and minimal wave action where researchers have described freshwater discharging
to the coastal ocean under a variety of conditions (Michael et al. 2003; Mulligan and
Charette 2006). If Hjeo is low relative to Osuine at both neap and spring tide, then

shallow fresh groundwater does not discharge over the fortnightly cycle, and the system
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is in region II. This likely was the case in Huntington Beach, CA (Boehm et al. 2006)
where very little to no fresh groundwater discharge occurred despite the presence of fresh
groundwater just landward of the high tide berm. At Stinson Beach, Hj. 1s higher than
Osaiine during neap tide but lower during spring tide; thus, the system straddles regions I
and II, resulting in a pulsing of fresh groundwater during neap tides with little or no
discharge during spring tides.

It is conceivable that at Stinson Beach and elsewhere, aquifers may occupy
regions I and/or II during different parts of the year as seasonal waves of meteoric
hydraulic pressure force fresh groundwater though the beach and interact with the wave-
and tide-driven overheight at the boundary. It is also conceivable that variable wave
conditions across neap-spring cycles may interfere constructively or destructively with
the neap-spring overheight cycle described herein. For these reasons and numerous
others, we expect that not all tide- and wave-driven systems will fit into the above
classification scheme. Future work including field experiments and numerical modeling
and will explore this concept more fully.

This study illustrates the importance of fortnightly variation in aquifer overheight
in tide- and wave-driven systems and presents a qualitative framework for categorizing
fresh groundwater discharge from beach aquifer systems similar to Stinson Beach with
respect to overheight at the land-sea interface. Understanding the interactions of
mechanisms forcing SGD is particularly important in systems similar to Stinson Beach,
where fresh submarine groundwater discharge from a polluted unconfined aquifer poses
potential risk to nearshore ocean ecosystem health. Further work should be done to
examine the importance of neap-spring tides on submarine groundwater discharge in

other environments.
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Table 2.1. Well construction details for the wells used in the study. Elevations are given
in meters above mean sea level. Distances are given in meters from the mean water line.

Distance
from mean Bottom of

Diameter water line Top of casing  Top of screen screen
Well ID (cm) (m) elevation (m) elevation (m) elevation (m)
MWO06 10.16 223 1.46 -3.11 -4.63
MWO07 10.16 178 1.36 -0.16 -1.69
MWO09 10.16 70 3.10 0.05 -3.00
MW10 3.81 48 2.13 -0.92 -1.38
MW11 3.81 36 2.07 -1.13 -1.58
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Table 2.3. The maximum and minimum equivalent freshwater hydraulic head (m)
measured relative to mean sea level is shown for each well. Also shown are average
heads during the fortnight, and during neap and spring tides. Sea level maximum,
minimum and average values are shown for comparison.

Minimum Maximum Fortnight Neap tide Spring tide

Well ID (m) (m) average (m) average (m) average (m)
MWO06 1.26 1.39 1.32 1.33 1.28
MWO07 0.41 0.55 0.48 0.49 0.44
MWO09 0.24 0.56 0.42 0.37 0.44
MWI10 0.08 1.03 0.45 0.26 0.55
MWI11 0.08 1.01 0.43 0.39 0.49
Sea level -1.28 1.18 0.09 0.11 0.18
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Table 2.4. (A) Dupuit equation estimates of seaward groundwater discharge in the fresh
part of the unconfined aquifer. (B) Model estimates of D,,, D;, D, D, F}, SiOa, F), SRP,
and F, DIN. Estimates vary for 1 and 4 h residence times. (C) Predicted C,.s for
nutrients predicted using Eq. 6. Actual nutrient concentrations in the surf zone are

reported for neap and spring tides for comparison.

(A) Neap tide Spring tide
Fresh Discharge (L min"' m™) 1.2 0.1
(B) Neap tide Spring tide
1h 4h 1h 4h
D,, (Lmin" m™) 4.7 1.2 0.5 0.1
D,,(Lmin" m™) 7.2 7.2 7.2 7.2
D, (L min" m™) 8.7 8.7 14.8 14.8
D (Lmin" m™) 20.6 17.1 22.5 22.1
F,SiO4 (umol min™ m™) 3780 2303 2697 2528
F, SRP (umol min™" m™") 101 55 62 56
F, DIN (umol min™ m™") 1677 949 1972 989
© Neap tide Spring tide
1h 4h Actual 1h 4h Actual
Cprism Silicate (umol L) 66 97 49 56 98 43
Cprism SRP (umol L™ 2.6 23 1.9 1.9 2.4 1.5
Cprism DIN (umol L™ 30 41 23 25 39 17
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Figure 2.1. Map of study area (left) and regional hydrogeology (right). Question marks
in right panel indicate that contacts between geologic units in this region are uncertain.
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Figure 2.2. Surf zone prism used as a control volume for the freshwater budget.
Variables are defined in the text.
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Figure 2.3. Surf zone concentrations of salinity, SRP, DIN, SiOs4, Chl a and tidal range
plotted versus time during the experiment.
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Figure 2.4. Average and 95% confidence intervals of Chl a concentrations at time 0 and
on day 2 of the mesocosm experiment for treatments (4% and 8% v/v groundwater and
seawater) and control (0%). Concentrations in 4% and 8% treatments show significant
increases above concentrations at time 0 and above control at day 2, suggesting a
dissolved constituent in groundwater is promoting growth of phytoplankton.
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Figure 2.5. A framework for understanding the timing of freshwater discharge at beaches
similar to Stinson Beach. The dashed, horizontal lines connect the aquifer overheight
(O,4n.) during neap (N) and spring (S) tides at hypothetical beaches with varying
hydraulic heads behind the overheight (H,,,). The solid diagonal line separates region I
and II. In region I the aquifer overheight at the beach face is lower than the inland
hydraulic head; fresh groundwater discharges to the coastal ocean. In region II, the
aquifer overheight is higher than the inland hydraulic head; no freshwater discharge
occurs. Fortnightly-pulsed fresh groundwater discharge occurs when a beach straddles

region I and II.
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CHAPTER 3: SUBMARINE GROUNDWATER DISCHARGE TO A HIGH-ENERGY
SURF ZONE AT STINSON BEACH, CALIFORNIA, ESTIMATED USING RADIUM
ISOTOPES

The research presented in this chapter was originally published in 2011 in Estuaries and
Coasts Vol. 34, pp. 256-268, and is reprinted here with kind permission of Springer
Science and Business Media. The research was supported by the National Sea Grant
College Program of the U.S. Department of Commerce’s National Oceanic and
Atmospheric Administration under NOAA Grant NAO4OAR4170038, Project R/CZ-197,
through the California Sea Grant College Program. The views expressed herein do not
necessarily reflect the views of California Sea Grant. Kevan Yamahara contributed
greatly to the field experiments and was included as a coauthor along with my adviser
Alexandria Boehm. I also acknowledge Karen Knee and Eric Foote for assistance in the
field and/or suggestions for improving the manuscript. Comments from the editor and
associate editor of Estuaries and Coasts and two anonymous reviewers also improved the

manuscript.
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3.1 ABSTRACT

Two 14-day experiments conducted in the dry summer (July 2006) and wet winter
(March 2007) seasons, respectively, examined tidal, wave-driven and seasonal variability
of submarine groundwater discharge (SGD) at Stinson Beach, California, using natural
radium tracers. Tide stage, tide range, breaker height and season each explained a
significant degree of radium variability in the surf zone. A mass balance of excess radium
in the surf zone was used to estimate SGD for each season, confirming larger discharge
rates during the wet season. Our results indicate median groundwater discharge rates of 6
to 8 L min” m™ in July 2006 and 38 to 43 L min"' m™' in March 2007. SGD from 200 m of
Stinson Beach in March 2007 contributed a flux of phosphate and dissolved inorganic
nitrogen approximately equal to that associated with all local creeks and streams within 6

km of the study site at that time.
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3.2 INTRODUCTION

Submarine groundwater discharge (SGD) is well documented as an important
source of inorganic, organic, and microbial pollutants to the coastal ocean (Boehm et al.
2004; Bone et al. 2007; Santos et al. 2008). Numerous physical forcing mechanisms
including meteoric hydraulic head, tide- and wave pumping, seasonal
precipitation/evapotranspiration cycles, and variations in groundwater density force the
flow of groundwater to the ocean (Burnett et al. 2006). Due to interactions between
multiple forcing mechanisms at any given location and time, SGD is temporally- and
spatially variable. Site-specific studies are often required to fully understand the timing,

magnitude, and importance of SGD in a given region.

Many of the mechanisms that modulate SGD have been investigated numerically
and through field studies. Tidal pumping has been explored on both the semidiurnal
(Ataie-Ashtiani et al. 1999; Robinson et al. 2007) and fortnightly spring-neap timescales
(Boehm et al. 2004; De Sieyes et al. 2008; Kim and Hwang 2002; Santos et al. 2009;
Taniguchi 2002). Michael et al. (2005) documented a large, seasonally variable
component of SGD controlled by precipitation/evapotranspiration cycles. Wave setup and
run-up from breaking waves influence beach water table dynamics and drive SGD at
coastal margins (King et al. 2009; Li et al. 2004; Longuet-Higgins 1983). However,
breaking waves make direct discharge measurement by seepage meter impossible
(Burnett et al. 2006; Huettel et al. 1996; Libelo and Mclntyre 1994). This presents a
unique challenge in studying SGD along coastlines with high wave energy where wave-
driven SGD may be most important. In such environments, it is often necessary to

estimate SGD by indirect techniques, such as those based on chemical tracers.

This study explores SGD variability at multiple timescales using naturally
occurring radium isotopes as tracers of groundwater discharge. Moore and collaborators
pioneered the use of the quartet of naturally occurring radium isotopes, which vary in
half-life from 3.7 days to 1600 years, as tracers for ocean mixing and groundwater input
to coastal systems (Krest and Harvey 2003; Moore 1997; Moore 2003). The divalent

radium cation is bound to soil particles and rocks in fresh water but readily desorbs via
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ion exchange in the presence of high ionic strength solutions (Elsinger and Moore 1980).
Accordingly, in coastal aquifers where saline groundwater mixes with fresh groundwater,
high radium waters result. Open seawater is relatively radium-deplete; therefore, radium
activity above that of open seawater suggests a coastal source that in many cases is
groundwater. Because radium isotopes behave conservatively in the nearshore after

accounting for radioactive decay, the radium quartet is useful for characterizing ocean

mixing and rates of submarine groundwater discharge (Charette et al. 2001; Moore 1996;

Moore 1999; Moore 2000a; Moore 2000b; Moore 2003).

The present study uses the two short-lived radium isotopes **Ra (t,,, = 11 d) and
**Ra (t,, = 3.6 d) and the long-lived isotope ***Ra (t,, = 1600 y) to investigate how SGD
at a wave-dominated California beach is modulated by semidiurnal tides, fortnightly
neap-spring tides, swell events, and the seasonal precipitation cycle. The work was
conducted at Stinson Beach, a small beach community north of San Francisco, CA, USA.
Groundwater at the site is contaminated with nitrogen (nitrate and ammonium, primarily),
ortho-phosphate, and human fecal bacteria from septic systems, and previous research at
the site has documented nutrification of the nearshore coastal ocean by fresh SGD in the
summer (de Sieyes et al. 2008). A previous experiment at this beach during dry summer
weather estimated SGD using salinity as a groundwater tracer (de Sieyes et al. 2008).
The present study builds on that previous study, but uses an entirely new radium tracer
dataset consisting of over 500 measurements to investigate the effects of waves, tides,

and season on SGD.

3.3 METHODS AND MATERIALS

3.3.1 STUDY SITE.

Stinson Beach (Fig. 3.1) is an open ocean, southwest facing, reflective beach with
mixed semi-diurnal tides, a spring tide range of 2.0 to 2.5 m and a high-energy surf zone.
Breakers with heights typically in the range of 0.5 to 2 m result primarily from northwest
swells during winter and a combination of northwest and south swells in summer. A short

description of local hydrogeology and human development in the area can be found
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elsewhere (de Sieyes et al. 2008). Our research site is focused on the beach at the end of
Calle de Resaca, a residential street in downtown Stinson Beach (37.899 N, 122.646 W,
Fig. 3.1).

The climate at Stinson Beach is Mediterranean with an annual average rainfall of
60 to 120 cm occurring predominately between October and April (Stinson Beach County
Water District 1998). During the dry season, Bolinas Lagoon (37.908 N, 122.682 W) and
a local coastal hot spring (37.886 N, 122.630 W), are the only other potential sources of
radium within 20 km of the study site (Fig. 3.1). Numerous ephemeral creeks deliver
fresh water to the coastal ocean during the wet season but generally run dry by late
summer (Stinson Beach County Water District 1998). Only Webb Creek (37.885 N,
122.629 W) discharges directly to the nearshore within 7 km of the site; all other creeks

discharge to Bolinas Lagoon. (Fig. 3.1)

Radium activities in the surf zone were monitored over semidiurnal and spring-
neap tidal cycles during both the dry and rainy seasons. Fourteen-day experiments were
conducted from 14 through 28 July 2006 and from 10 through 24 March 2007. During
each study, neap tide (17 July 2006 and 11 March 2007, respectively) preceded the spring
tide (24 July 2006 and 18 March 2007, respectively).

3.3.2 TIDE, WAVE, AND BEACH CONDITIONS.

Tide elevation measurements were obtained from a NOAA tide gauge at Point
Reyes, approximately 30 km from Stinson Beach (http://tidesandcurrents.noaa.gov,
Station ID 9415020, 38.00 N, 122.98 W). Tides along this coast are in phase at a spatial
scale of 30 km, so this tide gauge gives excellent tide data for Stinson Beach. Data were
recorded at six-minute intervals. Daily tidal range was calculated from daily maxima and
minima. We define spring- and neap tide as those days during the tidal cycle when tidal
range is maximal and minimal, respectively.

Wave measurements were obtained from National Buoy Data Center buoy
#46026 at San Francisco (http://www.ndbc.noaa.gov, 37.759 N 122.833 W), the closest
directional wave buoy to the site. The buoy is located in 55 m of water 23 km due

southwest (offshore) from the site. Spectral wave data were recorded at 1-hour intervals.
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A continuous record of surf zone breaker height was estimated from significant
wave height and period for the duration of our study using the method of Komar (1998).
This calculation assumes that wave energy is conserved from deep water to the surf zone
and ignores the effects of refractive focusing, diffraction, bottom friction, currents, and
wave-wave interactions. Stinson Beach lies in the wave shadow of nearby Bolinas Point
and Duxbury Reef, so a correction factor was necessary to increase the accuracy of the
breaker height predictions. Seven synoptic breaker height observations were made in the
field using surfers riding breaking waves as benchmarks, a commonly used method for
estimating breaker height (Caldwell 2005). These observations were compared to the
continuous time series and a correction factor was derived using linear regression. The
Komar-estimated significant wave heights were multiplied by the correction factor to
obtain a continuous time series of significant breaker heights. These data are used to

explore correlative relationships between waves and SGD.

During each study, the surf zone was viewed from a high vantage point above the
beach and rip cell spacing was estimated using a geo-referenced map. Beach topography
was also surveyed during each study by standard methods using a scope and stick (Fig.

3.2).

3.3.3 WATER SAMPLING.

The tidal regime at Stinson Beach is mixed-semidiurnal. To characterize tidal
variation in radium activities, we sampled the surf zone at high-high and low-low tide
along two cross-shore transects approximately every other day of each study. The two
transects were located 100 m apart in the alongshore direction and extending from the
water line out into the surf zone (Fig. 3.1). During both studies, the two sampling
transects straddled a rip current, indicating that the two transects sampled distinct rip
cells. Local knowledge of the site coupled with aerial observations from a high vantage
point during each study confirmed the permanence of the rip cell location. During each
sampling at the site, surf zone samples were collected along each transect at 0.2 and 0.7

m water depths referred to as ‘ankle’ and ‘waist depths’, respectively (Fig. 3.2). These

depths occurred well within the surf zone. Although a small sand bar was observed during
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each experiment, no distinct break was ever noted between an inner and outer surf zone at
the site. In order to standardize sample collection depth, 0.2 and 0.7 m heights were
noted on the legs of the two individuals who conducted all surf zone sampling. During
sample collection, care was taken to collect a mixture of water from the entire water

column from surface to sandy bottom. For the surf zone, n,,,=42 and n,,,,,,=32.

At low-low tides only, groundwater immediately adjacent to the water line was
sampled from shallow pits dug into the beach approximately 10 m back from the water
line (n,,,,=18 and n,,,,,~=14; Fig. 3.2). In addition, subaerial seepage faces were sampled
when they developed at the lowest tides (n,,,,=17 and n,,,,,,=2). On multiple days during
each experiment, groundwater was sampled from temporary stainless steel drive-point
piezometers installed into the top 2 m of the water table just above the high tide berm
(n,,0s=1 and n,,,,=5).

To characterize offshore waters during neap and spring tide, surface offshore
ocean water samples were obtained 180 m, 870 m, and 1615 m from the beach along a
cross shore transect on the days of the 3"-quarter and new moons during each experiment
(Fig. 3.3).

The ebb flow from Bolinas Lagoon (37.908 N, 122.682 W) was sampled every
two to four days during both studies (n,,,=4 and n,,,,,~7). The hot spring (37.886 N,
122.630 W) was sampled on 19 March 2007.

Clean, triple-rinsed 20 L collapsible low-density polyethylene containers were
used for water collection. For a given water sample, a total of approximately 100 L was
composited. A one liter subsample was collected into a clean triple-rinsed bottle and used
for all non-radium chemical analyses. All samples were analyzed for **’Ra and ***Ra. A
subset of samples was analyzed for **’Ra including pits, seeps, offshore, Bolinas Lagoon,
hot spring and a subset of monitoring wells. In addition, surf zone samples collected at
the high- and low tide closest in time to the offshore sampling events during each

experiment were analyzed for **Ra.

3.3.4 CREEK SURVEY.

On 16 and 17 March 2007, creeks flowing within 6 km of the site were surveyed

for flow rate and nutrient concentration to provide estimates of creek-associated nutrient
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flux to the local coastal ocean. The survey included creeks flowing to Bolinas Lagoon
(n=11) as well as those discharging directly to the ocean (n=1). Little to no creek
discharge occurs during late summer at the site, precluding a similar survey during July
2006. First-order estimates of flow rate in each creek were measured via the float method
(Weight and Sonderegger 2001) whereby velocity is measured by timing the travel of a
float down a straight reach of a creek. Measurements were made following USGS
guidelines as outlined in Rantz et al. (1982). Surface velocities were converted to a depth-
averaged velocity using a correction factor of 0.85 and multiplied by cross-sectional area
to calculate flow rate. Reflecting the order-of-magnitude nature of our measurements, we
conservatively assume 25% standard deviation associated with these flow rate
measurements (Rantz 1982). Estimates of creek-associated nutrient flux were calculated
by multiplying nutrient concentration by flow rate. Standard deviations of nutrient flux
are calculated by propagating standard deviations of nutrient concentration and flow

rates.

3.3.5 NUTRIENT ANALYSIS.

The concentrations of orthophosphate, silicate, dissolved inorganic nitrogen were
previously reported for all July 2006 water samples in de Sieyes et al. (2008). During the
March experiment, a 30 mL aliquot of water was 0.2 ym PES filtered (Millipore,
Billerica, MA) and stored at -20°C for nutrient analyses. The concentrations of
orthophosphate, silicate, nitrate, nitrite, and ammonium were measured by standard
methods with a nutrient autoanalyzer (Lachat QuikChem 8000, Loveland, CO). Detection
limits are 0.2 yM nitrate, 0.1 yM nitrite, 0.1 uM phosphate, 1.0 uM silicate, and 0.1 yM
ammonium. Dissolved inorganic nitrogen is reported as the sum of nitrate, nitrite, and
ammonium. Five percent of nutrient samples were analyzed in duplicate, and standard

deviation was <5% for each analyte.

3.3.6 RADIUM ANALYSIS.

Dissolved radium was extracted from ~100 L water samples in the field by
filtering through columns of MnO,-impregnated acrylic fiber at a flow rate not exceeding
1 L min"' (Moore and Arnold 1996; Rama et al. 1987). Untreated acrylic fiber plugs were

used to prevent the contamination of the MnO, fiber by particulates. The fibers were
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removed from the columns and stored in plastic bags until processing, at which time they
were rinsed with de-ionized water and hand-squeezed to remove excess water. Activities
of the short-lived isotopes *’Ra and ***Ra were measured within three days of collection
using a delayed coincidence counter (Moore 2003; Moore and Arnold 1996). Errors
associated with radium analysis via this method are 10% (Moore 2003). Samples were
not re-analyzed after collection to quantify **Th-supported ***Ra activity. However,
samples collected during subsequent experiments at the Stinson Beach site showed that
**Th-supported ***Ra activity accounts for approximately 3% or less of the original **Ra
activity (Black et al. 2009; Rama et al. 1987). Because ***Th-supported **Ra activity at
the site is small compared to the error associated with the 2*Ra method, we assume for
the purposes of this paper that all **Ra in samples is excess ***Ra, i.e. ***Ra unsupported
by **Th decay in the sample.

*?°Ra activity was measured via its *'*Po daughter following Kim et al. (2001).
Mn-impregnated fibers were aged for at least six months to allow for decay of the short-
lived isotopes. Fibers were then moistened with de-ionized water to obtain constant recoil
efficiency, sealed in an air-tight helium-flushed glass tube, and incubated for at least
three weeks to allow in-growth of *’Rn daughter product to reach activities within 0.1%
of secular equilibrium. Standard error calculated from duplicate (n=34), triplicate (n=3)

and quadruplicate (n=6) analysis of individual fibers was 13%.

3.3.7 DATA ANALYSIS.

Statistical analysis was performed using Matlab (Natick, Massachusetts).
Parametric statistical methods were chosen because groups of data in general were
normally distributed based on the Lilliefors test of normality. Correlation coefficients
between measured continuous parameters were determined using Pearson’s product-
moment correlations, and sample groups were compared using Student’s t-test. Statistical
results were deemed significant if p<0.05. Unless otherwise noted, summarized data

reported in the text are average + standard deviation.
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3.4 RESULTS

3.4.1 ENVIRONMENTAL CONDITIONS.

Tide stage, daily calculated tide ranges, observed breaker heights, as well as times
of surf zone and offshore sampling events are shown for both experiments in Figure 3.3.
Tidal range during July 2006 was approximately sinusoidal with a fortnightly period,
with highest tidal range occurring around the day of the new moon. In March 2007, one
or more long-period tidal oscillations slightly reduced the tide range during the new

moon.

Breaker heights calculated from buoy data following Komar (1998) were
compared with observations made in the surf zone, as described in the methods. A
correction factor of 0.36 was used based on linear regression of observed and predicted
breaker heights. This correction factor was applied to the entire predicted breaker dataset.
Corrected predictions of breaker height are plotted with observed breaker heights in
Figure 3.3. Root mean square error between observed and predicted breaker heights was

19%.

Breaker heights in the surf zone during the July 2006 experiment were smaller
and more stable (71 £ 12 cm) compared to the March 2007 experiment when breakers
were significantly larger and more variable (104 + 23 cm; r=-4.8, p<0.05; Fig. 3.3). Field
observations confirmed the arrival of multiple large swell events at the beach during the

March 2007 experiment.

According to Stinson Beach County Water District records, 2.1 cm and 24.7 cm
of rainfall had fallen in the three months prior to the July 2006 and March 2007 studies,
highlighting the Mediterranean climate at the site. Rainfall during the actual experiments
themselves was slight, with only 0.05 and 0.3 c¢m falling during the July 2006 and March
2007 studies, respectively.

3.4.2 NUTRIENTS.

Nutrient concentrations for all sample groups are reported in Table 3.1. Nutrient

measurements from July reported by de Sieyes et al. (2008) are included for comparison.
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Pit and seep samples were significantly enriched in phosphate, silicate, and dissolved
inorganic nitrogen above both surf zone and offshore samples (p<0.05 for both July 2006
(de Sieyes et al. 2008) and March 2007).

3.4.3 ’RAAND **RA.

All samples were analyzed for the two short-lived radium isotopes *’Ra and ***Ra
(Table 3.1). As with nutrient concentrations, activities of *’Ra and **’Ra activities were
enriched in pit and seep samples compared to surf zone and offshore samples, suggesting
groundwater-associated discharge of radium to the nearshore. In March 2007, a single
sample collected from Webb Creek, the only major creek in the area discharging directly
to the ocean, contained **’Ra and ***Ra activities of 0.5 dpm (100L)" 4.3 dpm (100L)".

When activities of **’Ra are plotted as a function of ***Ra for all samples, data
generally fall along a line with a slope of 19, suggesting a common source for both
isotopes (Fig. 3.4). A single sample from a hot spring with a ***Ra/**’Ra isotopic ratio of
approximately 56 deviates substantially from this common mixing line, suggesting it
represents a distinct end member. However, none of the other samples fall along a mixing
line between seawater and the hot spring end member, indicating that the hot spring has
little or no influence on **Ra and ***Ra activities in surface water and groundwater at our

site.

To investigate homogeneity of Ra activities in the alongshore direction during
each experiment, we tested whether *’Ra and ***Ra activities measured at the two cross-
shore transects (Fig. 3.1) were significantly different using Student’s t-test (t-statistics not
shown). For both the July 2006 and March 2007 studies, “’Ra and ***Ra activities
collected from pits along the two transects were not significantly different (0.34<p<0.90)
suggesting groundwater activities are relatively homogeneous at this spatial scale. No
significant differences were found between the samples collected at ankle depth along the
two transects (0.55<p<0.69) or at waist depth along the two transects (0.36<p<0.99).
The lack of significant differences between surf zone activities along the two transects
indicates that radium activities are relatively homogeneous in the surf zone in the

alongshore direction on the hundred-meter scale.
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We tested whether the surf zone was well mixed in the cross shore direction with
respect to *’Ra and **Ra by comparing activities of ankle and waist depth samples for
each experiment. In July 2007, *’Ra samples collected at ankle- and waist depth were not
significantly different (5 ,,0s = 1.28, p = 0.20). In all other comparisons, activities at
ankle depth were significantly higher than at waist depth (2,53 4,0, = 2.57, p=0.01; t5,, .06
=224, p=0.028; L1y a7 = 3.59, p<107). The cross shore variation within the surf zone
was on the order of 10-25% of the mean radium activity at ankle depth. This variability is
small compared to the differences between the surf zone and other major sample groups
including Bolinas Lagoon, offshore waters, pits, and seeps. For the purposes of further
analysis, we group ankle- and waist-deep surf zone samples for each isotope, referring to

them collectively as the surf zone sample group.

If groundwater discharge at the shoreline is the major source of radium to the
nearshore, then it follows that tracer activities should show a decreasing trend from
groundwater to nearshore to offshore waters. Statistical testing was conducted to confirm
this relationship; t- and p-values for the following tests are reported in Table 3.2. Pit
samples were significantly enriched above seep samples during the July 2006 experiment
(Fig. 3.5) but not during the March 2007 experiment when only two seepage face samples
were collected. For both isotopes during both experiments, surf zone activities were
significantly lower than both pit samples and seepage face samples. Similarly, the surf
zone was significantly enriched in both radium isotopes compared to offshore waters

during both experiments.

Ebb flow from Bolinas Lagoon was enriched in **Ra and ***Ra relative to
offshore waters during both experiments (Table 3.2; Fig. 3.5), suggesting submarine
groundwater discharge to the lagoon throughout the year. During the March 2007
experiment, the lagoon was also enriched in both isotopes relative to surf zone waters
whereas during the July 2006 experiment, the lagoon was significantly enriched over surf
zone activities in ***Ra but differences in **’Ra activities were not significant. Mean **Ra
and **Ra activities in Bolinas Lagoon were higher than mean surf zone activities by
170% and 190% in March 2007 and by 40% and 50% in July 2006. In comparison,

Bolinas Lagoon waters contained significantly less of each isotope than groundwater
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samples from pits during the July 2006 experiment. The same relationship was true for

***Ra in March 2007 but differences in *’Ra were not statistically significant.

Radium activities in sample groups were compared between the two experiments
to test for seasonal differences. **’Ra and ***Ra activities in pit and seep samples were not
different between summer and winter, indicating a seasonally stable groundwater end
member with respect to *’Ra and ***Ra activities (Table 3.2; Fig. 3.5). Activities of the
longer-lived isotope **’Ra in the surf zone were not significantly different between the
two experiments but ***Ra activities in the surf zone were significantly lower during the
March 2007 experiment relative to July 2006 by 22%. Differences between offshore *’Ra
and **Ra activities during the two studies were insignificant. Bolinas Lagoon was
significantly enriched in *’Ra and ***Ra by 86% and 49%, respectively, during the March

2007 experiment compared to the July 2006 experiment.

To test the role of tide level in explaining radium variability in the surf zone, the
four samples collected in the surf zone during each low tide sampling event were grouped
and compared by paired t-test to the corresponding four samples collected during the
previous high tide. In July 2006, **’Ra and ***Ra activities in the surf zone were
significantly higher at low tides than at preceding high tides (t3 ju0s = -4.89, p<10'4;
tao4ui06 = -6.65, p<107®), with mean ***Ra and ***Ra activities at low tides 87% and 95%
higher than at preceding high tides, respectively. In March 2007, mean **’Ra and ***Ra
activities were 80% and 60% higher at low tides than at preceding high tides, respectively,
but the difference was only statistically significant for 22Ra (t223.Mar07 = -3.36, p=0.0024;
t224 Maro7 = -2.00, p= 0.055).

Radium activity in the surf zone was compared to daily tidal range in order to
examine the role of fortnightly neap-spring tidal variability on surf zone radium activity.
Neither *’Ra nor ***Ra activity in the surf zone was significantly correlated to tidal range
when grouped by experiment (7,3 05 = 0.22, p=0.055; 7553 11007 = 0.12, p=0.37; 734 ju10s =
0.16, p = 0.18; 734407 = 0.24, p=0.070). When samples from both experiments were
grouped together, a significant, positive correlation emerged between tidal range and both

*»Ra and **Ra (r,,;= 0.20, p=0.019; r,,,= 0.26, p=0.0022).
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A similar comparison was made for each experiment to investigate the correlation
between average daily breaker height on surf zone radium activity. During the July 2006
experiment, “’Ra and **Ra activities in the surf zone were significantly negatively
correlated with breaker height (r,,; = -0.44, p=0.0001; r,,, = -0.43, p=0.0001).
Interestingly, during the March 2007 experiment when breaking waves in the surf zone
were noticeably larger, the short-lived isotope ***Ra in the surf zone was significantly
positively correlated with breaker height (r,,, = 0.38, p=0.0043). No significant
relationship existed between daily mean breaker height and **Ra in the surf zone during

the March 2007 experiment (r,,;=0.19, p=0.14).

3.4.4 P°RA.

*?°Ra activities for sample groups are compared in Figure 3.6. During the July
2006 experiment, pit samples were significantly enriched in **Ra above surf zone
activities, consistent with a groundwater **Ra source (t=3.47; p=0.0014). However,
offshore samples were also significantly enriched in ***Ra above surf zone activities
(tuos= -3.97; p<107), inconsistent with a coastal groundwater source (Fig. 3.6). By
comparison, during the March 2007 experiment, **Ra activities in pit and surf zone
samples were not significantly different (r=-0.85; p=0.40) but the surf zone was enriched
relative to offshore waters (f,,,,,=2.68; p=0.012). **Ra activities in Bolinas Lagoon were
not significantly different than those in the surf zone during either experiment (¢, = -
1.76, p=0.095; t,,,0; = -0.47, p=0.64). The lagoon was enriched in ***Ra relative to
offshore waters in March 2007 (t = -3.23; p=0.0042) but not in July 2006 (¢,,,,,, = 1.19,
p=0.24). A March 2007 water sample from the hot spring located on the shoreline
approximately 1.8 km from the research site contained very high ***Ra activities of 148

dpm (100L)"', approximately an order of magnitude above that of beach groundwater.

3.4.5 CREEK SURVEY.

A survey of local creeks was conducted during the March 2007 experiment in
order to provide an estimate of total creek-associated nutrient flux during the wet season

for comparison with SGD-associated nutrient flux estimates (Table 3.3). Total flux from

all creeks discharging to Bolinas Lagoon and directly to the ocean near Stinson Beach at
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the time of the March experiment was estimated at 10 £ 1 mmol min" phosphate, 3 + 1

mol min™ silicate, and 200 + 50 mmol min™' dissolved inorganic nitrogen.

3.5 DISCUSSION

3.5.1 TIDE LEVEL.

During both the summer and winter studies, **’Ra activities in the surf zone were
significantly higher at low tides than at preceding high tides. For **Ra, the same trend
was observed although results were statistically significant only for the July 2006
experiment. The increased *’Ra and ***Ra activities observed during low tides suggest
discharge of tidally pumped, radium-enriched groundwater out of the beach aquifer
during ebb tides. This interpretation is consistent with results from other studies
documenting tidal pumping (Boehm et al. 2004). An alternative explanation for the
increased radium activity between low and high tide is that the surf zone becomes
enriched in radium at low tide by the outflow of Bolinas Lagoon. However, it should be
noted that sediment transport studies suggest that ebb outflow from Bolinas Lagoon
typically flows towards the northwest, away from our sampling sites (Philip Williams &
Associates 2005). This suggests that Bolinas ebb flow is not directed to the south,

towards our study site.

3.5.2 FORTNIGHTLY TIDES.

The magnitude of SGD forced by tidal pumping is directly affected by the
magnitude of tidal range, or the difference in elevation between high and low tide (Ataie-
Ashtiani et al. 2001). Assuming constant rates of cross-shore mixing, one might expected
that SGD-associated radium would increase in the surf zone during periods of highest
tidal range. Indeed, tidal range during our studies did explain 4% and 7% of the variation
in *’Ra and **Ra in the surf zone, respectively. This significant positive correlation is
consistent with previous studies concluding that tidal range does influence the magnitude
of tidal pumping of groundwater from the beach aquifer, with greatest discharge

occurring at or around spring tide (L1 et al. 1999; Rapaglia 2005; de Sieyes et al. 2008).
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An alternative interpretation of the radium enrichment of the surf zone at spring
tide is that Bolinas Lagoon is disproportionately enriching the surf zone with radium at
that point in the fortnightly tidal cycle. While increases in tidally pumped groundwater
during periods of increased tidal range are consistent with the numerical simulations of
others (Ataie-Ashtiani et al. 2001), we cannot discount this possibility. However, as
mentioned before, the limited available data on ebb flow from the lagoon mouth is not
consistent with this interpretation (Philip Williams & Associates 2005). More specific
work following radium activity in the ebb plumes from the lagoon is needed to

quantitatively evaluate the contribution of this source.

3.5.3 WAVES.

The role of wave setup and wave run-up in driving SGD has been explored by
other researchers numerically and using field measurements. Increases in breaker height
have been shown to increase wave pumping of SGD (Longuet-Higgins 1983) but also
increase cross-shore mixing in the nearshore (Pearson et al. 2002). Significant negative
correlations were observed between breaker height and activities of ’Ra or ***Ra in the
surf zone during the July 2006 experiment, with breaker height explaining 44% and 43%
of activity for the two isotopes, respectively. The negative correlations in the summer
experiment suggest either reduced discharge during periods of higher breaking waves,
increased cross-shore mixing with radium-poor offshore waters, or both. Given the
expected role of waves in driving groundwater flow (larger waves, larger set up and thus
larger wave pumped SGD), our results suggest that during summer, when breaker height
is comparatively small, the net effect of increased breaker height is increased mixing with
radium-poor offshore waters rather than decreased discharge. During the March 2007
experiment when breaker height was larger and more variable compared to the summer,
surf zone activities of the short-lived isotope ***Ra were significantly positively correlated
with breaker height. In March, variations in breaker height explained 38% of the radium
variability. This relationship is consistent with increased wave-driven SGD during large
winter swell events. To the best of our knowledge, no other studies have observed a
significant relationship between breaker height and groundwater tracer concentrations in

open waters receiving SGD.
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3.5.4 SGD ESTIMATES AND SEASONAL COMPARISON.

Numerous lines of evidence support the use of the two short-lived radium isotopes
*>Ra and ***Ra as tracers of beach groundwater flow to the ocean. The decrease in
activity from groundwater to surf zone and Bolinas Lagoon waters to offshore waters is
consistent with the conceptual model of a groundwater tracer source discharging in this
setting. Conversely, no consistent, statistically significant patterns emerged that
suggested beach groundwater as the primary source of the long-lived isotope **’Ra to the
nearshore. This lack of a clear pattern may be a combination of the multiple sources of
the long-lived isotope **’Ra in this environment, including beach groundwater, ***Ra from
hot springs, the outflow of Bolinas Lagoon, and possibly the outflow of San Francisco
Bay, which was not investigated in this study. Point Reyes is a major upwelling center,
and upwelled waters may also be another important source of ***Ra to the coastal ocean in
this area. *Ra activities monitored during the experiment were inconsistent with the
assumptions required of methods using the offshore decay of groundwater-derived **’Ra
to calculate groundwater discharge (Moore 2000b; Moore 2003). For this reason, we
chose to estimate SGD using a mass balance of short-lived radium isotopes in the surf

zone (Boehm et al. 2004; Paytan et al. 2000).

To estimate total groundwater discharge using the short-lived isotopes, we rely
upon a surf zone ‘box’ model which treats a single surf zone rip cell as a prism-shaped
continuous flow reactor with constant volume and residence time (Fig. 3.2). This box
model approach was previously utilized at Stinson Beach to estimate fresh groundwater
discharge using salinity as a conservative tracer (de Sieyes et al. 2008) as well as at other
locations (Shellenbarger et al. 2006). Observations of rip cell characteristics were logged
and beach topography surveyed during each experiment (Fig. 3.2), and prism cell volume

Vv

prism

was calculated from these characteristics. The average estimated surf zone width w,
the distance from shoreline to just beyond breakers, was estimated at 20 m in July 2006
and 50 m in March 2007, and the breaker depth was calculated as the product of surf zone
width w and beach slope s,. The following equation was then used to estimate total
groundwater discharge volume per unit length of shoreline D using a Monte Carlo

approach:
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where 7 is the cross shore residence time of water in the rip cell. During each of 100,000
iterations, the model calculated D from random, normally-distributed radium activities

for the surf zone prism A, groundwater end member A and offshore end

groundwater’

member A based on mean and standard deviations measured for each group (Table

offshore?
3.1). Each iteration incorporates random, evenly-distributed values of surf zone residence
time between 1 and 4 h, the range of surf zone residence times used previously for

estimating SGD at this site (de Sieyes et al. 2008). Uncertainties on V,

prism

were not
considered because they were not quantified as part of this study. It should be noted that
Eq. 1 assumes that D is small compared to the input of offshore waters into the surf zone
via breaking waves and thus does not affect the water balance.

Given that the *’Ra and **Ra activities were lower in Webb Creek than in
offshore waters, they very likely do not contribute significant short-lived radium isotopes
to the nearshore. For this reason, inputs from the creek are ignored in the mass balance.
The mass balance assumes that all radium in the surf zone is derived from beach
groundwater and not from other sources including Bolinas Lagoon, upwelled seawater, or
San Francisco Bay.

Results of the surf zone mass balance are reported in Figure 3.7. Shown are 1%,
2", and 3" quartile estimates of SGD. Median (2™ quartile) estimates of D based on **’Ra
and **Ra activities were 6 and 8 L min" m™ in July 2006 and 38 and 43 L min"' m™ in

March 2007, respectively.

SGD estimates were previously reported for this site using salinity as a tracer and
models of saline groundwater discharge and found to be between 17 and 23 L min” m™
during the dry season (de Sieyes et al. 2008). Those estimates are a factor of two to three
higher than the median radium-based discharge rates reported here for the dry season.
Disecrepancies in SGD estimates obtained by independent methods is not unusual
(Burnett et al. 2006).

A comparison of our radium-derived SGD estimates with those from locations

with similar climates (Southern California and Israel) indicates our estimates are within
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the range of those previous reported. Boehm et al. (2006) estimated dry season discharge
rates between 4.2 and 8.9 L min"' m™ at Huntington Beach, California, using a radium-
based eddy diffusivity approach. Shellenbarger et al. (2006) reported annual average
discharge rates of 1.0 to 4.5 L min"' m in the Gulf of Agaba, Israel, based on a coastal
box model approach using radium as a groundwater tracer. These ranges match well with
the median discharge estimates of 6 and 8 L min" m™ we report for Stinson Beach for dry
weather.

SGD estimates were significantly greater in March 2007 than in July 2006 based
on both **Ra (1=-40.5, p<10"°) and ***Ra (+=-38.7, p<10'°). This difference is driven
mathematically by seasonal differences in radium activities and surf zone volume (V,,;,),

as VvV

prism

is larger in winter than in summer due to larger waves breaking farther offshore
in winter months. The large degree to which our median SGD estimates vary from
summer and winter may result from the strongly seasonal precipitation-
evapotranspiration cycle experienced in the Mediterranean climate of coastal Central
California.

Using Monte Carlo simulations allowed us to incorporate quantifiable
uncertainties of input terms into our SGD estimates. Specifically, the radium activities
incorporated in each model run were chosen based on standard deviations about mean
radium activities for each sample group. The model also used a wide range of surf zone
residence times, 1 to 4 hours, reflecting the uncertainty of that model input for the surf
zone at the field site. Uncertainty was not quantifiable for the rip cell volume term

4%

prism

), which was assumed constant in all simulations for a given experiment. Future
work should examine uncertainty in this parameter.

Bolinas Lagoon was significantly enriched in both **Ra and ***Ra during the
March 2007 experiment compared to the July 2006. Because flow in this lagoon is
dominated by tidal exchange (Philip Williams & Associates 2005; Ritter 1973), we can
assume that residence time therein likely remains approximately stable on the seasonal
timescale. It follows that higher *’Ra and ***Ra activities in the lagoon in March are
evidence of increased groundwater flux during the winter experiment, consistent with the
seasonal variation in SGD reported above for the Stinson Beach shoreline. An estimate

of either residence time or tidal exchange ratio could be used in conjunction with the
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radium activities presented here to estimate SGD to Bolinas Lagoon. Unfortunately, to
the best of our knowledge, no published values exist for these parameters, and such a
calculation is not possible at this time. The role played by SGD in the Bolinas Lagoon
ecosystem, which has itself been recognized as an internationally significant ecological
resource, should be a focus of future research.

Our previous work at the site has shown that groundwater at Stinson Beach is a
major source of nutrients to the coastal ocean, with nutrient pollution in fresh
groundwater due at least in part to the high density of septic systems in the community. A
comparison between groundwater-associated nutrient flux and that from creeks
discharging locally during the March 2007 experiment further supports this conclusion.
Total creek-associated nutrient flux (+ standard deviation) in March 2007 was estimated
at 10 = 3 mmol min" phosphate, 4 + 1 mol min™ silicate, and 200 = 50 mmol min™
dissolved inorganic nitrogen. Assuming SGD-associated flux in March 2007 is the
product of the median **Ra-based SGD estimate, 38 L min" m™', and mean pit nutrient
concentrations of 2.6, 130, and 30.4 uM phosphate, silicate, and DIN, respectively, total
SGD-associated flux at the study site in March 2007 was 99 gmol phosphate min" m™,
4940 pmol silicate min' m™, and 1160 gmol DIN min"' m". In other words, SGD from
the short 200 m stretch of Stinson Beach where our experiments were conducted was
responsible for a nutrient flux approximately equal to the total creek-associated flux of
phosphate and dissolved inorganic nitrogen discharged within 6 km of the study site in
March 2007. Surface water runoff in late summer along this area of coast was negligible,
so a similar calculation for the July 2006 experiment was not made, but we can conclude
that discharge of nutrient-enriched groundwater discharge at Stinson Beach likely plays a
particularly significant role in the local marine nutrient budget during the summer
months. This highlights the importance of groundwater protection at Stinson Beach and

similar coastal settings where discharge of groundwater to the coastal ocean occurs.

3.6 CONCLUSIONS

Submarine groundwater discharge was documented at Stinson Beach during two

experiments. With the exception of **Ra during the March 2007 experiment, short-lived
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radium isotope activities in the surf zone were significantly higher at low tide relative to
high tide, indicating the importance of tidal pumping along this coastline. Tidal range
correlated significantly with *’Ra and **Ra activity in the surf zone suggesting that the
magnitude of discharge is controlled to some degree by the tidal range, with maximal
discharge occurring during spring tide. Increases in wave action at the beach had a
significant but opposite effect on radium activities in the surf zone during the summer
and winter studies, highlighting the roles of waves in driving both SGD and cross-shore
mixing. The arrival of large swell events at the beach in winter appeared to increase

radium-enriched SGD to the surf zone.

This study did not investigate the potential effects of large-scale changes in flow
and mixing from tides, wind, waves, upwelling and other physical processes which may
be influencing radium activities in the nearshore. Future studies investigating these
processes would be useful in fully understanding the sources, fate, and transport of

radium in coastal waters.

22Ra was enriched in offshore waters relative to surf zone waters at the site,
indicating shoreline groundwater discharge was not the sole source of *Ra to the
nearshore. Bolinas Lagoon, San Francisco Bay, upwelling, and hydrothermal springs may
all be substantial sources of ***Ra to the coastal ocean. *’Ra was not useful as a tracer for

calculating SGD at this site.

SGD at Stinson Beach is seasonally variable, with increased discharge occurring
in the winter. Nutrient fluxes associated with SGD during winter months were large, even
compared to nutrient loading associated with surface runoff in the area. The high degree
of nutrient loading is consistent with previous studies at the site, which attribute the high
concentrations of nitrogen and phosphate to the high density of septic systems used for
wastewater treatment in the community. This study highlights the importance of
groundwater quality protection in areas such as Stinson Beach and nearby Bolinas
Lagoon, where SGD-associated nutrient flux can be a major component of the local

marine biogeochemical budget.
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Figure 3.1. Sampling locations at Stinson Beach. Panel A shows location of Stinson
Beach within California. Panel B shows the location of the Calle de Resaca field site with
respect to Bolinas Lagoon (BL), Webb Creek (WC), and the hot spring (HS). In the main
figure, the locations of ankle, waist, and pit samples, as are the monitoring wells and
location of the rip current flowing between the two surf zone transects. Offshore
sampling locations are not shown but are given within the text. See houses for
approximate scale. Aerial photograph copyright © 2002-2009 Kenneth & Gabrielle
Adelman, California Coastal Records Project, http://www .californiacoastline.org.
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Figure 3.2. Diagram showing beach topography and the geometry of the surf zone box
with sampling locations for July 2006 at high tide (Panel A), March 2007 at high tide
(Panel B), July 2006 at low tide (Panel C), and March 2007 at low tide (Panel D). In each
panel, the ocean is shown on the right side and the beach on the left side. Beach
topography from surveys made with scope and stick is shown in meters relative to mean
sea level on the y-axis and in meters relative to a known permanent datum on the x-axis.
The geometry of the surf zone box is shown as a gray prism. Breaking wave symbols
delineate the outer limits of the surf zone box, and the surf zone width in meters is shown
for each experiment. The approximate locations of the ankle and waist depths are shown
as asterisks, and the approximate locations of pit samples collected at low tides are shown
with the letter ‘p’.
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Figure 3.3. Tidal stage (m) relative to mean sea level, daily tidal range (m), and corrected
breaker heights for both the July 2006 and March 2007 studies. In the tidal record insets
(top), the timing and tide stage during surf zone sampling events are shown as filled
triangles and the timing of offshore sampling events on the days of the 3“-quarter and
new moons are shown as asterisks. In the breaker height insets, breaker observations
from the field are shown as filled circles, and the corrected, continuous record calculated
using San Francisco buoy data is shown as a black line.
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Figure 3.4. ***Ra activity as a function of *’Ra activity for all samples collected as part of
this study. Offshore and surf zone samples are open circles, groundwater samples
including pits, seeps, and monitoring wells are filled circles, Bolinas Lagoon samples are
open boxes and the hot spring is a filled box.
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Figure 3.5. *Ra (A) and ***Ra (B) activities by sample group during the July 2006 and
March 2007 experiments.
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Figure 3.6. **°Ra activities by sample group during the July 2006 and March 2007
experiments. Included in n are duplicate and triplicate analyses for individual samples.
The hot spring sample collected in March 2007 (148 dpm (100L)") is not shown.
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Figure 3.7. Discharge estimates as calculated by Equation 1 using a Monte Carlo
approach. Q1, Q2, and Q3 are the 1%, 2", and 3" quartiles of discharge estimates,
respectively.
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CHAPTER 4: FRESH SUBMARINE GROUNDWATER DISCHARGE FROM A
COASTAL AQUIFER FORCED BY THE MEDITERRANEAN CLIMATE OF
CENTRAL CALIFORNIA

The research presented in this chapter was supported by the National Sea Grant College
Program of the U.S. Department of Commerce’s National Oceanic and Atmospheric
Administration under NOAA Grant NA0O4OAR4170038, Project R/CZ-197, through the
California Sea Grant College Program. The views expressed herein do not necessarily
reflect the views of California Sea Grant. Doug Rumbaugh, Christian Langevin, Alyssa

Dausman, and David Freyberg provided guidance during the development of the model.
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4.1 ABSTRACT

A numerical groundwater model was developed using the variable density
groundwater flow code SEAWAT-2000 to examine the influence of seasonally variable
recharge conditions typical of coastal California on the magnitude and timing of fresh
submarine groundwater discharge from a generic coastal aquifer with a constant head
(non-tidal) ocean boundary. Model dimensions and hydrogeologic characteristics were
chosen based on a combination of observations from field studies at Stinson Beach,
California, and published numerical investigations of coastal groundwater flow. Average
monthly recharge was calculated from historical precipitation records. Monthly
evapotranspiration rates were assumed equal to the potential evapotranspiration rates
calculated using climatological observations from the field site. Calculated recharge was
approximately sinusoidal in nature, with positive recharge rates dominated by
precipitation during the rainy winter season and negative recharge rates dominated by
evapotranspiration during the hot, precipitation-free summer season. Temporal trends in
fresh discharge from the model aquifer to the ocean were similar for two modeled
scenarios, a first including a constant head fresh landward boundary condition and a
second including a constant flux fresh landward boundary condition. Specifically,
discharge in both models peaked in January during the period of maximum precipitation
and recharge, and declined until reaching a minimum in September, two months after the
minimum recharge period in July. Minimum discharge rates for two model scenarios
were 17% and 18% lower in September than the maximum discharges in winter,
respectively. Monthly mean discharge from Lagunitas Creek, a creek near Stinson Beach,
reached maximum and minimum values in February and September, respectively.
However, the exponential decline in modeled SGD was slower than that of creek
discharge, suggesting that SGD and the nutrient fluxes associated with it may play a
particularly important role in coastal ecosystems in early summer when surface water
discharge has nearly reached a minimum but discharge of substantial quantities of fresh

groundwater is still occurring.
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4.2 INTRODUCTION

Submarine groundwater discharge (SGD), fluid flow from the seabed to the sea
regardless of driving force or composition, has been shown to be a globally important
contributor of nutrients, pollutants and freshwater to the coastal zone (Burnett et al.
2006). Confirmed driving forces of SGD include meteoric hydraulic head, tide- and wave
pumping (Longuet-Higgins 1983; Li et al. 1999), and variations in groundwater density,
and a great deal of research is being conducted to understand the combinations of factors

that modulate rates of SGD at sites around the world.

Recently, seasonal cycles of precipitation and evapotranspiration have been
shown to greatly influence the magnitude and timing of both saline and fresh
groundwaters. Michael et al. (2005) recognized that wave- and tide-driven SGD could not
account for the large seasonal differences observed in the activity of radium, a natural
tracer of submarine groundwater, in Waquoit Bay, Massachusetts. A numerical model
was developed to investigate the role of precipitation and potential evapotranspiration
(PET) in forcing discharge of radium-rich SGD at the Waquoit Bay site. The model was
recharged based on monthly mean precipitation and PET rates calculated using
Thornthwaite (1957). Although monthly precipitation at Waquoit Bay showed no clear
seasonal trend, the seasonal variability of PET was strong enough to force a substantial
seasonal shift in the location of the fresh/saline interface in the groundwater model. The
seaward movement of the fresh/saline interface following the winter season forced the
discharge of a substantial flux of saline groundwater to surface waters, thereby explaining

a great deal of the observed radium variability in the bay.

The Mediterranean climate of coastal California is characterized by hot, dry
summers and cool, wet winters. In such a climate, precipitation and PET peak during
opposite times of the year, causing alternating periods of highly positive and negative
recharge during the winter and summer, respectively. These alternating periods of
positive and negative recharge suggest a similar but perhaps stronger seasonal component
of SGD than was documented previously for Waquoit Bay, Massachusetts. A numerical
model was developed using SEAWAT-2000 (Langevin et al. 2003), a variable density

groundwater flow code, to investigate the issue of seasonally variable SGD from a coastal
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unconfined aquifer forced by a Mediterranean climate. The study focuses specifically on
understanding the timing and relative magnitude of fresh SGD at sites similar to Stinson
Beach, California, a coastal community northwest of San Francisco where substantial
SGD-derived nutrient fluxes have been documented due to nutrient-enrichment of fresh

groundwater by on-site wastewater treatment systems (de Sieyes et al. 2008, 2010).

4.3 METHODS

A numerical model was developed using SEAWAT-2000 (Langevin et al. 2003),
a variable density groundwater code based on the popular groundwater flow code
MODFLOW-2000 (Harbaugh et al. 2000) and the multi-species solute transport code
MT3DMS (Zheng and Wang 1999). For SEAWAT-2000, Guo and Langevin (2002)
derived the governing equation for variable-density groundwater flow in three

dimensions as a function of equivalent freshwater head:
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where o, 3, and y are orthogonal coordinate axes aligned with the principal
directions of permeability, K, (LT") is freshwater hydraulic conductivity, S, (L") is the
freshwater storage coefficient, ¢ (T) is time, 6 is the effective porosity (-), o (ML) is
fluid density, oy (ML") is freshwater density, and p, and g, are the density and flow rate
per unit volume of aquifer of the source or sink (T™'). Equivalent freshwater head A, (L) is

calculated as a function of head 4 (L) in native groundwater using the following equation:

ho=P oy PPy 42)
Py Py
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where Z (L) is elevation at the measurement point. SEAWAT-2000 uses a linear

equation of state to express fluid density as a function of salt concentration (C):

Jp
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The governing equation for conservative transport of dissolved species in the

model is (Zheng and Wang 1999):
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where C, (ML”) is the concentration of dissolved species k, D (L*T") is the
hydrodynamic dispersion tensor, v; (LT™) is the linear porewater velocity, and C; is the
concentration of species k from the source or sink.

Groundwater flow (Eq. 1) and salt transport (Eq. 2) are mutually-dependent,
coupled processes that are solved simultaneously by the program using a cell-centered
finite-difference approximation. In each cell, Equations 1 and 2 are explicitly coupled to
calculate fluid density using concentrations from the previous time step.

A model was developed to represent a cross-shore section of an idealized coastal
aquifer with a fresh landward boundary and a saline, constant head seaward boundary
(Fig. 4.1). Model aquifer characteristics were chosen not to mimic Stinson Beach
conditions specifically, but do in a few cases closely match observations of key aquifer
characteristics from the field, specifically aquifer thickness (b = 32 m; SBCWD 1998),
hydraulic conductivity (K = 6 m day™'; Chapter 5 from this dissertation), precipitation and
evapotranspiration rates calculated from actual data collected near the site, and fresh
groundwater flow entering the beach from the inland boundary of the model (see Chapter

5 from this dissertation). For this reason, we consider this model a hybrid whose results

87



can be compared with those from other similar numerical groundwater simulations
(Michael et al. 2005), but which may also have direct implications for the Stinson Beach
site specifically.

The domain is 350 m long by 35 m tall and includes two distinct zones, an aquifer
zone (A) and an ocean zone (B), all underlain by a no-flow boundary representing an
impermeable aquifer base (Fig. 4.1). The ocean zone is characterized by high hydraulic
conductivity (10° m day™"), 100% effective porosity, and constant salt concentrations of
35 ppt. Representing open water as highly conductive porous media has been used in a
number of recent SGD studies (Mao et al. 2006; Robinson et al. 2007) but has limitations.
Specifically, the application of Darcy’s Law may not be theoretically valid in high
hydraulic conductivity cells due to large local flow rates. However, the effects of this
limitation on our model results are expected to be relatively small, since only the mass
balance of water and salt in the aquifer zone is reported. The aquifer zone is
homogeneous and anisotropic, and has hydraulic characteristics typical of a beach sand
aquifer, including hydraulic conductivity typical for clean, consolidated beach sands
(K=6 m day"'; K=3 m day"), 35% porosity, and 25% effective porosity (Fetter 2001).
Longitudinal dispersivity (o;=0.5 m) and transverse dispersivity (c;=0.05 m) were
chosen to minimize unrealistic backward dispersion of salt into the fresh portion of the
aquifer, following Robinson et al. (2007). These values are at the lower end of typical
values (Gelhar et al. 1992) and are thus expected to provide conservative estimates of
mixing (Robinson et al. 2007). At the seaward edge of the domain, bordering both the
open water zone and the undersea aquifer zone beneath it, is a constant-head, constant
concentration ocean boundary of marine salinity (h=0 m; C=35 ppt). Two landward
boundary conditions were simulated in two model runs, Model 1 and Model 2. Model 1
included a constant head (h=2 m) constant concentration (C = 0 ppt) boundary condition.
For comparison, Model 2 included a constant concentration (C = O ppt) constant flux
(q.,/=6.86 x 10* m) landward boundary condition where g.,,, the darcy flux of water into
the domain from each cell, equals the product of hydraulic gradient i (0.014, or 2 m head
drop per 175 m distance) and hydraulic conductivity K, (6 m day"). The beach face
between the open water and aquifer is characterized by a 10% grade and a 5 m depth at

the seaward break in slope. This slope is steeper than Stinson Beach (0.037; de Sieyes et
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al. 2008) and was chosen as a compromise between accurate representation of Stinson
Beach site characteristics and the development of a seepage face, a feature of shallow
sloping beaches which can not be modeled accurately using SEAWAT-2000 (Robinson
et al. 2007; see description of drying/rewetting function below). The intersection of mean
sea level and the beach face occurs 175 m from both the seaward and landward edges of
the domain.

SEAWAT-2000 uses a drying/rewetting function to simulate dewatering of cells
at the phreatic surface. When the calculated head in a cell drops below the elevation of
the bottom of the cell, the cell is made inactive. In the case of a rising water table, cells
are re-wetted once the water level in adjacent cells rises above a threshold value.
Discharge only occurs between active cells in the aquifer and ocean zones; the model
does not allow for the development of a seepage face, although subaerial seepage has
been shown to be an important route for groundwater discharging to the ocean (Urish and
McKenna 2004). The inability to properly model a seepage face is a major limitation of
the present model.

Recharge to the model was applied to the phreatic surface in the highest active
(non-dry) cells. Average monthly recharge was calculated as the sum of average monthly
precipitation (positive) and average monthly evapotranspiration (ET; negative). Average
monthly precipitation was calculated from a 79-year dataset recorded at Kentfield,
California, 8.5 km from Stinson Beach (ncdc.noaa.gov, Station #044500;
37°57'N/122°33'W). For the purposes of our modeling exercise, ET was assumed equal to
PET, which itself was calculated following Thornthwaite (1957) using monthly mean
temperatures from 70 years of data measured at Muir Woods, California, 6.8 km from the
site (ncdc.noaa.gov, Station #046027; 37°54'N/122°34'W). The Thornthwaite method
was previously used by Michael et al. (2005) to estimate PET at the Waquoit Bay site,
and we chose it over other widely accepted methods for calculating PET primarily for the
purposes of direct comparison. The use of PET as ET assumes complete ground coverage
and shading by a short green crop of uniform height, and adequate water for
evapotranspiration. These assumptions are valid for the Stinson Beach field site in winter,

when grassy ground cover is nearly complete and the water table is very shallow, but may
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fail in summer when the water table recedes. For this reason, the assumption that PET
equals ET may overestimate ET at the Stinson Beach site during summer.

Numerical simulations included a single steady-state stress period followed by a
series of transient stress periods. Initial conditions included a salt distribution roughly
characteristic of a diagonal saltwater wedge extending inland with depth, as predicted by
the Ghyben-Hertzberg relationship (Fetter 2001), and initial heads set to the top elevation
of each cell in the domain. The initial stress period included zero recharge and was run to
steady state. Following the initial steady-state stress period, the top active cells in the
aquifer zone landward of the mean water line are recharged as outlined above during
month-long stress periods, each repeating annually over an 3-year period. Model
simulations were ceased when pseudo steady state was reached such that discharge from
the aquifer zone for all months in the annual cycle agreed to within 0.1% with the results
from the same month a year prior.

The predicted hydrograph of simulated discharge per month is compared with
monthly mean discharge data from a 25-year stream gauge record for Lagunitas Creek, a
local creek 24 km north-northwest of Stinson Beach which drains a 212 km® area of
similar geology and is gauged at Point Reyes Station, California (waterdata.usgs.gov; ID#
11460600; 38°05°N/122°47'W).

To compare the timing of the decline in discharge for Models 1 and 2 and
Lagunitas Creek, each monthly discharge was normalized to the maximum and minimum

discharge values in each series using the equation:

Oy =1~ o =) 4.5)
(Qmax - Qmin)
where Q,,.. and Q,,, are the maximum and minimum monthly discharge in the

series, and Q, and Q,,,,,, are the discharge and normalized discharge for each month ¢. The

to Q,., was then quantified for each time series using

max

rate of decay of Q,,,,, from Q

least squares regression.
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4.4 RESULTS

Mean monthly precipitation rates from the 79-year Kentfield record are reported
in Figure 4.2. Precipitation is approximately sinusoidal on the annual timescale, peaking
at 18.2 cm month™ in January and reaching a minimum of 0.3 cm month™ in July. Also
shown in Figure 4.2 are monthly average PET rates predicted by Thornthwaite (1957)
using temperature data from the Muir Woods site. By convention, PET is shown as a
negative rate, representing a loss term. PET follows a pattern similar to that of
precipitation, reaching a minimum of -2.1 ¢cm month” in December and January and a
maximum of -11.2 ¢cm month™ in July. Lastly, Figure 4.2 shows recharge to the model
aquifer per month, calculated as the sum of precipitation and PET. As with precipitation
and PET, recharge is approximately sinusoidal on the annual timescale, reaching a
minimum of -10.9 ¢cm month” (extraction) in July and a maximum of 16.5 cm month™
(infiltration) in January.

The steady state salt distribution achieved in the model domain prior to applying
recharge in transient stress periods is shown in Figure 4.3. The distribution is typical of
simulated coastal aquifer systems in which SGD is occurring. Specifically, fresh
groundwater flows seaward from the landward boundary, meeting dense saline
groundwater beneath the beach face. The dense saltwater displaces freshwater at depth,
recreating the classic Ghyben-Hertzberg relationship for coastal groundwaters whereby a
freshwater lens thinning towards the beach face overlies a saltwater wedge extending
inland at depth.

Pseudo-steady state discharge results for Models 1 and 2 are presented for each
month in Figure 4.4. Also shown for comparison are monthly mean discharges for
Lagunitas Creek as calculated from the 25-year record measured at the Point Reyes

Station gauge. In Models 1 and 2, peak discharge Q,,,. occurred in January at 4.4 and 3.1

max

m’ day" m™, respectively, coincident with the period of highest recharge (Fig. 4.2). By

comparison, Lagunitas Creek Q,,,. occurred in February at a rate of 1.0 x 10° m’ day.

Discharge in each time series decayed approximately exponentially to a minimum (Q,,,,)
in September. Simulated discharge in Models 1 and 2 at that time was 3.7 and 2.6 m’ day’
" m’, respectively. Q,,. for Lagunitas Creek occurred in September at 1.8 x 10* m’ day™.

These minimum discharges lag the period of minimum recharge (July) by two months.
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For Models 1 and 2, the O
and 18% from the O

values predicted for September represent declines of 17%

min

values predicted for January. By comparison, the decline in

max

Lagunitas Creek discharge between Q,,,, in February and Q,,,, in September is 98%.

max min

Monthly values of Q,,,,,, calculated using Eq. 4 and plotted in Figure 4.5. In each
time series, Q,,,., appeared to decay approximately exponentially from the maximum to
minimum values, so an exponential function was fit to each dataset. The exponential
decay in Q,,,,, was faster for Lagunitas Creek (k = -1.15; R* = 0.96) than for Model 1 (k =
-0.953; R* = 0.95) or Model 2 (k =-0.896; R> = 0.90).

4.5 DISCUSSION

Precipitation and potential evapotranspiration was approximately sinusoidal on
the annual timescale, creating a sinusoidal annual recharge curve with highest infiltration
rates in winter and highest evapotranspiration rates in summer. These results highlight the
highly seasonally variable recharge characteristics typical of the Mediterranean climate of
coastal California.

Discharge of both modeled groundwater and Lagunitas Creek peaked in January
and February, respectively, approximately coincident with the period of highest
precipitation. The lack of a substantial lag time between peak recharge and peak
groundwater discharge was surprising, considering the results of a similar published
study by Michael et al. (2005), who modeled discharge from a coastal aquifer in Waquoit
Bay, Massachusetts, with forcing only by annual recharge cycles typical for the
northeastern United States. In their study, differences between the minimum and
maximum simulated SGD values were on the order of 20%, similar to the values reported
herein, but peak simulated SGD lagged peak recharge by two- to three months. By
comparison, our simulations shows peak SGD occurring coincident with peak recharge.
Differences in boundary conditions and model design may explain the difference in
predictions. Specifically, Michael et al. (2005) simulated recharge to an aquifer extending
500 m inland of the ocean boundary, 325 m longer than the model aquifer described
herein. In their model, the inland edge of the aquifer was bounded by a no-flow
boundary, and all fresh water in the model came only from recharge to the phreatic

surface. By comparison, our shorter simulated aquifer is recharged at the phreatic surface

92



and also at the inland boundary, with between 0% and 20% of the fresh discharge coming
from recharge and the rest coming from the inland constant-head boundary. For this
reason, we do not consider the magnitude of the sustained annual discharge, which varied
substantially between Models 1 and 2, to be particularly instructive or predictive of real
world conditions. Rather, we focus our attention on the seasonal variation in discharge,
which agreed well between the two models despite their different boundary conditions.

Specifically, if we assume that the simulated monthly SGD values presented here
accurately reflect the general seasonal trends, if not the precise magnitude of actual SGD
from some coastal California aquifers, the subtle differences between the normalized
records of simulated SGD and creek discharge may be environmentally important. As per
the exponential curve fits of Q,,,,,, modeled SGD declined slower from winter to fall
than did Lagunitas Creek discharge, which declined relatively quickly. For example, by
June, Q,,,,,, for Lagunitas Creek was at 6%, while Q,,,,, for Models 1 and 2 were at 16%
and 39%, respectively. The difference was more stark in July, when Lagunitas Creek
O, ..rn had dropped to just 1% but Q, ,,,,, for Models 1 and 2 remained comparatively high
at 9% and 27%, respectively. Because nutrient concentrations in fresh coastal
groundwaters are often much higher than in surface waters (Slomp and Van Cappellen
2004), sometimes by orders of magnitude (de Sieyes et al. 2008, 2010), the sustained
discharge of fresh SGD through summer may represent an important nutrient source for
mid-summer phytoplankton blooms in California. This idea was recently proposed by
Santoro et al. (2010), who observed a significant positive linear correlation between mean
summer chlorophyll a concentrations in the Southern California Bight and total rainfall
the prior winter, and theorized that nutrient inputs from either runoff or SGD might be
sustaining nearshore phytoplankton growth through the summer months. Our results are
consistent with the theory that substantial SGD-associated nutrient flux might be
occurring in mid-summer, and additional research should be conducted to further
investigate this potentially important process.

To increase confidence in the temporal trends in simulated discharge observed in
this study, additional simulations should be conducted and should include a variety of
realistic aquifer geometries, aquifer properties, and boundary conditions. Additionally,

our assumption that ET equals PET likely overestimates ET in the mid- to late summer
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when water table drops below the root zone and grasses die off, thereby reducing
transpiration. More robust estimations of ET should be incorporated into future

simulations.
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Figure 4.1. Model layout showing model dimensions, zones, and boundary conditions.
Distance and elevation are shown on the x- and y-axis, respectively. The aquifer zone
(Zone A) is shaded gray and the open water zone (Zone B) is white. Also shown are the
constant-head, constant-concentration condition at the landward boundary (h =2 m; C =
0 ppt; left side) used in Model 1, and the seaward boundary (h =0 m; C = 35 ppt) used in
both Model 1 and Model 2. The beach slope is 6 where tan(6)=0.1.
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Figure 4.2. Monthly time series of mean precipitation measured at Muir Woods,
California, mean potential evapotranspiration (PET) calculated using Thornthwaite
(1957) from temperature data recorded at Kentfield, California, and mean recharge
calculate as the difference between precipitation and PET. The model assumes that
potential and actual evapotranspiration are equal.
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Figure 4.3. Distribution of salt and equivalent freshwater head in the domain of Model 1
under steady-state conditions with no recharge and a constant head boundary condition at
the inland (left) edge. A similar steady state distribution of head and salt was observed for
Model 2. Heads are contoured with an interval of 0.2 m.
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Figure 4.4. Hydrograph of pseudo steady state simulated fresh discharge from the model
aquifer zone to the ocean zone by month. Also shown for comparison are monthly mean
discharges for Lagunitas Creek, as measured at the Point Reyes Station gauge.
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Figure 4.5. Hydrograph of normalized discharge from Models 1 and 2 and Lagunitas
Creek. For each data series, Q, ,,,,, €ach month is normalized to the maximum and
minimum discharge values in the series using Eq. 5, and only data for the period of
maximum to minimum discharge is shown.
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CHAPTER 5: NITROGEN, FECAL INDICATOR BACTERIA, AND COLIPHAGE
ATTENUATION AND FLUX FROM A SEPTIC LEACH FIELD TO THE COASTAL
OCEAN
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5.1 ABSTRACT

A two-year field study was conducted to measure attenuation and flux of nitrogen, fecal
indicator bacteria, and bacteriophage in groundwater adjacent to a coastal septic system
in Central California. The study was carried out at Stinson Beach Park, an open ocean
marine beach located northwest of the San Francisco. Septic effluent quality and
volumetric discharge to the leach field, synoptic DC resistivity profiling of the
saltwater/freshwater interface, continuous hydraulic head in the coastal aquifer, and
chemical and microbiological concentrations within dense array of multi-level
monitoring wells adjacent to the leach field were measured. A nitrogen- and inorganic
carbon-rich plume of septic effluent flowed from the leach field through the beach to the
subterranean estuary, or the mixing zone of fresh and saline groundwaters. Attenuation of
E. coli and coliphage was complete within the vadose zone. Enterococci were detected in
the well network during two of three sampling events. Median estimates of total nitrogen
flux toward the ocean downgradient from the leach field ranged from 1.6 to 70.6 moles
day-1, depending on season and transect location. Consistently increasing fluxes of
nitrate and decreasing fluxes of ammonium with distance from the leach field suggest
nitrification as groundwater flows toward the tidal boundary. Laboratory experiments
demonstrated fast fecal indicator bacteria and virus attenuation rates in saturated column
experiments. However, one field sampling event demonstrated increasing enterococci
fluxes with distance from the leach field, suggestive of growth or exogenous inputs along
the flowpath. The septic system currently appears to be an occasional soure of
enterococci and a persistent source of nitrogen to the subterranean estuary. However,
laboratory measurements of aquifer denitrification potential suggest a possible role for

advanced in-situ remediation of nitrogen under optimized field conditions.
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5.2 INTRODUCTION

In the United States, nearly 25% of the population uses on site treatment systems,
or septic systems, for wastewater disposal (US Census Bureau 1997). Incomplete
treatment of septage as it infiltrates through the vadose zone from a leach field can result
in contamination of surficial aquifers by pathogens, fecal bacteria, and nutrients
(Robertson et al. 1991, Swartz et al. 2006). Thus, septic systems are considered one of the
greatest threats to groundwater quality in the United States (US EPA 2005). Of particular
concern is the potential for groundwater polluted by septic systems to enter surface water
systems, thereby threatening the health of aquatic ecosystems and recreational users.

The present study investigates the degree to which a coastal septic system pollutes
groundwater, and the potential for that septage-contaminated coastal groundwater to
adversely impact coastal water quality via submarine groundwater discharge (SGD).
SGD is the direct flow of groundwater to the ocean, regardless of composition or driving
force (Burnett et al. 2006). It is a globally important process and a documented source of
ecologically important elements, nutrients, and contaminants to the coastal ocean (de
Sieyes et al. 2008, Bone et al. 2007, Kroeger et al. 2007).

This study focuses on fate and transport of three key septage-borne groundwater
contaminants - nitrogen, fecal indicator bacteria, and coliphage — and chemical markers
typical of septic effluent-impacted groundwater at a single coastal septic system adjacent
to the subterranean estuary, the mixing zone of fresh and saline groundwaters at the
land/sea interface. Specifically, the study quantifies the system’s direct impacts on
groundwater quality with respect to each contaminant, attenuation along the flowpath
downgradient from the leach field, and total contaminant flux to the subterranean estuary.
Field work is complemented with several lab experiments to quantify contaminant
removal potential. A dense well network including three multilevel well transects was
installed, allowing for the calculation of seaward contaminant flux using the Theissen
polygon transect method (Einarson & Mackay, 2001; Borden et al. 1997). The work was
conducted at Stinson Beach, a central California residential beach community sixteen

kilometers north of San Francisco.
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There is a well-established conceptual model of the fate of septage constituents
(Wilhelm et al. 1994). Specifically, low-Eh septage rich in ammonium and organic
nitrogen, carbon, fecal indicator bacteria and virus (FIBV) is pumped to a leach field,
dispersed into the unsaturated zone, and travels vertically through the vadose zone to the
saturated zone. In the vadose zone, DO is readily available and NH," is nitrified to NO5’,
DON and DOC are oxidized aerobically, releasing NOj;, DIC and acid. FIBV are
removed by mechanical filtration, adsorption, and die-off. In the saturated zone
downstream from the leach field, DO is consumed during further oxidation of DOC,
increasing DIC and decreasing pH. Additional removal of FIBV occurs if treatment in the
vadose zone is incomplete. Stratification of DIN in saturated groundwater may occur due
to redox-dependant nitrogen cycling influenced by the availability of labile organic
carbon and dissolved oxygen (DO). While this conceptual model has been confirmed at
inland locations (Wilhelm et al. 1996), it has not been tested in a coastal setting. Our
experiment design allows the investigation of the conceptual model described above by
testing the significance of relationships between key products, reactants, and porewater

characteristics above, including DIC, DOC, DIN, DON, pH and Eh.
5.3 METHODS AND MATERIALS

5.3.1 STUDY SITE.

The Stinson Beach (37.899 N, 122.646 W; Fig. 5.1) climate is Mediterranean with
annual precipitation of 60 to 120 cm occurring between October and April (SBCWD
1998). The beach aquifer is composed of seasonally deposited fine-grained, well-sorted
beach sands (de Sieyes et al. 2008) and alluvium underlain by lacustrian clays. The entire
unit is underlain by the Franciscan Complex (SBCWD 1998). The town and adjacent
Stinson Beach Park use on site conventional septic systems for wastewater treatment
exclusively. Our research focuses on contaminant flux and attenuation adjacent to one
large septic system at Stinson Beach Park. In this system, effluent is piped from five
septic tanks servicing various Park buildings into a large central 18.9 m® wet well for
temporary storage before being pumped to a 200 m” leach field near the beach (Fig. 5.1).
Float-triggered pumps deliver 3.8 m’ pulses of septage to the leach field; the timing of
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each pumping event is logged. Additional information about site hydrogeology and

septic system characteristics can be found in the SI.

5.3.2 WELL INSTALLATION.

Seventeen 2” PVC water table wells and an array of 116 nested /4” LDPE and %"
PVC samplers were installed. The 2 wells were installed within 200 m of the leach field
to monitor hydraulic head and background groundwater quality. The nested samplers
each consisted of three %4” LDPE tube samplers with 1.5 m screens nested around a
central %~ PVC sampler with a 1.5 m screen, all staggered vertically for depth-descrete
sampling. Three transects of samplers, Transects A, B, and C (Fig. 5.1), were installed
approximately orthogonal to groundwater flow 5, 10, and 15 m downgradient from the
leach field. A detailed description of well construction and installation at the site is

included in the SI.

5.3.3 HEAD MEASUREMENTS.

From May 2008 to January 2010, manual synoptic head measurements were
collected approximately quarterly in the 2 wells using a standard water level indicator
(Slope Indicator, Mukilteo, WA). During the same period, continuous head
measurements were collected using an array of continuous datalogging pressure
transducers (Solinst, Georgetown, Ontario, Canada) installed in a subset of the 2" well
array. Monthly head data were binned for each well, and linear regression was used to
create a time series of monthly hydraulic gradients +/- standard deviation across the site

for each month (see SI for additional details).

5.3.4 ELECTRICAL RESISTIVITY PROFILING.

Synoptic DC electrical resistivity transect (ERT) profiling was conducted on 22-
23 November 2008 and again on 4-5 April 2009 to characterize and monitor changes to
aquifer electrical resistivity (o) over tidal- and seasonal timescales. Porewater
conductivity primarily controls subsurface resistivity in coastal hydrogeologic
environments, and we assume that substantial variation in o at depth is due to variation in
porewater salinity (Stieglitz 2005). ERT surveys were conducted at low-low, high-high,

high-low, and low-high tide along 40 m cross-shore lines extending from the leach field
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to the water line (Fig. 5.1) using a 48-electrode Syscal R1+ system in a Wenner
configuration. Total reciprocal error was <10% for each survey. In order to improve data
quality, measurements with reciprocal errors >5% (~20% of measurements) were
omitted. Each 0 model was interpreted using a quadrangular finite element-based forward

solution with ‘Occam’s’ style inversion (Constable et al. 1987).

5.3.5 HYDRAULIC CONDUCTIVITY ANALYSIS AND RESIDENCE TIME ESTIMATION.

Eleven estimates of hydraulic conductivity (K) were produced using the tidal
efficiency method (Ferris 1951). This method enables measurement of aquifer
characteristics based on the propagation of tides through the aquifer, and improves upon
slug testing and bench-top methods because it incorporates spatial variability (Millham
and Howes, 1995). The SI provides details of the method.

An estimate of residence time t (days) for water within the well network was

made using a formulation of Darcy’s Law:

7= e (5.2)

where L is length (m), n, is effective porosity (-), K is hydraulic conductivity (m

day™), and i is hydraulic gradient (-).

5.3.6 WATER SAMPLING.

Sampling of the wet well was conducted approximately every two months
between June 2008 and August 2009. Sampling of the entire monitoring network was
conducted in three site-wide day-long “snapshot” sampling events on 22 November 2008,
5 April 2009, and 9 August 2009. During each snapshot event, samples were collected
from the wet well, all clustered multi-level samplers in the well network, and all 2”
monitoring wells upgradient from the leach field. Prior to sampling a well, three well
volumes were purged using a dedicated LDPE sample tube. Samples were then collected
for chemical and microbiological analysis using dedicated 10% HCI acid-washed all-
plastic syringes. Care was taken to sample slowly to avoid bubbling and cross-

contamination from vertical flow in nested wells. Measurements of pH were made in the
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field using an electrode (Thermo Scietific, Beverly, MA). Whenever samples were
collected from the wet well or along the centerline of the plume in the well network
(wells AO05, B05.5, and CO06, Fig. 5.1), measurements of temperature, electrical
conductivity, dissolved oxygen, pH, and oxidation-reduction potential were made using a

peristaltic pump, a flow-through cell and sonde (Hydrolab, Loveland, CO).

5.3.7 CHEMICAL AND MICROBIOLOGICAL ANALYSIS.

60 mL of water was 0.2 um PES filtered (Millipore, Billerica, MA) and stored in
10% HCI acid-washed high-density polyethylene bottles at -20°C for nutrient analyses
including nitrate, nitrite, ammonium, total nitrogen (TN), dissolved inorganic nitrogen
(DIN), dissolved organic nitrogen (DON). Details and detection limits for the standard
analytical methods used are in the SI.

Twenty-two mL of water were 0.2 pm PES filtered and stored without headspace
in 10% HCI acid-washed amber glass vials at 4°C for dissolved carbon analyses
including total dissolved carbon (TC), dissolved inorganic carbon (DIC), and dissolved
organic carbon (DOC). Analytical methods and detection limits are in the SL

Unfiltered samples were collected for analysis of two fecal indicator bacteria
(FIB), E. coli and enterococci using EPA methods 1603 and 1600, respectively (USEPA
2000a, 2000b; see SI for details). The upper and lower detection limits for each method
are 1000 and 2 colony forming units (cfu) (100 mL)™", respectively. Unfiltered samples
were also collected for two viral indicators of fecal pollution in groundwater, male
specific (F+) and somatic coliphage, which were analyzed by the single agar layer
method following EPA method 1602 (USEPA 2001), within 24 h of collection. The
lower and upper detection limits of detection for this method were 2.5 and 250 plaque
forming units (pfu) (100 mL)™.

Contaminant flux calculations. Nutrient and microbiological fluxes associated
with septage pumped to the leach field were calculated based on mean and standard
deviation values of septage discharge rate and contaminant concentrations in the wet
well. Fluxes associated with groundwater flowing through multi-level monitoring well
transects downstream from the septic leach field were made using the Theissen polygon

transect method (Borden et al. 1997) with a Monte Carlo approach. The Theissen
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polygon method enables the estimation of total contaminant flux through a flow-
orthogonal control plane as a sum of the fluxes through the component sections making
up that control plane. Contaminant flux in each component sections can be calculated as
the product of the concentration C flowing through the component section, the section
area A, and a Darcy velocity K*i, where K is hydraulic conductivity and i is hydraulic
gradient orthogonal to the section. The method assumes that well transects bisect the
entire plume such all plume mass flows through each transect. Further details about the
Theissen polygon transect method can be found in the SI. A Monte Carlo model was
developed to calculate contaminant flux through each transect in each of 10,000 iterations
for each of three monitoring snapshots. For each iteration, random normally-distrubuted
values of i and log(K) were chosen based on all K estimates and monthly binned i values
for the month of the snapshot in question. Each iteration also incorporated direct
surveyed measurements of 4 and field measurements of C collected during the snapshot.
For the purposes of flux calculations, concentrations below the detection limit were
assigned a value of zero. Net transformation rates for chemical and microbial constituents
were quantified using a linear-least squares approach (Borden et al. 1997). The main
assumptions in this approach are that the system is in steady state with respect to
constituent input, microbial and physcio-chemical removal mechanisms, and advection-
dispersion within the aquifer, and that the monitoring network captures the entire plume
emanating from a source of constant, steady input. These assumptions are revisited in the

discussion of the results.

5.3.8 FIBV ATTENUATION COLUMN EXPERIMENTS.

Removal rates for enterococci, and somatic and F+ coliphage were quantified in
laboratory column experiments for comparison with field data. Aquifer and groundwater
samples were collected adjacent to the leach field and the high tide berm to quantify
representative attenuation rates in fresh and saline saturated sediments, respectively (Fig.
S1, further collection methodologies are in the SI). Specimens were transported to the lab
on ice and stored at 15°C until use (within 1 d). Column experiments were conducted at

15°C, a few degrees cooler than the ambient groundwater temperature in the beach (Table
S4).
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Sterile 22-cm long, 2.5-cm diameter glass columns were wet-packed with
homogenized sediment following Jin et al. (1997) and flushed with 4 pore volumes of
unammended groundwater. The influent was then switched to a solution containing 90%
groundwater, 10% screened raw sewage from the Palo Alto Water Quality Control Plant,
and sodium bromide tracer. Darcy flow velocities of approximately 70 cm/day were
maintained to match velocities expected in the field. Column effluent was sampled every
20 minutes for 18 hours. Bromide was measured in effluent fractions using a probe
(Thermo Scietific, Beverly, MA). Enterococci and coliphage were enumerated using EPA
methods 1600 and 1602, respectively. To calculate first-order removal rates, the
advection-dispersion equation was fit to the tracer breakthrough curve to calculate
velocity and dispersion coefficient using the CXTFIT2 package of the UC Riverside &
US Salinity Laboratories code STANMOD V2.2. These coefficients were then used to
calculate first order removal rates from FIB and bacteriophage data (van Genuchten and

Alves, 1982). Additional details are in the SI.

5.3.9 DENITRIFICATION POTENTIAL ASSAYS.

Samples collected upgradient (DNP1, Fig. S1) and downgradient (DNP2-7) of the
leach field were assayed for denitrification potential using the acetylene block slurry
method (Tiedje 1982). The downgradient samples were collected by augering to the
water table along the approximate centerline of the plume. A sonde and flow-through cell
was used to record water quality parameters in each bore, as previously described (Table
S5). A eighth sample (DNP8) was collected 50 m alongshore to the northwest of the
leach field. Details of sample collection and methodology can be found in the SI. Sand
from DNP2 was autoclaved for 60 min at 121°C and run as a negative control. The

quantification limit of the method was 5.9 x 10~ nmol N hr™' g™,

5.3.10 DATA ANALYSIS.

Unless stated otherwise, concentrations presented are mean +/- standard
deviation. Percentages of total carbon, total nitrogen, and dissolved inorganic nitrogen are
calculated directly from raw data. For all other statistical testing and summarization,
microbial and nutrient concentrations were logjo transformed, and summaries of those

data are presented as mean +/- standard deviation of log-transformed data. For the

110



purposes of statistical testing using log-transformed data, nutrient values below method
detection limits (BDL) were replaced with the value of the detection limit. For the
purposes of flux calculations, zeros were substituted for BDL values. Statistical analyses
were performed using Matlab (Natick, MA). Data comparisons between groups were
made using Student’s ¢ test. Correlation coefficients were determined by calculating
Pearson’s product-moment correlation coefficients. Statistical results were deemed

significant if p<0.05.
5.4 RESULTS

5.4.1 HEAD MEASUREMENTS AND HYDRAULIC GRADIENTS.

A region of persistent high hydraulic head was observed in the northern corner of
the field site closest to the Easkoot Creek drainage (Fig. 5.1). Flow lines perpendicular to
equipotential lines swept south and southeast down the length of the parking lot,
eventually curving southwest toward the beach face tidal boundary. Maximum winter
hydraulic heads across the site were approximately 0.9 m higher than minimum summer
heads. The primary impact of the seasonal head change was a steepening of seaward
hydraulic gradient across the site from a minimum value of 0.028 in September 2008 to a

maximum of 0.039 in March 2009 (Fig. S2).

5.4.2 RESISTIVITY PROFILES.

Similar subsurface features were observed during all tidal conditions investigated
and configurations (Figs. 5.2 and S3). In each profile, a highly conductive region
extended 30 m from the seaward boundary to the high tide berm and progressed inland at
depth (Fig. 5.2); o in this region ranges between 0.5 and 3.5 Wm. A low conductivity
region was observed in the area of the well network and extended out over the conductive

region, shallowing toward the beach face. In this region, o ranged from 3.5 to 295 Wm.

5.4.3 HYDRAULIC CONDUCTIVITY AND RESIDENCE TIME.

The geometric mean conductivity estimate obtained using the tidal efficiency

method was 5 m day' (Table S2). This value is lower than a previous hydraulic
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conductivity measurement made for beach sands at the site (33 m day™; de Sieyes et al.
2008) but is reasonable considering the hydrogeologic setting as described in the SI.
Considering a plume centerline L of 15 m between the leach field and Transect C,
mean annual 7 of 0.031, mean K of 5 m day’l, and n, estimated at 0.25 for clean beach
sands (Fetter 2001), mean annual groundwater velocity is 0.625 m day” and residence

time in the network is approximately 24 days.

5.4.4 SEPTIC EFFLUENT CHARACTERISTICS.

Generally, septage was low in dissolved oxygen (DO) (< 1 mg L"), neutral in pH
(7.1), fresh in salinity (0.3), and had a mean temperature of 19.5°C and Eh of +300 mV,
based on 14 measurements over 17 months (Table 5.1). Log-mean total carbon (TC) in
septage was 0.79 +/- 0.06 log(uM) and ranged from 0.69 to 0.95 log(uM) (n=22
including replicates). Log-mean dissolved inorganic carbon (DIC) in the same samples
was 0.68 +/- 0.04 log(uM) and ranged from 0.62 to 0.77 log(uM). On average, 19% of
TC in a given septage sample was dissolved organic carbon (DOC). The log-mean of
total nitrogen (TN) was -0.03 +/- 0.32 log(uM) and ranged from -0.46 to 0.46 log(uM)
(n=27 including replicates). Dissolved organic nitrogen (DON) ranged from 0 to 50% of
TN; for the average septage sample, 91% and 9% of total nitrogen was in the inorganic
and organic forms, respectively, and over 99.5% of dissolved inorganic nitrogen (DIN)
was ammonium. Log-mean E. coli (n=25) and enterococci (n=18) concentrations in
septage were 4.3 +/- 0.7 log(CFU (100 mL)") and 3.6 +/- 0.6 log(CFU (100 mL)™),
respectively. Log-mean F+ coliphage (n=12) and somatic coliphage (n=8) concentrations

were 1.5 +/- 0.2 log(PFU (100 mL)") and 1.8 +/- 0.5 log(PFU (100 mL)™"), respectively.

5.4.5 MONITORING NETWORK DATA.

Temperature, salinity, DO, pH, and Eh along the approximate centerline of the
plume during each snapshot were measured (Table 5.2). Groundwater temperatures were
between 16 and 20°C, and exhibited seasonal trends. Salinity along the centerline ranged
from 0.4 to 0.6 and did not change significantly between snapshots. Mean DO was in the
range of 0.3 to 0.8 mg/L and was significantly lower in August 2009 (0.32 mg L") than
either April 2008 (0.72 mg L™'; p=0.038) or November 2008 (0.64 mg L™'; p=0.005). Eh
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ranged from +300 to +420 mV, and was significantly higher in November 2008 (+414
mV) than in April 2009 (+303 mV; p=0.036). Across the site, pH measurements from the
initial snapshot in November 2008 were thrown out due to a faulty probe; mean pH
measurements during the sunsequent snapshots were 6.4 +/- 0.2 and ranged from 6.36 to
7.16.

In general, samples collected from transects downstream of the leach field were
high in both nitrogen and carbon species, typical of a septic effluent plume (Wilhelm et
al. 1998). An example of the cross-sectional chemical data collected during the
experiments is shown in Figure 5.3, a contour plot of TC, DIC, DOC, nitrate, ammonium,
and TN concentrations at Transect B in November 2008. Contour plots of the nitrogen
and carbon species at other transects during other snapshots exhibited similar patterns
(Figs. S4-S12.)

TC in the monitoring network ranged from 3.34 to 4.11 log(uM) and had a log-
mean of 3.85 +/- 0.15 log(uM). DIC ranged from 3.21 to 4.00 log(uM) with a log-mean
of 3.74 +/- 0.16 log(uM) and was highly, positively correlated to TC (r=0.80, p<107),
with DIC often making up the bulk of TC. DOC was also significantly correlated to TC
(r=0.25, p=1.2x10"), had a log-mean of 2.54 +/- 1.08 log(uM) and ranged from BDL to
4.05 log(uM). Upgradient samples (n=11) were not significantly different from
downgradient samples (n=253) for TC (p=0.14), DIC (p=0.21), or DOC (p=0.48), likely
due to high background concentrations of dissolved carbon in site groundwater.

Log-mean TN concentrations in the multi-level network downgradient from the
leach field were 2.57 +/- 0.47 log(uM) and ranged from BDL to 3.79 log(uM). Spatially,
samples collected downgradient from the leach field had significantly higher TN
concentrations than samples from wells upgradient from the leach field (nupgradien=10;
Ndowngradient=293; p<10). Log-mean DIN concentrations in the downgradient network
were 2.54 +/- 0.46 log(uM) and ranged from BDL to 3.77 log(uM). DON generally made
up a smaller component of the TN than DIN, with log-,mean DON concentrations of 0.78
+/- 0.90 ranging from BDL to 3.10 log(uM); over 60% of samples contained DON
concentrations below the detection limit. Log-mean ammonium concentrations were 2.14
+/- 0.73 log(uM) and ranged from BDL to 3.11 log(uM). By comparison, log-mean
nitrate concentrations were 0.75 +/- 1.25 log(uM), ranging from BDL to 3.76 log(uM).
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TN concentrations in the network were higher in August 2009 than in either November
2008 (p<107) or April 2009 (p=0.015). Generally, samples contained either nitrate or
ammonium but rarely both. Sample elevation was significantly positively correlated with
nitrate (+=0.38, p<10~) and negatively correlated with ammonium (+=-0.47, p<10~). DIC
was positively correlated with ammonium (=0.42, p<10) and negatively correlated to
nitrate (r=-0.23, p=0.0004). Additionally, nitrate was positively correlated to DON
(r=0.52, p<10™).

Sonde measurements along the plume centerline during each snapshot allowed for
the evaluation of relationships between products of likely chemical transformations
occurring in the plume. Specifically, elevation was positively correlated to Eh (7=0.59,
p=0.002) and negatively correlated to DIC (=-0.43, p=0.025). Eh was positively
correlated to nitrate (=0.63, p=0.0004) and negatively correlated to both ammonium (7=-
0.50, p=0.009) and DIC (r=-0.46, p=0.016). DO was positively correlated with TOC
(=0.46, p=0.015).

During each snapshot, all samples from Transect A (Fig. 5.1), the closest transect
to the leach field, were analyzed for F+ and somatic coliphage while all samples from the
sampler network were analyzed for enterococci and E. coli. In November 2008, Transect
A samples were negative for coliphage, and neither enterococci nor E. coli were detected
in the well network except in the two multilevel samplers upgradient from the leach field,
UG1 and UG2 (Fig. 5.1). Here maximum enterococci and E. coli concentrations were 28
and 6 cfu (100 mL)", respectively. During the April 2009 snapshot, samples from
Transect A were negative for somatic coliphage; F+ coliphage data were discarded due to
a faulty negative control. Two samples from Transect A contained 4 cfu (100 mL)"
enterococci, and no E. coli was detected in the network. In August 2009, all Transect A
samples were negative for somatic and F+ coliphage. All samples from the sampler
network were negative for E. coli, but 15 of 87 samples were positive for enterococci
with concentrations ranging from 2 to 74 cfu (100 mL)". Enterococci was detected in
each transect, and the geometric mean of positive samples was 8 cfu (100 mL)"'. No fecal
indicator bacteria or coliphage were detected in the 2” wells upgradient from the leach

field during this snap shot.
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5.4.6 CONTAMINANT FLUX ESTIMATES.

Septage discharge rates to the leach field were 4.9 x 10° +/- 1.9 x 10° L day™.
Considering the septage water quality, fluxes to the leach field during the experiment
were 6.7 +/- 4.7 moles day” TN, 6.2 +/- 0.3 log pfu day' F+ coliphage, 6.4 +/- 0.5 log
pfu day”' somatic coliphage, 9.0 +/- 0.7 log cfu day™ E. coli, and 8.3 +/- 0.6 log cfu day™
enterococci.

Nitrate, nitrite, ammonium, DIN, DON, TN, and enterococci fluxes to the leach
field are compared with fluxes at the three downstream multi-level well transects during
each snapshot in Figure 5.4. Fluxes of F+ coliphage, somatic coliphage and E. coli were
not calculated because they were not detected in the sampler network downgradient from
the leach field. Monthly transect TN fluxes ranged from 1.6 to 70.6 moles day'. On
average, DIN and nitrate fluxes at each transect accounted for 86% and 40% of TN flux
at a given transect. Maximum fluxes of TN, DIN, and nitrate each occurred in August
2009, when concentrations of each analyte were highest in the network.

In Table 5.3, rates of production and loss with distance downgradient are
presented with 95% confidence intervals. Fluxes of nitrate and nitrite consistently
increased significantly with distance downgradient during each snapshot. For nitrate,
rates of increasing flux with distance ranged from 0.15 moles d' m™ in April 2009 to
1.21 moles d' m™ in November 2008. Concurrently, ammonium consistently decreased
with distance downgradient during each snapshot at rates ranging from -0.48 moles d”' m’
"in April 2009 to -0.64 moles d' m™ in November 2008. DON increased significantly
with downstream distance in November 2008 and August 2009 at rates of 0.45 and 0.19
moles d' m™, respectively; no DON was detected in the well network in April 2009.
Only in April 2009 was a significant decrease in downgradient flux of TN observed, with
TN attenuation occuring at a rate of -0.32 moles d’ m™. In November 2008, TN flux
increased with distance downgradient at a rate of 1.16 moles d' m™, and no significant
trend in TN flux versus distance was observed in August 2009.

Enterococci were detected in Transect A in April 2009 and in all transects in
August 2009, allowing for the calculation of fluxes at these locations and times only. In
April 2009, flux at Transect A was 1.9 +/- 0.5 log cfu day™. In August 2009, fluxes at
Transects A, B, and C were 4.0 +/- 0.7, 5.0 +/- 0.4, and 6.0 +/- 0.4 log cfu day’l,
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respectively. The maximum enterococci flux in the sampler network occurred in August
2009 at Transect C. During the Aug 2009 snapshot, a significant increase in flux with

distance was observed (p<10~).

5.4.7 FIBV ATTENUATION COLUMN EXPERIMENTS.

F+ coliphage was removed by sediments at a rate above our quantification limits
for the method, which we estimate at 1.74 and 2.81 hr'' for the saline and fresh columns,
respectively (Figs. S13 and S14). For somatic coliphage, first-order removal was 0.40 hr™!
in fresh groundwater as compared to 1.6 hr'' in saline groundwater. For enterococci, first
order removal in fresh and saline groundwater was 0.47 hr' and 0.46 hr”', respectively.
The density of target organisms in the feedstock did not change significantly (p>0.05)

with time over the course of any experiment.

5.4.8 DENITRIFICATION POTENTIAL ASSAYS.

The denitrification potential rates found at the eight sample locations (DNP1-
DNPS) and the autoclave control (DNP9) are shown in Table S5 along with groundwater
characteristics from each sample location. DNP rates ranged from 10.8 nmol N hr' g™ to
below the quantification limit of 5.85x10° nmol N hr' g'. Along the plume, log-
transformed denitrification potential rate decreased significantly with distance oceanward
(p=0.014) from DNP1 (10.8 nmol N hr' g™") to DNP7 (<5.85x10> nmol N hr" g") and
was significantly negatively correlated to groundwater Eh (p=0.001) and temperature

(p=0.020).

5.5 DISCUSSION

Resistivity profiling indicated a resistive freshwater lens thinning toward the
ocean sits atop a more conductive saltwater wedge thinning toward the land, as predicted
by theory (Dupuit 1863). Limited increases in resistivity from November 2008 to April
2009 were observed at the base of the resistive layer inland of the berm, in the
unsaturated zone, and near the beach face seaward of the berm. Considering the observed
seasonal changes in hydraulic gradient (Fig. S15), the results indicate a thickening of the

freshwater lens, increased moisture content in the vadose zone, a higher water table, and
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increased fresh water at the beach face in winter following the rainy winter season.
Although field observations and numerical simulations at some coastal locations indicate
a fresh groundwater ‘tube’ discharging below a tidally-driven saline groundwater
circulation cell in the beach face (Robinson 1998; Vandenbohede and Lebbe, 2006), no
such tube was observed in our field site. This is perhaps due to the shallow beach slope
(0.03; de Sieyes et al. 2008), high wave action, and strong mixed semi-diurnal tides.
Significant correlations between measured groundwater characteristics are
consistent with the conceptual model of expected plume chemistry. For example, pH and
log(DIC) are negatively correlated while pH and log(DOC) are positively correlated,
indicative of the production of acid and inorganic carbon during the mineralization of
organic carbon in the plume. DIC is positively correlated to ammonium and negatively
correlated to nitrate, evidence for the coexistence of mineralized carbon and reduced
nitrogen, and consistent with the suggestion that inorganic carbon can be used to indicate
‘old’ treated septage in the plume (Wilhelm et al. 1994). Carbon species were not
significantly different in the plume from in upgradient ‘background’ wells, suggesting
that carbon is an imperfect tracer of septic effluent in groundwater, and that an injected
tracer may be necessary for more refined plume tracking in future experiments at the site.
Despite fluxes of 6.2 +/- 0.3 log pfu day” F+ coliphage, 6.4 +/- 0.5 log pfu day™
somatic coliphage, 9.0 +/- 0.7 log cfu day” E. coli from the septic tank into the leach
field, no coliphages and very few E. coli were detected in the well network. These results
suggest effective removal of these organisms in the vadose zone after they are discharged
to the leach field. The saturated column experiments indicate that coliphage would be
very effectively removed within the well network even if there were able to pass through
the vadose zone. Enterococci were observed throughout the leach field in the August
2009 snapshot, and at Transect A in April 2009. Thus, in April it appears that some
enterococci pass through the vadose zone, enter the well network, but are removed before
reaching Transect B. This is consistent with the results of the laboratory saturated column
experiment showing removal of enterococci in saturated sands. Interestingly, in August
2009, there was a net increase in enterococci flux through the well network suggesting
either exogenous inputs of enterococci to the well network or enterococci are growing

along the flowpath. Assuming the downgradient increase is due to growth of enterococci,
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the data are consistent with a first-order growth rate of approximately 0.28 day”'. This
rate of growth is in good agreement with enterococci growth rates observed in
intermittently wetted beach sands (0.20 to 0.63 day') by Yamahara et al. (2009). If the
increase in flux is due to competing growth and removal along the flowpath, the actual
rate of growth occurring in-situ would be greater than 0.28 day.

In August 2009, 1.1x10° cfu day' enterococci were discharged to the
subterranean estuary in concentrations as high as 46 cfu (100 ml)™, just below half the
California single sample standard for recreational contact, 104 cfu (100ml)".
Considering the substantial dilution that occurs in the subterranean estuary and surf zone
at Stinson Beach, it is unlikely that a single point source of this concentration would
trigger a water quality advisory. However, recent research has documented growth of
enterococci on algal wrack (Whitman et al. 2003) as well as in intermittently wetted
beach sands with relatively low organic carbon (Yamahara et al. 2009), and it is plausible
that the septic system described herein may seed enterococci to the beach environment
where they can persist and/or grow and trigger water quality advisories. Additionally,
input of enterococci from human sources may be accompanied by input of co-occurring
bacterial or viral pathogens which represent health risks.

Significantly increasing fluxes of nitrate with distance downgradient occurred
concurrently with decreasing fluxes of ammonium during all three snapshots. This may
be evidence of nitirification and is consistent with the fluxes of nitrite, an intermediate in
nitrification, which also increased significantly with distance during each snapshot. In
November 2008, the increasing flux of nitrate with distance (1.21 moles day”' m™; Table
5.3) is greater in magnitude than the loss of ammonium flux with distance (-0.64 moles
day' m™; Table 5.3), suggesting that the increasing nitrate along the flowpath is due not
only to nitrification of ammonium. It is possible that additional nitrogen is appearing
along the flowpath due to the mineralization of particulate organics to DIN as nitrate. It is
also possible that exogeneous inputs of TN are being added to the plume along the
flowpath, although the source of such inputs are not immediately obvious. In April 2009,
the decrease in ammonium flux along the flowpath (-0.48 moles day”’ m™) was faster
than the concurrent increase in nitrate flux (0.15 moles day' m™). Considering the

particularly low Eh values measured in April 2009 and the net loss of -0.32 moles TN
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day' m™ along the flowpath, this may indicate nitrate attenuation by denitrification at
that time.

The Theissen Polygon transect method assumes constant, steady input at the
contaminant source, but it is possible that short periods of high contaminant flux to the
septic system from high-use weekends at the park contributed to the variability in flux
between transects. Such short-term input variability would not have been captured by our
bimonthly septic tank sampling, but may explain why in August 2009 nitrate flux was
most variable between transects, DIN and TN fluxes did not vary significantly with
distance downgradient, and TN concentrations in the plume were the highest of the
experiment at 5.8 mM. It is also possible that our monitoring did not capture the entirety
of the plume at all transects, another potential source of error posed by the Theissen
Polygon approach.

The nitrogen fluxes reported here should be considered ‘potential’ SGD-
associated flux only, since additional attenuation may occur in the subterranean estuary
(Kroeger and Charette 2008). However, it is of interest to compare the fluxes calculated
in this study with those from during previous SGD studies at the site. In de Sieyes et al.
(2008), we used a coastal water mass balance of radium, naturally occuring radioisotopes
present in groundwater whose occurance in coastal waters can be used to trace SGD and
SGD-associated nutrient fluxes. DIN flux per meter of shoreline from total SGD (fresh +
saline groundwater) in the residential Calles area of Stinson Beach in March 2007 was
estimated at 1.7 moles DIN day' m™'. By comparison, the highest mean monthly transect
flux measured during our study was 63 moles DIN day™ at Transect B in August 2009.
Normalized to the width of the 30m-wide monitoring network, this flux is equivalent to
approximately 2.1 moles DIN day' m™, and the majority of this flux was DIN. This is in
good agreement with the previous estimate. However it should be noted that the 1.7
moles DIN day' m™ reported in de Sieyes et al. (2008) is the flux from both fresh and
saline discharge, while the 2.1 moles DIN day' m™ reported here is due only to a portion
of the fresh groundwater alone. This highlights the importance of individual, highly
concentrated point sources like septic systems as controls on total SGD-associated

groundwater pollution.
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Only in April 2009 was a decrease in TN flux with distance along the flowpath
ever observed (Fig. 5.4), indicative of plume attenuation by denitrification. This suggests
that during much of the year, TN from the septic system is not being attenuated
substantially prior to discharge to the subterranean estuary. This begs the question, if in
situ conditions for denitrification were optimized, could treatment of the nitrogen plume
discharging through the beach be improved, thereby reducing nutrient loads entering the
subterranean estuary and, ultimately, the marine environment? This question can be
initially approached modeling the beach in the area of the network as a simple box where
nitrogen is attenuated at rates measured in the DNP experiments. The dimensions of the
well network sediment box are length 30 m, width 15 m, and depth 4.5 m for a total box
volume of 2025 m’. Assuming a bulk density of 2 kg L™, a value typical of medium-
grained beach sands (Fetter 2001), yields a total sediment mass of 4.1x10° kg. The
median DNP rate measured in samples collected inside the well network oceanward of
the leach field (DNP2 through DNP4) was 0.018 nmol hr' g”', or 4.32x107 mol day™ kg™
The product of this median DNP rate and the total sediment mass in the box yields a rate
of 1.8 mol day™, the total daily potential denitrification rate for the box. Assuming an
input of approximately 17 mol day™, it will take approximately 9.7 days to attenuate the
full daily influx of nitrogen to the box. Considering the residence time in the box is on the
order of 24 days, the total dentrification potential of the box assuming optimal controlled,
well-mixed conditions is approximately 16.3 moles day™', or 96% of the TN fluxing in the
plume. This simple calculation likely overstates the ability of unammended beach
sediments to attenuate nitrogen associated with the plume in-sifu even under the most
controlled conditions, but suggests a potential future role for advanced treatment options
including in-situ reactive barriers for the reduction of TN in this and other similar

settings.
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Figure 5.1. Plan view of Stinson Beach south lot field site including bathrooms, wet
well, leach fields #1 and #2, November 2008 head contours, groundwater flow direction,
2” wells, multi-level well transects A, B, and C, and ERT profile locations. The ocean
mean water line is shown at the bottom left corner of the figure.
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Figure 5.2. Wenner array resistivity profiles from low-low tide on 5 April 2009. The
repeat survey from 22 November 2008 and a plot of the absolute change in resistivity
between the two surveys are shown in the SI.

o
T T

Depth (m)

1
3.}

0 5/ 1 15 20 25 30 35\ 40 45

Saline groundwater Distance (m) Fresh groundwater

P e

Log,, Resistivity (0m) 0.0 0.2 04 06 08 1.0 1.2 14 1.6 1.8 20
{Conductivity (S/m)) (1.0) (0.1) (0.01)

122



Figure 5.3. Concentration data for TC (a), DIC (b), DOC (c), nitrate (d), ammonium (e),
and TN (f) in Transect B during the November 2008 snapshot. Y-axis is depth in meters
and the X axis is distance along the transect in meters. Each projection looks upgradient

into the plume, which is flowing out of the page. Concentration data are contoured using
cubic interpolation and sample locations are designated by open circles. In each subplot,
the color limits are based on the maximum and minimum concentrations in the dataset.
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Figure 5.4. Fluxes of nitrate (A), ammonium (B), nitrite (C), DIN (D), DON (E), TN (F)
and enterococci (G) associated with septage discharging to the leach field and
groundwater discharging through each transect during snapshots. On each box, the
central mark is the median, the edges of the box are the 25th and 75th percentiles, and the
whiskers extend to the 1*' and 99" percentiles. For some boxes, the spread in the data was
small and the percentile lines are very close together. Septage fluxes are separated from
saturated groundwater fluxes by a vertical dashed line. Fluxes were not calculated when
no samples in a given transect during a snapshot were above the detection limit for a
given analyte; a color-coded asterisk (*) has been substituted at these locations and times.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK

Is SGD occurring at Stinson Beach, and if so, what is the magnitude? What are

the important forces driving SGD at the site, and on what timescales do they act?

Submarine groundwater discharge is occurring at Stinson Beach, California, and
is modulated by a range of forcing mechanisms including semi-diurnal tides, neap-spring
tides, waves, and seasonally-variable precipitation and evapotranspiration. Research
presented in Chapter 2 examined the influence of fortnightly spring-neap tidal variability
on submarine discharge of fresh and saline groundwater. A groundwater-derived
freshening and nutrification of the surf zone during neap tides was observed, and
analytical models and a fresh water budget in the surf zone were used to estimate the
saline and fresh discharge of submarine groundwater. Fresh SGD estimates were between
1.2 and 4.7 L min-1 m-1 shoreline during neap tides compared to 0.1 and 0.5 L min-1 m-
1 during spring tides. Saline SGD calculated as the sum of wave- and tide-driven SGD
estimates were 15.9 and 22.0 L min-1 m-1 during neap and spring tides, respectively. The
observed fortnightly pulsing of fresh SGD was consistent with seaward hydraulic
gradients across the fresh part of the beach aquifer, which varied due to aquifer
overheight near the beach face caused by fortnightly-variable infiltration of seawater
during high tides. This work confirmed the importance of neap-spring tides as a key
control on the magnitude of both fresh and saline SGD at the site. Additional research
should be conducted to test whether this neap-spring control on fresh and saline SGD is a
widespread phenomenon or is restricted to Stinson Beach and similar locales.

Chapter 3 presents results from field experiments conducted in July 2008 and
March 2007 to examine tidal, wave-driven and seasonal variability of submarine
groundwater discharge (SGD) at the site using natural radium tracers. SGD was estimated
using a mass balance approach. Median SGD estimates based on 223Ra and 224Ra
activities were 6 and 8 L min-1 m-1 in July 2006 and 38 and 43 L min-1 m-1 in March
2007, respectively. SGD estimates for July 2007 based on radium were a factor of two to

three lower than rates estimated analytically in Chapter 2, but such discrepancies in SGD
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estimates obtained by independent methods are not unusual (Burnett et al. 2006). Future
experimentation should aim to refine experimental methods to reduce these
discrepancies.

During both experiments described in Chapter 3, short-lived radium isotope
activities in the surf zone were significantly higher at low tide relative to high tide,
indicating the importance of tidal pumping of saline groundwater into and out of coastal
aquifers along this coastline. Tidal range correlated significantly with 223Ra and 224Ra
activity in the surf zone, suggesting that the magnitude of discharge is controlled to some
degree by neap-spring tidal range variability, with maximal discharge occurring during
spring tide. These results corroborate the results presented in Chapter 2, which described
increased SGD at spring tide. During the March 2007 experiment, surf zone activities of
the short-lived isotope 224Ra were significantly positively correlated with breaker height,
which explained 38% of the radium variability. This relationship is consistent with
increased wave-driven SGD during large winter swell events, as predicted by theory
(Longuet-Higgins 1984). To the best of our knowledge, this study was the first to observe
a significant relationship between breaker height and groundwater tracer concentrations
in open waters receiving SGD, and highlight the importance of wave-driven SGD along
high-energy coastlines such as California. Future works should be aimed at resolving the
role of waves in both driving SGD and mixing SGD-enriched nearshore waters with
offshore waters.

Chapter 4 investigated the role of Mediterranean precipitation-evapotranspiration
cycles on the relative magnitude and timing of fresh SGD using a SEAWAT-2000
variable density groundwater model. Monthly average recharge calculated using data
collected near the Stinson Beach field site was approximately sinusoidal, with high
positive recharge rates dominated by precipitation during the rainy winter season and
high negative recharge rates dominated by potential evapotranspiration during the hot,
dry summer months. Fresh SGD from two simulated aquifers peaked in January,
coincident with maximum precipitation and recharge, and declined until reaching a
minimum in September, two months after the minimum recharge period in July.
Minimum simulated discharge rates for two simulated scenarios were 17% and 18%

lower in September than the maximum discharges simulated in winter, respectively,
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highlighting the importance of the Meditternaten climate in driving variation in fresh

SGD on the seasonal timescale.

Is SGD an environmentally relevant source of nutrients and/or microbiological

pollution to the coastal environment?

Chapters 2 and 3 each addressed the magnitude and environmental relevance of
SGD-associated fluxes of nutrients and/or microbial pollution to the coastal ocean at
Stinson Beach. In Chapter 2, fresh-, saline-, and total (fresh + saline) groundwater
discharge-associated nutrient fluxes were calculated for neap and spring tide conditions.
Despite a smaller total discharge of groundwater during neap tide compared to spring
tides, a larger fresh discharge component during neap tides raised surf zone silicate, DIN,
and SRP by 14%, 35%, and 27%, respectively, relative to spring tides. Following this
groundwater-derived freshening and nutrification of the surf zone during neap tides, a 4-
day increase in chlorophyll a concentrations was observed. The link between the increase
in chlorophyll a concentrations and the neap tide nutrification of the surf zone was
investigated in the laboratory using mesocosms phytoplankton growth experiments.
Significant increases in chlorophyll in mesocosms containing only a few percent site
groundwater highlighted the importance of site groundwater as an ocean fertilizer,
confirming the environmental relevance of ocean nutrient enrichment by SGD.

During the experiments described in Chapter 2, high concentrations of
enterococci were detected in groundwater at the site. Detection of the human-specific
enterococcal surface protein (esp) gene confirmed that some of the enterococci were
likely of human origin. However, no increase in enterococci in the surf zone was
documented during the period of highest fresh SGD, suggesting that fecal indicator
bacteria were not discharging with contaminated groundwater in detectable
concentrations during the study.

In Chapter 3, estimates of SGD-associated nutrient flux were compared with that
of surface waters discharging to the ocean within 6 km of the study site. Mean +/-
standard deviation creek-associated nutrient flux during the March 2007 study was

estimated at 10 £ 3 mmol min" phosphate, 4 + 1 mol min™ silicate, and 200 = 50 mmol
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min" dissolved inorganic nitrogen. SGD-associated nutrient flux at the study site in
March 2007 was 99 pmol phosphate min" m™, 4940 ymol silicate min" m”, and 1160
umol DIN min™' m™. Thus, SGD from only 200 m of Stinson Beach was responsible for a
nutrient flux approximately equal to the total creek-associated flux of phosphate and
dissolved inorganic nitrogen discharged within 6 km of the study site in March 2007,
highlighting the importance of site groundwater as a major and environmentally relevant
nutrient source to the coastal ocean.

Chapter 5 estimates fluxes of nutrients and fecal indicator bacteria from a single
septic system plume flowing through the beach to the subterranean estuary. Discharge of
substantial total nitrogen associated with the septic effluent plume was documented
throughout the year. Only in late summer did we document a flux of fecal indicator
bacteria (enterococci) from fresh groundwater to the subterranean estuary. Because the
fate of enterococci in the field was variable over time, we conclude that septic systems at
the site may at certain times be a source of fecal indicator bacteria to the subterranean
estuary and the surf zone. This result should be corroborated using a similar
experimental design but where tracers are injected with septage in order to more closely

monitor transport of fecal indicator bacteria in coastal septic effluent plumes.

What role do on-site wastewater treatment systems play in contaminating
groundwater at the site? Is attenuation in the saturated zone adequate for in-situ

treatment septage-derived contamination before discharge to the ocean?

Having documented high concentrations of nutrients and fecal indicator bacteria
in Stinson Beach groundwater in Chapters 2 and 3, Chapter 5 documents the
characterization of a single plume of septic effluent at the site in order to better
understand contaminant fate and transport in the coastal groundwater setting.
Specifically, a plume of septic effluent was observed flowing through the beach into the
subterranean estuary. Median estimates of total nitrogen fluxing toward the ocean
downgradient from the leach field were substantial, ranging from 1.6 to 70.6 moles day-
1, depending on season and downgradient location. These fluxes compared well with

previous estimates of SGD-associated DIN flux, as reported in Chapter 2. Despite high
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concentrations in septage pumped to the leach field, no E. coli or coliphage was detected
in the plume, suggesting complete attenuation within the vadose zone and/or the first few
meters of transport. These observations were consistent with results from laboratory
experiments suggesting fast fecal indicator bacteria and virus attenuation in saturated
column experiments. Although attenuation of enterococci was similarly fast in the same
laboratory experiments, enterococci were detected throughout the well network during
one sampling event during which no attenuation was observed. These results suggested
either exogenous inputs of enterococci to the plume within the well network, or growth
along the flowpath. Collectively, results from Chapter 5 support the assertions from
earlier chapters that septic systems at the site are persistent sources of nitrogen to the
subterranean estuary, but also suggest that they may at times also be a source of

enterococci.
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APPENDIX A: SUPPLEMENTAL INFORMATION TO CHAPTER 5

A.1 SITE HYDROGEOLOGY.

Stinson Beach Park has long been noted by park staff as an area of high water
table and substantial fresh SGD. Historical records show a shallow wetland, Willow
Camp Lake, also known as Poison Pond, fed by groundwater and a seasonal creek,
Easkoot Creek, in the current location of the South Parking Lot at Stinson Beach Park. In
the early 1900’s, the creek was diverted through the downtown area to Bolinas Lagoon, a
large tidal lagoon located just northwest of the town (MCOSD 1996). Poison Pond was
subsequently filled in to make an overflow parking lot for the Park. A high water table
persists in the northwest corner of the parking lot, closest to the current path of Easkoot

creek, the likely vestige of the groundwater-fed wetland that used to exist there.

A.2 WELL INSTALLATION.

The well network at Stinson Beach consisted of three types of monitoring wells
and piezometers, each with distinct construction, installation, and purpose (Fig. S1). In
November 2003 and April 2004, prior to our experiments, a sparse array of two-inch
polyvinyl chloride (PVC) wells was installed by the National Park Service to monitor
groundwater head in the South parking lot at Stinson Beach Park. The wells were
installed by digging a trench and backfilling with native material around slotted pipe. In
Spring 2007, a second set of 2” PVC monitoring wells with 2 m screens were installed by
hand auger. A 3-inch hole approximately 1.5 m below the water table was made, the
slotted pipe was installed, and native media was allowed to collapse around the slotted
pipe. After compiling long-term synoptic and continuous groundwater head data from
wells at the site and projecting a flow path downgradient from the leach field, a third
array of multi-level nested monitoring wells was installed for measuring mass flux. These
multi-level wells consisted of a single rigid 1-inch PVC slotted pipe with a 1.5 m long
screen at the base, around which three Y4-inch low-density polyethylene sampling tubes

were clustered. The base of each LDPE sampling tube was outfitted 1.5 m of slotted
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tubing covered in a 0.01-inch LDPE mesh sleeve. The three sampling tubes were then
staggered vertically along the central PVC stalk so as to sample from 1.5-m long depth-
discrete intervals. Each multi-level well was then installed using a GeoProbe vibratory
sampling rig to approximately 4.5 m below the water table. Multi-level wells were
installed along three transects approximately orthogonal to groundwater flow and
centered on the projected centerline of the plume. Each well was finished below ground
surface, surveyed by standard methods using a scope and stick, and buried to reduce

contact with beachgoers.

A.3 HYDRAULIC GRADIENT CALCULATIONS.

Head measurements collected in the vicinity of the septic leach field were binned
by month and averaged. Mean heads for each record were then plotted on a base map of
the well network. Flow lines passing through each well were traced on the map, and
distance from water line along a flow line for each well was measured. All monthly data
from each well was plotted against measured distance from water line. Using a y=0
intercept for sea level at the water line, linear regression was used to calculate hydraulic

gradient with estimates of error (Fig. S2).

A4 HYDRAULIC CONDUCTIVITY.

Hydraulic conductivities were estimated using the tidal efficiency method (Ferris
1951), which is based on the concept of tidal wave propagation and dampening with
distance in a coastal aquifer with a tidal boundary (Ferris 1963). The relationship between
the amplitude of water level fluctuations in the ocean and in a well penetrating the coastal
aquifer, and the distance from the well to the tidal boundary, is related to the hydraulic
conductivity of the aquifer between the well and the boundary. We measured tidal
efficiency at multiple wells during two periods of the study with little or no precipitation.
The periods analyzed were 20 April 2008 to 18 June 2008 for wells S10, S12 and S15
and from 12 November 2008 to 10 January 2009 for wells S20 and S21. No open-ocean
tide gauge exists at the site; we assumed that tides were well represented by the tide

gauge at Point Reyes, CA (http:/tidesandcurrents.noaa.gov, Sta. ID 9415020,

37°59°48”N, 122°58’30”W), an assumption made for previous experiments at Stinson
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Beach (de Sieyes et al. 2008, de Sieyes et al. 2011). The tidal efficiency method requires
estimates of aquifer thickness and storage. For the purposes of this analysis, we assume a
uniform beach aquifer thickness of 32 m (SBCWD 1998) and a specific yield of 0.25, a
value typical of well-sorted, fine-grained sands (Fetter 2001). For these calculations,
head records were de-trended and high pass filtered using a cutoff of 2.5 days to remove
longer-term head variations not associated with semidiurnal tides. Tidal efficiency was
then calculated at distances from the approximate mean water line as estimated from
survey data using the tidal record from the Pt. Reyes buoy as a tidal boundary. In order to
reduce sloping boundary affects, which are known to negatively affect tidal efficiency
results near the boundary, a second set of tidal efficiency analyses was carried out as
follows. Inland distances were measured from well S21, the most seaward monitoring
well, and tidal efficiency was calculated at each of the other wells using the S21 head
record as a tidal boundary. Results from the two methods agreed reasonably well, and

were combined for use in future calculations. Results are reported in Table S1.

A.5 ANALYTICAL METHODS.

Concentrations of nitrate, nitrite, ammonium and orthophosphate were measured
by standard colorimetric methods using an automated WestCo SmartChem 200
spectrophotometer (Brookfield, CT). Detection limits are 0.2 M nitrate, 0.1 yM nitrite,
and 0.1 M ammonium. Dissolved inorganic nitrogen (DIN) is reported as the sum of
nitrate, nitrite, and ammonium. Total dissolved nitrogen (TN) was determined by
digesting total nitrogen to nitrate using persulfate digestion following D’Elia et al. (1977)
and analyzing for nitrate. Dissolved organic nitrogen (DON) was calculated by
subtracting DIN from TN. In some samples in which DIN approached TN, sampling or
measurement error resulted in negative DON values. Negative DON values were replaced
with zeroes for the purposes of our analysis.

Total and inorganic carbon concentrations (TC and DIC, respectively) were
analyzed by standard methods using a Shimadzu TOC-5000A autoanalyzer (Kyoto,
Japan). Detection limits are 200 M for both TC and DIC. Dissolved organic carbon
(DOC) was calculated as the difference between TC and DIC. Negative DOC values were

replaced with zeros for the purposes of our analysis.
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Unfiltered water samples for analysis of fecal indicator bacteria and bacteriophage
(FIBV) were collected into 10% HCI acid-washed polypropylene bottles and stored on
ice until analysis within 6 h of collection. For groundwater samples, duplicate 50-mL
unfiltered aliquots were vacuum-filtered onto 47-mm-diameter 0.45-ym cellulose filters
(Millipore Inc., Billerica, MA). For septic tank samples, serially diluted duplicates of
ImL, 0.1 mL, and 0.01 mL were filtered using phosphate buffered saline solution as
diluent. Colonies of E. coli were enumerated after incubation on modified mTEC media
(BD Difco, Franklin Lakes, NJ) for 24 hours at 44.5°C according to standard methods
(USEPA 2002a); due to constraints in the field laboratory, the 2 h resuscitation
incubation step at 35°C was omitted. The second duplicate filter was analyzed for
enterococci by enumeration on mEI media (BD Difco) after incubation at 41 + 0.5°C for
24 hours according to standard methods (USEPA 2001). Unfiltered samples were also
collected for two viral indicators of fecal pollution in groundwater, male specific (F+)
and somatic coliphage. For a given sample, two unfiltered 40-mL samples were collected
into clean polypropylene vials, stored on ice, and analyzed by the single agar layer

method following EPA method 1601 (USEPA 2002b) within 24 hours of collection.

A.6 CONTAMINANT FLUX CALCULATIONS.

Fluxes associated with groundwater flowing through control planes made up of
multilevel well transects installed orthogonal to flow downgradient from the septic
system were calculated via the Theissen polygon transect approach using the following

equation:

(S

cp cp

wo =i E(E(Am *‘K,,.*C..)

n=1\m=l1
where w is total flux (moles time" or microorganisms time™), K is hydraulic conductivity
(length time™'), A is the area of sampled interval (length®) for each zone of aquifer
monitored by a given monitoring well for which a contaminant concentration C (mass
volume™) is representative, i is hydraulic gradient (-), subscript cp denotes the entire

control plane, and subscripts n and m delineate the horizontal and vertical position of a
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each well in that control plane, respectively. A description and examples of this method
can be found in Einarson and Mackay (2001).

In cases where downstream contaminant flux declines significantly with distance
due to destructive attenuative mechanisms, bulk attenuation rates can be calculated from
field data (Borden et al. 1997). A number of assumptions are required for such a
calculation, and removal processes must be modeled conceptually for nitrogen, fecal
indicator bacteria, and bacteriophage fate downgradient from the leach field. Considering
the 20-year lifespan of the septic system and the high hydraulic gradients in the area, we
assume that plume chemistry had reached steady state with respect to advection and
dispersion along the 15 m flowpath between the leach field and the downgradient edge of
our monitoring network. We also assume that septage inputs have been approximately
constant with respect to volumetric discharge and N, FIB, and phage concentration
throughout the lifespan of the septic system, as per discussions with park maintenance
staff, and that steady state has been reached with respect to sorption/desorption of each
contaminant. Considering our monitoring is mainly above the zone of seasonal erosion
and redeposition, we also assume that microbial populations responsible for N cycling are
relatively stable in the area of our network. In such a setting, expected losses of TN along
the flowpath will be due to denitrification and annamox. Annamox is poorly understood
in natural coastal aquifer sediments, and we assume as others have that denitrification is
likely the major factor influencing nitrogen bulk attenuation along the flowpath (Rivett et
al. 2007). For FIBV, we assume that any attenuation in the field is due to destructive
attenuation mechanisms including die-off, attachment, straining and blocking and
ultimately die-off. For FIB, the bulk attenuation observed may also reflect the potential

shift to the viable but non-culturable (VBNC) state.

A.8 COLUMN EXPERIMENTS.

On 2 December 2009 (C1) and 8 December 2009 (C2), samples were collected
into autoclaved glass jars from the depth of the water table using an ethanol-sterilized
auger. Using a dedicated sampling tube and a peristaltic pump, 2 L of unfiltered
groundwater was then sampled from each bore into a 10% HCl-washed glass bottle. As

described in the main text, a sonde and flow-through cell was used to measure additional
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water quality characteristics from each bore (Table S2). The soils and groundwater were
stored on ice during transport to the laboratory. Once at the lab, the sand and
groundwater were stored at 15 °C until use. All experiments were run within 24 hours of
sample collection.

Glass columns used in the saturated experiments were 22 cm long by 2.54 cm
diameter. Columns were fitted with a Teflon end pieces. The Teflon end pieces were
covered with a disk of 200 ym stainless steel mesh to prevent sand grains from entering
the inlet or outlet of the column end pieces. Columns were fitted with Teflon tubing and
fittings. A Variable Flow Mini-Pump (Fisher Scientific, City, State) with silicon tubing
and polypropylene fittings was used to pump solution through each column. All
experiments were performed at 15 °C.

Prior to packing, the collected soils were homogenized by hand folding for 10
minutes with a sterile stainless steel spoon. The columns were wet-packed according to
(Jin et al. 1997). Groundwater extracted from the sample site was used for the wet-
packing. The columns were leached with 4 pore volumes over 30 min of groundwater
prior to the start of the experiment to equilibrate conditions. Fractions were tested from
each pore volume of the initial flush for enterococci, somatic and male specific (F+)
coliphage.

A solution containing groundwater, 10% sewage (v/v), and potassium bromide
tracer was prepared at the start of the experiment. This solution is henceforth referred to
as the ‘working solution’. The sewage used was raw sewage collected from the Palo Alto
Water Quality Control Plant within 24 hours of the column experiment. Prior to mixing,
the raw sewage was passed through a 200 ym screen to remove large particulates. The
bromide tracer concentrations in the fresh and saline columns were 350 ppm and 1000
ppm respectively. These concentrations were chosen to keep the addition of potassium
bromide to a minimum, while still allowing detection on the bromide electrode. The
saline column required a higher concentration of bromide due to the higher bromide
background concentrations in the saline groundwater. Influent concentrations are
reported in Table S3.

After the initial flushing of groundwater, the influent solution was switched to the

working solution. The working solution was gently mixed using a stir bar and magnetic
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stirrer for the duration of the experiment. Five ml fractions were collected from the
effluent every 20 minutes for the course 18 hours, which equated to approximately 7 pore
volumes of working solution being pumped through the column. The superficial flow
rates through the fresh and saline columns were 2.9 +/- 0.30 cm/hr and 3.1 +/- 0.54
cm/hr, respectively. The working solution was sampled every 6 hours and analyzed for
concentrations of enterococci, somatic and male specific (F+) phage to account for
potential inactivation.

During the experiments, the effluent fractions were tested for enterococci
according to EPA Method 1600 (USEPA 2002b; detection limit = 100 cfu (100 ml)") and
for somatic and male specific (F+) coliphage using the double agar layer (DAL) method
of EPA Method 1602 (USEPA 2001; detection limit = 100 pfu (100 ml)"). Bacterial and
viral samples were processed within six and 24 hours of sample generation, respectively.
Three dilutions (equivalent to 1 ml, 100 1l and 10 ul of column effluent fraction) were
tested for enterococci and somatic phage, and two dilutions (equivalent to 1 ml and 100
ul of column effluent fraction) were tested for male specific (F+) phage. Plates with
between 10 and 100 plaque forming units (PFU) are presented and used in calculations.

Bromide concentrations were measured using a Thermo Scientific Orion EA940
outfitted with a Thermo Scientific Orion 9635 BNWP ionPlus Bromide Ion-Selective
Electrode (Manufacturer, location), pursuant to manufacturer instructions. The probe was
rinsed in DI water and dried between measurements.

The convection-dispersion equation (CDE; Eq. S1) was fit to column effluent data
to estimate colloid transport and removal parameters in each saturated column

experiment (van Genuchten and Alves, 1982).

oC 9°C  aC
R _pe= v _urC S2
o P VTR (52)

The equation assumes uniform water content and steady state flow conditions and
includes terms for linear equilibrium sorption and first order removal such as filtration,
inactivation, and irreversible sorption. In Eq. S1, C is the viral or bacterial concentration

in the liquid phase (cfu ml" or pfu ml'"), D is the hydrodynamic dispersion coefficient
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(cm® min™), V is the water velocity (cm min") and p is the first order virus or bacteria

removal rate coefficient (min™). R is the retardation factor, as defined in Eq. S2:

R=1+prK" (S3)

where @, is the bulk density of the sand (g/cm’, dry weight), K, is the equilibrium
distribution coefficient between the liquid and sorbed phases (cm’ g'), and @ is the
volumetric water content (cm’ cm™). Parameters were calculated using STANMOD
Version 2.2 from UC Riverside & US Salinity Laboratories. Tracer data was input into
the CXTFIT2 package to estimate D and V for each column. For the bromide tracer it was
assumed that there was no removal (u=0) and no retardation (R=1). Next the calculated D
and V for bromide were used as inputs along with the virus and bacteria concentrations to
the CXTFIT2 package; this approach assumes that D and V are equal for both bromide
and the colloid being modeling. The CXTFIT2 package was then used to calculate p and
R values for the virus and bacteria in each column. Results are reported in Table S4. For
the somatic phage, data beyond the first 3 pore volumes was poorly described by the
model, so only the data from the first 3 pore volumes were used for the calculation of p

and R calculations.

A.9 DENITRIFICATION POTENTIAL ASSAYS.

Samples analyzed for denitrification potential analysis were collected on 24
August 2009 (DNP1-8, Fig. S1). At each sampling location, a 70% ethanol-cleaned, dry
hand auger was used to sample approximately 1 kg of sediment from the water table into
an autoclaved glass jar. The sample was then bubbled with 99.999% nitrogen gas
(Alliance Gas) to remove oxygen introduced by the soil extraction process. The samples
were capped and stored on ice for transport back to the laboratory. In the laboratory, the
samples were stored at 15 C° until analysis (within 24 h of collection). Prior to testing,
the samples were allowed to warm to 21.5 +/-0.5 °C and then were homogenized by

folding using a 70% ethanol cleaned, dry steel spatula.
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The acetylene block slurry method was used to estimate denitrification potential
of the sediment samples, following Tiedje (1982). Prior to testing, a solution of sterilized
DI water was prepared with 2 mM sodium nitrate and with 2 mM sodium acetate as a
labile organic carbon source (Pfenning and McMahon 1996; Laverman et al. 2006).
Hereafter, this is referred to as ‘working solution’. The solution was vigorously bubbled
with 99.998% nitrogen (Praxair, Medipure) for one hour prior to testing in order to purge
dissolved oxygen.

The eight samples were run in triplicate. In addition, a control consisting of
autoclaved sands from site DNP2 was included. For each sample, three sterile 250 ml
serum bottles were weighed and then packed with approximately 130 grams of sediment.
Once packed, the bottles were weighed again. 65 ml of the previously described working
solution were added to each bottle. A needle connected to the 99.998% nitrogen was
inserted into each bottle and the solution was bubbled for 30 minutes prior to the start of
the test. Each bottle was then sealed with a septa and crimp top, maintaining a nitrogen
headspace.

At the start of the experiment, acetylene gas was generated by exposing calcium
carbide to water (Pfenning and McMahon 1996). Each sealed serum bottle was injected
to 10% acetylene by volume. Bottles were shaken vigorously, vented, and resealed,
marking the start of the assay. The serum bottles were placed on an orbital shaker table
set at 200 RPM, following Laverman (2006). Samples of the head space were collected
from each serum bottle at 15, 30, 45 and 60 min elapsed time, after shaking vigorously.
Prior to sampling, a syringe with stopcock and needle was flushed three times with gas
from the headspace, after which 4 ml of headspace gas was sampled and sealed in the
syringe for analysis on the gas chromatograph. All experiments were performed at 21.5
+/-0.5 °C. Gas samples from the headspace were tested for nitrous oxide concentrations
on a Shimadzu GC-14A gas chromatograph equipped with and ECD (®Ni) detector
(Tiedje 1982). After each test, the bottles were opened, dried at 105 °C, and re-weighed to
determine the weight of dry sand in each bottle.

Nitrous oxide peak heights from the gas chromatograph were converted to nitrous
oxide concentrations based on a linear calibration curve established with standard gas

injections. The concentration of nitrous oxide in the headspace was converted to the
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number of total moles of nitrous oxide for each time point, in each of the triplicate
samples. This conversion was done by assuming ideal gas behavior in the headspace, and
assuming equilibrium behavior for Henry’s Law for the number of moles dissolved in
solution. A linear regression was used with all data points from the triplicate samples to
determine the rate of nitrous oxide production (nmol N hr'). The rate at which nitrous
oxide is produced is assumed to be equal to the rate of denitrification. The rates were
finally normalized by the dry weight of sand (nmol N hr”' (g dry sediment)”. Data from
three sample bottles confirmed for NO, contamination or leaky septa seals were omitted
from analysis. DNP rates are reported in Table S5.

The minimum DNP quantifiable rate limit (nmol N hr') was estimated by
assuming a headspace nitrous oxide concentration equal to the detection limit (0.110 ppm
nitrous oxide) at the end of a 1-hour experiment. The estimate assumes the average mass

of dry sand used during all assays. This DNP limit was found to be 5.85x10” nmol N hr

1

g .
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Figure S1. Plan view of Stinson Beach south lot field site including bathrooms and wet
well, leach fields #1 and #2, 2” wells S12, S10, and SO8, multi-level well transects A, B,
and C, sample locations for the fresh and saline FIBV attenuation column studies, and
denitrification potential sample locations DNP1-DNPS.
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Figure S2. Monthly mean +/- standard deviation hydraulic gradients. Positive gradients
indicate downward slope in the direction the ocean. Hydraulic head data are missing for

August 2008 due to equipment failures in the field. Standard deviations are shown for all
months but are sometimes too small to be seen in the figure.
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Figure S3. Wenner array resistivity profiles from low-low tide on 22 November 2008

and a plot of the absolute change in resistivity between the Wenner array profiles
collected on 5 April 2009 and 22 November 2008.
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Figure S4. Cross-sectional contour plots of TC (a), DIC (b), DOC (c), pH (d; no data
collected), nitrate (e), nitrite (f), ammonium (g), DIN (h), DON (i), and TN (j)
concentrations in Transect A in November 2008. Open circles in the plot delineate
locations where samples were collected. The color bar limits for each plot are based on
the limits of concentrations along the cross section.
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Figure S5. Cross-sectional contour plots of TC (a), DIC (b), DOC (c), pH (d; no data
collected), nitrate (e), nitrite (f), ammonium (g), DIN (h), DON (i), and TN (j)
concentrations in Transect B in November 2008. Open circles in the plot delineate
locations where samples were collected. The color bar limits for each plot are based on
the limits of concentrations along the cross section.
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Figure S6. Cross-sectional contour plots of TC (a), DIC (b), DOC (c), pH (d; no data
collected), nitrate (e), nitrite (f), ammonium (g), DIN (h), DON (i), and TN (j)
concentrations in Transect C in November 2008. Open circles in the plot delineate
locations where samples were collected. The color bar limits for each plot are based on
the limits of concentrations along the cross section.
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Figure S7. Cross-sectional contour plots of TC (a), DIC (b), DOC (c), pH (d), nitrate (e),
nitrite (f; all data below detection limit (<DL)), ammonium (g), DIN (h), DON (i; all data
below detection limit (<DL)), and TN (j) concentrations in Transect A in April 2009.
Open circles in the plot delineate locations where samples were collected. The color bar
limits for each plot are based on the limits of concentrations along the cross section.
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Figure S8. Cross-sectional contour plots of TC (a), DIC (b), DOC (c), pH (d), nitrate (e),
nitrite (f), ammonium (g), DIN (h), DON (i; all data below detection limit (<DL)), and
TN (j) concentrations in Transect B in April 2009. Open circles in the plot delineate
locations where samples were collected. The color bar limits for each plot are based on

the limits of concentrations along the cross section.
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Figure S9. Cross-sectional contour plots of TC (a), DIC (b), DOC (c), pH (d), nitrate (e),
nitrite (f), ammonium (g), DIN (h), DON (i; all data below detection limit (<DL)), and
TN (j) concentrations in Transect C in April 2009. Open circles in the plot delineate
locations where samples were collected. The color bar limits for each plot are based on
the limits of concentrations along the cross section.
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Figure S10. Cross-sectional contour plots of TC (a), DIC (b), DOC (c), pH (d), nitrate
(e), nitrite (f), ammonium (g), DIN (h), DON (i), and TN (j) concentrations in Transect A
in August 2009. Open circles in the plot delineate locations where samples were
collected. The color bar limits for each plot are based on the limits of concentrations
along the cross section.
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Figure S11. Cross-sectional contour plots of TC (a), DIC (b), DOC (c), pH (d), nitrate
(e), nitrite (f), ammonium (g), DIN (h), DON (i), and TN (j) concentrations in Transect B
in August 2009. Open circles in the plot delineate locations where samples were
collected. The color bar limits for each plot are based on the limits of concentrations
along the cross section.
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Figure S12. Cross-sectional contour plots of TC (a), DIC (b), DOC (c), pH (d), nitrate
(e), nitrite (f), ammonium (g), DIN (h), DON (i), and TN (j) concentrations in Transect C
in August 2009. Open circles in the plot delineate locations where samples were
collected. The color bar limits for each plot are based on the limits of concentrations
along the cross section.
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Figure S13. Concentrations of bromide tracer, enterococci, somatic coliphage and F+

coliphage in the fresh column, all normalized to influent concentrations.
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Figure S14. Concentrations of bromide tracer, enterococci, somatic coliphage and F+
coliphage in the saline column, all normalized to influent concentrations.
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Table S1. Hydraulic conductivities based on tidal efficiency.

-1 1
Well ID K (mday™) based on Pt. Reyes K (m day ) based on S21

record record
521 203 n/a
S20 74 22
S15 54 1.9
S10 15.8 137
S12 313 359
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Table S2. Groundwater characteristics for the fresh and saline sediment and water
samples used in the column experiments, as measured in the field upon collection.

Sample Site Temgzr;‘mre C"(rlfé‘/‘?g)”y (H?g(/)L) pH(-)  Salinity (-) (IEE])
Fresh
Groundwater 15.1 0.725 1.42 6.63 0.35 577
(Column A)

Saline
Groundwater 12.1 35.5 7.42 7.88 21.9 545
(Column B)
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