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ABSTRACT OF THE THESIS

A Rapid Method for Measuring Local Groundwater-Surface Water Interactions and

Identifying Potential Non-Point Source Pollution Inputs to Rivers

by

Christopher A. Butler

Master of Science in Environmental Systems

University of California, Merced, 2009

Agriculture in the Central Valley of California is a potential contributor of non-point source
pollution to surface waters via the groundwater pathway. This work presents a relatively simple
method and inexpensive apparatus for quantifying local groundwater discharge into rivers using
heat as a tracer. Two transects along a known gaining reach of the Lower Merced River were
used to evaluate the effectiveness of the groundwater discharge monitoring instruments,
known as Temperature Javelins, over three months. In terms of fulfilling deployment objectives,
Temperature Javelins proved to be low cost, easy to install, and yielded easily interpretable data
related to groundwater-surface water discharges. Groundwater discharge velocities were found
to vary over time seasonally and spatially (on a scale of meters). Discharges ranged from 0.1 to
6.8 cm/day with higher discharge velocities found on the northern side of the river. These
values are consistent with previous values obtained at the same site using other methods.
Corresponding hyporheic water samples were collected to investigate solute transport
(specifically nitrate) by the discharging water. Nitrate concentrations ranged from non-
detectable to 50 ppm in these samples, where elevated values appear to be associated with
groundwater entering on the north side of the river. Elevated nitrate flow lines in the hyporheic
zone correspond with high discharge areas and alternate with ammonium enriched columns and
low groundwater discharge. It is hypothesized that nitrification cells are induced by
groundwater-surface water interactions. Testing of this hypothesis is proposed as a subject of
further research.
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Chapter 1 Introduction and Background

1.1 Introduction

The use of heat as a tracer to monitor the movement of groundwater was first
documented by Suzuki (1960). Current methods for measuring subsurface temperatures within
riverbeds can be discussed in terms of three categories. The first method involves the
installation of temperature sensors in ephemeral streambeds when dry (Ronan et al., 1998;
Stonestrom and Constantz, 2003). In a second approach, shallow temperature-recording
piezometers can be inserted into a riverbed (Conant, 2004; Domagalski et al., 2007; Essaid et al.,
2008; Stonestrom and Constantz, 2003; Zamora, 2007). The third method is to map the
streambed temperatures by inserting a rigid temperature probe at a depth below the influence
of the diurnal fluctuations of the surface water (Conant, 2004; Schmidt et al., 2007).

Problems and limitations are inherent with each method. The first method is only viable
for ephemeral streams when dry, is labor intensive, and is limited to river reaches that are easily
accessible. The second method relies on measuring the water temperature inside the
piezometer, not the streambed sediments. Monitoring the water inside the piezometer allows
for vertical flow of water within the piezometer and thus less accurate temperature
measurements at depth. The third method may be not effective where there are low
groundwater-surface water (gw-sw) exchanges and the riverbed is subject to diurnal influences
at depths below 1 meter (m).

The objective of this work is to develop a low-cost method for logging vertical
temperature profiles in saturated riverbed sediments. The method should be viable under both
wet and dry stream conditions, and sensitive to the influence of diurnal fluctuations in the
surface water temperature. The Temperature Javelin developed herein provides a
straightforward method for obtaining streambed temperature profiles, which can then be
interpreted to yield gw-sw discharges. This method has the potential for identifying sensitive
river reaches which in turn may be linked to potentially problematic land management practices
adjacent to the river.

The following chapters focus on the use of heat as a tracer, the proposed method, and
the validation of this method. The remainder of this chapter focuses on the study site used for
testing the Temperature Javelins, including a summary of the results from prior investigations at
this location and concludes with a brief discussion of hyporheic flow exchanges in the context of
biogeochemical processes that occur at the gw-sw interface within agricultural catchments.
Chapter 2 contains a description of the theoretical underpinnings associated with the use of
heat as a tracer as well as the effects of heat on substrate properties. Chapter 3 describes the
fabrication and testing of the Temperature Javelin and the location and timing of the water
quality sampling which coincided with the javelin testing. Chapter 4 presents the results and
discussion emanating from this work. Chapter 5 contains a summary of the key conclusions
from this investigation and discusses the future directions of this work, including the integration
of water sample collection devices into a single unit with the temperature monitoring
equipment.



1.2 Background

1.2.1 Study Site

As the Merced River extends from its source in the Sierra Nevada, through the San
Joaquin Valley, to its confluence with the San Joaquin River, it passes through large expanses of
agricultural and urban land. The study site for this work is located on a reach of the Lower
Merced River, downstream of major impoundments. Agricultural land uses in this region
include orchards, row crops, vineyards and dairies. It follows that the Merced River is impacted
by agricultural practices in terms of point and non-point source pollution via both groundwater
and surface water pathways. This work focuses on non-point source pollutant discharges to the
river via the groundwater pathway.

1.2.2 Hydrogeology and Climate

The Lower Merced River Basin covers 831 km? (321 mi?) and is underlain by a primary
unconfined aquifer composed of alluvial deposits from the Sierra Nevada to the east and the
Costal Ranges to the west (Gronberg and Kratzer, 2006). The map in Figure 1.1 shows the
location of the study site within the basin. Sediments tend to be coarse to fine-grained sands to
a depth of approximately 40 m where the Corcoran Clay confining layer begins (Burow et al.,
2004; Gronberg and Kratzer, 2006). The uppermost, unconfined aquifer follows the local
topography with the water table measuring at a depth between 5.5 to 6.1m below grade, but
varying with short-term climactic conditions and irrigation practices. Groundwater temperature
remains relatively constant at 19.5 °C.

Climate at the site is characteristic of that of the central San Joaquin Valley, that is, arid
to semiarid and can be distinguished as having hot summers and mild winters. Temperatures
range from below 0°C to above 38°C (mid 30’s to excess of 100°F)(Gronberg and Kratzer, 2006).
Annual precipitation from 1931 to 1997 was 315 mm (Phillips et al., 2007), with 80% falling
between November and March (Gronberg and Kratzer, 2006).
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Figure 1.1 - Local site map near Livingston, Ca. highlighting current hydrologic monitoring
infrastructure.

1.2.2.1 Lower Merced River

The Lower Merced River extends approximately 95 kilometers (59 miles)from Lake
McClure to its confluence with the San Joaquin River at the west side of the San Joaquin Valley.
The streambed is composed of gravel and coarse sand alluvial deposits. Historic median flows
taken at the Merced River gauge near Stevenson (MST) is 7.0 m®/s (248 cfs), ranging from 0.87
m>/s (31 cfs) t035.8 m>/s (1264 cfs) taken from 1999 to 2008 (Figure 1.2). Flows during the
current investigation ranged from 7.8 m?/s (203 cfs) to 12.2 m>/s (432 cfs) with a median value
of 8.3 m?/s (291 cfs).

The Lower Merced River is managed for flood control, environmental sustainability and
irrigation supply via releases from New Exchequer Dam upstream. The lower river is heavily
managed for water supply and flood control. Figure 1.2 shows the hydrograph of the Merced
River over the past 10 years. Typical water years (e.g., 2001 to 2003) are characterized by spring
and fall (usually May and November) releases mandated for protections of juvenile Chinook
salmon migrating from the San Joaquin River to the Sacramento Delta as part of the Vernalis
Adaptive Management Program (VAMP). Flows near 40 m>/s (1400 cfs) are released in the



spring and near 20 m>/s (700 cfs) in the fall (Figure 1.2). Selected spring VAMP flows are
highlighted to differentiate the magnitude of flow releases compared to flows during other
times of the year. Large water years are shaded to illustrate the high interannual variability of
flows when flood control drives management decisions.
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Figure 1.2 - Merced River hydrograph (1999 to 2008) (CDEC, MST Gauge station).
1.2.2.2 Land Use

Land use along the Lower Merced River encompasses urban and suburban areas,
rangeland, livestock production facilities (e.g., chicken), dairies, and a variety of agriculture.
Agricultural lands consisting of dairies, feed crops, orchards, and vineyards border
approximately 65% of its length (Vogelmann et al., 2001). Most of the agricultural land is
irrigated by surface water originating from the Merced River. Total Nitrogen (N) use in 2004
was approximately 7300 Mg (Gronberg and Kratzer, 2006). Three land use types dominate at
the research site; almond orchards to the far north, row crops approaching the river, riparian
vegetation bordering the Merced River, with vineyards to the south of the River (Figure 1.3).The
nearby orchards are irrigated using sprinklers, row crops, such as corn, are flood-irrigated, and
vineyards are predominantly irrigated using drip and sprinkler irrigation.
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Figure 1.3 - Site map showing land use types and groundwater well transect nest depths and
river transects (Domagalski et al., 2007).

1.2.2.3 Previous Site Investigations

As part of the National Agricultural Water Quality Assessment (NAWQA) program by the
U. S. Geological Survey (USGS), many investigations have taken place at this location to
determine agricultural impacts on the environment, as well as hydrologic behavior (Domagalski
et al., 2008; Domagalski et al., 2007; Essaid et al., 2008; Fisher and Healy, 2008; Green et al.,
2008a; Green et al., 2008b; Hancock et al., 2008; Phillips et al., 2007; Puckett et al., 2008; Steele
et al., 2008; Vogel et al., 2008; Zamora, 2007). This body of work includes the development and
testing of a regional and local multiscale groundwater model for tracking movement through the
unsaturated and saturated zone (Phillips et al., 2007). The USGS group has traced nitrate from
fertilizer applied to the orchard and row crops to the Merced River and identified denitrifying
conditions at shallow depths in the aquifer and streambed (Domagalski et al., 2007). Zamora
(2007) estimated groundwater discharge by comparing seepage meters, hyporheic piezometers
to measure pressure head, and using heat as a tracer. This effort also concluded that seepage
meters were unreliable for determining gw-sw discharges in the sandy substrate, whereas, using
heat as a tracer was proved to be a viable method. Groundwater discharge velocities were
found to be between 0.4 and 2.2 cm/d in this gaining reach (Zamora, 2007).
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A comparison of multiple agricultural watersheds was published in a special issue of the
Journal of Environmental Quality that included the site associated with this work (Capel et al.,
2008; Domagalski et al., 2008; Essaid et al., 2008; Fisher and Healy, 2008; Green et al., 20083;
Green et al., 2008b; Hancock et al., 2008; Puckett et al., 2008; Steele et al., 2008; Vogel et al.,
2008). Puckett (2008) determined that denitrification occurred in pockets within the hyporheic
zone where there were elevated levels of dissolved organic carbon (DOC). In addition, Pucket
(2008) observed surface water mixing to one meter below the streambed resulting in significant
spatial variation in nitrate concentrations (Puckett et al., 2008). Essaid (2008) reported
groundwater discharge velocities between -1.82 and 4.8 cm/day. This report also suggested
that high flow releases trigger flow reversals from groundwater discharge to recharge. In
addition, high flows purge the streambed of fine-grained materials, leading to rate changes in
discharge due to alterations in local hydraulic conductivity. An additional conclusion of this
work was that hyporheic flows at the site are more accurately described as multidimensional as
opposed to the one-dimensional flow that many models assume (Essaid et al., 2008).

The Lower Merced River provides excellent opportunities to evaluate the effectiveness
of Temperature Javelins in an agricultural basin. The study site retains the geologic, hydrologic,
and climate found in the central San Joaquin Valley, and is characterized by a wealth of prior
investigations carried out that are ideal for comparison with the current work.



Chapter 2 Heat Transfer in Subsurface Hydrology

2.1 Heat as a Tracer

Temperature has long been used as a tool to trace the movement of groundwater
through the subsurface media and estimate its hydraulic parameters (Slichter, 1905; Stallman,
1963; White et al., 1987). Using a theoretical basis for the propagation of heat through
groundwater, these researchers have provided analytical and numerical solutions to the
differential equations describing heat transport through the subsurface media. Due to the
difficulty observing groundwater behavior, the use of this property can be used in conjunction
with other methods to better estimate hydrologic parameters of the subsurface medium
(Anderson, 2005; Lapham, 1989; Stonestrom and Constantz, 2003).

Heat transfer through groundwater is a result of two main processes, conduction and
convection. Conduction is the transfer of heat from areas of high to low temperatures due to a
thermal gradient, and is independent of flow. It can be the dominant heat transfer mechanism
in slow-moving groundwater. The pressure-driven process of heat transfer is referred to as
forced convection. Relatively large temperature gradients can lead to density differences
causing buoyancy-driven flow, known as free convection, but this requires relatively large
temperature differences.

Conductive heat transfer as a one-dimensional flux (J,) is described by Fourier’s Law:

Jx = —Kr (1

. L. . . . dar .
where, Ky is the thermal conductivity of the solid-fluid matrix, and il the temperature

gradient in the x direction. The convection-conduction model considers both the conductive
and convective modes of heat transfer (Stallman, 1965):

Kr
pc
Where, T (K) is temperature, z (m) is the depth below the streambed, K; (W-m™K™) is the
thermal conductivity of the solid-fluid matrix, t (s) is time, g, (m-s) is fluid velocity, psc; (I-m3k?Y
and pc (J:-m~K?) are the volumetric specific heat of the fluid and solid-fluid matrix respectively,
where p (kg -m™) and ¢ (J -kg’K™) are the corresponding density and heat capacities. Equation 2
describes both the advective and conductive forces in the groundwater. The first term in (2)
describes the conductive or diffusive forces involved in the transport of heat in groundwater.
The second term in (2) describes the advective or convective forces.

2 _ PiCf g, _or
VAT By (7q) = 3 ©)

2.2 Thermal Effects on Hydraulic Conductivity

Changes in surface water temperature are known to influence the rate at which discharge
into rivers by changing local hydraulic conductivity values (Anderson, 2005; Constantz, 1998;
Constantz and Thomas, 1997; Constantz et al., 1994; Rorabaugh, 1956; Winslow, 1962).
Hydraulic conductivity is inversely proportional to the dynamic viscosity of water () and
directly proportional to density, which are both influenced by temperature:

- g



where, k is intrinsic permeability, g is gravity, and p,, is the density of water. As the streambed
temperature increases, for example, within a normal range, the viscosity of water decreases,
increasing the hydraulic conductivity and allowing greater discharge into the surface water for
the same pressure gradient. Constantz (1994) reports up to 30% greater groundwater discharge
during the afternoon compared to morning from the change in hydraulic conductivity of
temperature (Constantz et al., 1994). The density of water also decreases with increasing
temperature, albeit modestly over the range of temperatures observed at this site, resulting in
enhanced hydraulic conductivity.

2.3 Thermal Signal in Groundwater Movement

Early successes in the use of heat as a tracer set the stage for widespread use of the
temperature to monitor the movement of groundwater (Bredehoeft and Papadopulos, 1965;
Domenico and Schwartz, 1990; Stallman, 1963; Suzuki, 1960). More recent work has
demonstrated that tracking heat transfer is a highly effective method for estimating
groundwater flow and hydraulic properties in porous media (Conant, 2004; Constantz et al.,
2001; Constantz and Thomas, 1997; Essaid et al., 2008; Johnson et al., 2005; Schmidt et al.,
2007; Stonestrom and Constantz, 2003).

Bredehoef (1965) was one of the first to develop an analytical solution (4) to Stallman’s
(1965) equation (2) and developed a type curve method for estimating groundwater velocities
based on temperature measurements:

Ground surface
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Wafer iu ble
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Figure 2.1 - Diagrammatic sketch of typical leaky aquifer (from (Bredehoeft and Papadopulos,
1965) © Amer. Geophys. Union).
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where Ty is the temperature at the upper most boundary at z =0, T} is the temperature at the
lowest measurement at z =L, T}, is the temperature at any depth over the thickness L. Np.is the

Peclet number for heat transfer and is defined in (5).
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Figure 2.2 - Type curves for
solution of one-dimensional

conduction-convection
equation (modified
from(Bredehoeft and
Papadopulos, 1965) ©Amer.
Geophys. Union).

Figure 2.2 represents an
analytical solution to (2) in
terms of Peclet numbers as a
function of a normalized
streambed temperature
(T, —To)/(T, — Tp) for a
depth factor ( z/L) (Domenico
and Schwartz, 1990). The
velocity can be derived from (5)
after field plots are determined.
Bredehoeft and Papadopulos
(1965) suggested that a
minimum detectable
groundwater velocity is a
function of the thermal
conductivity, volumetric heat
capacity of the solid-fluid
matrix, and the length over the
measurements (6).

(6)



Stonestrom and Constantz (2003) present the basic theory of the use of heat as a tracer
(Figure 2.3), methods for using heat as a tracer in the monitoring of gw-sw exchanges, as well as
multiple studies. Figure 2.3 describes the theoretical conditions of gaining and losing reaches
within a stream. Slide (A) shows an increase in head from within the streambed compared to
the surface water, as well as a muted diurnal temperature influence with depth. Slide (B)
depicts a decrease in head within the streambed compared with the surface water, and a much
greater influence of the diurnal temperature fluctuations of the surface water within the
streambed as it recharges the hyporheic zone(Stonestrom and Constantz, 2003).

Stonestrom and Constantz (2003) present 7 cases illustrating the use of heat to
investigate gw-sw interactions. Rillito Creek near Tucson Arizona, the Rio Grande in New
Mexico, the Willamette Basin in Oregon, and the Trout Creek in Nevada investigations were
supported by numerical infiltration models to determine infiltration rates from the surface
water to the groundwater for future water planning, irrigation pumping effects on the
groundwater flows and to quantify the amount of seepage loss from snowmelt respectively.
The Russian River in Northern California, Santa Clara River in Southern California, Troute Creek
near Lake Tahoe, California were investigated to understand gw-sw interactions in order to
better track nutrient and chemical exchanges(Stonestrom and Constantz, 2003).

PERENNIAL STREAM, B

PERENNIAL STREAM, A
m GAINING REAGH W\J LOSING REACH

P e

Streamflow

Streamflow

Temperature
Temperature

\_ time

fime "

‘Stroam Gaga

Figure 2.3 - Theoretical cross sections of gaining (A) and losing (B) streams (Stonestrom and
Constantz, 2003).

Using empirical relationships between streambed temperatures and a Darcy flux,
Conant (2004) modeled an ephemeral stream under quasi-steady-state conditions as a proxy for
groundwater recharge rates. Streambed temperatures were obtained twice a year by inserting
a temperature probe at a 0.2 meter depth, below the influence of diurnal temperature
variations, every 1 meter along transects with a 2 meter spacing between transects. Darcy
fluxes were estimated by performing slug tests on 34 mini-piezometers distributed to cover a
range of streambed temperatures. Correlations were determined between the streambed
temperature, and Darcy’s law flux results. Correlations were reasonable (R*=0.66 during
summer mapping and R’= 0.81 during winter mapping), and Conant found that this temperature
method estimated groundwater fluxes reasonably well under most conditions. However,
relationships were found to fail once streambed temperatures approached either groundwater
or surface water temperatures (Conant, 2004; Schmidt et al., 2007).
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In a recent investigation, Schmidt (2007) compared the Conant (2004) streambed
mapping method with the USGS VS2DH transient model and an analytical steady state
groundwater-surface model (Turcotte and Schubert, 1982)

_ _Kr T(z)-Ty
9z = . Z
prcrz To—Ty

()

Schmidt (2007) found that analytically modeled fluxes validated the previous fluxes derived
from empirical streambed measurements. In addition Schmidt (2007) found the steady-state
analytical method proved to be accurate with less data than are required by numerical models
(Schmidt et al., 2007).

Essaid (2007) characterized gw-sw interactions in five watersheds, including that
associated with the site of this investigation, to compare gw-sw interactions across the sites
using heat as a tracer. This
researcher observed small
groundwater discharge flows with A
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stream flows(Figure 2.4)(Essaid et g’z'g i JW
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In summary, the use of heat as a tracer has been found to be a valuable method to monitor
the movement of groundwater (Anderson, 2005; Conant, 2004; Constantz, 1998; Essaid et al.,
2008). Since its early discovery by Suzuki (1960) and Stallman (1960) many solutions have been
developed to quantify the movement of groundwater through the subsurface as well as its
interactions with the surface water.
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Chapter 3 The Hyporheic Zone

The hyporheic zone is situated in streambed sediments where groundwater and surface water
interface and mix (Figure 3.1). This zone is known to be a location of complex flow dynamics
and high biogeochemical activity (Bencala, 1993; Bencala, 2000; Birgand et al., 2007).
Mulholland and DeAngelis (2000) state that, “high ratios of surface area sediments to volume of
water within sediments should result in large effects of microbial processes on subsurface
water, and relatively slow advective flow of water within the subsurface zone retards the
downstream movement of soluble materials compared with the surface environment.” Both
the flow reduction of and the biogeochemical reactions that take place in this zone are of great
importance to the river ecosystem.

The study of hyporheic behavior is to a good measure still unknown and an active area of
study (Bencala, 2005). Modeling of hyporheic flows continues to make progress using such
models as One-dimensional Transport with Inflow and Storage (OTIS) and the Transient Storage
Model (TSM). These models aid investigators in determining the residence time of hyporheic
flows and thus their role in any different biogeochemical processes. The heterogeneity of the
streambed sediments can greatly affect the hyporheic interactions spatially, even within the
same reach (Salehin et al., 2004).

Water and solutes
move from
aquifer to river {

Oy UIR Down-valley transport
- = >\ inriverand
== fiyporheic zone
o,

Figure 3.1 - (A.) Visualization of gw-sw interactions in a river system as a pipe; (B.) Alternate
visualization of groundwater and surface water interacting within the river catchment (Bencala,
1993; Bencala, 2000).
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Hyporheic flows are governed by the structure and hydraulic conductivity of the
streambed alluvium or substrate, the hydraulic gradient locally across geomorphological
features, and the presence or absence of groundwater fluxes entering the substrate (Storey et
al., 2003). A key feature of hyporheic flow is to increase residence time of surface water coming
in contact with biogeochemically active substrate for the transformation of solutes. It has been
proposed that heterogeneous substrate deposits, and surface obstructions (Birgand et al., 2007,
Cardenas and Zlotnik, 2003) play lesser roles in determining hyporheic flow dynamics. However,
spatial variability of gw-sw hydraulic and biogeochemical interactions remains an area of active
research.

A conceptual model for hyporheic zone flow is shown in Figure 3.2. Riverbeds are
composed of a non-homogeneous mixture of porous alluvium. As water passes into the
hyporheic zone, it moves out of the traditional stream channel, and into the banks and below
the river itself. Partially submersed obstacles and debris induce areas of lower and higher
pressure that also influence hyporheic flows (see 6, 7, and 11 in Figure 3.2). Here water travels
below the riverbed and is drawn beneath an obstacle, and is “pumped” vertically on the lee side
of the obstacle by a pressure decrease.

Figure 3.2 - Hyporheic flow dynamics and river solute interactions (Birgand et al., 2007).
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3.1 Biogeochemical Reactions

When surface water breaches the surface water-riverbed interface and enters the
hyporheic zone, it moves at a significantly slower rate, increasing its exposure to
biogeochemically active substrate necessary for chemical transformations (Bencala, 2000;
Birgand et al., 2007; Puckett et al., 2008). For example, denitrification is common, and there
may a significant amount of nitrogen taken up by macrophytes and/or periphyton. Birgand
(2007) suggests that between 350 and 1250 mg N/m? day is taken up by plants in agricultural
catchments. Numerous studies have shown that in agricultural catchments, uptake by
macrophytes and biofilms can be the dominant removal process of nitrate (Birgand et al.,
2007). In each case unique plant physiology determines the activity site (e.g. roots, shoots,
leaves) as well as rates of uptake.

Both laboratory and field studies have revealed various pathways of nitrogen uptake.
Biofilms create anoxic areas within the film making denitrification possible, and reduce water
velocities allowing longer residence times for nitrate in the water to be transformed (Nielsen
and Sloth, 1994). Macrophytes, in addition to slowing surface water velocities (Figure 3.2), are
able to change their uptake sites from shoots in the water column to their roots in the substrate,
to better access nitrogen (Chambers et al., 1989; Cooper and Cooke, 1984; Vincent and Downes,
1980).

In summary, the hyporheic zone is a dynamic region where groundwater and surface
water flow intermix and biogeochemical reactions are intricately intertwined to these flows.
Hydraulic flows are unique to the reach scale of each river, with varying amount s of vertical and
horizontal mixing. As a result biogeochemical reactions are equally heterogeneous. This
method is uniquely well suited to aid in the understanding of this highly dynamic region
surrounding rivers by decreasing the spatial scale which flow data can be collected.
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Chapter 4 Materials and Methods

4.1 Site Infrastructure

As part of a the NAWQA program the USGS selected the Lower Merced River Basin to
assess the fate and transport of agricultural chemicals moving along a groundwater flow path
towards the Merced River (Phillips et al., 2007). The site was developed by the USGS with a
groundwater well transect and two river transects to monitor gw-sw interaction. The
groundwater transect is composed of three observation well nests positioned along a flow path
extending from an orchard to the river over a distance of about one kilometer (Figure 1.1,
Figure 1.3); the riparian zone is mapped below and includes the locations of nested observation
wells at the foot of the groundwater transect as well as the riparian observation wells, and the
new infrastructure stemming from the present research, the Temperature Javelins, which are
described below (Figure 4.1,Figure 4.2). The river transects are spaced approximately 100 m
apart and composed of two shallow riparian wells bounding each transect approximately 5
meters below grade and hyporheic transect piezometer pairs approximately 1.5 and 3 meters
deep located along each side and middle of both transects. Water sampling drive points (Figure
4.1) correspond to hyporheic piezometers in each river transect. Additional site descriptions will
follow in later sections.

4.2 Temperature Javelins

Temperature Javelins monitor streambed temperatures directly. Thermocron iButton
self-logging thermisters (Model DS1922L, Dallas Semiconductors, Sunnyvale, CA, USA) were
installed in 1.25 in. by 10 ft. (3.02 cm by 3.05 m) PVC pipe. Mounting holes were counter bored
and tapped to allow set screws to secure the thermisters in the opposing sidewall (Figure 4.2).
Custom machined drive tips capped on the bottom of the javelin.

Table 4.1 - Specified precision of monitoring equipment used to estimate groundwater
discharge rates.

Operating
Model Manufacturer Range Precision Measurement Type
Thermocron iButton Dallas
DS1922L Semiconductor -40to 85°C 0.5°C Temperature
Model 101 (P2 stainless
steel) water level meter | Solinst Canada Ltd. O0to30m 0.005m Water Level
Onset Computer
U20-001-01 Corporation -20° to 50°C +0.37°Cat 20°C | Temperature
Onset Computer
U20-001-01 Corporation 0 to 207 kPa 0.02 kPa Pressure

Fifteen Temperature Javelins were installed in tandem transects along both hyporheic
piezometer transects both upstream and downstream to bound the transect measurements.
Javelins were driven into the streambed using a slide hammer every 5 m along a parallel
transect that was 2 m offset from the hyporheic piezometer transect centerline (Figure 4.1).
Temperature Javelins were inserted to depth, positioning the iButtons at the desired depths
below the surface water-streambed interface (0.5, 1.0, and 2.0 m).
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Figure 4.1 - Horizontal layout of the Temperature Javelins and hyporheic infrastructure.

Measurements were collected from October 16, 2008 through January 14, 2009.
Streambed temperature measurements were monitored every 30 minutes using Temperature
Javelins. Groundwater temperatures were measured at the local groundwater well cluster
(Figure 1.3) at a depth of 40 m below grade using water level loggers (Model U20-001-01, Onset
Computer Corporation, Pocasset, MA, USA) and found to be relatively constant. Surface water
temperatures and stage were assumed to be identical to an upstream gauge station (MST), and
thus MST gauge station data was used.

Hyporheic transects were instrumented by the USGS with water-sampling drive points
at depths corresponding to the Temperature Javelins thermistor depths (0.5, 1.0, 2.0 m below
the surface water-streambed interface). Drive points were installed at depth with sample
tubing extending to the nearest bank at each hyporheic transect (Domagalski et al., 2007).
Water samples were collected on October 16, December 10, and January 14, 2009 using a
peristaltic pump (Model 401, Solinst Canada Ltd., Georgetown, Ontario, Canada), filtering
(2.0um filter), measuring electrical conductivity (EC) (Model EC300, YSI Inc., Yellow Springs, OH),
and icing until analysis could be preformed. Water samples were analyzed using lon
Chromatography (IC) EPA method 800 for major ions.
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Figure 4.2 - Conceptual model and Temperature Javelin details and deployment positioning.

4.3 Analytical GW-SW Heat Transfer Model

Temperature Javelins yield vertical temperature distributions from which gw-sw
discharge rates are calculated. Stallman (1965) used equation (2) to describe temperature
redistribution as a function of heat transfer via convection (or advection) and conduction, an
approach that has since lead to the development of several analytical models for gw-sw
exchanges. This approach assumes that vertical temperature distributions in groundwater
underlying a streambed are governed only by conductive and advective processes (i.e., no
density driven flow), and that the porous media properties are homogeneous.

Various analytical solutions to (2) have been presented (Bredehoeft and Papadopulos,
1965; Stallman, 1965; Stonestrom and Constantz, 2003; Suzuki, 1960; Turcotte and Schubert,
1982) to the heat transport equation presented by Stallman (1965). This method utilizes one
such analytical solution shown in equation (8) (Turcotte and Schubert, 1982) derived by
assuming steady state upward vertical flow conditions and applying constant temperature
boundary conditions at the streambed water interface (z=0, T=T,), and deep in the river bed (as
z—>o, T=T, ), where T is the deeper (constant) groundwater temperature. T(z) is the
temperature at a given depth z, and T is the temperature at the upper boundary; which in this
case is the stream water temperature (see Figure 4.3).

T = exp (—q, 2L 2) ©)

To-TL Kt
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Figure 4.3 - Conceptual diagram of analytical solution by Turcotte and Schubert (1982) (drawn
by Schmidt et al., 2007).

The steady state assumption is appropriate in many gw-sw systems, where pressure
head differential (driving the discharge) and temperature distributions are not changing
appreciably over time. If the system is in a period of significant flow change, as is common in
many managed waterways, this assumption may not be appropriate. Equation (8) requires that
the temperature difference between the groundwater and surface water be sufficiently great to
cause a discernable vertical temperature gradient within the substrate. If the temperature
difference is insufficient, then the uncertainty of the system will be too large to obtain
reasonable parameter estimates, as will be demonstrated below (Bevington and Robinson,
1992).

Solving for the upward vertical groundwater discharge velocity, q, yields the following

form of the solution:

_ Kkt T(2)-TL
G =5 g I ©)
Assuming steady state conditions are well-approximated, temperature gradient data can be
evaluated using (9) to yield an estimate of the vertical velocities at a given depth given
reasonable estimates for the thermal conductivity value and the volumetric heat capacity for
the solid-fluid matrix.
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Figure 4.4 shows the analytical model behavior in the case where local groundwater is
warmer than surface water (Turcotte and Schubert, 1982). For this calculation, groundwater is
held constant at 19°C and surface water varies between 7°C and 15°C, which is consistent with
the observed groundwater and surface water temperatures at t he current field site. The model
calculates negative fluxes, or recharge when the streambed temperature (T,) is less than the
surface water temperature (T,). Negative values in this model are invalid as it was derived to
address gaining conditons only. While negative values obtained by this method could indicate
actual recharge zones, the magnitude of the flux should be estimated using alternative models.
Zero flux is observed when T, is equal to To. Once T, is greater than T,, a positive velocity, or
groundwater discharge is calculated. The model produces invalid results once T, is equal or
greater than the groundwater temperature (T,) as it extends beyondthe model boundary
conditions. Physically the model is constrained to operate successfully within a temperature
envelope bounded by the groundwater and surface water temperatures.
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Figure 4.4 - Velocity changes with respect to streambed changes over variable surface water
temperatures.

4.4 Estimating Groundwater-Surface Water Discharge Uncertainty

As each measurement or parameter estimation is made, there is uncertainty associated
with it. These uncertainties propagate through the subsequent calculations to impart an
aggregate uncertainty in the discharge estimate. Thus it is important to understand the
uncertainties associated with each value and its effect on the overall output of the model
(Bevington and Robinson, 1992). Through the use of the Gaussian error propagation method,
the uncertainty associated with each parameter in the Turcotte and Schubert model can be
estimated as indicated in (10), based on the partial derivatives of a variable (dz/0x), the
uncertainty associated with the variable’s measurement (o,), and the correlation of the
dependent variables (o) (note: here x, y and z designate the variables illustrating the error
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propagation method and are not to be confused with the coordinate system). This approach
assumes that the errors associated with measurements and parameter estimates are known and
normally distributed about the true value.

0= (& 0) +(Z-0,) +200, ((_ o)+ (2 ay)) (10)

Assuming independence between variables in (10) yields (11), where uncertainty in z
(o,) is shown as square root of the sum of the squares of the partial derivatives of z with respect
to each variable multiplied by the uncertainty for each variable.

o= (o) + (o) av

The partial derivatives for each parameter and variable in (10) are summarized below. Sources

of uncertainty for (10) measurements (+sd) are given in Table 4.2.

6qz KT T(Z)—TL KT 1 oT
94z _ _ _ : T (12)
0z pfCcrz To—TL prepz T(z)-T, 0z
7] -1 T(z)-T

dz — In (2)-Ty, (13)
0Kt  pgcrz To—TL

6qz _ _KT 1
aT (z) - prerz T(2)-Tg (14)
[3] -K 1
Mz T (15)

T, pregz (To—TL)

da; _ —Kr T(2)-T,
aT,  prepz (T(@-T(To-Tp) (16)
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Table 4.2 - Standard error based on vendor-specified measurement precision and parameter
estimation (for thermal conductivity)

Parameter/Variable Best estimate Precision Source
z, depth below streambed 0.05m 0,=+0.02 m Total Station survey
Ky, thermal conductivity 1.7 W-m™K* Okr=10.1 W-m™K" | Domagalski et al., 2007
To, surface water temperature 16.7 °C oo =10.2°C MST gauge station
T(z), streambed temperature at | 18.72 °C Or(z) $0.2°C iButton DS1922L
depth z
T, groundwater temperature 20.6 °C or,=10.2°C HOBO U20-001-01
p:Cs, volumetric specific heat ?151) x 10°W-s:m’ ?? Estimate??

.K'

Partial derivatives were evaluated using parameter values from a preliminary investigation of
site materials, or gleaned from the literature. Inserting the partial derivatives and thermal
values into (11), we arrive at the following equations for describing the uncertainty associated
with the vertical velocity (q,).

%, = \/(% ' UZ)Z + (aalz; ) GKT)Z + (aar_(zzz) : UT(z))Z + (Z_;{z : O'TO)Z + (Z;{Z : O'TL)Z a7

g, =/(127x1077)2 + (1.2x1077)? + (7.2x1079)% + (3.6x10~°)% + (—6.8x1078)2  (18)

The above equation demonstrates the individual constituents of the uncertainty
equation; it is evident that the first two components, depth and thermal conductivity, are the
main contributors to uncertainty. Depth measurements and thermal conductivity are at least on
order of magnitude greater than the remaining variables in the equation.

Figure 4.5 and Figure 4.6 show the two main influences of the uncertainty of a single
parameter on the uncertainty of the vertical velocity. By varying the uncertainty of each
variable, and plotting against the uncertainty of the vertical velocity, we can quantify the
sensitivity of the groundwater discharge estimate to measurement uncertainties associated with
these variables. Here the parameters are typical for the test site of this study. The plot in Figure
4.5 demonstrates, for example, that a thermal conductivity uncertainty of 0.01 W-m™K™has a
minor effect on the overall uncertainty of the vertical velocity, and that at a reasonably
expected uncertainty of 0.1 W-m™K?, the corresponding uncertainty in vertical velocity is about
18 percent. However, greater uncertainties in this parameter would render the discharge
estimate highly uncertain for the present case.
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The plots in Figure 4.6 demonstrate the effect of the uncertainty of depth
measurements on the vertical velocity uncertainty. For example an uncertainty of 0.02 m
increases the vertical velocity uncertainty of nearly 18 percent. A decrease to 0.01 m would
have virtually no effect on the overall uncertainty.

For the conditions of the test site the results of the uncertainty analysis indicate that the
main source of uncertainty for the Temperature Javelins is the thermal conductivity. Given the
current uncertainty parameters, the resulting uncertainty of the vertical velocity is less than 20

percent.
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groundwater discharge velocity. This resulting uncertainty value associated with calculating
groundwater discharge velocities using this model yields accurate results.

The previous chapter presents the development and deployment of the Temperature
Javelins used to calculate groundwater discharge velocities. Temperature Javelins were
constructed using inexpensive materials and deployed over a 3 month period. Groundwater
discharge velocities were calculated using a one-dimensional analytical model. Model
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uncertainties are shown to be approximately 12 percent. Hyporheic water samples collected at
the same depth as Temperature Javelins were analyzed using EPA method 800 on an lon
chromatograph to better understand solute transport in the discharging groundwater.
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Chapter 5 Results

This chapter presents the Temperature Javelin and water quality sampling results for
the Merced River flow path site. A brief assessment of the Temperature Javelin apparatus
performance is instrumentation is presented, followed by analyses of vertical groundwater
discharge velocities and water quality samples. Groundwater discharge temporal variation and
spatial heterogeneity are discussed and possible flow induced nitrification zonation is
hypothesized.

5.1 iButton Performance and Limitations

Thermocron iButtons are not designed to be submersible despite with mixed reviews in
the literature as to their water resistance (Johnson et al., 2005; Schmidt et al., 2007; Wolaver
and Sharp, 2007), although Johnson’s group reported only an 8% loss when deploying the
iButtons to depths of up to 5 m over 12 months. In contrast, Wolaver (2007) reported lost 3 of 8
iButtons, a finding more consistent with the present work, when submersing them at depths of
2 to 6 m in freshwater for seven weeks (Wolaver and Sharp, 2007). Failure rates in excess of
60% were observed in this 3 month deployment. The use of iButtons to monitor groundwater
temperature has been well documented (Johnson et al., 2005; Schmidt et al., 2007). Upon
retrieval of the iButtons, only 19 out of the 45 iButtons were able to be downloaded.
Fortunately, data were recovered from at least one iButton at all but one javelin location,
therefore sufficient data were amiable to provide results of groundwater surface water
interactions. Further communications with Dallas Semiconductors has confirmed that there is
variability in manufacturing process with respect to the seal on the iButton. It is believed that
not only the depth and subsequent pressure cause the iButtons to fail, but also the duration
that the iButton is submerged.

As a result of the excessive failure rates, an investigation of methods to improve the
lifetime of iButtons while submerged is underway. A waterproof “capsule” for the iButton
(Model DS9107) is now available, but this significantly changes the size of the overall sensor (35
x 25 mm versus 17.3 x 6 mm). Fortunately, it appears to be the case that simply coating the
iButton casing with epoxy or other waterproof agents may render them sufficiently robust to
long-term deployments at significant depths in the water column (Hatch, 2009). Discussion on
the potential use of Thermocron iButtons for measuring gw-sw interactions is continued in
Chapter 6.

5.2 Temperature Results

Flows between October 2008 and January 2009 ranged from 7.8m>/s (203ft*/s) to
12.2m>/s (432ft>/s) with a median value of 8.3m?*/s (291ft*/s), although associated stage changes
for this reach were modest, ranging from about 17.4 to 17.7 m over the same timeframe.
Because a steady pressure differential is assumed in equation (9), stage changes of this
magnitude bias interpreted discharge rates, particularly during the times when discharges are
relatively low. Over the time of this study, the surface water temperature decreased from
approximately 16°C to about 8°C and groundwater temperature, measured 20 m below ground
surface, remained nearly constant at 19.5°C (Figure 5.1). The decrease in surface water
temperature during this period enhances the difference between the groundwater and surface
water temperatures. In doing so, it reduces the uncertainty of the analytical model derived
from the temperature difference is reduced (Figure 5.2). The maximum temperature difference
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achieved in the winter (approximately 11.5° C here) reduces the relative error in estimated local
gw-sw discharge rates to less than 2%.
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Figure 5.1 — Groundwater, surface water stage and temperature with water sampling events
shaded.
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The observations in this work are
consistent with those of previous investigations, with temperatures nearest to the groundwater

source being relatively warmer surface water (Figure 5.3, Figure 5.4) (Domagalski et al., 2007,
Essaid et al., 2008; Zamora, 2007). By December, surface water flows and temperatures begin
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to stabilize toward steady state conditions (Figure 5.1), as do the riverbed temperatures by the
first part of January (Figure 5.3).
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Figure 5.3 - Javelin 8 temperature profiles at depth demonstrating a consistent cooling trend
Oct-Dec, followed by more stationary conditions in January.

5.3 Velocity Results

Vertical groundwater discharge velocities were calculated using the Turcotte and
Schubert (1982) analytical method (see Ch 4, equation 9), and assume quasi-steady state
conditions at any moment in time. More specifically this assumes that the changes in
temperature and stage are sufficiently slow to allow the steady state assumption to be
employed using the observed temperature gradients. Velocity estimates are plotted at 3
different depths from Javelin 8 in Figure 5.4. Variable river flows are apparent throughout the
deployment, though stage changes only minimally (17.3 m to 17.5 m, see Figure 5.1), with
longer-term quasi-steady state flow conditions beginning in the early part of December.
Groundwater discharge velocities show similar patterns in variability throughout the
deployment (Figure 5.4).

Diurnal cycling is evident in the surface water temperatures during throughout the fall
due to the hot days and cool nights characteristic of this season. Figure 5.4 shows the
calculated vertical groundwater velocities using the Turcotte and Schubert analytical model.
The first inset in Figure 5.4 shows apparent diurnal cycling of the groundwater discharge
velocities. This is a result of a relatively small temperature difference between the groundwater
and surface water temperatures and the strong diurnal cycling of the surface water
temperature. As noted by Schmidt et al. (2007), this degree of deviation from steady state
conditions invalidates the discharge estimates made using the approach used here. Further
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discussion of local temperature affects on calculated groundwater discharge velocities is
continued at the end of this section.
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Figure 5.4 - Estimated vertical gw-sw discharge velocities at temperature observation depths
indicated (black line indicates river discharge rate).

The second inset in Figure 5.4 characterizes relatively lower and more stable flows,
along with less prominent diurnal variation in estimated groundwater discharge velocities.
Apparent diurnal cycling is evident, but over a smaller range. Velocities for these lower flow
conditions are observed to approach similar values regardless of the depth in the riverbed.
Riverbed temperatures at this time have stabilized at their annual minima. Constantz and
Thomas (1997) observed diurnal discharge cycles tied to surface water temperature cycling
(Constantz and Thomas, 1997).

A spatial mapping of the calculated gw-sw discharges for the two transects taken at
each sampling period is shown in Figure 5.5, (downstream-looking convention) with velocity
increasing as circles pass from blue to red. Overlapping measurements are measurements along
the same line of action within a single transect. Velocities in Figure 5.5 are averaged over a ten
day period centered on the date of the water sampling event. Despite differences in averaged
vertical groundwater velocities (0.1 to 6.8 cm/day) in Figure 5.5, both transects show similar
velocity profiles with slightly higher velocities on the right (north) side. Thus, groundwater
inputs are shown to be greater from the right side of the river along this reach. The lowest
velocities were found in the upstream transect on the left side of the river near a pool with a
fallen tree upstream reducing the flow in the pool. Consistently higher values (0.6 to 2.9
cm/day) are shown near the pool in the lower transect. The highest velocities (4.2 to 6.8
cm/day) are found closer to the right side of the river (Figure 5.5).

The upstream transect is free from all obvious debris in the riverbed with the exception
to a fallen tree on the left bank extending into the pool where the left most Javelin in the
upstream transect is located. In contrast the downstream transect is littered with multiple
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October and December groundwater discharge vertical velocity calculations are
generally higher than those in January. It should be noted, however, that the velocities
calculated from the October temperature gradients have the largest uncertainty due to the
more modest groundwater and surface water temperature differences and transient conditions
noted above (Figure 5.1). As the surface water streambed temperature begins to reach
“steady-state” conditions and the difference between surface water and groundwater
temperature is greatest, the discharge values become more stable (Figure 5.4). As a result,
January discharge velocities tend to be much more homogeneous and at a lower average rate
with the exception of the right side of the upstream transect (Figure 5.5).

Results show there is inconsistency between groundwater discharge velocities near the
center left of the downstream transect in the same line of action only 4 meters up/downstream.
This may to be caused by hyporheic pumping caused by submerged obstacles (stumps)
upstream of the relevant Temperature Javelin. As water passes around the stump, water is
forced into the riverbed. The water passing over the stump creates a localized pressure drop
and water is drawn up or “pumped” from the hyporheic back into the water column (Elliott and
Brooks, 1997) (see Figure 3.2). This pumping action could cause increased velocity readings to
be observed. Itis unknown to what spatial extent a submerged object could affect the
surrounding gw-sw interactions. Additional work is needed to determine the velocity field
around such semi-submersed obstructions. Zamora (2008) and Essaid (2008) show similar
results, where variable rates of discharge and recharge are found in the riverbed substrate.
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Upstream

October, 2008
Velocity (em/day)
0.1-0.7
08-14
15-16
1.7-18
19-20
21-26
2.7-41
42-68

Downstream

Upstream

December, 2008
Velocity (em/day)
01-07
08-1.4
15-16
1.7-18
1.9-20
21-26
2.7-41
42-68

Downstream

Upstream

January, 2009
Velocity (cm/day)
01-07
08-1.4
15-16
1.7-18
1.9-20
21-26
27-41
4.2-68

Downstream

Figure 5.5 — Velocity profiles averaged over ten days about water sampling dates of the upper
and lower transects looking downstream.
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5.4 Water Quality Sampling Results

Groundwater, riparian, and hyporheic water samples provide evidence for mixing, plant
uptake, and biogeochemical transformations. Solute concentrations support previous
conclusions that surface water mixing extends below 1m into the streambed. Nitrate and
ammonium concentrations are heterogeneously distributed throughout the subsurface.
Riparian plant and macrophyte uptake is possibly given in ammonium sampling results. Finally,
flow induced nitrification is hypothesized from groundwater discharge velocities and hyporheic
water samples.

5.4.1 Surface Water Mixing

Pucket et al. (2008) reported that surface water mixing is evident at this study site up to
depths of 1 m in the hyporheic zone, and not withstanding diurnal fluctuations in the surface
water, this is not seen definitively in the temperature data. However, the water quality data
suggests that this may be the case. Both nitrate and ammonium concentrations were shown to
be distributed relatively homogeneously at shallower riverbed depths. Nitrate and ammonium
concentrations in the river and shallow depths were observed between 2.1 to 50 parts per
million (ppm), and 0.06 to 0.12 ppm, respectively with no differentiation of solute composition
with depth.

5.4.2 Nitrate Results

Observed nitrate concentrations ranged from 0 to 50 ppm in the upstream transect and
0 to 52 ppm in the downstream transect whereas, as noted above, nitrate concentrations in the
surface water range between 2 and 3 ppm (Figure 5.6). The upstream transect exhibited larger
values (in excess of 39 ppm) in the right riparian wells at multiple depths in each sampling set.
Downstream transect sampling revealed relatively lower values along most of the transect, with
maximum observed values of about 52 ppm. Pucket et al. (2008) found similar results with
elevated values at the right side of the upstream transect and the center left of the downstream
transect was for the center left of the downstream transect (Puckett et al., 2008).

The highest observed nitrate concentrations in the riparian wells (30 to 52 ppm) are in
the range of goundwater concentrations (12 to 76 ppm) on the right side of the river. Itis
believed that groundwater in the riparian zone has undergone only minor nitrogen uptake by
plants, dentrification and/or mixing in the hyproheic zone. Downstream concentrations in the
middle-left of the transect increase with time as do the right side of the upstream transect.
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QOct 10, 2008

NOs (ppm)
Downstream @ 0.00-0.30
@ 031-1.00
@ 1.01-3.00
0 3.01-1000
0 10.01-2000
© 20.01-30.00
@ 3001-40.00
@ 40.01-5213

Upstream

Dec 12,2008
NO: (ppm)

@ 0.00-0.30
Downstream @ 031-1.00
© 1.01-3.00
© 3.01-10.00
O 1001-20.00
© 2001-30.00
@ 3001-40.00
@ 4001-5213

Upstream

Jan 14, 2009

NOs {ppm)
Downstream @ 0.00-0.30
@ 031-1.00
© 1.01-3.00
© 3.01-10.00
© 1001 -20.00
© 2001-30.00
@ 30.01-40.00
@ 40.01-5213

Figure 5.6 - Nitrate concentration profiles showing upper transect above the lower transect,
looking downstream

5.4.3 Ammonium Results
Ammonium concentrations in the surface water and hyporheic zone were minimal,
ranging from trace (~0.01) to 2 ppm (Figure 5.7). In addition, all groundwater samples were

found to have non-detectable ammonium levels, suggesting that some denitrification of nitrate
is taking place along the gw-sw flow path. The maximum ammonium concentrations observed

31



(0.6 to 2 ppm) were along the left side of the downstream transect. Ammonium concentrations
appeared to decrease in the upper transect over the fall to winter season, but the values were
all low sufficiently low to suggest that mixing of the surface water may have caused these
detections.

Upstream

Oct 10,2008
NHa*(ppm)
0.00-0.03
0.04-0.10
0.11-030
0.31-050
0.51-060
0.61-0.80
0.81-1.30
1.31-1.81

Downstream

[ N NoNoNoNoN N ]

Upstream

Dec 12,2008
NHs*(ppm)
0.00-0.03
0.04-0.10
0.11-030
0.31-050
0.51-0.60
0.61-0.80
0.81-1.30
1.31-1.81

Downstream

[ N NoNoNoNoN N ]

Upstream

Jan 14,2009
NHa"(ppm)
0.00-0.03
0.04-0.10
0.11-0.30
0.31-0.50
0.51-0.60
0.61-0.80
0.81-1.30
1.31-1.81

Downstream

[ N NoNoNoNoN N ]

Figure 5.7 - Ammonium concentration profiles showing upper transect above the lower
transect, looking downstream.
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5.4.4 Plant Uptake

Biogeochemical transformations were not directly assessed but were inferred the solute
constituents observed at various locations. Without any chemical transformation riparian and
hyporheic waters should have the same composition as groundwater before the discharging
groundwater mixes with the surface water. However, we see that riparian and hyporheic nitrate
concentrations are much lower than groundwater samples and ammonium concentrations are
evident in many of the hyporheic and riparian water samples (Figure 5.6, Figure 5.7).

There is an abundant expanse of riparian vegetation along the right side of the river,
whereas there is only a narrow strip along the left side of the river at the upstream transect and
no riparian vegetation along the left side of the river at the downstream transect. The large
expanse of riparian vegetation and macrophytes on the right side of the river is capable of
removing ammonium and nitrate (in right side of the downstream transect). The absence of a
riparian strip along the left side of the downstream transect correlates with higher ammonium
concentrations (Figure 5.7).

5.4.5 Flow Induced Nitrification Cycling

Downstream concentrations of ammonium were slightly higher than the upstream, with
small patches of elevated ammonium bounded by areas of relatively high nitrate and
corresponding increased groundwater discharge (Figure 5.5, Figure 5.6, Figure 5.7). Patrick and
Ready (1976) describe a mechanism of ammonium nitrifying to nitrate, with the presence of
aerobic areas in the riverbed adjacent to anaerobic areas. Patrick and Ready (1976) described
oxygenated water entering the streambed and penetrating to a certain depth, and establishing
an aerobic layer with an anaerobic layer below cutoff from the oxygenated surface water.
Ammonium is nitrified in the aerobic layer, and excess nitrate is denitrified in the anaerobic
layer. A diffusional gradient develops between the two layers, where produced nitrate diffuses
into the anaerobic layer and ammonium diffuses from the anaerobic to the aerobic layer
(Patrick and Reddy, 1976).

It is hypothesized that at this location, the heterogeneous groundwater discharges
create nitrification cells rather than horizontal layers propagated from groundwater discharge in
combination with surface water mixing in the hyporheic zone. Preferential flow paths allow
nitrate rich groundwater to discharge into the river at varying rates. This heterogeneity permits
ammonium enriched surface water to penetrate deeper into the substrate at areas of lower
discharge creating aerobic zones sustained by the oxygenated surface water and bounded by
higher groundwater discharge flow paths. Ammonium is nitrified in the aerobic zone into
nitrate and the resultant nitrate is transported into the water column via hyporheic mixing or
groundwater discharge. (Figure 5.8)

Vertical groundwater discharge velocities are found where hyporheic nitrate
concentrations are highest and adjacent to elevated ammonium zones (Figure 5.5). In this case,
nitrate rich groundwater infiltrates the hyporheic zone along flow paths within greater hydraulic
conductivity adjacent to areas of lower hydraulic conductivity. Surface water is able to mix to
depths in excess of 2 m in this stretch of the Merced River and may transport ammonium to
these. There were no dissolved oxygen (DO) measurements taken during this investigation, so it
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is unknown whether the areas of differing groundwater discharge are in fact aerobic, and/or
anaerobic.

iure 5.8 — Idealized onceptual model for flow induced denitrification cell developent in the
hyporheic zone (after (Patrick and Reddy, 1976)).

Temperature Javelins calculations and water quality samples provide a greater detailed
understanding of hyporheic processes at this location than were previously presented. Vertical
groundwater discharge velocities are shown to be within agreement with previously carried out
investigations. Water quality samples taken from hyporheic drive points provide insight into
biogeochemical reactions such as the possible presence of flow-induced nitrification cells, or
other biogeochemical features and processes supporting the observed patterns in gw-sw
discharge and N species.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

Temperature Javelins make improvements over other methods for calculating groundwater
discharge. Despite the setbacks with the use of unmodified Thermocron iButtons, they show
great potential for increased deployment longevity after simple modifications. Vertical
groundwater discharge velocities show similar results to previous investigations. Finally, flow
induced nitrification cells are hypothesized to from the conjunctive use of groundwater velocity
calculations and hyporheic water samples.

Specific outcomes from this work are as follows:

Temperature Javelins improve upon many of the limitations of current gw-sw or
hyporheic exchange monitoring devices through their speed of deployment in many
river systems and a low equipment costs. Temperature Javelins reduce material
costs through the use of readily available components, and significantly reduce
deployment times to below 10 minutes per Javelin. These two attributes allow for
rapid and larger spatial investigations to be attainable using a smaller amount of
resources, which is capable of meeting the data demands of three-dimensional
models which are not typically used due to the lack of sufficient data.

Despite their failure rate, Thermocron iButtons have the potential to be extremely
useful for environmental monitoring, if properly waterproofed, due to their size
and ease of use. Preliminary investigations have shown that iButtons were water
tolerant for shorter deployments on the order of 2 to 3 weeks.

The Turcotte and Schubert (1982) analytical one-dimensional vertical groundwater
discharge model produces reliable estimates of groundwater discharge velocities
provided that there is a sufficient difference (approximately 2 °C) between
groundwater and surface water temperatures. This model is only reliable where the
streambed temperature is greater than the surface water temperature and less than
or equal to the groundwater temperature (gaining river conditions).

At the site of this investigation, nitrate and ammonium concentrations were
observed to be heterogeneous in both transects due to hyporheic mixing of surface
and groundwater, plant uptake and biogeochemical transformations. Determining
the dominant processes is difficult, and future work is needed in this area at this
site. Preferential flow paths appear to be conducting nitrate rich groundwater to
discharge into the river at varying rates. Spatially heterogeneity of the flow field
(possibly due to hydraulic conductivity variation) also appears to permit surface
water to penetrate deeper into the substrate in areas of lower discharge, and
creating isolated anaerobic zones bounded by the oxygenated surface water. These
flow-induced nitrification cells are hypothesized to be present as a sink for
hyporheic ammonium.

6.2 Future Directions

The use of heat as a tracer to monitor groundwater flow is a useful and easy-to-implement
strategy. Furthermore, Temperature Javelins enable the user to monitor gw-sw interactions at
an extremely low cost and are deployable with little effort in alluvial stream deposits, provided
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the substrate texture does not exceed that of coarse sand. To identify the origin of
groundwater, the chemical composition must be known along a flow line. The pairing of
temperature and chemical monitoring is therefore requisite for this application. To meet this
requirement, sampling tubing is planned to be incorporated into the Temperature Javelin to
provide samples at corresponding depths to the temperature measurements. This integration
will allow the user to access the necessary information to monitor groundwater into a single tool
that is easily deployed as well as both cost and labor effective (Figure 6.1).

Sample

Tube Box PVCPipe
Temperature

Javelins

Conduit -
Lage Woody B2 —onn__ - ol

Figure 6.1 - Temperature Javelin with integrated water sample cups and tubing

Agricultural land use adjacent to rivers is known to be a contributor to the declining
health of these rivers. As a non-point source of pollution, understanding of sustainable land use
practices are unknown. Hence, understanding the connection between land management
practices and non-point source pollution, as it is associated with gw-sw discharges in agricultural
settings is critical. The preceding method when paired with groundwater samples is able to
connect the endpoints of this “non-point source” pollution. Isotopic analysis of these water
samples may enable determining the origin of the nutrient loads and other chemical
constituents within the groundwater moving towards the river. Future development and use of
this method are needed to shed light on the origin of non-point source pollution and to help
formulate sustainable management decisions on sustainable agricultural land near surface
water.
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Chapter 8 Appendices

Appendix A. Water Sample Results
October 13, 2008 (10:00 am)

Distance Elevatio | Depth | Transect | Na* | NH," | K" mg> | ca® | cr so,” | NOy
12.53 14.3 1|74 17.55 0| 08| 157| 504 | 271 | 5.4 0
41.57 14.8 0.5 | T4 29.96 0| 1.69| 9.08 | 19.62 | 9.99 | 3.98 0
12.53 14.8 0.5 | T4 2.8 0/ 077| 144| 46| 14| 201| 1.44
19.88 14.8 0.5 | T4 21.09 | 1.52 | 1.63 | 5091|2136 | 7.31 0| 0.03
19.88 14.3 1|74 2365 | 022 | 13| 3.89|1334| 49| 472 0
19.88 13.3 2| T4 18.88 | 1.79 | 1.66 | 5.91| 256 | 6.34 | 0.14 0
12.53 13.3 2| T4 237 | 002 | 078 | 147 | 418| 1.23| 1.82| 1.07
41.57 14.3 1|12 4302 | 0.5 214 | 9.59 | 20.37 | 11.01 | 51.36 0
41.57 13.3 2| T4 28.93 0| 1.56 | 10.73 | 22.43 | 10.3 | 25.05 | 0.03

41 15.2 0.5 | T2 39.57 0| 1.97 | 14.55 | 35.37 | 13.12 | 54.26 | 35.43
26 15.2 0.5 | T2 7.49 | 009 | 0.68 | 1.33| 3.39| 164 | 257 | 1.75
21.14 15.2 0.5 | T2 291 | 025| 092 | 176 | 521 | 1.47| 1.93 1.2
21.14 14.7 1]T2 59| 021 1.15| 239 | 675| 252 | 431| 024
21.14 13.7 2|12 257 | 034| 087 | 1.61| 576| 12| 1.05| 0.15
26 14.7 1]T2 413 | 1.81| 1.94 | 12.18 | 32.1 | 11.87 | 65.75 | 2.76
26 13.7 2| T2 3.65 | 0.18 | 055 | 1.82 | 3.98| 1.43| 2.64| 0.93
41 14.7 1|12 47.03 0| 1.8]12.84|34.41 | 13.12 | 120.5 | 0.03
41 13.7 2| T2 37.28 0| 1.96 | 14.27 | 35.46 | 12.98 | 54.12 | 28.8
0 13.3 2| T4 5.98 0| 069| 7.2]16.23| 2.99 0 0
0 14.3 1|74 34.83 | 052 | 0.82| 3.56| 6.87 | 6.76 0| 0.02
0 14.8 0.5 | T4 36.31 | 0.77 1| 5.59 | 1045 | 5.18 0 0
24.53 13.3 2| T4 3.61 | 0.56 | 0.86 | 3.47 | 1456 | 1.92 | 0.71 0
24.53 14.8 0.5 | T4 3.24 | 0.18| 0.88| 2.62| 937 | 1.65| 223| 0.02
24.53 14.3 1|74 11.71 0| 098 | 205| 687 | 327 | 454| 001
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December 12, 2008 (11:15 am)

2+

2+

Distance | Elevation | Depth | Transect | Na NH, | K Mg Ca F cr SO, NO;
41 15.2 05| T2 41.18 207 | 1246 |1 36.88 | 0.16 | 13.5 | 62.51 | 29.55
41 14.7 1|72 49.21 1.91 | 10.88 | 35.56 0| 12.66 | 107.5 6.57
41 13.7 2 | T2 39.48 0]228 1226 | 36.85 0] 13.59 | 62.29 | 24,97

21.14 13.7 2 | T2 343|012 1079 | 072 | 273 0| 252 | 322 1.5
21.14 15.2 05| T2 3211 043|074 17| 537 0] 193 | 274 | 1.76
21.14 14.7 1172 325| 011078 | 1.88 | 473 0 23| 594 | 043
26 15.2 0.5 | T2 45.63 02011136 |28.58 011411 | 67.2 |39.09
26 13.7 2 1 T2 31.58 0177 [11.29 | 24.64 0| 13.67 | 57.66 | 40.13
12.53 14.8 05| T4 347 1 004 1071 | 172 | 5541001 228 | 299 | 321
41.57 13.3 2 | T4 34.77 0186|1253 | 3094 0]12.61 | 72.48 0
41.57 14.3 1. T4 42.3 | 0.52 | 2.12 7.18 | 18.68 | 0.17 | 10.54 | 37.41 0
41.57 14.8 05| T4 35.01 0]205| 932 |2465 011172 [ 4916 | 0.03
19.88 14.8 05| T4 21,21 | 134 | 157 | 57212398 | 015| 7.85| 0.23 0
12.53 14.3 1714 18.52 0118 | 348 12 0| 4831131 | 0.03
12.53 13.3 2 | T4 3.39 0| 0.64 17 | 524 0| 224 | 3.05 3.2
19.88 13.3 2 | T4 1538 | 114 [ 146 | 513 | 253 0] 546 1| 0.09 ] 0.05
19.88 14.3 1714 2137 1 028 | 16| 6552529001 692 197 0
0 13.3 2 | T4 29.2 | 0.84 | 1.11 | 598 [ 12.98 | 0.73 2.6 0] 0.01
0 14.3 174 2.98 0048 | 38411023021 215| 028 0.03
0 14.8 05| T4 35,89 | 0.62 | 087 | 322 | 699|101 | 3.65 0] 0.01
24.53 13.3 2 | T4 303|047 [ 116 | 226 | 838 0] 223| 392 0.07
24.53 14.8 05| T4 25710261051 2071099 | 01| 207 113| 0.03
24.53 14.3 1|74 3.59 01076 | 226 8 1009 185 | 254 | 0.05

26 14.7 1172

0 15.2 0.5 | T2

0 14.7 1172

0 13.7 2 | T2
12.53 16 0| T4 385|012 | 07| 164 | 595|008 | 262 | 306 | 2.45
19.88 16 0| T4 0.16 | 0.06 | 0.05 01| 0441005 243 | 293 | 239
24.53 13.3 0| T4 359 | 011 | 066 | 1.56| 544 |0.05] 252 | 298| 231
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January 14, 2009 (9:50 am)

+

2+

2+

Distance | Elevation | Depth | Transect | Na' NH, | K Mg Ca F cr SO, NO;
41.57 14.8 0.5 ] T2 29.18 0]1.81 9.4 23.7 | 0.01 2.66 3.78 0.02
12.53 14.8 0.5 | T2 4.06 0 0.6 2.26 6.4 0] 11.35 51.1 0
19.88 14.8 0.5 ] T2 20.68 | 1.57 | 1.44 6.05 | 23.19 | 0.16 7.15 1.78 0.07
19.88 14.3 172 21.6 | 0.63 | 1.56 7.86 | 27.63 | 0.18 | 12.83 69.87 0
19.88 13.3 2 | T2 14.82 | 1.25 | 1.29 495 | 24.81 | 0.17 7.65 0 0
12.53 14.3 172 39.39 01]1.79 9.82 | 33.54 | 0.02 3.29 4.47 3.53
12.53 13.3 2 | T2 4.35 0] 0.64 2.29 6.42 | 0.01 3.26 4.39 3.34
41.57 14.3 1|72 42.31 0.6 | 2.07 7.52 | 18.44 0] 10.53 22.62 0
41.57 13.3 2 | T2 30.33 0]1.57|11.74 | 28.19 | 0.16 | 10.47 41.45 0

0 14.8 0.5 | T2 31.72 | 0.57 | 0.75 3.17 6.17 0.7 241 0 0
24.53 14.8 05| T2 2.63 | 0.27 | 0.44 2.11 | 10.39 | 0.15 2.42 1 0.01
24.53 14.3 172 3.34 | 0.04 | 0.72 2.88 9.11 0.1 2.42 1.22 0
24.53 13.3 2 | T2 2.63 | 0.34 0.9 2.26 7.73 | 0.01 2.23 3.16 0.02

0 14.3 172 2.82 0] 0.38 4.09 9.77 | 0.96 2.93 0 0

0 13.3 2 | T2 25.62 | 0.89 1.1 8.08 | 17.45 | 0.07 3.19 4.3 3.11

41 15.2 05| T4 40.01 0]1.95|12.92 | 35.82 | 0.06 3.34 4.5 2.49
26 15.2 05| T4 43.47 0] 1.88 | 13.06 | 30.44 | 0.09 | 13.27 64.11 | 52.13
21.14 15.2 05| T4 4.31 0.1 | 0.67 2.22 6.13 | 0.05 2.5 6.28 0.23
21.14 14.7 1[T4 3.07 01 1]0.71 2.03 4.26 | 0.01 3.27 4.62 2.86
21.14 13.7 2 | T4 4.39 | 0.08 | 0.78 1.96 5.03 0] 13.37 72.66 | 39.27
26 13.7 2 | T4 41.59 0 1.7 | 13.59 | 30.59 | 0.25 | 13.01 | 109.78 9.9
41 14.7 1| T4 47.95 0]1.79 | 10.59 | 34.37 | 0.09 | 13.45 64.47 | 20.12
41 13.7 2 | T4 38.68 0119711241 | 35.86 | 0.29 | 13.51 66.57 | 19.97
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