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Abstract

Mass transfer processes across and within the capillary fringe affect the transport behavior of
volatile compounds and, thus, the natural attenuation of contaminants present in this region. We
studied the mass transfer of oxygen in the fluctuating capillary fringe since oxygen is the most
relevant electron acceptor for many biogeochemical processes. Cyclic fluctuations in water table
elevation are important in the supply of oxygen to oxygen-depleted groundwater and, thus, can
significantly affect the groundwater geochemistry, but also the effective hydraulic properties of the
porous medium due to gas entrapment. We performed a series of quasi two-dimensional flow-
through experiments at the laboratory bench-scale (i) to directly compare oxygen transfer across
the capillary fringe with mass transport within the saturated zone at steady state; (ii) to gain an
improved understanding of the processes governing oxygen transfer in a fluctuating capillary
fringe; (iii) to study the influence of different flow conditions and porous medium properties on
oxygen transfer in the capillary fringe following an imbibition event; and (iv) to investigate the effect
of a coarse-material inclusion, present in the vicinity of the water table, on flow and oxygen
transfer. High-resolution vertical profiles of oxygen concentration were measured at distinct
positions along the horizontal groundwater flow direction, applying a non-invasive technique that is
based on optode technology. The effectiveness of oxygen transfer under varying experimental
conditions was evaluated by additional mass flux measurements in the effluent of the flow-through
chamber. Modeling of flow and transport was performed for selected experiments to fully
understand the processes involved. Under steady-state conditions, we found that transverse
vertical dispersion in the water-saturated part of the capillary fringe is the process limiting oxygen
transfer. Gas partitioning between the aqueous and gaseous phases plays a significant role in the
medium-term supply of oxygen to oxygen-depleted groundwater following an imbibition event. In
case of a fast decreasing water table, the effect of specific yield has to be considered. We also
observed that the characteristic of the water table fluctuations determines a specific system’s
dynamic response and, therefore, the amount of oxygen that is transferred to the aqueous phase.
Furthermore, the magnitude of the water table fluctuation and the grain size of the porous medium
are particularly relevant for effective oxygen supply from entrapped gas to oxygen-depleted
groundwater. In the presence of a coarse-material inclusion, steady-state oxygen flux across the
unsaturated/saturated interface may be considerably enhanced. In case of increasing water levels,
we hypothesize that the amount of oxygen supplied to the groundwater depends on the spatial

distribution, the geometry, and the hydraulic properties of the coarse-material inclusion(s).
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Kurzfassung

Stofftransportprozesse iber und innerhalb des Kapillarsaums beeinflussen das Transportverhalten
flichtiger Substanzen und somit den naturlichen Schadstoffabbau in dieser Zone. Wir untersuch-
ten den Transport von Sauerstoff im Kapillarsaum, da Sauerstoff fir viele biogeochemische Pro-
zesse der wichtigste Elektronakzeptor ist. Periodische Fluktuationen der Wasserspiegelhéhe sind
dabei wesentlich fur die Zufuhr von Sauerstoff zu sauerstoffarmem Grundwasser und kénnen so-
mit mafRlgeblich die Grundwassergeochemie, aber auch die effektiven hydraulischen Eigenschaften
des pordsen Mediums aufgrund von Gaseinschlissen beeinflussen. Wir fiihrten eine Reihe quasi
zwei-dimensionaler Durchflussexperimente im Labormalfistab durch, (i) um den Sauerstofftransport
Uber den Kapillarsaum und innerhalb der gesattigten Zone direkt miteinander zu vergleichen; (ii)
um ein verbessertes Verstandnis der Prozesse zu erlangen, welche den Transport von Sauerstoff
in einem fluktuierenden Kapillarsaum bestimmen; (iii) um den Einfluss unterschiedlicher Str6-
mungsbedingungen und Eigenschaften des pordsen Mediums auf den Sauerstofftransport im
Kapillarsaum nach Anstieg des Wasserspiegels zu untersuchen; und (iv) um die Auswirkung eines
grobkdrnigen Einschlusses in der Nahe des fluktuierenden Wasserspiegels auf die Strdomung und
den Sauerstofftransport im Kapillarsaum zu studieren. Raumlich hochaufgeléste vertikale Sauer-
stoffprofile wurden durch Anwendung einer nicht-invasiven Methode, basierend auf der Optoden-
Technologie, an unterschiedlichen Positionen entlang der horizontalen GrundwasserflieRrichtung
gemessen. Die Effektivitat des Sauerstofftransports unter variierenden Versuchsbedingungen
wurde durch zusatzliche Massenflussmessungen am Auslass der Durchflusskammer ermittelt.
Strdmungs- und Transportmodellierungen wurden fir ausgesuchte Experimente durchgefihrt, um
ein vollstandiges Prozessverstandnis zu erlangen. Unter stationaren Bedingungen beobachteten
wir, dass die transversal vertikale Dispersion im wassergesattigten Teil des Kapillarsaums der
transportlimitierende Prozess ist. Nach Anhebung des Grundwasserspiegels spielt die Gasver-
teilung zwischen wassriger und gasférmiger Phase eine bedeutende Rolle fur die mittelfristige
Sauerstoffzufuhr ins Grundwasser. Im Falle eines schnell abfallenden Wasserspiegels muss der
Einfluss des Speicherkoeffizienten mit berlcksichtigt werden. Wir beobachteten auRerdem, dass
die Charakteristik der Wasserspiegelfluktuationen die dynamische Antwort eines spezifischen Sys-
tems bestimmt und somit die Sauerstoffmenge, welche in das sauerstoffarme Grundwasser Uber-
fuhrt wird. Dartber hinaus sind das Mal} der Auslenkung der Wasserspiegelfluktuation sowie die
KorngroRRe des pordsen Mediums besonders relevant fiir die effektive Sauerstoffzufuhr von einge-
schlossenem Gas zu sauerstoffungesattigtem Grundwasser. Bei Vorhandensein eines grobkor-
nigen Einschlusses kann der Sauerstoffmassenfluss Gber die Grenzflache zwischen ungesattigter

und gesattigter Zone unter stationaren Bedingungen deutlich erhoht sein. Im Falle steigender Was-
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serstdnde nehmen wir an, dass die Sauerstoffmenge, die dem Grundwassersystem zugefihrt wird,
von der rdumlichen Verteilung, der Geometrie sowie den hydraulischen Eigenschaften des/r grob-

kérnigen Einschlusses/-schlisse abhangt.
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Notation

The following table shows the significant symbols used in this work. Local notations are explained

in the text.

Symbol Definition Dimension

Greek Letters:

a van Genuchten model: capillary pressure parameter.................cccooiiin. [L'1]
O.q volumetric water content. ... ... ... [-]
6y volumetric gas content. ... ... ... o [-]
6, residual water CoONtent. ... ... [-]
60 saturated water content...... ... [-]
A Brooks-Corey model: pore size distribution indeX..............c.oooiiiiiii i, [-]
i chemical potential of compouNnd /... [L2 T'2]
) tOtal POFOSItY . ... e [-]
2 water-filled POroSitY. ... ..o [-]
@y gas-filled POrOSItY. .. ..o [-]
Latin Letters:

A interfacial area between the unsaturated and the saturated zone........................ [L2]
CUMO2-mass cumulative oxygen mass supplied across the unsaturated/saturated interface....... M]
C concentration of the diffusing compound................... M L'3]
Co aqueous concentration at the source, unsaturated/saturated interface............. M L'3]
Chrg aqueous concentration of the background.................oo M L'3]
Crom normalized equivalent aqueous concentration...............ccooiiiii i [-]
CF capillary friNge. .. ... e [-]
d average grain diameter. ... ..o [L]
D, diffusion coefficient in the free aqueous phase....................., [L2 T'1]
D.q diffusion tensor in the free aqueous phase ..., [L2 T'1]
Dy diffusion coefficient in the free gaseous phase...............occooii [L2 T'1]
D mech mechanical dispersion coefficient.............ccooiiiiii i, [L2 T'1]
D mech mechanical diSpersion teNSOr..........iii i [L2 T'1]
D, pore diffusion coefficient......... ... [L2 T'1]
Dy transverse hydrodynamic dispersion coefficient. ..............ccccccvvveeeeiieeiinii.n, IL2T7]
Dyot total effective diSpersion tenNsor. ..o [L2 T'1]
EMo, EXCESS MASS Of OXYGON ...ttt et e e eeea [M]
F mass flux density across the unsaturated/saturated interface.................... M L2 T'1]
h matric head/hydraulichead........... ... [L]
hp Brooks-Corey model: air-entry pressure head or bubbling pressure head.............. [L]
he capillary pressure head. ... ... ..o [L]
hece height of the capillary fringe’s upper limit............... [L]
H height of the flow-through chamber................o [L]
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AHce difference in the height of the capillary fringe’s upper limit................................ [L]
AHyr difference in pressure head........ ..o [L]
k, relative permeability..... .. ... [-]
K> permeability at full saturation..................coooiiiiii e, L7
K saturated hydraulic conducCtiVity..............oooiiiii i [L T'1]
Ky compound-specific Henry’s law coefficient.................. [-]
L length of the flow-through chamber........ ... [L]
m van Genuchten model: shape parameter............c.ooiiiii i [-]
m total mass flux across the unsaturated/saturated interface............................ M T'1]
nhom total mass flux in the effluent of the flow-through chamber............................ M T'1]
n van Genuchten model: shape parameter..............oooi i [-]
NRMSE normalized root mean squared ITOr...........ciii i e [-]
p tOtal PrESSUIE. . ... M L T'2]
pi Partial PrESSUIe. .. ... e e M L T'2]
Pe Péclet NUMDET .. ... [-]
PV (01T LIV o] [0 o= TS [-]
q SPECIfiC AISChArge. ... .o [L T'1]
q specific-discharge Vector. ... ..o [L T'1]
Qi average flow-rate used in horizontal direction......................cooouiveeeeeeeeenn.. LT
R retardation factor. ... ... [-]
Se effective water saturation........ ... [-]
Sy 9aS SAIUMAtION. ... [-]
t 100 T [T]
At time taken to fluctuate the watertable................... [T
T LMD AU . ... e [t]
Va horizontal seepage VelOCItY. ... ..o [L T'1]
w gap width of the flow-through chamber................. [L]
WT Water table. . [-]
X horizontal coordinate, in average groundwater flow direction......................oc.eee. [L]
y horizontal coordinate, transverse to the groundwater flow direction...................... [L]
z vertical coordinate. ... ... [L]
Z SOUNCE-WIALN . .. [L]
Subscripts:

BC Brooks and Corey Model. .. .. ... [-]
vG van Genuchten model.... ... ..o [-]

Additional Symbols Used:

d 0

\Y Nabla operator, —,—,i ..................................................................... L™
ox dy dz

R ideal gas constant, 8.314 J mol™ K™ ... .. i L2t T3
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1. Introduction

1.1 Motivation

Mass transfer of a contaminant plume usually takes place by diffusion, advection, and dispersion,
where under stationary conditions transverse dispersion is seen as the main process that mixes
dissolved terminal electron acceptors (TEAs), such as oxygen, across the plume’s fringes
(Thornton et al., 2001; Schirmann et al., 2003; Rahman et al., 2005; Cirpka et al., 2006). Mixing
plays a role when assessing degradation rates as well as plume lengths (e.g., Olsson, 2005; Lied|
et al., 2005; Maier and Grathwohl, 2006; Bauer et al., 2008). In experiments performed at the
laboratory bench-scale (Klenk and Grathwohl, 2002; Liu, 2008), transverse vertical dispersion was
also found to be essential with regard to mass transfer of volatile compounds across the capillary
fringe. Since, owing to their physico-chemical properties, many contaminant (LNAPL) plumes are
located near the water table and in the capillary fringe region, the role of existing gas pockets (e.g.,
as result of a fluctuating water table) to hydrodynamic dispersion is of interest to many researchers
(Orlob and Radhakrishna, 1958; Maraqa et al., 1997; Nitzmann, et al., 2002; Vanderborght and
Vereecken, 2007; Mayer et al., 2008). The presence of a gaseous phase may lead to a change in
mixing behavior, which, thus, also impacts natural attenuation of a contaminant plume.

Transfer of volatile organic contaminants (VOC) and soil gases (e.g., O, CO;) across the
unsaturated/saturated interface is an important mechanism for a variety of natural subsurface
processes and engineered applications, including groundwater contamination, natural attenuation,
waste management, and in situ remediation. Mass transfer, hereby, depends on the morphology of
the transition zone (Caron et al., 1998; Maier et al., 2007) and the dynamics of the groundwater
table (Lappala and Thompson, 1983; Russo et al., 1989; Hinz, 1998). In addition to natural factors
like infiltration of rain water and evaporation, fluctuations in the height of the water table may arise
from human activities, such as extensive groundwater pumping for irrigation, process water supply
for industry, and preparation of potable water from groundwater resources. Because of the water
table’s dynamic nature, air may be entrapped in the transition region between the unsaturated and
the saturated zone. As a consequence, volatile compounds partition across the gas/water
interfaces until steady state is reached.

In 1-D column experiments, Werner and Hoéhener (2002) studied the mass transfer of volatile
contaminants (CFC-113, CFC-114, CFC-21, and cis-dichloroethene) from the saturated into the
unsaturated zone. The authors observed that the contaminant concentrations in the gaseous
phase decreased above a stagnant or rising water table, whereas a lowering of the phreatic
surface resulted in a significant increase in the measured gas concentrations. These results also

agree to those derived by McCarthy and Johnson (1993), who performed experiments on an
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aquifer model with underlying horizontal groundwater flow. Furthermore, by conducting a
laboratory experiment in a flow-cell, Wiliams and Oostrom (2000) found that water table
fluctuations increased the oxygen transfer from the unsaturated zone to anoxic groundwater.

The supply of oxygen possibly enhances all biogeochemical processes within the upper, quasi-
saturated zone for which oxygen is the rate-limiting factor (Holocher et al., 2003). In fact, it is
widely hypothesized that the capillary fringe, combined with the region immediately below the
water table, is a highly active zone in terms of physico-chemical processes and microbiology
(Dunn and Silliman, 2003; Berkowitz et al., 2004; Maier and Grathwohl, 2005; Barth et al., 2005).
The coexistence of aqueous and gaseous phases in the capillary fringe has important
consequences to microbial processes since both too much water and too little water will depress
microbial processes (Chapelle, 2001; Jost et al., 2010, 2011). Sequential anoxic/oxic conditions
may favor complete microbial degradation of various organic contaminants (Zitomer and Speece,

1993; Chapelle, 2001; Umweltbundesamt, 2004) and a possible scenario is illustrated in Fig. 1.1.

—( -
/'A
e
W
unsaturated zone o
0, %

capillary fringe

Fig. 1.1. The efficiency with which organic |watertable
contaminants are completely degraded depends dissolved LNAPL
on the redox conditions present in an aquifer
and on the succession of redox processes that |aquifer
the contaminants are exposed to along

particular groundwater flow paths.

aquitard

groundwater flow direction

1.2 Identification of Open Questions

Although the capillary fringe may significantly affect the evolution of fluid flow and the solute
transport from the vadose zone to the saturated zone below the water table, the capillary fringe is
virtually ignored in a number of textbooks on groundwater hydrology (Silliman et al., 2002;
Berkowitz et al., 2004). Most of the present knowledge about the behavior of the capillary fringe is
based on experiments conducted under steady-state flow conditions, and much less literature is
available on the dynamic behavior of capillary fringes at fluctuating groundwater levels. In fact, the

dynamic interplay of flow and mass transfer mechanisms across and within the capillary fringe is
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not well understood. In case of a fluctuating groundwater table, this transition zone is characterized
by changes in water content, pore water velocity, and hydraulic conductivity according to
saturation. These variations modify the water, solute, and gas transfer from the soil surface to the
aquifer (Russo et al., 1989), but also transfer of volatile compounds from the aquifer to the soil gas.
Besides, the redox conditions and, as a consequence, microbial activities or specific microbial
dynamics may change (Anneser, 2008).

In context of the previous argumentation, the presented work aims to address the following

questions regarding the mass transfer of oxygen in a fluctuating capillary fringe:

* Is oxygen transfer across the capillary fringe different from mass transport in the saturated
zone under steady-state conditions? Answering this question gives the basis for

understanding more complicated systems.

*  What is the effect of different water table dynamics on oxygen transfer across the capillary
fringe? We expect that gas partitioning, due to gas entrapment at rising water tables, plays

an important role for the supply of oxygen to oxygen-depleted groundwater.

* How does a change in flow conditions or porous medium properties affect mass transfer
within the transition region between the unsaturated and the saturated zone? In particular,
we are interested in the amount of oxygen transferred from entrapped air to oxygen-

depleted groundwater following an imbibition event.

* How does the presence of a coarse-material inclusion affect oxygen transfer in the capillary
fringe region? The presence of physical heterogeneities near the water table should lead to
significant amounts of entrapped gas (e.g., Dunn and Silliman, 2003) and, thus, increase

oxygen supply to oxygen-depleted groundwater.

1.3 Objectives and Structure of the Thesis

To address the identified open questions, a detailed investigation is carried out with the aim of
improving the understanding of oxygen transfer across the capillary fringe under transient
conditions. Oxygen was chosen as the compound of interest since it plays an important role for
microbial processes in groundwater, either by influencing the redox conditions present in the

aquifer or by replenishing electron acceptors needed for microbial growth and respiration.
The objectives are:

* Quantification of diffusive and dispersive oxygen transfer across the unsaturated/-saturated

interface.
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Investigation of oxygen transfer within the capillary fringe following an imbibition event as a
function of the grain diameter, the horizontal flow velocity of the groundwater, and the

magnitude and the speed of the water table fluctuation.

Identification of the relevant mass transfer processes and quantification of the controlling

parameters.

Within this dissertation, the following studies were carried out:

Chapter 2 consists of a literature review to give the background to this study.

In Chapter 3, a high-resolution non-invasive approach to quantify oxygen transfer across
the capillary fringe and within the underlying groundwater is described. By evaluating
measured steady-state vertical oxygen concentration profiles, the value of transverse
hydrodynamic dispersion is determined to investigate the effectiveness of oxygen transfer

under various experimental conditions.

The hydraulic and mass transfer processes, relevant for the supply of oxygen to oxygen-
depleted groundwater in case of a fluctuating water table, are identified in Chapter 4. We

further discuss the importance of these processes in case of varying water table dynamics.

With regard to the previous discussion, Chapter 5 focuses on the dependence of oxygen
transfer within the capillary fringe on different flow conditions (horizontal groundwater flow
velocity, magnitude and speed of the water table fluctuation) and porous medium properties
(grain diameter). In doing so, an experimental sensitivity analysis is performed by
conducting a number of imbibition experiments and changing one parameter of interest at a

time.

In Chapter 6, the impact of physical heterogeneities on flow and oxygen transfer in the
capillary fringe is discussed. At steady state, we expect an increase in transverse vertical
dispersion compared to the respective homogeneous case (e.g., Rolle et al., 2009). This
may also imply an indirect effect of the heterogeneity on mixing-limited chemical reactions
(Dentz et al., 2011). In case of a fluctuating water table, air entry barriers form, which may
lead to significant amounts of entrapped gas, thus, resulting in increased values of overall

oxygen flux (Dunn and Silliman, 2003).

A synopsis of the work, the drawn conclusions, and some closing remarks are given in
Chapter 7.
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2. Background to this Work

The overall objective of this work is to investigate oxygen transfer in a fluctuating capillary fringe.
Within this transition region, we aim at understanding the dynamic interplay of the occurring flow
and mass transfer mechanisms. We are particularly interested in quantifying mass transfer for
varying hydraulic conditions and porous medium properties. In the following paragraphs, we give a
definition of the capillary fringe as well as the extended Darcy’s law for unsaturated flow. Moreover,

we present the basic mass transfer processes that have to be considered in this interface region.

2.1 The Capillary Fringe

The capillary fringe is the transition region between the unsaturated zone and the unconfined
aquifer. It extends from the water table up to the limit of the capillary rise of water. In fact, water
molecules at the water table are drawn upward due to surface tension of the air-water interface
and the molecular attraction of the liquid and solid phases (Fetter, 2001). As a consequence, water
pressure is less than atmospheric pressure within this zone. For illustration purposes, the capillary

rise in a tube is given by the Laplace or Jurin’s (Jurin, 1717) formula:

20cosA,
paq grtube

(2.1)

in which h, [L] is the height of the capillary rise, o [M T?] represents the surface tension of the
fluid, and A, [rad] is the angle of the meniscus with the capillary tube. p,q [M L] denotes the fluid
density and g [L T'2] is the gravitational acceleration. Finally, ripe [L] represents the radius of the
capillary tube.

Under natural conditions, the thickness of the capillary fringe depends on the physical properties of
the fluids (Rockhold et al., 2002; Henry and Smith, 2002, 2003; Freitas et al., 2011) and the solid
surface as well as on the homogeneity of the porous medium, mainly on the pore size distribution
(Papafotiou, 2008; Bear and Cheng, 2010). Smaller pore openings create greater tension, which
results in a higher capillary fringe in small-grained porous media than in coarse material (Fetter,
2001). Since the pores within a porous medium matrix are typically composed of numerous pore
sizes, there is a gradual decrease in water content with height above the water table. Moreover,
the upper limit of the capillary fringe has an irregular shape. For practical purposes, we often take
some average smooth surface (where water saturation is, e.g., ~75 %) as the upper limit of the
capillary fringe, such that, below it, the porous medium is assumed practically saturated (Bear and

Cheng, 2010). In the present work, we define the upper limit of the capillary fringe as the vertical
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position, where water saturation is about 80 % to 90 %, thus, inhibiting gaseous oxygen to diffuse
freely in the pore space (Liu, 2008).

Analytical expressions for the general capillary pressure-saturation functional relationship have
been proposed by various authors (e.g., Brutsaert, 1967; Campbell, 1974; Vauclin et al., 1979;
Wang et al., 2008; Li, 2010; for an overview see Sheta, 1999; Bear and Cheng, 2010). Two
parameterizations, with numerous modifications, are popular: the van Genuchten (van Genuchten,
1980) and the Brooks-Corey (Brooks and Corey, 1964, 1966) model. All of these analytical
expressions employ shape parameters (e.g., Bloemen, 1977; Carsel and Parrish, 1988; Schaap

and Leij, 1998) to fit measured and calculated capillary pressure-saturation data.

2.1.1 Transient Effects: Hysteresis and Storativity

Hysteresis describes the dependence of the capillary pressure curve on the direction and history of
drainage and wetting of a sample (Stephens, 1995; Bear and Cheng, 2010). The entrapment of air
represents one cause for hysteresis in the water content/pressure head relationship (Bear, 1972;
Kaluarachchi and Parker, 1987; Parker and Lenhard, 1987; Lenhard and Parker, 1987; Bear and
Cheng, 2010). Pore-geometry related hysteresis occurs as the processes of imbibition and
drainage cause different pores to imbibe or drain first (ink-bottle effect, Fig. 2.1a: menisci having
the same curvature occur at different elevations), but also affect the contact angle between the
solid surface and the air/water interface (raindrop effect, Fig. 2.1b: contact angle at advancing front
differs from that at receding one). Other factors contributing to hysteresis may be consolidation,

swelling, and shrinkage of the solid matrix as it is dried and wetted (Bear and Cheng, 2010).

l Drainage l ? Imbibition ?

Fig. 2.1. Hysteresis due to (a) ink-bottle effect and (b) raindrop effect (from Bear and Cheng, 2010. Reprinted
by permission of Springer Science + Business Media, Dordrecht).

Figure 2.2 shows the effect of entrapped air on the capillary pressure-saturation relationship. The
main drainage and imbibition curves define the hysteresis envelope, which encompasses an
infinite number of possible scanning curves (shown as dashed lines on the figure). We note that

the residual gas saturation also depends on the drainage-imbibition history. Thus, the amount of
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entrapped air is higher, when imbibition begins from a dryer state than when the sample had been

previously drained.

h, &

Boundary drainage or drying curve
/ Primary wetting curve

[
|
|
|
|
| Primary wetting curve
|

Primary Scanning drying curve

wetting curve

Scanning
drying curve
|
| Boundary Starting with
: wetting curve saturated sample
0 1
0 S, 1.0

Water saturation (S) [l Entrapped air

Fig. 2.2. Hysteresis and entrapped air in a capillary pressure curve (from Bear and Cheng, 2010. Reprinted
by permission of Springer Science + Business Media, Dordrecht).

In addition to hysteresis in the water content/pressure head relationship, the storativity of the
porous medium may also have to be considered in case of a fluctuating water table. The storativity
for an unconfined aquifer is usually taken to be equal to the specific yield (e.g., Fetter, 2001; Bear
and Cheng, 2010), which is defined as the ratio of the volume of water that drains from a saturated
rock or soil, due to gravity, to the total volume of the porous formation (Meinzer, 1923; Fetter,
2001). Specific yield is a time-dependent quantity, because it takes time to establish a new
moisture distribution following a rapid decrease in water table elevation (Nachabe, 2002; Bear and
Cheng, 2010). Moreover, specific yield is influenced by the grain size and shows less time-
dependence and variability for coarse sediments than for fine sediments since the latter drain less

quickly.

2.1.2 Water Saturation Distribution in Heterogeneous Porous Media

Considering a homogeneous porous medium profile, water saturation, S, [-], decreases with
increasing capillary pressure head, h; [L] (Fig. 2.3a). The relationship between the capillary
pressure head and the water saturation is described by the capillary pressure head curve,
he = ho(Sw).
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When a porous medium is layered, i.e., coarse and fine materials are overlying each other, an
interesting phenomenon occurs at the interface between the two porous materials. The assumption
of local equilibrium prohibits any pressure jump across such an interface, in both the aqueous and
the gaseous phases (Zilch, 2002; Papafotiou, 2008; Bear and Cheng, 2010). Since the capillary
pressure has to be continuous at the interface and is additionally related to two different values of
water saturation on each side, this results, in general, to saturation discontinuities at the interface
(Fig. 2.3b). To be more precise, at the same capillary pressure head, the fine porous material may
stay at high water saturation, whereas the moisture content of the coarse porous medium is

essentially at the residual value.

(@)

fine porous
material

Layer | (fine)
coarseporous . _ _ _ _ _ _NL _ _ _ _ | L
material I \ Layer Il (coarse)

Layer | (fine)

0.0 S, 1.0 0.0 S, 1.0

Fig. 2.3. Water saturation discontinuities at interfaces in a layered porous medium: (a) capillary pressure
head curves for two porous media (coarse and fine); (b) water saturation distribution at equilibrium in a three-
layered system.

2.2 Extended Darcy’s Law for Unsaturated Flow

When several fluids are present in the void space of a porous medium, the fluids interfere with
each other in their flow behavior. In fact, one fluid phase reduces the flow path of the other phase.
The effect of other fluids in obstructing the flow of a fluid i is captured by the relative permeability,
which can be considered as a scaling factor ranging between 0 and 1 (e.g., Allen, 1985; Bear and
Cheng, 2010). Bear and Bachmat (1986, 1990) showed that the permeability of a considered fluid
phase is a function of the saturation of that fluid. The extended Darcy’s law can be used as an
approximation for the flow of a fluid phase in a multiphase system (Buckingham, 1907; Richards,
1931; Childs, 1969):
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_kr,i (Si) Sm
vV, =—""——
2

in which v, [L T"] is the horizontal groundwater flow velocity, k.; [-] represents the relative

(Vpi _pigVZ) (2-2)

permeability of the fluid i, and k** [L?] is the permeability at full saturation. Moreover, y [M L™ T,
S[], pIML"'T?, and p [M L] denote the dynamic viscosity, saturation, pressure, and density of

the fluid, respectively. @ [-] is the porosity of the porous medium, and z [L] represents the

-1

elevation. Equation 2.2 can be simplified by replacing kK with £** = K,u(pg) :

-k S, (S
. - r,i (Sl )KVhl - kr,z (Sl )qisat (23)
95, 95,

where K [L T] is the saturated hydraulic conductivity, h [L] represents the hydraulic head, and

v

g°* [L T™"] denotes the Darcy velocity in the fluid-saturated zone.

Equations 2.2 and 2.3 are nonlinear, since the value of relative permeability depends on the phase
effective saturation (and hence on fluid pressure; Fig. 2.4 for a two-fluid system). When S; is at
residual saturation, a continuous phase is not present and the relative permeability has to be zero.
Similarly, for S; = 1 it is valid that k,; = 1. Between these extreme values, the relative permeability
increases monotonically with phase saturation. As a consequence, in homogenous porous media
the horizontal groundwater flow velocity continuously decreases with increasing height above the
water table (Liu, 2008).

Snw

1.00

Fig. 2.4. Typical relative permeability curves without hysteresis
(from Bear and Cheng, 2010. Reprinted by permission of Springer
Science + Business Media, Dordrecht).

S, —»

The relative permeability-saturation relationship has to be determined experimentally for each
particular porous medium or can be derived using analytical expressions (e.g., Burdine, 1953;
Irmay, 1954; Mualem 1976; Brooks and Corey, 1964, 1966; van Genuchten, 1980). These
analytical expressions for the relative permeability-saturation relationship were usually obtained by
analyzing simplified models of porous media, such as a bundle of capillary tubes or pore network
models (Papafotiou, 2008; Bear and Cheng, 2010).
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The two functional relationships k., = k.,(Sw) and h; = h(Sw), which are needed in order to solve
unsaturated flow problems, are not unique, cannot be easily measured, and are subject to
hysteresis. Hysteresis in k. ,(Sy) is generally ignored, since the capillary pressure head-saturation
relationship usually exhibits far greater hysteretic effects (Bear and Cheng, 2010). Moreover, the
parameter values required to describe hysteresis in the relative permeability-saturation relationship

are highly uncertain.

2.3 Relevant Mass Transfer Processes in the Capillary Fringe

Mass transfer processes across and within the transition region between the unsaturated and the
saturated zone are important for the supply of volatile compounds from the atmosphere to
groundwater. At steady state, transverse vertical dispersion was found to be essential for mass
transfer of volatile compounds across the capillary fringe (Klenk and Grathwohl, 2002; Liu, 2008).
Moreover, molecular diffusion and advection play a role. Whereas molecular diffusion dominates in
the unsaturated zone (e.g., Grathwohl, 1998; Bear and Cheng, 2010), transverse vertical
dispersion and advective transport are the principal mechanisms for mass transfer in groundwater.
In the intermediate zone, the transition between these processes (i.e., molecular diffusion and
dispersion/advection) occurs (Maier et al., 2007; Liu, 2008). Additional mass transfer processes to
be considered may be gas partitioning, sorption, and degradation.

In case of increasing water tables (i.e., imbibition), a significant amount of volatile compounds can
be supplied to the aqueous phase by partitioning from entrapped gas (e.g., Donaldson et al., 1998;
Klump et al., 2008). The latter process occurs until equilibrium between the two fluid phases is
achieved (Cirpka and Kitanidis, 2001). Furthermore, entrapped gas influences the transfer of
volatile compounds (e.g., soil gases, contaminants) through the aquifer, due to its effects on the
hydraulic properties of the porous medium (e.g., Orlob and Radhakrishna, 1958; Bear and Cheng,
2010), the tortuosity (e.g., Klenk and Grathwohl, 2002), and the retardation of partitioning
compounds (Fry et al., 1995).

2.3.1 Hydrodynamic Dispersion

The spreading of a solute in a porous medium domain, beyond the region it would be expected to
occupy if it were subject to advective flow alone, is called hydrodynamic dispersion (Bear, 1972). It
is an unsteady, irreversible process in which the mass of a tracer continuously ‘mixes’ with the
non-labeled portion of the moving fluid. Hydrodynamic dispersion results from both molecular
diffusion and mechanical dispersion; it is, thus, observed not only in the direction of the (averaged)

uniform flow, but also normal to it. The separation between molecular diffusion and mechanical
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dispersion is rather artificial, as they are inseparable (exception: diffusion in the absence of flow)
(Bear, 1972; Fetter, 2001; Bear and Cheng, 2010).

In general, three factors are responsible for mechanical dispersion in longitudinal direction (e.g.,
Bear 1972; Fetter, 2001): (i) varying pore sizes, (ii) tortuosity, and (iii) the velocity distribution in a
single pore. Lateral dispersion is caused by the fact that, as a fluid containing a tracer flows
through a porous medium, the flow paths can split and branch out to the sides (Fig. 2.5). However,
very little spreading is produced in the direction perpendicular to the average flow due to velocity
variations alone. The mechanism of molecular diffusion also has to be taken into account.
Molecular diffusion is caused by the random motion of the molecules (Brownian motion), which
results in the spreading of solute particles from regions of higher concentrations to those of lower
ones (Fetter, 2001). Thus, lateral molecular diffusion occurs across streamlines and tends to
equalize the concentration across pores. It is this phenomenon, combined with the randomness of
the streamlines that explains the observed ever-growing extent of transverse dispersion (Bear and
Cheng, 2010).

Fig. 2.5. Transverse hydrodynamic dispersion caused by the splitting of
the individual streamlines (from Fetter, 2001. Reprinted by permission of
Pearson Education, Inc., Upper Saddle River, NJ).

In multiphase flow, a dispersion coefficient is associated with each fluid phase. Thus, longitudinal
and transverse hydrodynamic dispersion depend on the phase configuration within the void space

since each of these components is a function of flow velocity and the phase saturation.

2.3.1.1 Fick’s laws

It is generally assumed that dispersion of a solute travelling through a porous medium follows an
extension of Fick’s laws. These quantitative laws of diffusion were proposed in 1855 by Adolf Fick,
when he was only 26 years old (Fick, 1855a, 1855b; Philibert, 2005; Cussler, 2009). Thinking
about Graham’s results (Graham, 1850) on diffusion of salts in water, Fick perceived that diffusion
could be described according to the same mathematical formalism as Fourier's law for heat
conduction (Fourier, 1822) or Ohm’s law for electricity. Fick postulated that the mass flux,
F [M L? T, of a certain compound across a given cross-sectional area is proportional to the

concentration gradient across that interface. Thus, Fick’s first law states:
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0C(x)
0x

F=-D

(2.4)

in which D [L? T is the diffusion coefficient, that describes the rate at which the molecules spread
(Grathwohl, 1998), and C [M L] denotes the concentration of the diffusing compound depending
on distance x [L].

Fick's first law does not consider the fact that the gradient and a compound’s local concentration
may vary over time, t [T]. Conservation of mass leads to Fick's second law stating that the change

in concentration over time is equal to the change in local diffusion flux:

5 DBC(x,t)
IC(x, 1) _ oF _ ( 0x ) (2.5)

ot ox ox

If the diffusion coefficient is independent of position, then Fick's second law may be further

simplified into the following equation:

aC(x,t) 9>C(x,1)
=D .
ot ox

(2.6)

Effective and Apparent Diffusion Coefficients:

In porous media, diffusion of a compound is hindered by the reduced cross-sectional area
available for diffusion as well as by the size and the tortuous nature of the pores (e.g., Grathwohl,
1998; Chiogna et al., 2010).

At steady state, the diffusive flux in a porous medium can be described by Fick’s first law. Whereas
C in Eqgn. 2.4 refers to the concentration in the gaseous or the aqueous phase, the diffusion
coefficient for the free fluid phase, D, has to be replaced by the effective diffusion coefficient. The
latter is denoted as Doy [L> T"'] or D [L> T™"], in order to describe mass transfer in the gaseous or in
the aqueous phase, respectively. D,, and D, are typically derived by empirical correlations
(Millington, 1959; Currie, 1960; Sallam et al., 1984; Maraqa et al., 1997; Moldrup et al., 2000); for a
summary, also refer to Grathwohl, 1998). As an example, the empirical correlation according to

Millington and Quirk (1960) is given for the effective diffusion coefficient in the unsaturated zone:

10/3
P

2.7)

in which D, [L> T"] is the diffusion coefficient in the free gaseous phase. @, [-] and ® [-] are the gas-

filled and the total porosity of the porous medium, respectively.
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Under water-saturated conditions, a typical approximation for D, is (e.g., Grathwohl, 1998):
D, = Daqu)’" (2.8)

in which D,, [L? T'] is the diffusion coefficient in the free aqueous phase and m [-] represents an
empirical exponent with a value of about 2 in natural porous media (Grathwohl, 1997).

For the transient case (i.e., when concentrations vary with time), Fick’s second law (Egns. 2.5 and
2.6) is valid. To account for retardation processes, such as sorption into or onto the solids and/or
partitioning between the gas and aqueous phases, an apparent diffusion coefficient is introduced.
In the unsaturated zone, the capacity factor, a [-] (e.g., Silka and Jordan, 1993; Grathwohl, 1998;
Klenk 2000; Werner and Hohener, 2003), has to be used for the calculation of the apparent

diffusion coefficient in the gaseous phase, D4 [L* T™:

D Des Des (2.9)
a.g o ¢ . ¢aq N Kd p .
¢ KH KH

in which @, [-] denotes the water-filled pore volume and Ky [-] is the compound-specific Henry’s
Law coefficient. Moreover, Ky [L*> M™"] represents the distribution coefficient between the aqueous
and the solid phases and p [M L] is the dry bulk density.

Transient diffusion of a solute, e.g., subject to sorption in porous media, can be described using

the following equation for the apparent diffusion coefficient, D, [L?> T™'] in the aqueous phase:

p-P.__D. (2.10)

‘“a =¢+de

Please note that the capacity factor a is now differently defined, when compared with Eqn. 2.9.

In case no sorption occurs, D, equals the pore diffusion coefficient, D, [L*> T""] (Rahman et al.,
2004). Thus, for D, a typical approximation under water-saturated conditions is (Grathwohl, 1998;
Boving and Grathwohl, 2001; Olsson and Grathwohl, 2007; Chiogna et al., 2010):

D,=D,¢ 2.11)

Regarding mass transfer across the capillary fringe, volatile compounds with high Henry’s law
coefficient are transferred quickly through regions with higher water saturation. In these regions,
the partial pressure of the diffusing compound does not considerably differ from the compound’s
partial pressure at higher elevations (comprising lower values of water saturation). However, mass
transfer is limited on the water-side, since gas diffusion coefficients are typically much higher than
aqueous diffusion coefficients (by approximately four orders of magnitude; Reid et al., 1987).
Transfer of volatile compounds with low Henry’s law coefficient is additionally determined by the

mass transfer in air/water-filled pores.
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2.3.1.2 Parameterizations of Transverse Vertical Hydrodynamic Dispersion:

Diffusion is the primary mass transfer mechanism for gaseous compounds, since under natural
conditions only minor pressure gradients exist in the subsurface environment (e.g., Jury et al,,
1991; Grathwohl, 1998; Scott, 2000). In the liquid phase, both diffusive and advective flow
processes operate and hydrodynamic dispersion coefficients are used to describe dispersive mass
transfer of solutes in porous media. These coefficients are defined as the additive contribution of
D, and a mechanical dispersion coefficient, Dnmecn [L?2 T"]. The transverse vertical hydrodynamic

dispersion coefficient, D; [L*> T], can, thus, be written as:

D,=D,+D (2.12)

mech

De Josselin de Jong (1958) and Saffman (1959) defined the mechanical dispersion in transverse
direction as a quantity linearly proportional to the velocity and to the grain size. The authors
introduced an empirical correction factor with a value of 3/16. Nowadays, the linear parametric

model proposed by Scheidegger (1961) is commonly used (e.g., Fetter, 2001):
D, =D, +av, (2.13)

in which the transverse dispersivity, a; [L], is assumed to be a property of the porous medium
alone. If we accept this description (Eqn. 2.13), we assume molecular diffusion and mechanical
dispersion can be treated as two separate phenomena, that is, Dnech is identical for all compounds.
This separation between the two processes is, however, rather artificial (Bear, 1972; Fetter, 2001;
Bear and Cheng, 2010).

Inspired by the statistical model of Bear and Bachmat (1967), Chiogna et al. (2010) derived an
empirical formulation of D; that retains an explicit dependence of the mechanical dispersion term

on the aqueous diffusion coefficient of the transported tracer.

D,=D,+v, (2.14)

d
v Pe+123

This formulation shows a non-linear relationship with the average seepage velocity (Chiogna et al.,
2010) and was further generalized by Rolle et al. (2012). The dimensionless grain Péclet number,
Pe, is defined as:

_Vade

Pe (2.15)

aq
in which d. [L] is the characteristic length of a pore channel, represented by the average grain
diameter, d [L].
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2.3.2 Vertical Mass Transfer

In this study, we investigate mass transfer of oxygen across the capillary fringe under dynamic flow
conditions. Therefore, we focus our attention on this interface region between the vadose zone and

the underlying groundwater.

2.3.2.1 Total Effective Dispersion

In a subsurface system, mass transfer of a compound is limited, where a steep concentration
gradient occurs (Jahne and Haufecker, 1998; Maier et al., 2007). For comparably shallow
unsaturated zones without strong microbial activity, gas diffusion is so quick that the partial
pressure of oxygen can be well approximated by the partial pressure in the free atmosphere. That
is, studying oxygen profiles in the unsaturated zone is of interest only for thick vadose zones or
soils with tremendous reactive oxygen consumption. This is different for the underlying aquifer,
where diffusion coefficients are by orders of magnitude smaller (Reid et al., 1987). The weak
vertical mixing in the aqueous phase may result in an abrupt change in concentration between the
water table and the upper limit of the capillary fringe. As an example, this was observed by
McCarthy and Johnson (1993) who studied the transfer of TCE from shallow groundwater to the
unsaturated zone.

Effective diffusion/dispersion coefficients, acting in vertical direction, can be used to interpret
steady-state concentration profiles (McCarthy and Johnson, 1993; Werner et al., 2004; Maier et al.,
2007; Liu, 2008) since longitudinal dispersion is of minor importance for mixing compared to
transverse dispersion. The total effective dispersion coefficient for the system considered is:

10/3
p =%

tot P

(2.16)

mech mech

D, +0,D,., =0,S,/¢" D, +0,D
in which 6 [-] and 6,4 [-] are the volumetric gas and water content. Sy [-] denotes the saturation of
the gaseous phase. To describe the effective diffusion coefficient in the gas phase, the correction of
Millington and Quirk (1960; Egn. 2.7) was implemented into Eqn. 2.16.

As already mentioned, gas diffusion represents the principal mass transfer mechanism for natural
gases as well as volatile pollutants at low and moderate moisture contents and in the absence of
pressure gradients (e.g., Grathwohl, 1998; Werner et al., 2004; Bear and Cheng, 2010). This can
also be observed in Fig. 2.6. The effective gas diffusion coefficient (Eqn. 2.7) decreases with
increasing water content in the transition region between the unsaturated and the saturated zones
(Grathwohl, 1992; Scanlon et al., 2002), whereas hydrodynamic dispersion gets more and more
dominant. In Fig. 2.6 mass transfer is limited on the water-side, i.e., by the transport of the volatile

compound from the air-water interface across the aqueous boundary layer or vice versa.
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2.3.2.2 Conceptual Theories of Mass Transfer

Different conceptual theories were developed to describe mass transfer from a gas phase to a

liquid phase proceeding via an interfacial area. The following theories are frequently applied:

e Stagnant film theory (Nernst, 1904):

Mass transfer is postulated to proceed via stationary diffusion in a stagnant film of
thickness / [L]. Such a hypothetical film gives the simplest model of the interfacial region

and the flux, F; [M T L], relative to the interface, is calculated by:

D
F =7(C1,- -C) (2.17)

in which C;; [M L] and C; [M L] are the interfacial and bulk concentrations in the liquid

phase. In the present case, the unknown film thickness, /, varies with the fluid velocity.

e Penetration theory (Higbie, 1935):

This theory is based on mass transfer into a semi-infinite fluid, where the residence time of
a fluid element at the interface is used as the characteristic parameter. It is assumed that in
the direction perpendicular to flow, diffusion is much more important than advection,
whereas in the direction of flow, diffusion is much less important than advection. The

average flux across the interface, F; [M T L], is:

F =2 V‘“Ta"l(cu -C,) (2.18)
J

in which Ve [L T™'] denotes the interfacial velocity of the liquid and L [L] is the length of the
exposed film. Cy; [M L7] represents the interfacial solute concentration in the liquid in

equilibrium with the well-stirred gas and C; [M L] is the bulk solute concentration.
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e Surface-renewal theory (Danckwerts, 1951):

The surface-renewal theory provides a better physical picture than the penetration theory,
since a probability of replacement is introduced. This idea of replacement or ‘surface-
renewal’ makes the penetration theory part of a more believable process. The average flux

across the interface, F; [M T L, is:

F, = P(CU -C) (2.19)
T

in which 1 [T] is the surface-renewal rate.

The different theories discussed above are schematically shown in Fig. 2.7. For further details

please refer to, e.g., Gulliver (2007) or Cussler (2009).

(a) (b) (c)
N
l l l N Liquid N
Liquid Bulk liquid Flowing liquid
o i ; Well-mixed
Small time) c, c
Gas & Gas ( ) 4 Gas K bulk region
Gu Interfacial ate
= c region
1
(Larger time)
z=0z=/ X Zmos

Fig. 2.7. Conceptual theories to describe mass transfer: (a) Stagnant film theory; (b) Penetration theory; (c)
Surface-renewal theory (from Cussler, 2009. Reprinted by permission of Cambridge University Press,
Cambridge).

2.3.2.3 Mathematical Description of the Partitioning of Volatile Compounds

Groundwater level fluctuations can directly impact dissolution rates (e.g., Williams and Oostrom,
2000) and/or contaminant volatilization rates from groundwater due to water table ‘pumping’ (e.g.,
Parker et al., 1994; Werner and Héhener, 2002; Parker, 2003). For example the entrapment of gas
clusters leads to partitioning of volatile compounds between the liquid and the gaseous phases,
thus, affecting the overall mass transfer compared to steady-state conditions.

Transfer of volatile compounds, between the aqueous and the gaseous phases, results from the
difference in chemical potential of these compounds between the two phases (e.g., Anderson and
Crerar, 1993; Nordstrom and Munoz, 1994). In most problems, multiple dissolved gases are
transferred simultaneously (Donaldson et al., 1998). According to Cirpka and Kitanidis (2001), the
total amount of volatile compounds determines the gas saturation, which tends to increase with the
mass per pore volume of a specific volatile compound, while the total concentrations of the other
compounds remain the same. Thus, the trapped gas volume may grow or shrink depending on

whether gases are produced or consumed (Amos and Mayer, 2006).
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Several models have been developed to describe partitioning of volatile compounds between the
aqueous and entrapped gaseous phases (e.g., Heaton and Vogel, 1981; Stute et al., 1995;
Aeschbach-Hertig et al., 2000; Mercury et al., 2004). Two different approaches have been
proposed to couple gas partitioning between the two phases with solute transport in water: the
kinetic bubble dissolution model (Holocher et al., 2003) and the local equilibrium model (Cirpka
and Kitanidis, 2001). Klump et al. (2008) argued that gas-transfer kinetics are important when the
contact time between the water and gas phases is relatively short. In contrast, the assumption of
local equilibrium between the two phases is appropriate for low flow velocities and large distances
(see also Geistlinger et al., 2005).

In the following, we assume that local equilibrium is appropriate for the experimental conditions
applied in this study. The water and the entrapped gas phase are considered in local physico-
chemical equilibrium and mass transfer between the liquid and the gaseous phase is solely
controlled by the different equilibrium coefficients, i.e., by the compound-specific Henry’'s law
constants. In fact, thermodynamic equilibrium exists between two fluid phases, when the chemical
potential, u [L2 T'2], for each given compound J, present in the multiphase system, is the same in
both phases (e.g., Atkins and de Paula, 2006; Cussler, 2009), i.e.,

uf =u (2.20)

The chemical potential of a compound in the gaseous or aqueous phase can be expressed as a
function of the compound’s fugacity (or partial pressure) or activity (or aqueous concentration) in
the respective phase. In doing so, the chemical potential of a component i in a mixture of ideal

gases is related to its partial pressure, p; [M L™ T], by
g 0,g pi
uf =, +RTIn~—; (2.21)
p

in which yi‘”g is the standard potential of the compound measured at a specific reference state.

R [L? t' T?] denotes the ideal gas constant and T [t] is the absolute temperature. In the current
case, p’ [M L T?] represents the total pressure, which is equal to the sum of partial pressures.

Correspondingly, the chemical potential of the compound i in an ideally dilute solution is

w' =u +RTn X, (2.22)

in which y?’”q is the chemical potential of the pure solute at infinite solution and X; [-] represents

the mole fraction of compound j in the aqueous phase.
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Thus, for ideally diluted solutions and at equilibrium, the concentration, C?9 [M L], of the dissolved
gas i is related to its partial pressure and atmospheric concentration, C? [M L], by Henry’s law:
¢t b
c“ RTCH

(2.23)

Hi =

Helfferich (1981) defined the total concentration, C,”" [M L], of each compound i as the mass in

all phases per pore volume:
¢ =(-s,)c+s,cc =1+(k,, -1)s, o, (2.24)

Thus, rearranging Eqn. 2.24 and implementing into Eqn. 2.23, the partial pressure can be

expressed as:

CRTK,,,
1+(K,, -1)s

D, = (2.25)

H,i g

The transport of various volatile compounds in the presence of an immobile gas phase is coupled
via the total gas pressure, p [M L™ T7, i.e., the sum of atmospheric pressure, capillary pressure,
and hydrostatic pressure (Cirpka and Kitanidis, 2001). Equilibrium is achieved, when the sum of
partial pressures within the gaseous phase approximates this external pressure. In case of
absence of a gaseous phase, the sum of partial pressures, computed through Henry’s law, is

smaller than p:

=p if§, >0
219, (2.26)
<p ifS,=0

in which N is the number of volatile compounds.

Due to the hydrostatic pressure of the water, the potential equilibrium concentration in the aqueous
phase increases with increasing water depth. In fact, it is evident that the depth of the entrapped
gas volume in the water body determines the hydrostatic pressure, which is the dominating

parameter responsible for the total amount of dissolved air (Holocher et al., 2002).
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3. A High-Resolution Non-Invasive Approach to Quantify
Oxygen Transport across the Capillary Fringe and within the
Underlying Groundwater

Christina M. Haberer*, Massimo Rolle, Sanheng Liu, Olaf A. Cirpka, Peter Grathwohl
Journal of Contaminant Hydrology (2011), Vol. 122(1-4), pp. 26-39, doi: 10.1016/j.jconhyd.2010.10.006.

Abstract

Oxygen transport across the capillary fringe is relevant for many biogeochemical processes. We
present a non-invasive technique, based on optode technology, to measure high-resolution
concentration profiles of oxygen across the unsaturated/saturated interface. By conducting a series
of quasi two-dimensional flow-through laboratory experiments, we show that vertical hydrodynamic
dispersion in the water-saturated part of the capillary fringe is the process limiting the mass
transfer of oxygen. A number of experimental conditions were tested in order to investigate the
influence of grain size and horizontal flow velocity on transverse vertical dispersion in the capillary
fringe. In the same setup, analogous experiments were simultaneously carried out in the fully
water-saturated zone, therefore allowing a direct comparison with oxygen transfer across the
capillary fringe. The outcomes of the experiments under various conditions show that oxygen
transport in the two zones of interest (i.e., the unsaturated/saturated interface and the saturated
zone) is characterized by very similar transverse dispersion coefficients. An influence of the
capillary fringe morphology on oxygen transport has not been observed. These results may be
explained by the narrow grain size distribution used in the experiments, leading to a steep decline
in water saturation at the unsaturated/saturated interface and to the absence of trapped gas in this
transition zone. We also modeled flow (applying the van Genuchten and the Brooks-Corey
relationships) and two-dimensional transport across the capillary fringe, obtaining simulated
profiles of equivalent aqueous oxygen concentration that were in good agreement with the

observations.

Keywords: capillary fringe; oxygen transport; hydrodynamic dispersion; 2-D experiments; fiber-optical
sensor technique.
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3.1 Introduction

During the past decades, considerable effort has been undertaken to deepen the understanding of
the capillary fringe and how it may influence mass transfer between the vadose and the saturated
zones. A consistent definition of the capillary fringe is difficult to find in the literature (Berkowitz et
al., 2004). Generally, it is considered the transition zone between the unsaturated and the
saturated zones, the lower boundary being the groundwater table, at which the water and the
atmospheric pressures are identical. The upper boundary is less clearly defined: a rigorous
definition limits the capillary fringe to the water-saturated zone directly above the water table,
where the water pressure is smaller than the atmospheric pressure due to capillary forces,
whereas an extended definition of the capillary fringe includes the tension-saturated zone and the
contiguous variably saturated parts above. Referring to the latter description, the capillary fringe
reveals gradually decreasing water contents toward higher elevations, eventually reaching field
capacity (Caron et al., 1998).

The relationship between water content and matric potential at the interface between the vadose
and the saturated zone can be described by several empirical models. Two parameterizations, with
numerous modifications, are most commonly used: the Brooks-Corey (1964, 1966) and the van
Genuchten (1980) models. Both models are based on the assumption that the volumetric water
content 8,4 [-] ranges between a minimum, so-called residual water content 6, [-] and a maximum
value 6; [-], denoted saturated water content, which is identical to the storage-effective porosity. The
residual water content is considered to be confined to small pores, which do not necessarily form a
continuous network. The effective water saturation S, [-], ranging between zero and one, normalizes
the actual water content 6,4 to the scale between 6, and 6;:

0. -0

s.= (3.1)

The van Genuchten model assumes a gradual change of water content from the water table up to
the unsaturated zone until residual saturation is reached, i.e.,

Se=(1+|ah|”)’” ifth<0
S =1 ifth>0

(3.2)

where a [L™] is the capillary pressure parameter, which can be estimated as the reciprocal value of
the capillary fringe height. h [L] is the matric head (difference between air and water pressure heads;
a negative quantity above the water table), and n [-] and m = 1-n" [-] are shape parameters, usually
obtained by fitting.

In contrast to the van Genuchten model, the Brooks-Corey model assumes that the soil pores

remain fully water-saturated up to some distance above the water table as long as the matric
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potential is higher than a critical potential, i.e., the air-entry pressure of the largest pore. Such a
fully saturated zone exists in very fine and homogeneous soils (Ronen et al., 1997). The water-
retention curve is then described by

S=(—) if hsh, 53)
1

if h>h,

in which h, [L] represents the air-entry pressure head or bubbling pressure head. This is
approximately the minimum suction in the drainage cycle at which a continuous non-wetting phase
(air) exists in a porous medium (Bear and Cheng, 2010). A [-] is called the pore-size distribution
index.

Pedotransfer functions (PTFs) can be used to predict soil hydraulic parameters, e.g., a and n in the
van Genuchten model, from easy-to-determine soil variables, such as texture and bulk density
(e.g., Carsel and Parrish, 1988; Schaap and Leij, 1998). Bloemen (1977) probably was the first to
derive the relationships between the parameters of the Brooks-Corey model and particle-size
distribution.

The capillary fringe thickness depends on the pore-size distribution and, thus, on soil type, vertical
infiltration rates, fluctuations of the groundwater table (Berkowitz et al., 2004), and the presence of
surface-active solutes (Henry and Smith, 2002). Significant lateral flow in the capillary fringe is
restricted to the zone of high water content, i.e., below a critical height above the groundwater
table (Ronen et al., 1997; Berkowitz et al., 2004).

Vertical mass transfer across the capillary fringe can cause groundwater contamination by volatile
compounds (Baehr, 1987; McCarthy and Johnson, 1993), but it may also represent an important
mechanism of oxygen supply. The latter process plays a pivotal role for subsurface microbial
activity, providing the electron acceptor necessary for aerobic metabolism and influencing the
redox potential within the aquifer. Mass transfer in porous media differs from diffusion through free
fluids as the presence of solids reduces the cross sectional area and increases the mean path
length for compounds transported in soils. In the unsaturated zone, the effective diffusion
coefficient additionally takes the volumetric water and gas content into account. With increasing
water saturation from the unsaturated zone toward the groundwater, the effective gaseous
diffusion coefficient decreases (Affek et al., 1998; Maier et al., 2007). Simultaneously, the
horizontal flow velocity increases and hydrodynamic dispersion in the aqueous phase becomes
important.

Many experimental and computational studies have been conducted to evaluate longitudinal
hydrodynamic dispersion as a function of water saturation and its effect on transport of dissolved
compounds (e.g., Elrick and French, 1966; Salter and Mohanty, 1982; De Smedt et al., 1986;
Seyfried and Rao, 1987; Sahimi and Imdakm, 1988; Lake, 1989; Sahimi, 1993; Maraqa et al.,
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1997; Matsubayashi et al., 1997; Padilla et al., 1999; Nutzmann et al., 2002; Toride et al., 2003;
Mayer et al., 2008). In case of decreasing water content, higher dispersion coefficients were found,
which were attributed to significant increases in the diversity of solute travel times or in the
tortuosity of flow at the pore scale. In contrast to that finding, Orlob and Radhakrishna (1958)
concluded, from their experimental work using chloride as tracer, that a 10 % increase in gas
saturation reduced longitudinal hydrodynamic dispersion by about 50 %. Vanderborght and
Vereecken (2007) also pointed out that several studies found lower dispersion coefficients in
unsaturated than in saturated systems. Roth and Hammel (1996) demonstrated that the variability
of the flow field in heterogeneous soils strongly depends on water content, resulting in minimal
longitudinal hydrodynamic dispersion coefficients at intermediate saturations, and elevated
dispersion coefficients under very dry conditions.

With regard to the mass transfer of volatile compounds across the capillary fringe, earlier works
(e.g., Klenk and Grathwohl, 2002; Liu, 2008) showed that transverse vertical dispersion is essential
in experiments conducted at the bench-scale. Klenk and Grathwohl (2002) suggested that flow in
the capillary fringe also enhances transverse dispersion due to the presence of entrapped gas
bubbles, which lead to more tortuous flow paths. In addition, the gas bubbles act as ‘mixing
chambers’ because of fast diffusion within the gas phase.

The contrasting findings about the role of hydrodynamic dispersion in variably saturated soils and
the lack of studies dealing with the mass transfer of volatile compounds across the capillary fringe
indicate the need of further investigations directly comparing transverse dispersion at the interface
and in the fully water-saturated zone. This is the main objective of the present study. Additionally,
we present a non-invasive approach to determine profiles of oxygen concentration across the
capillary fringe and in the fully water-saturated zone at the pore-scale resolution. The method is
based on an optode technology, in which luminescence within a polymer foil is quenched in the
presence of oxygen. We demonstrate the applicability of the proposed method under various
conservative and reactive conditions. Analytical solutions of the governing transport equation
under different boundary conditions are used to quantitatively interpret the experimental results.
Numerical simulations of flow and transport further confirm the results for an illustrative case of

oxygen mass transfer across the capillary fringe.

3.2 Experimental Setup

We performed quasi two-dimensional flow-through experiments to study oxygen transport.
Recently, such experimental settings have been used to investigate solute transport by high-
resolution imaging techniques (e.g., Zinn et al., 2004; Oates and Harvey, 2006; Olsson and
Grathwohl, 2007; Catania et al., 2008; Jaeger et al., 2009; Werth et al., 2010), to perform multi-
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tracer experiments with different dissolved compounds (Chiogna et al., 2010), and to study
coupled mixing and reactive processes including both abiotic (e.g., Cirpka et al., 2006; Rolle et al.,
2009) and biodegradation reactions (e.g., Huang et al., 2003; Bauer et al., 2009a and 2009b; Rolle
et al., 2010).

In this study, a quasi two-dimensional porous medium setup was specifically designed for the
investigation of oxygen transport across the capillary fringe and within the fully water-saturated

zone. Figure 3.1 shows a photograph of the flow-through system used.

outlet

i
i O,-sensitive
| sensor foil

- flow direction -

Fig. 3.1. Experimental setup; inner dimensions of the flow-through chamber: 80 cm x 40 cm x 0.5 cm.

The inner dimensions of the chamber were 80 cm x 40 cm x 0.5 cm (length x height x width).
Furthermore, the transparent panes at the front and back of the flow-through system were made of
acrylic glass with a thickness of 6 mm. Vertical external supports ensured an accurate placing of
the glass panes and, therefore, a constant cross-sectional area. Glass beads (Sartorius GmbH,
Géttingen, Germany) with grain size diameters of 0.4 - 0.6 mm and 1.0 - 1.5 mm were used as
porous medium. During the filling procedure, the water table was slowly raised and constantly
maintained above the top of the porous medium in order to avoid entrapment of air bubbles. After
the flow-through chamber had been completely packed, the water table was lowered to its final
stage such that the top of the capillary fringe was kept below the surface of the porous medium
and an unsaturated zone was created in the upper region of the packing (Fig. 3.1).

In order to determine the height of the water table, two piezometers were connected to the porous
medium via two holes drilled in the front pane. We also used two 24-channel peristaltic pumps
(IPC 24, ISMATEC, Glattbrugg, Switzerland), connected to the inlet and outlet ports of the

chamber, to create steady-state horizontal flow. The pumps were operated at constant flow rates
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and had been calibrated for each experimental run. The tubing material used for the pumps
consisted of Fluran HCA (ISMATEC,; inner diameter: 0.64 mm), which is characterized by low gas
permeability, thus, minimizing oxygen uptake when oxygen-depleted water is flowing through the
tubes. Hollow needles with an inner diameter of 0.9 mm were used to connect the tubing with the
flow-through chamber. In order to prevent clogging by the porous medium, the needles were
shielded by small stainless steel sieves (0.125 mm mesh size). The inlet and outlet ports of the
flow-through chamber were vertically spaced by 12.5 mm.

The experiments were conducted by injecting oxygen-depleted water into the flow-through
chamber, which was covered by a lid to prevent considerable evaporation but remained open to
the atmosphere. This allowed the mass transfer of oxygen from ambient air across the capillary
fringe into the saturated zone. The oxygen-depleted solution was prepared by stripping the
necessary volume of Milli-Q water with nitrogen until the measured oxygen concentration was
below 0.1 mg L. To minimize oxygen contamination, the feed solution was immediately stored in
a gastight Tedlar bag (Alltech, Germany), which had been flushed with nitrogen. The oxygen
concentration of this reservoir solution was monitored over time by measuring oxygen in a small
flow-through cell interconnected in the feeding line.

In order to study oxygen transport in the fully water-saturated zone, we created a plume of high
oxygen concentrations by connecting a central inlet port to an air-equilibrated solution of Milli-Q
water (see Fig. 3.1). For reference, the oxygen concentration of this solution was also monitored
over time using a small flow-through cell.

Rather than placing the oxygen-sensitive material onto the tip of a sensor, we measured oxygen
concentrations, both at the interface and in the saturated zone, using two vertical stripes of
oxygen-sensitive polymer optode foil (26 cm x 0.5 cm; SP-PtSt3-NAU from PreSens GmbH,
Regensburg, Germany). The optode foil had been glued onto the inner side of the front pane of the
flow-through chamber and the stripes were placed at distances of 45 cm and 60 cm from the inlet,
respectively. Each stripe allowed measuring high-resolution vertical profiles of oxygen
concentrations, with more than 100 measurement locations spaced by 2.5 mm. The
measurements were performed using an optical fiber (PreSens GmbH, Regensburg, Germany),
carrying the excitation and the luminescence light. In doing so, the fiber was located outside the
flow-through chamber and was moved stepwise in vertical direction through the different
measuring points.

The porosity of the porous medium was determined after each experimental run. For this, a
solution of sodium fluorescein (15 mg L") was continuously injected into the saturated zone
through the same central port that was previously used to create the oxygen-rich plume. An
average value of porosity was determined from the mean breakthrough time of the tracer at the

outlet and the flow rate.
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Reactive experiments were conducted to demonstrate the applicability of the proposed method in
the presence of an oxygen-consuming reaction. Here the experimental setup was similar as
described before (grain size used: 1.0 to 1.5 mm), except for the dimensions of the flow-through
chamber (80 cm x 10 cm x 1 cm, L x H x W; see Liu, 2008). Instead of pure deoxygenated Milli-Q
water, a sodium sulfite (Na;SO3) solution (8.1x10* mol L") was pumped into the system. The
reaction (i.e., the oxidation of sulfite in the presence of dissolved oxygen) was studied in the
absence and in the presence of a catalyst. In the latter case Co?* was added in concentrations of
9.1x10®° mol L™ to the prepared sodium sulfite solution. Although the ready oxidation of sulfite is
fundamental for the considered instantaneous reactive process, it is disadvantageous with regard
to sampling and measurement. In fact, as soon as a water parcel reaches the outlet of the flow-
through chamber, the formation of sulfate has to be inhibited to quantify the reactant (i.e., sulfite)
and the product (i.e., sulfate) separately. In order to stabilize the sulfite samples during sampling
and the subsequent measurement, a formaldehyde/sodium hydroxide solution was used
(according to the DIN EN ISO 10304-3:1997). The addition of sodium hydroxide ensures that
sulfite is present in its deprotonated form. Formaldehyde adds then to sulfite, so that its reaction to
sulfate is considerably retarded, therefore allowing the measurements of the two ionic species.
These two ions were measured for mass balance purposes (results not shown), using an ion

chromatograph (Dionex).

3.2.1 Non-Invasive Oxygen Measurement

Measurements of oxygen concentrations were performed after establishing steady-state flow
conditions, i.e., after the exchange of at least two pore volumes of water. The technique for
measuring oxygen is based on the dynamic luminescence quenching of a luminophore by
molecular oxygen. Hereby, the luminescent dye molecules are embedded in the oxygen sensitive
polymer glued onto the inner side of the front pane. Via an optical fiber the luminophore is excited
with sinusoidally modulated light from the outside of the flow-through chamber. In the presence of
molecular oxygen the luminescence properties change as energy is transferred from the excited
luminophore molecules to oxygen (Klimant et al., 1995). Oxygen passes from its ground state to its
excited state and the luminescent dye does not emit light, which decreases the measurable
luminescence signal (Huber and Krause, 2006). Thus, the collision between the luminophore in its
excited state and the quencher, i.e., oxygen, results in radiationless deactivation.
The luminescence intensity as well as the luminescence decay time are related to the relative
oxygen content [O,] through the Stern-Volmer equation (Stern and Volmer, 1919):

IO

=T KSV[OZ] (3.4)
I T
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where I, T and Iy, 1o represent the luminescence intensity [-] and the decay time [T] in presence and
absence of oxygen, respectively. Ksy is the dimensionless Stern-Volmer constant, which quantifies
the quenching efficiency and, thus, also the sensitivity of the sensor.
The instrument used in this study measures the luminescence decay time of the immobilized
luminophore as the oxygen-dependent parameter (Huber and Krause, 2006). Due to the
luminescence decay time of the indicator, there is a shift in phase angle between the emitted light
and the excitation signal, which can be expressed as

tan® =274f T (3.5)
where O [rad] is the phase angle and .., [T'] is the modulation frequency of the light source.
Evaluating the luminescence decay time has various advantages compared to conventional
intensity measurements. In fact, the luminescence decay time does neither depend on the
concentration of the indicator in the sensitive layer nor on the potentially fluctuating intensity of the
light source. Moreover, this method allows measuring oxygen concentrations in both the gaseous
and the aqueous phases (e.g., Balcke et al., 2004; Huber and Krause, 2006). The technique does
not consume any oxygen during the measurement and has a low detection limit for dissolved
oxygen in water (0.015 mg L) as well as oxygen partial pressures in the gas phase (0.31 hPa;
Huber and Krause, 2006).
In the present study, the applicability of the method is extended to the transition zone between the
unsaturated and the saturated zones to obtain profiles of equivalent aqueous oxygen concentration
resulting from mass transfer from the atmosphere into the oxygen-depleted groundwater. We
obtain consistent continuous oxygen profiles regardless of the phases involved as the optode-
based measurement technique measures partial pressures rather than concentrations.
To be more precise, because the capillary fringe is characterized by varying water saturation, we
need to measure oxygen concentrations in the liquid and gaseous phases simultaneously. Oxygen
transfer between the two phases occurs by diffusion. The direction and rate of the oxygen mass
flux are controlled by the gradient in chemical potential (Donaldson et al., 1997). In fact, under the
experimental conditions of this study, the inter-phase mass transfer can be considered
instantaneous compared to the characteristic time of physical transport of dissolved oxygen in the
aqueous phase (e.g. Fry et al., 1995; Cirpka and Kitanidis, 2001; Klump et al., 2008). Under local
equilibrium conditions the partitioning of oxygen between the two phases is described by Henry’s
law. While Henry’s law states that oxygen concentrations (mass per volume) in the two phases
differ even under equilibrium conditions, the partial pressures are identical assuming 100 %
humidity in the vadose zone. In porous media this assumption is justified as a result of the complex
ramification of the pore system and thus, the comparatively much bigger phase boundaries
between water and air compared to their volumes. Under these conditions, the amount of oxygen

molecules entering the aqueous system equals the amount leaving it. The measurement value is
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then translated into volumetric aqueous concentration, regardless whether the value was
measured in the unsaturated or in the saturated zone, or at the interface. This procedure results in
a continuous profile of equivalent aqueous oxygen concentration across the capillary fringe. In the

following, all values of oxygen concentration are given referring to the liquid phase.

3.3 Modeling Conservative and Reactive Transport

The advection-dispersion equation for conservative, non-volatile solutes in variably saturated

porous media reads as

v-(6,pvC)-q-VC = (3.6)

216,,C)
ot

in which D [L? T™"] represents the dispersion tensor, C [M L] is the volumetric concentration of the
compound of interest in water, q [L T] is the specific-discharge vector, and t [T] is the time.
Various analytical solutions of Eqn. 3.6 have been derived for simplified cases.

For a compound partitioning between the aqueous and gaseous phases, storage and transport in
both phases must be considered. In case of local gas-water equilibrium, the oxygen partial
pressure, po2 [Pa], is the same in both phases. In our application, we may safely assume that
transport in the gaseous phase is by diffusion only as significant pressure fluctuations and
gradients in the unsaturated zone, inducing advective gas flow, can be neglected (see also e.g.,
Parker, 2003; Atteia and Hoéhener, 2010). Then, the partial pressure po, undergoes the following

transport equation:

ap 0,
ot

v: (Dtoth02 )_ q-Vpo, =9 3.7)

in which Dy [L? T is a total effective dispersion tensor summarizing the diffusive-dispersive fluxes
in both phases, and @ [-] is the porosity. Expressions for Dy, will be discussed below.

In the following, we determine aqueous dispersion coefficients by fitting analytical solutions of the
governing steady-state equation for mass transport in the saturated zone to the measured oxygen
concentration profiles in the saturated zone and across the capillary fringe. In the latter case, we

also consider a reactive system, described by an instantaneous bimolecular reaction.

3.3.1 Saturated Zone: Conservative Transport under Steady-State Conditions

When a plume of high oxygen concentration (i.e., air-equilibrated) is established in the fully water-
saturated, oxygen-depleted zone, the inlet condition can be described as a line source

perpendicular to flow. In uniform horizontal flow, the following analytical solution for the steady-
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state two-dimensional concentration distribution applies (adapted after Domenico and Palciauskas,
1982):

c-C _
C. (xz) =ﬁ=% erf M —erf (Z—Z/Z) (3.8)
0" Vo 2.|p,* 2.|D,*
va va

in which C,om [-] is the normalized oxygen concentration, v, =q/(9S [L T'1] is the horizontal

seepage velocity, and D; [L?2 T is the transverse hydrodynamic dispersion coefficient. While C is
the measured oxygen concentration at the horizontal and vertical coordinates x [L] and z [L],
Cvg [M L] is the measured background concentration of oxygen. Co [M L] refers to the oxygen
concentration of the air-equilibrated water at the source. In the experimental setup, the source-

width Z [L] equals the distance between two consecutive inlet ports.

3.3.2 Capillary Fringe: Conservative Transport under Steady-State Conditions

Similarly to the dissolution of NAPL pools (Johnson and Pankow, 1992; Eberhardt and Grathwohl,
2002), the mass transfer of volatile compounds across the capillary fringe can be treated as

diffusion into a semi-infinite medium if the water-saturated thickness is considered much larger
than the diffusion length /D,x/v,. Under steady-state conditions, the capillary fringe can be

assumed to represent an upward extension of the water-saturated zone (Liu et al., 2010). At the
air-water interface, local equilibrium is reached between the oxygen in the gaseous and aqueous
phase according to Henry’s law. Since the gaseous-phase transport of oxygen is fast, the aqueous
concentration at the top of the capillary fringe remains constant.

Mass transfer across the capillary fringe can then be described by the following analytical

equation:

c-C z
C (x,2)=—2 —erfe]l ——nu 3.9)
(57 =2 e 39)

0 b 2. |D —
t
1%

in which Co [M L™®] now denotes the oxygen concentration at the air/water interface; and z [L] is the
vertical coordinate, with the origin at the top of the fully water-saturated capillary fringe, pointing

downward.

*) This solution is derived in detail from the governing transport equation, see Appendix A1.1.
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3.3.3 Capillary Fringe: Reactive Transport under Steady-State Conditions

We also measured oxygen profiles across the capillary fringe in a reactive case. An instantaneous
bimolecular redox reaction involving two reactive species (i.e., an electron acceptor A and an
electron donor B) may be written as
YA+Y,B—C (3.10)

in which Y, and Y, are the stoichiometric coefficients characterizing the reaction. C denotes the
reaction product.

An example for an almost instantaneous bimolecular redox reaction is the reaction between
oxygen and sulfite, which was used in the reactive experiments. The resulting normalized oxygen

concentration profile across the capillary fringe can be described as

C,mrm(x,z)=&= 1432 G erfe| —= BRAST (3.11)
Co Y, Cy ) Di Y, Cy
t

v

in which C4 [M L] denotes the measured aqueous concentration of the electron acceptor, in this
case oxygen, at the point of interest, Cao [M L] is the aqueous concentration of the electron
acceptor at the air/water interface, and Cgy [M L?] is the concentration of the electron donor at the
inlet.

For the different conservative and reactive experimental setups described above, the transverse
hydrodynamic dispersion coefficients were determined by fitting the appropriate analytical solution
(i.e., Egns. 3.8, 3.9, and 3.11) to the measured oxygen concentration profiles. In doing so, an
additional fitting parameter was introduced to vertically align the measured and fitted profiles. The
value of D; was obtained by minimizing the sum of the squared differences between the measured

and simulated oxygen concentrations.

3.4 Evaluation of the Experimental Results

We measured high-resolution oxygen concentration profiles, both in the saturated zone and in the
capillary fringe, under identical hydraulic conditions. Figure 3.2 shows the distribution of oxygen
concentration in a conservative experimental run at a distance of x = 45 cm from the inlet of the
flow-through chamber. Two typical oxygen profiles, characteristic of both types of oxygen sources,
are displayed in the plot. The lower profile is determined by the oxygen plume in the saturated
zone and presents a quasi Gaussian shape, which is characteristic of advective-dispersive
transport in a homogeneous porous medium. The upper profile was measured for oxygen transport

across the capillary fringe. The groundwater table, where the total pressure equals the
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atmospheric pressure, corresponds to the pressure head of 0.00 m. Its approximate location was
determined using the hydraulic head measurements near the inlet and outlet of the flow-through
chamber. At a pressure head of about -0.02 m, the upper boundary of the capillary fringe is
indicated by the sharp decrease in oxygen concentrations. No oxygen gradient was detectable in
the unsaturated zone (pressure head < -0.02 m) as gas diffusion coefficients are much higher than
aqueous diffusion coefficients (by approximately four orders of magnitude; Reid et al., 1987). The
results shown in Fig. 3.2 were determined in an experiment with a grain size of 1.0 - 1.5 mm, a
porosity of 40.5 % and a seepage velocity of 8.91 m d”. With the selected coarse grain size,
relatively low capillary fringe heights (~ 22 mm) were observed. For experimental runs with finer
material, higher capillary fringe heights (e.g. ~ 117 mm for 0.4 - 0.6 mm grain size) resulted from

the increased capillary rise in the smaller pores.

-0.10
-0.05F E
Ean. 3.9 g
0.00f W = © i
E 0.05F |
T
©
2
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=]
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Fig. 3.2. Vertical oxygen concentration profiles at x = 0.45 m during an experimental run with the coarse
grain size (1.0 - 1.5 mm) and a seepage velocity of 8.91 m d ". The pressure head of 0.00 m indicates the
location of the water table.

By fitting the analytical solution (Eqn. 3.8) to the normalized concentration profile in the saturated
zone, an aqueous Drvalue of 8.10x10° m? s was determined. Similarly, applying the same
procedure and the appropriate analytical solution (Eqn. 3.9) for oxygen mass transfer across the
capillary fringe, a transverse dispersion coefficient of 8.57x10° m? s' was obtained. The
uncertainty of the estimated values of Dy is in the range of £ 10 %, implying practically identical

transverse dispersion coefficients in groundwater and in the capillary fringe.
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3.4.1 Transverse Dispersion Coefficients in the Capillary Fringe

Transverse hydrodynamic dispersion of oxygen across the capillary fringe was studied in detail by
several experimental runs. We investigated the influence of grain size and horizontal flow velocity.
In the following sections, we discuss these results and compare conservative with reactive

systems.

3.4.1.1 Impact of Grain Size and Seepage Velocity

Figure 3.3 gives an overview of normalized oxygen concentration profiles (measured and
simulated) and respective Dyvalues obtained using different grain sizes and seepage velocities.
These results were derived for the conservative case (i.e., without reactions involving oxygen) at
steady state. Figures 3.3a and 3.3b refer to a grain size of 0.4 - 0.6 mm; the lower plots (Figs. 3.3c

and 3.3d) show the results obtained for a coarser grain size (1.0 - 1.5 mm).

(a)d=0.4-06mm,v_=7.34m d’ (b)d=0.4-0.6mm,v =13.38m d’
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Fig. 3.3. Dependence of vertical oxygen concentration profiles
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across the capillary fringe on different grain
size diameters (d) and seepage velocities (v,) at x = 0.60 m. The pressure head of 0.00 m indicates the
height of the water table.
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The experimental results shown in Figs. 3.3a and 3.3c differ exclusively by the grain size. It can be
noticed that the penetration depth for the grain size of 1.0 - 1.5 mm is bigger than for the grain size
of 0.4 - 0.6 mm; also the value of D; is by a factor of about two larger (see also Table 3.1). An
increase of transverse dispersion coefficients with increasing grain size diameter was also
observed in numerous earlier studies focusing on transport in the saturated zone (e.g., de Josselin
de Jong, 1958; Grane and Gardner, 1961; Olsson and Grathwohl, 2007).

Rearranging Eqgn. 3.9 leads to the following expression:

Z=2€rfc_l(cnorm) D l (312)

t
a

where erfc” is the inverse complementary error function and z is a depth at which a particular
value of Cpom is found. For Cpom = 0.5, the value of erfc™ (Chom) equals 0.477. We consider the
corresponding value of z as penetration depth (or boundary layer thickness). Equation 3.12 implies

that z is proportional to the square root of the transverse dispersion coefficient. Thus,
x (3.13)
va

For the same values of C,,m, X, and v,, the relative values of penetration depth and D; for different
grain sizes can be directly compared to each other (Eqn. 3.13). Table 3.1 shows that the results for

the case described are in very good agreement.

Table 3.1. Comparison between relative values of penetration depth and hydrodynamic transverse
dispersion coefficient (D;) according to Eqn. 3.12.

Figure Grain size Horizontal Penetration Dy Z04—06mm D
diameter d flow velocity depth z D —Lod-dom
Va for Crorm = 0.5 Z10-15mm Dt,].()—].Smm
[mm] md"] [m] m®s] [] []
3.3a 0.4-06 7.34 5.1x107 4.07x107° 0.75 072
3.3c 1.0-1.5 7.95 6.8x107 7.88x107° ' '
3.3b 0.4-06 13.38 5.2x107 7.75%x10° 0.91 0.79
3.3d 1.0-1.5 17.74 5.8x107 1.25x1078 ' '

The relative value of penetration depth may also scale with the square root of velocity if the latter
varies between two experiments (for identical values of x, see Eqns. 3.12 and 3.13). Thus,
comparing the results shown in Figs. 3.3b and 3.3d leads to a deviation between the relative
values of z and D; (Table 3.1), as the difference in seepage velocities also has to be considered
when calculating the penetration depth.

Considering different horizontal flow velocities with respect to a given grain size (i.e., comparing
Figs. 3.3a and 3.3b, or Figs. 3.3c and 3.3d, respectively), it can be noticed that an increase in the

seepage velocity leads to an increase in transverse hydrodynamic dispersion coefficients.
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3.4.1.2 Comparison between Reactive and Conservative Experiments

In the reactive experiments, we studied the redox reaction of oxygen with sulfite. This reaction can
be considerably accelerated in the presence of catalysts such as Fe?, Cu?, or Co?. Linek and
Vacek (1981) found that Co®* catalyzes the reaction, when added in concentrations of 107 to

10* mol L™. The reaction can be written as
0, +280,” —=~_5750,” (3.14)

Equation 3.11 has been derived under the assumption of an ‘instantaneous’ reaction. It can be
considered applicable to the reaction used in the experiments, if the mass transfer of oxygen to the
reaction site is significantly slower than the reaction itself (Danckwerts, 1970). To test this
hypothesis, we compared equivalent aqueous oxygen concentration profiles of two distinct cases:
one test with and the other without addition of the catalyst to the sodium sulfite solution. Because
the oxygen concentration profile, obtained when no Co?* was added (as CoCl,) to the sodium
sulfite solution, does not differ from the case where the catalyst was added in a concentration of
2x10™ mol L™ (see Liu, 2008), we conclude that the time scale for oxygen transport to the reaction
site is sufficiently larger than the time scale for the reaction itself, and it is permitted to interpret the
experimental results with a model based on an instantaneous bimolecular reaction.

Figure 3.4 shows measured and simulated oxygen concentration profiles for the reactive and
conservative cases. For both experiments, a good agreement between the measured
concentrations and the fitted analytical profiles (i.e., Eqn. 3.9 and Eqn. 3.11) can be observed. In
comparison to the conservative case, the presence of an electron donor causes a sharper
concentration gradient because oxygen is consumed. A seepage velocity of 7.33 m d” was applied
in both experiments and oxygen concentration profiles were measured at x = 0.60 m from the inlet.
The fitted Drvalue for the reactive case is 6.44x10° m? s™', similar to the case where no reaction
occurred (5.61x10° m?s™).

In Fig. 3.4, both oxygen profiles show minor limitations by mass transfer above the upper boundary
of the capillary fringe. In the conservative case this was observed in some experiments and may
be due to slightly higher values of water saturation in this zone. In comparison, a more pronounced
oxygen gradient in the unsaturated zone is present for the reactive case. Assuming a similar
distribution of water saturation in the conservative and reactive experiments, the more pronounced
oxygen gradient in the unsaturated zone is mainly due to the additional consumption of oxygen by
the reaction in the underlying capillary fringe, which also causes the significantly lower penetration
depth in this zone. As the transverse dispersion coefficients for both cases (i.e., the reactive and
the non-reactive) are not significantly different, the mass flux of oxygen across the capillary fringe
has to be higher in the reactive than in the conservative case. Thus, the more pronounced oxygen
concentration gradient in the unsaturated zone indicates an increased mass flux due to the

oxygen-consuming reaction.
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Fig. 3.4. Measured (at x = 0.60 m) and simulated normalized oxygen concentration profiles for conservative
(Eqn. 3.9) and reactive (Eqn. 3.11) experiments with a seepage velocity of 7.33 m d "

3.4.2 Comparison of D-values between the Capillary Fringe and the Saturated Zone

As mentioned above, measuring the oxygen concentration profiles in both regions of interest in the
same experimental setup gives the advantage of identical conditions with regard to data
evaluation. The experiments were done in duplicate, and in each experimental run the resulting
oxygen concentration profiles were measured four to five times. The background concentration of
the oxygen-depleted water was also regularly checked and showed average values in a range of
0.82-1.34mglL".

Table 3.2 summarizes the flow and transport parameters of all the conservative experiments
conducted. The values of D; represent average values of the measurements taken during the
respective experiment and facilitate the direct comparison between the vertical transverse
dispersion coefficients in the saturated zone and across the capillary fringe. Additionally, the

standard deviation of the respective D-measurements is given.
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Table 3.2. Parameters and results of the conservative experiments at steady state.

Grain size diameter d Horizontal flow Porosity @ D; determined
velocity v, + standard deviation
[mm] md’] [%] x10° [m?s™]

Mass transfer across the capillary fringe

04-0.6 7.10 39.7 4.39 + 0.68
7.04 39.7 4.92 +0.61
13.02 39.7 7.86 + 0.22
13.53 39.7 8.18 + 0.90
1.0-1.5 8.81 40.5 7.59 +0.70
7.92 41.3 8.10 + 0.54
16.16 40.5 11.3+1.01
17.20 41.3 12.2+0.57
Mass transfer in the saturated zone
04-0.6 7.10 39.7 469+042
7.04 39.7 5.34 +0.35
13.02 39.7 7.55+0.19
13.53 39.7 7.73+0.38
1.0-1.5 8.81 40.5 8.17 £ 0.40
7.92 41.3 7.38+0.15
16.16 40.5 11.8 £ 0.51
17.20 41.3 11.1+£0.56

In Fig. 3.5, the complete experimental dataset is graphically represented in a normalized plot (i.e.,
D/D., as a function of the dimensionless Péclet number, Pe). D,, [L> T"] denotes the aqueous
diffusion coefficient of oxygen, which is 1.97x10° m? s at 22 °C (for further reference, see
Cussler, 1984; Atkins, 1990; Worch, 1993). The grain Péclet number, Pe, is defined as

= VadL’

Pe (3.15)

aq
in which d; [L] is the characteristic length of a pore channel, represented by the average grain size
diameter, d [L].
The plot also displays the non-linear relationship between the transverse dispersion coefficient and

the seepage velocity, which was found in an earlier study conducted by Chiogna et al. (2010), i.e.,

D, =D, +v, (3.16)

d
v Pe+123

where D, [L?> T"] is the pore diffusion coefficient. Its value can be approximated under water-

saturated conditions by
D,=¢D, (3.17)
The model described in Eqn. 3.16 is a modification of an expression derived by Bear and Bachmat

(1967) and has been tested by Chiogna et al. (2010) in laboratory settings similar to those used in

the present study. Figure 3.5 shows a comparison between our findings, obtained for transport
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across the capillary fringe and within the saturated zone, and the expression derived by Chiogna et
al. (2010) for fully water-saturated conditions. As already discussed in Section 3.4.1.1, the
transverse vertical hydrodynamic dispersion coefficient (Dy) across the capillary fringe increases

with increasing horizontal flow velocity and with increasing grain size.

2
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Fig. 3.5. Normalized representation of Dyvalues determined for mass transfer of oxygen in the saturated
zone and across the capillary fringe during conservative experiments under steady-state conditions. The
relationship from Chiogna et al. (2010, Eqn. 3.16) was derived from a dataset of oxygen, fluorescein and
bromide measurements exclusively taken in the saturated zone using a grain size of 0.50 - 0.75 mm.

The data collected in this study (Table 3.2 and Fig. 3.5) suggest that the Dvalues derived from
oxygen concentration profiles measured in the saturated zone and across the capillary fringe are
essentially the same provided the horizontal flow velocity and the grain size are identical. This
finding demonstrates that mass transfer at the interface and in the saturated zone are both limited
by diffusion in the aqueous phase. Our experimental results also agree with common intuition
about inter-phase mass transfer: Transport of oxygen across the capillary fringe should be fast in
the gaseous phase, because of the high gaseous-phase diffusion coefficient, and be limited on the
water-side, where diffusion is very slow. Therefore, it is a valid assumption to treat the capillary
fringe as an upward extension of the water-saturated zone (Liu et al., 2010) as it was done in the
derivation of Eqns. 3.9 and 3.11.

This assumption is also substantiated by a visual inspection of the capillary fringe morphology as
depicted in Fig. 3.6. The picture was taken placing a homogeneous light source behind the flow-
through chamber such that the intensity of the transmitted light is an indicator of water saturation,

with light colors indicating high water saturation (Rezanezhad et al., 2006). In sediments or artificial
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porous media of uniform grain size and mineralogy, e.g., uniformly sized sand or glass beads, the
water content in the capillary fringe can be an abrupt step function of height above the water table
(where pressure head is zero). In such an idealized case, the water content profile would also be

independent of sampling location within the studied field (Ronen et al., 1997).

unsaturated zone

ﬁ@m\, |

capillary fringe

water-table ) . .
Fig. 3.6. Capillary fringe morphology under

steady-state conditions, here shown for a grain

saturated zone size of 1.0 - 1.5 mm.

In Fig. 3.6, the upper edge of the capillary fringe seems to deviate from this idealized case of an
abrupt step function. However, the transition zone is very narrow and water content drops from
presumably fully water-saturated to unsaturated conditions over a small vertical distance. Gas
diffusion is the dominant factor for transport in the gaseous phase. Thus, the mass transport of
oxygen in the capillary fringe becomes only limited when water saturation is already very high.
These reasons considerably limit the effective vertical extent of the transition zone, in which
entrapped gas is present and where the mass transport of oxygen is relevant. Hence, referring to
the experimental setup of this study, the upper boundary of the capillary fringe can be considered a
horizontal line, and the pore space within the capillary fringe is fully water-saturated. No entrapped
gas can be observed in the region below the top of the capillary fringe (Fig. 3.6). Thus, for the
water-retention curve, we assume that the relationship between water content and matric potential
can be adequately described by the Brooks-Corey model or by an appropriate van Genuchten
parameterization.

The absence of trapped gas in the capillary fringe region minimizes the error in estimating the
transverse vertical dispersion coefficient by assuming a constant horizontal flow velocity with depth
(Atteia and Hohener, 2010). In cases where the structure of the porous medium allows a more
efficient entrapment of air, the effective hydraulic conductivity is reduced. Therefore, the horizontal
flow velocity in the capillary fringe can be significantly lower than in the saturated zone and thus,
smaller values of transverse dispersion are expected. This decreasing effect, however, may be

counterbalanced by the enhanced tortuosity due to entrapped air. In the present work (see Fig.
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3.5), the observed small differences between the dispersion coefficients in the saturated zone and
the capillary fringe can be attributed to measurement inaccuracies rather than changes in

groundwater flow velocity with depth.

3.4.3 Interplay between Water Content, Total Effective Dispersion, and O,-Concentration

In the following, we use a modeling approach to interpret experimental data and to further illustrate
how the mass transport of oxygen across the capillary fringe becomes limited as a result of an
increase in water saturation. As an example, we investigate the interplay between the water
content, the total effective dispersion coefficient, and the profile of equivalent aqueous oxygen
concentration for an experiment conducted using a grain size of 0.4 - 0.6 mm. A horizontal
groundwater flow velocity of 1.94 m d”' had been established before steady-state oxygen
concentration profiles were measured. The van Genuchten and the Brooks Corey models (Eqns.
3.2 and 3.3) are considered here to derive the water saturation profile.

We estimated the van Genuchten parameters with the computer program ROSETTA (Schaap et
al., 2001). It assembles five different hierarchical PTFs, which allow us to determine the van
Genuchten water-retention parameters using limited (textural classes only) to more extended
(texture, bulk density, and one or two water retention points) input data (Schaap et al., 2001). The
simplest model (H1) is a class PTF, consisting of a lookup table that provides parameter averages
for each USDA textural class. In Table 3.3, the values for sand with a grain size diameter between
0.05 and 2.00 mm (according to the respective range of the USDA soil textural classification
system) are given. For large values of capillary pressure head, h. [L], the resulting van Genuchten
parameters, a and n, are related to the corresponding Brooks-Corey parameters, h, and A, by (e.g.,
Webb, 2006)

hy~a™ for (a, ) >>1 (3.18)

and
A=~n-1 for (ah, )’ >>1 (3.19)

Note that in Egns. 3.18 and 3.19 the matric head h (Eqn. 3.2) is replaced by the positive quantity
h.. The estimated van Genuchten and Brooks-Corey parameters for this study are also listed in
Table 3.3. 6, is chosen in accordance to the suggested range of the ROSETTA computer program.
The value of 65 equals the porosity determined at the end of the experiment. A first approximation
of hy, and thus a, is also experimentally given by the height of the capillary fringe. n and A are fitted
to the observed water saturation profile shown in Fig. 3.7b. The significant deviation from the

parameter range of n and A given by the ROSETTA model might be explained by the relatively
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homogeneous packing of glass beads used. The assumed water content profiles are shown in Fig.

3.7c.

Table 3.3. Overview of ROSETTA class average hydraulic parameters for sand (grain size diameter of 0.05 -
2.00 mm, according to the USDA soil textural classification system) and estimated van Genuchten and
Brooks-Corey parameters used in this study.

van Genuchten-
Model (1980)

Residual volumetric
water content 6,
+ standard deviation

Saturated volumetric
water content 6s
+ standard deviation

log1o(n)
+ standard deviation

log1o(a)
+ standard deviation

[-] [-] [em™] [-]
ROSETTA (H1) 0.053 £ 0.029 0.375+ 0.055 1.453 £ 0.25 0502+ 018
this study: 0.082 0.355 -1.100 1.554

diam.: 0.4 - 0.6 mm

Brooks-Corey-

Residual volumetric

Saturated volumetric

Air-entry pressure Pore size distribution

Model (1964) water content 6, water content 65 head hyp index A
+ standard deviation + standard deviation
-] -] [cm] -]
ROSETTA (H1 )1) 0.053 +£0.029 0.375 £ 0.055 33.24 £+ 17.24 2.454 + 1.355
this study: 0.082 0.355 11.40 12.808

diam.: 0.4 - 0.6 mm

Y the van Genuchten parameters given by the ROSETTA model are transferred into the corresponding Brooks-Corey
parameters using Eqns. 3.18 and 3.19.

From the profile of water content 6(h.) and the seepage velocity, v,, in the water-saturated domain,
we estimate the profiles of the unsaturated horizontal seepage velocity and the dispersion
coefficients. Starting point, is the estimation of the relative permeabilities, k;; [-], for water in the

unsaturated zone by the following commonly used expressions:

2
k=S (1 - (1 - S;”fl ) ) for the van Genuchten model
(3.20)
2432
k.pe=S,"* for the Brooks-Corey model

in which index i relates to the chosen soil water-retention model.
From this the respective depth-dependent profiles of horizontal groundwater flow velocity,

Vai [L T, are computed by

k. .(h
va,f(hc)=—””( “)¢va (3.21)
0.,
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Using the selected soil hydraulic parameters (Table 3.3) and neglecting diffusion of oxygen in the
aqueous phase, we can estimate the total effective dispersion coefficients for the system

considered by

D, =0,5,¢"D, +6,D (3.22)

mech

in which 64 [] is the volumetric gas content and Sy [-] denotes the saturation of the gaseous phase.
D, [L> T is the free air diffusion coefficient, expressed as diagonal tensor and Dpec, [L* T
represents the mechanical dispersion tensor. To describe the effective diffusion coefficient in the
gaseous phase, the correction of Millington (1959) was implemented into Eqn. 3.22. The resulting
profiles of the vertical component of Dy, are plotted in Fig. 3.7e.

We computed the steady-state two-dimensional distribution of equivalent aqueous oxygen
concentration C by simulating the steady-state version of Eqn. 3.7 with the Finite Element Method
using bilinear elements and the streamline-upwind Petrov-Galerkin (SUPG) for stabilization
(Brooks and Hughes, 1982). We assume that the velocity profile varies only in the vertical direction
and remains constant in the horizontal one. The normalized oxygen concentration in the inflow at
the left-hand side boundary is assumed zero, whereas the normalized equivalent aqueous oxygen
concentration at the top of the domain is fixed to unity. Additionally, the oxygen flux at the bottom
boundary is zero and the flux at the right-hand side boundary is restricted to the advective
component. The length of the simulated domain is 80 cm, but the normalized profiles of equivalent
aqueous oxygen concentration shown in Fig. 3.7f together with the measured data are at
x = 0.6 m. This procedure also facilitates to plot the approximated normalized oxygen
concentration distribution across the flow-through chamber as shown in Fig. 3.7a.

With increasing depth, the water saturation increases, whereas the effective gaseous diffusion
coefficient, and thus the total effective dispersion coefficient, decreases. At the same time, the
horizontal flow velocity increases and transverse vertical dispersion becomes important in mass
transfer of oxygen (Eqn. 3.22). As soon as the water saturation is high enough to inhibit gaseous
oxygen to diffuse freely in the pore space, Dy is significantly decreased and the oxygen
concentration gradient starts to develop rapidly. This is depicted in Fig. 3.7 by the horizontal line

marking the beginning of the steep decline in equivalent aqueous oxygen concentrations.

3.5 Summary and Conclusions

This study focused on the mass transport of oxygen across the interface between the unsaturated
and the saturated zones and within groundwater. The experiments were carried out in
homogeneous porous media with relatively uniform grain sizes. We applied a non-invasive

technique to measure profiles of equivalent aqueous oxygen concentration at high spatial (vertical)
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resolution at distinct cross-sections. The oxygen concentrations were measured directly inside the
porous medium without disturbing the flow field. For these characteristics, the proposed
experimental approach presents a clear advantage compared to conventional sampling techniques
at the outlet ports of bench-scale flow-through systems. Moreover, the technique is easy to apply
and several measurements can be performed in considerably shorter time periods compared to
traditional chemical analysis of tracer concentrations of samples withdrawn at the outlet ports.

We performed a series of experiments to investigate the effectiveness of mass transfer processes
and, in particular, to determine the values of transverse hydrodynamic dispersion coefficients
under various experimental conditions. The results, obtained from the evaluation of many high-
resolution vertical profiles of equivalent aqueous oxygen concentration suggest that no significant
difference exists between transverse hydrodynamic dispersion across the capillary fringe and
within the saturated zone. The finding of the same Drvalues for the two cases, under the same
experimental conditions, clearly indicates the limitation exerted by transport in the aqueous phase
to the overall mass transfer of oxygen. We have compared the results of this study to the non-
linear relationship between the transverse dispersion coefficient and the seepage velocity of
Chiogna et al. (2010) for the mass transport of oxygen in the saturated zone. The two datasets
show similar dependence of the transverse dispersion coefficients on porous medium’s grain size
and seepage velocity. The results were further confirmed by numerical modeling of flow and
transport, which emphasized that in fact, the steep gradient in the vertical profile of equivalent
aqueous oxygen concentration starts to develop when water saturation is very high.

It is widely hypothesized that the active horizontal and vertical flow and transport processes within
the capillary fringe make this zone highly active in terms of physico-chemical and microbiological
processes (Barber et al., 1990; Kerfoot, 1994; Berkowitz et al., 2004; Maier and Grathwohl, 2005;
Barth et al., 2005). We have investigated oxygen because it is the most important electron
acceptor in the capillary fringe and shallow groundwater transferred by vertical dispersion. The
outcomes of this study show that steep gradients may exist in the capillary fringe region, which
however also apply to the saturated zone. This implies that the capillary fringe is not different from
other regions in aquifers, if strong microbial activity is attributed to regions where steep physico-
chemical gradients exist. Other processes such as the presence of physical heterogeneities may
enhance dispersion of oxygen in the transition zone between the saturated and the unsaturated
zone, especially if the groundwater table fluctuates. Such conditions could lead to significant
capillary barrier effects and entrapment of air, which potentially increases oxygen transfer,
dispersion and therefore mixing of reaction partners. The proposed method can be extended to
study such processes in more complex flow-through systems. These investigations will help to

deepen our quantitative understanding of flow and transport processes in the capillary fringe.
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4. Oxygen Transfer in a Fluctuating Capillary Fringe
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Abstract

Dynamic fluctuations in water table elevation cause the entrapment of air, which affects the
hydraulic properties of the porous medium in the capillary fringe as well as the biogeochemical
status of the underlying, potentially oxygen-depleted groundwater. In this study, we conducted
quasi two-dimensional flow-through experiments at the laboratory bench-scale to investigate in
detail the mass transfer of oxygen in a fluctuating capillary fringe. We evaluated the effects of
different boundary conditions such as single drainage and imbibition events as well as periodic fast
and slow water table fluctuations. High-resolution vertical profiles of oxygen concentration,
measured at two distances in the horizontal groundwater flow direction, and mass fluxes,
determined in the effluent of the flow-through chamber, were used to quantify oxygen transfer
under the different boundary conditions applied. The results show that the partitioning between the
aqueous and the gaseous phases plays a significant role in the supply of oxygen to groundwater at
medium time scales. In case of fast water table fluctuations, the specific yield has to be
considered. The experiments with a periodically changing boundary condition demonstrate that
highly dynamic fluctuations of the water table enhance the mass transfer of oxygen from the
atmosphere into the groundwater when compared with steady-state conditions. Moreover, the
characteristics of the water table fluctuations determine a specific dynamic response of the system:
we observed an approximately double amount of oxygen transferred to the groundwater when
applying slow fluctuations compared with the case of cyclic, abrupt changes in the water table

elevation.

Keywords: fluctuating water table; 2-D flow-through experiments; oxygen transfer; capillary fringe.

4.1 Introduction

Dissolved oxygen is of primary importance for groundwater quality. It is the thermodynamically
most favorable electron acceptor for a number of (bio)chemical redox reactions (Stumm and
Morgan, 1996). In aquifers contaminated by organic compounds, aerobic microorganisms use

dissolved oxygen to oxidize the pollutants. The oxygen concentration in subsurface environments
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is determined by the rates of oxygen transfer from the atmosphere and the rates of consumption
due to respiratory processes (Chapelle, 2001). The flux of oxygen across the
unsaturated/saturated interface is severely limited, however, by the low solubility of oxygen in
water. As a consequence, oxygen demanding processes and the restricted exchange with the
atmosphere may lead to rapid depletion of dissolved oxygen (Balcke et al., 2007).

In unconfined aquifers, entrapped air can provide a significant amount of oxygen to anoxic water
(Fry et al., 1995; Holocher et al., 2002, 2003; Amos and Mayer, 2006). The supply of oxygen near
the water table may create favorable conditions for aerobic microorganisms and, therefore,
enhance the degradation of groundwater contaminants in this region (e.g., Rainwater et al., 1993;
Hinz, 1998; Amos and Mayer, 2006; Jost et al., 2011). In the presence of endogeneous microbial
communities mediating the contaminants’ degradation and capable of readily adjusting to the
changes in environmental conditions, enhanced mass transfer, mixing and chromatographic
effects induced by transient conditions can favor the natural attenuation of groundwater plumes. To
quantify the oxygen supply and its impact on aquifers’ redox conditions and biogeochemical
processes, it is of primary importance to understand the hydraulic and mass transfer dynamics. In
field-scale contamination scenarios, this knowledge might help to tackle the effects of a fluctuating
water table on the spatial and temporal distribution of the pollutants, their degradation rates, as
well as other important redox processes.

Air entrapment occurs regularly in aquifers because of changing elevations of the water table and
the capillary fringe caused, e.g., by seasonal variations in recharge, uptake by vegetation, and
groundwater withdrawal (Zhang et al., 1998). Seasonal water table fluctuations are often observed
in shallow groundwater systems. Moreover, variations in the water table elevation during shorter
periods of time may arise due to fluctuations in the stage of nearby water bodies (Williams and
Oostrom, 2000), e.g., rivers and reservoirs. Changes in water table elevation can also occur
across longer periods of time, when average recharge rates exceed the average withdrawal and
natural groundwater discharge or vice versa (Lucas and Robinson, 1995).

A number of experimental and numerical studies have addressed the dynamics of a fluctuating
water table and capillary fringe as well as its impact on the hydraulic properties of porous media
(e.g., Parker and Lenhard, 1987; Lehmann et al., 1998; Hinz, 1998; Fry et al., 1997; Nielsen and
Perrochet, 2000; Werner and Lockington, 2003; Schneider-Zapp, 2009). Less literature is available
focusing on solute transport under these conditions (e.g., Legout et al., 2009), and only a few
additional works have been conducted to investigate mass transfer of volatile compounds in the
capillary fringe in the presence of dynamic boundary conditions (e.g., Williams and Oostrom, 2000;
Werner and Hohener, 2002; Geistlinger et al., 2010). Caron et al. (1994) studied the influence of
the capillary fringe on mass transfer of CO, from the unsaturated to the saturated zone to evaluate

the migration of CO, gas from radioactive waste disposal sites. Dobson et al. (2007) conducted
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laboratory experiments, where air entrapment during water table rise favored the dissolution of a
multi-component LNAPL and biodegradation activity.

In this study, we investigated oxygen transfer in the presence of a fluctuating capillary fringe. We
focused on the physical processes occurring in flow-through systems in which a horizontal
groundwater flow is established and vertical movements of the water table are additionally
induced. Hitherto, only a few experimental studies (e.g., McCarthy and Johnson, 1993; Caron et
al., 1998; Klenk and Grathwohl, 2002; Dobson et al., 2007; Haberer et al., 2011) have considered
mass transfer of volatile compounds across the capillary fringe with horizontal groundwater flow.
We performed quasi two-dimensional flow-through laboratory experiments under transient
conditions, where we measured oxygen fluxes at the outlet of the flow-through system as a
function of time. The effect of different boundary conditions was investigated including both single
drainage or imbibition events and periodic water table fluctuations. Vertical profiles of equivalent
aqueous oxygen concentration were measured at distinct positions along the horizontal flow
direction and at high spatial resolution using a non-invasive optode technique.

The objectives of our investigation were: (i) to gain an improved understanding of the processes
determining oxygen transfer in porous media under transient flow conditions such as drainage and
imbibition; (ii) to quantify the enhancement of oxygen transfer due to periodic water table
fluctuations; and (iii) to compare the specific response of flow-through systems to different

boundary conditions (i.e., fast vs. slow water table fluctuations).

4.2 Theoretical Background

4.2.1 Capillary Fringe and Hydraulics of a Fluctuating Groundwater Table

In the capillary fringe, a transition occurs from primarily vertical flow in the vadose zone to
predominantly horizontal flow in the saturated zone. Within this interface zone, water contents
gradually decrease toward higher elevations, and at the upper limit, only the smallest connected
pores contain water (Bear and Cheng, 2010). Significant lateral flow in the capillary fringe is
restricted to the zone of high water content, that is, below a critical height above the phreatic
surface (Ronen et al., 1997; Berkowitz et al., 2004).

Vertical movements of the groundwater table cause the entrapment of air. This process not only
affects the mass transfer of volatile compounds, which is discussed below, but also has significant
consequences on the effective hydraulic properties of porous media and, therefore, on the flow
regime. Fry et al. (1997) found that the value of the relative hydraulic conductivity of porous media

with an entrapped gas volume of 14 to 55 % ranged from 0.62 to 0.05.
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During transient conditions, the storativity of the porous medium, which for an unconfined aquifer is
usually taken to be equal to the specific yield (e.g., Bear and Verruijt, 1987; Fetter, 2001), has to
be considered. Specific yield is defined as the ratio of the volume of water that drains from a
saturated rock or soil due to gravity to the total volume of the porous formation (Meinzer, 1923;
Fetter, 2001). It is a time-dependent quantity because it takes time to establish a new moisture
distribution following a rapid decrease in water table elevation (Nachabe, 2002; Bear and Cheng,
2010). Because water flows faster at high values of water saturation than low values, this results
also in self-broadening water-content profiles (Hinz, 1998; Schneider-Zapp, 2009). In contrast,
when the height of the water table decreases slowly, the corresponding changes in moisture
distribution have sufficient time to continuously adjust, and the lag between the lowering of the
water table and the total volume of water drained practically vanishes. The thickness of the
capillary fringe is therefore related to the time period during which the water table fluctuates over
one cycle (Berkowitz et al., 2004). Moreover, specific yield is influenced by the grain size. Values
of the specific yield for unconfined aquifers generally range between 0.05 and 0.3, although lower
or higher values are possible, especially in cases of finer grained and less uniform material (lower
values) and uniform coarse sand or gravel (higher values) (see Kresi¢, 2007).

In the zone of varying extensions of the capillary fringe and, in particular, in the presence of
transient, fluctuating flow conditions, the water content, pore water velocity, and hydraulic
conductivity change. The variations of these effective hydraulic properties not only modify the
water flow regime, but also have an important impact on solute and gas transport from the
unsaturated porous medium to the aquifer (Russo et al.,, 1989) and on the transport of volatile

compounds from the aquifer to the gas phase.

4.2.2 Oxygen Transfer

Two main physical processes determine the mass transfer of volatiie compounds across a
fluctuating capillary fringe: (i) partitioning between the gaseous (i.e., entrapped air) and the
aqueous phases and (ii) transverse hydrodynamic dispersion in the groundwater.

Partitioning of volatile compounds occurs in the presence of entrapped air. In groundwater
systems, air may be entrapped during water infiltration or because of an increase in the
groundwater table. Fry et al. (1997) summarize several literature results and suggest that the
volume of gas entrapped in porous media due to water table fluctuations is typically in the range of
10 to 20 % of the pore space.

In the presence of entrapped air, volatile compounds are transferred between the aqueous and
gaseous phases as a result of the difference in chemical potential of these compounds between

the two phases (e.g., Anderson and Crerar, 1993; Nordstrom and Munoz, 1994). The transport of
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these volatile compounds is coupled via the total gas pressure p [M L™ T7, i.e., the sum of
atmospheric pressure, capillary pressure, and hydrostatic pressure (e.g., Cirpka and Kitanidis,
2001). Local equilibrium is reached when the chemical potential, u [L2 T'Z], for a given compound
present in the multiphase system is the same in both phases (e.g., Washington, 1996; Atkins and
de Paula, 2006; Engel and Reid, 2010) and when the sum of partial pressures within the gaseous
phase approximates the external pressure p. In the absence of a gaseous phase, the sum of
partial pressures computed through Henry’s law is smaller than p.

Depending on the total amount of volatile compounds present in the system, the trapped gas
volume may change due to transport, or it may grow or shrink depending on whether gases are
produced or consumed (Cirpka and Kitanidis, 2001; Amos and Mayer, 2006). The volume of the
entrapped gas phase and the properties of volatile compounds significantly affect the transport of
these species in the subsurface: because volatile compounds move back and forth between two
adjacent phases, chromatographic separation of the compounds occurs in accordance with their
physicochemical properties. Donaldson et al. (1998) reported substantial retardation and tailing of
partitioning tracers (i.e., dissolved oxygen and helium) relative to a non-partitioning compound (i.e.,
bromide).

Hydrodynamic dispersion also represents an important process for oxygen transfer across the
capillary fringe. In previous experiments performed under steady-state conditions (Haberer et al.,
2011), we demonstrated that transverse vertical dispersion coefficients measured in the saturated
zone and across the capillary fringe are essentially the same and can be well described using the
nonlinear parameterization of Chiogna et al. (2010). An influence of the capillary fringe morphology
on oxygen transfer was not observed. This may be explained by the narrow grain size distribution
used in the experiments, which resulted in a steep decline in water saturation at the
unsaturated/saturated interface and the absence of entrapped gas in this transition zone (Haberer
et al., 2011). Under these conditions, the oxygen flux across an interface can be determined using
Fick’s first law for a porous medium. Entrapment of air, caused by a fluctuating water table may
affect the oxygen transfer, however, due to the partitioning between the gaseous and aqueous
phases and for its impact on the hydraulics of the system (e.g., more tortuous flow paths due to the

presence of gas clusters).

4.3 Materials and Methods

4.3.1 Experimental Setup

Laboratory bench-scale experiments were performed to investigate oxygen transfer in a fluctuating

capillary fringe under various boundary conditions (single drainage and imbibition events as well as
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slow and fast periodic water table fluctuations). We worked with a quasi two-dimensional
experimental setup (Fig. 4.1) similar to the ones we recently used to study conservative and
(bio)reactive transport in the saturated zone (Rolle et al., 2009; Bauer et al., 2009) and transfer of
oxygen across the capillary fringe under steady-state conditions (Haberer et al., 2011). The flow-
through chamber has inner dimensions of 80 cm x 40 cm x 0.5 cm (L x H x W). Horizontal water
flow in the system (from left to right) was established by connecting two peristaltic pumps (Pumps
1 and 2 in Fig. 4.1a; ISMATEC IPC 24, Glattbrugg, Switzerland) to the inlet and outlet ports at
each side of the chamber. These ports (12 on each side) were vertically spaced 12.5 mm apart. To
create a steady-state horizontal flow field before starting the transient phase in each experiment,
both pumps were operated at the same pumping rate. In addition, a third high-precision peristaltic
pump (Pump 3 in Fig. 4.1a; ISMATEC IPC-N 24, Glattbrugg, Switzerland) was connected to the
ports at the base of the flow-through chamber. This pump was used to induce the water table
fluctuations according to a predetermined pumping scheme. The 24 ports at the base of the
chamber were spaced 33.3 mm apart.

All injection and extraction ports were made of Alltech rubber septa (Deerfield, USA) pierced by
hollow needles. These needles were directly connected to Fluran HCA pump tubing (ISMATEC)
with an inner diameter of 0.64 mm. This material is characterized by low gas permeability, thus
minimizing oxygen uptake when oxygen-depleted water is flowing through the tubes. To prevent
porous material from entering the hollow needles and the pump tubings, all injection and extraction
ports in the system were screened with small stainless steel mesh screens (0.125 mm mesh size).
For the total duration of the experiments, the flow-through system was kept in a temperature-
controlled room at 22 °C.

As porous medium, we used glass beads (Sartorius GmbH, Géttingen, Germany) with a grain
diameter of 0.4 to 0.6 mm. The glass beads were packed into the flow-through chamber using a
wet-packing procedure, i.e., the water table was slowly raised and constantly maintained a small
distance above the top of the porous medium to avoid entrapment of air but also to minimize the
separation of grain sizes due to different settling rates. After the flow-through chamber had been
completely packed, the water table was lowered to its final stage so that the top of the capillary
fringe was kept below the surface of the porous medium and an unsaturated zone was created in
the upper region of the packing (Fig. 4.1a). Due to the narrow grain size distribution used in the
experiments, we observed a steep decline in water saturation at the unsaturated/saturated
interface. As a consequence, the vertical position of the capillary fringe’s upper limit could be
accurately identified visually. In the following, we define the upper limit of the capillary fringe as the
vertical position where the water content is about 80 % to 90 %, thus inhibiting gaseous oxygen

from diffusing freely in the pore space (Liu, 2008; Haberer et al., 2011).
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Fig. 4.1. (a) Experimental setup (inner dimensions of the flow-through chamber were 80 cm x 40 cm x
0.5 cm, length x height x width): steady-state horizontal flow was established using Pumps 1 and 2 before
inducing a change in water table height using Pump 3. (b) Oxygen flux measurement in the effluent.

During the experiments, the location of the phreatic surface was measured using two piezometers
connected to the porous medium via two holes drilled in the front of the chamber. These
piezometers were installed near the inlet and the outlet of the flow-through chamber and allowed
assessment of the height of the capillary fringe (~117 mm) for the porous material used. For
additional flow and mass transfer parameters, see Table 4.1.

Mass transfer in the capillary fringe was investigated in several experiments, where we injected
oxygen-depleted Milli-Q water into the flow-through chamber. We prepared the oxygen-depleted
solution by stripping the necessary amount of water with nitrogen and then storing it in a gas-tight
Tedlar bag (Alltech, Germany). This Tedlar bag had been flushed with nitrogen before filling with
the prepared solution, thus minimizing the oxygen contamination of the water. During the
experiment, the flow-through chamber remained open to the atmosphere but was covered by a lid
to prevent considerable evaporation of water. We applied a noninvasive optode technique (FIBOX
3, PreSens GmbH, Regensburg, Germany) to measure vertical profiles of equivalent aqueous
oxygen concentrations using two strips of oxygen-sensitive foil (26 cm x 0.5 cm, SP-PtSt3-NAU

from PreSens GmbH) glued onto the inner side of the front pane of the flow-through chamber. The
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strips were placed at 45 cm and 60 cm distance from the inlet. We detected the measurement
signal with an optical fiber located outside of the flow-through chamber and moveable in its vertical
position. Measurements were taken in the fully water-saturated zone, across the region with
entrapped air, and in the zone of aeration. The measurement signals, which correspond to values
of oxygen partial pressure, were then converted into the respective values of volumetric aqueous
concentration. This procedure allowed us to obtain high-resolution vertical profiles (>100
measurement points with 2.5-mm spacing) of equivalent aqueous oxygen concentration across the
capillary fringe. Further details on the measurement technique were described by Haberer et al.
(2011). The comparison between the noninvasive optode technique used here and a standard
method of oxygen measurement (i.e., an electrode with a galvanic sensor: CellOx 325 with Oxi 330
Set, WTW GmbH, Germany) showed an excellent agreement (RMSE: 0.1 mg L") between
simultaneously measured values of oxygen concentration using the two methods (results not
shown).

The impact of transient conditions on mass transfer across the capillary fringe was quantified by
additional mass flux measurements at the system’s outlet. Two 1.7-mL glass vials with a spot of
oxygen sensor foil were connected to the outlet tubing and used as flow-through cells for the
measurement of oxygen (Fig. 4.1b). The discharge at the outlet was collected in the two vials and
simultaneous measurements of oxygen concentrations and flow rates were used to determine the
oxygen fluxes. The effluent, sampled in the respective vial, corresponds to the upper or lower
volume of the flow-through chamber through which water flow occurred. Therefore, mass fluxes
determined for each vial also give an estimate of the region of the porous medium impacted by the

water table fluctuations.

Table 4.1. Summary of flow and mass transfer parameters.

Parameter Value

Inner dimensions of the flow-through chamber, L x H x W [m] 0.80 x 0.40 x 0.005
Average grain size diameter [mm] 0.50

Average porosity [%] 411

Height of the capillary fringe at steady state [mm] ~117

Aqueous diffusion coefficient for oxygen [m2 3'1] (at 22 °C) 1.97x10°

4.3.2 Mathematical Description of Steady-State Dispersive Mass Flux

At steady state, transverse hydrodynamic dispersion was found to be essential for the mass
transfer of volatile compounds across the capillary fringe (e.g., Klenk and Grathwohl, 2001; Liu,
2008; Haberer et al., 2011). Considering an abrupt change in the vertical distribution of the water

content at the upper limit of the capillary fringe, the oxygen profile in the topmost saturated zone is
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described by the following analytical solution of the governing two-dimensional transport equation
(e.g., Cussler, 2009; Liu et al., 2010):

x.2) C-C, " 1)
Comx,z - | e .
o c,-C

0 e 2|D, -~
1%

where Cpom [-] is the normalized concentration of the compound of interest, here oxygen. The
measured value of equivalent aqueous oxygen concentration, C [M L], at the horizontal and
vertical coordinates x [L] and z [L] is standardized using the background concentration in the
aqueous phase, Cyg [M L], and the concentration at the air/water interface, Co [M L®]. The origin
of z is set at the top of the fully water-saturated zone, pointing downward; v, [L T denotes the
horizontal seepage velocity.

The transverse vertical dispersion coefficient, D; [L2 T'1], can be parameterized using the following
expression by Chiogna et al. (2010), which retains a nonlinear relationship with the average
seepage velocity:

D, =D, +v 4 (4.2)

“ \VPe +123

where d [L] represents the grain size diameter, and D, [L? T is the pore diffusion coefficient. The

latter can be approximated under water-saturated conditions by:
D, =¢D,, (4.3)
where ¢[-] is the porosity and D, [L> T"'] denotes the aqueous diffusion coefficient of oxygen,

which is 1.97x10° m? s at 22 °C (Worch, 1993; Cussler, 2009).

In Eqn. 4.2, Pe denotes the dimensionless grain Péclet number defined as:

Pe =+~ 4.4
D (4.4)

aq
To quantify the oxygen flux across the interface (i.e., at z = 0), the derivative of Eqn. 4.1 has to be

combined with Fick’s first law for a porous medium (see also Cussler, 2009):

aC

Fly =D —

(4.5)

z=0
which is the mass flux, F [M L T"], per unit interfacial area, i.e., the mass flux density, at a specific
value of x. The porosity appears in Eqn. 4.5 because the dispersive mass transfer can occur only

through the pore space. Integrating the mass flux density over the interfacial area leads to:

—ffF| v =(C, - C,, pow /DLv— (4.6)"

*) The derivation of this equation is explained in detail in Appendix A1.2.
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where m[M T7] is the total mass flux across the interface between the saturated and the
unsaturated zone, while L [L] and W [L] define the length and the width of the interfacial area.

A theoretical value of the total oxygen flux in the effluent of the flow-through chamber can be
derived when adding the measured mass flux at the inlet (resulting from the measured background
concentration in the system) to the total dispersive flux, i, across the capillary fringe. The
theoretical result may differ from the experimentally determined value of oxygen flux in the effluent
of the flow-through chamber, thus indicating a change in interfacial mass flux. We attribute the
difference between the theoretical and the experimental values to partitioning between two fluid
phases and the impact of entrapped gas on the system’s hydraulics. Under these conditions (i.e.,
D; and v, # const.), Eqn. 4.6 cannot be directly applied; however, it represents a valuable
framework to calculate the oxygen fluxes for the (quasi) steady-state conditions before and after
lowering or raising the water table in the drainage and imbibition experiments, respectively. The
comparison of the calculated values (Eqn. 4.6) with the measured oxygen fluxes under (quasi)
steady-state conditions allowed us to quantify the impact of entrapped gas on oxygen transfer.

Moreover, it is possible to consider the amount of oxygen transferred from the atmosphere to the
oxygen-depleted groundwater as a time-dependent quantity (i.e., as a function of the number of
exchanged pore volumes). To do so, the total mass flux across the interface is multiplied by the
respective time interval elapsed between two consecutive measurements. The results are summed
up to yield the cumulative oxygen mass supplied across the unsaturated/saturated interface within
a certain period of time. This allowed us to estimate the specific contribution of transient conditions

on oxygen transfer, as shown below.

4.4 Results and Discussion

To study the physical processes influencing oxygen transfer in a fluctuating capillary fringe, we
performed different flow-through experiments. First, we focused on the impact of imbibition and
drainage as single events occurring over a short period of time (15 min). Afterward, we
investigated the behavior of periodic fluctuations during a time span of 42 hours. We considered
two distinct forcing functions inducing a quasi-rectangular and a triangular pressure head signal.
These conditions are representative of an abrupt and a gradual fluctuation, respectively, of the
water table of an unconfined aquifer. Table 4.2 provides an overview of the experiments
conducted, including the seepage velocity, the difference in the locations of the capillary fringe’s
upper limit, AHcr [L], the characteristic time of the induced water table fluctuation, At [T], and the

measured parameters.
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Table 4.2. Overview of the experiments conducted. Measured parameters included the capillary fringe and
water table height, vertical oxygen concentration profiles, oxygen fluxes in the effluent, and groundwater flow
rates.

Va AHcr At
Imd™ [cm] [min]
Single drainage 4.06 - 5.63 10.0 15
Single imbibition 4.40-6.04 8.5 15
Periodic fast 4.09 -6.63 11.0-12.0 15
Periodic slow 421-711 9.2-125 420

For better comparability of the results presented below, we use the nondimensional pore volume,
PV, instead of time ¢ [T]:

t
py =4- (4.7
gL
in which g [L T™"] is the specific discharge across the fully water-saturated and quasi-saturated
cross-sectional area of the porous medium. According to this definition, the reference height of the

cross-sectional area varies with the fluctuating groundwater table.

4.4.1 Single Events: Drainage and Imbibition Experiments

Different physical processes occur during lowering or raising of the water table. Longitudinal and
transverse vertical dispersion (e.g., Goode and Konikow, 1990; Walter et al., 2003), pore-scale
effects resulting in hysteresis, storativity of the porous medium, and partitioning of a volatile
compound between the aqueous and gaseous phases may have distinct impacts on mass transfer
in the capillary fringe. We performed two experiments in which a single drainage or imbibition
event was induced. Depending on the vertical location of the phreatic surface, the underlying
groundwater flow velocity was in the range of 4.1 to 6.0 m d'. In both cases, the height of the

water table was changed by about 10 cm within 15 min.

4.4.1.1 Drainage

Figure 4.2 shows the experimental results for the case of a falling water table. The vertical profiles
of normalized oxygen concentration at x = 0.45-m distance from the inlet are displayed in Fig. 4.2a
as a function of the number of pore volumes flushed through the system after inducing the drop in
water table elevation. Figure 4.2b represents the corresponding locations of the phreatic surface
and the upper limit of the capillary fringe.

As described above, the oxygen flux in the effluent was measured in two distinct flow-through cells.

These measurements and the total mass flux at the outlet of the flow-through chamber are
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reported in Fig. 4.2c. A dash-dotted trend line indicates that the total oxygen flux in the effluent
reached a constant value (3.95x10° mg s™), when 1.5 PVs of water had been flushed through the
system. Additionally, the average steady-state value of the incoming oxygen flux (influent,
3.21x10° mg s™) is displayed.

The cumulative oxygen mass, i.e., the amount of oxygen transferred from the atmosphere to the
oxygen-depleted groundwater, is shown in Fig. 4.2d as a function of time. Assuming a ‘sequence
of steady states’ and applying Eqn. 4.6, we also calculated the expected amount of oxygen
transferred across the capillary fringe due to transverse vertical dispersion alone (and in the
absence of entrapped gas). We compared this result with the amount of oxygen supplied across
the unsaturated/saturated interface simply using the dispersive mass flux determined at the end of
the experiment (difference between the steady-state oxygen flux in the effluent for 21.5 PV and the
incoming mass flux: 0.74x10° mg s™).

The described procedure allowed us to estimate the change in transverse dispersive flux due to
the drop in water table elevation. We argue that the value of D,, following drainage and describing
the mass transfer across the capillary fringe, is the same as the transverse vertical dispersion
coefficient calculated assuming saturated conditions. This assumption is corroborated by the fact
that the two lines (in Fig. 4.2d), representing the amount of oxygen supplied to the aqueous phase
as result of the dispersive mass fluxes across the capillary fringe (i.e., calculated by Eqn. 4.6 and
measured at the end of the experiment) coincide. This is explained by the fact that the morphology
of the capillary fringe at the end of the experiment is similar to the initial steady state.

For the porous material used, the water saturation value changed rapidly within a small vertical
distance across the unsaturated/saturated interface. Because oxygen transfer in this transition
zone is controlled by aqueous-phase processes, e.g., diffusion and dispersion in the liquid phase,
a steep gradient in equivalent aqueous oxygen concentrations starts to develop when the water
content is sufficiently high (e.g., Maier et al., 2007; Haberer et al., 2011). Comparing Figs. 4.2a and
4.2b, the normalized values of oxygen concentration started to drop at the upper limit of the
capillary fringe. This experimental evidence substantiates the assumption of earlier modeling
studies (e.g., Barber et al., 1990; Walter et al., 2003; Liu et al., 2010), in which a constant oxygen
concentration was assigned as a boundary condition at the upper limit of the capillary fringe in

order to describe this interface mass transfer process.
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Fig. 4.2. Drainage: (a) vertical profiles of normalized oxygen concentration, Cnom [-], at x = 45 cm (the depth
of 0 cm indicates the upper edge of the flow-through chamber); (b) vertical location of the water table and
capillary fringe vs. the number of pore volumes (0 PV marks the beginning of the change in water table
height starting from steady-state flow); (c) oxygen fluxes at the outlet of the chamber: dash-dotted line,
steady-state mass flux, 21.5 PV (3.95x10° mg s”); dashed line, average mass flux in the influent
(3.21><10'5 mg s"); (d) cumulative oxygen mass supplied to the system across the unsaturated/saturated
interface.

As can be observed in Fig. 4.2a, the gradient of oxygen concentrations immediately follows the
falling pressure head. This may lead to the conclusion that a considerable change in oxygen flux in
the effluent of the flow-through chamber does not occur. The values of oxygen flux in the effluent

increase during a short time period (the first 0.2 PVs), however, right after lowering the water table
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(Fig. 4.2c). This observation can be explained by the time-dependent vertical flow component
caused by the rapid drop in hydraulic head. In fact, the saturation-dependent and thus lower value
of effective hydraulic conductivity in the upper part of the capillary fringe led to broader water
content profiles during drainage. Consequently, water content values decreased more slowly in
this upper region. The originally saturated porous medium gradually drained; the draining water
picked up oxygen in the now unsaturated zone and advected it downward to the receding
groundwater. That is, the draining water led to increased values of oxygen flux during a short
period of time until the new steady-state moisture distribution profile was established. No further
input of oxygen into the system due to transient flow conditions (i.e., drop of the water table)
occurred, and the vertical distance between the two solid lines in Fig. 4.2d stays approximately
constant with time. In our experiment, about 0.1 mg of oxygen was additionally supplied to the
groundwater due to the drop in water table elevation (Fig. 4.2d, maximum vertical distance
between the two solid lines). This corresponds to approximately 11.3 mL of O,-saturated water
(O,-saturation concentration: 8.84 mg L™ at 20 °C) and represents a lower limit for the volume of
water drained in the experiment. A conservative estimate of the specific yield, S, [-], can be
calculated as (Fetter, 2001; Walter et al., 2003):
S = Vay (4.8)

" AANH

where Vg [L% is the volume of water drained, here assumed to be 11.3 mL, and A [L?] represents

the interfacial area between the unsaturated and the saturated zone.

Substituting all known parameters into Eqn. 4.8 results in a value of specific yield of about 3 %.
This value is lower than the values generally reported (Kresi¢, 2007) for the specific yield of
unconfined aquifers, which typically range between 0.05 and 0.3. We think that this difference can
be attributed to the underestimation of the volume of water drained.

From Fig. 4.2c it is evident that the drop in water table elevation did not affect the oxygen flux in
the lower portion of the flow-through chamber. In fact, the change in the total oxygen flux is solely
due to variations in the mass flux of the upper six outlet ports.

In the absence of vertical groundwater flow, transverse vertical hydrodynamic dispersion is
essential for the mass transfer of volatile compounds from the unsaturated zone into the
groundwater and vice versa. Additional advective and dispersive fluxes (i.e., longitudinal dispersion
in the z direction) occur when water moves vertically, thus increasing the mass transport in this
direction (e.g., Walter et al., 2003). For the conditions of this drainage experiment, however, it was
not possible to distinguish the additional small contribution due to longitudinal hydrodynamic

dispersion acting in vertical direction as the height of the water table was lowered.
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4.4.1.2 Imbibition

Significantly different results were observed for the imbibition experiment. During the upward
movement of the water table, air was entrapped, and oxygen, present in the gaseous phase, was
partitioned into the flowing oxygen-depleted water. The measured vertical concentration profiles
are shown in Fig. 4.3a. It can be seen that these profiles are very different from the ones measured
during drainage (Fig. 4.2a). In case of imbibition, dissolution fronts propagate through the newly
formed transition zone and, at a certain x position, oxygen concentration profiles slowly evolve and
disappear until a new quasi-equilibrium state was formed. Simultaneously, nitrogen partitions from
the liquid into the gaseous phase, changing the gas saturation of the system toward lower values
(e.g., Fry et al., 1995; Cirpka and Kitanidis, 2001; Balcke et al., 2007; Klump et al., 2008) but
sustaining the gaseous phase. This process was observed for approximately four to six pore
volumes and the corresponding oxygen fluxes in the effluent were significantly increased during
this time (Figs. 4.3a and 4.3c). The increase in water table elevation affected the measured oxygen
fluxes in both the upper and lower parts of the porous medium, as indicated by the measurements
in the flow-through cells at the system’s outlet.

Partitioning of oxygen between the gaseous and the aqueous phases diminishes when no further
oxygen can be supplied from entrapped air. The amount of oxygen transferred from the entrapped
gas into the oxygen-depleted groundwater is determined by the initially entrapped gas volume: the
more air is entrapped, the higher the number of pore volumes needed for the dissolution process.
Assuming that the gas saturation does not substantially change during the observed time period,
the partitioning process can be conceptualized with a constant retardation factor (estimated to be
~4 to 6) affecting the transport of oxygen (e.g., Fry et al., 1995). As result of the oxygen transfer in
the capillary fringe, the estimated range of the retardation factor yields a gas saturation value
between 9 and 14 %. It may be noted that theory predicts dissolution of the entrapped gas when
the sum of partial pressures in the injected water is at atmospheric pressure. The pressure in the
entrapped gas is elevated due to the hydrostatic and capillary pressure contributions causing a
gas-dissolution front, which is much more retarded than the oxygen-depletion front (Cirpka and
Kitanidis, 2001; Klump et al., 2008). This effect was not observed, however, during the time frame

of our experiment.
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Fig. 4.3. Imbibition: (a) vertical profiles of normalized oxygen concentration, Cpom [-], at x = 45 cm (the depth
of 0 cm indicates the upper edge of the flow-through chamber); (b) vertical location of the water table and
capillary fringe vs. the number of pore volumes (0 PV marks the beginning of the change in water table
height starting from steady-state flow); (c) oxygen fluxes at the outlet of the chamber: dash-dotted line, quasi
Steady-state mass flux, 24.2 PV (4.70x1 0° mg s"); dashed line, average mass flux in the influent
(4.37><10'5 mg s"); (d) cumulative oxygen mass supplied to the system across the unsaturated/saturated
interface.

As for the previous drainage experiment (Fig. 4.2d), we calculated the cumulative oxygen mass
transferred from the unsaturated zone to the oxygen-depleted groundwater. The results at different
points in time (expressed as number of PVs) are reported in Fig. 4.3d together with the amount of

oxygen supplied due to transverse vertical dispersion alone (calculated according to Eqn. 4.6, i.e.,
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in absence of entrapped gas) or using the interfacial mass flux measured at quasi steady state
(0.56x10° mg s™ for 24.2 PV).

The comparison between the drainage and imbibition experiments (Fig. 4.2d and Fig. 4.3d)
indicates that significantly more (approximately six times) oxygen is dissolved into the groundwater
during imbibition than during drainage. Moreover, the additional supply of oxygen is, in both cases,
a transient phenomenon that extends across a significantly longer time in the case of imbibition
(~4.2 PV compared with the 0.2 PV during drainage). It is important to note that different physical
processes cause the observed increases in oxygen transfer: the draining water enriched in oxygen
content for a falling water table and the entrapment of air and subsequent partitioning between the

aqueous and gaseous phases during imbibition.

4.4.1.3 Evaluation of Oxygen Fluxes

Figure 4.3d illustrates that the amount of oxygen transferred across the capillary fringe as a result
of the interfacial mass flux determined at the end of the imbibition experiment deviated from the
oxygen mass calculated according to Egn. 4.6. In contrast, the two lines coincide when looking at
the respective result of the drainage experiment (Fig. 4.2d). This indicates that the presence of an
entrapped gaseous phase impacts mass transfer at the unsaturated/saturated interface. To
quantify this effect, we considered the (quasi) steady-state conditions before and after lowering or
raising the water table in the drainage and imbibition experiments. Applying Egn. 4.6, we can
directly calculate the dispersive oxygen flux, rm, across the capillary fringe (in the absence of
entrapped gas) as well as the corresponding theoretical value of the total oxygen flux in the
effluent. An overview of the mass fluxes calculated according to Eqn. 4.6 as well as that measured
in the experiment ((quasi) steady-state conditions before and after the movement of the water
table) is given in Table 4.3.

For the drainage experiment, the measured and calculated values of the oxygen flux across the
interface are very similar for both steady-state conditions considered, indicating that the analytical
solution for the concentration (Eqn. 4.1) and the corresponding total mass flux (Eqn. 4.6) correctly
describe the observed mass-transfer behavior. This conclusion is supported by the morphology of
the capillary fringe, which in the case of drainage did not show a trapped gaseous phase (as an
example, see Fig. 4.4a and Fig. 4.4b). Similar considerations apply for the steady-state case
before increasing the height of the water table in the imbibition experiment: also in this case, the
measured and calculated oxygen fluxes are very close. However, this does not hold true for the
quasi steady state following imbibition. In fact, in the presence of entrapped gas (Fig. 4.4c), the
oxygen flux across the unsaturated/saturated interface is lower by a factor of 1.7 than the
theoretical value (i.e., assuming a fully water-saturated capillary fringe). We attribute this to the

decrease in relative permeability and, thus, horizontal groundwater flow velocity as a result of the
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entrapped gaseous phase within the interface region. Because the horizontal flow velocity is

smaller, this also results in a lower transverse hydrodynamic dispersion value.

Table 4.3. Measured vs. calculated oxygen fluxes during drainage and imbibition.

Drainage Imbibition
Measured Calculated Measured Calculated

Steady state when the water table is at its initial position (without entrapped gas)

vertical flow-through area [cm2] 16.9 16.9 12.0 12.0
Va[md'] 4.06 4.06 6.04 6.04
mass flux, inlet [mg s™] 4.38x10° 4.38x10° 4.05x10° 4.05x10°
mass flux, outlet [mg s™'] 4.97x10° 4.94x10° 4.80x10° 4.83x10°
Ainfout [mg s " 5.88x10° 5.55x10° 7.47x10° 7.76x10°

(Quasi) steady state after the change in water table height (entrapped gas present after imbibition; not
considered in calculated values)

vertical flow-through area [cm2] 11.9 11.9 16.3 16.3
Va[md™] 5.58 5.58 435 435
mass flux, inlet [mg s™] 3.21x10° 3.21x10° 4.37x10° 4.37x10°
mass flux, outlet [mg s™'] 3.95x10° 4.00x10° 4.70x10° 4.93x10°
Ainfout [mg s " 7.40x10°° 7.87x10° 3.30x10° 5.60x10°

" oxygen flux across the unsaturated/saturated interface

: (b) after drainage (c) after imbibition

Fig. 4.4. Capillary fringe morphology (a) at steady state, (b) after drainage, and (c) after imbibition. The black
lines indicate the interface between the aqueous and the gaseous phases.

4.4.2 Periodic Water Table Fluctuations

The results discussed above show the importance of air entrapment and subsequent partitioning
between the gaseous and the aqueous phases as well as of specific yield in the supply of oxygen
to groundwater during single imbibition and drainage events. We now extend the investigation to
repeated water table fluctuations, considering both fast and slow movements of the phreatic

surface.
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4.4.2.1 Fast Water Table Fluctuations

When applying a pulse-like forcing, we observed quasi-rectangular water table fluctuations. Under
these conditions, we investigated the impact of a rapid raising and lowering of the pressure head
on oxygen transfer across the capillary fringe. We selected the same characteristic time of the
induced water table fluctuations (15 min) and the same horizontal seepage velocity (4.09 to
6.63 m d') as for the single events studied above (Table 4.2). The main difference is that in these
sequential fluctuations, the sudden drop in the water table occurred (after 7 h) when gas
partitioning in the unsaturated/saturated interface region was still ongoing.

After the establishment of steady-state conditions (i.e., exchange of 2 PVs), three cycles of vertical
movement of the water table were completed during a time period of 42 hours. Figure 4.5a shows
the preset pumping scheme at the base of the flow-through chamber, representing the boundary
conditions inducing the vertical oscillations of the water table. A positive or negative value indicates
that water is flowing into or out of the system, whereas a value of 0 refers to the case where the
pump was not operating. The corresponding vertical locations of the water table and the upper limit
of the capillary fringe are displayed in Fig. 4.5b as a function of the number of pore volumes
flushed through the system. Apart from an initial peak in the location of the water table observed at
the piezometers, the system’s hydraulic response to the applied external forcing is a quasi-
rectangular wave function. In terms of mass transfer, the oxygen fluxes measured in the effluent of
the flow-through chamber are shown in Fig. 4.5c. The cumulative oxygen mass supplied to the
aqueous phase as a consequence of the transient fluctuations is shown in Fig. 4.5d. Additionally,
the calculated amount of oxygen transferred across the unsaturated/saturated interface due to
transverse hydrodynamic dispersion alone and in the absence of entrapped gas is shown.

During imbibition, air was entrapped in the transition region between the unsaturated and the fully
water-saturated zones. Subsequently, oxygen dissolved into the flowing oxygen-depleted
groundwater, resulting in high oxygen fluxes in the effluent (Fig. 4.5¢). Also, the cumulative oxygen
mass slowly increased after each imbibition event (Fig. 4.5d). Toward the end of each stabilizing
period following imbibition, the dissolution process just started to slow down (evident from the
lower rate at which the cumulative oxygen mass increased) as drainage already sets in. The rapid
decrease in water table height interrupted the gas partitioning between the aqueous and gaseous
phases because the source of oxygen, i.e., the entrapped gas, was removed due to the falling
water table. As in the single-event drainage experiment, a peak in oxygen flux can be observed.
The observed maximum mass flux in the effluent was higher (1.2x10* mg s™, Fig. 4.5¢c) than the
previous one (0.7x10™ mg s™, Fig. 4.2c). Similarly, also the oxygen mass additionally supplied to
the system during the respective periodic half cycle (0.2 mg, Fig. 4.5d) was larger than in the case
of the single-event drainage experiment (0.1 mg). This increase in the supply of oxygen mass

across the unsaturated/saturated interface resulted not only from the effect of specific yield, as
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already discussed above. A second effect comes into play as the rapid vertical downward flow
during drainage forces the oxygen mass deep into the water-saturated zone. We assume that this
latter effect accounts for the observed difference in oxygen mass additionally supplied to the

aqueous phase when compared with the single-event drainage experiment.
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Fig. 4.5. Fast water table fluctuations: (a) pumping scheme of Pump 3 (0 PV marks the beginning of the
change in water table height starting from steady-state flow); (b) vertical location of the water table and
capillary fringe with respect to the upper edge of the chamber; (c) oxygen fluxes in the effluent of the flow-
through system; (d) cumulative oxygen mass supplied across the interface due to the vertical movement of
the water table. The additional thinner dashed lines indicate the time periods when the measured oxygen flux
across the interface was similar to the calculated flux (i.e., same slope).

As an example, Fig. 4.6 shows the vertical profiles of equivalent aqueous oxygen concentration,

measured during the third drainage phase, starting from the state just before the water table was
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lowered (9.12 PVs). For reference, the diagram also shows the location of the upper limit of the

capillary fringe before and after the drainage event.
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Fig. 4.6. Fast water table fluctuations: profiles of normalized equivalent aqueous oxygen concentration (at
x = 0.60 m) during the third drainage period with respect to the capillary fringe (CF). The number of pore
volumes (PVs) corresponds to those given in Fig. 4.5.

At the end of the last half-period, during which the water table had been raised, oxygen still
dissolved from the entrapped gaseous phase into the bypassing oxygen-depleted water. This
caused the oxygen concentration profile (9.12 PVs) to be in an intermediate position between two
(quasi) steady states and represents the situation at the beginning of the drainage phase.

Under transient conditions (i.e., raising or lowering of the water table), the resulting flow field is
characterized by both a horizontal and a vertical flow component. In fact, the flow direction and its
magnitude depend on the underlying horizontal groundwater flow velocity as well as the preset
water table fluctuation amplitude and speed. Drainage thus leads to additional advective flux and
longitudinal dispersion in the vertical direction, causing the oxygen profile to move downward. Due
to the rapid decrease in water table height, the relative thickness (i.e., the ratio between the
penetration depth of oxygen and the total water depth) of the oxygen-containing layer increased in
the present case. Thus, higher oxygen fluxes in the effluent were observed (Fig. 4.5¢). This effect
is expected to be more pronounced for fast water table fluctuations but probably also depends on

the magnitude of change in water table height and the thickness of the unconfined aquifer.
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Subsequently to the lowering of the water table, the values of the cumulative oxygen mass
increased by the same rate (as indicated by the parallel dashed lines additionally shown in Fig.
4.5d). The slope of the measured curve equals the one representing the calculated amount of
oxygen supplied across the unsaturated/saturated interface as a result of transverse vertical
dispersion alone (Eqn. 4.6). This can be observed for each half period and is due to the fact that
after drainage no entrapped gas was present within the capillary fringe. Moreover, steady-state
conditions applied shortly after the lowering of the water table because seepage water with high
oxygen concentrations was flushed out of the system after one pore volume. This effect can also
be noticed in the oxygen concentration profiles, which reached a new quasi equilibrium state after
this time (Fig. 4.6, compare 9.34 with 10.28 and 10.71 PVs). During the time period in which the
values of cumulative oxygen mass (measured and calculated using Eqn. 4.6) increased by the
same rate, the oxygen flux across the capillary fringe was only provided by the dispersive

mechanism and no additional supply of oxygen was observed.

4.4.2.2 Slow Water Table Fluctuations

We also examined the case of slow water table fluctuations induced with the pumping scheme
shown in Fig. 4.7a. The hydraulic response of the system was a triangular fluctuation in the
locations of the water table and capillary fringe (Fig. 4.7b). The time allowed to raise or lower the
water table by 10 cm was 7 h, which is considerably longer than in the previous case (15 min). In
Fig. 4.7b, the vertical locations of the water table and the capillary fringe vs. the number of pore
volumes are displayed.

During the rise of the water table, the amount of entrapped gas gradually increased, thus causing
an increase in the oxygen flux in the effluent (Fig. 4.7c). Partitioning between the aqueous and
gaseous phases was still ongoing as the water table started to drain again. In the case of slow
water table fluctuations, however, the entrapped gas was not released at once, as in the previous
case (pulse-like forcing), but gradually. As a consequence, we still observed higher oxygen flux
values during the subsequent drainage phase. When the entrapped gas was completely released
due to drainage, and thus no additional oxygen could dissolve into the aqueous phase, mass
fluxes were again similar to the initial value. This behavior is reflected in the trend of the cumulative
oxygen mass, with longer periods of effective additional transfer of oxygen to the aqueous phase
followed by periods characterized by a flatter trend in which the entrapped gas was completely
released. The slopes of both the measured and calculated curves in Fig. 4.7d do not align toward
the end of each respective half period during which the drop in water table elevation occurred. This
highlights the fact that oxygen still would have to be flushed out from the system to reach steady-

state conditions again.
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Fig. 4.7. Slow water table fluctuations: (a) pumping scheme of Pump 3 (0 PV marks the beginning of the
change in water table height starting from steady-state flow); (b) vertical location of the water table and
capillary fringe with respect to the upper edge of the chamber; (c) oxygen fluxes in the effluent of the flow-
through system; (d) cumulative oxygen mass supplied across the interface due to the vertical movement of
the water table.

The pronounced peak in oxygen flux right after inducing the lowering of the water table could not
be observed in the present experiment (Fig. 4.7c) because the relative thickness of the oxygen-
containing layer did not vary extensively throughout the experiment and the effect of specific yield
can be neglected. Figure 4.8 shows the vertical profiles of normalized oxygen concentration
measured during the third drainage period. The concentration profiles illustrate the effect of the
gradual decline in water table elevation during this period of time based on the transition of the

measured oxygen profiles between the beginning and the end of the drainage period.
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Fig. 4.8. Slow water table fluctuations: profiles of normalized equivalent aqueous oxygen concentration (at
x = 0.60 m) during the third drainage period with respect to the capillary fringe (CF). The number of pore
volumes (PVs) corresponds to those given in Fig. 4.7.

4.4.2.3 Comparison between Different Boundary Conditions

As discussed above, different processes are relevant for the mass transfer of oxygen in the
capillary fringe depending on the boundary conditions applied. Figure 4.9 shows the cumulative
oxygen masses supplied across the interface that were measured during the long-term
experiments. It becomes evident that for the experimental conditions investigated in this study, the
rectangular forcing resulting in a slow fluctuation of the water table caused a higher oxygen
transfer (4.2 mg at the end of the third periodic cycle) than the pulse-like forcing (2.2 mg at the end
of the third periodic cycle).

We also calculated the amount of oxygen that would have been supplied to the aqueous phase
exclusively by dispersive mass transfer across the interface, assuming a ‘sequence of steady
states’ (Eqn. 4.6). In such calculations, an influence on the cumulative oxygen mass due to the
effects of specific yield, gas partitioning, or a possible change in the dispersive mass flux across
the capillary fringe (caused by the presence of entrapped air) is not considered. Despite the
difference in the variation of the horizontal flow velocity in the two experiments, the calculated
values of the cumulative oxygen mass supplied to the system are very similar (continuous lines in
Fig. 4.9). In contrast, for fast water table fluctuations, the measured and calculated values are
rather different (by a factor of 2) because of the transient effects (e.g., specific yield) not taken into

account by Eqn. 4.6. Even more pronounced is the difference between the measured and
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calculated values for the case of slow water table fluctuations. In fact, the cumulative oxygen mass
experimentally observed at the end of the experiment is almost three times larger than the
calculated strictly dispersive one, thus pointing out the important role of air entrapment and
gas/liquid partitioning for the oxygen supply to oxygen-depleted groundwater. The calculated
cumulative oxygen mass considerably underestimated the actual oxygen transfer for both cases of

fast and slow movements of the water table.

— fast WT-fluctuations, calculated Eqn. 4.6
—o— fast WT-fluctuations, measured

— slow WT-fluctuations, calculated Eqn. 4.6
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Fig. 4.9. Measured (symbols) and calculated (Eqn. 4.6, solid lines) cumulative oxygen masses for the long-
term experiments with fast and slow water table (WT) fluctuations. The dashed lines indicate the time
periods when the measured oxygen flux across the interface was similar (i.e., same slope) to the calculated
flux.

It is important to point out that we did not observe a buildup of oxygen mass in the aqueous phase
under any experimental condition tested. The results of our flow-through experiments indicate that
the total amount of oxygen mass present in the system always returned to a certain ‘background
level’ after the effect of gas partitioning between the aqueous and gaseous phases had ceased
(Figs. 4.5c and 4.7c). This finding is due to the horizontal flow, which flushes out the additional
oxygen transferred into the aqueous phase, and contrasts with previously published works. For
instance, Caron et al. (1994) and Williams and Oostrom (2000) studied mass transfer across the
capillary fringe in static laboratory systems (i.e., without the application of horizontal groundwater
flow). In both studies, the researchers observed a steady increase in the mass of the volatile

compounds considered due to the water table fluctuations applied.
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4.5 Conclusions

In this study, we experimentally investigated the oxygen transfer in a fluctuating capillary fringe in
both single drainage or imbibition events and in presence of a periodically changing water table.
We could identify transient processes such as the dynamics of specific yield and the partitioning
from air entrapment during drainage and imbibition, respectively, as effective mechanisms of
oxygen transfer to oxygen-depleted groundwater. For the different experimental conditions, we
quantified the additional contribution of these transient processes to the oxygen flux across the
capillary fringe measured and calculated under (quasi) steady-state conditions.

As shown in the long-term experiments, hydraulic processes such as the dynamics of the water
table fluctuations and the presence of a significant underlying horizontal groundwater flow velocity
play an important role in the total oxygen mass present in the system. We conclude that, in the
presence of significant horizontal groundwater flow, the mass of a volatile compound is
continuously flushed out and the net increase of the mass of this species in the underlying water is
considerably smaller than under static conditions. In our opinion, flow-through conditions are more
relevant to represent and understand the complex interplay of different physical processes
occurring in subsurface natural systems.

Moreover, we found that the dynamics of the water table fluctuations considerably affects the
oxygen distribution in the capillary fringe and thus the measured oxygen fluxes in the effluent. We
suggest that even more oxygen may be supplied to the aqueous phase in the case of a dynamic
system, where the time period after rapidly lowering the water table is significantly shorter (<1 PV)
than the time after increasing the height of the water table.

On the basis of our experimental outcomes, we hypothesize that mass transfer of volatile
compounds from and to unconfined aquifers strongly depends on the characteristic time and
frequency of the water table fluctuations, the induced change in pressure head, as well as the rate
of groundwater flow. The amplitude and the speed with which the water table rises determine the
amount of entrapped gas. Especially the ratio between the time needed to flush the additional
amount of oxygen out of the system and the time available until the next increase in water table
height occurs determines the buildup of oxygen mass in the system. Under natural conditions,
seasonal fluctuations of the water table of an unconfined aquifer, comprising a comparably fast
groundwater flow velocity, are likely to induce additional oxygen transfer only close to the interface
because the oxygen supplied to the groundwater is efficiently flushed out. On the contrary, in a
more static system, i.e., at slow groundwater flow, water table fluctuations can lead to a significant

buildup of oxygen mass in the upper region of an unconfined aquifer.
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5. Experimental Sensitivity Analysis of Oxygen Transfer in the
Capillary Fringe

Christina M. Haberer*, Olaf A. Cirpka, Massimo Rolle, Peter Grathwohl
Ground Water (2013), doi: 10.1111/gwat.12028.

Abstract

Oxygen transfer in the capillary fringe is of primary importance for a wide variety of biogeochemical
processes occurring in shallow groundwater systems. In case of a fluctuating groundwater table
two distinct mechanisms of oxygen transfer within the capillary zone can be identified: vertical
predominantly diffusive mass flux of oxygen, and mass transfer between entrapped gas and
groundwater. In this study, we perform a systematic experimental sensitivity analysis in order to
assess the influence of different parameters on oxygen transfer from entrapped air within the
capillary fringe to underlying anoxic groundwater. We carry out quasi two-dimensional flow-through
experiments focusing on the transient phase following imbibition to investigate the influence of the
horizontal flow velocity, the average grain diameter of the porous medium, as well as the
magnitude and the speed of the water table rise. We present a numerical flow and transport model
that quantitatively represents the main mechanisms governing oxygen transfer. Assuming local
equilibrium between the aqueous and the gaseous phase, the partitioning process from entrapped
air can be satisfactorily simulated. The different experiments are monitored by measuring vertical
oxygen concentration profiles at high spatial resolution with a non-invasive optode technique as
well as by determining oxygen fluxes at the outlet of the flow-through chamber. The results show
that all parameters investigated have a significant effect and determine different amounts of
oxygen transferred to the oxygen-depleted groundwater. Particularly relevant are the magnitude of

the water table rise and the grain size of the porous medium.

Keywords: 2-D flow-through experiments; capillary fringe; water table fluctuation; oxygen transfer;

experimental sensitivity analysis.

5.1 Introduction

Fluctuations of the groundwater table can occur over a wide range of different spatial and temporal
scales (e.g., Freeze and Cherry, 1979). In addition to natural factors like infiltration of rainwater

and evaporation, changes in groundwater levels may arise from human activities such as
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extensive groundwater pumping or artificial aquifer recharge. When the water table and the
capillary fringe rise, air entrapment regularly occurs in the interface region between the
unsaturated and the saturated zone. The volume of entrapped gas typically ranges between 10 %
and 20 % of the pore space (Fry et al., 1997) and reduces the hydraulic conductivity in the quasi-
saturated zone. Since most naturally occurring gases dissolve in water, the presence of an
entrapped gaseous phase has a significant effect on groundwater geochemistry (e.g., Sinke et al.,
1998; Zilberbrand, 2003; Amos and Mayer, 2006; Klump et al., 2008).

Several studies have pointed out how important water table fluctuations are for transport of
different volatile compounds from groundwater to the unsaturated zone (e.g., Lappala and
Thompson, 1983; Werner and Hohener, 2002), the implications for risk assessment (e.g., soil gas
monitoring), and the impact on remediation effectiveness at contaminated sites (McCarthy and
Johnson, 1993; Werner et al., 2004; Oswald et al., 2008). Other contributions focused on the
influence of water table fluctuations on mass transfer (e.g., of oxygen) from the unsaturated zone
to the underlying groundwater (Barber et al., 1990; Williams and Oostrom, 2000; Balcke et al.,
2007; Geistlinger et al., 2010; Haberer et al., 2012). A term that often occurs in this context is
“‘excess air” (Heaton and Vogel, 1981), indicating the supersaturation of atmospheric gases in
groundwater resulting from the dissolution of entrapped gas at pressures higher than the
atmospheric pressure.

The concurrent presence of oxygen and water in the capillary fringe provides a beneficial
environment for endogenous aerobic strains (Yadav and Hassanizadeh, 2011; Rasa et al., 2011;
Jost et al., 2011). Therefore, biogeochemical processes that are limited by oxygen availability may
be enhanced within this transition zone by increased rates of oxygen transfer (Holocher et al.,
2003; Dobson et al., 2007; Farnsworth et al., 2012).

In a recent study (Haberer et al., 2012), we investigated oxygen transfer in a fluctuating capillary
fringe. In that work, we identified the entrapment of air and the subsequent partitioning of oxygen
between the aqueous and gaseous phases as key mechanisms resulting in the enhancement of
oxygen supply to oxygen-depleted groundwater. We also highlighted the important role of flow-
through conditions, showing that the horizontal groundwater velocity can prevent a significant
buildup of oxygen mass in an unconfined aquifer.

The objective of this work is to investigate oxygen dissolution from entrapped gas during the
transient phase following a single imbibition event (here: a rise of the groundwater table). With
rising water levels, the extent of air entrapment is affected by flow conditions and porous media
properties. We perform an experimental sensitivity analysis on oxygen transfer to anoxic
groundwater in a quasi two-dimensional flow-through laboratory setup: a reference scenario is
identified and different experiments are subsequently run systematically changing one parameter

at a time. Therefore, we can evaluate the specific influence of (i) the average grain size, (ii) the
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time over which the water table rises, (iii) the groundwater flow velocity, and (iv) the magnitude of

the water table increase on oxygen transfer.

5.2 Theoretical Background

In this study, we define the capillary fringe as the region extending from the water table up to the
limit of the capillary rise of water. The capillary fringe’s thickness and the vertical distribution of
water content depend on the properties and on the homogeneity of the porous medium. Moreover,
gas clusters (i.e., local zones of entrapped air) may also be present below the water table
(Berkowitz et al., 2004).
Essentially, three processes describe the interaction of groundwater with entrapped gas (Amos
and Mayer, 2006): the entrapment and the release of air during raising and lowering of the water
table, the formation of a gaseous phase and its growth and shrinkage resulting from changes in
dissolved gas pressure, as well as the permeability changes due to variations in gas saturation.
Transport of a volatile compound within quasi-saturated porous media is affected by the presence
of an entrapped gaseous phase (Fry et al., 1995; Donaldson et al., 1997; Cirpka and Kitanidis,
2001; Geistlinger et al., 2005; Klump et al., 2008; Geistlinger et al., 2010; Rudolph et al., 2012):
volatile compounds are transferred between the aqueous and gaseous phases as a result of the
difference in their chemical potentials between the two phases. Equilibrium is achieved, when the
chemical potential for each given compound, present in the multiphase system, is identical in all
phases (e.g., Atkins and de Paula, 2006). Under this condition the concentration, C? [M L], of the
dissolved gas i is related to its partial pressure, p; [M L™ T?, and atmospheric concentration,
CP[M L7, in the ideal gas phase by the compound-specific Henry’s law coefficient, Ky [-]:

Cl_g

R — (5.1)
RTK,, K,

in which R [L?t" T] denotes the ideal gas constant and T [t] is the absolute temperature in K.

In most problems multiple dissolved gases are transferred simultaneously between the aqueous
and the gaseous phases (Donaldson et al., 1998). If net transfer of all volatile compounds is
directed from the gaseous to the aqueous phase, while equilibrium between the two has to be
maintained, the volume of the entrapped gas has to shrink in order to balance the decrease in } p;
in the gaseous phase. Locally, at the gas/water interface, a balance of forces is reached when the
sum of partial pressures within the gas phase approximates the total gas pressure, p [M L™ T,
equal to the sum of atmospheric pressure, capillary pressure, and hydrostatic pressure (Cirpka and
Kitanidis, 2001). No gaseous phase is present at equilibrium when the sum of partial pressures

computed through Henry’s law is smaller than p.

Page 102 Ph.D. thesis Haberer



— Oxygen Transfer in a Fluctuating Capillary Fringe —

For typical groundwater flow velocities, the timescale of gas transfer is small in comparison to the
advective-dispersive timescale. In fact, the timescale for gas transfer between groundwater and
entrapped gas is usually smaller than an hour. Therefore, in such flow-through systems, local
equilibrium between the aqueous and entrapped gaseous phases can be assumed to hold (Cirpka
and Kitanidis, 2001; Geistlinger et al., 2005; Klump et al., 2008). The total amount of oxygen,
transferred from the entrapped gas into the oxygen-depleted water flowing by, is determined by the
initially entrapped gas volume: the more air is entrapped, the higher the number of pore volumes
needed for the dissolution process. Assuming the gas saturation (defined as the volume of gas per
pore volume) does not change, a constant retardation factor, R [-], can be defined for a compound

i according to the linear theory of partitioning tracers:

_ K, .S
R = Loy ﬁ (5.2)

¢ g

where {; [T] and {; [T] denote the mean arrival time of a partitioning and a non-partitioning tracer,
while Sy [-] represents the value of gas saturation within the quasi-saturated region of the
unconfined aquifer.

However, in most of the reported studies (Fry et al., 1995 and 1997; Donaldson et al., 1997 and
1998), the volatile tracer test itself triggered changes in gas saturation, thus, complicating the
analysis of the results. This is explained by the fact that, if the concentration of one compound
varies, the gas saturation and, therefore, also the retardation factors of all compounds undergoing

partitioning may change (Cirpka and Kitanidis, 2001; Geistlinger et al., 2005). The system can be

tot

described using the total concentration, C,” [M L], denoted as the mass of compound i in all

phases per pore volume (Helfferich, 1981):

C” =(1-8, ) +5,¢ =[1+(k,, -1)s, o, (5.3)

The right-hand side in Egn. 5.3 is valid under the assumption of local equilibrium at the gas-water
interface. After combining Eqns. 5.1 and 5.3 and rearranging, the partial pressure for each

compound i can be expressed as:

C"RIK,,

“1+(K,, 1) (5.4)

D;

4
Thermodynamic equilibrium is reached by adjusting the value of Sy such that Henry’s Law is
satisfied for all compounds and a balance of forces between the sum of partial pressures and the

total gas pressure at the gas/water interface is achieved.
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5.3 Experimental Setup

In this study, we investigate oxygen transfer in the capillary fringe in the presence of anoxic water
moving in the horizontal direction. We assume that the water table rises in response to upward
flow of groundwater. Under field-conditions this situation is relevant for a number of
hydrogeological settings such as close to water bodies with changing water levels, water
management in cities, or in the case where recharge occurs in a remote area, causing the water
table to rise in another region, where no overlying strata is present (semi-confined aquifer).

The experiments were performed using the same experimental setup as described by Haberer et
al. (2012), which consists of a quasi two-dimensional flow-through chamber with inner dimensions
of 80 cm (length, L) x 40 cm (height, H) x 0.5 cm (width, W) (see Fig. 5.1a). To prevent
considerable evaporation of water during the experiment, the chamber was covered by a lid but
remained open to the atmosphere. We conducted the experimental runs in a temperature-
controlled room at 22 °C.

Glass beads with two different ranges in grain diameter were used as porous media. The grain
diameter of the ‘fine’ material (Sartorius GmbH, Géttingen, Germany) ranged between 0.4 and
0.6 mm, resulting in an average porosity of 40.2 % and a capillary fringe height of ~117 mm. The
‘coarse’ material (Fisher Scientific GmbH, Schwerte, Germany) diameter was in the range of 1.0 to
1.5 mm with an average porosity of 40.4 % and a capillary fringe height of ~22 mm.

Two peristaltic pumps (IPC 24, ISMATEC, Glattbrugg, Switzerland), connected to the ports at the
inlet and the outlet of the flow-through chamber, were used to establish a predominantly horizontal
flow field. Steady-state conditions for flow and transport were reached after flushing the system
with at least two pore volumes of oxygen-depleted water (prepared by stripping it with nitrogen gas
and stored in a gas-tight Tedlar® sampling bag). Subsequently, we changed the water table height
with a third pump (IPC-N 24, ISMATEC, Glattbrugg, Switzerland) connected to the ports at the
base of the flow-through chamber. After raising the water table, the water level was kept constant
by adjusting the lowermost, free outlet port to the desired water table position. The position of the
water table was identified with two piezometers located near the inlet and the outlet of the flow-
through chamber (Fig. 5.1a). Furthermore, we visually determined the upper limit of the capillary
fringe. This was easily done in both porous materials used since the water saturation changed
rapidly over a small vertical distance in this transition zone (~0.7 cm; Haberer et al., 2011).

A tracer experiment* was performed within a porous medium packing consisting of the fine
material (0.4 to 0.6 mm glass beads). The tracer test allowed visualizing and understanding the
(quasi) steady-state flow field before (Fig. 5.1b) and after the fluctuation of the water table. A red

dye (New Coccine, CAS: 2611-82-7, 75 mg L) was continuously injected via all inlet ports located

*) Photographs taken during the tracer experiment are included as a movie in the Appendix A.2.
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along the lower 15 cm of the flow-through chamber (i.e., by using Pump 1 in Fig. 5.1). The
propagation of the tracer front was followed by mapping isochrones (lines of equal mean travel
time, that is, tracer front positions at given time points) at 30 min time intervals on the front pane of
the chamber. The isochrones provide important information on the velocity distribution in the
domain, which was useful in setting up the numerical simulations.

Vertical profiles of equivalent aqueous oxygen concentration were measured at two distances from
the inlet (i.e., at x; = 45 cm and x, = 60 cm, which are the latter two polymer stripes in Fig. 5.1b)
and at high spatial resolution (2.5 mm spacing). The method applied is based on a non-invasive
optode technology (Fibox3, PreSens GmbH, Regensburg, Germany), in which the luminescence
within a polymer foil is quenched in the presence of oxygen (e.g., Haberer et al., 2011; Rudolph et
al., 2012). Furthermore, we used two flow-through cells (1.7 mL volume each, Fig. 5.1a) at the
outlet to determine the total oxygen flux in the effluent of the flow-through chamber. The mass flux
measurements in the effluent allowed quantifying the amount of oxygen supplied to the aqueous
phase across the unsaturated/saturated interface.

In the case of an imbibition event, the overall mass transfer process can be divided into the

following steps (Fig. 5.2):

1. Steady state (before imbibition): the water table is held constant and no entrapped gas is
present within the capillary fringe. Mass flux across the fully water-saturated capillary fringe
can be described by hydrodynamic transverse vertical dispersion (Klenk and Grathwohl,
2002; Haberer et al., 2011).

2. The time period (At) during which the water table is raised by AHwr: within the transition
zone air is entrapped. As a consequence, volatiie compounds partition between the
aqueous and entrapped gaseous phase in order to reach equilibrium. Just looking at the
main air constituents (i.e., oxygen and nitrogen), oxygen is transferred into the mobile
aqueous phase, whereas nitrogen partitions into the gaseous phase. The gas saturation

adapts in accordance to the local equilibrium assumption (Egns. 5.3 and 5.4).

3. The time period during which oxygen is still supplied from entrapped gas to the oxygen-
depleted aqueous phase; the position of the water table is held constant. A retarded oxygen

dissolution front travels through the system.

4. Quasi steady state following imbibition: after exchange of Ro, pore volumes, oxygen patrtial
pressure within the entrapped gaseous phase is in equilibrium with the oxygen content of
the incoming water (background concentration), modified only by the dispersive flux across
the unsaturated/saturated interface. Nitrogen (more strongly retarded than oxygen, see
Eqn. 5.2) and other volatile compounds (e.g., helium, neon) are still transferred between

the two fluid phases in order to achieve equilibrium in the system.
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5. Steady state (after imbibition): entrapped gas tends to dissolve toward a new steady state
where mass transfer across the fully water-saturated capillary fringe again is a function of

transverse vertical dispersion alone.
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Fig. 5.1. Experimental setup and tracer test: (a) Experimental setup: Pump 1 and Pump 2 are used to
establish the horizontal flow field, whereas the water table fluctuations are induced with Pump 3; (b)
photograph of the flow-through chamber with experimentally determined isochrones (black lines) mapped
during the tracer test when steady state for flow was reached and before the water table fluctuation was
induced (i.e., no entrapped gas present within the upper region of the water-filled porous medium).
Superimposed are the numerically simulated isochrones (white lines). The groundwater flow-direction is from
left to right and the vertical pink lines are the polymer stripes used for the non-invasive oxygen
measurement.
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The focus of this study is the transient phase of oxygen dissolution following imbibition, that is,
steps 3 to 4 in Fig. 5.2, in different experiments. Imbibition was initiated by activating the pump at
the bottom of the flow-through chamber (Pump 3 in Fig. 5.1a), which provided a vertical flow

component and caused the water table to rise.

A
’ ® @ ®
AH,,, @ /

- @ Fig. 5.2. Overall mass transfer process for an
imbibition event: (1) steady state before
imbibition; (2) water table is raised; (3) oxygen
supply from entrapped gas to the aqueous

v

At t phase; (4) quasi steady state following

imbibition; (5) steady state after imbibition: all
m entrapped gas has dissolved. At is the time it

t
o4 takes to raise the water table by AHyr and
m,, is the mass flux determined in the

effluent of the flow-through chamber.

At t

5.4 Modeling Approach and Data Analysis

5.4.1 Flow and Transport Model

We simulated the flow field observed in the experimental setup and the most relevant mass
transfer processes affecting oxygen transport with a two-dimensional numerical model, following
the approach of Cirpka et al. (1999). First, we constrained the flow parameters by comparing the
simulated isochrones to the experimental ones obtained from the tracer test (Fig. 5.1b).
Subsequently, we focused on the imbibition phase of a selected reference scenario (‘Experiment
1) and applied the flow and transport model to quantitatively interpret our experimental
observations.

Steady-state flow was computed by solving the continuity equation:

V-(k,KVh)=0 (5.5)
subject to constant flux boundary conditions at the inlet and outlet, no flow boundary conditions at
the bottom and the top of the domain, and a fixed-head boundary condition at the bottom node of
the outlet boundary. k. [-] is the relative permeability, K [L T is the saturated hydraulic

conductivity, here assumed isotropic, and h [L] represents the hydraulic head.
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The Brooks-Corey (1964) model was used to parameterize the vertical profile of effective water
saturation, S, [-], which is defined as the normalized volumetric water content:
— 0(1(] - 0}"

Os-6:

S

e

(5.6)

It is assumed that the volumetric water content, 8,4 [-], ranges between a minimum, so-called
residual water content, 6, [-], and a maximum value, 65 [-], denoted saturated water content; the
latter being identical to the storage-effective porosity. Se, therefore, ranges between zero and one

and the water saturation profile is described by:

A

Agz(@j it h =h,
h

c

(5.7)
S =1 ifh <h,

in which h, [L] is the air-entry pressure head, or bubbling pressure head, and h, = max(z-h,0) [L]
denotes the capillary pressure head, a positive quantity above the water table. Furthermore, A [-]
represents the pore-size distribution index.

We applied the following commonly used expression to estimate the relative permeability for water

in the unsaturated zone (Burdine, 1953):

2+34

k.(h)=S.(h) * (5.8)

Hydraulic conductivity is reduced in the quasi-saturated zone of an unconfined aquifer (e.g., Ryan
et al., 2000; Amos and Mayer, 2006), which leads to a change of groundwater flow. The seepage

velocity, v, [L T, needed for solute transport was computed as:

k(h) .
v,(h,) = AC)q’ (5.9)
17
agq
in which ¢** [L T™"] is the specific discharge in the fully water-saturated zone.

Potentials and stream-function values were calculated by bilinear Finite Elements, applying Picard
iteration to address the nonlinearity of relative permeability. Travel time, 7 [T], needed to make use
of experimental isochrones of the tracer test (Fig. 5.1b), was computed with temporal-moment
generating equations (e.g., Harvey and Gorelick, 1995):

-v-(9,DVr)+q-Vr =0, (5.10)

in which D [L? T™"] is the dispersion tensor and q[L T'] represents the specific-discharge vector. As
boundary conditions, we fixed the travel time to zero at the inlet, and applied zero-diffusive-flux

conditions at all other boundaries.
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The moment-generating equation as well as the transport equation discussed below were
simulated by the linear finite element method applying the streamline-upwind Petrov-Galerkin
approach (Brooks and Hughes, 1982) for stabilization. A good agreement between simulated and
experimental isochrones was achieved with the Brooks-Corey parameters A = 2.0 and
h, = 0.086 m (here just determined for glass beads with d = 0.4 to 0.6 mm; an additional tracer test
for the coarse porous material was not performed and, thus, the respective Brooks-Corey
parameters were not determined).

In case of lowering of the water table, the water saturation profile moves downward and does not
considerably change its shape, except for a short-term impact caused by the effect of specific yield
(Haberer et al., 2012). A rather significant change in the shape of the water saturation profile is
found, however, for the upward movement of the water table, where entrapment of air occurs in the
upper volume of the water-filled porous medium. Since in a natural porous medium, the capillary
forces usually dominate over the buoyancy forces (e.g., Fry et al.,, 1997), the entrapped gas
clusters are spatially fixed. In the simulations, we also assumed the gas clusters to be
homogeneously distributed. We simulated the concentration distributions for oxygen and nitrogen
(since both compounds are highly relevant for gas partitioning; see e.g., Cirpka and Kitanidis,

2001; Klump et al., 2008) solving the advection-dispersion equation:

26,
ot

where t [T] is time.

+q-VC -V-(6,DVC)=0 (5.11)

In each time step, the total concentrations were updated by solving Eqn. 5.11, keeping the gas
saturation constant. Subsequently, the aqueous-phase concentrations and the gas saturation were
updated by re-equilibration. The inflow solution was reduced in oxygen, whereas the aqueous
oxygen concentration at the top of the domain was fixed to the concentration in equilibrium with the
atmosphere. The oxygen flux at the bottom boundary was set to zero and the flux at the outlet
boundary was restricted to the advective component. Gas partitioning and pressure induced
changes in gas saturation were modeled based on the local equilibrium approach described above
(Egns. 5.1 through 5.4) and elsewhere (e.g., Cirpka and Kitanidis, 2001; Amos and Mayer, 2006;
Klump et al., 2008). It would have been conceptually incorrect to apply simpler models that were
derived for closed systems (e.g., Heaton and Vogel, 1981; Stute et al., 1995; Aeschbach-Hertig et
al., 2000) to analyze the oxygen distribution in our flow-through system (Klump et al., 2008). In
fact, in the present case dissolution fronts evolved with chromatographic separation of more and
less soluble volatile compounds (Cirpka and Kitanidis, 2001).

Transverse dispersion is essential for mass transfer of volatile compounds across the capillary

fringe (e.g., Klenk and Grathwohl, 2002; Liu et al., 2010). Based on the results of previous steady-
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state experiments (Haberer et al., 2011), we used the empirical expression proposed by Chiogna

et al. (2010) to parameterize the transverse vertical hydrodynamic dispersion coefficient, D; L2TM:

D,~D, +va+ (5.12)
%? 1123

aq
in which D, = ¢D,, [L> T"] is the pore diffusion coefficient, D., [L*> T™'] represents the aqueous
molecular diffusion coefficient, ¢ [-] denotes the porosity, and d [L] is the grain diameter. This
expression retains an explicit dependence of the mechanical dispersion term on the aqueous
diffusion coefficient of the transported tracer and shows a non-linear relationship with the average
seepage velocity due to the compound-specific incomplete mixing in the pore channels (Rolle et
al., 2012). Our former results (Haberer et al., 2011) showed that mass transfer across the fully-
water saturated capillary fringe can be successfully described using this parameterization.

As aforementioned, the model was applied to reproduce the experimental results (i.e., measured
vertical oxygen concentration profiles; nitrogen was not detected during the experiment) obtained
for a reference case (‘Experiment 1’). The measured flow rate in the horizontal direction was
2 mL min™. Within the scope of the experimental sensitivity analysis, we also performed further
imbibition experiments for which, however, the numerical model was not fitted to the data.

All concentrations of dissolved gases were expressed as normalized equivalent aqueous
concentrations, Cpom [-], defined as:
C-GC,,

— b (5.13)
Co - Cbg

Cnorm (x7 Z) =

In doing so, we standardized the simulated and measured values of equivalent aqueous oxygen
concentration, C [M L'3], at any point within the domain using the background concentration in the
aqueous phase, Cpy [M L], and the concentration at the air-water interface, C, [M L™].

The normalized root mean squared error (NRMSE) was used as measure of the goodness of the
fit:

\/zlv > (s,-0,f

max Omin

NRMSE =

(5.14)

where NRMSE is expressed in dimensionless form and N [-] represents the total number of

observations. S;and O; are the simulated and observed values with units in [M L™].
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5.4.2 Excess Mass of Oxygen Supplied from Entrapped Gas

The quantification of oxygen fluxes transferred through the capillary fringe to the underlying
groundwater was of key importance to assess the influence of the specific parameters tested in
this study. Our specific interest was to determine the excess mass of oxygen, EMp; [M],
transferred from the entrapped gas to oxygen-depleted groundwater during the different imbibition
experiments. We define the excess mass of oxygen as the amount of oxygen that additionally
dissolves into the aqueous phase solely due to the partitioning from entrapped gas during the
transient phase following imbibition. It is a time-dependent quantity since oxygen dissolution from
entrapped air takes place until quasi steady state (step 4 in Fig. 5.2) is reached. Therefore, we
calculated the net input as a time-dependent quantity, that is, as a function of displaced pore
volumes, where the number of pore volumes, PV [-], is defined as:
S (5.15)
e, W)L

in which Q;, [L® T is the average flow rate used in the horizontal direction and h¢r [L] represents
the height of the capillary fringe’s upper limit.

In the experiments, we determined the total oxygen flux in the effluent of the flow-through

chamber, 71, [M T7], at regular time intervals after raising the water table. When quasi steady

state is reached, 7, stays constant and gives the value of sz ** [M T']. The latter was

t out

subtracted from each value of the total oxygen flux, m_, measured during the transient phase of

out’

the experiments, where i1 > i *

out out )

The differences were then integrated over time to yield the

excess mass of oxygen supplied from entrapped gas:

lend
EMOZ = f(mout (t) - moutqm }h (51 6)

0
Thus, the oxygen mass supplied during the corresponding quasi steady-state condition (step 4 in
Fig. 5.2) is not considered in the EMq,. When the value of the EMy, stays approximately constant
over time, no additional oxygen input into the system due to gas partitioning occurs. This method
provides a good framework to estimate net oxygen fluxes and to directly compare the outcomes of

the different experiments performed in this work.

5.5 Results and Discussion

The main focus of our study was to investigate the impact of different flow conditions and porous
medium properties on oxygen transfer during single imbibition events. An overview of the

experiments conducted is given in Table 5.1, which also reports the parameters changed (bold
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characters) in the different experimental runs: the grain diameter, d [L], the induced change in
water table elevation, AHyr [L], the time taken to increase the water table, At [T], and the flow-rate

used for injection of oxygen-depleted water at the inlet (Pump 1 in Fig. 5.1a), Q.

Table 5.1. Overview of the imbibition experiments conducted (the grey-shaded area highlights the
parameters of the reference experiment, i.e., ‘Experiment 1’).

Experiment
1 2 3 4 5
d [mm)] 04-0.6 1.0-15 04-0.6 04-0.6 04-0.6
AHwr [em] 8.6 9.4 9.0 10.6 4.0
At [min] 15 15 120 15 7.5
Qin [mL min'1] 2.00 1.93 1.96 3.90 1.90

In the following sections, we first describe the experimental and numerical results for the reference
case, i.e., ‘Experiment 1’; subsequently, we present and discuss the results of the experimental

sensitivity analysis by comparing the outcomes of the other experiments listed in Table 5.1.

5.5.1 Numerical Simulation of ‘Experiment 1’

The reference case ‘Experiment 1° was used to test the flow and transport model. Figure 5.3a
shows the computed two-dimensional flow field for the case of quasi steady state following
imbibition. The streamlines have a distinct vertical component close to the inlet and the outlet of
the flow-through chamber because the aqueous solution was injected/extracted along the lower
15 cm at the inlet and the outlet of the domain while the upper limit of the capillary fringe was at a
much higher elevation (z = 31.1 cm). We found that the resulting curvilinear flow field considerably
affected the fitted value(s) regarding the initial gas saturation and relative permeability (Eqn. 5.6).

Figure 5.3b depicts the simulated isochrones as well as the computed distribution of water
saturations. Since oxygen is entrapped within the transition zone between the unsaturated and the
fully water-saturated zone, the streamlines and the equipotential lines as well as the isochrones
are deflected at the interface between the quasi-saturated and the fully water-saturated domain.
This is in accordance to our observations made in the tracer experiment (results not shown).
Moreover, flow within the quasi-saturated zone is much slower than in the fully water-saturated

region below, as indicated by the computed flow net (Fig. 5.3a).
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(a) Flow Net and Water Saturation saq

1.0

1.0

Fig. 5.3. Simulation results for ‘Experiment 1. The general groundwater flow-direction is from left to right. (a)
Flow net and S,, at quasi steady state after increase of the water table; (b) simulated isochrones (at a time
interval of 30 min) and Saq.

Figure 5.4 presents the normalized profiles of equivalent aqueous oxygen concentration at
x; = 0.45 m as a function of time. A zone of higher gas saturation (Sy = 13.0 %) in the region
between z = 24.5 and 28.5 cm was needed to achieve an improved fit between the measured and
the simulated results (see also Fig. 5.3). At elevations higher than z = 28.5 cm, the initial gas
saturation was estimated as 11.8 %; below z = 24.5 cm no entrapped gas was present.

The vertical black lines in Fig. 5.4 depict the difference between the measured and the simulated
oxygen concentrations at a specific point in time and space. As indicated by the value of NRMSE
of 7.78 % (total number of measurements, N = 421), our model captures the observed
experimental behavior fairly well. Furthermore, the results point out that, in this case, the
partitioning process could indeed be satisfactorily modeled assuming local equilibrium between the
mobile aqueous and the entrapped gaseous phases. S, changed just slightly over the course of
the simulation (results not shown). The effect of gas partitioning between the aqueous and the
gaseous phases diminished after about 20 h, since quasi steady state between the two fluid
phases was achieved and no further oxygen could be supplied from the entrapped gaseous phase

(i.e., oxygen partial pressure within the entrapped gas was in equilibrium with the oxygen content
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of the injected solution, modified by transverse vertical dispersion). A minor kinetic effect is
observed when oxygen dissolution fades at the end of the experiment leading to a slightly different
temporal behavior of the simulated break-through curves (at a specific location z) compared to the

measured ones.

1.0

0.8

0.6

M

S 0.44
()

0.2

0.0

Fig. 5.4. Measured (spheres) and simulated (chromatic lines; concentration values are indicated by color,
ranging between O, blue, and 1, red) normalized profiles of equivalent aqueous oxygen concentration
determined at x; = 0.45 m as a function of time (‘Experiment 1°). t = 0 h indicates the beginning of the water
table increase, which is completed after 0.25 h. The base of the flow-through domain is at z = 0 m.

Knowing that Sy changed just slightly over the course of the experiment, we used Egn. 5.2 and the
estimated values of gas saturation to calculate the mean retardation factor in the quasi-saturated
zone. The result of Ro, = 5.6 compares well to the break-through curves shown in Fig. 5.4; in this
case the time needed to flush one pore volume of water through the chamber is 4.36 h (calculated
based on Eqn. 5.15; this time period represents the lower limit of time needed for a non-partitioning

tracer to propagate through the system due to the curvilinear flow field).

5.5.2 Experimental Sensitivity Analysis of Oxygen Transfer

In this section, we describe and compare the outcomes of the different imbibition experiments
listed in Table 5.1. The vertical distribution of equivalent aqueous oxygen concentration across the
capillary fringe was measured at two distinct locations. Taking measurements at high spatial
resolution and at different times allowed us to follow the dynamics of oxygen transfer. Moreover,
we used the total oxygen fluxes determined at the outlet of the flow-through chamber for a

quantitative comparison of the experiments. The results are shown in Fig. 5.5.
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‘Experiment 1’: Reference Case

This experimental run was already described in detail above. The mass flux measured in the
effluent of the flow-through chamber as well as the excess mass of oxygen supplied due to the
increase in water table height are shown in Figs. 5.5e and 5.5f, respectively. Since no further
oxygen could be supplied from the entrapped gaseous phase, the effect of gas partitioning
diminished after the exchange of about five pore volumes. About 0.6 mg of oxygen was supplied to
the oxygen-depleted groundwater from air entrapped by the rising water table. The oxygen supply

adds up to the transverse dispersive flux across the unsaturated/saturated interface.

‘Experiment 2°: Larger Grain Size

The effect of using a larger grain size (d = 1.0 to 1.5 mm compared with d = 0.4 to 0.6 mm in
‘Experiment 1’) was investigated in ‘Experiment 2’. Although in former experiments using glass
beads it was shown that the residual nonwetting phase saturation does not depend on the grain
size (Chatzis et al., 1983; Fry et al., 1997), we observed a distinct zone of higher gas saturation
forming just above the upper limit of the former capillary fringe as result of the imbibition process.
This zone of higher Sy is illustrated in the photograph shown in Fig. 5.6, where the continuous lines
represent the interface between the aqueous and the gaseous phase. Recently, this behavior was
observed in a similar experimental setup (Schneider-Zapp, 2009) and explained on the basis of the
different time periods available for equilibration of the saturation front and for adjustment of the
menisci. In fact, when the interface moves fast there is no time available for the menisci to adjust
and, thus, more gas is entrapped; this contrasts the case where the water table is held constant.
Our experimental results suggest that the observed effect of trapping larger amounts of air at the
upper limit of the former capillary fringe in case of imbibition is more pronounced for the coarse

porous material compared with the fine glass beads.
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Fig. 5.5. (a)-(d) Vertical profiles of oxygen concentration at x; = 0.45 m. The vertical position of the upper
limit of the capillary fringe is indicated by the dashed lines for the (quasi) steady-state case before (symbol:
‘e’) and after increase of the water table (symbol: ’/\’). (a) ‘Experiment 2’: Larger grain size; (b) ‘Experiment
3’: Extended At, that is slower rise of the water table; (c) ‘Experiment 4’: Higher flow velocity; (d) ‘Experiment
5’: Reduced magnitude of the water table rise, AHyr; (e) Oxygen flux in the effluent of the flow-through
chamber, normalized by the flow-through area; (f) EMo, (Eqn. 5.16) as function of the number of pore
volumes.
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The large amount of entrapped air, and thus oxygen present in the lower region of the newly
formed transition zone, considerably affected the vertical distribution of oxygen (Fig. 5.5a). From
the temporal behavior of the vertical oxygen concentration profiles the dissolution of oxygen into
the flowing groundwater can be clearly noticed. This enhancement effect is also shown by the
mass flux in the effluent of the flow-through chamber (Fig. 5.5e) and the curve representing the
excess mass of oxygen supplied to the aqueous phase: the latter is considerably higher for the

current case (1.5 mg; Fig. 5.5f) than for the reference case (0.6 mg; Fig. 5.5f: ‘Experiment 1°).

Fig. 5.6. Zone with larger volume of entrapped gas
localized at the previous (i.e., before starting the
imbibition phase) upper limit of the capillary fringe. In the
figure, the previous (t,g) and current (tn.,) upper limits
are shown by the dashed horizontal lines; the continuous
gray lines indicate the gas-water interfaces. The picture
was taken close to the first oxygen-sensitive stripe (at
x; = 0.45 m) during ‘Experiment 2°, performed using a
larger grain size, d = 1.0 to 1.5 mm.

‘Experiment 3’: Slower Rise of the Groundwater Table, i.e., Extended At

We also considered the case in which the increase of the water table was similar to the reference
setup (~9 cm), but where the change occured over a much longer period of time (120 min
compared with 15 min in ‘Experiment 1°).

The vertical concentration profiles are shown in Fig. 5.5b, where a more gradual change in the
distribution of oxygen over time can be observed. The slow increase in the water table elevation
resulted in a lower amount of entrapped air; therefore, less oxygen dissolved in the aqueous phase
(Fig. 5.5e and Fig. 5.5f). This observation is in agreement with the experimental results of
Lehmann et al. (1998), who also observed higher water contents within the capillary fringe for the
case of a slowly fluctuating water table. In our experiments the maximum increase in the value of

the EMo; was only 0.3 mg, corresponding to 56 % of the excess mass supplied in ‘Experiment 1°.
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‘Experiment 4’: Higher Flow Velocity, v,

In this experiment we increased the horizontal flow rate by a factor of two with respect to the
reference case (‘Experiment 1’). Figure 5.5¢ shows the measured profiles of equivalent aqueous
oxygen concentration at x; = 45 cm.

Due to the increased horizontal groundwater flow velocity, the oxygen flux of the background
solution was approximately doubled compared with the previous cases (Fig. 5.5e). Moreover, the
transverse dispersive flux across the capillary fringe increased (e.g., Klenk and Grathwohl, 2002;
Haberer et al., 2011). These factors as well as the effect of entrapped gas (more tortuous flow

paths and/or reduced hydraulic conductivity within the quasi-saturated porous medium that may
affect the interfacial oxygen flux) were taken into account by measuring i, ,** at the end of the
experiment.

Because 71,,”" is subtracted from each measurement value 5; ~in Eqgn. 5.16, the above

mentioned factors are not considered in the value of the excess mass of oxygen, which is only
46 % higher than in the reference case (0.8 mg of oxygen dissolved in the oxygen-depleted

groundwater compared with the 0.6 mg of ‘Experiment 1’; see Fig. 5.5f).

‘Experiment 5’: Reduced Change in Water Table Elevation, AHwr

In this experiment we increased the water table elevation only by 4 cm (i.e., almost half of the
magnitude of the water table rise of ‘Experiment 1’), keeping the speed of the upward movement,
however, the same. Figure 5.5d shows the vertical oxygen concentration profiles measured at
x; = 45 cm, where just small changes in the distribution of C,.m subsequent to the raise of the
water table can be observed. Moreover, the oxygen flux in the effluent of the flow-through chamber
did not considerably vary (Fig. 5.5e). When the value of EMo; stabilized, only 0.1 mg of oxygen
were additionally supplied to the aqueous phase (Fig. 5.5f). This is much less than observed in the
reference case (‘Experiment 1’). We hypothesize that the reduction in AHpyr led to a
disproportionately smaller volume of entrapped air compared with the reference case since the
upward movement of the water table is dampened (Hinz, 1998). Additionally, the increase in
hydrostatic pressure acting on the entrapped gaseous phase is smaller than in the reference case.
These factors determined the significantly smaller amount of oxygen dissolving into the aqueous
phase.

Table 5.2 summarizes the results of the different experiments performed. We calculated the ratios
by which the parameters of interest (i.e., the horizontal flow velocity, the grain size, and the
magnitude and the speed of the water table rise) differ between the respective experiment and the
reference case (‘Experiment 1°). Additionally, we list the excess mass of oxygen supplied to the

aqueous phase due to the increase in water table elevation and its relative value in comparison
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with the reference case, denoted as Ratio(O;). The numbers printed in boldface help identifying the
key parameters changed in each experimental run and the observed differences in the excess

mass of oxygen dissolved in the oxygen-depleted groundwater.

Table 5.2. Ratio of the parameter variation (relative to the reference case, ‘Experiment 1°) and its effect on
the excess mass of oxygen.

Experiment Parameter?  Ratio(va"")") Ratio(d) Ratio(AHwr) Ratio(Af) EMo;  Ratio(O2)
[-] [-] [-] [-] [mg] []
1 - 1.00 1.00 1.00 1.00 0.57 1.00
2 d (+) 1.17 2.50 1.09 1.00 1.54 2.70
3 At (+) 0.90 1.00 1.05 8.00 0.32 0.56
4 Va (+) 1.93 1.00 1.23 1.00 0.83 1.46
5 AHwr (-) 1.10 1.00 0.47 0.50 0.11 0.19

Y The (+) and (-) signs indicate whether the respective parameter was increased or decreased compared to the

refenence case.

2y, % [L T is the groundwater flow velocity measured at quasi steady state.

In the given setup, most parameters considered correlate positively with the amount of oxygen
dissolved from entrapped air. Only the time over which the water table is raised scales inversely
with the excess mass of oxygen (‘Experiment 3’).

In ‘Experiment 2’ an approximately proportional increase in the ratio of the EMy, is observed: the
grain diameter was changed by a factor of 2.5 compared with the reference case and the Ratio(O,)
increased by a factor of 2.7. This result is influenced by the significant amount of entrapped air in
the lower region of the newly formed transition zone. As shown by ‘Experiment 3’, the value of
Ratio(O,) appears to be relatively insensitive to the change in At. In fact, the eightfold increase in
the characteristic time of the water table rise with respect to the reference case experiment
resulted in less amount of entrapped air, and thus, only half Ratio(O,). For ‘Experiment 4’ we note
that the increase in the value of Ratio(O,) may be the result of both the altered value of the
horizontal seepage velocity (Ratio(v,**°) = 1.93) as well as the determined larger change in
pressure head (Ratio(AHy7) = 1.23). Finally, in ‘Experiment 5’ we applied the same speed to raise
the water table as in the reference case but only half of the magnitude. We observed a
considerably lower Ratio(O,)-value (0.19) than would be expected from the respective change in
pressure head (Ratio(AHwr) = 0.47).

In summary, the highest relative effects on the excess oxygen mass transferred to the oxygen-
depleted groundwater were observed when the grain diameter (‘Experiment 2’: larger grain size)

and the magnitude of water table rise (‘Experiment 5’: reduced AHwr) were changed.
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5.6 Summary and Conclusions

In this study a systematic experimental sensitivity analysis has been performed to investigate the
effect of different flow conditions and porous media properties on oxygen transfer within the
capillary fringe. We focused on the transient phase following imbibition, where the partitioning of
oxygen from entrapped gas to the water phase plays a significant role in enhancing the overall
mass transfer. Our results clearly show that both the properties of the porous medium (i.e., grain
size) and the flow field (i.e., groundwater flow velocity, magnitude and speed of the water table
rise) influence the extent of air entrapment and, thus, the amount of oxygen transferred to the
oxygen-depleted groundwater. In particular, we observed most significant differences when the
grain size and the magnitude of the water table rise were varied.

We have also developed a numerical model describing the flow field in the experimental setup and
the mass transfer processes based on the assumption of local equilibrium. Applying our model we
were able to quantitatively capture the main characteristics of oxygen transfer observed in the
reference experiment. While the flow field in the given experimental setup was exceptional due to
the location of the inlet and outlet ports, the numerical model can easily be applied to standard
situations in which groundwater flow is essentially horizontal. As shown earlier (Cirpka and
Kitanidis, 2001; Geistlinger et al., 2005; Amos and Mayer, 2006; Klump et al., 2008), gas transfer
between entrapped gas and groundwater follows comparably simple physical rules. The
assumption of local equilibrium is valid at sufficiently small groundwater flow velocitites and
sufficiently large travel distances. In typical field situations, velocities are likely to be smaller and
distances of interest larger than in our experiments so that the local equilibrium assumption would
even be more valid. For the prediction of gas-transfer induced by the increase of the water table,
the quantity most difficult to predict is the initial saturation of entrapped gas formed, which is
proportional to the total amount of oxygen introduced by the water table rise.

Since oxygen fluxes are vital for many biogeochemical processes in shallow aquifers, quantitative
approaches to describe oxygen transfer dynamics are necessary to understand and manage such
complex systems. We think that further research effort should be addressed to elucidate the
mechanisms of mass transfer in the capillary fringe and in particular the interaction between the
supplied oxygen fluxes and oxygen-limited reactive processes. Although dissolution of oxygen
from entrapped gas may significantly contribute to the oxygen availability in a groundwater body, it
is usually not considered (Holocher et al., 2002). Especially in predicting effects of natural
attenuation, variations in water levels should be considered, since they affect microbial activities as
well as the rates of biogeochemical reactions at the interface between groundwater and the

unsaturated zone (Dobson et al., 2007; Cozarelli et al., 2011).
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6. Impact of a Coarse-Material Inclusion on Oxygen Transfer in
a Fluctuating Capillary Fringe

Christina M. Haberer

The following experimental results are presented as a draft. Further work will be done to complete this
manuscript to publish our results within the framework of the DyCap-project (‘Dynamic Capillary Fringes
— A Multidisciplinary Approach’, Research Group FOR 831, grant GR971/22-1, DFG)

Abstract

We performed a quasi two-dimensional flow-through laboratory experiment to investigate the effect
of a coarse-material inclusion, present in the vicinity of the water table, on flow and oxygen transfer
in the capillary fringe. During the experiment, a fluctuation of the water table was induced.
Monitoring involved a combination of visual inspection, measurement of vertical oxygen
concentration profiles, and determination of oxygen fluxes in the effluent of the flow-through
chamber. We relate the results to observations presented in prior literature as well as to findings
made in an earlier experiment comprising a homogeneous porous medium packing. At steady
state, the oxygen flux across the unsaturated/saturated interface was considerably enhanced due
to the presence of the coarse-material inclusion. During drainage, a zone of higher water
saturation formed in the fine material overlying the coarse lens. The entrapped aqueous phase
became enriched in oxygen, thus, contributing to the total amount of oxygen supplied to the
system, when the water table was raised back to its initial level. Simultaneously, pronounced
entrapment of air occurred in the coarse lens, causing volatile compounds to partition between the
aqueous and the gaseous phases. The actual amount of oxygen mass, supplied to the aqueous
phase solely due to dissolution from entrapped air, was found to be lower in the heterogeneous
system compared with the homogeneous case. We argued that this is due to less entrapped air

contributing to the temporary dissolution of oxygen in the heterogeneous case.

Keywords: 2-D experiments; capillary fringe; heterogeneous porous medium; water table fluctuation;

gas patrtitioning.
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6.1 Introduction

Geologic formations in nature seldom exhibit uniform porous medium characteristics in different
locations. In fact, there exists enormous heterogeneity in subsurface domains with respect to
lithology, soil types, and others, which is manifested primarily in varying values of permeability and
porosity. Physical heterogeneity does not only occur on the scale of large aquifers, but also for
relatively small domains in the unsaturated zone. People dealing with groundwater issues are
interested to identify the pathways travelled by water, the impact of these pathways on the
movement of chemicals, and the viability of microbial populations in the subsurface.

Water preferentially bypasses low-permeable zones, whereas highly conductive lenses act as
conduits for flow, attracting water from the surrounding aquifer. Flow converges toward the high-
conductivity zone on the upgradient end and diverges away from it on the downgradient side.
Porous medium heterogeneities and, thus, spatial fluctuations of the flow field result in irregular
shapes of the plumes. At early times, these mechanisms may result in faster spreading than
mixing of the solute; in the long term, the rate of mixing increases (Kitanidis, 1994). This is different
from mass transfer in homogeneous porous media, where mixing and spreading can both be
described by the same local dispersion coefficients. In fact, several authors (e.g., Kitanidis, 1994,
Cirpka, 2002; Rolle et al., 2009; Dentz et al., 2011) pointed out the difference between the concept
of spreading and mixing, where spreading is associated with the stretching and deformation of a
contaminant plume, whereas mixing refers to the change of volume occupied by the solute. Rolle
et al. (2009) showed that coarse-material inclusions surrounded by finer grains and under fully
water-saturated conditions enhanced mixing, therefore, resulting in higher values of transverse
vertical dispersion compared with the respective homogeneous case.

In the present study, we are especially interested in the physical processes occurring at the
interface between the unsaturated and the saturated zone. These processes and the capillary
fringe’s function for diverse occurrences with respect to flow and transport are still not fully
understood. Various authors (e.g., Barber et al., 1990; Kerfoot, 1994; Berkowitz et al., 2004; Maier
and Grathwohl, 2005; Barth et al., 2005) hypothesize that the horizontal and vertical flow and
transport processes within the capillary fringe make this zone highly active in terms of physico-
chemical and microbiological processes. Siliman et al. (2002) and Berkowitz et al. (2004)
observed that exchange of water within the capillary fringe with water from below the water table
occurs in both directions. The flux between the two zones is thereby enhanced by the presence of
physical heterogeneity. This led to the assumption that, at the local scale, the natural geochemical
and microbiological conditions present at the interface between the unsaturated and the saturated
zone, in fact, may be affected far more significantly than is usually assumed.

The objective of this study is to evaluate the influence of a physical heterogeneity, i.e., a coarse-

material inclusion surrounded by finer porous material, on oxygen transfer in the capillary fringe.
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We additionally investigate the effect of a fluctuating water table. Tracer experiments were
performed to visualize the flow field in a quasi two-dimensional flow-through laboratory setup.
Results from simultaneous measurements (Fibox 3, PreSens GmbH, Regensburg, Germany) of
vertical oxygen concentration profiles across the capillary fringe and of oxygen fluxes in the
effluent of the flow-through system are used to draw conclusions on oxygen transfer in the
transition region between the unsaturated and the saturated zone. We investigated oxygen transfer
since oxygen is the most important electron acceptor in the capillary fringe and shallow

groundwater.

6.2 Basic Concepts

In the past, multiple definitions have been presented for the capillary fringe (e.g., Ronen et al.,
1997; Fetter, 2001; Berkowitz et al., 2004; Bear and Cheng, 2010). In the strictest sense, the
capillary fringe is defined as the interface region between the water table and the partially water-
saturated vadose zone above, where water saturation approaches 100 %. Its name stems from the
fact that water molecules at the water table are subject to upward attraction due to surface tension
of the air-water interface and the molecular attraction of the liquid and solid phases, called
capillarity (Fetter, 2001). Tensiometer readings will reveal that the head is negative in this zone
(e.g., Bear and Cheng, 2010). In porous media, the pore openings comprise a range of different
sizes, which causes capillary water not to rise to an even height above the water table, but rather
forming an irregular fringe. Because of the greater tensions created by smaller openings in fine-

grained porous media, the capillary fringe is higher in this case than in coarse materials.

6.2.1 Formation of Air Entry Barriers

In the capillary fringe region, air usually gets entrapped as a result of air entrainment during water
infiltration or because of an increase in water table elevations. Dunn and Silliman (2003) studied
the effect of air entry barriers caused by the presence of coarse sand lenses in the region of the
capillary fringe during rise and fall of the water table. The term ‘air entry barrier’, hereby, refers to
the phenomenon of coarse porous media remaining at high moisture content at significant
distances above the water table due to low air permeability in the overlying fine material. In fact,
Dunn and Silliman (2003) showed that in case of a declining water table, water was entrapped in
the coarse sand zones above the water table at heights significantly greater than anticipated from
consideration of capillary rise in the coarse sand. These same coarse zones rapidly drained when
air penetrated into these zones through the surrounding fine sands. The authors extended the

concept to entrapment of air below the phreatic surface as result of an increase in water table
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elevation and the differences in capillary rise in the coarse vs. the fine sediments. Experimentally,
it was observed that, before the air in the upper region of the coarse sand was released to the
unsaturated zone, the fine-grained sand overlying the coarse sand was already water-saturated
due to capillary rise in the fine sediments. Therefore, the air in the coarse sand became entrapped.
The pressure in this entrapped air phase was thereby significantly greater than the pressure in the
water phase in the surrounding fine sand. Dunn and Silliman (2003) suggested that partitioning
and, thus, overall mass fluxes may be enhanced by pronounced air entrapment, due to the
presence of heterogeneities.

In subsequent laboratory experiments, Dunn (2005) could also show that significant volumes of
entrapped air and LNAPL lead to changes in the transport behaviour of microspheres. Due to the
presence of a gaseous phase, the effective hydraulic properties and, consequently, the flow
regime change. Already Orlob and Radhakrishna (1958) reported a decrease in permeability by
35 %, when the gas content of the porous medium investigated reached a value of ten percent. Fry
et al. (1997) found that the value of relative hydraulic conductivity of porous media with trapped
gas volume of 14 - 55 % even ranged between 0.62 - 0.05. In the worst case, entrapped air may
even lead to hydraulic isolation of the zone, where the gas is present.

As oxygen supply from entrapped air may be essential for reoxygenation of oxygen-depleted
groundwater (e.g., Haberer et al., 2012 and 2013), we are interested in studying heterogeneous
systems in more detail with respect to mass transfer in the capillary fringe. We have to note that
additional oxygen mass may also be supplied from (partially) air-saturated water entrapped in finer
material overlying a coarse porous medium zone. The latter is based on the capillary barrier effect,
i.e., the contrast in hydrologic properties between two adjacent phases keeps infiltrating water in

the upper layer.

6.2.2 Quantifying Oxygen Transfer in the Capillary Fringe

The presence of a coarse-material inclusion in the direct vicinity of the water table may impact the
mass transfer of volatile compounds in the capillary fringe. In heterogeneous porous media, the
flow and transport processes, acting in vertical direction, as well as the effect of capillary and air
entry barriers have to be considered. To evaluate oxygen transfer in the transition region between
the unsaturated and the saturated zone, we define the following parameters: the total mass flux
across the capillary fringe, the cumulative oxygen mass supplied across this interface, and the

excess mass of oxygen supplied solely due to the increase of the water table.
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Calculation of the Total Oxygen Flux:

We quantify the effects of entrapped gas (more tortuous flow paths, reduced permeability) and/ or
a distorted flow field (due to heterogeneity) on the total (quasi) steady-state oxygen flux across the
capillary fringe by comparing the experimentally determined mass flux across the capillary fringe
with a theoretical, purely dispersive one.

At steady state and considering an abrupt change in the vertical distribution of water content at the

upper limit of the capillary fringe, the total dispersive mass flux across this interface, 7 [M T,
for a homogeneous porous medium and in the absence of entrapped gas, is described by (e.g.,
Cussler, 2009; Klenk and Grathwohl, 2002; Haberer et al., 2012):

LW 1
e _ { {FL:() dyix = (C, - C,, g | D,Lv, - (6.1)

in which the length, L [L], and the width, W [L], of the interfacial area are related to the coordinates
in longitudinal, x [L], and transverse horizontal direction, y [L], of groundwater flow. The origin of
the vertical coordinate, z [L], is located at the air/water interface across which the mass flux
density, F [M L T, occurs at a specific value of x. Co [M L] represents the atmospheric oxygen
concentration at z = 0.00 m, while Cpy [M L?] is the background concentration in the aqueous
phase. ¢ [-] denotes the porosity and v, [L T™"] is the horizontal seepage velocity.

In Eqn. 6.1 the transverse vertical dispersion coefficient, D; [L*> T™'], is parameterized using the non-
linear relationship by Chiogna et al. (2010). The applicability of this equation with respect to mass
transfer across the capillary fringe was already shown in Haberer et al. (2011):

D,~D, +v, 4 (6.2)

ol 103

aq

where D, = ¢D,, [L* T™"] is the pore diffusion coefficient, D,, [L* T"'] denotes the aqueous molecular
diffusion coefficient, and d [L] is the average grain diameter.

Adding the incoming mass flux, m, [M T, to the total dispersive mass flux across the capillary

calc

fringe, the oxygen flux in the effluent of the flow-through chamber, m =~ [M T7, can be computed

as:

mcalc — mcalc +m' (63)

out 120

- calc

Please note that m, ~ refers to the homogeneous case, where steady-state oxygen transfer

across the capillary fringe occurs in the absence of entrapped gas.
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Cumulative Oxygen Mass Supplied across the Unsaturated/Saturated Interface:

To estimate the specific contributions of the dispersive flux and transient conditions on oxygen
transfer, we calculate the cumulative oxygen mass supplied across the unsaturated/saturated
interface, cumoz.mass [M], as a time-dependent quantity. To do so, the total oxygen flux across the

calc

interface (calculated, m“, or experimentally determined, 72 ) is integrated over the time, t [T]. As

an example, Eqn. 6.4 gives the computational procedure for the experimental case:
té’
cum02—mass = f(l’l’l)dt (64)

nd
0

Excess Mass of Oxygen Supplied During the Transient Phase Following Imbibition:

In Haberer et al. (2013), we investigated the impact of different flow conditions and porous medium
properties on oxygen transfer in the capillary fringe following imbibition. We performed laboratory
bench-scale experiments using homogeneous porous medium packings. The excess mass of
oxygen, EMo; [M], was defined as the amount of oxygen that additionally dissolves into the
aqueous phase solely due to the partitioning from entrapped gas during the transient phase after
the water table had been raised.

According to our earlier study, we compute the excess mass of oxygen by determining the effluent

mass flux, m_,, at regular time intervals in the experiment. When quasi steady state is reached,

m,,, stays constant and gives the value of 7z, [M T™"]. The EMo, is then given as:

out

lend
EMOZ = f(mout (t) - moutqm }h (65)

0
The quasi steady-state dispersive flux across the unsaturated/saturated interface is, therefore, not
considered in the value of the excess mass of oxygen. When the EMq, stays approximately
constant over time, no additional oxygen input into the system occurs. With regard to a
homogeneous porous medium this indicates that partitioning between the two fluid phases has
ceased. In heterogeneous porous media, the resupply of (partially) air-equilibrated water,
entrapped in capillary barriers, during imbibition may additionally result in temporary increased

oxygen fluxes to the groundwater. The latter, thus, also affects the value of the EMo;.

6.3 Experimental Setup

We investigated the impact of a coarse-material inclusion on oxygen transfer in the capillary fringe
by performing a quasi two-dimensional flow-through laboratory experiment. A photograph of the

experimental setup, comprising a flow-through chamber with inner dimensions of 80 cm (length, L)
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x 40 cm (height, H) x 0.5 cm (width, W) is shown in Fig. 6.1. The experiment was conducted in a
temperature-controlled room at 22 °C to avoid possible temperature effects.

Commercially available glass beads with two different grain-size ranges, herein termed ‘fine’ and
‘coarse’, were used as porous media. The grain diameter of the fine glass beads ranged between
0.4 - 0.6 mm (Sartorius GmbH, Géttingen, Germany), with a saturated hydraulic conductivity of
~2.1x10° m s™ and an air entry pressure of ~11.7 cm. The grain diameter of the coarse glass
beads (Fisher Scientific GmbH, Schwerte, Germany) ranged between 1.0 - 1.5 mm, with a

saturated hydraulic conductivity of ~1.3x10? m s™ and an air entry pressure of ~2.2 cm.

-
‘x
-
-
-
M
-
-
N
-
M
-

1.0-1.5mm *2,5cm. .

- T TTE— -
; 0,-sensitive | e I _______ ‘
—_— ; foil | ! : 2

i

horizontal flow direction d>2=0.4-0.6 mm =

£ * 3" pump to create water table fluctuations .

Fig. 6.1. Experimental setup (inner dimensions of the flow-through chamber were 80 cm % 40 cm % 0.5 cm,
length x height x width): steady-state horizontal flow was established using Pumps 1 and 2 before inducing a
change in water table height using Pump 3. Oxygen-sensitive stripes, used to measure vertical profiles of
equivalent aqueous oxygen concentration across the capillary fringe, were placed at x; = 22 cm, x, = 32 cm,
X3 =45 cm, and x4 = 60 cm distance from the inlet.

To fill the flow-through chamber, we increased the water table step-wise, maintaining the water
level always a small distance above the upper surface of the porous medium packing. This
prevented entrapment of air and fractionation of the grains due to different settling rates. We
embedded a coarse-material inclusion (rectangular parallelepiped of dimensions: 20 cm x 2.5 cm x
0.5 cm, Ls x H; x Wy; central position: 27.5 cm above the base of the chamber) within the finer
porous medium, as shown in Fig. 6.1. When the flow-through chamber was completely packed, the
height of the water table was lowered to form an unsaturated zone in the upper part of the porous
medium packing (see Fig. 6.1, light-colored area in the upper region of the porous medium

packing).
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Steady-state horizontal flow was established before inducing a change in water table elevation. In
doing so, we connected two peristaltic pumps (IPC 24, ISMATEC, Glattbrugg, Switzerland) to the
vertical sides of the flow-through chamber. At the inlet an aqueous solution was injected via twelve
inlet ports. In contrast, only eleven ports were connected to the outlet pump. The twelfth and lower-
most port was used as an overflow during the time periods, in which no fluctuation occurred, thus,
keeping the water table at a constant level. The ports at the inlet and at the outlet of the flow-
through chamber were vertically spaced by 12.5 mm.

During the run of the experiment, the water table was lowered and raised by 10 cm within 15 min,
respectively. The change in hydraulic head was created using a third pump (IPC-N 24, ISMATEC,
Glattbrugg, Switzerland) connected to the 24 ports at the base of the flow-through chamber. These
ports were spaced by 33.3 mm. We followed the raising and lowering of the water table, using two
piezometers, which were installed near the inlet and the outlet of the chamber. The height of the
capillary fringe was determined visually.

Oxygen-depleted Milli-Q water (stripped with nitrogen) and an aqueous solution containing New
Coccine (CAS: 2611-82-7, 75 mg L) as a red dye were alternately injected into the chamber to
visualize the flow field at different stages of the experiment. We studied oxygen transfer in the
capillary fringe at steady state and over the time period following the rise of the water table, i.e.,
when transient conditions applied. Vertical profiles of equivalent aqueous oxygen concentration
were measured at distinct positions (x; = 22 cm, x, = 32 cm, x3 = 45 cm, and x4 = 60 cm) along the
horizontal flow direction, using a non-invasive optode technique. In doing so, vertical stripes of
oxygen-sensitive polymer optode foil (26 cm x 0.5 cm and 18 cm x 0.5 cm; SP-PtSt3-NAU from
PreSens GmbH, Regensburg, Germany) were glued onto the inner side of the front pane and the
measurement signal was detected with an optical fibre from the outside. Details on the
measurement technique applied can be found, e.g., in Haberer et al. (2011) or Rudolph et al.
(2012). Furthermore, we determined mass fluxes in the effluent of the flow-through chamber by
interconnecting two flow-through cells (1.7 mL each) in the tubing lines. Simultaneous
measurements of flow rate and oxygen concentration were used to calculate the total oxygen flux.
For reference, also the oxygen concentration of the oxygen-depleted reservoir solution (i.e., the
Milli-Q water stored in the Tedlar bag) was monitored over time. A summary of the flow and

transport parameters is listed in Table 6.1.
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Table 6.1. Summary of porous medium properties, flow and transport parameters.

Parameter Value

Inner dimensions of the flow-through chamber, L x H x W [m] 0.80 x 0.40 x 0.005
Dimensions of the coarse-material inclusion, L1 x Hy x Wy [m] 0.20 x 0.025 x 0.005
Average fine grain diameter [mm] 0.50

Average coarse grain diameter [mm] 1.25

Porosity fine material [-] 0.396

Porosity coarse material [-] 0.403

Saturated hydraulic conductivity of fine material [m 3'1] 2.1x10°

Saturated hydraulic conductivity of coarse material [m s'1] 1.3x107

Air entry pressure fine material [mm] ~117

Air entry pressure coarse material [mm] ~22

Average flow-rate used in horizontal direction, Qj, [mL min'1] 1.84

Aqueous diffusion coefficient for oxygen Y [m2 s'1] (at 22 °C) 1.97x10°°

Y for further reference, see Atkins (1990) and Cussler (2009)

6.4 Results and Discussion

The experiments discussed here were designed to investigate the effect of air entry barriers on the
entrapment of air or water due to the rise or the lowering of the water table. Especially, we
demonstrate the impact of a coarse-material inclusion, embedded in finer porous material, on
oxygen transfer in the capillary fringe.

In the following, we first summarize our observations made in the experiment comprising a
heterogeneous porous medium packing (‘Experiment 1’). We focus on the temporal changes in the
flow field and the vertical distribution of oxygen concentration during the experiment. Afterward,
oxygen concentration profiles and mass fluxes determined in the heterogeneous case are
compared with an equivalent but homogeneous case. The experimental results with a
homogeneous porous medium packing were already presented in Haberer et al. (2012, 2013).
Table 6.2 gives an overview on the experiments that we discuss, including the measured

parameters and the experimental sequence applied. The latter is additionally depicted in Fig. 6.2.
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Table 6.2. Overview of the experiments discussed.

Experiment 1 (this study) Experiment 2 "
heterogeneous packing homogeneous packing
Diameter of glass beads ds=1.0-1.5mm, d>=0.4-0.6 mm d=0.4-0.6 mm
Visualization of the flow field yes no
Measured parameters e porosity *  porosity
* vertical Oz-concentration profiles * vertical Oz-concentration profiles
e Oo-flux, outlet e Oo-flux, outlet

Experimental sequence ?

* steady state (1)
— Og-profiles
— Ox-flux, outlet
e tracer injection (2)

e drainage (3) — Ox-depleted water

* steady state (4) * steady state
— Og-profiles — Og-profiles
— Ox-flux, outlet — Ox-flux, outlet
* imbibition (5) * imbibition
— Og-profiles — Og-profiles
— Ox-flux, outlet — Ox-flux, outlet
* quasi steady state (6) * quasi steady state
— Og-profiles — Og-profiles
— Ox-flux, outlet — Ox-flux, outlet

e tracer injection

1)
2)

results already shown in Haberer et al. (2012, 2013)
the numbers given in brackets refer to the current state in Fig. 6.2

»
»

Q@ O
Rt

o 9
l Q l l Fig. 6.2. Experimental sequence of
\ l /7 ‘Experiment 1’ (with the heterogeneous

porous medium packing). The numbers
» referto those given in brackets in Table 6.2.
time

hydraulic head

Throughout this study, measured values of equivalent aqueous oxygen concentration, C [M L],
are presented in their normalized form, Com [M L], according to the following equation:
c-C
c, =—2?%" (6.6)
CO - Cbg
For better comparability of the results presented below, we also use the nondimensional pore
volume, PV, instead of time:
t
py =2 (6.7)
gL
where q [L T"] is the specific discharge across the fully water-saturated and quasi-saturated cross-

sectional area of the porous medium.
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6.4.1 Visualization of the Flow Field and Vertical Oxygen Distribution

Photographs of the experiment (‘Experiment 1’, Table 6.2) are shown in Figs. 6.3a-d, where the
horizontal flow direction is from left to right. We visualized the flow field before, during, and after
the change in water table height by alternately injecting oxygen-depleted Milli-Q water and an
aqueous solution containing New Coccine as a red dye.*

Initially, oxygen-depleted Milli-Q water was supplied until steady state for flow and transport was
reached. Then, we changed the inlet reservoir to inject the red dye solution; the photograph in Fig.
6.3a was taken 3 h after starting the tracer injection. The tracer solution had almost completely
replaced the clear aqueous phase, when drainage set in. Figure 6.3b shows the spatial distribution
of the red dye solution during drainage, 12 min after inducing the lowering of the water table. This
step was followed by establishing steady-state conditions for flow and transport again. To do so,
oxygen-depleted tracer-free solution was injected into the flow-through chamber, while the vertical
location of the water table remained constant. When steady state had been achieved, we started to
increase the water table. Figure 6.3c presents the case 12 min after inducing the transient phase.
Following the increase in water table height, oxygen fluxes were measured at the outlet until quasi
steady-state conditions were reached. Then, the red dye solution was injected again. Figure 6.3d
visualizes the flow field 3 h after the tracer was injected. The qualitative results of the experiment

are discussed in the following paragraphs.

Fig. 6.3. Visualization of the flow field before, during, and after the change in water table height: (a) steady
state for flow, 3 h after starting the tracer injection; (b) drainage, 12 min after inducing the lowering of the
water table; (c) imbibition, 12 min after inducing the rise of the water table; (d) quasi steady state for flow
after the water table fluctuation had occurred, 3 h after starting the tracer injection.

*) Snapshots taken during ‘Experiment 1’ are included as a movie in the Appendix A.2.
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Steady State for Flow, Fully Water-Saturated Coarse-Material Inclusion (Fig. 6.3a):

Oxygen-depleted Milli-Q water was used to establish steady-state horizontal groundwater flow
(va = 4.33 + 0.05 m d”). After flushing through two pore volumes of water, steady state was
reached and vertical profiles of equivalent aqueous oxygen concentration were measured at
distinct distances from the inlet. The measured profiles are displayed in Fig. 6.4, superimposed on
a photograph that was taken at a certain point in time after starting the tracer injection (New
Coccine, 75 mg L™), but under the same experimental flow conditions as they applied, when the
oxygen measurements were performed. In doing so, the flow field is visualized and the impact of
the deformed flow field due to the presence of the coarse-material inclusion on the vertical
distribution of oxygen concentration is presented.

Like in the works from Silliman et al. (2002) and Dunn and Silliman (2003), we observed that the
coarse-material inclusion stayed fully water-saturated, although the water table was at a much
lower position (~20.5 cm above the base of the porous medium packing, Fig. 6.4), so that capillary
rise in the coarse material alone could not account for this effect. In fact, the low air-permeability in
the overlying fine material caused the coarse-material inclusion to stay at high moisture content
(Dunn, 2005).

- v water table

ORI OO OO LR AR

— flow direction —

Fig. 6.4. Fully water-saturated coarse-material inclusion: Vertical oxygen profiles were measured at steady
state and are shown as the yellow data points with the highest values of equivalent aqueous oxygen
concentration in the unsaturated zone (close to equilibrium with the atmosphere). The red dye solution was
injected afterward and an intermediate time-step is shown here, as a photograph in the background, to
visualize the flow field.

The fully water-saturated coarse-material inclusion comprises a higher value of hydraulic
conductivity and, thus, permeability than the surrounding fine material. Therefore, the coarse lens
acts as a conduit for flow and streamlines converge toward this zone on the upgradient side, as
shown in Figs. 6.3a and 6.4. Downgradient of the coarse-material inclusion, spreading of the tracer
plume occurs. Consequently, this also impacts the oxygen distribution in the system. Near the

coarse-material inclusion the higher oxygen concentrations, present in the upper part of the
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capillary fringe, are drawn toward the higher permeable zone in accordance to the underlying flow
field (Fig. 6.4).

Drainage (Fig. 6.3b):

When the red dye solution had almost completely flushed through the system, we started to lower

the hydraulic head by 10 cm over a time period of 15 min. As soon as air penetrated through the
fine material to the coarse lens, this latter zone started to drain. This behavior was also observed
previously by Dunn and Silliman (2003).

In Fig. 6.3b, the fine porous medium overlying the coarse-material inclusion comprises higher
water saturations than the surrounding porous material. A capillary barrier formed, which is caused
by different values of water saturation in adjacent porous media, where the same suction power
applies (Zilch et al., 2002; Papafotiou, 2008).

Imbibition (Fig. 6.3c):

When the water table reached its lower position, we started to inject the oxygen-depleted tracer-

free solution until steady-state conditions were established again (v, = 5.93 + 0.04 m d”'; height of
the water table: ~10.1 cm above the base of the porous medium packing). We measured vertical
profiles of oxygen concentration and the oxygen flux in the effluent of the flow-through chamber to
confirm steady state. Afterward, the height of the water table was raised by 10 cm within 15 min.
To follow up the changes in the vertical oxygen distribution as well as in the oxygen flux in the
effluent of the flow-through chamber, we injected the oxygen-depleted solution into the system also
during the subsequent time period.

From the previous process of lowering the phreatic surface, some tracer was still present in the
tubing lines connected to the third pump (see Fig. 6.1); this pump was used to create the water
table fluctuation. Due to reinjection of a small amount of red dye solution, the flow pattern is, thus,
also visible in the lower region of the flow-through chamber (Fig. 6.3c). At the same time,
pronounced gas entrapment occurred in the coarse material zone. This is shown as the light-
coloured area in Figs. 6.3c-d. In the fine material entrapment of gas was not as pronounced, but
the affected area, where air got entrapped, is still visible (compare Fig. 6.3a with Figs. 6.3c and
6.3d). In earlier studies (e.g., Fry et al., 1995; Williams and Oostrom 2000; Cirpka and Kitanidis,
2001; Haberer et al., 2012 and 2013), it was already shown that gas entrapment results in
partitioning of volatile compounds between the aqueous and gaseous phases. In the present case,

e.g., oxygen dissolved from the entrapped air into the mobile oxygen-depleted water.
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Quasi Steady State for Flow, Dewatered Coarse-Material Inclusion (Fig. 6.3d):

Oxygen-depleted tracer-free Milli-Q water was pumped through the system till the effect of
partitioning diminished and quasi steady-state conditions (i.e., stable values of oxygen flux in the
effluent) were achieved. During this time period, the height of the water table decreased slightly
causing the coarse zone to dewater again. Therefore, this indicates the presence of an air passage
between the unsaturated zone and the coarse-material inclusion. Oxygen concentration profiles
were measured at quasi steady state (v, = 4.05 + 0.04 m d'; height of the water table: ~20.7 cm
above the base of the porous medium packing) and the results are superimposed on a
photograph, showing the flow field in Fig. 6.5. Due to the vertical connection between the
unsaturated zone and the coarse lens, oxygen concentrations in the coarse-material inclusion are
close to those measured in the unsaturated zone (at positions x, = 32 cm and x3 = 45 cm).
Consequently, also a plume of higher oxygen concentrations developed downgradient (at
X4 =60 cm).

After quasi steady state had been reached, we started to inject the red dye solution via the twelve
inlet ports on the left-hand side of the domain in Figs. 6.3d and 6.5. As the coarse-material
inclusion is dewatered, this zone comprises now a much lower relative permeability than the
surrounding fine porous medium. Therefore, the water is forced to bypass the coarse lens.
Moreover, due to the presence of entrapped gas, flow in the capillary fringe also seems to be
slightly slower, when compared with the fully water-saturated case displayed in Figs. 6.3a and 6.4

(see also Haberer et al., 2013).

g
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Fig. 6.5. Dewatered coarse-material inclusion: Vertical oxygen profiles were measured at quasi steady state,
after having increased the water table, and are shown as the yellow data points with the highest values of
equivalent aqueous oxygen concentration in the unsaturated zone (close to equilibrium with the
atmosphere). The red dye solution was injected afterward and an intermediate time-step is shown here, as a
photograph in the background, to visualize the flow field.
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6.4.2 Vertical O,-Distribution and Effluent Mass Fluxes in the Presence of a Coarse Lens

In the following, we first establish a link between the various oxygen profiles measured at (quasi)
steady state in ‘Experiment 1’ (Table 6.2, heterogeneous porous medium packing). The objective
is to show the importance of differing hydraulic conditions (i.e., a fully water-saturated vs. a
dewatered coarse lens) on oxygen transfer in the capillary fringe. We especially focus on changes
in the vertical distribution of oxygen concentration along the horizontal groundwater flow direction,
since the concentration profiles are also impacted by complex deformation of the flow field.
Moreover, (quasi) steady-state oxygen fluxes, determined in the effluent of the flow-through
chamber, are discussed. Time-dependent dissolution of oxygen from entrapped gas into the
oxygen-depleted aqueous phase, following the rise of the water table, is investigated next. We do
this by relating the results of the experiment with the heterogeneous porous medium packing to the

homogeneous case (‘Experiment 2’).

6.4.2.1 (Quasi) Steady-State Oxygen Transfer across the Capillary Fringe

For the time periods of the experiment (‘Experiment 1’) during which (quasi) steady state applied
and the water table was at its upper position, the measured profiles of equivalent aqueous oxygen
concentration have been qualitatively presented in Figs. 6.4 and 6.5. Figure 6.6 displays these
vertical profiles again, dependent on their horizontal location and the respective hydraulic
conditions that prevailed (i.e., fully water-saturated vs. dewatered coarse lens).

The measured oxygen concentration profiles upgradient of the coarse-material inclusion, at
x; = 22 cm distance from the inlet (Fig. 6.6a), are very similar despite the different hydraulic
conditions that prevailed. Values of normalized oxygen concentration start to decrease when water
saturation is already very high (e.g., Liu, 2008; Haberer et al., 2011). An oxygen gradient was
established as a result of the mass transfer limitation of oxygen on the water-side. Just the slight
decrease observed in the thickness of the capillary fringe (-0.9 cm between the fully water-
saturated case and the dewatered coarse lens) had an impact on the vertical position of the
oxygen gradient.

In contrast, we observed a significant effect of the coarse-material inclusion on the vertical
distribution of normalized oxygen concentrations at x, = 32 cm and x; = 45 cm. In Figs. 6.6b and
6.6c, the two dashed lines indicate the vertical location of the coarse lens. The measured profiles
are distorted according to the underlying flow field resulting from the different grain sizes and the

varying values of water content present at these positions.
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Fig. 6.6. (Quasi) steady-state profiles of normalized oxygen concentration at (a) x; = 22 cm, (b) x, = 32 cm,
(c) x3 =45 cm, and (d) x4, = 60 cm. The pressure head of 0.00 cm indicates the location of the water table,
while the dashed lines show the vertical position of the coarse-material inclusion (see also Fig. 6.1).

First, we look at the oxygen concentration profiles that refer to the case, in which the coarse lens is
fully water-saturated. At the interface between the fine and the coarse material the different grain
sizes mix, causing the oxygen gradient to change its steepness in this transition zone. Eberhardt et
al. (2001) observed that the transverse vertical dispersion coefficient decreases when the porous
medium contains a fraction of smaller grains. This cannot be deduced from the present results
(Figs. 6.6b and 6.6¢) since these are also impacted by a change in flow direction and groundwater
flow velocity. In fact, the fully water-saturated coarse-material inclusion has a higher permeability
than the surrounding fine material. This results in higher flow velocities in the coarse lens, which
not only affects the flow field, but also the oxygen concentration gradient in the inclusion. We recall
that spreading and mixing must be separated for heterogeneous porous media (e.g., Kitanidis,
1994; Dentz et al., 2011). Therefore, we cannot directly interpret the vertical oxygen concentration
profiles with respect to mass transfer of oxygen across the unsaturated/saturated interface. Due to

the vertical flow component near the upper limit of the capillary fringe, we may assume that mass
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transfer is increased. In order to quantify oxygen supply from the atmosphere, the results have to
be evaluated numerically; otherwise, additional information about the total oxygen flux in the
effluent is needed. The latter is discussed below.

When the coarse lens is dewatered and quasi steady-state conditions are established, the oxygen
concentration profiles indicate the exact vertical position of the coarse-material inclusion (Figs.
6.6b and 6.6c). Oxygen is now transferred much deeper into the porous medium than in the
previous case (i.e., when the coarse lens was fully water-saturated). The occurrence of an air
passage between the unsaturated zone and the coarse lens favors this result, and we assume that
the passage is at or close to the measured profile at x, = 32 cm. Such air passages exist in nature
in the root zone, as earthworm burrows, or may be formed due to redeposition of soil. We
hypothesize that the values of oxygen concentration measured in the entrapped air pocket would
be much lower if this air passage did not exist. Then oxygen would not be resupplied from the
atmosphere into this lower region, thus, causing the entrapped air phase to get depleted in this
important electron acceptor over time. Finally, the oxygen partial pressure in the gaseous phase
would reach equilibrium with the oxygen concentration prevailing in the mobile aqueous phase.
Figure 6.6d shows the oxygen concentration profiles measured 12.5 cm downgradient of the
coarse-material inclusion (at x, = 60 cm). Deformation of the flow field, caused by the presence of
the coarse lens, still affects the vertical oxygen distribution at this x-position. However, the effect is
not as pronounced as it was at positions x, and x; (Figs. 6.6b and 6.6¢c). In the case of the
dewatered coarse lens, we also observed an oxygen plume on the downgradient side of the lens
due to dissolution of gaseous oxygen into the aqueous phase.

The foregoing considerations imply that the (quasi) steady-state oxygen flux in the effluent of the
flow-through chamber may be higher due to the presence of a coarse-material inclusion. This is
further investigated in the following paragraphs by comparing the mass fluxes determined in the

experiments with a homogeneous and a heterogeneous porous medium packing, respectively.

Comparing (Quasi) Steady-State Oxygen Fluxes:

Oxygen fluxes at the inlet and in the effluent of the flow-through chamber were determined at
different points in time during the experiments. In this section, we compare the mass fluxes gained
when flow and transport were at (quasi) steady state. Table 6.3 gives an overview of the
experimental values. The results from theoretical considerations according to Chapter 6.2.2 and
Haberer et al. (2012) are also presented.

Oxygen flux across the unsaturated/saturated interface is relevant (in the following: Ain/out, see
Table 6.3) to the current discussion. When the water table is at its lower position, entrapped air is
absent and the coarse-material inclusion does not affect the flow field in the experiment comprising

a heterogeneous porous medium packing (‘Experiment 1’; the upper boundary of the capillary

Page 140 Ph.D. thesis Haberer



— Oxygen Transfer in a Fluctuating Capillary Fringe —

fringe is below the lower z-position of the coarse-material inclusion). Therefore, the experimentally
determined values of oxygen flux across the capillary fringe compare well to the theoretically
expected mass fluxes. Moreover, since the controlling parameters — e.g., the horizontal seepage
velocity, the flow-through area, and the background concentration in the aqueous phase — differ
just slightly between the two experiments, the interfacial mass fluxes (7.01x10° mg s + 7 %) are
very similar.

In the homogeneous case (‘Experiment 2’, Table 6.3), interfacial mass flux decreases (Eqgns. 6.1
and 6.2) when the height of the water table increases since the horizontal groundwater flow
velocity slows down accordingly. Compared to the theoretical values, we note a higher decrease in
oxygen flux across the unsaturated/saturated interface in the real experiment (-55.8 % compared
with -27.8 % in the theoretical case, assuming no entrapped gas is present). This may be
explained by the fact, that the presence of entrapped gas additionally affects the effective hydraulic
permeability in the capillary fringe region, thereby resulting in a lower value of interfacial oxygen

flux.

Table 6.3. Experimentally determined and theoretical values (see Eqns. 6.1 - 6.3) of oxygen flux.

Experiment 1 Experiment 1 Experiment 2 " Experiment 2 "
(this study) (theory) (theory)
heterogeneous homogeneous homogeneous homogeneous
packing packing packing packing
1. Steady state before lowering the water table (without entrapped gas)
vertical flow-through area [cmz] 16.5 16.5 - -
Va[md™ 4.33 4.33 - -
mass flux, inlet [mg s™] 5.35x10° 5.35x10° - -
mass flux, outlet [mg s™'] 7.68x10° 5.87x10° - -
Ain/out [mg s ? 2.33x10° 5.26x10° - -
Painsout [%] ¥ +343% +0 % - -
2. Steady state when the water table is at its lower position (without entrapped gas)
vertical flow-through area [cmz] 11.5 11.5 12.0 12.0
Va[md'] 5.93 5.93 6.04 6.04
mass flux, inlet [mg s™] 5.49x107° 5.49x107° 4.05x10° 4.05x10°
mass flux, outlet [mg s™'] 6.14x10° 6.16x10° 4.80x10° 4.83x10°
Ain/out [mg s ? 6.55x10° 6.80x10° 7.47x10° 7.76x10°
Painsout [%] ° +4 % +0 % -4 % +0 %
3. (Quasi) steady state after the increase in water table height (with entrapped gas, except theory)
vertical flow-through area [cmz] 16.2 16.2 16.3 16.3
Va[md™ 4.05 4.05 4.35 4.35
mass flux, inlet [mg s™] 3.82x10° 3.82x10° 4.37x10° 4.37x10°
mass flux, outlet [mg s™'] 6.13x10° 4.35x10° 4.70x10° 4.93x10°
Ain/out [mg s ? 2.30x10° 5.35x10°° 3.30x10° 5.60x10°
Painsout [%] ° +330 % +0 % -41 % +0 %

V' data from Haberer et al. (2012)
Oxygen flux across the unsaturated/saturated interface

¥ Increase/decrease in oxygen flux across the unsaturated/saturated interface, theoretical value taken as 100 %
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When the water table is at its upper position, the presence of the coarse-material inclusion
considerably affects mass flux across the unsaturated/saturated interface (‘Experiment 1°, Table
6.3). We note fourfold higher interfacial oxygen fluxes in the experiment compared to a theoretical
case; in the latter, we assume a homogeneous porous medium packing and the absence of
entrapped air. This is due to the deformation of the flow field as well as the continuous partitioning
of oxygen between the aqueous and gaseous phases. Approximately the same amount of oxygen
is supplied to the oxygen-depleted water before and after the fluctuation of the water table. The
latter is, however, dependent on the specific experimental condition that applied in the current
case, i.e., the resupply of oxygen via an air passage between the unsaturated zone and the
coarse-material inclusion. We hypothesize that the interfacial oxygen flux at quasi steady state,

following imbibition, would be lower if this air passage did not exist.

6.4.2.2 Time-Dependent Oxygen Dissolution Following the Rise of the Water Table

Due to imbibition and the concomitant entrapment of air, oxygen partitions between the entrapped
gas and the oxygen-depleted mobile aqueous phase. As a result oxygen dissolution fronts travel
through the system. Figure 6.7 presents the measured oxygen concentration profiles (at x3 and xy)
as a function of time for both the homogeneous and the heterogeneous case. The presence of a
coarse-material inclusion in the direct vicinity of the water table significantly affects the vertical
distribution of oxygen as shown by comparing Figs. 6.7a and 6.7c for the homogeneous case with
Figs. 6.7b and 6.7d for the experiment comprising the heterogeneous porous medium packing. In
the two experiments, the water table (Hwrnom = 20.5 cm, Hy1ret = 20.7 cm) and the upper edge of
the capillary fringe (Hcehom = 32.5 cm, Heepet = 32.4 cm) are located at the same vertical positions,
respectively. However, higher values of oxygen concentration were found at much lower vertical
positions in the heterogeneous than in the homogeneous case.

In both kinds of porous medium packing, we found that it takes longer to reach quasi steady state
at x, = 60 cm than at x3 = 45 cm. At x4, = 60 cm, the oxygen dissolution front is also more smeared
out. Furthermore, it appears that a smaller number of pore volumes have to be flushed through the
heterogeneous system to reach quasi steady state compared to the homogeneous case. We note
that this is not the actual case, when looking at the cumulative oxygen mass and the value of the

EMoy; this is discussed in greater detail below.

Page 142 Ph.D. thesis Haberer



— Oxygen Transfer in a Fluctuating Capillary Fringe —
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Fig. 6.7. Time-dependent profiles of normalized oxygen concentration after imbibition: (a) homogeneous
porous medium packing, xs = 45 cm, (b) heterogeneous porous medium packing, xs = 45 cm; the grey-
shaded cuboid indicates the vertical position (hj, = 26.3 - 28.8 cm) of the coarse-material inclusion, (c)
homogeneous porous medium packing, x4 = 60 cm, and (d) heterogeneous porous medium packing,
X4 = 60 cm. The spheres in each graph indicate the measurements.

Measured Oxygen Fluxes in the Effluent of the Flow-Through Chamber:

During drainage a zone of higher water saturation formed in the fine material overlying the coarse
lens (see Fig. 6.3b). The water trapped in this zone became air-equilibrated over time. When we
started to imbibe the porous medium, the subsequent rise of the phreatic surface re-established
horizontal flow in the upper zone of the porous medium packing. Thus, the entrapped water
parcels were again carried on as part of the underlying flow field, possibly resulting in an additional
supply of oxygen to the oxygen-depleted groundwater. For this account, we intend to determine
oxygen fluxes in the effluent of the flow-through chamber immediately after imbibition. Figure 6.8
displays the cumulative oxygen mass supplied to the aqueous phase as well as the EMo; vs. the
number of pore volumes after inducing the rise of the water table for both experiments comprising
the homogeneous (‘Experiment 2’) and the heterogeneous (‘Experiment 1’) porous medium
packing. In both experiments, quasi steady-state conditions were reached after about four pore

volumes of oxygen-depleted water had been flushed through the system.
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The calculated cumulative oxygen masses (Fig. 6.8a), based on Eqn. 6.1, are very similar for
‘Experiment 1’ (heterogeneous porous medium packing) and ‘Experiment 2’ (homogeneous)
because the theoretical oxygen fluxes across the interface differ just slightly between the two
cases (see Table 6.3). Moreover, at quasi steady state the oxygen flux for the experiment
comprising the heterogeneous porous medium packing is about seven times higher than the mass
flux for the homogeneous case. Thus, also the cumulative oxygen mass supplied to the aqueous
phase differs by a factor of seven at a specific point in time. Considerably more oxygen is supplied
across the unsaturated/saturated interface when a coarse-material inclusion is present near the
water table.

Figure 6.8b presents the excess mass of oxygen supplied to the aqueous phase solely due to the
rise of the water table; the quasi steady-state dispersive mass flux across the unsaturated/
saturated interface (as well as a possible continuous supply of oxygen from entrapped gas due to
the air passage between the unsaturated zone and the dewatered coarse lens) is not considered in
the value of EMq,. The two graphs in Fig. 6.8b are very similar to each other and approximately the
same amount of oxygen is supplied to the oxygen-depleted water under the constrictions stated
above (i.e., only the temporary supply of oxygen from entrapped air is considered). This suggests
that, in both experiments, gas partitioning between the aqueous and gaseous phases plays an
important role for mass transfer of oxygen in the capillary fringe. However, we have to consider
additional ’sources’ of oxygen mass in ‘Experiment 1’ (heterogeneous case), which contribute to

the excess mass of oxygen supplied to the system.

5 v v v v 1.0 r v
—eo— Exp.1: measured (a) —e—Exp.1: heterogeneous
—— Exp.1: quasi steady state —e— Exp.2: homogeneous
al = - Exp.1: calculated o.st ]
—e— Exp.2: measured ’ (b)

—— Exp.2: quasi steady state
- = =Exp.2: calculated

cum. 02—mass [mg]
EM,, [mg]

-
-
-
-
o -

0 2 4 6 8 10 ’ 2 4 6 8 10
number of pore volumes (PV) [-] number of pore volumes (PV) [-]

Fig. 6.8. Impact of a homogeneous (‘Exp. 2°) and a heterogeneous (‘Exp. 1°) porous medium packing on
oxygen transfer. 0 PV denotes the start of the rise in the water table. (a) Cumulative oxygen mass supplied
to the aqueous phase across the unsaturated/saturated interface; (b) Excess mass of oxygen supplied to the
system solely due to the rise of the water table (Eqn. 6.5).

During the first pore volume after having increased the height of the water table, significantly more

oxygen mass was supplied to the aqueous phase in the heterogeneous system (0.24 mg)
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compared to the homogeneous case (0.11 mg). The additional supply of oxygen, for the system
comprising the heterogeneous porous medium packing, can be partially explained by the
reinjected volume of the air-equilibrated and, thus, oxygen-containing tracer solution (accounts for
~0.08 mg of oxygen mass, see Fig. 6.3c); the other part comes (~0.05 mg) from the air-equilibrated
water that had been previously trapped in the fine material overlying the coarse lens. The
contribution from these ‘sources’ diminishes after one pore volume. Therefore, the actual oxygen
mass supplied to the heterogeneous system solely due to gas partitioning between the aqueous
and gaseous phases is lower than in the homogeneous case. We already accounted for the
continuous supply of oxygen from air present in the coarse lens by measuring the quasi steady-
state oxygen flux in the effluent of the flow-through chamber. As a result, in ‘Experiment 1’, a lower
volume of entrapped air is responsible for the temporary dissolution of oxygen in the aqueous
phase than in the homogeneous case. In the homogeneous case, a larger amount of gas

entrapped in small air pockets is not replenished by atmospheric oxygen.

6.5 Summary and Conclusions

The presence of a coarse-material inclusion in the direct vicinity of the water table affects flow
conditions and, hence, the vertical distribution of equivalent agueous oxygen concentration across
the capillary fringe. Since transverse vertical dispersion controls the mixing of dissolved reaction
partners at a plume’s fringes under steady-state conditions (Thornton et al., 2001; Schirmann et
al., 2003; Rahman et al., 2005; Cirpka et al., 2006), enhanced mixing considerably affects reactive
transport and the length of a contaminant plume (e.g., Bauer et al., 2008). Mass fluxes measured
at (quasi) steady state were compared to a similar case comprising a homogeneous porous
medium packing. We observed significantly higher values of total oxygen flux across the
unsaturated/saturated interface in the heterogeneous case. In fact, mixing was considerably
enhanced when the coarse-material inclusion was fully water-saturated. In case the coarse lens
was dewatered, also continuous gas partitioning between the aqueous and gaseous phases
contributed to the measured oxygen flux in the effluent.

During the lowering of the water table, the coarse lens acted as a capillary barrier, i.e., higher
values of water content were present in the fine material overlying the coarse lens. This water
became air-equilibrated over time and presented an additional ‘source’ of oxygen supplied to the
aqueous phase during the increase in water table elevation. Moreover, the water table fluctuation
led to pronounced entrapment of air in the coarse lens since capillary rise in the fine material was
faster. Gas partitioning between the aqueous and gaseous phases was shown to be instrumental

for mass transfer in the capillary fringe. The existence of air passages between the unsaturated
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zone and larger air pockets in the water-saturated domain are advantageous for continuous supply
of oxygen to groundwater.

We anticipate that the porous medium characteristics, the geometry (e.g., the surface/volume ratio)
and the location of a coarse-material inclusion may considerably affect measured oxygen fluxes in
groundwater. In fact, the volume of entrapped air below the water table increases with either a rise
in the difference in air entry pressure between the coarse lens and the surrounding sediment
matrix, or an increase in the uniformity of grain size of the coarse sediment (Dunn, 2005). Besides,
the entrapment of air below and of water above the water table are related to the vertical
connectivity of zones of coarse material within a surrounding finer matrix. A higher surface/volume
ratio may lead to faster dissolution of oxygen into oxygen-depleted groundwater.

Presence of dissolved oxygen both above and below the water table impacts redox conditions in
the capillary fringe region, thus, possibly affecting all biogeochemical reactions that occur in this
zone. Additionally, mixing-limited chemical reactions are affected indirectly by physical
heterogeneities due to their impact on the spread and mixing of dissolved species (Dentz et al.,
2011).
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7. Synopsis and Outlook

This thesis’ objectives focused on the investigation of oxygen transfer across the capillary fringe
and, especially, on studying the impact of a fluctuating water table on the supply of oxygen to
oxygen-depleted groundwater. The quasi two-dimensional flow-through laboratory experiments
were mostly carried out in homogeneous porous media with uniform grain sizes. A non-invasive
optode technique, to measure oxygen concentrations, was applied. Based on this method, vertical
concentration profiles, resulting from the mass transfer of oxygen from the atmosphere into the
aqueous phase, were obtained at high spatial resolution at distinct cross-sections along the
horizontal groundwater flow direction. Additional mass flux measurements in the effluent of the
flow-through chamber were used to quantify the effectiveness of the mass transfer processes
under the respective boundary conditions applied. We considered two principal mechanisms for

the mass transfer of oxygen across and within the capillary fringe:

e the vertical transport of oxygen from the capillary fringe’s upper limit into the water-

saturated zone by diffusion along oxygen concentration gradients

» the vertical movement of the water table and the capillary fringe over time resulting, e.g., in

the dissolution of oxygen from entrapped gas in the oxygen-depleted groundwater.

7.1 Conclusions

In the following, we give an overview on the different studies performed as well as on the

conclusions that were drawn:

Mass Transfer within the Saturated Zone and across the Capillary Fringe. Under the same
experimental conditions and at steady state, values of transverse vertical dispersion were found to
be the same with regard to oxygen transfer within the saturated zone and across the capillary
fringe. This clearly indicates the limitation of oxygen transfer in the aqueous phase and, thus, steep
concentration gradients may exist in the region of the capillary fringe. The capillary fringe is,
therefore, not different from other regions in aquifers, if strong microbial activity is attributed to

regions where steep concentration gradients exist and similar hydraulic conditions apply.

Different Dynamics of the Water Table Fluctuation. (i) Single Rise or Lowering of the Water Table.
Partitioning of oxygen between the aqueous and the gaseous phases was identified to be
important for the medium term supply of oxygen to oxygen-depleted groundwater. The effect
diminished after passage of several pore volumes of water, since no further oxygen could be

supplied from the entrapped gas. In case of rapid lowering of the water table, we argued that the
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effect of specific yield led to increased oxygen fluxes in the effluent of the flow-through chamber.
(ii) Long-term Fluctuating Water Table. Provided that the downward movement of the water table is
fast (compared with horizontal flow) and the dissolution of oxygen from entrapped gas has not
diminished yet, oxygen can travel deep into the saturated zone. In our case, this was reasoned by
the effects of specific yield and advective flow in vertical direction, resulting in an increase in
penetration depth during drainage. We concluded that the dynamics of the fluctuating water table
may considerably affect the supply of oxygen to the oxygen-depleted groundwater, especially in

shallow unconfined aquifers.

Influence of Different Parameters on Oxygen Dissolution from Entrapped Air. We performed an
experimental sensitivity analysis to investigate the effect of the horizontal flow velocity, the average
grain diameter, as well as the magnitude and the speed of the water table rise on oxygen supply to
the aqueous phase, following an imbibition event. All parameters investigated were found to have
a significant effect. Particularly relevant were the magnitude of the water table fluctuation and the
grain size of the porous medium. In fact, different amounts of oxygen were dissolved from
entrapped air depending on the dynamics of the water table fluctuations, the specific properties of
the porous medium, and the flow conditions applied. We suggest that the simultaneous
measurement of water contents across the capillary fringe would provide additional information on

the physical and geochemical processes in this zone.

Investigating the Effect of a Heterogeneous Porous Medium Packing. Gas partitioning between the
aqueous and the gaseous phases has been shown to be pivotal for the medium term supply of
oxygen to the upper region of the aquifer. Therefore, we also studied the impact of a coarse-
material inclusion, embedded in finer porous material, on oxygen transfer across and within the
capillary fringe. The presence of a coarse-material inclusion led to the deformation of the flow field
and, thus, the vertical oxygen distribution. Mass transfer across the capillary fringe was
considerably enhanced under steady-state conditions and pronounced gas entrapment occurred in
the coarse lens, due to the change in water table elevation. A continuous supply of oxygen into
deeper zones of the saturated zone was observed, due to the existence of a vertical air passage
between the unsaturated zone and entrapped gas present in the coarse-material inclusion.
Enhanced mixing and the transport of oxygen into deeper zones of the aquifer may influence the
redox conditions and, thus, many (bio-)geochemical reactions in this interface region (e.g.,
Hanstein et al., 1999; Yadav and Hassanizadeh, 2011; Jost et al., 2011).

This work provided deeper insight into the relation between flow, porous medium properties, and
the mass transfer of volatile compounds across and within the capillary fringe. However, new
problems arose and open questions remain, some of which are summarized in the following

section.
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7.1.1 New Problems and Open Questions

* To date, the impact of an entrapped gaseous phase on transverse vertical dispersion
remains undetermined. In order to tackle this problem, further investigations have to be
completed, e.g., by performing flow-through laboratory experiments similar to the ones
presented in this study and measuring vertical profiles of water content as well as

equivalent aqueous oxygen concentration.

— Is transverse vertical dispersion enhanced due to the presence of entrapped gas (more
tortuous flow paths in the quasi-saturated zone) or rather decreased (reduced relative
permeability in the quasi-saturated zone), when compared with mass transfer in the fully
water-saturated case? Do different regimes exist, where one effect dominates over the

other?

e The vertical distribution of microbial strains in the capillary fringe depends not only on the
environmental conditions present (water content, availability of electron donors and
acceptors, soil properties), but also on the specific microbial metabolism (aerobic or
anaerobic strain) and the physical properties (e.g., cell size and shape, hydrophobicity,
surface charge, motility) (e.g., Jost et al., 2010). In a field study, Anneser (2008) observed
changes in the distribution of biotic and abiotic gradients, which were associated with the
shift in the vertical position of a BTEX plume caused by a change in the height of the water
table. The adaptation of microbial strains to the dynamic change in environmental
conditions, due to a fluctuating water table, may impact biodegradation and, thus, natural
attenuation of a contaminant plume located in the capillary fringe region (Dobson et al.,
2007).

— Which are the processes that control the adaptation of microbial strains to the dynamic
changes in environmental conditions (e.g., the time period over which the water table

fluctuation occurs, the mobility of the microorganisms or sporulation)?

* Microorganisms can form extra-polymeric substance (EPS) that may impact the soil surface
properties, the interfacial tension, and the hydraulic conditions present in the capillary fringe
region (e.g., Henry and Smith, 2002 and 2003), therefore back-linking the biological activity

to the hydraulic processes.

— What is the effect of EPS-formation and/or surfactant-induced flow phenomena on mass

transfer across and within the capillary fringe?
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* A fluctuating water table and/or the presence of heterogeneities are expected to affect

reactive transport in the capillary fringe.

— Looking at the dynamics of the system, which role do different types of chemical reaction
play (e.g., kinetic vs. instantaneous, precipitation, redox-reaction)? How does entrapped air

affect reactive transport within the quasi-saturated zone?

7.2 Outlook

The discussion above illustrates the complexity of this topic, where we studied the mass transfer of
oxygen across and within the capillary fringe. Transfer of volatile compounds across the capillary
fringe occurs in both directions, i.e., from the porous medium surface to the aquifer (Russo et al.,
1989) and from the aquifer to the gas phase. Moreover, due to changes in water table elevation,
compounds sorbed to the porous medium matrix in the unsaturated zone possibly dissolve into
groundwater. Additionally, dissolved compounds, such as anions and cations, can be transported
into the unsaturated zone.

The variations in water content in a fluctuating capillary fringe may influence the redox state and,
thus, the environmental conditions in this transition zone. For instance, the formation of gley soils
in wetland areas results from both the transport of dissolved iron and manganese into the
unsaturated zone as well as changing redox conditions. Whereas anaerobic, reducing
environments lead to the dissolution of iron and manganese, the presence of oxidizing agents
(e.g., dissolved oxygen) lead to the oxidation and the subsequent precipitation of these
compounds, e.g., in the capillary fringe area. Grover et al. (2007) conducted column experiments
with a fluctuating water table, where they observed two sets of iron bands: red oxidized bands
(ferrihydrite and/or possibly lepidocrocite) were formed at the upper extent of the capillary fringe,
whereas black bands (magnetite and/or green rust) formed below the oxidized iron bands.

As iron is a common constituent in soils and groundwater, the iron cycle in the subsurface plays a
significant role in determining the environmental fate of many organic and inorganic pollutants. For
instance, the interaction with iron minerals is crucial for the migration of arsenic (a known
carcinogen and mutagen) in groundwater. Arsenic contaminations represent a serious problem in
many regions of the world (e.g., Bangladesh, Vietham, Cambodia, Argentina etc.), where elevated
concentrations of arsenic in groundwater have the potential to impact 90 million people (Smedley
and Kinniburgh, 2002; Smedley, 2003). The aquifer redox conditions are of primary importance to
determine the fate of arsenic. In fact, under oxic conditions, arsenic in groundwater is removed
from solution by adsorption to or co-precipitation with ferric oxyhydroxide (Hering and Kneebone,
2002; Stollenwerk, 2003).
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The foregoing discussion points out the importance to investigate reactive transport (i.e., redox
reactions involving oxygen as a reactant) within the capillary fringe. At steady state, reactive
transport in the capillary fringe should not differ from reactive mass transport in the saturated zone
if the transition zone between the unsaturated and the saturated zone is very narrow and a trapped
gaseous phase is not present (Haberer et al.,, 2011). Water table fluctuations are expected to
significantly influence the flow field as well as ongoing reactions, e.g., because of associated
changes of the interface between the saturated and the unsaturated zone, but also due to gas
inclusions in coarse sand lenses (potentially increasing dispersion and, thus, mixing of reaction

partners).
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A. Appendix

A.1 Conservative Mass Transfer across the Capillary Fringe

In the following, the detailed derivation of the two basic equations used in this work to describe
mass transfer across the unsaturated/saturated interface under steady-state conditions is given.
First, we present the analytical solution to Fick’s second law in 1-D in order to describe the vertical
distribution of a volatile compound across the capillary fringe. This result is then the starting point
for deriving the mass flux across the unsaturated/saturated interface.

The derivation outlined below is based on the penetration theory for mass transfer as suggested by
Higbie in 1935 (see section 2.3.2.2). The key assumption in this theory is that the interfacial region
is imagined to be a very thick film continuously generated by flow. Mass transfer involves diffusion
into this film and the interfacial concentration in the liquid is assumed to be in equilibrium with that

in the gaseous phase (Cussler, 2009).

A.1.1 Vertical Concentration Distribution of a Volatile Compound

Similar to the dissolution of NAPL pools (Hunt et al., 1988; Johnson and Pankow, 1992; Grathwohl,
1997; Eberhardt and Grathwohl, 2002), mass transfer of a volatile compound across the capillary
fringe can be treated as diffusion into a semi-infinite domain. The capillary fringe is assumed to
represent an upward extension of the fully water-saturated zone (e.g., Liu, 2010; Haberer et al.,
2011) and the water-saturated thickness is considered much larger than the diffusion length.
Diffusion into a semi-infinite domain is given by Fick’s second law in 1-D:

£ =D, 072_2C (A.1)

ot 174
in which C [M L] denotes the aqueous concentration of the volatile compound and ¢ [T] is time. The
transverse vertical dispersion coefficient, D; [L? T™"], is assumed constant. z [L] represents the vertical
coordinate, with the origin at the upper limit of the capillary fringe, pointing downward.
By replacing f in Eqn. A.1 by x/v, the above transient case in 1-D can be applied to a two-

dimensional case at steady state:

oC 2
va—=D,07 2C
ok oz

(A.2)

where x [L] and v, [L T"'] denote the coordinate and the seepage velocity in horizontal direction,

respectively.
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Rearranging A.2 yields:

dC D, 9*C

. in which &=A
o v ok v

a a

In the present case, the following boundary conditions apply:

C=C, atx=0mforOm<z<-e
C=C, atz=0mforx>0m

C=C,, atz—~forx>0m

(A.3)

in which Cpg [M L?] is the background concentration of the volatile compound in the aqueous

phase and C, [M L] represents the concentration at the air/water interface.

To solve the partial differential equation above, stated as Eqn. A.3, the ‘method of combination of

variables’ is applied (Boltzmann, 1894; Liu, 2008). The aim of this procedure is to combine two

independent variables (here x and z) to produce only one independent variable (here n). The

combined variable of x and z is expected to be:

z

77 =
Ja4ix

In doing so, we convert Eqn. A.3 into an ordinary differential equation (ODE):

1. Find an expression in n to replace Z—C :

X
K _Lom_ Lo z | € z |11
& I Indk|Jaa| dnJar| 2.7
Xz 1 __Xq
on \4ix 2x an 2x
’C
2. Find an expression in n to replace —-:
K Ko _KLi| z |_ L 1 n&
& dp & g |Jaix | Inax oz
i’C_ofac 1 |_caf 1), d[L 1 |am
k* k| Jaix| o k| Jaix| | on Jaix | &
_d[H 1 |m_sC 1
| on Jaix | & on* dix

(A.4)

(A.5)

(A.6)

(A7)
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Replacing Egns. A.5 and A.6 in Eqn. A.3 yields:

2 2
oC_,9°C_ Ly _,dC 1

—= > -—— = T (A.8)
1z 74 on 2x on” 4ix
and simplifying:
2
J (;+277£=0 (A.9)
an on

The transformed boundary conditions are:
C=C,, atn—

C=C, atn=0
C=C,, atn—

Equation A.9 is a 2" order ODE in n and can be solved by reduction of order. Thus, Q= £:

am
9 v ong =0 = 22 = anan (A10)
an @
07¢ 2 * JC’ _n?
Integrate, [— = —[2ndn — Inp=-n"+C, - — =@ =C,e””’
) ’ [2n0m g+ G o= =e=G
in which C; and C; are constants of integration.
X _Ce” = dC=Ce™ o (A.11)
an
Further integration leads to:
C = Cljo”e'"zamq (A.12)

Applying the 2" boundary condition (i.e., n = 0: C =C,) yields, C, = C,. Consideration of the 1°/3™

boundary condition (i.e., n — «: C =C, ) results in:

& Jr 2
C,,=C([e"om+C,=C,—+C, = C,=\C,, -C, |— (A.13)
bg 11(; 0 1 0 1 ( b, 0)\/;
Replacing the constants of integration, C; and C,, in Eqn. A.12:
c=(c, -¢,) 2 e om+C A4
=\ =6 \/;J:e n+L, (A.14)

in which %J: e o = erf(n).
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Thus,
C=(C,, -C, Jerf(n)+C, (A.15)

Substituting erf (1) =1-erfc(n) in Eqn. A.15

C= (Cbg -G, Il - ef’fC(U) +C, = (Cbg -G, )_ (Cbg -G, )erfC(ﬂ)+ G,

(A.16)
=Cp — (Cbg -G rfC(??
and replacing n and A yields:
z z
c-c,-(c, -c, rfc(\/m)=Cbg —(C,, = Cy Jerfe — (A17)

Rearranging Eqn. A.17 leads to the final equation to describe the vertical distribution of a volatile

compound across the capillary fringe at steady state:

C-C, 2
%,2) = % = erfe — A.18
)= o= (A18)

0 s 2D,
t
v

a

C

norm(

in which C,om [-] is the normalized concentration of the compound of interest.

A.1.2 Mass Flux across the Unsaturated/Saturated Interface

To quantify the mass flux, F [M L2 T", across the interface (i.e., at z = 0), the derivative of Eqn.
A.17 is combined with Fick’s first law for a porous medium (see also Cussler, 2009):
aC
F=-¢D, E (A.19)
The porosity, ¢ [-], appears in Eqn. A.19 since the dispersive mass transfer can occur only through
the pore space.

Equation A.19 can be rewritten as:

z

1 12 D,vi
F=(c,-C, /D, 2=e W (A.20)
X g

which is the mass flux density at specified values of x and z. The mass flux density decreases with

increasing values of z.
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A useful limit is the flux across the interface at z = 0:

FZ=0 =(C0 _Cbg» l)zv_al

Equation A.21 is the mass flux density across the interface at a specific value of x. Integrating the

(A.21)
X T

mass flux density over the interfacial area leads to:

LW
i = { {F|Z=Odydx - (¢, -, pow |D,Lv, % (A.22)

in which m[M T is the total mass flux across the interface between the saturated and the
unsaturated zone. L [L] and W [-] define the length and the width of the interfacial area between
the unsaturated and the saturated zone.

The averaged mass flux per unit interfacial area gives:

m v, 1
WL (c, - Ce Pg.|D, T (A.23)

In Eqn. A.23 the mass transfer coefficient, k [L T™'], is included:

k=2¢ D, YL (A.24)
L

The mass transfer coefficient is the rate constant for moving one species from the boundary, here
the interface between the unsaturated and the saturated zone, into the bulk of the aqueous phase
(Cussler, 2009). It refers to a ‘lumped-parameter model’, which requires the assumption that

changes in concentration are limited to that small part of the system’s volume near its boundaries.
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A.2 Movies (for full functionality please open in Adobe Reader)

* ‘Movie 1’: Plotting of isochrones to visualize the flow field

* ‘Movie 2’: Tracer experiment in a heterogeneous porous medium packing
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