





















































KUNG ET AL.: IMPACT OF PREFERENTIAL FLOW ON THE TRANSPORT OF TRACERS
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Fig.1. The breakthrough curves of the non-adsorbing and adsorbing tracers and the tile hydrograph from Plot 3 as function of time after the
irrigation started. The concentration is in mg L™, except that of rhodamine WT is in pg L%

and the concentrations of both Cl™ and nitrate continu-
ously decreased. This suggested that more and more
preferential flow paths became hydraulically active. As
an adsorptive tracer transported down through a prefer-
ential flow path, it was expected that some would be
retarded along the wall of the path. For this reason, it
has been conventionally assumed that because Br~ have
essentially no retardation effect, they represent the
worst-case scenario of contaminant transport through
preferential flow paths. However, the similarity of the
initial BTC of the Br~ and rhodamine WT suggested
that an adsorbing tracer was as susceptible to fast and
deep leaching through preferential flow paths as the
non-adsorbing tracers. This indicated that the chemical
properties of the tracer had less effect on the initial
transport through preferential flow paths.

As shown in Fig. 1, the CI~ and rhodamine WT ap-
plied in the second pulse again arrived at the tile drain
at the same time (i.e., 324 min after irrigation began or
13 min after tracer application). The BTC of these two
chemicals had similar shape and peaked at the same
time (354 min after irrigation began or 43 min after
application). This fast breakthrough confirmed that it
was the water dynamics, instead of the chemical proper-
ties of the tracer, that dictated the initial transport of
contaminants through preferential flow paths. The rate
of tile flow at the time of the Cl~ arrival was about 10
times higher than that at Br™ arrival. This suggested
that many more preferential flow paths had became
hydraulically active. The fact that the CI~ arrival time
was much shorter than that of Br~ suggested that the
newly hydraulically active preferential flow paths had
either larger pores or straighter paths. When a soil pro-

file becomes wet, because the matric potential gradient
decreases, it is logical that preferential flow paths with
larger pores would become hydraulically active. There
is no reason that a straighter preferential flow path
would became hydraulically active later than a more
tortuous path with identical equivalent pore radius.
Therefore, the shorter arrival time was probably be-
cause some Cl~ was transported through preferential
flow paths with larger pores, which were not hydrau-
lically active earlier.

Figure 1 also shows that the BTC of the Br~ and
rhodamine WT have similar patterns during the first 36
min after initial arrival at the tile drain, while those of
CI~ and rhodamine WT have almost the identical shape
during the first 140 min after initial arrival. This indi-
cated that, the wetter the soil profile, the more tracers
had entered into preferential flow paths with larger
pores and, hence, the longer the transport of an adsorp-
tive tracer will behave like that of a non-adsorptive
tracer. This confirmed that (i) the preferential flow paths
had a spectrum of pore sizes and that (ii) some preferen-
tial flow paths with larger pores were initially not hy-
draulically active when their soil profile was dry.

When comparing the tails of the BTC of the adsorbing
and non-adsorbing tracers applied in both pulses, it was
clear that the adsorbing tracer rhodamine WT trailed
off much more quickly. The tracers arriving at the tile
early must be transported through the preferential paths
with the larger pores. An adsorbing tracer that entered
into preferential flow paths with larger pores would
have less residence time in the unsaturated zone and a
higher probability to reach the watertable without being
adsorbed. On the other hand, tracers arriving at the tile
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Fig. 2. The breakthrough curves of the tracers and the tile hydrograph from Plot 4, The concentration is in mg L', except that of rhodamine

WT is in pg L%

at the tail of the BTC were transported either through

the preferential paths with the smaller and/or more tor-
tuous preferential pores or through soil matrix pores.
Within the smaller and/or more tortuous pores, an ad-
sorbing contaminant would stay in soil longer and have
a higher probability of being retarded. As a result, the
chemical adsorption would play a more important role
in determining the total deep leaching when a contami-
nant is transported through smaller and/or more tortu-
ous pores. Under an extreme case, where soil is homoge-
nized and repacked in a laboratory column to destroy
preferential flow paths, the fast breakthrough would be
eliminated and the chemical properties of the contami-
nant would completely dominate the transport. These
results were consistent with the fate of five pesticides
(with different retardation factors) in field experiments
by Gish et al. (1990).

The tracer concentrations and tile hydrograph from
Plot 4 are shown in Fig. 2. Tile flow started to quickly
increase at 140 min after irrigation. The background
concentrations of the Br™ and rhodamine WT from the
tile flow were below their detection limits, while those of
the Cl~ and nitrate were 36 and 75 mg L™, respectively.
Again, the concentrations of the Cl~ and nitrate de-
creased initially by dilution, as those shown in Plot 3.
The later water arrival in Plot 4 was mainly because the
irrigation intensity in Plot 3 was 50% higher (5 mm
h™" in Plot 4 and 7.5 mm h™! in Plot 3). Bromide and
rhodamine WT were detected from the water sample
collected at 162 and 168 min after the simulated rainfall
started (or 90 and 96 min after the application of the
first pulse of tracers), respectively. These arrival times
were slower as compared to that in Plot 3 (24 min after

tracer application). Because the irrigation intensity in
Plot 3 was 50% higher, the surface soil in Plot 3 was
wetter when the first pulse of tracers was applied, and
hence the tracers in Plot 3 had a greater chance to
enter and be transported quickly through preferential
flow paths.

The CI™ and rhodamine WT applied to Plot 4 in the
second pulse arrived at the tile drain at 324 min after
irrigation started (or 13 min after tracer application),
which was exactly the same as that in Plot 3. This con-
firmed that more preferential flow paths with larger
pores became hydraulically active when a soil profile
became wetter. Furthermore, the BTC of the Cl™ and
rhodamine WT peaked at 354 min after irrigation
started (or 43 min after tracer application), which was
again exactly the same as that in Plot 3. This suggested
that, as a soil profile became wetter, the larger end of
the pore spectrum of the hydraulically active preferen-
tial flow paths in Plots 3 and 4 became similar. These
results were not expected because the Plot 3 was under
no-till continuous corn, while the Plot 4 was under con-
ventional tillage with corn-soybean rotation. Neverthe-
less, the BTC of Cl~ and rhodamine WT in Plot 4 started
to trail off earlier than those in Plot 3. This was probably
because the soil profile in Plot 3 was wetter when the
second pulse of tracers was applied, and the larger end
of the pore spectrum of the preferential flow paths in
Plot 3 was hydraulically active longer.

Because less water and tracers were applied to Plot
4, the peak of the tile hydrograph, as well as the peak
concentrations of the tracers shown in Fig. 2, are lower
than those in Fig. 1. In Fig. 1, the two peaks of the
rhodamine WT have almost identical concentration. In













Preferential flow paths, which are responsible for most of the water and solute transport
from the root zone to the water table, quickly flush nitrogen to deeper portions of the
vadose zone and to the water table, allowing for little or no denitrification.

below the root zone varied from 15 to 35
milligrams per liter (mg/L) under a

50 pounds per acre (Ib/ac) treatment
and from 35 to 55 mg/L under an exces-
sive 350 Ib/ac treatment. Based on gross
mass-balance estimates, denitrification
at that site was estimated to account for
up to 50% of nitrate losses in the thick
unsaturated zone profile where applica-
tion rates were high.

Lund et al. (1974), supported later by
Gilliam et al. (1978), Klein and Bradford
(1979) and Rees et al. (1995), argued that
nitrate losses in the deep vadose zone
(due to denitrification) were strongly
correlated with the textural properties
of the soil. High losses were found in
soils with pans or textural discontinui-
ties, while losses were limited in rela-
tively homogeneous, well-draining soils
in other areas of Southern California.

In contrast, Rolston et al. (1996), using
isotope analysis at sites in the south-
ern Sacramento Valley and the Salinas
Valley, found little evidence of signifi-
cant denitrification, even in thick un-
saturated zones.

To study deep unsaturated zone hy-
drology, we established a research site in
a former ‘Fantasia’ nectarine orchard at
the UC Kearney Research and Extension
Center (KREC) in Fresno County. The
objective of our work is to provide a
comprehensive assessment of the fate of
nitrate in a 52-foot (16-meter) deep allu-
vial vadose zone that is typical of many
agricultural areas in California. The
assessment included detailed geologic,
hydraulic and geochemical characteriza-
tion, using nitrate as an example.

Field sampling

A 12-year fertilizer management
experiment (from 1982 to 1995) was
implemented in a ‘Fantasia’ nectarine
orchard (Johnson et al. 1995). The fer-
tilization experiment consisted of five
application treatments in a random
block design with triple replicates.
Treatments included annual nitrogen
application rates ranging from 0 to 325
pounds per acre (0 to 365 kilograms per
hectare [kg/ha])(fig. 1). For the vadose
zone characterization, three treatment

subplots (0, 100 and 325 pounds per
acre) were selected in 1997 (2 years
after termination of the experiment),
which we refer to as the control, stan-
dard and high subplot, respectively.
To start, we conducted a conventional

root-zone nitrogen (N) mass-balance
analysis from application and harvest
records for the 12-year experiment

‘Fantasia‘ nectarine
orchard at the UC \
Keafney Research ange”
Extension Center 48
experimentalsiieo®

this study (the orchard
was removed in 1998)

»

&t

in the three subplots. The analysis
showed that the annual nitrogen leach-
ing of excess nitrogen fertilizer from
the root zone into the deep vadose
zone was 51 (+ 19), 83 (+ 30) and 245

(+ 42) pounds per acre. Water losses
from the root zone to the deep vadose
zone in the flood-irrigated orchard
amounted to 1,100 (+ 180) millimeters
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Fig. 1. In 1997, extensive core drilling was conducted, 2 years after the completion of three
orchard nitrate-management trials at KREC with annual fertilizer rates of 0, 100 and 325
pounds nitrogen per acre. The complete random block design of the management trial and
the three subplots selected for the deep vadose zone drilling are shown.
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Fig. 2. Schematic diagram of the Kings River alluvial fan and
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Fig. 3. The 10 major lithofacies identified at the two east-west cross
sections, 140 and 144 feet from the southern edge of the orchard.
The lithofacies, classified in the field according to color, texture and
cementation, exhibit vertically varying thicknesses, yet are laterally
continuous over the experimental site. Sandy loam is the most fre-
quent textural unit, while clay is the least.

per year (Onsoy et al. 2005). Assuming
uniform flow conditions throughout
the deep vadose zone at an average
soil moisture content of 25%, the travel
time through the deep vadose zone
was projected to be 3.2 (+ 0.5) years.
Based on the leaching rate and travel
time, and taking into account that the
experiment ended 1 year prior to drill-
ing, we estimate that the deep vadose
zone nitrogen storage at the time of
drilling would be on the order of 195,
233 and 426 pounds nitrogen per acre
in the control, standard and high sub-
plot, respectively.

To confirm this estimate and to de-
termine the applicability of the uniform
flow concept, 60 undisturbed sediment
cores were obtained in 1997 by drilling
to the water table at a depth of 52 feet
(16 meters) using a Geoprobe direct-
push drilling technique. After geologic
characterization of the complete core
sections, 1,200 samples were collected
(approximately one every 2.5 feet [0.8
meters]). Samples were collected for
each sedimentologic stratum or substra-
tum. The soil samples were preserved
and stored for later analysis of their
texture, hydraulic properties (water
content, unsaturated hydraulic conduc-
tivity and water retention functions)
and biochemical properties (pH, dis-
solved organic carbon, nitrate-nitrogen,
5N isotope analysis).

Geologic framework

The site is located on the Kings River
alluvial fan, approximately 2 miles (3.2

kilometers) west of the current river
channel. The quaternary alluvial sedi-
ments (that is, sediments deposited by
a stream) are derived exclusively from
the hard, crystalline Sierran bedrock.
Stratigraphically, the quaternary de-
posits in this part of the valley can

be divided into five units (Marchand
and Allwardt 1981): the post-Modesto
(youngest), Modesto, Riverbank, Upper
and Lower Turlock Lake deposits.
Except for the post-Modesto, which is
less than 10,000 years old (Holocene),
these deposits are of Pleistocene age
(2 million to 10,000 years old).

Most of the stratigraphic units
(sediment facies) found at the site are
believed to represent separate alluvial
episodes related to several Sierran gla-
ciations. In cores from the study site,
these deposits appear as intercalated,
thick and thin lenses of clayey silt, silt,
sand and gravel from fluvial deposi-
tion. Channel sediments consist of
moderately to well-sorted, subangular
to subrounded sand and gravel. These
channel deposits are surrounded by
muddy sand and silts of floodplain
deposits (fig. 2)(Page and LeBlanc 1969;
Huntington 1980; Weissmann et al.
2002). Deposits from the various periods
of Sierran glaciations are vertically sepa-
rated by paleosols. Paleosols are buried
soil horizons that were formed on stable
upper-fan or terrace surfaces during
interglacial periods, when no sediment
deposition took place (fig. 3).

The vadose zone sediments are most
easily classified by their texture, which
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KEY (figs. 3, 4): The major lithofacies are:

SL1 — recent Hanford sandy loam
C — clay, very thin

Var1l — variable sedimentary structures,
predominantly sand

HP1 — shallow paleosol (hardpan), red

Var2 — various textures, sandy loam
to clay loam

S — medium sand
C-Si-L— clay/clayey silt/clay loam,
fine-textured floodplain deposits
SL2 — sandy loam and
HP2 — deep clayey paleosol (hardpan), red

ranges from clay to small gravel and
includes a wide spectrum of predomi-
nantly silty to sandy sediments. The col-
ors of the sediments range from grayish
brown to yellowish brown, and more
randomly to strong brown (no signifi-
cant reduction zones). The thickness of
individual beds varies from less than
0.4 inch (1 centimeter) for some finely
layered clayey floodplain deposits to
more than 8 feet (2.5 meters) for sandy
streambed deposits. Sharp as well as
gradual vertical transitions are present
between texturally different units. The
relative proportion of the five major tex-
tural categories found in the sediment
cores was 17.2% sand, 47.8% sandy
loam, 13.8% silt loam/loam, 8.3% clay
loam/clay and 12.9% paleosol (see side-
bars, pages 128 and 129; fig. 4).

Hydraulic properties variability

Hydraulic properties of the unsatu-
rated zone, such as the hydraulic con-
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Fig. 1. The mass flux of six chemicals during the first 10 days, while each was normalized by its applied mass,

tracer applied at later time indicated that different pref-
erential flow paths were utilized for different tracers;
i.e., the fourth tracer was transported through preferen-
tial flow paths with the largest pores, hence, arriving
fastest at the groundwater surface. The slower break-
through for the tracers applied earlier was because water
and water-borne chemicals were sucked into the matrix
pores along wall of the pathways when the profile
was dry.

A preferential flow path is defined as hydraulically
active when water and water-borne contaminants can
directly reach the shallow groundwater surface through
the preferential flow pathway. Let us assume there is a
preferential flow path labeled “A”. The tracers applied
earlier entered into the Pathway A and were later
sucked into small matrix pores along wall of the Pathway
A. On the other hand, let us assume that the tracers
applied later entered into the identical preferential flow
Pathway A and reached groundwater through the Path-
way A. Although both tracers passed through certain
identical portions of flow Pathway A, the tracers should
be considered to have traveled through two different
flow paths. Because Br™ from the first tracer pulse could
not directly reach the shallow groundwater surface
through the Pathway A, the preferential flow Pathway
A was not hydraulically active to transport Br™. Alterna-
tively, it can be said that Br~ had traveled through a
preferential flow Pathway B, which was made of two
parts. The first part was made of the upper part of
preferential flow Pathway A, while the lower part was
made of some matrix pores. Therefore, the Pathway B
had a smaller overall equivalent pore size than that of

Pathway A. Later, when the soil profile became wet
enough, the preferential flow Pathway A became com-
pletely hydraulically active to the fourth tracer. In other
words, it can be described that preferential flow paths
with larger equivalent pore sizes became hydraulically
active later, when a soil profile became wetter.

The mechanism in which applied water and tracers
would enter pores of a wide size-spectrum was not con-
sidered as a parameter in the conventional conceptual-
ization of Darcian flow and convective—dispersive trans-
port. As a result, a tracer applied early was expected
to arrive at the tile first. The fact that Br™ had the
slowest arrival time indicated that the larger end of the
pore spectrum of the preferential flow paths were not
hydraulically active when the soil surface was relatively
dry. Therefore, it is critical to consider how and when
contaminants enter preferential flow paths with differ-
ent pore sizes. The overall results from four tracers
indicated that, as a soil profile becomes wetter during
precipitation, water movement and contaminant trans-
port would continuously shift toward the larger end of
the pore spectrum of the preferential flow paths.

The tracer recovery (percentage of total applied
mass) from tile drainage during the 100-h period were
Br~ (7.04%), PFBA (13.9%), o-TFMBA, (18.7%), and
2,6-DFBA (19.7%). The mass leached increased among
the sequentially applied tracers; i.e., the later a tracer
was applied, the more mass was leached. The fact that
Br~ had the least mass leached and the 2,6-DFBA had
the most was consistent with their arrival times; i.e., Br~
arrived the latest and the 2,6-DFBA arrived the earliest
after application. Because Br~ was applied to a rela-
















