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Abstract

Preferential flow and transport through macropores affect plant water use
efficiency and enhance leaching of agrochemicals and the trans- port of
colloids, thereby increasing the risk for contamination of groundwa- ter
resources. The effects of soil compaction, expressed in terms of bulk
density (BD), and organic carbon (OC) content on preferential flow and
transport were investigated using 150 undisturbed soil cores sampled from
15 x 15—-m grids on two field sites. Both fields had loamy textures, but one
site had significantly higher OC content. Leaching experiments were con-
ducted in each core by applying a constant irrigation rate of 10 mm h™* with
a pulse application of tritium tracer. Five percent tritium mass arrival times
and apparent dispersivities were derived from each of the tracer break-
through curves and correlated with texture, OC content, and BD toassess
the spatial distribution of preferential flow and transport across the
investigated fields.

Soils from both fields showed strong positive correlations between BD and
preferential flow. Interestingly, the relationships between BD and tracer
transport characteristics were markedly different for the two fields, al-
though the relationship between BD and macroporosity was nearly identi-
cal. The difference was likely caused by the higher contents of fines and
OC at one of the fields leading to stronger aggregation, smaller matrix
permeability, and a more pronounced pipe-like pore system with well-
aligned macropores.
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Soils are highly heterogeneous and complex porous
systems that, in many cases, contain large structural pores
(e.g., desic- cation cracks or biological macropores). These
pores commonly

promote preferential flow and transport of agrochemicals and
colloid-sized particles and potentially lead to contamination of
groundwater resources. There is no general agreement about the
size range of macropores. Based on experimental evidence,
Jarvis (2007) suggested considering pores larger than 0.3 to 0.5
mm as macropores that encompass shrinkage cracks,
interaggregate voids, and earthworm and root channels. A recent
comprehensive review by Beven and Germann (2013) clearly
indicates that de- spite significant advancements in measurement
technology and much focused research during the last decade,

many aspects of preferential flow and transport are still poorly
understood.

Preferential flow of water through soil macropores facilitates
both the transport of solutes and colloid-sized particles with
strongly sorbing compounds (Flury etal., 1994; Camobrecoetal.,
1996; Iversen et al., 2012). The higher level of continuity and
lower tortuosity of structural pores (i.e., macropores) relative to
textural pores yield elevated flow rates under certain boundary
conditions, for example, if the infiltration capacity of the soil ma-
trix is exceeded by the rainfall rate, resulting in a pronounced non-
equilibrium state (Jarvis, 2007). This nonequilibrium behavior
results from different gradients of water pressure or solute concen-
trations during vertical flow (Jarvis et al., 2007).

Angulo-Jaramillo et al. (1996) suggested that, for a given
pore network topology, the mobile water content is dependent
on both the dynamics of water movement and the connectivity
of the pore network, indicative of the considerable effect
macropores have on water transmission in soils with high water
potentials (close to saturation). Seyfried and Rao (1987) docu-

mented si%nific t preferential féowin an aﬁgreﬁ;atdtropical soil
at water potentials between 0 and —1 cm, and the different flow

conditions between mobile and immaobile water regions also pro-
moted preferential flow, as shown in particular for undisturbed
soils (Gaber et al., 1995; Langner et al., 1999). Vervoort et al.
(1999) studied solute transport in two soils with highly contrasting
structures and confirmed that larger dye dispersivity and weaker
lateral mass exchange were associated with a well-developed
structure. Koestel et al. (2012) reported a negative correlation
between bulk density (BD) and the magnitude of preferential flow
and transport based on analysis of 733 breakthrough curves
(BTC). More recently, Koestel et al. (2013) reported that the
extent of preferential transport was positively correlated to BD
and the degree of water saturation.

A description of soil macropore attributes and their influence
on water and chemical movement through the soil profile may be
obtained by means of tracer breakthrough experiments (Biggar
and Nielsen, 1962; Anderson and Bouma, 1977; Jarvis et al.,
2007), which enable the determination of the apparent dispersivity
and tracer-specific mass arrival time. Koestel et al. (2011) ana-
lyzed and related the shape of solute BTC to model-independent
indicators, identifying the arrival of 5% of the tracer mass as the
most reliable parameter for the analysis of preferential flow and
transport. Biggar and Nielsen (1962) concluded that the shape of
a BTC depends on the microscopic flow velocity distribution
and on the amount of water that is readily displaced. They showed



that increasing aggregate sizes promoted an early tracer break- MATERIALS ANDMETHODS
through, indicating preferential flow. Anderson and Bouma

(1977) showed that differences in dispersion are clearly related Field Sites
to differences in soil structure. Anamosa et al. (1990) showed that
approximately 50% of the water within the soil porous system is
immobile, thereby emphasizing the considerable effect of soil  Danish soil types and climatic conditions were initially established
structural properties on rapid transport of solutes. Furthermore,  in 1998 to monitor pesticide leaching from agricultural production
the formation and stabilization of soil structure are known to be systems (Kjaer et al., 2011). The two best characterized and most
affected by basic soil characteristics, such as texture and organic representative sites, one in northern Denmark in Silstrup (56°55'
matter (OM) content (Oades, 1993; Horn et al., 1994). 56.16"N, 8°38'43.91"E) and the other in eastern Denmark in

Motivated by the Danish Pesticide Leaching Assessment Faardrup (55°19'1.09"N, 11°20'34.12"E) (Fig. 1), were desig-
Program (PLAP), the main focus of this study was to investi-  nated for this study. The field in Faardrup (Fig. 1B) extends over
gate the variation of preferential flow across two agricultural an area of 2.3 ha (150 x 160 m), and the site in Silstrup covers
fields, one in Faardrup with experimental data collected in the 1.69 ha (185 x 90 m) (Fig. 1C). Average annual precipitation dur-
course of this project and the second in Silstrup with measure-  ing the period 1961 to 1990 for the sites at Faardrup and at Silstrup
ments previously presented in Norgaard et al. (2012). Withinthis  \vere 558 mm and 866 mm, respectively (Lindhardt et al., 2001).
context, the specific objectives were (i) to measure basic and func- The Faardrup field has been cultivated since 1940. The last
tional parameters such as organic carbon (OC), texture, BD, volu-  seed bed preparation for spring barley occurred in April 2010,
metric content of pores more than 150 pm (g-0), and saturated  with the barley harvested in August 2010. At the time of sampling,
hydraulic conductivity (Ksat) and (ii) to derive structural charac- red fescue (Festuca rubra L.) was established on both sites with no-
teristics from tracer BTC (5% tritium mass arrival time, mass tillage applied for at least 1 year. Down to a depth of 1.5 m, a sig-
recovery, and apparent dispersivity) to generate maps for the two nificant number of vertical clay (CL)-coated fractures (desiccation
field sites depicting the spatial distribution of preferential flow cracks) and numerous wormholes and root channels that decreased
and transportparameters. in number with depth were present (Lindhardt et al., 2001).

As part of the Danish PLAP, five sites representing major
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FIG. 1. Locations of the PLAP field sites (A). Sampling schemes at Faardrup (B) and Silstrup (C).



The Silstrup field has been farmed since 1942. Before sam-
pling, the field was sown with spring barley in April 2009 and har-
vested in September 2009 (Norgaard et al., 2012). The topsoil is
composed of noncalcareous material and is heavily fractured and
bioturbated by vertical desiccation fractures and biopores, with
numerous burrows and roots.

For more detailed information about PLAP, the field sites,
and the site-specific management practices and hydrogeological
properties, readers are referred to Lindhardt et al. (2001) and Kjaer
etal. (2007,2011).

Soil Sampling

A total of 89 undisturbed cylindrical core samples were col-
lected from the topsoil (0—0.20 m) at the Faardrup site in April
2011 onagrid of 15 x 15 m. To avoid systematic sampling errors,
for example, sampling in tractor tracks, sampling points were
either located directly on the grid points or shifted 1 m in random
directions. The cores were extracted by slowly pushing aluminum
sampling cylinders (20 cm in diameter and 20 cm long) into the
soil with a tractor-mounted hydraulic press while simultaneously
excavating the surrounding material. After extraction, the ends
were carefully trimmed and covered with plastic lids. After trans-
port to the laboratory, the cores were stored in an environmentally
controlled room at 2°C before analysis. Bulk soil samples were
collected in close vicinity to the grid points at the same depth
and used for determination of soil texture and OC. The same sam-
pling strategy was applied at the Silstrup site where 65 locations
were sampled (Norgaard et al., 2012).

Physicochemical Soil Properties

Soil texture was determined using a combination of sieving
and hydrometer methods (Gee and Or, 2002). Dry BD was calcu-
lated from the oven-dry mass (105°C), and the volume of the core
samples was determined after the breakthrough experiments. Po-

rosity was gstimated from measured BD and an assumed Barticle
density of 2.65 g cm °. Organic carbon content was measured on

ball-milled samples with a FLASH 2000 NC organic elemental
analyzer (Thermo Fisher Scientific Inc., Waltham, MA); pHwas
measured in a 1:4 soil/water extract (volumetric basis) and electri-
cal conductivity (EC) on a 1:9 soil/water extract. Contour maps
for the main soil properties were generated with ordinary kriging
in ArcMap 10.1 (Esri, Redlands, CA).

Tritium Breakthrough Experiments

Before the tritium breakthrough experiments, all soil cores
were saturated on ceramic plates with an artificial soil-water solu-
tion (0.652 mmol L™ NaCl, 0.025 mmol L™ KCI, 1.842 mmol L™
CaCl,, 0.255 mmol L™ MgCly; pH 6.38; EC,0.6 mS cm™) for
3 days and then drained at a matric potential of -10 hPa applied
to the bottom of the cores for another 3 days. In this state, the
matric potential in the 20-cm tall soil cores varied from —10 hPa
at the bottom to —30 hPa at the top. To estimate the ability of the
soils to conduct air by means of convection, the macroporosity,

€-20 ([volumetric content of nﬁjores >150 pgm in samples drained at
a matric potential of =20 cm H;O), was determined - as:

&_yg=Porosity—Volumetric Water Content;_yp (1)

Breakthrough experiments were conducted with a drip infiltrometer
on drained soil cores with a constant influx of artificial rainwater
(0.012 mmol L™ CaCly, 0.015 mmol L™ MgCly, 0.121 mmol L™
NaCl; EC,0.025 mS cm™; pH 5.76—7.26) at a rate of 10 mm h™*
at the top of the cores and free drainage from the bottom. The

setup for the leaching experiments has been previously described

in Norgaard et al. (2012). After attainment of steady-state flow
conditions, tritium tracer wasapplied asapulse inputat 10mmh™,

replacing rainwater for 10 min. The effluent was collected at 10-
to 30-min intervals for 6.5 h for samples from Silstrup and for
10 h for samples from Faardrup. The longer duration of the exper-
iment for the Faardrup samples was to achieve higher tritium
tracer recovery in the effluent. The tracer concentration in the out-
flow was analyzed with a TRI-CARB 2250CA liquid scintillating
analyzer (PerkinElmer Inc., Waltham, MA), and the tracer mass
recovery was analyzed at various time intervals to develop the
BTC. After completion of the breakthrough experiments, samples
from Faardrup were slowly resaturated from the bottom for 1 day
and Ksar was measured with the constant head method as
discussed in Klute and Dirksen (1986). Darcy's law was applied
to calculate Ksar:
V. L
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Ksar=

where V is the volume of discharged water (cm®), L is the length of
the core (cm), A is the cross-sectional area of the core (cm?), t is
the discharge time (s), and AH is the hydraulic head difference
across a distance L (cm).

Analysis of TritiumBTC

The measured tritium BTC were analyzed for apparent tri-
tium dispersivity, 5% tritium mass arrival time, and total tritium
mass recovery throughout the breakthrough experiment. The ap-
parent tritium dispersivities were calculated from the temporal
moments of the tritium BTC. The BTC were first approximated
with a double log-normal distribution function as (Jury and
Roth, 1990):

Jt)=w g (O+wags (1) (3)

where gl(t) and gz(t) are log-normal functions with weighing fac-

tors wy and w, that sum up to unity (w1 + w, = 1). The log-normal
probability density functions are givlen as:

(Inep)* .
e\p(%) (4)

1
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where p is the log-normalized mean, and o is the log-normalized
standard deviation of g(t).

The parameterization of the double log-normal distribution
functions was conducted with R software (version 2.14.1) closely
following the procedure provided in Koestel et al. (2013). In brief,
the measured BTC data points (f(t)) were first discretized to a tem-
poral resolution of 2 min by linear interpolation. Then the double
log-normal distribution function given in Eq.(3) was fitted to the
discretized BTC data points. For the optimization of the fitting pa-
rameters, an adaptive nonlinear least-squares algorithm (NL2SOL
in the “port” library in R; Dennis et al., 1981) was used. Then the
zeroth and first moments were calculated for the time equal to
double the pore volume:

m,,,:f WO de (5)

where m denotes the moment of order p and p = 0 and 1 for zeroth
and first-order moment, respectively. For calculating the moments
with Eq.(5), the fitted data points were again discretized to a tem-
poral resolution of 0.01 h, and the integrals were calculated



TABLE 1. Measured Physicochemical Properties for the Faardrup and Silstrup Soils

CL Silt Fine Sand Medium Sand Coarse Sand
(<2pym)  (2-50 pm) (50-125pm) (125-500um) (500-2,000 pm) ocC BD pH EC
mS
kg kg'1 kgkg™' kg kg'1 kg kg_1 kg kg_1 kgkg'l gcm'3 cm™!
FAARDRUP Avg 0.12 0.24 0.24 0.31 0.07 0.013 154 6.60 0.75
Min  0.10 0.16 0.20 0.25 0.04 0.011 136 584 041
Max  0.19 0.31 0.30 0.36 0.09 0.017 175 7.68 1.14
SILSTRUP Avg 0.16 0.30 0.20 0.09 0.22 0.020 150 6.75 0.47
Min  0.14 0.23 0.17 0.07 0.19 0.017 139 6.39 0.40
Max  0.19 0.33 0.23 0.10 0.32 0.022 163 7.49 0.71

applying the trapezoidal rule. The apparent dispersivity (A, cm)
was calculated as (Jury and Roth, 1990; Stagnitti et al., 2000):

WL
2(w,)

h=

(6)

where p is the normalized second central moment that quantifies
the variance of BTC, calculatedas:

t

1 L N3
“' o= oty o) de (M
)

, is the normalized first moment, ratio of m; and mo, and repre-
sents the mean breakthrough time of the tracer, and L is the length
of soil core (cm).

The 5% tritium mass arrival time is defined as the time when
5% of the applied tritium has been recovered in the effluent and
was calculated from the mass-accumulated tritium curves.

RESULTS ANDDISCUSSION

Soil Physical and Chemical Properties
The measured physicochemical soil properties for both field
sites are listed in Table 1. The texture of the Silstrup soil was clas-
sified as sandy loam to loam based on the USDA classification
scheme and the texture of the Faardrup soil as sandy loam (Soil
Survey Staff, 1999). The CL, silt, and OM contents were signifi-

cantly higher in the Silstrupsoil.

Dexter et al. (2008) presented an index n to classify soils on
the basis of the amount of CL associated with OC. The index
n=CL/OC iseffective in grouping soils on the basis of the amount
of complexed CL that controls soil physical processes such as wa-
ter retention, water repellence, and soil self-organization (Dexter,
1988; de Jonge et al., 2009). A threshold value of n = 10 was
proposed to mark CL saturation for both low OC arable and
high OC pasture soils (Dexter et al., 2008; de Jonge et al., 2009).
For n < 10, all CL particles are complexed by OC and there is
an excess amount of OC. For n > 10, there is an amount of
noncomplexed CL that may contribute to the pool of readily dis-
persible CL and act as a cementing agent leading to non-
satisfactory tilth conditions (de Jonge et al., 2009). Schjgnning
et al. (2012) expanded the findings of Dexter et al. (2008) and re-
lated the fines fraction (CL + silt < 20 ym) to OC and defined a
threshold of n* = 20 separating dispersible from nondispersible CL.
Figure 2 depicts the CL as well as the fines fraction plotted
against OC for the Faardrup and Silstrup soils. The solid line rep-
resentsa CL-to-OC ratio of n = 10. In general, the content of fines

ranged from 0.23 t0 0.38 kg kg in the Faardrup samples (average
0f 0.28 kg kg™) and, similar to the CL fraction, the fines fraction
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of 20 and 27, mostly concentrated around n* = 20, whereas the
Silstrup samples were within n* values of 15 and 20.

T”tWarlpef gﬂe%k%mglug %‘8&%&%&?&88 ggres occurred after 2to

77 min (average of 22 min). At steady-state outflow, tritium was
apph%saéss \[/)vlz:llssfd];%rtﬁ‘ig%ré%?h%fr%gi%n(lir;iver for several soil func-
tional properties at Silstrup (Norgaard et al., 2012), Fig. 3 shows
measured BTC for Faardrup grouped for different BD ranges in
ascending order. Breakthrough curves with less than 40% tritium
mass recovery are depicted in black. Norgaard et al. (2012)
showed that BD is an important soil parameter that reflects devel-
opment and evolution of structural pores and associated preferen-
tial flow and transport processes. The shapes of the BTC in Fig. 3
varied from relatively symmetrical with slight left skews to very
pronounced left skews with large and early tritium arrival peaks.
For lower BD (groups 1 to 3 with BD less than 1.53 g cm™®),
the measured BTC were generally symmetrical, with tracer peak
arrival times beyond 3 to 4 h, indicating relatively low water flow
rates within the small and rather tortuous int_ra-ag regatepores.
As BD increases (groups 4 to 6 with more than

1.53 g cm™®), BTC were gradually more skewed to the left, with
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FIG. 2. Clay contents and fines fractions (CL + silt < 20 ym) plotted
against OC contents for the Faardrup and Silstrup soils. The ratios
of CL and OC and fines and OC are depicted for n = 10and
n* =20, respectively.
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FIG. 3. Tritium BTC grouped according to ascending BD for the Faardrup samples. Black curves represent samples with less than 40%

tritium recovery.

early and high peak concentrations followed by a long tailing
section indicating diffusion and retardation of tritium in the soil
matrix. For BD values of 1.53 and 1.56 g cm™>, a majority of
the samples exhibited a symmetrical shape representative of
matrix-dominated transport. The early breakthrough times and
high peak concentrations are indicative of rapid preferential flow
and transport of water and solutes through continuous macropores
(Seyfried and Rao, 1987; Gaber etal., 1995; Langner etal., 1999;
Kjaergaard et al., 2004; Norgaard et al., 2012). The vast majority

Bulk Density [1.39 - 1.43] g cm™3

Bulk Density [1.45- 1.47] g cm™3

of BTC depicted in Fig. 3 peaked about 4 h after application of
the tritium pulse, which is common for soils with CL contents
of about 12% (Kjaergaard et al., 2004). Kjaergaard et al. (2004)
concluded that pore size distribution and the continuity of the
water-filled pore system are key factors controlling the transport
behavior of tritium and therefore preferential flow. Ghafoor et al.
(2013) suggested that the matrix hydraulic conductivity signifi-
cantly influences the flow regime and consequently the shape of
the BTC. In our study, the irrigation rate was the same for all
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FIG. 4. Tritium BTC grouped according to ascending BD for the Silstrup samples.
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Faardrup and Silstrup samples.

cores, but cores with low hydraulic conductivity may exhibit
higher saturation with all macropores conducting liquid whereas,
in cores with higher hydraulic conductivities, not all macropores
are likely to be activated.

Figure 4 shows the BTC for Silstrup grouped according to
BD (Norgaard et al., 2012). Norgaard et al. (2012) found that
these BTC peaked after a very short time, generally less than
1 h, representing a soil structure with a few well-aligned and well-
connected macropores. Thus, the more clayey texture (average
CL content of 16.4 kg kg™) in Silstrup exhibited a lower degree
of matrix conductivity and a higher degree of preferential flow
resulting in rapid transport of tritum (Norgaard et al., 2012),
according to previous studies (Lin et al., 1999; Jarvis et al., 2013).

The different transport behavior observed at the two sites
most likely results from differences in soil texture, as also sug-
gested by Ghafoor et al. (2013). Norgaard et al. (2012) also sug-
gested that a more structured soil (e.g., Silstrup) with higher CL
content promotes the formation of a network of continuous
macropores, which facilitates preferential flow of water and air.

The content of fines did not affect total tritium mass recovery
(Fig. 5A) for either of the two fields, despite the larger content
of fines in the Silstrup. The relationship between apparent
dispersivitiesand 5% tritium mass arrival times depicted in Fig. 5B
revealed significantly higher 5% tritium mass arrival times for the
Faardrup samples (average of 1.8 h) than for the Silstrup samples
(average of 0.6 h). Generally, for both fields, soils with ashorter

TABLE 2. Pearson's Correlation Coefficient, r, for Faardrup (80 Samples, Red Color, >40% Recovery), and Silstrup (65 Samples, Blue

Color)
0oC, CL, Silt, Sand, BD, 5% Arrival App.Disp., log Ksar, €20,
kg kg 'kgkg kgkg' kgkg' gem™  Dexter,n n* Time, h cm md! om cm™
OC, 1.00 -0.164 0.262* -0.188 -0.201*  —0.736™** —0.717*** _0.000556 -0.0630 0.205 -0.0613
kgkg™ 0.245* 0.194 -0.0921  -0.458*** —0.714*** -0.842*** (203 -0.203 0.344**
CL, 1.00 0.266* -0.710*** 0.176 0.776*** 0.618*** -0.0781 0.158 0.0217 0.117
kg kg™ -0.00657 -0.597*** 0.135 0.851*** -0.111 -0.145 -0.00241 -0.261*
Silt, 1.00 -0.862*** -0.0583 0.0296 0.206 -0.0420 0.0130 -0.0116 0.131
kgkg™ -0.794*** -0.149 -0.113 -0.592*** -0.0599  -0.0640 0.0599
Sand, 1.00 -0.0360 —0.371*** —-0.410*** 0.0719 -0.0706  -0.0215 —0.148
kgkg™ 0.0750 -0.377**  0.609***  0.118 0.0704 0.0839
BD, 1.00 0.264* 0.270*  —0.574***  0.470*** -0.392*** —(.587***
gem™ 0.353**  0.418*** -0.682***  (.723*** —0.424%***
Dexter, n 1.00 0.889*** —0.0684 0.144 -0.162 0.125
0.376**  -0.210 0.115 -0.370**
n* 1.00 -0.138 0.171 -0.0969 0.0406
-0.116 0.218 -0.245*
5% Avrrival 1.00 —0.714***1  0.311* 0.404**
time, h -0.733***! 0.276*
App. disp., 1.00 -0.181 -0.231*
cm -0.119
log Ksam, 1.00 0.318*
md™?
€-20,cm3cm™3 1.00

*P <0.05, **P <0.01, and ***P < 0.001.
**x1 | ogarithmic regression.




5% tritium mass arrival time exhibited high tritium recovery rates
and high apparent dispersivities (Fig. 5B). Two previous studies
based on 733 BTC from a global soil database (Koestel et al.,
2012) and on 45 undisturbed topsoil cores from a catchment
(Ghafoor et al., 2013) reported similar results. Samples from
Silstrup with a longer 5% tritium mass arrival time were related
to areas with lower apparent dispersivities. Ersahin et al. (2002)
found the lowest dispersivity to be associated with soil horizons
with low macroporosity and a complex structure related to high
BD values and narrow pore size distributions. Nine samples from
Faardrup deviated from the generally observed tritium recovery,
with rates less than 40% (Fig. 5A). Four of the five samples devi-
ating from the exponential behavior in Fig. 5B exhibited total
mass recovery rates less than 40%, which leads to the conclusion
that BTC with low mass recovery rates are not reliable predictors
of preferential flow and transport processes in structured soils.

Parameter Correlations

Pearson's correlation coefficients for parameter relationships
for the Faardrup and Silstrup samples are listed in Table 2. The
analysis for Faardrup is based on a subset of 80 samples (exclud-
ing samples with tritium mass recovery rates less than 40%) to as-
sure comparability with Silstrup data (65 samples), where tritium
mass recovery rates were more than 40% for all considered sam-
ples. The table is split into two parts, with the first part containing
physicochemical parameters (OC content, texture, BD, and Dexter
nand n*) and the second part listing flow and transport parameters
(5% tritium mass arrival time, apparent dispersivity, log Ksar, and
€-20). The significant correlation coefficients (r, marked) were
found to be generally higher than 0.34, with avalue of P <0.001.
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Bulk density was identified as the main driver for several soil
functional properties at both sites but, in general, stronger correla-
tions were found for the Silstrup samples. Bulk density was posi-
tively correlated with apparent dispersivity but negatively
correlated with 5% mass arrival time and log Ksar (Faardrup site
only) and €-50. Texture parameters were not correlated to transport
of either air or tritium, but this may be caused by relatively small
soil textural variations observed at each field site.

In summary, as BD increases, 5% mass arrival time decreases
and dispersivity increases, indicating more pronounced preferen-
tial flow because of faster transport and dispersion of tritium. This
was determined for both Faardrup and Silstrup samples but was
more pronounced for Silstrup, where the 5% tritium mass arrival
times were significantly shorter (average less than 37 min com-
pared with 1.8 h atFaardrup).

Mainly €_2 but, to some extent, also log (Ksat) were nega-
tively correlated to BD, leading to the conclusion that areas with
high BD (more structured) have, in most cases, limited ability
to conduct water and air (low Ksar and low €-y values). This
seems to be a contradiction because 5% tritium mass arrival times
are shorter in these areas, but this finding is supported by other
recent studies (Koestel et al., 2013; Ghafoor et al., 2013; Larsbo
et al., 2014). They concluded that high BD values and small
macroporosities are presumably associated with reductions of
the near-Ksarand a higher continuity of the macropore network.
Thus, for a given irrigation rate, the larger macropores are acti-
vated to participate in transport, which shifts from matrix to
macropore flow. The magnitude of preferential flow is therefore
larger in soils with higher BD (Ghafoor et al., 2013; Larsbo et al.,
2014). Another potential reason for such results is the intrinsic ex-
perimental variability associated with specific measurements. As
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FIG. 6. Five percent tritium mass arrival time (A), apparent dispersivity (B), log Ksar (C), and €-5 (D) for Faardrup and Silstrup, plotted as a

function of BD.



shownin Iversenetal. (2001), a distinct representative elementary
sample volume is crucial for consistency of Ksar measurements.
They also demonstrated that Ksar exhibits higher variability for
structured than for homogeneous soils.

The Role of Preferential Flow

Figure 6 shows correlations between measured flow and
transport parameters and BD for Silstrup and Faardrup. The same
set of 80 Faardrup samples grouped into eight BD classes and a
set of 65 Silstrup samples grouped into seven BD classes were
considered for comparison. Panels A and B of Fig. 6 indicate de-
creasing 5% tritium mass arrival times and increasing apparent
dispersivities with increasing BD for both sites. Silstrup samples
showed better correlations with lower S.D. than the Faardrup samples,
indicating a higher degree of heterogeneity at the Faardrupsite.

Saturated hydraulic conductivity was only measured on the
cores from Faardrup. Measured Ksar values varied significantly
across this field (Fig. 6C) and were negatively correlated to BD,
although not as strong as expected. Figure 6D shows a decrease
in the macroporosity, €-20, with increasing BD, being slightly
more significant and scattered for Faardrup than Silstrup. This be-
havior is probably caused by the higher heterogeneity of BD at the
Faardrup site, indicating that there is less space for air transmis-
sion in more compacted soils. Panels C and D of Fig. 6 reinforce
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the findings of Loll etal. (1999), indicating that both air and water
transport follow the same trend with regard to BD despite the high
variance of both parameters. The relationship between BD and
volumetric macropore content was nearly identical for both sites,
whereas the relationships between 5% tritium mass arrival time
and apparent dispersivity with BD were markedly different, de-
spite similar trends.

Ersahin et al. (2002) concluded that high macroporosity re-
sulted in high pore water velocities, particularly in the A and Bw
horizons, generally matching high dispersion coefficients. How-
ever, they also found extensive mass exchange between
macropores and the soil matrix for the same soils, as evidenced
by pronounced tailing of the measured BTC. It was further shown
that, as the BD decreases with increasing €, the presence of air-
filled pores leads to a reduction of the preferential flow potential.

Interestingly, the increase in macroporosity was slightly more ev-
ident for Faardrup, as the BD decreased (r = —0.59 for Faardrup
and r = —0.42 for Silstrup). Results presented in Fig. 6 and

Table 2 lead to the conclusion that preferential flow was more pro-
nounced at the Silstrup site, leading to higher susceptibility to
leaching of agrochemicals and colloids (Norgaard et al., 2012).
As demonstrated in numerous studies (e.g., Petersen et al., 1997;
Gjettermann et al., 2009; Ersahin et al., 2002), pore geometry
and macropore features are highly affected by soil management.
Presumably, the period without tillage (almost 2 years) at Silstrup
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FIG. 7. Contour maps for CL and OC contents for the Faardrup (A, B) and Silstrup (C, D) fields.



may have contributed to the formation of a well-developed net-
work of biopores.

To further analyze the potential for preferential flow and
transport, the effects of CL and OC contents were considered.
Contour maps showing the spatial variation of CL and OC con-
tents are shown in panels A and B (Faardrup), and C and D
(Silstrup) of Fig. 7. Panels A to D of Fig. 8 depict contour plots
for BD, 5% tritium mass arrival time, apparent dispersivity, and
Ksar for Faardrup. The sandy loam soil in Faardrup exhibitedre-
gions with relatively high BD (>1.53 g cm” %) and significant frac-
turing, which is common for soils composed of glacial deposits
overlying clayey till. From the same regions, we found the short
5% tritium mass arrival times. This also suggests that the
sample-scale network continuity in such preferential flowregions
is higher than in more homogeneous matrix regions.

In Faardrup, the highest CL contents (>0.125 kg kg™) were
found in the southwest corner of the field, whereas the OC content
was highest in the north and south central areas. The highest pref-
erential flow potential was found in several areas, partly where CL
contents were elevated (small area in the southwestern part of the
field), with Dexter n values greater than 10 and n* values greater
than 20. This resulted in a “preferential flow belt” stretchingfrom
the southwestern to the northeastern part of the field and contra-
dicts the correlation matrix data between CL and 5% tritium mass
arrival times (Table 2) in a small area within the southwestern part
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of the field. These areas in the belt are low-OC regions where the
soil is more compact and has a higher BD (Fig. 8A), resulting in
short 5% tritium mass arrival times (Fig. 8B), high apparent
dispersivities (Fig. 8C), and high tritium recovery rates. The 5%
tritium mass arrival time ranged from 11 min to 4.6 h (average,
1.8 h), tritium recoveries ranged from 11% to 95% (average,
59%), and apparent dispersivity ranged from 1.1 to 14 cm (aver-
age, 3.6 cm) A single spot in the southeast, with BD more than
1.53 g cm™2and high 5% tritium mass arrival times, did not follow
this general trend. Jarvis et al. (2007) found that agricultural top
soils with fine textures and/or low OM contents are also character-
ized by low lateral mass exchange rates and are therefore prone to
elevated macropore flow.

Figure 8D shows substantial variations of Ksar across the
field in Faardrup, with values ranging from less than 1 to more
than 35 m d*. The areas with high Ksar values were located in
the northern part of the field, which also exhibited high OC con-
tents, presumably because of an increase of interactions between
water and soil-matrix in high OC areas.

Panels A and C of Fig. 9 depict contour plots of BD, 5%
tritium mass arrival time, and apparent dispersivity for the Silstrup
site. Norgaard et al. (2012) found higher BD in the northern
part of the field, correlating well with the higher CL content and
higher Dexter n but also in the very southern areas where the
OC content was higher. This accentuates the fact that, despite both
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FIG. 8. Contour maps for BD (A), 5% tritium mass arrival time (B), apparent dispersivity (C), and Ksar (D) for the Faardrup field site.
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FIG. 9. Contour maps for BD (A), 5% tritium mass arrival time (B), and apparent dispersivity (C) for the Silstrup field site.

fields being classified as sandy loams, their soil structures differ
mainly because of a greater homogeneity in the soil basic proper-
ties at Silstrup. The cores from Faardrup followed the same ten-
dency, with low 5% tritium mass arrival times and high apparent
dispersivities related to high BD regions.

A well-developed soil structure (higher BD partly related to
higher CL contents), with a few well-aligned, less tortuous, and
well-connected macropores resulted in more pronounced prefer-
ential flow at Silstrup compared with the less structurally devel-
oped soil at Faardrup (e.g., Anderson and Bouma, 1977,
Norgaard et al., 2012; Jarvis et al., 2012; Larsbo et al., 2014).
On the other hand, lateral mass exchange was more pronounced
at the Faardrup site, as evidenced by the more symmetrical shape
of the majority of the BTC.

SUMMARY AND CONCLUSIONS

This study was focused on assessing effects of soil compac-
tion, OC content, and texture on macroporosity and potential for
preferential flow and transport of water and tritium at two Danish
field sites.

Although both sites exhibited loamy soil textures, one site
had significantly higher OC and fines contents. Bulk density
was found to be the major parameter affecting preferential flow
and transport at the Faardrup and Silstrup sites. It was highly cor-
related with all transport parameters that were derived from the tri-
tium breakthrough experiments. At the Faardrup site, areas with
high BD, in general, coincided with the areas with low OC con-
tents. Samples from these locations were associated with short
5% tritium mass arrival times, indicating a high potential for pref-
erential flow and transport. The remaining field was predomi-
nantly governed by matrix flow and transport.

Interestingly, the relationships between BD and tritium trans-
port parameters were markedly different for the two sites, despite
almost identical correlations between BD and €-2. This suggests
that differences in the macropore network caused by differences in
the contents of OC and fines (presence of better connected and
less tortuous macropores at Silstrup as evidenced by the break-
through behavior) yielded higher preferential transport at Silstrup.
The decline of both €-50 and Ksar with increasing BD, which at
the same time seems to increase preferential flow potential, further
implies the importance of the macropore network (e.g., local and
sample-scale continuity) along with the fines and OC contents
for water, air, and solute transport.

These results highlight the importance of further studies re-
lating soil structure, compaction, texture, and chemical transport,

in particular, for complex and heterogeneous fields such as in
Faardrup and Silstrup.
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