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The amendment of soil with biochar can sequester carbon and alter hydrologic properties by changing
physical and chemical characteristics of soil. To understand the effect of biochar amendment on soil
hydrology, we measured the hydraulic conductivity (K) of biochar–sand mixtures as well as dissolved
organic carbon (DOC) in leachate. Specifically, we assessed the effects of biochar concentration and par-
ticle size on K and amount of DOC in the soil leachate. To better understand how physical properties influ-
enced K, we also measured the skeletal density of biochars and sand, and the bulk density, the water
saturation, and the porosity of biochar–sand mixtures. Our model soil was sand (0.251–0.853 mm) with
biochar rates from 2 to 10 wt% (g biochar/g total soil � 100%). As biochar (<0.853 mm) concentration
increased from 0 to 10 wt%, K decreased by 72 ± 3%.
When biochar particle size was equal to, greater than, and less than particle size of sand, we found that

biochar in different particle sizes have different effects on K. For a 2 wt% biochar rate, K decreased by
72 ± 2% when biochar particles were finer than sand particles, and decreased by 15 ± 2% when biochar
particles were coarser than sand particles. When biochar and sand particle size were comparable, we
observed no significant effect on K. We propose that the decrease of K through the addition of fine biochar
was because finer biochar particles filled spaces between sand particles, which increased tortuosity and
reduced pore throat size of the mixture. The decrease of K associated with coarser biochar was caused by
the bimodal particle size distribution, resulting in more compact packing and increased tortuosity.
The loss of biochar C as DOC was related to both biochar rate and particle size. The cumulative DOC loss

was 1350% higher from 10 wt% biochar compared to pure sand. This large increase reflected the very
small DOC yield from pure sand. In addition, DOC in the leachate decreased as biochar particle size
increased. For all treatments, the fraction of carbon lost as DOC ranged from 0.06 to 0.18 wt% of biochar.
These experiments suggest that mixing sandy soils with biochar is likely to reduce infiltration rates, hold-
ing water near the surface longer with little loss of biochar-derived carbon to groundwater and streams.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction Streubel et al., 2011; Tryon, 1948) and by changing soil chemical
Biochar amendment of soil has been proposed for carbon (C)
sequestration (Molina et al., 2009; Woolf et al., 2010) and for
improving soil productivity (Liu et al., 2013). Biochar may also
improve soil performance by altering soil physical characteristics
such as porosity (/), bulk density (qb), hydraulic conductivity (K),
and water holding capacity (Githinji, 2013; Herath et al., 2013;
properties including pH, cation exchange capacity, and nutrient
availability (Deal et al., 2012; Liu et al., 2012; Major et al., 2009).

The rate of water movement through soil is important for infil-
tration, delivery of water to plant roots, and flow of water to
streams, groundwater, and oceans (Klute, 1986). Hydraulic con-
ductivity is a measurement of the ease of water movement through
porous media and is related to other soil properties (e.g., effective
porosity, pore throat size, tortuosity, and hydrophobicity) and fluid
properties (e.g., fluid saturation (S), viscosity, and density) (Freeze
and Cherry, 1979).

Previous studies showed that amending soil with biochar can
either increase or decrease K (Barnes et al., 2014; Brockhoff et al.,
2010; Githinji, 2014; Herath et al., 2013). Using the falling head
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method to determine K, Barnes et al. (2014) showed that adding
10 wt% biochar (g biochar/g total soil � 100%) can decrease the K
of sand by 92%, decrease the K of organic soil by 67%, but increase
the K of clay by 328%. Githinji (2014) conducted cumulative infil-
tration experiments using an infiltrometer and documented a lin-
ear decrease in K of a sandy loam with an increasing biochar rate
from 0% to 100% by volume. From constant head experiments,
Brockhoff et al. (2010) observed that K of sand-based turf grass
root zones decreased from 58.9 � 10�5 to 4.6 � 10�5 m/s as biochar
rate increased from 0% to 25% by volume. In another series of con-
stant head experiments, Herath et al. (2013) documented increases
in K of Alfisols by 50%, 32% and 139% when adding unpyrolyzed
corn stover, 350 �C corn stover biochar, and 550 �C corn stover bio-
char at 7.18 t C/ha, respectively. Herath et al. (2013) also showed a
similar increase in K (41%) by adding 350 �C corn stover biochar at
7.18 t C/ha to an Andisol. Additionally, Herath et al. (2013) found
that the increase in K correlated with an increase of interparticle
macropore volume. These changes in hydraulic conductivity
through biochar are sometimes intended to have a lasting effect
on soil water movement (Herath et al., 2013) and thus affect the
hydrologic cycle.

Porosity may play a role in how K changes in biochar-amended
soils as pores can allow water migration and can change the tortu-
osity of flow paths. Increased porosity in soils after biochar amend-
ment results from pores inside biochar particles (/intra,
intraporosity) and from pores between biochar and soil particles
(/inter, interporosity) (Masiello et al., 2015). Depending on the pore
size, the pore connectivity, and the hydrophobicity of the particle
surface, these two types of porosity may or may not be effective
for water flow or water storage. When pores are connected, water
moves faster in larger pores than in smaller pores and thus larger
pores dominate water flow through porous media. Meanwhile, bio-
char particles can have high initial hydrophobicity if they are pro-
duced at low temperatures (<400 �C) (Kinney et al., 2012).
Hydrophobic biochar has positive water entry pressure (Wang
et al., 2000), which means that an applied pressure is required
for water to enter intrapores. If the hydrostatic pressure is less than
the water entry pressure, water will not enter these intrapores,
therefore reducing their effectiveness of water flow and water stor-
age. Amending soil with biochar will likely change porosity, pore
size, pore connectivity, and hydrophobicity of soil because of the
dual porosity of the system, changes in the particle size distribu-
tion, and hydrophobicity of the biochar. Combined, these changes
can affect the hydraulic conductivity.

Feedbacks likely exist between the effects of biochar on soil
water and carbon. The ability of biochar to sequester C can be
affected by the mobility and retention of biochar within the soil
matrix (Glaser et al., 2002; Zhang et al., 2010). Mobilization of bio-
char could occur via erosion through runoff (Glaser et al., 2002;
Major et al., 2010; Rumpel et al., 2006, 2009), microbial and abiotic
decay (Czimczik and Masiello, 2007; Foereid et al., 2011; Kuzyakov
et al., 2009; Zimmerman, 2010), or vertical movement deeper into
the soil profile or into groundwater, either via leachate (Hockaday
et al., 2006; Major et al., 2010) or as particulate organic carbon
(Lehmann and Joseph, 2009). Its ultimate fate can include dis-
charge into the ocean (Dittmar et al., 2012; Jaffé et al., 2013).

Amending soil with biochar may change soil K, thus altering the
partitioning of precipitation between infiltration and surface run-
off. If that is the case, the transport of biochar (with surface runoff
or downward into groundwater) could be affected. In addition, the
increased transport of pyrogenic DOC to depth in soils could
increase soil C storage as deeper soil C is more protected from
decomposition (Schaetzl, 2002). Therefore it is important to inves-
tigate the influence of biochar on K as well as biochar C movement
as DOC leachate to understand the coupled effects of biochar on
carbon and water in soils.
We hypothesized that adding biochar into soil may affect soil K
by changing pore characteristics and soil hydrophobicity, and may
also introduce DOC into groundwater. To better characterize the
impacts of biochar on these soil properties, we quantitatively
investigated the K of biochar–sand mixtures and the concentration
of DOC in the leachate collected during falling head experiments in
the lab. Measuring changes in K associated with biochar rate (bio-
char% by dry weight) and biochar particle size allowed us to better
understand the effects of biochar on water movement in an ideal-
ized coarse soil (sand). We also measured skeletal density of bio-
chars (qsb) and sand (qss), bulk density (qb), and calculated /, and
S (percent of pore volume occupied by water) of our biochar–sand
mixtures to help understand the physical mechanisms that may
cause changes in K and in DOC leaching.
2. Materials and methods

2.1. Biochar production

Heat transport occurs differently in coarser biochar particles
compared to finer biochar particles, confounding biochar chem-
istry and particle size if feedstock is ground after pyrolysis. To
avoid this we pre-ground all biomass feedstocks to a uniform size
prior to pyrolysis. The biochar particle sizes were different in our
two experiments (concentration experiment and particle size
experiment). For the concentration experiment we ground mes-
quite (Prosopis sp.) wood feedstock into particles <0.853 mm, and
for the particle size experiment we produced biochar from feed-
stock particles 1.70–2.00 mm (Table 1). Biochar in the particle size
experiment were further ground after production (see Section 2.3).

To produce biochar we placed 45 g of ground mesquite into a
stainless steel crucible and packed each batch of ground mesquite
to the same volume to minimize variation in heating rates between
batches. We covered the steel crucible with ceramic fiber insula-
tion and buried it inside a larger stainless steel, open-top vessel
using approximately 9 kg of silica sand to allow uniform heat con-
duction (Kinney et al., 2012). The vessel was heated in a muffle fur-
nace at a rate of 5 �C/min until the furnace temperature reached
400 �C. We set the furnace to hold at 400 �C for 4 h and then
allowed the biochar to cool down in the absence of oxygen for a
minimum of 16 h. The general properties of biochars used in this
study are shown in Table 1.

We measured the biochar mass yields immediately after pyrol-
ysis, and found the mass yield to be constant at 44 wt% (no varia-
tion within the error of the balance used to measure mass,
±0.001 kg). Biochar was stored in sealed glass jars until it was used
in our experiments. Because biochar may absorb water after being
exposed to air, we oven-dried all biochars samples at 60 �C for 72 h
prior to use to remove any water absorbed during storage. We
massed biochar samples immediately after drying to insure an
accurate dry mass value.
2.2. Biochar characterization

We collected basic information on the biochar including one
replicate of measurement for ash content, pH, and electrical con-
ductivity (EC), and three replicates of measurements for hydropho-
bicity, %C, %N, and %H. (Table 1). We placed a portion of oven-dried
biochar in a ceramic crucible and heated at 750 �C for 6 h to mea-
sure ash content. To measure the EC and pH we first mixed a 1:20
(w:v) suspension of biochar: Milli-Q water (18.2 MX-cm, PURE-
LAB� Ultra Laboratory Water Purification Systems, SIEMENS, Ger-
many) on a shaker for 1.5 h (IBI, 2013). We measured the surface
hydrophobicity of biochar using the molarity of ethanol drop
(MED) test (Doerr, 1998). We reported the range of ethanol



Table 1
General properties of silica sand and biochar used in this study. Values and error bars
were the average and standard deviation of three replicates conducted for each
treatment.

Properties Data

Silica sand
Particle size (mm) 0.251–0.853
pH 7.06
Electric conductivity (ls/cm) 77
MED index 0
%C 0.14 ± 0.05
%H NA
%N NA

Biochar production
Feedstock Mesquite
Heating rate (�C/min) 5
Heating duration (h) 4
Pyrolysis temperature (�C) 400
Mass yield (wt%) 44.4

Biochar in concentration experiment
Mesquite feedstock particle size before

pyrolysis (mm)
<0.853

Biochar particle size used in experiment (mm) <0.853
Biochar rate (wt%) 0, 2, 4, 6, 8 and 10
Ash content (wt%) 5.06
pH 7.95
Electric conductivity (ls/cm) 238
MED index 3–5
%C 68 ± 1
%H 3.0 ± 0.1
%N 0.76 ± 0.01
MED index of biochar–sand mixtures 0

Biochar in particle size experiment
Mesquite feedstock particle size before

pyrolysis (mm)
1.70–2.00

Biochar particle size used in experiment (mm) <0.251, 0.251–0.853,
0.853–2.00

Biochar rate (wt%) 0 and 2
Ash content (wt%) 4.26
pH 7.41
Electric conductivity (ls/cm) 110
MED index 3–5
%C 73.0 ± 0.4
%H 3.2 ± 0.1
%N 0.74 ± 0.01
MED index of biochar–sand mixtures 0

Fig. 1. The hydraulic conductivity (K) of sand (0.251–0.853 mm) measured by
falling head (black dots) method and constant head (gray dots) method (p = 0.3796)
were statistically identical.
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concentrations (MED index) at which the sample starts absorbing
the ethanol solution within three seconds. We measured the %C,
%N, and H% by mass of the pure biochar using a Costech ECS4010
elemental analyzer (within error of ±1%, ±0.1% and ±0.01% for %C,
%N, and H%, respectively).

2.3. Sample preparation

We wet-sieved silica sand (Pavestone, USA) to a particle size
between 0.251 mm (U.S. Std. No. 60 mesh) and 0.853 mm (U.S.
Std. No. 20 mesh) to obtain a narrow particle size range without
defining particle size distribution of sand. The sieved sand was
heated for at least 72 h at 60 �C before experiments to remove
any moisture. We mixed biochar with sand in aluminum jars by
hand shaking to achieve homogeneous samples. In concentration
experiments, the biochar (dry-sieved to particle size <0.853 mm)
rates were 0 wt%, 2 wt%, 4 wt%, 6 wt%, 8 wt%, and 10 wt.%, which
are equal to 0, 22, 44, 66, 88 and 111 Mg C/ha for an application
depth of 12.0 ± 2.0 cm (the average length of our samples with
0–10 wt% biochar). In particle size experiments, the biochar (parti-
cle size pre-pyrolysis: 1.70–2.00 mm) was ground from one batch
and dry-sieved it into three size ranges (fine: <0.251 mm, medium:
0.251–0.853 mm, coarse: 0.853–2.00 mm) to obtain biochar finer
than sand, the same as sand, and coarser than sand. The biochar
amendment rate was 2 wt%, which is equal to 22 Mg C/ha for an
application depth of 10.4 ± 0.4 cm (the average length of our sam-
ples with 2 wt% biochar in particle size experiments). Three repli-
cates of each treatment resulted in a total of 18 samples in
concentration experiments and 12 samples in particle size experi-
ments (Table 1).

We explored high biochar rates, up to 10 wt%, to detect any
effects beyond 2 wt%. This allowed us to derive relationships
between biochar rate, K, and DOC leaching. The upper limit
(10 wt%) was selected based on previous experiments conducted
that showed 10 wt% biochar has an effect on soil K and C export
(Barnes et al., 2014).
2.4. Experimental setup and procedures

Some method modifications were necessary to measure the K in
our biochar–sand mixtures and DOC concentration in leachate
from these mixtures. The hydraulic conductivity of our sand
(wet-sieved, 0.251–0.853 mm) was greater than 1 � 10�5 m/s
(Fig. 1). For K values of this magnitude, the constant head method
was recommended to measure K (ASTM International, 2006); how-
ever, this method did not allow us to measure DOC concentration
quantitatively in the leachate. To address this we compared con-
stant head and falling head K values for our sand, and confirmed
that both methods gave the same hydraulic conductivity
(p = 0.3796, p value was obtained by two-tailed t-tests, differences
are deemed significant at a p-value less than 0.05, Fig. 1). The use of
falling head tests allowed us to measure K in our biochar–sand
mixtures and to easily collect and analyze leachate quantitatively.
Falling head experiments additionally allowed rapid completion of
multiple replicates. Although distilled water is not recommended
as a permeant fluid because it can lower the hydraulic conductivity
of clayey soils (ASTM International, 2010), we used Milli-Q water
as the permeant fluid because: (1) sand was unlikely to swell in
response to wetting, thus using distilled water has lower influence
on K for sand than for clay; and (2) Milli-Q water provided a blank
to address how DOC in the leachate is produced from biochar C. We
de-aired permeant fluid under vacuum prior to experiments to
remove air bubbles in water.

We constructed falling head columns to measure K (see Barnes
et al., 2014). Before adding the biochar–sand mixture evenly to the
bottom of a clear plastic cylindrical column (0.0198 m inner radius,
0.25 m height), we fastened a piece of 54 lm polyester mesh (Part



Table 2
Skeletal density (kg/m3) of silica sand (qss) and biochar (qsb) used in this study. Values
and error bars were the average and standard deviation of three replicates conducted
for each treatment.

Particle size Silica
sand

Biochar in concentration
experiment

Biochar in
particle size
experiment

<0.251 mm – – 1477 ± 2
<0.853 mm – 1500 ± 10 –
0.251–0.853 mm 2660 ± 20 – 1452 ± 5
0.853–2.00 mm – – 1430 ± 2

Table 3
Bulk density (qb) and water saturation (S) after the final flush of each treatment in
this study. Values and error bars were the average and standard deviation of three
replicates conducted for each treatment, respectively.
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No.: CMY-0054-10YD, Small parts, FL) to the bottom of the column
to allow water flow while preventing soil loss. We attached mea-
suring tape (S.E. Rose Co., TX) along the height of each column to
facilitate accurate measurements of sample length and hydraulic
head (h). To fill the sample columns, we gently poured the bio-
char–sand mixture into the columns, we then placed a piece of
54 lm polyester mesh on the top of the sample and then a porous,
permeable stone (cleaned using a Branson 1510 Ultrasonic Cleaner
in Milli-Q water to avoid contamination) to confine the sample sur-
face and to allow even distribution of water through sample. The
last step was to load each sample with 4.54 kg mass to allow com-
paction under a constant load. We monitored sample length until it
did not change; this was recorded as the sample length (L, ranged
from 0.097 to 0.148 m). We then placed the base of each column
into a plastic cup and filled the cup with Milli-Q water to allow
the water to rise into the sample from bottom to top all at once.
Each sample was stored in the water-filled saturation cup for
two days without drainage to insure saturation.
Biochar particle size (mm) Biochar rate (wt%) qb (kg/m3) S (%)

Concentration experiment
– 0 1620 ± 30 102 ± 3
<0.853 2 1450 ± 10 96 ± 1
<0.853 4 1340 ± 20 90 ± 2
<0.853 6 1280 ± 20 87 ± 3
<0.853 8 1200 ± 10 87 ± 4
<0.853 10 1110 ± 10 82 ± 5

Particle size experiment
– 0 1660 ± 40 105 ± 5
<0.251 2 1540 ± 10 88 ± 4
0.251–0.853 2 1520 ± 20 101 ± 1
0.853–2.00 2 1570 ± 10 99 ± 3
2.4.1. Hydraulic conductivity
We allowed free, gravity-driven drainage of water through the

samples until water level was �0.005 m above the top of the sam-
ple and collected the first leachate (Flush 0) for DOC analysis. We
then poured 300 ml of Milli-Q water into each column and
recorded the hydraulic head until the water level was �0.005 m
above the top of the sample. We used this approach to conduct
six flushes (Flush 1–6) for each sample, each flush right after the
previous one to prevent any drying between flushes. We collected
leachate from each flush for DOC analysis. We monitored the head
change over time to determine K for each flush (Klute, 1986) by Eq.
(1).

K ¼ lnðh2=h1ÞL=Dt ð1Þ

where Dt was time elapsed (s), h1 was initial head (0.25 m) from
water surface to sample bottom, and h2 was final head (varying
between 0.24 and 0.19 m). This equation defines the hydraulic con-
ductivity for saturated samples. For consistency we used Eq. (1) and
report water saturation (S) for all samples (Eq. (3)). The falling head
experiments were conducted following the protocol as described in
ASTM standard D5085 (ASTM International, 2010).
2.4.2. Skeletal density, bulk density, and saturation
Pores inside plant-derived biochars (intrapores) are bimodal in

size distribution (Sun et al., 2012), and these pores may or may not
be connected. Even when pores are connected, nanometer-scale
pores may be too small to permit water entry (Brewer et al.,
2014). To make a first assessment of the pore connectivity, we
measured the skeletal densities of the biochar in different particle
sizes and sand used in the falling head experiments using helium
(He) pycnometry (AccuPyc II 1340, Micromeritics Instrument Cor-
poration, USA) (Table 2). Helium pycnometry measured the vol-
ume of the biochar skeleton by measuring the volume of He
displaced; the mass of the biochar sample was divided by this vol-
ume to provide a skeletal density of biochar (qsb) (Brewer et al.,
2014).

Using sample length, inner radius of the column (r = 0.0198 m)
and total sample mass (M = 0.2 kg), we calculated the dry bulk den-
sity (qb) of each biochar–sand mixture (Table 3) using Eq. (2).

qb ¼
M
pr2L

ð2Þ

After we finished six flushes and water surface was no longer
above the top of the sample, we massed the wet sample (Mt). We
then oven-dried each sample until its mass did not change. We
then calculated S (Eq. (3), Table 3), which is the percent of pore
space occupied by water.

S ¼ ðMt �MdÞ=qw

pr2L�Ms=qss �Mbc=qsb
� 100% ð3Þ

whereMd was the oven-dried sample mass (kg) and qw is density of
water (1000 kg/m3), Ms was mass of sand (0.2 � (1-biochar%) kg),
qss was skeletal density of sand (kg/m3, Table 2), Mbc was mass of
biochar (0.2 � biochar% kg), and qsb was skeletal density of biochar
(kg/m3, Table 2). The dry mass was very close to the pre-experiment
mass (0.2 kg) with 0.4 ± 0.2% mass loss. If S = 100%, all pores were
filled with water and the sample was fully saturated; if S < 100%,
the sample was partially saturated (pores are partially filled by
water and partially filled by air).

2.4.3. Total porosity, effective porosity, interporosity, and intraporosity
Porosity is the fraction of pore volume per total sample volume

(pores plus solids). In this study, the total porosity (/T) of the bio-
char–sand mixture was the sum of intraparticle and interparticle
porosity and was defined by the volume fraction that could be
invaded by He. We calculated /T (Eq. (4), Table 3) using skeletal
density data.

/T ¼ pr2L�Ms=qss �Mbc=qsb

pr2L
ð4Þ

The total porosity measured by He may be larger than the
porosity accessible by water, because water is a larger molecule
than helium. To examine the porosity accessible by water, we also
calculated effective porosity (/eff, Eq. (5)). Effective porosity is
equal to the volume of pores accessible by water (Vep) divided by
total sample volume (VT, = pr2L).

/eff ¼
Vep

VT
ð5Þ
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The volume of pores accessible by water (effective pores)
equaled total sample volume minus volume of sand particles (Vs)
and volume of biochar solids (Vbc, including pores that were inac-
cessible to water) (Eq. (6)).

Vep ¼ VT � Vs � Vbc ð6Þ
For sand, the volume of sand particles equaled to the mass of

sand divided by the density of sand (Eq. (7)).

Vs ¼ Ms

qss
ð7Þ

Below we discuss three means of estimating solid volume of
biochar based on the accessibility of the internal pores to water.

(a) If all biochar internal pores were accessible to water and Vep

was the volume of interpores plus intrapores, then Vbc was
the volume of biochar skeleton measured by helium
pyconometry (Eq. (8) and Fig. 2a). In this case, effective
porosity equaled total porosity.
Vbc ¼ Mbc

qsb
ð8Þ
(b) If all biochar internal pores were not accessible to water and
Vep was the volume of interpores only in the mixture, then
Vbc was the volume of biochar skeleton plus biochar internal
pores (Eq. (9) and Fig. 2b). In this scenario, effective porosity
equaled interporosity.
Vbc ¼ Mbc

qeb
ð9Þ

where qeb was the envelope density of biochar particle, qeb =
(1 � /bc)qsb; /bc was internal porosity of biochar (Brewer
et al., 2014).
(c) Intermediate between scenarios (a) and (b), where some
fraction (f, ranges from 0 to 1) of biochar internal pores were
accessible to water. In this case, Vep was volume of inter-
pores plus accessible intrapores (Fig. 2c). Then Vbc was vol-
ume of biochar skeletal plus non-accessible biochar
internal pores (Eq. (10)). In this scenario, effective porosity
was the sum of interporosity and a fraction of intraporosity.
Vbc ¼ Mbc

qsb
þMbc

qeb
/bcð1� f Þ ð10Þ
If we substitute (1 � /bc)qsb for qeb, then
Vbc ¼ Mbc

qsb
þ Mbc

qsbð1� /bcÞ
/bcð1� f Þ ð11Þ
If f = 1, (effective pore volume was the sum of interpore plus
intrapore volume), the Eq. (11) simplifies to Eq. (8). If f = 0, (effec-
tive pore volume is interpore volume only), then Eq. (11) simplifies
to Eq. (9).

If we reorganize Eq. (11), we obtain:

Vbc ¼ Mbc

qsb
1þ /bcð1� f Þ

1� /bc

� �
¼ Mbc

qsb
1þ ð1� f Þ

1
/bc

� 1

 !
ð12Þ

To calculate effective pore volume in Eq. (6), we substituted Ms
qss

for Vs (see Eq. (7)) and Mbc
qsb

1þ ð1�f Þ
1

/bc
�1

� �
for Vbc (see Eq. (12)). Then,

Eq. (6) became Eq. (13):

Vep ¼ VT �Ms

qss
�Mbc

qsb
1þ ð1� f Þ

1
/bc

� 1

 !
ð13Þ
By combing Eqs. (5) and (13), we obtained Eq. (14) for calculat-
ing effective porosity accessible to water in the biochar–sand mix-
ture system.

/eff¼

VT �Ms
qss

�Mbc
qsb

1þ ð1�f Þ
1

/bc
�1

� �
VT

¼1� Ms

qssVT
� Mbc

qsbVT
1þð1� f Þ

1
/bc

�1

 !
ð14Þ

In Eq. (14), if f = 0, /eff was the interporosity of the mixture. If
f = 1, /eff = /T which was the sum of interporosity and intraporos-
ity. To calculate /eff using Eq. (14), we measured Ms, qss, Mbc, qsb

and VT; however /bc and f are two unknowns.
We assumed /bc = 0.622 m3/m3 for mesquite biochar produced

at 400 �C based on the analysis of Brewer et al. (2014). In their
paper, they calculated internal porosity of mesquite biochar pro-
duced at different temperatures from measured skeletal density
data and envelope density data. Their biochar and our biochar were
produced by the same technique.

The fraction (f) of biochar intraporosity that is accessible to
water depends on the biochar surface chemistry, biochar internal
pore size distribution, and biochar pore connectivity. If the bio-
char surface is hydrophilic (h < 90�) then water entry pressure is
negative (Baker and Hillel, 1990). If these pores are connected
and larger than a water molecule, water can enter the pores and
f = 1, meaning the pores can all be filled with water. On the other
hand, if the biochar is hydrophobic (h > 90�), then water entry
pressure is positive (Wang et al., 2000). In this case, the water
pressure needs to exceed the entry pressure in order for water
to enter the biochar pores. As a result, for hydrophobic biochar,
water fills up the big pores first followed by the small pores
because big pores have a lower water entry pressure than that
of small pores (Bauters et al., 2000). As the water-phase pressure
increases (e.g., higher hydrostatic pressure), smaller pores become
saturated (thus higher f).

The minimum biochar pore diameter (D) that can be invaded by
water at certain hydrostatic pressure (=qwgh, h = 0.25 m) was
determined by Eq. (15).

D ¼ 4c cos h
qwgh

ð15Þ

where c is interfacial tension between water and air at room
temperature (0.072 N/m) and h is the contact angle between the
water–air interface and biochar surface.

Data on the contact angle for biochar is limited. We used
h = 120� in our calculation. This number was the maximum
reported contact angle of biochar we found in existing studies
(Herath et al., 2013; Smetanova et al., 2012; Wang et al., 2013).
This contact angle corresponded to a breakthrough pore diameter
of 59 lm for a hydrostatic pressure of 2.45 kPa (0.25 m of hydraulic
head). Brewer et al. (2014) reported 12% (f = 0.12) of biochar pores
were larger than 59 lm frommercury pore size distribution data of
450 �C mesquite biochar.

In the case when biochar is hydrophobic, there are some uncer-
tainties in determining f. First, the hydrophobicity of biochar can
be reduced by water treatment (Kinney et al., 2012) and then the
contact angle of biochar may decrease. The decrease of contact
angle would result in a decrease of breakthrough D and a corre-
sponding increase of f. A second source of uncertainty was our
use of the pore size distribution of mesquite biochar measured
by mercury porosimetry from Brewer et al. (2014) to determine
f. Because mercury porosimetry does not differentiate between
interpores and intrapores, fmight be slightly overestimated by this
technique; however, for this mesquite biochar there was no statisti-
cal differences between mercury-determined porosity (0.660 m3/m3)
and He-determined porosity (0.667 ± 0.017 m3/m3) (Brewer et al.,
2014).



Fig. 2. Idealized, 2D biochar particles with internal (a) connected pores, (b) unconnected pores and (c) both connected and unconnected pores had different biochar volume
(Vbc). (a). When biochar internal pores were connected, Vbc was the volume of biochar skeleton measured by helium pycnometry; (b). When biochar internal pores were
unconnected, Vbc was the volume of biochar skeleton plus biochar internal pores; (c) when biochar particles had both connected and unconnected pores, Vbc was volume of
biochar skeletal plus non-accessible biochar internal pores.

Table 4
Pearson correlation coefficients between hydraulic conductivity and bulk density, water saturation, total porosity, effective porosity, interporosity, intraporosity; between
cumulative DOC and bulk density, water saturation, total porosity, effective porosity, interporosity, intraporosity.

Results Flush # qb S /T /eff /inter /intra

Concentration experiment
K All 0.99 0.98 �0.99 �0.90 �0.81 �1.00
Cumulative DOC 0 �0.89 �0.95 0.89 0.92 0.90 0.85
Cumulative DOC 1 �0.99 �0.97 0.99 0.89 0.79 1.00
Cumulative DOC 2 �0.99 �0.98 0.99 0.89 0.80 1.00
Cumulative DOC 3 �0.99 �0.98 0.99 0.90 0.80 1.00
Cumulative DOC 4 �0.99 �0.98 0.99 0.90 0.81 1.00
Cumulative DOC 5 �1.00 �0.98 0.99 0.91 0.82 1.00
Cumulative DOC 6 �1.00 �0.98 0.99 0.91 0.82 1.00

Particle size experiment
K All 0.42 0.98 �0.42 �0.17 �0.06 �0.43
Cumulative DOC 0 �0.43 �0.56 0.50 0.88 0.86 0.17
Cumulative DOC 1 �0.90 �0.84 0.91 0.61 0.40 0.81
Cumulative DOC 2 �0.87 �0.87 0.88 0.61 0.41 0.78
Cumulative DOC 3 �0.87 �0.90 0.88 0.53 0.31 0.81
Cumulative DOC 4 �0.85 �0.91 0.86 0.53 0.32 0.79
Cumulative DOC 5 �0.84 �0.92 0.85 0.52 0.32 0.77
Cumulative DOC 6 �0.83 �0.93 0.84 0.49 0.29 0.78
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2.4.4. Dissolved organic carbon measurement
We collected leachate after the two-day saturation period

(Flush 0). We also collected leachate after each flush (Flush 1–6).
The leachate was massed (Fisher Scientific Accu 4202, USA) and fil-
tered through pre-combusted glass fiber filters (Whatman, GF/F,
1825-025, UK) with a nominal pore size of 0.7 lm (Kolka et al.,
2008; Wangersky, 1993). Filtered leachate samples were then
refrigerated until DOC analyses could be performed (ASTM
International, 2009; Cleveland et al., 2010) using a high tempera-
ture combustion total C analyzer (Shimadzu TOCvcsh, Kyoto,
Japan). Sample replicates indicate a 0.06 mg/L precision for DOC.

2.5. Statistical analyses

Statistical comparisons of K and DOC in leachate between vari-
ous concentrations, particle sizes, and controls (sand) were done
using two-tailed t-tests. Differences were deemed significant at a
p-value less than 0.05. We computed Pearson correlation coeffi-
cients (R) to assess the relationship between geometric mean of
K of all flushes and qb, S, /T, /eff, /inter, and /intra as well as the rela-
tionship between cumulative DOC for each flush and qb, S, /T, /eff,
/inter, and /intra (Table 4).

3. Results

3.1. Biochar concentration, particle size, and hydraulic conductivity

In our concentration experiment, hydraulic conductivity
decreased with increasing biochar concentration. For instance,
hydraulic conductivity decreased by an average of 72 ± 3%
(p < 0.001) with biochar concentration of 10 wt% compared to pure
sand (Fig. 3). Previous studies proposed linear relations between
log(K) and clay content. Here we employed a similar approach by
relating log(K) and biochar concentration:
logðKÞ ¼ �0:0541� biochar%� 3:166ðR2 ¼ 0:9851; K in m=sÞ
ð16Þ

This empirical relation means that K, not log(K), decreased by a
factor of 1.28 with each 2 wt% increase in biochar concentration.
Any change in sand and biochar properties (i.e. particle size of sand
and biochar, feedstock, pyrolysis temperature of biochar,
hydrophobicity, intrapore size, and interpore size) would affect
the slope and intercept of this relationship. Although this function
was constrained for materials (particle size and surface chemistry)
in our concentration experiment, it adds additional information on
the magnitude of changes in K that can be expected from biochar.
This expands our understanding of the physical processes control-
ling biochar effects on soil hydrology.

To understand the physical controls that drive K changes with
biochar addition, we considered the effects of particle size. We
determined that biochar particles finer than sand particles played
an important role in decreasing K; biochar particles coarser than
sand particles decreased K as well, but to a lesser extent (Fig. 3).
At 2 wt% biochar rate, when biochar particles were finer than the
sand particles, K of the mixture was 72 ± 2% lower than K of pure
sand (p < 0.001). Hydraulic conductivity decreased by 15 ± 2%
when the biochar particle size was coaser than the sand particle
size (p < 0.01). When biochar and sand particle sizes were
comparable, K was the same (p = 0.25) (Fig. 4).



Fig. 3. Effects of biochar concentration on K. Hydraulic conductivity decreased as
biochar rate increased from 0 to 10 wt%. The dashed line is an empirical, linear
relationship between log(K) and biochar concentration (biochar%). Values and error
bars were the average and standard deviation of three replicates conducted for each
treatment.

Fig. 4. Effects of biochar particle size on K at a biochar concentration of 2 wt%.
Compared with the sand-only control (gray dots), fine biochar (<0.251 mm, small
black dots) caused a significant decrease in K; when biochar particle size was equal
to sand particle size (0.251–0.853 mm, medium black dots), no significant change in
K was observed; larger biochar particles (0.853–2.00 mm, large black dots) than
sand particles (0.251–0.853 mm) caused decrease of K. Values and error bars were
the average and standard deviation of three replicates conducted for each
treatment.
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3.2. Skeletal density, bulk density, and water saturation

The biochar used in our concentration experiment had a lower
skeletal density (1500 ± 10 kg/m3) than the sand (2660 ± 20 kg/m3,
Table 2). For the biochar–sand mixtures, bulk density decreased
from 1620 ± 30 kg/m3 to 1110 ± 10 kg/m3 from 0 to 10 wt% biochar
rate. The final water saturation decreased from 102 ± 3% to 82 ± 5%
when adding 10 wt% biochar (Table 3).

The skeletal density of biochar decreased with increasing parti-
cle size (1477 ± 2 kg/m3, 1452 ± 5 kg/m3, 1430 ± 5 kg/m3 for fine,
medium, and coarse biochar, respectively, Table 2). All biochar–
sand mixtures (regardless of biochar particle size) had lower qb

(1540 ± 10 kg/m3, 1520 ± 2 kg/m3 and 1570 ± 10 kg/m3 for fine,
medium, and coarse biochar–sand mixtures, respectively) at a
2 wt% rate than those of pure sand (qb: 1660 ± 40 kg/m3, Table 3).
The final water saturation of the sand-only and fine, medium, and
coarse biochar–sand mixtures were 105 ± 5%, 88 ± 4%, 101 ± 1%,
and 99 ± 3%, respectively.
3.3. Total porosity, effective porosity, interporosity, and intraporosity

Adding biochar into the system also changed the porosity of the
sand–biochar mixtures. In the concentration experiment, /T, /eff,
/intra, and /inter increased with biochar rate (Fig. 5a). For example,
/T increased from 0.39 ± 0.01 m3/m3 to 0.55 ± 0.0 m3/m3 and /intra

increased from 0 to 0.12 ± 0.0 m3/m3 from 0 to 10 wt% biochar.
Effective porosity increased slightly from 0.39 ± 0.01 m3/m3 to
0.45 ± 0.0 m3/m3 and intraporosity increased slightly from
0.39 ± 0.01 m3/m3 to 0.43 ± 0.0 m3/m3 from 0 to 10 wt% biochar.
Although we observed a generally increasing trend of interporosity
and effective porosity with biochar concentration from 0 to 10 wt%,
the change of interporosity and effective porosity is subtle for each
2 wt% increase of biochar concentration. As a result, we did not see
big differences of interporosity and effective porosity between 4 wt
% and 6 wt% biochar rate. They are statistically the same within
error.

In our particle size experiment, biochar–sand mixtures had
higher /T (0.41 ± 0.0 m3/m3, 0.42 ± 0.01m3/m3and 0.40 ± 0.01m3/m3

for fine, medium, and coarse biochar–sand mixtures, respectively)
than pure sand (0.38 ± 0.02 m3/m3) (Fig. 5b). Biochar–sand
mixtures had similar /inter (0.38 ± 0.0 m3/m3, 0.38 ± 0.01 m3/m3

and 0.37 ± 0.01 m3/m3 for fine, medium, and coarse biochar–sand
mixtures, respectively) in comparison to pure sand
(0.38 ± 0.02 m3/m3). Because only 12% of /intra was accessible to
water (f = 0.12) and biochar rate was only 2 wt%, the /eff was
slightly higher than /inter for biochar–sand mixtures.
3.4. Leaching of biochar C as DOC

To explore the fraction of biochar C lost through leachate as
DOC, we analyzed effluent from each flush for DOC concentration
and calculated mass loss of biochar C. In our concentration exper-
iment, the cumulative DOC released from all seven flushes (Flush
0–6) increased from 1.4 ± 0.1 mg to 20 ± 1 mg (or increased by
1350%) from 0 to 10 wt% biochar (Fig. 6). The DOC mainly leached
during Flush 1, which contributed 35%, 58%, 65%, 74%, 76% and 75%
of the cumulative DOC loss for 0, 2, 4, 6, 8 and 10 wt% biochar,
respectively. The percentages of total biochar C that moved as
DOC (based on the mass of DOC observed and the known mass
of biochar C added to the mixtures) were similar across all
treatments: 0.18 ± 0.01 wt%, 0.16 ± 0.01 wt%, 0.15 ± 0.01 wt%,
0.14 ± 0.01 wt% and 0.14 ± 0.01 wt% for 2 wt%, 4 wt%, 6 wt%, 8 wt%
and 10 wt% biochar treatments, respectively. The very low levels
of DOC released from sand might come from the sand collection
site or from the tap water (DOC concentration = 5.78 ± 0.08 mg/L)
used during wet-sieving, or both.

In our particle size experiment, the cumulative DOC released
from Flush 0 to Flush 6 decreased as biochar particle size increased
(decreased by 46% from fine to coarse biochar–sand mixtures)
(Fig. 7). Similar to the concentration experiment, the largest por-
tion of the DOC came out in Flush 1, which contributed 61%, 70%,
and 54% of the cumulative DOC mass loss for fine, medium, and
coarse biochar–sand mixtures, respectively. The fraction of biochar
C that moved as DOC was 0.15 ± 0.02 wt%, 0.08 ± 0.01 wt% and
0.06 ± 0.02 wt% of total biochar C added for fine, medium, and
coarse biochar treatments, respectively.
4. Discussion

4.1. Hydrophobicity and pore characteristics as controls on hydraulic
conductivity

Hydraulic conductivity correlates to soil properties like particle
hydrophobicity, pore connectivity, pore size, and tortuosity



Fig. 5. Total porosity, effective porosity, interporosity and intraporosity of sand and biochar–sand mixtures. Adding biochar into sand increased total porosity and
intraporosity in the system because biochar has intrapores. In our concentration experiment, not all biochar internal pores were accessible to water, and as a result, effective
porosity was not equal to total porosity and it was slightly higher than interporosity (a). In our particle size experiment, interporosities of biochar–sand mixtures were similar
to sand (b).

Fig. 6. Cumulative dissolved organic carbon (DOC; mg) through Flush 0–6
increased with biochar rate (0–10 wt%). The biochar particle size used in this
experiment was <0.853 mm. Values and error bars were the average and standard
deviation of three replicates conducted for each treatment.

Fig. 7. Cumulative dissolved organic carbon (DOC; mg) through flushes increased
as biochar particle size decreased at 2 wt% biochar rate. Values and error bars were
the average and standard deviation of three replicates conducted for each
treatment.
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(Carman, 1937; Kozeny, 1927). Our biochars were slightly
hydrophobic (MED index = 3–5; Table 1) and all biochar–sand mix-
tures were hydrophilic (MED index = 0, Table 1). The difference
between hydrophobic biochar and hydrophylic biochar–sand mix-
tures indicate that this type of biochar did not cause major change
in bulk hydrophobicity of biochar–sand mixtures at the concentra-
tions we examined (0–10 wt%). However, the hydrophobicity of
biochar particles, or biochar’s small intrapore size, or both, may
cause a high intrapore entry pressure, which prevented water from
penetrating intrapores. For instance, our estimation showed that
total porosity increased more than effective porosity (Fig. 5). In
our biochar concentration experiments total porosity increased
by 0.16 m3/m3 and effective porosity increased by 0.06 m3/m3 from
0 wt% to 10 wt% biochar rate. This is likely because the applied
hydraulic pressure (0.25 m of water) at the beginning of falling
head experiment was not enough to overcome the entry pressure
caused by the hydrophobicity of biochar particle or biochar’s small
intrapore size, or both. Therefore, the increase of total porosity by
adding biochar may not have been effective for water flow, and
thus had little effect on K. Although biochar did not change the
bulk hydrophobicity of the biochar–sand mixture at the low mass
fraction in our experiments, it may affect flow at the pore scale.
However, previous experimental and modeling studies showed
that clay started to affect hydraulic conductivity at volume fraction
as low as 5% (Daigle and Reece, 2015; Revil and Cathles, 1999).
Similarly, we speculate that these individual biochar particles can
interact with water in sand thus have impact on properties such
as K but not drive a major change in hydrophobicity.

Biochar intrapore connectivity may be affected by grinding and
also may be related to pore size. When intrapores are not con-
nected, they act as isolated pockets of gas, creating an apparent
skeletal density that is lower than the true skeletal density
(Fig. 8b, left). The lower qsb of the coarse biochar (Table 2) reflected
the preservation of isolated, unconnected pores. Grinding biochar
into finer size particles opened the unconnected intrapores
(Fig. 8b, right) and allowed He to enter. As a result, the finer bio-
char particles had a higher skeletal density as determined by He
pycnometry. However, water moved faster in larger pores than in
smaller pores when pores were saturated and thus larger pores
dominated water flow when pores were connected. For instance,
when biochar and sand particles of the same particle size were
mixed at 2 wt% biochar, the biochar–sand mixture had the same
/inter (0.38 ± 0.01 m3/m3) to that of pure sand (0.38 ± 0.01 m3/m3).
Meanwhile, the K values of these two treatments were the same
(p = 0.25) and the treatments were fully saturated (Table 3). In



Fig. 8. Illustration showing how biochar’s skeletal density (qsb) may change after
grinding (from left to right) soil aggregates with (a) solid particles and (b) particles
with isolated intrapores. (a) Skeletal density did not change by breaking (white bar)
soil particle aggregates; qsb was identical in the single aggregate (left) and as in the
broken aggregate (two pieces) (right). (b) After grinding particles with isolated
pores, He can access these pores, increasing qsb as determined by He pycnometry.

Fig. 9. Illustration showing idealized mixture of pure sand (gray circles) and
biochar (circles with black pattern). (a) particle arrangement of sand as control, (b)
particle arrangement was the same when biochar and sand particles are of the same
size, (c) fine biochar particles filled in the pores between sand particles resulting in
more compacted packing than control thus reduced porosity and increased
tortuosity, (d) sand particles surrounding big biochar particles increased tortuosity.
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addition, the Pearson correlation coefficients (R) between K and /T,
/eff, /inter, and /intra were �0.99, �0.90, �0.81 and �1.00 in concen-
tration experiments and were �0.42, �0.17, �0.06 and �0.43 in
particle size experiments, respectively (Table 4). This negative cor-
relation between K and porosity indicates that the increase of
porosity by introducing biochar intrapores is not necessarily pro-
viding flow paths for water, and thus does not have a positive effect
on K. Therefore, it is likely that the smaller intrapores were poorly
hydraulically connected and larger interpores dominated the flow
path (Fig. 9b).

Our results showed that mixing sand with biochar of different
particle sizes can change interpore size and tortuosity. When bio-
char particles were finer than sand particles, the biochar particles
filled the pores between the sand particles, resulting in more effec-
tive packing (Fig. 9c) and higher bulk density (Table 3) than when
biochar particles were the same size as the sand particles (both
under the same compaction force). This reduced intergranular pore
throat size and increased tortuosity. If interpores dominated water
flow (as we hypothesize), the geometric changes to the interpores
caused by adding finer biochar particles may have accounted for
the observed reduction in K (Fig. 4).

When biochar particles were coarser than sand particles, sand
particles likely surrounded biochar particles (Fig. 9d), which may
explain the higher bulk density (Table 3) in this case compared
to mixtures where biochar and sand particles were of the same
size. The denser packing caused by coarser biochar may also
decrease pore throat size between particles and increase tortuos-
ity. If interpores dominated water flow, these changes of interpores
due to addition of coarser biochar particles can explain the
observed reduction in K (Fig. 4).

4.2. Implications for field application

Biochar application methods can affect the distribution of bio-
char in soil, with concomitant effects on soil K. In our experiments
we mixed biochar with sand uniformly, which most closely
represents uniform topsoil mixing conditions. Other application
methods such as top dressing or deep-banding into the rhizo-
sphere (Lehmann and Joseph, 2009) may create heterogeneous bio-
char–sand mixtures, resulting in different effects on K compared
with uniform mixing. For example, when adding fine biochar par-
ticles, the vertical K of deep-banded soils will be even lower than
that of uniformly mixed soils because finer biochar particles would
create a low permeability layer causing water to preferentially
move horizontally.

In addition, it is important to consider temporal changes in K of
biochar–soil mixtures. For example, coarse biochar particles can be
broken into finer-sized particles by plant roots and other natural
forces such as freeze–thaw cycles (Lehmann and Joseph, 2009;
Spokas et al., 2014). As biochar particle size decreases, we antici-
pate that K will also decrease as observed in our experiments.
Additionally, biochar may change soil K by changing plant physical
properties, like root size and density, as previous studies have
shown that biochar application can increase rice root diameter
(Noguera et al., 2010), which may increase the diameter of soil
macropores (Hu et al., 2015) and result in increased K.

It is also important to consider local ionic strength in the field.
Biochar has a higher mobility in water with a lower ionic strength
than in water with a higher ionic strength (Zhang et al., 2010). We
used low ionic strength water in our experiment; thus biochar is
more susceptible to be transported. In some cases, transported bio-
char may then form clogs in pores and reduce K. Biochar can also
act as a source of cations to the solution resulting in an increase
of ionic strength. The increase may cause a decrease in DOC con-
centration (Hruska et al., 2009) and then DOC may have less effect
on K. Although we did not observe the effect of this negative feed-
back (between DOC and ionic strength) on K in biochar–sand mix-
tures at laboratory scale, this may occur over long residence times
or more water flushing events.

Biochar concentration, biochar/soil particle size distribution
(soil texture), and application techniques should be considered
together to evaluate the most effective application scenario for
the desired field conditions. We also need to consider changes in
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water storage and K of biochar–soil mixtures when defining an
optimal biochar application rate and particle size to maximize
water retention without adversely affecting water flow. To reduce
water drainage in sandy areas, biochar particles that are finer than
soil particles may be more effective (Fig. 4). However, finer biochar
particles may introduce more DOC leaching to groundwater com-
pared to coarser biochar particles (Fig. 7), although our data sug-
gest that the overall effect of biochar on DOC fluxes is likely to
be minor. In addition, during application particles less than
2.5 lm may enter the atmosphere and become part of the PM2.5

pool, adversely affecting human health (WHO Europe, 2003) and
climate (IPCC, 2003). This risk points to the need for application
techniques that deliver biochar particles into the soil without
introducing particles into atmosphere. Ideally biochar would be
broken down into desired particle sizes only once in the soil. To
reduce groundwater pollution caused by biochar-induced DOC
leaching, pretreatment of biochar to remove leachable C may
sometimes be needed, depending on the chemistry of the biochar
used.

Our experiments suggest that biochar’s effect on soil K was
mainly controlled by interparticle space (interpores). When bio-
char particles are finer than sand particles, finer biochar filled
interpores between sands resulting in a creation of smaller pores
and an increase of tortuosity, thus decreasing K. Based on this the-
ory, we expect that biochar with low intraporosity (e.g., poultry lit-
ter) would likely also reduce soil K if biochar particles were finer
than soil particles. While biochar particles in this study were rela-
tively monodisperse, other studies with polydisperse particles
have shown similar results. Brockhoff et al. (2010) reported a
decrease in K in a sandy soil when fast pyrolysis switchgrass bio-
char was used. This switchgrass had a very fine particle size, with
approximately 20 wt%, 30 wt%, and 50 wt% of the particles coarser
than 100 lm, between 50 and 100 lm, and finer than 50 lm,
respectively (Brewer, unpublished data).

When biochar particles (0.853–2.00 mm) were slightly coarser
than sand particles (0.251–0.853 mm), biochar caused a 15 ± 2%
decrease in K. It is possible that this effect may not persist when
adding coarser biochar into soil with finer textures (e.g. clay or
silt). Indrawan et al. (2006) found that permeability of a clayey
sand was increased by mixing with either a gravelly sand or a med-
ium sand by developing large pores between particles. Similarly,
when biochar particles become much coarser than soil particles,
it may be that much coarser biochar particles increase the size of
pores between particles, driving an overall increase in K. For
instance, Barnes et al. (2014) found that adding mesquite biochar
(50 wt% of biochar particle >0.32 mm) increased the K of clay by
328%. Herath et al. (2013) observed an increase in K by 32% and
139% when adding 350 �C corn stover biochar (88 wt% of biochar
particle >0.25 mm) and 550 �C corn stover biochar (92 wt% of bio-
char particle >0.25 mm) into Alfisols (silt loam). Herath et al.
(2013) also showed that K of Alfisols (silt loam) increased by 50%
for unpyrolyzed corn stover (coarser than corn stover biochar).
This suggested that biochar may behave similarly to fresh organic
material in influencing soil K.
4.3. Implications for soil water storage

Biochar application may increase soil porosity by introducing a
significant volume of nanometer-sized intrapores (<2 nm) inside of
biochar particles (Sun et al., 2012). These intrapores may be bene-
ficial for plant growth by increasing soil water storage. However,
these intrapores may be accessible to helium but not water
because He molecules are smaller and less viscous than water
molecules; as a result, the He measurements provide an upper
limit of pore space (or /T).
Our effective porosity calculation estimated pore space that was
accessible to water. The lower effective porosity compared to total
porosity for biochar-amended sand explains the observed partial
saturation when saturation is defined based on helium pycnometry
measurements. In our concentration experiment, S decreased with
increasing biochar concentration (Table 3). In the particle size
experiment, samples with finer biochar particles were not fully
saturated (Table 3). In addition, all sand samples but not all bio-
char–sand mixtures were fully saturated. This suggested that the
hydrostatic pressure in our experiment was not high enough to
exceed the water entry pressure of some of the biochar intrapores
due to biochar’s hydrophobicity. This observation leads us to spec-
ulate that some biochar intrapores might be too small to be
invaded by water once biochar is applied near surface. If ponding
water pressure is not high enough to overcome water entry pres-
sure of smaller intrapores, biochar intrapores might not be fully
saturated. However, this partial saturation of biochar is unlikely
to significantly reduce its water storage benefits because these
nanopores are a small fraction of total biochar porosity (but only
for plant-derived chars) (Brewer et al., 2014).

The effect of biochar on soil water storage could also vary with
soil texture and biochar type. Previous studies summarized by
Masiello et al. (2015) suggested that biochar either increased or
caused no significant change in water storage, and the improve-
ment of soil water storage was largest in soils with lower water
storage capacity (i.e. sandy soil). For example, hardwood biochar
added to a sandy soil caused the largest change in water storage
(Novak et al., 2012).

4.4. Implications for C sequestration

We found that only a small portion of biochar C moved as DOC.
These findings are consistent with previous studies that reported
minimal DOC leaching from biochar-amended field plots (Bell
and Worrall, 2011; Major et al., 2010). Most of the DOC was lost
during the first flush, suggesting that the majority of leachable C
may be removed during the first rain event after the biochar
amendment. Once in the field, biochar can be microbially decom-
posed (Baldock and Smernik, 2002) and physically broken down
by processes like freezing and thawing, tillage, or bioturbation
(Spokas et al., 2014). Decayed biochar C dissolved in water leads
to further leaching of DOC. Given that more DOC and a greater frac-
tion of biochar C was lost as DOC from the finer biochar particles
(Fig. 7), physical and/or chemical weathering of biochar could lead
to further DOC loss due to increase of biochar surface area in con-
tact with water. In field applications, precipitation of iron hydrox-
ides at the oxic surface layer can remove some DOC thus reducing
DOC leaching (Riedel et al., 2013). The Pearson correlation coeffi-
cients between DOC and /T, /eff, /inter and /intra were 0.89 to
0.99, 0.89 to 0.92, 0.79 to 0.90 and 0.85 to 1.00 for all flushes in
concentration experiments and were 0.50 to 0.91, 0.49 to 0.88,
0.29 to 0.86 and 0.17 to 0.81 for all flushes in particle size experi-
ments, respectively. Meanwhile, the Pearson coefficients between
DOC and qb were �1.00 to �0.89 for all flushes in concentration
experiments and were �0.90 to �0.43 for all flushes in particle size
experiments, respectively (Table 4). The positive correlation
between DOC and porosities and negative correlation between
DOC and qb suggest that biochar carbon is more susceptible to
be transported as DOC in less dense and more pore space media.

Biochar’s effect on DOC leaching has also been shown to vary
with soil texture. Barnes et al. (2014) observed that DOC leaching
either increased, decreased, or did not change depending on the
type of soil. Increases in DOC leaching were observed when adding
biochar into C-poor sand, decreases in DOC leaching were observed
when adding biochar to C-rich organic soil, and no change
was observed when biochar was mixed to a clay-rich soil. This
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suggested that while biochar can add leachable C to the soil, it is
also capable of absorbing soil-derived C.
5. Conclusions

The hydraulic conductivity (K) of sand varied with biochar con-
centration and also with biochar particle size. Hydraulic conductiv-
ity decreased by 72 ± 3% as biochar content increased from 0 to
10 wt%. For a 2 wt% biochar, K decreased by 72 ± 2% when biochar
particles were finer than sand particles. In our concentration
experiment, despite higher total porosity (/T), the K of our bio-
char–sand mixture was the same as that of pure sand, indicating
that intrapores (pores inside of biochar particles) accessed by
helium may not be hydraulically connected or accessible by water.
The decrease of K following the addition of finer biochar particles
was likely the result of increased tortuosity and reduced pore
throat sizes in the mixture. The decrease of K associated with larger
biochar particles was likely caused by the bimodal particle size dis-
tribution in the sand–biochar mixture, resulting in denser packing
and increased tortuosity. Although the DOC in the leachate
increased with biochar concentration (by 1350% at 10 wt% biochar)
and decreased as particle size increased, only 0.06–0.18 wt% of bio-
char C was transported as DOC for all experiments. Over the long
term, effects of microbial activity, soil aggregation and climate on
biochar may alter biochar’s impact on soil hydraulic conductivity
and C mobility.
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