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Can pore-clogging by ash explain post-fire runoff?
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Abstract. Ash plays an important role in controlling runoff and erosion processes after wildfire and has frequently been
hypothesised to clog soil pores and reduce infiltration. Yet evidence for clogging is incomplete, as research has focussed on
identifying the presence of ash in soil; the actual flow processes remain unknown. We conducted laboratory infiltration
experiments coupled with microscope observations in pure sands, saturated hydraulic conductivity analysis, and
interaction energy calculations, to test whether ash can clog pores (i.e. block pores such that infiltration is hampered
and ponding occurs). Although results confirmed previous observations of ash washing into pores, clogging was not
observed in the pure sands tested, nor were conditions found for which this does occur. Clogging by means of strong
attachment of ash to sand was deemed unlikely given the negative surface charge of the two materials. Ponding due to
washing in of ash was also considered improbable given the high saturated conductivity of pure ash and ash—sand mixtures.
This first mechanistic step towards analysing ash transport and attachment processes in field soils therefore suggests that
pore clogging by ash is unlikely to occur in sands. Discussion is provided on other mechanisms by which ash can affect

post-fire hydrology.
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Introduction

Worldwide, forest and other land-clearing fires affect 3.4 mil-
lion km? annually (Giglio ef al. 2010), causing economic and
ecological impacts. Land degradation is one common effect of
fire (Shakesby and Doerr 2006; Cerda and Robichaud 2009;
Moody et al. 2013), because of increased surface runoff and
erosion due to combined effects of heat-induced soil physical
changes, soil surface changes and vegetation removal (Meixner
and Wohlgemuth 2003; Hubbert ez al. 2006; Stoof et al. 2012).
Ash plays an additional important role in controlling runoff and
erosion processes (Kutiel ef al. 1995; Onda et al. 2008; Woods
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and Balfour 2008; Bodi et al. 2014), and the type and magnitude
of response are a function of ash thickness, type, crusting
potential, and hydraulic conductivity, soil type and rainfall
characteristics (Bodi ez al. 2014). Ash can store rainfall (Nyman
et al. 2014) and thereby mitigate surface runoff and erosion for a
limited period after fire (Cerda and Doerr 2008; Woods and
Balfour 2008; Woods and Balfour 2010; Bodi et al. 2012; Ebel
etal 2012; Ledn et al. 2013), but it is also frequently suggested
that clogging of soil pores by ash is a factor in the common
increase in runoff and erosion after wildfire (Mallik et al. 1984;
Etiégni and Campbell 1991; Gabet and Sternberg 2008; Nyman
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et al. 2010; Woods and Balfour 2010; Bodi et al. 2012; Bodi
et al. 2014). Evidence for this is lacking, however, as to date,
research has primarily focussed on identifying the presence of
ash in soil (Woods and Balfour 2010; Stoof ez al. 2010). As the
mere presence of ash in soil does not indicate that it clogs pores
and blocks infiltration to the point that runoff or ponding occurs,
there is a need to elucidate the flow processes associated with the
transport and potential pore clogging of ash. This is important
because the occurrence of surface runoff after fire in general,
and specifically in ash-on-soil systems, can also be caused by
processes other than pore clogging (Bodi et al. 2014).

Interest in the fate of ash after fire is high, in part because of
its considerable carbon sequestration and water-quality impacts
(Smith et al. 2011; Santin et al. 2012; Audry et al. 2014; Costa
et al. 2014). Ash produced during fire is defined as ‘the
particulate residue remaining, or deposited on the ground, from
the burning of wildland fuels’, comprising both partially com-
busted organic material (char) and mineral components (Bodi
et al. 2014). The composition of ash varies between plant
species, combustion completeness and fire severity (Pereira
et al. 2012; Balfour and Woods 2013), with a spectrum from
black carbon-rich to white carbonate-rich ash being produced
with increasing combustion completeness and fire severity
(Goforth et al. 2005; Balfour and Woods 2013; Dlapa et al.
2013). Ash is typically deposited in 0.5-5.0-cm-thick layers
(Bodi et al. 2014) that can be quickly redistributed after fire by
wind and surface runoff (Pereira et al. 2015; Pereira et al. 2013).
Although its potential pore-clogging effect is often used to
explain reduced infiltration rates (Etiégni and Campbell 1991;
Nyman et al. 2010; Woods and Balfour 2010; Bodi et al. 2012;
Bodi et al. 2014), ash that is not crusted can be highly permeable
(56-3600 mm h~': Bodi et al. 2014) and can mediate delivery
of water to underlying layers (Ebel ef al. 2012).

That ash may cause pore clogging is a reasonable premise, as
issues with pore clogging caused by transport of fine particles
into coarser soil are well known in, for instance, wastewater
disposal, groundwater extraction and artificial groundwater
recharge (Platzer and Mauch 1997; Baveye ef al. 1998). Pore
clogging causes a gradual reduction in saturated hydraulic
conductivity of the porous medium to the point that it becomes
fully impermeable and ponding occurs, and generally occurs as
the combined interaction of physical, chemical and biological
factors (Blazejewski and Murat-Blazejewska 1997; Baveye
et al. 1998): (1) physical clogging is caused by straining and
deposition of fines at the surface (De Vries 1972), in pore necks,
or at air, water or solid interfaces (McDowell-Boyer et al. 1986;
Bradford and Torkzaban 2008); (2) chemical clogging is con-
trolled by the attachment and repulsion between colloid-size
particles and porous media, with interaction energies governing
these processes described as the sum of electrostatic and Van der
Waals forces according to Derjaguin—Landau—Verweij—
Overbeek (DLVO) theory (Bradford et al. 2013); (3) biological
clogging, finally, is caused by microbial growth (Baveye ef al.
1998).

We tested the hypothesis that ash clogs pores to the point that
infiltration rates are sufficiently reduced to generate surface
runoff. In laboratory experiments, we assessed the rapidly acting
factors underlying pore clogging, namely physical and chemical
processes. Our first objective was to elucidate how
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accumulation of ash in porous media is affected by sand texture
and ash thickness (Objective 1). Additional factors evaluated
were rainfall rate, initial moisture content and raindrop impact.
We also determined the likelihood of chemical pore clogging
(Objective 2), and the saturated hydraulic conductivity for pure,
mixed and layered sand—ash systems (Objective 3). Because the
ash literature uses the term ‘pore clogging’ in the context of
reduced infiltration and increased surface runoff, we define this
term here as the blocking of pores such that infiltration is
hampered and ponding or runoff occurs. We thereby make a
clear distinction with ash washing into pores, here defined as the
movement of ash into porous media regardless of any potential
clogging and thus ponding effects.

Material and methods
Experimental design

Objective 1 was assessed with two sets of infiltration experi-
ments visualised with a bright-field microscope (Fig. 1). The
first set (experiment A) was performed using ash collected from
a Douglas-fir (Pseudotsuga menziesii) stand burned in the 2010
Fourmile Canyon wildfire (Colorado, USA) where Ebel (2012)
and Ebel et al. (2012) studied post-wildfire hydrologic and
erosional responses. Using a factorial design, we tested effects
of ash thickness and sand texture on ash transport (Fig. 1) near
saturation. The second set of infiltration experiments (B, C and
D) assessed potential pore clogging in additional scenarios
(Fig. 1). Because ash transport in experiment A was limited,
we tested the effect of tripling the rainfall rate (experiment B),
expecting increased ash transport to increase pore-clogging
potential. As post-fire rain events typically occur when soils are
dry, we also performed the experiments using dry sand (experi-
ment C). And because raindrop impact may considerably pro-
mote ash transport into soils, we additionally took raindrop
impact into account (experiment D). Three replicates were done
for each treatment.

Douglas-fir is a common tree species throughout western
North America (Steinberg 2002), and its dense growth and
moderate surface fuel loading promote high-severity fires,
making hillslopes prone to post-fire runoff and erosion (Moody
and Martin 2001). To place the Douglas-fir ash in a broader
perspective, we analysed an additional eight wildland fire ashes
that varied in physical and chemical characteristics (Table 1,
Tables S1-2 in the Supplementary material (available online
only), Fig. S1; see Text S1 for methods). In Objective 2, we
calculated DLVO interaction energies from {-potentials mea-
sured for these ashes and for the sand used in Objective 1
(Fig. 1). In Objective 3, the same materials and a fine sand were
analysed for saturated hydraulic conductivity. We also tested
whether ash fully incorporated into the sand would reduce the
hydraulic conductivity any differently from an ash layer on top
of the sand (Fig. 1).

Experimental setup
Ash thickness vs sand texture infiltration experiment (A)
Three ash thicknesses and sand textures were evaluated: 0.5-,
1.0- and 2.0-cm thick ash — broadly representative of post-fire
field conditions (Cerda and Doerr 2008; Woods and Balfour
2008; Stoof et al. 2010), and medium sand (0.53 mm mean
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theory.

diameter, 0.45-0.60 mm range), coarse sand (0.96 mm mean
diameter, 0.85—1.15 mm range), and a 1 : 1 mixture of the two.
As real soils have poor visualisation characteristics (it is hard to
distinguish ash from soil), we used industrial hydrophilic quartz
sand (hereafter referred to as pure sand) for its good light
transmission and simple analysis of leachate. The mean pore
size, determined following Arya ef al. (1999; see also Text S1),
was 0.34 mm for medium sand and 0.62 mm for coarse sand.
Infiltration experiments were performed using a transparent
2 x 2 x 10-cm vertical flow cell that allowed simultaneous
microscopic visualisation, broadly following Morales et al.
(2009) and Sang efr al. (2014). Setup details are given in
Fig. S2 and Text S1. In short, the column was lined with wire

Experimental design of Objectives 1, 2 and 3. DLVO, Derjaguin—Landau—Verweij—Overbeek

mesh, wet-packed with pure sand and ash was added on top. A
polyester filter was used to ensure homogeneous distribution of
simulated rainfall, applied using a peristaltic pump at
45 mm h_l, a rate on the high end of rainfall intensities in the
Colorado Rocky Mountains (Moody and Martin 2001). Each
experiment lasted 2 h, such that the entire pore volume was
flushed four times under a small (3-cm) suction. Pore-scale ash
transport and attachment processes were visualised in situ using
a digital bright-field microscope (KH-7700, Hirox-USA, River
Edge, NJ). Column outflow was collected at 3-min intervals
and analysed for ash concentration at 590 nm using a spectro-
photometer. Although some components of ash are water-
soluble (Pereira et al. 2011), spectrophotometer analysis
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Table 1. Wildland fire ashes and their origin
Ash  Species Origin Fire date Comments Munsell ~ Organic WDPT®  Ash texture
colour® matter equivalent’
(%)’
A Juniper (Juniperus spp.) Fourmile Canyon Fire, 10 Sept 2010 10YR 3/1 7.7 <5s  ‘Loamy sand’
Colorado, USA

B Douglas-fir (Pseudotsuga  Fourmile Canyon Fire, 10 Sept 2010 Ash from N-facing 10YR 3/1 5.7 <5s  ‘Loamy sand’
menziesii) Colorado, USA slope

C Currant (Ribes spp.) Fourmile Canyon Fire, 10 Sept 2010 Ash from S-facing slope 10YR 2/2 13.7 <5s  ‘Loamy sand’

Colorado, USA

D Ponderosa pine (Pinus Overland Fire, Colorado, 29 Oct 2003 ~ Composite of wind- 10YR 3/1 44 <5s  ‘Fine sandy
ponderosa) and possibly ~ USA blown white ash and loam’
other species underlying black ash

E Ponderosa pine (Pinus Overland Fire, Colorado, 29 Oct2003  Recognisable charred 10YR 2/1 20.8 >1min ‘Loamy sand’
ponderosa) USA organic matter

F'  Aleppo pine (Pinus Prescribed fire near Reus, 21 May 2004 Black ash 10YR 2/1 37.0 30s ‘Loamy sand’
halepensis) Spain

G'  Aleppo pine (Pinus Prescribed fire near Reus, 21 May 2004 White ash 10YR 5/1 12.9 12s ‘Fine sandy
halepensis) Spain loam’

H>  Maritime pine (Pinus Marao River watershed, Jun 2006 10YR 3/1 41.7 <5s  ‘Loamy coarse
pinaster) and shrub near Vila Real, Portugal sand’
understorey (incl. Erica
scoparia, Pterospartum
tridentatum, Cytisus
striatus)

P’ Spruce (Picea spp.) and fir  Jocko Lakes Fire near 17 Sep 2007 Very fibrous ash with 10YR 6/1 9.3 <5s  ‘Fine sandy
(Abies spp.) Seeley Lake, Montana filaments loam’

'Ash collected by Xavi Ubeda.

2Ash collected by Maria Rosério Costa (Costa ef al. 2014).
3Ash collected by Stefan Doerr.

“Classified using Munsell Color (1975).

Determined by loss on ignition.

®Water drop penetration time.

7 Ash texture equivalent determined in suspension following Miller and Schaetzl (2012) and USDA soil texture classification (Soil Survey Division Staff 1993).

accounts primarily for the visible particles, the absorbance of
soluble ions or organics being minimal at this wavelength. The
amount of ash remaining on top was calculated as the difference
between the amount of ash in the initial ash layer and the
amounts of ash transported into the sand and leached through
the column.

After each experiment, sand was removed from the column
and sectioned into 10 depth increments (Text S1) to determine
ash distribution with depth. Transported ash amounts were
quantified from ash concentration after adding 20 mL deionised
water and quickly measuring the light absorption of its
supernatant.

Second set of infiltration experiments (B, C, D)

Experiments B, C, D (Fig. 1) were performed using the same
general procedure as described above, using the ash thickness
and pure sand texture that showed greatest ash retention in
experiment A: 0.5-cm ash and medium sand. For the high
rainfall rate experiment (B), an extreme rate (Dunkerley 2008)
of 135 mm h™" was used. To keep the number of pore volumes
flushed during a run constant, runtime was reduced to 40 min.
For the dry soil experiment (C), columns were dry-packed and
a rainfall rate of 45 mm h~' was used. Finally, for the rain-
drop impact experiments (D), columns were dry-packed, the

polyester filter covering the ash was omitted and 45 mm h™'
rainfall was applied ~0.7 m above the ash while the outlet of the
hose supplying the simulated raindrops was manually shifted to
create some scatter in the location of the drops. Splashing of ash
was not observed.

{-potential and DLVO

To assess the potential for chemical clogging, we determined
the likelihood of ash particles attaching to sand surfaces, which
depends greatly on the surface charge of both materials. In short,
we generated suspensions of ash and sand colloids (Johnson
1999; Zhang et al. 20100) to determine their electrophoretic
mobility and {-potentials. Then, total DLVO interaction energy
was calculated as the sum of Lifshitz—van der Waals and
electrical double-layer interactions. This was done for ash
particles of 1 and 10 pm interacting with pure sand in water of
1 or 10 mM ionic strength. Then, theoretical attachment effi-
ciency was calculated to quantify the tendency of ash to attach
to sand (Text S1).

Effect of ash layer or incorporation on hydraulic
conductivity

Saturated hydraulic conductivity was determined using the
constant head method (Stolte 1997) for all nine ashes, the
abovementioned medium, coarse and mixed sand, and a fine
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sand (0.20 mm mean diameter, 0.08-0.30 mm range), which
were analysed following Text S1. Effects of a 0.5-cm ash layer
and incorporation of the same amount of ash (Table S3) were
tested using Douglas-fir ash and all four sand textures. In all
cases, five replicates were performed per treatment, except for
Ash F and H (n = 3) for which little material was available.

Statistical analysis

The amount of ash in leachate, sand and on top of the sand after
experiment A was analysed using two-way ANOVAs to assess
significant effects of sand texture and ash thickness, for each
compartment separately. One-way ANOVAs were used to
assess effects of high rainfall (B), zero initial moisture (C) and
raindrop impact (D). Effects on ash distribution with depth were
analysed with factorial models fitted using residual maximum
likelihood (Text S1). One-way ANOV As were used for ash and
sand separately to identify significant differences in saturated
conductivity, organic matter, porosity, bulk density, pH, elec-
trophoretic mobility and {-potential. Effects of an ash layer and
ash incorporation on saturated conductivity as a function of pure
sand texture were assessed with two-way ANOVA. In all cases,
significant differences between treatments (P <<0.05) were
determined using least square difference (LSD) tests, and ana-
lyses were performed in R (R Development Core Team 2010).

Results
Infiltration experiment A: ash thickness and sand texture

The majority of ash remained on the sand surface during the
2-h infiltration experiments, with only a small fraction of ash
washing into the pure sand (0.5-2.3% of the original ash layer)
and leaching out of the column (0.2-0.8%). Although the
amount of ash transported into the pure sand was slightly greater
for medium sand (Fig. S3) and for the 0.5-cm ash layer (Fig. 2a),
these effects were not significant: the total amount of ash in sand
after the 2-h infiltration experiments was neither affected by
ash thickness (P =0.632), nor by sand texture (P = 0.356). The
percentage of ash washed into the pure sand was therefore
greatest for the thinnest ash layer (Fig. 2a). A significant two-
way interaction (P <<0.001) indicated that the effect of ash
thickness and sand texture on ash in the column leachate was not
as straightforward.

Dissection of the sand column after the experiment showed
that most of the ash was located in the top 1.5 cm (Fig. 2b).
A significant two-way interaction (sand texture x depth,
P =0.002) indicated that the amount of ash that was washed
in sharply decreased with depth (Fig. 2b) and was affected by
sand texture. Effects of texture were, however, only significant
for the 0-0.3-cm depth, for which medium sand contained
significantly more ash than coarse sand. There were also
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significant two-way interactions between ash thickness and
sand depth (P = 0.036) and ash thickness and sand texture
(P = 0.014), but LSD analysis revealed no significant effects
of ash thickness for any depth or texture combination.

Contrary to expectations, ponding of water on top of the ash
did not occur during any of the experimental runs. This was
despite the 45-mm h™~"' rainfall rate applied being higher than
typical rainfall intensities. Microscope images taken at and just
below the ash—sand interface show that ash accumulation
gradually increased during the 2-h experiments, and that
most of the particles were smaller than ~0.05 mm (Fig. S4,
Video S1). Although the ash particles were distributed
throughout the sand matrix (i.e. not in bands; Bond 1986),
their distribution was very sparse.

Infiltration experiments B, C, D

The second set of infiltration experiments evaluated the effects
of increased rainfall intensity (experiment B; Video S2), zero
initial sand moisture (experiment C; Video S3) and raindrop
impact (experiment D, Video S4), all significantly altering the
mass of ash transported into the pure sand (P < 0.0001), leached
out of the column (P =0.0016) and left on top of the pure sand
(P <0.0001). The 3-fold increase of rainfall intensity from
experiment A to B significantly increased ash transport (Video
S1), resulting in a 5.4-fold increase in the amount of ash washed
into the pure sand: from 2 to 11% of the initial ash layer
(Fig. 3a, b). This increase was significant for all depths but most
notable in the top 1.5 cm (rainfall rate x depth interaction
P =0.014; Fig. 2¢). The amount of ash in leachate also signif-
icantly increased from 0.06 to 0.20% of the initial ash layer
(a 3.6-fold increase), though remaining very small at 0.025 g.

Interestingly, experiment C (zero initial moisture) resulted in
equivalent ash transport to experiment B (rainfall intensity): the
drop in initial sand moisture content significantly increased the
amount of ash transported into the pure sand by 4.8-fold, from
2 to 10% of the initial ash layer (Fig. 3a—c). This increase was
significant for all depths but most evident from the ash—sand
interface to 1.5-2 cm deep — the zone where the majority of ash
accumulated (initial moisture x depth interaction P=0.011;
Fig. 2d). Despite this increase in ash transported into the pure
sand, the amount of ash in leachate did not significantly change.
This may be caused by the fact that the volume leached during
the dry-sand run (‘C’, Fig. 3) was 33% lower than during the
wet-sand run (‘A’, Fig. 3) as it took much longer for the wetting
front to reach the bottom of the column and the outflow to start
(average of 42 min instead of 3 min).

Raindrop impact (experiment D) had by far the greatest
effects on ash movement, compared with the other treatments.
It caused a significant 6.7-fold increase in the amount of ash
transported into the pure sand (from 10 to 66% of the initial
ash layer). Raindrop impact also significantly increased the ash
content of sand throughout the column, though most evidently
down to a depth of 2-2.5 cm (raindrop impact x depth inter-
action P=0.019; Fig. 2¢). The amount of ash in leachate
significantly increased by a factor 3.2, from 0.09 to 0.30% of
the initial ash layer.

Despite the considerable increase in the amount of ash
washed in for this second set of experiments (B, C, D), ponding
was again not observed during any of the runs (not even for the
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extremely high rainfall intensity of 135 mm h™ Y. Yet, although
all water readily infiltrated into the ash, there was a delay in
water being released from the ash into the underlying pure sand
(Video S5). In the dry-sand experiment (C), this delay lasted
~1 min, after which the water was released into the sand for the
remainder of the experiment.

Similarly to experiment A, we did not observe any signs of
pore clogging in the microscope visualisations of experiments
B, C, D. Ash was again distributed throughout the sand matrix,
showing both individual particles and loose clumps of particles
or ‘flocs’. Both the small (~0.02 mm) and larger particles or
flocs (0.05-0.1 mm; Fig. 4) were very mobile. Real-time
observation of flow processes furthermore showed that even
when ash particles or loose flocs appeared to be fixed in a pore,
they regularly disaggregated and moved position. This is illus-
trated in Fig. 4 and Videos S3—4. Interestingly, very small
particles were even observed to pass particles or flocs that
appeared to ‘block’ pores (Video S2), indicating that even when
ash may be temporarily positioned in pores, these pores are
essentially not blocked at all and water may still move through.

{-potential values and DLVO interaction energies

The electrophoretic mobility and {-potential data show that all
sands and ash types evaluated had broadly similar negative
surface charge (Table S4). As indicated by DLVO interaction
energy profiles (Fig. S5), there was an overall unfavourable
interaction between the colloidal ash particles (<10 pm, 5% of
all ash) and pure sand surfaces. Despite these overall unfa-
vourable conditions for attachment in so-called primary mini-
ma, these very small ash particles may be loosely retained in
secondary minima. The latter attachment increases with particle
size and ionic strength of the pore water (Text S1).

Hydraulic conductivity

Saturated conductivity of the pure wildland fire ashes (K,q)
ranged between 31 and 147 mm h™', approximately an order of
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Fig. 4. Example of movement of a large ash particle from the high-rainfall-rate experiment B (wet sand, medium texture with 0.5-cm ash layer,
135-mm h ™' rainfall rate), with 7 indicating the time from the start of this sequence of images. At =0 min (left panel), the pore in the upper right
corner is empty; after 1 min, the ash particle has appeared that after 3 min is located in the pore underneath. For 6 min, the particle seems rather stuck in

C. R. Stoof et al.

this pore, but it then moves (# = 10 min) and quickly washes down to a pore 1 mm deeper (=11 min).

Table 2. Saturated hydraulic conductivity (Ks,¢) of the pure wildland
fire ashes and pure sands
Values not sharing the same letter (lowercase for ash, uppercase for sand) for
a given material (ash or sand) are significantly different at P < 0.05

Ash or sand K (mmh™")

Ash A 92+16 ab
Ash B 147450 a
Ash C 116 £62 ab
Ash D 3147 b
Ash E 140 £+ 36 a
Ash F 42+16 ab
Ash G 10311 ab
Ash H 58411 ab
AshJ 93 +20 ab
Coarse sand 1615 +99 A
Mixed sand’ 1360 + 194 B
Medium sand 1250 £ 121 B
Fine sand 691 + 104 C

Tnne . . .
Mixed sand here is a 1 : 1 mix of coarse and medium sand.

magnitude lower than the very high conductivity of the pure
sands evaluated (Kporous medias 691-1615 mm h™!, Table 2). As
indicated by the significant interaction (P <<0.0001) between
sand texture and ash arrangement and illustrated in Fig. 5,
effects of ash layer and incorporation were strongest for the
coarser textures. Interestingly, a layer of ash had broadly similar
effects to incorporation of the same amount of ash (Fig. 5).
Incorporation of 0.5 cm ash into 3 cm sand significantly reduced
the K, of the material by a factor 2 to 7 (depending on the
texture of the pure sand) from ~690-1600 to 240-560 mm h ™',
Addition of the same amount of ash as a layer on top of the pure
sand significantly reduced the saturated conductivity of the
system 2 to 4-fold from ~690-1600 to 290450 mm h™".

Discussion
Ash transport

In line with previous experiments (Stoof et al. 2010), a con-
siderable fraction to almost the majority of the ash remained
on the surface during the infiltration experiments (Fig. 3). We
found no significant effect of sand texture on total ash transport

. 2000 - —— Pure sand

— & — Ash layer

1500 - Ash incorporated

1000

500 - ; ST l de T

Saturated conductivity (mm h~’

0 T T T
Coarse Mixed Medium Fine

Sand texture

Fig. 5. Effect of a 0.5-cm-thick layer of Douglas-fir ash and incorporation
of the same amount of ash on the saturated hydraulic conductivity of four
sand textures, with error bars indicating £1 s.d. Values not sharing the same
lowercase letter are significantly different at P < 0.05.

in experiment A (Fig. 2b, S3). This contrasts with the findings of
Woods and Balfour (2010) from thin sections taken after rainfall
experiments in the field, which showed more ash particles in
coarse than in fine-textured soil. The lack of texture effects in
our experiments may be explained by the relation between the
particle size distribution of the ash and the pore size of our pure
sands, which suggests that washing in of ash was not very
restricted: 72% of ash was smaller than the mean pore diameter
of the medium sand, and 89% of ash was smaller than the mean
pore diameter of the coarse sand (Fig. S1). The sandy loam and
loamy sand studied by Woods and Balfour (2010) were much
finer than our pure sands, suggesting that a pore size threshold
may exist (between sandy loam and loamy sand) controlling
whether ash particles can wash into soils. As transport of fine
particles into coarser material is a function of the particle size
ratio of both materials (Wu and Huang 2000; Tan et al. 2003),
this pore size threshold for downward ash transport likely varies
with ash particle size. A major difference between the present
study and Woods and Balfour (2010) is also that the latter study
was done in the field, where poorer textural sorting (B. Ebel,
pers. comm.) and soil organic matter may have facilitated
straining of ash particles. Raindrop impact, which significantly
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increases ash transport (Figs 2-3), is another explanation, and
may accentuate soil texture effects.

Of all the factors considered (ash thickness, sand texture,
rainfall rate, initial moisture and raindrop impact), raindrop
impact had by far the greatest effect on ash movement. This
strong effect of raindrop impact may not only be ascribed to
raindrops more easily entraining ash particles than gently
infiltrating water, but also to increased force pushing ash
particles into the pure sand. In the video observations (Supple-
mental material), this raindrop impact shows in pulses of
markedly increased ash transport (Video S4). Surprisingly, the
decrease of initial sand moisture content from near-saturation to
zero also had significant effects (Figs 2—3). This may be because
ash transport was not only enhanced by fluctuations in water
flow in saturated pores (Video S1-2), but because ash was also
temporarily immobilised along the edges of air bubbles (Video
S3), ash transport was additionally facilitated by the movement
of air—water interfaces (see also Saiers ez al. 2003; Zhuang et al.
2010). Although the bulk of the Douglas-fir ash is hydrophilic
(Table 1), these particles were probably hydrophobic (e.g. Bodi
et al. 2011), as they preferred the air—water interface. When the
air bubbles burst, the attached particles were released back into
the pore water (Video S3), markedly enhancing ash transport.
Even though raindrop impact can also generate air bubbles and
thereby cause similar effects, this was not observed.

Mobility of ash is also very sensitive to transient water fluxes
such as the raindrop impact-related steady intermittent move-
ment of pore water at ~10-s intervals (Video S4), and to a lesser
degree the fluxes caused by the more infrequent swapping of
the cuvette collecting the leachate. The latter experimental setup
effects are often ignored in explaining colloid retention but are
common (Zevi et al. 2006; Dathe et al. 2014) and therefore
should be investigated more. Interestingly, the regular pulsing
caused by raindrops was also seen in dry sand without raindrop
impact (Video S3), suggesting that even gentle application of
water drops on ash slightly increases flow rates and facilitates
ash transport.

Physical and chemical pore clogging

Microscope observations of real-time infiltration (Fig. 4, S4,
Videos S1-S5) supported quantitative evidence (Figs 2, 3, S3)
that ash was transported into the pure sands. Despite frequent
assumptions in field experiments (Etiégni and Campbell 1991;
Nyman et al. 2010; Woods and Balfour 2010; Bodi et al. 2012;
Bodi et al. 2014), widespread pore clogging was not observed
and ponding did not occur during any of our laboratory
experiments. We observed an interesting balance between the
washing in of ash and its mobilisation with rainfall rate. With
increased infiltration or rainfall rate, not only the total ash
transport (Figs 2-3) but also the pore-scale water flow rate
increased. Although having more ash would suggest a higher
pore-clogging potential, the increased flow in pores essentially
reduces the likelihood of clogging because of increased particle
mobility (Bradford and Torkzaban 2008). In general, very little
ash washed into the pure sand, and ash particles or flocs were
often located in pore necks (at the grain—grain contact, Fig. 4)
and at the air—water interface (Video S3). These loosely attached
ash particles and flocs were rather mobile (Fig. 4, Videos S3—4)
with small particles even being able to pass pores in which ash
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flocs were (temporarily) located (Video S2). Any ash located in
pore necks therefore seems temporary, and not completely
blocking water flow. This indicates that even if individual pores
are actually blocked, significant overall permeability changes
are unlikely owing to (1) the small fraction of pores affected by
the low amount of ash transported into the sand; (2) water flow
pathways in porous media not being straight but inherently
tortuous (Vervoort and Cattle 2003; Cai and Yu2011; Video S2)
such that even when one pore is blocked the water can go
somewhere else; and (3) the quite high saturated conductivity
of pure ash and ash—sand mixtures (Table 2; Bodi et al. 2014),
indicating that even ‘blocked’ pores may be rather water
permeable.

The unlikeliness of pore clogging by ash is supported by the
fact that pronounced electrostatic attraction of ash to sand is
improbable, as both materials have an overall negative surface
charge (Table S4). For colloidal ash (<10 pm), generally
unfavourable deposition onto the pure sand surface is expected
based on DLVO theory (Fig. S5). Although this applies to our
smallest 5% of particles only, based on video observations
(Supplemental material), it is not expected that the larger
particles attach either. Despite these overall unfavourable con-
ditions for attachment in primary minima, weak attachment is
expected at secondary minima that becomes increasingly strong
with ash particle size or pore-water ionic strength. Nevertheless,
even weak attachment of ash does not appear to block water
flow, as can be seen in Video S2 and in other studies (Zhang
et al. 2010a; Sang et al. 2013).

As field soils and organic matter are also negatively charged
above pH ~3 (Kretzschmar and Sticher 1997; Fernandez
Marcos et al. 1998; Taubaso et al. 2004), electrostatic repulsion
of ash is likely also the case in most field situations. A limited
degree of electrostatic attraction may however occur for soil
particles coated with metal oxides that are positively charged
(Fernandez Marcos et al. 1998; Wang et al. 2013). Such
positively charged patches may serve as favourable retention
microsites for negatively charged ash, facilitating potential
attachment of ash in pores.

Hydrologic implications

The observation that much ash does not wash into sand or soil
(Figs 2, 3; Stoof et al. 2010), indicates its susceptibility to
aboveground relocation by water and wind, and the vulnerability
of surface waters to ash contamination. The ash that does wash
in is distributed in a steep gradient with depth (Fig. 2), sug-
gesting that soil hydraulic changes due to ash such as increased
water retention (Stoof et al. 2010; Ebel 2012) are limited to the
upper few centimetres. The exact depth will likely depend on
ash, soil and rainfall characteristics, and initial soil moisture
content at the time of the rain event.

It is important to note that the laboratory experiments
discussed here all evaluated the effects of a first and single
rainfall event. Although potential pore clogging by ash has been
used to explain surface runoff after the first post-fire rains
(e.g. Woods and Balfour 2010), clogging of porous media
typically takes several weeks to months of infiltration to become
fully effective and cause ponding (Blazejewski and Murat-
Blazejewska 1997; Platzer and Mauch 1997; Baveye et al.
1998; Wu and Huang 2000), depending among other things on
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the characteristics of the porous medium and the overlying fine
material (e.g. particle size distribution, porosity), the flow rate
through the porous medium, and the availability of the fine
material. In the case of ash, both ash characteristics and
immobilisation can be considerably affected by drying
and wetting cycles occurring between rain events. Wetting
and subsequent drying of ash can for instance markedly change
its mineralogical composition (Bodi et al. 2012), which may
cause severe crust formation (Balfour ef al. 2014). Like raindrop
impact (Video S4), intermittent drying and wetting can increase
ash transport during the wetting phase, as ash may irreversibly
attach to the sand during the drying phase like colloids do, when
the meniscus dries out. Potential effects of multiple wetting and
drying effects therefore remain to be investigated, for different
types of ash.

Alternative hydrologic effects of ash

The experiments described here evaluated whether pore clog-
ging by ash can explain post-fire runoff. Yet, as recognised by
others (e.g. Meixner and Wohlgemuth 2003; Larsen et al. 2009;
Moody and Ebel 2012; Stoof et al. 2012), increased post-fire
runoff and erosion are not caused by one single factor, but rather
the interaction of several factors. Post-fire infiltration may be
reduced by surface sealing but also by fire-induced changes in
soil texture and aggregate stability, or by increased soil water
repellency (Martin and Moody 2001; Larsen et al. 2009; Mataix-
Solera et al. 2011; Stoof et al. 2011). Although our findings
demonstrate that pore clogging of ash in pure sand is unlikely
responsible for surface runoff, our data offer three alternative
mechanisms by which ash affects post-fire hydrology, all related
to fine-on-coarse systems: (1) saturated conductivity differ-
ences; (2) delay of water release from ash; and (3) ash overlying
water-repellent soil.

Considering saturated conductivity, simply having a layer of
ash can considerably reduce permeability of fine to coarse sands
(Fig. 5). This reduction is in line with very basic theories for
water flow (Fetter 2000), and is similar to the effects of soil
water repellency on infiltration (e.g. Fox et al. 2007; Nyman
et al. 2010). The impact of this ash layer is a function of the
permeability of both ash and the underlying porous medium
(pure sand in the present study, soil in field situations). For
two-layer systems where Kygh < Kporous medium» Kash Will reduce
overall permeability such that Kiq1 < Kporous medium- This is, for
example, the case for our highly permeable pure sands (Fig. 5)
and when our ashes overlie sandy soils (210 mm h™'; Rawls
et al. 1982). In the field, the exact reduction will be determined
by a range of factors, including the amount of ash present, its
permeability, the permeability of the underlying soil, the degree
to which ash has washed into the soil, and the hydrophobicity of
the ash. In the case of our Douglas-fir ash overlying Rawls
etal.’s (1982) 210-mm h™" sandy soil, the reduction is probably
smaller than the 2 to 7-fold reductions observed for the more
permeable pure sands in Fig. 5. For two-layer systems where
Kash > Kporous mediums, 0Verall permeability will not be limited by
ash, such that Kiya ~ Kporous medium- This is the case for
extremely permeable ash (720 or 3600 mm h™'; Bodi et al.
2014) and for low-permeability soils such as loams and clays
(13.2 and 0.6 mm h™" respectively; Rawls er al. 1982). As the
saturated conductivity of ash is typically not that extreme, but
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rather 56-165 mm h™' (Bodi et al. 2014), Ky > Kporous medium
situations caused by extremely permeable ash are likely rare and
will probably mostly occur because of low soil permeability.
The high K, values also indicate that infiltration excess runoff
from ash will generally occur during rain events of extreme
intensity; yet, as reported by Ebel ez al. (2012), it can still occur
when ash permeability is very low (8.6 mm h™").

The delay of water release from the ash into the underlying
sand (Video S5) is typical for fine-on-coarse layered systems,
and is caused by the difference in pore sizes of both layers. Such
textural interfaces can form capillary barriers (Smesrud and
Selker 2001; Kinner and Moody 2010) that hold percolating
water in the fine-grained layer by capillary forces (Steenhuis
et al. 1991; Schroth et al. 1998). Water in unsaturated porous
media does not flow through the largest pores but rather through
the smallest pores possible, owing to the fact that a lower
pressure is required for water to flow into a small pore than a
large pore. As capillary forces hold water in the fine top layer in
fine-on-coarse systems, water pressure builds up until it exceeds
the air entry value required to flow into the larger pores in the
layer underneath (Baker and Hillel 1990; Steenhuis ez al. 1991).
Flow below capillary barriers can be highly unstable, typically
inducing preferential finger flow even in fully homogeneously
textured and structured media (Baker and Hillel 1990; Steenhuis
et al. 1991). This ash-induced preferential flow can explain the
irregular soil-wetting patterns found by Bodi et al. (2012) under
ash layers, and cause preferential leaching of infiltrated water to
deeper layers (Ritsema and Dekker 1995), increasing base flow.
By inducing preferential flow due to these capillary barrier
effects, ash layers may contribute to the increase in streamflow
volumes (Stoof e al. 2014) that are commonly observed post-
fire (Scott 1997; Stoof et al. 2012).

More relevant to surface runoff, capillary barriers can also
cause lateral flow through the fine top layer (Ross 1990;
Steenhuis et al. 1991), as previously observed in ash layers
(Kinner and Moody 2010; Bodi et al. 2012) and soils (Ross
1990; Schroth ef al. 1998) and utilised in hydraulic isolation of
waste (Smesrud and Selker 2001). The spatial extent of this
lateral flow is in the order of metres (Ross 1990), with flow
occurring in the unsaturated ash until the combined effect of
rainfall and lateral flow cause the suction in the ash layer to
exceed the air entry value of the coarser soil. Although capillary
barrier effects thereby may explain the occurrence of unsatura-
ted flow in ash-on-coarse soil systems, they cannot explain
saturated flow through such ash layers without taking soil water
repellency into account. Infiltration into wettable soils, which
have negative air entry pressures (Baker and Hillel 1990), will
already occur when ash is unsaturated. This is in contrast to
water-repellent soils, which have positive air entry pressures
(Wang et al. 2000) and therefore require ponding (and thus
saturation) to allow water infiltration. Capillary barrier effects
caused by a layer of fine ash over coarse soil may therefore only
cause saturation excess runoff when the underlying soil is water
repellent.

Conclusions

In infiltration and visualisation experiments using ash overlying
sand, only small quantities of ash were transported into the pure
sand or leached out, with the majority remaining on the surface.
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Transport of ash into the pure sand was most increased by
raindrop impact, and similarly increased for completely dry
sand. Although these experiments confirm field and laboratory
observation of ash presence in pores, physical clogging of pores
to the point that water infiltration is blocked and ponding occurs
was not observed. Chemical clogging by attachment to pure
sand particles is also unlikely, given the negative charge of ash
and sand. And finally, because of high saturated conductivity,
ash will generally be able to absorb also the highest rainfall
intensities, even when mixed with or transported into porous
media. This suggests that pore clogging is an unlikely cause of
surface runoff from sands. Although these small-scale labora-
tory experiments using pure sand do not account for the full
complexity of processes occurring in field soils (e.g. the pres-
ence of organic matter, water repellency, surface charge
heterogeneity), the fundamental mechanisms described here
regarding physical and chemical clogging processes are
instrumental in understanding the fate of ash in more complex
systems. This study is therefore a first step towards analysing
ash transport and attachment processes in field soils. Additional
research into how interactions between ash, soil and rainfall
characteristics affect soil hydrology can further elucidate the
drivers and impacts of ash transport in the field. This is not only
relevant from a hydrological perspective, but also to understand
potential effects of ash on soils (Badia et al. 2014; Rubio 2014),
carbon sequestration and water quality in burned areas.
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