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ABSTRACT

Wildfires frequently threaten water quality through the transfer of eroded ash and soil
into rivers and reservoirs. The ability to anticipate risks for water resources from wildfires
is fundamental for implementing effective fire preparedness plans and post-fire mitigation
measures. Here we present a new approach that allows quantifying the amount and
characteristics of ash generated under different wildfire severities and its respective
water contamination potential. This approach is applied to a wildfire in an Australian dry

sclerophyll eucalypt forest, but can be adapted for use in other environments.

The Balmoral fire of October2013 affected 12,694 ha of Sydney's forested water supply
catchment. It produced substantial ash loads that increased with fire severity, with 6, 16
and 34 Mg ha' found in areas affected by low, high and extreme fire severity,
respectively. Ash bulk density was also positively related to fire severity. The increase
with fire severity in the total load and bulk density of the ash generated is mainly
attributed to a combination of associated increases in (i) total amount of fuel affected by
fire and (ii) contribution of charred mineral soil to the ash layer. Total concentrations of
pollutants and nutrients in ash were mostly unrelated to fire severity and relatively low
compared to values reported for wildfire ash in other environments (e.g. 4.0-7.3 mg As
kg™;2.3-4.1 Bmg kg™; 136-154 P mg kg™'). Solubility of the elements analysed was also
low, less than 10% of the total concentration for all elements except for B (6-14%) and
Na (30-50%). This could be related to a partial loss of soluble components by leaching
and/or wind erosion before the ash sampling (10 weeks after the fire and before major

ash mobilization by water erosion).
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Even with their relatively low concentrations of potential pollutants, the substantial total
ash loads found here represent a water contamination threat if transported into the
hydrological network during severe erosion events. For example, up to 4 Mg of ash-

derived P could be delivered into a single water supply reservoir.

Keywords: forest fire, bushfire, ash chemistry, water quality, soil erosion.



42

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

1. Introduction

Forest catchments are an important source of drinking water in many regions of the world
and hence forest conservation is a fundamental part of the integrated management of
water resources (Dudley and Stolton, 2003). Wildfires are one of the most important
perturbations in forested regions that are subject to prolonged dry spells, with direct
implications for water quality. In the dry temperate forests and woodlands of south-
eastern Australia, wildfires are particularly frequent, with extensive wildfires having
affected forested reservoir catchments since their establishment. Despite efforts of land
and water managers to mitigate their effects, severe wildfires have impacted a range of
forested water supply catchments in recent years (Sydney 2001 & 2013, Canberra 2003,
Adelaide 2007 and Melbourne 2009; Smith et al., 2011). Moreover, future projections
postulate a widespread increase of fire activity in this region, driven not only by climate
but also by human factors and complex ecological interactions, with substantial financial
and societal implications (Clarke et al., 2011; Doerr and Santin, 2013). The ability to
anticipate the potential threats for water resources from wildfires is therefore of major
importance to land and water supply managers not only in Australia, but also in many
other fire-prone regions of the world. Identification and prediction of the main threats can
help to implement not only effective fire response and preparedness plans, but also

effective post-fire mitigation measures.

The main water contamination threat from wildfires is the post-fire enhancement of soil
erosion and sediment transfer to surface water bodies due to the removal of vegetation
and litter, the decrease in soil stability and increased runoff (Shakesby and Doerr, 2006;
Malvar et al., 2011). However, enhanced post-fire soil erosion and runoff do not always
lead to major erosion events, because i) impacts of fire on soil properties are not always
consequential, i) specific terrain conditions limit the erosion risk, and/or, jii) rainfall after
fire is not intense/early enough to cause an erosive response (Moody et al., 2013). For
example, in this context, previous research in the greater Sydney catchment region
following severe and extensive wildfires in 2001, demonstrated that the sandstone terrain
in this region is relatively resilient to fire-induced soil erosion compared to what has been
reported from most other terrain types elsewhere. Annual soil erosion rates (and
associated water contamination potential) in the post-fire period (0-2 yr) were modest (2-
50 Mg ha™') when compared to fire-affected terrain in the USA or Spain (20-200 Mg ha’
') due to the permeable geology and the abundance of preferential flowpathways in the

soil, despite very high levels of soil water repellency (Shakesby et al., 2007).
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In addition to post-fire soil erosion and its associated risks, there is an often-neglected
component present in the burnt landscape with important implications for water
contamination: ash. In the context of wildfire, ‘ash’ is defined as the ‘particulate residue
remaining, or deposited on the ground, from the burning of wildland fuels (i.e. biomass,
necromass and soil organic matter) and consisting of mineral materials and charred
organic components’ (Bodi et al., 2014; p. 104). This highly erodible material can be
rapidly mobilised both by wind and water erosion and transferred into water bodies. Ash
quantity and composition is very variable, but overall, ash-derived nutrients and minor
elements can have a major impact on water quality (Smith et al., 2011; Costa et al. 2014).
Although wildfire ash is generally more erodible than soil due to its loose nature and
lower bulk density, it is usually not examined as a distinct part of the sediment transported
by wind and water erosion, and its associated water contamination potential has rarely
been examined (Bodi et al., 2014).

To address this research gap we examined the properties and potential water quality
implications of the ash layer deposited during a severe wildfire in a dry sclerophyll
eucalypt forest south-west of Sydney, Australia. The Balmoral wildfire of October 2013
affected parts of greater Sydney’s drinking water supply catchment area (Fig. 1) and
raised concerns about the risk of water contamination from post-fire erosion (Murphy,
2014). Specific aims of the study were to examine the role of fire severity (i.e. degree of
destruction of vegetation, and ground fuels) in determining (i) total ash loads (ii), ash
chemical composition for constituents relevant to water quality, and (iii) the associated

risks for water contamination.

2. Materials and methods
2.1 Study area and site selection

The climate of the study area (Fig. 1) is humid temperate with moist summers and cool
winters and no marked dry season. Mean annual rainfall is 900-1000 mm, with extremes
of 400 and 1600 mm. The bedrock comprises mainly quartzitic Hawkesbury Sandstone
with shale outcrops and soils range in texture from sandy to sandy clay loams (Doerr et
al., 2006). Deep canyons and gorges with intervening ridges and gently-sloping plateaus
characterise the landscape, with the dominant vegetation cover being dry eucalypt forest
with a dense shrubby understorey (Keith, 2004). The fire return interval in the area is in
the order of 14-21 years (Enright et al., 2012). The study area had not burnt since a

controlled fuel reduction burn in October 1996 (i.e. time since fire = 17 years).
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The Balmoral wildfire burnt, between 17" and 30" of Oct. 2013, over 16,000 ha including
12,694 ha of dry, shrubby sclerophyll eucalypt forests in the water supply catchments
managed by Water New South Wales (Water NSW) (Murphy, 2014). It affected parts of
greater Sydney’s drinking water supply catchment area including the Nepean and
adjacent catchments (Fig. 1). Sampling sites were selected along a ridge typical of the
region (Fig. 1) with a relatively homogeneous fuel load of 25-30 Mg ha™ (fuel loads
comprising ground (litter, herbs and grasses), understory, bark and canopy fuels <1 cm;
diameter estimated according to Chafer et al. (2004)). Dominant canopy vegetation
comprised scribbly gum (Eucalyptus sclerophylla), stringybarks (E. eugenioides, E.
oblonga) and ironbark (E. fibrosa) with a shrub layer up to 4 m high dominated by Banksia
sp, Leptospernum sp, Acacia sp and Petrophile sp. The proportion of the different fuel
components before the fire in the study area was: litter 40.2+2.9%, understory
36.1+2.6%, bark 10.2%%1.4, and canopy 13.61£0.6 (Chafer unpublished data). Despite
the terrain homogeneity, wind-driven differences in fire behaviour (winds greater than 45
km h™ and blowing perpendicular to the orientation of the ridge) resulted in a range of
fire severities along the length of the ridge (Fig. 1). This provided an ideal context to
examine ash production in relatively homogenous areas impacted by different fire
severities. In the present study, fire severity is defined as the degree of destruction
(consumption) of aboveground and ground fuels (< 1 cm diameter), based on the
classification established for this region by Chafer et al. (2004) and Chafer (2008). It uses
remote sensing standard methods (differenced normalised burn ratio obtained from
Landsat imagery immediately before (~1 day) and after (~1 week) the fire) validated by

on site assessment of fuel consumption completeness. It has five fire severity classes

(Fig. 1):

i) Low fire severity: ground and understory (< 0.5 m high) fuels burnt. Canopy
unaffected.

ii) Moderate fire severity: ground and understory (< 4 m high) fuels burnt. Canopy
unaffected.

iif) High fire severity: ground and understory (< 4 m high) fuels consumed. Canopy
scorched.

iv) Very high severity: all available fuels consumed, including stems < 0.5 cm thick.

v) Extreme fire severity: all available fuels consumed, including stems < 1 cm
thick.

Three fire severities were sampled, which allowed covering the full width of severity
classes: low, high and extreme (Fig. 1). In addition to the burnt sites, one unburnt site

was also sampled as a control (Fig. 1). All sampling sites were selected in flat areas

5



151
152
153
154
155
156
157
158
159
160
161
162
163
164

165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

(slope angles 0-2.5°) to minimise any risk of redistribution of ash by water erosion having

occurred between the fire (late Oct. 2013) and sampling (early Jan. 2014).

Total rainfall between the wildfire and sampling was 148 mm, distributed over 18 rainy
days and with a maximum daily precipitation of 31 mm (data from Buxton Station
N.068166, ca. 8 km northwest of the study ridge). At the time of sampling no signs of
redistribution of ash by water erosion were evident at the study sites. However, the
lightest component of ash was not found (i.e. the white-grayish mineral-rich ash formed
by high combustion completeness and generally located on top of the darker and organic
richer ash; Bodi et al., 2014). It is therefore assumed that this light ash material had
suffered redistribution since the fire by wind erosion or had been partially lost by

dissolution and leaching.

2.2 Sampling procedure

Within each of the three fire severity classes studied (extreme, high and low), three
comparable sites were sampled as replicates (Fig. 1). At each replicate site, three
parallel transects (A, B, C) with a length of 18 m and 6 m apart were laid out in the
direction of the fire propagation (W-E) (Fig. 2a). At each transect (A, B and C), 10
sampling points (every 2 m) were established, resulting in a total of 30 sampling points
per sampling site (Fig. 2a,b). At each sampling point, a square (400 to 600 cm?; size
depending on site conditions) was delimited and the ‘non-cohesive’ layer collected with
a brush (Fig. 2c¢). This material, referred to in this study as ‘ash’, is a mix of burnt residues
from litter, understory and overstorey, together with burnt surface mineral soil which has
lost its structure and became part of the ash (Bodi et al., 2014). This ‘non-cohesive’ ash
layer was consistently darker and more wettable than the underlying uncharred soil (Fig.
2d), which was brighter in color and water repellent at all sites and sampling points
irrespective of fire severity (i.e. resisted water drop infiltration > 5 s; Doerr, 1998). At the
time of ash sampling, materials > 1 cm were removed, including also any unburnt

material that had fallen to the ground after the fire (e.g. dead tree leaves and bark).

For each sampling point 1-10 (Fig. 2a), the samples of the three transects with the same
number were pooled together to generate 10 composite samples per site (e.g. sample
number 1 = A4+ B4+ C4). This resulted in 30 ash samples per fire severity class. The air-
dry weights of the different ash subsamples (i.e. A,, B, and C,,) were recorded separately
before pooling them so that variability within the sampling could be accounted for when
estimating ash loads (Mg ha™) (i.e. 30 ash weights per sampling site; 90 ash weights per

fire severity class).
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After the sampling of the ash, samples of the soil layer not directly affected by the fire
were taken. For this, the soil surface that had been in contact with the ash layer was
carefully scraped to remove any charred residue and samples of ‘subsurface soil’, from
~3 to ~8 cm soil depth from the mineral soil surface, were collected at the sampling points
As, Bs and Cs using a 5 x 5 cm sampling core. This resulted in 9 ‘subsurface soil’ samples

per fire severity.

To provide control samples, an adjacent area not burnt by this fire was sampled (Fig. 1).
Three parallel transects were laid out in the same way as in the burnt sites (Fig. 2a).
First, the litter layer was taken from a square of 30 x 30 cm at each sampling point (10
per transect; i.e. n = 30). Secondly, the uppermost surface soil layer, organic rich and of
low cohesion, was sampled from the same 30 x 30 cm square (n = 30). Lastly, samples
of ‘subsurface soil’ (from ~3 to ~8 cm soil depth from the mineral soil surface) were taken
using the 5 x 5 cm sampling core at sampling points As, Bs and Cs. Litter samples were
pooled together to generate a composite litter sample, and three replicates used for

further analyses.

2.3 Laboratory analysis

All samples were air-dried and their mass determined using a two-figure balance. In
order to estimate the bulk density of the ash layer, selected air-dried samples (12 per fire
severity) were placed into a 100 cm® cylinder and their net weights recorded. Soil
samples were sieved to remove any rock fragments and organic materials > 2 mm in
size, and a subsample was ground for analysis. For ash samples, sieving was not
necessary as all material < 1 cm is considered as ash, but a subsample was ground for
further analysis to reduce variability between subsamples. From the total sample set, a
representative subset was selected for further analysis: 27 ash samples (composite
sample numbers 1, 5 and 10 at each sampling site; i.e. 9 samples per fire severity); 12
samples of ‘subsurface soil’ (sampling point Bs at each sampling site, i.e. 3 samples per
fire severity; and sampling points As, Bs and Cs at the unburnt control); 9 samples of the
organic-rich surface soil layer at the unburnt control (A45 10, B15s10, and Cq549); and 3

samples of litter also from the unburnt control.

Total N and C concentrations (g or mg kg™ ash/soil, dry weight) were determined in

ground samples using a Leco TruSpec CHN analyser.
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Leaching tests were carried out according to the methodology of Hageman (2007). This
test is used to determine the amount of the water-leachable/water-soluble constituents
that may be mobilized by dissolution when the ash or soil comes in contact with rain. 3
g of sample (ground ash or < 2 mm unground soil) were weighed into 125 ml bottles.
Then 60 ml ultrapure water (sample:water ratio 1:20) was added and the bottles were
capped and shaken for 5 minutes. After shaking, the contents were allowed to settle for
10 minutes. After settling, pH and electric conductivity (EC) were measured in the
unfiltered leachate (sample:water ratio 1:20). The pH was measured with a Crison
micropH 2000 pH meter, with buffer solutions of pH 4, 7 and 9 and EC was measured

with a Crison GLP 31 apparatus, previously calibrated with a 0.1 M KCI solution.

The leachate was then filtered using a 0.45 ym pore-size nitrocellulose capsule filter. A
sub-sample of the filtrate was collected in plastic bottles and refrigerated. Another sub-
sample of the filtrate was acidified to pH < 1.5 with HNO3; 65% pure for atomic absorption
spectroscopy and inductively coupled plasma mass spectrometry analysis. Leaching

tests were not applied to the litter samples.

Phosphate (PO4*) and ammonium (NH,") concentrations (mg I'') were determined in
filtered leachate (sample:water ratio 1:20) using a Jasco V-630 spectrophotometer.
Fluoride (F') concentrations (mg I"') were also measured in filtered leachate using an ion-
selective fluoride electrode (Metrohm 692 pH/lon Meter). Subsequently, the data

obtained (mg I'") were converted to mg kg™ ash/soil (dry weight).

Concentration of major (Ca, K, Mg, Na, P) and minor (B, Cu, As, Cd, Hg and Pb)
elements were determined using Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) using a VARIAN 820-MS ICP-MS spectrometer. Concentrations of Fe, Al and Si
were determined by atomic absorption using a Perking Elmer Atomic Absorption
Spectrometer 1100B. Analysis was conducted on (i) acidified (pH < 1.5) filtered leachate
(sample:water ratio 1:20) and (ii) acid extracts of bulk samples obtained by total
digestion: 9 ml of HNO3; 65% pure and three ml of HCI 37% pure were added to 0.5 g of
ground sample and this subjected to microwave digestion (Ethos Plus Milestone
microwave) at 200 °C during 50 minutes. Afterwards, the extracts were completed to 50
ml with ultrapure water (sample:solution ratio 1:100). The concentrations obtained (mg
or ug I") were subsequently converted to g, mg or pg kg~ ash/soil (dry weight).
Additionally, one ash sample from each fire severity (low, high and extreme) was
analyzed by scanning electron microscopy with energy dispersive x-ray spectroscopy
(SEM-EDS; ZEISS, model EVO515).
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2.4 Statistical analyses

Statistical analyses were performed with the software IBM SPSS Statistics 19. The level
of significance used for all tests was 5% (i.e. a = 0.05). To analyze the differences in ash
(or soil) properties between fire severities, one-factor ANOVAs were performed using fire
severity as the independent factor. Before the ANOVAs, the equality of variances for the
studied groups (i.e. fire severity classes — including ‘unburnt control’ for soil analyses)
was tested by the Levene’s homoscedasticity test. In the cases where differences in
arithmetic means among classes were found to be statistically significant and variances
for the studied fire severity classes equal, the post-hoc Duncan’s multiple range test was
performed to identify classes with significantly different means. In the cases of unequal

variances, the post-hoc Tamhane’s T2 test was performed instead of Duncan’s.

2.5 Water contamination potential calculations

The maximum water contamination potential from wildfire ash for the elements analysed
in this study, i.e. maximum ash inputs into the sub-catchments affected by fire, was
estimated using a ‘worst-case’ scenario. In this hypothetical scenario all the ash
generated is mobilized into the hydrological network. First, the ash loads (Mg ha™) were
modelled over the study area based on Landsat 8 satellite image analysis and the field
data collected here(Chafer et al. submitted). Afterwards, the total amounts of ash
produced at each fire severity class for the five burnt sub-catchments were calculated
and combined with the average concentration of each element in the ash characterized
for each fire severity class studied (Table 1). Given that ash produced in the two
intermediate fire severity classes (i.e. moderate and very high) was not available for
analysis, element concentrations in these classes had to be estimated. We therefore
used values from the class immediately below or above, applying the higher of the two
values for each element studied. This approximation for these two intermediate classes
was chosen because the aim was to derive the ‘worst-case’ scenario, and, therefore,
overestimation was preferable to underestimation. Using the same approach, the
maximum water contamination potential from water-soluble elements was also
estimated, by multiplying the total amounts of ash produced by the average

concentration of soluble elements in the ash generated in each fire severity class.

3. Results and Discussion

3.1 Ash loads and ash bulk density
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Ash production, expressed as total ash loads (Mg ha™), increased significantly with fire
severity (Fig. 3). Extreme fire severity was associated with the highest ash production
(34.2+2.1 Mg ha™') whereas production at high fire severity sites was less than half
(15.9+0.9 Mg ha™). At low fire severity the ash production was the lowest, almost six
times less than at extreme fire severity sites (6.0£0.7 Mg ha™"). Ash bulk density (g cm™)
also increased notably with fire severity (Fig. 3), although the difference between fire
severity classes was only statistically significant between low severity (0.35£0.05 g cm’

%) and high + extreme severities (0.54+0.04 and 0.59+0.03 g cm™, respectively).

The ash loads and bulk density values determined for our study sites were similar to
those found for conifer forests in USA and Spain, where total ash loads ranged from 15
to 150 Mg ha™ and bulk density values ranged from 0.18 to 0.62 g cm™ (Goforth et al.,
2005; Cerda and Doerr, 2008; Woods and Balfour, 2008). The only relevant study in
Australian eucalypt forest known to the authors was carried out by Santin et al. (2012)
who investigated ash production in mature wet eucalypt forest near Melbourne affected
by extreme fire severity during the 2009 ‘Black Saturday’ fires. They reported very similar
ash bulk densities (0.3-0.6 g cm™), but much higher total ash loads (61-116 Mg ha™) to
those presented here. This is likely to be due to higher fuel loads and greater overall fire

severity for the ‘Black Saturday’ fires (Santin et al., 2012).

None of these previous studies have examined the role of variable fire severity in the
absolute amounts of ash generated. Pereira et al. (2013) reported thinner ash layers
generated under higher severities during a wildfire in a Mediterranean pine forest. They
found a significant relationship between ash colour and thickness of the ash layer present
immediately after the fire and suggested that brighter ash colours were associated with
a thinner ash layer because they indicate higher fuel combustion completeness (i.e.
higher fire severity). Along these same lines, Hudak et al. (2013) found a positive
correlation between surface fuel consumption and proportion of white ash covering the
ground after eight prescribed fires in four fuelbed types. Indeed, higher wildfire severities
are usually related to higher fuel combustion completeness (Chafer et al., 2004), which
reduces total mass of ash produced for a given fuel load and type. However, total ash
loads depend not only on combustion completeness, but also on total amount of fuel
affected. Under higher fire severities, more fuel (i.e. dead and live available biomass) is
affected by fire, which can lead to the overall positive relationship between fire severity
and total ash loads observed here. In addition to this, it is important to consider that not
only biomass from the vegetation and litter is available for burning. Soil organic matter is
also a potential fuel. When wildfire affects soil, the uppermost surface soil layer may loss

its structure and become part of the ash layer itself (Bodi et al., 2014). This mineral-

10
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enriched soil-derived material can, therefore, be an important contributor to total ash

loads.

The contribution of burnt surface soil material is likely to increase with fire severity due
to associated greater depth of heat penetration and combustion of soil organic matter.
This link between fire severity and effects on the soil was already observed in the greater
Sydney region by Chafer (2008), who found, for two small wildfires, a positive correlation
between mean soil charring depth and fire severity. The increasing contribution of soil-
derived material to ash with increasing fire severity could, in part, explain not only the

higher ash loads but also the higher ash bulk density at higher fire severities found here
(Fig. 3).

3.2 Ash and soil chemical characteristics
3.2.1 Ash bulk composition

The concentrations of the analyzed elements in the ash generated under different fire
severities are shown in Table 1. Results are discussed by groups of elements: i) ‘biogenic
elements’ (B, C, Ca, Cu, K, Mg, N, Na, P), macro and micronutrients mainly derived from
biomass/necromass; ii) ‘lithogenic elements’ (Al, Fe, and Si), mainly derived from mineral
soil and thus present in much higher concentrations in soils than in vegetal material (see
Table 2); and iii) ‘toxic elements’ (As, Cd, Hg, Pb), derived from several sources but

particularly potent as water pollutants, (Bashkin, 2002, Kataba-Pendia 2010).

For biogenic elements, litter was richer than soils in B, Mg or Na (Table 2). Thus, it is
very probable that litter was a major source of these elements for the ash, provided that
the temperatures reached during the fire had not led to major losses (e.g. Mg is volatilized
at ~1100 °C and Na at ~900 °C; Bodi et al., 2014). Overall, the biogenic elements
analysed did not follow a single trend with fire severity. Concentrations of N, Mg and P
were similar irrespective of fire severity, but other elements displayed significant but
different trends (Table 1). B and K contents increased with fire severity (from 2.94£0.3 to
4.1+0.3 mg kg™ for B and from 1.0+0.1 to 1.5+0.1 g kg™’ for K), whereas Ca content
decreased (from 3.6+0.4 to 2.3+0.1 g kg™'). Na concentrations were similar for low and
high severity samples (119.4+7.9 and 118.68.2 mg kg™"), but were significantly higher
in ash formed under extreme fire severity (141.946.0 mg kg™'). C concentrations were
higher at low (247.3+39.5 g kg™") than at high and extreme fire severity (155.8+18.0 and
162.0+£3.0 g kg, Table 1). The higher C content in the low fire severity ash is very

probably related to a relatively higher proportion of pyrogenic organic components, i.e.

11
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charcoal-type C enriched materials. Under higher fire severity more complete
combustion of fuels is expected, and that leads to enrichment of mineral residues and

less pyrogenic organic material remaining in ash (Bodi et al., 2011).

Regarding lithogenic elements (i.e. Al, Fe and Si), Al concentration significantly
increased with fire severity (from 20.7+1.7 to 39.5+2.4 g kg™'), whereas Fe and Si did not

show clear trends (Table 1).

For toxic elements (As, Cd, Pb, Hg), the observed trends with fire severity were variable,
as are their geochemical behaviours in general. Cd and Hg did not present significant
differences between fire severities (Table 1). Hg concentrations were always low (< 5 ug
kg™; Table 1) and below those found in litter and soil samples (Table 2), which points to
a loss to the atmosphere during fire (volatilized ~ 300 °C; Bodi et al., 2014). As and Pb
concentrations were significantly higher in ash formed under extreme fire severity (Table
1). This may indicate a relative enrichment of these elements at the greatest severity due

to loss of other elements that still remained in ash at low and high fire severity.

Overall, the concentrations of most biogenic and toxic elements in the ash samples
studied here (Table 1) were lower than those reported elsewhere in ash from wildfires,
prescribed fires and laboratory burns, where, for instance, Ca, K, Mg and P are usually
in the range of tens or several thousand mg kg™ ash (Raison et al., 1985; Ferreira et al.,
2005; Balfour and Woods, 2013; Audry et al., 2014; Bodi et al., 2014; Plumlee et al.,
2014). It is important to note that concentrations of elements can vary substantially even
when studying comparable types of ash. For example, Bodi et al. (2014) compared
several studies reporting the composition of ash derived from the same fuel (Pinus
ponderosa) and found variations of up to several orders of magnitude in the
concentrations of some elements (e.g. Al, Ca, K, Mg, P). This high variability is attributed
not only to different burning conditions and fuel properties, but also to the use of different

methodologies for sampling and characterization of the ash (Bodi et al., 2014).

Other main reasons for the relatively low concentrations of biogenic elements in the ash
analyzed here when compared to wildfire ash described elsewhere may be the
combination of (i) the overall nutrient poor environment of the SE-Australian sandstone
tablelands (Shakesby et al., 2007) and (ii) substantial contribution from the burnt surface
mineral soil to the ash layer. The latter would lead to a ‘dilution’ of the burnt residues
from vegetal fuels due to the incorporation of burnt surface soil material and, therefore,

overall lowered concentrations of biogenic elements. The possibility of a substantial
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contribution from burnt soil to the ash characterized in this study is also supported by the
high concentrations of lithogenic elements (Al, Fe, and Si) in the sampled ash (Table 1)
compared to previous studies (e.g. see Table 1 in Bodi et al., 2014). These are the main
elements in the lithology of the study area (quartzitic sandstone and shale; Young, 1980),
and they were found only in very low concentrations in litter (Table 2), which also
supports the hypothesis of soil as being their main contributor to ash. Similarities in
composition between ash (Table 1) and the the organic-rich surface soil layer at the
unburnt control site (Table 2) further support the importance of burned soil material in
contributing to the ash layer. Moreover, the SEM-EDS imagines of the studied ash (Fig.
4) showed the presence of high quantities of mineral material. These are mostly silica

aggregates with morphologies and sizes (~200-1000 um) indicating a soil origin.

3.2.2 Physicochemical characteristics of the water-soluble fraction of ash

Mean values of pH, EC, and concentration of water-extractable elements are reported in
Table 3. The pH values for ash extract (6.1-6.4) were much higher than for the control
unburnt organic-rich surface soil layer and subsurface soils (pH 5.2-5.5; Table 2). Similar
differences have also been reported previously when comparing ash and litter (Ubeda et
al., 2009; Pereira et al., 2011, 2014). In our case, ash pH did not significantly increase
with fire severity (Table 3). This contrasts with the trend reported for wildfire ash in oak
and pine forests in Portugal by Pereira et al. (2012), who estimated fire severity using
ash colour and found an increase of pH from 7.3 in low severity (very dark brown) to 8.2

in high severity (light grey) ash.

All our ash pH values were lower than most values reported previously for wildfire ash,
which typically range from weak alkaline (pH > 7) to caustic alkaline (pH > 10.5) (Plumlee
et al., 2014). The high pH typical of wildfire ash is attributed to high concentrations of
compounds with alkali reactions such as CaO or K;O (Bodi et al., 2014). The lower pH
values found here could be related to the fact that sampling was not carried out
immediately after the fire. Costa et al. (2014) also recorded relatively low pH values of
~6 in ash collected five months after a wildfire in Portugal. Temporal evolution of wildfire
ash can lead to hydration-carbonation reactions of oxides and formation of carbonates
(Balfour et al., 2014), which are less reactive and soluble (Santos et al., 2009; Pan et al.,
2012). However, this alone is probably not sufficient to explain the low pH values found
here. The adsorption of rainwater by the ash layer could, by itself, have had an
acidification effect. Rainwater has a pH of 4.5-5.6 (Charlson and Rodhe, 1982), and the
majority of rainwater in Australia is mildly acidic (pH ~5) (GHD, 2008). The precipitation
fallen between the fire and the sampling (148 mm) would translate into an input of ~1.5
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mmol H m™, which could indeed have led to acidification of the ash. In addition to this,
and given that there have been rainfall events prior to sampling, some soluble alkaline
components could have been lost by leaching. Leaching losses would also explain the
low concentrations of soluble elements in our ash samples (see below). The chemical
characterization of subsurface soil (~3-8 cm) does not indicate substantial leaching
transfer of soluble components from the ash into this soil layer (see section 3.2.3).
However, it is conceivable that some soluble components have bypassed this water
repellent soil layer during rainfall via preferential flow (cracks and biopores, Shakesby et

al. 2007) and entered the wettable subsoil.

Concentrations of soluble elements (e.g. Ca®*, Mg®*, K* and Na*; Table 3) in the ash
samples investigated here were low compared to the typically more alkaline wildfire ash
reported from most other environments. For example, Plumlee et al. (2007) and
Hageman et al. (2008a,b) used the same ‘leaching method’ used here to characterize
ash generated in several wildfires in California. Californian wildfire ashes showed higher
EC (23-3200 pS cm™), and higher soluble contents for most of the elements examined
here: F (2-86 mg kg™ ash), Ca (80-13580 mg kg™ ash), Cu (64-1600 ug kg™ ash), Mg
(2-86 mg kg™ ash), As (20-270 g kg™ ash) or Hg (< 100-500 g kg™ ash). Only B (100-
1120 pg kg™ ash), K (4-292 mg kg™ ash), P (0.4-8 mg kg™ ash) and Pb (4-8 ug kg™ ash)
had concentrations within the same order of magnitude as in our samples (Table 3). It is
worth noting that the range of values recorded for Californian wildfire ashes is much
broader than for our sample set, indicating a higher variability in ash composition in the
former, where ash samples were taken from several burnt sites, with a greater diversity
in geology and vegetation than our study sites (Plumlee et al., 2007). Their highest
values correspond mainly to white ash (see Hageman et al., 2008b), a type of ash that
was not sampled in our investigation, as this is the lightest ash component and may had
already been lost at the time of sampling (see Section 2.1). Substantial redistribution of
light white ash by wind has, for example, been observed in the first few days after fire in
grassland environments (Pereira et al., 2015). Also, as explained above, some losses of

the most soluble ash components by leaching cannot be ruled out either.

As to the effect of fire severity on the solubility of elements in ash, it is important to
remember that solubility is conditioned by pH (Brookins, 1988). Given that differences in
ash pH between the fire severities studied here were not significant (Table 3), trends
may not be evident. That said, soluble B, Ca, Cu and Mg showed a significant decrease

with fire severity (Table 3). Soluble NH," and As concentrations were highest in extreme
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fire severity ash whereas soluble PO,*> and Pb concentrations were the lowest there
(Table 3).

The solubility of the studied elements was generally low when compared to their total
concentrations in ash, with proportions < 1% for Al, As, Cd, Fe, Pb and Si; < 5% for Ca,
Cu, and P and < 10% for K and Mg. Solubility of B ranged widely, from ~6% for extreme
fire severity ash to 14% for low fire severity ash. Na was the most soluble component,
with values that ranged from 30% in extreme fire severity ash to 50% in the low fire
severity ash. Our results follow the general trend of Na > K > Mg > Ca > P, reported
previously for conifer forest ash by Grier (1975). They also agree with some of those
observed by Khanna et al. (1994) who studied the solubility of ash components derived
from laboratory combustion of eucalypt litter. Khanna et al. (1994) found the highest
solubility for K (68%), S (56%) and Mg (42%), intermediate solubilities for Ca (14%), Al
(17%) and P (11.3%) and the lowest for Fe (1%) and Mn (0.2%). It is important to note,
however, that they used a different methodology for water extraction, which involved a
much longer extraction period (15 days). Solubilisation of ash elements generally
increases (up to a point) with time and with the amount of water used in extraction
procedure (Khanna and Raison, 1986; Audry et al., 2014).

3.2.3 Soil chemical characteristics

The soils analysed exhibited acid pH (~5.2-5.5) and low EC values (< 50 uS cm™) (Table
2), what is typical of soils developed under nutrient-poor lithologies such as the quartzitic
sandstone and shale of the study area (Young, 1980). Importantly, no statistically
significant differences were found between the characteristics of the subsurface soils (3-
8 cm depth) from the different fire severity sites or between these and the unburnt control
(Table 2). This supports the visual observation that, irrespective of fire severity, the fire
had not directly affected the near-surface soil layer. The organic-rich surface soil layer
in the unburnt control site exhibited very similar characteristics to the subsurface soils,
except for higher C and N concentrations, which is expected due to its organic-rich

nature.

3.3 Water contamination potential of wildfire ash
3.3.1 Contamination potential from eroded ash

Ash is usually highly water absorbent due to its high porosity (Cerda and Doerr, 2008;
Bodi et al., 2014). Therefore, despite it being more erodible than soil due to its loose

nature and lower bulk density, wildfire ash can have a protective effect on the soil in post-
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fire landscapes, which have lost the interception capacity of the canopy and litter layer
(Bodi et al., 2014). This ‘protective’ role of ash may be particularly relevant in areas where
soils show high levels of water repellency, as is the case for the study region (Doerr et
al., 2006). In these soils, the water repellent surface soil layer does not readily absorb
water (Fig. 2d). In the absence of litter, rainfall can thus be rapidly transported via
overland flow, leading to accelerated soil erosion or, where macropores facilitate
infiltration, via subsurface flow, leading to the transport of potential contaminants to
groundwater (Lasanta and Cerda, 2005; Shakesby and Doerr, 2006). This ‘protective’
effect of the ash layer by water absorption is time-limited as ash does become
compacted, and part of can be lost by wind erosion and by dilution during rainfall events,
leading to a decline in its water storage capacity over time (Ledn et al. 2013; Balfour et
al., 2014).

When storm events exceed the water storage capacity threshold of the ash layer, this
layer may be entrained very effectively in surface runoff, and eventually be transported
into surface water bodies. The maximum inputs (Mg) of the studied elements that could
potentially reach the sub-catchments affected by the Balmoral fire are presented in Table
4. These values are based on a ‘worst-case’ ash-erosion scenario (see Section 2.5 for
more details) and it is important to consider that (i) it is highly unlikely that all ash
produced is transported off the hillslopes, but also that (ii) some of the water repellent
soil and sediment stored in drainage channels may be also mobilized and could add to

the total sediment flux and thus pollution risk.

As an example, Fig. 5 illustrates the distribution of P present in ash (kg ha™) for the whole
area burnt in the Balmoral wildfire. Water contamination due to P has been the subject
of concern for Sydney Catchment Authority (now Water New South Wales) following
previous wildfires (Sydney Catchment Authority, Personal Communication). P is a key
biogenic element from the water pollution perspective, because it is a limiting factor for
primary productivity, and, if present in its bioavailable form, it can thus enhance
eutrophication when ash is transported into the hydrological network (Smith et al., 2011).
Our approach used here gives the maximum inputs of this element that could reach the
rivers and reservoirs affected by the fire (Table 4). For example, up to 3.7 Mg of P derived
from wildfire ash could potentially be delivered into the ‘West lake Nepean’ reservoir
(Table 4). These figures are unlikely to be reached, but can be useful to catchment
managers as ‘maximum potential risk values’, in order to inform decisions about the
location and nature of post-fire mitigation measures and strategies at high-risk areas.

Furthermore, the information on ash quantity and characteristics provided by the
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approach introduced here also enables its incorporation into post-fire erosion and risk

analysis models.

Whilst the concentrations of elements in wildfire ash analyzed here are relatively low
compared to those reported from ash examined elsewhere (see Bodi et al., 2014), the
total ash loads are substantial and could pose an important contamination potential
during a major storm event. If a major storm occurs following a prolonged dry period and
hence low river flow or water supply reservoir levels, this would exacerbate the pollution
potential. Such a scenario is not unlikely as the most severe fires often occur following
prolonged droughts (Smith et al., 2011). In addition to the threat from its specific chemical
constituents (Table 4), ash may also affect water quality by causing increases in turbidity
from suspended solids. This was indeed the case in the study area after torrential rains
in March 2014, when a water supply treatment plant had to be temporarily closed
because turbidity values were too high for the water to be treated (Water NSW,

unpublished data).

Finally, when evaluating the water contamination potential from ash, it is also important
to take into account the chemical partitioning of a specific element in the ash (e.g.
associated to iron oxides/hydroxides or to organic pyrogenic compounds) as it can
determine its pollutant potential. Geochemical forms of different elements may change
when ash is mobilized from the production sites (i.e. oxic surface soils) into
suboxic/anoxic sediments in rivers and reservoirs. For example, changes in the redox
conditions canrelease P and toxic metals to the water by reduction of adsorptive Fe(lll)
oxides/hydroxides into non-sorptive Fe (ll) carbonate or sulphide (Salomons and
Forstner, 1984; Jensen et al., 1992; Howarth et al., 2011). Another important point to
consider is that the pollution potential from wildfire ash can be enhanced by the
accumulative effect of recurrent wildfires, when, for example, the concentration of a
eutrophication nutrient, such as P, exceeds the critical load of the aquatic system after
several inputs from consequent fire-erosion cycles (Salomons and Férstner, 1984;
Wetzel, 2001).

3.3.3 Contamination potential from leaching

When rainfall events exceed the water storage capacity threshold of the ash layer, but
are of insufficient intensity to lead to ash erosion (i.e. prolonged periods of moderate
rainfall), water contamination may still occur by leaching, when water percolates through
the ash. Water-soluble contaminants may then enter the rivers and reservoirs via

subsurface flow. A maximum water contamination potential assuming all water-soluble
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components are transported to the reservoir is estimated in Table 5. These values,
however, are ‘worst-case scenario’ as not all soluble elements leached from ash would
be expected to end up in the hydrological network. A proportion is likely to precipitate,
over time and space, due to changes in water chemistry, with some also being retained
in the soil system (e.g. in organo-mineral complexes) or taken up by microorganisms and
plants (Bodi et al., 2014).

It is important to note, that, as highlighted in section 3.2.2, some leaching from the ash
layer may have occurred prior to sampling. Therefore, the 'worst-case’ figures calculated
for this ‘aged’ ash at the time of investigation (Table 5) may be lower than immediately
after fire. In addition to this, soluble organic compounds, which have not been the focus
of this study, are also potentially important pollutants. For example polycyclic aromatic
hydrocarbons (PAHSs), which are generated during wildfires (Vergnoux et al., 2011), are
of great concern for water supply managers due to their carcinogenic potential. However,
a previous study identifying potential acute effects from PAHs in surface waters after
severe wildfires in Australian eucalyptus forests (2009 ‘Black Saturday Fires’, Victoria)
suggests that they are unlikely to be a common main cause for fire-related ecological

impacts in this region (Schafer et al., 2010).

3.3.4 Implications for post-fire land and water management decisions

Research by the scientific community is continuously improving our understanding of
both post-fire environmental threats (e.g. Moody et al., 2014; Wagenbrenner et al., 2015)
and potential strategies to mitigate these (Robichaud et al. 2014). However, scientific
investigations are often carried out in isolation and knowledge transfer between
researchers and the land-management community is not always effective. The current
study involves direct collaboration and knowledge transfer. Wildfire research undertaken
within Sydney’s Drinking Water Catchments is actively incorporated in wildfire
management policies and fire management practices by the two principal organisations
responsible for managing these ecologically important forested catchments: Water NSW
(formerly Sydney Catchment Authority) and the Office of Environment and Heritage.
Water NSW actively incorporate published research into their fire management policies
and procedures, and also report continuously on research that is being undertaken in

the forested catchments (www.sca.nsw.gov.au/science-and-

education/science/catchment/wildfires). The Office of Environment and Heritage

actively engages in wildfire research and management practices that intern continuously

influence and update the fire management policies and procedures within their
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organisation as new information is published (http://www.environment.nsw.gov.au/fire/)
(Anon 2013).

This study is the first step in incorporating the water contamination risk derived from
wildfire ash into fire responses and mitigation plans in Sydney’s Drinking Water
Catchments. Further steps will include validation of the methodology for other
environments within the catchments, and development of ash erosion “probability
scenarios” by accounting for factors such as topography, vegetation cover and rainfall

patterns in determining ash erosion and associated water pollution risk.

4. Conclusions

The new approach presented here for estimating the water contamination potential from
wildfire ash delivers spatially distributed scenarios (e.g. Fig. 5, Tables 4 and 5) that can
be used to guide land and water supply managers with regard to fire response,
preparedness plans and post-fire mitigation measures. This approach can be adapted
and applied to other environments, and its outputs incorporated into post-fire erosion and
risk analysis models. Furthermore, the relationship found here between ash loads and
fire severity, as well as the composition of the ash generated under different fire
severities, can be used to predict ash loads and their contamination potential for future
wildfires and management burns not only in other areas of the studied catchment, but

also elsewhere in the region under comparable vegetation and soil characteristics.
Specific conclusions from this study are:

i) The Balmoral wildfire (Sydney, October 2013) produced substantial ash loads of up to
34 Mg ha™. The ash loads were positively related to fire severity (i.e. degree of vegetation
and ground fuel destruction). This is mainly attributed to a combination of increasing (a)
total fuel affected by fire and (b) contribution of "burnt mineral soil” to the ash layer, with

increasing fire severity.

ii) The contribution of soil material to the ash layer can be substantial, both in terms of
overall ash loads and ash composition. Soil inputs, therefore, need to be considered in
wildfire ash investigations as they can greatly influence ash characteristics and,

therefore, the potential of wildfire ash as a water contamination threat.

iif) Concentrations of most of the elements analyzed were relatively low when compared

to wildfire ash examined elsewhere. However, given the overall total ash loads, there is
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potential for substantial water quality impacts. Beyond chemical pollutant effects, this

includes also increases in turbidity when ash reaches the reservoir as suspended solids.
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858 Table captions
859  Table 1. Mean concentrations (+ standard error of mean) of main elements in ash.
860  Number of samples = 9 for each fire severity class. Note different units for different
y
861 elements.
Fire Severity Class
) Low High Extreme
B (mg kg™) 29+ 0.3° 34+ 02% 41+ 03°
C(gkg") 2473+ 395* 1558+ 180° 1620+ 3.0°
Ca(mgkg™) 3621.4+ 372.8% 27756+ 288.2% 22949+ 113.1°
Cu (mg kg™) 6.3+ 047 51+ 03° 53+ 0.2°
K(mgkg™") 10638+ 732% 12439+ 724% 15326+ 839"
Mg (mgkg"') 896.0+ 81.1° 8093+ 69.2° 9053+ 356°
N (g kg™) 39+ 05° 32+ 0.3° 30+ 0.3°
Na(mgkg') 1194+ 79% 1186+ 82 1419+ 6.0°
P(mgkg") 1400+ 95° 1365+ 7.1° 1537+ 45°
Al(gkg") 207+ 17° 321+ 23° 395+ 24°
Fe(gkg") 247+ 40% 180+ 2.1° 395+ 80°
Si (g kg™) 21+ 0.0° 21+ 00° 23+ 0.0°
As (mg kg™) 51+ 07% 40+ 0.3° 73+ 08"
Cd(ugkg”) 883+ 57° 796+ 6.6° 825+ 7.0°
Hg (ug kg™) 17+ 0.9° 18+ 0.8° 42+ 1.1°
Pb (mgkg”) 107+ 1.0° 126+ 0.7° 214+ 22°
Different superscript letters indicate groups with significantly different means for each
element (more details Section 2.4); n.d. not determined.
862
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863  Table 2. Mean values (+ standard error of mean) of pH, EC and concentrations of water-extractable elements

864  each fire severity class. Note different units for different elements.

Unburnt control site Burnt sites

Subsurface soils

Surface soil

865

Litter layer organic layer Unburnt Low fire severity :El:::t"; Exst:\elrgﬁtcre
pH n.d 5.3 £0.2 55+ 0.1° 53+ 0.1* 5202 * 52+ 0.2°
E.C. (uS cm™) n.d 29.1 £+3.6 144+ 28% 172+ 1.7 221+81 * 286+ 11.3°
B (mg kg™) 6.0 £0.3 1.0 £0.2 08+ 0.1° 06+ 04 10:02 * 13+ 01°
C(gkg") n.d 102.3 +7.8 402+ 20* 381+ 44% 38624 * 500+ 4.6°
Ca(mg kg™”) 4.8 +0.3 913.3 +102.1 3243 + 11.4° 4706+ 2359° 371.6+67.4 ° 4217+ 103.2°
Cu (mg kg™) 43 +0.3 2.6 £0.2 19+ 02° 24+ 10* 1703 * 12+ 01°
K(mgkg™") 4899 +135  688.1 +81.0 590.6 + 59.6° 640.1+ 199.7% 541.4+306 * 6319+ 68.7°
Mg (mg kg") 931.8 +17.3  452.0 +22.1 3589 + 351° 3652+ 92.3° 388.9+541 ° 4448+ 295°
N (g kg™) n.d 1.5 £0.2 07+ 0.1° 06+ 0.1° 0.6 £0.0 * 06+ 01°
Na (mg kg”) 209.7 +6.4 58.3 4.1 502+ 12.8% 353+ 10.2* 39659 * 393:x 3.2°
P (mg kg™) 0.1 £0.0 65.6 +3.4 462+ 31% 471+ 127% 48482 * 66.0+ 16.5°
Al (g kg™) 0.6 0.1 26.1 £1.0 299+ 47® 253+ 53% 454+47 ° 400z 42"
Fe (g kg™) 0.3 +0.1 49.9 +8.4 298+ 36° 198+ 1.1° 14826 ° 178+ 23"
Si (g kg™) 0.9 +0.0 2.1 +0.0 17+ 02° 18+ 0.2° 19402 * 21+ 03°
As (mg kg™) 0.1 £0.0 5.3 0.8 51+ 0.7° 39+ 0.3° 3802 °? 4.2+ 1.4°
Cd (ug kg™) 102.1 +4.3 55.5 6.1 310+ 3.2° 23.2 % 44% 325126 * 251+ 42°
Hg (ugkg”) 726 +56 7.9 +1.4 54+ 21° 58+ 24° 6714 * 69+ 18°
Pb (mg kg™) 0.6 +0.1 13.1 £1.0 129+ 19* 105+ 21% 142436 * 135+ 26°
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For subsurface soils significantly different means are indicated by different superscirpt letters (more details Section 2.4). Note the litter and the
surface soil organic layer from the unburnt site are not included in this statistical analysis.



866  Table 3. Mean values (+ standard error of mean) of pH, EC and main elements

867  concentrations in subsurface soils (3-8 cm depth). Number of samples = 9 for each fire
868  severity class and = 3 for the unburnt control. For the unburnt control site, values for
869 the litter layer (n = 3) and the organic-rich surface soil layer (n =9) are also reported.

870 Note different units for different elements.

Fire Severity Class

Low High Extreme
pH 6.4+ 0.2° 6.1+ 0.1° 62+ 0.2°

E.C.(uScm”) 564+ 55° 519+ 64° 433+ 41°

F(mgkg') 09+ 00 08+ 00° 08+ 0.0°

PO, (mgkg"') 178+ 34° 70+ 1.7° 20+ 0.1°
NH4+(mg kg™) <LoD <LoD 99+ 1.9

B (ug kg') 357.7+ 28.8° 3156+ 52.0%° 2210+ 232°
Ca(mgkg") 657+ 143 445+ 78* 272+ 38°
Cu(ugkg™) 722+ 11.3% 431+ 59° 202:x 29°

K(mgkg”") 939+ 7.2% 1152+ 186™ 684+ 38°
Mg (mgkg') 498+ 61% 353+ 51° 195+ 20°
Na (mgkg”) 589+ 43% 481+ 41° 413+ 21°

Al (mg kg™) <LoD <LoD <LoD
Fe(mgkg") 23+ 07*° 58+ 10° 16+ 04°
Si (mg kg™) <LoD <LoD <LoD

As (ugkg™) 137+ 1.0° 145+ 0.8° 182+ 1.1°
Cd(ugkg”) 00+ 0.0*° 00+ 00° 00+ 0.0°
Hg (ugkg”) 05+ 0.0* 06+ 0.0° 06+ 0.0°
Pb (ugkg’) 89+ 08° 137+ 1.8° 33+ 04°

Different superscript letters indicate groups with significantly different means for
each parameter/element (more details Section 2.4); <LoD below limit of
detection (2 mg kg™ for NH** and Fe; 10 mg kg™ for Al; 20 mg kg™ for Si)

871
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872  Table 4. Maximum water contamination potential (total amounts, in Mg) from elements
873  contained in wildfire ash for the five sub-catchments affected by the Balmoral wildfire
874  (October 2013).

West lake Nepean Avon River Cordeaux Wollondoola
Nepean River River Creek
B 0.1 0.1 0.1 0.2 0.2
c 4686.6 3843.3 7101.3 11356.6 8683.0
Ca 75.2 62.0 114.0 182.5 143.9
Cu 0.1 0.1 0.2 0.3 0.3
K 35.0 29.3 53.7 76.6 61.7
Mg 22.4 18.7 34.4 51.2 40.8
N 86.1 71.1 131.1 205.0 162.1
Na 33 2.8 5.1 7.4 5.9
P 3.7 3.1 5.7 8.4 6.8
Al 902.2 748.9 1371.1 1939.9 1573.7
Fe 734.9 634.0 1135.5 1486.1 1128.7
St 56.2 47.0 86.3 127.3 102.7
As 0.1 0.1 0.2 0.3 0.2
Cd 0.0 0.0 0.0 0.0 0.0
Hg 0.0 0.0 0.0 0.0 0.0
Pb 0.4 0.4 0.6 0.8 0.7

875
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876  Table 5. Maximum water contamination potential (in kg) from wildfire ash leaching for

877  the five sub-catchments affected by the Balmoral wildfire (October 2013).

West lake Nepean Avon River Cordeaux Wollondoola
Nepean River River Creek
F 21.5 17.8 32.9 50.1 39.9
PO,” 231.9 185.7 339.7 640.7 468.2
NH4" n.d n.d n.d n.d n.d
B 8.0 6.7 12.2 19.5 15.7
Ca 1219.8 1000.7 1831.1 3074.3 2401.9
Cu 1.2 1.0 1.8 3.2 24
K 2778.3 2292.2 4177.5 6624.8 5470.8
Mg 942.8 774.8 1414.5 2378.9 1873.0
Na 1283.1 1060.1 1950.1 3079.0 2444 1
Al n.d n.d n.d n.d n.d
Fe 132.1 106.7 192.6 316.4 268.3
Si n.d n.d n.d n.d n.d
As 0.4 0.3 0.6 0.9 0.7
Cd 0.0 0.0 0.0 0.0 0.0
Hg 0.0 0.0 0.0 0.0 0.0
Pb 0.3 0.2 0.4 0.7 0.6

n.d. not determined (concentrations of these elements in the analyzed samples were below
limit of detection, see Table 3).
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Fig.1. Location map of the study area burnt by the Balmoral wildfire (October 2013,
Sydney, Australia) with the fire severity classification according to Chafer (2008). Left
top: Close up of the sampling area and location of the sampling sites at extreme
(squares), high (circles) and low (triangles) fire severities, and the unburnt control
(star). Note the limits and names of the five sub-catchments within the burnt area, and

the table with the number of hectares burnt in each sub-catchment.
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891  Fig. 2. Sampling design: a) schematic of the sampling grid with sampling points at each
892  burnt site; b) sampling at Extreme Severity Site 1; c) exposed ash sample prior to

893  collection at a sampling point; d) a water droplet resisting infiltration into the water

894  repellent soil below the ash layer.
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Fig. 3. Average ash loads (top; Mg ha™) and ash bulk density (bottom; g cm™) for the
three fire severity classes studied. Error bars represent standard error of the mean.
Letters indicate classes with means significantly different ((more details Section 2.4).

For each fire severity class n = 90 for ash loads, and n = 12 for ash bulk density.
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904
905

906 Fig. 4. SEM-EDS imagery of wildfire ash: A) Ash sample with both organic (B) and

907 inorganic (C) components. D) Ash sample with notable contribution of inorganic (silica)
908 complexes (E). (B), (C) and (E) Energy dispersive spectra showing the element
909  distribution in several ash components.
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911
912  Fig. 5. Estimated loads (kg ha™) of total phosphorous (P) in ash generated by the

913  Balmoral wildfire for the whole area burnt by the fire (Note the limits and names of the

914  five sub-catchments within the burnt area).
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