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Abstract

In this study we document a post-fire erosion response to a short-lived, intense rainstorm
occurred on 6 September, 2012 in the Sant’/Angelo creek watershed, Sarno Mountains,
Southern ltaly. The rainstorm occurred one month after a wildfire that burned about 11 ha
of the steep watershed (55 ha), almost entirely mantled by volcaniclastic deposits. The
research was based on fieldwork and laboratory analysis addressed to the understanding
of the geomorphic effects of the wildfire and their impact on erosional and depositional
processes triggered by subsequent rainstorms. Field evidence indicates that a series of
overland flows caused significant runoff and sediment yields along the hillslope and
accumulation of hyperconcentrated flow deposits in a concrete channel occluded by a
sealed culvert at the outlet of the watershed. The results of geomorphological and
sedimentological analysis suggest that the occurrence of volcaniclastic covers mantling
the slopes likely favored accelerated soil erosion, especially where vegetation and litter
had been removed by the fire. Chemical analysis on sediment samples, revealed the
occurrence of iron oxides that enhanced soil water repellency conditions over wide areas
of the burned watershed compared to the unburned areas.

Quantitative analysis of sediment budgets showed that the rainfall-induced erosion
response at Sant'Angelo creek watershed resulted in a soil loss of 19.8 - 33.1 tons ha™
over burned areas. Post-fire erosion response following severe rainstorms needs to be
considered in the spectrum of natural hazards associated with the geomorphological

evolution of mountainous landscapes mantled by volcaniclastic deposits.

Keywords: wildfire; rainstorm; post-fire erosion response; soil loss; Sarno Mountains.
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1 Introduction

During the last decade, the role of wildfires as geomorphic agent has been widely
recognized by the scientific community (e.g. Shakesby—and -Doerr,—2006 Moody et al.,
2013). Direct effects of wildfires on soil and vegetation (e.g. Certini, 2005; Shakesby and
Doerr, 2006; Jordan et al., 2013) may enhance erosion through sheetwash and rilling
processes, often resulting in large mass movements (Swanson, 1981; Cannon et al., 1998;
Wondzell and King, 2003; Nyman et al., 2011; Moody et al., 2013; Riley et al., 2013; Santi
et al., 2013). Post-fire erosion responses may have a variety of impacts on landscapes.
For instance, they can dominate the long-term sediment yield in a given area, until the
geomorphic system returns to the typical conditions of unburnt terrain (Swanson, 1981;
Prosser and Williams, 1998; Shakesby, 2011). Moreover, they represent a severe risk for
human life, where houses and other infrastructures occur (Cannon and DeGraff, 2009;
Nyman et al.,, 2011). Post-fire catastrophic floods and deadly debris or sediment-laden
flows have been reported from several areas of Canada, western United States and
southeastern Australia (e.g. Moody et al., 2013; Kean et al., 2011; VanDine et al., 2005;
Shakesby-etal;—2003 Nyman, 2013). In the Mediterranean region, prevailingly moderate
fire-related erosional events have been documented. However, as pointed out by Parise
and Cannon (2008), most of research works in this area have dealt with experimental plots
(e.g. Rosso et al.,, 2007) rather than analysis of post-wildfire landslides and erosional
events. Case studies reported for Mediterranean region have mostly focused on Spain and
Portugal (e.g. Lorente et al., 2002, 2003; Begueria, 2006; Garcia-Ruiz et al., 2010, 2013;
Lourenco et al., 2012) and fewer on the central countries, like in Italy and Greece (e.g. De
vita et al., 1994, Tiranti et al., 2006; Calcaterra et al., 2007; Stefanidis et al., 2002; Blake et

al., 2010).
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The majority of the Mediterranean study areas are characterized by the-eceurrence-of thin,
stony soils, where surface erosion after wildfires is supply-limited with erosion rates
ranging between 0.016 and 13.1 t ha™ y'1 (Shakesby, 2011). A notable exception is
represented by the volcanic areas of southern lItaly, where local abundance of fine-
grained, loose volcaniclastic material lying on steep volcanic and/or calcareous slopes
may be observed (De Vita et al., 2006; Matano et al., 2016). Such material is often
associated with andosols (WRB, 2006) characterized by relatively low cohesion under dry
conditions (Maeda et al., 1977; Warkentin, 1984) and high erodibility when slope-
stabilizing vegetation is absent (Rodriguez et al., 2002). The occurrence of wildfires in
volcaniclastic settings is often reported, in fact, as a condition that enhances the probability
of massive sediment-laden flows, as observed by Meyer and Wells (1997) in the
Yellowstone National Park (U.S.A) and by Neris et al. (2016) in the Canary Islands
(Spain). Nevertheless, according to Neris et al. (2016), hydrological and erosional
response of this terrain type in the post-fire period has received little attention by the
scientific community.

A distinctive feature of several regions of the central Mediterranean area is the local
abundance of sediment-supplying soils occurring in steep slopes characterized by a plenty
of easily flammable shrubs and forests. Such increase in the natural fuel load can be
enhanced by inappropriate land use and/or land abandonment and afforestation with
highly flammable species (Shakesby, 2011). Due to the combination of these factors with a
likely increase in the frequency of extreme climatic events through time (Arca et al., 2010;
Moriondo et al., 2006), future wildfire activity is expected to increase in the overall
Mediterranean area.

In this study we document a post-fire erosion response to a short-duration, high-intensity
rainstorm that occurred in the Sant'’Angelo creek watershed, Sarno Mountain Range,

southern ltaly (Fig. 1). This area, characterized by a Mesozoic carbonate bedrock covered
4
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by pyroclastic deposits and andosols, was partially burned on 4 August, 2012 (Esposito et
al., 2013) and hit by a first rainstorm on 6 September, 2012.

The aims of this study are: (i) to improve knowledge about fire effects and related soill
erosion processes in steep slopes covered by volcanic soils; (ii) to highlight that high
amount of soil loss can occur in such contexts; (iii) to give a valid contribution towards the
documentation of post-fire erosion responses occurring in the central Mediterranean area.
The research work was based on a multidisciplinary approach integrating fieldwork with
chemical, mineralogical and grain size analysis conducted on soil samples collected in the
study area. Similar approach was adopted in other erosional contexts of southern lItaly
(e.g. Summa et al., 2007; De Santis et al., 2010), demonstrating to be very suitable to
investigate the effects and causes of erosion. Laboratory and field data were also used to

quantify soil loss at the watershed scale.

2 The Sant’Angelo Creek watershed

2.1 Geological background

The Sant’Angelo Creek watershed is located in the Sarno Mountain Range, along the
southern slope of Mt. Torrenone, about 3 km east of the town of Sarno (Fig. 1). The ridge
is mainly formed by bedded Mesozoic carbonates (Di Nocera et al., 2011) and since the
Late Quaternary it has been repeatedly mantled by pyroclastic airfall deposits, as a result
of explosive activity of the Somma-Vesuvius (Rolandi et al., 1998) and Campi Flegrei (Orsi
et al., 1996) volcanic districts (Fig. 1).

At the Sant’/Angelo Creek watershed, the thickness of the volcaniclastic cover may vary
significantly in different areas (Fig. 2), and it reaches a maximum of 5 m (De Vita et al.,
2006; Autorita di Bacino del Sarno, 2011). However, slope-mantling deposits may be

locally much thinner due to previous erosion and/or recent landslides. Figure 2 reports the

5
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areal distribution of the varying thickness of volcaniclastic deposits that have been
grouped into three classes (0;.1-0;.5 m; 0;.5-2;.0 m; 2,.0-5;.0 m), whereas carbonate
scarps are referred to as exposed bedrock. The map indicates that in the burned area, the
thickness of the pyroclastic cover mostly ranges from 0,5 m to 2,0 m. These volcaniclastic
deposits are typically interbedded with a series of soil horizons classified as andosols
(WRB, 2006), and characterized by a high content of glass and amorphous colloidal
materials, including allophane and imogolite, and andic features ranging from high

(Alo+0,5Fe0>2%) to moderate (Alo+0,5Fe0:1-2%) (Terribile et al., 2007).

2.2 Geomorphological setting

The morphology of the Sarno Mts. is marked by several tectonic lineaments (i.e. fault
slopes) and carbonate scarps, along with gullies and karstic features with high gradients.
Gullies are incised up to 30 m, and extend downslope from the ridge crest. Slope profiles
are marked by a series of narrow scarps that may be followed laterally up to a few hundred
meters. The scarps display heights ranging from 1-2 m to 10-15 m and typically correspond
to erosion profiles of thick carbonate beds. Morphometric parameters of the Sant’Angelo
creek watershed are summarized in Table 1, and a slope map of the watershed is showed
in Fig. 2. Hillslopes are characterized by an average slope angle of about 35°. A marked
decrease in the slope angles from 23° to 11° occurs along the channel slope at the outlet of

the watershed.

The recent geomorphological evolution of the mountain range has been characterized by
areal erosion along hillslopes with poor or absent vegetation, as well as by linear erosion
along major valley axes. The most common instability processes in the study area are
represented by rock falls affecting fractured carbonate scarps, and shallow landslides often
involving the volcaniclastic covers. The Sarno Mountain Range area was also hit by a

series of landslides evolving in downstream debris flows that occurred on 4-5 may 1998,
6
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after a period of prolonged rainfall (120 mm of cumulated rainfall in 48 hours). The event
caused 137 deaths in the town of Sarno (Cascini et al., 2008), and involved the
volcaniclastic deposits and soils covering the carbonate slopes (Guadagno et al., 2005; De
Vita et al., 2013). The slope instability, in this case, was mostly due to deterioration of
mechanical properties of the volcaniclastic covers, as a consequence of the concentrated
rainfalls and of the specific hydrological and geotechnical conditions (Cascini et al, 2003,
2013), which is substantially different from the post-fire erosional phenomena discussed in

this work.

2.3 Meteo-climatic factors

The Sarno region is characterized by a typical Mediterranean climatic regime with hot, dry
summers and moderately cool, rainy winters (Ducci and Tranfaglia, 2008). The annual
average precipitation of this inner sector of the Apennines is in the order of 1000 mm/year

at lower altitudes and 1400-1500 mm/year over summit areas.

In this part of the Mediterranean region, the major rainstorms following the peak summer
period are caused by the Tropical-Like Cyclones (TLC), most of which occur between
August and November (Tranfaglia and Braca, 2004; De Luca et al., 2010). Rainfalls from
TLC are typically very intense and generally concentrated over small areas. Such
meteorological systems, together with frontal storms and isolated convective cells, are able
to trigger significant landslide phenomena, flash floods and debris flows (De Vita et al.,
1994; Esposito et al., 2004; Esposito et al., 2015; Calcaterra et al., 2007; Porfido et al.,

2009; Ciervo et al., 2012; Santo et al., 2012).

2.4 Fire regime

As in other Mediterranean countries, the occurrence of wildfires in Italy is concentrated

during the hot and dry summer months, between July and September. Here,-the-average
7
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burnt-area—of 106000-haiwr(JRGC,—20145). The Italian territory extends over an area of
30.134 x 10° ha and, according to the State Forestry Corps (JRC, 2015), 8700 fires per

year averaged in the period 1970-2015, burning about 100000 ha/yr. The Sant’Angelo
creek fire is one of the 8252 fires that burned 130814 ha through the country in 2012.
According to the State Forestry Corps, none of these events was related to natural causes,
thus pointing at human responsibility in the ignition of many fires (JRC, 2013). Campania
(Fig. 1) is one of the ltalian regions most affected by fires. According to the Regional
Department of Agriculture (2013), during 1991-2013, 60612 fires (average = 2635) burned
a total surface of 161680 ha (average = 7030 ha). A remarkable number of these events
affected the woodlands of the Sarno Mountains. In this area, in fact, 135 documented fires
occurred in the period 2005-2015. The total burnt surface was 1118 ha, with an average
fire size of 8 ha that is little less than the estimated average of 12 ha for Italy (JRC, 2015).
In 2012, in addition to the Sant’Angelo creek fire, other 28 events hit the Sarno Mountain

Range, causing a total burnt surface of about 220 ha.

3 Materials and methods

This research was based on integration of: a) geological and geomorphological data and
soil burn severity assessment carried out at Sant’/Angelo creek watershed during fieldwork;
b) rainfall time series relevant to the analysis of the 6 September, 2012 meteorological
event and c¢) sedimentological and chemical analysis of soil and sediment samples
collected from the study area. Analysis of data included interpretation of geomorphic
processes that developed along Sant'’Angelo creek watershed and computation of

erosion/deposition volumes of sediments involved in the post-fire response.
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3.1 Analysis of geological and morphological data

Analysis of geological and morphological data of Sant'Angelo creek watershed was
conducted through spatial analyst tools of ArcGIS 10.3™. As input data, we used a digital
tridimensional model (DTM) of the watershed with a cell size of 5 m, and soil thickness
data (Autorita di Bacino del Sarno, 2011). Data analysis allowed for extrapolation of
morphometric properties of the study watershed and the construction of a thickness map

of the pyroclastic covers. Results of this analysis are summarized in Table 1 and Figure 2.

3.2 Rainfall data

We analyzed data collected from three rain gauges located near the study area (Fig. 1).
The most representative among these is the “Cetronico” rain gauge, located at a distance
of 4.5 km to the east, along the same drainage divide with respect to the study area. All
rainfall time series have been recorded at a sampling rate of 10 minutes. Relevant
parameters derived from data acquired by the “Cetronico” rain gauge during the 6
September rainfall include: a) daily cumulative rainfall depth and 10-minute peak intensity
(l10); b) 30-minute rainfall intensity (I3); c) total storm rainfall and duration; d) cumulative
rainfall intensity and e) depth profiles. For the two other rain gauges only the total storm

rainfall, duration, |1 and |3 are reported for comparisons.

3.3 Fieldwork data

The field survey started the day after the erosion response and involved both the study
watershed and neighboring areas in order to verify the areal extension of erosional
processes across the boundary between burned and unburned areas.

Qualitative metrics suggested by Parsons et al. (2010) were used to assess soil burn
severity, which require evaluation of vegetation condition, soil water repellency, surface

color and root condition. The persistency of soil water repellency was detected by in situ
9
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Water Drop Penetration Time (WDPT) tests, following the method of DeBano (1981). In all
sites, five pits were carried out and, in each of them, WDPT tests were performed at-the
same-depth from the soil surface until a depth of 10 cm, with a step of 1 cm fereach-pit.
The median time between the five replications was used as the WDPT for that each depth.
The results of soil burn severity assessment were summarized into two classes and then

mapped in a soil burn severity map.

3.4 Sedimentological, chemical and mineralogical analyses

Laboratory analysis was conducted on samples collected from the areas characterized by
high soil burn severity (B1 and B2) as well as from the outside of the burned area (NB1
and NB2) (Fig. 3). All samples are were representative of the bulk of the uppermost soill
horizon from the surface down to a depth of ca.10 cm.

Soil samples were processed for grain size, chemical and mineralogical analysis (e.qg.
Summa et al., 2007). The results of laboratory analyses on these samples have provided
relevant information to identify physical or chemical alteration of soils induced by fire that
likely controlled the triggering mechanisms of erosion processes.

Two additional sediment samples (D1 and D2) were collected respectively from the tail
and the front of a deposit observed after the 6 September 2012 rainstorm and trapped
within the concrete channel at the outlet of the watershed (Fig. 3). For all samples ca. 300
g of material have-been was collected.

Both sediment and soil samples were processed for grain size analysis, estimation of
organic matter and water content, and specific gravity. The nature and percentage
occurrence of constituents was determined using a Leica Zoom 2000 stereo microscope.
The distribution of grain size fraction > 0.0125 mm was determined by sieve analysis,

whereas the fraction < 0.0125 mm was analyzed by laser diffractometry (Sympatec). Grain

10
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size statistical parameters including mean particle size, sorting, skewness and kurtosis

have been calculated following the classic graphical method of Folk and Ward (1957).

The organic matter content of samples (SOM) was estimated following the LOI (Loss on
Ignition) procedure suggested by Robertson (2011). The water content was evaluated by
the gravimetric method. Specific gravity was calculated following the ASTM D-854 (2010)

and the soil color was determined using a Munsell Soil Color Charts (1994).

Soil samples were also processed for the determination of major physical properties and
chemical composition. An inorganic elemental analysis was conducted by inductively
coupled plasma mass spectrometry (ICP-MS), using an Agilent 7500CE instrument after
dissolving the fuel samples by means of microwave-assisted acid digestion, according to
US-EPA 3051 and 3052. The soil modification after the fire was evaluated by measuring
moisture, volatile, fixed carbon and ash content using a TGA 701 LECO thermo-

gravimetric analyzer, according to the ASTM D-5142 standards.

Soil samples were processed for X-ray diffraction (XRD) using a PW 1100 Philips
diffractometer in order to analyze the crystalline species. The obtained spectra were
interpreted using the WWW-MINCRYST: Crystallographic and Crystallochemical Database
for Minerals and their Structural Analogues. The morphology of materials was investigated

with a FEI Inspect S SEM microscope.

3.5 Sediment erosion and deposition budgets

The post-fire erosion response that occurred on September 2012 at the Sant’/Angelo creek
watershed produced a massive deposit at the outlet of the watershed that was trapped in
an artificial channel closed by a blocked culvert. In this case, the sealed channel acted as

a watershed-scale sediment trap (Wells and Wohlgemuth, 1987; Robichaud and Brown,

11
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2002; Morris et al., 2011) allowing for a computation of volume and weight of trapped
sediments and a reliable estimate of the soil loss per unit area along the burned hillslope.

In order to estimate the total volume and weight of the soil mobilized by erosional
processes along the hillslope and compare it with the weight of the deposits that have
been found both within the artificial channel and along the slopes, two metrics were
collected during the fieldwork: 1) thickness of eroded soil around the tree bases and 2)
thickness of eroded soil by rills or rill depth (see section 4.3.1). These data were
interpolated in ArcGis 10.3™ software, in order to identify and map the areas
characterized by the mobilized amounts of soil and their volumes. The weight
corresponding to all measured volumes were calculated by using specific gravity derived

from the study soil samples.

4 Data analysis and results

4.1 Soil burn severity

The fieldwork conducted in this study was specifically addressed to verify the occurrence
of fire effects on vegetation and soil properties and eventually evaluate their spatial
variability.

During the survey, we have observed that in some areas the crowns of oak trees were not
completely leafless, the scorched leaves on trees had a light brown color and branches
were only partially scorched. The surficial color was brown and a number of smaller roots
near surface were slightly charred. Moreover, WDPT data, classified according with
Bisdom et al. (1993), showed a slight water repellency characterized by infiltration times of

2-45 seconds (Table 2).

In other areas, there was evidence that some oak trees were bent by the winds during the

fire and no leaves on their fully charred branches were detected. A black charred ground

12
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surface was common and both small and larger roots were entirely charred near the
surface, where a ca. 10 cm thick layer of litter, duff and bushes was destroyed by the
flames. In these areas, WDPT tests revealed severe water repellency reflected by
infiltration times also higher than half an hour (Table 2). Furthermore, rock fragments
spalled during the fire were also found at the base of some charred carbonate outcrops.

Following the suggestion of Parsons et al. (2010), these effects were used to discriminate
among different soil burn severity classes. The soil burn severity map represented in Fig. 3
illustrates the extent and the various degrees of severity burned areas. Particularly, the
map shows that the area characterized by high soil burn severity represents 65% of the 11
ha total burned surface, whereas the area corresponding to moderate soil burn severity,
represents the 35% of the surface. The figure also indicates the location of soil and
sediment sampling sites, WDPT test sites, and the path of the debris flow that struck the

area of Sarno in 1998.

4.2 Rainfall properties

The post-fire response discussed in this work was triggered by a rainstorm generated
within the tail of a low-pressure vortex formed above the Tyrrhenian Sea, off the Italian
west coast (Weather forecast bulletin emitted by the Regional Civil Protection on 5
September, 2012). The storm had a radius of ca. 5 km and it was recorded by all the three

rain gauges available for the study area (Table 3).

Particularly, the daily rainfall data of Cetronico gauge indicate that the precipitation over
Sant’Angelo Creek watershed on 6 September, 2012 was characterized by both the
highest 10-minute rainfall intensities and rain depths after the fire (Fig. 4). The rain gauge,
recorded a total storm rainfall of 23.8 mm between 04:50 and 06:30 of that day. Within this

time interval, 15.4 mm of rainfall occurred in the first 30 minutes (between 4:50 and 5:20),

13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

with a 30-minute peak rainfall intensity (lIsp) of 30.8 mm/h (Fig. 5). The 10-minute peak

storm intensity (l10) of 37.2 mm/h was reached between 5:10 and 5:20.

The inset of Fig. 5 shows that the rainfall intensity profile (black line) of the storm is
characterized by a rapid rise with a peak followed by a relatively slow decline. The
cumulative rainfall depth profile (gray line) also shows an initial rapid rise followed by a
slower increase, thus confirming the character of short-duration, high-intensity convective

of the storm.

4.3 Field indicators of post-fire geomorphic processes

4.3.1 Indicators of erosional processes

Several field indicators of erosional and depositional processes were identified during the
filed field survey. Evidence of recent instability have-been were not observed outside the
burned parts of the watershed, where the vegetation cover is composed of 10 cm-thick
litter, oak trees and the typical Mediterranean scrub (Fig. 6). Moreover, we did not observe
any evidence of flow processes or deposits at the outlet of the nearby unburned
watersheds during the survey.

Evidences of recent erosional processes detected on the slopes are summarized below.

1) Patches of crusted soil have-been were identified locally. They are characterized by
lighter color and higher compaction with respect to the adjacent surrounding areas.
WDPT tests performed on their the surface consistently revealed a lack of
infiltration capacity for an average thickness of 3 cm. The extension of individual
patches is in the order of a few square decimeters.

2) Along the main runoff path, some aligned trees characterized by light annular bands
at their base have-been were detected (Fig. 7A). These bands correspond to parts

of the bark that were covered by soil during wildfire, and become became visible
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after post-fire erosion processes acted along the burned hillslope. The bands
displayed a height of 2 - 8 cm and were often associated with bared roots (Fig. 7B).
3) A dozen of rill networks were also found in the burned area. Specifically, they were
located where the fire burned with high soil burn severity, along the lower sector of
slopes characterized by gradients of ca. 35° (Fig. 8). All networks appeared to be
interrupted at slope breaks. Rills had a maximum length of ca. 10 m and a depth in
the order of 10 - 20 cm. Individual rill scours had a width of 10 - 20 cm and no

levees were detected along their margins.

Field data, including the height of the light bands at the base of the trees, and rill depth
along burned slopes, suggest that the total volume of soil eroded along the burned
hillslope was ca. 186 m®. By considering a specific gravity of 2.2 g/cm® and a water
content of 11.5 % for burned soils (Table 4), the resulting dry weight of the eroded

material is ca. 364 tons.

4.3.2 Indicators of depositional processes

Several indicators of depositional processes were found both at the watershed outlet and
along the burned slopes. The deposit found in the artificial channel at the outlet of the
watershed (Fig. 9) is represented by mineral soil particles, ash, and charred plant remains.
The concrete structure was built after the Sarno 1998 catastrophic landslide event, in order
to funnel possible future debris flows into large storage basins downstream, and remained
empty until the 6 September, 2012 rainstorm (see Google Earth historical images captured
on 6/1/2010 and 7/14/2012 - 40°48'44.83"N, 14°39'40.28"E).

Field investigation showed that sediment and debris accumulation along the artificial
channel was partly induced by the lack of maintenance of the culvert, with consequent
obstruction of the hydraulic section, that caused a damming effect at the base of the

channel. Traces of mud (Fig. 9) and splash marks were detected on the concrete banks.
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The volume of flow deposit accumulated into the channel was estimated in ca. 175 m®.
Considering a specific gravity of 2.15 g/lcm® and an average water content of 42 % (Table
4), the resulting dry weight of the deposit is ca. 218 tons.

Significant accumulation of sediments was found locally over the slopes, either behind the
base of larger living trunks (Fig. 10), or trapped by the damming caused by charred
branches and trunks intercepting runoff. Furthermore, patches of liquefied soil were found
over carbonate scarps, locally filling-up the rough morphology. At least twenty areas of
sediment and soil accumulation have been detected along the slope, with a cumulative
volume of material of ca. 55 m®, corresponding to an estimated total dry weight of ca. 88

tons of deposits.

4.4 Sedimentological characterization

Sedimentological analysis showed that both burned (B1, B2) and unburned (NB1, NB2)
soil samples can be classified as gravelly muddy sand (Fig. 11) according to the
classification system proposed by Folk (1974). This is also reflected by the similarity of
grain size statistical parameters, soil organic matter and specific gravity reported in Table
4. Microscopic analysis showed that all samples had a relatively high volcaniclastic fraction
content (70-100 %) and a low content of plant remains (0-30 %).

The sediment samples collected into the channel correspond to muddy sandy gravel (D1)
and gravelly mud (D2) (Fig. 11). D1 is very poorly sorted (og = 2.61) whereas D2 is poorly
sorted (0g = 1.79). In terms of composition, sample D1 mostly consists of charred coarse-
grained pyroclastic deposits with rare limestone rock fragments, whereas D2 is was
represented by charred fine-grained volcaniclastics and plant remains (i.e. rootlets, leafs,

charcoal and seed fragments). No unburned material was detected into the samples.
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Both organic matter content and specific gravity showed significantly different values in the
two samples (Table 4). The average water content was 42% whereas in the case of soil

samples it was 11.5 %.

A comparison of grain size distribution of samples D1 and D2 with the facies distribution of
a post-fire fan deposits (Meyer and Wells, 1997) is showed in Fig. 11. The curves of
samples D1 and D2 fall within the hyperconcentrated flow and streamflow fields (Pierson
and Costa, 1987), respectively. This evidence is consistent with a significant difference of
sorting (0g.p1 = 2.61 - 0gp2 = 1.79) and with the traces of mud and splash marks detected
on the concrete banks (Fig. 9). It also suggests the occurrence of low or no-internal

strength turbulent flows characterized by high velocity.

4.5 Chemical/physical and mineralogical characterization

The results of the chemical/physical characterization of soil samples are summarized in
Fig. 12 and Table 5 that shows the results of ICP analysis in terms of the concentration of
major elements within the samples. The most abundant element is Aluminum (Si is not
detected by ICP) followed by K, Ca, Fe, Mg and Na.

It is worth noting that the ICP analysis displayed displays no significant difference between
the concentration of the main species of the burned (B) and unburned (NB) soil samples.
This suggest that the phenomena occurring during the fire did not alter the inorganic
material content. Consequently, only a rearrangement of the inorganic element can be
hypothesized. Such results are in agreement with the results of SOM analysis and are also
confirmed by the proximate analysis of all the samples given in Table 6, which shows that

the content in volatiles is not affected by the exposition to the fire.

The results of the X-ray diffraction (XRD) analysis are shown in Fig. 13. The analysis was

performed two times (Batch I, Batch II) for each soil sample in order to assess also the
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homogeneity of the material. All the XRD spectra show signals (in the range 20-30 of 20
angle) related to silicate species and more specifically to phyllosilicates and tectosilicates.
In the burned sample, XRD signals at higher angle associated to the occurrence of iron
oxides like hematite (Fe,O3), magnetite (FezO4) and wustite (FeO) are present.

The important role of both amorphous and crystalline Fe in stabilizing natural soil
aggregates has been proved by many authors. In particular, Jozefaciuk and Czachor
(2014) report that an increasing content of Fe causes a decrease in the water stability of

small (ca. 1 mm) and large (ca. 1 cm) aggregates.

The morphology of materials was investigated with a FEI Inspect S SEM microscope. The
image of the different samples under different magnitude are reported in Fig. 14.

The SEM analysis performed on the NB1 and NB2 samples shows a layered structure
composed of phyllosilicates and tectosilicates. The particles show a poor sphericity and
roundness and a large size distribution. A comparison of the SEM images of burned and
unburned samples suggests that the morphology and the degree of sphericity and

roundness are unaffected by the fire.

5 Discussion

5.1 Post-fire geomorphic processes

Morphometric properties showed in Table 1 highlight the occurrence of steep slopes and
moderate channel gradients in the Sant’/Angelo creek watershed. As widely reported in the
literature, steep morphologies may enhance fire intensity and spreading, and increase the
potential for surface erosion and mass movements. Indeed the steep topographic
conditions of the study area (average slope angle = 35°) may have exerted a significant

control on both the soil burn severity and erosional processes.
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The results of the fieldwork indicate that the Sant’Angelo creek fire burned 65% of the 11-
ha affected area with high severity and 35% with moderate severity. The wildfire caused
partial consumption of the tree canopy, shrubs, soil-mantling litter and duff, as well as
modification of soil properties (i.e. water repellency). These effects may have been
controlled not only by the steep topography but also by high availability of fuel (Fig. 6) and
local weather conditions. For instance, a number of bent oak trees found in the burned
area suggest, that strong winds occurred during the fire propagation.

Water repellency was investigated in the field through WDPT tests, and showed
persistency ranging from slight to severe. The results of mineralogical analysis suggest
that iron oxides, that occur in burned soil samples but are not present in the unburned soil
samples, could have enhanced this behavior. Particularly, the occurrence of iron oxides
indicates that the upper soil horizon underwent relatively high temperature (250 C) coupled
with high oxygen and water content. It has been in fact demonstrated that in highly
oxygenated conditions, with high partial pressure, the formation of iron oxides is

significantly high (Bertrand et al, 2010).

New aggregates formed by clay, silt and sand particles bound by Fe oxides (Regelink et
al., 2015) may lead to a decrease in the soil porosity, which in turn produces a decrease in
the soil permeability. According with Gargiulo et al. (2013), iron oxides may cause a 50%
reduction of porosity in soils characterized by significant sandy content and low shrinking-
swelling capacity. Considering the results of chemical analysis, coupled with mineralogical
and textural properties of the analyzed volcanic soils, we infer that a similar mechanism of
increased water repellency conditions may have occurred during the Sant’Angelo creek
fire. It cannot be excluded that micro-aggregates had formed as hydrophobic compounds
generated in the plants litter and migrated downward in the soil along with water vapor and

oxygen (DeBano, 2000). Comparison of SEM images with grain size and composition
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does not indicate any significant structural difference between burned and unburned
samples. This would exclude other causes controlling the water repellency conditions.

The rainstorm that occurred in the study area about one month after the fire was
characterized by 30-minute peak rainfall intensity (l3p) of 30.8 mm/h, triggering a high-
magnitude erosion response. A series of indicators recognized during the field survey

allowed us to identify the post-fire geomorphic processes triggered by the rainstorm.

Several indicators highlight the occurrence of sheetwash erosion (Shakesby and Doerr,
2006) along the burned hillslope. Clear evidences are the light bands found at the base of
some trees (Fig. 7A), indicating the occurrence of overland flows which removed the loose,
friable, and burned mineral soil around the base of the trunks, with a progressive
entrainment of material downslope. Suspended sediments transported by overland flows
also included soil particles detached during the raindrops impact. As stated by McGuire et
al. (2016), steep burned areas characterized by sandy soils may be particularly
susceptible to the raindrop-driven detachment process, making the soil surface more
erodible and prone to flow-driven transport. Additional evidence of rainsplash detachment
is represented by local patches of soil crusts found on the burned slope (Farres, 1987; Le

Bissonnais et al.,1989; Mataix-Solera et al., 2011).

The local transition from diffusive erosion dominated by sheetwash to concentrated
erosion is testified by rill networks (Fig. 8). The occurrence of rills suggests that, localized
Hortonian infiltration-excess may have been a major hillslope-runoff-generating process
(e.g. DeBano, 2000). However, it cannot excluded that this process may have included
transition and/or switching between infiltration-excess and saturation-excess conditions.

It was not surprising to find rill networks in the burned area, given the high slope gradients
(Table 1) and soil burn severity conditions (Fig. 3). In fact, where volcaniclastic deposits

occur (e.g. Las Conchas wildfire, Pellettier and Orem, 2014), rilling can be the most
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common form of hillslope erosion observed in areas characterized by moderate and high

soil burn severity. Meyer-and-Wells (1997}-and-Staley—et-al(2014)-also-ebserved-—a

As detected during field survey, a part of the upper soil horizon including mineral soil
particles, ash, charcoal, branches and leaves transported by overland flows was
redistributed along the hillslope because of micro-topographic conditions. However, the
massive deposit found into the artificial channel at the outlet of watershed (Fig. 9)
suggests that a-significant-part about 60% of the mobilized sediments (i.e. 218 of 364 tons)
traveled into the main drainage axis of the Sant’Angelo Creek watershed down to the

concrete channel, as a gravity flow.

According to what has been observed by Keane et al. (2011) in southern California, we
infer that the Sant’/Angelo Creek flows possibly initiated shortly after the beginning of the
rainfall event, when the estimated 30-minute rainfall intensity (I3p) exceeded the threshold
value of 20 mm/h for 30 minutes proposed by Cannon et al. (2003 a, b). Decreasing
intensity through time (Fig. 5) could have controlled the sediment-water mixture
concentration (e.g. Keane et al. 2013). We infer that such variation may have implied
transition from hyperconcentrated flow to streamflow (Pierson and Costa, 1987)
corresponding to a decrease in the sediment transport capacity towards the final stage of
the flow response. The overall grain size diversity between samples D1 and D2 (Fig. 11)
may indicate such a tendency. Particularly, we suggest that hyperconcentrated flow
deposits may be regarded as the result of massive deposition during the main flow event,
whereas streamflow deposits may represent the product of the downstream deposition of
flow tail, characterized by abundant fine-grained fraction (sample D2) and plant debris

washed away from coarse material deposited upstream (sample D1). The occurrence of
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similar facies association has been already reported in the literature for post-fire responses
in other regions (Meyer and Wells 1997; Cannon et al.,, 1998; Kean et al.,, 2011),
sometimes with specific reference to lahars in volcaniclastic settings (Scott, 1988; Pierson,
2005). According to Meyer and Wells (1997), burned slopes are broadly analogous to
slopes mantled by loose volcaniclastic materials in terms of runoff potential and availability
of fine sediment. In this study, due to the coupling of both factors (volcaniclastic materials
and burned slope), we suggest that the post-fire flow processes here described could be
regarded as of lahar-type.

The results discussed in this section highlight the importance of collecting post-fire field
observations, especially in the central Mediterranean area where most of the available
studies are based on simulated rainfall and/or experimental plots addressed to the
modeling of post-fire erosion responses (e.g. Rulli et al., 2013, 2006; Vafeidis et al., 2007).
Field data are indeed essential to understand mechanisms controlling the initiation and
propagation of mass movements (e.g. Cannon et al., 2001; Nyman et al., 2011), and
provide useful information to calibrate both models for predicting runoff-generated erosion
(Nyman et al., 2015; Kean et al., 2013) and compile catalogues related to post-fire events
(Gartner et al., 2005; Riley et al., 2013).

The limited number of post-fire erosion events documented in the study region makes
somewhat problematic the understanding of the triggering factors or predisposing
conditions controlling post-fire erosion responses. In volcaniclastic settings, not far from
the study area, Calcaterra et al. (2007) and De Vita et al. (1994) documented that different
post-fire geomorphic processes (e.g. landslides and debris flows) may occur in similar

landscapes, also causing fatalities.
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5.2 Post-fire soil loss

The soil erosion intensity map of Fig. 9 shows the areas involved by the post-fire response
and the artificial channel at the outlet of the watershed. On the basis of the interpolation of
fieldwork data, as a first step, we have inferred the volumes involved by erosion and
subsequent depositional processes. Secondly, we have derived the soil loss per unit area

at the watershed scale.

The balance between eroded and deposited sediments highlights a net excess of 58 tons
of eroded material. This material was ostensibly redistributed along the hillslope and/or
washed away from the channel by overland flows as suspended sediments. Since there
was no significant evidence of erosion and instability processes in the unburned parts of
the watershed, the burned sector can be regarded as the primary source area for the

gravity flow deposits that accumulated in the concrete channel downstream.

Different estimates of the average post-fire soil loss can be obtained by dividing in turn the
dry weight of channel deposits (218 tons), total deposited sediments (including hillslope
and channel deposits, 306 tons) and eroded materials (364 tons) for the burned area (11
ha), resulting in a soil loss of 19.8, 27.8 and 33.1 tons ha™, respectively. This tendency to
soil loss in the sediment budgets may be the result of larger scale entrapment of thin
layers of material mobilized along the slopes, and/or by the dominance of hillslope
processes over base of slope (channel) processes. Apparent soil loss in the system may
also result from the occurrence of significant volumes of sediment or debris stored in the
channel network, prior to the wildfire event.

The problem of soil loss during post-fire response events has been long debated in the
literature. Shakesby (2011) reports values ranging between 0.016 and 13.1 tons ha™
during the first year after wildfire for Mediterranean regions and 2.5 to 197 tons ha™ in the
USA and Australia. The case of Sant’Angelo Creek watershed seems in good agreement
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with annual erosion data collected at the catchment scale of the Mediterranean area and
with figures documented in other regions after specific events (e.g. Copeland, 1965;
Shakesby and Doerr, 2006; Moody and Martin, 2009; Lavabre and Martin, 1997;
Robichaud et al., 2013). For example, Robichaud et al. (2013) reported soil losses of 18.6
tons ha™' and 24.4 tons ha™ after two short-duration high-intensity rainstorms (10-min
maximum rainfall intensity respectively of 52 mm/h and 65 mm/h) in a 4.6-ha watershed in
Colorado. Similarly, Copeland (1965) reported a soil loss of 9.6 tons ha™ in a 98-ha
watershed, in Nevada, during a rainstorm that reached a 5-min maximum rainfall intensity
of 234.7 mm/h.

The methodological approaches of various authors and the different size of the burned
areas represents one of the main problems in the calculation of soil loss within burned
landscapes (Shakesby and Doerr, 2006; Moody and Martin, 2009). In this study, the
calculated soil loss seems to be consistent both with the abundance of highly erodible
volcaniclastic soils mantling the carbonate slopes and with the moderate and high soil burn
severity of the Sant’Angelo Creek watershed event.

The volcanic soils of study area, indeed, are very different from the typical thin and stony
soils of the Mediterranean regions whose thickness is normally up to 35-50 cm (Shakesby,
2011). The soils involved by the Sant’Angelo creek fire are mainly 0.5 — 2.0 m thick (Fig. 2)
and typically cohesionless (Damiano and Olivares, 2010). As a consequence, the shear
strength of the topsoil horizons is significantly dependent by the occurrence of plant roots,
as quantified by Nyman et al. (2013) for non-cohesive burned soils in Australia and United
States.

Moreover, the role played by the vegetation is fundamental in reducing the kinetic energy
of the raindrops and generating a mulch layer that prevents soil desiccation in low-rainfall

periods. Therefore, we infer that in the study area, the burning of vegetation and litter
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cover caused by the wildfire resulted in effective erosion and transportation of fine
sediment along the slopes.

According to Shakesby (2011), fire severity represents a key factor in controlling the
degree of post-fire erosion. The Sant’/Angelo creek event was characterized by moderate
and high soil burn severity (35% and 65% respectively). According to our interpretation the
fire had caused a significant decrease in the aggregate stability within the topsoil that likely
reduced the critical shear stress required for the initiation of erosional processes (Moody
and Smith, 2005; Mataix-Solera et al., 2011). According to Nyman et al. (2013), high
severity wildfires can produce a hit pulse penetrating deeper into the soil than low-severity
wildfires, and this may increase the corresponding depth of non-cohesive layer.

Based on the above observations we suggest that these factors, combined with the
morphology of Sant’Angelo creek watershed and the intensity of the rainstorm event
discussed in this study, have produced significantly high erosion and large volumes of

sediments transported by overland flows downstream.
6 Conclusions

The data presented in this study document cause - effect relationship between the
Sant’Angelo Creek fire (64 August, 2012) and the subsequent (6 September, 2012) post-
fire erosion response. The event was triggered by a convective high-intensity and short-
duration rainstorm that generated soil and sediment mass movements along the

Sant’Angelo Creek watershed.

Erosion over the slopes was primarily driven by the entrainment of material due to runoff
during post-fire erosion responses, and evolved with different magnitudes, mostly
depending on slope morphology, vegetation cover and rain intensity. Quantitative analysis
of sediment budgets showed that the Sant’Angelo Creek response caused a soil loss of
about 19.8 to 33.1 tons ha™ in the burned zone.
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The results of this research suggest that wildfires can play a significant role in the
geomorphological evolution of mountainous landscapes of the southern Apennines and
similar contexts of the central Mediterranean area, especially when associated with heavy
rainfall events. However, the lack of documented post-fire erosion responses, as well as
inadequate knowledge about fire effects on volcanic soils of this geographic area,
represent important issues. In order to better post-fire erosion mitigation strategies or
emergency-response planning, future efforts to fill these research gaps are therefore

essential.
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Tables

Parameters Watershed Burned area

area (ha) 55 11
perimeter (km) 3.343 1.610
slope min (°) 2 2
slope max (°) 58 54
slope range (°) 55.9 52
slope average (°) 34.9 34.8
alt min (m) 246 246
alt max (m) 891 560
relief ratio 0.45 --
main channel length (m) 1432 --
main channel slope (°) 23 -
main channel slope at outlet (°) 11 --
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1 Table 1. Summary of some morphometric parameters related to the Sant’Angelo Creek

2 watershed and to the burned area.
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1

2

3

DEPTH (cm) WDPT (s)
MODERATE SOIL BURN SEVERITY HIGH SOIL BURN SEVERITY

0 17 3 16 0 0 0 5 3
1 45 5 12 12 >1900 10 25 18
2 15 18 39 160 >1900 65 115 95
3 15 22 43 600 >1900 150 348 110
4 18 38 41 >1900 1536 800 >1900 175
5 2 32 28 >1900 1320 >1900 >1900 280
6 2 12 11 >1900 10  >1900 >1900 1520
7 30 6 8 0 5 1200 >1900 1568
8 10 4 5 0 2 22 10 1762
9 2 1 0 0 1 0 0 973
10 0 1 0 0 0 3 0 24

Table 2. WDPT test results performed in the areas burned with moderate and high soll

burn severity.
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1

2

RAINSTORM TOTAL DISTANCE FROM THE

TIME STORM Lo lao
RAINGAUGE  |\\TERVAL  RAINFALL (mm/h) (mm/h) STUDY WATERSHED
(km)
(hours) (mm)
CETRONICO  04:50 - 6:30 23.8 372 308 4
BRACIGLIANO  04:50 - 6:20 222 372 252 4.4
PIANI DI PRATO  04:40 - 5:50 13.2 192 156 2.8

Table 3. Rainfall data collected by the Civil Protection rain gauges used in this study.
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g B~ W N -

% COMPONENTS (Phi-1+1)

GRAIN SIZE PROPERTIES

(<N SOM W  Wau
SAMPLE TEXTURE COLOR Vege- Vol- Carbo- M; s SK KQ cm.g) ) (%) o,
table canic nate  (Phi) (phi)  (phi)  (phi)
Gravelly  Dark brown
B1 muddy 0-15 85-100 0 172 333 047 268 2.1 99 12
sand 10 YR 3/3
Gravelly Brown
B2 muddy <5-10 90-95 0 242 332 029 211 2.3 84 11
sand 25Y 3/2
Gravelly Dark olive 11.5
NB1 muddy brown 0-10 90-100 0 176 339 045 248 22 103 13
sand 2.5Y 313
Gravelly Dark grayish
NB2 muddy brown 0-30 70-95 0-5 222 342 027 202 2.2 96 10
sand 2.5Y 412
Muddy Brown
D1 sandy 0 95 0-5 044 261 092 575 2.4 25 41
gravel 25Y 3/2
42
Brown
D2 Gravelly 30-70 30-70 0 558 179 -056 492 19 27 43
mu 25Y3/2

Table 4. Summary of the results obtained by laboratory analysis (Mz = mean particle size;

S:

sorting; Sk = skewness; Kg = Kurtosis; Gs = specific gravity; SOM = soil organic

matter; W = water content; Way = average water content). Sample textures (Folk, 1974)

are also indicated.

45




Element (ppm) B1 NB1 B2 NB2

Aluminum 42660 42670 41740 44520
Barium 995 840 777 827
Calcium 18670 18550 18160 20160
Iron 19880 17540 18510 19770
Magnesium 7363 6659 7530 6928
Manganese 575.9 467. 526 546
Potassium 34770 31950 28770 27950
Sodium 9325 7574 6241 7346
Strontium 436 380 358 366
Titanium 1848 1448 1582 1677

1

2 Table 5. Amount of the inorganic elements measured in the burned and unburned soil
3 samples.
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Sample Moisture (%) Volatiles (%) Ashes (%) Fixed Carbon
B1 2.3 6.7 91.0 -
B2 2.6 8.6 88.4 0.44
NB1 2.2 6.6 91.2 -
NB2 3.1 9.0 87.9 1.4

1

2 Table 6. Proximate Analysis results
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Abstract

In this study we document a post-fire erosion response to a short-lived, intense rainstorm
occurred on 6 September, 2012 in the Sant’/Angelo creek watershed, Sarno Mountains,
Southern ltaly. The rainstorm occurred one month after a wildfire that burned about 11 ha
of the steep watershed (55 ha), almost entirely mantled by volcaniclastic deposits. The
research was based on fieldwork and laboratory analysis addressed to the understanding
of the geomorphic effects of the wildfire and their impact on erosional and depositional
processes triggered by subsequent rainstorms. Field evidence indicates that a series of
overland flows caused significant runoff and sediment yields along the hillslope and
accumulation of hyperconcentrated flow deposits in a concrete channel occluded by a
sealed culvert at the outlet of the watershed. The results of geomorphological and
sedimentological analysis suggest that the occurrence of volcaniclastic covers mantling
the slopes likely favored accelerated soil erosion, especially where vegetation and litter
had been removed by the fire. Chemical analysis on sediment samples, revealed the
occurrence of iron oxides that enhanced soil water repellency conditions over wide areas
of the burned watershed compared to the unburned areas.

Quantitative analysis of sediment budgets showed that the rainfall-induced erosion
response at Sant'Angelo creek watershed resulted in a soil loss of 19.8 - 33.1 tons ha™
over burned areas. Post-fire erosion response following severe rainstorms needs to be
considered in the spectrum of natural hazards associated with the geomorphological

evolution of mountainous landscapes mantled by volcaniclastic deposits.

Keywords: wildfire; rainstorm; post-fire erosion response; soil loss; Sarno Mountains.
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1 Introduction

During the last decade, the role of wildfires as geomorphic agent has been widely
recognized by the scientific community (e.g. Moody et al., 2013). Direct effects of wildfires
on soil and vegetation (e.g. Certini, 2005; Shakesby and Doerr, 2006; Jordan et al., 2013)
may enhance erosion through sheetwash and rilling processes, often resulting in large
mass movements (Swanson, 1981; Cannon et al., 1998; Wondzell and King, 2003; Nyman
et al., 2011; Moody et al., 2013; Riley et al., 2013; Santi et al., 2013). Post-fire erosion
responses may have a variety of impacts on landscapes. For instance, they can dominate
the long-term sediment yield in a given area, until the geomorphic system returns to the
typical conditions of unburnt terrain (Swanson, 1981; Prosser and Williams, 1998;
Shakesby, 2011). Moreover, they represent a severe risk for human life, where houses
and other infrastructures occur (Cannon and DeGraff, 2009; Nyman et al., 2011). Post-fire
catastrophic floods and deadly debris or sediment-laden flows have been reported from
several areas of Canada, western United States and southeastern Australia (e.g. Moody et
al., 2013; Kean et al., 2011; VanDine et al., 2005; Nyman, 2013). In the Mediterranean
region, prevailingly moderate fire-related erosional events have been documented.
However, as pointed out by Parise and Cannon (2008), most of research works in this
area have dealt with experimental plots (e.g. Rosso et al., 2007) rather than analysis of
post-wildfire landslides and erosional events. Case studies reported for Mediterranean
region have mostly focused on Spain and Portugal (e.g. Lorente et al., 2002, 2003;
Begueria, 2006; Garcia-Ruiz et al., 2010, 2013; Lourencgo et al., 2012) and fewer on the
central countries, like in Italy and Greece (e.g. De vita et al., 1994; Tiranti et al., 2006;
Calcaterra et al., 2007; Stefanidis et al., 2002; Blake et al., 2010).

The majority of the Mediterranean study areas are characterized by thin, stony soils,

where surface erosion after wildfires is supply-limited with erosion rates ranging between
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0.016 and 13.1 t ha™' y' (Shakesby, 2011). A notable exception is represented by the
volcanic areas of southern Italy, where local abundance of fine-grained, loose
volcaniclastic material lying on steep volcanic and/or calcareous slopes may be observed
(De Vita et al., 2006; Matano et al., 2016). Such material is often associated with andosols
(WRB, 2006) characterized by relatively low cohesion under dry conditions (Maeda et al.,
1977; Warkentin, 1984) and high erodibility when slope-stabilizing vegetation is absent
(Rodriguez et al., 2002). The occurrence of wildfires in volcaniclastic settings is often
reported, in fact, as a condition that enhances the probability of massive sediment-laden
flows, as observed by Meyer and Wells (1997) in the Yellowstone National Park (U.S.A)
and by Neris et al. (2016) in the Canary Islands (Spain). Nevertheless, according to Neris
et al. (2016), hydrological and erosional response of this terrain type in the post-fire period
has received little attention by the scientific community.

A distinctive feature of several regions of the central Mediterranean area is the local
abundance of sediment-supplying soils occurring in steep slopes characterized by a plenty
of easily flammable shrubs and forests. Such increase in the natural fuel load can be
enhanced by inappropriate land use and/or land abandonment and afforestation with
highly flammable species (Shakesby, 2011). Due to the combination of these factors with a
likely increase in the frequency of extreme climatic events through time (Arca et al., 2010;
Moriondo et al., 2006), future wildfire activity is expected to increase in the overall
Mediterranean area.

In this study we document a post-fire erosion response to a short-duration, high-intensity
rainstorm that occurred in the Sant'/Angelo creek watershed, Sarno Mountain Range,
southern ltaly (Fig. 1). This area, characterized by a Mesozoic carbonate bedrock covered
by pyroclastic deposits and andosols, was partially burned on 4 August, 2012 (Esposito et

al., 2013) and hit by a first rainstorm on 6 September, 2012.
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The aims of this study are: (i) to improve knowledge about fire effects and related soill
erosion processes in steep slopes covered by volcanic soils; (ii) to highlight that high
amount of soil loss can occur in such contexts; (iii) to give a valid contribution towards the
documentation of post-fire erosion responses occurring in the central Mediterranean area.
The research work was based on a multidisciplinary approach integrating fieldwork with
chemical, mineralogical and grain size analysis conducted on soil samples collected in the
study area. Similar approach was adopted in other erosional contexts of southern lItaly
(e.g. Summa et al., 2007; De Santis et al., 2010), demonstrating to be very suitable to
investigate the effects and causes of erosion. Laboratory and field data were also used to

quantify soil loss at the watershed scale.

2 The Sant’Angelo Creek watershed

2.1 Geological background

The Sant’Angelo Creek watershed is located in the Sarno Mountain Range, along the
southern slope of Mt. Torrenone, about 3 km east of the town of Sarno (Fig. 1). The ridge
is mainly formed by bedded Mesozoic carbonates (Di Nocera et al., 2011) and since the
Late Quaternary it has been repeatedly mantled by pyroclastic airfall deposits, as a result
of explosive activity of the Somma-Vesuvius (Rolandi et al., 1998) and Campi Flegrei (Orsi
et al., 1996) volcanic districts (Fig. 1).

At the Sant’/Angelo Creek watershed, the thickness of the volcaniclastic cover may vary
significantly in different areas (Fig. 2), and it reaches a maximum of 5 m (De Vita et al.,
2006; Autorita di Bacino del Sarno, 2011). However, slope-mantling deposits may be
locally much thinner due to previous erosion and/or recent landslides. Figure 2 reports the
areal distribution of the varying thickness of volcaniclastic deposits that have been

grouped into three classes (0.1-0.5 m; 0.5-2.0 m; 2.0-5.0 m), whereas carbonate scarps
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are referred to as exposed bedrock. The map indicates that in the burned area, the
thickness of the pyroclastic cover mostly ranges from 0,5 m to 2,0 m. These volcaniclastic
deposits are typically interbedded with a series of soil horizons classified as andosols
(WRB, 2006), and characterized by a high content of glass and amorphous colloidal
materials, including allophane and imogolite, and andic features ranging from high

(Alo+0,5Fe0>2%) to moderate (Alo+0,5Fe0:1-2%) (Terribile et al., 2007).

2.2 Geomorphological setting

The morphology of the Sarno Mts. is marked by several tectonic lineaments (i.e. fault
slopes) and carbonate scarps, along with gullies and karstic features with high gradients.
Gullies are incised up to 30 m, and extend downslope from the ridge crest. Slope profiles
are marked by a series of narrow scarps that may be followed laterally up to a few hundred
meters. The scarps display heights ranging from 1-2 m to 10-15 m and typically correspond
to erosion profiles of thick carbonate beds. Morphometric parameters of the Sant'/Angelo
creek watershed are summarized in Table 1, and a slope map of the watershed is showed
in Fig. 2. Hillslopes are characterized by an average slope angle of about 35°. A marked
decrease in the slope angles from 23° to 11° occurs along the channel slope at the outlet of

the watershed.

The recent geomorphological evolution of the mountain range has been characterized by
areal erosion along hillslopes with poor or absent vegetation, as well as by linear erosion
along major valley axes. The most common instability processes in the study area are
represented by rock falls affecting fractured carbonate scarps, and shallow landslides often
involving the volcaniclastic covers. The Sarno Mountain Range area was also hit by a
series of landslides evolving in downstream debris flows that occurred on 4-5 may 1998,
after a period of prolonged rainfall (120 mm of cumulated rainfall in 48 hours). The event

caused 137 deaths in the town of Sarno (Cascini et al., 2008), and involved the
6
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volcaniclastic deposits and soils covering the carbonate slopes (Guadagno et al., 2005; De
Vita et al., 2013). The slope instability, in this case, was mostly due to deterioration of
mechanical properties of the volcaniclastic covers, as a consequence of the concentrated
rainfalls and of the specific hydrological and geotechnical conditions (Cascini et al, 2003,
2013), which is substantially different from the post-fire erosional phenomena discussed in

this work.

2.3 Meteo-climatic factors

The Sarno region is characterized by a typical Mediterranean climatic regime with hot, dry
summers and moderately cool, rainy winters (Ducci and Tranfaglia, 2008). The annual
average precipitation of this inner sector of the Apennines is in the order of 1000 mm/year

at lower altitudes and 1400-1500 mm/year over summit areas.

In this part of the Mediterranean region, the major rainstorms following the peak summer
period are caused by the Tropical-Like Cyclones (TLC), most of which occur between
August and November (Tranfaglia and Braca, 2004; De Luca et al., 2010). Rainfalls from
TLC are typically very intense and generally concentrated over small areas. Such
meteorological systems, together with frontal storms and isolated convective cells, are able
to trigger significant landslide phenomena, flash floods and debris flows (De Vita et al.,
1994; Esposito et al., 2004; Esposito et al., 2015; Calcaterra et al., 2007; Porfido et al.,

2009; Ciervo et al., 2012; Santo et al., 2012).

2.4 Fire regime

As in other Mediterranean countries, the occurrence of wildfires in Italy is concentrated
during the hot and dry summer months, between July and September. The Italian territory
extends over an area of 30.134 x 10° ha and, according to the State Forestry Corps (JRC,

2015), 8700 fires per year averaged in the period 1970-2015, burning about 100000 ha/yr.
;
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The Sant’Angelo creek fire is one of the 8252 fires that burned 130814 ha through the
country in 2012. According to the State Forestry Corps, none of these events was related
to natural causes, thus pointing at human responsibility in the ignition of many fires (JRC,
2013). Campania (Fig. 1) is one of the lItalian regions most affected by fires. According to
the Regional Department of Agriculture (2013), during 1991-2013, 60612 fires (average =
2635) burned a total surface of 161680 ha (average = 7030 ha). A remarkable number of
these events affected the woodlands of the Sarno Mountains. In this area, in fact, 135
documented fires occurred in the period 2005-2015. The total burnt surface was 1118 ha,
with an average fire size of 8 ha that is little less than the estimated average of 12 ha for
Italy (JRC, 2015). In 2012, in addition to the Sant’Angelo creek fire, other 28 events hit the

Sarno Mountain Range, causing a total burnt surface of about 220 ha.

3 Materials and methods

This research was based on integration of: a) geological and geomorphological data and
soil burn severity assessment carried out at Sant’/Angelo creek watershed during fieldwork;
b) rainfall time series relevant to the analysis of the 6 September, 2012 meteorological
event and c) sedimentological and chemical analysis of soil and sediment samples
collected from the study area. Analysis of data included interpretation of geomorphic
processes that developed along Sant'’Angelo creek watershed and computation of

erosion/deposition volumes of sediments involved in the post-fire response.

3.1 Analysis of geological and morphological data

Analysis of geological and morphological data of Sant'’Angelo creek watershed was

conducted through spatial analyst tools of ArcGIS 10.3™

. As input data, we used a digital
tridimensional model (DTM) of the watershed with a cell size of 5 m, and soil thickness

data (Autorita di Bacino del Sarno, 2011). Data analysis allowed for extrapolation of
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morphometric properties of the study watershed and the construction of a thickness map

of the pyroclastic covers. Results of this analysis are summarized in Table 1 and Figure 2.

3.2 Rainfall data

We analyzed data collected from three rain gauges located near the study area (Fig. 1).
The most representative among these is the “Cetronico” rain gauge, located at a distance
of 4.5 km to the east, along the same drainage divide with respect to the study area. All
rainfall time series have been recorded at a sampling rate of 10 minutes. Relevant
parameters derived from data acquired by the “Cetronico” rain gauge during the 6
September rainfall include: a) daily cumulative rainfall depth and 10-minute peak intensity
(l10); b) 30-minute rainfall intensity (I3o); c) total storm rainfall and duration; d) cumulative
rainfall intensity and e) depth profiles. For the two other rain gauges only the total storm

rainfall, duration, |1 and |3 are reported for comparisons.

3.3 Fieldwork data

The field survey started the day after the erosion response and involved both the study
watershed and neighboring areas in order to verify the areal extension of erosional
processes across the boundary between burned and unburned areas.

Qualitative metrics suggested by Parsons et al. (2010) were used to assess soil burn
severity, which require evaluation of vegetation condition, soil water repellency, surface
color and root condition. The persistency of soil water repellency was detected by in situ
Water Drop Penetration Time (WDPT) tests, following the method of DeBano (1981). In all
sites, five pits were carried out and, in each of them, WDPT tests were performed from the
soil surface until a depth of 10 cm, with a step of 1 cm. The median time between the five

replications was used as the WDPT for each depth. The results of soil burn severity
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assessment were summarized into two classes and then mapped in a soil burn severity

map.

3.4 Sedimentological, chemical and mineralogical analyses

Laboratory analysis was conducted on samples collected from the areas characterized by
high soil burn severity (B1 and B2) as well as from the outside of the burned area (NB1
and NB2) (Fig. 3). All samples were representative of the bulk of the uppermost soil
horizon from the surface down to a depth of ca.10 cm.

Soil samples were processed for grain size, chemical and mineralogical analysis (e.g.
Summa et al., 2007). The results of laboratory analyses on these samples have provided
relevant information to identify physical or chemical alteration of soils induced by fire that
likely controlled the triggering mechanisms of erosion processes.

Two additional sediment samples (D1 and D2) were collected respectively from the tail
and the front of a deposit observed after the 6 September 2012 rainstorm and trapped
within the concrete channel at the outlet of the watershed (Fig. 3). For all samples ca. 300
g of material was collected.

Both sediment and soil samples were processed for grain size analysis, estimation of
organic matter and water content, and specific gravity. The nature and percentage
occurrence of constituents was determined using a Leica Zoom 2000 stereo microscope.
The distribution of grain size fraction > 0.0125 mm was determined by sieve analysis,
whereas the fraction < 0.0125 mm was analyzed by laser diffractometry (Sympatec). Grain
size statistical parameters including mean particle size, sorting, skewness and kurtosis

have been calculated following the classic graphical method of Folk and Ward (1957).

The organic matter content of samples (SOM) was estimated following the LOI (Loss on

Ignition) procedure suggested by Robertson (2011). The water content was evaluated by
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the gravimetric method. Specific gravity was calculated following the ASTM D-854 (2010)

and the soil color was determined using a Munsell Soil Color Charts (1994).

Soil samples were also processed for the determination of major physical properties and
chemical composition. An inorganic elemental analysis was conducted by inductively
coupled plasma mass spectrometry (ICP-MS), using an Agilent 7500CE instrument after
dissolving the fuel samples by means of microwave-assisted acid digestion, according to
US-EPA 3051 and 3052. The soil modification after the fire was evaluated by measuring
moisture, volatile, fixed carbon and ash content using a TGA 701 LECO thermo-

gravimetric analyzer, according to the ASTM D-5142 standards.

Soil samples were processed for X-ray diffraction (XRD) using a PW 1100 Philips
diffractometer in order to analyze the crystalline species. The obtained spectra were
interpreted using the WWW-MINCRYST: Crystallographic and Crystallochemical Database
for Minerals and their Structural Analogues. The morphology of materials was investigated

with a FEI Inspect S SEM microscope.

3.5 Sediment erosion and deposition budgets

The post-fire erosion response that occurred on September 2012 at the Sant’/Angelo creek
watershed produced a massive deposit at the outlet of the watershed that was trapped in
an artificial channel closed by a blocked culvert. In this case, the sealed channel acted as
a watershed-scale sediment trap (Wells and Wohlgemuth, 1987; Robichaud and Brown,
2002; Morris et al., 2011) allowing for a computation of volume and weight of trapped
sediments and a reliable estimate of the soil loss per unit area along the burned hillslope.

In order to estimate the total volume and weight of the soil mobilized by erosional
processes along the hillslope and compare it with the weight of the deposits that have

been found both within the artificial channel and along the slopes, two metrics were
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collected during the fieldwork: 1) thickness of eroded soil around the tree bases and 2)
thickness of eroded soil by rills or rill depth (see section 4.3.1). These data were
interpolated in ArcGis 10.3™ software, in order to identify and map the areas
characterized by the mobilized amounts of soil and their volumes. The weight
corresponding to all measured volumes were calculated by using specific gravity derived

from the study soil samples.

4 Data analysis and results

4.1 Soil burn severity

The fieldwork conducted in this study was specifically addressed to verify the occurrence
of fire effects on vegetation and soil properties and eventually evaluate their spatial
variability.

During the survey, we have observed that in some areas the crowns of oak trees were not
completely leafless, the scorched leaves on trees had a light brown color and branches
were only partially scorched. The surficial color was brown and a number of smaller roots
near surface were slightly charred. Moreover, WDPT data, classified according with
Bisdom et al. (1993), showed a slight water repellency characterized by infiltration times of

2-45 seconds (Table 2).

In other areas, there was evidence that some oak trees were bent by the winds during the
fire and no leaves on their fully charred branches were detected. A black charred ground
surface was common and both small and larger roots were entirely charred near the
surface, where a ca. 10 cm thick layer of litter, duff and bushes was destroyed by the
flames. In these areas, WDPT tests revealed severe water repellency reflected by
infiltration times also higher than half an hour (Table 2). Furthermore, rock fragments

spalled during the fire were also found at the base of some charred carbonate outcrops.
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Following the suggestion of Parsons et al. (2010), these effects were used to discriminate
among different soil burn severity classes. The soil burn severity map represented in Fig. 3
illustrates the extent and the various degrees of severity burned areas. Particularly, the
map shows that the area characterized by high soil burn severity represents 65% of the 11
ha total burned surface, whereas the area corresponding to moderate soil burn severity,
represents the 35% of the surface. The figure also indicates the location of soil and
sediment sampling sites, WDPT test sites, and the path of the debris flow that struck the

area of Sarno in 1998.

4.2 Rainfall properties

The post-fire response discussed in this work was triggered by a rainstorm generated
within the tail of a low-pressure vortex formed above the Tyrrhenian Sea, off the Italian
west coast (Weather forecast bulletin emitted by the Regional Civil Protection on 5
September, 2012). The storm had a radius of ca. 5 km and it was recorded by all the three

rain gauges available for the study area (Table 3).

Particularly, the daily rainfall data of Cetronico gauge indicate that the precipitation over
Sant’Angelo Creek watershed on 6 September, 2012 was characterized by both the
highest 10-minute rainfall intensities and rain depths after the fire (Fig. 4). The rain gauge,
recorded a total storm rainfall of 23.8 mm between 04:50 and 06:30 of that day. Within this
time interval, 15.4 mm of rainfall occurred in the first 30 minutes (between 4:50 and 5:20),
with a 30-minute peak rainfall intensity (lI3p) of 30.8 mm/h (Fig. 5). The 10-minute peak

storm intensity (l10) of 37.2 mm/h was reached between 5:10 and 5:20.

The inset of Fig. 5 shows that the rainfall intensity profile (black line) of the storm is
characterized by a rapid rise with a peak followed by a relatively slow decline. The

cumulative rainfall depth profile (gray line) also shows an initial rapid rise followed by a
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slower increase, thus confirming the character of short-duration, high-intensity convective

of the storm.

4.3 Field indicators of post-fire geomorphic processes

4.3.1 Indicators of erosional processes

Several field indicators of erosional and depositional processes were identified during the
field survey. Evidence of recent instability were not observed outside the burned parts of
the watershed, where the vegetation cover is composed of 10 cm-thick litter, oak trees and
the typical Mediterranean scrub (Fig. 6). Moreover, we did not observe any evidence of
flow processes or deposits at the outlet of the nearby unburned watersheds during the
survey.

Evidences of recent erosional processes detected on the slopes are summarized below.

1) Patches of crusted soil were identified locally. They are characterized by lighter
color and higher compaction with respect to the adjacent surrounding areas. WDPT
tests performed on the surface consistently revealed a lack of infiltration capacity for
an average thickness of 3 cm. The extension of individual patches is in the order of
a few square decimeters.

2) Along the main runoff path, some aligned trees characterized by light annular bands
at their base were detected (Fig. 7A). These bands correspond to parts of the bark
that were covered by soil during wildfire, and became visible after post-fire erosion
processes acted along the burned hillslope. The bands displayed a height of 2 - 8
cm and were often associated with bared roots (Fig. 7B).

3) A dozen of rill networks were also found in the burned area. Specifically, they were
located where the fire burned with high soil burn severity, along the lower sector of

slopes characterized by gradients of ca. 35° (Fig. 8). All networks appeared to be
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interrupted at slope breaks. Rills had a maximum length of ca. 10 m and a depth in
the order of 10 - 20 cm. Individual rill scours had a width of 10 - 20 cm and no

levees were detected along their margins.

Field data, including the height of the light bands at the base of the trees, and rill depth
along burned slopes, suggest that the total volume of soil eroded along the burned
hillslope was ca. 186 m>. By considering a specific gravity of 2.2 g/cm3 and a water
content of 11.5 % for burned soils (Table 4), the resulting dry weight of the eroded

material is ca. 364 tons.

4.3.2 Indicators of depositional processes

Several indicators of depositional processes were found both at the watershed outlet and
along the burned slopes. The deposit found in the artificial channel at the outlet of the
watershed (Fig. 9) is represented by mineral soil particles, ash, and charred plant remains.
The concrete structure was built after the Sarno 1998 catastrophic landslide event, in order
to funnel possible future debris flows into large storage basins downstream, and remained
empty until the 6 September, 2012 rainstorm (see Google Earth historical images captured
on 6/1/2010 and 7/14/2012 - 40°48'44.83"N, 14°39'40.28"E).

Field investigation showed that sediment and debris accumulation along the artificial
channel was partly induced by the lack of maintenance of the culvert, with consequent
obstruction of the hydraulic section, that caused a damming effect at the base of the
channel. Traces of mud (Fig. 9) and splash marks were detected on the concrete banks.
The volume of flow deposit accumulated into the channel was estimated in ca. 175 m?.
Considering a specific gravity of 2.15 g/lcm® and an average water content of 42 % (Table
4), the resulting dry weight of the deposit is ca. 218 tons.

Significant accumulation of sediments was found locally over the slopes, either behind the

base of larger living trunks (Fig. 10), or trapped by the damming caused by charred
15
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branches and trunks intercepting runoff. Furthermore, patches of liquefied soil were found
over carbonate scarps, locally filling-up the rough morphology. At least twenty areas of
sediment and soil accumulation have been detected along the slope, with a cumulative
volume of material of ca. 55 m®, corresponding to an estimated total dry weight of ca. 88

tons of deposits.

4.4 Sedimentological characterization

Sedimentological analysis showed that both burned (B1, B2) and unburned (NB1, NB2)
soil samples can be classified as gravelly muddy sand (Fig. 11) according to the
classification system proposed by Folk (1974). This is also reflected by the similarity of
grain size statistical parameters, soil organic matter and specific gravity reported in Table
4. Microscopic analysis showed that all samples had a relatively high volcaniclastic fraction
content (70-100 %) and a low content of plant remains (0-30 %).

The sediment samples collected into the channel correspond to muddy sandy gravel (D1)
and gravelly mud (D2) (Fig. 11). D1 is very poorly sorted (og = 2.61) whereas D2 is poorly
sorted (og = 1.79). In terms of composition, sample D1 mostly consist of charred coarse-
grained pyroclastic deposits with rare limestone rock fragments, whereas D2 was
represented by charred fine-grained volcaniclastics and plant remains (i.e. rootlets, leafs,
charcoal and seed fragments). No unburned material was detected into the samples.

Both organic matter content and specific gravity showed significantly different values in the
two samples (Table 4). The average water content was 42% whereas in the case of soil

samples it was 11.5 %.

A comparison of grain size distribution of samples D1 and D2 with the facies distribution of
a post-fire fan deposits (Meyer and Wells, 1997) is showed in Fig. 11. The curves of
samples D1 and D2 fall within the hyperconcentrated flow and streamflow fields (Pierson

and Costa, 1987), respectively. This evidence is consistent with a significant difference of
16
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sorting (0g.p1 = 2.61 - 0gp2 = 1.79) and with the traces of mud and splash marks detected
on the concrete banks (Fig. 9). It also suggests the occurrence of low or no-internal

strength turbulent flows characterized by high velocity.

4.5 Chemical/physical and mineralogical characterization

The results of the chemical/physical characterization of soil samples are summarized in
Fig. 12 and Table 5 that shows the results of ICP analysis in terms of the concentration of
major elements within the samples. The most abundant element is Aluminum (Si is not
detected by ICP) followed by K, Ca, Fe, Mg and Na.

It is worth noting that the ICP analysis displays no significant difference between the
concentration of the main species of the burned (B) and unburned (NB) soil samples. This
suggest that the phenomena occurring during the fire did not alter the inorganic material
content. Consequently, only a rearrangement of the inorganic element can be
hypothesized. Such results are in agreement with the results of SOM analysis and are also
confirmed by the proximate analysis of all the samples given in Table 6, which shows that

the content in volatiles is not affected by the exposition to the fire.

The results of the X-ray diffraction (XRD) analysis are shown in Fig. 13. The analysis was
performed two times (Batch |, Batch II) for each soil sample in order to assess also the
homogeneity of the material. All the XRD spectra show signals (in the range 20-30 of 20
angle) related to silicate species and more specifically to phyllosilicates and tectosilicates.
In the burned sample, XRD signals at higher angle associated to the occurrence of iron
oxides like hematite (Fe,O3), magnetite (FezO4) and wustite (FeO) are present.

The important role of both amorphous and crystalline Fe in stabilizing natural soil
aggregates has been proved by many authors. In particular, Jozefaciuk and Czachor
(2014) report that an increasing content of Fe causes a decrease in the water stability of

small (ca. 1 mm) and large (ca. 1 cm) aggregates.
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The morphology of materials was investigated with a FEI Inspect S SEM microscope. The
image of the different samples under different magnitude are reported in Fig. 14.

The SEM analysis performed on the NB1 and NB2 samples shows a layered structure
composed of phyllosilicates and tectosilicates. The particles show a poor sphericity and
roundness and a large size distribution. A comparison of the SEM images of burned and
unburned samples suggests that the morphology and the degree of sphericity and

roundness are unaffected by the fire.

5 Discussion

5.1 Post-fire geomorphic processes

Morphometric properties showed in Table 1 highlight the occurrence of steep slopes and
moderate channel gradients in the Sant’/Angelo creek watershed. As widely reported in the
literature, steep morphologies may enhance fire intensity and spreading, and increase the
potential for surface erosion and mass movements. Indeed the steep topographic
conditions of the study area (average slope angle = 35°) may have exerted a significant
control on both the soil burn severity and erosional processes.

The results of the fieldwork indicate that the Sant’Angelo creek fire burned 65% of the 11-
ha affected area with high severity and 35% with moderate severity. The wildfire caused
partial consumption of the tree canopy, shrubs, soil-mantling litter and duff, as well as
modification of soil properties (i.e. water repellency). These effects may have been
controlled not only by the steep topography but also by high availability of fuel (Fig. 6) and
local weather conditions. For instance, a number of bent oak trees found in the burned
area suggest, that strong winds occurred during the fire propagation.

Water repellency was investigated in the field through WDPT tests, and showed

persistency ranging from slight to severe. The results of mineralogical analysis suggest
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that iron oxides, that occur in burned soil samples but are not present in the unburned soil
samples, could have enhanced this behavior. Particularly, the occurrence of iron oxides
indicates that the upper soil horizon underwent relatively high temperature (250 C) coupled
with high oxygen and water content. It has been in fact demonstrated that in highly
oxygenated conditions, with high partial pressure, the formation of iron oxides is

significantly high (Bertrand et al, 2010).

New aggregates formed by clay, silt and sand particles bound by Fe oxides (Regelink et
al., 2015) may lead to a decrease in the soil porosity, which in turn produces a decrease in
the soil permeability. According with Gargiulo et al. (2013), iron oxides may cause a 50%
reduction of porosity in soils characterized by significant sandy content and low shrinking-
swelling capacity. Considering the results of chemical analysis, coupled with mineralogical
and textural properties of the analyzed volcanic soils, we infer that a similar mechanism of
increased water repellency conditions may have occurred during the Sant’Angelo creek
fire. It cannot be excluded that micro-aggregates had formed as hydrophobic compounds
generated in the plants litter and migrated downward in the soil along with water vapor and
oxygen (DeBano, 2000). Comparison of SEM images with grain size and composition
does not indicate any significant structural difference between burned and unburned
samples. This would exclude other causes controlling the water repellency conditions.

The rainstorm that occurred in the study area about one month after the fire was
characterized by 30-minute peak rainfall intensity (l3p) of 30.8 mm/h, triggering a high-
magnitude erosion response. A series of indicators recognized during the field survey

allowed us to identify the post-fire geomorphic processes triggered by the rainstorm.

Several indicators highlight the occurrence of sheetwash erosion (Shakesby and Doerr,
2006) along the burned hillslope. Clear evidences are the light bands found at the base of

some trees (Fig. 7A), indicating the occurrence of overland flows which removed the loose,
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friable, and burned mineral soil around the base of the trunks, with a progressive
entrainment of material downslope. Suspended sediments transported by overland flows
also included soil particles detached during the raindrops impact. As stated by McGuire et
al. (2016), steep burned areas characterized by sandy soils may be particularly
susceptible to the raindrop-driven detachment process, making the soil surface more
erodible and prone to flow-driven transport. Additional evidence of rainsplash detachment
is represented by local patches of soil crusts found on the burned slope (Farres, 1987; Le

Bissonnais et al.,1989; Mataix-Solera et al., 2011).

The local transition from diffusive erosion dominated by sheetwash to concentrated
erosion is testified by rill networks (Fig. 8). The occurrence of rills suggests that, localized
Hortonian infiltration-excess may have been a major hillslope-runoff-generating process
(e.g. DeBano, 2000). However, it cannot excluded that this process may have included
transition and/or switching between infiltration-excess and saturation-excess conditions.

It was not surprising to find rill networks in the burned area, given the high slope gradients
(Table 1) and soil burn severity conditions (Fig. 3). In fact, where volcaniclastic deposits
occur (e.g. Las Conchas wildfire, Pellettier and Orem, 2014), rilling can be the most
common form of hillslope erosion observed in areas characterized by moderate and high

soil burn severity.

As detected during field survey, a part of the upper soil horizon including mineral soil
particles, ash, charcoal, branches and leaves transported by overland flows was
redistributed along the hillslope because of micro-topographic conditions. However, the
massive deposit found into the artificial channel at the outlet of watershed (Fig. 9)
suggests that about 60% of the mobilized sediments (i.e. 218 of 364 tons) traveled into the
main drainage axis of the Sant’/Angelo Creek watershed down to the concrete channel, as

a gravity flow.
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According to what has been observed by Keane et al. (2011) in southern California, we
infer that the Sant’/Angelo Creek flows possibly initiated shortly after the beginning of the
rainfall event, when the estimated 30-minute rainfall intensity (I3p) exceeded the threshold
value of 20 mm/h for 30 minutes proposed by Cannon et al. (2003 a, b). Decreasing
intensity through time (Fig. 5) could have controlled the sediment-water mixture
concentration (e.g. Keane et al. 2013). We infer that such variation may have implied
transition from hyperconcentrated flow to streamflow (Pierson and Costa, 1987)
corresponding to a decrease in the sediment transport capacity towards the final stage of
the flow response. The overall grain size diversity between samples D1 and D2 (Fig. 11)
may indicate such a tendency. Particularly, we suggest that hyperconcentrated flow
deposits may be regarded as the result of massive deposition during the main flow event,
whereas streamflow deposits may represent the product of the downstream deposition of
flow tail, characterized by abundant fine-grained fraction (sample D2) and plant debris
washed away from coarse material deposited upstream (sample D1). The occurrence of
similar facies association has been already reported in the literature for post-fire responses
in other regions (Meyer and Wells 1997; Cannon et al.,, 1998; Kean et al.,, 2011),
sometimes with specific reference to lahars in volcaniclastic settings (Scott, 1988; Pierson,
2005). According to Meyer and Wells (1997), burned slopes are broadly analogous to
slopes mantled by loose volcaniclastic materials in terms of runoff potential and availability
of fine sediment. In this study, due to the coupling of both factors (volcaniclastic materials
and burned slope), we suggest that the post-fire flow processes here described could be
regarded as of lahar-type.

The results discussed in this section highlight the importance of collecting post-fire field
observations, especially in the central Mediterranean area where most of the available
studies are based on simulated rainfall and/or experimental plots addressed to the

modeling of post-fire erosion responses (e.g. Rulli et al., 2013, 2006; Vafeidis et al., 2007).
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Field data are indeed essential to understand mechanisms controlling the initiation and
propagation of mass movements (e.g. Cannon et al., 2001; Nyman et al.,, 2011), and
provide useful information to calibrate both models for predicting runoff-generated erosion
(Nyman et al., 2015; Kean et al., 2013) and compile catalogues related to post-fire events
(Gartner et al., 2005; Riley et al., 2013).

The limited number of post-fire erosion events documented in the study region makes
somewhat problematic the understanding of the triggering factors or predisposing
conditions controlling post-fire erosion responses. In volcaniclastic settings, not far from
the study area, Calcaterra et al. (2007) and De Vita et al. (1994) documented that different
post-fire geomorphic processes (e.g. landslides and debris flows) may occur in similar

landscapes, also causing fatalities.

5.2 Post-fire soil loss

The soil erosion intensity map of Fig. 9 shows the areas involved by the post-fire response
and the artificial channel at the outlet of the watershed. On the basis of the interpolation of
fieldwork data, as a first step, we have inferred the volumes involved by erosion and
subsequent depositional processes. Secondly, we have derived the soil loss per unit area

at the watershed scale.

The balance between eroded and deposited sediments highlights a net excess of 58 tons
of eroded material. This material was ostensibly redistributed along the hillslope and/or
washed away from the channel by overland flows as suspended sediments. Since there
was no significant evidence of erosion and instability processes in the unburned parts of
the watershed, the burned sector can be regarded as the primary source area for the

gravity flow deposits that accumulated in the concrete channel downstream.
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Different estimates of the average post-fire soil loss can be obtained by dividing in turn the
dry weight of channel deposits (218 tons), total deposited sediments (including hillslope
and channel deposits, 306 tons) and eroded materials (364 tons) for the burned area (11
ha), resulting in a soil loss of 19.8, 27.8 and 33.1 tons ha™, respectively. This tendency to
soil loss in the sediment budgets may be the result of larger scale entrapment of thin
layers of material mobilized along the slopes, and/or by the dominance of hillslope
processes over base of slope (channel) processes. Apparent soil loss in the system may
also result from the occurrence of significant volumes of sediment or debris stored in the
channel network, prior to the wildfire event.

The problem of soil loss during post-fire response events has been long debated in the
literature. Shakesby (2011) reports values ranging between 0.016 and 13.1 tons ha™
during the first year after wildfire for Mediterranean regions and 2.5 to 197 tons ha™ in the
USA and Australia. The case of Sant’Angelo Creek watershed seems in good agreement
with annual erosion data collected at the catchment scale of the Mediterranean area and
with figures documented in other regions after specific events (e.g. Copeland, 1965;
Shakesby and Doerr, 2006; Moody and Martin, 2009; Lavabre and Martin, 1997;
Robichaud et al., 2013). For example, Robichaud et al. (2013) reported soil losses of 18.6
tons ha™' and 24.4 tons ha™ after two short-duration high-intensity rainstorms (10-min
maximum rainfall intensity respectively of 52 mm/h and 65 mm/h) in a 4.6-ha watershed in
Colorado. Similarly, Copeland (1965) reported a soil loss of 9.6 tons ha™ in a 98-ha
watershed, in Nevada, during a rainstorm that reached a 5-min maximum rainfall intensity
of 234.7 mm/h.

The methodological approaches of various authors and the different size of the burned
areas represents one of the main problems in the calculation of soil loss within burned
landscapes (Shakesby and Doerr, 2006; Moody and Martin, 2009). In this study, the

calculated soil loss seems to be consistent both with the abundance of highly erodible
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volcaniclastic soils mantling the carbonate slopes and with the moderate and high soil burn
severity of the Sant’Angelo Creek watershed event.

The volcanic soils of study area, indeed, are very different from the typical thin and stony
soils of the Mediterranean regions whose thickness is normally up to 35-50 cm (Shakesby,
2011). The soils involved by the Sant’Angelo creek fire are mainly 0.5 — 2.0 m thick (Fig. 2)
and typically cohesionless (Damiano and Olivares, 2010). As a consequence, the shear
strength of the topsoil horizons is significantly dependent by the occurrence of plant roots,
as quantified by Nyman et al. (2013) for non-cohesive burned soils in Australia and United
States.

Moreover, the role played by the vegetation is fundamental in reducing the kinetic energy
of the raindrops and generating a mulch layer that prevents soil desiccation in low-rainfall
periods. Therefore, we infer that in the study area, the burning of vegetation and litter
cover caused by the wildfire resulted in effective erosion and transportation of fine
sediment along the slopes.

According to Shakesby (2011), fire severity represents a key factor in controlling the
degree of post-fire erosion. The Sant’/Angelo creek event was characterized by moderate
and high soil burn severity (35% and 65% respectively). According to our interpretation the
fire had caused a significant decrease in the aggregate stability within the topsoil that likely
reduced the critical shear stress required for the initiation of erosional processes (Moody
and Smith, 2005; Mataix-Solera et al., 2011). According to Nyman et al. (2013), high
severity wildfires can produce a hit pulse penetrating deeper into the soil than low-severity
wildfires, and this may increase the corresponding depth of non-cohesive layer.

Based on the above observations we suggest that these factors, combined with the
morphology of Sant'/Angelo creek watershed and the intensity of the rainstorm event
discussed in this study, have produced significantly high erosion and large volumes of

sediments transported by overland flows downstream.
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6 Conclusions

The data presented in this study document cause - effect relationship between the
Sant’Angelo Creek fire (4 August, 2012) and the subsequent (6 September, 2012) post-fire
erosion response. The event was triggered by a convective high-intensity and short-
duration rainstorm that generated soil and sediment mass movements along the

Sant’Angelo Creek watershed.

Erosion over the slopes was primarily driven by the entrainment of material due to runoff
during post-fire erosion responses, and evolved with different magnitudes, mostly
depending on slope morphology, vegetation cover and rain intensity. Quantitative analysis
of sediment budgets showed that the Sant’Angelo Creek response caused a soil loss of

about 19.8 to 33.1 tons ha™' in the burned zone.

The results of this research suggest that wildfires can play a significant role in the
geomorphological evolution of mountainous landscapes of the southern Apennines and
similar contexts of the central Mediterranean area, especially when associated with heavy
rainfall events. However, the lack of documented post-fire erosion responses, as well as
inadequate knowledge about fire effects on volcanic soils of this geographic area,
represent important issues. In order to better post-fire erosion mitigation strategies or
emergency-response planning, future efforts to fill these research gaps are therefore

essential.
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1 Tables

Parameters Watershed Burned area

area (ha) 55 11
perimeter (km) 3.343 1.610
slope min (°) 2 2
slope max (°) 58 54
slope range (°) 55.9 52
slope average (°) 34.9 34.8
alt min (m) 246 246
alt max (m) 891 560
relief ratio 0.45 --
main channel length (m) 1432 --
main channel slope (°) 23 --
main channel slope at outlet (°) 11 --

2
3 Table 1. Summary of some morphometric parameters related to the Sant'‘Angelo Creek

4  watershed and to the burned area.
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2

3

4

DEPTH (cm)

WDPT (s)

© O NO OB~ WN-~O

—_
o

MODERATE SOIL BURN SEVERITY
17 3 16
45 5 12
15 18 39
15 22 43
18 38 41
2 32 28
2 12 11
30 6 8
10 4 5
2 1 0
0 1 0

0
12
160
600
> 1900
> 1900
> 1900
0

0
0
0

HIGH SOIL BURN SEVERITY

0 0 5
> 1900 10 25
> 1900 65 115

> 1900 150 348

1536 800 > 1900
1320 >1900 > 1900
10 >1900 > 1900
5 1200 > 1900
2 22 10
1 0 0
0 3 0

3
18
95

110
175
280
1520
1568
1762
973

24

Table 2. WDPT test results performed in the areas burned with moderate and high soll

burn severity.
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1

2

RAINSTORM TOTAL DISTANCE FROM THE

TIME STORM Lo lao
RAINGAUGE  |\\TERVAL  RAINFALL (mm/h) (mm/h) STUDY WATERSHED
(km)
(hours) (mm)
CETRONICO  04:50 - 6:30 23.8 372 308 4
BRACIGLIANO  04:50 - 6:20 222 372 252 4.4
PIANI DI PRATO  04:40 - 5:50 13.2 192 156 2.8

Table 3. Rainfall data collected by the Civil Protection rain gauges used in this study.
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g B~ W N -

% COMPONENTS (Phi-1+1)

GRAIN SIZE PROPERTIES

(<N SOM W  Wau
SAMPLE TEXTURE COLOR Vege- Vol- Carbo- M; s SK KQ cm.g) ) (%) o,
table canic nate  (Phi) (phi)  (phi)  (phi)
Gravelly  Dark brown
B1 muddy 0-15 85-100 0 172 333 047 268 2.1 99 12
sand 10 YR 3/3
Gravelly Brown
B2 muddy <5-10 90-95 0 242 332 029 211 2.3 84 11
sand 25Y 3/2
Gravelly Dark olive 11.5
NB1 muddy brown 0-10 90-100 0 176 339 045 248 22 103 13
sand 2.5Y 313
Gravelly Dark grayish
NB2 muddy brown 0-30 70-95 0-5 222 342 027 202 2.2 96 10
sand 2.5Y 412
Muddy Brown
D1 sandy 0 95 0-5 044 261 092 575 2.4 25 41
gravel 25Y 3/2
42
Brown
D2 Gravelly 30-70 30-70 0 558 179 -056 492 19 27 43
mu 25Y3/2

Table 4. Summary of the results obtained by laboratory analysis (Mz = mean particle size;

S:

sorting; Sk = skewness; Kg = Kurtosis; Gs = specific gravity; SOM = soil organic

matter; W = water content; Way = average water content). Sample textures (Folk, 1974)

are also indicated.
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Element (ppm) B1 NB1 B2 NB2

Aluminum 42660 42670 41740 44520
Barium 995 840 777 827
Calcium 18670 18550 18160 20160
Iron 19880 17540 18510 19770
Magnesium 7363 6659 7530 6928
Manganese 575.9 467. 526 546
Potassium 34770 31950 28770 27950
Sodium 9325 7574 6241 7346
Strontium 436 380 358 366
Titanium 1848 1448 1582 1677

1

2 Table 5. Amount of the inorganic elements measured in the burned and unburned soil
3 samples.
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Sample Moisture (%) Volatiles (%) Ashes (%) Fixed Carbon
B1 2.3 6.7 91.0 -
B2 2.6 8.6 88.4 0.44
NB1 2.2 6.6 91.2 -
NB2 3.1 9.0 87.9 1.4

1

2 Table 6. Proximate Analysis results
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*Highlights (for review)

1 HIGHLIGHTS

2 e We describe a post-fire erosion response of a steep watershed in Italy.

3 e The fire burned 11 ha of forest with high and moderate severity.

4 e The erosion response was triggered by a convective rainstorm.

5 e A hyperconcentrated flow resulted from sediment bulking of surface runoff

6 e Amount of soil loss was estimated
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FIGURE 1 (color in print)

Figure 1. A) Location of the study area; the Campania region is highlighted in black.
B) Geological sketch-map of the Sarno Mountain Range and the surrounding area

(ISPRA, 1976).
FIGURE 2 (color on the web only)

Figure 2. Slope map (on the left) and pyroclastic cover thickness map (on the right) of
the Sant’/Angelo Creek watershed (Autorita di Bacino del Sarno, 2011 modified). Map

coordinate system: UTM 33N - WGS84.
FIGURE 3 (color on the web only)

Figure 3. Soil burn severity map of the Sant'’Angelo Creek fire including location of

the collected samples and WDPT tests. Map coordinate system: UTM 33N - WGS84.
FIGURE 4 (color on the web only)

Figure 4. Daily rainfall depth and related peak 10-minute rainfall intensity (l4o)
recorded by the “Cetronico” rain gauge in the period 1 August - 10 September, 2012.
The occurrence of the Sant’Angelo Creek fire (dashed line) and the 06.09.2012 post-

fire erosion response (black arrow) are highlighted.
FIGURE 5 (color on the web only)

Figure 5. The 6 September, 2012 rainfall recorded by the Cetronico rain gauge. The
inset shows both cumulative rainfall profile and rainfall intensity profile measured
from the beginning (minute 0 = 04.50 hrs) until the end (minute 100 = 6.30 hrs) of the

rainstorm.
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FIGURE 6 (color on the web only)

Figure 6. A picture of the unburned part of the Sant’/Angelo creek watershed. It

highlights as the soil surface is protected by a thick vegetation cover.

FIGURE 7 (color on the web only)
Figure 7. Evidences of erosion by surface runoff. A) Light band formed by the
overland flows which removed a soil patch from the base of a trunk located along the

runoff path; B) Bare roots associated with a light band.

FIGURE 8 (color on the web only)
Figure 8. Rill network developing in the topsoil of the area burned with high soil burn

severity.

FIGURE 9 (color in print)
Figure 9. Soil erosion intensity map. The inset shows a 3D scheme of the concrete
channel partially filled by sediments and closed by a sealed culvert as well as a real

picture of the channel captured during the field survey.

FIGURE 10 (color on the web only)
Figure 10. Evidence of soil redistribution processes. Burned material (leafs, ashes,
mineral soil particles) accumulated by the overland flows in the back side of a trunk.
The leafs show an embricated structure related to the overland flow direction (yellow

arrow).

FIGURE 11 (color on the web only)
Figure 11. Cumulative curves of the particle size distribution related to the samples
collected in the study area, overlapped by those of Meyer and Wells (1997) delimiting
the flow faces fields (dashed black lines). The solid lines of deposit samples D1 and

D2 fall in the hyperconcentrated flow and streamflow fields, respectively.



FIGURE 12 (color on the web only)

Figure 12. Inorganic elemental analysis of burned and unburned soil samples.

FIGURE 13 (color in print)

Figure 13. XRD spectra of burned and unburned soil samples.

FIGURE 14 (color on the web only)
Figure 14. SEM images of NB1 (top left), NB2 (top right), B1 (bottom left) and B2

(bottom right) samples.



Interactive Map file (.kml or .kmz)
Click here to download Interactive Map file (.kml or .kmz): santangelo creek fire.kml
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