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Abstract

:

While western U.S. wildfires have increased in intensity and scale, their impacts on soil chemical composition and hydraulic processes have received little attention, despite increasing erosion, surface runoff and flooding. The relationships between biomass-burning emissions, composition of the soil, fire heat, and soil water repellency are fragmental and sometimes contradictory. Here, we characterized the water repellency of sand (soil surrogate) exposed to Jeffrey pine duff smoke under controlled laboratory conditions. Water drop penetration time (WDPT), effective contact angle, and relative sorptivity of exposed silica sand (soil surrogate) were determined. Sand samples treated with smoke and heat or with cold smoke showed severe-to-extreme water repellency (WDPT > 1020 s). Sand samples exposed to fulvic acid (surrogate for soil organic matter) showed strong water repellency (WDPT = 81 s) that increased to become severe (WDPT = 2305 s) after subsequent heating to 200 °C for two hours. All sand samples exposed to either fire emissions or fulvic acid showed WDPTs >81 s, effective contact angles between 78° and 87°, and relative sorptivities between 0.31 and 0.49 compared with the untreated sand samples, with a WDPT <0.5 s, effective contact angle of 48°, and relative sorptivity of 1. This indicates that the sorptivity-controlled water infiltration into treated sand is less than half of that into untreated sand.
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1. Introduction


In the last two decades, the frequency, size, and severity of fires in the western U.S. have increased [1,2,3,4], with dry conifer forests being greatly affected by these fires [5,6,7,8]. In 2020, the western U.S. experienced a series of mega-sized wildfires [9] across California, Oregon, Nevada, and Washington. A hot and dry climate [10,11,12] fueled these record-breaking fires that burned over 32,000 km2, according to a National Interagency Fire Center report [13]. Wildfires not only have major impacts on air quality, human health, vegetation, animals, and the climate [14,15,16,17], but they also can greatly affect soil’s hydraulic properties [18,19]. The increase of fires in recent years poses an important question: what are the short- and long-term effects of fires on soil’s hydrologic responses, including water repellency or hydrophobicity [20,21,22]? Fire-induced soil water repellency (FISWR) can result in the reduction of soil infiltration, which can lead to an increase in surface runoff, erosion, and the potential for flooding [23,24,25].



The effects of fire on soil water repellency (SWR) have been recognized and studied since the 1960s [22,26,27,28,29,30]. Krammes and DeBano [31] carried out field and laboratory studies on SWR and pointed out the importance of SWR for post-fire hydrology. In 1966, DeBano and Krammes [22] hypothesized that FISWR was due to the high temperature (up to ~1100 °C) volatilization of litter and surface soil “substances”, which permeate and then condense within the soil. DeBano and Krammes [22] and DeBano et al. [30] studied how the soil temperature affects soil water repellency. They found that the most intense water repellency in a soil containing soil organic matter (SOM) was induced by temperatures in the 175–200 °C range and mainly under dry soil conditions. Little soil water repellency was found for soils heated up to temperatures less than 175 °C. DeBano et al. [27] also reported an increase in the contact angle (i.e., the angle a sessile drop of water forms in contact with the soil at the water–air–soil interface) from 63° to 90° for pure quartz sand (0.25–0.5 mm mesh size), 65° to 85° for San Dimas lysimeter soil, 61° to 84° for Pachappa soil, and 40° to 90° for the Morris soil samples after the soil was exposed to heat (760 °C at the soil surface) and burning emissions from sugarbush (Rhus ovata L.) litter combustion. Scholl [32] studied soil wettability and fire in the Arizona chaparral shrubland and reported that water repellency in the soil surface layer was almost nonexistent after exposure to soil temperatures above 270 °C but existed within the soil after exposure to temperatures below 270 °C (contact angle of 81.7° for 270 °C, compared with a contact angle of 48.2° for 350 °C). The author hypothesized that SWR was probably caused by the presence of organic material condensed in the soil layer, as proposed earlier by Krammes and DeBano [31] and DeBano [33]. In a review on the causes and consequences of FISWR, Letey [23] summarized that temperatures greater than 300 °C could destroy SWR; however, condensed organic compounds that vaporized during the fire could create very strong water repellency in the lower soil layers.



Several authors showed that water repellency largely depends on the presence of different organic compounds and heating of the soil [28,29,34,35,36]. Heat-induced changes in the chemical composition of the organic compounds could also potentially cause SWR [37,38]. For example, Savage et al. [28] heated samples of naturally water repellent soil, captured the vaporized compounds, and analyzed their water repellent properties. The captured compounds were fractionated, and three components, basically aliphatic hydrocarbons, were identified as water repellent. It is interesting to note that the soil used by Savage et al. [28] was only slightly water repellent in its natural state but became extremely water repellent upon heating. Savage et al. [28] also were among the first to use the water drop penetration time (WDPT) test to measure the degree of SWR. Savage [29] further explored the mechanism of FISWR by burning organic litter of Manzanita (Arctostaphylos sp.) vegetation on the surface of columns of freshly ground, air-dried 30-mesh quartz sand to recreate FISWR under controlled conditions without SOM being present before the burn. The results showed that FISWR was caused by the movement of volatile organic compounds (VOCs) from the burning fuel into the soil during the burn. Similar to Savage et al. [28], three fractions of water repellent compounds were identified as inducing FISWR. After the burn, heat continued moving downward into the soil, and some hydrophobic compounds stayed in the soil while more volatile compounds were removed; thus, the post-burn heating process made the soil more water repellent. Although Savage et al. [28] and Savage [29] were able to extract three distinct fractions of water repellent substances from the soil, they did not further analyze them to yield detailed chemical speciation. They did notice, however, that heating these three fractions increased the oxygen content of each fraction and, therefore, their polarity. Based on Savage et al. [28] and Savage [29], it is safe to conclude that organic compounds, such as SOM or burn-induced VOCs, as well as heat are needed to induce a high degree of FISWR. Atanassova and Doerr [39] showed that laboratory heating of soil to 300 °C when strong water repellency was observed can result in the formation of aromatic compounds and low molecular weight organic acids (<12 carbon atoms in the structure) that could be linked to SWR properties after heating. More recently, Uddin et al. [40,41] studied a range of biogenic volatile organic compounds (BVOCs) typically found in smoke from the combustion of vegetation. They applied BVOCs to acid-washed quartz sand and measured the level of water repellency of the treated sand by means of molarity of ethanol (or MED) drop tests. They also carried out molecular dynamics simulations to explore how the various BVOCs may adsorb onto a quartz surface. Uddin et al. [40] found that none of the BVOC-treated sand became hydrophobic, even at high BVOC concentrations or when heated up to 105 °C. Palmitic acid was the only substance tested that induced water repellency. They concluded that the fire-induced increases in SWR were mainly due to the reorganization of the long-chain aliphatic molecules probably already present in the soil, rather than the addition of fire-induced BVOCs. However, in this study, mainly low molecular weight volatile BVOCs were tested, which likely evaporated during the sample preparation procedure (rotatory evaporation and oven drying), thus resulting in insignificant changes in SWR. It should be noted that the compounds tested by Uddin et al. [40] represented only a small fraction of the compounds in forest fire smoke, which is known to contain significant quantities of less volatile hydrophobic compounds [42,43,44,45]. Additionally, Uddin et al. [40,41] did not explore the effects of temperatures higher than 105 °C on SWR. A recent study by Wu et al. [46] highlighted that peat soils were becoming more water repellent due to the heat-induced thermal decomposition of organic species like fatty acids, polycyclic aromatic hydrocarbons, and different carbohydrates. However, due to the extreme complexity of soil’s chemical composition and the large variety of soil types, it is a challenging task to specify what organic substances are responsible for FISWR. Moreover, FISWR also depends on other factors, such as the soil moisture, type of vegetation, depth of affected soil, temperature of the fire, and length of the post-fire time period [47,48,49,50,51].



Even though a number of studies showed correlations between fire, physiochemical soil properties, and SWR, the fundamental relationships between the three are still poorly understood. For example, to our knowledge, there are very few studies on biomass-burning emissions (e.g., from wildfires) and their effects on SWR without the soil being exposed to heat from the fire. In addition, little is known about biomass-burning emissions and soil surface chemistry, which controls soil wettability (parametrized, for example, by the contact angle between the water and soil) and sorptivity, two key soil properties governing the impact of fire on hydrology [52]. In this paper, we tested how fire emissions generated from the burning of Jeffrey pine (Pinus jeffreyi) duff, a fuel representative of commonly burnt wildland fire fuels in the western U.S. [53,54,55], affect the SWR of pure, air-dried silica sand as a function of the temperature of and proximity to the fire under controlled laboratory conditions. SWR was measured in terms of WDPT, further yielding the effective contact angle and sorptivity.




2. Materials and Methods


2.1. Materials and Methods


A medium-fine silica sand (0.595–0.125 mm diameter, AGSCO Corporation; Wheeling, IL, USA) was selected as a soil surrogate for all experiments in this study. Shillito et al. [47] used the same type of sand for their experiments on -SWR and soil hydraulics properties. In preparation for the experiments, the sand was cleaned using 0.003 M hydrochloric acid (Fisher Scientific, Fair Lawn, NJ, USA) followed by an extensive rinse with ultra-high purity water (18 MΩ cm−1) produced with an ELGA water system (ELGA® LabWater, Woodridge, IL, USA). After acid washing, the sand was placed into a tray covered with aluminum foil and dried in an oven at 105 °C for 48 h. The acid-washed and oven-dried sand is hereafter referred to as untreated or “blank” sand. As a proxy for SOM, the Suwannee River fulvic acid standard (2S101F) (International Humic Substances Society (IHSS), St. Paul, MN, USA) was added to a subsample of untreated sand (Table 1). The ash was produced during the burning of Jeffrey pine biomass and collected from the surface of the burning platform after the burns were completed (Figure S3; Supplementary Material (SM)).



The WDPT tests were carried out following the procedures described by Badía-Villas et al. [40] and Zavala et al. [41]. Briefly, sand and ash samples were placed in aluminum containers (diameter of 6 cm). The sand (mass of ~40 g) and ash surfaces were flattened and smoothed as shown in Figure S3 (SM) so that water droplets would not roll off the surface. Water droplets (mass of 25 ± 4 mg) were applied to the sample surfaces using a disposable 2 mL glass pipette (VWR, Radnor, PA, USA) with a latex bulb (Fisher Scientific, Pittsburg, PA, USA). The glass pipette was graduated by weighing the water droplets with an analytical balance (Mettler Toledo LLC, Columbus, OH, USA). Five to six droplets of ultra-high purity water were placed onto the sample surfaces from a height of ~1 cm, and the WDPT was determined as the average time it took for the droplets to be absorbed by the sand or ash samples (Figure S3; SM).



The water repellency of the sand was also determined in terms of the effective contact angle α of the water on the sand surface. A solid surface with α = 0° is considered perfectly wettable, while increasing effective contact angles (α > 0°) indicate increasing levels of water repellency. Shillito et al. [52] developed an empirical relationship between the WDPT and the effective contact angle for this sand. In their experiments, the sand was first acid-washed then oven-dried. One batch of sand remained untreated (“blank sand”), while the second batch of sand was sprayed with ScotchgardTM to induce water repellency. Known amounts of treated and untreated sand were mixed proportionally by mass; a “20% treatment” was comprised of 20% ScotchgardTM-treated sand and 80% untreated sand. The effective contact angles for various water repellency treatments were determined by wicking experiments [56,57] as well as by direct measurements using an optical tensiometer (Attension Theta, Biolin Scientific, Gothenburg, Sweden). The WDPT of the water repellent sand treatments were measured as described above, and the average drop times were recorded for the treated sand. Based on these WDPT and effective contact angle measurements, the following empirical relationship between the WDPT (in seconds) and the effective contact angle α was developed:


  cos α = − 0.046 ln  (  W D P T  )  + 0.417  



(1)




with a coefficient of determination (R2) of 0.89. This equation was used to calculate the effective contact angles associated with the WDPTs of the burn experiments, with the results shown in Table 2.



Shillito et al. [52] also established a physically-based model that relates SWR with infiltration through the effective contact angle and sorptivity S, a soil hydraulic property that captures water absorption by the soil as a function of capillary and viscous forces. Shillito et al. [52] showed that the sorptivity was highest for low effective contact angles (low water repellency) and low water content and decreased as the contact angle (water repellency) increased. Shillito et al. [52] also proposed the following empirical relationship between the relative sorptivity S/S0 and WDPT (in seconds) for the same sand used in this study:


   S   S 0    = − 0.051 ln W D P T + 0.719  



(2)




where S is the sorptivity of the treated sand (mm s−1/2) and S0 is the sorptivity of the air-dried, untreated sand (mm s−1/2) with a coefficient of determination (R2) of 0.92. Note that the specific relationship between the WDPT and S/S0 given by Equation (2) is media-specific (here, for the sand used in these experiments). It does, however, reflect the impact of the WDPT on early-stage infiltration into water repellent soil, which is controlled by the sorptivity. Through the use of Philip’s cumulative infiltration equation, Shillito et al. [52] demonstrated the effect of the altered sorptivity on infiltration; as the sorptivity decreased, so did the infiltration. More details on the theory of infiltration are presented in the SM and Shillito et al. [52]. The WDPT, effective contact angle, and relative sorptivity associated with the experimental burn conditions are shown in Table 2.




2.2. Fuel Selection and Experimental Set-Up


Dried Jeffrey pine (Pinus jeffreyi) duff containing needles and small branches was used as biomass fuel for our pilot burning experiments (Figure S4a; SM). As discussed in Section 1, Jeffrey pine duff is representative of fuels burnt in many wildland fires in the western U.S. [10,53,58]. The intensity and size of these western U.S. wildfires have increased in the last two decades, with Jeffrey and ponderosa pine (Pinus ponderosa) needles and small branches being dominant fuels [59,60,61]. These fires are having important effects on human and forest health and on the environment [62,63]. Our fuel samples were collected from the forest floor near Truckee, CA, USA and were stored in black plastic bags at room temperature (20 ± 2 °C) until used for the combustion experiments.



The set-up of the combustion experiment is presented in detail in Figure S2 (SM). Briefly, 1 kg of fuel was placed onto the burn platform (ceramic disc) inside of the DRI combustion chamber, which was recently described elsewhere [64,65]. During the combustion experiment, an additional 2 kg of fuel was gradually added onto the burn platform via our fuel delivery system (Figure S4; SM). The duration of the combustion experiment was ~1 h. Table 1 summarizes all the prepared and analyzed sand and ash samples. To study how organic species in the smoke affected soil water repellency with an absence of combustion heat, we packed a glass cartridge with blank sand and used a medium-volume sampler to collect smoke with a sampling line at a flow rate of ~85 L min−1. The sampling was stopped when combustion ended and no more smoke was present in the chamber. To prepare Sample XII (experimental sand with fulvic acid), a solution of Suwannee River fulvic acid (10 mg mL−1) was made in ultra-high purity water and sprayed over the blank sand (Figure S3; SM), which was then dried at room temperature (20 ± 2 °C) for at least four hours. The samples after the combustion experiment and fulvic acid sample (Sample XIII), heated at 200 °C, were cooled down to room-temperature (20 ± 2 °C) prior to WDPT measurements.





3. Results and Discussion


3.1. Sand Treatments, Water Droplet Penetration Time (WDPT), and Water Repellency


The results of the WDPT test for the 13 different samples are presented in Figure 1. The WDPT classification according to Doerr and Shakesby [66] was used to assess the level of SWR in the current discussion. Untreated sand (Sample I) and untreated sand after heating to 200 °C for two hours (Sample II) were “wettable” with a WDPT <0.5 s. The ash sample (Sample III), as well as the blank sand placed under the mesh right below the firepit (Sample IV, Figures S2 and S3), remained “wettable” (WDPT < 0.5 s) as well. Even though Sample IV was notably distinct from the blank sand with deposition of fine ash on the surface (Figure S3, SM), it was not more water repellent than the blank sand (WDPT < 0.5 s). Sand placed right near the firepit (Sample V, Figures S2 and S3) appeared to have more brownish spots on the sample surface (Figure S3; SM), and strong-to-severe water repellency [52,66] was measured (WDPT = 1027 ± 708 s) for Sample V. The large variation of WDPTs between replicates was most likely the result of the uneven effect of fuel burning (including the temperature and deposition of biomass-burning organics) on the surface. After the top 5 mm thick layer of Sample V sand was removed, we found that the WDPT for the sand below was ~50% lower (Sample VI) than for the sand above (Sample V). The sand sample placed under the firepit with no mesh above it (Sample VII, Figures S2 and S3; SM) showed extreme water repellency with a WDPT >3000 s (Figure 1). WDPT measurements were concluded at 3000 s, since a noticeable change in water droplet size was observed due to evaporation rather than infiltration of the droplet after that time. Samples VIII and IX (Figure S3; SM) were replicate burns of Sample VII; they showed extreme levels of water repellency, with WDPT = 2844 ± 215 s for Sample VIII and WDPT > 3000 s for Sample IX (Figure 1). For Sample X, the smoke from the combustion chamber was collected in a cartridge packed with blank sand (Figure S2; SM) to check the effect of biomass-burning emissions on the SWR without the effect from fire-induced heating of the sand. We found that cold smoke also induced extreme water repellency in the sand in Sample X (WDPT > 3000 s, Figure 1) and, even after removing the top 5 mm thick layer of sand (Sample XI), the water repellency was still at an extreme level (WDPT = 2535 ± 895 s). It is important to note that for Sample X, the water repellency level (WDPT > 3000 s, Figure 1) was similar to those of the samples placed under the fire pit (Samples VII-IX), and it was almost three times higher than that of the sample placed right near the firepit (Sample V). These results are not in agreement with the study by Uddin et al. [40], where a few selected BVOCs showed insignificant effects on inducing water repellency. This is probably because the majority of the BVOCs tested by Uddin et al. [40] were low molecular weight volatile organic species (and low volatility hydrophobic compounds typically in fire emissions were not tested) that likely evaporated during the four hours of rotary evaporation and 24 h of oven-drying at 105 °C used for sample treatment in that study, which explains the lack of a noticeable change in SWR reported by Uddin et al. [40].



To check how the SOM may affect SWR, we used a fulvic acid mixture as a surrogate for the SOM [67,68]. The fulvic acids induced slight water repellency (Sample XII), with WDPT values between 72 and 96 s (average = 81 ± 9 s). Exposing this sample of fulvic acid-treated sand to a 200 °C temperature for two hours (Sample XIII) induced an extreme level of water repellency (WDPT = 2304 ± 479 s).



As mentioned above, several studies analyzed the effects of organic compounds and different temperatures on sand wettability, and in the present study, we revisited this question. Within this pilot project, which is the initial step of a large-scale study, we examined the water repellencies of the test sand samples that were placed at different proximities to a pine needle fire (Figure S2; SM). To our knowledge, for the first time, the effect of laboratory-generated cold biomass-burning smoke on the sand wettability properties was investigated, and smoke from a representative western U.S. wildland fuel (Jeffrey pine needles) was used. Moreover, based on our water repellency results, we calculated the relationship between the WDPT and the contact angle for different experimental sand samples (Table 2).



As was expected, the blank sand and ash were wettable (WDPT < 0.5 s), which is in good agreement with previous studies [52,69]. For Sample IV, no change in water repellency was observed for the sand that was placed under a mesh right under the firepit. The lack of water repellency in Sample IV’s sand was surprising and was most likely due to the absence of organic species on this sand sample, because its position was upstream from the smoke emission. The Sample V sand also had only a small amount of fine ash on its surface (Figure S3; SM), and we concluded that the combination of the temperature and ash did not significantly change the water repellency of Sample IV’s sand. Therefore, the sample position relative to the fire and pre-existent organic species in the soil play a key role in forming water repellency during fires, which has been highlighted in several previous studies [20,30,33].



The samples that were placed right near the fire pit (Sample V) or under (no mesh) the firepit (Samples VII–IX) demonstrated extreme water repellency, and this has been observed and discussed in other studies [22,27,28,29,30]. This extreme water repellency was likely due to a combination of heat and organic compounds emitted from the combustion, since the blank sand (Sample I) did not contain any organics initially. To check if biomass-burning organic species can affect the SWR without the fire’s heat, the sand in the glass cartridge was exposed to cold combustion smoke (Sample X) as presented in Figures S2 and S3 (SM). Our results clearly confirm that not only do the organic species, which may already be in the soil, affect water repellency during a fire, but in addition, the organics deposited from the combustion smoke itself can change the water repellency level from almost nonexistent to the extreme. It is known that the chemical properties of SOM and biomass-burning organics are very different [44,70], and further research on the effects of fire smoke on SWR is needed. We also highlight that the amount of biomass-burning organic matter deposited onto the sand samples was not controlled, and thus the water repellency values between Samples VII–IX and Sample X could not be compared.



The fulvic acid-treated sand (Sample XII) was analyzed to check the hypothesis of how SOM may affect water repellency with (Sample XIII) and without (Sample XII) applied heat. This experiment showed that fulvic acids induced only a slight level of SWR (Figure 1), while after the heating of the same sand sample, its repellency increased to an extreme level. This is in line with the findings by Savage et al. [28] about the increase in SWR due to heating. Several authors have attempted to identify the groups of compounds in soils responsible for this repellency change and their chemical transformation during the heating process [36,39,40,41,46]. However, soil organics are highly complex chemical mixtures with different functional groups and molecular weights [71,72,73], and thus the specific analysis of a single compound of a structure might not be the best strategy for studying soil water repellency. Nevertheless, the changes in water repellency noted for Samples V–XIII were of an order that could significantly decrease infiltration into the soil and subsequently increase runoff production. Therefore, more research is needed on the effects of fires on SOM (e.g., fulvic and humic acids) as well as on organics deposited from combustion smoke to make good predictions of post-fire soil water repellency response.




3.2. Water Repellency and Hydraulic Properties of Sand and Ash


Table 2 shows the average water drop penetration time, WDPT, effective contact angle, α, and relative sorptivity S/S0 for the 13 samples presented in Table 1. The values for α and S/S0 were calculated with Equations (1) and (2) based on the average WDPT measurements for the various treatments shown in Figure 1. Samples II and IV showed no apparent change in contact angle or relative sorptivity due to burn treatment compared with the untreated sand of Sample I. This means that infiltration into the sand from Samples II and IV would be no different from the infiltration into the sand from Sample I. The difference between the effective contact angle of 48° for Sample I, estimated with Equation (1), and the measured effective contact angle of 42° found by Shillito et al. [52] was likely due to the low accuracy of WDPT recordings (<0.5 s). The ash of Sample III was not water repellent (WDPT < 0.5 s) and, since Equations (1–3) were developed for 40–70 sand and not for ash, they could not be used to estimate the effective contact angle or relative sorptivity calculations.



As shown in Figure 1, the WDPT values indicated severe to extreme levels of water repellency (according to the classification by Doerr and Shakesby [66]) for Samples V–XIII. Table 2 shows the corresponding effective contact angles for Samples V–XIII, ranging from 78° to 87°, and relative sorptivity, ranging from 0.31 to 0.49. This means that, in terms of relative sorptivity, infiltration into the sand from Samples V–XIII would be reduced by 51–69% compared with the infiltration into untreated sand from Sample I. Note that the WDPT tests for Samples VII, IX, and X were ended after 50 min when the first signs of drop evaporation occurred (RH = 15 ± 1%), but they were assigned WDPT times of 3000 s as estimates. Therefore, the WDPTs for Samples VII, IX, and X would likely be higher if the WDPT test were run with evaporation protection (i.e., housed the samples in a closed container during WDPT tests).



The effective contact angles associated with the 13 burn experiments, shown in Table 2 and Figure 2, were within the range of previously published values [31]. Further, Shillito et al. [52] showed that a change in contact angle from 42° to 88° corresponded to a decrease in sorptivity that resulted in a significant (34%) decrease in the 30 min cumulative infiltration. Thus, the changes in water repellency due to burning experiments V–XIII would result in measurable differences in pre- and post-burn treatment infiltration.



Figure 2 shows the effective contact angle and relative sorptivity values as functions of the WDPT using the data presented in Table 2. The effective contact angles increased and relative sorptivities decreased with the increasing WDPT. Note that most of the contact angle and sorptivity changes occurred at low WDPTs. The effective contact angles, for example, increased from 48° to 78° when the WDPT increased from <0.5 s to 81 s, but only from 78° to 87° when the WDPT increased from 81 s to more than 3000 s. Similarly, the relative sorptivity decreased from 1 to 0.49 when the WDPT increased from <0.5 s to 81 s, but only from 0.49 to 0.31 when the WDPT increased from 81 s to more than 3000 s. This indicates that lower WDPT values have a comparably larger impact on infiltration, expressed in terms of the relative sorptivitiy, than higher WDPT values. If we assume that early infiltration is dominated by sorptivity (as is typical for rain from short-duration, high-intensity storms infiltrating into initially dry soil), the infiltration capacity would be reduced by 51% by the WDPT increasing from <0.5 s to 81 s, but it would only be reduced by an additional 18% of the original value by the WDPT increasing from 81 s to more than 3000 s.





4. Conclusions


In this pilot study, we investigated how biomass-burning emissions and the heat of the fire affected SWR. Soil surrogate (i.e., silica sand) samples were exposed to Jeffrey pine duff smoke at different proximities to a pine needle fire under laboratory conditions and to fulvic acid, a surrogate soil organic matter. The WDPT was measured for all samples, and the effective contact angle and sorptivity were calculated. We found that the water repellency of the silica sand samples changed from wettable (WDPT < 0.5 s) to severe-to-extreme levels (WDPT > 1000 s) after being exposed to smoke and heat or to just cold smoke. These results suggest that the organic compounds from smoke can greatly increase SWR, even in the absence of fire heat. Our experiments with the silica sand samples exposed to fulvic acid confirmed this finding; the SWR of the sand samples greatly increased (WDPT = 81 s) after being treated with fulvic acid, and the SWR further increased to a severe level (WDPT > 81 s) after subsequent heating at 200 °C. The changes in the calculated contact angles and relative sorptivities showed that sorptivity-controlled water infiltration of the untreated sand can be reduced by more than half after exposure to either fire emissions or fulvic acids with and without the presence of heat. The results of our study highlight the need for future research focused on the fundamental chemistry of SOM during fires and on the effects of combustion smoke organics on SWR with and without the presence of heat.
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Figure 1. Water droplet penetration time (WDPT) for 13 analyzed samples. Units = seconds (s). 
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Figure 2. Effective contact angle (α, degrees) and relative sorptivity (S/S0) as functions of water drop penetration time (WDPT, s). 
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Table 1. Tested sand and ash samples and descriptions of the treatments (*ambient relative humidity in the laboratory was 15 ± 1%).
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	Sample Name
	Description





	Sample I
	Blank sand (acid-washed and oven-dried, then exposed to laboratory air*) at room air temperature



	Sample II
	Blank sand + heat (200 °C for 2 h)



	Sample III
	Ash



	Sample IV
	Sand under mesh (~5 cm between the fire and sand sample) placed under a fire pit



	Sample V
	Sand right near the fire



	Sample VI
	Sample V with 5 mm removed from the top layer (~5 mm)



	Sample VII
	Sand right under the fire pit using no mesh



	Sample VIII
	Replicate burn 1 as for Sample VII



	Sample IX
	Replicate burn 2 as for Sample VII



	Sample X
	Smoke was collected on a cartridge loaded with blank sand using a chamber sampling line and medium volume sampler (at room temperature)



	Sample XI
	Sample X with a removed top layer (~5 mm)



	Sample XII
	Blank sand + fulvic acid (dried at room temperature (20 ± 2 °C))



	Sample XIII
	Blank sand + fulvic acid + heat (200 °C for 2 h)
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Table 2. Values of the water drop penetration time, WDPT, effective contact angle α, and relative sorptivity S/S0 for the 13 studied sample treatments.






Table 2. Values of the water drop penetration time, WDPT, effective contact angle α, and relative sorptivity S/S0 for the 13 studied sample treatments.





	Sample Name
	WDPT [s]
	α(WDPT) 1 [°]
	S/S0 = 48° = f(WDPT) 2





	Sample I
	<0.5
	48
	1.00



	Sample II
	<0.5
	48
	1.00



	Sample III
	<0.5
	--
	--



	Sample IV
	<0.5
	48
	1.00



	Sample V
	1027
	84
	0.37



	Sample VI
	576
	83
	0.39



	Sample VII
	>3000
	87
	0.31



	Sample VIII
	2844
	87
	0.31



	Sample IX
	>3000
	87
	0.31



	Sample X
	>3000
	87
	0.31



	Sample XI
	2535
	87
	0.32



	Sample XII
	81
	78
	0.49



	Sample XIII
	2305
	87
	0.32







1 Effective contact angle α, calculated using Equation (1). 2 Relative sorptivity S/S0, calculated using Equation (2), assuming S0 was at a maximum α = 48° (Shillito et al. [52]).
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