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Abstract

The 2018 Camp Fire was a large late-year (November) wildfire that produced an urban
firestorm in the Town of Paradise, California, USA, and destroyed more than 18,000 structures.
Runoff from burned wildland areas is known to contain ash, which can transport contaminants
including metals into nearby watersheds. However, due to historically infrequent occurrences, the
effect of wildland urban interface (WUI) fires, such as the Camp Fire, on surface water quality has
not been well-characterized. Therefore, this study investigated the effects of widespread urban
burning on surface water quality in major watersheds of the Camp Fire area. Between November
2018 and May 2019, 140 surface water samples were collected, including baseflow and stormflow,
from burned and unburned watersheds with varying extent of urban development. Samples were
analyzed for total and filter-passing metals, dissolved organic carbon, major anions, and total
suspended solids. Ash and debris from the Camp Fire contributed metals to downstream
watersheds via runoff throughout the storm season. Increases in concentration up to 200-fold were

found for metals Cr, Cu, Ni, Pb, and Zn in burned watersheds compared to pre-fire values. Total
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concentrations of Al, Cd, Cu, Pb, and Zn exceeded EPA aquatic habitat acute criteria by up to 16-
fold for up to five months after the fire. To assess possible transport mechanisms and
bioavailability, a subset of 18 samples was analyzed using four filters with nominal pore sizes
ranging from 0.22 to 1.2 ym to determine the particulate size distribution of metals. Trace and
major metals (Al, Ba, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, and Zn) were found mostly associated with
larger grain sizes (>0.45 um), and some metals (Al, Cr, Fe, and Pb) also included a substantial
colloidal phase (0.22 uym to 0.45 ym). This study suggests that fires in the wildland-urban interface
increase metal concentrations, mainly through particulate driven transport. The metals with largest
increases are likely from anthropogenic disaster materials, though biomass ash contributions are
also a major contributor to overall water quality. The increase in metals following WUI burning may

have adverse ecological impacts.

Environmental Significance

Wildfires that occur in forest and grassland landscapes are increasing in frequency and
intensity and are escalating the risk of burning at the wildland-urban interface (WUI). The effects of
wildfires in the WUI include loss of lives and livelihood, destruction of infrastructure, and long-term
impacts to ecosystems. Furthermore, fires that occur in the WUI may cause potential human or
ecological health issues through toxic metal contamination of surface waters in addition to smoke

inhalation risk.

1. Introduction

The Camp Fire was the deadliest, most destructive, and most expensive wildfire in California
history, and one of the costliest disasters in the world." The fire killed 85 people and destroyed
18,804 structures across three communities (Paradise, Concow, and Magalia; Figure 1), resulting

in an estimated $13 billion in losses and $3 billion for cleanup.? Ignited by high-voltage power lines
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on November 8, 2018, the fire started near Pulga in the Feather River Canyon, east of the Town of
Paradise and spread west due to high winds (80 km h-").2 Due to the wind carrying embers that
sparked new ignitions downwind (i.e., firebrands), the Town of Paradise was consumed by fire
within three and a half hours, resulting in an urban firestorm.2 In contrast to wildland fires, fires at
the wildland urban interface (WUI), such as the Camp Fire, combust anthropogenic materials that

may negatively impact surface water quality through runoff.

Fires in wildland areas (non-urban) are historically more common and have been the focus
of most research thus far. In vegetated watersheds, runoff after wildfires alters watershed
processes causing adverse impacts to surface water quality.® Because of increased soil
hydrophobicity, rain mobilizes ash, soil, and charred materials, changing water chemistry (e.g., pH
and ionic composition) and increasing sediment transport, which in turn facilitates the mobilization
of metals associated with sediment.#56.7 In wildland areas, mobilized metals can originate from a
variety of sources, such as burned biomass, disturbed underlying geology, and isolated mining and
manufacturing sites (historical or current).>89.10 Elevated temperatures during combustion can alter
metal speciation or disrupt complexes with soil organic matter, often increasing mobility in surface
waters.®1! Notably, some metals and metallic compounds pose acute adverse human and

ecosystem health effects.’?13

In contrast, the water quality impacts of WUI fires have not been well-characterized because
of historically infrequent occurrence, but risk is expected to increase as the WUI expands due to
urban development.'# In urban fires, man-made fuels are combusted (e.g., structures, vehicles,
household products, and other infrastructure) creating “disaster materials”, which can include
asbestos fibers, man-made vitreous fibers (e.g., fiberglass insulation), metal-rich particles, and

particle-associated persistent organic pollutants.'® The extent of destruction and the variety of
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anthropogenic source materials that could mobilize metals into the watershed, such as vehicles
(frames, batteries, wiring, tires), structures (residential, industrial, and commercial), and structure
contents (furniture, appliances, personal items) were widespread following the Camp Fire (Figure

2).

Storm runoff can mobilize metals from disaster materials. For example, runoff collected from
a simulated automobile fire conducted in the U.K. contained arsenic (As), barium (Ba), cadmium
(Cd), cobalt (Co), chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb), and zinc (Zn).'6
In burned urban settings (London, U.K.) and on the urban fringe (California, USA), Cu, Pb, and Zn
concentrations in stormwater have been found 100 to 700-fold higher compared to unburned
areas.'7.18.19.20 Additionally, WUI fires are, by definition, in close proximity to populated areas, and

the risk of elevated metals in stormwater runoff from these events is an emerging concern.17.18.21.22

Although previous work has reported elevated metal concentrations in water from WUI fires,
metal speciation (e.g., phase partitioning) is not well-characterized despite its importance for
bioavailability and ecosystem health. At neutral pH, trace metals are commonly present in the
particulate or colloidal phase, sorbed to oxides of aluminum (Al), iron (Fe), or manganese (Mn), or
associated with humic substances.2324 Speciation is important because dissolved (filter-passing)
trace metals are more readily assimilated by aquatic biota than particulate metals.2526.27 While
dissolved organic matter (DOM) and trace metal mobilization may increase after a wildfire, toxicity
to biota may decrease if the bioavailability of trace metals decreases due to their complexation by
DOM. 5728 Therefore, it is important to understand both the quantity and speciation of metals

mobilized from WUI fires.

Because the large-scale urban destruction caused by the Camp Fire was a likely source of

anthropogenic contaminants, the goal of this study was to characterize metal concentrations in
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surface water runoff from the burned area during storm events and baseflow conditions. We
evaluated water quality parameters, such as pH, specific conductivity, total suspended solids
(TSS), dissolved organic carbon (DOC), anions, and metals in the watersheds surrounding the
Town of Paradise after the Camp Fire. We hypothesized that runoff would increase metal
concentrations in surface waters, and that increases would be greater in watersheds with a greater
extent of urban destruction. Therefore, the objective of this study was to characterize the effects of
burned anthropogenic materials, such as vehicles and structures, on stormwater metal

concentrations.

2. Methods

2.1.Site and Watershed Descriptions
Paradise (population 26,800 pre-fire) is a town located on the western slope of the Sierra
Nevada and the southern Cascade Range in California (Figure 1). The town is located on
moderately-sloping to level ridges surrounded by steep canyons carved by creeks that flow to the
Sacramento Valley to the southwest and Lake Oroville to the southeast. The landscape is
dominated by oak woodlands and grasslands southwest of town and Sierran mixed conifers at

higher elevations along the northeast watershed border.

The dominant soil in the Paradise ridge is the Paradiso soil series, a loam formed on clayey
residuum weathered from volcanic rock (Alfisol order, Xeralfs suborder of the USDA soil
classification).?® Clay in the surface horizon (top 10 cm) is primarily kaolinite (Al,Si,O5(OH),), a
highly weathered 1:1 non-expansive aluminosilicate clay with low cation exchange capacity, and

therefore limited potential for ion exchange with metals.
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Four major watersheds near the Town of Paradise were sampled (Table 1): Big Chico
Creek, Butte Creek, Clear Creek, and Dry Creek (coordinates in Table S1), which represent a
variety of burn conditions and land uses. Big Chico Creek is an unburned reference watershed.
Butte Creek is a semi-urban and forested watershed that was partially burned. Clear Creek and Dry
Creek were both severely burned, and Clear Creek has more urban development than Dry Creek.
In this context, urban refers to the areas of highest population density in this region, which do not

meet the criteria for large cities.

Watershed characteristics, including elevation, land use, area, and structure damage
assessment, were determined using ArcGIS (Esri, USA). Watershed area was defined as the
contributing area for the sampling location. A variety of sources were used to analyze land use
characteristics, number of destroyed structures, soil and bedrock geology, and historical mining
activities.30:31:32.33 There was mining in each watershed to varying degrees. Due to the presence of
many small mines that were not major producers, the area of mine tailings was assumed to be a

better indicator of potential water quality effects than the number of mines.

Discharge measurements were only available at the USGS Butte Creek stream gage station
(USGS 11390000), which was used to synchronize sample collection with peak stormflows for all
watersheds (Figure 3). This gage is located upstream of the western most sample location in Butte
Creek (Figure 1). During the 2018-2019 water year, precipitation in Paradise, CA was
approximately 1.3 times greater than the yearly average from 2010-2020.34 Flows for a two-year
recurrence interval were estimated with StreamStats (USGS, v4.1.1) providing the reader with a

sense of relative stream sizes across watersheds.3°

2.1.1. Big Chico Creek
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Big Chico Creek is an unburned watershed sampled for comparison to the burned
watersheds. No gaging station monitored discharge on a continuous basis during the 2018-19
storm season, but historical flow rates are between 0.6 m3 s-' (summer baseflow) and 170 m3 s-!
(winter stormflow).3¢ The watershed has lower urban land use area (1%) and a higher percentage
of forested area (69%) compared to the other watersheds (Table 1). The watershed originates at
1829 m elevation and extends west for about 43 km to the Sacramento River. The upper
watershed is characterized by Cascade Range basalt at high elevations and lava and mud flows
from the extinct Mount Yana volcanic complex at lower elevations.3” Vegetation transitions from
Ponderosa pine and mixed fir at high elevations to California mixed conifer and oak grasslands at
lower elevations. There have been a few small fires in the watershed at low elevations, but no
major fire events in the past decade. There are two historic, closed gold mines upstream, but their

combined area is small (< 1 km?).38

Samples were collected at multiple locations along Big Chico Creek. Sampling occurred at
the Big Chico Creek Ecological Reserve (15 km upstream of the city of Chico) with an autosampler
when possible. Access was limited during large storms, and, on those occasions, grab samples

were collected lower in the watershed, east of and 3 km upstream from the City of Chico.

2.1.2. Butte Creek

The Butte Creek watershed has similar characteristics to the Big Chico Creek watershed.
The creeks originate within 2 km of one another and generally flow within a few miles of each other.
Butte Creek also has low urban land use (4%) and high forested area (69%) (Table 1). In contrast
to Big Chico Creek watershed, 16% of Butte Creek watershed was burned, and the watershed
contains the highest number of total structures burned. Mine tailings impact about 1.2 km? of the

watershed (<1%), with inactive gold mines and a small number of inactive chromium mines.38
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Discharge in Butte Creek ranged from late fall baseflow of ~2 m3 s-! at the time of the Camp Fire to
storm flows as high as 230 m3 s-' in late February storms (Figure 3). Like the observed maximum
flows, the estimated two-year return interval stormflow is 212 m3 s-1. This similarity justifies the use
of two-year return intervals to provide comparative estimates of stormflow discharges in streams

that did not have stream flow measurements.

Grab samples were collected at the USGS gaging station located in the lower reach of Butte
Creek Canyon (Figure 1). When deploying an autosampler, samples were collected at the Butte
Creek Ecological Preserve (BCEP) for increased security. These locations are 1.4 km from each

other with no major water inputs or withdrawals between locations.

Little Butte Creek Trailer Park (Figure 2b and Figure 2c) was located along Little Butte
Creek, a tributary of the Butte Creek watershed. All trailers and many vehicles in the park were
destroyed by the fire. Storm runoff was collected from an intermittent stream draining the trailer
park in January 2019 prior to site cleanup. This location represents a burned, urban end-member

with direct runoff from burned anthropogenic materials.

2.1.3. Clear Creek

Clear Creek originates within the Town of Paradise amid residential and light commercial
development. The watershed is defined by the highest percentage of total burned area (78%) and
urban land use area (18%) compared to the other watersheds (Table 1). The two-year return
interval stormflow is estimated at 20 m3 s-'. Sampling was conducted west of Highway 191 at
Durham Pentz Road, about 14.5 km downstream of the Town of Paradise, which was initially the
closest accessible location to the burned area due to prolonged evacuation orders (Figure 1). No

known mines are present in this watershed.
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2.1.4. Dry Creek

Dry Creek also originates in the Town of Paradise. The Dry Creek watershed was 45%
burned (by area) by the Camp Fire (Table 1). Dry Creek has a higher percentage of total percent
forested land (33%) than total percent urban land (9%). This watershed has inactive gold and
manganese mines attributing to both the largest mining-impacted area on both an absolute (total
area) and relative (percent area) basis. Downstream of the fire perimeter, Dry Creek receives
drainage from the Cherokee mine: a large, inactive hydraulic gold mining operation, which
contributes sediment to the creek.3® The two-year return interval stormflow is estimated to be 37 m3

s-1. Dry Creek was sampled about 17 km downstream (south) of the edge of the Town of Paradise.

2.1.5. Paul Byrne Aquatic Park

Grab samples were collected from an unnamed, intermittent first-order stream at Paul Byrne

Aquatic Park near the south edge of the Paradise ridge, which is in the Little Dry Creek watershed.
This sampling location was dominated by direct stormwater runoff during rain events. Since the
Town of Paradise spans several watersheds, this sampling location represents a burned, urban
end-member capturing typical anthropogenic inputs to Clear Creek from within the Town of
Paradise. Samples were collected when access permitted. The two-year return interval stormflow

estimate is 2 m3 s'.

2.2.Sampling Methods
Water samples were collected during nine storm events between November 2018 and May
2019 targeting different flow regimes including baseflow, peak storm flow, and rising and falling
limbs of the stormflow hydrograph (Figure 3). A total of 140 grab samples were collected in new,
high- or low-density polyethylene bottles that were tested for trace metal contamination using lab

and field blanks. Sampling followed best practices, using nitrile-gloved hands, triple rinsing bottles
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with sample water prior to collection, sealing, and storing on ice until returning to the California
State University Chico laboratory. During intensive storm sampling efforts, automatic samplers
(Teledyne ISCO 6712) collected water in reusable, 1-L acid-washed (10% nitric acid)
polypropylene bottles stored on ice. Bottles were retrieved within 24 h of sampling. In the
laboratory, samples were stored at 4 °C until filtration and further processing for analyses within 48

h.

2.3.Water Quality Measurements

Prior to filtration, pH and specific conductivity were measured in well-mixed water samples
at room temperature with an Oakton PCSTestr 35 handheld meter with integrated pH and specific
conductivity probes, calibrated daily. Total suspended solids (TSS) were quantified by filtering a
known volume of water sample (0.45 um). Dissolved organic carbon (DOC) was measured using a
high-temperature catalytic oxidation method (TOC-L, Shimadzu). Sulfate and nitrate were
measured by ion chromatography (Integrion, Dionex). Elemental analysis was conducted using
inductively-coupled plasma mass spectrometry (ICP-MS) (7900, Agilent). Elemental analysis
included Al (aluminum), As (arsenic), Ba (barium), Ca (calcium), Cd (cadmium), Co (cobalt), Cr
(chromium), Fe (iron), K (potassium), Mg (magnesium), Mn (manganese), Na (sodium), Ni (nickel),
Pb (lead), Tl (thallium), Se (selenium), U (uranium), V (vanadium), and Zn (zinc). For alkali and
alkaline earth elements, Ca, K, Mg, and Na are commonly observed at ppm concentrations and are
collectively referred to as major cations, which excludes Ba. Important for the EPA aquatic life
criteria, hardness (as mg L' CaCO3;) was calculated using Equation S1. Capturing differences in
relative concentrations, Al, Fe, and Mn are described as major metals and remaining elements are
described as trace metals. Total concentrations refer to concentrations measured in unfiltered

samples. For metal, filter-passing concentrations were measured in the filtrate of a 0.45-um

10



Page 11 of 47 Environmental Science: Processes & Impacts

oNOYTULT D WN =

cellulose nitrate filter. Total mercury (THg) was quantified on a subset of 54 samples using cold-
vapor atomic fluorescence spectrometer (Model Ill, Brooks and Rand). Additionally, metals analysis
by size fractionation within the colloidal range 0.22-ym to 1.2-uym was assessed. The grain size
analysis methods and tabulated results are described in an associated USGS Data release.*°

Additional details for each analytical method are provided in the supporting information.

2.4, Statistical Methods

Statistical analyses were performed with R Statistical Software (v4.2.1);4! specific functions
are listed in parentheses. The Shapiro test (shapiro.test()) indicated that the datasets were non-
normal. We compared concentrations pre- and post-fire using the Wilcoxon U test (wilcox.test())
followed by the pairwise Wilcoxon U test (pairwise.wilcox.test()) if there were statistically significant
differences. Correlations between water quality parameters were assessed using Spearman’s rank
correlations (ggpairs(), GGally R package v2.1.2).42 Principal component analysis (PCA) analyzed
water quality parameters in reduced space (prcomp(), stats R package v4.2.1).4! Data was
standardized prior to analysis. A redundancy analysis (RDA) assessed relationships between water
quality and watershed characteristics, structure destruction, TSS, and flow (rda(), vegan R package

v2.6.2).#3 Explanatory and response variables were standardized prior to analysis.

3. Results

3.1.Water Quality Comparisons
Aggregate water quality parameters were compared between watersheds to assess
systematic trends, independent of temporal hydrology. The median concentrations for DOC,
sulfate, and nitrate were higher in Clear Creek and Dry Creek watersheds, which had the highest

number of destroyed structures per urban area (number of destroyed structures divided by area of

11
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urban land use in each watershed), compared to the unburned reference watershed. For example,
the median DOC concentrations in Dry Creek and Clear Creek (4.5 mg L' and 4.6 mg L,
respectively) were twice as high as the median DOC concentrations in Butte Creek and Big Chico
Creek (1.8 mg L' and 2.1 mg L' respectively, Table S5). Similarly, concentrations of sulfate,
nitrate, TSS, and hardness (Figure 4a) were statistically higher in Clear Creek and Dry Creek
(Wilcoxon U test, p < 0.05, Table S9). In all watersheds, pH values were circumneutral and ranged
from 7.1 to 8.3 (Table S5). Like DOC, sulfate, and nitrate, total concentrations of many metals (i.e.,
Ba, Co, Cu, Pb, Ni, Mn, and Zn) were significantly greater (Wilcoxon U, p < 0.05, Table S9) in
burned watersheds compared to the unburned Big Chico Creek reference watershed (Figure 4b,
Table S11). However, there were two exceptions. For Al and Cr, there was no statistically
significant difference between Clear Creek and the unburned Big Chico Creek. In Dry Creek, the
watershed with the greatest increase in median concentrations relative to unburned Big Chico
Creek, Co median concentrations increased 36-fold, followed by Cu, Fe, Mn, Ni, and Pb (36- to 22-
fold). Ba, Cr, Ni, and Zn median concentrations were 7-to 17-fold greater in Dry Creek compared to

the reference watershed.

Little Butte Creek Trailer Park and Paul Byrne Aquatic Park (burned, urban end-members)
represent sites with the greatest burned, urban impact as there was less dilution compared to the
mainstem sampling locations. At these sites, total concentrations of metals were also higher than
the unburned watershed and burned watersheds with more dilution. The maximum concentrations
of Cu (25 ug L"), Pb (4.9 — 6.5 ug L"), and Zn (1100 ug L") exceeded the maximum
concentrations measured in mainstem sampling locations. At the Aquatic Park site, the median
concentration of total Pb was higher than the other mainstem locations (4.9 ug L-'). The maximum

total Zn concentration at the Aquatic Park (256 ug L") was also high compared to the mainstem

12
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locations, but the highest concentration was observed at the Little Butte Creek Trailer Park (1,079

ug L1, Table S7).

Throughout the 2018/2019 water year, the highest concentrations of total and filter-passing
metals were observed near or directly after the hydrograph flow peaks (Figures S1- S3). Early
precipitation events (November —December 2018) produced lower flows than later precipitation
events in January—March 2019 (Figure 3). However, the early season concentrations of many
alkaline and alkaline earth elements were elevated beyond the later season storm flow
concentrations (Figures S1-S7). Similarly, some of the highest observed Al, Cu, Pb, and Zn
concentrations were in the fire-impacted watersheds in December 2018—-January 2019. Across
nearly all watersheds and flow regimes, total Hg concentrations were near background levels (1-5

ng L, Table S6).44

3.2.Size-Fraction Analysis of Trace and Major Metals

Total and filter-passing metal concentrations were compared to assess the predominant
phase (i.e., particulate vs. dissolved) of each metal. After calculating the percent particulate for
each sample, the median value for each element was used to group elements according to their
predominant phase. Oxide-forming elements, including Al, Fe, Mn, were predominantly measured
in the particulate phase (Figure S8 and Figure S9). Similarly, most trace metals were
predominantly found in the particulate fraction, except for Ba, Cu, and Ni that exhibited a fairly
uniform distribution between particulate and filter-passing fractions. Alkaline and alkaline-earth

elements (Ca, K, Na, and Mg) were predominantly filter-passing.

Filter-passing metal concentrations (< 0.45 ym) were generally higher in burned watersheds
when compared to the unburned Big Chico Creek watershed, but differences were not statistically

significant (p > 0.05) in most cases (Figure 5). The exception was Butte Creek, where

13
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concentrations of filter-passing Co were statistically greater than in the reference watershed (p =

1.5 x 103).

The size fractionation analysis (filter sizes 0.22 ym, 0.45 pm, 0.8 ym, and 1.2 um) revealed
that four elements (i.e., Al, Cr, Fe, and Pb) had statistically higher concentrations (Wilcoxon U, p <
0.05, Table S10) in the 1.2 ym filtrate compared to the 0.22 pm filtrate, suggesting colloidal
association (Figure 6). Al was the only metal with statistically different concentrations between the
0.22 ym and 0.45 um filter sizes, revealing a slightly wider distribution of colloidal sizes. Comparing
median concentrations between filter-size cutoffs to the median total metal concentration informs
the proportion of a given metal associated with intermediate colloidal sizes. For the elements with
statistically significant differences, the median percentage associated with the 0.22—1.2 pym fraction
was 65.6% for Al, 14.3% for Cr, 62.1% for Fe, and 68.6% for Pb. In contrast, no statistically
significant difference between filter size cutoffs was observed for Co, Cu, Mn, or Ni, hence most of

these elements were either dissolved or associated with the smallest colloidal size fractions.

To summarize, most trace metals were present predominantly as particulates (Figure S9),
and the only trace metals that did not exhibit a dominant particulate form were Ba, Cu, and Ni.
These elements were broadly distributed across phases (Figures S8 and S9) and Cu did not exhibit
an appreciable colloidal fraction (Figure 6). Cr and Pb were predominantly (67% or more) found in
the particulate fraction using a 0.45 um filter cutoff (Figure S9) and these elements also had

measurable colloidal fractions in half of the samples (Figure 6).

3.3.Comparison to Historical Data
In contrast to many disaster response studies, some historical data exist for hardness in the
four burned watersheds and for select trace metals in two burned watersheds.3? Total median

concentrations of Cr, Cu, Ni, Pb, and Zn significantly increased in Clear Creek and Dry Creek after

14
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the Camp Fire compared to pre-fire concentrations (Figure 7, Table S12). The greatest increase
was observed for total Zn in both Dry Creek (200-fold) and Clear Creek (22-fold). For Cr and Pb,
greater increases were observed in Dry Creek (30- and 22-fold, respectively) compared to Clear
Creek (6-fold for both). Cu and Ni concentrations were 3- to 8-fold higher in samples collected after
the fire. The pre-fire data were collected through monthly storm sampling from November 2003 to
December 2004 in Clear Creek and Dry Creek. Comparing the 2003-2004 and 2018-2019
hydrographs in Butte Creek revealed that storm flow patterns were similar throughout the two years

(Figure S25).34

Comparing annual averages, no statistically significant differences in hardness were found
between pre- and post-fire divalent cations in all four watersheds, further supporting the
comparability of pre- and post-fire datasets. However, the time-series graphs with data from 2003-
2004 show consistent hardness concentrations (50-60 mg L' as CaCO3) throughout the year in
Dry Creek and Clear Creek (Figures S4-S7). After the fire, hardness was >90 mg L-' as CaCO; and

systematically decreased during the first two months after the fire.

3.4.Implications for Aquatic Health
Metal concentrations were compared to both the EPA acute and chronic aquatic life criteria
to assess potential impact on ecosystem health.4®> Only samples with exceedances are discussed

in this section (Table 2, Table S13).

The EPA acute aquatic life criteria were exceeded during many sampling events for total Al,
Cu, and Zn (Table 2). Total Al exceeded criteria in 51 of 140 samples (36%). Cu exceeded life
criteria in 77 cases, with 50 cases for filter-passing samples and 27 cases for total samples. The Zn
limit was exceeded in 52 cases, with three cases for filter-passing samples and 49 cases for total

samples. For all three elements, the highest number of exceedances occurred in Butte Creek

15



oNOYTULT D WN =

Environmental Science: Processes & Impacts Page 16 of 47

followed by Clear Creek and Dry Creek. Butte Creek had the highest exceedance concentration for
both Al at 21-times the limit (February 14, 2019) and Cd at 3.5-times the limit (January 11, 2019).
The unburned reference watershed, Big Chico Creek, had fewer exceedances for all elements than

the fire-impacted watersheds.

Not only did samples from the urban end-member sites (Paul Byrne Aquatic Park and Little
Butte Creek Trailer Park) exceed standards, but the highest concentrations for Cu, Pb, and Zn,
were observed at these sites. Samples from Paul Byrne Aquatic Park had the highest acute criteria
exceedance concentrations for Cu at 8.4-times the limit, and Pb at 1.5-times the limit, both on May
15, 2019 during a summer storm event. The highest exceedance concentration for Zn was
detected at Little Butte Creek Trailer Park on December 18, 2018, at 11-times greater than the

acute limit.

The EPA chronic aquatic life criteria concentration limit was exceeded for Al (121 cases), Cd
(1), Cu (101), Ni (10), Pb (51), and Zn (50), with the highest exceedance noted for Al (16-fold in

Butte Creek, Table 2).

3.5. Statistical Relationships

3.5.1. Spearman’s Rank Correlations

To assess potential sources and transport mechanisms of contaminants, correlations
between water quality characteristics were initially assessed using Spearman’s rank correlations.
Correlations were first calculated with data aggregated across all watersheds (Figure S10) and
then divided into two subsets to assess if any correlations were unique to burned (Figure S11) or

unburned (Figure S12) watersheds. Correlations for each subset were also calculated for filter-

16
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passing (Figures S13-S15) and particulate (Figures S16-S18) trace metal concentrations. Heat

maps in Figures S10-S18 only report correlation coefficients (rho) for p < 0.05.

For total metal concentrations in all watersheds, there were strong positive correlations

between all combinations of Al, Ba, Cu, Co, Cr, Fe, Mn, Pb, and TSS (p > 0.42, Figure S10). When

comparing burned and unburned watersheds (Figures S11 and S12), only Zn showed statistically
significant correlations with these same trace elements in burned watersheds and not in the
reference watershed Big Chico Creek. Additionally, in the unburned reference watershed, DOC
was positively correlated (p =0.42 to 0.65) with TSS, nitrate, and several trace metals (i.e., Al Co,
Cu, Fe, Mn). DOC was not correlated with TSS in burned watersheds. In the burned watersheds,

nitrate and sulfate were correlated with nearly all constituents.

Considering only filter-passing metals, correlations were calculated for trace metals and
other water quality parameters (Figures S13-S15). In general, there were more correlations
between filter-passing metals and other water quality parameters in the burned watersheds
compared to the unburned watershed. Filter-passing Cu was strongly correlated with Pb in both
watershed subsets (p = 0.81 to 0.89). Between all the trace elements, the number of pairs with
significant positive correlations was higher across burned watersheds (31) compared to the

unburned watershed (15), where one pair was inversely correlated (Zn vs. Fe, p =-0.38).

For the particulate fraction, correlations were explored for trace elements and other water
quality parameters (Figures S16-S18). In burned watersheds, all trace metals were positively
correlated with one another and with TSS (p = 0.44 to 0.96), except for Cu and Zn that had no
significant correlation with each other. In the unburned watershed, many of the same pairs were

positively correlated except for Ba, Cu, and Zn.
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3.5.2. Principal Component Analysis (PCA)

Because Spearman correlations are limited to paired comparisons, PCA was used to
investigate correlations between groups of water quality parameters simultaneously. PCA was
performed using total trace metal concentrations as descriptors for each watershed individually
(Figure S19) and all watersheds collectively (Figure S20). PCA was also performed for all
watersheds with water quality parameters (i.e., ionic composition, DOC, TSS etc.) as descriptors in
combination with total (Figure 8), filter-passing (Figure S21), and particulate (Figure S22) trace
metal concentrations. For each descriptor, the vector length and direction (rotation) describe the
relationship between descriptor and principal components; rotation values for each PCA are
reported in Table S14. The angle between vectors communicates the correlation between

descriptors, with a more acute angle representing a higher association.

Correlations within the most abundant, oxide-forming elements (i.e., Al, Fe, Mn) vs. within
other trace elements were compared (Figures S10-S12, S16-S18) because statistical correlations
may be indicators of physical transport mechanisms (e.g., adsorption onto oxides). Correlations
between oxide-forming elements were watershed specific. For example, Al was strongly correlated
with Fe (<5° between vectors) in all watersheds (burned and reference) except for Dry Creek (78°),
and Al was only strongly correlated with Mn in Butte Creek (9°). Fe and Mn were not significantly
correlated (>10°) in any watershed. Correlations between oxide-forming elements and other trace
elements were also watershed specific. Mn was strongly correlated (<10°) with Co and Zn in one
burned watershed (Clear Creek) and with Ba, Cu, and Pb in the unburned watershed (Big Chico
Creek). In burned watersheds, Al was strongly correlated (<10°) to Cu and Pb in Clear Creek, and
Cr and Ni in Dry Creek, but Fe was correlated with Cu (3°) and Pb (5°) in Clear Creek and with Ba

in Dry Creek (8°).
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PCAs were also performed to examine the relationships among the whole suite of chemical
parameters (i.e., trace metals, major cations, pH, DOC, nitrate, and sulfate) across all watersheds
for total (Figure 8), filter-passing (Figure S21), and particulate (Figure S22) metal concentrations.
Describing 65% of the variation, the total metal PCA revealed two major descriptor groupings
where all metals (Group A) were almost orthogonal to the other water quality parameters (Group B)
including Ca, K, Mg, Na, DOC, nitrate, sulfate, and pH (Figure 8). Because trace elements were
predominantly in the particulate form (Figure S9), these groupings effectively divided descriptors by
phase, with Group A consisting of particulate constituents and Group B representing constituents
more likely to be truly dissolved. Vectors for Group A were oriented in the negative PC1 direction,
with all vectors pointed away from unburned reference watershed Big Chico Creek. Angles
between some pairs of Group A vectors showed closer associations with one another compared to
Group B. For example, several pairs of elements had nearly overlapped vectors, which was not

observed in Group B.

Although total metal concentration PCAs described >65% of the variance, one limitation of
performing PCA with total metal concentrations is that the analysis does not differentiate between
filter-passing and particulate concentrations. However, the filter-passing metal PCA explained only
53% of the variance (Figure S21), indicating that more components or variables were needed to
model the filter-passing metal dataset, which was not interpreted further. Because PCA requires a
detected concentration for every element, PCA with particulate metals only included a subset of
elements to retain the greatest number of samples in the analysis. The threshold to include an
element was that the median value for percent particulate was at least 50% (Figures S8- S9) to
minimize excluding samples due to non-detects. The particulate metal PCA (Figure S22) explained

84% of variance and showed similar vector relationships to the total concentration PCA (Figure 8).
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All vectors were anti-correlated with (pointing away from) the unburned reference watershed (Big
Chico Creek). Based on the low percentages of variance explained in several PCAs, and
watershed-specific relationships between PCAs, a statistical analysis that uses explanatory

variables, such as RDA, is needed to better model water quality (Figure S22).

3.5.3. Redundancy Analysis (RDA)

An RDA model revealed that water quality variation (96%) could be modeled by a
combination of four explanatory variables: percent of urban land use in each watershed (urban
area (%)), number of destroyed structures in each watershed, TSS concentration in each sample,
and flow as measured in Butte Creek. Flow was only measured at one location, varying temporally
but not spatially between watersheds in this RDA model. The number of destroyed structures and
urban area (%) varied spatially by watershed but not temporally. TSS varied both temporally and
spatially for each unique sample. The other water quality parameters were used as dependent
variables, including total concentrations of trace metals, major cations, major anions, and DOC
(Figure 9). The supporting information includes RDA models for filter-passing (Figure S23) and

particulate trace metal concentrations (Figure S24).

In the RDA analysis, the multidimensional data were reduced to two main axes that
represent linear combinations of the explanatory variables. The RDA results provided the
coefficients for each explanatory variable in these two axes (Figure 9), described in Equation 1 and
Equation 2. For example, RDA1 increased with flow, TSS, and destroyed structures, and
decreased with urban area (%). Comparatively, RDA2 was more sensitive to urban areas (%) (i.e.,
larger coefficient), less sensitive to destroyed structures, and insensitive to flow. Because the first

two axes together explained 96% of variance, additional axes were not interpreted. Each point
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represents a discrete sample projected onto RDA1 and RDA2 with the shaded areas in Figure 9,

outlining each watershed.

RDA1 = (—0.282 X Urban area (%)) + (0.343 X Destroyed Structures)

+(0.607 x TSS) + (0.878 x Flow) Eqn. 1

RDA2 = (0.857 X Urban area (%)) + (0.165 X Destroyed Structure)

+(0.652 X TSS) + (— 0.078 X Flow) Eqn. 2

Like PCA, the RDA vectors for the water quality parameters are divided into two groups,
separating the trace metals (Group A) from Ca, K, Mg, Na, DOC, nitrate, sulfate, and pH (Group B).
The central tendency of each group was approximately orthogonal (e.g., Ca vs. Al), similar to
Figure 8 for PCA. However, compared to PCA, the RDA identified some key differences. In PCA,
Mn and Ba were strongly correlated (Figure 8). In the RDA, the correlation between Mn and Ba
was weaker, but the correlation between Mn and nitrate was stronger. Lastly, the RDA affirmed
strong correlations (<3°) between trace metals and oxide-forming metals, including Cr-Cu, Fe-Cu,

Fe-Cr, Cr-Ni, and Al-Ni.

Comparing vectors to the independent variable markers shows the relative association
between water quality and the different spatial and temporal explanatory variables (Figure 9). In the
reduced space of the RDA, Group A metal vectors aligned most with the number of destroyed
structures and TSS. In contrast, three of the Group B constituents (sulfate, nitrate, and DOC)
aligned with urban area (%). Na and K were differentiated from the other Group B constituents and
anticorrelated with flow. Figure 9 also showed that increases in flow corresponded to increases in

trace metal concentrations but not increases for major ions or DOC.
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RDA was also performed for filter-passing concentrations using only three explanatory
variables: urban area (%), number of destroyed structures, and flow. The RDA for filter-passing
concentrations explained 99% of the variance (Figure S23, Equations S2 and S3). Most of the
variance was described by RDA1 (92%), where urban area (%) had the only positive coefficient
whereas flow had an almost equal and opposite coefficient. In contrast to Figure 9, the filter-
passing analysis suggested that most trace elements and dissolved Group B constituents aligned
with urban area (%), not destroyed structures. Found predominantly in the filter-passing fraction,
Cu was most closely aligned with the number of destroyed structures, as also seen in Figure 9.
Although predominantly particulate, Zn was observed at appreciable filter-passing concentrations
(1-10 yg L") and its vector nearly bisected the two variables associated with urban wildfire (urban
area (%) and destroyed structures). Other close associations in the filter-passing fraction included
Pb and Co and Ba and sulfate. All concentrations were anti-correlated with flow along RDA1. With
respect to RDA1 and RD2, all water quality vectors were oriented away from the unburned

reference watershed Big Chico Creek.

Lastly, an RDA was created for particulate concentrations using the same metals as the
particulate PCA (Figure S24) with the same explanatory variables as Figure 9. Over 99% of the
variance was explained by RDA1, which is heavily weighted by TSS (Equations S4 and S5). Only

38 samples had complete data sets (i.e., detects for each element) to perform this RDA.

4. Discussion

4.1.Metal Controls and Sources
The primary hypothesis — that widespread urban burning would increase concentrations of
metals in storm runoff — was supported by the analysis. Metal concentrations were consistently

elevated in burned watersheds compared to the unburned reference watershed (Figure 4).
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Compared to available historical data, total concentrations of Cr, Cu, Ni, Pb, and Zn were up to
200-fold higher in Dry and Clear Creeks after the fire (Figure 7). Previous studies reported that WUI
fires increase metal concentrations in surface runoff; however, they did not characterize an event of

the magnitude of the 2018 Camp Fire. 17.18.22

One challenge is attributing the presence of metals in runoff to urban sources (burned or
unburned), directly from wildfire, or to historical land uses. For some elements, such as Al, Fe and
Mn, it is difficult to ascribe wildland or urban sources, as increases in metals are frequently
reported after wildland fires due to enrichment in vegetation ash and subsequent mobilization of

ash and underlying soil during runoff events.546

This study documented significant increases in all metals when comparing the control
watershed to the burned watersheds, with higher metals concentrations in watersheds that had
more structures destroyed per urban acre. The increased metal concentrations certainly have
some dependence on wood ash production. The primary components of wood ash include Ca (13
—34%), K (1 =13%), Mg (0.1 — 9%), Al (0.5 — 1.9%), and Mn (<1%), and Fe (<1%).#647 The metals
Ca and Mg tend to form carbonate minerals, while Al, Mn, and Fe tend to be in the form of
oxides.*647 In addition to carbonate minerals and oxides, silicate minerals that include Al, Ca, Fe,
K, and Mn can be a component of ash, and the presence of phosphate and sulfate minerals (e.g.,
apatite, gypsum) have also been reported.*”*8 The observation of increased hardness during early
season flushing is explained by the presence of the readily dissolved mineral forms while later

season storms with more energy mobilized the oxide forming, less soluble particulates.*?

The elevated concentrations of trace metals, their strong correlations with one another and
with the explanatory variables of the RDA suggest fire-impacted urban areas as likely sources.

Trace and major elements (i.e., Ba, Cr, Co, Cu, Fe, Mn, Ni, Pb, and Zn) most strongly correlated
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with each other and with the number of destroyed structures and urban area (%). These RDA
explanatory variables include urban metal sources, such as automobile components (e.g., frame,
mechanical and electrical components, material coatings, and tires) and household and
commercial products (e.g., paints, consumer chemicals, electrical wiring, appliances, and
electronics).48:50:51 Storm runoff samples had concentrations of Co, Cr, Mn, Ni, and Pb that were
consistently higher than concentrations reported for urban stormwater by a factor of 2-5 (Table 2,
Figure 4), even though the urban density in Paradise, CA was lower than the >90% developed land
use in dense urban landscapes.5? Wood ash is also known to contain some trace metals with
toxicity risks that were of interest in this study, such as Cu, Ni, Pb, and Zn. Zn has been reported to
be as high as 0.2% of some wood ash, but recent studies conducted in a watershed adjacent to
this study have shown that structure and vehicle ashes have a much greater trace metal content

than vegetation.*748

Another line of evidence supporting trace elements originating from fire-impacted urban
areas is the elevated concentrations observed at the urban end-member locations (Little Butte
Creek Trailer Park and Paul Byrne Aquatic Park), which, unlike routine sampling locations in each
watershed (Figure 1), did not receive any dilution from non-urban areas in the watershed. The
samples collected at the end-member locations consistently had the highest metal concentrations
observed in the study (e.g., Cu >20 ug L', Pb >5 ug L', and Zn >1 mg L', Table 2). Elevated
concentrations closer to source materials align with studies reporting that runoff collected from
automobile fires can be orders of magnitude higher (e.g., 760-1200 ug L' Cu, 620-2300 ug L' Pb,
and 8100 to 11000 ug L' Zn) than concentrations observed at the end-member locations. It is
important to note that the dominant materials of construction at the trailer park are different from

other residential construction (i.e., metal vs. wood construction, lack of foundations).
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Strong consideration was also given to the influence of geological sources including the
presence of historical, inactive mines as potential sources for trace elements. Dry Creek has the
largest land area impacted by mine tailings (7%) compared to all other watersheds (<0.5%), and
the only inactive Mn mines (Table 1). The median Mn concentration in Dry Creek (192 ug L-') was
almost an order of magnitude higher than in the other burned watersheds (median: 30 ug L"),
which were both higher than in the unburned watershed (median: 9 ug L', Figure 4). Although Dry
Creek may have a higher likelihood of geologic Mn sources, the urban end-member locations (Little
Butte Creek Trailer Park and Paul Byrne Aquatic Park) had appreciable median concentrations (75-
117 ug L") that support burned, urban sources as well. Additionally, Butte Creek was the only
watershed with inactive Cr mines (Table 1), but similar Cr concentrations were observed in Clear
Creek and higher concentrations were observed in Dry Creek and at the two urban end-member
locations. Correlations between Co, Cr, and Ni could indicate leaching from ultramafic soils.%3
However, ultramafic outcrops are not abundant in the study watersheds, suggesting a
predominantly anthropogenic source.5? A similar argument can be made for Ba, which could
originate from the Lovejoy basalt that underlies parts of Butte County.5* However, post-fire
concentrations of Ba in fire-affected watersheds were statistically higher than in the reference
watershed Big Chico Creek (Figure 4) which also contacts the Lovejoy Basalt, supporting a likely

anthropogenic origin that mobilized from fire-impacted areas.

Total Hg was not found to be from the burned urban environment, and instead all Hg
measurements were attributed to historical gold mining activities. Concentrations upstream of the
Cherokee mine (1800’s era hydraulic mine) were typical for the region, while higher measurements
in lower Dry Creek (e.g., peak of 665 ng L") collected downstream of the mine and the fire can be

attributed to a residual mine effect and not a fire effect. Total Hg concentrations measured
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downstream of the fire were within the ranges of concentrations measured in western slope Sierra
Nevada streams.** Therefore, although geologic sources cannot be categorically excluded for
many of the measured metals, trends between watersheds and concentrations at urban end-
member locations support appreciable anthropogenic sources of metals from the burned urban

environment, mercury excluded.

A clear distinction emerged from the RDA showing two groups with different transport
behavior based on divergent correlations. The trace metals (Group A) correlated strongly with TSS
and with destroyed structures (Figure 9), while having less dependence on the urban area (%).
These findings potentially indicate the importance of urban burning of houses and vehicles as
sources of trace metals in post-fire runoff. The correlation of trace metals with TSS also points to
particulate-driven transport for most trace metals. Conversely, the major ions and DOC (Group B,
Figure 8) concentrations had a strong negative correlation with flow and a strong positive
correlation with urban area (%) (Figure 9). The emergence of Group B points to easily solubilized
constituents, such as readily dissolved carbonate minerals of Ca and Mg, base anions, and readily
dissolved organic molecules. The correlations of major ions and DOC with urban area may be
enhanced due to impervious surfaces increasing the flushing behavior of urban drainages.5%-%
Notably, lower intensity storms immediately after the fire produced lower flows than later storms
(Figure 3), yet generated higher concentrations of Ca, K, and Mg (Figures S1-S3). This first flush
behavior for hardness was only observed in Dry and Clear Creeks (Figures S7 and S8), making it
difficult to clearly separate fire and urban effects. These results suggest that the bulk composition
of storm runoff highly depends on storm flow energy mobilizing particulates (Group A) and the

presence of readily dissolved constituents (Group B).4°

4.2. Mechanistic Analysis
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Most trace metals were present predominantly as particulates (Figure S9), with the only
trace metals that did not exhibit a dominant particulate form being Ba, Cu, and Ni. The total
concentrations of metals found predominantly in particulate form (i.e., Al, Cr, Co, Fe, Mn, Pb, and
Zn) were strongly correlated with the number of destroyed structures and were weakly and
inversely correlated with percent urban development (Figure 9). While we did not conduct a
mineralogical analysis of the samples, we can briefly speculate on the forms and likely associations
of metals based on prior studies and chemical equilibrium modeling. For example, correlations
between trace metals and the oxide-forming metals Al, Fe, and Mn, and TSS concentrations
suggest that trace metal transport is driven by sorption or co-precipitation on more abundant oxide
surfaces. The pH values were circumneutral in all streams, which is known to favor the precipitation
of Al (III), Mn (1V), and Fe (Ill) oxides. Modeling of our results using Visual MINTEQ indeed
predicted the formation of Al and Fe oxides, and that conditions would favor Co, Cu, Mg, Ni, Pb,

and Zn sorption to oxide surfaces.5’

It is also possible that relationships between oxide-forming metals and trace metals could
indicate a shared metal source rather than sorption. Filter-passing Zn concentrations were lower
than the method detection limit in 26—74% of samples collected from the mainstem locations but
always detected at the urban end-member locations (Table S8). These differences could indicate
that the source and transport of Zn after WUI fires are different from typical watershed weathering
processes. For instance, Alshehri et al. (2023) found that many metals reported in this study were
in nanoparticulate forms within the carbon lattice of ash and co-associated with silicates and
carbonate mineral forms.*8 Further, ash derived from structures and vehicles contained Zn-bearing
nanoparticles ranging in size from 50 to 450 nm, which overlaps with the size of Zn nanoparticles

used in commercial products such as tire rubbers that contain 1-5% of Zn.#® To date, there is no
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publicly available estimate of the number of destroyed vehicles by the Camp Fire, but if one
assumes one to two vehicles were lost per destroyed structure then the expected number is

>20,000 (Table 1) and the rubber in burned tires represents a potential source of particulate Zn.

Beyond sorption mechanisms to the mineral phase, it is also possible that metals react with
the organic carbon fraction of ash. Charred biomass could effectively act as a sorbent due to the
presence of carboxylic acids, thiols, or amine groups that provide reactive sites within the carbon
lattice, like activated carbon or biochar.%® The particulate organic carbon content of TSS was not

measured for this study, but this would be an area of interest for future study.

Trace metal complexation with DOM is also possible, but no correlations were found
between DOC and trace metals in this study by Spearman correlation, PCA, or RDA (Figures S10-
20). The exception was a correlation between Ba and DOC in burned watersheds, though evidence
of strong Ba-complexation by DOM is limited.5%:80 The lack of metal-DOC correlation points away
from this mechanism being a driver of metal transport in this particular system and instead

suggests metals were particulate-associated.

4.3.Consideration of Hydrologic Conditions

The interpretations of post-fire water quality are acknowledged to be highly dependent on the
hydrologic conditions within the watersheds studied. While the mean annual precipitation values
are in good agreement between the pre- and post-fire data in the camp Fire area, timing and
magnitude of storms also influence the watershed response and downstream water quality.6-62
The comparison of Butte Creek hydrographs for the two pre- and post-fire water years clearly
shows that the watershed had similar overall streamflow patterns, including similar peak flows,

number of storms, and distribution of storms during the year (Figure S$25).3% Further, antecedent
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conditions can greatly influence water quality and watershed responses following periods of wet or
dry conditions could cause attribution of water composition changes incorrectly attributed to
wildfire.61.62.63 \While metal concentrations naturally fluctuate with hydrology, mean annual pre- and
post-fire water hardness values were statistically indistinguishable in this study. In contrast, post-
fire trace and major metal concentrations were found to be up to 200-times higher than the
baseline data. The post-fire data clearly indicates an early season flushing effect of hardness
metals, but the remaining water-year values are highly consistent with pre-fire concentrations.
Together, these factors strongly suggest that elevated concentrations of trace metals post-fire were
outside the range of hydrological variability and can be attributed to fire impacts rather than natural
concentration fluctuations that would have likely been apparent in hardness metals as well. Further,
weather in California has high inter-annual and intra-annual variability, and annual fluctuations in
precipitation timing and quantity can be dramatic. Large fluctuations in antecedent watershed
conditions make the comparison of water quality data challenging. While acknowledging the
possibility of hydrologic influence on metal concentrations, the strong agreement in hardness
concentrations pre- and post-fire, while not a perfect comparison, suggests that the overall water
quality remained comparable between years, and the large increases in trace metals are likely

directly due to the fire perturbation.

4.4.Other Considerations and Limitations
Samples from drainage areas in close geographic proximity were collected in this study.
With this side-by-side pairing, there are underlying geologic and vegetation similarities (e.g., conifer
forests) compared to other wildfire investigations that are geographically diverse. However,
variability did exist for land use type and burn extent. For example, a greater relative area of Clear

and Dry Creek watersheds was within the burn area (Figure 1), and these watersheds had higher
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urban development. Therefore, the impacts of both fire and urban development would be expected
to be amplified in these drainage areas. Although Butte Creek contained the highest number of
burned structures, it also had the lowest urban area (%) due to its large, upstream portion that has
low development and was unimpacted by fire. Therefore, the observations in Butte Creek may be

due to low urban area or the comparatively low fraction of the drainage area that was not burned.

Longitudinal sampling within each drainage area could have helped separate some of these
confounded effects but was not possible in this study. Sampling was limited to locations on the
lower reaches of each drainage area due to road closures during response and recovery. Another
impact of access limitations was that one of the end-member sites (i.e., trailer park) could not be
accessed during the earliest sampling events. The burned materials were exposed to several
storms before sampling, and concentrations in first flush events may have been higher. First flush
data are limited in many wildfire studies due to these logistical constraints.®* Despite these
limitations, this study presents a comprehensive dataset with parallel sites, broad water quality
scope, runoff from burned urban areas, and a time-series capturing different hydrologic flow

regimes.

5. Conclusion

This study found that the wildland-urban interface impacted by the 2018 Camp Fire
contributed metals to nearby watersheds at concentrations that could threaten ecosystem health. In
addition to elevated concentrations of Mn and Fe commonly observed after wildland fires, urban
burning likely contributed elevated concentrations of Al, Ba, Co, Cr, Cu, Ni, Pb, and Zn from

anthropogenic fuels such as homes and vehicles.

The transport of metals was likely controlled by land use features (e.g., impervious surfaces

in urban environments) and fuel type (e.g., burned structures). Fire-affected creeks draining
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watersheds with large numbers of burned structures within their urban, impermeable surfaces

contained the highest concentrations of trace metals.

Particulate-associated transport emerged as the primary mechanism responsible for the
mobilization of metals, possibly attributed to surface interactions with oxide-forming elements or co-
formation with ash during combustion Throughout the sampling campaign, the mobilization and
transport of metals were observed, leading to exceedances of EPA criteria. Peak concentrations of
Al, Cd, Cu, Ni, Pb, and Zn surpassed both acute and chronic levels of EPA aquatic habitat criteria,
persisting from the immediate aftermath six months after the fire. Consequently, the accumulation
of metals in riparian sediment may have adversely impacted ecosystems beyond the duration of
surface debris removal efforts. These findings underscore the potential for long-term water quality

and ecosystem effects resulting from wildfires in the WUI.

The study highlights the significant contribution of WUI fires to the long-term effects on water
quality and ecosystems, as evidenced by the continued mobilization and accumulation of metals

even after the fire has subsided and surface debris has been cleared.
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Figure 1. Map of watersheds, sampling locations (markers) in each watershed, Town of Paradise limits

(black line), and the 2018 Camp Fire perimeter (red line). The inset map displays the Town of Paradise

within California. The Butte Creek stream gage is located next to the western-most sampling point in the
Butte Creek watershed.
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Figure 2. Photographs of the effects of the Camp Fire taken January 2019: a.) Burned vehicle from Ginny
Lane in the Town of Paradise, CA. b.) Little Butte Creek Trailer Park post-fire, looking east. ¢) Stormwater
moving through ashes of burned Little Butte Creek Trailer Park. Same time and location as photo c, looking
west.
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Table 1. Characteristics of the study watersheds include watershed area in hectares, percentage of area
burned in the Camp Fire, number of burned structures, percentage of urban and forested areas, percentage
of mined land-use area, and number of closed Au, Cr, or Mn mines.

Watershed

Area
(Hectares)

Burn
Area
(%)

Burned
Structures

(#)

Urban
Area
(%)

Forest
Area
(%)

Mined
Area
(%)

Closed Mines (#)

Au

Cr

Mn
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Big Chico
Creek
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0.0

0

1.2
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0.0
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Butte Creek

40,406

16

6,634

3.7

69

0.3

81

Clear Creek

3,170
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2,454

18

31

0.0

0

Dry Creek

6,737

46

3,820

9.0
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7.0
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Figure 3. Butte Creek hydrograph from Butte Creek gaging station (USGS #11390000) from November
2018 to June 2019. Red dots indicate sampling events.
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Figure 4. a) Box plots of DOC, hardness (as CaCQO;), nitrate (as N), sulfate, and TSS in each watershed
(mg/L). b) Box plots of total metal concentrations measured in each watershed (ug/L). Watersheds are
displayed in order of increasing number of destroyed structures per urban area. Boxes show 25% and 75%
quartiles with the center line at the median of the dataset. The whiskers extend to 5% and 95%, and outliers
extend outside of the whiskers. Letters beneath bars show results of Wilcoxon U test. Number of samples
for each watershed are listed on the bottom of the y-axis.
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Figure 5. Box plots of filtered metal concentrations measured in each watershed (ug/L). Only metals that
have detections for at least 20% of filtered samples are included. Boxes show 25% and 75% quartiles with
the center line at the median of the dataset. The whiskers extend to 5% and 95%, and outliers extend
outside of the whiskers. Letters beneath bars show results of Wilcoxon U test. Number of samples for each
watershed are listed on the bottom of the y-axis.
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Figure 6. Box plots of metal concentrations from all watersheds after filtration using pore sizes of 0.22, 0.45,
0.8, and 1.2 uym “°, Boxes show 25% and 75% quartiles with the center line at the median of the dataset.
The whiskers extend to 5% and 95%, and outliers extend outside of the whiskers. Letters beneath bars
show results of Wilcoxon U test. Number of samples for each filter size are listed on the bottom of the y-axis.
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Figure 7. Total concentration (ug/L) of metals in Clear Creek and Dry Creek before and after the Camp Fire
(2018-2019).%° Boxes show 25% and 75% quartiles with the center line at the median of the dataset. The
whiskers extend to 5% and 95%, and outliers extend outside of the whiskers. Number of samples for each
watershed are listed on the bottom of the y-axis.
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Table 2. Summary of the number of exceedances of EPA aquatic life criteria peak recommendations (acute and chronic) for each

Environmental Science: Processes & Impacts

metal and watershed. Total and Filter-Passing (F-P) fractions are presented. Pb and Ni results are located in Table S13. The no. fold
increase is the maximum concentration divided by the limit. A dash (-) is presented when there were no exceedances.

Aquatic Habitat Recommendation:

Aquatic Habitat Recommendation:

Sample Acute Chronic
Type Max. o Max. o
No. of No. Fold Conc. Limit | No. of No. Fold Conc. Limit
Metal Sample Location Exceeds. Increase (ppb) (ppb) | Exceeds. Increase (ppb) (ppb)
Aquatic Park Total 2 6.7 5000 750 4 58 5004 87
. . F-P - - - - 2 1.7 145 87
Big Chico Creek Total | 4 3.1 2300 750 | 19 26 2304 87
Butte Creek F-P - - - - 9 1.8 153 87
Al Total 22 21 15900 750 36 180 15893 87
Clear Creek F-P - - - - 16 6.1 528 87
Total 13 14 10300 750 19 120 10254 87
Dry Creek Total 9 19 14200 750 14 16 14195 87
. . F-P - - - - 1 3.9 338 87
Little Butte Creek Trailer Park Total 1 36 2670 750 1 31 2668 87
Cd Butte Creek Total 1 3.50 2.86 0.8 1 5.8 2.86 0.49
Aquatic Park F-P 3 3.9 8.13 2.1 3 3.3 8.94 2.74
Total 3 8.4 24.4 2.9 3 8.6 24.4 2.85
Big Chico Creek F-P 5 1.8 7.49 4.1 8 2.0 7.49 3.20
Butte Creek Total 10 3.8 13.2 3.5 13 3.2 22.6 7.30
F-P 17 4.2 20.2 4.9 24 5.5 20.2 3.65
Cu Clear Creek Total | 4 3.7 36.6 8.2 5 53 36.6 6.88
F-P 14 7.3 35.5 4.9 20 9.7 35.5 3.65
Dry Creek F-P 8 4.0 21.3 53 10 5.8 21.3 3.65
Total 9 7.1 33.3 4.7 10 65 33.3 5.16
. . Total 1 2.0 25.0 13 1 2.5 25.0 10.1
Little Butte Creek Trailer Park E.p 5 11 830 73 ° 16 13.4 818
Aquatic Park F-P 1 2.2 81.0 36 1 2.2 81.0 36.5
Total 3 7.0 258 22 3 11 258 22.5
Big Chico Creek Total | 6 3.4 166 41 5 4.0 166 41.6
Zn Butte Creek Total 19 52 1943 69 18 15 1017 69.7
Clear Creek F-P 2 1.3 87.0 70 2 1.2 87.0 71.3
Total 9 14 693 51 9 13 693 51.8
Dry Creek Total 11 11 478 44 11 11 451 45.0
Little Butte Creek Trailer Park Total 1 1.0 1079 110 1 9.8 1079 110
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Figure 8. Principal component analysis (PCA) of all watersheds (Big Chico Creek, Butte Creek, Clear
Creek, and Dry Creek) including total trace metal concentrations, major cations, DOC, sulfate, nitrate,
and pH. Each point represents a discrete sampling event and shaded areas confine discrete samples
within each watershed. Group designations outline two central tendencies of the data, where Group A
includes trace metals (Al, Ba, Cu, Co, Cr, Fe, Mn, Ni, Pb, and Zn) and Group B includes major ions Ca,
K, Mg, Na, nitrate, and sulfate, pH, and DOC.
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Figure 9. Redundancy analysis (RDA) of all watersheds (Big Chico Creek, Butte Creek, Clear Creek,
and Dry Creek) with dependent variables including total metal concentrations, total major cation
concentrations, sulfate, nitrate, and DOC, and independent variables including percent urban land use
in watershed, number of burned structures per watershed, TSS, and flow as measured in Butte Creek.
Each point represents a discrete sampling event, and shaded areas confine discrete samples within
each watershed. RDA was plotted using the scaling | method (correlation biplot).
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