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’ INTRODUCTION

Historic Emissions of Industrial Lead. Massive anthropo-
genic emissions of lead (Pb) have greatly perturbed its natural
biogeochemical cycle.1 These industrial emissions have included
exhaust from the combustion of leaded gasoline, which accounted
for approximately 75% of atmospheric lead contamination in the
world1 and 90% of that contamination in California—where other
sources of industrial lead emissions were relatively low—during
the latter half of the previous century.2,3Most of the contamination
from leaded gasoline emissions has been localized in urban areas,
such as the Los Angeles Basin in Southern California, USA. There,
during the late 1960s and early 1970s, the amount of lead used in
gasoline was ∼24 000 kg/day; two-thirds (∼67%) of that lead
(∼18 000 kg/day) was aerosolized; and two-thirds (∼67%) of
those aerosols (∼12 000 kg/day) were depositedwithin the basin.4

Atmospheric depositions of those and other industrial lead
aerosols markedly increased lead concentrations of sediments in
Southern California.5,6 For example, Chow et al.7 reported that
subsequent to the introduction of leaded gasoline, lead fluxes into
sediments increased from 1.0 to 2.1 μg/cm2/year in the Santa
Barbara Basin, 0.26 to 1.7 μg/cm2/year in the San Pedro Basin
and 0.24 μg/cm2/year to 0.9 μg/cm2/year in the Santa Monica
Basin. Similarly, Harris and Davidson8 reported that the average
(mean ( SD, Standard Deviation) soil lead concentration in
Southern California (Los Angeles and suburbs) increased from a
1919�1933 value of 16( 0.5 to 79( 23 μg/g between 1967 and
1970. Those temporal increases are consistent with increases in
proximate, age-dated sediments in Northern California9 and
Northern Mexico10 that have also been correlated with the use
of leaded gasoline in the North American Southwest.

This massive contamination of the geosphere by industrial lead
was associated with corresponding increases of lead in the bio-
sphere: most notably in the blood lead (PbB) concentrations of
humans.11 Both occurred at the same time the threshold for
sublethal lead toxicity in humans was being lowered.12�14 Conse-
quently, industrial uses of lead—including leaded gasoline—were
reduced and/or eliminated in the U.S. and most other countries.11

The positive effects of those remedial actions were documen-
ted in subsequent reductions of lead contamination in the
environment and in humans. The former included decreases in
remote oceanic surface waters, where aeolian depositions of
industrial lead were dominant;15,16 the latter included decreases
in the average PbB of children (ages 1�5 years) in the U.S. from
15 μg/dL in 1976�1980 to 3.6 μg/dL in 1988�1991, which
corresponded with the phase out of leaded gasoline in the U.S.17

Since then, PbB concentrations of children in the U.S. have
continued to decrease to∼2 μg/dL.18 Nevertheless, that current
baseline level is still 2 orders of magnitude above the estimated
natural PbB level (∼0.016 μg/dL) in humans, and the threshold
for lead toxicity in humans has yet to be established.19

The legacy of historic industrial lead contamination is evident
in the geosphere. For example, a decade after the elimination of
leaded gasoline in California, soil lead concentrations in Pasade-
na (77( 19 μg/g) were still 6-fold greater than the preindustrial
crustal lead (baseline) level of∼12.5 μg/g.8 Likewise, it has been
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ABSTRACT: Relatively high levels (4.3 to 51 μg/g) of labile lead (Pb)
in ash from the 2009 Jesusita Fire in Santa Barbara County, California
attest to the pyrogenic remobilization of historic industrial lead
depositions in this relatively pristine area in Southern California,
USA. The primarily industrial origin of that lead was evidenced by its
poor correlations (simple linear regressions) with lithogenic aluminum
(r = 0.18, p = 0.354, n = 30) and iron (r = 0.21, p = 0.270, n = 30)
concentrations and by its associated enrichment factors (EFs): EF
using aluminum as conservative element (f-Al) vs lead concentration
[Pb] (r = 0.79, p < 0.001, n = 30), and EF using iron as conservative
element (f-Fe) vs [Pb] (r = 0.83, p < 0.001, n = 30). The industrial
origins of much of that lead were corroborated by its isotopic
compositions (206Pb/207Pb and 208Pb/207Pb), which fell between
those of natural lead in the Santa Barbara Basin and previous leaded gasoline emissions in Southern California. This apparent
pyrogenic remobilization of legacy lead pollution indicates that it—and other persistent pollutants—will increase with the projected
increase in the frequency and intensity of forest fires in the Southwest U.S. and elsewhere as a consequence of climate change.
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calculated that it will take decades, if not centuries, to flush
historic leaded gasoline depositions from surface sediments in
California’s Central Valley to San Francisco Bay.2,3 Moreover,
much of those historic depositions have been retained in
terrestrial sediments, soils and vegetation in forests throughout
the state where they may be remobilized by anthropogenic and
natural processes—including forest fires.
Pyrogenic Remobilization of Heavy Metals. One of the

potentially most important processes for the global remobiliza-
tion of inorganic legacy pollutants is forest fires. While there is
little information about the remobilization of lead from forest
fires, there is a substantial amount of information on the pyrogenic
remobilization of other pollutants, including mercury.20 Forests are
a reservoir for trace metals sequestered in sediments, soil organic
matter, and vegetation, where they are relatively immobile.21,22 The
combustion of soil organic matter and vegetation releases those
sequestered trace metals and increases their bioavailability.21,23,24

Forest fires also increase soil erosion by as much as 2 orders of
magnitude,25 accelerating the transport of those mobilized trace
metals to water bodies and further increasing their bioavailability.26

Therefore, this work was conducted to determine the amount
and sources of potentially labile lead in ash from a large forest fire
that occurred in Southern California in 2009. In that year, when
there were several large forest fires in Southern California, we
focused on ash from the Jesusita Fire in Santa Barbara because
(1) emissions of industrial lead in that relatively pristine area have
been primarily limited to those from leaded gasoline combustion
and (2) there are data on isotopic compositions of both natural
lead and leaded gasoline in the region. Consequently, we
expected it would be simpler to distinguish natural and industrial
sources of lead in ash from that area than in more industrial areas
of Southern California (e.g., Los Angeles and San Diego).

’MATERIALS AND METHODS

Sample Collection Sites. Samples were collected from the
burned area of the May 2009 Jesusita Fire in Santa Barbara,

California (Figures 1 and 2). The fire burned about 3534 ha
(8733 acres) of land.27 Twenty-six ash samples were collected
from different accessible areas around the burned perimeter
(Figure 2), using trace metal clean techniques.9 The samples
were immediately double bagged in plastic containers to prevent
contamination, and then stored in sealed containers at room
temperature until analysis.28

Analytical Methods. Ash samples from the 26 sites, including
two sites that were sampled in triplicate (SB11 and SB22), were
processed in a trace metal clean laboratory in a filtered HEPA
(Class-100) hood using established techniques.28 All reagents were
either trace metal or ultrapure (2� sub-boiling quartz distilled)
grade. High purity (18.2 MΩ cm) water (Milli-Q) was used for
dilutions and cleaning. Three procedural blanks and 3 samples of
2 National Institute of Standards and Technology (NIST) stan-
dard reference materials (SRMs) were processed concurrently:
SRM 1547 (peach leaves) and SRM 1633b (coal fly ash).
A concentrated nitric acid digestion was used to derive a

measure of the acid-leachable (labile) lead in the samples and
reference materials.29�32 Approximately 0.3 to 0.5 g of ash
sample or reference material was transferred to a trace metal
clean Teflon digestion vial and dried overnight at 65 �C. Ten
milliliters (mL) of concentrated nitric acid (HNO3) was then
added to each sample vial and kept at room temperature for∼18 h.
Next, the solutions were heated and refluxed for∼18 h. After the
refluxed material was cooled and dried, a second 10 mL of
concentrated HNO3 was added, and the digestion process was
repeated. The digests were then dried, cooled and redissolved in
10 mL of 1 M ultrapure HNO3 for elemental and isotopic
composition analyses.33

The digests were analyzed for their lead concentration and
isotopic compositionwith a FinniganELEMENT2high resolution—
inductively coupled plasma mass spectrometer (HR ICP-MS),
using established techniques that have been intercalibrated with
measurements on both a Finnigan NEPTUNEmultiple collector
magnetic sector inductively coupled mass spectrometer34 and a
VG Sector 54-WARP thermal ionization mass spectrometer.35

Figure 1. Photograph of the 2009 Jesusita Fire burned area in Santa Barbara, California showing the relatively remote and mountainous terrain where
the fire occurred (Photo by Kingsley O. Odigie).
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Bismuth (Bi) was used as an internal standard to correct for in-
strumental drifts, and NIST SRM 981 (common lead) was used
as standard to correct for the fractionation of isotopic composition.
One sample (SB01) was analyzedmultiple times (n = 7) to assess
reproducibility of the isotopic measurements. The analytical
precisions (RSDs, Relative Standard Deviation) for 208Pb/207Pb,
206Pb/207Pb, and 207Pb/204Pb were 0.22%, 0.38%, and 0.30%,
respectively. Aluminum (Al) and iron (Fe) concentrations of the
digests were measured with a PerkinElmer Optima 4300 DV
inductively coupled plasma�optical emission mass spectrometer
(ICP-OES), using established techniques, to determine the
enrichment factor (EF) of lead in the ash.36,37

The detection limit (3 x SD of the blanks, n = 3) of lead
concentration for this project was 0.03 ng/g of sample. Average
recoveries (mean( RSD, n = 3) of lead for SRM 1547 and SRM
1633b were 105( 2.5% and 52.1( 1.1% of their certified values,
respectively. The RSD values for the concentrations of lead in the
replicate samples (n = 3) of ash (SB11 and SB22) were 0.8% and
1.3%, respectively. Recoveries for aluminumand iron in SRM1547
were 83.2% and 87.9%, respectively; those of aluminumand iron in
SRM1633bwere 24.2% and 68.1%, respectively. Differences in the
percent recoveries of the elements in the different SRMs were
consistent with previous measurements in our laboratory, and
reflect the different lability of those elements in the two matrices.
The normalization to [Fe]Baseline is considered more appropriate
for samples digested with strong acids other than hydrofluoric acid
(HF) because the lead in aluminosilicates, which require an HF
digestion, is extremely refractory.36,38 That is illustrated by differ-
ences in our recoveries of aluminum (24%) and iron (68%) in coal
fly ash (SRM 1633b), compared to our recoveries of aluminum
(83%) and iron (88%) in peach leaves (SRM 1547) because coal
fly ash (SRM 1633b) would require digestion with concentrated
HF to dissolve metals bound in its aluminosilicate lattices. The
peach leaves (SRM 1547), therefore, provided better estimates of
recoveries of metals in our ash samples, which are predominantly
derived from soil organic matter and vegetation.

’RESULTS AND DISCUSSION

Lead Concentrations. Lead concentrations (μg/g dry weight)
of the ash ranged from 4.3 to 51 μg/g (Table 1). As previously
noted, these concentrations are conservative because they did
not include a concentrated HF digestion of refractory alumino-
silicates, and may also not account for all of the lead volatized by
the fire. Also included in the table are the concentrations (mg/g
dry weight) of labile aluminum and iron, which were used to
derive the enrichment factor (EF) for lead for both of those
relatively conservative, lithogenic elements. The relatively low
and insignificant (p > 0.05) correlations (simple linear re-
gressions) between [Pb] and [Al] (r = 0.18, p = 0.354, n = 30),
and [Pb] and [Fe] (r = 0.21, p = 0.270, n = 30) indicate that lead
in the ash samples was primarily from anthropogenic, rather than
natural, sources. Metals of predominantly natural origin, e.g.,
aluminum and iron—which are difficult to contaminate because
of their relatively high natural abundance, correlate better than
metals enriched by anthropogenic processes.39

Enrichment Factors. The predominantly industrial compo-
nent of lead in the ash was further indicated by calculations of its
enrichment factor (EF) relative to aluminum and iron.36,39�41

EF is defined as follows:

EF ¼

½Pb�Sample
½Al�Sample
½Pb�Baseline
½Al�Baseline

or

½Pb�Sample
½Fe�Sample
½Pb�Baseline
½Fe�Baseline

For our calculations, we normalized [Pb]Sample, [Al]Sample, and
[Fe]Sample of our ash samples to [Pb]Baseline, [Al]Baseline, and
[Fe]Baseline of Pb-210 dated preindustrial sediments deposited in
a Santa Barbara Basin5 because sediments from the study site are
deposited in that basin.
The correlations (r = 0.99, simple linear regressions) of lead

EFs calculated using aluminum (f-Al) and iron (f-Fe) for the ash
samples were highly significant (p < 0.001), as were the

Figure 2. Map showing approximate sample collection sites within the boundary (---) of the 2009 Jesusita Fire in Southern California. Coordinates of
the sites are listed in Table 1.
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correlations (r = 0.98, simple linear regressions) between con-
centrations of those two conservative metals (aluminum and
iron) in the ash (p < 0.001). Using the more conservative EF
(f-Fe) and the classification proposed by Sutherland,42 the
normalizations conservatively indicate that of the 26 samples
analyzed: 2 were notmeasurably contaminated (EF < 2); 14 were
moderately contaminated (EF = 2�5); and 10 were significantly
contaminated (EF = 5�20).
Isotopic Compositions. The industrial origins of that enrich-

ment are indicated in Figure 3, which shows a plot of the lead
isotopic ratios (208Pb/207Pb: 206Pb/207Pb) of the ash samples. Also
included in the plot are the ranges of lead isotopic compositions
of natural and contaminated sediments deposited in the Santa
Barbara Basin,6 as well as those reported for leaded gasoline used
in California during the latter half of the previous century.3

The plot shows that the amount of natural lead in the ash
samples is relatively small compared to that of industrial lead,
based on isotopic composition of preindustrial sediments in the
Santa Barbara Basin.6,7 It also indicates that most of the lead in the

ash samples is a mixture of industrial emissions from the 1960s-
1970s and the 1980s, which have been primarily attributed to the
combustion of alkyl-lead in gasoline in Southern California.6,7,43

Temporal variations of the isotopic composition of leaded
gasoline in California correspond with temporal differences in
ores used to manufacture alkyl-lead in the U.S. during that
period. In the 1960s, the ores were obtained primarily from
Australia, Canada, Mexico, and Peru, which had 206Pb/207Pb
ratios of about 1.037, 1.064, 1.192, and 1.200, respectively.6 The
use of lead from the Missouri deposits (206Pb/207Pb = 1.28 to
1.33) subsequently increased from 9% in 1962 to 82% in 1976.
This change in lead sources was reflected in the lead isotopic
compositions of aerosols in Southern California, where the
206Pb/207Pb ratio changed from ∼1.15 before 1967 to ∼1.20
by 1974 and to 1.23 by 1977.44 It is, therefore, assumed that the
isotopic composition of those aerosols reflects a mixture of
contemporary and previous industrial lead emissions that have
been resuspended, as observed in Los Angeles8 and the San
Francisco Bay area.28

Table 1. Data from the Analyses of Ash Samples Collected from the 2009 Jesusita Fire in Southern California: Coordinates of
Sample Collection Sites; Concentrations of Lead, Aluminum, And Iron; And Enrichment Factors (f-Al and f-Fe) and Isotopic
Ratios of Lead

sample collection sites and results

collection sites concentration enrichment factor isotopic ratios

sample ID latitude longitude [Pb] (μg/g) [Al] (mg/g) [Fe] (mg/g) f-Al f-Fe 208Pb/207Pb 206Pb/207Pb 207Pb/204Pb

SB01 34�29040.10’’N 119�42049.30’’W 9.60 16.39 12.66 2.8 2.3 2.480 1.212 15.637

SB02 34�29040.00’’N 119�42048.90’’W 26.75 18.33 12.00 7.1 6.8 2.471 1.205 15.689

SB03 34�29037.60’’N 119�42051.10’’W 29.35 18.20 14.67 7.8 6.1 2.464 1.204 15.710

SB04 34�28051.50’’N 119�41005.50’’W 24.33 19.86 17.72 6.0 4.2 2.436 1.161 15.609

SB05 34�28027.60’’N 119�40055.20’’W 28.21 18.02 14.66 7.6 5.9 2.461 1.209 15.649

SB06 34�28027.60’’N 119�40055.20’’W 24.89 22.32 16.13 5.4 4.7 2.469 1.209 15.649

SB07 34�28027.60’’N 119�40054.90’’W 27.65 22.33 17.04 6.0 5.0 2.464 1.210 15.716

SB08 34�27027.30’’N 119�41043.80’’W 32.12 22.51 19.52 6.9 5.0 2.465 1.210 15.692

SB09 34�27027.30’’N 119�41043.80’’W 14.85 26.87 22.85 2.7 2.0 2.464 1.210 15.680

SB10 34�27021.30’’N 119�41056.70’’W 6.51 10.97 8.71 2.9 2.3 2.467 1.206 15.624

SB11A 34�27021.50’’N 119�41057.10’’W 18.66 36.01 31.11 2.5 1.8 2.481 1.207 15.576

SB11B 34�27021.50’’N 119�41057.10’’W 18.95 31.23 25.33 2.9 2.3 2.479 1.204 15.682

SB11C 34�27021.50’’N 119�41057.10’’W 18.81 25.75 20.91 3.6 2.8 2.480 1.206 15.636

SB12 34�27012.10’’N 119�42027.40’’W 13.85 9.89 8.07 6.8 5.2 2.466 1.200 15.578

SB13 34�27012.10’’N 119�42027.40’’W 10.48 7.45 5.82 6.8 5.5 2.467 1.202 15.621

SB14 34�27030.30’’N 119�43024.30’’W 12.37 23.96 19.03 2.5 2.0 2.476 1.206 15.644

SB15 34�27030.80’’N 119�43025.00’’W 14.57 14.20 11.19 5.0 4.0 2.473 1.214 15.668

SB16 34�27055.00’’N 119�44058.20’’W 48.96 7.39 7.60 32.2 19.7 2.458 1.217 15.629

SB17 34�27055.00’’N 119�44058.20’’W 36.19 15.29 13.44 11.5 8.2 2.461 1.215 15.648

SB18 34�27056.00’’N 119�44050.90’’W 17.04 14.40 13.88 5.8 3.8 2.460 1.193 15.688

SB19 34�27056.00’’N 119�44050.90’’W 9.08 27.20 23.64 1.6 1.2 2.474 1.209 15.609

SB20 34�27055.60’’N 119�44051.00’’W 4.71 12.72 10.65 1.8 1.4 2.466 1.203 15.586

SB21 34�27050.10’’N 119�46016.70’’W 4.29 5.70 5.00 3.7 2.6 2.464 1.201 15.632

SB22A 34�27050.00’’N 119�46016.70’’W 4.78 8.29 7.15 2.8 2.0 2.458 1.199 15.581

SB22B 34�27050.00’’N 119�46016.70’’W 4.68 9.26 7.46 2.5 1.9 2.455 1.197 15.637

SB22C 34�27050.00’’N 119�46016.70’’W 4.80 8.43 7.34 2.8 2.0 2.459 1.197 15.563

SB23 34�27050.00’’N 119�46016.70’’W 5.40 10.38 8.40 2.5 2.0 2.469 1.203 15.600

SB24 34�27048.50’’N 119�46016.20’’W 23.76 13.57 11.57 8.5 6.3 2.470 1.218 15.581

SB25 34�29002.10’’N 119�46033.80’’W 17.82 8.59 8.98 10.1 6.1 2.465 1.214 15.615

SB26 34�29002.10’’N 119�46034.20’’W 51.02 14.85 14.13 16.7 11.0 2.464 1.214 15.631
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Potential Impact of Climate Change. The present findings
have broad implications because climate change is increasing the
global frequency and intensity of wildfires.45�50 For example, a
recent study by Westerling et al.47 showed a significant correla-
tion (r = 0.76, p < 0.001, n = 34) between wildfire frequency and
regional spring and summer temperatures in the Western U.S.
They also observed that wildfires in theWesternU.S. increased in
frequency (∼4 times) and total area burned (∼7 times) in the
mid-1980s, compared to wildfires from 1970 to 1986; this
corresponded with a temperature rise of <0.9 �C. Several
studies have reported similar associations between wildfires and
temperature.45,51,52 Moreover, the IPCC48 projects that global
surface temperature will increase by 1.5 to 5.8 �C by the end of
the 21st century, and others have proposed there will be a
corresponding increase in the frequency and intensity of wildfires
during that period.51�53 While the associated remobilization of
legacy pollutants has recently been highlighted by concerns that
forest fires in Russia could volatize radioactive pollutants in
Chornobyl,54,55 our preliminary study indicates forest fires are
already remobilizing large amounts of lead, a much more
pedestrian but pervasive pollutant and that the mobilization of
lead and other refractory legacy pollutants will increase with
climate change.
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