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ter chemistry: effect of metals
associated with wood ash†

José M. Cerrato,*a Johanna M. Blake,‡b Chris Hirani,c Alexander L. Clark,d

Abdul-Mehdi S. Ali,e Kateryna Artyushkova,f Eric Petersonf and Rebecca J. Bixbyd

The reactivity of metals associated with ash fromwood collected from the Valles Caldera National Preserve,

Jemez Mountains, New Mexico, was assessed through a series of laboratory experiments. Microscopy,

spectroscopy, diffraction, and aqueous chemistry measurements were integrated to determine the

chemical composition of wood ash and its effect on water chemistry. Climate change has caused

dramatic impacts and stresses that have resulted in large-scale increases in wildfire activity in semi-arid

areas of the world. Metals and other constituents associated with wildfire ash can be transported by

storm event runoff and negatively affect the water quality in streams and rivers. Differences among ash

from six tree species based on total concentrations of metals such as Ca, Al, Mg, Fe, and Mn were

identified using non-metric multidimensional analysis. Metal-bearing carbonate and oxide phases were

quantified by X-ray diffraction analyses and X-ray spectroscopy analyses. These metal-bearing carbonate

phases were readily dissolved in the first 30 minutes of reaction with 18 MU water and 10 mM HCO3
� in

laboratory batch experiments which resulted in the release of metals and carbonates in the ash, causing

water alkalinity to increase. However, metal concentrations decreased over the course of the

experiment, suggesting that metals re-adsorb to ash. Our results suggest that the dissolution of metal-

bearing carbonate and oxide phases in ash and metal re-adsorption to ash are relevant processes

affecting water chemistry after wildfire events. These results have important implications to better

understand the impact of wildfire events on water quality.
Environmental impact

Metals associated with wildre ash can be transported aer post-re storm events and affect surface water chemistry. Differences in the chemical composition
and structure in wood ash from various tree species collected from the Valles Caldera National Preserve in NewMexico were identied in experiments conducted
under controlled laboratory conditions. Metal-bearing carbonate and oxide phases in wood ash can readily dissolve in water and cause an initial increase in
metal concentrations and alkalinity. However, wood ash reactivity over time can cause pH uctuations in low alkalinity waters and result in metal re-adsorption.
These results have important implications to better understand the impact of metals associated with wood ash on water chemistry.
01 1070, University of New Mexico,

ail: jcerrato@unm.edu; Fax: +1 505 277

iversity of New Mexico, Albuquerque, New

ineering, MSC01 1120, University of New

SA

western Biology, MSC03 2020, University

7131, USA

, MSC03 2040, University of New Mexico,

ineering and Center for Microengineered

C 01 1120, Albuquerque, New Mexico

tion (ESI) available. See DOI:

NewMexicoWater Science Center, 5338
xico, USA.

, 2016, 18, 1078–1089
1. Introduction

Wildres catastrophically affect natural resources, causing
profound societal and economic impacts. These events are
particularly relevant in semi-arid areas of the world facing
severe challenges of water scarcity. For instance, the forests of
the western United States have suffered from large-scale
increases in wildre severity.1–3 The combination of early spring
snowmelt,4 decreased winter precipitation,5 and greater vapor-
pressure decit in the warm season6 results in substantial water
limitation stress on western United States forests.7 Additionally,
increased drought severity and frequency related to climate
change has become a concern in the southwestern United
States.8 These complex interactions, combined with uncon-
trolled human development and forest management (i.e.
100 years of re suppression) drive wildre activity, resulting in
This journal is © The Royal Society of Chemistry 2016
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negative effects on the quality, transport, and ecosystem link-
ages of lotic waters.9

The catastrophic effects caused by the Las Conchas Fire in
New Mexico in 2011 served as a motivation for this study. The
Las Conchas Fire, one of the largest forest res in the recorded
history of New Mexico, burned over 63 000 hectares (156 000
acres) of the Jemez Mountains, which are an important head-
water source for the Middle Rio Grande Valley.10 Additionally,
this event impacted over 34% of the Valles Caldera National
Preserve (VCNP).11 In 2013, the Thompson Ridge re burned an
additional 23 965 acres in the VCNP. The areas with high burn
severity from each of these res occurred near the headwaters of
multiple streams within the caldera including the East Fork
Jemez River (Fig. 1). This re had devastating impacts on
downstream communities such as signicant erosion of the
burn scar, and the closure of drinking water treatment facilities
for the cities of Albuquerque and Santa Fe due to the high
turbidity of the water following storm events that created large
debris ows.12 Extensive quantities of ash produced from the Las
Conchas wildre owed through smaller tributaries and into
important drinking water sources.13 Signicant sags in the dis-
solved oxygen (DO) concentrations and pH level decreases were
observed throughout the Rio Grande continuum, while turbidity
spikes increased to levels above 1000 NTU.13,14 Dissolved
concentrations of nitrate (six times higher than background)
and phosphate (100 times higher than background) in the East
Fork Jemez River increased aermonsoonal events following the
Las Conchas Fire.15 Storm event runoff, such as the one that the
Rio Grande experienced aer the Las Conchas re, can mobilize
organic matter, metals, and nutrients associated with ash into
streams and rivers downstream of the burned areas.

While research has been conducted to better understand the
effect of catastrophic events, such as the Las Conchas re, on
water quantity and quality,13,15 limited studies have focused on
investigating the effect of trace metals contained in wildre
ash.16–18 It is likely that both biological and chemical factors
Fig. 1 Site map of the Valles Caldera National Preserve, New Mexico.

This journal is © The Royal Society of Chemistry 2016
have an effect on decreasing pH and dissolved oxygen concen-
trations as suggested in a previous study.13 A critical knowledge
gap exists related to the fundamental chemical and biological
mechanisms that affect metal deposition/release from ash and
how these could potentially impact water sources aer wildre
events.

The specic processes controlling the magnitude and
persistence of metals post-re remain unknown.19 Concentra-
tions of metals, such as copper (Cu), cadmium (Cd), zinc (Zn),
and lead (Pb), have been measured up to three orders of
magnitude higher in burned catchments compared with
unburned natural areas aer storm events following cata-
strophic wildres in southern California.19–21 A study conducted
aer the Cerro Grande re in 2000 in New Mexico reported that
metals in unltered runoff were mostly associated with the
particulate fraction and not detected in the dissolved water
fraction.22 Furthermore, the water soluble behavior of calcium
(Ca), magnesium (Mg), and potassium (K) was reported in an
investigation of ash collected in Portugal which also noticed an
increase in water pH and carbonate (CO3

2�) concentration with
re severity.17 The presence of increased inorganic carbon in
water post-re is due to the interfacial interaction of water and
minerals that compose wood ash. For instance, carbonates,
silicates, oxides, phosphates, sulfates, and amorphous phases
are either present as primary minerals in plant materials or
undergo structural alterations from the heating during
combustion.23–26 Obtaining representative ash samples aer
storm events post-re is a major challenge due to variations in
ash and soil composition, particle size, and thickness of ash
layers transported by runoff.27 Although ash from wildres can
differ quantitatively from laboratory ash samples, previous
studies have found common features between eld and labo-
ratory ash samples that could be benecial to investigate rele-
vant processes under controlled conditions.26,27

The objective of this study is to investigate under controlled
laboratory conditions the effect of metals associated with ash on
water chemistry by integrating solution chemistry measure-
ments with spectroscopy, microscopy, and X-ray diffraction. Ash
from trees collected from the VCNP, New Mexico, was used in
this investigation. The present study intends to improve our
understanding of key chemical processes affecting water quality
which are relevant to post-wildre events.

2. Materials and methods
2.1. Materials

Wood was collected from six tree species [Ponderosa Pine (Pinus
scopulorum), Colorado blue spruce (Picea pungens), Gambel Oak
(Quercus gambelii), Douglas Fir (Pseudotsuga menziesii var.
glauca), one-seeded juniper (Juniperus monosperma), and
quaking aspen (Populus tremuloides)] from the VCNP, focusing
on taxa present in areas that have been affected by the Las
Conchas and other wildres in the past. Soil samples were also
obtained from the same locations where pine, aspen, and
spruce were collected. These tree and soil samples were
collected at the following corresponding latitudes and longi-
tudes: pine (35� 510 43.30 0, 106� 360 07.70 0), aspen (35� 540 32.500,
Environ. Sci.: Processes Impacts, 2016, 18, 1078–1089 | 1079
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106� 360 59.00 0), spruce (35� 520 22.00 0, 106� 370 19.00 0), r (35� 520

21.60 0, 106� 370 18.300), juniper (35� 510 40.40 0, 106� 360 12.10 0), and
oak (35� 520 07.50 0, 106� 360 59.000). Ash was produced fromwhole
branches in the laboratory by burning wood from the six tree
species in a muffle furnace at 550 �C for 4 hours. This temper-
ature and time were chosen to represent re severity and burn
intensity conditions that would lead to considerable heat
release over time to produce organic matter loss as reported in
catastrophic events.28,29

2.2. Solid characterization

Solid phase analyses were performed on wood ash samples
applying X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy coupled to energy dispersive X-ray spec-
troscopy (SEM/EDX), X-ray diffraction (XRD), and X-ray uores-
cence (XRF). Additionally, XRD analyses were performed on
selected soil samples from the Valles Caldera National Preserve
(VCNP). A Kratos AXIS-Ultra DLD X-ray Photoelectron Spec-
trometer (XPS) was used to acquire the near surface (5–10 nm)
elemental composition and oxidation states. Gold powder was
deposited on each sample, and Au 4f spectra were acquired for
calibration purposes. All the spectra were charge referenced to
Au 4f at 84 eV and processing was done using CasaXPS. A 70%
Gaussian/30% Lorentzian (GL (30)) line shape was used for the
curve-ts. Ash samples were analyzed using a JEOL 5800 scan-
ning electron microscope (SEM) equipped with an Oxford (Link)
Isis energy dispersive X-ray analyzer (EDX). We also used the
Rigaku Smart Lab X-ray diffractometer (XRD), using Cu Ka
radiation with a scintillation detector and a graphite mono-
chromator, to obtain information on the crystallinity, mineral
structure, and normalized approximate percentage amount of
mineral phases present in the ash samples. The XRD data were
analyzed using Jade® soware. Measurements of X-ray uores-
cence (XRF) were conducted to determine bulk elemental
composition using an EDAX Orbis with a Rh tube source and
a titanium adsorption edge lter. Samples were measured in
a vacuumwith a lament voltage of 20 kV and a current of 15 mA.

2.3. Laboratory experiments

Ash samples were digested in triplicate (n ¼ 3) for near-total
elemental cation analysis using aqua regia [2 mL nitric acid
(HNO3, 67–70% by mass, trace metal grade) and 6 mL hydro-
chloric acid (HCl, 34–37% by mass, trace metal grade), 4 hour
reaction at 95 �C]. Ash samples were also extracted in triplicate
with 18 MU water for anion analysis (2 hour reaction).

Batch reactors were operated in triplicate by reacting 3 g of
ash per liter of 18 MU water and a 10 mM NaHCO3 solution. For
the rst experiment, each replicate was sampled at 0, 1, 2, 4, 24,
48, and 72 hours. The replicates were mixed continuously during
the experiment in closed centrifuge tubes. At each time point,
the pH was measured and aliquots of samples were collected for
both cation [aluminium (Al), calcium (Ca), iron (Fe), potassium
(K), magnesium (Mg), manganese (Mn), nickel (Ni), vanadium
(V), lead (Pb), copper (Cu), and zinc (Zn)] and anion [uoride
(F�), chloride (Cl�), bromide (Br�), nitrite (NO2

�), nitrate
(NO3

�), phosphate (PO4
3�), and sulfate (SO4

2�)] analyses. In an
1080 | Environ. Sci.: Processes Impacts, 2016, 18, 1078–1089
additional experiment, the samples were prepared at 3 g ash per
L concentrations in 300 mL ashed biochemical oxygen demand
(BOD) bottles. The replicates were sampled for alkalinity and
dissolved organic carbon (DOC) at 1, 24, and 72 hours.

2.4. Solution chemistry analyses

Aqueous chemistry analyses were performed using inductively
coupled plasma-optical emission spectroscopy (ICP-OES) (Per-
kin Elmer Optima 5300 DV) for Ca, Mg, Al, Fe, Mn, Pb, Zn, Cu,
Ni, and V; and inductively coupled plasma-mass spectrometry
(ICP-MS) (Perkin Elmer NexION 300D-Dynamic Reaction Cell)
for Pb, Zn, Cu, Ni, and V in aqueous solutions in which metals
were present at concentrations lower than the ICP-OES detec-
tion limit. The detection limits for these instruments are
provided in the ESI (Table S1†). These ICP-OES and ICP-MS
(indium was used as the internal standard) were calibrated with
a 5-point calibration curve and quality assurance and quality
control measures were taken to ensure the quality of the results.
Ion chromatography (ThermoFisher ICS-1100) was used for
anion analyses (e.g., F�, Cl�, Br�, NO2

�, NO3
�, PO4

3�, and
SO4

2�). The DOC samples were measured using a Shimadzu
TOC-5050A. The samples were acidied using 6 N HCl and then
measured using the method for non-purgeable organic carbon.
Alkalinity was measured by colorimetric titration, using 0.02 N
sulfuric acid as the titrant and bromocresol green/methyl red as
the indicators for total alkalinity.30

2.5. Statistical analyses

Total elemental and anion concentrations from the initial
aqueous chemistry analysis were evaluated using the vegan
package in PC-ORD.31 The data were examined using non-
metric multidimensional scaling (NMDS), a non-parametric
multivariate ordination technique, to determine the chemical
ash similarities among tree species. Multivariate Curve Reso-
lution (MCR) was used to analyze XRF data. Elemental images
were acquired and combined into multispectral dataset for
further analysis in Matlab. MCR using a non-negativity option
for both spectral and image dimensions was applied to convert
a set of original elemental images into distribution maps with
the corresponding loadings (weight) of the original images.

3. Results and discussion
3.1. Near-total elemental composition (anion extraction and
cation acid digestions)

The near-total elemental concentrations obtained for soil and
ash samples in this study are presented in Table 1. The chem-
ical composition of the soils is similar for all elements. Inter-
estingly, the metal concentrations in ash samples obtained for
all tree species is higher than those for soil samples. Differences
in total metal concentrations were observed in ash from the tree
species considered in this study. For example, major elements
such as Ca (mean concentrations range 159 735–219 183 mg
kg�1) and Mg (mean concentration range 5964–12 949 mg kg�1)
were predominant in ash from all tree species (Table 1).
The transition metals Fe (mean concentrations range 350–6900
This journal is © The Royal Society of Chemistry 2016
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mg kg�1) and Mn (mean concentration range 292–6015 mg
kg�1), and the metal Zn (mean concentration range 301–1955
mg kg�1) were present at higher concentrations than other
metals such as Ni (mean concentration range 199–208mg kg�1),
Cu (mean concentration range 161–245 mg kg�1), V (mean
concentration range 38–89 mg kg�1), and Pb (mean concen-
tration range 34–53 mg kg�1) (Table 1). Anion extraction
concentrations are presented in Table S2.† Sulfate has the
highest concentrations among all species ranging from 9861–
23 478 mg kg�1 followed by nitrate, chloride and phosphate.
These results are consistent with other studies that reported the
predominance of Ca, K, Mg, P, Mn, Fe, and Al in the total
elemental concentration of composite ash from both ponderosa
pine (Pinus scopulorum) and lodgepole pine (Pinus contorta).32,33

The ordination plot showed a clear separation of ash
samples from the six tree species based on total elemental
concentrations (20 cations, 7 anions) (Fig. 2). The results indi-
cate that while some species are similar in elemental compo-
sition (e.g., aspen, oak, juniper, and spruce), spruce and pine
ash samples are different from each other and from other taxa
based on their elemental composition. The elements Mn, Fe,
and Al were more heavily weighted for spruce and pine but less
important in aspen; Mg wasmore heavily weighted in aspen and
juniper ash. While comparative ash chemistry from multiple
tree species is not widely reported in the literature, this study
supports published data showing that elemental composition
can characterize different living tree species.34

Based on the aqueous chemistry and NMDS ordination
results, three species with the most different elemental
compositions (aspen, pine, and spruce) were selected for addi-
tional characterization and analysis.
3.2. Microscopy and X-ray spectroscopy analyses

The SEMmicrographs and EDX spectra (Fig. 3) show differences
in form and elemental composition of the ash from pine, aspen,
Fig. 2 Nonmetric multidimensional scaling ordination plot of total
elemental concentrations in six tree species (taxa in legend, n ¼ 3),
based on Bray–Curtis dissimilarities (stress¼ 0.01). The arrow direction
indicates increased concentrations of elements.

Environ. Sci.: Processes Impacts, 2016, 18, 1078–1089 | 1081
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and spruce. The SEM micrographs from all three tree species
reveal the presence of square and rod morphologies in the ash
surface, indicating the possible presence of crystalline solid
phases. Additionally, these micrographs also show the presence
of pores and different morphologic irregularities in the ash
surfaces. All of these features illustrate the complexity in the
morphology of ash surfaces. These features contribute to
increased surface area and reactivity of ash in interfacial reac-
tions with water. For example, a previous study reported that
ash combustion can cause the formation of carbonate crystals
and micro-pores in wildre ash.27

The qualitative differences in elemental composition
observed by EDX analyses in ash from these trees present
similar characteristics to those observed in the previous
subsection for the acid digestion results. For example, the
concentrations of Al, Fe, and Mn are high in ash from pine and
Fig. 3 SEM micrographs and EDX spectra of ash from: (a) pine; (b) aspen

1082 | Environ. Sci.: Processes Impacts, 2016, 18, 1078–1089
spruce in the EDX spectra, while they are below detection in ash
from aspen. The added value of the SEM/EDX information
compared to the acid digestion results is that the EDX elemental
analyses correspond to a depth of approximately the top 1 mm of
ash solid. Thus, the elements identied in these analyses at the
ash surface could be key factors in interfacial reactions between
ash and water.

We performed XPS analyses to further evaluate the chemical
composition of the “near surface” (top 5–10 nm) region of ash
solids. In addition to the identication of O 1s, C 1s and K 2s for
all ash samples, XPS identied signals for Ca 2p, Mg 2p, Co 2p,
Zn 2p, P 2p and S 2p in all ash samples (Table 2 and Fig. 4). The
presence of Si 2p was identied in spruce and pine in a much
larger content than in aspen. Consistent with EDX results, Al
was not detected in aspen by XPS analyses. However, aspen has
the largest content of Ca and Zn.
; and (c) spruce. The red circles highlight peaks specific for Fe and Mn.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Survey XPS atomic composition of ash samples

Atomic%

Sample Ca 2p Mg 2p Al 2p Fe 2p Mn 2p

Pine 6.45 5.91 0.37
Aspen 9.06 6.63
Spruce 7.35 2.88 0.84 0.23 0.64

Sample Si 2p Zn 2p Co 3p P 2p S 2p

Pine 4.19 0.08 0.08 2.33 0.32
Aspen 0.58 0.25 0.20 0.97 0.15
Spruce 9.57 0.05 0.16 1.92 0.42
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Low concentrations (less than 0.7 atomic percent) of Fe and
Mn were detected only in ash from spruce by XPS. The P 2p peak
at �134 eV, which is characteristic of phosphate,35,36 and the S
2p peak at 168.3 eV, which is characteristic of sulfate,37 were
identied for all trees. Additional analyses were performed to
further identify specic crystalline phases and bulk elemental
content in wood ash samples.

3.3. X-ray diffraction (XRD) and micro-X-ray uorescence (m-
XRF) analyses

Metal-bearing carbonate and oxide solid phases were identied
in ash from pine, aspen, and spruce. Although some similarities
Fig. 4 High resolution XPS spectra of ash from pine, aspen, and spruce

This journal is © The Royal Society of Chemistry 2016
were observed, unique mineralogical features were detected in
ash from each tree species. The XRD patterns (Fig. 5a) and
quantitative results of the peaks (Table S3†) suggest that the
content of amorphous phases in the ash samples from the pine,
aspen, and spruce are different. Interestingly, the quartz
content in ash from aspen was very low, as was its amorphous
phase content. However, the pine had the highest content of
amorphous phase. This result suggests that it is possible that
SiO2 (am) is the main phase contributing to the amorphous
signal in all samples. Common phases that were observed in all
ash species are quartz [SiO2], calcite, dolomite [(Ca,Mg)CO3],
fairchildite [K2Ca(CO3)2], and kutnohorite [Ca1.11Mn0.89(CO3)2].
The mineral magnesite (MgCO3) is likely present in ponderosa
ash, while a spinel phase similar to magnetite (Fe3O4) was
observed in aspen ash. Microcline (K0.85Na0.15AlSi3O8) was
found in ponderosa ash while albite was found in spruce ash.
Other studies have determined that ash is composed of sili-
cates, oxides, phosphates, carbonates, sulfates, and amorphous
phases that are either primary minerals in plant materials or
undergo structural alterations from the heating during re
combustion.23–26 Minerals such as calcite, quartz, and feldspar
have been reported as predominant minerals in ponderosa pine
ash.32

The XRD patterns of the soils at locations where pine, aspen,
and spruce samples were collected are presented in Fig. 5b.
These results indicate that the mineralogical composition of the
.

Environ. Sci.: Processes Impacts, 2016, 18, 1078–1089 | 1083
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Fig. 5 XRD patterns of: (a) ash from pine, spruce, and aspen; and (b) soils from locations where pine, spruce, and aspen were collected.
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soils is very similar for all samples. However, the mineralogical
composition of the soil is different from the ash. The most
predominant phases found in the soils were quartz and feld-
spar. In contrast to the ash samples, the predominance of
carbonate and oxide phases was not noticeable in the soils.
Some mineral phases such as quartz and albite (NaSi3O8) are
present in ash and soils from which pine, aspen, and spruce
were collected. Future studies should investigate the correlation
between minerals in soil vs. those observed in trees to identify
the mechanisms of metal accumulation.

The results obtained from micro-XRF conrm the XRD,
spectroscopy, and microscopy analyses presented in previous
sections. XRD and XPS have identied the overall chemical and
mineral-phase composition of ashes while micro-imaging XRF
allows analysis of elemental distribution. Micro-XRF elemental
analysis of ashes (shown in Fig. 6) indicates that all samples
have high concentrations of Ca, Mg, K and P, coinciding with
the characteristics of the acid digestion data presented above.
The predominance of Ca detected by XRF is in good
1084 | Environ. Sci.: Processes Impacts, 2016, 18, 1078–1089
correspondence with an abundance of Ca-containing phases,
such as calcite, dolomite, apatite and others shown in XRD. The
elements Mn, Fe, S and Zn are less concentrated in all ash
samples. Silicon is detected in small concentrations in aspen
ash, consistent with the XRD results which suggest that aspen
has the lowest content of amorphous phase [e.g., likely SiO2

(am)]. On the other hand, the highest concentrations of Si were
detected in pine ash, consistent with the XRD analyses which
suggested that ash from pine had the highest content of
amorphous phase. Aspen also contains a small amount of
palladium (Pd).

XRF images were acquired for all elements detected. Multi-
variate curve resolution was used to combine images that have
a similar spatial distribution into smaller number of chemical
maps. Three maps, each representing individual chemical
components that are spatially differentiated from other chem-
ical components, can be displayed as red, green and blue
images (Fig. 6). The red channel component in images from all
ashes shows spatial distribution of phosphates and sulfates of
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Micro-XRF images of ash from pine, spruce, and aspen.

Fig. 7 Aqueous concentrations of Ca, Mg, Al, Mn, and Fe (inmg L�1) over timemeasured for laboratory experiments after reacting ash with 18MU

water (n ¼ 3).

This journal is © The Royal Society of Chemistry 2016 Environ. Sci.: Processes Impacts, 2016, 18, 1078–1089 | 1085
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Ca and K. The presence of phosphates and sulfates is conrmed
by chemical speciation obtained by XPS, while apatite is
detected by XRD. Ashes from spruce and pine have much
smaller particulates of these phases that are more homoge-
neously distributed than in aspen.

The XRF map of aspen ash shows the highest concentrations
of Ca and K, consistent with the identication of Ca- and
K-containing mineral phases by XRD. Phosphates and/or
sulfates of Mn and Mg could be present in spruce ash samples,
consistent with the identication of kutnohorite [Ca1.11-
Mn0.89(CO3)2] by XRD.

The second major component is captured as a green channel
in images, showing the distribution of silicates. Silicates of Ca,
K, Fe and Mn are homogeneously distributed as small particles
in the ash of pine and spruce, while in aspen ash only individual
larger grains of Fe and Mn silicates are observed in smaller
concentrations. In aspen ash, Ca and K are present as phos-
phates and sulfates and not as silicates, while in pine and
spruce ash, both types of salts of Ca and K are detected. A
correlation between Zn and silicate was detected in pine ash.

The third component is captured by the blue channel in RGB
images, which is the major component that differentiates the
ashes from each other. In pine, mostly Al-silicates are present as
small scattered grains. Micro-XRF is able to differentiate
between mixed silicates (green channel) and Al silicates (blue
channel), which are separated laterally in pine ash. In spruce
Fig. 8 Aqueous concentrations of Ca, Mg, Al, Mn, and Fe (in mg L�1) ove
mM HCO3

� (n ¼ 3).

1086 | Environ. Sci.: Processes Impacts, 2016, 18, 1078–1089
ash, silicates of Al, Zn and K are also present as small scattered
particles. In aspen ash, which had the largest concentration of
Mg, Zn and Pd, the phosphates of these elements are present as
homogeneously distributed background phases.

Given that the mineralogy of different phases present in ash
was determined, the effect of interfacial reactions of metals
associated with ash solids on water chemistry was further
explored through laboratory experiments.
3.4. Laboratory experiments

3.4.1 Reactivity of Ca, Mg, Al, Fe, and Mn. Metals were
released in the initial sample of the batch laboratory experiment
aer reacting ash from pine, aspen, and spruce with 18 MU

water and 10 mM HCO3
� solutions (Fig. 7 and 8). The release of

these metals is likely due to the reactivity of metals in ash
present as weakly bound and/or easily dissolvable metal-
bearing carbonate or oxide solid phases (as identied by X-ray
diffraction analyses). The concentrations of Ca and Mg released
to solution vary for different species likely due to the different
mineralogy of the ash from these trees. The high concentrations
of Ca and Mg released from experiments reacted with ash from
aspen in the laboratory batch experiments are consistent with
the XPS data, indicating that aspen ash had the highest
concentration of Ca and Mg at the surface and therefore was
likely more susceptible to interfacial reactions. However, the
r time measured for laboratory experiments after reacting ash with 10

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 pH and alkalinity (CaCO3
� mg L�1) from laboratory experiments after reacting ash with 18 MU water and 10 mM HCO3

� (n ¼ 3).
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concentrations of these metals in all experiments decrease over
time, suggesting that these metals can re-associate to ash solids
due to adsorption.

The re-association of metals to ash over the course of the
experiment can be explained by the adsorptive capacity of
carbonate phases in ash. Metals such as Al, Mn, and Fe are
released in the early stages of the experiment but their
concentrations in solution decrease over time. The metals Al,
Mn, Fe, and V have a higher adsorption affinity to metal-
carbonate and metal-oxide phases in the ash compared to Ca
and Mg, consistent with what has been reported in the litera-
ture.38 The increase in sorptive properties of carbonate phases
resulting from ash combustion has been reported in other
studies.27 The presence of carbonate crystal phases and micro-
pores from ash combustion can increase ash porosity, water
retention, and sorptivity.27

The dissolution of metal-carbonate phases caused an
increase in solution pH in the initial times for experiments with
18 MU water and 10 mM HCO3

�. As expected, the solution pH
stabilized in the well-buffered experiments with 10 mM HCO3

�

due to the buffering capacity of bicarbonate initially present in
solution. It is also known that wood combustion produces
alkaline ash; so, the dissolution of carbonate from carbonate
minerals in ash can also cause an increase in water pH.23,26,33

However, the solution pH decreased over time for experiments
with 18 MU water (Fig. 9). Fluctuations in pH in non-buffered
reactors are possibly due to the inuence of aqueous metal
hydroxide complexes (metals acting as Lewis acids) and decrease
of CO3

2� as a function of solution pH due to exchange with the
atmosphere (system to atmosphere). This effect could be rele-
vant in waters with low levels of alkalinity such as storm runoff.

3.4.2 Reactivity of anions and organic carbon. A compa-
rable release of sulfate and nitrate was observed for experiments
performed with 18 MU and 10mMHCO3

�. However, phosphate
concentrations are higher in the pine and spruce species
compared to the aspen for the experiments with 10 mMHCO3

�.
Sulfate, nitrate, and phosphate data obtained for laboratory
This journal is © The Royal Society of Chemistry 2016
experiments are presented in the ESI (Fig. S1 and S2†). Pine has
the highest concentrations of these three anions. The range of
sulfate concentrations released from all tree species is 20 to
90 mg L�1, and the range of nitrate concentrations released was
1 to 40 mg L�1. The increase in nitrate and phosphate aer pre-
re and post-re storm events has been reported in the East
Fork Jemez River.15 The wood obtained for the ash investigated
in this study was from a similar location (Fig. 1).

A limited release of dissolved organic carbon (DOC) in
solution was observed for experiments performed with 18 MU

and 10 mM HCO3
�. The data for DOC concentrations obtained

for laboratory experiments are presented in the ESI (Table S4†).
Note that the DOC concentrations were lower than 1 mg L�1

DOC. The burning conditions selected for this study, limited to
550 �C for 4 hours, led to organic matter loss as suggested by our
data. However, a variety of mild, medium, and high re severity
and burn intensity scenarios can occur in catastrophic wildre
events.28,29 Future research is necessary to understand the
differences in chemical composition and effects of ash
produced at lower and higher re severity and burn intensity
conditions than those selected for this study. A recent study of
the characteristics of wildre ash from Mediterranean conifer
forests reported that organic matter decreases and inorganic
carbon increases in wildre ash with increasing combustion
completeness.39 For instance, at high combustion complete-
ness, at temperatures higher than 450 �C, wood ash is
composed mostly of inorganic carbonates; at temperatures
higher than 580 �C, inorganic oxides are more predominant.26
4. Summary and conclusions

Knowledge about water quality effects caused by post-re
storms is essential to ensure the long-term recovery of water-
sheds from extreme catastrophic wildre events. In this study,
we identied differences in the chemical composition of six
different tree species. The integration of microscopy, spectros-
copy, and controlled laboratory conditions selected for this
Environ. Sci.: Processes Impacts, 2016, 18, 1078–1089 | 1087
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study enabled us to identify the presence of metals at the surface
of wood ash, which are present as weakly bound and/or metal-
bearing carbonate and oxide phases that are readily susceptible
to react with 18 MU water and 10 mM HCO3

� solutions. The
decrease in metal concentrations in solution over time observed
in these laboratory experiments was likely due to adsorption of
these metals onto the ash surface. It is also worth noting that
although carbonate dissolved from ash can cause the water pH
to increase, these metals can act as Lewis acids and cause the pH
to decrease in waters that have low alkalinity and are not well
buffered (e.g., 18 MU water, storm water). However, in the
experiments with 10 mM HCO3

� (equivalent to an alkalinity of
500 mg L�1 as CaCO3 which provided buffering capacity to the
water), the pH increased at the early stages of the experiment
due to the dissolution of carbonate phases in ash, but remained
more stable over time. These results have important implica-
tions to better understand the increase in metal concentrations
aer post-re storm events in water sources that have low alka-
linity, such as storm water, and those waters with high alkalinity
such as those sourced in carbonate lithologies.

Although the controlled laboratory conditions selected for
this study helped us learn about the reactivity of metals in wood
ash in this rst stage of the investigation, the authors acknowl-
edge the limitations of the experimental conditions selected. For
example, the laboratory experiments from the current study were
performed under batch conditions with adequate mixing time
for adsorption to occur. However, these conditions are not
representative of the dynamic interactions occurring when storm
runoff transports ash and other sediments under surcial
conditions. This study provided the ability to isolate the impact
of ash contributions of tree species to water quality. A goal of
future work is to better understand the inuence of soil chem-
istry on ash composition to predict how species variation across
a landscape impacts water quality post-re under different re
severity and burn intensity scenarios. It is also important to
consider the effect of redox-active metals such as Fe and Mn on
dissolved oxygen concentrations, and reactive transport and
interactions among ash, sediments, and water. Future studies
are needed to adequately investigate these dynamic interactions
under more realistic ow and environmental conditions.
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