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Abstract

There are thousands of abandoned mine land (AML) sites in the U.S. that need to be restored to reduce wind and water
erosion, provide wildlife forage, shade streams, and improve productivity. Biochar created from woody biomass that would
normally be burned in slash piles can be applied to soil to improve soil properties and is one method to restore AML soil
productive capacity. Using this ‘waste’ biomass for biochar and reclamation activities will reduce wildfire risk, air pollution
from burning, and particulates released from burning wood. Biochar has the potential to improve water quality, bind heavy
metals, or decrease toxic chemical concentrations, while improving soil health to establish sustainable plant cover, thereby
preventing soil erosion, leaching, or other unintended, negative environmental consequences. Using forest residues to cre-
ate biochar also helps reduce woody biomass and improves forest health and resilience. We address concerns surrounding
organic and inorganic contaminants on the biochar and how this might affect its’ efficacy and provide valuable information
to increase restoration activities on AMLs using biochar alone or in combination with other organic amendments. Several
examples of AML biochar restoration sites initiated to evaluate short- and long-term above- and belowground ecosystem
responses are presented.
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1 Introduction

Biochar is gaining attention as a soil amendment for recla-
mation of waste rock piles and mine tailings on abandoned
mine lands (AMLs). Wood-based biochar can ameliorate
soil properties such as soil pH (Page-Dumroese et al. 2017),
nitrogen retention (Bai et al. 2015), and phosphorus dynam-
ics (Gao and DeLuca 2018). In addition, wood-based biochar
may alter soil bulk density, infiltration, and water holding
capacity (Razzaghi et al. 2020). These soil physical and
chemical property changes are also likely to improve AML
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soil microbial processes such as carbon (C) mineralization,
aggregate stability, and nutrient transformations (Liang
et al. 2010). Soil changes associated with biochar applied
to AMLs can accelerate reclamation and provide increased
ecosystem services to local communities (e.g., water filtra-
tion, less erosion).

Wood-based biochar creation is also an opportunity to
decrease wildland fire or insect and disease outbreaks on
public lands at a time when the United States (U.S.) Depart-
ment of Agriculture (USDA), Forest Service (hereafter For-
est Service) is increasing forest harvest operations. Forest
biomass has many uses depending on the size of the material
and local, regional, and national markets. However, there
is often no end use for limbs, branches, cull sections, and
unmerchantable round wood (Anderson et al. 2017) created
during harvesting and these materials have traditionally
been burned in slash piles because burning is an inexpensive
way to dispose of this ‘waste’ wood (Page-Dumroese et al.
2017). Biochar, made from waste wood, is a way to increase
the value of this material while improving forest condi-
tions (e.g., reduced wildfire threat; Bergman et al. 2017),
soil health (e.g., less open slash pile burning, improved

@ Springer


http://orcid.org/0000-0002-3676-5844
http://orcid.org/0000-0002-3095-7749
http://crossmark.crossref.org/dialog/?doi=10.1007/s42773-020-00074-y&domain=pdf

Biochar

productivity; Razzaghi et al. 2020), and AML restoration
by using the abundance of waste material (woody residues)
available on national forests across the U.S. These environ-
mental benefits make forest-residue biochar production for
AML restoration a very good alternative. Making biochar
will take advantage of low cost, low quality woody feed-
stocks to create a high C soil amendment that can be used
to restore highly disturbed lands that pose an environmental
threat to people, water, air, wildlife, and communities.

The Department of Interior Bureau of Land Manage-
ment (BLM; 2020) maintains an inventory of known AMLs
located on public lands, with the majority being abandoned
hardrock mines. As of 2017, the inventory for the western
U.S. listed over 52,200 sites and 97,600 features from which
only 20% of the sites have either been remediated, have rec-
lamation actions planned or underway, or do not require
further action, and the residual 80% requires additional
investigation and/or remediation. Furthermore, the General
Accountability office report (Fennell et al. 2020) stated that
the Forest Service, the BLM, National Park Service, and
the Environmental Protection Agency (EPA) identified about
22,500 hardrock mines that pose or may pose risks to human
health or wildlife from long-term exposure to harmful sub-
stances. The report indicated that there could be more than
390,000 abandoned hardrock mine features on public lands
that were not captured in their database. AML environmental
impacts is a serious problem that needs to be addressed to
reduce exposure to physical and chemical risks and reduce
the chances of accidents, injuries, and legal liabilities.

Mining of gold (Au), lead (Pb), copper (Cu), silver (Ag),
and uranium (U) and oil and natural gas extraction were
previously encouraged by federal and state governments
to develop communities in the western U.S. (BLM 2020).
During this time, mine operators could extract the valuable
commodities and then abandon the land until 1970. These
mining activities caused disturbed landscapes, soil compac-
tion, and contaminated soil and water. Mine spoils can con-
tain residual metals such as cadmium (Cd), chromium (Cr),
Cu, and zinc (Zn) or iron or copper sulfides that undergo
hydration, oxidation, or acidification reactions causing spoil
acidification and resulting in acidic mine drainage that can
release heavy metals into the environment. Most AMLs that
require restoration are located in the western U.S. Neverthe-
less, many AMLs are also located in the midwest and eastern
U.S. on public lands. In addition, oil and gas drilling sites
that have ceased production and have been abandoned are in
need of land reclamation to restore agriculture, timber, wild-
life, water flow, or C sequestration value (Nallur et al. 2020).

Mine tailings and waste rock areas are often very large
and lack vegetative cover because of inhospitable environ-
mental conditions. This is important because populations
near abandoned mine sites across the U.S. are increasing.
Now, more than 22 million people live within 25 miles of
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public land, and according to Stein et al. (2007) during the
time frame between 2000 and 2030, there will be a consid-
erable increase in housing density, exceeding 21.7 million
acres of rural private ownership located within 10 miles of
national forests across the conterminous U.S. Therefore,
once remote sites are closer to new population centers,
AML restoration work becomes more important because
of the known hazards and increased human contact with
these sites. The large-scale use of woody residues to cre-
ate biochar for AML restoration activities is a process that
works in tandem with forest harvest operations designed to
reduce biomass on forested lands to limit wildfire, insect, or
disease risks while restoring forest stand structure. Biochar
created from non-merchantable residues plays a key role
in AML restoration (Ghosh and Maiti 2020) and provides
an opportunity to decrease the risk of wildland fire to rural
communities, improve rural economies (Sahoo et al. 2019),
and provide jobs while developing a strong biochar industry.

We present a review of the literature published from 2010
to March 2020 that assesses the use of woody feedstock-
produced biochar to restore AMLs in the U.S. The objective
was to synthesize biochar’s effects on soil heavy metal avail-
ability and plant uptake, health concerns, regulations and
standardization, its application in mine lands restoration, and
its potential for expanded use across the U.S. with emphasis
on the use of wood-derived biochar.

2 Biochar for soil restoration

Biochar made from woody feedstocks can alter soil charac-
teristics to facilitate plant growth on mine sites. There has
been a large increase in biochar research since 2011 which
covers subjects ranging from feedstock, processing, agro-
nomic applications, environmental remediation, life cycle
analysis, economic feasibility, markets, and many other uses.
From 2010 to 2019 scientific interest in biochar research,
in general, has increased as demonstrated by the number of
publications (Li et al. 2018): over 16,000 research articles,
representing the 87.7% of the total number of publications
with 96.8% of the articles written in English and published
in 2655 journals. As might be expected, these papers high-
light various feedstocks, pyrolysis techniques, and applica-
tions rates.

Biochar was previously referred to as charcoal and was
defined as a pure form of C because it has no chemical affin-
ity to oxygen, and it does not readily decay in either aero-
bic or anaerobic conditions. It also is chemically stable and
therefore represents a C sink (Seifritz 1993). Lehmann et al.
(2006) used the term ‘bio-char’ and defined it as biomass-
derived black C, and it is also known as charcoal or wood-
char used intentionally for land application. According to
the International Biochar Initiative (2015a) and Bridgwater
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(1994), biochar is a solid material obtained from the thermo-
chemical conversion of biomass in an oxygen-limited envi-
ronment. Manya (2012) in his review of pyrolysis for biochar
concluded that slow pyrolysis is the ideal method to produce
biochar because of the high charcoal yields. However, for
woody feedstocks being used locally on AMLs, biochar can
be produced using kilns or other moderate-scale production
methods. Woody feedstock biochar can have a range of prop-
erties, depending on the wood species (Table 1). Although
this type of biochar can be used on agricultural, forest, and
range soils for environmental gains such as higher produc-
tion, water filtration, or water storage (Greco et al. 2019),
the ideal properties of biochar used for AMLs would include
those listed plus high CEC, low ash content, alkaline pH,
and a relatively high surface area. Furthermore, the particle
size of wood-based biochar is important for understanding
inter- and intra-pore spaces for changes in water holding
capacity (Liu et al. 2017).

Wang et al. (2017a, b) noted that biochar made from corn
straw and pig manure was used in metal-contaminated soil
and for sediment remediation and noted that results can be
variable due to the incomplete carbonization of feedstock.
This is also true of wood-based biochar (Shaheen et al.
2018). These carbonization differences yield varying pro-
portions of carbonized and amorphous organic matter pro-
ducing a biochar whose properties may be closer to those
of natural soil or sediment organic matter. To best match
biochar with a site and local soil conditions, it will be nec-
essary to understand limiting soil factors. For example, soil
physicochemical properties can be improved by biochar
application because of the following: (1) most biochar is
alkaline (pH > 7) and some biochar-amended soils show an
increased soil pH (Major et al. 2010), although applications
and effects in alkaline soils are more complicated since some

Table 1 Select characteristics of a variety of wood-based biochar

alkaline reactions may occur (Gunes et al. 2014); (2) bio-
char increases soil water holding capacity, particularly on
coarse-textured soils because the porous structure contrib-
utes to increased water retention within the soil profile (Yu,
Raichle and Sink 2013); and (3) biochar can retain nutrients
within the soil profile by limiting leaching or enhancing
plant uptake efficiency (Major et al. 2010). Soil improve-
ment after biochar application is dependent on soil texture,
density, and porosity (Jeffery et al. 2011). According to the
Association of American of Plant Food Control Officials
(AAPFCO), to be effective at C sequestration and improv-
ing soil properties, biochar should contain at least 60% C
(AAPFCO 2016). Wood-based biochar produced at similar
temperatures has high C, a high O:C, and relatively con-
sistent pH values. Interestingly, biochar made from Arbutus
menziesii wood has a low pH and would likely not be desir-
able to use on AMLs unless the pH of the substrate is very
alkaline (Table 1).

The importance of having a well-defined biochar product
is critical for describing both feedstock and biochar charac-
teristics, chemical composition, and the technology used for
production. Having robust standards, guidelines, and regu-
lations for biochar quality also help inform different levels
of biochar use. Lately, the focus on the use of biochar for
vegetation production and restoration of contaminated soils
has called attention to the use of different feedstocks for
the biochar production process and the desire to mitigate
potential soil toxicity concerns.

3 Environmental applications for biochar

Greater levels of interaction between humans and AMLs
means that there is greater need for improving degraded
soil to revegetate landscapes to reduce erosion and to
increase soil organic matter to prevent leaching losses of

Wood species Process Temperature pH  Electrical Carbon Nitrogen Phosphorus O:C
(°C) conductivity (%) (ng/®) (ng/e)
(dS/m)
Pine bark Slow pyrolysis 450 NA NA 75 NA NA 0.25
Mixed conifer sawmill waste ~ Fast pyrolysis 450 81 103 89 0.26 490 0.11
Quercus garryana Fast pyrolysis 450 79 180 87 0.62 880 0.17
Thuja plicata Fast pyrolysis 450 6.5 330 76 0.50 960 0.20
Cytisus scoparious Fast pyrolysis 450 75 235 94 1.10 1300 0.22
Arbutus menziesii Fast pyrolysis 450 45 789 85 0.21 240 0.24
Green mill residue Two-stage reactor 700750 and 400-550 NA NA 78 0.57 NA 0.12
Beetle killed residues Two-stage reactor ~ 700-750 and 400-550 NA NA 69 0.36 NA 0.11

After Kim et al. 2015; Page-Dumroese et al. 2017;Domingues et al. 2017

NA indicates data not available
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heavy metals. Biochar has unique properties that can be
used for numerous environmental management applica-
tions such as pollutant removal, climate change mitiga-
tion (C sequestration), soil restoration and increasing plant
available water, and energy production, (Gelardi et al.
2019; Lehmann and Joseph 2015; Oliveira et al. 2017;
Rasaa et al. 2018; Spokas et al. 2009; Xie et al. 2015). The
physiochemical properties of biochar (e.g., pH, electri-
cal conductivity, low bulk density, water holding capac-
ity, long-lived C source) vary among different types of
biochar, but these properties make it an attractive amend-
ment for AMLs (Palansooriya et al. 2019). Biochar, in the
last 10 years, has been increasingly used in contaminant
removal because it is a renewable material, environmen-
tally friendly, and produced at a low cost (Xu et al. 2012).
Biochar can be used alone or as a blended product for
multiple purposes, such as applications for soil improve-
ment (increase in productivity and decrease in pollution),
improving resource use efficiency, land remediation to
prevent against particular environmental pollutants, and
in greenhouse gas (GHG) mitigation. Biochar also benefits
highly weathered or organic matter-deficient soils because
it improves soil pH and can provide nutrients (Crane-
Droesch et al. 2013). Biochar could replace commercially
activated C used to remove a wide range of organic and
inorganic pollutants. However, Gomez-Eyles et al. (2013)
concluded that inactivated biochars have limited effective-
ness for organic contaminants or Hg, but can be effective
for reducing methylmercury (MeHg) content. Hardwood-
derived biochar has a greater potential to reduce bioavail-
ability of organic and inorganic contaminants than green
waste compost in contaminated soil, being particularly
effective at decreasing the phytotoxic concentrations of
water-soluble Cd and Zn and heavier polycyclic aromatic
hydrocarbon (PAH) groups (Beesley et al. 2010).

3.1 Biochar interaction with heavy metals

Biochar used for reclaiming waste rock and mine tailings
on AMLs is complicated because the biochar used must
be able to bind heavy metals or reduce toxic substances
while also improving soil conditions to increase plant
cover to prevent erosion or leaching (Novak et al. 2016a,
b). Wood-based biochar, along with biochar from other
sources, can bind heavy metals (Nickle (Ni), Cd, Pb, and
Cu) and reduce their bioavailability (Uchimiya et al. 2011;
Penido et al. 2019). Optimizing the microporous structure,
active surface functional groups, and other physiochemical
properties can facilitate chemical modifications of heavy
metals. However, biochar effectiveness to immobilize
heavy metals (Xie et al. 2015) from the environment var-
ies greatly among different feedstock types, production

@ Springer

methods, and processing conditions (Ahmad et al. 2014;
Page-Dumroese, 2018b). Difference in biochar quality and
heavy metal bioavailability and plant uptake decreases the
accumulation of Cd, Pb, Cu, and, Zn in plant tissues, with
variations depending on soil characteristics, type of bio-
char, plant species, and type of metal contaminants (Chen
et al. 2018). These results are consistent for Zn and Cd
with those from Beesley et al. (2011) who also indicated
that several different types of biochars have been found
to possess retentive capabilities that can be enhanced by
manufacturing biochar with increased cation exchange
capacity, surface area, and pH.

The toxic chemicals associated with sewage sludge are
another large problem because they contain a significant
amount of heavy metals, toxins, and pathogens (Fang et al.
2012), but it can also be used to produce biochar. Wood-
based biochar has been particularly effective as a low-cost
biosorbent that can remove potentially toxic elements from
water (Shaheen et al. 2018). In a risk analysis on the bio-
availability and eco-toxicity of heavy metals in biochar
obtained from the pyrolysis of pulp and paper mill waste
pyrolyzed at different temperatures from 200 °C to 700 °C,
both bioavailability and eco-toxicity were significantly
reduced due to biochar characteristics and slow minerali-
zation rates (Devi and Saroha; 2014; Santos et al. 2012).
Consequently, pyrolysis of wood-based waste material can
be a treatment in pulp and paper mills to create biochar that
can be safely applied to soil.

Inorganic elements are not readily degraded in the envi-
ronment and wood-based biochar can retain complex metal
ions on their surfaces, thereby reducing bioavailability (Rin-
klebe et al. 2016). This points out to the need to produce
biochars used on AML sites that have a high surface area
and porosity (Shaheen et al. 2018). In addition, biochar pro-
duced at 450 °C with a mix of both hardwood and softwood
materials has an antagonistic impact on three plant species
metal uptake in soils with two different pHs while increasing
root proliferation (Rees et al. 2016). Fellet et al. (2011) also
indicated that prune orchard biochar has potential for mine
reclamation because it can help establish a green cover and
reduce leaching of Cd, Pb, thallium (T1), and Zn from the
tailings. This is of importance in states with large mining
operations, suggesting that soil can be restored and used for
an agricultural purpose, making it revenue positive. In places
where unconventional energy production (hydro-fracturing)
has left abandoned well sites, biochar is one way to increase
soil restoration and ecosystem services such as improved
water quality, wildlife forage, and C sequestration. The pos-
itive effects of using wood-based biochar also include an
increase in the ability of soil to immobilize harmful heavy
metals which can be toxic to plants (Hayyat et al. 2016).

Several authors have previously pointed out that the
presence of toxic compounds and contaminants in several
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types of biochar depends on the nature of the feedstock,
pyrolysis conditions, and furnace residence time (Downie
et al. 2009). For example, Zielinska and Oleszczuk (2015)
note that municipal biosolids can be a valuable source of
phosphorus (P), nitrogen (N), microelements, and organic
matter all of which have a favorable effect on the proper-
ties of soil and the level of crop yields. However, biosolids
can contain highly toxic organic compounds such as PAH
(see Sect. 3.2). Potentially toxic elements, and pathogenic
microorganisms, which may limit their use for soil fertiliza-
tion or degraded soil reclamation. In general, the advantage
of using biochar made from woody residues is that they are
low in heavy metals, since forest, invasive woody shrubs, or
orchard trees normally grow on soils low in toxic contami-
nants (Koss et al. 2012). Nonetheless, this could change if
trees were harvested from polluted soil and then converted
to biochar. For example, trees growing on highly acidic for-
est soils leached of base cations may show symptoms of
declining health because they hyperaccumulate manganese
(Mn). This hyperaccumulation is often restricted to leaves
and needles because Mn supports photosynthesis (St. Clair
and Lynch 2005) and would likely not be present in signifi-
cant quantities in the biochar since its presence in the bole
or bark is minimal.

Rego et al. (2019) indicated that because biochar has a
high adsorption capacity, it can prevent leaching of com-
pounds such as nitrates, phosphates, and other ionic sol-
utes into groundwater or streams. Recycling of plant nutri-
ents (e.g., potassium (K), magnesium (Mg), calcium (Ca),
sodium (Na), and P) to the soil can be achieved using bio-
char, with concomitant benefits for the soil and crops. The
ash composition of the wood-based biochars should also
be assessed to check for harmful heavy metals (Rego et al.
2019).

3.2 Polycyclic aromatic hydrocarbons and other
organic pollutants

Frequently, PAH compounds in soil are a consequence of
industrial actions, such as the combustion of wood, coal,
and oil (Baird 1995) or smelting processes (Wickstrom and
Tolonen 1987). This is similar to the data on biochar that
has undergone incomplete combustion of C-containing com-
pounds which can lead to the formation of PAHs (Garcia-
Perez et al. 2011). However, they note that PAHs and dioxin-
furans are not present in high amounts in the biochar and
are not considered to be a human health or environmental
hazard. Hale et al. (2012) found that total PAH concentra-
tions for slow pyrolysis biochars were dependent on biomass
source, pyrolysis temperature, and time. With increasing
pyrolysis time and temperature, PAH concentrations gener-
ally decreased. As noted previously, PAHs in biochar are
usually below existing environmental quality standards and

were also confirmed by Buss et al. (2016). This study of
biochar production methods found minimal contamination of
PAHs in highly controlled pyrolysis conditions of the highest
treatment temperature, residence time, carrier gas flow, and
typical feedstocks (wheat/oilseed rape straw pellets, soft-
wood pellets). Sohi et al. (2009), after studying a limited
number of biochar samples, also found that PAH concentra-
tions are not at the environmental risk level. However, they
also indicated the need for a more systematic evaluation of
a complete range of chemical contaminants associated with
combustion and of toxic substances within feedstocks. In
an analysis of biochar for 16 recognized U.S. EPA PAHs,
it was concluded that slow pyrolysis and batch reactors did
not influence the PAH concentration in biochar and that
pyrolysis of woody biomass yielded biochar with consider-
ably lower PAH contents than straw biomass. These results
are consistent with the findings from Fabbri et al. (2013),
Keiluweit et al. (2012), Wang et al. (2017a, b), and Zhou
et al. (2014). In addition, on contaminated sites, hardwood
biochars have been found to reduce soil PAH accumulation
by 45% (Gomez-Eyles et al. 2011), while Pinus radiata-
derived biochar reduced phenanthrene by >99% (Rhodes
et al. 2010). Eucalyptus-derived biochar reduced diuron
sorption (Yu et al. 2006), chlorpyrifos, and carbofuran (Yu
et al. 2009).

Given the long-term stability of wood-based biochar, safe
rates of applications need to be determined for individual
soil types to avoid possible detrimental effects due to over
application (e.g., increased PAHs, reduction in soil produc-
tivity). Using biochar for soil remediation has significant
benefits, but on AML sites where wildlife forage or crops
may be planted, it is critical to limit the PAHs because they
are considered mutagenic, carcinogenic, or have toxic prop-
erties (Oleszczuk and Kottowski 2018). Accumulation of
PAHs in the food chain must be addressed before soil appli-
cation. Decreased PAH content on the biochar and in the soil
was usually accompanied by a decrease in biochar phytotox-
icity and toxicity. Under field conditions, the interaction of
soil, root exudates, and biochar can enhance the dissipation
of PAHs and enhance microbial diversity (Li et al. 2019).

There is increased global interest in using biochar to
enhance soil productivity to meet future global nutrition
needs while sustaining environmental quality and it is criti-
cal to understand its multifunctional role in agricultural,
environmental, and industrial sectors (Novak et al. 2016a,
b). Several biochar feedstocks, including pine wood dust,
significantly decreased the potential risk of human uptake
of phthalates (Wang et al. 2016). Similarly, bamboo biochar
enhanced soil sorption of the phthalate compound, but the
adsorption capacity was dependent on the soil organic C
levels and the aging characteristics of the biochar (Qin et al.
2016).
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Per- and polyfluorinated compounds (PFCs) are organic
pollutants found in fire retardants, surfactants, and other
polymers (Key et al. 1997). They are highly persistent, bio-
accumulate, and are toxic at high concentrations. Activated
C and two different biochars were examined to determine
if they could be used to remediate PFC contaminated soils.
Activated C was capable of almost complete PFC removal
during laboratory sorption experiments and was effective
at binding PFC in soils. In comparison, biochar made from
either mill waste or mixed wood was less effective at binding
the PFC compounds (Kupryianchyk et al. 2016). Although
untreated wood-based biochar is often ineffective at sorbing
organic contaminants, this type of biochar can be steam-acti-
vated to increase its effectiveness (Gu et al. 2018). Ahmad
et al. (2014) found biochar can be quite similar to activated
C. Additionally, wood-based biochar can contain a non-car-
bonized fraction that may interact with soil contaminants
and effectively bind them. These characteristics of biochar
show its potential as an effective environmental sorbent for
organic and inorganic pollutants. Further, wood-based bio-
chars produced at higher temperatures exhibit higher sorp-
tion efficiency for organic contaminant remediation in soil
and water and it is associated with the high surface area,
microporosity, and electrostatic attractions between charged
surfaces in biochar and ionic organic compounds (Xie et al.
2015).

3.3 Biochar health concerns and handling

Besides the chemical compounds and potential pollutants in
biochar content, there are several environmental considera-
tions that should be addressed when using biochar from any
feedstock. For example, Gelardi et al. (2019) noted that dust
emissions during production or application may be a concern
since biochars have a low bulk density and high porosity
(Downie et al. 2009). Blackwell et al. (2009) indicated that
biochar dustiness is a negative characteristic because it could
be susceptible to losses during transportation and applica-
tion. These two factors are easily overcome by tarping or
otherwise containing a load during transport or mixing the
biochar with water or compost during application. Bio-
char can also be lost through wind and water erosion when
applied on top of the soil during farming, so either banding
it into the soil or mixing with compost will help reduce dust
pollution and water transport. Biochar-caused health risks
have not been fully studied, although several authors have
pointed out that production method, feedstock type, and
handling and storage of biochar must be assessed to inform
decisions on human health risks (Blackwell et al. 2009;
Gelardi et al. 2019). On forest sites that have an intact forest
floor (Oa, Oe, Oi inclusive), the risks of dust and erosion
are minimized once the biochar migrates into the organic
matter. There are several biochar application methods such
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as mechanically by spreaders or by hand using animals
and farming equipment. This means that there are numer-
ous opportunities and methods to reduce dust emissions,
including combining biochar with other on-farm compost
material, liquid fertilizer, or lime (Blackwell et al. 2009;
Major 2010). However, Sigmund et al. (2019) recommend
that during biochar production and application, operators
and users should wear protective masks to avoid exposure
to small particles and dust.

Another safety concern is during biochar handling. Bio-
char is a very stable material once it has cooled, but precau-
tions are necessary to prevent spontaneous combustion and
avoid a fire hazard during storage. Garcia-Perez et al. (2011)
recommend removing dust-sized biochar from the bulk prod-
uct before storage and placing it in an open dry area for 24 h
before it is stored. Moderate-scale woody biochar can be
quenched during the production cycle, thereby reducing the
risk of combustion. A method to reduce dust during handling
is to pelletize the biochar using green leaves or needles as a
binder (Dumroese et al. 2011). This method also increases
transportability and ease of application. Finally, Gelardi
et al. (2019) indicated that there is a need to better under-
stand what creates dust emissions and which combinations
of soil and biochar physical and chemical properties could
create hazardous outcomes.

4 Regulations and standards for labeling
and certifications for biochar

The diversity of feedstocks, production methods, post-
production treatments, and the possible presence of heavy
metals or other pollutants point out the need for biochar
characterization for different applications (e.g., Avanthi et.
al. 2017; Buss et al. 2016; Domene et al. 2015; European
Biochar Foundation 2012; International Biochar Initia-
tive (IBI) 2015b; Manya 2012; Oliveira et. al. 2017). For
example, designer biochar created for specific soil limita-
tions or contaminants could be used as compared to bulk
biochar created from woody biomass at a field site or at
bioenergy facilities (Novak et al. 2014). Furthermore, the
characterization of biochar properties is critical for mar-
keting various biochar amendments and is essential for
optimizing its use for particular applications (e.g., AML
restoration, agricultural production). In 2012, the Euro-
pean Biochar Certificate (EBC) issued guidelines for the
sustainable production of biochar using a science-based
control mechanism to provide consumers with consistent
biochar quality and these guidelines also allow producers
to show that their product meets clear quality standards.
These guidelines are part of the foundational basis for
state-of-the-art knowledge transfer for future legislation.
The International Biochar Initiative (2015b) developed
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standards for characterization of biochar materials as a
soil amendment to achieve uniform product quality and
assist the biochar industry by providing information on
qualitative and physicochemical properties to consum-
ers. IBI issued these standards as the basis for its Bio-
char Certification Program. Both IBI and EBC guidelines
were compared to determine the differences between the
two standards (comparison found at: https://www.europ
ean-biochar.org/biochar/media/doc/IBI-EBC.pdf) and to
increase collaborative efforts between these two agencies.

In the U.S., biochar producers must follow federal and
state air quality regulations for smoke, particulate matter,
PAHs, and other pollutants. For example, in 1986 the U.S.
Congress passed the Emergency Planning and Community
Right-to-Know Act of 1986 (EPCRA) which directs and
establishes requirements for all government levels and indus-
try to be followed under the emergency planning and “Com-
munity Right to Know” for reporting on hazardous and toxic
chemicals. Specifically, Sect. 313 of EPCRA established the
Toxics Release Inventory (United States Environmental Pro-
tection Agency (EPA), 2020a). This inventory has thresholds
for 650 toxic chemicals and provides a tracking system to
manage those that pose a human or environmental threat.
This relates to biochar manufacturing facilities who would
have to report annual amounts on or in biochar products
(EPA 2017), but this should not be a problem for wood-
based biochar production or products (Oliveira et al. 2017).

Biochar awareness is increasing in the U.S. with biochar
producers participating in the voluntary USDA BioPre-
ferred program (Draper 2019). This program is designed to
increase the purchase and use of biobased products, incen-
tivize economic development, create new jobs, provide new
markets for farm commodities, increase the use of renewable
agricultural resources, and contribute to reduced adverse
environmental and health impacts (USDA 2020). In addi-
tion, the USDA defines biochar as a soil amendment with a
minimum threshold of 25% C, which is much lower than the
AAPFCO threshold of 60% C (AAPFCO 2016). This lower
amount of C allows for a variety of wood-based biochar
production methods that range from small kilns to large bio-
energy production facilities. Producers are required to have
their products tested by qualified, independent laboratories
who submit results directly to the USDA for certification.
Draper (2019) also pointed out that the Organics Materials
Review (OMRI) certifies biochar under their ‘ash’ or ‘wood
ash’ categories, both of which include crop fertilizer and soil
amendments. The OMRI standards also focus on safety and
specifically test for heavy metals (Cd, Pb, and As) based on
the USDA Organic Regulations for Organic Compost 7 CFR
§ 205.203(c) (OMRI 2020).

5 Biochar application for abandoned mine
land restoration in the U.S.

With the preceding review on possible benefits and risks of
wood-based biochar, what are the opportunities for using
biochar to remediate AMLs? Abandoned mine lands are
"those lands, waters, and surrounding watersheds contami-
nated or scarred by extraction, beneficiation or processing
of ores and minerals, including phosphate but not coal (EPA
2020b)”. Abandoned mine lands also include areas where
mining or processing activity is “temporarily inactive." In
2008, the General Accountability Office (GAO; Mittal 2011)
developed a standard definition for abandoned hardrock min-
ing sites and used this definition to determine that there are
at least 161,000 abandoned hardrock mine sites in the 12
conterminous western states and Alaska, and at least 33,000
sites have degraded the environment by contaminating sur-
face water and groundwater or leaving As and other pollut-
ant-contaminated tailings piles.

Restoration of AMLs is important because mine spoils
often contain residual heavy metals (e.g., Cd, Cr, Cu, and
Zn), sulfide bearing minerals (e.g., FeS and CuS), or have
organic pollutants. These contaminants result in various
impacts on the spoils, water, wildlife, and humans. For
example, low spoil pH can reduce or eliminate vegetation
cover, further enhancing sediment transport, and off-site
heavy metal movement via wind or water erosion and leach-
ing (Novak et al. 2016a, b). Using a wood-based biochar,
sourced locally, and applied to AMLs has the potential to
immobilize heavy metals, reduce bioavailability, improve
water retention capacity and quality, decrease soil erosion,
and promote vegetation establishment. In addition, wood-
based biochar applied on sites, with or without heavy met-
als, improves soil conditions for plant establishment further
reducing the risk of spoil wind and water erosion (Ippolito
et al. 2019; Johnson et al. 2015; Khalid et al. 2016; Sun
et al. 2018). Two wood-based biochar feedstocks (pine
beetle-killed lodgepole pine and tamarisk) reduced heavy
metal bioavailability in mine land soils and increasing bio-
char application rates resulted in increase in soil pH (initial,
3.97; final, 7.49) and a 55% to 100% (i.e., no longer detect-
able) decrease in metal bioavailability (Ippolito et al. 2017).

5.1 Wood-based biochar application restoration
strategies

The challenge of AML restoration, given the large number
of sites and the extent of mine-impacted landscapes in the
U.S., could be addressed by using biochar. We have noted
wood-based biochar characteristics that restore soil proper-
ties and processes, bind heavy metals, and decrease organic
pollutants. These properties are applicable on many polluted
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or disturbed sites and will result in the establishment and
growth of plants. Table 2 illustrates several examples of
wood-based biochar used alone or in combination with other
organic amendments for soil restoration at AMLs. Some
study sites are a combination of container and field trials,
but all trials are designed to facilitate the establishment of
native grass and forb species in the short term. All trials have
the long-term goal of establishing a diverse range of woody
shrubs and trees. Each AML is a unique combination of soil,
spoil, rock, and pollutants, which are not without challenges
to restore ecological and hydrologic soil functions (Peltz
and Harley 2016). Some other associated challenges are the
high costs of traditional reclamation practices, such as site
preparation, drainage disposal and treatment, importation of
clean topsoil, liming material, and revegetation. The main
benefits of using wood-based biochar for AML restoration
are the potential lower costs associated with using a locally
produced product, recalcitrance in the soil, detoxification,
liming, improvements in soil physical, chemical, hydrologi-
cal, and biological properties, improvement of both water
and soil quality, and other benefits such as improvement of
wildlife habitat, enhancement of C retention and sequestra-
tion, and associated ecosystems services benefits.

5.2 Non-contaminated soils

Many AMLs are not contaminated, but also do not have
vegetative growth either because of the loss of soil fines
through erosion or because rock was left after stream dredg-
ing. On AMLs near a ready supply of woody residues for
either conversion to biochar or for wood chips, restoration
to build organic matter can result in increased soil cover.
Building organic matter on rock piles within AMLs is key
to establishing vegetation either by seeding or planting
(Page-Dumroese et al. 2018a). In addition, Page-Dumroese
(2018b) reported that biochar applications on forest sites
should not disturb intact surface organic horizons. In a
series of field trials across the western U.S., wood-based
biochar generally increased soil moisture, particularly at the
22 Mg/ha application rate (Page-Dumroese (2018b). Soil
moisture content increased from 2% to 19%, depending on
soil type, ecosystem, and pre-application soil organic mat-
ter content. The lessons learned were: (1) woody feedstocks
offer a source of uniform biochar, but it should be assessed
for pH and other physical and chemical properties; (2) bio-
char application rates around 22 Mg/ha are the most effec-
tive for improving soil physical, chemical, and biological
properties; and (3) biochar applied to range and mine sites
can be relatively easy with existing equipment (i.e., range
rake, tractor), but on forest sites the biochar spreader (Page-
Dumroese et al. 2016) is much more efficient. Often, mine
spoils have little to no organic matter within the planting
matrix, so biochar additions may have to occur in succession
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so that the targeted species and ecosystem processes are on
the desired trajectory.

6 Forest management and biochar
production

Low- (or no) value woody residues are used to simultane-
ously create biochar and promote sustainable forest man-
agement in areas at a high risk for wildland fire (Fig. 1). In
addition to sustainably reducing tree volume in overstocked
forests, biochar has the potential to be used for many appli-
cations (e.g., waste management, renewable energy, C
sequestration, greenhouse gas emission reduction, crop
productivity), but one area that is in immediate need of
soil restoration is AMLs. Abandoned mine sites often have
extreme growing conditions that limit plant growth and the
addition of biochar and other amendments can be effective
restoration tools. Furthermore, C sequestered during biochar
application can be C-negative and, therefore, used to actively
remove carbon dioxide (CO,) from the atmosphere, with
potentially major implications for the mitigation of climate
change (Lehmann and Joseph 2015).

Page-Dumroese et al. (2017) indicate that the utilization
of woody biomass generated from forest restoration treat-
ments has historically been limited by high costs associated
with harvesting, processing, and transportation measured
against its low value as a fuel for heat and power. Costs
to extract material often exceeds its market value, leaving
material “stranded”, despite increasing interest in utiliza-
tion. The same is true for biomass generated from salvage
logging of dead and dying trees. Logs from these salvage
operations have lower value than green logs as a result of
damage from the attacking bark beetles, their associated
staining fungi, and other associated wood-destroying insects
and fungi. Forest operations also tend to be more costly in
dead stands, further narrowing profit margins. Consequently,
land managers are often forced to pile and burn biomass,
leading to environmental damage, air quality degradation,
and human health risks. Burning woody biomass in slash
piles leads to increased CO, and particulate emissions, long-
term negative soil impacts if piles are large, or CO, emis-
sions from decaying wood. Converting this ‘waste’ wood
into biochar offers a method for long-term C sequestration
and an opportunity for generating revenue (Fig. 1; Kim et al.
2015; Sahoo et al. 2019; Puettmann et al. 2020). There are
many opportunities on federal, state, tribal, and industrial
forest lands to use non-merchantable wood for biochar and
use it on local AMLSs. Currently, non-merchantable woody
residue remaining from thinning operations adds to the large
volume of biomass found at landings and this material could
be efficiently converted into bioenergy, biochar, and other
byproducts such as bio-oil. Conventional or fast pyrolysis
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Table 2 (continued)
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nication

successful plant growth, but
no future monitoring has

been planned

char was applied at different
rates: (1) control, (2) biochar

at 76 m® ha™'; humate at

to reclaim lands at these

approximately 14 miles

mine sites and increase soil

cover

northeast of Meeker, CO

897 kg ha™'; and mycorrhi-

zae at 67 kg ha™!, (3) biochar
at 38 m> ha™! and the same

levels of humate and mycor-
rhizae as treatment 2, and

(4) no biochar and the same

levels of humate and mycor-

rhizae as treatment 2
Conifer wood biochar (2.5%)

Johnson et al. 2019

Total tree survival rate at

Silver Butte in Douglas Using biochar and other soil

Formosa Mine

1 year after plantation was

from conifer wood lime (1%)
and biosolids (0.25%) were

applied. Trees from local

amendments to promote
plant establishment

County, OR

85% and average tree growth
was 8.8 cm. Total tree sur-

vival rate at 18 months after
planting was 81% and aver-
age tree growth 16.1 cm

seed sources were planted in

November 2017
In the fall of 2018, the area

between rows was amended

could be the answer, but newer small- (e.g., portable kiln,
rick-style slash piles) or moderate-scale (e.g., mobile pyroly-
sis unit, modified air curtain burner) production systems can
be used on-site. This possibility has the advantage of local
production for decreased transportation costs to local AML
sites (Fig. 1).

Given an increased interest in using woody residues gen-
erated from thinning or bioenergy harvests to make biochar
and to lower transportation costs of moving non-merchant-
able woody material to a pyrolysis unit, biochar can be cre-
ated on site by in-woods deployment of pyrolysis equipment.
In-woods or near-woods biochar production has advantages
for forest soil or AML restoration (Fig. 1). Current efforts
to convert biomass normally burned in slash piles to biochar
can result in a 10-35% by volume increase of recalcitrant
C into the soil (Hernandez-Soriano et al. 2016). Droughty
conditions, acid mine drainage, heavy metals, or organic pol-
lution can be addressed through the use of biochar on AML
sites (Kimetu and Lehmann 2010; Phillips et al. 2016).

The potential for biochar production from federal lands
has not been fully explored. However, the One Billion Ton
report indicates that there is potential for up to 334 mil-
lion dry metric tons of forest wastes and residues that could
be produced each year on a sustainable basis in the U.S.
(Buford and Neary 2010). Further work must be done to
support the vision outlined in the Billion-Ton Update (Lang-
holtz et al. 2016) to use biomass conversion systems that
co-produce or produce biochar. Converting this biomass to
biochar could be particularly beneficial in the western U.S.
where wildfire seasons are longer and generate more severe
fires than in previous decades. Wood-based biochar could
also increase forest resilience for better adaptation to cli-
mate change, increase forest productivity, decrease insect
and disease attacks, and other environmental benefits such
as C sequestration or water retention.

To restore AMLs, the use of sorbent amendments and
stabilization strategies to reduce contaminates and promote
revegetation and environmental recuperation are the current
methods. Biochar should be regularly considered as one of
the amendments. Biochar has desirable properties to be used
as a safe soil amendment and for long-term C storage, while
also improving soil characteristics. One advantage to using
biochar as a tool for AML restoration is that it is a more sta-
ble form of C as compared to other remediation techniques.
Many soil amendments, such as papermill sludge, biosolids,
manures or composts, have the disadvantage of not being
highly recalcitrant and lasting within the soil profile for a
short time. Biochar has the advantage of having a soil resi-
dence time of several hundred to thousands of years.

How much biochar do we need for AML restoration? The
amount of biochar and wood chips applied per acre varies
according to site conditions, but effective restoration results,
starting 2 years after biochar applications, were noted with
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Fig. 1 Biomass supply chain for creation and application of biochar
for AML restoration depicting (a) harvesting near abandoned mine
sites, (b) use of wood products from sawtimber, (¢) using forest resi-

an application rate of ~20 Mg ha~! (Page-Dumroese et al.
2018a). Several authors have noted wood-based biochar
benefits for vegetative cover and improved soil proper-
ties (Table 2). In addition, there is an increased retention
of bioavailable metals and decreased toxicity, among other
environmental benefits. If one goal of AML restoration is to
improve soil C from nearly zero in sterile, non-ore-bearing
materials, to something closer to normal levels, then the
amount of biochar needed could be in excess of 60 Mg ha™!
(Kelly et al. 2014). One additional key benefit of biochar is
that it lowers soil bulk density and, therefore, can be effec-
tive for ameliorating gas and oil pads or abandoned road
compaction.

Although there is considerable knowledge about wood-
based biochar use for AML restoration, there are still
research needs that should be addressed as this work moves
forward. For example, local micro- and macro-fauna should
be examined for their tolerance to biochar additions, parti-
cle size, and production method. In addition, little is known
about invertebrate responses after AML restoration or if
biochar just dilutes a contaminated substrate and there-
fore results are lessened. Future long-term research work
that examines ecological, hydrological, and soil-specific
responses will contribute to our growing database regard-
ing wood-based biochar.

L ahk

sftaedhen

h

dues directly or for (d) wood chips that are (e) converted to biochar
during (f) pyrolysis and (g) biochar added to abandoned mine sites
near the forest to (h) restore soil and vegetation

7 Conclusions, recommendations,
and research needs

Wood-based biochars have been demonstrated to restore
AMLs in the U.S. because of the potential environmental
benefits at mine sites and the potential to decrease the risk of
wildland fires. However, professionals working on AML res-
toration have previously had concerns about its use because
of a lack of knowledge about wood-based biochar and its
potential to mitigate heavy metal availability, plant uptake,
environmental applications, health concerns, regulations
and standardization, and application rates. This literature
review was conducted to address those concerns and provide
information about the potential of wood-based biochar and
additional amendments to be applied to restore AMLs. The
main highlights of this review are:

e Wood-based biochar characteristics vary among feed-
stock species, production methods, and processing con-
ditions.

e Wood-based biochar has low or no PAHs or dioxins/
furans contaminants and, if present, the levels are gener-
ally lower than current cleanup levels required by law.
Polycyclic aromatic hydrocarbons and dioxins/furans
associated with biochar produced under normal opera-
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tion conditions are unlikely to affect human health or
pose an environmental hazard.

e Wood-based biochar has a significant potential to address
several environmental issues including remediation of
pollutants in soil, water, and gaseous media. This could
improve soil, water and air quality, C sequestration, and
greenhouse gas emissions from the soil. When applied on
AMLs it can reduce the bioavailability of heavy metals,
improve soil water holding capacity and water quality,
decreases soil erosion, and promote vegetation establish-
ment.

e Combining wood-based biochar application with other
composts, liquid fertilizer, or lime helps reduce overall
costs and minimizes the potential for dust emissions.

e Standards, certification of biochar, and support pro-
grams such as the USDA BioPreferred program have
been implemented to characterize biochar materials to
achieve more consistent levels of product quality. Regu-
lations are in place to ensure that listed toxic chemicals
associated with biochar are reported.

e Wood-based biochar results are variable depending on
soil properties, biochar type, plant species, and metal
contaminants. Wood-based biochar created from woody
residues can bind metals, decrease contaminant mobility
and bioavailability, stimulate microorganism activity, and
promote soil revegetation and recovery.
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