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Abstract. Black carbon (BC), from incomplete combustion is found in almost every environment, either formed in situ
of fuels and biomass, has been considered highly recalcier transported through various means, including aeolian and
trant and a substantial sink for carbon dioxide. Recent studriverine transport (Kuhlbusch, 1998). BC deposited in soll
ies have shown that BC can be degraded in soils. We useonstitutes a significant, yet relatively poorly understood
two soils with very low spatial variability sampled 100 years component of soil organic carbon (Schmidt, 2004). Until
apart in a Russian steppe preserve to generate the first wholeecently, BC was thought to be generally recalcitrant, with
profile estimate of BC stocks and turnover in the field. Quan-an average turnover rate in soil of thousands of years. This
tities of fire residues in soil changed significantly over a cen-assumption was based on charcoal findings in soil that were
tury. Black carbon stock was 2.5kgth or about 7-10%  radiocarbon dated to be thousands of years old (Skjemstad
of total organic C in 1900. With cessation of biomass burn-et al., 1996; Forbes et al., 2006), as well as evidence of
ing, BC stocks decreased 25% over a century, which transmillennial turnover of BC in marine sediments (Masiello
lates into a centennial soil BC turnover (293 years best estiand Druffel, 1998). This inert character has made BC an
mate; range 182-541 years), much faster than so-called ineitleal candidate for an atmospheric carbon sink (Kuhlbusch,
or passive carbon in ecosystem models. The turnover timéd998). However, significant BC degradation has been ob-
presented here is for loss by all processes, namely decompaerved in Atlantic marine sediments, where a relict turbidite
sition, leaching, and erosion, although the latter two werelost around 64% BC over 10-20 thousand years (Middelburg
probably insignificant in this case. Notably, at both time et al., 1999). Additionally, recent short-term laboratory and
points, the peak BC stock was below 30cm, a depth interfield studies have shown evidence for degradation of BC in
val, which is not typically accounted for. Also, the quality of soil (Bird et al., 1999; Hamer et al., 2004; Brodowski, 2005;
the fire residues changed with time, as indicated by the usélockaday et al., 2006). Incubation studies, conducted for
benzene polycarboxylic acids (BPCA) as molecular mark-two months to two years, show BC turnover times of decades
ers. The proportions of less-condensed (and thus more eagHamer et al., 2004; Brodowski et al., 2005). However, these
ily degradable) BC structures decreased, whereas the highliyncubation studies have limitations that make extrapolation
condensed (and more recalcitrant) BC structures survived unef data difficult: (i) only topsoil was incubated (to 20 cm)
changed over the 100-year period. Our results show that B@nd the studies were (ii) short-term, (iii) represented labora-
cannot be assumed chemically recalcitrant in all soils, andory conditions, and (iv) used char produced artificially and at
other explanations for very old soil carbon are needed. low temperature. Direct field measurements and long-term,
in situ confirmation of how stable this material is, i.e. what
BC turnover times are in the environment, are still lacking.
We took advantage of a 100-year interval soil sampling of a
Russian Chernozem to study long-term change of BC in the

Black carbon (BC) is a product of incomplete combustionf'eld‘

of fossil fuels and biomass burning (Goldberg, 1985) and Chernozems are the 8th most common soil order, cov-
ering approximately 7% of earth’s ice-free land area (Bell
and McDaniel, 2000). Nearly all of the 117 million ha of

Correspondence tavl. W. I. Schmidt Chernozems in the Russian steppe and 12 million ha of Cher-
BY

(michael.schmidt@geo.uzh.ch) nozems in the Ukrainian steppe are used for agriculture

1 Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

1340 K. Hammes et al.: Centennial black carbon turnover

(Stolbovoi and McCallum, 2002). Russian Chernozems havause and a second profile (1997-2) was collected under the
substantial organic carbon stocks of 28—34 kefnfor the same preserved land cover approximately 1 km away within
top 1 m under native (undisturbed) grassland (Torn et al.the reserve (Torn et al., 2002). Samples were collected from
2002; Mikhailova, 2006). Native Chernozem grasslands carthe wall of a pit dug for this purpose, starting from the bottom
be found only in a few preserves, including the Kamennayaand sampling in a channel over the whole of each horizon or
Steppe Preserve created between 1882 and 188% (81  depth increment. Soil organic carbon and carbon isotopes
40°7 E, Lapenis et al., 2000). (33c and“C) in archived and both 1997 profiles were mea-

At about the same time as the Kamennaya Steppe presured by Torn et al. (2002). For this study, BC was measured
serve establishment, almost all of the region’s steppe waén the archived and main (co-located) 1997 profile, as well as
converted to agriculture and, most importantly for our study, in soils collected in 2004.
fires which were frequent on the steppe, were suppressed by In addition to the 1900 and 1997 samplings, an additional
human activity, resulting in almost total cessation of onceChernozem soil profile was sampled in August 2004 under
frequent biomass burning inputs of BC to soil. These cir- the same steppe land cover roughly 1 km from the main 1900
cumstances gave us the unique opportunity to document thand 1997 pits and near the 1997-2 profile (Table 1). This soil
change in BC stocks over time, and to estimate a turnovewas sampled to a depth of 100 cm after scraping away the
time of BC in soil, in study with the following advantages: (i) open wall of an existing soil pit. Samples were collected
along time period (ca. 100 years), (ii) an in situ field site, (iii) from the wall of the pit, starting from the bottom and sam-
natural char produced in situ, (iv) a deep soil profilel (m) pling in a channel over the whole of each horizon. A plowed
and (v) no known land use change or disturbance. Currentlysoil profile was also sampled next to the pristine steppe pro-
estimates of black carbon stocks and turnover in soil are mafile, in 10 cm depth increments, to 70 cm deep.
jor gap in understanding of the global carbon cycle (Schmidt |n calculating BC stock, we used bulk densities measured
2004). by Torn et al. (2002) in the two 1997 soil profiles (Table 1;
averaged for each depth increment), and assumed bulk den-
sity to be the same in 1900. There was a good correlation
between the 1900 profile and the two 1997 soils for both
C content and thickness of all horizons, supporting the as-
sumption that the soil bulk density was similar (Torn et al.,
Soils were collected in the land holdings of the Dokuchaev2002). The measured bulk density values were interpolated
Institute, in the ~5000-ha Kamennaya Steppe Preserveand applied to the soil sampled in 2004 according to the sam-
(51°01' N and 4043 E). The soils were developed on loess Pling depth increments. Because sampling depth increments
and C|ay deposited around 4500-6000 years ago durin@'] 2004 were not the same as those in 1900 and 1997 soils, it
the mid-Holocene (lvanov 1991) and categorized as CherWas possible to compare 2004 BC stock for the whole profile
nozems. but not horizon by horizon.

The mean annual temperature from 1989-1998 w&$%6.6
and from 1893-1950 was 3@. Mean annual rainfall 2.3 Representativeness of the soil monoliths
from 1989-1998 was 507.7mm, an increase of 70mm .
(mostly winter precipitation) over the 1893—-1950 average ' n€ watershed of the Kamennaya Steppe Preserve sits on ae
(438.5mm) (Sentsova, 2002). Additional information on olian deposits (yellow carbonate loess). Therefore, there is
the climate conditions in the area can be found htp: little spatial variation in the soil parent material, and the to-
/ldata.giss.nasa.gov/gistemp/statitata/ using the stations Pography is very flat. The typical variation in height is on
Kamennaja Ste (3D'N, 40°7 E) and Voronez (577N, order of 5 m per km (except a few gullies). Replicate soil

2 Materials and methods

2.1 Field site and climate

392 E). profiles sampled 1 km apart in 1997 had similar carbon con-
tent and horizon characteristics with depth (Table 1). We be-
2.2 Soil sampling lieve that the soil profiles sampled in 1900, 1997 and 2004,

and analyzed here, are fairly representative of soil conditions
The 100-year old soil monolith was collected between 1895under pristine steppe at the time of sampling, since the land-
and 1903 (called 1900 soil from here on) and is almostscape is homogenous and there was little variation among
140 cm deep. According to the original sampling notes andreplicate soil pits sampled in 1997.
current observations, the monolith was sampled without dis-
turbing the horizon structure, and kept horizontal withoutany2.4  Black carbon analysis
resin treatment in a wood box to keep it dust-free. The loca-
tion of the sampled site and the collection procedures werd\e analyzed BC in each soil sample using benzene polycar-
detailed previously (Lapenis et al., 2000; Torn et al., 2002).boxylic acids (BPCAs) as markers for the presence of fire-
In August 1997, one soil profile was sampled from almost ex-derived organic matter (Brodowski et al., 2005). Briefly, trip-
actly the same location (within meters) under the same landicate samples were digested with Hjl@ 170 C for eight
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Table 1. Selected characteristics of soil profiles. The site sampled in 1900 and 1997 is compared to three other soil profiles about 1 km away

1341

sampled in 1997 (1997-2) and 2004. All of the soils were developed on the same loess parent material.

Sampling year Depth Bulk density Organic carbon 813C of OC  Black carbon
(description) cm gcms gkg™1 dry weight %o gkgldry
weight
(standard
deviation)
19002 0-5 0.52 105.3 —25.8 7.62:1.0
(archive steppe soil) 5-12 0.68 815 —25.9 6.32£0.8
12-20 0.73 59.7 —25.4 5.780.2
20-36 0.86 45.9 —25.3 4911.1
36-50 0.85 38.2 —25.4 4.1#0.8
50-65 1.12 317 —25.4 2.1%0.1
65-78 1.17 17.2 —24.8 1.150.3
78-100 1.23 7.7 —24.2 0.030.0
100-120 1.24 4.7 —23.6 0.03t0.0
120-134 1.32 5.1 —23.8 0.010.0
19972 0-5 0.52 100.3 —28.0 5.1@-0.5
(sampled at site of 5-13 0.82 61.0 —26.2 499%1.0
archive steppe soil) 13-21 0.84 55.3 —26.0 5.140.3
21-37 0.86 46.6 —25.8 4.38:0.7
37-45 0.99 36.7 —25.6 3.26t0.8
45-53 1.12 25.9 —25.6 2.3@0.0
53-68 1.32 13.4 —25.0 0.18:0.1
68-90 1.32 8.7 —24.9 0.02£0.0
90-107 1.32 4.0 —24.7 0.030.0
107-130 1.32 7.4 —24.0 0.010.0
1997-22 0-5 0.61 78.0 —27.7 -
(sampled ca. 1km 5-12 0.68 68.0 —25.8 -
from archive steppe 12-20 0.73 66.2 —25.6 -
soil) 20-36 0.72 49.6 —25.4 -
36-50 0.85 34.9 —25.2 -
50-58 1.01 28.6 —245 -
58-75 1.17 21.6 —25.0 —
75-82 1.20 17.3 —25.0 -
82-102 1.23 6.5 —24.8 -
102-122 1.24 4.8 —24.0 -
122-142 1.24 45 —23.3 -
2004 0-5 0.52 74.2 —25.9 6.14-0.6
(sampled ca. 1km 5-20 0.83 55.7 —-25.4 7.48:1.8
from archive steppe 20-50 0.99 28.8 —-25.0 2.35%:0.8
soil) 50-80 1.25 26.0 —24.9 0.78:0.3
80-100 1.25 27.5 —-21.4 0.010.0
2004-plowed 0-10 0.77 47.3 —25.0 44104
(sampled ca. 1km 10-20 0.93 45.5 —-25.0 4.05:0.9
from archive steppe 20-30 0.93 44.0 —24.9 3.88:0.6
soil) 30-40 0.91 414 —24.8 5.49-0.0
40-50 0.94 334 —24.9 2.88-0.8
50-60 0.97 30.8 —25.3 1.34:0.2
60-70 0.95 33.0 —25.2 0.24:0.1

@ Data based on Torn et al. (2002).
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hours, purified, and the sum of BPCAs in each sample anado use this equation to solve for turnover time, we assume
lyzed after derivatization on a gas chromatograph equippedhat before 1900, BC stock was in equilibrium with historic
with a flame ionization detector. The error bars for eachBC inputs, so §=lp t. This is parallel to the common as-
point on the graphs are the standard errors of two to thresumption in SOC modeling that SOC stock is in equilibrium
single analyses of dry weight soil. In published literature, with NPP and at steady state. To assist in removing redun-
BPCA data has sometimes been multiplied with a conver-dant terms, we define two dimensionless variables: First,
sion factor of 2.27 to compensate for incomplete BC recov-around 1900 black carbon inputs fell to a fractigi of their

ery (Brodowksi et al., 2005). However, this factor is cur- former input level, so I¥ lp. Second, we defing, the frac-
rently disputed and we did not use it for our results. Further-tion of original BC remaining{=S/%).

more, the BPCA method was recently evaluated in a com- With those substitutions, Eq. 2 was rearranged to solve for
parison of different BC methods used for soils and sediments::
(Hammes et al., 2007). This study concluded that differ-
ent methods measure different parts of the BC continuumy = ——
with varying biases due to non-BC being measured as BC. (In %)
Some of the most important results of that comparison for

the present study were that the BPCA method (i) can be usedhe final consideration for soil C models is the number of
for a conservative quantification of BC in a soil matrix, (i) Pools to model. SOC is modeled with varied levels of com-
yields information on BC quality (reflected by its molecu- Plexity, with some models having multiple C pools, such as
lar marker pattern), and (iii) can be reproduced with a stan-active, slow, and passive, and others having only one. One
dard error £10%) typical for many measurements in envi- approach to separating SOC into pools of different turnover

—t

©)

ronmental matrices, including soil. time is to physically isolate fractions of different density,
size, position relative to aggregates, or chemical composi-
2.5 Statistics tion, and then treat each fraction as a homogeneous pool.

Following this approach, we assumed that BC is homoge-
A one-tailed t-test with matched pairs was done to testheous with respect to turnover; in other words, all BC has
the hypothesis that the 1997-soil does not have less BGhe same turnover time and same probability of being lost,
than the archive soil (JMP 5.1.2, SAS). The statistical testregardless of depth in soil or original source. This simplifi-
was done on pair-wise (comparable-depths) horizon samplegation has also been used in sof@-based modeling using
10 horizons for each profile. a shift between €and G vegetation, in somé&*C turnover

studies, and by others. In reality, SOC, and thus presumably
BC as well, comprises a wide range of chemical forms and
We estimated BC turnover time with the approach used toiS found in_small a_nd Ia_rge particles, OCCIUde.d in aggregates,
estimate SOC turnover time in maRjC and24C isotopic a}nd asso.mated w_|tr_1 mlnerals: that lead to d|ff<_arent turnover
studies (e.g., Balesdent et al. 1988: Trumbore, 1993: Velglimes. Given sufficient data, it would be possible to model

kamp, 1994) and most ecosystem models, including Cen-eaCh fraction as two or more pools. We adopt a one-pool

tury, CASA, IBIS-2, and Rothamsted (Randerson et al. appro"’?‘:h because we do not have enou_gh da’Fa to con_strain
199'6; Kuch’arik et él., 2001; Parton et al., 1994; Jenkin—'a multi-pool model. Nevertheles_s, studies using fractpns
son, 1990). Specifically, we model outflow of BC from to enable modeling SQC as multiple pools represent an im-
soil as a linear, donor-controlled (i.e., first-order decay) pro_provement. over modeling all SOC as one pool.. To summa-
cess in which loss is linearly proportional to stock, and rize, for this mgdel we made four assumptlor?s. (1) lO.SS of
assume that the C pool is well mixed such that all CBC from the ?O” is a first order decay process; (2) BC_Z is ho-
in the pool has an equal probability of loss at any time. mogenous \.’\."th. respept to tu_rnover., (3) the BC stock in 1900
Thus: outflow (kg m2y—1)=kS=Sf, where S=black carbon WS IN equilibrium with BC inputs; and (4) after the 1900
stock (kg nT2), k=decay constant (y}) andr=turnover time sampling, BC inputs decreased in accord with the decrease

(y)=1/k. BC inputs (, kg m~2y—1) are largely a function of in regional fire frequency. The turnover time presented here

plant biomass and combustion, and thus are largely indepeni—s for loss by all processes, including decomposition, leach-

dent of BC stock in soil. Therefore, the change in BC stockN9: and erosion. Based on the mathematical model, the rate
with time, inputs minus outputs car’1 be expressed as: of loss with respect to decomposition alone is slower than

whatever value is obtained for loss with respect to all pro-

2.6 Estimating turnover time

as _,_s (1)  cesses combined.
dt T Variables Legend:
Integrated to obtain an expression for BC stocks with time, S=stock of black carbon, kgn¥, So=archive stock of BC
the equation above yields: b=0.75 =S/So
s t=time, y since original sampling.
St)=1—-(— So)e F (2) t=turnover time (y)=1/k, where k=decay constant

Biogeosciences, 5, 1339350 2008 www.biogeosciences.net/5/1339/2008/
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Fig. 1. (a)Black carbon concentrations (gk§ dry weight soil) of the 1900 soil (thin black line, open squares) and 1997 soil (thick black
line, filled circles). The data are without the 2.27 correction factor often used with the BPCA method to compensate for the fact that not all
BC is converted to BPCA (Brodowski et al., 2005). Error bars show the standard deviation of replicate laboratory areysepdr soil
sample).(b) Black carbon as proportion of organic carbon for the 1900 and 1997 &iBlack carbon stock of the 1900 and 1997 soils.

I=BC input flux to soil, kg nr2y~1 no BC input for the past 100 years) to 20% of historic lev-

lo=historic BC input, kg m?y—1. els. If we assume long-range input of BC via aerial transport

f=ratio of modern input flux to historic input flux. (Kochand Hansen, 2005) and accordingly increase the input
(flo=inputs after 1900, kg Py 1) fraction, this would result in faster turnover times for BC in

this soil. For such input estimates, however, note that BC
2.7 Sensitivity analysis for model estimates of turnover @S defined for atmospheric measurements is not equal to BC
time as defined for soils and sediments (Andreae and Geéencs
2006; Hammes et al., 2007).

Using Eg. 3, we estimatedfor a range of plausible values of

t, b, andjf to take into account our uncertainty in the original

sampling date, the bulk density 6f1900 soils, and the re- 3 Results and discussion

duction in BC inputs post 1900, respectively. The scenarios

used to explore the effect of parameter uncertainty on our es3.1  Black carbon concentrations

timated turnover times are described here and summarized in

Table 2. The archive soil was sampled somewhere betweeRew other studies to date have quantified BC concentrations
1895 and 1903, so we used a range=f#4 to 102 years to over the whole soil profile (see Kleber et al., 2003; Wang et
test model sensitivity to the time interval between sampling.al., 2005; Rodionov et al., 2006). Most BC concentration
We cannot rule out the possibility that bulk density changedstudies report only the topsoil values (to 30 cm depth). How-
over the 100year period, although this change is likely toever, the observed maximum concentration of BC (Fig. 1a;
be small because carbon density and horizon thickness weneported as g BCkg' soil dry weight, determined as total
not different between the 1900 and 1997 sampling (bulk denBPCA without correction factor throughout the paper) in our
sity was only measured in 1997). We varied the bulk densitystudy was below the topsoil. BC made up a substantial 7%
used in calculating the 1900 stock By10%, which resulted of OC in the whole profile in these soils, with a maximum
in a range for the BC stock in 1900 of 2.3-2.8kgfnand  contribution to OC of about 10% at 30-50 cm (Fig. 1b). The
therefore different values @f. For example, if there was no 2004 BC concentrations also decreased with depth, but this
change in bulk density between modern and 1900 samplingssoil had its maximum concentration closer to the surface (5—
thenb=1.92 kg CnT%/2.55 kg C nT2=0.75. Finally, the fire 20 cm, data not shown). Studies limited to surface horizons
frequency in the region decreased after the Preserve was estiss the location of the most concentrated BC, and where BC
tablished, and thus so did BC input to the soil. We cannotcontributes most to soil organic C. Analyzing BC with the
quantify the precise reduction in BC input, but note that lesssame method, another study on Russian Chernozems further
than 5% of the Preserve has burned since its inception. Waorth (Kursk) also found the maximum BC concentration be-
explored input levels fromf=0 to 0.2, meaning black C in- tween 30 and 50 cm (49—75 g BCkbC with the correction
puts after 1900 fell to 0% of historic black C inputs (i.e., factor, 22-33 g BC kg! C without) (Rodionov et al., 2006).

www.biogeosciences.net/5/1339/2008/ Biogeosciences, 5, 13562008
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Table 2. Modeling parameters for the sensitivity analysis, depict-
ing three scenarios of black carbon turnover time: best estimate,
minimum and maximum (see text and Fig. 5 caption for details).

T
[&]
Scenario t f So b T % 1.9 2.0 2.0
§=1.92 @ 2
Best estimate 94 01 255 075 292 3
Min. (+10%BD) 94 0.2 25%1.1 0.684  182.0 % 1
Max. (—10% BD) 102 0.0 2.5%0.9 0.837 541.2 =
h 0 T T T
wnere 1900 1997 2004 2004-plowed

t=time between samplings (years)

f=ratio of modern BC input flux to historic input flux (0-10% BC
input)

So = archive stock of black carbon (kg*rﬁ)

S=stock of black carbon (kg ?)

b=fraction of original BC stock remaining (dependent on change in
bulk density)

T=turnover time (years)

BD = bulk density

Fig. 2. Total profile BC stocks of steppe soil sampled in 1900, 1997
and 2004. Error bars show the standard deviation of replicate lab-
oratory analyse:2-3 per soil sample). The BC stock decreased
25% between 1900 and 1997. The comparative 2004 soils are also
about 25% lower.

Texas (Ansley et al., 2006). The stock in the top 5¢cm of a
savanna soil in Zimbabwe was 0.04 kgf(using a dichro-

) . mate oxidation method) (Bird et al., 1999). The fact that
That study did not report BC stocks or bulk density, and al-g¢ stocks are usually only determined for the top 10-20cm
most no other studies have either, making it almost imposSiieans that most studies dramatically underestimate the black

ble to determine stqrage and BC turn(_)ver rates in other SO”%arbon (and carbon) stocks of deep, carbon-rich soils (Torn
(Preston and Schmidt, 2006). Interestingly, the 1997 BC congt 5. 2002; Preston and Schmidt, 2006). The total carbon
centrations are significantly lower than the 1900 BC conceniacks, and sink or source potential, in these soils is much

trations throughout the soiR=0.015), decreasing with depth

) larger than that conveyed by only considering the topsoil.
to almost zero at around 120-130 cm (Fig. 1a).

3.3 Quality of black carbon
3.2 Black carbon stocks

An advantage of the BPCA method above other BC quan-
The profile-total black carbon stocks of the 1997 and 2004tification methods is that it can give an indication of the
soils are 25% lower than that of the 1900 soil (1.9kg@m change in quality of BC in a soil. A change in black car-
and 2.0 kg C m? vs. 2.5 kg C m?, respectively, Fig. 2). Our bon structure during the course of degradation is mirrored
results suggest that BC was lost from the soil over 100 yearsby the BPCA pattern. The BPCA markers used in our
Other studies, summarized by Forbes et al. (2006), indirectiyquantification method were formed during the HNGXi-
suggest substantial losses of BC in other soils in hundreds oflation of BC. The maximum number of carboxylic groups
years, also when inputs were reduced. While the BC stockseflects the number of formerly found quaternary C atoms
for the 1900 and 1997 soils are similar in the top 20 cm, in the(Brodowski, 2005). Thus, BC with a higher degree of con-
40-80 cm region the 1997 soil has a consistently lower BCdensation should result in higher proportions of the penta-
stock than the historic, 1900 soil (Fig. 1c and Fig. 2). Data on(B5CA) and hexacarboxylic (B6CA) benzoic acids relative
soil BC stocks worldwide are scarce (Preston and Schmidtfo BPCAs with less quaternary C atoms (B3CA, B4CA)
2006) and no data were found on other Russian Chernozem¢Brodowski et al., 2005, 2007). In other words, if BPCA
BC stock (using the same quantification method as in theanalysis yields larger proportions of B6CA, this indicates
present study) in a German Chernozem was lower than atarger proportions of highly condensed BC (recalcitrant)
our site, with 1.0 kgm? to 1 m depth, but as in our study structures compared to less condensed (and more degrad-
they found larger BC stock in the subsoil than in the top- able) BC particles. And indeed, Fig. 3 shows increasing
soil (Kleber et al., 2003). For comparison with our surface proportions of B6CA released from highly condensed (re-
soil BC stocks (Fig. 1c), in the surface soil of a North Ameri- calcitrant) BC structures over the 100-year period. Also, the
can prairie, BC stocks were 0.1-1.5 kgfrfor the top 10cm  pattern of all BPCA (Fig. 4) shows one clear trend. The pro-
(Glaser and Amelung, 2003). In a study using a different BCportions of less-condensed (and thus more easily degradable)
quantification method (UV oxidation), BC stocks were 0.3— BC structures decreased, reflected by decreasing proportions
0.4 kg nT2 for the top 20 cm under mixed-grass savanna inof B3CA to BSCA, whereas the highly condensed (and more

Biogeosciences, 5, 1339350 2008 www.biogeosciences.net/5/1339/2008/
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recalcitrant) BC structures survived, reflected by constant B6CA % of total BPCAs

stocks of B6CA. Again, the B6CA can only be released from 0 20 40 60 80 100
the highly condensed aromatic core (the backbone) of BC, ° ' ' '
which obviously was more or less unchanged over the 100-
year period. A possible trend for the future could be that
BC degradation will level off, once the less-condensed BC 20
structures have been degraded and the highly condensed (ar
more recalcitrant) BC structures survive.

40
3.4 Black carbon turnover time

Having a difference in BC stock between two points in time,
along with a known reduction in BC inputs, allowed us to
estimate the turnover time of BC with a simple model. We
estimated the maximum turnover time of BC in this soil to
be 541years, and the minimum to be 182years, with the
range due to uncertainty in sampling interval, fire cessation,
and bulk density (Table 2, Fig. 5). The conservative, maxi-
mum turnover time of 541 years is calculated assuming post-
1900 inputs of BC were reduced completely, bulk density
had increased by 10% over the 100-year period, and the soi
was sampled in the earliest year mentioned (188302y
from the time of 1997 re-sampling). Our best estimate, cal-
culated with previously published values for sampling date
(1903) and bulk density (no change from present), and the 140
assumption of a 90% reduction in pre-1900 BC inputs from

biomass burning, is 293y. In the Zimbabwe study, which : . .
looked at soil BC stocks 50 fter burning had st dreleased from the highly condensed, aromatic (and recalcitrant) core
ooked at ol Stocks SUyears after burning had Stoppe0y¢ g o crures. Relative contributions of BECA to the total BPCA

soil BC had a turnover time between 50 and 100 years, which, 190 (thin black line, open squares), and 1997 (thick black line,
is faster than ours, but it was estimated only for 0-5cm andijieq circles). Error bars show the standard deviation of replicate
in a warm, tropical climate (Bird et al., 1999). laboratory analyses:£2—3 per soil sample). After one century of
The estimated turnover times were reasonably robust desoil BC loss relative contributions of BECA increased indicating
spite uncertainty in some parameters. Figure 5 and Table hat mostly the recalcitrant BC is left behind (see also Fig. 4).
show the sensitivity of our estimated turnover times to un-
certainty in: the time since sampling, reduction of BC inputs
post 1900, and bulk density of the 1900 soil which affects present in soil, given what is known about BC inputs rates to
b. Each line shows for a different combination of and f soil (as reviewed by Forbes et al., 2006; Preston and Schmidt,
(i.e., for a given linet and f are fixed while bulk density 2006) (at equilibrium, stock=input rateurnover time).
varies on the x-axis). Lines A and B have combinations of The BC turnover times in this study were calculated un-
¢t and f that produce the minimum and maximum possible der the assumption that BC is homogenous with respect to
7 within our estimated uncertainty ranges. The figure showsturnover (see Sect. 2.7), but it is almost certain that BC in
that our estimate of is most sensitive to uncertainty in bulk soil has a range of turnover times (Lehmann, 2007), as we
density of the 1900 soil, with an approximate two-fold in- have shown with the changing quality of BC in (Sect. 3.3).
crease inr from a+10% range in bulk density. In contrast, It is possible, for example, that the observed 25% reduction
the uncertainty in time of sampling(lines A vs. C) or in  in BC happened very quickly after reduction of inputs circa
how much BC inputs were reduced (lines A vs. B or lines C 1900 (i.e., 25% of BC had a very rapid turnover time) while
vs. D) each contribute only about 12% uncertainty ifLine the rest had a much slower turnover time. This would be con-
E shows that if BC inputs have not been reduced as muchistent with our finding that almost all B6CA was retained
as we assume, the true turnover may be even faster than wghile much of the other forms of BC were lost. As with
have estimated here. other types of soil organic carbon, turnover times of BC are
Black carbon with ages 1000 years has been found pre- likely to vary with chemical form, physical form, and depth
served in soil, suggesting a long turnover time (millennia) and micro-environment in the soil. Moreover, the residence
in some cases (Forbes et al., 2006), but like all soil organidime reported here is a whole-profile average value whereas
matter, BC exists in a continuum of turnover times. If all BC there is likely a gradient in turnover time with depth. We em-
had such long turnover times there would be much more B(phasize that the best-estimate turnover time presented here is

60

Depth (cm)

100

1900
120 W 1997

Fig. 3. Mellitic acid (B6CA) is a molecular marker that is only
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Fig. 4. Benzene polycarboxylic acid (BPCA) pattern of black carbon for whole soil profiles (1900 and 1997) as influenced by time for
whole soil profiles of 1900 and 1997 under pristine steppe (B3EAwemimellitic, trimellitic, trimesic acids; BACAX. pyromellitic,
prehnitic, mellophanic acids; BSCA=benzene pentacarboxylic acid; B6CA=mellitic acid). Error bars show the standard deviation of replicate
laboratory analyses€2—3 per soil sample).

a conservative value and that turnover, or at least a significandlecrease in B6PA stock between samplings was so small (in
fraction of soil BC, could be even faster than predicted. InEq. 3, ash approaches 1, turnover time approaches infinity,
fact, when splitting the BPCAs into two pools with presumed meaning no decay).

different turnover times, we got an indication that confirms  as with other types of soil organic carbon, the rate of soil
the heterogeneous nature of BC. A fast turnover pool (rel-BC turnover is a function of its formation conditions (e.g.,
atively labile BPCA compounds) is represented by the sum¥jre temperature, duration, and oxygen supply) (Baldock and
of B3CA, B4CA and B5CA, and a slow turnover pool (rel- smernik, 2002; Brodowski et al., 2006; Cheng et al., 2006;
atively stable BPCA compounds) is represented by B6CA.| ehmann 2007) and the environment (e.g., climate, soil ag-
As with the bulk SO”, we anaIyZEd the prOﬁIe'tOtal Change in gregation, minera]ogy’ bio]ogica| act|v|ty) (Masie”o’ 2004)
stock between the historical and 1997 samplings. Figure 6yariations in formation conditions and the environment sup-
gives the range of turnover times for these two pools, forport the idea of BC as a continuum of more or less condensed
scenarios that span reasonable values for the time-betweeBiemental carbon with different chemical and physical reac-
sampling, cessation of fire inputs, and bulk density (Table 2) tjyity (Forbes et al., 2006; Preston and Schmidt, 2006). Ox-
The fast pool has a range of turnover times between 55 angjjized BC has been found in dissolved organic matter in a
120years, depending on the scenario, with a best estimatgyrest soil with visible pieces of 100-year-old charcoal in
turnover time of 83y (Fig. 6A). The slow pool turnover had the topsoil, where filamentous bacteria were seen growing
a best-estimate turnover time of 812y (Fig. 6b), with a range(Hockaday et al., 2006). Black carbon particles, deposited
of 350-12360y. The upper bound on the range, howevergphout 6000 years ago and collected from a tropical subsoil,
was very sensitive to uncertainty in bulk density because thejisplayed a highly aromatic core, and a highly functionalized
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in stock ¢; see Table 2). Each line showsor a different combi- 0% 5% 0% . 10%
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and B bracket the minimum and maximum possibl©ur estimate
of T is much more sensitive to uncertainty in bulk density (two-fold
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o S ) . Fig. 6. Range of turnover times for th@) fast BPCA pool (sum of
effect)_tha_n it is j[o uncer'talnty in sampllrlg year (lines A vs. C) or B3CA, BACA, B5CA) and(b) the slow BPCA pool (B6CA). The
reduction in BC inputs (lines A vs. B or lines C vs. D) which each ¢ circles show the best estimate for the fast pool (a) of 83 y and

contribute about 12% uncertainty in Line E shows that if BC in the slow pool (b) of 812 y. Scenarios A to E are described in Sect. 2
puts have not been reduced as much as we assume, the true turnO\éq{

. d Fig. 5.
may be even faster than we have estimated here.

3.5 Role of black carbon in the global carbon cycle
outer surface (carboxylic and phenolic groups) where mi-
crobial and chemical degradation had taken place (Lehmanin addition to the reduction of BC inputs due to cessation of
et al., 2005). Incubation studies show that BC, by provid-biomass burning at our study sites, atmospheric trends over
ing more growth surfaces, stimulates the growth of microor-the past 100 years may have affected the loss of BC from the
ganisms, which in turn break down the BC. With the addi- soil. There has been trend of increasing precipitation and
tion of glucose, BC mineralization is further enhanced. Co-temperature since the 1950’s in our study area (Sentsova,
metabolism could thus be an important mechanism of BC2002), which could have altered the decomposition rate of
decay (Hamer et al., 2004). Bird et al. (1999) found thatthe soil organic matter by increasing soil moisture and chem-
BC can undergo natural degradation or loss, but like in ourical and microbial activity. The influence of environmental
study, they could only speculate as to the mechanisms: oxieonditions on BC degradation is not well known, but warm-
dation to CQ, illuviation to deeper parts of the soil profile, ing can enhance decomposition even of relatively recalcitrant
or solubilization and loss as dissolved organic matter. Preferorganic matter (Knorr et al., 2005). Thus it is possible that
ential erosion of BC has been observed in steep-sloped tropghese climatic trends have accelerated BC degradation rates
ical soils (Rumpel et al., 2006), but is very unlikely to have in this region relative to their rates before 1950. In that case,
played a significant role in our study site. All these mech- our estimated turnover time is possibly slower than expected
anisms have been observed in various studies (see abovdr the current climatic conditions, since some of the time
but further studies are needed to elucidate the conditions angderiod included in this analysis, around the turn of the previ-
controls of BC turnover from different pathways, to under- ous century, had a less favorable climate for decomposition
stand the BC budget in different soils. in this region.
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The region’s subsoils have also lost&ta which was (1) When steppe fires occurred regularly (until year 1900)
present as calcium carbonate over the past 100 years, whidblack carbon stocks were large (7—10% of total organic C),
has been linked to the trend in increasing precipitation (Lape-and the peak BC stock was below 30 cm, which would be
nis et al., 2008). It is considered likely that calcium is missed in typical soil inventories focusing on the topsoil only.
involved in stabilization reactions with BC (Czimczik and  (2) When the input BC in fire residues stopped, stocks of
Masiello, 2007), and there is circumstantial evidence that theBC decreased significantly (25%) within a century, translat-
loss of calcium from soil is associated with the loss of BC ing into a centennial soil BC turnover (293 years as best esti-
(Clough and Skjemstad, 2000). mate) — much faster than so-called inert or passive carbon in

Black carbon in this soil turns over on a 182-541y time- ecosystem models.
scale, which is much faster than previously thought for soil  (3) Only the stocks of less-condensed (and thus more eas-
BC (IPCC, 2001). Moreover, this BC turns over more rapidly ily degradable) BC structures decreased, whereas the highly
than the bulk organic matter at this site (Torn et al., 2002),condensed (and more recalcitrant) structures from the core of
meaning that the BC we analyzed here is more labile tharthe BC survived unchanged over the 100-year period.
much of the other soil carbon constituents. For the first (4) Soil BC can cycle on century time scales, and thus is
time we directly could demonstrate (using molecular markerlikely not as recalcitrant as previously thought, and other ex-
analysis) that only the stocks of less-condensed (and thuglanations for very old soil carbon are needed.
more easily degradable) BC structures decreased, whereas
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