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Globally, soils contain two to three times more carbon than is stored in all vegetation or in the
atmosphere and thus play an important role in the global carbon cycle (Figure 1). Changes in
land use and in land cover due to human activities can affect how much carbon accumulates in
soils and how much is released to the atmosphere. Tracking changes in soil carbon is important
for understanding the full effect of carbon sequestration projects and for complete accounting
of a site’s total carbon budget. Carbon in soils is composed of organic carbon, which is derived
from the biological remains of plants, animals and microbes, and of inorganic carbon, which
is primarily associated with carbonate minerals. Organic carbon is an essential component of
soil fertility; hence, monitoring soil carbon is important also for estimating the productivity of a
site. This primer reviews the most common methods for quantifying organic carbon in soils and
discusses their benefits and limitations in the context of accounting for carbon sequestration.
Key Terms: Soil, Carbon, Sequestration, Measurement, Inventories, Allometry, Spectroscopy,
Loss-on-ignition, Elemental Analysis

Methods for Measuring Soil
Carbon
The amount of organic carbon in soils is
influenced by multiple factors including
climate, vegetation, biological activity, soil
type, topography, hydrology and human
activities (Figure 2). These factors can vary
spatially and temporally even at a particular
site, often leading to heterogeneous distributions of soil carbon at a location, which
renders accurate quantification challenging.
An important consideration in accounting

for soil carbon at a site, hence, is the selection of representative types and numbers
of samples. In addition, soils vary in the
amounts of carbon stored at different depths
so that appropriate sampling depths need to
be assessed.
Methods for measuring soil carbon can be
classified into indirect and direct approaches. Indirect methods, which include using i)
available data inventories and ii) allometric
models, are generally faster but less accurate
than direct measurements, which involve
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Terrestrial
Vegetation
450 – 650 PgC

Atmosphere
805 PgC

Ocean
38,000 PgC

Soil
1,500 – 2,000 PgC
(top 1 meter)

Fossil Fuels
5,000 – 10,000 PgC
(coal, oil, gas)

Figure 1: Major global carbon reservoirs. 1 pgC = 1015gC. Data from Houghton 2007.
iii) direct sampling of soils and chemical or physical
analysis of carbon concentrations or iv) remote sensing using calibrated spectroscopy. Direct methods are
more time- and labor intensive as they require sample
collection, sample preparation, and specialized technology but provide more accurate site-specific data (Figure
3). The following sections describe the advantages and
limitations of these methods. A detailed comparison of
the methods, including cost estimates, is presented in
Table 1.

Indirect Approaches
i. Data Inventories

Overview: The inventory method employs existing data
to estimate the amount of soil carbon at a new site. The
reliability of this method depends on the availability of
data for comparable sites, with similar climates, vegetation types or land covers, or soil types, as the particular
site of interest. Global analyses estimating the effects of
changes in land cover on soil carbon stocks commonly
apply available inventories of soil carbon under different
land cover types.
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Advantages: Time and economic investments required are
low. This approach is useful for estimating carbon stocks
at large geographic scales or at sites where sampling
and analysis is not feasible. Access to data can be free or
relatively inexpensive as many soil carbon inventories
are available online in public databases, in the published
literature, or directly from the authors by request.
Limitations: The accuracy of this method is low. Sitespecific conditions, including land use history, can cause
significant variations in soil C stocks from site to site. Inventoried data often are compiled from multiple sources
and collected by different methods, which add another
level of uncertainty. Data may not be available for sites
of interest, especially in remote regions and in many
tropical countries. Recent analyses concluded that most
available tropical soil carbon is heavily biased towards
sites on highly weathered soils and under high rainfall,
which are not representative of the diversity of environmental conditions in the tropics.

ii. Allometric Models

Allometry uses quantitative relationships between soil
carbon and other variables that are more readily mea-

sured, such as vegetation type or biomass. These mathematical relationships are derived from direct measurements of representative samples and then can be used to
extrapolate to a larger sample size or site. This approach
is commonly used in forestry for estimating stand biomass.
Advantages: Benefits of this method include low cost
and quick implementation due to advances in computing
allowing for rapid data processing. Allometric equations
are available for different types of ecosystems and can reduce the need for destructive sampling required in direct
and field sampling methods.
Limitations: A limitation of this method is decreased
accuracy. Allometric relationships are affected by sitespecific factors, such as forest age, or regional variables,
such as climate. Obtaining an accurate representation of
the sample site for developing predictive equations often
involves taking hundreds of samples, depending on the
size of the project. Furthermore, there are fewer available
equations for soil carbon than for tree carbon.

Direct Approaches

i. Analytical measurements

The concentration of carbon (usually in unit of % or mg
C/g soil) in a sample can be measured directly in the laboratory through three primary methods, described below.
These values can then be converted to carbon content or

stocks on a per area basis (kg C/m2 or t C/ha) using information on soil bulk density, which is the mass of soil in a
known volume, and the sampling depth. When comparing across sites, it is important to compare contents and
not concentrations, especially under different land uses,
as the amount of soil, and hence the amount of carbon,
can vary in sites that are more or less compacted. For
example, sites A and B may have the same concentration
(2%) of C in samples collected from 0-10 cm soil depth.
However, if the bulk density is double(1.2 g/cm3) that of
site B (0.6 g/cm3), the two-fold difference in soil mass in
the same depth interval will result in site A having twice
as much soil carbon as site B (2.4 vs 1.2 kg C/m2).

a. Chemical oxidation

A traditional approach for estimating carbon in soil samples involves chemical treatment, with or without heat,
which links the conversion of organic carbon to carbon
dioxide to a chemical reaction that can be measured by a
change in the amount of a reagent or in the color or pH of
the resulting solution. These methods have been mostly
replaced by the two dry combustion methods discussed
below, which have higher accuracy, are less time-intensive, and require little to no toxic chemicals.

b. Loss-on-Ignition

The loss-on-ignition (LOI) method estimates carbon
concentrations based on the difference in mass after
a sample is combusted at 350-440 ºC for a sustained

Table 1. Summary table of the various methods of soil carbon measurement techniques
and their respective time requirement, associated cost, and accuracy.

Measurement
Technique

Time
Required

Cost
Associated

Accuracy

Model based Measurement
Inventories

Low

Low

Low-Medium

Allometry

Medium

Low

Low

Medium

Medium

Medium-High

Elemental Analyzer Medium

High

High

Reflectance
Spectroscopy

High-Low

Medium

Direct Measurement
Loss on Ignition

Low

Key: Time Required: Low (days-months), Medium (months -1 year). Cost Associated: Low
(free to little cost), Medium (labor costs but little to no specialized equipment), High (high
$$$ initial investment into specialized equipment but low per sample analysis).
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Figure 2. (right) The amount of

carbon in soils differs by climate,
soil type, depth, vegetation type, and
disturbance or management history.
These two soil pits under tropical forests visibly present differences in soil
carbon stocks based on the depth and
vertical distribution of dark brown colored soil, which reflects high amounts
of organic matter. The soil on the left
has developed from a 350,000-year
old lava flow in Hawai’i, which receives
almost 3000 mm in rainfall annually.
The soil on the right, from a Puerto
Rican forest site, receives on average
1000 mm less rainfall a year but is
much older and more highly weathered. The recent volcanic soil has on
average 375 tC/ha while the highly
weathered soil has around 100 tC/ha
in the top 1 m.

Figure 3. Soil samples can be collected from pits (shown left) or using soil corers (right). Digging pits allows one to see differences in the vertical distribution of visible soil properties (e.g. color, texture, rock content,
structure) and is important for comparing similar layers which may vary by depth at different locations. The core
approach is less time intensive and allows for greater numbers of samples to be collected in the same amount
of time as digging a pit, but one is not able to gather visual information about the soil layers or soil depth before
coring.
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period of time. This method assumes that organic matter
is volatilized at this temperature. The amount of organic
matter is calculated as the difference in mass of a sample
before and after heating. The amount of organic carbon
is calculated from the amount of organic matter using a
conversion factor that can vary by soil type, but typically
averages 45-50% C.
Advantages: LOI is a relatively inexpensive method, as it
only requires a muffle furnace or an oven that can reach
high temperatures, and a balance - equipment commonly
available in most agricultural and soil labs.
Limitations: The combustion and volatilization of soil
components other than organic matter at high temperatures can affect the accuracy of the LOI approach. The
samples are air-dried before treatment to reduce the effect
of moisture loss, but the breakdown of some soil structures can release tightly-held water molecules, leading to
greater mass losses. Carbonates may also break down at
these temperatures. These confounding factors can lead
to large sources of error, especially in samples with low
carbon concentrations.

c. Elemental analysis

An elemental analyzer is a specialized instrument that
uses gas chromatographic separation and thermal conductivity detection to measure concentrations of carbon,
nitrogen and other elements. This method also uses combustion, but here the sample is heated to over 1000 ºC
and all carbon is volatilized. The gas then passes through
a series of columns with oxidation and reduction catalysts
where all carbon is converted to carbon dioxide. The
carbon dioxide is separated from other gases by column
chromatography and its concentration measured by a
thermal conductivity detector. This analysis can be done
on small (mg) samples. Sample pre-treatment requires
air-drying, grinding to a fine powder, and accurate weight
determination on a balance with high precision.
Advantages: This method is the most accurate and precise
of all methods considered here and is the gold-standard
for soil carbon research. The analysis is automated, and
most instruments have the capacity to run hundreds of
samples continuously, greatly increasing the number of
samples than can be analysed in a short period of time.
Limitations: Elemental analyzers and their supplies and
reagents are expensive and while their operation is not
difficult, they do require regular maintenance. Sample

preparation can be time-intensive, including ensuring that
the samples are ground to a fine powder. Samples with
inorganic carbon require carbonate removal before analysis. In addition, since sample masses are so low, accurate
mass determination requires a specialized balance with
high precision. This analysis is available for a fee at user
facilities worldwide or can be accessed through collaborations with research labs.

ii. Reflectance spectroscopy

Reflectance spectroscopy uses differences in the absorption and reflection of light by carbon and other particles
in the soil. This method, developed for remote sensing
of the environment from aircraft, has been modified for
hand-held or vehicled instruments on the ground. This
approach requires calibration of reflectance values with
samples of known carbon concentrations, usually determined by elemental analysis for higher accuracy.
Advantages: Field spectroscopic methods are fast and
non-destructive and can take hundreds of measurements
at a time. Other soil data can be collected at the same
time using this same approach.
Limitations: This approach uses relatively new technology scaled to the field. The specialized equipment can
be costly to acquire and difficult to travel with over long
distances, especially through international customs. This
approach is more efficient for comparing relative concentrations of carbon between samples or across sites. Due
to confounding interference by soil minerals, different
calibrations should be made for different soil types. Soil
moisture can also affect the absorption and reflection of
light by soil particles so that measurements of soil water
content should also be taken on the dates of field analysis.

Considerations and Conclusions

Soils can store large amounts of carbon, and in some
ecosystems can hold more carbon than all plant biomass.
Several direct and indirect methods exist for quantifying
the amount of organic carbon held in soils. An appreciation of the factors that may influence carbon concentrations across the landscape and across time is important
for determining the location, frequency, and intensity of
sampling. Selection of the appropriate method depends
on the specific project goals and availability of resources,
the spatial resolution of interest, and the desired accuracy
and precision.
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Sample Regional or Global Soil Carbon Inventories
• UNEP and WCMP Global Soil Carbon Map:
http://www.carbon-biodiversity.net/GlobalScale/Map
• Carbon Dioxide Information Analysis Center Oak Ridge National Lab Terrestrial Carbon
Management Data Sets and Analyses: http://cdiac.ornl.gov/carbonmanagement/
• Global Environment Facility Soil Organic Carbon Project Website:
http://www.nrel.colostate.edu/projects/gefsoc-uk/
• Soil Resource Data Bank University of Florida:
http://soils.ifas.ufl.edu/faculty/grunwald/research/projects/SoilDB/SoilDB.shtml
• National Soil Carbon Network: http://www.fluxdata.org/nscn/
• FAO/IIASA/ISRIC/ISSCAS/JRC, 2012. Harmonized World Soil Database:
http://www.iiasa.ac.at/Research/LUC/External-World-soil-database/HTML/index.html
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