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FOREWORD 

The IAEA promotes nuclear and related technologies that help Member States improve food 
security and ensure sustainable agriculture. The Joint FAO/IAEA Division of Nuclear 
Techniques in Food and Agriculture focuses on developing techniques that use nuclear and 
related technologies to increase the efficiency of resource use in agricultural soil, water and 
nutrient management practices.  
 
Agricultural management practices that optimize soil organic carbon sequestration and water 
and nutrient use efficiency enhance food security and sustainable agriculture. These practices 
also promote climate-smart agriculture by making soils and plants more resilient to climate 
change and by reducing greenhouse gas emissions. Accurate measurements and data analysis 
are the first steps in ensuring proper evaluation and selection of such agricultural management 
practices. Information on how to perform such evaluations, however, often does not properly 
illustrate  how to conduct each of the steps involved.  
 
The present publication provides guidance for scientists, technicians and students in the use of 
laser CO2 carbon isotope analysers to evaluate agricultural management practices and optimize 
soil organic carbon sequestration for sustainable and climate-smart agriculture. Laser CO2 
carbon isotope analysis is a relatively new technology that allows for real-time, in situ 
measurements of the concentration and carbon-13 signature of CO2. Because this type of 
analysis is relatively simple and can provide robust data, it is increasingly being used to monitor 
and track CO2 emissions.  

This publication presents four standard operating procedures (SOPs) that provide guidance on 
the use of laser isotope analysis to conduct reliable measurements of CO2 gas from soil or plant 
materials in ambient air or closed chambers. Two of the four SOPs (Creating Reference Gases 
for Gas Isotope Analysis and Data Management of Laser CO2 Carbon Isotope Analyser 
Collected Measurements) were developed by the Joint FAO/IAEA Division; the remaining 
SOPs (Measurements Using the Laser CO2 Carbon Isotope Analyser in Continuous Free Flow 
Mode and Injection Mode) clarify and illustrate existing procedures and include additional steps 
to enhance the accuracy and precision of CO2 measurements. Additionally, an example study 
is described that uses these four SOPs to evaluate carbon loss from soils using a laser CO2 
carbon isotope analyser. 
 
The Joint FAO/IAEA Division wishes to thank all contributors to its Soil and Water 
Management and Crop Nutrition Subprogramme and those involved in the preparation of this 
publication. The IAEA officer responsible for this publication was J. Chen of the Joint 
FAO/IAEA Division of Nuclear Techniques in Food and Agriculture. 



EDITORIAL NOTE

This publication has been prepared from the original material as submitted by the contributors and has not been edited by the editorial 
staff of the IAEA. The views expressed remain the responsibility of the contributors and do not necessarily represent the views of the 
IAEA or its Member States.

Neither the IAEA nor its Member States assume any responsibility for consequences which may arise from the use of this publication. 
This publication does not address questions of responsibility, legal or otherwise, for acts or omissions on the part of any person.

The use of particular designations of countries or territories does not imply any judgement by the publisher, the IAEA, as to the legal 
status of such countries or territories, of their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered) does not imply any intention to 
infringe proprietary rights, nor should it be construed as an endorsement or recommendation on the part of the IAEA. 

The IAEA has no responsibility for the persistence or accuracy of URLs for external or third party Internet web sites referred to in this 
publication and does not guarantee that any content on such web sites is, or will remain, accurate or appropriate.



CONTENTS 

1. INTRODUCTION ................................................................................................... 1 

1.1. BACKGROUND ....................................................................................... 1 
1.2. OBJECTIVE .............................................................................................. 1 
1.3. STRUCTURE ............................................................................................ 1 

2. CREATING REFERENCE GASES FOR GAS ISOTOPE ANALYSIS ................ 2 

2.1. SCOPE AND FIELD OF APPLICATION ............................................... 2 
2.2. BACKGROUND INFORMATION AND CONSIDERATIONS ............. 2 
2.3. PRINCIPLE ............................................................................................... 2 
2.4. REQUIRED GASES ................................................................................. 4 
2.5. EQUIPMENT ............................................................................................ 4 
2.6. PROCEDURE ........................................................................................... 5 
2.7. CALCULATIONS ..................................................................................... 8 
2.7.1 CALCULATING THE VOLUME OF GAS THAT CAN BE HELD IN 

A FILLED TANK. .................................................................................... 8 
2.7.2 CALCULATING THE VOLUME OF CO2 GAS AND SYNTHETIC 

AIR TO ADD TO THE REFERENCE GAS TANK TO REACH A 
DESIRED REFERENCE GAS CO2 CONCENTRATION ....................... 9 

2.7.3 CALCULATING THE VOLUME OF CO2 WITH HIGH δ13C AND 
THE VOLUME OF CO2 AT NATURAL ABUNDANCE LEVELS TO 
MIX TO CREATE A CO2 GAS WITH A DESIRED δ13C VALUE. ....... 9 

3. MEASUREMENTS USING THE LASER CO2 CARBON ISOTOPE 
ANALYSER  IN CONTINUOUS FREE FLOW MODE ..................................... 11 

3.1. SCOPE AND FIELD OF APPLICATION ............................................. 11 
3.2. BACKGROUND INFORMATION AND CONSIDERATIONS ........... 11 
3.3. PRINCIPLE ............................................................................................. 12 
3.4. EQUIPMENT .......................................................................................... 12 
3.5. PROCEDURE ......................................................................................... 12 

4. MEASUREMENTS USING THE LASER CO2 CARBON ISOTOPE 
ANALYSER  IN INJECTION MODE .................................................................. 15 

4.1. SCOPE AND FIELD OF APPLICATION ............................................. 15 
4.2. BACKGROUND INFORMATION AND CONSIDERATIONS ........... 16 
4.3. EQUIPMENT .......................................................................................... 16 
4.4. PROCEDURE ......................................................................................... 16 

5. DATA MANAGEMENT OF LASER CO2 CARBON ISOTOPE ANALYSER  
COLLECTED MEASUREMENTS ...................................................................... 21 

5.1. BACKGROUND ..................................................................................... 21 
5.2. ADVANTAGES AND POTENTIAL LIMITATIONS .......................... 21 
5.3. PRINCIPLE ............................................................................................. 21 
5.4. SOFTWARE ............................................................................................ 22 
5.5. PROCEDURE ......................................................................................... 22 
5.6. CALCULATIONS ................................................................................... 25 
5.6.1. CALCULATING THE SOIL SURFACE AREA AND VOLUME OF 

MEASUREMENT CHAMBERS. ........................................................... 25 



5.6.2. CALCULATING THE FLUX OF CO2-C. .............................................. 26 
5.6.3. CALCULATING THE FLUX OF CO2-C PER AREA. ......................... 26 
5.6.4. CALCULATING THE KEELING PLOT INTERCEPT. ....................... 26 

6. CASE STUDY: MEASURING CARBON LOSS OF MAIZE CROP RESIDUES  
APPLIED IN INCUBATED FRESH, REVIVED AND STORED SOILS .......... 27 

6.1. BACKGROUND ..................................................................................... 27 
6.2. MEASURING SOIL AND MULCH CARBON LOSS .......................... 27 
6.3. RESULTS AND DISCUSSION .............................................................. 29 

CONTRIBUTORS TO DRAFTING AND REVIEW .................................................... 34 

 
  



 1

1. INTRODUCTION 

1.1. BACKGROUND 

Laser CO2 carbon isotope analysers are increasingly used to track CO2 levels and trace the 
source of carbon emissions through isotope analysis. This relatively new technology provides 
many benefits for tracking and tracing changes in CO2 emissions compared to older isotope 
technologies, such as continuous, robust measurements of changes in CO2 concentration in real-
time and the 13C isotopic signature in CO2. However, instructions on how to perform such 
evaluations are often limited. Member States require this guidance to improve soil management 
practices for sustainable and climate-smart agriculture using nuclear techniques. Isotope 
technology, such as the laser CO2 carbon isotope analyser can be used to evaluate and select 
agricultural management practices that reduce CO2 emissions and optimize soil organic carbon 
sequestration and water and nutrient use efficiency for food security and sustainable agriculture.  

1.2. OBJECTIVE 

This publication was developed to guide scientists, technicians and students in the use of a laser 
CO2 carbon isotope analyser to track and trace CO2 that, for example, can be emitted by soils. 
It contains novel protocols on how to create reference gases for calibration and quality control 
and how to manage data as well as how to enhance accuracy and precision of CO2 
measurements.  

1.3. STRUCTURE 

Four illustrated, step-by-step standard operating procedures (SOPs) on how to obtain 
measurements using a laser laser CO2 carbon isotope analyser describe: (1) creating reference 
gases, (2) calibrating the laser CO2 carbon isotope analyser, (3) sample measurements and (4) 
data correction. A fifth case study demonstrates how these protocols can be used to measure 
soil CO2 emissions.   

The first SOP describes how to mix CO2 gases to create reference gases that are essential for 
ensuring accurate and precise CO2 measurements and allow for comparison of measurements 
across times and different instruments. The second SOP clarifies and illustrates an example 
calibration of a laser CO2 carbon isotope analyser using a reference gas in continuous free flow 
mode and further clarifies use of the instrumentation to measure concentration and δ13C of CO2 
in this mode. The third SOP clarifies and illustrates an example calibration of a laser CO2 carbon 
isotope analyser using a reference gas in injection mode and demonstrates use of the 
instrumentation to measure concentration and δ13C of CO2 in this mode. The fourth component 
describes how collected data should be evaluated and corrected prior to reporting results to 
ensure precision and accuracy. The last component of this publication is a case study that 
demonstrates how the laser CO2 carbon isotope analyser can be used to measure CO2 emissions 
from a soil incubation experiment. This combines the four SOPs to show how they may be used 
in an experiment to evaluate soil CO2 emissions. 
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2. CREATING REFERENCE GASES FOR GAS ISOTOPE ANALYSIS 

2.1. SCOPE AND FIELD OF APPLICATION 

Laser CO2 carbon isotope analysers should always be properly calibrated to ensure accurate 
measurements. One of the first steps when calibrating is to acquire standard reference gases that 
are used to check for instrument accuracy and precision. Reference gases with predetermined 
CO2 concentration and 13C-CO2 isotopic signature within appropriate ranges (similar to that of 
sampled CO2) are, however, not commercially available, requiring researchers to create 
alternatives. However, non-commercially made reference gases risk inaccuracies due to 
contamination with external CO2 (such as CO2 in the atmosphere or individual breath) that 
occurs during production or due to poor verification of the gas before use. One source of error 
can occur during the common use of gas bags to mix gases. This is likely due to weak seals that 
allow for CO2 exchange with the atmosphere over time, prior to sampling on a laser CO2 carbon 
isotope analyser. This risk can be reduced by making reference gases in larger batches that do 
not need to be made or verified often as well as by making and storing gases in a well-sealed 
steel line and tank. Atmospheric CO2 also cannot be used as an alternative to stored CO2 
reference gases due to variation in the concentration and δ13C of atmospheric CO2 that can even 
vary by more than 100 ppm and several per mil δ13C on a diurnal basis [1]. 

This section describes a sealed gas mixing line design in which steel gas tanks can be evacuated 
and filled with gases in order to mix and create a desired CO2 reference gas (Figure 1. and 
Figure 2.). Example calculations are provided on how to determine how much of different gases 
to mix in order to create a reference gas with a desired CO2 concentration and δ13C value.  

 
2.2. BACKGROUND INFORMATION AND CONSIDERATIONS 

Laser isotope analysers are frequently used in greenhouses and the field. So, for ease of 
transportation, reference gas tanks should not be too heavy, 50 L gas tanks are ideal for use in 
the lab and 10 L gas tanks are more practical for use in the field. 

Gas tanks containing pressurized gas must be stored in well-ventilated areas and securely 
mounted. For secure operations, including transport to the field, it is recommended that 
reference gas tanks only be filled to a maximum of 10 bar. 
 

2.3. PRINCIPLE 

The described sealed gas mixing line (Figure 1. and Figure 2.) can isolate gases from the 
atmosphere and can be used to create CO2 reference gases with a desired CO2 concentration 
and δ13C value without contamination. By mixing gases with known CO2 concentrations and 
δ13C at the right proportion (calculations described in section 2.7), CO2 concentration and δ13C 
can be diluted to the desired amount.  
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Figure 1. Diagram of the described sealed gas mixing line developed to mix gases. Letters next to each point are associated 
with equipment described in 2.5. 
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Figure 2. Picture of a sealed gas mixing line produced based on the sealed gas mixing line diagram in Figure 1. A “tube 
cracker” chamber that can be used to introduce gases that are in glass vials to the mixing line is also attached to the injection 
port in case a gas is introduced to the line by a glass vial rather than syringe. 

2.4. REQUIRED GASES 

 Synthetic air (without CO2) containing N2 and O2 (with pressure regulator from 0 to 
15 bar). 

 Pure CO2 at natural 13C abundance (δ13C varies depending on source, δ13C of CO2 must 
be determined).  

 Pure CO2 with high δ13C (δ13C varies depending on source).  

2.5. EQUIPMENT 

Letters a-h associated with each equipment piece are associated with Figure 1. Items i and j are 
not shown in Figure 1 as they are not attached to the sealed gas mixing line. 

a) Rotary vacuum pump (pumping speed > 1 m3 h-1, ultimate vacuum better than 
10- 3 mbar) 
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b) Vacuum meter (10-3 to 1 mbar) 
c) Pressure meter (0 to15 bar) 
d) Synthetic air tank 
e) Injection port (for CO2 introduction by gas syringe) 
f) Empty steel gas tanks (0.5 to 10 L bottles as desired, pressure regulator from 0 to 

15 bar) 
g) Stainless steel fittings and gas lines (length and diameter will vary depending upon the 

fittings of the pump, meters, valves and tanks) 
h) Five-line valves 
i) Gas tight syringe (100 mL) 
j) Gas bag or gas vial with septum for needle gas exchange1 

 

2.6. PROCEDURE 

Reference gases can be created with the goal of having a certain CO2 concentration, and/or with 
the goal of having a specific δ13C- CO2 isotopic signature. In the first case, when the CO2 
concentration is of interest, a desired target CO2 concentration is set. This value is obtained by 
diluting a pure CO2 gas with CO2-free synthetic air. The procedure for this method is described 
step by step here below, and the calculation for the dilution ratios can be found in section 2.7.2. 

If a reference gas with a desired δ13C- CO2 isotopic signature and a specific CO2 concentration 
is needed, then the reference gas is created in two steps. First, CO2 gas having a known, high 
δ13C-CO2 signature is diluted with CO2 gas at natural abundance. The calculation for these 
dilution ratios can be found in section 2.7.3. To perform the mixing, the same step by step 
procedure below can be followed, with the following substitutions: 

 Pure CO2 gas at natural abundance will take the role of “synthetic air”  
 A CO2 tank with high δ13C will replace the “CO2 gas source”  

In the second step of making this reference gas with a desired δ13C- CO2 isotopic signature and 
a specific CO2 concentration, this pure CO2 gas with the target δ13C is diluted to the desired 
CO2 concentration, again using the target CO2 concentration procedure here below. 

 

 
Step 

 
Procedure 

 

Step 1   
 
Evacuate 
reference 
gas tank 

Connect the reference CO2 gas 
tankf (without pressure regulator) 
to the gas line. Open vacuum 
pumpa, vacuum meterb and 
reference gas tankf line valves (in 
red). Also open reference gas 
tankf. Close valves to injection 
porte and synthetic air tankd.  

 

                                                 

1 Gas bags can be purchased from for example Restek Co., PA, USA, vials from Supelco, USA 
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Turn on vacuum pumpa and run 
until pressure (as read on the 
vacuum meterb) is lower than 
5×10-2 mbar to evacuate the 
reference gas tank and line. 
Depending on the pump, running 
time may last 1-2 hours. Close all 
line valves and the reference gas 
tankf main valve, turn off the 
vacuum pumpa. 

 

Step 2 
 
Evacuate 
gas bag or 
vial 

Attach a syringe needle to 
injection porte. Attach gas bag or 
vialj to needle.   
 

 

 Open gas line valves (in red) for 
the vacuum pumpa and injection 
porte. Keep all other valves 
closed. Turn on the vacuum 
pumpa and evacuate to 
5×10- 2 mbar. Then close all 
valves and remove the bag or vialj 
from the injection porte.  

Step 3 
 
Fill gas bag 
or vial 

Fill the evacuated gas bag or vialj 

with a pure CO2 gas source. Take 
gas syringei and flush it by taking 
CO2 from bag or vialj and 
injecting it into open air 2-3 times 
then finally pull the desired 
volume of CO2 gas source into the 
syringe (see calculation in 2.7.2). 
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Step 4 
 
Adding 
CO2 to 
reference 
gas tank 

Switch injection porte to a septum 
to receive CO2 gas injections.  

 
 

Open line valves (in red) for 
injection porte and evacuated 
reference gas tankf. Also open 
main valve on the reference gas 
tankf. Inject the desired volume of 
source CO2 (see calculation in 
2.7.2) into the injection porte with 
a gas tight syringei. Remove 
needlei then close injection porte 
valve. 

 

Step 5 
 
Adding 
synthetic air 
CO2 to 
mixed gas 
tank 

Open the synthetic air gas tank 
and synthetic air gas tank lined 
valve (in red) and set outgoing 
pressure to 10 bar. Let gas line 
equilibrate with the mixed 
reference gas tankf for 15 minutes.  

 

 Close the synthetic air tankd valve 
and check if the reading of the 
pressure meterc on the gas line 
drops. If so, open the synthetic air 
tankd valve and add more gas. 
When the reading remains 
constant at 10 bar, close all 
valves, including those on gas 
tanks. 
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Step 6 
 
CO2 gas 
verification 

Confirm mixed CO2 reference 
gasf CO2 concentration, δ13C and 
δ18O values by submitting 
samples for analysis on separate 
instrumentation. 

 

 
 
2.7. CALCULATIONS 

The following calculations are to determine the amounts of the different CO2 gases to produce 
a reference gas with the desired CO2 concentration and isotopic signature. 

2.7.1 Calculating the volume of gas that can be held in a filled tank. 

When injecting CO2 from a gas bag with a syringe, the CO2 is at atmospheric pressure in the 
syringe. Therefore, to obtain the volume ratios of CO2 and synthetic air to be mixed, we need 
to know the equivalent volume of synthetic air at atmospheric pressure. The following 
calculation determines this equivalent volume. 

Use Ideal Gas Law: 

PV = nRT       (2.1) 

Where: P = pressure; V = volume; n = number of gas moles; R = gas constant; 
T = absolute temperature 

Assuming that T is kept constant (along with n and R), then: 

𝑃ଵ𝑉ଵ = 𝑃ଶ𝑉ଶ       (2.2) 

Where: P1 = pressure of compressed gas in tank (bar); V1 = volume of tank (L); 
P2 = atmospheric pressure (~1.0 bar); V2 = Equivalent volume of gas at atmospheric 
pressure (L) 

EXAMPLE to determine the equivalent volume V2 of gas at atmospheric pressure:  

If a tank has a volume of 10 L and is filled to a maximum pressure of 10 bar, then: 

10 bar × 10 L = 1.0 bar × V2 

therefore V2 = 100 L 

Where: V2 is the equivalent volume of gas that would be present at Standard 
Temperature and Pressure (STP)  

 



 9

2.7.2 Calculating the volume of CO2 gas and synthetic air to add to the reference gas 
tank to reach a desired reference gas CO2 concentration 

1 ppm CO2 is equivalent to 1 μL L-1 CO2.  

The volume of CO2 gas to be added to the reference tank, can be calculated by 
using the equivalent volume of gas in ambient air pressure from section 2.7.1 and 
the desired CO2 concentration of reference gas: 

𝑉ௗௗ =  𝑉ଶ  × [𝐶𝑂ଶ] ௗ௦ௗ (2.3) 

Where Vadd the volume of pure CO2 gas that should be added to the reference gas 
tank; V2 the equivalent volume at atmospheric pressure as calculated in section 2.7.1 
and [CO2]desired the target concentration of the reference gas in ppm (equal 
to μL  L- 1). 

EXAMPLE to determine how much pure CO2 gas to add to a reference gas tank to create 
a reference gas with a CO2 concentration of 1000 ppm (=1000 μL L-1):  

If a 10 L volume tank holds 100 L of gas (at 10 bar with tank standing at STP) when 
filled and a pure (100%) CO2 gas is added, then: 

Vadd = 100 L × 1000 μL L-1 of CO2 = 100,000 μL=100 mL of CO2 

 Where Vadd the volume of pure CO2 gas that should be added to the 10 L reference 
gas tank (filled to 100 L at 10 bar); in this example 100 mL of pure CO2 gas should 
be added to a 10L reference gas tank filled with 100 L at 10 bar of (CO2 free) 
synthetic air in order to bring the total reference gas CO2 concentration to 
1000  ppm. 

 

2.7.3 Calculating the volume of CO2 with high δ13C and the volume of CO2 at natural 
abundance levels to mix to create a CO2 gas with a desired δ13C value. 

Use the mixing model equations:  

𝐶 = 𝐶 × 𝑓 + 𝐶 × 𝑓     (2.4) 

𝑓 + 𝑓 = 1      (2.5) 

 𝐶 = 𝐶 × 𝑓 + 𝐶 × (1 − 𝑓)    (2.6) 

𝑓 =
ಲಳିಳ

ಲିಳ
      (2.7) 

Where: CAB = atom% 13C of desired CO2 gas; CA = atom% of CO2 gasA for mixing 
(such as anatural abundance CO2 gas source); CB = atom% 13C of CO2 gasB for 
mixing (such as 99 atom% 13C); ƒA is the fraction of CO2 gasA that should be mixed 
into gasAB; and ƒB is the fraction of CO2 gasB that should be mixed into gasAB 
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Note: use the following equation to convert δ13C values to atom% 13C (as there is no 
linear relationship between δ13C and atom%, all isotopic calculations must be done in 
atom%). 

𝐶 
ଵଷ  𝑎𝑡𝑜𝑚% =  

ଵ×.ଵଵଵ଼×(
ഃభయ

భబబబ
ାଵ)

ଵା.ଵଵଵ଼×൬
ഃభయ

భబబబ
ାଵ൰

  (2.8) 

EXAMPLE to determine how much labelled 13CO2 gas (99 atom% 13C) to add to an 
unenriched CO2 gas at natural abundance to create a CO2 gas with a desired δ13C value 
of 200‰:  

If the desired CO2 gas (gasAB) should have a 1.324 atom% 13C (or 200‰ δ13C) and 
a 99 atom% 13CO2 gas (gasB) and a natural abundance CO2 gas (gasA) with 
1.097  atom% 13C (or -8‰ δ13C) are available for mixing, then the fraction of gasA 
(ƒA) and gasB (ƒB) that should be mixed together for gasAB can be calculated with 
the following: 

𝑓 =
𝐶 − 𝐶

𝐶 − 𝐶
=

1.324 − 99

1.097 − 99
= 0.9977 

ƒB = 1 − ƒA = 0.0023 

with 0.9977 as the fraction of gasA and 0.0023 as the fraction of gasB to mix into 
gasAB. 

Using the fractions to calculate the required volumes, for a CO2 gas tank with a 
volume of 0.5 L at 10 bar that holds 5 L gas at STP (as calculated using 2.7.1.):   

  ƒA × 5 L = 0.9977 × 5 L = 4.989 L of natural abundance CO2 gas (gasA) 

ƒB × 5 L = 0.0023 × 5 L = 0.012 L of 99 atom% 13C CO2 gas (gasB) 

Use these calculated volumes to prepare your reference gas, following the 
procedure in 2.6. replacing “CO2 gas source” with gasA and “synthetic air” with 
gasB. 
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3. MEASUREMENTS USING THE LASER CO2 CARBON ISOTOPE ANALYSER 
 IN CONTINUOUS FREE FLOW MODE 

3.1. SCOPE AND FIELD OF APPLICATION 

Changes in CO2 levels and isotope composition are often dynamic and are due to both biotic 
and abiotic processes. To understand these dynamics, CO2 fluxes must be monitored regularly. 
Laser CO2 carbon isotope analysers that can continuously monitor the concentration and δ13C 
of CO2 are useful for providing high resolution data that are necessary for understanding CO2 
dynamics. With a simple inlet that can be set to sample and flow continuously, one can measure 
second to second changes in CO2 concentration and δ13C of whatever area the inlet is directed 
at [2]. With an accompanying outlet, one can measure second to second changes in CO2 
concentration and δ13C of a closed-loop system (a closed system in which gas is sampled and 
returned to the sampled area without exchange with gas outside the sealed system, see 
Figure 3.). This closed-loop system can be used, for example, to measure rates of CO2 build up 
and the δ13C of CO2 gas sources [3].  

This section describes how to use the laser CO2 carbon isotope analyser to measure CO2 in 
continuous free flow mode and acquire accumulated data. The same methods would be used 
whether measuring in an open system (only measuring CO2 concentration at point of inlet) or 
closed-loop system (measuring the buildup or loss of CO2 in a closed system with the inlet 
sampling CO2 and the outlet returning CO2 to avoid artificial changes to CO2 concentration in 
the system). Only calculations of data output will differ.  

 

3.2. BACKGROUND INFORMATION AND CONSIDERATIONS 

Laser isotope analysers frequently measure gas samples that contain moisture. A nafion drier 
should be placed upstream the analyser, on the sampling line in between where a sample is 
taken in and where the sample enters the analyser, in order to remove water from sampled gas 
before measurement. This is done because removal of water vapor is essential to ensure high 
precision of measurements.  

Depending on the resolution, amount of data desired and measurement time, data can be 
recorded in the instrument regularly over a range of temporal intervals, such as every second to 
100 seconds. This tradeoff is dependent upon the user’s needs. 

Also depending on the type of data desired, the inlet can continuously measure an open area to 
measure general changes in CO2 composition over time in an open air system, or the inlet and 
outlet can be connected to a closed-loop area to measure build up of CO2 and changes in CO2 
composition over time (Figure 3.). However, caution should be applied if using an open air 
system, as factors within the proximity, such as wind, the number of people present, and the 
presence of exhaust from machinery, can cause minor to significant changes in CO2 that 
interfere with sample measurements.  

Data correction should always be applied after data is collected. Additionally, attention should 
be given if CO2 concentration or δ13CO2 is close to the limits of the guaranteed specification 
range of the spectroscope. This specification range differs for instrumentation. However, as an 
example based on testing maximum CO2 concentrations on a Los Gatos laser CO2 carbon 
isotope analyser, in a serial dilution of CO2 concentrations ranging from 1500 to 400 ppm, the 
laser spectroscope correctly kept a constant δ13CO2 value of 470 ‰. Appropriate CO2 reference 
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gases should be used to capture the range of CO2 in which samples are measured at. Creating 
reference gases and performing data correction are discussed in Chapter 1 of this TECDOC. 

 

Figure 3. Diagram of an open (left) versus closed-loop (right) measurement system. 

 

3.3. PRINCIPLE 

Measurements of CO2 in continuous free flow mode by a laser CO2 carbon isotope analyser can 
provide uninterrupted high resolution data, recorded up to every second. Depending on the set 
up of the analyser inlet and outlet, the analyser can take measurements in an open or closed-
loop system. Only calculations of data output will differ. To ensure accurate and precise 
measurements that can be compared between times of measurement and between measurements 
on different instrumentation, it is important to calibrate the instrument with a CO2 reference gas 
before taking measurements and to re-measure a reference gas every hour to check for and 
correct drift (further discussed in data management SOP). 

 

3.4. EQUIPMENT 

 Carbon dioxide carbon isotope analyser 
 Nafion drier  
 Teflon tubing (1/8” × 1/4”) 
 CO2 reference gas(es) 
 Gas flow meter 
 

3.5. PROCEDURE 

The following procedure is to measure CO2 concentration and δ13CO2 with a laser CO2 carbon 
isotope analyser in continuous free flow mode. This will continually measure air pulled into the 
inlet until the instrument is stopped. A Los Gatos laser CO2 carbon isotope analyser has been 
selected as an example for illustration, though the procedure is relevant to additional models 
of any provider. 
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Step 

 
Procedure 

 

Step 1:  
 
Instrumentation 
warm-up 

Turn on and warm-up 
instrumentation (for the Los 
Gatos analyser, allow for at 
least 2 hours). Drift in CO2 
measurements will occur if 
instrument is calibrated before 
warm-up.  

 

Step 2:  
 
Confirm 
instrumentation 
warm-up 
 

Check the laser adjustment (for 
the Los Gatos analyser, click 
the Display icon on the main 
screen until the reading for 
Absorption vs. Frequency is 
available for confirmation. In 
the bottom plot, the black dots 
(measured) and the blue line 
(fitted) should align). Also 
confirm that Gas Temp has 
warmed to company 
recommendations (for the Los 
Gatos Analyser, 45°C). 

 

 

Step 3:  
 
Switch 
instrumentation 
to continuous 
flow mode 
 

Select the flow mode 
(continuous free flow mode) 
and the rate at which data 
should be stored, such as 1, 2, 
5, 10, 20, 50 or 100 seconds 
(for the Los Gatos Analyser, 
click the Rate icon on the main 
screen to make the selection). 

 

Step 4:  
 
Create new file 

To ensure that measurements 
recorded for the day are on the 
same file, create a new file that 
will be used for the entire day 
(for the Los Gatos Analyser, 
click the Setup icon on the 
main screen, then the 
Time/Files tab on the next 
screen and the “Create New 
File” button). 
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Step 5:  
 
Instrument 
calibration 

 

Supply CO2 reference gas to 
instrument by a tube 
attachment regulated at the 
same flow rate as the analyser 
(for the Los Gatos Analyser, 
use 1-2 L min-1). Ensure 
correct flow of gas before 
attaching to instrument inlet 
using a flow meter.  

  

 Calibrate the analyser after 
entering the known CO2 ppm 
and δ13C of the reference gas 
as measured on additional 
instrumentation (for the Los 
Gatos Analyser, select Setup 
icon and then Calibrate tab 
and follow instrument 
instructions until calibration is 
complete).  

 

Step 6:  
 
Confirm 
instrument 
calibration 

 

Allow 1-2 minutes for 
instrument to begin to record 
output data after calibration. 
Confirm that CO2 ppm and 
δ13C measurements of the 
reference gas are similar to 
those entered in the calibration 
process. Record the start and 
end time of the reference gas 
measurement. 

 

 

 

Step 7:  
 
Measure samples 
 

Disconnect the inlet from the 
CO2 reference tank and direct 
the inlet to the area for desired 
CO2 measurement and record 
time on instrument monitor of 
the start and end of 
measurement. If measuring gas 
with a high δ13C or CO2 
concentration higher than 
500 ppm, allow 
instrumentation to purge with 
unenriched atmospheric gas for 
2 minutes in between each 
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sample to ensure no carry-over 
of CO2. Repeat process for 
each sample. 

Step 8:  
 
Confirm 
instrument 
calibration 
 

Confirm instrument calibration 
every hour and check for drift 
in measurements by re-
measuring a CO2 reference 
gas. Note the start and end of 
the CO2 reference gas 
measurement. Purge the 
analyser by allowing the 
reference gas to flow 1 minute 
prior to measuring for another 
minute. 

 

Step 9:  
 
Collecting 
recorded data 
 

Once all samples have been 
measured, copy the data from 
the analyser to a USB memory 
stick. Transfer the file that was 
created for measurements that 
day (for the Los Gatos 
Analyser, click the Files icon 
and then the Mount USB 
button and drag the desired 
file to the right side screen 
containing contents of the USB 
stick. When complete, click the 
Unmount USB button then 
click the Close button).  

 

Step 10:  
 
Turning off the 
instrument 
 

To turn off the instrument, 
ensure that the software is 
ready for shutdown first (for 
the Los Gatos Analyser, click 
the Exit icon on the main 
screen and follow analyser 
instructions).  

 

 

4. MEASUREMENTS USING THE LASER CO2 CARBON ISOTOPE ANALYSER 
 IN INJECTION MODE 

4.1. SCOPE AND FIELD OF APPLICATION 

Laser CO2 carbon isotope analysers can also be placed in an injection mode, in which individual 
gas samples can be injected with an airtight gas syringe and measured. This method is 
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particularly useful when analysing (low-volume) samples that have been collected and stored 
prior to analysis and are typically used for studies that require a relatively low number of 
measurements. Because continuous flow mode has a higher flow rate of, for example 1 L min-1 
for the Los Gatos Analyser, low-volume samples are too rapidly consumed in this mode and 
should be measured in injection mode instead.  

This section describes how to use the laser CO2 carbon isotope analyser to measure CO2 in 
injection mode and acquire data.  

4.2. BACKGROUND INFORMATION AND CONSIDERATIONS 

Because instrument calibration cannot be performed in injection mode, data correction using 
reference gas(es) will need to be performed after measurements (see protocol on Data 
Management). Furthermore, samples should be measured at least twice to confirm values.  

4.3. EQUIPMENT 

 Rotary vacuum pump (pumping speed > 1 m3 h-1, ultimate vacuum > 10-3 mbar)  
 Gas tight syringe (100 mL) 
 Gas bag or gas vial  
 CO2 reference gas(es) 

4.4. PROCEDURE 

The following procedure is to measure CO2 concentration and δ13C-CO2 with a laser CO2 
carbon isotope analyser in injection mode. This will measure gas injected into the injection port. 
A Los Gatos laser CO2 carbon isotope analyser has been selected as an example for illustration, 
though the procedure is relevant to additional models of any provider. 

 

 
Step 

 
Procedure 

 

Step 1:  
 
Instrumentation 
warm-up 
 

Turn on and warm-up 
instrumentation (for the Los 
Gatos analyser, allow for at 
least 2 hours). Drift in CO2 
measurements will occur if 
instrument is calibrated before 
warm-up. 
  

 

Step 2:  
 
Confirm 
instrumentation 
warm-up 

Check the laser adjustment 
(for the Los Gatos analyser, 
click the Display icon on the 
main screen until the reading 
for Absorption vs. Frequency 
is available for confirmation. 
In the bottom plot, the black 
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 dots (measured) and the blue 
line (fitted) should align). 
Also confirm that Gas Temp 
has warmed to company 
recommendations (for the Los 
Gatos Analyser, 45°C). 

 

Step 3:  
 
Attach CO2 free 
air source to 
instrumentation  

Attach a CO2 free air source 
to the “ZERO AIR INLET” 
on the back of the instrument. 
If only measuring a few 
number of samples, a 
synthetic air bag or a CO2 
scrubber (as seen on picture, 
containing a combination of 
Carbosieve and magnesium 
perchlorate (Mg(ClO4)2) can 
be attached to this inlet. If 
measuring a larger batch of 
samples, attach this directly to 
a synthetic air gas line 
supplied at a pressure of 5 to 
10 psig (or 1.36 to 1.70 bar).  

Step 4:  
 
Switch 
instrumentation 
to injection 
mode 
 

Switch the instrument to 
injection/batch mode (for the 
Los Gatos Analyser, click the 
Rate icon on the main screen, 
then select the Batch mode 
with “Syringe Injection” or, if 
samples contain very high 
concentrations of CO2 (over 
10 000 ppm), “Syringe 
Injection (Dilution X10)”. 
Click Save. Allow time for the 
instrument to purge and flush 
with zero air. 
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Step 5:  
 
Create new file 

To ensure that measurements 
recorded for the day are on the 
same file, create a new file 
that will be used for the entire 
day (for the Los Gatos 
Analyser click the Setup icon 
on the main screen, then the 
Time/Files tab on the next 
screen and the Create New 
File button). 

 

Step 6:  
 
Measuring a 
CO2 reference 
gas 

 

Connect a gas bag valve to a 
vacuum pump. Open valve 
and evacuate bag. Close the 
valve before removing the 
evacuated bag. 

  

 

 Connect the gas bag to the 
CO2 reference gas. Open 
valve and fill bag with 
roughly 500 mL of reference 
gas. Close the valve before 
removing the filled bag. 

  

 

 When the instrument indicates 
it is ready for a sample gas to 
be injected, measure the 
reference CO2 gas first as a 
sample.  
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 Place empty gas syringe into 
septum of filled gas bag and 
flush 2-3 times with CO2 
reference gas by pulling CO2 
from bag and releasing it into 
the open air. After flushing, 
fill syringe with instrument 
specified injection volume 
(for the Los Gatos Analyser, 
100 mL) of reference gas.  
  

 Place the filled syringe into 
the injection port and initiate 
sampling. Let the vacuum 
empty the syringe. Remove 
the syringe. (for the Los Gatos 
Analyser, click the Next 
button on the main screen and 
follow instrument instructions 
until sampling is complete). 
Allow time for the instrument 
to deliver the sample into cell, 
equilibrate the gas and 
measure. 

 

 Save the measurement (for the 
Los Gatos Analyser, Click the 
Save button on the main 
screen and note the text 
document the sample is saved 
as, example “CO2iso_2018-
01-23_b003.txt”). 

 

 

Step 7:  
 
Measure 
samples 
 

Measure same volume of 
sample gas in same way as the 
CO2 reference gas. 
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Step 8:  
 
Instrument 
calibration 
check 

After every hour, confirm 
instrument calibration and 
check for drift by re-
measuring a CO2 reference 
gas.  

 

Step 9:  
 
Collecting 
recorded data 
 

Once all samples have been 
measured, copy the data from 
the analyser to a USB memory 
stick. Transfer the file that 
was created for measurements 
that day (for the Los Gatos 
Analyser, click the Files icon 
and then the Mount USB 
button and drag the desired 
file to the right side screen 
containing contents of the 
USB stick. When complete, 
click the Unmount USB 
button then click the Close 
button).  

 

Step 10:  
 
Turning off the 
instrument 
 

To turn off the instrument, 
ensure that the software is 
ready for shutdown first (for 
the Los Gatos Analyser, click 
the Exit icon on the main 
screen and follow analyser 
instructions).  
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5. DATA MANAGEMENT OF LASER CO2 CARBON ISOTOPE ANALYSER 
 COLLECTED MEASUREMENTS 

5.1. BACKGROUND 

Data collected on a laser CO2 carbon isotope analyser is stored in text format and must be 
transferred onto appropriate data processing software prior to data analysis. Data output can be 
large, especially when data is collected in continuous free flow mode. It is therefore necessary 
to use software that can easily convert data stored as text into a spreadsheet. Microsoft Office 
Excel is an accessible software program that can do this task. Described below is a protocol on 
how to manage and correct data in Excel. 

 
5.2. ADVANTAGES AND POTENTIAL LIMITATIONS 

Data management and correction can be performed on Excel, but to perform advanced statistical 
analysis, further software and instruction is necessary. As the type of statistical analysis will 
vary greatly depending on the research question being asked, we focus strictly on how to 
manage and correct data collected on the laser CO2 carbon isotope analyser. Methods for 
statistical analysis are outside the scope of this publication. 

 
5.3. PRINCIPLE 

The laser CO2 carbon isotope analyser stores over 35 columns of data, but the first 9 columns 
hold the most relevant data for users (Figure 4.). Specifically, these columns contain the time 
of collected data, CO2 ppm, standard deviation of CO2 ppm, δ13C of CO2, standard deviation of 
δ13C of CO2, δ18O of CO2 (and H2O), standard deviation of δ18O of CO2 (and H2O) and 
concentration of water and its respective standard deviation. As the standard deviation each 
data output is likely minimal, there are only 4 relevant columns (time, CO2 ppm, δ13C and H2O 
ppm). The following protocol describes how to obtain this data and calculate CO2 fluxes and 
sources in Excel. 

 

Figure 4. An example of data transferred onto Microsoft Office Excel from a CO2 Carbon Isotope Analyser (in this case, Los 

Gatos). The 9 columns mentioned in 5.3. are highlighted. 
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5.4. SOFTWARE 

Microsoft Office Excel 

 

5.5. PROCEDURE 

The following procedure is to process data collected by the laser CO2 carbon isotope analyser. 
A Los Gatos laser CO2 carbon isotope analyser has been selected as an example for illustration, 
though the procedure is relevant to additional models. 

 

Step Procedure  

 
Step 1: 
 
Importing 
data in Excel 

 

In Excel, open the 
analyser text 
document. You will be 
queued to note how the 
original type is 
separated. Click 
Delimited (with 
characters) then click 
next. 

 

 

 

 
 

 

Next select “comma” 
as the type of delimiter. 
Click next. 
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Finally select a 
“general” format and 
click finish. 
 
 
 
 
 
 
 

 

 

 

 
 

 

Save the imported text 
data as an original file. 
Continue by copying 
columns with data on 
time, CO2 ppm, 
δ13C CO2, and 
H2O ppm. 

 

 

 

  

Create a new worksheet 
within this workbook, 
example “1”. Copy the 
rows of data from 
“LGR” that are 
associated with the 
time the sample was 
run. In this case, 
standard 1 was run 
from 9:27:31 to 
9:37:281 on 
2018- 05- 22.  
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Paste the relevant data 
in a new workbook on 
a new worksheet, 
example “LGR” and 
insert “time” using the 
formula: “B=A2-A$2”, 
copy this formula to all 
rows. 

 

 

 

 

 
Step 2: 
 
Source 
calculation  

 

Make a new column on 
worksheet “1”, 
containing the inverse 
of the CO2 
concentration (in this 
case, “F2=1/C2). 

 

 

 

 

 
 

Calculate the intercept 
of the Keeling plot (the 
linear regression with 
1/[CO2] on the x-axis 
and 13C on the y-axis) 
using 
“=INTERCEPT(D:D,F
:F)” 
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Step 3: 
 
Flux 
calculation 

Calculate the CO2 flux 
(ppm h-1) as the slope 
of the CO2 ppm 
(column B in this 
example) by the time 
(column A in this 
example) and then 
divide by 24 as Excels’ 
time format is in days. 
Example 
“=SLOPE(C:C,B:B)/24” 
(see calculation in 
5.6.2).  

 

 
 

  

To calculate the area-
specific flux of carbon 
emitted (μg m- 2 h-1) 
see calculation in 
section 5.6.3. Example 
“=G5*G11*12.01/(G14*
G8)”. 

 
 

A Macro for the flux and keeling plot calculations in Excel is available upon request. 

 

5.6. CALCULATIONS 

5.6.1. Calculating the soil surface area and volume of measurement chambers. 

𝐴 = 𝜋 × 𝑟ଶ      (5.1) 

 Where A = area; r = radius of container  

Use the equation to calculate the volume:  

𝑣𝑜𝑙𝑢𝑚𝑒 = 𝐴 × ℎ     (5.2) 

 Where A = area of container; h = height of container 

In the subsequent flux calculations, the container volume is in litres. Therefore to 
obtain the container volume in L, convert for example from m3 using:   

    1 L = 0.001 m3 

In addition to the volume of chamber the “dead volume” has to be considered: 
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The “dead volume” results from the volume of the tubing between analyser and 
measurement chamber, and of the volume of the measurement cell of the analyser. In 
general, the volume of the measurement chamber should be much larger than the “dead 
volume”. If this is the case, the dead volume is negligible. On the other hand, if this is 
not the case, the dead volume should be added to the measurement chamber volume. 

 
5.6.2. Calculating the flux of CO2-C. 

Calculate the rate of change of CO2 concentration per hour (ppm h-1) as:  

𝐶𝑂ଶ =
∑ (௧ି௧ೌೡ)(ைమିைమೌೡ)

సభ

∑ (௧ି௧ೌೡ)
సభ

మ    (5.3)
 

Where CO2rate = slope of the linear regression line of CO2 concentration versus time 
over the whole measurement time, CO2i = the CO2 concentration at time i, CO2av = 
the average CO2 ppm over the whole measurement time; ti = the time point i; tav = 
the average time calculated as the sum of all ti divided by the number of time points 

Excel will calculate this slope very easily, as explained below in the procedure. 

 
5.6.3. Calculating the flux of CO2-C per area. 

Calculate the amount of carbon flux emitted per area per hour (μg m-2 h-1) as: 

𝐶௨௫ =
(ைమೝೌ××ଵଶ.ଵ)

ெ×
    (5.4) 

Where Cflux = the amount of carbon flux emitted per area per hour (μg m-2 h-1); 
CO2rate = the rate of CO2 flux (ppm h-1); Vol held by container (and dead volume if 
non-negligible) (L); 12.01 g mol-1= molar mass of C; MV = molar volume (L mol- 1 
of C = 24.79); A = area of CO2 exchange (m2) 

 
5.6.4. Calculating the Keeling Plot intercept. 

A Keeling plot is a plot of the δ13C (on the Y axis) against the inverse of the CO2 
concentration (on the X axis). The intercept of the regression line of these two 
represents the δ13C signature of the source (eg. respiration) in absence of dilution from 
atmospheric CO2. The Keeling plot intercept (δ13Csource) is calculated based on the 
equations:  

𝜕ଵଷ𝐶௦ =
∑ (

భ


ିቀ

భ


ቁ

ೌೡ
)(డభయିడభయೌೡ)

సభ

∑ (
భ


ିቀ

భ


ቁ

ೌೡ
)

సభ

మ    (5.5) 

and     𝐶 = 𝐶 + 𝐶௦     (5.6) 

Where Ci = measured CO2 ppm at timepoint i; (1/C)av = the average value of 1/CO2 
ppm over the measurement time; Cs = CO2 ppm produced by source, δ13Ci the 
isotopic signature at time i, and δ13Cav the average isotopic signature [4 and 5]. 
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6. CASE STUDY: MEASURING CARBON LOSS OF MAIZE CROP RESIDUES 
 APPLIED IN INCUBATED FRESH, REVIVED AND STORED SOILS 

6.1. BACKGROUND 

Carbon-13 (13C) labelled plant material can be used to trace cycling of plant-derived carbon in 
numerous systems. For example, in agricultural systems, 13C-labelled plant material can be used 
to measure storage of crop residue-derived carbon to soils in the form of soil organic carbon as 
well as to measure loss of crop residue carbon to the atmosphere in the form of CO2. Often, 
incubation experiments are used to determine such soil carbon losses. Estimates of soil carbon 
losses derived from incubation experiments are scaled up to estimate ecosystem level amounts 
of carbon loss. As a demonstration, we use 13C-labelled maize plant material (leaf and stem 
material) to estimate carbon loss as CO2 from plant material and soil over 70 days in a soil 
incubation study. 

Here, a soil incubation study has been conducted to estimate carbon loss from maize residues 
(mulch) applied to soils. Mulch loss is different on freshly collected soils, revived soils and 
stored soils. Although freshly collected soils should be used incubation studies in order to more 
closely represent field soils, this is often not feasible. Therefore, many studies need to revive 
stored soils by pre-incubating them after wetting prior to the actual experiment to avoid the 
flush of microbial activity that is stimulated by re-wetting dried stored soils [6 and 7]. Omitting 
this pre-incubation step leads to an overestimation of carbon loss due to the artificial flush of 
microbial activity that occurs when rewetting stored soils. In this experiment we revived an 
Austrian agricultural soil with water to verify whether soil incubation studies using revived 
soils can accurately estimate the amount of carbon lost from maize residues added to soils. To 
this end, CO2 flux from revived as well as fresh and stored soils with added maize residues were 
compared in this experimental set up.  

6.2. MEASURING SOIL AND MULCH CARBON LOSS 

Because the laser CO2 carbon isotope analyser measures both the concentration of CO2 and its 
δ13C value in sampled gas, it can be used to measure the amount of carbon respired from soil 
and determine its source when carbon sources have distinct isotopic signatures. We used soil 
from an agricultural site that has a δ13C value of -27 to -28.5‰ and a 13C-labelled maize material 
with a δ13C of 400‰ as mulch (labelled maize was acquired from the Soil and Water 
Management & Crop Nutrition Laboratory of the Joint FAO/IAEA Division of Nuclear 
Techniques in Food and Agriculture). If the δ13C values of the sources are known, measuring 
the concentration and δ13C value of CO2 produced in incubated soils can be used to calculate 
the contribution of both carbon sources to the flux of CO2.  

All soils were collected from an Austrian Cambisol (from 0-15 cm soil depth) and sieved to 
2 mm. Stored soils were dried and stored for 5 months. A portion of the stored soils was first 
revived for the soil incubation study by restoring soils to 20% gravimetric water content (with 
a spray bottle to ensure even water distribution) and placing it in jars (5.6 cm diameter, 8 cm 
height) to a height of 5 cm and a bulk density of 1.31 g cm-3. These soils were loosely covered 
to allow for air-flow and were kept in a dark area at room temperature for 15 days prior to 
beginning the incubation study. Fresh soils were collected within 48 hours before beginning the 
study and were transported on ice, back to the laboratory and stored at 4°C prior to being placed 
in incubation jars. In the laboratory fresh soils were confirmed to also be at 20% gravimetric 
water content and stored soils were also raised to the same gravimetric water content as fresh 
and revived soils. Stored and fresh soils were then also filled in jars using the same method 
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previously discussed. In total, three replicates each of fresh, revived and stored soil jars were 
prepared.  

The day after all soil jars were prepared, bare soil CO2 flux was measured in a closed-loop for 
each jar for five minutes by placing each jar in a 1 L container (9 cm diameter, 17 cm high) 
with an airtight lid and two ports connected to the inlet and outlet tubes of the CO2 carbon 
isotope analyser. The CO2 carbon isotope analyser was set to continuous flow mode. Over 5 cm 
of headspace was present between the top of the 1 L container and the top of the soil incubation 
jar, thus ensuring proper mixing of air within the container for CO2 sampling (Figure 5.). To 
avoid sample carry over, the analyser was purged with ambient air for two minutes in between 
each sample measurement. 

 

 

Figure 5. A soil incubation jar within a sealed 1 L container connected to the inlet and outlet tubing of the laser CO2 Carbon 
Isotope Analyser. 

Once CO2 measurements of bare soils were completed, 0.21 g of 13C-labelled maize mulch was 
added to each jar (a mulch application equivalent to 0.87 t ha-1). Soil moisture was monitored 
based on the mass loss of each soil jar and restored with a spray water bottle three times a week. 
CO2 measurements were always taken a day after water was applied to avoid measuring the 
pulse of CO2 that occurs when water is applied to soil. Soil CO2 measurements were again taken 
1, 4, 7, 13, 15, 20, 30, 40, 54, 70 and 85 days after mulch application using the laser CO2 carbon 
isotope analyser. 

Data collected from measurements on the CO2 carbon isotope analyser was processed in Excel 
and the flux of CO2 (μg m-2 h-1) and the Keeling plot intercept (δ13Csource) for each sampled jar 
was calculated. Graphical representation of analysed data and statistical analysis was generated 
using JMP 13 software (SAS, Cary, North Carolina, USA). A two-source mixing model was 
applied to determine the proportion of δ13Csource that was derived from mulch as: 
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𝑓ଵଷ ௨
=  

డభయೞೠೝିడభయೞ

డభయೠିడభయೞ
× 100%  (6.1) 

where ƒ13Cmulch is the 13C proportion of δ13Csource that was derived from mulch, δ13Csource is the 
Keeling plot intercept and estimated δ13C of the source of sampled CO2, δ13Csoil is the δ13C of 
soil and δ13Cmulch is the δ13C of mulch. This model assumes that the source of CO2 produced by 
sampled soil jars is exclusively from soil and mulch. 

Because the proportion of 13C derived from mulch in the δ13Csource is equal to the proportion of 
carbon derived from mulch, ƒ13Cmulch can then be used to calculate both the proportion of C 
from mulch and soil in the measured CO2 since: 

𝑓ଵଷ ௨
= 𝑓௨     (6.2) 

and 

𝑓 ௨
+ 𝑓௦

= 1     (6.3) 

where ƒ13Cmulch is the 13C proportion of δ13Csource that was derived from mulch, ƒCmulch is the 
proportion of C from mulch that contributed to measured CO2, and ƒCsoil is the proportion of C 
from soil that contributed to measured CO2. This model likewise assumes that the source of 
CO2 produced by sampled soil jars is exclusively from soil and mulch. 

 

6.3. RESULTS AND DISCUSSION 

Peak CO2 loss for fresh and revived soils occurred between 4 to 7 days after mulch application 
and carbon loss ranged from 74.5 to 99.0 mg of C m-2 h-1 (Figure 6.). Stored soils had the largest 
rate of CO2 loss on the day they were rewetted (163.6 mg of C m-2 h-1) and respiration rates 
continually declined, even after mulch application. Thus, soil response to mulch was dwarfed 
by the large response of stored soil to rewetting. Although reviving stored soils with water did 
restore CO2 trends (in response to mulch) similar to fresh soils, 9 to 47 mg of C m-2 h-1 more 
carbon was consistently lost from fresh than from revived soils. However, this difference was 
not statistically significant and only stored soils differed from fresh (p = 0.04) and revived soils 
(p < 0.01) in across time. For all soil types, rates of CO2 loss plateau between 70 to 85 days 
after mulch application and carbon loss ranged from 11 to 23 mg of C m-2 h-1. 
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Figure 6. Rate of carbon loss from soil incubation jars (in the form of CO2) before mulch application (0 d) and after mulch 
application (1-85 d) for fresh, revived and stored soils. Each line represents the mean trend (and standard error with a 95% 
confidence interval) of three replicates per soil type and each point represents an individual jar measurement. 

The strength of the δ13C signal in sampled CO2 that was derived from 13C-labelled mulch 
(Figure 7.) was similar to the trend in the rate of CO2 loss over time (Figure 6.), with the highest 
δ13Csource occurring 4 to 7 days after mulch application. This indicates that the peak in soil CO2 
flux observed on 4 to 7 days is due to the mulch application and loss of mulch-derived carbon. 
Unlike the CO2 flux that varied between stored soils and the fresh and revived soils, all three 
soil types displayed a similar trend in δ13Csource and there was no significant difference by soil 
type over time. Four days after mulch application δ13Csource ranged from 172.3 to 294.5 and on 
day 7 it ranged from 169.7 to 238.3. No δ13Csource data for day 85 is available as the 5 minutes 
closed-loop measurement was too short to generate enough CO2 build up, thus causing standard 
deviation of measured δ13CO2 to be too high and the accuracy of measurement to be too low. 
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Figure 7. Keeling plot intercept (δ13Csource) of CO2 from soil incubation jars before mulch application (0 d) and after mulch 
application (1-85 d) for fresh, revived and stored soils. Each line represents the mean trend (and standard error with a 95% 
confidence interval) of three replicates per soil type and each point represents an individual jar measurement. 

A two-source mixing model was applied to determine the proportion of carbon derived from 
mulch. Four days after mulch application, on average 60% of the carbon was determined to be 
produced by mulch, while 7 days after application this proportion was on average 54%. As no 
significant difference in the mulch contributions could be observed between the soil pre-
treatments, results were combined to illustrate varying contributions to the CO2 losses by mulch 
and soil (Figure 8.) over time. From this, it can be concluded that between days 4 to 7 after 
mulch application mulch accounts for just as much CO2 production as soil but that the days 
before and after that period most of the CO2 is derived from soil (Figure 8.). For the stored soils 
that did not display a peak in CO2 flux on days 4 to 7 (Figure. 6.), δ13Csource indicates that the 
decrease in CO2 flux on days 4 to 7 relative to days 0 and 1 (Figure 7.) is not as large as it would 
be if mulch did not contribute to CO2 emissions. 
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Figure 8. Average percent of CO2 derived from soil and mulch from soil incubation jars after mulch application (1-85 d) for 
fresh, revived and stored soils. Each line represents the mean trend of three replicates per soil type and each point represents 
an individual jar measurement. 

In conclusion, it is demonstrated that (i) the laser isotope CO2 analyser can be used effectively 
to monitor CO2 emissions and their source from incubated, amended soils and that (ii) a stored 
Austrian agricultural soil can be revived for an incubation study with the aim to measure soil 
CO2 fluxes in response to maize mulch application. Further, it is confirmed that the soil CO2 
flux in response to mulch amendment is relatively fast and occurs within the first month of 
application in these incubated Austrian agricultural soils.  
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