








CaCOs; comes with a 0.9 %o fractionation factor. Overall the equilibrium
fractionation factor between soil CO, gas and CaCOj is 10.6 %o, and varies

slightly with temperature effects (Clark and Fritz, 1997, p. 120).

Figure 1. Soil Carbonate Fractionation Diagram. This diagram from Clark
and Fritz, 1997 (p. 120), illustrates the process of carbon from soil-respired CO,
becoming incorporated in pedogenic carbonate (CaCOs). The 8'°C of the carbon
in each intermediate step is shown, as is the fractionation factor (¢).
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Keeling Plots

Keeling Plots are essentially a two-component mixing model that allows
the isotopic composition of source CO; to be distinguished from soil CO, that has
undergone mixing with background atmospheric CO,. The use of Keeling plots
began in the late 1950’s and early 1960°s by C. D. Keeling to “interpret carbon
isotope ratios of ambient CO, and to identify the sources that contribute to
atmospheric CO, concentrations on a regional basis.” (Yakir, 2000). The work by
Keeling hypothesized that carbon isotope ratios and CO; concentration vary
proportionally, and with a plot of §"°C versus 1/[CO,] it was possible to see a
process of the mixing of atmospheric CO, and CO; from soil and plant respiration
(Keeling, 1958 and 1961). The y-intercept of a Keeling Plot represents the 8'°C
of the source COs.

It was only in the late 1980°s and 1990’s, that the use of Keeling plots for
ecosystem respiration became widely known and was used to analyze the isotopic
composition of atmospheric CO; to determine carbon sources and sinks
(Sternberge et al., 1998). Work that has been done using Keeling plots for soil
respiration has generally been done in field conditions, not in artificial soils in a
laboratory. An example of this can be seen in Mortazavi et al., 2004; in which

they utilized soil probes and sampling chambers to collect soil CO, samples from
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natural soils. These were used to determine the "°C and 8'°0 of soil efflux via
the intercepts of the Keeling plots. There have been other works pertaining to
soils, such as work by Liu et al., 2006, who studied the 8"3C and A"C in natural
soils- and used the Keeling plot to determine at what depths in the soil

atmospheric CO; had an effect and what depths it was no longer present.

Cerling Model of Soil CO, diffusion-production

Cerling’s diffusion-production model is utilized in studies of pedogenic
carbonates and their ability to infer past C3/C4 flora compositions. The model
utilizes a number of assumed input parameters (including atmospheric CO,
concentration, diffusion coefficient for CO, in the air, free-air porosity, and a
tortuosity factor). The diffusion-production equation is solved for steady state
conditions, which allows the model calculation of CO, concentration profiles in
soils (equation 4). The model goes further to predict the 8"*Cco, throughout the
soil profile, but it assumes the same soil diffusion coefficient throughout the
profile. The model solves the diffusion-production equation separately for
isotopically substituted molecules of CO,, and then predicts the ratio of >C/**C in

soil CO, which is converted to o in equation 5.

* 2
cs*=g*[|_z—%j+co* @)

S
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Cs* is the concentration of soil CO,, &* is the permil value for soil air, Rppp is
the ratio of '*C/"*C in PDB standard, Ds* is the diffusion coefficient for CO, in

soil, ¢* is the production rate of CO,, L is the depth at the base of the soil profile,

Z is the depth within the soil profile, 5 5 1s the permil value for respired COo, 5;

is the permil value for atmosphere, Dy’ is the diffusion coefficient of *CO, in
soil, and Cy* is the atmospheric concentration of CO,.

Results of this model from Cerling are shown in Figures 2 — 4, with some
standard assumptions. The diffusion-production model demonstrates that
atmospheric CO, concentration is important at shallow depth (the first 10 cm in
the soil from the surface) and when soil respiration value is low because it mixes
significantly with soil-respired CO, and imparts an isotopic signature on the soil
CO; indicative of this mixing ratio (Cerling, 1984). Predicted CO, concentration
with depth is shown in Figure 2; predicted 8'°C with depth is illustrated in Figure

3, and a Keeling Plot made using these predicted values, is shown in Figure 4.
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Cerling Model CO, vs. Depth
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Figure 2. CO, versus depth using the Cerling model for CO, diffusion —
production. Model parameters of the artificial soils in this study and the
atmospheric CO; value for the lab atmosphere at the time of the study were input
into Cerling’s model (using the methods of Amundson, 2004).
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Cerling Model §°C vs. Depth
5°C CO2, %o
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Figure 3. 8"°C versus depth using the Cerling model for CO, diffusion —
production. Model parameters of the artificial soils in this study and the
atmospheric CO, value for the lab atmosphere at the time of the study were input
into Cerling’s model (using the methods of Amundson, 2004).
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Expectations and Hypotheses

Because soil CO; equilibrates with soil solution to form pedogenic
carbonates and is the source of ecosystem respiration, it is important to fully
understand the effect of mixing on the isotopic values of soil CO,, and how it is
influenced by carbonate precipitation and background atmospheric CO,. This
study uses laboratory analysis of artificial soils to test the isotopic values in soils
with either C3 or C4 organic matter, at various depths to determine the influence
on the isotopic values of soil CO, by background atmospheric mixing and
carbonate precipitation. It is expected that there will be 4.4 %o fractionation factor
for the CO; diffusion through air, from a source of soil-respired CO,. The soil
CO, concentration is expected to increase with depth, and the carbon isotopic
signatures are expected to reflect the values of the starting soil organic matter
mixed with atmospheric CO,, whereas the oxygen isotopic signatures are
expected to reflect equilibration with the water used to irrigate the columns.

The diffusivity of soil CO, will be dependent on the connectivity of pore
space in the soil, and is thus affected by soil type and by the presence of water. If
the pore space in a soil is saturated, the diffusion of gas through the soil may be
halted (Weerst, 2001). This study will also test the effect of soil moisture on the

diffusivity of CO, under variable degrees of saturation.
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The Keeling Plots are expected to represent the process of mixing between
a homogenous source of respired CO, and atmospheric CO,. If this is the only
process involved, the Keeling plots should be linear for both 8'°C and 8'*0; any
deviation from a linear plot will illuminate processes that fractionate *C/"*C or

80/'°0 during the production, diffusion, and equilibration.

Materials and Methods

Replicate soil columns were built with two types of artificial SOM profiles
composed of C3 and C4 biomass in sterile mineral soil. By using artificial soils in
laboratory conditions, the effects of root respiration have been removed, leaving
microbial decomposition of organic matter and evaporation as the primary
variables that control the isotopic composition of soil respiration and any
precipitation of pedogenic carbonate. Three replicates were built of two types of
soil profiles each containing a homogenized grass litter (from C3 or C4 grasses)
in a matrix of clean organic-free sand. Profiles were built with fresh grass
clippings as the starting organic matter to simulate decomposition and CO;
concentration that would be typical of a natural grassland soil. In a typical
grassland soil with a mean respiration flux rate (Fresp) =442 g C m> yr'l, the CO,
concentration increases from atmospheric CO;, concentration at the surface

(currently 384 ppm) to about 7,000 ppm at 100 cm depth (Amundson, 2005).
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Periodically, an isotopically-homogenous source of water with 200 mg/L Ca*"
was added to each profile in order to stimulate both decomposition of the organic
matter and precipitation of pedogenic carbonate as the water was evaporated and
calcite saturation was reached. The concentration and isotopic composition of

CO, within the soil profiles were then monitored over ~6 months.

Apparatus

The soil profiles were contained in six columns that were built using 2.5-
inch clear PVC pipe, each pipe measuring 101 cm in length. The columns were
measured and marked for the horizons as follows: From the top, 0 — 2.5 cm was
to be left empty for watering space; 2.5 — 12.5 cm was marked for the A1 horizon;
12.5 —42.5 cm for the A2 horizon (A horizons are surface horizons that contain
humified organic matter and minerals); 42.5 — 62.5 for the E horizon (E horizons
are eluvial horizons that have been leached of organics and minerals such as clay,
iron, and aluminum); 62.5 — 92.5 cm for the Bk horizon (Bk horizons are
subsurface soil horizons which accumulate leached materials from the surface
horizons and feature the precipitation of carbonates within them); with the bottom
remaining space for the C horizon (unweathered material beneath the soil- in this
case it is used to assist in draining the columns). Figure 5 illustrates the soil
column apparatus, with horizons and the horizon boundary depth in cm. Table 1

contains the measurements for soil horizons in the columns.
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After marking the horizons, holes were drilled (very slowly with a 13/16”
Speedbor woodboring bit) in the columns to allow for the installation of the gas
sampling tubes. Al, A2, and E horizons each had one gas sampling tube installed
in the center of the horizon, and the Bk horizon had two gas sampling tubes

(Figure 5).
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Figure 5. Apparatus. Diagram of soil column apparatus with measurements.
The horizons are labeled. Columns are made from clear PVC with PVC and
CPVC fittings. Gas collection tubes are made with perforated stainless steel



Horizon | Volume Mass Bulk Sand | Organic Clay
(cm®) (9) Density (%) Matter (%)
Sg/cm32 (%)
Al 301.9 395.6 1.31 93.8 6.2 0
A2 905.7 1186.9 1.31 95.0 5.0 0
E 603.8 N/A 1.65 100 0 0
Bk 905.7 1937.0 2.14 61.3 0 38.7

Table 2. Soil Profile Parameters. Bulk density and other parameters of the soil
horizons. Column volumes and the mass of added materials for each horizon are
given in the table.

Water Addition

The water used for watering the columns was prepared with the intention
of inducing carbonate precipitation within the Bk horizon and with providing a
distinct isotopic signature from the water that could be visible in any resulting
carbonates. Two clean jugs, one 20 L and one 50 L were filled with 12 MQ de-
ionized water, and placed open under a fume hood to allow some evaporation (to
obtain slightly '®O-enriched water). After about three months of evaporation time
the water was all (about 60 L) placed in a large Rubbermaid bin and 22.2 g of
calcium hydroxide was added in order to charge the water with Ca®". Because the
resulting pH was higher than typical for grasslands, HCI was added to bring down

the pH to 6.48, to approximate the pH of slightly buffered rainwater. This water
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was placed back in the jugs and sealed to prevent further evaporation. The
starting isotopic value for the water was 8'°0 = -1.97 £ 0.07 %o. Predicted

8" 0c02(VSMOW) of CO, in oxygen isotopic equilibrium with this water at 25°C
is +28.8%o. Soil columns were watered regularly with either 175 ml or 650 ml
volumes of water; the light watering was intended to wet the profile, and the large
watering to flush (see Appendix D for the watering chart). To assist in drainage
of the excess pore water, column drainage tubes were attached to a peristaltic
pump the day after watering for about 1 hour. Airline tube check valves from
Tetra are used to prevent atmospheric gas from entering the columns via the
drainage tubes during this pumping. 40W heating lamps were placed on a 12-hr
timer above each profile to encourage evaporation of pore water from the surface
of the profile.

After approximately six months of use it was determined that the
peristaltic pump drainage system was not sufficient to drain the columns. To
remedy this situation 1% inch diameter holes were drilled with a hole saw and 1
inch CPVC slip threaded bushings were added. These were sealed with 1 inch
PVC threaded caps. Thereafter, subsequent to each watering a ceramic pore water
sampler (SG25 porous borosilicate from UMS, Munich, Germany) was inserted
with a tube extending from it to a sealed vacuum flask. The flask was kept under
vacuum to pull water from the soil columns for approximately 1 hour the day after

watering.
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Gas Sampling

Gas samples were collected for isotope ratio mass spectrometer (IRMS)
analysis by removing a small volume of gas from the gas sampling tube with a
gas-tight syringe (Hamilton, or Bee-Stinger). The gas-tight syringe was inserted
through the rubber septa into the perforated steel gas collection tubes within the
columns. Gas was always sampled from the top to the bottom of each column for
consistency in the following pattern: Al first, A2 second, E third, Bk1 fourth and
Bk2 last. The columns were always sampled in the following order: StA1 first,
StA2 second, StA3 third, T1 fourth, T2 fifth, and finally T3 (StA referring to C3
biomass columns and T referring to C4 biomass columns). From each column,
7.5 ml of gas was taken from the A1 horizons, and all other horizons had 2 ml of
gas taken. The gas samples from the soil columns were then injected from the
Gas-tight syringe into Helium-flushed 10 mL Exetainers (Labco, Hertfordshire,
UK) in preparation for IRMS analysis. Three samples of ambient lab atmosphere
were collected during every sampling session. These were collected by leaving
three Exetainers open for several minutes and then sealing them. Samples were
analyzed within two hours to avoid leakage from the Exetainer septa. Gas
samples for the three IRMS runs used in this study were taken at different time

intervals after the columns had been watered. One sampling date was 2 days
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post-watering, one sampling run was 25 days post-watering, and one sampling run
was 64 days post-watering. This provided the opportunity to measure the soil

respiration in the columns when the soil was wet, moist, and dry.

IRMS Analysis

IRMS runs were set up as follows: 30 vials were flushed with Helium and
were used for the samples from the columns; 6 vials flushed with CO,/He were
run as standards with the samples. 12 vials were flushed with Helium and had
varying increments (4 with 7.5 ml, 4 with 5 ml, and 4 with 2 ml) of a custom
COy/He gas mixture (2987 ppm CO; in balance of He). The latter samples were
added in order to correct sample analysis (which vary significantly in amount of
CO,) for linearity effects of the mass spectrometer. Samples of lab atmosphere
were added at the end of a run. [CO;], 813Cc02 and 6180c02 were measured on a
Finnigan Delta V IRMS and corrected with respect to a CO,/He standard which
was calibrated to the VPDB scale via the international NBS-18 and NBS-19
reference materials (limestones). Normalization was as follows: CO, samples
were measured with respect to replicates of a CO,/He mixture, which was
calibrated to the VPDB scale via NBS-18 and NBS-19. Concentration of CO,
was measured for each gas sample by comparison of an equivalent sample of the

COy/He gas mixture (2967 ppm CO; in balance He). For comparability of water
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and CO, data 8'*0 (VPDB) values were converted to 80 (VSMOW) via the
equation of Coplen, et al. (1983):

8" Ovsmow = 1.03091 8'0ppg + 30.91 (6)
A predicted 5'®0 value for CO, in equilibrium with the soil water was determined
by the equilibrium fractionation factor in O’Neil & Adami (1969). Modeled

8"Ccos values follow the diffusion-production model of Cerling (1984).

Plots

Keeling Plots and all other plots were created in Microsoft Excel XP Pro.
The Keeling plots were created by plotting the corrected IRMS results versus the
reciprocal of the CO, concentration, and then applying Excel’s linear regression
function to create a trend line which represents the Keeling line. This was done
for each horizon, C3 columns together and C4 columns together- resulting in 4
Keeling Plots (two for "°C and two for 8'%0). Additional plots were made for
each sampling day, to illustrate any differences that different soil moisture
conditions may have on CO; concentration or on the isotopic values of the soil

CO,.
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Results

CO;, Concentration with Depth

The CO; concentration was measured for each horizon, and the average
for each horizon plotted versus the column depth (Figure 9). Soil CO,
concentration was greater than atmospheric CO, concentration (380 ppm) in all
horizons during all sampling intervals. Average CO, concentration increased
from near atmospheric values up to nearly 12000 ppm between 70 and 80 cm
depth (note this is only an average for replicate profiles and multiple sampling
intervals- actual values taken at time of sampling were higher/lower depending on
the soil moisture). Figures 11 — 12 contain additional CO; versus depth plots
separated according to one of three moisture regimes, which the sampling
occurred in wet, moist, or dry soil. Average CO, concentration increased from
the A1 horizon to the A2 horizon, and remained fairly steady through the E
horizon for the C4 columns, and continued to increase in the C3 columns. C3
columns had a continued increase in CO, concentration through the Bk1 sampling
point, and then decreased at the Bk2 sampling point. C4 columns decreased at the
Bk1 sampling point. The C4 columns only had one sample from the Bk2

sampling points, which showed a significantly greater CO, concentration.
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CO, Concentration vs. Depth
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Figure 10. Concentration versus Depth in Wet Soil. [CO;] depth profiles for a
single sampling time, 2 days after the columns were irrigated with 650 ml of
water per column. Sampling points were in the center of each horizon for A1, A2,
and E horizons. The Bk horizon contained two sampling points (note that the
lower Bk horizon sample was often problematic with extremely high [CO,], likely
due to low porosity).
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CO, Concentration vs. Depth
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Figure 11. Concentration versus Depth in Moist Soil. [CO,] depth profiles for
a single sampling time, 25 days after the columns were irrigated with 650 ml of
water per column. Sampling points were in the center of each horizon for A1, A2,
and E horizons. The Bk horizon contained two sampling points (note that the
lower Bk horizon sample was often problematic with extremely high [CO,], likely
due to low porosity).
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CO, Concentration vs. Depth

10 -12 - 2008
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Figure 12. Concentration versus Depth in Dry Soil. [CO;] depth profiles for a
single sampling time, 64 days after the columns were irrigated with 650 ml of
water per column. Sampling points were in the center of each horizon for A1, A2,
and E horizons. The Bk horizon contained two sampling points (note that the
lower Bk horizon sample was often problematic with extremely high [CO,], likely
due to low porosity).
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5C Keeling Plots

Keeling Plots separated for each horizon type but averaged for all
sampling periods are shown in Figure 13 and 14, which highlights changes in
slope and y-intercept between horizons. Figure 13 shows the 8"°C Keeling Plots
for the C3 columns and Figure 14 shows the Keeling Plots for the C4 columns. In
both cases it is clear that the 8'°C values determined by the y-intercepts on the
Keeling Plots (813C(Kp)) decrease with depth. In all of the 8"°C Keeling Plots the
A and E horizons fit a line well, but the B horizons do not. The y-intercepts
become more *C-depleted in the B horizons.

Keeling Plots shown here consist of all of the data combined from the
three gas-sampling days, while Figures 15 — 20 contain Keeling Plots for each
sampling period. These are organized into one of the three moisture regimes
during which the sampling occurred: wet, moist, and dry. Variation in the
different moisture regimes produced negligible difference in the 613C(KP), for both
the C3 and C4 soil profiles.

The Equations and R” values for the average Keeling Plot lines are listed
in Table 3. The y-intercepts for individual Keeling Plots (in Figures 15 — 20) that
were plotted according to the approximate soil moisture regime are in Table 4. It
is important to notice that there is not significant change in y-intercept between

the different moisture regimes.
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C3 Keeling Plot Line Equations
Horizon Equation R’ Value
Al y =5690x — 24.3 0.9
A2 y =5914x — 24.7 1.0
E y = 6059x — 25.1 1.0
Bkl y =8602x — 31.7 1.0
Bk2 y = 11902x — 40.6 0.9
C4 Keeling Plot Line Equations
Horizon Equation R’ Value
Al y=709x —11.2 0.3
A2 y=615x —10.8 0.4
E y=751x—-11.2 0.5
Bk1 y=23473x - 18.4 0.9
Bk2 N/A N/A

Table 3. 8"*C Keeling Plot Line Equations and R* Values . Equations and R?
values for the Keeling plot lines in Figures 9 and 10.

39




§"°C (VPDB, 0/00)

C3 Keeling Plots
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Figure 15. C3 8"C Keeling Plots for “Wet” Soil Conditions. Keeling
Plots of 8"°C by horizon for C3 columns; sampling was done 2 days after
watering the columns with 650 ml of prepared water per column. The
values for all of the replicate columns are plotted as points and the Keeling
Plot lines were plotted using linear regression for all sampling intervals.
Predicted 8"C of soil CO; from this C3 biomass is -24.7 %o. The starting

§'3C of the C3 biomass was -29.09 + 0.31 %o.
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Figure 16. C3 8"C Keeling Plots for “Moist” Soil Conditions. Keeling
Plots of 8"°C by horizon for C3 columns; sampling was done 25 days after
watering the columns with 650 ml of prepared water per column. The
values for all of the replicate columns are plotted as points and the Keeling
Plot lines were plotted using linear regression for all sampling intervals.
Predicted 8"°C of soil CO, from this C3 biomass is -24.7 %o. The starting
8"°C of the C3 biomass was -29.09 = 0.31 %o.
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Figure 17. C38"C Keeling Plots in “Dry” Soil Conditions. Keeling
Plots of 8"°C by horizon for C3 columns; sampling was done 64 days after
watering the columns with 650 ml of prepared water per column. The
values for all of the replicate columns are plotted as points and the Keeling
Plot lines were plotted using linear regression for all sampling intervals.
Predicted 8">C of soil CO, from this C3 biomass is -24.7 %o. The starting
8"°C of the C3 biomass was -29.09 = 0.31 %o.
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Figure 18. C4 8"C Keeling Plots in “Wet” Soil Conditions. Keeling
Plots of 8"°C by horizon for C4 columns from sampling 2 days post
watering. Each column was irrigated with 650 ml of prepared water. The
values for all of the replicate columns are plotted as points and the Keeling
Plot lines were plotted using linear regression for all sampling intervals.
Notice that the Keeling plot intercepts become more negative for the Bk
horizon. The predicted 8'°C of soil CO, from the C4 biomass is -9.4 %o.
The starting 8"°C of the C4 biomass was -13.77 £ 0.19 %o.

43



§"°C (VPDB, °/oo)

C4 Keeling Plots

08 - 01 - 2008
1/[CO2]
0 0.0005 0.001 0.0015 0.002 0.0025 0.003
_5-0 | | | | | |
- ] ——
I0.0F — — -
e —— _ - -—
-15.0 o= .- " -
Q- —7"
(
-20.0
-25.0
-30.0
-35.0 -

o Al = A2 a E o Bkl @ Bk2 @ Lab Atmosphere

Figure 19. C4 8"C Keeling Plots in “Moist” Soil Conditions. Keeling
Plots of 8"°C by horizon for C4 columns from sampling 25 days post
watering. Each column was irrigated with 650 ml of prepared water. The
values for all of the replicate columns are plotted as points and the Keeling
Plot lines were plotted using linear regression for all sampling intervals.
Notice that the Keeling plot intercepts become more negative for the Bk
horizon. The predicted 8"*C of soil CO, from the C4 biomass is -9.4 %o.
The starting 8"°C of the C4 biomass was -13.77 £ 0.19 %o.
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Figure 20. C4 8"C Keeling Plots in “Dry” Soil Conditions. Keeling
Plots of 8"°C by horizon for C4 columns from sampling 64 days post
watering. Each column was irrigated with 650 ml of prepared water. The
values for all of the replicate columns are plotted as points and the Keeling
Plot lines were plotted using linear regression for all sampling intervals.
Notice that the Keeling plot intercepts become more negative for the Bk
horizon. The predicted 8"°C of soil CO, from the C4 biomass is -9.4 %o.
The starting 8'°C of the C4 biomass was -13.77 + 0.19 %o.
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C3 8"°C y-intercepts for Different Soil Moisture Conditions.

Horizon Wet Moist Dry
Al 25.4 232 -26.8
A2 225.0 243 25.6
E 25.4 4.7 25.8
Bk1 -33.9 -30.4 -32.0
Bk2 N/A N/A ~40.0
C4 8"C y-intercepts for Different Soil Moisture Conditions.
Horizon Wet Moist Dr
Al -10.6 -10.7 -13.1
A2 -10.9 -10.5 116
E 113 -10.6 “12.0
Bk1 17.1 “18.3 _19.8
Bk2 N/A 142 N/A

Table 4. §"°C Keeling Plot y-Intercepts. 8"Cp) under different soil moisture
conditions.

5®0 Keeling Plots

8'80 Keeling Plots are shown in Figure 21 and Figure 22 separated by
horizon type but arranged over three sampling periods. Both the C3 and C4
columns show the surface (A1 horizon) to have a more positive 5 *Op) value
than the rest of the horizons for all runs combined. The plots here contain all data
points from the sampling during the three different moisture regimes, and thus
represent an average value for the soil profiles over time (which in the natural
world consists of dry periods and interspersed rain events that temporarily wet the

soil). Individual plots separated by each moisture regime are in Figures 23 — 28.
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In these plots it is evident that the A1 horizon §'®0 composition is strongly
influenced by the soil moisture. SISO(KP) in A1 horizons in wet soil was enriched
compared to other horizons; whereas in dry conditions the A1 horizons showed
little to no distinction from the other horizons. This is evident in both C3 and C4

profiles, but is most prominent in the C3 profiles.
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C3 Keeling Plot Line Equations

Horizon Equation R’ Value
Al y=-3758x + 34.1 0.7
A2 y=-1643x + 28.6 0.9
E y =-1508x +28.2 0.8
Bk1 y=-1526x + 28.2 0.8
Bk2 y=-797x + 26.3 0.4

C4 Keeling Plot Line Equations

Horizon Equation R? Value
Al y =-4536x +36.4 0.7
A2 y =-1535x +28.3 0.8
E y=-1431x + 28.0 0.8
Bk1 y =-830x +26.4 0.5
Bk2 N/A N/A

Table 5. §'°0 Keeling Plot Line Equations and R? Values. Equations and R
values for the Keeling Plot lines in Figures 11 and 12.
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Figure 23. C3 80 Keeling Plots in “Wet” Soil Conditions. Keeling
Plots of "0 by horizon for C3 columns. Samples were taken 2 days after
irrigating the columns with 650 ml of prepared water per column. The
values for all of the replicate columns are plotted as points and the Keeling
Plot lines were plotted using linear regression for all sample intervals.
Notice that the Keeling Plot intercept for the A1 horizon is more positive
than the others.
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Figure 24. C3 80 Keeling Plots in “Moist” Soil Conditions. Keeling
Plots of 8'*0 by horizon for C3 columns. Samples were taken 25 days
after irrigating the columns with 650 ml of prepared water per column.
The values for all of the replicate columns are plotted as points and the
Keeling Plot lines were plotted using linear regression for all sample
intervals. Notice that the Keeling Plot intercept for the A1 horizon is more
positive than the others.
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C3 Keeling Plots
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Figure 25. C3 80 Keeling Plots in “Dry” Soil Conditions. Keeling
Plots of 8'*0 by horizon for C3 columns. Samples were taken 64 days
after irrigating the columns with 650 ml of prepared water per column.
The values for all of the replicate columns are plotted as points and the
Keeling Plot lines were plotted using linear regression for all sample
intervals. Notice that the Keeling Plot intercept for the A1 horizon is more
positive than the others.
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Figure 26. C4 80 Keeling Plots in “Wet” Soil Conditions. Keeling
Plots of "0 by horizon for C4 columns. Samples were taken 2 days after
irrigating the columns with 650 ml of prepared water per column. The
values for all of the replicate columns are plotted as points and the Keeling
Plot lines were plotted using linear regression for all sample intervals.
Notice that the Keeling Plot intercept for the A1 horizon is more positive
than the others.
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Figure 27. C4 80 Keeling Plots in “Moist” Soil Conditions. Keeling
Plots of "0 by horizon for C4 columns. Samples were taken 25 days
after irrigating the columns with 650 ml of prepared water per column.
The values for all of the replicate columns are plotted as points and the
Keeling Plot lines were plotted using linear regression for all sample
intervals. Notice that the Keeling Plot intercept for the A1 horizon is more
positive than the others.
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Figure 28. C4 80 Keeling Plots in “Dry” Soil Conditions. Keeling
Plots of 8'0 by horizon for C4 columns. Samples were taken 64 days
after irrigating the columns with 650 ml of prepared water per column.
The values for all of the replicate columns are plotted as points and the
Keeling Plot lines were plotted using linear regression for all sample
intervals. Notice that the Keeling Plot intercept for the A1 horizon is more
positive than the others.
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C3 80 y-intercepts for Different Soil Moisture Conditions.

Horizon Wet Moist Dr
Al +37.3 +35.3 +30.0
A2 +28.0 +28.7 +29.1
E +28.1 +28.7 +27.7
Bkl +28.8 +28.1 +28.1
Bk2 N/A +26.0 +26.7

C4 §"0 y-intercepts for Different Soil Moisture Conditions.

Horizon Wet Moist Dr
Al +42.8 +37.0 +32.1
A2 +27.5 +28.6 +28.6
E +27.5 +28.9 +27.5
Bkl +27.0 +26.7 +25.9
Bk2 N/A +29.3 N/A

Table 6. §*%0 Keeling Plot y-Intercepts. 8180(@) under different moisture conditions.

5°C and 60 with Depth

To better illustrate the change in isotopic values seen in the Keeling Plots,
the raw 8"°C and 8'*0 data was plotted versus depth. The C3 columns have 8"°C
values that deviate significantly from the predicted equilibrium soil-respired CO,
values in both the A1 horizons and the Bk horizons. The C4 columns have §"°C
values that deviate from the predicted equilibrium (determined by adding 4.4 %o

diffusional fractionation to the 8'"°C values of the starting materials) only at the
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Bk horizons, but the A1 horizons remain close to the predicted equilibrium
values. For the "0 versus depth (Figure 30), both the C3 and C4 columns
deviate from the predicted equilibrium values in both the A1 and Bk horizons.
The results in the isotopic composition versus depth plots (Figures 29 and
30) and the results in the Keeling Plots (Figures 13, 14, 21, and 22) illustrate the
same trends, simply in different ways. The difference mainly being that the
Keeling Plots allow the isotopic value that would be present with no atmospheric
mixing to become known; the isotopic composition versus depth plots do not
allow such resolution, and so only assume a 4.4 %o fractionation between soil-

respired CO; and soil CO,.
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SBC versus 50

Figures 31 and 32 show cross plots of 8"°C versus 8'*O for both C3 and
C4 columns, respectively. Lines representing trends expected for processes
responsible for the isotopic values are illustrated the plots, with the intersection of
two lines representing the predicted equilibrium values. Above the horizontal line
is a trend of '*O- enrichment at the surface and below it is a trend of mixing with
'%0-depleted atmospheric CO, in deeper horizons. To the right of the vertical line
is a trend of mixing with '*C-enriched atmospheric CO,, and to the left is a trend
of '°C being preferentially taken up in the precipitation of CaCOs. It is interesting
to note that the A2 and E horizons, in both C3 and C4 profiles, fall nearest to the
predicted equilibrium value. The A1 horizons and the Bk horizons are the most

influenced by additional factors.
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Discussion

Concentration Versus Depth Plots

Trends of CO; versus depth demonstrate that the CO, being produced in the soil is
diffusing up through the columns to mix this respired CO, with atmospheric CO,, as
predicted by the Cerling diffusion-production model. The E horizon showed little change
in the C4 columns, and had a slight increase in concentration in the C3 columns. The
variation in CO; concentration (and isotopic composition) in the lab atmosphere samples
is likely due to the building air handling system recycling a portion of used indoor air,
and due to the outdoor air being from an urban environment, which typically has above
average CO, concentrations (Grimmond et al., 2002; Clark-Thorne and Yapp, 2003;
Pataki and Bowling, 2003; Pataki et al., 2007).

The CO, diffusing through the soil pore spaces passes through variable
media, thus the diffusion rate will vary from horizon to horizon. For example, the
Bk horizon contains a large amount of clay mixed in with the sand, which
impedes and slows the diffusion of respired CO, through it due to reduction of
pore space and permeability from the expansion of clay when water is present.

The montmorillonite clay used in this experiment is 2:1 phyllosilicate clay, which
expands in the presence of water, and may seal off the subsurface from the

atmosphere. The E horizon, consisting of quartz sand, will have the greatest CO,
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diffusivity among all of the horizons because it will have the greatest amount of
unsaturated pore space and permeability. This variability in diffusivity explains
trends of high CO2 concentration visible in the Bk horizons. Perhaps the distinct
difference between the sets of C3 and C4 columns is held due the respired CO;
having decreased diffusivity through the Bk horizon. It could be that they would
have appeared more consistent with diffusion-production if gases could more
readily mix and move through them. Although the Bk horizons in both C3 and
C4 columns contain the same amount of clay, sand, and organic matter, the C4
columns appeared to retain more moisture, perhaps due to a difference in moisture
retention between the types of organic matter. If the Bk horizons of the C4
profiles retained more moisture than C3 profiles, the expansion of clay due to
moisture in the C4 columns could impact diffusivity.

Respiration rate (the flux at the top of the soil profiles) can be estimated
using the soil CO; concentration profiles. To accomplish this, the soil CO,

concentration must be converted from ppm to moles cm™, using:

moles/ | _ _ (tppm) +1000cm’ /L +1000000ppm (7)
cm” 2241 /mole

Then the following equation adapted from the Cerling (1984) diffusion-
production model is used to calculate respiration rate:

(c,-c,)

¢ = Ds (8)

—c,)
(L-7)
2)
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Where ¢ is the production in moles cm™ s™!, Dy is the diffusion coefficient for CO,
in the soil in cm? s'l, C; is the concentration of soil CO; in moles cm” , Co 1s the
atmospheric CO, concentration in moles cm™, L is the column depth in cm, and z
is the sample depth in cm (Cerling, 1984). To convert from production rate to
flux, ¢ was multiplied by 100 cm (the column depth). This method resulted in an
average respiration rate for all runs combined of 5.3 x 10" moles cm™s™. For
“wet” conditions it was 5.1 x 10" moles cm™ s™', for “moist” conditions it was
7.4 x 10" moles cm™ s, and for “dry” conditions it was
3.3x 10" moles cm™ s™'. These rates are comparable to the estimated typical
grassland soil respiration rates for the non-growing season from Cerling (1984),
which are up to 2.5 x 10"° moles cm™ s in the growing season to 2.8 x 10"
moles cm™ s in the non-growing season. The variation among these respiration
rates with respect to soil moisture is likely due the response of the specific
microbial community in these soil columns. The respiration rates were highest in
“moist” conditions, when the soil was neither saturated, which would likely shut
down aerobic respiration, or dry which would limit the availability of water to the
microorganisms.

An interesting trend that is visible in the CO; concentration versus depth
plots that are separated by moisture regime is that the soil moisture status has a
strong influence on soil respiration. In the “wet” conditions the CO,
concentration increased to 13431 ppm in the Bk1 horizons of the C3 profiles as

compared to 2361 ppm in “dry” conditions. In this “wet” soil situation the C4
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profiles did not provide data for the Bk horizons, likely because the pore spaces
were saturated to the point that aerobic soil respiration shut down or was severely
diminished. The Bk2 horizons of the C3 profiles may have similarly shut down
during this saturated condition.

In the “moist” soil conditions CO, depth profiles showed some different
trends. The Bk horizons in C3 profiles only reached 10617 ppm and 10725 ppm
for the Bk1 and Bk2 horizons, respectively. The C4 profiles showed greatly
increased soil respiration rates during this moisture regime, reaching 12054 ppm
in the Bk1 horizon and 12423 ppm in the E horizon. The high CO, concentration
in the E horizon was likely due to diffusion of CO; from the Bk1 horizon. The C4
profile Bk2 horizons had a relatively low CO, concentration of 6830 ppm, likely
due to wet conditions remaining at the bottom of the columns.

In the “dry” conditions, the C4 profiles did not produce CO,
concentrations greater than 3780 ppm in the E horizon and 2370 ppm in the Bk
horizon. The C3 profiles were more productive in these conditions, producing a
CO; concentration of 5039 ppm in the E horizon and a much higher 9731 ppm in
the Bk1 horizon. The C3 Bk2 horizons (at 2361 ppm) produced similar
concentrations to the C4 Bkl horizons.

As discussed previously, some studies have found that soil moisture
content influences soil respiration rate while others have found that it does not. In
this situation it does, and there is some variation between the two profiles. The

difference between CO, concentration depth profiles in this study may be due to
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different saturation conditions and the microbial response to those conditions,
which may depend on the quality of the C3 and C4 biomass. Both profiles
contained the same amount of all starting materials, but for one having C3
biomass and the other having C4 biomass. It is possible that there is enough
difference in the water holding capacity of the organic matter between these two
that one profile retains water more than the other. This could explain why the C4

profiles seemed to retain water to a greater degree than the C3 profiles.

5°C Keeling Plots

Over entire columns, 8'3C values reflect the source of respired CO;
corrected for a 4.4 %o diffusional fractionation, but values change with depth in a
way that deviates somewhat from the diffusion-production model of soil CO,
(Cerling, 1984). The Keeling Plots (Figures 13 and 14) and 8"°C vs. depth plots
(Figure 29) show changes in 813C(KP) (8"°C values obtained from Keeling Plots)
and 8" Ciraw) values (respectively), in the “developing Bk horizon that are
significantly more '*C-depleted than in upper horizons. Keeling plot intercepts
for the Bk horizons are much more *C-depleted than predicted by diffusion of
CO; from the source organic matter (reaching values of -40%o for the C3 soil and
-18%o for the C4 soil). This may be due to the precipitation of pedogenic
carbonate in the “developing Bk horizons, which would preferentially uptake *C

(according to the fractionation factor between calcite and CO, ~ 10%o), leaving
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the remaining soil CO, "*C-depleted. This is supported by mass balance
calculations of Ca**-additions suggesting that some CaCOs may be precipitating.
In each column, 0.625 g Ca>" has been added, which could result in a maximum
potential precipitation of about 1.56 g CaCOj;. Such a CaCOs3 sink would amount
to ~22.4 g C m™ yr’', roughly 5-10% of the total estimated soil CO, production
rate. However, it is unknown what amount of the added Ca®" was incorporated in
carbonate precipitation and how much drained through the profile. The pH of soil
column effluent may hint at relative amounts of Ca*" either draining through the
profile or precipitating in CaCOs. At the start of the experiments the column
effluent pH was approximately 3, likely due to organic acids leaching from the
large amount of freshly added organic matter, and/or oxidation of ammonia
released by decomposition. As the organic matter in the columns was
decomposed by the soil microbial community the pH gradually began to rise,
gradually approaching the pH value of the water that entered the columns (6.48).
Because carbonates do not precipitate in acidic conditions it is likely that much of
the Ca>" in the beginning of the experiment was drained through the columns.
Once the column effluent reached pH levels consistent with the column irrigation
water it is likely that much of the Ca®* was being incorporated into CaCOs.

For both the C3 and C4 profiles, varying moisture conditions had no
consistent effect on the trends of the 8'"°C depth profiles of soil CO2; nor the §"°C

composition of the soil-respired CO,. Although the moisture regimes affected the
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CO; concentration profiles, this only affected the rate of soil respiration without

any changes in fractionation.

5®0 Keeling Plots

8'80 Keeling Plots of both C3 and C4 soils (Figures 21 and 22) show a
mean value similar to that predicted by equilibration with soil water, reflecting the
equilibrium fractionation between CO, and H,O at ambient lab temperature.
6180(1(}’) becomes significantly more '*O-enriched in the surface horizons (A1)
due to evaporative '*O- enrichment of water near the surface, and equilibration of
CO; with this water (surface intercepts reach +34-36%o compared to a predicted
value of ~29%. for equilibration with soil water). This effect may contribute to
enrichment of '®O in ecosystem respiration in warm climates with high soil
moisture, and should be accounted for in global '*O budgets (Ciais, et al, 2005).

The soils in this study may mimic a warm moist climate during the periods
of wet and moist soil conditions in the study. The heat lamps suspended above
the columns in this study likely contributed to increased evaporation from the
surface, which may or may not reflect conditions in natural soils, depending on
environment. The 8'°Okp) values in the A2 and E horizons remain steady and
similar to the predicted equilibrium value with depth, but are more variable in the
deepest (Bk) horizons. Because a CO, molecule can travel ~12 cm in the soil

before it takes the isotopic signature of the soil water (Ciais et al., 2005). Soil
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CO; diffusing through the soil may not be fully equilibrated with soil water until

it reaches the E and A2 horizons, and may equilibrate with '*O-enriched water

near the soil surface. These results of 8'°0 versus depth are similar to the §'°0

versus depth plotted in Sternberg et al (1998) from an Amazonian rainforest soil

(Figure 33). The differences between these two depth trends are attributed to

seasonal differences in soil respiration as a consequence of variation in

temperature and moisture. In the lab soils in this study the temperature was held

at a constant diurnal cycle for the entire duration of the study; however, the

moisture content of the soils in this study varied during the three sampling

periods. It is therefore interesting that the profiles in this study show a consistent
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Figure 33. 50 versus
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Appendix E.
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The plots of 8'°0 versus depth using Amazonian rainforest soils by
Sternberg et al (1998) show similarity to the C3 and C4 profiles in this study
during wet and moist conditions, but the dry conditions did not show any
similarity. That wet conditions show an increase in 8'°O at the surface is likely
due to evaporative enrichment because there is enough water available to
evaporate, and to equilibrate with CO, as it exits the soil. In dry conditions there
is not enough water present in the surface horizons to evaporate, nor to equilibrate

with CO,, so evaporative enrichment cannot take place.

Cross Plots of 53C versus 50

The 8"C versus 8'°0 cross-plots for both C3 and C4 grasses show the
deviations of the 8"°C and 8'*0 values from the predicted equilibrium values in
ways that are both consistent and inconsistent with the diffusion-production
model of soil CO; (Cerling, 1984). The middle-range horizons (A2 and E) of the
C3 columns plotted close to the predicted equilibrium values, with only a slight
effect from mixing with '*C-enrcihed atmospheric CO,. The effects of mixing of
atmospheric CO; increase in the surface horizons, as predicted by the diffusion-
production model. In the C4 columns they also plotted close to the predicted
equilibrium value, but had less effect of mixing with atmospheric CO, and rather

had a slight effect of mixing with *C-depleted CO, evident in the deeper horizons
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(where the suspected CaCOs sink is). The Bk horizons of both the C3 and C4
columns are *C-depleted, which is indicative of a preferential uptake of °C in a
CaCO;j sink. Although the columns were built, and the experiment designed, with
the intention of precipitating carbonates in the Bk horizons, it was not expected
that the developing Bk horizons would exhibit such *C-depletion as per the
Cerling diffusion-production model.

The A2 and E horizons of both C3 and C4 columns are not '*O-enriched,
indicating mixing with '*O-depleted atmospheric CO,. Both C3 and C4 columns
show the surface horizons (A1) displaying '*O-enriched values, indicating effects
of equilibration with surface soil waters that have been evaporatively '*O-
enriched.

These cross-plots support the results of the Keeling Plots as both indicate
two deviations from the Keeling Plot mixing model: (1) evaporative enrichment
of "*0 in the surface horizons (A1) and (2) the depletion of BC in the deep

horizons (developing Bk horizons) due to uptake in a carbonate sink.
Possible Issues
Overall the results of the isotopic analyses illustrate the respired soil CO,
trends. This provides an excellent analog for what may occur in natural soils, but

under controlled environmental conditions. It should be noted however, that

some differences will exist between an artificial soil and a natural soil- besides the
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absence of root respiration in the artificial soil. One factor to consider is that the
low level of litter diversity in this study (only one type of grass per column and a
single stage of decomposition, i.e. grass clippings). This may or may not have a
negative impact on the microbial communities of the soil (Bardgett and Shine,
1999). One reason why it may not have a negative impact is: despite microbial
communities differing between soils (between soils of different locations and
possibly between real and artificial soils as well), it is generally assumed that the
soil CO; that is heterotrophically-respired will be similar in terms of isotopic
composition provided the starting materials are equivalent in isotopic
composition. It is possible that the actual concentration of CO, in the columns
may be slightly different than that expected in a natural semi-arid grassland soil;
simply because the limited supply and variety of organic matter for the microbes
to decompose is different than the real soil situation, in which there is a
continuous addition of new organic matter as plant life grows and dies on a
regular basis. Despite this potential issue, the CO, concentration with depth
appears to have the same overall trend that is expected for a semi-arid grassland
soil.

Also in relation to natural soils, the artificial soils used in this study will
experience a gradual reduction in soil respiration with time- because as the
organic matter decomposed and CO; respired, there was no fresh input of organic
matter to sustain the microbial communities. In natural grassland soil there will

be a more consistent rate of input of new organic matter to the soil, predominately
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after the growing season (in the fall). A large die-off of grass and other
herbaceous plant matter in natural conditions creates a great input of organic
matter (Kirschbaum, 1995). Because the soil columns in this study were only
monitored for about six months, similar to an annual growing season, the time
limiting scope of this is not a problem. If it were to be continued for a much
longer time period, the addition of fresh organic matter may be required to sustain

decomposition.

Conclusions

Replicate C3 and C4 grassland soil profiles were constructed for this study
and regularly irrigated such that soil respiration would produce CO, which could
be extracted and analyzed.

8'°C Keeling Plot intercepts track the 3'"°C of source CO, when corrected
with 4.4 %o diffusional fractionation for entire columns. However, the Be-
depleted values in the developing Bk horizon may be related to pedogenic
carbonate precipitation. 8'°O Keeling Plot intercepts track equilibration with soil
water. 8'%0 values from CO; near the surface shows a pull towards 80-enriched
values, which is the likely result of preferential H,'®0O evaporation from the
surface during times of high soil moisture. During dry conditions the surface
horizons do not illustrate any evaporative effects, rather maintain similar 8'*0

compositions to the rest of the profile.

75



When 8"°C versus 8'%0 is plotted, deviations from equilibrium are visible.
The deviation of "°C from equilibrium may be controlled by mixing with
atmospheric CO, and by the preferential uptake of °C in a CaCOj sink, whereas
the deviation of 8'°0 from equilibrium may be controlled by equilibration with
evaporatively '*O- enriched soil water near the surface in moist and wet soil
conditions.

The change in soil moisture did not affect the 8'°C composition within the
soil profiles likely because no change in source of carbon, nor fractionation by the
soil microbial community occurred. The primary effect that variation in soil
moisture had was on soil respiration rates. Moist conditions were favorable and
produced high CO; concentrations, but in saturated conditions respiration was

inhibited and CO, concentration was reduced.

Future Thoughts

Future interesting work that could be done with these or similar soil
columns includes, of course, growing pedogenic carbonates in the developing Bk
horizon and analyzing the 8"°C and 8'*0 of the carbonates to compare to the
respired CO; and DIC data. Other interesting plans would be to include the
measurement and analysis of soil-respired CO; and its possible variability under
strict control of such factors as temperature, soil moisture, and substrate type and

quality. It would be interesting to test these factors individually and in different
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combinations to compare to field studies and to help work out the subtleties in the

process of heterotrophic soil respiration.
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Appendix A

Normalized Values from Utilized Samples of Soil CO,

This appendix includes three tables. Each table contains the normalized
data from one sampling date. Samples that were discarded in the normalization
procedure are not included here. The samples shown in gray were accepted by
the correction procedures but were not included in the data analyzed in this thesis
due to problems with column T3. See Appendix F for more information on
column T3. St.A refers to columns with C3 organic matter and T refers to
columns with C4 organic matter. The number immediately following the letters
refers to the column number, and the second numeral refers to the horizon. For
example, “St.A1 17 is the A1 horizon of the first of the replicate C3 profiles.
“St.A127,“St.Al 37, “St.A1 4”7, and “St.A1 5” refer to the A2, E, Bkl, and Bk2

horizons, respectively of the first of the replicate C3 profiles.
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08-01-2008

Identifier stC 5'%0 [CO.]

Lab Atm 1 -9.52 23.44 366
Lab Atm 2 -9.56 23.55 371
Lab Atm 3 -9.83 23.38 380
StA1l1l -15.62 29.99 739
StA12 -21.65 28.08 2307
StA13 -22.86 27.95 3473
StAl4 -25.75 28.03 6215
StA15 -32.73 24.99 928
StA21 -19.54 32.03 1274
StA22 24.12 28.25 13160
StA23 -24.53 28.72 17163
StA24 -32.51 29.09 20080
StA31 -18.10 30.04 949
StA32 -23.68 28.49 8343
StA33 2431 28.61 11215
StA34 -30.03 26.37 5880
T11 -10.74 33.05 1153
T12 -11.07 28.40 14450
T13 -11.38 28.64 11164
T14 -18.37 26.03 10420
T21 -10.08 33.13 1428
T22 9.79 28.44 10396
T23 -9.80 28.76 12944
T24 16.97 26.92 3240
T25 -14.10 29.09 11675
T31 -8.74 32.42 3906
T32 -3.77 30.88 227121
T33 -3.54 31.32 221830
T34 -6.56 31.26 216053
T35 -7.58 30.75 207163

Table Al. Normalized values from samples taken on August 1, 2008.
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08-09-2008

Identifier sC 5%0 [COy]

Lab Atm 1 11.27 24.64 364
Lab Atm 2 -9.05 26.16 362
StA 2-1 -19.36 32.78 1061
StA 2-2 -24.20 27.78 8133
StA 2-3 -24.49 27.99 12100
StA 2-4 3431 29.28 20837
StA 3-1 -17.87 31.04 595
StA 3-2 23.94 27.86 4855
StA 3-3 -24.89 27.96 6112
StA 3-4 -31.59 28.11 6026
TPA 1-1 -10.38 33.05 625
TPA 1-2 -10.86 27.47 3647
TPA 1-3 11.25 27.37 4424
TPA 2-1 -10.33 33.03 666
TPA 2-2 -10.75 27.44 4818
TPA 2-3 11.26 27.37 5816
TPA 2-4 -16.47 26.82 3906
TPA 3-1 -10.23 3438 900
TPA 3-2 -10.69 29.86 54501
TPA 3-3 -10.53 29.91 62055
TPA 3-4 -7.55 30.14 53466
TPA 3-5 7.21 29.79 64950

Table A2. Normalized values from samples taken on August 9, 2008.
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10-12-2008

Identifier sC 5%0 [COy]

Lab Atm 1 8.17 25.19 404.94
Lab Atm 2 -8.07 24.50 408.81
Lab Atm 3 -7.85 23.20 411.33
StAl1 -13.64 24.82 565.12
StAl1 2 -19.63 26.93 1130.20
StA1 3 21.02 25.87 1509.00
StAl 4 -26.13 26.85 2667.59
StA15 32.12 25.01 1287.22
StA2 1 -18.29 29.17 913.93
StA2 2 2417 28.75 5245.59
StA2 3 24.84 27.88 7785.43
StA2 4 -30.41 29.20 22413.28
StA25 -34.48 27.06 3434.96
StA3 1 -17.53 25.64 820.84
StA32 23.61 28.88 4064.82
StA3 3 24.53 27.85 5822.22
StA3 4 -32.94 26.93 4112.72
T11 -10.96 27.93 811.10
T12 11.72 28.17 2992.28
T13 -11.98 27.23 3701.10
T14 -19.05 24.98 1679.33
T21 -10.45 28.77 887.43
T22 -10.56 27.99 3305.44
T23 11.17 27.15 3858.12
T2 4 -16.39 26.10 3059.70
T31 -10.38 31.62 1696.72
T32 -10.32 30.88 43528.70
T33 -10.29 30.00 51013.39
T34 -10.52 30.71 58130.82
T35 -10.39 31.02 59557.32

Table A3. Normalized values from samples taken on October 12, 2008.
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Appendix B.

Data from sampling dates which were not included in this thesis.

This appendix consists of tables that contain data from early samples that
were not utilized in this thesis. These data were not utilized because processes of
respiration in the columns were not yet stabilized. It also includes data from
sampling dates that did not provide enough data to make use of due to insufficient
volume of sampled CO; for IRMS measurement.

St.A refers to columns with C3 organic matter and T refers to columns
with C4 organic matter. The numeral immediately following the letters refers to
the column number, and the second numeral refers to the horizon. For example,
“St.A1 17 is the A1 horizon of the first of the replicate C3 profiles. “St.A12”,
“St.Al 37, “St.A1 4”, and “St.A1 5” refer to the A2, E, Bk1, and Bk2 horizons,

respectively of the first of the replicate C3 profiles.
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2-22-2008

Identifier sC 5%0 [COy]

StAl1 -20.24 48.83 4365
StAl1 2 2401 39.17 50734
StAl1 3 -25.93 37.49 83253
StAl 4 21.69 38.15 77603
StA15 -18.51 36.93 92267
StA2 1 -20.15 50.55 2957
StA2 2 -25.86 38.43 66423
StA2 3 8.34 35.95 103607
StA2 4 -9.06 33.60 132637
StA25 -10.93 34.66 118413
StA3 1 20.22 50.46 3632
StA3 2 25.41 38.60 60551
StA3 4 -27.90 35.44 110190
StA3 5 -20.48 35.82 107192
T11 -4.54 50.70 2531
T12 8.31 38.61 68185
T13 -7.45 39.31 63205
T14 -6.98 39.31 64731
T15 -6.42 39.23 65248
T21 3.72 49.41 2769
T22 -6.50 39.34 58266
T23 5.81 39.51 60809
T2 4 5.4 38.48 71644
T25 -5.20 38.58 67031
T31 -5.67 48.16 3931
T32 -9.86 39.55 56836
T33 -10.29 39.64 56394
T34 9.33 39.10 65274
T35 -8.74 38.76 70511

Table A4. Data from early samples taken on February 22, 2008.

90




2-28-2008

Identifier sC 5%0 [COy]

StA11 -23.80 49.14 9691
St Al12 24.16 41.79 48488
St.A13 -23.48 43.27 69148
St Al4 -20.48 44.74 90854
St.A15 -15.60 45.47 106084
St.A21 -25.28 49.43 2275
St.A22 -25.99 41.50 36938
St. A23 712 40.94 13493
St.A24 1.77 49.95 200877
St.A25 -1.08 48.90 184636
St. A31 25.57 48.78 3205
St.A32 -25.56 41.70 49244
St.A33 25.26 43.06 64976
St.A34 24.47 43.62 72156
St. A35 -13.34 49.88 199689
T11 -8.88 48.15 2316
T12 -8.29 43.09 65957
T13 -7.93 43.63 66376
T14 721 43.82 69093
T15 -6.43 43.92 71070
T21 8.71 47.88 2437
T22 8.17 43.16 67146
T23 -8.25 43.63 68156
T24 1.22 44.43 88016
T25 233 44.07 85458
T31 9.83 47.41 2567
T32 9.29 43.11 65032
T33 9.71 42.73 58355
T34 -8.25 43.97 76823

Table A5. Data from early samples taken on February 28, 2008.
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9-9-2008
Identifier stC 5'%0 [CO.]

Lab Atm -11.27 24.64 364
Lab Atm -9.05 26.16 362
StA 2-1 -19.36 32.78 1061
StA 2-2 -24.20 27.78 8133
StA 2-3 -24.49 27.99 12100
StA 2-4 -34.31 29.28 20837
StA 3-1 -17.87 31.04 595
StA 3-2 -23.94 27.86 4855
StA 3-3 -24.89 27.96 6112
StA 3-4 -31.59 28.11 6026
TPA 1-1 -10.38 33.05 625
TPA 1-2 -10.86 27.47 3647
TPA 1-3 -11.25 27.37 4424
TPA 2-1 -10.33 33.03 666
TPA 2-2 -10.75 27.44 4818
TPA 2-3 -11.26 27.37 5816
TPA 2-4 -16.47 26.82 3906
TPA 3-1 -10.23 34.38 900
TPA 3-2 -10.69 29.86 54501
TPA 3-3 -10.53 29.91 62055
TPA 3-4 -7.55 30.14 53466
TPA 3-5 721 29.79 64950

Table A6. Corrected values from samples taken on September 9, 2008. This was
not used because CO, samples taken on this date were accidentally not a
sufficient volume for use in the mass spectrometer.
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Appendix C

Effluent pH.

This appendix contains a small table of the pH of the column effluent.
The second test of pH does not list a precise value. Testing of the pH of the
column effluent was halted after the effluent pH was observed to be reaching
normal values.

The pH of the water that entered the columns was 6.48. When the
columns were relatively new and the pH of the effluent was low, a yellow and
white material was being deposited wherever the effluent evaporated. A sample
of the effluent was evaporated over a burner, the pH reduced as the water
evaporated and the precipitate became more concentrated. The starting pH was
3.07, and after only 25% of the liquid remained the pH had reduced to 1.67. A
sample of the material that was precipitating out of solution was dried and
prepared to run through an XRD to determine what the material was.

Unfortunately, no meaningful results were obtained due to XRD malfunction.
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Sampling Column Effluent pH
Date

2-11-2008 | 3.07

4-1-2008 | Close to 5.00

5-9-08 5.12 (St.Al), 5.38 (St.A3), 5.17 (T3)
Table A7. pH of soil column effluent. Columns combined unless specified
otherwise.
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Appendix D

Watering and Gas sampling Schedule

This appendix contains a table of all of the watering dates and sampling
dates from the start of the project to the end of data collection for this thesis. Any
watering and sampling that occurred after that point is not included.

The sampling days that were utilized in this thesis were: 08 — 01 — 2008,

08 — 09 — 2008, and 10 — 12 —2008. The data from the other sampling days can

be viewed in Appendix B.
Indicator Date Watering Gas sampling:

W = watering Volume (mL) days after
S= gas samBIing Watering

\Y 02 — 08 -2008 |2 S E—

S 02-28-2008 | e 20

\\ 03 —04 - 2008 650 | e

\Y 03 —24 -2008 2 S E—

\\ 04 —01 - 2008 650 | e

S 04-19-2008 | = ---eee- 18

\\ 05— 08 -2008 | i T F—

S 05-21-2008 | = ---eee- 13

W 07 —07 - 2008 650 | e

S 08—01-2008 | - 25

W 08 — 07 - 2008 650 | e

S 08-09-2008 | = ------- D)

S 10-12-2008 | = ---eee- 64

\\ 10 — 23 - 2008 650 | e

Table A8. Watering and Gas Sampling Schedule.
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Appendix E

Additional Keeling Plot Line Equations and R* Values

This appendix contains additional Keeling Plot line equations and R*

values that correspond to the Keeling Plots in the Results section of this thesis
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C3 8"°C Keeling Plot Equations and R* Values.

8-9-2008 (wet soil conditions)

Al y=15425.8x —25.4 0.9
A2 y =5375.9x —25.0 1.0
E y=15524.2x —25.4 1.0
Bkl y =8631.2x —33.9 1.0
8-1-2008 (moist soil conditions)
Al y =5071.9x —23.2 1.0
A2 y =5464.5x —24.3 1.0
E y =5614.9x —24.7 1.0
Bkl y =7755.7x — 30.5 1.0

10-12-2008 Sdrz soil conditionsg

Al y =7657.5x —26.8 1.0
A2 y =7149.6x —25.6 1.0
E y =7249.7x - 25.8 1.0
Bkl y =9788.0x — 32.0 1.0
Bk?2 y = 12976.0x — 40.0 1.0

Table A9. Equations and R* values for the Keeling Plot lines in Figures 15 — 17.

97




C4 8"°C Keeling Plot Equations and R* Values.

8-9-2008 Swet soil conditionsg

Al y=173.2x-10.6 0.0
A2 y =2582x-10.9 0.1
E y =4309x-11.3 0.3
Bkl y =2530.4x - 17.1 0.9

8-1-2008 Smoist soil conditionsz

Al y =396.5x — 10.7 0.7
A2 y =308.2x — 10.5 0.5
E y =367.3x-10.6 0.5
Bkl y=3244.1x - 18.3 1.0
Bk2 y=1716.2x — 14.3 1.0

10-12-2008 Sdrz soil conditionsg

Al y =2084.2x - 13.2 1.0
A2 y=14542x-11.6 0.9
E y=1622.2x-12.0 1.0
Bkl y=4761.3x —19.8 0.9

Table A10. Equations and R” values for the Keeling Plot lines in Figures

18 —20.
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C3 8'®0 Keeling Plot Equations and R? Values.

8-9-2008 (wet soil conditions)

Al y=-42594x +37.3 0.9
A2 y =-931.0x +28.0 0.8
E y=-977.2x + 28.1 0.8
Bkl y=-1252.3x +28.8 0.9
8-1-2008 (moist soil conditions)
Al y =-4410.6x + 35.3 1.0
A2 y=-1933.3x +28.7 1.0
E y =-1958.8x + 28.7 1.0
Bkl y=-1720.9x + 28.1 0.9
Bk2 y =-946.4x + 26.0 1.0

10-12-2008 Sdrg soil conditionsz

Al y = -2409.6x + 30.0 0.6
A2 y=-1973.7x + 29.1 0.9
E y =-1423.5x + 27.7 0.8
Bk1 y=-1551.3x + 28.1 0.8
Bk2 y = -989.7x + 26.7 0.6

Table All. Equations and R” values for the Keeling Plot lines in Figures 23

- 25.
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C4 §'®0 Keeling Plot Equations and R? Values.

8-9-2008 (wet soil conditions)

Al y=-6327.7x +42.8 1.0
A2 y=-815.3x +27.6 0.8
E y=-769.2x +27.5 0.8
Bkl y =-565.7x +27.0 0.5
8-1-2008 (moist soil conditions)
Al y =-5042.3x + 37.0 1.0
A2 y =-1905.4x + 28.6 1.0
E y=-2012.8x +28.9 1.0
Bkl y=-1198.2x +26.7 0.9
Bk2 y =-2164.0x + 29.3 1.0

10-12-2008 Sdrg soil conditionsg

Al y=-3189.2x + 32.1 0.9
A2 y =-1769.2x + 28.6 0.9
E y=-1318.8x + 27.5 0.8
Bk1 y = -646.5x + 25.9 0.4

Table A12. Equations and R” values for the Keeling Plot lines in Figures

26 —28.
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Appendix F

Column T3 Problems

Column T3 developed a drainage problem either due to or resulting in the
growth of a fungus in the A horizons of the column. The fungus appeared to be
hydrophobic, as it became impossible to water the column, the water would not
infiltrate. The column also would not dry, perhaps also due to the fungus
blocking evaporation through the surface. The Bk horizon became anoxic and
turned black. These problems caused the column to produce anomalously high
concentration and 8'"°C results of the soil CO, (which was collected and analyzed
despite the apparent problems). T3 data was excluded from all plots, but can be

viewed in the tables in Appendix A and Appendix B.
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