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ABSTRACT 

Drylands, characterized by low and sporadic precipitation, require irrigation for crop 

growth. However, irrigation practices can lead to salt accumulation in soil due to high 

evaporation rates and reduced leaching. In addition to loading salts to soil, irrigation promotes 

the accumulation of secondary calcite. In natural systems, the formation of pedogenic carbonate 

(secondary calcite, CaCO3) is critical, impacting the soil properties hydrologically and 

biogeochemically, and modifying the global carbon cycle over geological time, albeit at a lower 

rate. In agricultural sites, irrigation water supplies HCO3
- and Ca2+, accelerating the rates of 

CaCO3 formation and releasing abiotic CO2. This study investigated the abiotic and biotic 

processes that have produced soil CO2 in dryland soils at an irrigated pecan orchard in Tornillo, 

Texas, and a natural site within Jornada Experimental Range, New Mexico. Two sites within the 

pecan orchard, Pecan_Coarse, and Pecan_Fine, have contrasting soil textures resulting in 

different soil salinity, pedogenic carbonate accumulation rates, and tree sizes. A range of 

methods was employed including CO2, O2, moisture sensors, and soil gas samples for pCO2 and 

δ13CCO2 measurements, as well as irrigation water collection and analyses at the orchard, for pH, 

alkalinity, and δ13CDIC. The overall objective of this study is to quantify the release of abiotic 

CO2 during the precipitation of irrigation-induced calcite, as a function of spatial variability due 

to soil texture, and as a function of growing season and irrigation events at a high temporal scale. 

Three CO2 end-members in the agricultural system (the atmospheric, biotic, and 

abiotic/calcite derived) have their distinctive C isotope signatures. Soil gas samples at 

Pecan_Fine (> 30 cm), without the influence of atmospheric CO2, are plotted closer to abiotic 

CO2 endmember than those at Pecan_Coarse, due to finer soil texture, more salt buildup, faster 

calcite accumulation, and thus more abiotic CO2. In contrast at the Pecan_Coarse, more soil CO2 
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is generated biotically, with larger tree sizes, and thus more soil respiration than Pecan_Fine. 

Two-component mixing model results show that the abiotic process has contributed up to 72% of 

total soil CO2 at Pecan_Fine and only up to 47% at Pecan_Coarse. These contributions are much 

higher than those reported by Ortiz et al. (2022) because local groundwater of much higher total 

dissolved solids was utilized for irrigation in this study producing more calcite-derived abiotic 

CO2 than river water in the previous study. When irrigation sources are switched from local 

groundwater to river water in the summer, the δ13CDIC of irrigation water shifts, leading to a 

corresponding shift in the δ13C signature of abiotic CO2.   

The temporal variability of soil pCO2 and pO2 is driven by irrigation at both Pecan_Fine 

and Pecan_Coarse soils. After irrigation, water filtration pushes the O2 out, and when soil pores 

open up with evaporation, O2 diffuses in from the atmosphere until the next irrigation. Soil CO2 

behaves differently: irrigation water, at equilibrium with atmospheric CO2, dissolves soil CO2 

and lowers its concentrations after irrigation. With continuous evaporation, soil water 

concentrations increase leading to the precipitation of calcite and the release of abiotic CO2, 

leading to higher pCO2. Similarly, supported by higher pO2, soil respiration rate also is elevated, 

releasing biotic CO2 and leading to higher pCO2. Higher pCO2 also leads to diffusion loss of CO2 

from soil to the atmosphere. When soil CO2 production is lower than the overall CO2 loss, the 

soil pCO2 reaches a maximum and begins to drop. Although the temporal trends are similar 

between two sites of different soil textures, the magnitude of variations in pCO2 and pO2 within 

each irrigation is different, dictated by texture-controlled water and gas transport. 

The Jornada Experimental Range provides an opportunity to study the natural dryland 

ecosystem, wherein rainfall patterns and seasonal variability are the primary factors controlling 

soil pCO2 and pO2. Through this project, we have deepened our understanding of the soil C 
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budget in both natural and managed drylands by investigating the biotic and abiotic processes 

that contribute to soil CO2. Our research has demonstrated that soil CO2 production in drylands is 

strongly influenced by soil texture, water inputs, and its corresponding chemical composition. 

Specifically, the combination of fine soil texture and continuous evaporation can lead to 

chemical saturation of evaporate minerals, resulting in salt buildup and the formation of 

pedogenic carbonates, which in turn produce abiotic CO2. It is critical to comprehend these 

processes in agricultural soil systems in drylands, as the accumulation of pedogenic carbonates 

can impact soil health, crop yields, and the global C budget. 
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1. INTRODUCTION 

Soil inorganic carbon (SIC) is continuously relevant to the long-term geological C cycle 

and the fast biotic C cycle (Serrano-Ortiz et al., 2010; Zamanian et al., 2016). SIC is as critical as 

soil organic carbon (SOC), particularly in arid to semiarid climates, since SIC contains the largest 

C pool (Naorem et al., 2022; Wang et al., 2015; Zamanian et al., 2016). In general, areas with 

limited water availability and high evapotranspiration rates exhibit higher amounts of soil 

inorganic carbon (SIC), as these conditions restrict dissolution reactions and the leaching of 

carbonates from the soil (Zamanian et al., 2016). The highest stocks of SIC are in arid lands where 

the MAP is less than 250 mm, such as Australia, the Middle East, the Saharan desert (Africa), and 

the western United States of America (Plaza et al., 2018). In desert soils, SIC is in the form of 

secondary carbonates via Rxn (1) (Ezcurra & United Nations Environment Programme, 2006; 

Plaza et al., 2018). The accumulation is slow and thus pedogenic carbonate in soils is visible over 

thousands of years in the soil Bk layer (Gallagher & Breecker, 2020; Laity, 2008; Zamanian et al., 

2016). Pedogenic carbonate exists in many forms, powdery, nodular, or highly indurated (Durand 

et al., 2018; Zamanian et al., 2016). It is estimated that calcretes are widely distributed, covering 

~13% of the earth's terrestrial surface (Laity, 2008).  

Ca2+ +2HCO3
– ↔ CaCO3(s) + CO2(g) + H2O   Rxn (1) 

Zamanian et al. (2016) observed that climate is the major condition affecting the depth and 

likelihood of pedogenic carbonate formation especially the seasonal distributions of precipitation 

with a minor contribution of temperature that modifies the rates of evaporation and governs the 

dominant biome (e.g. hot deserts and cold tundra). Laity (2008) suggested that calcium carbonate 

precipitated at warmer temperatures, because lower CO2 solubility at higher temperatures drives 

the supersaturation of soil water with calcite (Zamanian et al., 2016). Although rising temperatures 
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also increase microbial respiration rates, the latter increases pCO2 in soil gas contributing to the 

“abiotic effect of CO2 solubility” (Gocke et al., 2011; Zamanian et al., 2016). 

Drylands which cover ~40% of the Earth’s land, sustain ~40% of the human population 

(Liu et al., 2015; Plaza-Bonilla et al., 2015; Reynolds et al., 2007). As the population continues to 

grow, the demand for food and usable water has escalated (Cox et al., 2018; Hannam et al., 2019). 

Unfortunately, the buildup of salts in irrigated dryland soils is a global predicament and leads to 

soil degradation (Cox et al., 2018; Laity, 2008; Ortiz et al., 2022; Ortiz & Jin, 2021). High 

evapotranspiration rates and irrigation water with high total dissolved solids (TDS) promote 

precipitation of salts, even most soluble evaporites (e.g., halite and gypsum) along with less soluble 

calcite (pedogenic carbonate) (Rxn (1); Nyachoti et al., 2019). Agriculture, i.e., the application of 

irrigation water is expected to affect the accumulation rates of pedogenic carbonate and the 

sequestration of C (Nyachoti et al., 2019). This issue is related to the availability of calcium and 

bicarbonate ions provided by irrigation water which could therefore exceed calcite saturation 

(Nyachoti et al., 2019). The accumulation of pedogenic carbonate in soil could further affect the 

soil properties by reducing porosity, infiltration, root growth, fluid mobility, and more importantly 

the release of abiotic CO2 (Ortiz et al., 2022).  

Soil respiration is considered to be a significant component of the global C cycle (Angert 

et al., 2015), and includes organic matter degradation, root respiration, and microbial respiration 

(Rxn (2); Rey, 2015; Gallagher & Breecker, 2020). The respiration process consumes O2 to 

produce CO2 (Gallagher & Breecker, 2020; Hodges et al., 2019): 

   CH2O(om) + O2 ↔ CO2(g) + H2O    Rxn (2) 
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2. MY DRIVING QUESTIONS: DIFFERENTIATING SOURCES OF CO2 

IN NATURAL AND IRRIGATED DRYLAND SOILS. 

 This project will differentiate biotic and abiotic CO2 in drylands and uncover the processes 

contributing to CO2 and pedogenic carbonate formation in agricultural and natural soils by 

analyzing O2/CO2 gas concentrations, volumetric water content, C isotopes, and irrigation water 

chemistry. I hypothesize that after each irrigation, soil water will be concentrated by evaporation, 

especially in finer-textured soils, releasing abiotic CO2, detectable by both C isotopes and also 

coupling of CO2/O2 sensors. Explicitly, I want to investigate agricultural sites in drylands that are 

more biologically active yet might have more abiotic processes releasing soil-respired CO2 than 

previous studies have assumed. Guided by the conceptual diagram in Figure 1, my driving 

questions were: 

 

• Does the relative contribution of soil CO2 from biotic or abiotic processes change spatially 

(soil texture) and temporally (irrigation event)? How is this different from the soil in natural 

versus irrigated dryland? 

• Is the source of soil CO2 in dryland related to the water inputs (rainfall, and river versus 

groundwater irrigation) and their varying elemental chemistries? 

 

 

 

 

 

 

 



4 

3. STUDY AREAS 

3.1 Natural Dryland Study Area 

 Our natural study area is located on a piedmont slope within the USDA Jornada 

Experimental Range in southern New Mexico, further referred to as JER_VM (Figures 2A and 

2B). This study area has been scientifically investigated, as part of the dryland Critical Zone 

project. The natural terrain has diverse land morphologies with varying surface stabilities, and 

different land features such as areas of desert pavements, arroyos, soil crust, and vegetation cover 

(Figures 2A and 2B). Dryland soils contain abundant secondary pedogenic carbonate that exists in 

various stages of development (Durand et al., 2018; Nyachoti et al., 2019); at JER_VM it ranges 

from filaments and nodular structures to thick laminae deposits (Nyachoti et al., 2019).    

 A soil map from the Web Soil Survey (WSS) of the United States Department of 

Agriculture (https://websoilsurvey.nrcs.usda.gov/app/) was used to identify the major soil units 

present in the Experimental Range, NM study area (Appendix Figure 1A). The dominant soil unit 

at the piedmont slope (labeled as unit 26) is Doña Ana and Chutum complex and has slopes ranging 

from 1 to 10%. JER_VM site, where the sensors and gas samplers were installed for this study, 

belongs to this unit (Figure 2B). The remaining 26% of the study area, labeled as unit 56, includes 

the Mimbres, Chutum, and Ybar complex with slopes ranging from 0 to 5%. Our study investigates 

soil processes at 15 and 30 cm at JER_VM, which would lie within the BW soil horizon (weathered 

B-horizon) and has been classified as a sandy loam to clay loam texture.  
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3.2 Agricultural Dryland Study Area 

 Along the arid southwestern U.S., there is an extensive network of ditches and canals 

diverting river water from the Rio Grande, the main source for irrigating fields (Cox et al., 2018). 

The primary issue is the use of water with high salinity for irrigation, impacting the finer soil 

conditions that are directly observable by reduced crop yields (Doser et al., 2019; Ganjegunte & 

Braun, 2011). The soils with finer texture have a slow infiltration rate potentially leading to 

ponding of water; the excess water is subsequently evaporated, precipitates salts, and impacts crop 

yields (Cox et al., 2018). In early spring, fields are flushed in an attempt of dissolving salts and 

moving them to groundwater (Ortiz and Jin, 2021).  

 This study area is a pecan field in Tornillo, Texas owned by the Ivey family (Figure 2C). 

The orchard, referred to as the pecan orchard is seasonally flood-irrigated approximately once 

about every 2-3 weeks (Ganjegunte & Braun, 2011) from April to October. The parent material of 

the sediments which fill the basin is the Rio Grande River Holocene fluvial deposits (Doser et al., 

2019), characterized by heterogeneous soil texture horizontally and vertically. Two sites have been 

selected on extreme endmembers of soil texture and tree size: Pecan_Fine with mostly silt and clay 

particles, more salt buildup and smaller trees, and Pecan_Coarse with a more sandy texture, lower 

salt buildup, and bigger trees (Figure 2C; Appendix Figure 1B). The growth of trees is significantly 

impacted by soil salinity and soil texture, as they control the potential water supply available to 

the tree roots and also the tree root distribution (Miyamoto et al., 1986). Although the field is 

predominantly irrigated by the local river water, surface water volumes can be scarce and the 

farmers improvise by substituting it for more saline local groundwater from the alluvial aquifer 

system underlying the farms. 
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Similarly, to JER_VM, a soil map was produced with the USDA’s WSS for our agricultural 

study area. In comparison, the pecan orchard has high textural variability as there are a total of 6 

map unit groups (Appendix Figure 1B), ranging from silty clay loam (73.3%), silty clay (25.5%), 

loam (0.8%), and fine sandy loam (0.4%). The top 3 map units at the pecan orchard include the 

Saneli silty clay loam (52%), Tigua silty clay (25.5%), and Harkey silty clay loam (15%). 

However, the Pecan_Coarse site is located at the Glendale silty clay loam (Ge) which is only 6.3% 

of the total pecan orchard while the Pecan_Fine site is within the Tigua silty clay (Tg; Figure 2B). 

The Tg soil unit landform is floodplains with parent material composed of Holocene clayey 

alluvium. The top 25.4 cm of the soil profile is classified as silty clay, then below from 25.4 to 127 

cm is clay, and silt loam from 127 to 152.4 cm. The Tg unit has moderately well drainage with 

high runoff and a calcium carbonate, maximum content of 5%. The Ge unit landform is also 

floodplain but with Holocene fine-silty alluvium parent material. The top 89 cm of the soil is silty 

clay loam, from 89 to 152.4 cm the soil has been classified as stratified fine sand to silty clay loam. 

Here the drainage is well with low runoff and a maximum calcium carbonate content of 10%. 
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4. METHODOLOGY 

 An array of sensors, in addition to soil gas and soil water samplers, were utilized at three 

different sites (JER_VM, Pecan_Coarse, and Pecan_Fine) (Table 1; Figure 3) to differentiate and 

investigate the biotic and abiotic soil CO2 production in both managed and natural dryland areas. 

 

4.1 Sensors 

Three variables are monitored by sensors, volumetric water content (VWC), partial 

pressure of O2 (pO2), and partial pressure of CO2 (pCO2) in the soils of three sites (Table 1). The 

O2 sensors (Apogee) and CO2 sensors (eosGP, eosense) are coupled and installed at 30 and 60 cm 

at Pecan_Fine and Pecan_Coarse sites, and at 15 cm and 30 cm at the JER_VM site, which are 

above the caliche layer (~40 to 60 cm deep). For soil moisture (VWC), ECH2O 5TE (METER) 

sensors were installed at 30 and 60 cm while the TEROS 12 (METER) sensors were later installed 

at 90, 120, and 150 cm in Pecan_Fine and Pecan_Coarse sites; CS650 (Campbell Scientific) were 

employed at JER_VM at 15 and 30 cm, as these TDR-based sensors work better in dry conditions, 

have a larger measurement volume and less impacted by preferential flow in rocky terrain. 

 

4.1.2 Sensor Calibrations 

At our pecan orchard sites, ECH2O 5TE soil moisture sensors with SDI-12 communication 

were used to obtain raw dielectric output, EC, and raw temperature values (Hilhorst, 2000). Raw 

values were then converted to standard units using a Matlab code. This conversion process 

involved converting raw dielectric output to dielectric permittivity, and temperatures to Celsius, 

and then applying the Topp equation to derive the volumetric water content values. The 5TE sensor 

utilizes an electromagnetic field to measure dielectric permittivity by applying a 70 MHz 
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oscillating wave to the sensor prongs that are charged by the dielectric of the soil material (Topp 

et al., 1980). The charge corresponds to the dielectric and VWC of the soil medium, which is how 

the sensor micro-processes and measures the charge and provides the output of the dielectric 

permittivity. Before installation at the orchard sites at depths of 30 and 60 cm, the sensors were 

tested underwater in a lab to ensure accurate readings. 

TEROS 12 soil moisture sensors were installed at depths of 90, 120, and 150 cm at the 

same pecan orchard sites. These sensors were connected to a METER ZL6 data logger, which 

provided instantaneous data upload to ZENTRA Cloud. The TEROS 12 sensors are insensitive to 

soil texture and EC variations, and their generic calibration equation ensures accurate 

measurements. VWC values were obtained from the dielectric permittivity measurements using 

the Topp equation in the ZENTRA Cloud. 

The soil moisture sensors used at the JER_VM site are the Campbell Scientific CS650 

models, which are designed as water content reflectometers with two parallel 30 cm stainless steel 

rods. These sensors were chosen for their TDR-based technology, which is less impacted by 

heterogeneous paths and works well in dry soil conditions. The sensors operate by measuring the 

velocity of electromagnetic wave propagation, which is influenced by the dielectric permittivity 

of the surrounding material (Topp et al., 1980). In order to derive volumetric water content (VWC) 

values, a Matlab code is used to calculate the dielectric permittivity from the signal attenuation 

and oscillation period and then applies the Topp equation. 

The Apogee SO-110 oxygen soil gas sensor was calibrated and tested in the lab before 

installation. A two-point calibration was performed by measuring the millivolts value of the sensor 

outdoors in air and then submerging it in water to simulate anoxic conditions. The sensor is of the 

galvanic cell type and includes a Teflon membrane, reference temperature sensor, internal 
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resistance heater, and signal processing circuitry. Since the oxygen concentration decreases with 

decreasing barometric pressure due to elevation, absolute oxygen measurements can provide 

information on biological and chemical processes. As barometric pressure decreases with 

elevation, the oxygen concentration also decreases. To convert the sensor raw data to relative 

oxygen concentration, a linear calibration factor is calculated and used. 

The eosGP CO2 sensor features a gas-measuring membrane that exhibits high resistance to 

abrasion and low water absorption, with an accuracy of approximately 1% of measured values. 

These sensors were calibrated by the manufacturer using a two-point calibration curve, with 

calibration parameters dependent on whether the sensor had single or dual-range capabilities 

measuring high CO2 (0-12.5%) or low CO2 (0-5%). Sensors with higher capacity ranges were used 

for deeper soil depths, while sensors with lower concentration ranges were installed at shallower 

depths since greater soil depths typically are characterized by higher CO2 concentrations. 

Atmospheric conditions were maintained during readings, and the millivolt values obtained were 

converted to ppm using the calibration equation provided by the manufacturer. 

 

4.2 Gas Sample Collection and Analyses 

Soil gas samplers were prepared according to a modified USGS protocol (Hasenmueller et 

al., 2015; Jin et al., 2014). Three nets of samplers were installed at 30, 60, and 100 cm at 

Pecan_Fine and Pecan_Coarse sites, and at 15 and 30 cm at JER_VM (Table 1). Each gas sample 

was collected from the sampler after purging, using a syringe and needle, extra stopcock, and 

injected into pre-evacuated 15 mL glass vials (LETCO). A total of 6 samples were collected at 

JER_VM and 133 samples were collected at the pecan orchard in 2021. Samples were analyzed 

for pCO2 and δ13CCO2 at the Stable Isotope Facility at the University of California at Davis. CO2 
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was pushed out of the sample vial using helium carrier gas, and analyzed by a Thermo Scientific 

GasBench II coupled to a Thermo Finnigan Delta Plus XL isotope-ratio mass spectrometer (IRMS) 

(Tu et al., 2001). Reference gases were run for quality control and quality assurance every 10 

samples, and the measurement error is ± 0.10‰ for δ13CCO2 and ± 0.20‰ for δ18OCO2. Peak areas 

were used to calculate CO2 concentrations using four standards of various concentrations: 400, 

3000, 10000, and 50000 ppm (v). The relative standard deviation for replicates of each gas standard 

is usually better than 0.1%. 

 

4.3 Sampling of Irrigation Water at the Pecan Orchard: 

A total of 8 irrigations by groundwater and river water were applied to the pecan orchard 

in the year 2021. Four irrigation water samples were collected from the main canal that is adjacent 

to the pecan orchard in 2021: 3 by the river and 1 by groundwater (Appendix Table 1). The pH 

and electrical conductivity (EC) values of these water samples were measured on-site. Specifically, 

the Thermo Scientific Orion 3 Star Meter was utilized to measure the EC, after two points of 

calibration (1413 µs/cm and 12.9 ms/cm). Two distinct meters were calibrated by a pH 7 buffer 

and then a pH 4 buffer: sympHony model SP70P and the Thermo Electron - Orion STAR A325. 

Water samples were measured for alkalinity, δ13
CDIC, and water isotopes. Gran alkalinity was 

titrated by dilute HCl using the Mettler Toledo DL15, and the absolute molarity of this HCl was 

titrated using standard solutions made from pure NaHCO3.  

The δ13CDIC were analyzed at the Stable Isotope Facility at the University of California at 

Davis, with a precision of ± 0.10 ‰. The water isotopes (2H ∕ 1H and 18O ∕ 16O) of each irrigation 

water sample were measured six times using a vaporizer and autosampler on the Picarro L2130-I 

ring-down spectroscopy (Gardea, 2022). The isotope ratios of samples are normalized to the 
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Vienna Standard Mean Oceanic Water (VSMOW). The instrument was calibrated by three 

standard solutions, namely, zero (consisting of seawater with δ18O=0.3‰ and δ2H=1.8‰), mid 

(δ18O= -20‰ and δ2H= -150‰), and depleted (δ18O = -29‰ and δ2H= -235‰). 

 

4.4 Rainfall Data 

The precipitation data were obtained from the National Oceanic and Atmospheric 

Administration's Climate Data Online (CDO). For the pecan orchard the daily summary records 

between May 26 and November 2, 2021, were selected to correspond with the duration of the 

sensor measurements during the irrigation season. The data were derived from the TORNILLO 2 

SEE, TX US station (with code USC00419088). For the JER_VM, the precipitation data were 

from the Jornada Experimental Range, NM US station (with code USC00294426), to match the 

period of sensors from August 27, 2021, to April 1, 2022 (Appendix Table 2). 
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5. RESULTS 

5.1 Soil Moisture Dynamics 

A total of 6 flood-irrigation events were recorded in the growing season of 2021 after the 

sensor installation, the first and last by groundwater and the remaining 4 by the Rio Grande River 

(Appendix Table 1). The soil moisture responded immediately in all depths (30, 60, 90, 120, and 

150 cm) to irrigation, and natural precipitation, especially during the monsoon season (from July 

to October) (Figures 4A and B). After irrigation, soil moisture content decreased steadily as the 

soil became drier and thus lost moisture (Figures 4A and B).  

Flood irrigation events at the Pecan_Fine site saturated the soil (e.g., September 2021, 

irrigation #7 as seen in Appendix Table 1), causing the VWC to plateau at ~ 0.5 cm3/cm3 for up to 

5 days (Figure 4B). On the other hand, at the Pecan_Coarse site, the VWC never reached a plateau 

for all observed depths at the same time. However, at 150 cm deep the VWC reached a maximum 

value of ≈ 0.45 cm3/cm3 also after irrigation #7, although this was not a frequent pattern due to the 

rapid decrease in VWC in Pecan_Coarse. The maximums at Pecan _Coarse after irrigations 

averaged ~ 0.35 cm3/cm3 (Figure 4A). Compared to the Pecan_Fine site, soil moisture values at 

the Pecan_Coarse site decreased more quickly after irrigations, indicating faster infiltration rates. 

At the JER_VM site, VWC responded after each rainfall event, especially the major ones 

(> 0.1 inches; Figure 4C). The VWC at 15 cm in the soil is predominantly lower than at 30 cm, 

and also exhibited more variability, showing values between ≈ 0.025 cm3/cm3 and up to ≈ 0.05 

cm3/cm3, while at 30 cm there is a smaller range from ≤ 0.04 cm3/cm3 to ≥ 0.05 cm3/cm3 (Figure 

4C).  
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5.2 Temporal Variation of Soil pO2  

After an irrigation event or receiving precipitation, soil pO2 at the pecan orchard sites 

decreased and went as low as 1% at Pecan_Coarse and reached 0% at Pecan_Fine (Figures 5A and 

B). A few days following irrigation (≤ 5 days), pO2 increased until the next irrigation or rainfall 

event. After the irrigation season ended in late September (irrigation #8), soil pO2 returned to 

resemble the atmospheric value (~ 21%), ≈ 10 days or later. In comparison to Pecan_Coarse, soil 

pO2 at the Pecan_Fine site typically experienced a sharper decline after flood irrigation (Figure 

5B). At both sites, soil pO2 at 30 cm recovered more quickly than those at the 60 cm depth. At 

Pecan_Coarse, pO2 at 30 and 60 cm were more similar in comparison to those at Pecan_Fine 

(Figures 5A and 5B).  

In the case of both Pecan_Coarse and Pecan_Fine, following each irrigation, the 

concentration of O2 is depleted to a greater extent at 30 cm than at 60 cm depth (Figures 5A and 

5B). However, the rate of recovery of O2 concentration at 30 cm depth is faster due to its shallower 

depth and its proximity to the atmosphere, enabling rapid O2 exchange with the atmosphere 

through diffusion. The abrupt decline in O2 concentration after each cycle suggests that water 

flooding the field physically displaces O2 soil gas, causing it to evacuate out of the soil profile but 

to different degrees depending on the soil texture. 

Soil pO2 at the JER_VM site showed less variability with time than those in the pecan 

orchard (Figure 5C). For the seven months where data were available, soil pO2 was slightly lower 

in the early spring than in the winter. A larger variability was observed at 15 cm depth (≈ 18% to 

≥ 21.5%), than at 30 cm depth (˃ 18% to ˃ 21.5%). Precipitation has only a minor effect on the 

soil pO2 (Figure 5C).  
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5.3 Temporal Variation of Soil pCO2  

Soil pCO2 at the pecan orchard varied temporally as a function of flood irrigation (Figures 

6A and B). Within each irrigation cycle at both Pecan_Fine and Pecan_Coarse sites, the soil pCO2 

showed similar general trends: it decreased with irrigation, gradually increased, and then reached 

maximum CO2 concentration; after that, CO2 decreased slowly until the next irrigation, although 

the concentrations were different overall. Pecan_Coarse had lower CO2 concentrations at 30 cm, 

reaching ≈ 1% and the highest concentrations reached ≥ 7% at 60 cm. In contrast, at Pecan_Fine, 

the minimum concentrations among both depths 30 and 60 cm were similar, however in general at 

60 cm the CO2 concentrations were lowest (≤ 1%) but also experienced the highest (6%). 

During the monsoon season with intensive rainfalls, there were multiple peaks within an 

irrigation cycle thus multiple rising and falling limbs. Soil pCO2 also behaved differently between 

the two sites at the pecan orchard, after rain events in mid-August Pecan_Fine reached low 

concentrations of ≈ .5%, while in Pecan_Coarse concentrations were kept at ≥ 3%. At Pecan_Fine, 

the peak soil pCO2 was reached typically ≈ 10 days after the field was flooded (Figure 6B); while 

for Pecan_Coarse it occurred sooner, often within the same week of flood irrigation (Figure 6A). 

Between the two sites, larger differences in pCO2 were observed between 30 and 60 cm depths at 

Pecan_Fine than at Pecan_Coarse (Figures 6A and B).  

Soil CO2 at the JER_VM site was not as dynamic as our irrigated system (pecan orchard). 

From August to October of 2021 (late summer/early fall), the highest soil pCO2 peak was observed 

in late August reaching 2% at 15 and 30 cm depth (Figure 6C). Then a second peak occurred in 

late September when rain events were most abundant and frequent. Smaller peaks were also visible 

in the colder months subsequently coinciding with precipitation events each time. Generally, pCO2 

was higher at 15 cm than at 30 cm at the JER_VM site (Figure 6C). 
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5.4 pCO2 and δ13CCO2 of Soil Gas Samples 

Soil pCO2 measured from physical gas samples was plotted in conjunction with sensor 

data, and they agreed well (Figures 6A and 6B). The soil pCO2 increased with depths (Figure 7A), 

much higher than atmospheric pCO2 (≈ 0.04%). At Pecan_Fine 100 cm pCO2 reached ≈ 5% to ≈ 

8.5%, but only ≈ 3.5% to ≈ 6.5% at Pecan_Coarse (Figures 6A and 6B). Figure 7A indicates that 

Pecan_Fine is in general higher in CO2 concentrations, especially true at 8 am versus 10 pm. The 

δ18OCO2 showed no clear depth trend and ranged from 32‰ to 36‰ (Figure 7B). The δ13CCO2 did 

not change much with depth but varied slightly: δ13CCO2 signatures were more depleted at 

Pecan_Coarse than at the Pecan_Fine site (Figure 7C). Atmospheric δ13CCO2 was much less 

negative than those of soil gases.  

 

5.5. Irrigation Water Chemistry 

Irrigation waters (river and groundwater) were relatively alkaline, with pH ranging from 

7.4 to 7.8 and alkalinity ranging from 3.7 to 4.7 meq/kg (Appendix Table 1). The EC values varied 

from 1.09 to 1.97 mS/cm for the river samples, much lower than that of the groundwater sample 

(3.88 mS/cm) (Appendix Table 1). The δ13CDIC of two groundwater samples (collected on the same 

date but at two separate locations along the canal), was at -12.1‰ and -12.4‰. The δ18O signatures 

for the river water samples ranged from -6.68‰ to -6.76‰, while the groundwater sample showed 

a lower value of -8.63‰.  
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6. DISCUSSION 

6.1 Soil Textures Control Hydrological, Biological, and Geochemical Processes 

The dryland ecosystem has low biological activity due to limited rainfall and sparse 

vegetation coverage (Muscolo et al., 2011; Sidari et al., 2008); indeed soils at JER_VM are 

characterized by low moisture, low pCO2, and high pO2 (Figures 4C, 5C and 6C). Only after 

sporadic precipitation events, does soil moisture slightly increase (Figure 4C) along with a slight 

increase in O2 and correspondingly CO2 increase (Figures 5C and 6C). Soil moisture at 30 cm 

depth is greater than that at 15 cm (Figure 4C), probably because soils at 30 cm are right above the 

pedogenic carbonate layer (~40 - 60 cm), a porous moisture-retaining barrier, and in contrast, soil 

moisture levels are lower at 15 cm by evapotranspiration near the surface (Figures 3B and 4C). 

In contrast to the natural ecosystems, irrigation, on top of rainfall, makes the pecan orchard 

more hydrologically active (Figures 4A and 4B). Interestingly, the soil moisture dynamics are 

different between the two sites of different soil textures. At Pecan_Coarse, soil moisture (VWC) 

reached a maximum of ≈ 0.45 cm3/cm3, lower than that observed at Pecan_Fine, ≈ 0.55 cm3/cm3, 

although estimated bulk density and porosity are similar between the two sites at the surface (BD 

= 1.2 to 1.3 g/cm3, and porosity= 49-55%; Figures 4A and 4B). This discrepancy can be attributed 

to the varying rates of infiltration and evapotranspiration processes with different soil textures. 

The soil moisture decreases gently at Pecan_Fine after each irrigation cycle, suggesting that 

infiltration rates are typically sluggish, and evaporation and transpiration rates are low (Figure 4B). 

In contrast, at Pecan_Coarse after the irrigation events, soil water moves down quickly and drains 

faster (Figure 4A). The relative proportion of infiltration versus evapotranspiration controls salt 

loading. Indeed, more salts are accumulated after 100 years of soil cultivation at the Pecan_Fine 

site than at the Pecan_Coarse site, especially above the finer layer at depths of 100 - 150 cm (Ortiz 
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and Jin, 2021). Similarly, higher pedogenic carbonate contents are observed at Pecan_Fine than at 

Pecan_Coarse (Ortiz et al., 2022).  

Just like soil moisture contents, the soil pO2 varies primarily as a function of irrigation or 

rainfall events. The soil pO2 decreases quickly with water inputs, especially in the pecan orchard 

(Figures 4A, 4B, 5A, and 5B): Soil pO2 levels drop to 1% at Pecan_Coarse and even become zero 

at Pecan_Fine (Figures 5A and 5B). O2 behaves also differently at Pecan_Fine and Pecan_Coarse. 

Irrigation water moves quickly through the coarser particles at the Pecan_Coarse, leaving a 

fraction of soil pores filled by the gas phase including O2, but at Pecan_Fine, soils could be 

saturated by water without a gas phase and pO2 is 0%. Furthermore, at Pecan_Coarse, pO2 at 30 

and 60 cm depths recover quickly after irrigation and also are similar in concentrations, indicating 

fast diffusion of O2 from air to deeper soils within a coarser soil texture. At Pecan_Fine, as the soil 

dries after irrigation, mud cracks form on the surface due to the swelling and contraction of 

expansive clay particles (Laity, 2008), enabling and facilitating atmospheric O2 to enter the 

shallow depths, here seen at 30 cm within the soil. However, the diffusion of O2 to deeper depths 

is limited by the finer soil texture and lower gas permeability, as observed by the longer time for 

reestablishing pO2 back to the atmospheric level at 60 cm soil (Figure 5B).  

The availability of O2 is very crucial for soil respiration (Hillel, 1980; Kramer & Boyer, 

1995; Rosenberg et al., 1983): crop yield and root growth are shown to suffer if soil gas pO2 is less 

than 15%, especially in agricultural fields. Thus, it is reasonable to assume that respiration rates 

are also much lower when O2 is lower in soil and that Pecan_Coarse soils respire faster than 

Pecan_Fine soils due to O2 limitation.  

Rainfall makes the dryland soils more biotically active through respiration as evidenced by 

slightly higher pCO2 during the summer monsoon season (Figure 6). This is more obvious in the 
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agricultural field: irrigation drives both soil respiration (Rxn (2)) and calcite precipitation (Rxn 

(1)), producing much higher CO2 in agricultural soils than in natural soils (Figure 6A and B; Ortiz 

and Jin, 2021; Ortiz et al., 2022). Both sites in the pecan orchard exhibit higher CO2 concentrations 

in the soil at a depth of 60 cm (Figures 6A and B). Notably at 60 cm, Pecan_Coarse displays greater 

fluctuations in CO2 concentration values and reaches a peak of > 7% in mid-July, whereas 

Pecan_Fine trends are more stable and reach up to 6% when considering only sensor data. 

However, when analyzing gas samples from different depths (30, 60, and 100 cm), Pecan_Fine at 

a depth of 100 cm shows a concentration exceeding 8%, whereas Pecan_Coarse samples at the 

same depth and time show concentrations exceeding 6%. These results are indicative of the 

convenience sampling method used to capture soil CO2 concentrations, and the inconsistency in 

the timing of peaks during irrigation cycles across both sites suggests that gas sampling may have 

missed the highest peak observed in Pecan_Coarse during July (Figure 6A and 6B). 

At shallower depths, the soil is diffusing CO2 into the atmosphere to achieve equilibrium 

between concentration gradients, resulting in lower CO2 concentrations (≈ 1%). Conversely, 

higher CO2 concentrations are expected at greater depths in the soil, as the concentration tends to 

be much higher than the atmospheric level of ~400 ppm (0.04%) and increases with depth in the 

soil (see Figure 7A). Therefore, once the field decreases more than 50% in soil moisture physical 

displacement of soil gas CO2 caused by water occupying soil pore spaces is no longer the primary 

contributor instead the CO2 falling limb is depicting diffusion. Following the last irrigation event, 

we observe a reduction in CO2 concentrations to approximately 1% at 30 cm and around 2% at 60 

cm (Figures 6A and 6B). 

The soil CO2 concentrations at the JER_VM site exhibit subtle fluctuations, except for 

notable spikes that occurred following sensor installation in August and again after mid-October. 
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Following the initial high CO2 concentration, data indicates levels of approximately 0.5% CO2, 

with occasional peaks occurring in response to precipitation events (Appendix Table 2B). The CO2 

concentration peaks appear to be linked to moisture inputs, implying that moisture directly 

influences CO2 production. Additionally, biotic processes appear to be more active at depths of 30 

and 60 cm, as evidenced by a gradual decrease in the jagged O2 values (as O2 is consumed and 

CO2 is produced; Figures 5C and 6C). While proper stoichiometry measures have not been 

employed to investigate this phenomenon, it is a plausible factor contributing to the observed soil 

gas dynamics over the time series.  

 

6.2. Evaluating the Relative Contribution of Soil CO2 by Biotic Versus Abiotic processes 

using C isotopes 

To differentiate sources of CO2, coupled C isotopes and pCO2 are used through keeling 

plots (Ortiz et al., 2022). Three end-members are important at the pecan orchard: biotic (soil-

respired) CO2, abiotic (calcite-derived) CO2, and atmospheric CO2. Ortiz et al. (2022) 

characterized these end-members at the same orchard and reported these end-member isotope 

values. This study, however, is slightly different: irrigation water was entirely from the Rio Grande 

in 2016 (as reported by Ortiz et al. (2022)), but in 2021, when soil gases were collected for this 

project, a mixture of the Rio Grande River water and groundwater (GW) was used. As such, Ortiz 

et al. (2022) were followed to calculate C isotope ratios of abiotic CO2 from δ13CDIC of GW. This 

is described below. The carbon isotopic compositions of the produced CaCO3(s) along with CO2(g) 

in Eq. (1) should depend on the carbon isotope composition of irrigation water DIC according to 

Rayleigh fractionation. 

δ13CDIC ∗ DIC = δ13CCO2 ∗ [CO2] + δ13CCaCO3 ∗ [CaCO3]     (1) 
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While [CO2] = [CaCO3] = 1/2 DIC        (2) 

Assuming the temperature is 25°C the 13C fractionation factor (Clark & Fritz, 1997) between 

CaCO3- CO2 is 11.1‰:  δ13CCaCO3 − δ13CCO2 = 11.1‰      (3) 

Thus δ13CDIC * DIC=½ DIC * (2δ13CCaCO3−11.1‰)      (4) 

Given that δ13CDIC = −12.25‰ (GW), 

The groundwater-derived calcite and CO2 should have the following isotope ratios:  

δ13CCaCO3 = (−24.5+11.1)/2 = −6.7‰; δ13CCO2 = −17.8‰.  

For the river samples, the values produced by Ortiz et al. (2022) were used: δ13CDIC = −7.3‰, 

δ13CCaCO3 = −1.75‰; δ13CCO2 = −12.85‰. 

This calculation shows that the change of irrigation water source from the Rio Grande 

River to the local groundwater will shift the isotope ratio of abiotic CO2 endmember from -12.85‰ 

to -17.8‰. 

The Keeling plot shows that the atmospheric samples (ATM) collected above the soil 

surface represent the atmospheric CO2 end-member, indicating a strong influence of other 

endmembers due to soil CO2 emission (Figure 8). Soil gases from the Pecan_Coarse have a greater 

influence on biotic CO2 production, whereas those at Pecan_Fine are closer to the abiotic CO2 

(GW) endmember (Figure 8). This difference is consistent with the study by Ortiz et al. (2022), 

where larger pecan trees and higher soil respiration were observed at Pecan_Coarse, while faster 

pedogenic carbonate accumulation and more abiotic CO2 were found at Pecan_Fine. This project 

adds further evidence to support this finding, and in addition to small tree sizes and limited root 

density, the lower O2 level at Pecan_Fine also restricts soil respiration.  

The contribution of the abiotic process to the overall soil CO2 production (XA) can be quantifiable 

using a two-component endmember mixing equation following Ortiz et al. (2022): 
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XA = (Rmix – RB) / (RA – RB)         (5) 

Where RA, RB, and Rmix are δ13CCO2 of end-member A (abiotic CO2), end-member B (Soil respired 

CO2), and the mixture (gas samples collected at the pecan orchard). To minimize the influence of 

atmospheric CO2, we focused exclusively on deeper depths (60 cm and 100 cm; Figure 8). 

Irrigation water was from both Rio Grande and groundwater in 2021 for this study, so XA values 

were computed separately for gas samples collected after groundwater irrigation and also for river 

water (groundwater RA δ13CCO2= −17.8‰; river water RA δ13CCO2= −12.85‰). Average Rmix 

(δ13CCO2) and its corresponding XA values, along with their associated standard deviations are 

reported in Tables 2A and 2B.  

To better understand the spatial and temporal heterogeneity of biological versus abiotic 

processes in contributing to soil CO2, statistical analyses were conducted through the generation 

of boxplots and the execution of t-tests, to properly compare XA values across contrasting different 

soil textures (Pecan_Fine versus Pecan_Coarse), different depths (30 cm versus 60 cm), and 

different irrigation water (groundwater and Rio Grande river water; Figure 9). At the pecan 

orchard, the initial three irrigations for the year 2021 are sourced from the local groundwater and 

then switch to the Rio Grande River on irrigation #4 on June 15, 2021. The Rio Grande River 

remained the only water supply until September 20, 2021, the last recorded irrigation cycle 

reverted to utilizing groundwater.  

XA values are significantly higher at Pecan_Fine soils than at the Pecan_Coarse soils 

(Figure 9), highlighting the predominant control of soil texture on the CO2 sources. Within each 

site, different depths can also behave differently. Specifically, when groundwater is used as the 

irrigation water source, soil gases at 60 cm and 100 cm are significantly different at the Pecan_Fine 

site but similar at the Pecan_Coarse (Figure 9A). Indeed, XA is higher at 100 cm, than 60 cm at 
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the Pecan_Fine site when irrigated with groundwater, probably indicative of more calcite 

precipitation at deeper soils, where finer texture is located and a higher abundance of both salt and 

calcite is observed (Ortiz and Jin, 2021; Ortiz et al., 2022). However, at Pecan_Coarse, this deeper 

source of abiotic CO2 is less important, and the higher permeability of coarser grains makes it easy 

to mix the gases from different depths. Interestingly, after switching to river water, no significant 

differences are observed in XA values between 60 and 100 cm depths at Pecan_Coarse or 

Pecan_Fine (Figure 9B).  

However, there are additional factors that may potentially influence the production of CO2 

and its source. Firstly, local groundwater has higher TDS (Ca2+ and HCO3
-) content than river 

water, producing more pedogenic carbonate and abiotic CO2. Secondly, the timing of groundwater 

utilization was early spring, whereas river water became available for irrigation in summer, 

suggesting a possible influence of seasonality as spring and summer conditions also affect the 

growth cycles of pecan trees. Thirdly, it is difficult to determine how long signals of one irrigation 

type (e.g., groundwater) persist when switching to another irrigation type (e.g., river). We do know 

however that the initial irrigations for the year 2021 were groundwater derived, meaning we can 

trust the calculated endmember values for the groundwater as it was the first to be introduced to 

the pecan orchard. The same cannot be said about the river water endmember since there could be 

mixing in the soil with the previous groundwater since the soil moisture (VWC) is never at 0 

cm3/cm3 during the irrigation season (Figure 4A and 4B). Because of these factors and data 

limitations, we only use our statistical analysis as a guide rather than a definitive answer to the 

abiotic CO2 contributions.  
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6.3. Identifying the Primary Controls on CO2 Production and Transport at the Orchard by 

Coupling of pCO2 and pO2 

High-resolution pCO2 and pO2 data can allow us to investigate CO2 production and 

transport at the pecan orchard. A conceptual framework is presented to depict the major physical, 

chemical, and biological processes influencing the changes in CO2 and O2 concentrations in soils, 

as shown by different color-coded arrows (Figure 10). The 1:1 ratio line represents the soil 

respiration process (Rxn (2)), where each consumed O2 mole generates and releases one mole of 

CO2 in accordance with stoichiometry (Gallagher & Breecker, 2020). Soil gas data fall into this 

line in very biologically active ecosystems (Angert et al., 2015; Hodges et al., 2019; Gallagher & 

Breecker, 2020).  

The green arrow corresponds to the biotic process, which runs parallel to the 1:1 ratio (Rxn 

(2)). Red arrows indicate major chemical processes (Figure 10). The focus of this study is shown 

by one red arrow, producing higher abiotic pCO2 with solid calcite precipitation (Rxn (1)). 

Particularly, the red arrow directed to the right, indicates increasing CO2 however O2 is irrelevant 

and is independent of available O2. The second red arrow pointing left likely indicates CO2 

dissolution in water, or potentially CO2 degassing from soil water (Figure 10). For example, soil 

CO2 is always higher concentrations than atmospheric CO2 (as seen in Figure 6) and when 

irrigation water is introduced, it attempts to equilibrate with the soil CO2 concentration therefore 

CO2 dissolves in the soil water (forming carbonic acid). This process occurs typically fast, once 

irrigation water interacts with soil gases (early in an irrigation cycle) and as a result, reduces the 

pCO2 levels. 

In contrast, the abiotic process requires evaporation to concentrate HCO3
- and Ca2+ in the 

soil water, driving the precipitation of CaCO3 and the release of abiotic CO2 gas. This process is 
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thus expected once the field is no longer saturated with irrigation water and soil moisture levels 

are significantly lowered (accelerated by evaporation). The last group of important processes 

modifying the pCO2 and pO2 in soil are physical processes. The displacement of gases for 

incoming irrigation water (purple arrow): once irrigation floods the field, water fills the soil pores, 

and pushes the gas out of the soil profile, this is important early right after the irrigation, as soon 

as irrigation floods the field (saturating the soil pores). The other dominant physical process is 

diffusion (the blue arrow), driven by concentration gradients. The pO2 is approximately 21% while 

pCO2 is about 0.04% in the air. The pO2 is much lower but the pCO2 is much higher in the soils 

(Figures 5 and 6). Thus, O2 will diffuse into soils while CO2 will diffuse out of soils towards the 

atmosphere. This diffusion process is more important later in the irrigation event, as the soil pores 

have to open up to allow gas diffusion. 

Based on the conceptual diagram (Figure 10), pCO2 and pO2 data were analyzed for two 

river water irrigation events: 06/15/2021 - 07/04/2021, lasting 19 days (≈ 3.17 days per color 

segment), and 07/05/2021 - 07/30/2021, lasting 26 days (≈ 4.3 days per color segment). The 

analysis was conducted for both Pecan_Coarse (Figure 11) and Pecan_Fine (Figure 12). The 

examination of these irrigation cycles provides insights into the processes influencing the 

concentrations of soil CO2 and O2; including the impact of precipitation events (refer to Appendix 

Table 2A). 

During the initial irrigation event (06/15/2021 - 07/04/2021) in Pecan_Coarse, a noticeable 

increase in pCO2 levels and a decrease in pO2 levels were observed for the first two days (Figure 

11A). This indicates a relatively slower biotic reaction, as the trend deviates slightly from the 

expected 1:1 ratio line (Figure 10). From day 3 to day 7, the pO2 and pCO2 trend closely aligns 

with the biotic trend in a 1:1 ratio. Between day 7 and day 13, the trend shifts upwards towards 
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atmospheric conditions, characterized by lower CO2 concentrations and higher O2 concentrations, 

suggesting diffusion with the atmosphere. On day 13, corresponding to a precipitation event on 

06/25/2021 with 0.28 inches, the trend is influenced, indicating the rapid dissolution of soil CO2 

gas into the irrigation water (which is in equilibrium with atmospheric CO2) and displacement of 

O2 by water until day 14 (Figure 11A; Appendix Table 2A). From day 15 to day 17, the slope of 

the trend once again resembles the biotic reaction, with depleted O2 levels and increasing CO2 

concentrations. During the final two days (18 and 19), the trend continues to be influenced by 

precipitation, affecting the concentrations of CO2 and O2 (Figure 11A; Appendix Table 2A). 

During the subsequent irrigation period (07/05/2021-07/31/2021) at Pecan Coarse, on the 

first day, we observed a depletion of CO2 and O2 concentrations, indicating the anticipated 

processes of CO2 dissolution and physical displacement of gases in the soil (Figure 11B). On day 

2, the trend exhibited a steeper slope compared to our biotic trend, suggesting a deceleration in 

biotic CO2 production. On day 3, we once again observed the initial processes of CO2 dissolution 

and physical displacement of soil gases. By day 4, a trend line almost parallel to the expected biotic 

1:1 ratio became apparent. Subsequently, the trend continued in the direction of our diffusion 

processes until day 17. However, after day 17, a significant rainfall event of 0.69 inches on 

07/24/2021 altered the trend's direction (Figure 11B; Appendix Table 2A). 

In Pecan_Fine, during the initial irrigation cycle (06/15/2021-07/04/2021) by river water, 

on the first day, the trend is nearly horizontal, shifting towards the left (indicating decreasing CO2 

concentrations), suggesting CO2 dissolution into the introduced irrigation water. On day 2, the 

trend becomes steeper, indicating the physical displacement of soil gases (Figure 12A). By day 3, 

the trend becomes almost vertical, with decreasing O2 and some CO2 production, indicating a 

biotic trend. However, since the slope deviates from the expected 1:1 ratio, it suggests a potentially 
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slowed biotic rate. On day 4, the trend becomes nearly parallel to the expected biotic trend, and 

gradually, by day 5, the trend turns upright, indicating diffusion with biotic CO2 production until 

day 6. After day 6, a clear abiotic horizontal trend emerges, moving towards the right until day 13 

when precipitation events introduce deviations from the trend. On day 13, a nearly vertical trend 

is observed, suggesting the dissolution of CO2 in water (related to the precipitation event on 

06/28/2021 of .78 inches), combined with processes maintaining CO2 concentrations while O2 is 

depleted, indicating biotic processes (Appendix Table 2A). From days 17 to 18, an upward trend 

is observed, indicating the influence of diffusion and biotic CO2 production, as both O2 and CO2 

concentrations increase. By day 19, a slow biotic process is observed (Figure 12A). 

During the second river irrigation cycle (07/05/2021-07/31/2021) at Pecan_Fine, on day 1, 

a horizontal trend indicates CO2 dissolution upon the introduction of irrigation water. This is 

followed by a physical displacement trend of both gases on day 2. On day 3, a biotic trend with 

some CO2 dissolution is observed (Figure 12B). From day 4 to day 7, a positive slope indicates 

diffusion and biotic processes. For days 8 to day 10, a very shallow, nearly horizontal trend 

suggests an abiotic trend, producing CO2. On day 13 (07/18/2021), a small precipitation event of 

0.07 inches occurs, potentially changing the trend direction (Appendix Table 2A). From day 13 to 

day 26, the trend exhibits diffusion, and on day 22 the trend goes above the 1:1 ratio. When 

comparing the Pecan_Fine and Pecan_Coarse sites, it is noteworthy that the former demonstrates 

a higher frequency of abiotic trends, while the latter shows trends that more closely resemble the 

biotic trend (Figure 11 and Figure 12). 

 After the pecan orchard is flood irrigated, there is a decrease in the concentration of soil 

CO2 gas as well as O2 gas. However, this decrease is not solely attributed to the physical 

displacement caused by the irrigation events, as there are instances where the decline in CO2 
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concentration occurs after a production peak in the soil (Figures 6A and 6B). This decrease is 

observed in the falling limbs of the concentration curves indicating the rate of consumption or 

diffusion is greater than the rate of CO2 production. In an irrigated system, time is a critical factor 

in maintaining optimal CO2 concentrations in the soil. Moisture occupying soil pores does not 

directly affect CO2 concentration. Instead, it allows chemical reactions to take place, which affect 

the soil concentrations by either producing or consuming CO2. A similarity to O2 when comparing 

both irrigated sites is that trends for 30 and 60 cm are closer in values at Pecan_Coarse (Figure 5A 

and B), indicating that the depth is not as crucial in coarser soil textures as it is in finer ones. 

In general, we can compare the observed patterns for both soil textures by analyzing two 

consecutive Rio Grande irrigations (depicted in Figures 11 and 12). At Pecan_Coarse, we do not 

observe the initial processes occurring at Pecan_Fine, where CO2 dissolves into the irrigation water 

(resulting in a decrease in CO2) and soil gases are physically displaced. Instead, we observe more 

biotic trends responding after irrigation. Additionally, we notice that in Pecan_Fine, when the soil 

becomes dry, abiotic trends are more apparent compared to Pecan_Coarse. Another way to visually 

interpret the time series within irrigation cycles is to draw a line across the entire dataset 

representing its average trend. From this, we can infer that abiotic CO2 is the dominant process in 

Pecan_Fine, while biotic CO2 is the dominant process at Pecan_Coarse. 

 

 

6.4 Co-evolution of pCO2 vs pO2 in a Natural Dryland System 

At our natural site located within the Jornada experimental range (JER_VM), 145 days 

(08/27/2021 – 04/01/2021) of pCO2 and pO2 data are recorded for 15 and 30 cm respectively with 

each color-coded segment representing ≈ 24 days (Figure 13). While the natural system exhibits 

less dynamism compared to our irrigated system, it presents interesting diurnal variability in soil 
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moisture, O2, and CO2, providing opportunities for interpretation (refer to Appendix Figure 2). 

Overall, we observe a trend in CO2 and O2 concentrations that resembles biotic activity, showing 

parallelism to the 1:1 ratio. Notably, during the fall season, CO2 values exhibit larger ranges, 

ranging approximately from 0.05% to 0.18%. In contrast, during the winter and early spring, CO2 

levels are lower, typically ranging from 0.04% to 0.08% (Figure 13), accompanied by slightly 

higher O2 levels (Figure 6C). The observed increase in CO2 levels during late summer and early 

fall can be attributed to the activation of biotic processes in the soil stimulated by the monsoon 

season and warmer temperatures. Conversely, the decrease in precipitation and colder 

temperatures during winter and early spring limit biotic CO2 production (Figure 6C).  
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7. CONCLUSIONS  

In natural dryland ecosystems, water availability is controlled by limited precipitation. 

However, in agricultural areas, irrigation is used, and with its high salinity, leads to salt 

accumulation in soils and enhances the precipitation of pedogenic carbonates through the process 

of evapotranspiration thus releasing abiotic CO2. Irrigation practices also promote soil respiration, 

releasing biotic CO2 although water saturation could limit oxygen O2 availability and reduce the 

rates during wetter periods.  

Soil texture plays a crucial role in regulating moisture content and gas concentrations in 

soils. At the Pecan_Fine site with a finer texture, soils have limited fluid mobility, different from 

those at the Pecan_Coarse site. Indeed, water retention is higher in Pecan_Fine compared to 

Pecan_Coarse due to differences in infiltration rates. Furthermore, O2 and CO2 concentrations at 

Pecan_Coarse decrease after irrigation and precipitation events, albeit not as significantly as in 

Pecan_Fine, where greater depletion is observed. Additionally, peak concentrations of CO2 at 

Pecan_Coarse occur earlier (within the first 10 days) during irrigation cycles, while peak 

concentrations at Pecan_Fine are reached later (after 10 days). In the natural dryland control site, 

JER_VM, we observe more stable fluctuations in fluid mobility and resulting concentrations. 

However, precipitation events increase both soil moisture and O2 concentrations, while CO2 

concentrations show a slight increase after such sporadic events. 

In order to distinguish between soil-respired CO2 and abiotic calcite-derived CO2, δ
13C of 

soil gas samples are utilized after estimating the isotope ratios of different end-members.  Through 

a two-component mixing equation, we determined that the abiotic process accounted for 61-72% 

of total soil CO2 at the Pecan_Fine site, but only 42-47% at the Pecan_Coarse site when using 

groundwater as the irrigation source. During river water irrigations, Pecan_Fine contributed 35-
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37% of abiotic CO2, while Pecan_Coarse contributed 24-27%. These results highlight the critical 

role of irrigation water chemistry in determining the source of CO2 production with respect to 

differing soil textures. For the year 2021, we are confident about the relative abiotic CO2 

contributions for the first irrigation sampled, as it was the initial source for the first three 

irrigations. However, abiotic contributions for gas samples collected during river water irrigation 

are likely with a large error bar, due to the legacy of groundwater in the soils. This remaining soil 

water can mix with the river water, affecting the C isotope signatures of our abiotic CO2 

calculations. 

The high resolution of CO2 and O2 concentrations in the soil allowed us to examine specific 

processes after each irrigation. Upon irrigating the field, we observed initial water-soil gas 

interactions, namely, the chemical dissolution of soil CO2 into the irrigation water, resulting in a 

reduction in soil CO2 levels. When water infiltrates the soil, lowering O2, we can expect reduced 

soil respiration and thus limited biotic CO2 production. Indeed, at the Pecan_Fine site, where soil 

saturation can last up to approximately 5 days, soil conditions become anoxic, and soil respiration 

is probably minimum. Higher evaporation intensified by the high temperatures typical of arid 

environments in the summer drives the abiotic reaction to the right, leading to the supersaturation 

of ionic compounds and subsequent precipitation of salts, including pedogenic carbonate, and the 

release of abiotic CO2 in the soil. As moisture decreases due to infiltration or evapotranspiration, 

diffusion becomes faster for gases between soil and the atmosphere, lowering soil CO2 and 

increasing O2. This will increase the soil respiration rates too, releasing more soil-respired CO2. 

The outcomes of this research have the potential to provide valuable insights into the role 

of soil CO2 in the carbon cycle of irrigated drylands. With the work of this research, we can 

interpret how soil textures and water chemistry potentially affect the abiotic and biotic processes 
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responsible for fluctuations in soil gases (CO2, and O2) and differentiate these processes. Further 

research in this area may contribute to our understanding of the impacts of irrigation practices on 

carbon dynamics in agricultural ecosystems and aid in the development of sustainable agricultural 

management strategies. 
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8. FUTURE DIRECTIONS 

Research has the potential to expand the scope of this project by investigating spatial and 

temporal variations in different study areas and over multiple irrigation seasons. Further expansion 

of this study could involve collecting additional soil gas samples from natural dryland areas, as 

well as a larger quantity of irrigation water samples, to compare with previous studies. Despite the 

installation of lysimeters at Pecan_Coarse and Pecan_Fine, the collection of soil water after flood 

irrigation events were not performed effectively, unfortunately. This missed opportunity could 

have provided a valuable source for water chemical analyses. Future investigations could also 

focus on diurnal variabilities, examining daily fluctuations of CO2 concentrations as a function of 

temperature in natural and irrigated sites. Pressure differences between the atmosphere and soil at 

various depths could provide insights into the role of advection in soil gas concentrations and 

circulation patterns. Water isotopic data, particularly δ18O, could be useful for understanding 

potential correlations between isotopic signatures and gas concentrations in the soil. Additionally, 

the impact of amendments used in pecan orchards, such as nutrients and tillage practices, on soil 

gas concentrations and reactions could be an interesting factor to consider. Furthermore, biological 

aspects, including the role of plants and microorganisms, as indicators of gas concentrations and 

processes in the soil, should be taken into account in future studies. 
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Table 1: Describes all sensors that were used for this collaborative research project, at the three study sites within 

two locations (study areas). 

  

                                                
*150 cm TEROS 12 is not functional at Pecan_Fine. 

+ Due to a power issue, ECH2O 5TE data were not recorded during 08/14/2021 – 10/19/2021 at Pecan_Coarse. 

Sensor Data Measured Data Collection Location Study Site Depths 

ECH2O 5TE 

(METER) 

Volumetric Water 

Content (VWC) 

CR1000 Data 

logger (Campbell 

Scientific) 

Pecan_Orchard 
Pecan_Fine/ 

Pecan_Coarse 
30, 60+ cm 

TEROS 12 

(METER) 

Volumetric Water 

Content (VWC) 

METER ZL6 Data 
logger (Zentra 

Cloud) 

Pecan_Orchard 
Pecan_Fine/ 

Pecan_Coarse 

90, 120, 150* 

cm 

CS650 (Campbell 

Scientific) 

Volumetric Water 

Content (VWC) 

CR1000 data 

logger (Campbell 

Scientific) 

Jornada 

Experimental 

Range 

JER_VM 15, 30 cm 

eosGPCO2 

(Eosense) 

Carbon dioxide 

(CO2) 

concentrations 

CR1000 Data 

logger (Campbell 

Scientific) 

Pecan_Orchard 
Pecan_Fine/ 

Pecan_Coarse 
30, 60 cm 

Jornada 

Experimental 

Range 

JER_VM 15, 30 cm 

Oxygen Sensor 

SO-110 
(Apogee) 

Oxygen (O2) 

concentrations 

CR1000 Data 

logger (Campbell 

Scientific) 

Pecan_Orchard 
Pecan_Fine/ 

Pecan_Coarse 
30, 60 cm 

Jornada 

Experimental 

Range 

JER_VM 15, 30 cm1 
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Table 2: A) Shows the statistical values for Rmix (‰, ±) and XA (‰, ±) that were calculated for groundwater 

samples (06/08/2021 – 06/15/2021), B) shows the same statistical values but for the river water 

samples (06/24/2021 – 08/26/2021). The columns specify Pecan_Coarse or Pecan_Fine sites with 

contrasting soil textures at 60 and 100 cm and the number of gas samples (n) pertaining to each 

group. 

 

 

 

 

 
Figure 1: Diagram showing gas dynamics investigated, precipitation of pedogenic carbonate (CaCO3), soil 

respiration, atmospheric exchange, and ions supplied by irrigation water (precipitation). Both abiotic 

(precipitation of pedogenic carbonate) and biotic (soil respiration) processes produce CO2 in the soil. 

 

A. Groundwater  

Pecan_ Coarse_60 

(n=10) 

Pecan_Coarse_100 

(n=10) 

Pecan_Fine_60 

(n=10) 

Pecan_Fine_100 

(n=10) 

Rmix (‰) -21.36 -21.72 -20.41 -19.68 

Rmix ± 0.41 0.48 0.28 0.13 

XA (%) 47 42 61 72 

XA ± 6 7 4 2 

B. River water  

Pecan_ Coarse_60 

(n=9) 

Pecan_Coarse_100 

(n=9) 

Pecan_Fine_60 

(n=9) 

Pecan_Fine_100 

(n=9) 

Rmix (‰) -21.68 -21.37 -20.42 -20.18 

Rmix ± 0.43 0.34 0.44 0.42 

XA (%) 24 27 35 37 

XA ± 4 3 4 4 
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Figure 2: A) Regional map that pinpoints the study locations, the cyan star depicts where the pecan orchard is 

located in Texas, and the yellow star indicate where the piedmont slope in the Jornada - 
Experimental Range (JER_VM) is located in New Mexico. Study Sites are all within dryland in the 

Rio Grande Basin, Chihuahuan desert. B) Large-scale map outlining our natural study area in red 

(JER_VM). The general area is within a piedmont slope location within the Jornada Experimental 

Range, the actual site of the collection is near Gutierrez’s flux tower. C) Large-scale map outlining 

our agricultural study area in red (pecan orchard). Lighter segments in the pecan field are segments 

where trees are smaller (Pecan_Fine), and darker areas have larger trees (Pecan_Coarse). 
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Figure 3: A set-up schematic for the pecan orchard study sites (A) and the JER_VM site (B) illustrating the setup 

and placement of sensors and gas samplers at depth. 
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Figure 4: Variation of volumetric water content (VWC) at the A) Pecan_Coarse and B) Pecan_Fine study sites, as a 

function of irrigation and precipitation events in 2021. Precipitation data are from NOAA (Station: 

TORNILLO 2 SSE, TX US). The vertical dashed lines represent the flood irrigation events (brown 

lines indicate irrigation by groundwater and blue by river water). C) Volumetric Water Content 

(VWC) recorded by sensors at the natural JER_VM study site, includes precipitation data from 

NOAA (Station: JORNADA EXPERIMENTAL RANGE, NM US). 
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Figure 5: Soil O2 time series for A) Pecan_Coarse and B) Pecan_Fine site, including irrigation events and 

precipitation data from NOAA (station: TORNILLO 2 SSE, TX US). Flood Irrigations are shown as 

vertical dashed lines; brown indicates groundwater while blue indicates river water. C) Soil O2 time 

series for JER_VM site, including precipitation data from NOAA (Station: JORNADA 

EXPERIMENTAL RANGE, NM US). O2 sensor data (scatterplot) is plotted on the primary y-axis 

while recorded precipitation (bar plot) is plotted on the secondary y-axis. 
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Figure 6: CO2 time series for A) Pecan_Fine and B) Pecan_Coarse sites, including irrigation events and 

precipitation data from NOAA (station: TORNILLO 2 SSE, TX US). Flood Irrigations are shown as 

vertical dashed lines; brown indicates groundwater while blue indicates river water. C) Soil CO2 

time series for JER_VM site, including precipitation data from NOAA (Station: JORNADA 

EXPERIMENTAL RANGE, NM US). CO2 sensor data (scatterplot) is plotted on the primary y-axis 

with convenience CO2 gas samples analyzed at UC Davis, while recorded precipitation (bar plot) is 

plotted on the secondary y-axis. 
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Figure 7: Soil gas concentrations; A) CO2 depth plot showing diffusion curve, B) δ13C depth plot and C) δ18O depth 

plot, specifying site (Pecan_Coarse and Pecan_Fine) and time of sampling (10 a.m. or 8 a.m.). Green 

dots represent atmospheric gas samples, blue dots represent Pecan_Coarse, and red dots represent 

Pecan_Fine, the darkness of color specifies the time of sampling. 
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Figure 8: Keeling plot showing contributing sources for CO2 based on δ13C soil gas samples. There are four CO2 

endmembers and their mixing lines: atmospheric (ATM), biotic, abiotic groundwater (GW), and 

abiotic (RW). 
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Figure 9: XA box plots indicating mean and standard deviations with outliners, letters A, and B above boxes are 

used for grouping based on significance difference (p < 0.05). A) Is regarding Groundwater values, 

while B) is regarding river water values. 
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Figure 10: Depicts various dominating processes affecting congruently the CO2 and O2 concentrations, we include 

the 1:1 ratio representing our biotic reaction processes (black line), and the atmospheric 

concentrations (cyan dot with red outline). 
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Figure 11: Pecan_Coarse CO2 and O2 at 60 cm coevolution trend shown for an irrigation cycle (IRW-RG1 and 

IRW-RG2). A) IRW-RG1 is from 06/15/2021-07/04/2021, and B) IRW-RG2 is from 07/05/2021-

07/31/2021. 
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Figure 12: Pecan_Fine CO2 and O2 at 60 cm coevolution trend shown for an irrigation cycle (IRW-RG1 and IRW-

RG2). A) IRW-RG1 is from 06/15/2021-07/04/2021, and B) IRW-RG2 is from 07/05/2021-

07/31/2021. 
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Figure 13: JER_VM CO2 and O2 at 30 cm coevolution trend from 08/27/2021 – 04/01/2021. The general direction 

of the trend is moving from right to left. 
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10. APPENDIX 

 

Appendix Table 1: Exhibits all the irrigations that occurred during the 2021 irrigation season. Dates were often 

gathered by obvious trends observed from sensors and some were speculated in the field. Bold 

purple dates are irrigation events that were recorded by sensors, while the blue background cells 

represent samples that were collected. Measurements include pH, EC, and alkalinity.  

 

 

 

 

 

 

 

 

# 
Source of 

IRW 
IRW Date 

Date of 

collection 
pH EC (μS/cm ) Alk (meq/kg) δ18O (‰) 

1 

IRW-GW1 03/11/2021 - - - -  

2 

IRW-GW2 05/02/2021 - - - -  

3 

IRW-GW3 05/27/2021 - - - -  

4 

IRW-RG1 06/15/2021 6/16/2021 7.75 1093 3.70 -6.68 

5 

IRW-RG2 07/05/2021 - - - -  

6 

IRW-RG3 07/31/2021 7/30/2021 8 1118 3.57 -6.62 

7 

IRW-RG4 08/29/2021 8/26/2021 8.33 1972 4.72 -6.76 

8 

IRW-GW4 09/20/2021 9/21/2021 7.42 3880 - -8.63 
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Appendix Table 2: Precipitation data from NOAA. A) Is the data from TORNILLO 2 SSE, TX US station, Table 

B) is the data from JORNADA EXPERIMENTAL RANGE, NM US station. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. STATION NAME DATE PRCP 

USC00419088 TORNILLO 2 SSE, TX US 6/25/2021 0.22 

USC00419088 TORNILLO 2 SSE, TX US 6/28/2021 0.78 

USC00419088 TORNILLO 2 SSE, TX US 6/29/2021 0.03 

USC00419088 TORNILLO 2 SSE, TX US 6/30/2021 0.11 

USC00419088 TORNILLO 2 SSE, TX US 7/2/2021 0.03 

USC00419088 TORNILLO 2 SSE, TX US 7/3/2021 0.47 

USC00419088 TORNILLO 2 SSE, TX US 7/11/2021 0.05 

USC00419088 TORNILLO 2 SSE, TX US 7/18/2021 0.07 

USC00419088 TORNILLO 2 SSE, TX US 7/23/2021 0.02 

USC00419088 TORNILLO 2 SSE, TX US 7/24/2021 0.69 

USC00419088 TORNILLO 2 SSE, TX US 7/25/2021 0.11 

USC00419088 TORNILLO 2 SSE, TX US 8/1/2021 0.25 

USC00419088 TORNILLO 2 SSE, TX US 8/9/2021 0.1 

USC00419088 TORNILLO 2 SSE, TX US 8/10/2021 1.55 

USC00419088 TORNILLO 2 SSE, TX US 8/12/2021 0.04 

USC00419088 TORNILLO 2 SSE, TX US 8/13/2021 0.13 

USC00419088 TORNILLO 2 SSE, TX US 8/14/2021 0.1 

USC00419088 TORNILLO 2 SSE, TX US 8/15/2021 1.16 

USC00419088 TORNILLO 2 SSE, TX US 8/16/2021 0.11 

USC00419088 TORNILLO 2 SSE, TX US 8/30/2021 0.65 

USC00419088 TORNILLO 2 SSE, TX US 8/31/2021 0.01 

USC00419088 TORNILLO 2 SSE, TX US 9/1/2021 0.35 

USC00419088 TORNILLO 2 SSE, TX US 9/5/2021 0.02 

USC00419088 TORNILLO 2 SSE, TX US 9/24/2021 0.03 

USC00419088 TORNILLO 2 SSE, TX US 9/25/2021 0.48 

USC00419088 TORNILLO 2 SSE, TX US 9/27/2021 0.2 

USC00419088 TORNILLO 2 SSE, TX US 9/30/2021 0.6 
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B. STATION NAME DATE PRCP 

GHCND:USC00294426 JORNADA EXPERIMENTAL RANGE, NM US 8/28/2021 0.03 

GHCND:USC00294427 JORNADA EXPERIMENTAL RANGE, NM US 9/1/2021 0.11 

GHCND:USC00294428 JORNADA EXPERIMENTAL RANGE, NM US 9/2/2021 0.22 

GHCND:USC00294429 JORNADA EXPERIMENTAL RANGE, NM US 9/4/2021 0.13 

GHCND:USC00294430 JORNADA EXPERIMENTAL RANGE, NM US 9/16/2021 0.13 

GHCND:USC00294431 JORNADA EXPERIMENTAL RANGE, NM US 9/26/2021 0.04 

GHCND:USC00294432 JORNADA EXPERIMENTAL RANGE, NM US 9/27/2021 0.27 

GHCND:USC00294433 JORNADA EXPERIMENTAL RANGE, NM US 9/29/2021 0.05 

GHCND:USC00294434 JORNADA EXPERIMENTAL RANGE, NM US 9/30/2021 0.08 

GHCND:USC00294435 JORNADA EXPERIMENTAL RANGE, NM US 10/1/2021 0.08 

GHCND:USC00294436 JORNADA EXPERIMENTAL RANGE, NM US 11/25/2021 0.4 

GHCND:USC00294437 JORNADA EXPERIMENTAL RANGE, NM US 1/1/2022 0.32 

GHCND:USC00294438 JORNADA EXPERIMENTAL RANGE, NM US 1/11/2022 0.07 

GHCND:USC00294439 JORNADA EXPERIMENTAL RANGE, NM US 2/3/2022 0.16 

GHCND:USC00294440 JORNADA EXPERIMENTAL RANGE, NM US 3/4/2022 0.01 

GHCND:USC00294441 JORNADA EXPERIMENTAL RANGE, NM US 3/11/2022 0.07 

GHCND:USC00294442 JORNADA EXPERIMENTAL RANGE, NM US 3/22/2022 0.52 

GHCND:USC00294443 JORNADA EXPERIMENTAL RANGE, NM US 3/23/2022 0.03 

GHCND:USC00294444 JORNADA EXPERIMENTAL RANGE, NM US 3/31/2022 0.01 
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Appendix Figure 1: Soil maps of the study areas displaying contrasting soil variability: A) The Pecan Orchard site 

displays more variability with six different soil units, including the dominant Saneli silty clay loam 

(Sa) covering 52% of the area, followed by Tigua silty clay (Tg) at 25.5% and Harkey silty clay 

loam (Hk) at 15%. Our Pecan_Coarse site is within the Glendale silty clay loam (Ge) unit, while 

Pecan_Fine is within the Tigua silty clay (Tg) unit. B) The Jornada Experimental Range piedmont 

slope is composed of only two units, with the Doña Ana-Chutum complex covering 74% of the 

study area, where our sensors and gas samplers are located, and the Mimbres-Chutum-Ybar 

complex, covering 26% of the area, with 0 to 5% slopes. 
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Appendix Figure 2: We observed diurnal variations at the JER_VM site. The wet week was from 9/6/21 to 9/12/21, 

while our dry week was from 2/7/22 to 2/13/22. The time Increments display dates all at 12:00 AM 

MST. Panel A) and B) in blues display soil moisture. Panel C) and D) in greens display O2, and 

finally E) and F) in orange and beige display CO2. 
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