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Abstract 

 

Soil gas dynamics and carbon cycling in the vadose zone of a large, 

regulated river near Austin, Texas 

 

Heather Victoria Christensen, M.S.Geo.Sci. 

The University of Texas at Austin, 2020 

 

Supervisor:  Philip C. Bennett 

 

Globally, over half of all rivers are regulated in some way. In some cases, river 

regulation is the dominant factor governing fluid exchange and soil gas dynamics in the 

hyporheic and unsaturated zones of the river banks. Where this is the case, it is important 

to understand the effects that an artificially-induced change in river stage can have on the 

chemical, plant, and microbial components of the unsaturated zone. Daily releases from 

an upstream dam cause rapid stage fluctuations in the Lower Colorado River east of 

Austin, Texas. Previous findings indicate that meter-scale changes in river stage 

propagate through the bank and are dampened to centimeter-scale pulses in the water 

table. We propose that these conditions create an area in the subsurface that is subjected 

to frequent cycles of saturation and drainage (the ‘active zone’), supporting enhanced 

microbial oxidation of organic carbon and acting as a biogeochemical filter. CO2 

production through the active zone appears to be decoupled from patterns of diurnal 

respiration but closely linked to increased soil-water content following a water table rise. 

Our data indicate that neither surface water nor groundwater is the source of carbon for 



 vi 

this zone. Instead, two sources of carbon are possible: 1) litter-derived carbon is leaching 

down through the soil column into the active zone, or 2) at low water contents particulate 

organic carbon accumulates in macropores where it is enzymatically decomposed to 

labile carbon. Additionally, our results suggest that the active zone may sustain 

denitrifying activity and a region of methanogenesis. 
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INTRODUCTION 

REGULATED RIVERS AND THE HYPORHEIC ZONE 

Over 60% of the world’s rivers are regulated in some fashion (Nilsson et al., 2005). In 

many river systems, river regulation is a dominant factor governing fluid and nutrient exchange 

in the hyporheic region and overlying unsaturated zone of the river banks (Sawyer et al., 2009). 

Where this is the case, it is important to understand the effects that artificially-induced changes 

in river stage have on the chemical, plant, and microbial components of the unsaturated zone. It 

is estimated that streams and rivers transform or store approximately 2.7 Pg of terrestrial organic 

carbon (OC) every year (Battin et al., 2008; Proia et al., 2016; Tranvik et al., 2009). River 

ecosystems, comprising the headwaters, the channel, riparian areas, associated groundwater in 

the banks and floodplains are adapted to the normal hydrological regime of the watershed. In 

particular, the banks and floodplains rely on floods and natural patterns of flow and inundation 

for the exchange of not only water but nutrients and other biogeochemical constituents to support 

the intricate ecosystems of each zone (McCartney et al., 2000). The frequency and duration of 

normal inundation events along a river catchment help control the diversity of riparian habitats 

and ecosystems that exist there, all facilitated by the transfer of water, carbon, and nutrients. 

River regulation in contrast releases volumes of water downstream that is not coherent with the 

natural flood/drought cycles, fundamentally changing the frequency, magnitude and duration of 

inundations.  

The releases generate relatively rapid changes in the level of the river, a phenomenon 

nicknamed “hydropeaking”. As hydropeaks propagate downstream, they cause the river stage to 

rise, potentially influencing surface water-groundwater exchange as they temporarily lift the 

shallow water table within the river bank. When the dam release is complete the river stage and 

the bank water table return to pre-hydropeak levels. During intense release periods with weeks of 

periodic hydropeaks this results in consequent periodic flooding and draining of the unsaturated 

zone overlying the riparian zone influenced by the river.   
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As the interface between terrestrial and aquatic ecosystems in a riverine setting, riparian 

zones facilitate the flux of water, gases, dissolved and particulate matter, and organisms between 

these two environments (Gregory et al., 1991). The riparian zone is critical as an energy source 

to riverine food webs via both primary and secondary production, as a thermal buffer, as a 

bioreactor, as a bank stabilizer, and as a crucial habitat for fish, macroinvertebrates, and 

microinvertebrates (Naiman and Decamps, 1997; Pusey, 2003). Arguably the most important 

mechanism that facilitates exchange across this transition zone is the mixing of surface water and 

groundwater (Stegen et al., 2018). The zone of mixing is termed the hyporheic zone and is 

defined as the volume under and around a river where surface water infiltrates and mixes with 

groundwater, traveling along subsurface flow paths before ultimately returning to the channel 

(Boulton et al., 1998; Cardenas, 2015). The movement of surface water into and back out of the 

subsurface is called hyporheic exchange. Hyporheic exchange is a common feature of river 

systems.  

Hyporheic exchange occurs over a range of spatial and temporal scales. The capacity for 

biogeochemical processing in the hyporheic zone is influenced by flow regimes (of both surface 

and groundwater, where one can dominate), sediment permeability, physical properties of the 

channel and sediment, existing microbial communities, and the distinct biogeochemical 

properties of each mixing water (Bencala, 2000; Boulton et al., 1998; Gerecht et al., 2011; 

Goldman et al., 2017; Stegen et al., 2016). The hyporheic corridor is a term that encompasses the 

catchment-scale processes that take place across the lateral and vertical continuum between the 

channel, riparian zone, parafluvial zone, and floodplain (Boulton et al., 2010; Malard et al., 

2002). Studies have shown that the hyporheic zone strongly influences production in the main 

river channel, the composition and structure of riparian environments, and promotes biodiversity 

along the channel (Boano et al., 2014; Boulton et al., 1998; Pacioglu, 2009). Furthermore, 

hyporheic exchange can be enhanced in dammed rivers whose flow regime is influenced by 

releases from upstream power generation operations. The amount of hyporheic exchange can be 
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variable as portions of the river alternate between gaining and losing in response to stage 

fluctuations (Sawyer et al., 2009). 

At the river segment or reach scale, horizontal and longitudinal gradients in temperature, 

nutrients, dissolved oxygen, organic matter (OM, a ‘continuum of progressively decomposing 

organic compounds’ sourced from dead plant material), and alkalinity can be correlated to 

hyporheic flow paths that are separate from, and nested within the larger network of groundwater 

flow paths (Boulton et al., 1998; Brunke and Gonser, 1997; Covino, 2017; Lehmann and Kleber, 

2015). The influx of surface water or groundwater in the hyporheic zone is primarily governed 

by geomorphologic features including channel shape, permeability of the channel bed, riffle-pool 

sequences, and any obstacle that alters surface water flow paths (Boulton et al., 1998; Brunke 

and Gonser, 1997; Cardenas et al., 2004; Covino, 2017).  Hydraulic gradient and direction, water 

retention capacity of the sediment, and water table height also exert strong controls on the 

magnitude, configuration, and rate of the fluid flux along flow paths in the hyporheic zone 

(Cardenas, 2015; Hill, 2000; Storey et al., 2003).  

Given the heterogeneity that exists in fluvial bank sediments, hyporheic flows are 

generally irregular and incongruent, creating regions of rapid flow to no flow with dramatically 

different pore water residence times (Boulton et al., 1998). Pore water residence time is 

recognized as a key control on redox zonation (Boano et al., 2010; Zarnetske et al., 2011) 

because heterogeneous pore-scale connectivity partitions OM and reactive substrate to create 

redox microzones (Boulton et al., 1998; Briggs et al., 2015).  Even in a bulk oxic hyporheic 

zone, heterogeneity in sediment structure can create pockets of anoxia (Angert et al., 2015; 

Briggs et al., 2015; Harrison-Kirk et al., 2013). For example, longer residence times can be 

associated with elevated nitrate reduction due the establishment of anaerobic microsites (Shuai et 

al., 2017; Stegen et al., 2016; Zarnetske et al., 2012, 2011).  

Within the hyporheic zone, the surface water and groundwater environments are 

juxtaposed in both their physical and chemical characteristics: SW (fast moving, short residence 

times, oxygenated, labile carbon, fluctuating daily temperature) vs. GW (slow moving, long 
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residence times, low in oxygen, low in labile carbon, stable temperature) (Boano et al., 2014; 

Brunke and Gonser, 1997). These chemically distinct waters can be sources of limiting reactants 

for one another (such as OM, dissolved nutrients, and oxygen) that microbial populations use for 

metabolic activity. The hyporheic zone can have elevated rates of biogeochemical activity due to 

the mixing of complementary electron donors and terminal electron acceptors (Boano et al., 

2010; Covino, 2017; McClain et al., 2003; Stegen et al., 2016).  

CARBON CYCLING IN THE HYPORHEIC ZONE 

The pathway by which organic carbon (OC), the portion of C in OM, is transformed in 

the hyporheic zone depends on the environmental conditions along and within a channel (Battin 

et al., 2008). For OM in surface water entering a hyporheic setting this results in an increase in 

residence time, consequently increasing exposure to microbial communities, in addition to 

providing an input of nutrients as previously discussed (Corson-Rikert et al., 2016). These 

conditions allow for enhanced OC processing in the hyporheic zone and the production of large 

quantities of respired CO2.  

OC in the hyporheic zone can be sourced from the river itself, the mixing groundwater, or 

the overlying soil and transported downward with recharge from precipitation or overbank 

flooding. Mobile OC is produced in the soil zone from the decomposition of plant material and 

litter (Cooper et al., 2016; Kaiser and Kalbitz, 2012; Scott et al., 2006), producing CO2, DOC, 

and POC (dissolved and particulate organic carbon). Most of the OC is oxidized to CO2 in the 

unsaturated zone and is lost to the atmosphere (Chapelle, 2000). The remaining products can be 

transported through the soil column and eventually reach the water table. Dissolved OC 

compounds are more labile than POC and are therefore considered the most important fraction of 

carbon in the global carbon cycle for microbial uptake because they are low molecular weight 

compounds that are more accessible to microorganisms metabolism (Battin et al., 2008; Cooper 

et al., 2016).   
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Microbial metabolism in the hyporheic zone depends on the use of these components in 

redox reactions for basic functions such as cell growth and maintenance (Boano et al., 2010; 

Yang et al., 2018). DOC is the dominant electron donor (Hedin et al., 1998; Kedziorek et al., 

2008) and the highest energy yield reaction is that of aerobic respiration: 

 

CH2O + O2 → H2O + CO2  (1) 

 

As O2 is consumed in this reaction, lower potential alternative terminal electron acceptor 

processes (TEAPs, e.g. using NO3- or SO42-) are possible, if available, shifting the redox 

environment to more reducing conditions. As the redox conditions change, so will the local 

microbial processes and nutrient concentrations (Boano et al., 2014; Vidon et al., 2010). After 

photosynthesis, the production of CO2 from these reactions and associated soil processes is the 

second largest carbon flux in most ecosystems globally (Dumale et al., 2011).  

Six sources of CO2 production in soils are important to consider: 1) microbial 

decomposition of soil organic matter (SOM) in root-free soil, 2) microbial decomposition of 

SOM in soil with plant residues or roots, 3) microbial decomposition of plant residues, 4) 

microbial decomposition of rhizodeposits (e.g. “root exudates”), 5) root respiration, and 6) 

abiotic precipitation of CaCO3(Kuzyakov, 2006) (Dumale et al., 2011; Kuzyakov, 2006). These 

sources are distinguished by the size and relative turnover rate of the reservoir to which they 

belong.  

Most autotrophic CO2 evolution in soils is attributed to root respiration by plants (Bond-

Lamberty et al., 2004; Kuzyakov, 2006). Carbon used in root respiration has the shortest mean 

residence time of the pools described here, turning over in roughly minutes-hours; grasses respire 

~90% of C allocated to root respiration back to the atmosphere within 1-2 days (Hanson et al., 

2000; Kuzyakov, 2006, 2002). The rhizodeposition soil C pool is cycled by microorganisms on 

the order of hours (low molecular weight exudates) to days (sloughed off root cells, high 

molecular weight secretions) (Kuzyakov, 2006). Plant residue C is cycled on the scale of weeks 
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to years, and can be significantly slowed by high lignin content, low soil temperature, and low 

soil O2 partial pressure (Kuzyakov, 2006; Leavitt et al., 1996; Schimel and Schaeffer, 2012). 

The last two sources, both SOM C, fall into different classifications of SOM and therefore have 

different turnover rates. SOM C mean residence time can be active (hours to months), slow 

(decadal), or passive (centuries to millennia) (Dumale et al., 2009). Carbon derived from SOM in 

soil with plant residues or roots is thought to be active or slow, whereas carbon derived from 

SOM without roots is considered passive as it is tightly bound to silt or clay particles (mineral-

associated SOM), and is wholly unavailable for microbial uptake (Dumale et al., 2009; 

Kuzyakov, 2006). 

CARBON CYCLING IN REGULATED RIVERS 

In a typical soil profile microbial abundance and activity decrease with depth as a 

function of decreasing substrate (SOM) availability (Taylor et al., 2002), and the concentration 

profile of CO2 versus depth is used as an indicator of microbial respiration in the vadose zone 

(Holden and Fierer, 2005). However, many studies have observed equal or higher CO2 

concentrations at depth, especially with the addition of recharge water or nutrient-laden 

groundwater (Bacon and Keller, 1998; Tokunaga et al., 2016; Wan et al., 2018; Wood and 

Petraitis, 1984). The actual observed relationships between CO2 and depth are indicative of both 

the variability in both OM mineralization rates, gas diffusivity of the soil, and average rooting 

depth of plants and the rhizosphere component (Breecker et al., 2012; Fang and Moncrieff, 

1998). CO2 concentrations can increase with depth through the soil profile if shallow soil 

diffusivity is high such that respired CO2 near the ground surface diffuses rapidly to the 

atmosphere, while diffusivity at depth may be low enough to trap respired CO2 (Fang and 

Moncrieff, 1998).  

The unique conditions created within riverbanks by river regulation will also influence 

the mineralization of SOM, particularly the imbibition and drainage of the normally unsaturated 

zone as a result of the periodic fluctuation in river stage and bank water table in response to 
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water management requirements downstream (Bevelhimer et al., 2015). These drying and 

wetting cycles are considered important to the turnover of soil C and nitrogen (N). Compared 

with soils kept continuously moist, a soil rewetted from drought conditions (~5% gravimetric 

water content) can exhibit a 500% increase in the rate of CO2 production that generally persists 

for 2-6 days (Fierer and Schimel, 2003).  

The rewetting of dry soils to briefly stimulate microbial activity and produce an enhanced 

release of C and N has been previously observed, but the mechanisms behind this increased rate 

of production are unclear.  These mechanisms are potentially varied and complex, and may 

depend on many factors including soil type, the extent and duration of drying and wetting, and 

the amount and type of SOM present (Birch, 1958; Miller et al., 2005; Ouyang and Li, 2013; 

Sawada et al., 2016). It has been proposed that during drying, microorganisms accumulate 

intracellular osmoregulatory solutes to prevent dehydration (Halverson et al., 2000; Harris, 

1981). Upon rewetting, soil water potential increases sharply causing microorganisms to either 

lyse by osmotic shock or to release their accumulated intracellular solutes (Fierer and Schimel, 

2002). If lysis is the outcome, surviving microorganisms could mineralize this new source of 

active biomass. If cells do not lyse, the expelled solutes can be reincorporated and mineralized 

within very short time spans (~10 minutes), leading to a respiration pulse (Fierer et al., 2003; 

Halverson et al., 2000; Kieft et al., 1987). Based on the observed concentrations of intracellular 

osmoregulatory solutes that accumulate in response to stress across multiple strains of soil 

bacteria, it can be concluded that only a fraction of this C source would need to be mineralized to 

account for an enhanced pulse of CO2 produced by a drying-wetting cycle (Dictor et al., 1998; 

Fierer et al., 2003; Harris, 1981; Killham and Firestone, 1984; Koujima et al., 1978; Wood et al., 

2001).  

Drying and wetting cycles are also known to disturb aggregate soil structure, releasing 

SOM that was physically sequestered (Denef et al., 2001b, 2001a). However, after two drying-

wetting cycles macroaggregates become resistant to further disruption and turnover. After the 4th 

cycle of drying-wetting, with no new organic inputs, the effects of the cycles on SOM release are 
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significantly dampened and have almost no influence, possibly because over time the quantity of 

SOM available for release is reduced (Degens and Sparling, 1995; Denef et al., 2001b, 2001a; 

Fierer et al., 2003). Stegen et al. (2016) describe enhanced respiration in a hyporheic setting 

driven by changes in river stage. POC accumulated in macropores is enzymatically decomposed 

to labile carbon, aided by the change from advective-based to diffusion-based transport during 

unsaturated conditions (low river stage). This is followed by the transport and dispersion of this 

labile carbon through the hyporheic zone and bank sediments as the river stage rises.  

Others have studied the effects of a fluctuating water table on soil processes. Rezanezhad 

et al. (2014) investigated the biogeochemical effects of a fluctuating water table in an automated 

soil column system and found extensive geochemical differences between the control and 

fluctuating columns, including highly variable redox conditions and enhanced microbial 

oxidation of OC to CO2, where peak CO2 efflux was observed during water table drawdown. 

Three laboratory studies (Haberer et al., 2012; Jost et al., 2015; Williams and Oostrom, 2000) 

investigated the transfer of oxygen through soils in a fluctuating capillary fringe. All three 

studies demonstrated that O2 entrapped during imbibition re-oxygenates the rising water table 

and that drainage causes O2 to rapidly infiltrate the soil column. While all of these studies 

provide insight into a prevalent yet highly complex system, few examine the effects of river 

stage change and water table fluctuation on soil respiration beyond the hyporheic zone and into 

the bank environment.  
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STUDY OBJECTIVES 

This study investigates the soil microbial respiration dynamics of a riverbank hyporheic 

zone impacted by periodic river fluctuations due to frequent releases from an upstream dam. We 

propose that the imposed hydropeaking behavior creates an area in the subsurface (the ‘active 

zone’) that is subjected to as often as daily cycles of saturation and drying, supporting enhanced 

microbial oxidation of OC. We pose the following questions: 

1. Do regular changes in river stage affect soil gas dynamics in the bank? 

2. Is the periodically saturated subsurface more microbially active than it would be under 

natural conditions? 

3. Does river regulation enhance CO2 flux to the atmosphere? 

We investigated these questions using direct, in-situ geochemical and physical 

measurements, and analysis of soil gas and ground- and surface waters. We utilized an array of 

water and gas wells along a transect perpendicular to the river to investigate the biogeochemical 

process occurring in this mixing zone. Soil gas and soil samples were collected alongside water 

samples at various stages of the dam release pulse (hydropeaking). These data were collected 

over a period of two years and, in combination with data from prior and adjacent studies, provide 

a broad picture of the gas dynamics and biogeochemical conditions that persist in this subsurface 

riparian zone that is subjected to frequent wetting and drying cycles due to upstream dam 

operations.  
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BACKGROUND 

SITE DESCRIPTION 

The study was conducted on the distal limb of Hornsby Bend, located within the Lower 

Colorado River (LCR) catchment approximately 10 km east (23 km downstream) of downtown 

Austin, Texas, USA (Fig. 1). Historically this area has been used for agriculture, more recently 

giving way to residential tracts and aggregate mining. This reach of the river is prone to frequent 

flooding, which has deposited alluvial sand and gravel that is now extracted by mining 

operations (Gieselman et al., 2012). River discharge is regulated ultimately at Longhorn Dam, 

located approximately 14 km upstream of the study site, which releases water from Lady Bird 

Johnson Lake, a constant level lake in the middle of Austin originally intended as a source of 

cooling water for the now closed Seaholm Power Station. Releases from upstream lakes for 

power generation and use by downstream consumers are passed through Lady Bird Lake and 

managed at Longhorn Dam by the City of Austin. 

Figure 1: Location map of the study site (Hornsby Bend), the USGS gaging station, and 

proximity to Austin. Modified after Sawyer et al. (2009). 
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Roughly 6.5 km upstream of Hornsby Bend, the Walnut Creek Wastewater Treatment 

Plant discharges approximately 0.43 million m3 of treated wastewater effluent into the river 

every day (LCRA and UCRA, 2017; Shuai et al., 2017). During times of low stage, such as the 

period between October and March when water is not being released from Lady Bird Lake, this 

input can make up the majority of the flow in the LCR, but also contributes to issues stemming 

from elevated nitrogen and total phosphorus (LCRA and UCRA, 2017).  

The surface geology at Hornsby Bend is a combination of alluvium and terrace deposits 

composed primarily of sand with gravel lenses, and a small fraction of silty-clays. These 

unconsolidated sediments are derived from pre-Cretaceous and Cretaceous limestone and chert 

that fine upwards from a gravel base (Briody et al., 2016; Garner et al., 1976). The alluvium is 

estimated to be no more than 6 m thick and the terrace deposits are approximately 9 m thick 

(Garner et al., 1976). There is a shallow unconfined alluvial aquifer that contributes to baseflow 

of the LCR (Briody et al., 2016; Cardenas and Markowski, 2011; Larkin and Sharp, 1992). 

Multiple studies previously conducted at Hornsby Bend have intimated the 

interconnectivity of the channel sediments despite their heterogeneous nature. Sediment 

variability allows for preferential flow pathways to develop within the channel and adjacent 

hyporheic zone sediments (Gerecht et al., 2011) and the use of electrical resistivity (ER) surveys 

has revealed that some of these pathways are higher permeability than surrounding sediment (see 

Fig. 3 in Cardenas & Markowski, 2011). Bulk hydraulic conductivity and porosity in the bank 

were estimated to be 2.25 m/day and 0.25, respectively (Sawyer et al., 2009).  

RIVER REGULATION REGIME 

Common dam operations can result in discharge fluctuations that create non-natural flow 

conditions within a river. Daily releases from an upstream dam on the Lower Colorado River 

(LCR) east of Austin, Texas cause rapid stage fluctuations, or hydropeaking (Fig. 2B). The LCR 

is managed by 6 interconnected waterways known as the “Highland Lakes” which are each 

dammed for storage, flood control, and hydroelectric power. To meet diurnal variations in power 



 

 

 12 

demand, water is released on a regular daily schedule. Tom Miller Dam is located 23 km 

upstream of Hornsby Bend and is used to generate hydroelectric power (Gerecht et al., 2011). 

Longhorn Dam, located downstream of Tom Miller Dam, is operated by the City of Austin and 

forms Ladybird Johnson Lake, and when the pool level reaches the trigger elevation, the gates 

open automatically to release water and maintain the constant lake level (Briody et al., 2016; 

Shuai et al., 2017). This regulation scenario is responsible for the hydropeaking that motivates 

this study. 

  

Figure 2: A) Daily precipitation totals and air temperature recorded at the ABIA weather station 

and B) stage fluctuations at the USGS gaging station (upstream of Hornsby Bend) 

over September 2016-May 2018. 
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METHODS 

ESTABLISHMENT OF TRANSECT 

Hornsby Bend has been designated a Center for Environmental Research by Austin 

Water and previous studies have installed multiple semi-permanent or permanent well arrays. 

For this study, an existing transect of wells was used with additional wells for gas sampling 

installed in a parallel transect. 

 

Figure 3: A) Schematic diagram of well transect, array of soil gas sampling pipes, soil cores, soil 

pits, and flux chambers used in the study and B) elevation profile of the bank with 

well locations marked. 

Seven piezometers (monitoring wells) were previously installed (Briody, 2014) via 

direct-push drilling (Geoprobe) (Fig. 3A). These wells were installed in a straight-line transect 

perpendicular to the river. The wells were constructed from 3.175 cm diameter PVC pipe, 

screened over a selected interval, and capped when not in use to keep debris from entering the 

pipe. Piezometers were spaced approximately 1.5 m apart, with the furthest well of the transect 

located approximately 13.7 m from the river. An end-member groundwater well to monitor 
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background groundwater geochemistry is located approximately 64 m from the river where the 

water table is approximately 6.5 m below ground surface.  

River stage data was acquired from the USGS gaging station approximately 11.5 km 

upstream of the study site (Fig 1). Data are collected at 5 minute intervals and made available as 

preliminary data on near real-time basis. Water levels in select piezometers were monitored 

using Level TROLL 500 down-well data loggers (In-Situ, Fort Collins, CO). River stage and 

transect water table data for 2016 was collected for a separate field study and used here with 

permission from the author (Ferencz et al., 2017). 

SOIL ANALYSIS 

Gravimetric water content (GWC) analysis was conducted on the two cores collected 

from the site (Fig. 3A). Equal portions of soil taken from each core at 10 cm intervals were 

weighed wet, oven dried for 24 hours, and weighed dry. The calculated difference is the mass 

wetness, or GWC (Hillel, 1998). Grain size distribution was conducted on Core 1 via sieve 

analysis (American Society for Testing and Materials, 2004). Large cobbles were removed 

before sieving, and results do not include particles finer than 0.075 mm.  

Water extractable organic carbon (WEOC), was measured from three soil profiles at the 

locations of FC1, FC2, FC3 (Fig. 3A). Using a shovel, 100g of soil was collected every 20 cm, 

placed in ziploc plastic bags, and frozen until analysis. Within 24 hours of sampling, 20 g fresh 

weight of soil was taken from each sample and placed in 200 ml erlenmeyer flasks with 100 ml 

of distilled water. The flasks were placed into an orbital shaker and shaken for 36 hours at 25° C. 

Without disturbing the sediment, two 40 ml aliquots were then pipetted from each sample into 60 

ml falcon tubes and centrifuged for 15 minutes. The supernatant was then decanted into VOA 

vials and the total amount of soluble OC was determined using a Teledyne Tekmar Apollo 9000 

Combustion Total Carbon Analyzer. We do not account for C lost to respiration over the course 

of this experiment, but it is likely a fraction was respired. 
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MICROBIAL CHARACTERIZATION 

Two cores were collected from the site (Fig. 3A). Core collection equipment was 

disinfected with chlorine and thiosulfate treated water to prevent chlorine interference. Samples 

were frozen until analysis.  Soil microbial titer was estimated using the heterotrophic plate count 

method using Hach media plates. Plates were prepared from Core 1 and 2 (Fig. 3A) in a serial 

dilution at 10x and 100x per 10 cm segment of core. Samples were vortexed for 3 minutes with 

sterile water and allowed to settle for 15 minutes. Once settled, 1 ml of sample was pipetted onto 

the center of the culture disc. The plates were covered, sealed, and incubated at 28° C for 7 days, 

then each plate was visually analyzed for total colony forming units (CFU/mL).  

Nitrogen fixation and reduction (Nishio et al., 2010) was also characterized from the 

collected core using the acetylene inhibition method. Acetylene blocks the reduction of nitrous 

oxide to nitrogen by denitrifying bacteria in soils (Lloyd et al., 1976). Because N2O is an 

obligatory, freely diffusible intermediate in the denitrification pathway, it is assumed that the 

amount of N2O produced by inhibited bacteria would be equivalent to the total amount of N2 gas 

produced in an uninhibited environment (Smith et al., 1978; Yoshinari and Knowles, 1976).  The 

acetylene-ethylene reduction assay was used to identify N2 fixation by measuring the amount of 

acetylene reduced to ethylene (C2H4) by the nitrogenase enzyme, which under normal conditions 

reduces N2 to ammonia (NH3). A stoichiometric relationship of 3:1 between the amount of C2H2 

reduced and N2 fixed is widely accepted and has been observed both experimentally and in field 

based studies (Hardy et al., 1968).  

 Triplicate 5g aliquots (per 7.5 cm section of core) were weighed in 20 ml glass 

serum vials, and crimp sealed with butyl stoppers. After equilibrating for 2 hours, each vial was 

amended with 0.5 ml of pure acetylene (C2H2) gas made from calcium carbide hydrolysis. 

Samples were stored in the dark at 25ºC, and a headspace sample was taken from each vial using 

a sterile syringe. For N2O headspace gas was monitored using an SRI gas chromatograph (GC) 

equipped with an electron capture detector (ECD) operated at 40ºC for 4 minutes, then ramped 

up to 172ºC by 12ºC/min for 11 minutes.  For ethylene analyses headspace gas was monitored 



 

 

 16 

using an SRI gas chromatograph (GC) equipped with a flame ionization detector (FID) operated 

at 50ºC for 1 minute, then ramped up to 190ºC by 10ºC/min for 14 minutes. 

Both of the acetylene experiments lack a rate component because samples were only 

taken at one time step. It has been suggested that the linearity of nitrogenase activity over time 

cannot be accurately estimated from cumulative measurements of C2H4 because the 

accumulation can mask rate changes (Minchin et al., 1983). Because of the limits of the method 

used in this study, our results should be interpreted qualitatively and relative to the rest of the 

site.  

GAS ANALYSIS 

Gas samples were collected using semi-permanent gas wells at discrete depths, a point of 

use vapor probe deployed at various depths, and surface static flux chambers to characterize the 

soil gas composition of the top 2 m of soil. Samples were analyzed using gas chromatography, a 

solid-state infrared sensor device (Quantek Instruments) or with cavity ring-down spectroscopy 

(Picarro). 

At the onset of this study, 6 soil gas pipes were installed to sample soil gas from the 

unsaturated zone (Fig. 3A). Each soil gas pipe consists of a length of 0.6 cm (ID) copper tubing 

terminated with a 7 cm (length) 1 cm (OD) soil vapor implant. The soil vapor implants 

(Geoprobe/AMS) are constructed of double woven stainless steel wire screen and have a pore 

diameter of 0.0057 inch (0.145 mm). Gas wells were installed at one of three discrete depths 

(0.25, 0.5, or 1 meter below the ground surface). These soil gas sampling pipes were installed in 

an array reflective of the transect of monitoring wells to better compare samples taken from each. 

Additional samples were conducted using a portable soil gas vapor probe (AMS, American Falls, 

ID). The kit consists of a perforated tip connected to a length of 1.25 cm stainless steel pipe up to 

2 m long. This probe was installed using a driver and measures were taken to ensure the 

sampling inlets remained functional and clear of soil. Obtaining gas samples from depth (>1 m) 

requires the addition of lengths of steel pipe, introducing additional joints which can loosen 
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when driven into the soil with a post driver. Loose joints can introduce atmospheric mixing or 

the mixing of lower concentration CO2 soil gases.  

For snapshot profiles gas samples were collected into 1 L tedlar bags using a peristaltic 

pump, or by hand using 60 ml plastic syringes. Before samples could be collected, the pipe or 

probe tube was purged of 5 total volumes. CO2 and CH4 were determined on an SRI gas 

chromatograph (GC) equipped with a thermal conductivity detector (TCD) and flame ionization 

detector (FID) respectively using a microbore Porapak Q (Restek, Bellefonte, PA) column 

operated at 35ºC for 3 minutes, then ramped up to 115ºC by 8ºC/min for 10 minutes. For 

continuous measurements of the subsurface soil gas profile, gas samples were extracted using the 

portable gas vapor probe and a low-flow peri-pump with in-line analysis of gas composition 

using a solid state infrared CO2 and electrochemical O2 sensor (Quantek, Grafton, MA), 

connected via low-porosity tubing. The measurements were read to an external data logger every 

minute, and where possible, a down-well water level probe was installed in the nearest well. For 

the 48 hour experiment a Picarro cavity ring-down spectrometer (CRDS) outfitted with a low-

flow pump was taken to the field and set up to switch sample between the 6 soil gas pipes over a 

48 hr period  

To estimate soil surface efflux to the atmosphere, we deployed three closed non-steady 

state chambers at three distances from the river (Fig. 3A). Chambers were constructed after 

standard methods widely used in agricultural studies (Parkin and Venterea, 2010). Chamber 

anchors are installed flush with the soil surface at least 24 hours in advance of sampling. A 

sample is collected as soon as the chamber top is put in place, followed by at least 2 more 

samples at intervals not exceeding 15 minutes. The collected gas is then run on a Picarro CRDS 

The raw data is corrected, and flux is then calculated using linear and quadratic regression. This 

method of measuring surface efflux potentially has large errors and may underestimate actual 

flux. A detailed discussion of the errors associated with this method follows in the discussion 

section of this volume.  
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In addition to direct measurements of soil gas carbon isotopes by Picarro CRDS, the 

respired ẟ13C was also calculated from the measured ẟ13C, soil CO2 concentration, and 

atmospheric values of ẟ13C and CO2 (Davidson, 1995). This calculation corrects for the 4.4‰ 

ẟ13C difference between bulk soil CO2 and respired CO2, which mixes in soil pores masking the 

true ẟ13C signal of respired CO2.  

WATER ANALYSIS 

Surface and groundwater samples were collected for a standard suite of chemical 

analyses. Surface water samples were collected using a peristaltic pump from at least 1 m into 

the stream channel. Groundwater samples were collected from the transect of monitoring wells 

(Fig. 3A). Wells were purged with a peristaltic pump for 3 well volumes before sample 

collection. Fugitive parameters (pH and temperature) were determined immediately in the field 

using standard combination electrodes, while dissolved oxygen (DO), an indicator of redox 

conditions, was measured in the field using a Clark type DO electrode (OAKTON Instruments, 

Vernon Hills, IL).  Water samples for anion and metal analysis were filtered to 0.45 micron 

using high capacity cartridge filters (Geotech) in the field into LDPE bottles rinsed with sample 

water before being filled. After collection, samples were stored in a cooler until transport to the 

laboratory and then stored at 4ºC until analysis.  Samples for metal analysis were stored in acid 

rinsed bottles and acidified to pH <2 using ultrapure nitric acid.  Samples for carbon analysis 

were filtered into pre-baked glass VOA vials and stored at 4ºC until analysis.   

Dissolved Organic Carbon (DOC), Dissolved Inorganic Carbon (DIC), and Total 

Nitrogen (TN) were measured using an Apollo 9000 Combustion Total Carbon Analyzer 

(Teledyne Tekmar, Mason, OH). DIC is the sum or the inorganic carbon species in a solution, 

and is comprised of carbon dioxide, carbonic acid, bicarbonate, and carbonate species: 

 

DIC = CO2 + H2CO3 + HCO3- + CO32-+ complexes  (2) 
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where “complexes” are low abundance neutral carbonate complexes of Ca and Mg 

predominantly.  The CO2 partial pressure of a sample solution (PCO2) was calculated from the 

alkalinity which was measured by dynamic equivalence point titrations (DET) using a Titrino 

848 Plus autotitrator (Metrohm, Herisau, SUI). Using the volume of acid added to reach 

equivalence points, we can calculate the PCO2 of the sample by the following set of equations (at 

25oC): 

H2CO3* = LOG((HCO3)(H+)/10-6.3)  (3) 

PCO2 = LOG(H2CO3*/10-1.47)  (4) 

Anions were determined on filtered samples by ion chromatography using a Dionix ion 

chromatograph with separation on a IonPac AS18-4µm column (Thermo Fisher Scientific, 

Waltham, MA). Some of the metals were determined on the acidified samples by ICP-MS using 

a 7500ce quadrapole instrument (Agilent, Santa Clara, CA), while cations from September 2016 

were determined using a Dionix ion chromatograph (Thermo Fisher Scientific, Waltham, MA) 

by Dr. Bethany Neilson’s water research laboratory at Utah State University.  
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RESULTS 

WATER LEVELS 

The changing river stage as a result of dam operations impacts the shallow water table in 

the parafluvial hyporheic zone and through the bank. The daily water table fluctuations were 

plotted against time over a period of 4 days in August 2016 (Fig. 4) to illustrate typical 

hydropeaking behavior.  The upstream dam releases are approximately daily during this time 

period and are typical for both frequency and magnitude during the spring-summer season. 

During this period, the river stage fluctuates by approximately 0.6-1 m daily. River stage 

fluctuations result in similar excursions in the shallow bank water table although lagged and 

attenuated, with fluctuations ranging from 0.2-0.6 m. Fig. 5 depicts a 49-day average of this 

phenomenon shown as a single hydropeaking cycle for all of the measured wells. 

Figure 4: River stage and water table fluctuation through the transect over a 4 day period in 

August 2016. Data from Ferencz et al. (2017). 
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Figure 5: Average river stage and water table from a 49-day period in August-September 2016. 

Data from Ferencz et al. (2017). 

GEOCHEMISTRY 

Water quality field parameters, major anions, and major cations are shown in Table 1 and 

Tables A1-A3 (Appendix). The two end-members are defined as surface water from the 

Colorado River (SW) and background groundwater (GW) sampled from a test well outside of the 

zone of potential mixing. Here we define oxic waters as containing ≥ 2 mg/L dissolved oxygen, 

suboxic waters as containing 0.5-2 mg/L dissolved oxygen, and anoxic waters as containing ≤ 

0.5 mg/L dissolved oxygen (Tesoriero et al., 2015; USGS, 2009). 
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Temp DO TDS Ca Mg Na Cl HCO3 SO4 NO3 NH4 DOC DIC PCO2

(°C) [mM] [mg/L] [mM] [mM] [mM] [mM] [mM] [mM] [mM] [mM] [mg/L] [mg/L] %

9/18/16 2:00 091816-20 SW-L 28.2 7.69 0.21 435 0.79 0.97 1.54 1.21 3.63 0.51 0.06 0.02 3.58 50.29 0.39

5/25/18 17:25 052518-03 SW-H 28.5 7.56 - - 1.13 0.88 1.02 - 2.39 - - - 3.56 - 0.35

2/1/18 12:52 020118-02 P01-L 21.2 7.16 0.21 - 3.50 1.66 3.12 2.47 7.78 0.37 0.00 - 9.77 - 2.75

9/18/16 21:30 091816-42 P01-H 22.8 6.99 0.07 843 1.07 1.29 3.01 2.64 8.43 0.34 0.01 0.04 4.10 130.97 4.44

2/1/18 14:30 020118-04 P02-L 20.9 7.08 0.16 - 3.46 1.68 3.09 2.39 7.94 0.37 0.01 - 9.68 - 3.37

9/18/16 21:45 091816-43 P02-H 21.3 6.94 0.04 905 2.29 1.51 3.47 3.06 8.93 0.33 0.00 0.12 5.30 137.32 5.25

2/1/18 15:15 020118-05 P03-L 20.1 6.97 0.09 - 3.39 1.68 3.20 2.39 8.00 0.37 0.01 - 11.05 - 4.38

5/25/18 17:10 052518-02 P03-H 25.5 6.85 - - 3.26 1.67 3.20 - 7.41 - - - 5.47 - 5.35

2/1/18 16:00 020118-06 P04-L 18.4 6.98 0.19 - 3.35 1.57 3.04 2.29 7.66 0.38 0.02 - 8.59 - 4.11

2/2/18 11:45 020118-08 P05-L 16.4 6.94 0.24 - 3.43 1.46 3.02 2.12 7.16 0.42 0.09 - 6.93 - 4.21

5/31/18 17:05 053118-03 P05-H 25.0 6.80 - - 3.31 1.60 3.15 - 7.20 - - - 4.91 - 5.84

2/2/18 12:45 020118-09 GW 18.4 7.08 0.21 - 3.05 1.56 2.98 2.13 6.68 0.50 0.29 - 7.12 - 2.85

DT Sample

Lctn-

Stg pH

 

Table 1: Representative waters and associated parameters. Location of the sample in the transect 

and point in the hydropeak when it was collected is denoted by 'Lctn-Stg'; SW 

denotes river, GW denotes background groundwater, P0# denotes piezometer 

number; L and H denote low and high water table heights.  

Surface Water 

The Colorado River along this reach is dilute; temperature varies from 10-30ºC 

seasonally, with smaller fluctuations during dam releases as cooler lake water is released to the 

river.  The average specific conductance during the study period was about 592 µs/cm and TDS 

of 442 mg/L. pH during the study period varied from 7.6 to 7.9. Dissolved oxygen in the SW was 

always strongly oxic (7.73 +/- 1.16 mg/L) and the river DO was higher than DO through most of 

the transect with the exception of well P05 and background (GW) groundwater. Both surface and 

ground waters are a Ca2+/Na+:HCO3- type; major cations were Na+ and Ca2+/Mg2+, and 

concentrations in the SW were significantly lower than the GW cation concentrations through 

the transect (Table A2). The dominant anion was bicarbonate for all samples followed by 

chloride; the concentrations of NO3- and SO42-, which averaged 0.1 +/- 0.11 mM and 0.59 +/- 

0.17 mM across the study (Table A3). Furthermore, SW DOC and DIC concentrations remained 

low across the study, averaging 3.37 +/- 1.58 mg C/L and 52.04 +/- 20.6 mg C/L, respectively. 

The calculated PCO2 of SW averaged 0.42% during the study. 
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Groundwater 

The background groundwater is characterized by an average temperature of 21.2℃, 

specific conductivity of 1216 µs/cm, pH of 6.96, and DO of 6.58 mg/L. On average, major cation 

concentrations in the background GW were slightly lower than cation concentrations through the 

transect (Table A2). The concentrations of HCO3- and Cl- in the background GW were 

significantly higher than SW concentrations and slightly lower than concentrations through the 

transect, while NO3- and SO42- decreased along the transect to levels below both endmember 

waters (Tables 1 and A3). Background GW DOC concentrations averaged 5.88 +/- 1.75 mg C/L 

across the study, higher than SW DOC but lower than the average transect DOC concentration. 

The calculated PCO2 of background GW averaged 2.85% across the study. TDS, DIC, and NH4+ 

averages are unavailable for background groundwater, but it can be assumed that NH4+ leaching 

from the host rock is negligible because the local geology is not organic rich, however meteoric 

NH4+ input may be significant (Garner et al., 1976; Lindenbaum, 2012; Mastrocicco et al., 2013).  

Through the transect along the flow path, GW progressively increased in temperature 

from roughly 16.4℃ at P05 to 21℃ at P01, and pH increased from approximately 6.8 at P05 to 

7.2 at P01. Major cation and anion concentrations exhibited higher concentrations through the 

transect than in the SW or background GW, with the exception of DO, NO3-, and SO42- which 

showed notable depletions. Importantly, none of the data reflect any anoxic regions within the 

saturated zone, however data from wells P01 and P02 illustrate transient periods of suboxic 

conditions. DOC and DIC appear to be higher on average through the transect than in SW and 

background GW, however there are large differences between concentrations at low and high 

stage, especially in DOC concentrations which are lower at high stage. The calculated PCO2 of 

transect GW ranged from 2.75-5.87% across the study. A detailed picture of these results is 

shown in Tables 1 and A1-A3. 

SOIL CHARACTERIZATION 
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The grain size distribution of Core 1 was predominantly fine-course sand with small 

fractions of silt and gravel (Fig. 6E). Additionally, all cores collected contained cobbles at 

various intervals, with more large cobbles and course gravel at depth. Fig. 6D shows the 

gravimetric water content (GWC) of Core 2. GWC increases from the surface to a maxima of 

0.15 g g-1 at 45 cm, before receding to its driest point of 0.03 g g-1 at approximately 65 cm. GWC 

then increases to a local maxima of 0.12 g g-1 at 1 m below ground surface.  

Figure 6: A) Percent CO2, B) measured 13CO2 and calculated 13CO2 (respired), C) total 

heterotrophs, D) gravimetric water content, and E) grain size distribution measured 

to approximately 1 m depth near VP-1/Core 1. Gas measurements collected by soil 

gas tube and analyzed by Picarro CRDS. 

 

Water soluble organic carbon (WSOC) accounts for a small fraction of total OC in soil, 

but is considered the most mobile and reactive OC thereby exerting significant controls on soil 

zone processes (Scaglia and Adani, 2009). Estimates of WSOC can be obtained in multiple 
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ways, however even the most efficient will not extract the total portion of WSOC because it is 

partly mineral-bound (Guigue et al., 2014). Water extractable organic carbon (Cextr) and total 

nitrogen (TN) were measured from 3 excavated soil pits (Table A4). In Soil Pit 1, closest to the 

river, Cextr decreases linearly from 24.1 +/- 1.15 mg C/g soil at the surface to 12.81 +/- 8.45 mg 

C/g soil at 80 cm depth. One of the duplicate samples from Soil Pit 1 at 80 cm returned an 

anomalously high result reflected in the high SD, however the actual value at this depth is likely 

much lower. Total nitrogen (TN) in Soil Pit 1 increases from 6.14 +/- 0.1 mg N/g soil in the top 

10 cm to a maxima of 31.5 +/- 0.37 mg N/g soil at 40 cm. At depths beyond 40 cm, TN in Soil 

Pit 1 decreases similarly to Cextr to a global minimum of 4.05 +/- 0.1 mg N/g soil at 80 cm. Soil 

Pit 2, located between wells P04 and P05, shows a less linear but overall decreasing trend in 

Cextr. The data shows an abrupt negative excursion from 25.78  +/- 2.53 mg C/g soil in the top 10 

cm to approximately 13.86 +/- 0.21 mg C/g soil at 20 cm. After this, Cextr rebounds to 19.53 +/- 

0.25 mg C/g soil at 40 cm. Cextr remains fairly constant for the remainder of the profile at 

approximately 11.00 mg C/g soil. TN in the top 20 cm of Soil Pit 2 decreases from 7.06 +/- 0.13 

to 4.53 +/- 0.02 mg N/g soil. From 40-60 cm, TN increases from approximately 26.46 +/- 0.92 to 

29.08 +/- 0.54 mg N/g soil before decreasing to 10.83 +/- 0.34 mg N/g soil at 80 cm. Soil Pit 3, 

located furthest from the river, presents a similar pattern in Cextr to Soil Pit 1. Through the 

profile, Cextr is highest in the top 10 cm at approximately 28.73 +/- 0.59 mg C/g soil, decreasing 

to 10.63 +/- 0.23 mg C/g soil at 60 cm before increasing slightly to 12.89 +/- 0.48 mg C/g soil at 

80 cm. TN in Soil Pit 3 increases from 8.28 +/- 0.14 mg N/g soil at 10 cm to 24.65 +/- 0.32 mg 

N/g soil at 20 cm, then decreases to a transect minimum of 3.48 +/- 0.01 mg N/g soil at 80 cm. 

The heterotrophic plate count revealed an overall higher amount of CFU/ml in Core 1 

than in Core 2 (Fig. 6C). Core 1 increased from 72 CFU/ml in the top 15 cm to a maximum of 

117 CFU/ml at 30 cm, then decreased to 78 CFU/ml at 65 cm before rebounding to 103 CFU/ml 

at 110 cm depth. Core 2 increased from 88 CFU/ml in the top 15 cm to a local maxima of 98 

CFU/ml at 30 cm, then decreased to 51 CFU/ml at 67 cm before rebounding to 107 CFU/ml at 

104 cm.  
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Results from the acetylene inhibition experiment show that significantly more N2O was 

evolved through Core 1 than through Core 2 (Table A5). In Core 1, N2O concentrations averaged 

29.71 +/- 12.57 ppm from 0-30 cm, 4.78 +/- 4.58 ppm from 40-70 cm, and 12.14 +/- 7.13 ppm 

from 80-110 cm. In Core 2, N2O concentrations averaged 11.24 +/- 4.44 ppm from 0-30 cm, 1.48 

+/- 1.91 ppm from 37-81 cm, and 0.29 +/- 0.19 ppm from 81-104 cm. N2O concentrations 

evolved from Core 1 were 62%, 69%, and 97% higher than concentrations in Core 2 for the three 

sections mentioned here, respectively.  

The acetylene-ethylene assay results show that significantly more CH4 was evolved from 

Core 1 than from Core 2 (Table A6). Core 1 averaged CH4 concentrations of 10.15 +/- 4.5 ppm 

from 0-30 cm, 6.45 +/- 1.6 ppm from 40-70 cm, and 7.13 +/- 0.2 ppm from 87-110 cm. Core 2 

averaged CH4 concentrations of 4.87 +/- 0.79 ppm from 0-30 cm, 6.26 +/- 1.26 ppm from 37-81 

cm, and 2.31 +/- 0.64 ppm from 81-104 cm. CH4 concentrations in Core 1 were 51%, 3%, and 

68% higher than concentrations in Core 2 for these three sections, respectively. Ethylene (C2H4) 

concentrations were also measured as part of this experiment and revealed 71% higher 

concentrations in Core 1 than Core 2 for the top third, but 99% and 57% higher concentrations in 

Core 2 than Core 1 for the bottom two-thirds of the cores. Core 1 averaged evolved C2H4 

concentrations of 3.25 +/- 1.26 ppm from 0-30 cm, 0.88 +/- 0.13 ppm from 40-70 cm, and 2.85 

+/- 2.55 ppm from 87-110 cm. Core 2 averaged evolved C2H4 0.93 +/- 0.24 ppm from 0-30 cm, 

70.81 +/- 137.86 ppm from 37-81 cm, and 6.53 +/- 3.78 ppm from 81-104 cm. The anomalously 

high average from 37-81 cm is an average of six samples with an SD of 262.97.  

GAS 

Soil Gas Profiles 

A soil gas profile collected from VP-1 reveals an increase in CO2 concentrations from 

near atmospheric at 10 cm (0.1%) to partial pressures as high as 6.4% at 1 m depth (Fig. 6A). 

The profile of measured ẟ13C values of soil CO2 at VP-1 (Fig. 6B) shows an excursion from 

values of -15‰ at 10 cm to -24‰ at 30 cm depth. Values are uniform at about -22‰ from 40-90 
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cm, before another negative excursion at 1 m. The calculated ẟ13C values of respired CO2 are 

overall isotopically lighter than the measured values. From -22‰ at 10 cm, values decrease to -

40‰ at 20 cm because of the anomalously low CO2 concentration measured at this depth. Values 

increase to -29‰ at 30 cm, then remain uniform at roughly -26‰ from 40-90 before decreasing 

to -28‰ at 1 m.  

A series of three 24-hour sampling efforts were carried out using a gas vapor probe at 

various depths (Figs. 7, 8, and 9). One of these 24-hour readings was collected at 0.5 m depth, 

10.7 m from the river (Fig. 7). CO2 fluctuates between 2-3.5%, while O2 fluctuates between 15-

16.5%. The water table over this period fluctuates by 0.53 m. Another 24-hour continuous 

sampling was collected at 1 m depth, 64 m from the river (Fig. 8). CO2 fluctuates between 1.5-

2.5%, and O2 fluctuates between 16-18%. The water table at this distance from the river is not 

affected by river hydropeaking, reflected in the constant level. A third 24-hr collection was 

deployed at 1 m depth approximately 8 m from the river (Fig. 9). CO2 fluctuates between 

roughly 6.5-7%, and O2 fluctuates between 14-15%. The dam release on this date was small, 

resulting in a river stage fluctuation of less than one foot. 

Figure 7: March 2017 24-hour CO2 sampling at 1-minute scale resolution. 10.7 m from river, at 

0.5 m depth. Yellow and grey shaded bars indicate day/night changes. Gas 

measurements collected by soil gas tube, low flow pump, and Quantek analyzer.  
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Figure 8: May 2017 24-hour CO2 sampling at 1-minute scale resolution. 64 m from river, at 1 m 

depth. Yellow and grey shaded bars indicate day/night changes. Gas measurements 

collected by soil gas tube, low flow pump, and Quantek analyzer. 

Figure 9: April 2018 24-hour CO2 sampling at 1-minute scale resolution. 8 m from river, at 1 m 

depth. Yellow and grey shaded bars indicate day/night changes. Gas measurements 

collected by soil gas tube, low flow pump, and Quantek analyzer. 

The results of an initial sampling experiment conducted with the Picarro over a 24-hour 

period in September of 2016 depict measured CO2 at 0.5 and 1 m depths approximately 6 m from 

the river (Fig. 10). The bottom graph shows the water table and temperature in well P01 over the 

same interval. The temperature of the groundwater is about 20.5˚C on average through the 
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sampling interval, and the water table does not fluctuate from 115.5 m AMSL. In each gas well, 

% CO2 remains fairly constant, but there is a clear increase with depth from 5% CO2 at 0.5 m to 

9% CO2 at 1 m.   

 

Figure 10: CO2 sampling over a 24 hour period from September 17-18 2016 collected by soil gas 

tubes Picarro CRDS. The top two graphs are measured CO2 at 0.5 and 1 m depths. 

The bottom graph is the water table and groundwater temperature over the same 

period. 

Soil CO2 concentration profiles were measured at two different time periods along a 

hydropeak (Fig. 11). At T1 the river stage has returned to its baseline at the trough of a 

hydropeak. CO2 measurements taken at this stage show strong differences at 0.5 m and 1 m 

depths along the transect. Close to the river measured CO2 is approximately 2% at 1 m depth and 

about 5.5% at 0.5 m, however at a distance of approximately 13 m from the river CO2 at 1 m 

rises to almost 7%. From this distance onward CO2 difference at both depths remains constant 

with a small divergence around 40 m. At T2 the river stage has peaked and begun to fall. CO2 
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measurements taken at this stage are between 5-6% near the river, diverge for approximately 20 

m, then become more uniform similar to the CO2 measurements at T1. In the 20 m of divergence, 

CO2 at 0.5 m steadily declines from 5% to about 2%. During this same section of transect, CO2 

at 1 m depth rises from about 5.6% to 6%, then at 13 m sharply declines to about 2%. PCO2 

calculated from groundwater alkalinity was approximately 1.5% in the surface water samples, 

and increases into the transect to a maxima of approximately 4.3% at well P04, where it remains 

relatively constant through wells P05 and P06.  

 Figure 11: Profile of CO2 concentration at T1 and T2 at 0.5 and 1 m depths. Water table levels 

in P03 indicated by shaded squares. Gas measurements collected by soil gas vapor 

probe and analyzed by GC. 

Soil CO2 and CH4 was measured at 10 cm intervals near well P03 at high and low water 

tables, including the partial pressure of CO2 in groundwater (Table A7). Near P03 the low water 

table was measured at 170 cm below ground surface. At the low water table, CO2 increases from 

near atmospheric concentrations in the top 20 cm to 5.92% near 130 cm below ground surface. 

From 130-150 cm, CO2 decreases slightly to 5.71%. CO2 decreases again in groundwater to 

5.57%. At low water table, CH4 is highest near the ground surface, in the top 20 cm of the 

profile. It decreases sharply to 10 ppm at 30 cm before rebounding to 32 ppm between 50-70 cm 

depth. From 80-150 cm CH4 fluctuates between 10-22 ppm. Near P03 the high water table was 
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measured at 131 cm below ground surface. At high water table, CO2 increases from near 

atmospheric levels in the top 20 cm to 2.31% at 30 cm CO2, then steadily increases again to 

4.34% at 120 cm. CO2 then decreases to 3.93% at 130 cm. CO2 increases in groundwater to 

5.34%. At high water table, CH4 decreases from approximately 28.36 ppm in the top 10 cm to 

9.41 ppm at 50 cm below ground surface. Through the remainder of the profile CH4 fluctuates 

from 2.75-8.38 ppm. The bulk relationship between CH4 and CO2 measured at high and low 

water tables at wells P03 and P05 is shown in Fig. A1 (Appendix).  

The same data were collected near well P05 at high and low water tables, including the 

partial pressure of CO2 in groundwater (Table A8). Near P05 the low water table was measured 

at 219 cm below ground surface. At the low water table, CO2 increases from near atmospheric 

levels in the top 20 cm to 1.62% near 30 cm below ground surface. From 30-120 cm, CO2 

increases steadily to 3.53% before decreasing steadily down to 2.77% at 150 cm depth. PCO2 in 

groundwater was measured at 5.22%. At low water table, CH4 remains fairly constant for the 

entire profile, fluctuating between 3.51-11.86 ppm, with local maxima at 20, 50, and 140 cm. 

Near P05 the high water table was measured at 188 cm below ground surface. At high water 

table, CO2 increases linearly from 0.22% in the top 10 cm to 2.49% at 60 cm. From 60 cm, CO2 

increases slightly to 2.74% at 90 cm, before sharply increasing to 3.31% at 100 cm. The figure 

shows an abrupt and rapid decrease in CO2 at 110 cm, however this measurement is likely an 

error due to instrument malfunction, which prevented sampling of the remainder of the profile. 

Groundwater PCO2 was measured at 5.83%. At high water table near well P05, CH4 fluctuates 

between 2.86-8.92 ppm through the measured profile. Maxima occur at 10, 40, and 110 cm 

depths. 
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Figure 12: Soil gas A) CO2 and B) O2 sampled at the onset of the falling limb (high water table) 

of a 0.13 m change in river stage in April 2018. Gas measurements collected by soil 

gas vapor probe and Quantek analyzer. 

Soil gas was sampled to capture the spatial change in the bank, along both the x and z 

axes, at the beginning of a falling limb during a 0.13 m change in river stage during April 2018 

(Fig. 12). Warmer colors correspond to higher concentrations of CO2 and O2, which are shown as 

percentages from 0-8.20% and 12-21%, respectively. Across the entire profile, CO2 is higher at 

0.5 and 1 m depths than at 0.25 m. Near the river, CO2 increases from 0.93% to about 3.5% at 

depth, where O2 decreases from 20-15.4%. Moving into the bank, CO2 in the top 25 cm increases 

to 2.34% and reaches 4.28% at depth, and O2 decreases to 18.5% at 0.25 m and 16.1% at 1 m. At 

well P03 CO2 increases sharply to 4.28% in the top 25 cm of the profile, reaching 6.22% at 1 m 

depth corresponding with an O2 concentration of 16.7% at 0.25 m and 14.4% at 1 m. The highest 

concentrations of CO2 occur in the center of the profile near well P04, reaching 8.20% and 

12.8% O2 at 0.5 m depth between wells P04 and P05. At well P05, CO2 concentrations are lower 
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overall, increasing from 0.81% in the top 25 cm to 4.88% at depth, corresponding to O2 

concentrations of 20.6-15.5%. Near well P06 at the distal end of the profile, CO2 increases from 

2.83-7.49% at 1 m and O2 decreases from 18.5-13% at depth. 

Soil CO2 Efflux 

Surface CO2 efflux was calculated from 3 static chambers, deployed across the summer, 

fall, and winter seasons (Table A9), and results were chosen from the linear regression 

calculation rather than the quadratic regression calculation, as discussed later in this text. Surface 

flux averaged 0.024 g C m-2 day-1 in FC1, close to the river, decreasing to 0.021 and 0.011 g C 

m-2 day-1 in FC2 and FC3, away from the river. Seasonally, flux averaged 0.011 g C m-2 day-1 

through the winter, 0.018 g C m-2 day-1 through the summer, and 0.027 g C m-2 day-1 through the 

fall. Surface efflux based on the limb of the hydropeak in which it was collected (rising, peak, 

falling, trough) averaged 0.016 g C m-2 day-1 during the rising limb, 0.015 g C m-2 day-1 during 

the peak, 0.022 g C m-2 day-1 during the falling limb, and 0.019 g C m-2 day-1 during the trough.  
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DISCUSSION 

WATER TABLE FLUCTUATION 

The results of this study indicate a link between regulation-induced changes in river 

stage, and microbial carbon cycling in the parafluvial hyporheic zone and connected bank 

sediments of a large river. The regulation regime of the LCR has imposed daily drying-wetting 

cycles on this portion of the river for more than 70 years, and undergoes frequent large floods. 

These daily fluctuations, which are generally not a part of downstream reach of natural river 

systems (but can be seen in upland glacier fed streams) at this frequency, create a subsurface 

zone subject to more frequent variations in changing soil moisture conditions than would be 

naturally experienced by the system. This “active zone” varies according to lateral distance away 

from the river, and time. The net change in the thickness of the active zone was plotted against 

the net change in river stage for each sampling well during the 49-day period described above 

(Fig. 13). It is clear that river stage is a dominant control on the water table; even small changes 

in river stage are reflected in analogously small changes in the water table. Previous work found 

that meter-scale changes in river stage propagate up to ~30 meters into the bank as significant 

fluctuations to the water table (Sawyer et al., 2009). 
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 Figure 13: Net change in active zone thickness versus net river stage change for each well over 

single day spans during a 49-day period from August-September 2016. Data from 

Ferencz et al. (2017). 

Wells closest to the river are observed to be the most sensitive to stage change, while 

wells further into the bank are the least sensitive. Water table fluctuation is lagged, and 

attenuated with respect to the magnitude of river stage change; at piezometers 2.35, 5.08, 7.43, 

and 9.48 m from the river, water table fluctuations were dampened to 71%, 50%, 44%, and 40% 

of river stage amplitude and lagged in time by 22, 42, 57, and 70 minutes (Sawyer et al., 2009). 

Previous work has shown that water table fluctuations exhibit a strong hysteretic response within 

the first few meters of the bank that is dampened away from the river (Gerecht et al., 2011). 

During the course of this study, the regulation regime changed multiple times, thus the frequency 

and magnitude of hydropeaking also changed, and the bank water table dynamics were not 
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consistent across sampling. Additionally, this portion of the LCR was impacted by multiple large 

flood events during the study period (Fig. 2B).  

GEOCHEMISTRY 

Stiff diagrams allow for visual comparison of the chemical signature of different waters. 

Here we are using them to compare the average composition of major anions and cations at each 

well through the transect at low and high river stage (Figs. 14 and 15). The resulting diagrams 

show that at both high and low stage, groundwater through the transect more closely resembles 

the background groundwater than the surface water.  

 

 

Figure 14: Surface water and groundwater Stiff diagrams during low river stage. Yellow circle is 

NO3-. Plots represent averages in meq/L. A) River, B) P01, C) P02, D) P03, E) 

P04, F) P05, G) Background GW. 

At both low and high stages, surface water maintains a distinct composition, becoming 

more dilute at high stage while the stiff diagrams for background groundwater at low and high 

stages are almost indistinguishable. The stiff diagrams for wells P01 and P02 at high stage 
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closely resemble the low stage diagrams, suggesting that if there is any mixing it is extremely 

minimal. There is a notable decrease in NO3- through the transect at both low and high stages, an 

indication that denitrification is occurring.  

 

Figure 15: Surface water and groundwater Stiff diagrams during high river stage. Yellow circle 

is NO3-. Plots represent averages in meq/L. A) River, B) P01, C) P02, D) 

Background GW. Cl- and SO42- data is not available for P03 and P05 at high stage; 

HCO3- at these locations is 7.4 and 7.2 meq/L respectively. 

pH of the background groundwater is 6.96, while in the river it averages 7.67 and 7.84 at 

low and high stages respectively. Through wells P01-P05, pH ranges from 6.80-7.16, and 

averages approximately 7.27 at low stage and 6.90 at high stage. Bicarbonate concentrations are 

about 8.0 mM, producing an equilibrium CO2 partial pressure that ranges from 2.88% at the 

background well to 4.47% at well P03 and then back down at well P02 and P01. It is likely that 

the CO2 derived from respiration in the active zone is reacting with the groundwater to produce 

carbonic acid, dissolving the host limestone alluvium: 

 

CO2(g) + H2O +CaCO3 --> Ca2+ + 2HCO3-    (5) 

 

Soil CO2 concentrations that are elevated relative to atmospheric CO2 is directly linked to 

increasing carbonate solubility, and as such we observed an accumulation and subsequent 

decrease of both HCO3- and Ca2++Mg2+ through the transect along the flow path; from 

background GW to P05 HCO3- and Ca2++Mg2+ increase by 4.38% and 1.97%; from P05 to P02 
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HCO3- increases by 17.51% and Ca2++Mg2+ decreases by 14.78%; from P02 to P01 HCO3- and 

Ca2++Mg2+ decrease by 4.15% and 74.43% respectively (Freeze and Cherry, 1979). The mole 

ratio of Ca2+:HCO3- is roughly 0.4-0.5 through the transect which agrees with the stoichiometry 

of the limestone dissolution equation (5). This relationship is illustrated in Fig. 16, where the 

increase of Ca2+ + Mg2+ is almost entirely due to Ca2+ accumulation because Mg2+ does not 

change through the transect. The increase in HCO3- and Ca2+ + Mg2+ at the top of the flow path is 

consistent with calcite dissolution, and the decrease in these species towards the end of the flow 

path is consistent with calcite precipitation, supported by the accompanying decrease in PCO2.  

Figure 16: Ca2+ + Mg2+:HCO3- ratio across the study. Colors denote sample location. The 2:1 

mole ratio of carbonate mineral dissolution is shown.  

The clusters of SW, P01, and P02 samples that diverge from a linear trend were collected 

during the 2016 coordinated multi-day campaign and the large error is likely due to sample 
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collection and preparation incongruities between shifts. The cluster of samples that do plot with a 

linear trend have a mole ratio of 0.39, however these samples plot above the expected 2:1 ratio of 

HCO3-:Ca2+ + Mg2+, which follows the reaction stoichiometry for the dissolution reactions of 

calcite and dolomite, where 2 moles of HCO3- are produced for each mole of Ca2+ + Mg2+ 

produced (Appelo and Postma, 2005; Szramek et al., 2007). This indicates the samples have an 

excess of cations, namely Ca2+, which should be balanced by Cl- and SO42-. Further discussion 

of limestone dissolution and precipitation through the transect is presented in the gas analysis 

portion of this text. 

Evaporation 

Previous studies have suggested that the hydropeaking behavior of the LCR could pump 

surface water 0-5 m into the river bank, with an estimated effective porosity of 0.25 and a highly 

variable hydraulic conductivity of 1-100 m/d (Sawyer et al., 2009; Shuai et al., 2017). Under 

baseflow or low hydropeaking conditions, surface water penetrates at most 3.5 m into the bank 

and minimal mixing occurs (Briody et al., 2016). Based on these observations we expect the 

most mixing through wells P01 and P02, diminishing away from the river. However using 

chloride and boron as conservative tracers we found no evidence of inward mixing of surface 

water into the bank. We did however find evidence of evaporative concentration of the 

groundwater flowing from the upland well region to the bank with an increase in Na+ and Cl- 

with a slope near 1.0 (Fig. 17).   
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Figure 17: Na+:Cl- [mM] ratio across the study. Colors denote sample location. 

The distribution of transect samples at higher concentrations of Cl- than SW and 

background groundwater samples indicates the evapoconcentration of this solute through the 

transect. We hypothesize that one effect of hydropeaking on the active zone is the enhanced 

potential for evaporation. It has been shown in laboratory studies that the advective motion of a 

fluctuating water table redistributes solutes through the soil column, concentrating species in the 

upper and lower portions of the column (Rezanezhad et al., 2014). Solutes advected vertically 

through the profile in the aqueous phase may be concentrated to saturation and precipitated as 

the water table falls and the profile dries down, and could be remobilized into the aqueous phase 

upon water table rise (Freeze and Cherry, 1979; Walraevens et al., 2018). There is a clear 

difference in Na+:Cl- ratios between the transect GW and background GW and the SW, with 

wells P01 and P02 having the highest concentrations of Na+ and Cl-. This suggests that the area 

near the river is subject to the most intense evapoconcentration processes (Fig. 16). Average Na+ 
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and Cl- concentrations at well P02 are more concentrated by a factor of 1.1 and 1.4 respectively 

when compared to background groundwater. Nevertheless, the concentrations of Na+ in excess of 

a 1:1 relationship with Cl- suggest contributions of Na+ from other sources (Ma et al., 2011). Ion 

exchange (or the lack thereof) may also be contributing to the concentration of groundwater Na+ 

along the transect flow path if excess Ca2+ from calcite dissolution is preventing uptake of Na+ at 

exchange sites due to the higher exchange affinity of Ca2+ (Appelo and Postma, 2005; Bianchin 

et al., 2011).  

Nitrogen Cycling 

Hyporheic zones have the potential to be important to N cycling because of the changing 

biogeochemical conditions- conditions that we extend to the active zone of this study (Zarnetske 

et al., 2012). The two processes we consider here are denitrification and nitrification, both of 

which are microbially mediated. Denitrification is the reduction of nitrate to N2(gas) by the 

oxidation of OM, with several intermediates (Appelo and Postma, 2005): 

 

NO3- (aq) > NO2- (aq) > NO(enzyme complex) > N2O(gas) > N2(gas)   (6) 

 

Nitrification is the chemoautotrophic oxidation of NH4+ to NO2- and NO3- and can 

therefore be an additional source of nitrate to ecosystems (Appelo and Postma, 2005; Zarnetske 

et al., 2012). For denitrification to proceed, there needs to be a sufficient source of NO3- (> 4 

mg/L) and low enough oxygen concentration (< 0.5 mg/L) that NO3- becomes the preferred TEA 

(Appelo and Postma, 2005; McMahon and Chapelle, 2008). The river represents a potential 

source of nitrate to this system sourced from the upstream Walnut Creek Wastewater Treatment 

Plant which discharges approximately 43,000 g NO3- per day (Briody et al., 2016; LCRA and 

UCRA, 2017, 2014; Shuai et al., 2017). Nitrate could also be produced in the transect by the 

oxidation of NH4+ derived from the wastewater treatment plant, or from another anthropogenic 

source in the water column.    
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Dissolved nitrate decreases along the transect from 0.3 mM to near detection limits while 

chloride increases (Table 1) and nitrite spikes at P04, suggesting denitrification rather than 

assimilatory uptake or dilution. The source of nitrate in the upland area is likely a combination of 

processes including meteoric recharge, microbial nitrogen fixation, and microbial decomposition 

of OM in the litter layer and soil zone. The recharge area for the upland background well is not 

currently cropped or fertilized. Meteoric input could be a significant contributor and this was 

estimated using data from the National Atmospheric Deposition Program Attwater Prairie 

Chicken National Wildlife Refuge site (N. Latitude 29.6614o W. Longitude 96.2594o, 

approximately 150 km SE of the study site). For a 35 year period from 1986 to 2018, the average 

annual total N deposition is 3.2 +/- 0.86 kg/ha evenly divided between NH4 and NO3 (Tables A1-

A3). On a mass concentration basis, the average meteoric deposition of N is ~0.16 mg/L each of 

NH4+ and NO3- and the Cl-:N mole ratio is 0.92.   

 Under small hydropeaks, this is a baseflow-dominated river (Briody et al., 2016; Gerecht 

et al., 2011; Larkin and Sharp, 1992), and the availability of carbon substrate (electron donor) is 

likely limited with lower potential to remove nitrate compared to mixed systems (Tesoriero et al., 

2013). Regardless, it is possible that under low stage conditions (as observed in this study) 

anoxic microzones exist near the river where denitrification could proceed. 

The extent of denitrification also depends on the abundance of denitrifying bacteria, in 

addition to the existence of anoxic microzones and available DOC and NO3-. In the vadose zone 

the initial meteoric deposition N has a Cl-:N mole ratio of 0.92, and this increases to 7.44 as 

chloride increases due to evaporative concentration in the vadose zone and nitrogen is consumed 

by assimilation and denitrification. To investigate the occurrence of denitrifiers in the vadose 

zone, we conducted a microcosm experiment using the acetylene inhibition technique (AIT) as 

previously described. The addition of acetylene (C2H2) inhibits N2O reductase, effectively 

inhibiting the reduction of N2O to N2(gas) along the denitrification pathway by three denitrifying 

bacteria (Yoshinari and Knowles, 1976). The production of N2O in the microcosms would 

indicate that the section of core is populated with denitrifying bacteria. Results from this 
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experiment suggest the presence of denitrifying bacteria through the entire profile of Core 1 (far 

from the river), where N2O was detected in each section, with the highest concentrations of N2O 

produced from 0-30 cm, 80-90 cm, and 102-110 cm (Table A5). Significantly less N2O was 

detected through Core 2 (close to the river), with the highest concentrations produced from 0-10 

cm, and 22-30 cm. The inferred presence of denitrifying bacteria near the surface of these cores 

stands in contradiction to the fact that denitrification occurs in suboxic to anoxic sediments and 

waters (with the exception of anoxic microzones), however because this experiment lacks a rate 

component these results are qualitative. Additionally, C2H2 may suppress the nitrifier-

denitrification pathway and the nitrification of NH4+ to NO3-/NO2-, supported by the assertion 

that NH4+ concentrations are higher in wells P01 and P02 than in the surface water (Table A3) 

and N2O evolved at depth in Core 2 is lower on average than any of the other sections of either 

core (Felber et al., 2012). 

The second part of this experiment is based on the N2 nitrogenase catalyzed reduction of 

C2H2 to C2H4 (ethylene). Nitrogen fixing bacteria are vital in converting atmospheric N2(gas) into 

NH3, the principle route of biological nitrogen fixation. The C2H4 produced is an indication of 

whether the bacteria are fixing N2(gas) to NH3. The fundamental assumption that underpins this 

assay is that N2 nitrogenase activity is not affected by the change in substrate from N2(gas) to C2H2 

or by the change from NH3 to C2H4, however studies have shown that the presence of C2H2 can 

suppress microbial respiration and may skew results (Felber et al., 2012; Hardy et al., 1968). Our 

results indicate that no significant nitrogen fixing is taking place along the transect. Through 

both cores, the amount of C2H2 converted to C2H4 is negligible when considering the 

stoichiometric relationship of C2H4 evolved to N2(gas) fixed (Table A6).  

Redox Conditions 

Assessing the redox conditions through the transect under the regulation regime could 

provide valuable insight into which microbial processes are occurring in the active zone, and 

how the function of hyporheic and transition zones as filters is affected by flow regulation 
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(Brunke and Gonser, 1997). The ability of the hyporheic zone, and as considered here, the active 

zone to function as a region of intense biogeochemical processing depends on the localized redox 

conditions (Boano et al., 2010; Lawrence et al., 2013). In an unregulated system not subject to 

dynamic flow conditions, the redox conditions within the hyporheic zone are a function of flow 

paths, water residence time, and solute residence time (Briggs et al., 2015; Zarnetske et al., 

2011). The variable residence times and established reaction order of the electron acceptors leads 

to the establishment of spatially partitioned biogeochemical zones along flow paths (Boano et al., 

2010). Once a flow regulation regime is imposed, these dynamics become even more complex as 

flow paths can change direction, residence times can increase, and solutes mix. Few recent 

studies have illustrated the details of this complexity. Heterogeneities in the bank environment in 

combination with slower flow paths of groundwater or intruding surface water can create redox 

microzones, and particularly anoxic microzones within larger oxic regions (Bourke et al., 2014; 

Kaufman et al., 2017; Stegen et al., 2016). In a controlled lab experiment, an oscillating water 

table results in similarly oscillating redox conditions, the concentration of cations, redox active 

metals, and biologically important nutrients, and the fast depletion of SOM due to stimulated 

respiration (Rezanezhad et al., 2014). It is important to note that the above results are mostly 

localized within the middle portion of the soil column, which underwent wetting and drainage as 

the imposed water table rose and fell, similar to the active zone.  

Redox sensitive species include DOC, O2, NO3-, Mn2+, Fe2+, and SO42- (McMahon and 

Chapelle, 2008; USGS, 2009). Through this study Mn2+and Fe2+were observed at only sub-ppb 

levels and were often below the limit of detection, so they are not considered important active 

species here. We are primarily interested in how the fluctuating water table is reflected in 

electron donor and acceptor availability. DOC is the ubiquitous electron donor in hyporheic 

environments because it is generally abundant in infiltrating surface water and biologically 

available for uptake, and O2 is the thermodynamically most favorable electron acceptor (Boano 

et al., 2010; Stumm and Morgan, 1981; USGS, 2009). Under oxidizing conditions in the 
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subsurface, DOC will be used as the electron donor in microbially mediated respiration (Brunke 

and Gonser, 1997).  

Through the transect, as the water table falls, air containing O2 is advected downward 

from the unsaturated zone as the active zone drains to field capacity (Haberer et al., 2012; Lipson 

et al., 2012; Rezanezhad et al., 2014; Williams and Oostrom, 2000). As the water table rises, the 

active zone likely becomes anoxic due to saturation, and some of the O2 and other gases present 

in the active zone will become entrapped and may or may not dissolve into solution due to the 

relatively slow diffusion of gas into water (Haberer et al., 2012; Rezanezhad et al., 2014; 

Williams and Oostrom, 2000). 

Figure 18: A) NO3- [mg/L], B) DOC [mg/L], and C) DO [mg/L] at low (blue circles) and high 

(red circles) river stage with distance through the transect to the Test Well 

(background groundwater). The oxic-suboxic boundary is shown in C).  
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During low stage periods, there was an observable abrupt decrease in groundwater DO 

from the river to P01, and values drop from ambient to suboxic levels by P02 but rebound to 

more oxic conditions by well P03 (Fig. 18C). Groundwater DOC in the transect was consistently 

higher on average in every well than SW concentrations (Fig. 18B), and as previously discussed, 

the soil profile shows a steady decrease in WEOC from the surface to 1 m depth. Conversely, 

NO3- was consistently higher in SW than through the transect, where concentrations averaged < 

2 mg/L through well P04 at both low and high stage, only increasing at well P05 (Figs. 14, 15, 

18A). The decrease in DO in the groundwater as the water table rises stands in contrast to the 

theory that the dissolution of O2 into the water is enhanced by the exchange with entrapped air 

(Haberer et al., 2012; Williams and Oostrom, 2000). Previous work has shown that under 

laboratory conditions, during the imbibition phase of water table fluctuation, approximately six 

times more O2 dissolves into solution than during the drainage phase (Haberer et al., 2012). 

Lower concentrations of DOC in the transect groundwater at high stage may reflect seasonal 

differences in the amount of OM that is leaching down into the groundwater from the surface, as 

high stage samples were collected during late spring, where low stage samples were collected 

during late summer and winter. The positive correlation between the DOC content of recharge 

waters and increasing interaction with vegetation is well documented but depends on adequate 

rainfall to facilitate that interaction (Cooper et al., 2016; Lawrence et al., 2013). At the time of 

sampling of the low-DOC groundwater in question (May 2018), central Texas was experiencing 

the worst drought on record since 2015, a consequence of the episodic cooling (La Niña) of the 

El Niño-Southern Oscillation, and precipitation was minimal in the preceding six months (Fig. 

2A) (Brown, 2018; Wu et al., 2019; Yoon et al., 2018). Interestingly, we observed sustained high 

respiration of CO2 through the transect during this period, possibly an indication of deep root 

respiration (Figs. 9, 12).  
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This assemblage of conditions indicates that at low and high stage groundwater flowing 

through the transect towards the river may enter a small reducing zone around well P02 in which 

DO is likely consumed as a TEA. As flow paths connect with surface water, conditions become 

more oxidizing. Furthermore, DOC concentrations in the transect groundwater are sufficient to 

support both respiration and denitrification, which could proceed in microzones or within the 

suboxic zone near the river (Knies, 2009; Messer et al., 2012; Spruill et al., 1997). Confirming 

the existence of anoxic microzones in bulk oxic sediments would require sampling of a finer 

spatial resolution that is not explored here. 

SOIL  

Microbiota and Root Respiration 

High CO2 at depth indicates that there is substantial respiration associated with increased 

microbial activity in the active zone (Wood and Petraitis, 1984). A comparison of the ẟ13C values 

of respired CO2 and total heterotroph depth profiles (Figs. 6B,C) show the expected correlation 

between isotopically lighter ẟ13C values and greater microbial abundance, particularly within the 

first 40 cm of the profile, as during the early stages of soil C degradation the respired CO2 will be 

depleted in 13C relative to the initial substrate (Fernandez and Cadisch, 2003; Moinet et al., 

2016). After this initial excursion, the ẟ13C profile remains relatively stable, reflected in a decline 

in microbial abundance. Towards 1 m depth there is a clear change in both profiles, with an 

increase in microbial abundance and sharply lighter ẟ13C values. At this location in the transect 

(Core 1, Fig. 3A), the active zone thickness could range from approximately 0.2-1.3 m 

depending on the size of the hydropeak, which would infringe on the basal section of the ẟ13C 

profile. The uptick in microbial abundance at this depth could indicate the growth of a 

community selected for the highly dynamic conditions of the subsurface (Jost et al., 2015). These 

ẟ13C data cannot delineate the microbially mediated CO2 from CO2 respired by plants, as carbon 

isotope fractionation, and more specifically the 14C isotope, is better used to detangle the source 

of the carbon (plant residues, fresh litter, fast SOM pool, slow SOM pool) (Ehleringer et al., 
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2000; Mariotti et al., 2010; Zhu and Cheng, 2011). Recent work has shown there is a small 

difference (-0.1 +/- 0.1‰) between the ẟ13C values of microbially respired CO2 and bulk SOM 

(Breecker et al., 2015). Regardless, we can rule out CO2 contributions from soil carbonates, 

groundwater DIC, and C4 plants as the carbon isotopic signatures of these sources lie out of the 

range of our 13C data, both measured and calculated (see Fig. 6B) (Romanak et al., 2014). On the 

other hand, these conclusions are only valid for the region of the transect where the profile was 

collected (VP-1, distal end of transect), and it is plausible that these other processes could be 

contributing CO2 closer to the river. Recent studies have shown that CO2 evolved from the 

degradation of plant material and biochemical compounds is initially depleted in 13C but 

becomes more enriched as the material decomposes further (Fernandez et al., 2003; Fernandez 

and Cadisch, 2003; Zhu and Cheng, 2011). It should be noted that using CRDS (cavity ringdown 

spectroscopy) to measure 13C has been shown to be sensitive to high concentrations of CO2, so 

we took precautions to ensure the samples were properly diluted and that the instrument was 

calibrated for the higher range of CO2 we expected from our samples.  

It is highly likely that root respiration plays a role in the production of CO2 through the 

unsaturated zone at the study site. The site lies on the Blackland Prairie side of the Balcones 

Fault Zone and the transect is populated by groundcover including common sedges and grasses, 

while the encroaching understory and upper canopy zones are populated by common shrubs and 

some large trees, namely hackberry, cottonwood, pecan, and little walnut (Duncan et al., 2011). 

Previous studies note that rooting depth distribution is an important factor in parsing autotrophic 

soil respiration, and that some arid environments support deeply rooted plants, and root and 

rhizosphere dominated respiration at depths beyond 50cm (Breecker et al., 2012; Cui et al., 2020; 

Lorenz and Lal, 2005; Mueller et al., 2013). Although we did not trench this site at any point, a 

large flood in the fall of 2018 cut away a significant portion of the bank and allowed us to 

qualitatively observe the rooting depth and distribution of some large roots (Fig. A2). Still, other 

studies note that in a temperate grassland, beyond 70 cm depth most living roots are excluded 

from soil respiration, so it is possible that the high CO2 concentrations measured at depth (> 
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70cm) would also exclude the root and rhizosphere respiration component (Li et al., 2013; Zhou 

et al., 2007).  

Carbon Leaching 

Our results imply that OC is leaching down through the soil column into the active zone 

to become a source of labile carbon for microbial uptake. The section of the subsurface 

undergoing periodic wetting and drying, the active zone, would be preferentially depleted of OC 

because this zone would receive enough water to become at least 60% saturated, would become 

flushed with atmospheric O2 as pore water drains, and experience oscillating redox conditions 

described in Rezanezhad et al. (2014) that in combination could stimulate microbial respiratory 

activity and OC turnover. Below 60% water filled pore space, water limits microbial activity 

(Linn and Doran, 1984). The stress hypothesis states that a rapid change in water potential from 

drying to rewetting causes microorganisms to accumulate then release intracellular solutes, 

which are rapidly mineralized (Fierer and Schimel, 2003; Halverson et al., 2000; Kieft et al., 

1987). For this hypothesis to be applicable to this site, the active zone would have to drain well 

past field capacity between dam releases to cause the osmotic stress required to expel 

intracellular solutes. Based on the regularity of the dam releases throughout the year and the 

periodicity of the hydropeaks (< 24 hrs, see Fig. 4), we can reject this hypothesis as a 

comprehensive mechanistic explanation for the observed patterns of enhanced respiration. 

However it may be pertinent to some higher elevation areas of the subsurface as we do not 

account for the effects of variable active zone height and width in the subsurface over years to 

decades because of the seasonal and daily variability in hydropeak magnitude. 

Water extractable organic carbon (WEOC) can be used as an analog for microbial 

biomass in soils, and when plants are absent, SOM is the only source of water soluble carbon 

(Uchida et al., 2012). The data indicate a depletion of WEOC at depth, with samples closest to 

the river becoming more depleted than those further from the river (Table A4). The observed 

decrease in WEOC from the top 10 cm to 80 cm depth is consistent for all three soil pits and 
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could indicate utilization of this substrate by microbes in the active zone. It is also possible that 

the WEOC at depth is being leached out by the rising and falling water table. It is possible that 

there is downward transport of OC and total N, likely from surface litter. Soil pits 1 and 2 exhibit 

spikes in TN between 40-60 cm before sharply decreasing at depth, similar to the depletion trend 

in WEOC. Because WEOC represents only a fraction of WSOC, which in turn represents only a 

fraction of the total OC (<0.1% of total SOM), these data can be considered a lower bound of 

available OC through the profile (Hassouna et al., 2007). Consequently, the fraction of larger 

POC is not represented and its contribution to this system cannot be quantified as such (Chow et 

al., 2005; Hassouna et al., 2007). It has been demonstrated that respiration is substrate limited, 

therefore the disruption of soil aggregates and the release of physically protected SOM such as 

DOC may play a crucial role in supporting respiration (Birge et al., 2015). Given how long the 

LCR has been regulated, it is unlikely that the destabilization of aggregate structures would still 

be occurring and therefore may not contribute to the continued release of protected SOM (Denef 

et al., 2001b). Less labile forms of OM like POC may then play an integral role in providing 

substrate to the active zone (Stegen et al., 2016). POC is outside of the range of molecular weight 

compounds (500-1,00 AMU) (Battin et al., 2008) that can pass through the microbial cell 

membrane and therefore must first be broken down by extracellular enzymes before it is 

available for use in metabolic processes. DOC is small enough to travel with water, whereas 

POC is subject to ‘gravitational settling, hydrodynamic lift, and drag forces’ (Battin et al., 2008). 

POC is generally transported as a series of discrete events: it can be deposited in sediments and 

remain immobile for long time periods where it is then subject to rapid mobilization and 

transport during high flow; under low stage conditions, transported POC is typically older, < 20 

um in diameter, and of low metabolic availability and nutrient content. Fresh, more labile POC is 

generally expected not to be transported because it is consumed quickly and locally.  
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GAS DYNAMICS 

Respiration 

We observed a generally linear increase in CO2 concentrations with depth down to the 

water table at most sampling locations and times over this study. Fig. 6A is a typical CO2 

concentration profile collected from VP-1; CO2 increases from near atmospheric at the surface, 

to 2-3% at 0.5 m, and increases to ~ 6% at 1 m depth. This overall trend of production at depth is 

supported by numerous profiles collected through all seasons. One such profile is a 24 hour 

sampling of VP-3 and VP-4 during the late summer that showed CO2 concentration reaching 

9.2% and 5.1% CO2 at 1 m and 0.5 m depths that decreased to 8.7% and 4.7% CO2 by the end of 

the sampling period (Fig. 10). Water was not released from the upstream dam and there was not 

hydropeaking during the sampling period, however we posit that the regularity of the dam 

releases prior to sampling would have provided the bank sediment with enough moisture to 

support enhanced respiration. The last large dam release before the sampling campaign would 

have peaked at Hornsby Bend approximately 24 hours prior to the start of sampling. The water 

level in well P01 was recorded over the sampling period and remained constant at 115.5 m 

AMSL. In P01 water drains back to pre-hydropeak levels within 16 hours (see Fig. 4), which is 

at the lower end of average water table elevations for this well. The high concentrations of CO2 

that persist over this sampling period lead us to form multiple hypotheses about this data: 1) CO2 

respiration in the active zone is not regulated by diel cycles 2) the extended period of low water 

table elevation allowed for the infiltration of O2 through a region that would typically be sub- to 

anoxic; 3) in the absence of advective forces CO2 at 1 m is diffusing upward to the surface.  

The lack of water table fluctuation over this sampling interval might reveal an observable 

diel respiration signature, however no such trends are observed from the data. A 24 hour 

sampling of CO2 and O2 at 1 m depth was conducted at a large distance from the river (64 m) to 

test whether respiration at depth responds to diel cycling (Fig. 8). A hysteretic response has been 

widely observed for surface efflux measurements, where respiration is lagged behind 
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temperature change by a few hours, however this response is almost completely dampened out 

by 30 cm depth due to increasing soil moisture that increases the heat capacity of the soil 

(Phillips et al., 2011, 2010; Song et al., 2015). Given the distance and depth of this measurement, 

and that these data were collected during one of the wettest months of the year (May 2017, see 

Fig. 2A), we would expect no interference from water table fluctuations and no diel signature. 

Although it is not hysteretic, the data do show a decrease in the CO2 concentration at the 

day/night boundary and a corresponding increase of the same magnitude at the night/day 

boundary. The same experiment was conducted at 0.5 m depth 10.7 m from the river (near P05) 

to further test whether respiration responded more strongly to diel cycles or to water table 

fluctuations (Fig. 7). In contrast to the previous time series, these data exhibit no response to the 

change from day to night, but instead illustrate an increase in CO2 and synchronous decrease in 

O2 at the start of the water table rise after a long trough. We interpret this as upward diffusion of 

CO2 produced in the active zone during the lowering or trough portion of the water table 

fluctuation, delayed in time by slow diffusion through the soil. We also interpret the 

contemporaneous increase of the water table and CO2 concentration as the result of gas 

displacement by the water table rise, forcing CO2 upward into the soil column (Millard et al., 

2008; Scanlon et al., 2002). . It is possible that the flow of the pump and frequency of the 

measurements employed in the continuous soil gas measurements would deplete the pore gas 

concentrations such that the gas profile would become disturbed, and the collected gas would not 

be a true reflection of the sampling depth, but the data don’t reflect this as most time-series 

measurements remain at stable soil gas concentrations over extended periods. 

Increases in soil CO2 production with lowered water tables can be attributed to increased 

O2 availability (Chimner and Cooper, 2003; Lipson et al., 2012; Rezanezhad et al., 2014). In 

unsaturated conditions, the upward movement of CO2 is primarily by diffusion, facilitated by 

smaller diffusion lengths and enhanced free gas transport (Hashimoto and Suzuki, 2010; 

Rezanezhad et al., 2014; Scanlon et al., 2002). The decrease in CO2 concentrations at 1 m depth 

over time shown in Fig. 10 is consistent with previous studies that have shown a decrease in CO2 
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production owing to a decrease in available labile substrate (Chimner and Cooper, 2003; 

Rezanezhad et al., 2014; Xu and Luo, 2012). Assuming labile substrate is available, we would 

expect to see CO2 concentrations in the unsaturated zone continue to increase linearly at depth, 

however at Hornsby Bend this trend is truncated in the shallow capillary fringe as soil moisture 

starts to increase and pore spaces become partially filled with water, potentially switching to 

alternative respiration pathways (Fig. 19). Microbial respiration is sensitive to very low or high 

soil water contents as well as to abrupt changes in water potential, and has been estimated to 

reach maximum values at soil water contents equivalent to 60% water filled pore space (WFP) 

(Kaiser et al., 2015; Linn and Doran, 1984; Pal and Broadbent, 1975). Beyond approximately 

70% WFP, the diffusion of oxygen is limited and obligate aerobic microbial processes decline 

rapidly (Linn and Doran, 1984; Pal and Broadbent, 1975).  
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Figure 19: CO2 (red triangles) and CH4 (blue circle) at 10 cm intervals at low and high water 

table near well P03 (A, B) and P05 (C, D). Groundwater PCO2 calculated from 

alkalinity. The active zone is shaded in blue. Gas measurements collected by soil 

gas vapor probe and analyzed by GC. 

At low water table in well P03 the PCO2 calculated for groundwater at 170 cm is slightly 

lower than the CO2 measured from the soil at 150 cm (Fig. 19A). This could indicate that there is 

diffusion of CO2 from the active zone downward into the groundwater as well as upward to the 
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surface. At P03 at high water table, in contrast, the groundwater has risen 0.4 m to approximately 

130 cm and the calculated groundwater PCO2 is higher than the CO2 measured in the soil at 130 

cm. This could indicate that the rising water table is dissolving the CO2 produced in the active 

zone (approximated by the water table change, here 40 cm wide, 130-170 cm below ground 

surface), rather than displacing it vertically through the soil column (Tokunaga et al., 2016; 

Wood and Petraitis, 1984). The fluctuating water table at P05 creates an active zone 

approximately 30 cm wide in the subsurface, and at low water table, PCO2 in the groundwater at 

220 cm is more than 2% higher than the CO2 measured in the soil at 170 cm (Fig. 19C, D), 

suggesting the possible vertical diffusion of CO2 from groundwater into the active zone (Wood 

and Petraitis, 1984). As previously discussed, the groundwater geochemistry supports the 

dissolution of the host limestone rock through the transect.  

Groundwater PCO2 is elevated through the entire transect but is markedly higher from 

P03-P05. Qualitatively, the saturation indices illustrate that the groundwater in the 3m proximal 

to the river (P01-P02) is supersaturated with respect to calcite and has a pH above 7, indicating 

that calcite may be precipitating through this region. At P03, the groundwater is relatively less 

saturated with respect to calcite and the pH drops to below 7, which in combination with the 

elevated PCO2, supports the dissolution of calcite (Appelo and Postma, 2005; Wood and 

Petraitis, 1984). Therefore, along the groundwater flow path from the top of the transect to the 

river, the elevated CO2 produced from P03-P05 would be dissolving the host limestone and 

releasing Ca2+ and HCO3_, which would then flow towards P01-P02. At P01-P02 the outgassing 

of CO2 driven by higher groundwater temperatures and the more vigorous permeation and 

mixing of O2 (which could create a steep CO2 diffusion gradient) would cause calcite to 

precipitate. Precipitation could potentially be aided by the elevated Ca2+ concentrations at the 

end of the flow path; at lower partial pressures of CO2 and increase of Ca2+ will drive the system 

chemistry towards super saturation (Appelo and Postma, 2005). Furthermore, as previously 

discussed, although the ẟ13C profile taken near VP-1 (Fig. 6B) does not match the signature for 

CO2 contributions from groundwater DIC, it also doesn’t fit the signature of calcite dissolution. 
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The dissolution of calcite would increase ẟ13C values, however the partitioning of CO2 into the 

aqueous phase as DIC would decrease ẟ13C values (Breecker et al., 2015; Doctor et al., 2008). 

However, the ẟ13C data presented here have been measured from the vapor phase in the 

unsaturated zone while our interpretations of calcite dissolution and precipitation stem from 

measurements made in the saturated zone, and the ẟ13C dynamics between the two zones is too 

complex to draw direct conclusions from partial data.  

The differences between CO2 concentrations measured at time intervals before and after a 

hydropeak also support the idea that the active zone is rapidly mineralizing SOM and producing 

CO2, which then diffuses vertically to the surface (Fig. 11). At T1, when the water table is at its 

lowest level and the active zone has completely drained, CO2 concentrations are highest in the 

shallow soil. It is possible that at this time microbial production has slowed and the highest 

concentrations of CO2 are diffusing upward and out of the deep soil. The sharp increase in CO2 

at a distance of 13 m along the transect could be the result of delayed draining of the active zone, 

or contributions from root respiration. At T2, the water table has just reached its highest level 

and the active zone has been saturated and is starting to drain, CO2 levels are highest in the deep 

soil. It is possible that at this time microbial production of CO2 in the active zone is at its highest 

and has not begun to diffuse into the shallow soil. At both T1 and T2 and at all depths there 

appears to be an inflection point 13 m along the transect. It is possible that at this lateral distance 

the fluctuations in river stage have minimal influence on the water table, therefore the active 

zone would not be present. It is important to note that there had been no precipitation during the 

week prior to this data collection.  

This finding is partially supported by a more granular sampling of the transect through 

well P06 (Fig. 12). These data were collected at the top of a small (0.13 m) change in river stage 

during late spring. Soil CO2 concentrations are highest through the center of the transect, from 4-

10 m distance from the river, where concentrations reach a maximum of 8.2% CO2 at 0.5 m 

depth. High CO2 was observed throughout the 0.5 m horizon in this center region of the transect. 

This does not support the idea that enhanced respiration is producing higher concentrations of 
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CO2 preferentially near the 1 m horizon, but it does support the idea that the region near the river 

is supporting enhanced respiration in some capacity. A CO2 concentration of 7.49% was 

observed at 1 m near well P06, the most distal well in the transect. Based on our earlier findings 

and hypothesis that the water table fluctuations are driving enhanced respiration, and stronger 

fluctuations would support more intense C mineralization, this concentration at this distance is 

anomalous. However, P06 is located close to a large tree and the edge of a more densely 

vegetated area, so, as previously discussed above ground vegetation and the rhizosphere could be 

contributing to this high concentration either directly by respiration or by replenishing the 

subsurface supply of OC through transport of fixed C (Breecker et al., 2012; Clemmensen et al., 

2013; Silvola et al., 1996; Wan et al., 2018). 

Surface Efflux 

Two calculations were applied to the raw data from the static chambers to obtain flux 

estimates, the standard linear regression method (Parkin and Venterea, 2010) and the quadratic 

method (Wagner et al., 1997). The linear regression method involves the simple application of a 

regression of measured gas concentration (ppm) vs time (hours). Although it is widely used, this 

method is only successful for data with a constant rate of change of headspace trace gas 

concentration and therefore is not generally appropriate for closed chamber measurements due to 

the underlying physics of this method, as it has been shown to underestimate surface efflux by as 

much as 40% compared to exponential regression (Kutzbach et al., 2007). The application of 

closed chamber non-steady state flux chambers requires the covering of a patch of soil or 

vegetation for a short period of time, and measuring the trace gases that build up inside. This 

inherently disturbs the natural efflux- as soon as the concentration gradient begins to change as a 

result of a buildup of trace gas within the chamber, the pre-chamber efflux is lost, resulting in a 

non-linear rate of change within the headspace (Kutzbach et al., 2007; Parkin and Venterea, 

2010). Curvilinear data are very common with surface efflux measurements, and multiple other 

methods have been put forward to accurately calculate flux from closed chamber measurements. 
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One of these methods is the quadratic method described by Wagner et al. (1997) in which a 

quadratic equation is fit to the data and the flux is calculated from the first derivative at t0. The 

quadratic method attempts to address the issue of fitting curvilinear data, but still does not 

capture the other issues with the closed chamber method. Analyte build up in the chamber 

headspace is not the only factor that will alter the flux, which can also be affected by horizontal 

diffusion of gas, photosynthesis and respiration of any plants within the chamber, and leaks from 

the chamber itself, all of which are not addressed by quadratic regression (Kutzbach et al., 2007).  

Applying both linear and quadratic regression to our data reveals that on average, not 

including negative fluxes, linear regression underestimates surface flux by approximately 48% 

when compared to flux calculated by quadratic regression. Additionally, the average R2 values of 

the fluxes calculated by linear regression was 0.73 compared to an average R2 of 0.93 for 

quadratic regression. Despite the obvious issues with applying linear regression to flux data, it 

has been demonstrated through accuracy and precision analysis that the linear method is more 

sensitive to detecting relative differences between chamber locations than non-linear methods 

(Venterea et al., 2009).  

Overall, measured surface efflux showed a number of trends. From Table A9 and Fig. 20,  

the highest average observed fluxes occurred at FC1, during the fall season, and when the 

average 24-hour water table change was between 0.5-1 m, although there is little to no 

correlation between these parameters. The observed average flux during the fall season correlates 

with an average 24-hour water table change of 0.34 m, the lowest average water table change of 

the three seasons. Fig. 20 reveals a cluster of higher flux values at a low 24-hour change in water 

table, and another cluster of higher flux values at a 0.6-0.9 m 24-hour change in water table, and 

overall higher fluxes among measurements collected during the falling limb of a hydropeak. We 

would expect to see higher efflux after a water table peak because of the influx of O2 that would 

stimulate respiration (Jost et al., 2015). Accordingly, the overall maximum flux occurred at FC3 

in the Fall season during the falling limb of a 0.13 m change in the water table, while the overall 
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minimum occurred at FC2 in the summer season during the rising limb of a 1.46 m change in the 

water table.  

 

Figure  20: Measured surface CO2 efflux [g C m-2 day=1] plotted against the 24-hour water table 

change in the nearest well. The color bar denotes the distance at which the flux was 

measured. Surface flux collected by closed flux chambers and analyzed by GC. 

Many recent studies have attempted to quantify the contribution of deep vadose zone 

respiration (> 1 m depth) to total surface efflux using the soil CO2 gradient method (based on 

Fick’s first law using calculated CO2 efflux from measured CO2 concentration profiles and the 

diffusion coefficient of CO2 in the soil ) (Pingintha et al., 2010; Tokunaga et al., 2016; Wan et 

al., 2018). Earth system land models frequently attribute this contribution as < 1%, however 

these studies have found that deep respiration contributes 17-60% to surface efflux, dependent on 

seasonal changes in efflux. Tokunaga et al. (2016) estimated the diffusive gradient of CO2 



 

 

 60 

produced at depth from a floodplain soil underlain by alluvial deposits, similar to the location of 

this study. The measured maximum CO2 respiration from beyond 2 m depth reported by the 

Tokunaga study was approximately 0-11%, and that this contributed roughly 17% of surface 

efflux annually. Based on the similarity of the soils, relative depths to the water table from the 

deep unsaturated zone, and range of CO2 concentrations observed from this deep segment, a 

similar relative contribution to annual efflux along the Lower Colorado River is expected.  

Methanogenesis 

Methane (CH4) production in soils is solely a microbial process and can occur when OM 

is degraded anaerobically (Oremland, 1988; Segers, 1998; Zheng et al., 2018). The atmospheric 

concentration of CH4 is 1.85 ppm, and the only possible sources of CH4 in the subsurface are 

atmospheric CH4 or subsurface methanogens. CH4 over 5 ppm is significant and suggests 

methanogenesis, CH4 significantly less than 1.5 ppm suggests high affinity methanotrophy 

(Serrano-Silva et al., 2014). Along our study transect, bulk anaerobic zones would exist within 

saturated sediments and would be more widespread during periods when the water table is high 

or after intense precipitation events or overtopping flood events that occlude surface vapor pores 

with water. Our results suggest that CH4 is being produced in the active zone when the water 

table is high. At low water table, the active zone becomes partially unsaturated as O2 infiltrates 

macropores, allowing CH4 to rapidly diffuse towards the surface or potentially be oxidized by 

methanotrophs (Fig. 19). This further suggests that the active zone alternates between anaerobic 

and aerobic, creating an alternating methanogenic zone.  

Methane exhibits greater variability through the unsaturated zone and into the active zone 

at points along the transect closer to the river (Fig. 19A, B). It is possible that more CH4 is being 

produced here because the active zone, and thus the alternating methanogenic zone, is more 

intense closer to the river. This explanation does not account for increased variability at high 

water table versus low water table at the same sampling location, however this may be due to the 

lower solubility of CH4 in water relative to CO2 resulting in a slower emission of CH4 primarily 
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as bubbles (Moore and Knowles, 1989). It is also plausible that as river stage rises CH4 produced 

in the active zone would be advected vertically and persist within sediments, creating a profile 

similar to Fig. 19 (C, D).  

We observed a linear relationship in concentrations of CH4 with depth and CO2 with 

depth (Fig. 19A, B) that is suggestive of methanogenesis near well P03. At this well, more CH4 

and CO2 is produced when the water table is low than when it is high, supporting the idea that 

the low water table allows CH4 produced during high water table to diffuse vertically. Lower 

CH4 away from the river at P05 suggests that methanogens decrease in abundance through this 

area. Additionally, there is little distinction between CH4 concentrations at high and low water 

table at P05. The observed ratio of CO2:CH4 is very high for both P03 and P05 at both low and 

high water table indicating that there is an abundance of alternative electron acceptors to 

facilitate anaerobic respiration through the transect (Fig. A1) (Keller et al., 2009; Lipson et al., 

2012; van Hulzen et al., 1999). If other TEA’s were absent from this system, we would expect an 

equimolar ratio of CO2:CH4 to be produced (Lipson et al., 2012). From this relationship we also 

observe that in general, CH4 and CO2 decrease with increasing distance from the river.  

Results from the acetylene-ethylene assay microcosm experiment of Core 1 and 2 exhibit 

concentrations of CH4 well over atmospheric levels and into concentrations suggestive of 

methanogenesis (> 5 ppm) (Table A6). Interestingly, C2H2, and to a degree C2H4, can interfere 

with methanogenic bacteria causing a suppression or inhibition of CH4 production (Oremland 

and Taylor, 1975). Exposure to C2H2 causes a decline in the functions of methanogens, including 

the inhibition of growth, synthesis of CH4, and a decrease in ATP concentrations (Sprott et al., 

1982). The produced ethylene C2H4 in contrast inhibit the activity of methane consuming 

methanotrophic bacteria.  The microcosm experiment shows an overall decrease in CH4 

production in the samples taken from Core 2, which is located closer to the river, than CH4 

evolved from Core 1. If methanogens are more abundant near the river, these results may 

indicate a suppression of this microbial community by the addition of C2H2. The lack of 

methanogens further from the river is likely a function of the strict conditions required for 
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methanogenesis, and it is possible that at this distal end of the transect, aerobic conditions have 

persisted in such a way that extensive methanogenic communities have not been established. 

This is reflected in the relatively high standard errors of the mean for this experiment, indicative 

of highly variable CH4 production, possibly indicating the presence of some methanogens in 

anaerobic microzones.  

O2:CO2 Analysis 

The term oxidative ratio (OR) refers to the stoichiometric ratio of O2:CO2 produced by 

subsurface respiration (Hockaday et al., 2015). An OR of 1.08 ± 0.06 was used as the baseline 

respiration trend to compare to our measured respiration. This ratio of CO2 loss to O2 gain is an 

average value from 14 different mineral soil pools, and has been experimentally verified by 

multiple studies (Bergel et al., 2017; Clay and Worrall, 2015; Dilly, 2001; Hockaday et al., 

2009). To compare our data to a theoretical trend of respiration plus diffusion through the soil, 

we used the diffusion coefficients of CO2 and O2 in air to calculate a slope of -0.819 using the 

baseline OR of 1.08, after the method described in Bergel et al. (2017). Fig. 21 illustrates the 

study-wide relationship between CO2 and O2. Typical microbial respiration should plot along the 

baseline OR trend because for every molecule of O2 that is consumed, one molecule of CO2 is 

produced for a typical natural soil organic compound with a carbon oxidation number around 

zero. Respiration influenced by the addition of atmospheric O2 should plot along the respiration 

+ diffusion OR trend because of the larger diffusion coefficient of O2 relative to CO2 in air 

(Angert et al., 2015; Bergel et al., 2017; Pingintha et al., 2010). CH4 produced by acetate 

fermentation or CO2 reduction by free hydrogen in anoxic zones can be microbially oxidized if it 

degasses or mixes into an oxic environment, and would plot along the CH4 oxidation trend with a 

slope of 0.5 (Appelo and Postma, 2005; Romanak et al., 2014). Employing a process-based 

analysis of this bulk data is a straightforward way to assess which vadose zone processes may be 

occurring and any overarching trends.  
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Figure 21: The O2:CO2 relationship for all samples in this study. The trendlines for baseline 

respiration, respiration + diffusion, and CH4 oxidation are plotted as dashed lines. 

The color bar denotes the distance from the river at which the sample was collected. 

Various clusters are labeled and denote sampling at A) 0.5 m, winter, B) 0.5 m, 

winter, C) 0.5 m, spring, D) 0.25-0.5 m, winter-spring, and E) 1 m, summer. 

The first and most obvious trend is the spatial distribution of low and high CO2 

values. There is a greater occurrence of high CO2 (> 3%)-low O2 (< 18%) samples at 

distances proximal to the river than occur distally. Within this group, the highest instances of 

CO2 are recorded at 0.5 and 1 m depths and generally plot either along the baseline OR trend or 

closer to the CH4 oxidation trend. While there are many 0.5 m samples that plot along the 

baseline OR trend, very few 1 m samples plot along or near the CH4 oxidation trend indicating 

that respiration is the source of this CO2 (Romanak et al., 2014, 2012). 

The respiration + diffusion trend is the result of diffusion-dominated gas transport in an 

open system. The relative lack of high CO2 samples that plot along this line indicate that the 

effects of diffusion may be masked by water table fluctuations, which would explain why the 

majority of these samples are from close to the river where fluctuations would be largest. 
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Alternatively, this could be a mechanism of slowed diffusion; as the water table rises and 

expands the saturated zone and capillary fringe, diffusion lengths increase and diffusion 

coefficients decrease substantially, possibly leading to the slowed diffusion of O2 into and CO2 

out of the active zone (Hodges et al., 2019; Stegen et al., 2016). A third but less likely possibility 

is that a process that produces CO2 in the absence of O2 is occurring at depth, namely anaerobic 

respiration (Hodges et al., 2019; Romanak, 2018; Segers, 1998). However, within this set of 

samples O2 concentrations don’t dip below 10%- not low enough to establish bulk anaerobic 

conditions.  

A fourth possibility is that a combination of the above is taking place within anaerobic 

reduced microzones (Hodges et al., 2019; Parkin, 1987; Stegen et al., 2016). When the water 

table rises, some air-filled porosity is lost as macropores are inundated and existing gases are 

advected vertically upward into the shallow unsaturated zone or entrapped and partitioned into 

the aqueous phase (Cable et al., 2008; Haberer et al., 2012; Hodges et al., 2019; Williams and 

Oostrom, 2000). Diffusion of oxygen would then be slower due to the low solubility of O2 in 

water. Slow O2 diffusion is more pronounced in aggregates, where smaller pores don’t drain and 

diffusion times are longer with highly tortuous paths (Hodges et al., 2019; Parkin, 1987; Stegen 

et al., 2016). Microbial activity in this environment can be stimulated by diffusion of the 

entrapped O2 and by the accumulation of labile OC (specific to the fluctuating water table 

scenario) (Jost et al., 2015; Stegen et al., 2016), proceeding aerobically until limited by O2, at 

which point facultative anaerobic microorganisms could switch to anaerobic respiration (Hodges 

et al., 2019; Jost et al., 2010; Stegen et al., 2016).  

Samples that plot below the respiration line but above the CH4 oxidation trend mostly 

originate from close to the river. It is plausible that these samples represent the nitrification-

denitrification pathway, based on our earlier investigation into and discussion of N cycling in 

this region of the transect. The nitrification pathway consumes O2, which would displace the data 

points downward off of the respiration line (Appelo and Postma, 2005). This hypothesis is 
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supported by observed high NH4+ concentrations through wells P01 and P02, and the results of 

the acetylene inhibition experiment (Tables A3, A5).  

The group of high CO2 points that plot closely to or to the left of the CH4 oxidation trend 

consists of three discrete clusters at 0.5 m depth, two of which were collected over December-

January and the third which was collected in late March. Data that plot close to this trend suggest 

a process that consumes more O2 than CO2 produced (CH4 oxidation), or a process that produces 

CO2 without consuming O2 (CO2 outgassing). Our results indicate the presence of CH4 through 

the soil profile, however concentrations are too low to support the intense O2 consumption 

required to plot down the CH4 oxidation trend (Appelo and Postma, 2005; Serrano-Silva et al., 

2014). The two winter clusters (A, B) were collected at VP-4, approximately 5.8 m from the 

river. Cluster A plots very close to the CH4 oxidation line, indicating that this CO2 is a product of 

outgassing from groundwater towards the end of the transect flow path. Cluster B which was 

collected over a three day period, plots to the left of the CH4 oxidation line which is suggestive 

of CO2 partitioning into the aqueous phase, and the consequent dissolution of calcite where CO2 

is consumed but O2 is not (Romanak, 2018). Cluster C, collected via continuous sampling over a 

24 hour period, plots very closely to the CH4 oxidation line (Fig. 7). Given the water table 

fluctuation at the time of sampling (0.53 m) and the more upland location of this port, the 

distance between the sampling depth and the active zone was approximately 1.6 m. This is a 

larger distance than Cluster A, so it is plausible that CO2 is produced at depth by the same 

process, but undergoes more mixing with O2 over this longer diffusion length (Smith et al., 

2003). Steep O2 gradients and high fluxes could exist near the active zone created by the 

depletion of O2 in the active zone, as illustrated in Fig. 12 (Jost et al., 2015).  

Other observable trends include the correlation of points further from the river (>20 m) 

with lower concentrations of CO2 (<3%) and higher O2 (>18%) that plot closely to the baseline 

OR trend, and two distinct clusters (D, E) that plot to the left of the CH4 oxidation trend. Cluster 

D is from shallower depths at approximately 12 m from the river, while Cluster E is primarily 

from 1 m depth and beyond 20 m distance from the river. 
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CONCLUSIONS AND IMPLICATIONS 

The improved quantification of ecosystem trace gas fluxes to the atmosphere is crucial 

for resolving global emissions budgets as soil degassing accounts for 35%, 47%, 53%, and 21% 

of CO2, CH4, N2O, and NO of total annual emissions, respectively (Oertel et al., 2016). 

Moreover, the carbon balance of wetlands and riparian zones that drive these fluxes can be 

influenced by water table fluctuations (Blodau and Moore, 2003). Water table fluctuations can be 

the result of natural (evaporation, precipitation) or anthropogenic (damming for hydroelectric 

power, groundwater pumping, industrial or municipal effluent input) processes, and are therefore 

subject to increases in flood-drought cycles or in river hydropeaking as hydroelectric damming 

becomes a more pervasive approach to combating climate change (Goldman et al., 2017; Jost et 

al., 2015; Stegen et al., 2016; Stocker et al., 2013). This study examines the effects of river 

hydropeaking behavior on the unsaturated bank environment- a unique zone where 

biogeochemical and microbial interactions are intensified by direct inputs from surface water, 

groundwater, the atmosphere, terrestrial ecosystems, and by imbibition-drainage cycles. 

We observed an oscillating water table at depth to a distance of 14 m into the bank but 

with little evidence of intrusion of surface water beyond a meter or two. Our results suggest that 

these regular oscillations subject a region of the subsurface, termed the active zone, to changing 

redox conditions, variable degrees of water saturation, and steep O2 gradients that drive enhanced 

aerobic and anaerobic microbial respiration. These results along with the observed patterns of 

gases through the subsurface indicate that a combination of hypotheses is likely valid for the 

highly dynamic active zone environment.  

We observed enhanced respiration following even small changes to the water table 

through the bank, where CO2 maxima occur above the water table but below the rooting zone. 

We infer that these maxima are high enough to be driving CO2 diffusion both upward to the 

atmosphere and downward to groundwater. The water table fluctuations are not expected to 

contribute to respiration themselves because of the relatively low DOC concentration of the 
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groundwater, however the physical mechanics of the fluctuations and the frequency with which 

they occur have been deemed of great importance to carbon cycling and enhanced respiration 

(Wan et al., 2018; Wood et al., 1993). The stable aggregate structure created by water table 

fluctuations over time may play a role in supplying labile OM to the active zone if POC or other 

less labile forms of OC are accumulating and being degraded in macropores during water table 

drainage (Oikawa et al., 2014; Stegen et al., 2016; Ylla et al., 2010). This is contingent on the 

fact that the microbial communities responsible for the observed enhanced respiration in the 

active zone are located in smaller pores that do not completely drain during periods of low water 

table (or drainage to field capacity), avoid lysis, and are thus immobilized and physically unable 

to access the labile substrate, which may then accumulate if there is input from the soil, from 

surface water, or from groundwater (Kieft et al., 1987; Lado-Monserrat et al., 2014; Schimel and 

Schaeffer, 2012; Stegen et al., 2016). Then, when the water table rises, the aggregate pore 

network is reconnected and the degraded carbon is redistributed through the active zone where it 

is easily accessed and mineralized by microbes (Schimel and Schaeffer, 2012; Stegen et al., 

2016). A second equally important mechanism of the water table fluctuations is its function as a 

pump for O2 transport into the subsurface; as previously discussed the falling water table could 

create steep O2 gradients and is likely to strongly stimulate microbial respiration while 

potentially erasing the effects of diffusion (see Fig. 25). This finding is supported by the overall 

trend of higher observed CO2 concentrations in the subsurface during the period following a 

hydropeak. 

The specific mechanism and source responsible for observed pulses of CO2 has 

implications for whether a soil behaves as a source or sink over time as the frequency of drying-

wetting cycles increases (Fierer and Schimel, 2003). The results from Rezanezhad et al. (2014) 

posit that with no new input of organic material, a fluctuating water table stimulates the 

preferential depletion of OC through enhanced respiration. At our transect it is likely that there 

are multiple sources of labile OC, and the input of litter and plant residues from the surface could 
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be significant given that the study transect lies at the bottom of a forested hill. Although this 

component is not addressed here, further investigation is warranted. 

Characterizing the pore-size distribution through the active zone would help establish an 

understanding of the drainage pattern of the bank through hydropeaking cycles and would help 

further reveal the biogeochemical and microbiological trends taking place at this site and could 

capture potentially cm-scale variability through the capillary fringe. Furthermore, this research 

would benefit tremendously from a spatial and temporal interrogation of the soil properties, a 

characterization of the established microbial communities, geophysical surveys of vadose zone 

heterogeneity both along the transect and longitudinally along the river, and from a modeled 

quantification of deep respiration contributions to surface efflux. This last point is especially 

important considering that the terrestrial heterotrophic respiration flux to the atmosphere from 

the global soil carbon pool is ten times the flux of CO2 from anthropogenic sources, and with 

rising temperatures could help drive a soil carbon-climate feedback with large net losses to the 

atmosphere (Crowther et al., 2016; Gougoulias et al., 2014). Deeper carbon pools are generally 

not included in these climate models, strongly underscoring the need to quantify the sensitivity 

of lower soil horizon carbon to climatic changes (Crowther et al., 2016). To better understand 

and predict the fate of vadose zone carbon, and how much of that carbon is exported to the 

atmosphere by CO2 fluxes from deep respiration, additional work beyond the scope of this study 

is required.  
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Appendix 

Temp SC TDS DO PCO2 DOC DIC 

°C [uS/cm] [mg/L] [mg/L] % [mg/L] [mg/L]

9/17/16 10:05 HGZ-091716-001 SW R 7.55 NULL 536 397.2 NULL 0.49 3.49 47.84

9/17/16 12:00 HGZ-091716-004 SW F 7.90 28.8 531 390.9 7.72 0.23 2.73 48.19

9/17/16 14:15 HGZ-091716-005 SW F 7.82 30.3 525 384.8 8.15 0.28 3.04 47.29

9/17/16 16:00 HGZ-091716-009 SW L 7.90 30.4 541 399.0 6.44 0.24 3.33 44.84

9/17/16 16:15 HGZ-091716-010 SW L BDL BDL BDL BDL BDL BDL 2.94 51.44

9/17/16 18:15 HGZ-091716-011 SW L 7.89 30.8 545 401.9 9.36 0.26 2.93 54.41

9/17/16 20:15 HGZ-091716-014 SW L 7.75 29.7 560 414.5 8.97 0.35 3.60 47.38

9/17/16 21:50 HGZ-091716-015 SW L 7.81 29.0 564 418.0 7.98 0.31 4.94 141.02

9/18/16 0:30 HGZ-091816-018 SW L 7.75 28.7 577 428.9 6.91 0.34 3.53 50.33

9/18/16 2:00 HGZ-091816-020 SW L 7.69 28.2 585 434.7 6.61 0.39 3.58 50.29

9/18/16 4:08 HGZ-091816-023 SW L 7.69 28.1 612 454.7 6.51 0.37 3.98 48.38

9/18/16 6:00 HGZ-091816-024 SW L 7.61 27.8 644 481.4 6.30 0.41 3.88 46.83

9/18/16 8:00 HGZ-091816-027 SW L 7.62 27.8 662 493.4 7.55 0.39 4.66 42.03

9/18/16 10:00 HGZ-091816-028 SW L 7.80 28.0 669 499.4 6.35 0.26 4.01 47.82

9/18/16 12:02 HGZ-091816-031 SW L 7.68 29.3 654 486.3 7.41 0.34 4.88 42.89

9/18/16 12:24 HGZ-091816-032 SW L 7.63 29.7 657 487.8 7.60 0.38 3.97 44.07

9/18/16 14:00 HGZ-091816-033 SW L 7.66 31.0 160 490.0 BDL 0.37 4.27 43.83

9/18/16 16:02 HGZ-091816-036 SW L 7.83 31.9 648 479.3 9.41 0.25 4.12 48.50

9/18/16 18:05 HGZ-091816-037 SW L 7.90 31.9 628 465.0 9.88 0.22 4.12 47.20

9/18/16 20:00 HGZ-091816-040 SW H 8.03 30.6 588 435.0 8.51 0.16 3.71 48.71

9/18/16 21:30 HGZ-091816-041 SW H 8.14 29.7 539 399.0 8.04 0.13 3.43 49.44

9/17/16 10:30 HGZ-091716-002 P01 R 7.01 24.1 1075 829.0 7.38 4.10 4.11 130.28

9/17/16 14:30 HGZ-091716-006 P01 F 6.95 25.7 1094 836.0 1.85 4.81 5.66 132.19

9/17/16 18:30 HGZ-091716-012 P01 L 6.97 23.2 1125 868.0 5.72 4.67 4.38 134.61

9/17/16 22:25 HGZ-091716-016 P01 L 6.99 22.8 1144 886.1 4.90 4.54 4.06 137.81

9/18/16 2:14 HGZ-091816-021 P01 L 7.00 22.4 1129 875.4 1.85 4.42 4.46 138.79

9/18/16 6:23 HGZ-091816-025 P01 L 7.01 22.1 1120 869.5 2.24 4.28 4.12 139.64

9/18/16 10:15 HGZ-091816-029 P01 L 6.97 24.4 1104 852.2 3.40 4.58 4.73 134.07

9/18/16 14:14 HGZ-091816-034 P01 L 7.01 29.9 1110 849.6 3.19 4.25 3.97 137.44

9/18/16 18:20 HGZ-091816-038 P01 L 6.86 23.7 1084 828.0 1.54 5.87 3.86 137.27

9/18/16 21:30 HGZ-091816-042 P01 H 6.99 22.8 1091 843.0 2.29 4.44 4.10 130.97

9/17/16 10:35 HGZ-091716-003 P02 R 6.98 22.0 1157 897.0 1.29 4.75 5.65 144.37

9/17/16 14:50 HGZ-091716-007 P02 F 7.08 22.2 1143 885.1 1.20 4.54 5.10 127.88

9/17/16 17:00 HGZ-091716-008 P02 L BDL BDL BDL BDL BDL BDL 5.28 129.23

9/17/16 18:45 HGZ-091716-013 P02 L 6.96 21.5 1154 897.7 1.08 4.95 5.12 120.71

9/17/16 22:40 HGZ-091716-017 P02 L 6.98 21.0 1159 901.4 1.06 4.71 4.98 143.25

9/18/16 2:26 HGZ-091816-022 P02 L 7.01 21.0 1161 902.8 1.32 BDL 5.84 142.62

9/18/16 6:25 HGZ-091816-026 P02 L 7.01 20.8 1162 904.2 1.29 4.46 5.08 144.71

pHStageLocationSample IDDate

 

Table A1: Selected water quality parameters for surface water (SW), transect groundwater (P01-

P06), and background groundwater (GW) samples. NTN-TX10 is the average of the 

annual average from 1986-2018 from the Attwater NWR. Samples labeled BDL are 

below detection limit, samples labeled NULL were not available. 
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Temp SC TDS DO PCO2 DOC DIC 

°C [uS/cm] [mg/L] [mg/L] % [mg/L] [mg/L]

9/18/16 10:18 HGZ-091816-030 P02 L 6.97 22.1 1156 898.6 2.07 4.84 5.47 140.17

9/18/16 14:15 HGZ-091816-035 P02 L 6.94 22.4 1150 887.9 1.57 5.23 5.41 142.96

9/18/16 18:40 HGZ-091816-039 P02 R 6.91 22.0 1152 892.0 1.38 5.63 5.42 150.17

9/18/16 21:45 HGZ-091816-043 P02 H 6.94 21.3 1165 905.0 1.17 5.25 5.30 137.32

2/1/18 12:00 HGZ-020118-01 SW L 7.19 19.9 933 NULL 8.30 1.55 7.45 NULL

2/1/18 12:52 HGZ-020118-02 P01 L 7.16 21.2 1245 NULL 6.65 2.75 9.77 NULL

2/1/18 14:30 HGZ-020118-03 P02 L 7.08 20.9 1263 NULL 5.04 3.41 10.04 NULL

2/1/18 14:30 HGZ-020118-04 P02 L 7.08 20.9 1263 NULL 5.04 3.37 9.68 NULL

2/1/18 15:15 HGZ-020118-05 P03 L 6.97 20.1 1225 NULL 2.98 4.38 11.05 NULL

2/1/18 16:00 HGZ-020118-06 P04 L 6.98 18.4 1193 NULL 6.19 4.11 8.59 NULL

2/2/18 11:00 HGZ-020118-07 P05 L 6.81 15.5 1164 NULL 7.58 5.78 7.06 NULL

2/2/18 11:45 HGZ-020118-08 P05 L 6.94 16.4 1178 NULL 7.64 4.21 6.93 NULL

2/2/18 12:45 HGZ-020118-09 GW L 7.08 18.4 1144 NULL 6.58 2.85 7.12 NULL

5/25/18 10:00 HGZ-052518-00 SW L 7.10 27.2 626 NULL NULL 1.44 3.92 NULL

5/25/18 10:45 HGZ-052518-01 P03 L 6.83 24.3 1223 NULL NULL 5.58 5.30 NULL

5/25/18 17:10 HGZ-052518-02 P03 H 6.85 25.5 1228 NULL NULL 5.35 5.47 NULL

5/25/18 17:25 HGZ-052518-03 SW H 7.56 28.5 689 NULL NULL 0.35 3.56 NULL

5/31/18 10:30 HGZ-053118-00 SW L 7.30 27.3 622 NULL NULL 0.78 3.85 NULL

5/31/18 10:56 HGZ-053118-01 P05 L 6.84 24.2 1164 NULL NULL 5.23 4.30 NULL

5/31/18 16:54 HGZ-053118-02 SW H 7.61 31.2 515 NULL NULL 0.32 3.76 NULL

5/31/18 17:05 HGZ-053118-03 P05 H 6.80 25.0 1199 NULL NULL 5.84 4.91 NULL

5/31/18 18:52 HGZ-053118-04 GW H 6.83 23.9 1288 NULL NULL 5.30 4.65 NULL

1986-2018 NTN-TX10 - - 4.92 NULL NULL NULL NULL NULL NULL NULL

Date Sample ID Location Stage pH

 

Table A1, cont. 
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Cl NO2 NO3 SO4 HCO3

[mg/L] [mg/L] [mg/L] [mg/L] [mg/L]

9/17/16 10:05 HGZ-091716-001 SW R 47.42 0.05 3.41 45.38 199.10

9/17/16 12:00 HGZ-091716-004 SW F 36.68 0.07 2.90 41.14 209.84

9/17/16 14:15 HGZ-091716-005 SW F 35.62 0.14 2.60 39.89 209.11

9/17/16 16:00 HGZ-091716-009 SW L 36.04 0.18 2.19 37.64 219.36

9/17/16 16:15 HGZ-091716-010 SW L 35.28 0.04 2.17 37.64 220.09

9/17/16 18:15 HGZ-091716-011 SW L 35.51 0.06 1.94 36.34 228.87

9/17/16 20:15 HGZ-091716-014 SW L 36.27 0.06 2.17 37.80 226.43

9/17/16 21:50 HGZ-091716-015 SW L 36.46 0.33 2.34 38.58 226.92

9/18/16 0:30 HGZ-091816-018 SW L 39.62 0.23 3.11 44.68 218.14

9/18/16 2:00 HGZ-091816-020 SW L 43.02 0.14 3.83 48.78 221.31

9/18/16 4:08 HGZ-091816-023 SW L 46.92 0.22 5.42 57.47 207.40

9/18/16 6:00 HGZ-091816-024 SW L 52.15 0.03 7.67 70.12 193.98

9/18/16 8:00 HGZ-091816-027 SW L 56.26 0.09 8.99 76.67 186.90

9/18/16 10:00 HGZ-091816-028 SW L 56.58 0.07 9.03 76.73 191.54

9/18/16 12:02 HGZ-091816-031 SW L 54.43 0.04 8.57 74.05 189.10

9/18/16 12:24 HGZ-091816-032 SW L 51.99 0.05 8.27 73.35 186.90

9/18/16 14:00 HGZ-091816-033 SW L 55.31 0.12 8.72 76.75 183.98

9/18/16 16:02 HGZ-091816-036 SW L 53.87 0.24 7.95 73.79 196.66

9/18/16 18:05 HGZ-091816-037 SW L 49.70 0.04 6.63 67.74 199.10

9/18/16 20:00 HGZ-091816-040 SW H 44.42 0.05 5.25 61.06 194.71

9/18/16 21:30 HGZ-091816-041 SW H 37.45 0.05 3.07 45.79 206.91

9/17/16 10:30 HGZ-091716-002 P01 R 99.49 BDL 0.97 35.17 496.54

9/17/16 14:30 HGZ-091716-006 P01 F 119.24 BDL 0.98 42.56 508.01

9/17/16 18:30 HGZ-091716-012 P01 L 58.30 BDL 0.25 19.73 517.28

9/17/16 22:25 HGZ-091716-016 P01 L 110.46 BDL 0.42 35.28 527.04

9/18/16 2:14 HGZ-091816-021 P01 L 105.42 BDL 0.52 34.04 525.58

9/18/16 6:23 HGZ-091816-025 P01 L 107.47 BDL 0.48 34.70 520.45

9/18/16 10:15 HGZ-091816-029 P01 L 104.93 BDL 0.54 34.62 507.52

9/18/16 14:14 HGZ-091816-034 P01 L 104.71 BDL 0.58 34.26 516.30

9/18/16 18:20 HGZ-091816-038 P01 L 91.72 BDL 0.70 31.51 503.62

9/18/16 21:30 HGZ-091816-042 P01 H 93.85 0.16 0.75 32.74 514.11

9/17/16 10:35 HGZ-091716-003 P02 R 110.12 0.04 0.03 33.42 539.24

9/17/16 14:50 HGZ-091716-007 P02 F 108.07 0.03 0.03 33.21 539.48

9/17/16 17:00 HGZ-091716-008 P02 L 108.55 0.03 0.03 32.91 551.44

9/17/16 18:45 HGZ-091716-013 P02 L 93.61 0.03 0.02 28.29 536.80

9/17/16 22:40 HGZ-091716-017 P02 L 99.38 0.04 0.03 31.04 534.60

9/18/16 2:26 HGZ-091816-022 P02 L 109.61 0.03 0.03 32.98 BDL

9/18/16 6:25 HGZ-091816-026 P02 L 112.45 0.03 0.04 34.08 543.14

Date Sample ID Location Stage

 

Table A2: Selected anions for surface water (SW), transect groundwater (P01-P06), and 

background groundwater (GW) samples. NTN-TX10 is the average of the annual 

average from 1986-2018 from the Attwater NWR. Samples labeled BDL are below 

detection limit, samples labeled NULL were not available. 



 

 

 72 

 

 

Cl NO2 NO3 SO4 HCO3

[mg/L] [mg/L] [mg/L] [mg/L] [mg/L]

9/18/16 10:18 HGZ-091816-030 P02 L 110.22 0.03 0.02 32.72 537.04

9/18/16 14:15 HGZ-091816-035 P02 L 109.77 0.05 0.02 32.88 541.68

9/18/16 18:40 HGZ-091816-039 P02 R 110.47 0.06 0.04 32.70 544.12

9/18/16 21:45 HGZ-091816-043 P02 H 108.53 0.05 0.03 32.15 544.61

2/1/18 12:00 HGZ-020118-01 SW L 57.94 0.02 33.14 77.98 281.82

2/1/18 12:52 HGZ-020118-02 P01 L 87.76 BDL 0.12 35.04 474.34

2/1/18 14:30 HGZ-020118-03 P02 L 83.02 BDL 3.77 38.71 490.44

2/1/18 14:30 HGZ-020118-04 P02 L 85.01 BDL 0.82 35.33 484.10

2/1/18 15:15 HGZ-020118-05 P03 L 84.71 BDL 0.32 35.22 488.00

2/1/18 16:00 HGZ-020118-06 P04 L 81.21 3.07 1.35 36.12 467.26

2/2/18 11:00 HGZ-020118-07 P05 L 74.74 BDL 5.86 40.32 444.08

2/2/18 11:45 HGZ-020118-08 P05 L 75.29 0.05 5.69 40.36 436.76

2/2/18 12:45 HGZ-020118-09 GW L 75.45 BDL 17.71 48.37 407.48

5/25/18 10:00 HGZ-052518-00 SW L NULL NULL NULL NULL 208.38

5/25/18 10:45 HGZ-052518-01 P03 L NULL NULL NULL NULL 450.18

5/25/18 17:10 HGZ-052518-02 P03 H NULL NULL NULL NULL 451.89

5/25/18 17:25 HGZ-052518-03 SW H NULL NULL NULL NULL 145.67

5/31/18 10:30 HGZ-053118-00 SW L NULL NULL NULL NULL 180.07

5/31/18 10:56 HGZ-053118-01 P05 L NULL NULL NULL NULL 430.42

5/31/18 16:54 HGZ-053118-02 SW H NULL NULL NULL NULL 150.06

5/31/18 17:05 HGZ-053118-03 P05 H NULL NULL NULL NULL 439.20

5/31/18 18:52 HGZ-053118-04 GW H NULL NULL NULL NULL 429.44

1986-2018 NTN-TX10 - - 0.67 NULL 0.70 0.98 NULL

Date Sample ID Location Stage

 

Table A2, cont. 
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Mg B Ca Na K NH4

[mg/L] [ppb] [mg/L] [mg/L] [mg/L] [mg/L]

9/17/16 10:05 HGZ-091716-001 SW R 21.28 NULL 20.89 32.08 5.06 0.35

9/17/16 12:00 HGZ-091716-004 SW F 19.62 NULL 16.77 28.08 4.39 0.41

9/17/16 14:15 HGZ-091716-005 SW F 19.93 NULL 18.68 27.43 4.42 0.35

9/17/16 16:00 HGZ-091716-009 SW L 19.75 NULL 17.04 26.95 4.28 0.28

9/17/16 16:15 HGZ-091716-010 SW L 19.97 NULL 14.98 26.3 4.24 0.28

9/17/16 18:15 HGZ-091716-011 SW L 19.78 NULL 16.72 27.42 4.41 0.33

9/17/16 20:15 HGZ-091716-014 SW L 19.73 NULL 22.27 27.05 4.3 0.39

9/17/16 21:50 HGZ-091716-015 SW L 21.36 NULL 23.47 29.37 4.67 0.37

9/18/16 0:30 HGZ-091816-018 SW L 20.40 NULL 16.61 31.05 4.83 0.72

9/18/16 2:00 HGZ-091816-020 SW L 23.35 NULL 31.81 35.49 5.51 0.40

9/18/16 4:08 HGZ-091816-023 SW L 22.57 NULL 31.16 40.06 6.11 0.47

9/18/16 6:00 HGZ-091816-024 SW L 21.56 NULL 33.28 44.32 6.42 0.39

9/18/16 8:00 HGZ-091816-027 SW L 23.94 NULL 36.12 51.8 7.77 0.45

9/18/16 10:00 HGZ-091816-028 SW L 24.14 NULL 33.11 53.03 8.06 0.50

9/18/16 12:02 HGZ-091816-031 SW L 23.66 NULL 34.44 50.31 7.5 0.51

9/18/16 12:24 HGZ-091816-032 SW L 23.39 NULL 39.66 49.52 7.44 0.44

9/18/16 14:00 HGZ-091816-033 SW L 24.57 NULL 44.84 52.28 7.84 0.59

9/18/16 16:02 HGZ-091816-036 SW L 23.14 NULL 37.24 48.23 6.82 0.61

9/18/16 18:05 HGZ-091816-037 SW L 20.51 NULL 27.08 40.64 5.81 0.62

9/18/16 20:00 HGZ-091816-040 SW H 21.38 NULL 34.08 38.73 5.77 0.51

9/18/16 21:30 HGZ-091816-041 SW H 21.50 NULL 29.01 31.48 5.06 0.36

9/17/16 10:30 HGZ-091716-002 P01 R 33.43 NULL 23.37 74.87 8.57 0.41

9/17/16 14:30 HGZ-091716-006 P01 F 31.85 NULL 16.13 85.03 10.04 0.57

9/17/16 18:30 HGZ-091716-012 P01 L 22.15 NULL 21.50 46.88 6.12 0.82

9/17/16 22:25 HGZ-091716-016 P01 L 37.45 NULL 39.33 85.17 11.49 0.93

9/18/16 2:14 HGZ-091816-021 P01 L 33.55 NULL 16.61 76.3 10.77 0.98

9/18/16 6:23 HGZ-091816-025 P01 L 34.21 NULL 27.48 77.18 11.13 1.28

9/18/16 10:15 HGZ-091816-029 P01 L 36.06 NULL 29.80 79.44 11.33 1.09

9/18/16 14:14 HGZ-091816-034 P01 L 33.67 NULL 24.59 73.61 10.55 1.19

9/18/16 18:20 HGZ-091816-038 P01 L 32.54 NULL 40.69 68.45 9.8 1.03

9/18/16 21:30 HGZ-091816-042 P01 H 30.85 NULL 43.06 69.22 8.82 0.76

9/17/16 10:35 HGZ-091716-003 P02 R 37.19 NULL 62.76 82.48 13.52 1.51

9/17/16 14:50 HGZ-091716-007 P02 F 36.00 NULL 72.25 79.83 13.1 1.81

9/17/16 17:00 HGZ-091716-008 P02 L 36.50 NULL 40.34 81.62 13.39 1.69

9/17/16 18:45 HGZ-091716-013 P02 L 33.19 NULL 118.97 72.16 11.89 1.99

9/17/16 22:40 HGZ-091716-017 P02 L 33.51 NULL 131.98 78.39 12.8 1.55

9/18/16 2:26 HGZ-091816-022 P02 L 37.09 NULL 178.41 80.01 13.13 1.75

9/18/16 6:25 HGZ-091816-026 P02 L 36.56 NULL 92.48 80.06 13.15 1.63

Date Sample ID Location Stage

 

Table A3: Selected cations for surface water (SW), transect groundwater (P01-P06), and 

background groundwater (GW) samples. NTN-TX10 is the average of the annual 

average from 1986-2018 from the Attwater NWR. Samples labeled BDL are below 

detection limit, samples labeled NULL were not available. 
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Mg B Ca Na K NH4

[mg/L] [ppb] [mg/L] [mg/L] [mg/L] [mg/L]

9/18/16 10:18 HGZ-091816-030 P02 L 36.27 NULL 97.35 81.35 13.28 1.36

9/18/16 14:15 HGZ-091816-035 P02 L 37.85 NULL 104.83 82.98 13.68 1.46

9/18/16 18:40 HGZ-091816-039 P02 R 37.29 NULL 74.70 82.15 13.61 1.46

9/18/16 21:45 HGZ-091816-043 P02 H 36.30 NULL 91.78 79.85 13.14 2.20

2/1/18 12:00 HGZ-020118-01 SW L 35.06 139.77 93.79 53.45 8.15 NULL

2/1/18 12:52 HGZ-020118-02 P01 L 39.84 227.69 140.20 71.76 17.76 NULL

2/1/18 14:30 HGZ-020118-03 P02 L 40.38 225.08 138.54 71.19 17.77 NULL

2/1/18 14:30 HGZ-020118-04 P02 L 40.25 221.30 138.68 71.12 16.64 NULL

2/1/18 15:15 HGZ-020118-05 P03 L 40.38 228.14 135.92 73.53 16.73 NULL

2/1/18 16:00 HGZ-020118-06 P04 L 37.75 211.81 134.26 69.87 12.67 NULL

2/2/18 11:00 HGZ-020118-07 P05 L 34.14 197.47 132.88 65.62 6.62 NULL

2/2/18 11:45 HGZ-020118-08 P05 L 34.98 206.81 137.74 69.43 7.28 NULL

2/2/18 12:45 HGZ-020118-09 GW L 37.46 203.18 122.27 68.56 5.86 NULL

5/25/18 10:00 HGZ-052518-00 SW L 25.16 96.09 56.05 32.84 5.87 NULL

5/25/18 10:45 HGZ-052518-01 P03 L 40.76 220.50 131.58 74.87 17.69 NULL

5/25/18 17:10 HGZ-052518-02 P03 H 40.53 221.61 130.68 73.65 17.38 NULL

5/25/18 17:25 HGZ-052518-03 SW H 21.46 77.74 45.32 23.40 4.61 NULL

5/31/18 10:30 HGZ-053118-00 SW L 26.26 100.19 58.71 33.46 5.98 NULL

5/31/18 10:56 HGZ-053118-01 P05 L 37.89 208.91 135.55 70.69 11.03 NULL

5/31/18 16:54 HGZ-053118-02 SW H 22.60 82.05 47.28 25.83 4.71 NULL

5/31/18 17:05 HGZ-053118-03 P05 H 38.85 215.44 132.57 72.34 14.57 NULL

5/31/18 18:52 HGZ-053118-04 GW H 39.10 213.09 133.38 71.90 11.83 NULL

1986-2018 NTN-TX10 - - 0.05 NULL 0.15 0.38 0.04 0.21

Date Sample ID Location Stage

 

Table A3, cont. 
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Location Depth cm mg C/g soil C SD mg N/g soil N SD

Core 1 10 24.0991 1.1547 6.1386 0.0991

Core 1 20 20.9822 1.3873 6.8620 0.1946

Core 1 40 17.4409 0.8232 31.4968 0.3699

Core 1 60 10.7712 0.5937 11.9741 0.0988

Core 1 80 12.8054 8.4446 4.0476 0.0994

Core 2 10 25.7824 2.5261 7.0568 0.1286

Core 2 20 13.8582 0.2102 4.5349 0.0275

Core 2 40 19.5257 0.2462 26.4605 0.9159

Core 2 60 11.5138 0.3449 29.0753 0.5359

Core 2 80 10.4219 0.8690 10.8272 0.3393

Core 3 10 28.7286 0.5894 8.2836 0.1447

Core 3 20 19.6311 0.4243 24.6541 0.3176

Core 3 40 14.0930 0.2411 7.8912 0.1014

Core 3 60 10.6305 0.2330 5.6091 0.0849

Core 3 80 12.8928 0.4797 3.4831 0.0145  

Table A4: Water extractable dissolved carbon (Cextr) (mg C/g soil) and total nitrogen (TN) (mg 

N/g soil) measured from soil sampled at 20 cm intervals in 3 cores on 10/02/18. 

Standard deviations are shown (n = 4). Core locations noted in Fig. 3. 
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Core Section of Core [cm] n Sample Mean [ppm N2O] SD

1 0-7.5 3 33.76 30.67

1 7.5-15 3 19.92 12.65

1 15-22.5 3 45.73 28.21

1 22.5-30 3 19.46 29.52

1 40-47.5 3 10.11 0.91

1 47.5-55 3 1.65 2.61

1 55-62.5 3 7.01 5.88

1 62.5-70 3 0.34 0.20

1 80-87.5 3 21.08 18.22

1 87.5-95 3 9.11 7.49

1 95-102.5 3 4.37 5.19

1 102.5-110 3 13.98 6.30

2 0-7.5 3 14.30 9.68

2 7.5-15 3 7.14 3.92

2 15-22.5 3 7.74 6.10

2 22.5-30 3 15.78 20.03

2 37-44.5 3 4.45 4.09

2 44.5-52 3 2.35 2.85

2 52-59.5 7 0.41 0.61

2 59.5-67 3 0.09 0.07

2 74-81.5 6 0.11 0.17

2 81.5-89 3 0.26 0.10

2 89-96.5 3 0.12 0.08

2 96.5-104 3 0.50 0.56  

Table A5: N20 gas acetylene reduction experiment by GC for Cores 1 and 2.  
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Core Section of Core n Sample Mean [ppm CH4] SD Sample Mean [ppm C2H4] SD

1 0-7.5 2 6.38 4.04 2.16 2.74

1 7.5-15 3 11.07 2.83 3.58 0.42

1 15-22.5 3 16.13 8.52 4.89 0.89

1 22.5-30 3 7.00 5.01 2.38 3.36

1 40-47.5 1 6.38 N/A 0.91 N/A

1 47.5-55 2 8.28 0.67 0.74 0.11

1 55-62.5 3 6.75 1.94 1.06 0.56

1 62.5-70 3 4.39 1.83 0.83 0.35

1 87.5-95 1 7.27 N/A 1.05 N/A

1 102.5-110 2 7.00 0.48 4.65 5.48

2 0-7.5 3 4.85 2.15 0.87 0.10

2 7.5-15 3 4.99 2.33 1.11 0.42

2 15-22.5 3 3.87 0.27 1.13 0.43

2 22.5-30 3 5.79 4.31 0.63 0.57

2 37-44.5 3 7.15 3.18 0.85 0.18

2 44.5-52 3 6.61 0.90 3.72 5.38

2 52-59.5 6 4.24 1.76 277.60 262.97

2 59.5-67 3 7.02 3.00 1.08 0.23

2 74-81.5 3 2.77 1.32 6.39 6.01

2 81.5-89 3 2.37 0.28 9.41 7.96

2 89-96.5 3 2.72 1.59 9.06 1.51

2 96.5-104 3 1.39 1.17 1.24 2.14  

Table A6: CH4 and C2H4  gas by the acetylene-ethylene assay experiment by GC for Cores 1 and 

2. 
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Depth [cm] CO2 [%] CH4 [ppm] CO2 [%] CH4 [ppm] Water Table Depth to Water [cm] PCO2aq [%]

10 0.126 44.014 0.103 28.357 Low 170 5.578

20 0.305 22.070 0.213 12.780 High 131 5.346

30 0.859 9.937 2.297 9.730

40 2.239 11.015 2.310 9.290

50 2.765 27.893 3.012 9.132

60 3.412 32.743 3.082 5.002

70 3.508 30.243 3.700 8.389

80 4.181 14.559 3.780 2.757

90 4.507 15.048 4.034 4.318

100 4.476 19.499 4.072 3.562

110 4.782 10.349 4.205 5.570

120 5.443 13.054 4.342 8.310

130 5.923 18.346 3.934 4.264

140 5.713 13.452 0.071 7.251

150 5.719 22.064

Low WT High WT

 

Table A7: CO2 and CH4 concentrations at 10 cm intervals at low and high water table near well 

P03. Groundwater PCO2 calculated from alkalinity titration. 
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Depth [cm] CO2 [%] CH4 [ppm] CO2 [%] CH4 [ppm] Water Table Depth to Water [cm] PCO2aq [%]

10 0.110 6.518 0.222 7.155 Low 219 5.228

20 0.272 10.779 1.007 6.051 High 188 5.838

30 1.621 4.766 1.360 7.196

40 1.680 5.289 1.624 8.922

50 1.828 9.528 1.947 5.272

60 2.194 6.207 2.495 2.865

70 2.075 6.379 2.572 4.174

80 2.782 3.518 2.515 4.931

90 2.942 6.124 2.742 3.907

100 2.957 7.799 3.314 3.270

110 3.215 7.770 1.658 5.938

120 3.538 9.124

130 3.269 7.116

140 3.235 11.869

150 2.947 10.502

160 2.777 6.194

170 2.778 6.088

Low WT High WT

 

Table A8: CO2 and CH4 concentrations at 10 cm intervals at low and high water table near well 

P05. Groundwater PCO2 calculated from alkalinity titration. 
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Date FC Linear (g C m-2 d-1) r2 Quad (g CO2 m-2 d-1) r2 Limb 24 hr WT

1/10/17 1 0.0099 0.93 0.0003 1.00 Rising 0.91

1/10/17 2 0.0170 0.91 0.0376 1.00 Rising 0.78

1/11/17 2 0.0080 0.99 0.0109 1.00 Peak 0.78

1/11/17 3 0.0073 0.48 0.0330 0.99 Peak 0.53

8/18/17 1 0.0339 0.85 0.0731 0.95 Rising 0.92

8/18/17 2 0.0367 0.94 0.0587 0.97 Rising 0.79

8/18/17 3 0.0072 0.48 0.0322 0.99 Rising 0.54

8/20/17 1 0.0238 0.97 0.0082 0.99 Trough 0.91

8/20/17 3 0.0073 0.44 0.0352 0.99 Trough 0.54

8/22/17 1 0.0273 0.93 0.0511 0.99 Falling 0.88

8/22/17 2 0.0303 0.90 0.0609 0.98 Falling 0.79

8/22/17 3 0.0146 0.88 0.0311 0.98 Falling 0.57

8/23/17 1 0.0261 0.96 0.0411 0.99 Trough 0.88

8/23/17 2 0.0308 0.97 0.0486 1.00 Trough 0.79

8/23/17 3 0.0057 0.56 0.0159 0.71 Trough 0.56

8/25/17 1 0.0035 0.29 0.0044 0.29 Falling 1.36

8/25/17 2 0.0211 0.96 0.0342 0.99 Falling 1.46

8/25/17 3 0.0069 0.65 0.0216 0.90 Falling 0.88

8/25/17 1 -0.0026 0.02 -0.0522 0.64 Rising 1.36

8/25/17 2 0.0022 0.02 0.0520 0.80 Rising 1.46

8/25/17 3 0.0042 0.46 0.0175 0.87 Rising 0.88

10/4/17 1 0.0357 0.99 0.0421 1.00 Peak 0.66

10/4/17 2 0.0155 1.00 0.0158 1.00 Peak 0.56

10/4/17 3 0.0100 0.98 0.0126 0.98 Peak 0.40

11/7/17 1 0.0317 0.99 0.0381 0.99 Falling 0.13

11/7/17 2 0.0279 0.97 0.0416 1.00 Falling 0.14

11/7/17 3 0.0384 0.96 0.0657 1.00 Falling 0.13  

Table A9: Soil surface efflux calculated by linear and quadratic regression. R2 values are shown. 

FC denotes flux chamber number, limb denotes the section of the hydropeak, and 

24 hr WT is the 24 hour water table change in the closest well [m]. 
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Figure A1: The ratio of CO2:CH4 concentrations at wells P03 (warmer colors) and P05 (cooler 

colors) during low and high water tables. 
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Figure A2: The cut bank from ground surface to roughly 1.5 m at Hornsby Bend in August 2019. 

Due to heavy flooding in the fall of 2018, the LCRA released water from upstream 

for over a month, leading to the erosion of approximately 6 m of the study transect. 

The well pictured here is P04 from this study. Large cobbles and rooting horizons 

are prominent. 
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