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Biogeochemical dynamics in the vadose zone are poorly 
understood due to the transient nature of chemical and 
hydrologic conditions but are nonetheless critical to 
understanding chemical fate and transport. Th is study 
explored the eff ects of a soil layer on linked geochemical, 
hydrological, and microbiological processes. Th ree 
laboratory soil columns were constructed: a homogenized 
medium-grained sand, a homogenized organic-rich 
loam, and a sand-over-loam layered column. Upward 
and downward infi ltration of water was evaluated during 
experiments to simulate rising water table and rainfall 
events, respectively. In situ collocated probes measured 
soil water content, matric potential, and Eh. Water 
samples collected from the same locations were analyzed 
for Br−, Cl−, NO

3
−, SO

4
2−, NH

4
+, Fe2+, and total sulfi de. 

Compared with homogeneous columns, the presence of 
a soil layer altered the biogeochemistry and water fl ow of 
the system considerably. Enhanced biogeochemical cycling 
was observed in the layered column over the texturally 
homogeneous soil columns. Enumerations of iron- and 
sulfate-reducing bacteria showed 1 to 2 orders of magnitude 
greater community numbers in the layered column. Mineral 
and soil aggregate composites were most abundant near the 
soil–layer interface, the presence of which likely contributed 
to an observed order-of-magnitude decrease in hydraulic 
conductivity. Th ese fi ndings show that quantifying coupled 
hydrologic-biogeochemical processes occurring at small-
scale soil interfaces is critical to accurately describing and 
predicting chemical changes at the larger system scale. 
Th ese fi ndings also provide justifi cation for considering soil 
layering in contaminant fate and transport models because 
of its potential to increase biodegradation or to slow the rate 
of transport of contaminants.

Enhanced Biogeochemical Cycling and Subsequent Reduction of Hydraulic Conductivity 

Associated with Soil-Layer Interfaces in the Vadose Zone

David J. Hansen, Jennifer T. McGuire,* and Binayak P. Mohanty

The potential influence of the vadose zone on contaminant 

fate and transport is signifi cant but is poorly understood due 

to the diffi  culty of characterizing linked dynamic hydrologic and 

biogeochemical processes. In fact, many numerical models that 

have focused on transport in the saturated zone used rainwater 

chemistry as an upper boundary (Barry et al., 2002; Prommer et 

al., 2002). Th is assumption neglects chemical changes to the rain-

water occurring in the vadose zone due to mineral–water interac-

tions, sorption/desorption, or biogeochemical cycling. Maleki and 

Matyjasik (2002) demonstrated that subsurface water chemistry is 

determined more by processes and reactions occurring in the vari-

ably saturated vadose zone than in the saturated zone. Th ey found 

that the average total dissolved solids values for rainwater changed 

from 30.2 mg L−1 in the vadose zone to 318 mg L−1 in the satu-

rated zone. Th ey also note the change from a SO
4
2−–Cl−–Ca2+–

NH
4

+ hydrochemical-type water to a HCO
3
−–SO

4
2−–Ca2+–Mg2+ 

type. Changes in reduction-oxidation (redox) state have also been 

identifi ed within the vadose zone (Bekins et al., 2005; Oliver et 

al., 2003; Smith et al., 2003). Th e redox potential of a system is 

critical to the prediction of chemical fate and transport in subsur-

face systems because redox state aff ects the form, mobility, and 

toxicity of many chemical constituents. Despite their importance, 

it is poorly understood how linked hydrological, microbiological, 

and geochemical processes aff ect redox state in the variably satu-

rated subsurface.

Biogeochemical cycling of organic and inorganic contami-

nants is primarily controlled by changes in the redox potential 

of a system. Of particular importance in subsurface systems are 

the metabolic activities of microorganisms, which fi rst consume 

oxygen and then a succession of alternate terminal electron accep-

tors to support their growth using a variety of carbon sources 

(Chapelle, 2001; Lovley, 1991; Lovley and Goodwin, 1988; 

Stumm and Morgan, 1996). In saturated systems, the sequence 

of terminal electron-accepting processes in order of decreasing 

redox potential and energy yield is generally aerobic respiration, 

denitrifi cation, iron reduction, sulfate reduction, and methano-

genesis. Within the vadose zone, reducing conditions occur fre-

quently and include methanogenesis (Bekins et al., 2005; Oliver 

et al., 2003; Salminen et al., 2006; Smith et al., 2003) despite 
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unsaturated hydrologic conditions. However, the controls on 

the distribution of redox zones are not well known.

Within contaminant plumes, the most reduced condi-

tions (e.g., methanogenesis) occur spatially near the contami-

nant source due to the greater availability of electron donors, 

whereas less reducing conditions (e.g., nitrate reduction) domi-

nate the downgradient fl ow path. More reducing conditions 

are also observed at the interface between the saturated and 

unsaturated zones due to the accumulation of electron donor 

(such as hydrocarbons) in the capillary fringe. Th is results in 

horizontal and vertical redox zonation (Chapelle et al., 1996; 

McGuire et al., 2000). In association with reducing condi-

tions are “secondary” redox reactions, such as the reoxidation 

of products derived from terminal electron-accepting processes 

(e.g., methane, ammonia, iron-sulfi de minerals, and hydrogen 

sulfi de gases) that often occur at system interfaces such as the 

boundaries of a contaminant plume. Th ese reactions have been 

shown to be important in driving and maintaining biogeo-

chemical cycling of nutrients and contaminants (Grossman et 

al., 2002; Hunter et al., 1998; Mayer et al., 2002). Although 

these secondary redox reactions have been primarily docu-

mented in saturated areas, this reoxidation likely occurs within 

the vadose zone but is not well documented in the literature. 

Th us, it is unclear how redox conditions are spatially distrib-

uted in unsaturated systems and how physical, biological, and 

geochemical processes control the development of aerobic and 

anaerobic zones.

Redox studies in soil systems can be especially diffi  cult 

because of the dynamic nature of the vadose zone. Water con-

tent can change rapidly due to rainfall or evapotranspiration, 

which may act to dilute or concentrate chemical species in 

water. Redox conditions may change from a reducing envi-

ronment to an oxidizing environment as rainwater transports 

electron acceptors, such as dissolved oxygen, deeper into the 

system. Additionally, chemically reactive soil aggregates are fre-

quently transported, formed, disbanded, and transported again 

(Emerson and Greenland, 1990).

In addition to the dynamic nature of the vadose zone, com-

plexity stems from structural heterogeneities in the subsurface, 

including soil layers, lenses, fractures, and macropores (e.g., 

earthworm burrows, decayed root casts, etc.). In particular, soil 

layering has the potential to alter water fl ow and biogeochemi-

cal cycling signifi cantly. Th ese interfaces, created between soil 

layers, have been shown to be populated by a greater number of 

microorganisms than the soil matrix itself (Fredrickson et al., 

1997; Madigan et al., 1997). Because soil type has been shown 

to be a control on the distribution of microorganisms (Federle 

et al., 1986), the interface between two soils may create a 

sharp boundary between diff ering microbial populations and 

enhance overall microbial activity. Increased microbial bio-

mass and corresponding activity between soil types could lead 

to biofi lm formation and eventual bioclogging (Holden and 

Fierer, 2005; Bundt et al., 2001; Vinther et al., 1999).

Soil structures aff ect hydrologic fl ow rates and pathways 

within the vadose zone. Th e layering of soils with diff erent 

hydraulic conductivities may retard water fl ow and increase 

residence time for water and chemicals. For example, if an 

underlying soil layer has a lower hydraulic conductivity, water 

fl ow may be impeded. However, the converse pattern may have 

the same eff ect. Several studies have shown that an underlying 

layer with higher conductivity may create a capillary barrier 

that inhibits water fl ow under certain unsaturated conditions 

(Hillel, 2004; Iqbal, 2000; Walser et al., 1999). Th us, either 

soil-layering scenario may lead to an increased residence time 

that may consequently lead to rapid consumption of dissolved 

oxygen and to the development of reducing conditions. Th e 

infl uence of water content on redox conditions was demon-

strated by Bekins et al. (2005). Th ey observed methanogenic 

degradation of crude oil in soils and noted that degradation 

rates in areas with greater than 20% water saturation were sig-

nifi cantly greater than those with less water.

Th e overall objective of this study was to quantify the eff ects 

of linked water fl ow and geochemical and microbiological pro-

cesses in an unsaturated system using repacked soil columns. 

Specifi cally, the evolution of aqueous geochemical species was 

evaluated in two texturally homogeneous soil systems and a 

layered soil system to measure the eff ects of a soil interface on 

redox conditions, water fl ow, water chemistry, microbial activ-

ity, and transport processes.

Materials and Methods
Th ree repacked soil columns, identical in size, were constructed 

for this study. Th e fi rst column was packed with homogenized 

medium-sized sand, the second column was packed with 

homogenized loam, and the third was packed in a layered con-

fi guration wherein the bottom half of the column was packed 

with loam, which was overlain by sand. Th us, the homoge-

neous sand and loam columns served as a control to which 

results from the layered column could be compared to evaluate 

the biogeochemical and hydrologic eff ects of a soil layer.

Soil Physical Properties
Soils were collected near a closed and capped municipal landfi ll 

near the Canadian River in Norman, Oklahoma. Th is landfi ll and 

surrounding area has been a research site for the U.S. Geologic 

Survey and other university research groups to study hydrologic 

and biogeochemical processes surrounding a leachate plume that 

has developed in the aquifer beneath the landfi ll (Báez-Cazull et 

al., 2007; Cozzarelli et al., 2000; Kneeshaw et al., 2007). Th e 

fi rst soil collected was an alluvial, medium-grained sand from the 

banks of the Canadian River, and the second soil collected was 

an organic-rich loam from a wetland adjacent to the landfi ll. Th e 

loam soil was collected under saturated conditions from the wet-

land. Soils were air-dried, ground, and passed through a 0.8-mm 

mesh sieve. Th e particle size distributions of the soils were deter-

mined by hydrometer method (Gee and Bauder, 1986) and are 

shown in Table 1. Small aluminum rings (7.5 cm diameter and 

height) were packed with the loam from the wetland and the 

sand from the river bank to determine the saturated hydraulic 

conductivity of each material (Klute and Dirksen, 1986). Th e 

results for saturated hydraulic conductivity are show in Table 2. 

Th ese same packed soils in aluminum rings were used to deter-

mine the soil water retention curve (SWRC) in a ceramic plate 

tempe cell. Th e volume of effl  uent derived from the tempe cells 

was recorded after stepwise increases in pressure. Th e effl  uent 

was recorded after suffi  cient time passed for the pressures to 

equilibrate. Th e pressure steps used in the analysis were 0.0, 1.0, 
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2.0, 4.1, 5.1, 10.5, 11.2, 18.6, 30.1, 50.0, 100.0, 300.0, and 

500.0 kPa. Pressure and water content were plotted against one 

another to determine the shape of the SWRC. Inverse modeling 

of these data in HYDRUS-1D (Simunek et al., 2008) was used 

to obtain the van Genuchten SWRC parameters (Table 2).

Soil Chemical Properties
Soil pH and electrical conductivity were determined in a 1:2 

soil/water extract of the soil using deionized water. Samples were 

stirred and allowed to equilibrate for a minimum of 30 min after 

adding the water and then measured for pH and conductivity 

(Rhoades, 1982; Schofi eld and Taylor, 1955). Nitrate-nitrogen 

(NO
3
−–N) was extracted from soils using a 1 mol L−1 KCl solu-

tion. Nitrate was reduced to nitrite using a cadmium column 

followed by spectrophotometric measurement (Keeney and 

Nelson, 1982). Phosphorus, K, Ca, Mg, Na, and S were extracted 

using the Mehlich III extractant and determined by inductively 

coupled plasma (ICP) atomic spectrometry (Mehlich, 1978; 

Mehlich, 1984). Iron and Mn were extracted using a diethyl-

ene triamine pentaacetic acid method and determined by ICP 

(Lindsay and Norvell, 1978). Th e results of these analyses are 

generally interpreted as plant-available concentrations and are 

listed in Table 3.

Physical Setup
Before packing soils into the experimental columns, soils were 

sieved, which resulted in the large-sized (>8 mm) organic 

matter (sticks, leaves, and snail shells) being discarded. Th is 

organic matter was separated from the soils to ensure consis-

tency of the soil-water properties. However, because the large 

organic matter was excluded from the packed soils, the bulk 

density of the packed soils and soils from the collection site 

were slightly diff erent. Soils were packed into columns made 

of clear acrylic pipe (15 cm in diameter and 40 cm in height) 

and were packed with a piston compactor in 3-cm increments 

to achieve a constant bulk density.

At the bottom of the column, a nylon fabric mesh was 

glued to a densely perforated (one 0.19-cm-diameter hole per 

1.16 cm2) polyvinyl chloride plate that was attached to the 

base of the column cylinder to prevent soil loss and allow 

for water fl ow. Th e column was drained by a funnel-shaped 

cap that directed water into a single vinyl tube (1.9 cm outer 

diameter). Th us, the nylon fabric mesh at the bottom was 

open to the atmosphere via the vinyl tubing (Fig. 1). Only 

glue and epoxy that did not leach chemicals (e.g., acetate, 

formaldehyde, etc.) after soaking in deionized water for 48 h 

was used in column construction.

Th e top of the column was open to the atmosphere, which 

allowed water to be introduced through a rainfall simulator 

made of a polyvinyl chloride reservoir and 18-gauge needles. 

A digitally controlled peristaltic pump (Cole-Parmer, Vernon 

Hills, IL) delivered water to the rainfall simulator from a sealed 

nalgene carboy. Experiments were conducted in a lab with an 

ambient air temperature of 22 ± 2°C.

Feed Solution Chemistry
Th e chemistry of input solution was designed to emulate 

the chemistry of rainwater in the environment. Th e pH of 

Nanopure water (18.2 MΩ resistance) was lowered with ultra-

pure HCl to approximately 5 to mimic the drop in pH caused 

by the reaction of CO
2
 with H

2
O to form carbonic acid. On 

occasion, rainwater was spiked with 25 or 50 mg L−1 NO
3
− and 

SO
4

2− to simulate the eff ects of pollution (see Fig. 2). On all 

other occasions, the pH-adjusted Nanopure was used for input 

water. A total of 10 L (~3 pore volumes) of water was applied 

during each rainfall event to fl ush out residual water from pre-

vious events.

Experimental Period
Before starting the experiments, each column was wetted up 

from the bottom to prevent air pockets from being trapped 

in the columns that would artifi cially alter water fl ow. Studies 

on the homogeneous sand column were conducted before the 

Table 1. Soil physical properties: textural (USDA classifi cation), organic carbon, bulk density, and percent porosity values of the sand and loam soils

Soil

Textural properties (percent weight)

Organic C Bulk density Porosity0.5–0.2 mm 
(medium sand)

0.2–0.05 mm (fi ne 
sand)

0.05–0.002 mm 
(silt)

<0.002 mm (clay)

% Mg m−3 %

Sand 33.6 62.9 2.2 1.3 0.02 1.5 43.4

Loam 46.5 39.5 12.5 1.5 1.1 58.5

Table 2. Soil hydraulic parameters.

Soil θ
r
† θ

s
α n K

s

m3 m−3 m3 m−3 1 m−1 m s−1

Sand 0.027 0.321 3.18 1.60 1.06 × 10−4

Loam 0.015 0.385 2.02 1.86 2.35 × 10−5

† θ
r
 and θ

s
 are the residual and saturated soil moisture content respectively, α is the inverse of the bubbling pressure, n is pore size distribution shape 

parameter, and K
s
 is the saturated hydraulic conductivity.

Table 3. Results of chemical analyses of the sand and loam soils. Concentrations are generally expressed in plant-available values.

Soil pH Conductivity NO
3

−–N P K Ca Mg S Na Fe Mn

μS cm−1 ———————————— mg L−1 ————————————

Sand 8.5 106 4 4 19 1,688 56 40 154 2.83 1.28

Loam 7.9 1030 2 5 86 24,833 802 694 374 88.35 19.27
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experiments on the homogeneous loam and layered column, 

which were conducted simultaneously.

In total, four rainfall events were applied to the homoge-

neous sand column. Th ese rainfall events occurred on 15, 16, 

18, and 19 Sept. 2006. Th e concentration of each rainwater 

solution was 25 mg L−1 NO
3
− and SO

4
2−. During each rainfall 

event, 20 L of rainwater solution was applied at the top of the 

column at a pumping rate of 105 cm3 min−1 for approximately 

3 h.

For the homogeneous loam and layered columns, the exper-

imental period was divided into two major phases that took 

place over an 8-mo period in 2007. Phase I was characterized 

by rainfall events that occurred every 1 to 2 wk for 1.5 mo. 

Rainfall event durations were typically 12 h. Between rainfall 

events, the columns were gravity drained. Phase II lasted for 

2 mo and was characterized by short intervals (4–5 d) between 

rainfall events and rainfall durations of up to 18 h. A dry period 

of 4 mo, during which no rainfall events occurred, separated 

the two phases. Figure 2 shows a timescale of rainfall events as 

well as fl ow rates, boundary conditions, and water chemistry 

for the loam and layered experiment.

Physical Measurements
Columns were equipped with collocated sets of measurement 

probes (tensiometers and time domain refl ectometry) installed 

at various depths. Th ree-pronged time domain refl ectometry 

probes (8 cm long, 1.1 cm spacing between rods) were used to 

measure soil water content. Tensiometers with 6-mm-diameter 

ceramic cups (SDEC 220; SDEC France, Reignac sur Indre, 

France) were equipped with pressure transducers (Microswitch; 

Soil Measurement System, Tucson, AZ) for automated soil 

water pressure monitoring. Data from pressure transducers 

were monitored using equipment from Campbell Scientifi c, 

Inc. (Logan, UT), consisting of a CR10X data logger with an 

AM 16/32A multiplexer. Time domain refl ectometry probe 

data were collected using a TDR100 with SDMX50 multiplex-

ers and a CR10X (Campbell Scientifi c, Inc.).

Inverse Modeling
Inverse estimation of soil hydraulic parameters using water 

content and soil water pressure data with HYDRUS _1D 

model (Simunek et al., 2008) was performed on experimental 

data. Th e values for residual water content (θ
r
), saturated water 

content (θ
s
), and van Geunchten coeffi  cients (α and n) were 

obtained from the inverse parameter estimation. Measured 

saturated hydraulic conductivity was used as an input param-

eter for inverse modeling of 27 Apr. and 4 May 2007 data. 

For the other inverse modeling exercise (data from 12 Oct. 

2007), the θ
r
 value was held constant, and the saturated 

hydraulic conductivity value was estimated in the layered 

column because the change in saturated hydraulic conductiv-

ity was not equal in the sand and the loam soil. Although we 

measured an eff ective saturated hydraulic conductivity value 

for the entire column, the results did not reveal the hydraulic 

Fig. 1. Physical experimental setup showing (from left to right) the homogeneous sand, homogeneous loam, and layered columns and the location 
of sampling ports and probes.
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conductivity changes in each soil; therefore, this parameter 

was estimated via inverse modeling.

Th e top boundary condition (with the exception of the 12 

Oct. 2007 layered column data) was pressure values from the 

uppermost tensiometer data (−6 cm depth). Th erefore, the 

top 6 cm of the soil profi le were truncated in the modeling. 

Questionable tensiometer data in the layered column on 12 

Oct. 2007 required the use of rainfall water fl ux rate data for 

the top boundary condition. Th e bottom boundary condition 

for the columns was a seepage face condition, which is applied 

to laboratory soil columns when the bottom of the soil column 

is exposed to the atmosphere (gravity drainage of a fi nite soil 

column). “Th e condition assumes that the boundary fl ux will 

remain zero as long as the pressure head is negative. However, 

when the lower end of the soil profi le becomes saturated, a 

zero pressure head is imposed at the lower boundary and the 

outfl ow calculated accordingly” (Hydrus 1D User’s Manual).

For the layered-column bottom boundary conditions, 

the threshold pressure for outfl ow was set to 10 cm, whereas 

the pressure threshold in the loam column was left at 0 cm. 

Th e need to impose diff erent pressure thresholds to match 

experimental observations, despite an identical physical setup, 

suggests that the presence of a soil layer aff ects the bottom 

boundary conditions diff erently from the homogeneous soil 

profi le. Th is phenomenon is discussed in further detail in the 

Results and Discussion section. Only inverse model runs with 

R2 values of at least 0.95 were considered acceptable.

Geochemical Analyses
One challenge with water sampling in the vadose zone is that 

only very small sample volumes can be collected without 

altering fl ow paths and hydrologic conditions. Th is creates 

geochemical analysis limitations. To minimize disruptions of 

hydrologic conditions in the soil columns during sample collec-

tion, less than 7 mL was collected at each sample location for all 

geochemical analyses. Lysimeters made from 6-mm-diameter 

ceramic cups (SDEC 220, SDEC France), aluminum tubing, 

and amber catchment vials were used for in situ sampling and 

were controlled by two Campbell Scientifi c A6-REL12 relay 

drivers. Due to low sample volume requirements (Goettlein 

and Blasek, 1996), capillary electrophoresis (CE) was used 

for the determination of anions (SO
4

2− and NO
3
−) and NH

4
+ 

(Báez-Cazull et al., 2007). Each sample analysis consumed 

approximately 1 nL. Solution samples of approximately 250 

μL were collected to ensure suffi  cient volume for replicate 

runs. Samples of anions were preserved with formaldehyde, 

and NH
4

+ samples were fl ash frozen immediately on collec-

tion. Alkalinity (determined by Gran plot; Gran [1952]) and 

pH were measured simultaneously.

Th e lysimeter-drawn water samples were also analyzed for 

reduced species of S and Fe, which were quantifi ed voltametrically 

using a hanging drop mercury electrode (Metrohm, Switzerland). 

Th e voltage range scanned was from 0 to −2100 mV using square 

wave voltametry with the following parameters: pulse height 15 

mV, step increment 4 mV, frequency 100 mHz, and scan rate 

80 mV s−1. Platinum electrodes manufactured after Patrick et al. 

Fig. 2. Experimental time table and conditions.
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(1996) and Wafer et al. (2004) were used in conjunction with an 

Ag/AgCl reference electrode from Fisher Scientifi c (Hampton, 

NH) to measure Eh. Electrodes were connected to a CR10X 

datalogger coupled with an AM 16/32A multiplexer through a 

interface suggested by van Bochove et al. (2002) and calibrated as 

outlined in Owens et al. (2005).

Postmortem Mineralogical and Microbiological Analyses
Postmortem analyses of the soil columns were performed on 

sediment cores (3.8 cm diameter × 40 cm length) taken from 

the experimental soil columns. Cores were split in two lon-

gitudinally and then halved into sections that were used for 

microbial enumeration analysis and imaging. Most probable 

number (MPN) enumerations were prepared in 1 mL, 96-well 

microtiter plates. Samples were extracted every 2 to 3 cm along 

the depth profi le. Each sample was serially diluted in 10-fold 

increments up to a ratio of 1:109 with fi ve replicates for each 

increment. An Fe-reducing bacteria growth medium was pro-

duced after Lovley and Phillips (1986). Postgate’s Medium B 

(Postgate, 1984) was prepared for SO
4
2−–reducing bacteria. 

Th e Fe- and SO
4

2−–reducing MPNs were allowed to incubate 

for 8 wk, at which time they were quantifi ed.

Th e halved cores used for imaging were oven dried (60°C) 

for 24 h. Th e dried sediment was saturated by matric and grav-

ity induced fl ow with a low-viscosity epoxy (Buehler, Lake 

Bluff , IL). Th e sediments were cut, attached to a glass slide 

(1.3 × 3.8 cm), thin sectioned, and polished. Soil aggregate 

volume fraction was measured in small (3.8 × 1.3 cm), thin 

sections extracted from the loam and layered columns. Samples 

were then scanned on a Canon Coolscan scanner (Canon, 

Lake Success, NY) that produced high-resolution (4000 dpi) 

images. Image analyses of soil aggregates were performed using 

ImageJ software. Samples were also imaged using a Cameca 

SX50 (Cameca, Courbevoie, France) microprobe to investigate 

the composition of individual aggregates. A scanning electron 

microscope was used for imaging, and energy dispersive spec-

trometry was used for elemental analysis.

Results and Discussion
Geochemistry of Homogeneous Loam and Sand Columns
Detailed results from the homogeneous sand column are not 

reported here because, in general, chemical concentrations 

were very dilute due to the low chemical reactivity of the sand 

material (mostly quartz). However, the low chemical concen-

trations observed in the sand provided baseline values against 

which results from the loam and layered columns were com-

pared. Th e chemical concentrations evolved were generally 

greater in the loam than in the sand column. Th is was expected 

due to the higher fraction of clays and organic matter and due 

to the higher diversity of minerals (smectite, calcite, illite, and 

SO
4

2−–bearing minerals such as anhydrite, gypsum, and barite) 

present in the loam than in the sand.

Th e pH of the percolating water changed from an initial 

value of 5 to an approximate value of 8 in the upper few centi-

meters of the sediments of both homogeneous columns during 

rainfall events (data not shown) as carbonate minerals reacted 

with the acidic rainwater. Besides this drop in pH at the top of 

the column, there was relatively little change in pH from the 

top to the bottom of the column; values generally ranged from 

7.5 to 8.7 and did not change considerably during the experi-

ment. During rainfall, alkalinity values from the homogeneous 

sand column were low (30–97 mg L−1) due to the low carbon-

ate content of the sand. In the homogeneous loam column, 

alkalinity values were much higher (283–606 mg L−1) than 

in the sand column, but as the experiment progressed and as 

a greater amount of rainwater was applied to the sediments, 

the alkalinity values in the upper centimeters of the column 

decreased to near zero (15.1 mg L−1 by day 242 of the experi-

ment), suggesting that the soil had lost its ability to buff er the 

acidic rainwater.

Nitrogen Cycling in Homogeneous Columns
Diff erences in nitrogen cycling were observed between the two 

homogeneous soil columns. Nitrate (NO
3
−) concentrations in 

the sand column averaged 25 mg L−1 (SD, 2.5 mg L−1) with 

depth. In the loam column, however, NO
3
− was consistently 

consumed within the fi rst 15 cm. Th is rapid removal was likely 

due to microbial denitrifi cation (Tiedje et al., 1984) and cre-

ated conditions for microbial utilization of lower potential 

terminal electron acceptors, such as iron oxides and sulfate. 

Ammonium was below detection limits in the homogeneous 

sand column but was detected in the loam column and showed 

some variability with depth (Fig. 3a). Th e exact mechanism 

producing NH
4

+ is unknown, although it likely includes 

microbial mineralization of organic matter (Báez-Cazull et al., 

2007) and desorption of NH
4

+ from clays (Rosenfeld, 1979). 

Mineralization, via active microbial cycling of organic material, 

is consistent with the observation of denitrifi cation.

Iron-Sulfur Cycling in Homogeneous Columns
Average SO

4
2− concentrations throughout the experiment 

remained nearly constant in the homogeneous sand column 

(mean, 29.3 mg L−1; SD, 7.6) (Fig. 4a). In the loam column, 

SO
4

2− concentrations were roughly 30 times higher than in 

the sand column and had a mean of 1059.0 mg L−1 (SD, 

286.0) over this 16-d time frame (Fig. 4b). Sulfate likely 

originated from dissolution of SO
4

2− minerals (e.g., gypsum, 

barite) and/or from the oxidation of iron-sulfi de minerals 

(Ulrich et al., 2003).

Similar to the SO
4

2− trends, the loam material was iron 

rich compared with the sand (Table 3). Consistent with these 

observations, reduced species of Fe or S were not observed 

in the sand column but were prevalent in the homogeneous 

loam column. Once the loam column was wetted up, the 

system became anaerobic quickly (<48 h), and Fe(III) and 

SO
4

2− reduction began, as evidenced by the presence of black-

ened sediment (indicative of the reaction between Fe2+ and 

S(-II)). Episodes of near-saturated or saturated conditions led 

to a decline in oxygen and a shift in microbial metabolism to 

alternate electron acceptors such as NO
3
−, Fe(III), and SO

4
2−. 

Microbial reduction of Fe(III) and SO
4

2− would have led to the 

creation of thermodynamically favorable iron-sulfi de minerals 

(Rickard and Luther, 2007).

Concentration and distribution of reduced Fe and S species 

in the loam column were variable throughout both phases of 

the experiment. Th e greatest concentrations occurred at dif-

ferent sampling locations, and at times, Fe2+ was not observed 
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at all. Concentrations of Fe2+ ranged 

from 0.6 to 1.2 mg L−1. Likewise, sul-

fi de concentrations did not exhibit 

consistent concentration or distri-

bution trends. Concentrations over 

the extent of the experiment ranged 

from 1.4 to 16.4 μg L−1. Th e loam 

column produced signifi cant FeS 

minerals, as evidenced by the black-

colored effl  uent water. Classical redox 

theory would predict that vertically 

distributed zones of varying energy 

yielding electron accepting zones 

would develop in the column. Th us, 

the greatest energy-yielding zones 

would be located near the top of the 

column, transitioning to decreas-

ing energy yield zones with increas-

ing depth. Th e irregular distribution 

of Fe2+ and S(-II) suggests that there 

were dynamic pockets or zones of 

reducing conditions within the loam 

column. Th e development of micro-

environments can be responsible for 

the simultaneous production of Fe2+ 

and S(-II) and can explain the irreg-

ular distribution of these chemical 

species. Although the Eh data (Fig. 

5) from the loam column were not 

consistent with Fe(III) reduction or 

SO
4

2− reduction, the distance between 

Pt electrodes (up to 10 cm) prevented 

small-scale dynamic pockets from 

being identifi ed.

Geochemistry of Sand-over-

Loam Layered Column
Similar to the two homogeneous col-

umns, pH values generally ranged 

from 7.4 to 8.6 from the top of the 

column to the bottom and remained 

consistent throughout the experi-

ment. Similar to the loam column, 

carbonate minerals were depleted 

after reacting with the acidic rainwa-

ter, and thus the alkalinity values in 

the upper centimeters of the column 

also decreased to zero by day 242 

of the experiment. Th roughout the 

duration of the experiment, alka-

linity values in the lower loam half 

of the column were 4 to 10 times 

greater compared with those in the 

upper sand half. Th is increase was 

due to the greater geochemical reactivity of the loam.

Sharp changes or the initiation of sharp changes in the aque-

ous chemistry of soil solutions were observed in many constitu-

ents (SO
4

2−, NH
4

+, and Eh) at the sand–loam interface in the 

layered column (Fig. 4c, 3b, and 5, respectively). Th ese steep 

geochemical gradients illustrate the infl uence of soil structure 

and layering on the evolution of aqueous geochemical species 

when compared with the geochemical profi les from the homo-

geneous columns.

Fig. 3. Ammonium concentrations during and after rainfall in the homogeneous loam (a) and layered 
(b) columns. Peak NH

4
+ concentration in the layered column was nearly four times greater than in the 

homogeneous loam column.

Fig. 4. Sulfate concentrations during and after rainfall in the homogeneous sand (a), homogeneous 
loam (b), and layered (c) columns. Greater concentrations of SO

4
2− in the layered column were due to 

increased reduction/oxidation reactions. The spike in SO
4

2− concentration 16 d after rainfall was likely 
caused by oxidation of FeS-containing mineral crust.
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Iron and Sulfur Cycling in the Layered Column
Figure 4c shows SO

4
2− concentrations in the layered column. 

Concentration trends in the top half were similar to those in 

the homogeneous sand column, showing low SO
4
2− concentra-

tions and little variability. However, concentration trends in 

the bottom half deviated from those observed in the homoge-

neous loam column. Not only did SO
4
2− in the layered column 

increase markedly just below the soil interface, but the peak 

concentration was nearly two times the highest concentration 

in the homogeneous loam column.

As in the homogeneous loam column, SO
4
2− was likely gen-

erated from the dissolution of sulfate-bearing minerals (e.g., 

CaSO
4
 and BaSO

4
) and from the oxidation of iron-sulfi de min-

erals. Because both soils used in the experiment were ground, 

and therefore homogenized with respect to mineralogy, it 

was unlikely that sulfur-bearing minerals preferentially accu-

mulated during the packing of the column. Consequentially, 

mineral heterogeneity, at least at the commencement of the 

experiment, could not explain the high concentrations of 

SO
4

2− near the interface. Th erefore, the high SO
4

2− concentra-

tions in the layered column were consistent with oxidation of 

iron-sulfi de minerals originating from biogeochemical cycling 

occurring near the sand–loam interface.

Peak concentrations of reduced S at the sand–loam interface 

(Fig. 6) support an interpretation of enhanced biogeochemical 

cycling at the interface. Peak concentrations of Fe2+, located 

10 cm below the interface, were double those observed in the 

homogeneous loam column (2.9 and 1.2 mg L−1, respectively). 

Th e vertically off set depth of peak Fe2+ concentrations from 

the sand–loam interface was likely due to vertical transport 

due to gravity fl ow as well as removal 

via precipitation of FeS minerals but 

still suggests that Fe2+ production 

originated from near the interface. 

Concentrations of reduced Fe and S 

in close proximity to one another sup-

port the likelihood of the formation 

of iron-sulfi de minerals. Th e greater 

concentrations of these reduced spe-

cies compared with those in the 

homogeneous loam column are con-

sistent with higher microbial activity 

in the layered column.

Once hydrological conditions 

changed from wetting to drying, 

oxygen was allowed to return to areas 

once dominated by reducing con-

ditions. In a secondary redox reac-

tion, the minerals precipitated under 

reducing conditions were oxidized. 

Specifi cally, the oxidation of iron 

sulfi de minerals produced insoluble 

iron oxide minerals while releasing 

SO
4

2− into solution. Th is phenome-

non can be observed during the rain-

fall event on 4 May 2007 in Fig. 7. 

Th e Eh data show a shift from reduc-

ing conditions to conditions consis-

tent with oxidation.

Above the soil-layer interface, a 

large SO
4

2− concentration spike of 

nearly 4000 mg L−1 was observed on 

27 Apr. 2007 (Fig. 4c). Below the 

soil-layer interface, SO
4

2− concentra-

tions consistently increased (up to 

~3000 mg L−1) with depth during 

the fi rst experimental phase (Fig. 

4c). Th ese large SO
4

2− concentra-

tions, coupled with observations of 

iron oxide bands near the interface, 

suggested that microbial activity was 

greatest near the soil–layer interface 

and produced a relatively large quan-

tity of iron-sulfi de minerals that were 

Fig. 5. Measurements of Eh during the experiment. Eh values in the layered column below the inter-
face shifted to more negative values during phase II. Eh values for phase I are not available in the 
loam column due to a probe malfunction.

Fig. 6. Reduced iron (a) and sulfi de (b) measurements in the layered column during a rainfall event 
and 16 d after a rainfall event.
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later oxidized. However, it is possible 

that the elevated SO
4

2− concentrations 

were a product of increased residence 

time because greater amounts of SO
4

2−–

bearing minerals were dissolved into the 

porewater solution. Ultimately, micro-

bial enumeration data and the observa-

tion of Fe2+ and S(-II) suggest that the 

dominant process in SO
4

2− production 

within the layered column was iron-

sulfi de mineral oxidation.

Th e observed high SO
4
2− concentra-

tions and observations of Fe oxides were 

consistent with recent studies (Hunter et 

al., 1998; Mayer et al., 2002) that dem-

onstrated the importance of “secondary” 

redox reactions, such as the reoxidation 

of products from dominant terminal 

electron accepting processes (e.g., meth-

ane, ammonia, and hydrogen sulfi de 

gases), in driving and maintaining bio-

geochemical cycling of nutrients and 

contaminants.

Nitrogen Cycling in the 

Layered Column
Ammonium concentrations in the lay-

ered column displayed similar patterns 

to SO
4

2− and are shown in Fig. 3b. 

Ammonium concentrations were near 

zero in the upper (sandy) half of the 

layered column but increased sharply below the soil interface. 

Th e highest concentration of NH
4
+ in the layered column was 

nearly three times that of the highest concentration in the 

homogeneous loam column. Ammonifi cation may proceed 

via microbial metabolism, desorption of NH
4
+ from clay, or 

organic material oxidation involved in iron-redox cycling. In 

this instance, the higher concentrations of NH
4
+ in the lay-

ered column were consistent with enhanced microbial cycling 

(Báez-Cazull et al., 2007; Bally et al., 2004).

Unlike SO
4
2− concentrations, which did not greatly vary 

over time, NH
4

+ concentrations changed substantially over 

relatively short periods, consistent with microbial growth and 

decay (Fig. 3b). During rainfall, NH
4
+ concentrations reached 

140 mg L−1, with the highest observed concentration (200 mg 

L−1) occurring on the eighth day after the rainfall event started. 

After 16 d, NH
4

+ concentration had dropped below 50 mg L−1, 

probably due to microbial uptake.

Redox Potential in the Layered Column
Th e Eh values in the layered column decreased sharply below 

the soil interface, consistent with the trends of iron-sulfur 

cycling and NH
4
+ concentrations (microbial growth and 

decay). Figure 5 shows Eh values at the beginning and near 

the end of the experiment. Th e presence of reduced species of 

Fe and S agreed with negative Eh values that further decrease 

with depth. Although Eh decreased below the interface during 

phase I, the values during phase II demonstrated an even 

sharper contrast of Eh (~250 mV) across the soil interface. As 

the experiment proceeded, Eh values at the interface further 

decreased and added to the striking biogeochemical contrasts 

near the soil interface.

Th e aforementioned results demonstrate that areas near the 

soil interface were “hotspots” of biogeochemical activity that 

led to greater geochemical variation compared with the homo-

geneous soil columns and illustrate the broader implications of 

redox dynamics in partially saturated soil systems.

Infl uence of a Soil Textural Interface 

in Geochemical Cycling
Our geochemical results demonstrate that conclusions drawn 

from indiscriminately combining results from experiments 

with single homogeneous materials to simulate a layered soil 

system would not accurately predict the geochemical changes 

observed. Sulfate and NH
4

+ concentrations were fairly consis-

tent for each soil type, but a simple layer cake model application 

to a layered soil system would underestimate the actual concen-

trations by two to three times. Textural interfaces between soils 

must be taken into account for accurate geochemical character-

ization of subsurface systems.

Microbial Enumeration
Geochemical changes in the layered column were probably 

caused by the combination of several processes that included 

linked microbial activity and water fl ow. Most probable 

number analyses to determine Fe- and SO
4

2−–reducing bacteria 

Fig. 7. (a) Eh values from the layered column during phase I of the experiment. (b) Water content 
values from the layered column. Soil textural interface is located at −18 cm depth. (c) Water con-
tent from the homogeneous loam column. Eh data from the loam column during this period are 
unavailable due to probe malfunction.
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cell counts were performed on the loam and layered columns 

postmortem. Sulfate-reducing bacteria (SRB) counts were 

approximately two to three orders of magnitude lower than 

Fe-reducing bacteria (IRB) in both columns. It is unclear why 

this diff erence exists, but a possible reason could be that IRB 

outcompeted SRB for electron donors, which limited their 

community size (Achtnich et al., 1995).

Geochemical data suggested that the soil interface within 

the layered column became a hotspot of biological activity. 

Consistent with an increase in microbial activity were the dis-

tinct geochemical trends observed in the layered column. Most 

probable number enumerations of the layered and loam col-

umns show that Fe and SO
4
2− reducer populations were great-

est directly below the soil interface (Fig. 8), consistent with 

geochemical trends and interpretations of enhanced Fe and 

SO
4

2− reduction in this zone. Iron and SO
4
2− oxidizer popula-

tions were not enumerated; however, they have been observed 

in high abundance together with Fe and SO
4
2− reducers in mine 

tailings (Kock and Schippers, 2008) and may be prevalent 

beneath the soil interface. Th ese greater microbial population 

counts at the interface compared with the soil matrix are con-

sistent with similar studies in saturated systems (Fredrickson et 

al., 1997; Madigan et al., 1997).

In the layered column, SRB and IRB counts increased by 

two to three orders of magnitude across the soil interface from 

the top sand layer to the bottom loam layer. To some extent, 

this variance could be explained by diff erences in soil type. 

Federle et al. (1986) showed that soil type aff ects the magni-

tude of microbial population and activity. Th e organic-rich 

loam, rich in nutrients, likely had higher cell counts than the 

sand to begin with. However, microbial cell counts for IRB and 

SRB in the lower part of the layered column were signifi cantly 

higher than in the homogeneous loam column. Th is diff erence 

was most dramatic in the SRB numbers, which showed an 

increase of two orders of magnitude, whereas the IRB showed 

an order of magnitude increase over corresponding counts in 

the homogeneous loam column.

Similar to the chemical data, the microbial enumerations 

demonstrate the importance of soil type but cannot alone 

account for elevated numbers associated with the layered 

system. A layer-cake model that treats soil layers as indepen-

dent entities that do not interact with one another cannot 

account for the increased numbers of microorganisms in the 

layered columns, nor can it accurately estimate hydrologic and 

chemical conditions in layered systems. Microbial enumera-

tions suggest that contaminants transported through a layered 

system have a greater chance of being degraded before reaching 

the saturated zone due to higher activity not only in the system 

as a whole but especially near the soil textural interface. Th us, 

the majority of biodegradation in the vadose zone may occur 

in close proximity to soil textural interfaces.

Soil Structure
Microorganisms do not only infl uence geochemistry; they 

also aff ect small-scale soil structure through the development 

of biofi lms that consist of glue-like excretions, fi lamentous 

hyphae, or colonies that bind mineral particles and organic 

material together into soil aggregates (Tisdall and Oades, 

1982). Although the formation of these aggregates is complex 

and involves many agents, microorganisms have been demon-

strated to play a signifi cant and widespread role in aggregate 

genesis (Six et al., 2004). Furthermore, increased microbial 

activity has been shown to increase the number and stability of 

soil aggregates (Bronick and Lal, 2005).

Samples for soil aggregate volume fraction (aggregate cross-

sectional area/total cross-sectional area) analysis for the loam 

column were obtained at 10 cm depth, whereas the layered 

column sample came from 20 cm depth (2 cm below the inter-

face). Th in sections were scanned using a 4000 dpi refl ected 

light scanner. Imaging software isolated the dark areas in the 

thin sections and measured their maximum diameter and 

cross-sectional area. Th ese dark areas were chosen because 

scanning electron microscope analyses revealed that the vast 

majority of dark-colored areas were soil aggregates. Th e sum 

of all aggregate cross-sectional areas was divided by the total 

cross-sectional area of the thin section to calculate the aggre-

gate volume fraction. Th e thin sections with aggregates are 

shown in Fig. 9 (outlined in yellow).

Although this method was not exact and the input was vari-

able, the results support the visual analysis that there was a 

greater volume fraction of aggregates in the layered column 

than in the homogeneous column. Th e cross-sectional analyses 

showed a greater volume fraction 

of aggregates in the layered column 

(0.0640 cm2 cm−2) than in the 

loam column (0.0195 cm2 cm−2). 

Th is greater aggregate volume frac-

tion also supported an interpreta-

tion of escalated microbial activity 

near the soil interface.

Iron oxide mineral crusts were 

often observed in association with 

soil aggregates in homogeneous 

loam and layered columns during 

the postmortem analysis. It is 

unclear what relationship existed 

between the two; however, these 

mineral crusts may have infl uenced 

geochemistry as well as microbial 

colonization and activity. During 

Fig. 8. Most probable number enumerations show a signifi cant increase in Fe(III)- and SO
4

2−–reducing 
bacteria near the soil interface. Compaction of sediment during sampling accounts for a diff erent inter-
face depth. IRB, iron-reducing bacteria; SRB, sulfate-reducing bacteria.
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saturated conditions, black Fe-S mineral crusts formed within 

a matter of days. During unsaturated conditions, these black 

mineral crusts oxidized to Fe-oxide minerals. Th e crust may 

have led to blocked pore spaces that trapped soil aggregates. 

Increased microbial activity near the crust may have also con-

tributed to aggregate formation. For example, during the wet-

ting up phase, a black crust was formed at the 

top of the homogeneous loam column directly 

below the sediment–water interface. Th is crust 

may explain why SRB and IRB counts were the 

highest at the top of the homogeneous loam 

column (Fig. 10) and why SO
4
2− concentra-

tions were the greatest at the top of the column.

Soil Hydrology and Temporal Dynamics
Th e formation of crusts and soil aggregates 

within the study columns may help to explain 

the observed decrease in hydraulic conductiv-

ity throughout the experiment (e.g., Fig. 9 and 

10). For example, the saturated hydraulic con-

ductivity changed from 2.35 × 10−5 to 6.9 × 

10−7 m s−1. Initially, the diff erence in unsatu-

rated hydraulic conductivity [K(ψ)] between 

the overlaying sand [high K(ψ)] and loam [low 

K(ψ)] likely caused water to “pond” at the soil 

interface. Th is increase in the residence time of 

water allowed for an intensifi cation of micro-

bial activity, which subsequently led to the con-

sumption of dissolved oxygen and the use of 

alternate terminal electron acceptors, such as 

NO
3
−, Fe(III), and SO

4
2−.

Th is increase in microbial activity and water residence 

time would have caused reduced minerals and increased soil 

aggregation, both of which likely contributed to the reduc-

tion of porosity or permeability. Th e formation of reduced 

FeS minerals and subsequent oxidation would have created 

Fe-oxide mineral crusts. An example of these mineral crust/

Fig. 9. (a) A magnifi ed aggregate. This aggregate is typical of other aggregates and consists of organic matter, pyrite framboids, microskeletal 
material, and other minerals. (b and c) Vertically sliced thin sections (4 × 1.5 cm) of loam material from the layered column (b) and homogeneous 
column (c). Yellow outlines were drawn around aggregates (dark spots) larger than 256 μm in diameter. Red dashed lines highlight bands high in 
iron oxides.

Fig. 10. Photograph of the homogeneous loam column during wetting up. Note the dark 
Fe-S mineral crust that formed at the sediment–water interface.
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soil aggregate composites is shown in Fig. 9. Th ese mineral 

crust/soil aggregate composites generally consisted of several 

small layers with 1- to 2-cm spacings between layers rather 

than one thick layer but nonetheless contributed to the modi-

fi cation of the soil hydraulic properties.

Microbiological processes may also play a role in directly 

altering hydrological conditions through the development of 

biofi lims. It was unclear how bioclogging (Bundt et al., 2001; 

Holden and Fierer, 2005; Vinther et al., 1999), as a result of 

increased microbial activity, may have infl uenced the develop-

ment of these mineral crust/soil aggregate composites.

Th e development of crusts and aggregates would cause a 

reduction of fl ow, leading to a positive feedback relationship 

between water residence time and microbial activity coupled 

to redox cycling. Reduced hydraulic conductivity at the soil 

interface would lead to longer residence times of water, which 

would allow increased microbial activity and the further spatial 

development of reducing conditions and soil aggregation.

Th is positive feedback cycling led to an extensive decrease of 

hydraulic conductivity of the soil system. Temporal declines in 

K(ψ) in the homogeneous and layered soil column are shown 

in Fig. 11. Although the homogeneous loam and layered col-

umns showed decreases in hydraulic conductivity, the change 

was most drastic in the layered column, where the decline was 

more than an order of magnitude. Th is decrease was so dras-

tic that the “shoulders” of the 10 Dec. 2007 curves are not 

resolved in Fig. 11 and appear to be fl at lines. Th e reduction 

of hydraulic conductivity in the homogeneous loam column 

was probably caused by similar small-scale positive feedback 

relationships that occurred in the layered column but at a lesser 

rate and magnitude.

Th ese linkages between biogeochemical cycling and water 

movement in the vadose zone may lead to a greater potential 

in layered systems to naturally remediate contaminants com-

pared with homogeneous systems. Th is is due to enhanced 

biogeochemical cycling and to longer contaminant residence 

times caused by mineral crust/soil aggregate composite devel-

opment, which reduces hydraulic conductivity. Geochemical 

data also show a greater potential for a layered soil system to 

deliver higher concentrations of terminal electron acceptors to 

a contaminated aquifer than homogeneous soil systems. Th ese 

higher concentrations can aff ect the rates of degradation and 

can cause a shift in the active (dominant) terminal electron 

accepting processes.

Redox State Considerations
Changes in the hydrologic framework have implications for 

the longer-term redox state of the vadose zone. Iron mineral 

crusts/soil aggregate composites in the layered column retarded 

evaporation and drainage. As a result, after 4 mo without a 

rainfall event, the moisture content in the lower half (18–40 

cm depth) of the layered column remained much higher than 

in the homogeneous column (Fig. 

12). Th e average water content in the 

loam column increased from 0.15 to 

0.35 cm3 cm−3 (diff erence of 0.20 cm3 

cm−3), compared with an increase of 

0.42 to 0.49 cm3 cm−3 in the layered 

column (diff erence of 0.07 cm3 cm−3).

Water content values in the 

bottom loam sediments of the lay-

ered column were higher than those 

at similar depths in the homogeneous 

sand or loam columns (Fig. 13) from 

the onset of the experiment. Th e 

presence of the sand soil on top of the 

loam soil created a capillary barrier 

eff ect wherein the smaller capillaries 

of the loam could not connect to the 

larger capillaries of the sand. Because 

of the capillary barrier, water near 

the bottom of the column could not 

be drawn as far upward as the homo-

geneous column. Th us, water at the 

bottom of column tended not to be 

distributed upward. Th is resulted in 

elevated water content values in the 

layered column compared with the 

homogeneous loam column. Th is 

phenomenon has been documented 

in studies by Ines and Mohanty 

(2008) and Zhu and Mohanty 

(2002, 2003), which demonstrated 

how the eff ective hydraulic proper-

ties of soils changed as the distance 

Fig. 11. Unsaturated hydraulic conductivity decreased in both columns over time. The dramatic 
decrease in hydraulic conductivity on 12 Oct. 2007 makes the curves appear like horizontal lines in the 
layered columns. At fi ner resolutions (not shown here) the curves do not appear as horizontal lines.
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from the water table was increased or 

decreased, which is analogous to the 

thickness of the loam layers.

Regardless of the various factors 

that led to the increased water con-

tent in the lower half of the layered 

column, elevated water content, the 

presence of mineral crusts and aggre-

gates, and microbial respiration acted 

to prevent the introduction of oxygen, 

which allowed reducing conditions to 

be maintained through relatively long 

periods of time without rainfall.

In addition to limiting evapora-

tion, minerals formed near the soil-

layer interface during periods of 

saturation contribute to the sustain-

ing of reducing conditions. As oxy-

gen-rich rainwater percolated from 

the top of the column, it came into 

contact with these reduced minerals 

that consumed oxygen as they were 

oxidized. Generally, Eh values became 

more positive in response to rainfall 

events, but redox conditions were typ-

ically restored to previous background 

levels within a day (Fig. 7).

Sustained anaerobic conditions 

observed primarily in the layered 

column may be important in the 

remediation of some contaminants, 

such as chlorinated compounds, that 

degrade exclusively under reducing 

conditions. Th e limiting of oxygen diff usion, coupled with the 

removal of dissolved oxygen by reduced minerals via oxidation, 

led to anaerobic conditions generally not thought to exist in 

the vadose zone. Th us, there exists a considerable potential for 

anaerobic degradation of contaminants in the vadose zone. Th e 

unique combination of hydrologic, geologic, and microbial 

process occurring at soil interfaces created areas of enhanced 

biogeochemical cycling that are critical to understanding and 

predicting water and chemical migration in the unsaturated 

zone. Consideration of soil interfaces yields more representa-

tive results that are crucial to the successful application of con-

taminant fate and transport models to natural systems.
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