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a  b  s  t  r  a  c  t

Waters  with  low  salinity  and  high  sodium  adsorption  ratios  (SARs)  present  a challenge  to  irrigation
because  they  degrade  soil  structure  and  infiltration  capacity.  In the  Powder  River  Basin  of Wyoming,
such  low  salinity  (electrical  conductivity,  EC  2.1  mS  cm−1)  and  high-SAR  (54)  waters  are  co-produced
with  coal-bed  methane  and  some  are  used  for subsurface  drip irrigation  (SDI).  The  SDI system  studied
mixes  sulfuric  acid  with  irrigation  water  and  applies  water  year-round  via  drip  tubing  buried  92 cm
deep.  After  six years  of  irrigation,  SAR  values  between  0 and  30 cm  depth  (0.5–1.2)  are  only  slightly
increased  over  non-irrigated  soils  (0.1–0.5).  Only  8–15%  of  added  Na  has  accumulated  above  the  drip
tubing.  Sodicity  has increased  in  soil surrounding  the drip  tubing,  and  geochemical  simulations  show
that  two  pathways  can  generate  sodic  conditions.  In soil  between  45-cm  depth  and  the  drip  tubing,
Na  from  the  irrigation  water  accumulates  as  evapotranspiration  concentrates  solutes.  SAR values  >12,
measured  by  1:1  water–soil  extracts,  are  caused  by  concentration  of  solutes  by  factors  up to  13.  Low-EC
(<0.7 mS  cm−1)  is  caused  by  rain  and  snowmelt  flushing  the soil  and  displacing  ions  in  soil  solution.  Soil
below  the  drip tubing  experiences  lower  solute  concentration  factors  (1–1.65)  due  to excess  irrigation
water  and  also  contains  relatively  abundant  native  gypsum  (2.4  ± 1.7  wt.%). Geochemical  simulations
show  gypsum  dissolution  decreases  soil-water  SAR  to <7  and  increases  the EC  to around  4.1  mS  cm−1, thus
limiting  negative  impacts  from  sodicity.  With  sustained  irrigation,  however,  downward  flow  of  excess
irrigation  water  depletes  gypsum,  increasing  soil-water  SAR  to  >14  and  decreasing  EC  in soil  water  to
3.2 mS  cm−1. Increased  sodicity  in  the  subsurface,  rather  than  the  surface,  indicates  that  deep  SDI  can  be
a  viable  means  of  irrigating  with  sodic  waters.

Published by Elsevier B.V.

1. Introduction

An irrigation method has been developed to dispose of a portion
of the large volumes of sodic waters co-produced by coal-bed
methane energy (CBM) development in the semi-arid Powder River
Basin, while also putting the waters to beneficial use (Zupancic
et al., 2008). The method combines year-round irrigation, acidifica-
tion of the CBM water by addition of sulfuric acid (H2SO4), and deep
placement of drip tubing for subsurface drip irrigation (SDI). Year-
round irrigation is required to keep pace with water production
from gas wells. As will be shown here, acidification helps to miti-
gate the impact of the sodic waters on soil. Deep placement (92 cm)
of the drip tubing prevents frost damage to the system during win-
ter operation and helps prevent Na from the irrigation water from
rising to the soil surface. Between 2000 and 2010, over 9.8 × 108 m3

of CBM water were produced in the Wyoming portion of Pow-
der River Basin (Wyoming Oil and Gas Conservation Commission,

∗ Corresponding author. Tel.: +1 303 236 1024; fax: +1 303 236 3200.
E-mail address: cbern@usgs.gov (C.R. Bern).

2011). Currently, SDI systems like the one described utilize about
5% of annual CBM water production in the Powder River Basin (Don
Fischer, Wyoming Department of Environmental Quality, personal
communication, 3/3/2011).

The CBM water in the Powder River Basin is attrac-
tive to agriculture because some of it is low-salinity
(ranges: EC = 0.3–4.1 mS  cm−1, total dissolved solids,
TDS = 200–4000 mg  L−1) (Bartos and Ogle, 2002; Jackson and
Reddy, 2007; Rice et al., 2002). In contrast, waters co-produced
from traditional oil and gas wells are much more saline (Wyoming
median TDS = 6500 mg  L−1) (Breit, 2011). Sulfate reduction,
cation exchange, microbial processes and precipitation of car-
bonate minerals in the source rocks cause groundwater in the
methane-producing coal beds to evolve to a characteristic Na-
HCO3 composition (Brinck et al., 2008; Van Voast, 2003). The
sodium adsorption ratio (SAR) is a common measure of sodicity
and is calculated as

SAR = [Na+]

([Ca2+] + [Mg2+])
1/2

(1)
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where concentrations are millimoles per liter. Units of SAR are
mmol1/2 L−1/2, but common convention is to omit units in reporting
the values. Surveys of water compositions from CBM wells in the
Powder River Basin found SAR values ranging from 5 to 69 (Bartos
and Ogle, 2002; Jackson and Reddy, 2007; Rice et al., 2002). Such
SAR values indicate that some CBM waters in the Powder River
Basin pose no hazard to soil if used for irrigation, while others pose
a severe hazard to soil structure (Ayers and Westcot, 1985). Increas-
ing the proportion of Na+ on the exchange sites of expansive clays
results in greater hydration (swelling) which disrupts soil structure
through disaggregation and dispersion of clays (Quirk, 1986). The
swelling is increased with greater activity of water (lower salin-
ity), as well as higher pH which favors repulsion of clay particles
(Rengasamy and Sumner, 1998). Soils exhibiting physical effects
from high sodicity and low salinity can suffer from crusting, erosion,
poor aeration and lack of infiltration (Oster and Jayawardne, 1998).
Bicarbonate alkalinity poses an additional problem for irrigation, as
has been seen in other settings (Bajwa et al., 1992). Upon contact
with soil, the bicarbonate (HCO3

−) can combine with available soil
solution Ca2+ to precipitate as calcite (CaCO3), driving EC lower and
SAR higher.

Surface irrigation with CBM water in the Powder River Basin
increases the SAR and EC of saturated paste extracts and causes Na
to accumulate in soils (Ganjegunte et al., 2005). While irrigation
can increase biomass in the short-term, over time it can result in
accumulation of salts and degradation of soil structure (Ganjegunte
et al., 2008; Vance et al., 2008). Even a single year of sodic-water
irrigation can be sufficient to decrease infiltration rates (Johnston
et al., 2011). A study tested Powder River Basin soils under cycles
of irrigation with a mixture of CBM water and low sodicity water
(mixture: EC 3.1 mS  cm−1, SAR 13) followed by infiltration of
rainfall-quality water (Bauder et al., 2008). The combination gen-
erated the high-SAR and low-EC conditions which can contribute
substantially to swelling and dispersion of clay particles and result
in loss of soil permeability (Bauder et al., 2008; Suarez et al., 2006).

Soil and water treatments for mitigating the soil effects caused
by surface irrigation with CBM water have been tested. Gypsum
(CaSO4·2H2O) is a common soil amendment to ameliorate sodic-
ity problems because it lowers SAR by providing Ca and raises EC
through its high solubility (Gobran et al., 1982; Oster, 1982). Gyp-
sum has been used with some success in the Powder River Basin
(Brinck and Frost, 2009; Johnston et al., 2008). Better results have
been obtained by altering the chemistry of CBM water by using
sulfur burners and gypsum injection combined with application of
gypsum and elemental sulfur to soil (Johnston et al., 2008). Despite
additions of acidity and Ca, to irrigated fields, soluble salts period-
ically must be leached with excess irrigation water to remove Na
accumulations in soils surface-irrigated with CBM water (Johnston
et al., 2008). The amount of water provided by precipitation in the
PRB may  be insufficient for leaching of excess salt, as indicated by a
study conducted two years after a single year of CBM surface water
irrigation (31 cm CBM water; SAR = 24) (Johnston et al., 2011).

The deep SDI method described here is examined from the per-
spective of water balance and solute movement in the companion
to this paper (Bern et al., 2012). The study of two sites found that
the irrigation water is drawn upward into soil above the drip tub-
ing, where evapotranspiration concentrates the associated solutes
(Fig. 1). Excess water below the drip tubing keeps SDI solutes from
concentrating there and leaches both SDI and native solutes toward
the water table. Here we examine the geochemical patterns that six
years of irrigation have imprinted upon an alfalfa field and a grass
field at a single area by comparing them to non-irrigated soil from
adjacent fields. Computer simulations were used to describe the
geochemical interactions between irrigation water and soil. The
goal is to show how conditions and processes are different in soil
above and below the drip tubing, yet both develop relatively high

Fig. 1. Schematic depicting SDI system and generalized soil zones where different
patterns of water and solute movement dominate. In the upper zone, solutes from
the  SDI system mix  with dilute precipitation water but concentration by evapo-
transpiration dominates. In the lower zone, excess water maintains more dilute
concentrations and leaches solutes downward. White arrows depict relative water
movement from the drip tubing. The boundary between zones is depicted as a
distinct black line, but is likely to be diffuse and difficult to identify in soil.

sodicity and low salinity. Previous studies have used coupled geo-
chemical and unsaturated flow simulations to assess development
of soil sodicity, but the calibration and assessment data typically
come from column experiments (Jalali et al., 2008; Suarez et al.,
2006). Here we use data from non-irrigated, control soils adjacent
to SDI fields to simulate pre-irrigation soil conditions. The acidifica-
tion of CBM water and its equilibration with soil is then simulated,
along with evapotranspiration concentration of solutes and (below
the drip tubing) transport of water and solutes downward with
excess irrigation water. Results from the simulations are compared
to geochemical properties of soil in the two fields irrigated for six
years by the described SDI method. Understanding soil geochem-
ical effects of this SDI method will improve the assessment of its
impacts on soils of the Powder River Basin (Engle et al., 2011), and
will also provide insight on the broader issue of using sodic waters
for crop irrigation (Qadir and Oster, 2004).

2. Materials and methods

2.1. Site description and SDI operation

The Platmak SDI site is located ∼14 km northeast of Sheri-
dan, Wyoming at an elevation of ∼1120 m.  The regional climate is
semi-arid with mean annual precipitation of ∼370 mm and a mean
annual temperature of ∼7 ◦C (National Climatic Data Center). One of
the SDI fields studied was  planted with alfalfa (Medicago sativa) and
the soil is mapped as a Zigweid–Kishona–Cambria complex (Soil
Survey Staff). The other field is planted with grasses (Dactylis glom-
erata L., Festuca arundinacea, Bromus biebersteinii) and is mapped as
Platmak loam, as are nearby non-irrigated, control soils (Soil Survey
Staff). The alfalfa field studied is 2.9 ha in size and the grass field is
3.7 ha in size. The extent of SDI irrigation in the study area is 84 ha.

The site was  not irrigated prior to installation of the SDI system.
Daily irrigation via the SDI system began in January 2005 and had
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been continuous through six growing seasons at the time of this
study. CBM water is produced by gas wells year-round, and year-
round irrigation is required to keep pace. The CBM water is deliv-
ered to a holding pond at the SDI site via pipeline. Degassing of CO2
and other volatile compounds occurs at the pond. Subsequently, the
water is acidified to approximately pH 6.0 by automated in-line
addition of sulfuric acid. The target pH is 5.5, but there are tech-
nical challenges to in-line mixing of the viscous acid with water.
Continuous acidification has been accomplished since about 2007.
Disc filters removed particulate matter from the water, which was
pumped to drip tubing beneath the fields. Depth and spacing of
the drip tubing were selected by the operator on the basis of soil
permeability, frost line, and crop characteristics (Zupancic et al.,
2008). Polyethylene drip tubing is installed 92 cm below the surface
and spaced 152 cm apart. Pressure-compensating emitters with a
flow rate of 1 L min−1 are spaced 92 cm apart along the tubing. A
total of 8410 and 6600 mm of water were applied to the studied
alfalfa and grass fields, respectively, between January 2005 and
August 2010. Because of the limited life-span of both the produced
water boom and the normal degradation of SDI infrastructure, the
planned duration of irrigation for these fields is about a decade.

2.2. Sampling and analytical methods

2.2.1. Water sampling and analysis
Water samples were collected to determine the composition of

CBM water supplied to the site, holding-pond water, and acidified
irrigation water pumped to the fields. Quarterly sampling found lit-
tle variation in the composition of CBM water over the course of six
years of irrigation, a pattern that could be attributed to the water
being a blend from nearly 1500 wells (BeneTerra LLC data). Water
samples for this study were collected during each of four field visits
in 2010. Temperature, specific conductance, and pH were mea-
sured in the field. Water samples for later analysis were collected in
cleaned polyethylene bottles. Samples for chemical analysis were
filtered to <0.2 �m,  and aliquots for cation analysis were acidified
with nitric acid. Samples for anion analysis were kept refriger-
ated and in the dark until analyzed. Unfiltered water samples were
analyzed for alkalinity by titration using 1.6 N sulfuric acid (Hach
Company, Loveland, CO, USA).

Cation and anion analyses were completed at the U.S. Geo-
logical Survey Laboratories in Denver, CO. Cation (Na, Ca, Mg,
and K) concentrations were determined by inductively coupled
plasma-mass spectrometry and SO4

2−, and Cl− concentrations by
ion chromatography (IC) at the U.S. Geological Survey in Denver.
Standard reference samples (Woodworth and Connor, 2003) and
standards prepared from laboratory reagents were analyzed along-
side unknowns. Concentrations of reference samples and standards
were within 10% of expected values. Charge-balance errors on all
samples were <12%.

2.2.2. Soil sampling and mineralogical analysis
A land-surface-based electromagnetic geophysical survey of the

Platmak grass and alfalfa fields and some adjacent non-irrigated
land was completed in February 2010 (Burton et al., 2010). The
resulting map  of subsurface bulk soil electrical conductivity was
used to select locations for soil sampling. Two groups of soil cores
were collected, which were designated as “solitary” or “transect”
cores. Three solitary soil cores were collected in the alfalfa field and
three in the grass field. In both fields, solitary cores were collected
at locations selected to represent high, low, and intermediate bulk
soil electrical conductivity. The proximity of solitary cores to drip
tubing was unknown. For the transect core sampling, a location of
intermediate electrical conductivity was excavated in the alfalfa
field to locate two adjacent lines of drip tubing. With those loca-
tions marked on the surface, three transect cores were collected

along a transect perpendicular to and at known distances from the
drip tubing. Cores comprising the transect were collected with one
essentially in line with the drip tubing, another halfway between
the lines of drip tubing, and the last spaced evenly between those
two cores. A second set of three transect cores was  collected at
approximately 7 m distance from the first transect along the same
drip tubing. The process was repeated in the grass field. A total of
18 cores were collected from the grass and alfalfa fields (9 cores
each). Five soil cores were collected at locations on non-irrigated
land 40–150 m outside the SDI fields to serve as control sites.

Soil cores (45 mm in diameter) were collected in plastic liners
from the alfalfa SDI, grass SDI, and non-irrigated control soils by
using a hydraulic soil sampling, coring and drilling machine (Gidd-
ings Machine Company, Windsor, CO).1 Cores were divided into
15-cm depth increments from 0 to 150 cm,  and into 30 cm incre-
ments between 150 cm and bottom of the core, usually 450 cm.  One
set of alfalfa transect cores and two  control cores were collected in
February 2010. All other cores were collected in August 2010. Soil
cores were split in the field and 469 samples were collected. Soil
samples were air dried in the laboratory then disaggregated, sieved
to <2 mm,  and split by using a Jones splitter prior to analysis.

A subset of 76 soil samples from the February 2010 sampling
was analyzed by quantitative X-ray diffraction (XRD) to determine
mineral abundances. Samples were spiked with 20 wt.% corundum,
micronized in isopropyl alcohol, sieved, and placed in side-packed
powder mounts. Samples were scanned on either a PANalytical
“X’Pert Pro-MPD X-ray Diffractometer or a Scintag X-1 Diffractome-
ter”, and resulting spectra were processed by using the RockJock
software, v. 11 (Eberl, 2003). The results of RockJock processing of
XRD spectra were not normalized to 100%.

2.2.3. Soil chemical analysis
Chemical properties of 389 soil samples were analyzed by

Servi-Tech Laboratories (Hastings, Nebraska). Soil carbonate con-
tent, reported as CaCO3, was determined by measuring the pH
of a mixture of acetic acid and soil (Loeppert et al., 1984). EC,
pH and concentrations of Na, Ca, Mg,  and K were determined for
soil extracts at 1:1 water–soil weight ratio. The 1:1 water–soil
ratio was selected for ease of comparison to computer simula-
tions of soil extracts. To better assess total soil Na and gypsum
content, water extractable Na and S were determined on samples
extracted overnight at 20:1 water–soil ratios. Water extracts were
separated from soil by using paper filters (Ahlstrom, #6420-0550)
and elemental concentrations determined by inductively coupled
plasma-atomic emission spectroscopy.

Concentrations of CO2 in the subsurface air-filled pore space
were measured in October 2010 at the eight coring locations in the
alfalfa and grass SDI fields. Steel tubing 3.5 mm in diameter, with
perforations on the sides near the tip, was pressed 75 cm deep into
soil. The tubing was  purged by drawing out two full volumes of
gas and then a sample of soil gas was collected by using a 25 mL
syringe. The concentration of CO2 was  measured in the field by
injection of the sample into an EGM-1 infra-red gas analyzer (PP
Systems, Amesbury, Massachusetts, USA).

2.3. Geochemical simulations

2.3.1. Simulation of irrigation water and pre-irrigation soil
composition

Geochemical simulations were used to examine the interactions
between irrigation water and soil. Four distinct scenarios of soil
geochemistry (Tables 1 and 2) were simulated using the PHREEQC

1 Any use of trade, firm, or product names is for descriptive purposes only and
does not imply endorsement by the U.S. Government.
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Table 1
Summary of pre-irrigation geochemical conditions in different simulated scenarios for SDI soil above and below the drip tubing.

Soil zone simulated Scenario Soil gypsum content Water–soil ratio (g g−1) EC (mS cm−1) SAR pH ESP

Above drip tubing 1 – Gypsum absent 0% 0.12 0.9 1.8 7.1 3%
Above  drip tubing 2 – Gypsum present 0.001–1.4% 0.12 2.9 0.8 6.8 1%

Below  drip tubing 3 – Acidified irrigation water leaching 2.4% 0.14 5.1 10.6 7.0 14%
Below  drip tubing 4 – Non-acidified irrigation water leaching 2.4% 0.14 5.1 10.6 7.0 14%

Table 2
Summary of parameters simulated in different scenarios for SDI soil above and below the drip tubing.

Soil zone simulated Scenario Advection/transport of
SDI water?

Rain/snow
infiltration?

SDI water
acidified

SDI water evapotranspiration
concentration factors

Above drip tubing 1 – Gypsum absent No Yes Yes 1–15
Above  drip tubing 2 – Gypsum present No No Yes 1–7

Below drip tubing 3 – Acidified irrigation
water leaching

Yes No Yes 1.0, 1.3, 1.65

Below drip tubing 4 – Non-acidified
irrigation water
leaching

Yes No No 1.0, 1.3, 1.65

software (version 2.18.3) with the Pitzer database (Parkhurst and
Appelo, 1999).2 Scenarios 1 and 2 refer to soil above the drip tubing,
where evapotranspiration concentrates solutes to a greater degree.
Scenarios 3 and 4 refer to soil below the drip tubing, where excess
irrigation water transports solutes downward toward the water
table (Fig. 1). All four models shared two common steps:simulation
of the chemical composition of irrigation water, and simulation of
the chemical composition of pre-irrigation soil water.

Water with the composition of mean CBM water delivered to
the Platmak site (Table 3) was simulated to undergo degassing of
CO2, as it does in the holding pond. Then, acidification of the water
to pH 6.0 by using sulfuric acid was simulated. Water tempera-
ture was assumed to change to a soil temperature of 10 ◦C upon
application through the SDI system. Concentration of the solutes in
irrigation water was then calculated to varying amounts of water
loss by evapotranspiration. A selected range of solute concentration
factors were used for each of the scenarios simulated.

Simulation of pre-irrigation soil water composition was based
upon mean control soil composition between 30 and 90 cm deep
for scenarios 1 and 2, and control soil between 90 and 450 cm
deep for scenarios 3 and 4. Components included in the simu-
lations were: soil mineral abundances, soil solution composition,
cation exchange capacity, and composition of ions on exchange
sites. Calcite, dolomite, and gypsum, were the phases considered
to be reactive in the simulations. Calcite and dolomite concentra-
tions were always sufficient to maintain saturation throughout all
simulations. Calcite concentration was set to 3.6% and 1.8%, and
dolomite set to 2.2% and 2.3%, above and below the drip tubing,
respectively. Dolomite was  considered only to dissolve, based upon
unfavorable precipitation kinetics (Arvidson and Mackenzie, 1997).
Gypsum presence and concentration varied across the four scenar-
ios as described below.

Soil water composition in pre-irrigation soil was estimated
by first entering into PHREEQC the mean composition of the 1:1
water–soil extracts from the control-site soil between 30 and 90 cm
deep for scenarios 1 and 2, and between 90 and 450 cm deep for
scenarios 3 and 4. Then removal of water relative to solutes was
simulated to reduce the water–soil ratio from the 1:1 of the extract
to represent the water content in control-site soil at the time of
sampling. For scenarios 1 and 2, mean water content above 90 cm
was used (0.12 g g−1) (Bern et al., 2012). For scenarios 3 and 4

2 PHREEQC input files for the specific geochemical simulations described are pro-
vided in an electronic supplement to this article.

the mean water content between 90 and 450 cm deep was used
(0.14 g g−1). The resulting water composition was then equilibrated
at 10 ◦C with the mean measured CO2 concentration and soil min-
erals. Gypsum was omitted from this equilibration for scenario 1
(Table 1).

The relatively high abundance of 2:1 clay minerals found by the
XRD analysis suggest that cation exchange capacity (CEC) will be
high in soils at the study site. An average CEC per wt.% clay was cal-
culated for the relevant soil series from the Soil Survey Geographic
Database (Soil Survey Staff), and found to be 0.76 ± 0.17 cmol kg−1

per wt.% clay (n = 97). Soil above the drip tubing at the SDI
site averages 36 wt.% clay and soil below the drip tubing aver-
ages 24%. Multiplying the two parameters yields an estimate of
27.0 cmol kg−1 for the CEC of soil above the drip tubing (scenarios
1 and 2), and 18.2 cmol kg−1 for the CEC of soil below the drip tubing
(scenarios 3 and 4). For comparison, the average value measured
on 36 sediment samples from another Powder River Basin site was
24.5 cmol kg−1 (Healy et al., 2008). The abundance of Na+, K+, Ca2+

and Mg2+ ions on exchange sites was then determined by estab-
lishing exchange pool equilibrium with pre-irrigation soil water.

Simulation of ion equilibrium with cation exchange sites allows
a calculation of the exchangeable sodium percentage (ESP). It
should be noted that the water–soil ratio and other parameters will
influence simulated ESP. Additionally, the affinities of the various
cations for the types of exchange sites present on the suite of clay
minerals and organic matter in Platmak site soils may  be different
than those used in the simulations. Therefore, ESP values from the
simulations must be evaluated with caution.

2.3.2. Simulation of soil water above the drip tubing
Drier conditions are understood to draw irrigation water

upward into soil above the drip tubing and evapotranspiration con-
centrates the solutes that accumulate there (Bern et al., 2012). Two
scenarios were simulated for soil above the drip tubing. The sce-
narios differ in having gypsum be completely absent (scenario 1)
versus having gypsum present in variable quantities (scenario 2)
(Table 1). Gypsum concentrations ranging from 0.001% to 1.4% were
used in scenario 2. Solute concentration factors, resulting from
evapotranspiration, were varied within the scenarios. Factors ran-
ging from 1 to 15 were used in scenario 1, and factors from 1 to 7
were used in scenario 2. The evaporatively concentrated, acidified
irrigation water was  added to soil at a ratio of 0.18 g g−1, consis-
tent with the average water content measured in SDI soil in August
2010. Compositions of water–soil extracts at 1:1 ratio were simu-
lated for soils in scenarios 1 and 2 by computationally increasing
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the water proportion in the soil solution, and adjusting tempera-
ture to 25 ◦C and setting CO2 concentrations to 0.1%. Simulating 1:1
water extracts normalizes the results to a common soil water con-
tent and also allows direct comparison of simulation results to soil
extract compositions measured in the laboratory.

An additional effect was  tested for scenario 1. Ions present in
soil solution were removed prior to simulation of the 1:1 water
extract. Although solutes become concentrated during the grow-
ing season due to evapotranspiration, a portion of the same solutes
are vulnerable to elution during deep soil wetting events that occur
during the non-growing season. This simulation procedure gener-
ally duplicates the effect of dilute waters from rain or snowmelt
infiltrating the soil and displacing or eluting soil water and the ions
it contains. The solute concentrating step and solute eluting step
have opposing effects on solute concentrations, but including both
in the simulations is necessary because they are temporally distinct
at the study site.

2.3.3. Simulation of soil water below the drip tubing
Scenarios 3 and 4 describe conditions in soil below the drip tub-

ing where excess irrigation water is understood to result in leaching
of soil (Bern et al., 2012). Scenarios 3 and 4 are identical, except that
irrigation water is acidified in scenario 3, and left as unacidified
CBM water in scenario 4. Comparison of the scenarios illustrates
the effects of acidification.

Downward movement of water and solutes in scenarios 3 and 4
was simulated to occur by piston-flow and advection, the transport
of solutes with the liquid water (Table 2). The column of soil through
which this occurred in the simulation consisted of 30, 30-cm thick,
1-m2 units of soil, representing the interval from about the depth
of the drip tubing (90 cm)  to an approximate water table depth of
960 cm.  Irrigation water was added to the topmost soil unit (90 cm)
at the mean water–soil ratio in SDI soil measured in August 2010
(0.27 g g−1) and the solution associated with each unit was  shifted
downward to simulate downward movement by piston-flow. As
solutions advanced they were equilibrated with the minerals and
exchange pool in each successive unit.

Pore volumes of water passing through the top soil unit were
calculated by converting estimates of excess irrigation water in the
alfalfa field (1658 mm first year, 5048 mm six years) (Bern et al.,
2012) to a kg m−2 basis and dividing by the mass of water in a 30-
cm thick, 1-m2 unit of soil (116 kg). The simulations consider excess
irrigation in the alfalfa SDI field, although excess in the grass SDI
field is similar. Because of heavy irrigation rates at the start of the
SDI operation, it is calculated that 14 pore volumes of irrigation
water had passed through the top simulated soil unit in the first
year. Therefore, 14 coupled transport/equilibration steps were sim-
ulated to describe the first year of leaching. Including the lower
irrigation volumes in recent years, 44 transport/equilibration steps
represented the six years of irrigation prior to soil sampling. To
project future changes, 107 transport/equilibration steps were used
to represent fifteen years of average excess water application.

An excess of irrigation water below the drip tubing suggests
that irrigation water at those depths will be less concentrated
by evapotranspiration, but the amount of concentration differs
from two  lines of analysis. Total water balance for the Platmak
SDI site suggests that solutes should concentrate overall by a
factor of 1.65 (Bern et al., 2012). In contrast, calculated aqueous Cl
concentrations in SDI soil (8 ± 5 mg  L−1) beneath the drip tubing
are quite similar to those in irrigation water, suggesting no solute
concentration, or a factor of 1.0 (Bern et al., 2012). To accommo-
date both estimates simulations below the drip tubing were run
using solute concentration factors of 1.0 and 1.65, as well as an
intermediate factor of 1.3 (Table 2).

The simulation results and measured soil properties were com-
pared by using the composition of 1:1 water–soil laboratory
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extracts simulated from scenario 3 at two different trans-
port/equilibrium steps. The water–soil ratio was adjusted to 1:1,
temperature was set 25 ◦C, and CO2 concentration was  set to 0.1%
to reflect laboratory conditions. Extracts were simulated for the
topmost soil unit (90 cm depth) after the 14th (first year) and 44th
(sixth year) transport/equilibration step. Extracts were simulated
for the entire depth profile for the sixth year to coincide with sample
collection at the Platmak site.

3. Results

3.1. Analytical results

3.1.1. Water chemistry
CBM water pumped to the Platmak site was Na-HCO3 type and

had EC ranging from 2.0 to 2.2 mS  cm−1 (Table 4). The CBM water
at the Platmak site contains slightly higher concentrations of Na
and lower concentrations of Ca and Mg  than average CBM water
found in the Powder River Basin (Rice et al., 2002). As a result, the
SAR values (48–59) are at the high end of the expected range. The
combination of EC and SAR place the water slightly beyond the
severe restriction category and therefore this water poses a signifi-
cant risk of soil degradation even with specially designed cropping
management (Ayers and Westcot, 1985). Concentrations of SO4

2−

are <0.06 mg  L−1 and Cl is present in concentrations between 7 and
10 mg  L−1.

Water in the storage pond has higher pH than the supplied CBM
water due to CO2 outgassing (Table 4). Higher SO4

2− concentrations
in the pond are attributed to return of acidified water from flushing
of the SDI filtration system. The water delivered to the fields reflects
in-line acidification by H2SO4. The target pH is 5.5, but values can
range from 5.5 to 6.1 (Table 4). After acidification, irrigation water
is altered to be a Na-SO4 type; the SAR is unchanged.

3.1.2. Mineral abundances
Notable differences in the mineral composition of SDI and

control soils were not apparent in the XRD results. The sum of
crystalline materials identified in samples averaged a total of
91 ± 2 wt.%. One contributing factor to low totals is the pres-
ence of X-ray amorphous material, including organic carbon in
general and visible quantities of lignite in particular. Major sili-
cate minerals showed little systematic variation with depth, and
averaged abundances are presented. Quartz is the most abun-
dant (41 ± 5 wt.%) mineral, and a suite of clay minerals account for
34 ± 6 wt.% of the soil. Among these clay minerals, illite/muscovite
phases dominate (18 ± 3 wt.%), followed by smectite (7 ± 2 wt.%),
kaolinite (6 ± 1 wt.%), and chlorite (4 ± 1 wt.%) (Table 5). Feldspar
content averages 8 ± 1 wt.% and includes potassium feldspar and
plagioclase.

In contrast to the silicate minerals, abundances of calcite and
dolomite (CaMg(CO3)2) varied systematically with depth (Fig. 2).
Calcite and dolomite generally are not detected in soil 0–15-cm
deep, and at some sites are also absent from soil 15- to 30-cm
deep. Many of the highest calcite concentrations, up to 7.8%, were
found between the 30- and 60-cm depth, which are interpreted
to be pedogenic calcite accumulation or redistribution (Fig. 2a
and c). Below the 60-cm depth, calcite concentrations vary widely
(0.3–9.1%). In contrast, most dolomite concentrations below the
60-cm depth are between 2 and 3% (Fig. 2b and d).

Total carbonate concentration measured by the acetic acid
method correlated well with the sum of calcite and dolomite con-
centrations measured by XRD (R2 = 0.92, p < 0.01). The acetic-acid
method always estimated carbonate mineral content in excess of
calcite as determined by XRD, but less than combined calcite and
dolomite. The discrepancy is likely due to incomplete dolomite Ta
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Table 5
Clay mineral abundances as determined by quantitative X-ray diffraction on select samples of control and alfalfa SDI soil from the February 2010 sampling.

Illite/muscovite (%) Smectite (%) Kaolinite (%) Chlorite (%) Total clay minerals
identified by XRD (%)

Mean and standard deviation 18.0 ± 3.0 7.1 ± 2.4 5.8 ± 1.3 3.6 ± 0.8 34.5 ± 6.1
Range 11.7–27.2 2.9–14.0 3.2–9.6 2.2–5.7 22.4–51.6

Fig. 2. Soil mineral content as determined by quantitative X-ray diffraction on select samples from the February 2010 sampling: (a) calcite in alfalfa SDI soil; (b) dolomite in
alfalfa  SDI soil; (c) calcite in control soil; (d) dolomite in control soil. Horizontal dashed lines show the 92-cm-depth of drip tubing in SDI fields.

dissolution by the acetic-acid method. Measurements of total car-
bonate between 30 cm and 450 cm deep by the acetic acid method
ranged from 1.7 to 15.5 wt.% CaCO3. Based on the XRD and acetic
acid results, calcite and dolomite are consistent constituents of the
soil below the 30-cm depth.

Gypsum abundance also varies with depth. Gypsum mea-
sured by XRD ranged from not detected to 6.6 wt.%. The accuracy
of the technique is questionable at low gypsum concentrations
(<1 wt.%). To estimate the abundance of gypsum in samples with
low concentrations, XRD results were examined by comparing the
gypsum content to that estimated by 20:1 water–soil extractions.
Regression of concentration estimates from the two  techniques
found good correlations for both SDI-irrigated (R2 = 0.99, p < 0.01,
slope = 0.95) and control soils (R2 = 0.98, p < 0.01, slope = 0.84).
Based upon the consistency of the two methods for most samples,
the 20:1 water extractable sulfur data is used to estimate soil gyp-
sum content. Soil less than 90-cm-deep generally contains little
gypsum, while deeper soil has widely variable, but greater concen-
trations (Fig. 3). Based upon water-extractable sulfur, soil gypsum
concentrations deeper than 90-cm ranged from 0.1 to 12 wt.%, and
averaged 2.1 ± 1.8 wt.% for SDI soil and 2.4 ± 1.7 wt.% for control
site soil (Fig. 3). Stringers and nodules of gypsum were visible in
samples with greater gypsum concentrations. In contrast, gypsum
concentrations in soil less than 90 cm deep ranged from 0.02 to
8.6 wt.% and averaged 0.2 ± 0.4 wt.% for SDI soil and 0.5 ± 1.9 wt.%
for control site soil.

3 Soil chemistry data are provided in an electronic supplement to this article.

3.1.3. Composition of soil extract solutions3

The EC of 1:1 water soil extracts show common patterns in con-
trol and SDI soils. Above about the 90-cm depth, EC of control soil
extraction solution is rarely greater than 0.5 mS cm−1 and alfalfa
SDI soil is rarely greater than 1.2 mS  cm−1 (Fig. 4). Grass SDI soil has
more variability, with a few samples >2 mS cm−1 but the major-
ity are below that value (Fig. 4). In contrast, control soil samples
below the 90-cm depth have 1:1 solution EC mostly >2 mS  cm−1

and range up to 6 mS  cm−1. Alfalfa and grass SDI soils also have
values >2 mS  cm−1 for the majority of samples below the 90-cm
depth, and range up to 4.9 mS cm−1. The EC of the 1:1 water–soil
extracts were correlated with concentrations of sulfur extracted at
20:1 water–soil ratio from all soil types (R2 = 0.60, p < 0.01). The cor-
relation between EC and extractable sulfur might be higher except
for the suggestion of gypsum saturation in some 1:1 extracts. Cor-
relation of EC with extractable sulfur, and extractable sulfur with
gypsum, indicates that gypsum presence is a major control on EC.

The pH values of 1:1 water–soil extracts in control soils fall
generally in the range of 7.3–8.4, with a few lower values in near-
surface soil, and a few higher values near the 45-cm depth (Fig. 4).
By comparison, SDI soils have higher pH values, ranging generally
from 7.4 up to 9.1, and again the lowest values were measured on
soils from near the ground surface.

SAR values of 1:1 water–soil extracts from SDI  soils clearly show
the effects of irrigation with high-SAR water when compared to SAR
values of non-irrigated control soils (Fig. 5). Control soil 0–30 cm
deep had SAR values of 0.1–0.5. SAR values are only slightly higher
in alfalfa and grass SDI-irrigated soils between 0- and 30-cm depth,
ranging from 0.5 to 0.7 and 0.3 to 1.2, respectively. Below that
depth, SAR values of alfalfa and grass SDI soils rise abruptly, while
control soils change little. In alfalfa SDI soil, SAR values range up to
13, with higher values common in the 45–135-cm depth interval.
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Fig. 3. Estimated weight percent gypsum concentrations, calculated from water-
extractable sulfur as described in the text: (a) alfalfa SDI soil; (b) grass SDI soil; (c)
non-irrigated control soils. Horizontal dashed lines show the 92-cm-depth of drip
tubing in SDI fields.

In grass SDI soil, SAR values range up to 12.8, and the highest val-
ues are most common in the 30–105-cm depth interval. A marked
decline in SAR to values between 2 and 4 in the deeper portions
of the SDI soil profiles is associated with the increases in EC and
extractable sulfur and is attributable to gypsum dissolution.

Na extracted at 20:1 water–soil ratio may  be an incomplete
measure of water-soluble Na in soil because some Na would be
retained on cation exchange sites. However, dissolution of gypsum
and calcite in the samples provides additional Ca2+ ions to exchange
for Na+, making the Na+ extraction more complete. Therefore, Na
extracted at 20:1 water–soil ratio seems a reasonable estimate of
total water soluble Na. Control soils contained 20–49 mg  kg−1 Na in

the top 45 cm (Fig. 5). Sodium concentrations are larger at greater
depths, ranging up to 395 mg  kg−1 Na. By comparison, SDI soils con-
tained slightly more Na in the 0–30 cm-depths, ranging from 54 to
87 mg  kg−1 Na for alfalfa SDI soil and 34–168 mg kg−1 Na for grass
SDI soil. Substantially greater Na concentrations in SDI soil com-
pared to control soil are more apparent below 30 cm depth grass
SDI soil and at 45 cm depth in alfalfa SDI soil (Fig. 5). Maximum Na
concentrations in the alfalfa SDI soil occur at and below the drip
tubing and range up to 747 mg  kg−1. In grass field samples max-
imum Na concentrations are found above the drip tubing where
they range up to 834 mg  kg−1.

Using bulk density data from Bern et al. (2012),  Na extracted
at 20:1 water–soil ratio totals 3.0 ± 0.2 and 2.8 ± 0.1 kg m−2 for
the 0–450-cm depth interval in the alfalfa and grass SDI fields,
respectively. Control soil contained 1.1 ± 0.4 kg m−2 of Na in
the same interval. Above the drip tubing, Na extracted at 20:1
water–soil ratio totals 0.50 ± 0.07 and 0.68 ± 0.11 kg m−2 for the
alfalfa and grass SDI fields, respectively. Control soil contained
0.13 ± 0.07 kg m−2 of Na in that same interval. For comparison, the
irrigation water has added 4.6 and 3.6 kg m−2 of Na to the alfalfa
and grass fields, respectively (Bern et al., 2012).

Irrigation water has the potential to add SO4 to SDI soil, due to
acidification with sulfuric acid, but also can potentially leach SO4
from the starting soil composition as a result of gypsum dissolution.
If acidification had been consistent over the operation of the SDI
system, approximately 8.2 and 6.4 kg m−2 of SO4 would have been
added to the alfalfa and grass fields, respectively. Assuming all 20:1
water extractable sulfur was present as SO4, control soil contained
74 ± 13 kg m−2 of water extractable SO4 in the 0–450 cm interval.
By comparison, total water extractable SO4 was  lower in the alfalfa
(57 ± 14 kg m−2) and grass (69 ± 22 kg m−2) SDI fields.

The concentration of CO2 in soil gas at the 75-cm depth in
October 2010 averaged 3.9 ± 1.1 vol.% (1 S.D.) without significant
differences between the grass and alfalfa fields (p = 0.74, two-
sample Kolmogorov–Smirnov test).

3.2. Simulation results

3.2.1. Simulated irrigation water and pre-irrigation soil
composition

The concentration of solutes in water is a major influence on
the simulated interactions between water and soil. Both EC and
SAR increase with water removal by evapotranspiration (Table 3).
Acidification of the CBM water slightly increases its EC, but has little
effect on SAR (Table 3). No effects from plant uptake or release of
ions are included in the simulation of evapotranspiration.

Table 1 presents geochemical attributes of soil water in pre-
irrigation soil for the four simulated scenarios. Compared to
concentrations measured in 1:1 water–soil extracts from control
soil, EC and SAR are higher in the simulated pre-irrigation soil
water. The differences are attributed to higher concentrations of
ions in control soil water, reflecting the low water–soil ratios. Lower
pH reflects the higher CO2 concentrations measured in SDI fields
(3.9 ± 1.1%) compared to conditions for laboratory extracts.

3.2.2. Simulated soil water above the drip tubing
Two major patterns emerge from the simulations of soil water

above the drip tubing. First, scenario 1 (gypsum-absent) and
scenario 2 (gypsum-present) evolve to have distinctly different
compositions. This is evident in the lack of overlap in plots of EC
versus SAR, and EC versus pH for the 1:1 water–soil extracts for the
two scenarios (Fig. 6a and b). Greater EC in scenario 2 is attributed
to gypsum dissolution. The Ca2+ released from gypsum directly
decreases SAR but also decreases pH by suppressing dissolution of
calcite and dolomite. Second, increases in the solute concentration
factor, resulting from evapotranspiration, consistently increases
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Fig. 4. Chemistry of 1:1 water–soil extracts from the Platmak SDI site plotted by depth: (a–c) electrical conductivity for alfalfa SDI, grass SDI and control soils, respectively;
(d–f)  pH for alfalfa SDI, grass SDI and control soils, respectively. Horizontal dashed line in plots for alfalfa and grass SDI soils represent the depth of the drip tubing.

SAR for soil (Fig. 6a). Nonetheless, soil SAR is dramatically lower
compared to that predicted by direct evaporation of irrigation
water prior to interaction with soil. SAR values for simulated
irrigation waters with solute concentration factors of 1, 7, and 15
are 54, 142, and 208, respectively (Table 3), while no simulated
1:1 water–soil extract SAR values exceed 14. The lower SAR arises
from adsorption of some Na+ on exchange sites and release of Ca2+

and Mg2+ from soil minerals.

The effect of soil water flushing by infiltration of rain and
snowmelt is apparent in scenario 1. Flushing displaces the soil
water, which was derived from evapotranspiration-concentrated
irrigation water. EC decreases in that portion of the soil because
the concentrated ions contained in the soil water are transported
in the eluting water. In contrast, the SAR changes little, because Na+

is on exchange sites is released as new water releases Ca and Mg
from carbonate mineral dissolution.

Fig. 5. Measures of Na abundance at the Platmak SDI site plotted by depth: (a–c) sodium adsorption ratios for 1:1 water–soil extracts alfalfa SDI, grass SDI and control soils,
respectively; (d–f) Na extracted by 20:1 water–soil extracts and expressed on a dry mass basis for alfalfa SDI, grass SDI and control soils, respectively. Horizontal dashed line
in  plots for alfalfa and grass SDI soils represent the depth of the drip tubing.
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Fig. 6. Comparisons of output values for simulations of SDI soil above the drip tub-
ing in scenarios 1 and 2: (a) EC and SAR in simulated 1:1 extracts; (b) EC and pH
in  simulated 1:1 extracts. Scenario 1 (gypsum-absent) varied the displacement of
ions in soil solution, simulating flushing by infiltrating rain or snowmelt. Scenario 2
(gypsum-present) varied the amount of gypsum present in soil. Both scenarios var-
ied  the factor by which evapotranspiration concentrated the acidified CBM water
and those factors are indicated next to lines marking their chemical trends.

Scenario 2 varies the amount of gypsum present from trace
amounts (0.001%) up to that sufficient to achieve gypsum
saturation in a 1:1 water–soil extract (1.4%). Varying gypsum con-
centration has relatively little influence on SAR, but substantially
affects the EC. Further, SAR values for a given evapotranspiration
factor are lower in scenario 2 by only about 1–2, compared to the
scenario 1. The minimal effects of gypsum on SAR can be attributed
to the precipitation of calcite resulting from reaction of Ca2+

supplied by gypsum dissolution and available carbonate species.
Calcite is predicted to form as gypsum dissolves, resulting in
decreasing pH and alkalinity with increasing gypsum. All solutions
simulated for scenarios 1 and 2 are slightly to moderately oversat-
urated relative to dolomite, with saturation indices ranging up to
0.5. Inhibiting dolomite precipitation in the simulations results in
retention of Mg  in solution, and consequently lower SAR values.

Simulation results for soil above the drip tubing compare favor-
ably to measured EC and SAR values in 1:1 water–soil extracts
(Fig. 7). Samples of irrigated soil between 30 and 120 cm deep
have combinations of EC and SAR values that fall almost entirely
within the domains described by scenarios 1 and 2. Soil down to
the 120-cm depth is included in the assessment because the tran-
sition between soil zones is not expected to be abrupt (Fig. 1). Most
measured values fall in the gypsum-absent (scenario 1) domain, as
would be expected based upon the lack of gypsum in this zone in
both SDI and control soil (Fig. 3). Most samples from alfalfa SDI soil
have low EC values that indicate displacement of soil solution ions,
indicating that periodic flushing by rain and snowmelt is an impor-
tant process in those soils. Grass SDI soil has more scatter within the

Fig. 7. Plots of EC and SAR of 1:1 water–soil extracts for samples from between
30  and 120 cm deep: (a) alfalfa SDI soil; (b) grass SDI soil. Control soil values for
the  same span of depths are shown for comparison. The EC and SAR results from
geochemical simulation scenarios 1 and 2 of soil above the drip tubing depicted in
Fig. 6a are shown for comparison.

gypsum-absent domain, possibly indicating less flushing. The high-
est SAR values measured in soil samples fall within the scenario 1
domain and range up to >13, compared to measured SAR values ran-
ging up to ∼7 in the scenario 2 domain (Fig. 7). The correspondence
of low solute concentration factors and gypsum presence is consis-
tent with the greatest abundance of gypsum occurring below the
90-cm depth (Fig. 3) where less evaporative concentration of SDI
solutes would be predicted. Both alfalfa and grass SDI soils are pre-
dicted to have SAR values >12 in the scenario 1 domain, for which
the simulations indicate a solute concentration factor of >13. The
ESP indicated for those samples by the simulations is >15%.

A plot of EC and pH measured values on 1:1 water–soil extracts
shows that they do not fall perfectly within the domain of simulated
values (Fig. 8). However, where differences exist, they are gener-
ally less than 0.4 pH units. Irrigation with unacidified water would
generate pH values greater than those seen with acidified water in
scenarios 1 and 2. High pH values measured in 1:1 extracts may
therefore be detecting lapses in acidification that have been noted
by the operator and were more common in early years of operation.

3.2.3. Simulated soil water below the drip tubing
Geochemical simulations of soil-water composition below the

drip tubing in scenarios 3 and 4 include downward movement of
excess irrigation water which results in solute leaching. To sim-
ulated the transport of solutes temporal and spatial components
were included in the modeling. Scenarios 3 and 4 also assume a
constant and relatively high ratio of irrigation water to soil. For
that reason we initially examine changes in soil water composi-
tion, rather than extracts, through the simulations. Results from the
simulations using a solute concentration factor of 1.3 are described;
other factors (1.0 and 1.65) were considered in the calculations to
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Fig. 8. Plot of EC and pH for 1:1 water–soil extracts for samples from between 30
and 120 cm deep from alfalfa SDI, grass SDI, and control soils. The EC and pH results
from geochemical simulation scenarios 1 and 2 of soil above the drip tubing depicted
in  Fig. 6b are shown for comparison.

provide a measure of the evapotranspiration concentration factor’s
influence.

Scenario 3 simulates irrigation water acidified to pH 6.0. The
uppermost soil unit in the simulation is positioned at the drip tub-
ing and the chemical changes there are similar to changes that
happen in deeper units. Simulated pre-irrigation soil water in the
uppermost unit has a SAR of 10.6 and EC of 5.1 mS  cm−1. Concen-
tration of solutes in the irrigation water by a factor of 1.3 produced
a SAR of 61 and an EC of 2.1 mS  cm−1 (Table 3). Equilibration of
this solution with soil during early steps of the simulation, yields
a SAR of 7 and EC of ∼4.1 mS  cm−1 in the new soil water (Fig. 9).
The change in composition as irrigation water becomes soil water
is largely driven by gypsum dissolution. However, unlike the sim-
ulations of soil above the drip tubing, dolomite dissolution plays a
more significant role. While gypsum and dolomite dissolve, calcite
precipitates from Ca2+ released by gypsum and dolomite. A lower
SAR in soil water derived from high-SAR irrigation water, compared
to native soil water, is attributed to lower dissolved Na concentra-
tions in the irrigation water, as both waters equilibrate with the
same soil minerals.

Downward transport of solutes by excess irrigation water even-
tually results in depletion of gypsum in the uppermost simulated
soil unit. Modeling predicts the depletion is complete before the
end of the second year of simulated irrigation, and the effects on
pH, EC and SAR are pronounced by the sixth year (Fig. 9). Without
gypsum, soil-water EC declines abruptly to around 2.4 mS  cm−1 and
SAR values rise. The rise in SAR is tempered initially by exchange
of Na+ for Ca2+ and Mg2+ on cation exchange sites. Eventually,
exchangeable Ca2+ and Mg2+ are depleted by continued downward
flow of excess irrigation water and SAR rises to >14 (Fig. 9). Follow-
ing gypsum depletion, calcite continues to form from Ca2+ supplied
from exchange sites, but at a decreasing rate for several more
transport/equilibrium steps. With depletion of exchangeable Ca2+,
calcite begins to dissolve. The decline in calcite precipitation and
subsequent dissolution both cause the pH of soil water to increase
(Fig. 9) and dissolution of dolomite to decrease. Under these con-
ditions, the limited calcite and dolomite dissolution are the only
processes acting to lower the SAR of irrigation water. Only after
gypsum is depleted in the overlying soil unit above does substan-
tial gypsum dissolution begin in the unit below. This predicts that
the effects of gypsum depletion will proceed sequentially down the
simulated soil column.

Model results generated by using the 1.65 and 1.0 solute
concentration factors bracket those obtained from the 1.3 factor.
The higher concentration factor of 1.65 generates higher EC, SAR,

Fig. 9. Changes in the soil water composition of the uppermost soil unit (90–120 cm
depth) for geochemical simulations of soil below the drip tubing, scenarios 3 and
4:  (a) EC and transport/equilibrium step; (b) SAR and transport/equilibrium step;
(c) pH and transport/equilibrium step. Scenario 3 (CBM water acidified to pH 6.0
with sulfuric acid) and scenario 4 (unacidified CBM water) are distinguished in the
legend. Simulations using a solute concentration factor of 1.3 for irrigation water
are plotted as black lines, while simulations using factors of 1.0 and 1.65 are shown
as  gray lines and labeled in the figure. Steps corresponding to the simulated first,
sixth, and fifteenth year of irrigation at the SDI site are labeled. Abrupt breaks in the
trends mark the step where gypsum is fully depleted from the model unit.

and pH values, and the 1.0 factor predicts lower values for these
parameters (Fig. 9). For simulations of acidified irrigation water, the
effect of solute concentration is particularly noticeable for SAR after
gypsum depletion. In that situation, SAR rises to 21 when using the
1.65 factor, but only 12 using the 1.0 factor. Although the simulated
ESP values must be evaluated with caution, they provide a broad
indication of the changes caused by the sodic water. ESP is 7, 9,
12% for the concentration factors 1.0, 1.3 and 1.65, respectively, in
simulated soil while gypsum is present. After gypsum depletion the
ESP values are predicted to increase to 15, 20 and 25%, respectively.

Simulation of irrigation with unacidified CBM water in scenario
4 generally yields lower values of soil-water EC and higher values
of pH and SAR (Fig. 9). In this scenario, abundant bicarbonate in
unacidified water combines with Ca2+ ions released as gypsum dis-
solves to precipitate calcite. Greater calcite precipitation increases
gypsum dissolution and gypsum is depleted more quickly. As a
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result, changes in soil water composition associated with gypsum
depletion are predicted for the uppermost soil unit early in the sec-
ond year of irrigation, rather than late in the second year (Fig. 9).
After 15 years of simulated irrigation with unacidified water and
a concentration factor of 1.3, a 180-cm-thick section (6 modeled
soil units) is depleted of gypsum compared to a 120-cm-thick
section (4 modeled soil units) with acidified water. In the gypsum-
depleted units, leached by unacidified irrigation water, soil-water
EC is 1.8 mS  cm−1 and SAR is 33 after six years of irrigation (Fig. 9)
while ESP is 55%. Such values would be expected to cause notable
reductions in soil hydraulic conductivity (McNeal and Coleman,
1966). With continuing irrigation, SAR and ESP continue to increase,
ultimately reaching 38 and 60%, respectively. Using the 1.0 and
1.65 concentration factors will yield a range of SAR values from
22 to 46 and EC from 1.4 to 2.2 mS  cm−1 after six years of irrigation.
The higher-SAR lower-EC conditions in these scenarios are driven
largely by the higher pH and alkalinity of unacidified water, which
suppress carbonate mineral dissolution after gypsum depletion.

Returning to scenario 3, simulations of 1:1 extract solution EC,
pH, SAR and extractable Na at the sixth-year time step are plotted
in Fig. 10.  Measured values from samples of control and alfalfa SDI
soil below 90-cm depth are plotted for comparison. The variability
in measured values contrasts with the simple patterns generated
by the simulations. This is to be expected as patterns of unsaturated
flow through the heterogeneous soil are likely to be temporally and
spatially complex. The simulations, by comparison, consist of uni-
form and unidirectional flow along with a requirement to achieve
chemical equilibrium prior to transport. Additionally, gypsum con-
tent in the studied soils is quite variable (Fig. 3), and the same
is likely true for CEC, whereas uniform values were used for all
soil units at the start of the simulations. Nonetheless, measured EC
tends to be lowest and pH and SAR generally have their highest
values in the 100–150-cm zone immediately below the drip tub-
ing, as predicted by in the simulations. Measured 1:1 water–soil
extractable Na concentrations throughout the lower profile are
generally bracketed by the simulations using different solute con-
centration factors. Overall, the modeled values compare favorably
with measured values and the model explains basic spatial patterns
observed in soil composition.

In addition to sodicity, root zone salinity is a concern for
long-term sustainability of the irrigation method described here.
Application of water in excess of crop demand keeps salinity
lower near the application point, but computer simulations sug-
gest that solutes will accumulate above the drip tubing over time
(Bern et al., 2012). Alfalfa yields can decline when soil salinity
exceeds 2.0 mS  cm−1, as assessed by soil saturated pastes (Maas
and Grattan, 1999). Some bromes and fescues are moderately tol-
erant of salinity, but Dactylis glomerata yields can decline when soil
salinity exceeds 1.5 mS  cm−1 (Maas and Grattan, 1999). Consider-
ing the EC measured above the drip tubing in 1:1 water-soil extracts
(Fig. 4), salinity in the rooting zone should be monitored relative
to these thresholds. The issue could become more acute when
the SDI system is shut down; in the absence of irrigation water,
natural precipitation rates may  be too low to flush accumulated
solutes from the soil zone. As a result, salinity of soil water may
increase.

4. Discussion

Addition of Na to the SDI soils via irrigation water from the
drip tubing buried 92 cm deep has not resulted in large Na enrich-
ments in the shallowest portions of the Platmak alfalfa or grass
SDI fields. This is evident in both the SAR values and total water
extractable Na measured in SDI soil 0–30 cm deep (Fig. 5). This is
in sharp contrast to sites using CBM waters for surface irrigation

elsewhere in the Powder River Basin, where the highest SAR val-
ues are found at and near the soil surface (Ganjegunte et al., 2005,
2008). High sodicity and low salinity at the soil surface can cause
clay swelling and dispersion and thereby reduce infiltration rates
as well as cause problems with crusting, aeration, and trafficability
(Oster and Jayawardne, 1998). Those problems are likely to be pro-
nounced in Powder River Basin soils, such as those at the Platmak
SDI site, that contain abundant swelling clays (Table 5) (Chaudhari
and Somawanshi, 2004). Minimal accumulation of Na at the sur-
face, even after six years of irrigation, gives the deep SDI system
described here an advantage over surface irrigation schemes that
use compositionally similar waters even following similar chemi-
cal treatments (Johnston et al., 2008, 2011). However, measureable
accumulation of Na locally within some near-surface soil in SDI
fields indicates that field and irrigation heterogeneities may yield
problem areas over time.

Below 30 cm depth, more substantial amounts of Na added by
irrigation water have accumulated in SDI soils (Fig. 5). The amount
of Na in control soil between 0 and 92 cm depth can be subtracted
from Na in alfalfa and grass SDI soils to obtain the amount of Na
presumably accumulated due to irrigation. Those amounts are a
fraction of the total Na added by irrigation water. Only 8% and
15% of total added Na has accumulated above the drip tubing in
the alfalfa and grass SDI fields, respectively. The combination of
low-EC and high-SAR conditions in irrigated soil between 45 and
150 cm depth could potentially impact soil structure and perme-
ability (Figs. 4 and 5). While less problematic than if similar changes
had occurred at the soil surface, such changes do have implications
for soil and irrigation management. Therefore it is important to
understand how such conditions develop and predict how they may
evolve. The companion paper (Bern et al., 2012) documented con-
trasting patterns in the movement of irrigation water and solutes
between soil above and below the drip tubing. The computer sim-
ulations of soil geochemistry described here illustrate how those
patterns of water and solute movement translate into different
pathways for the development of high sodicity and low salinity
conditions in SDI soil.

Soil above the drip tubing receives irrigation water and solutes
drawn upward by evaporative demand. Losses of water via evapo-
transpiration concentrate the solutes. Computer simulations of
soil geochemistry demonstrate how increasing solute concentra-
tion by evapotranspiration drives both water (Table 5) and soil
SAR values higher (Fig. 4). Comparison between the simulated
and measured soil chemistry suggest solute concentration fac-
tors ranging up to ∼13 for irrigation water (Fig. 5). Although
the progression of increasing SAR values is consistent with water
loss, the SAR increases do not correlate directly with increases in
soil concentrations of the conservative anion Cl−, which is also
derived from irrigation water and measured in SDI soil (Bern et al.,
2012). For example, maximum concentration factors calculated
from extractable Cl− are 4.5 and 26 for the alfalfa and grass SDI soils,
respectively. The lack of correlation can be attributed to decoupling
of the movement of Na+ relative to Cl− by retardation of Na+ trans-
port as a result of cation exchange as water moves through the SDI
soil. The second transport effect influencing salinity and sodicity
conditions above the drip tubing is infiltration of dilute rain and
snowmelt. That infiltration lowers EC by removing ions held in soil
solution, although the Na+ on cation exchange sites maintains SAR
relatively unchanged (Fig. 4). A third factor affecting soil above the
drip tubing is its low gypsum content (Fig. 3). Comparison of sce-
nario 1 and scenario 2 simulations clearly demonstrates how the
lack of gypsum predisposes soil in that zone to lower EC and higher
SAR (Fig. 4). In summary, upward movement of irrigation water,
evapotranspiration concentration of solutes, infiltration of precip-
itation waters, and a lack of gypsum are responsible for high-SAR
and low-EC conditions in soil above the drip tubing.
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Fig. 10. Depth profiles of composition of extracts at 1:1 water–soil ratio for samples from alfalfa SDI and non-irrigated soil cores: (a) EC; (b) SAR; (c) pH; (d) extractable Na
on  a dry mass basis. Sample data are plotted as points versus bottom-of-sample increment depth. Output from scenario 3 of the computer simulations of soil below the drip
tubing after six years of simulated irrigation are plotted as solid lines. Simulation results using a solute concentration factor of 1.3 for irrigation water are shown as a black
line.  Results from using factors of 1.0 and 1.65 are shown as gray lines and are labeled in the figure.

In soil beneath the drip tubing, excess irrigation water and its
downward movement drive a different set of processes that also
result in high-SAR low-EC conditions. One benefit of the excess
irrigation water below the drip tubing is that evapotranspiration
does not concentrate solutes to the levels seen above the drip
tubing. Relatively low solute concentration factors ranging from
1.0 to 1.65 keep SAR from attaining higher values in soil beneath
the drip tubing (Fig. 10). The high concentrations of gypsum in this
zone maintain high EC and low SAR, but excess irrigation water
dissolves that gypsum and percolates downward, transporting the
solutes deeper in the profile. The simulations show that EC drops
abruptly and SAR increases rapidly to a new steady-state value in
soil where gypsum becomes depleted (Fig. 9). Continued irrigation,
equilibration of irrigation water with soil, and downward transport
of post-equilibration solutes therefore generate the high-SAR and
low-EC conditions in soil below the drip tubing.

The simulation of irrigation with unacidified CBM water in sce-
nario 4 illustrates the value of treatment with sulfuric acid. At the
onset of irrigation, acidification has relatively little influence on
SAR or EC (Fig. 7). However, by reducing precipitation of calcite,
and concomitant losses of Ca2+, acidification reduces the quantity
of gypsum dissolved by a given quantity of irrigation water. The
depletion of gypsum and onset of high-SAR, low-EC conditions that
follow are therefore delayed by the sulfuric acid treatment of CBM
water. After gypsum becomes depleted in a given section of soil,

acidification becomes crucial to preventing substantial changes
in soil chemistry. Without acidification, SAR values rise precipi-
tously and EC drops to relatively low values (Fig. 7). Substantial
declines in soil hydraulic conductivity are anticipated as a result
(McNeal and Coleman, 1966). With acidification, both SAR and EC
are maintained at more moderate values, decreasing the likelihood
of clay dispersion and swelling. Unacidified CBM irrigation water
was also considered in a variation on simulation scenario 1 (results
not shown). SAR values were elevated by 0.2–4 compared to those
for scenario 1, where irrigation water was  acidified. EC values were
lower by as much as 1.9 mS  cm−1. Acidification of irrigation water is
therefore crucial in limiting the development of high-SAR, low-EC
conditions both above and below the drip tubing.

It is worth considering the origin and distribution of the native
gypsum present at the Platmak SDI site, as it is so crucial in main-
taining lower soil SAR, and higher EC. Oxidation of pyrite from
local geologic sources and reaction of resulting solutions with avail-
able calcite is one possible origin. However, pedogenic gypsum in
the arid Big Horn Basin 140 km to the west is identified as having
an eolian source with deposition at rates of 0.01–1.2 kg m−2 ky−1

(Reheis, 1987). Gypsum at the Platmak SDI site may  therefore
have a similar eolian source, but the quantities present sug-
gest longer accumulation times or greater deposition rates. More
likely than either of those scenarios is that gypsum derived
from both processes has been redistributed within the Powder
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River Basin landscape by dissolution, transport, and precipita-
tion interacting with local geomorphology (Schaetzl and Anderson,
2005). The Dutch Creek SDI site, 7 km away and also located on
Zigweid–Kishona–Cambria complex, contains little gypsum above
100 cm depth, and up to 4% below (Bern et al., 2010) suggesting a
common pattern for certain soils under the local climate. Because
the gypsum is located at depth, and the threshold quantities for
classification are large, these soils are not classified as gypsic and
horizons sampled for taxonomic purposes generally do not qual-
ify as gypsic (Soil Survey Staff, 2010). Therefore, while substantial
gypsum may  be common at depth in the Powder River Basin, soil
taxonomic maps may  be of limited use in locating it. Such issues
should be considered when seeking sites, in the Powder River Basin
or elsewhere, where SDI may  benefit from native gypsum in soil.

Soil hydraulic conductivity was not measured, although the
increases in soil SAR suggest potential for decreases in subsur-
face intervals of SDI soils (Fig. 5). Calcite precipitation, indicated
in some of the simulation scenarios, could also decrease hydraulic
conductivity by clogging pore spaces (Saripalli et al., 2001). Visual
observations of some soil collected in SDI fields was consistent with
loss of structure and clay swelling, but the high degree of water sat-
uration made comparisons to control soils difficult. Quantification
of subsurface hydraulic conductivity should be a priority for future
research on the SDI system described here.

Based upon the computer simulations, and the understanding
gleaned from them, predictions can be made regarding the effect
of continued SDI operation by the method studied. To the extent
that SDI solutes, and particularly Na+, become progressively con-
centrated in soil above the drip tubing, SAR will continue to rise.
After six years of irrigation, geochemical simulations suggest solute
concentration, resulting from evapotranspiration, by factors up to
about 13. Without time series data it is difficult to predict the pace at
which those factors might increase, driving SAR higher. The simula-
tions make clear that infiltration of rain and snowmelt are unlikely
to decrease SAR in soil above the drip tubing, and will promote
conditions favorable for clay dispersion by lowering EC. Applica-
tion of gypsum or a similar treatment at the soil surface, and carried
downward by infiltrating precipitation, might be the most effective
means of combating sodicity above the drip tubing.

Continuing to irrigate in substantial excess of crop demand will
keep SAR values lower in soil below the drip tubing by keeping
solute concentration factors low. Simulations extended to include
fifteen years of irrigation show that both SAR and EC stabilize
once gypsum is depleted in a soil zone (Fig. 9). The size of the
gypsum-depleted soil zone below the drip tubing will expand pro-
gressively with continued excess irrigation. As the zone of sodic
soil becomes thicker and more laterally continuous, it will pose
problems for drainage of irrigation water to the extent that clay
dispersion reduces hydraulic conductivity. Maintaining continuous
acidification will be crucial to preventing higher SAR and lower EC
conditions from developing. Treatments for soil below the drip tub-
ing may  be more costly than for soil above, as excess irrigation
water will continuously remove them, necessitating continuous
addition.

5. Conclusions

After six years of irrigation using acidified CBM water with an
SAR value around 54, little Na has accumulated in soil between
0 and 30 cm deep in fields irrigated via deep SDI. Of the 4.6 and
3.6 kg m−2 of Na added to the alfalfa and grass SDI fields, only 8%
and 15% have accumulated in the 0–92 cm deep interval above the
drip tubing. Substantial accumulations of Na are present through-
out the deeper portions of the fields. In particular, soil between
45 and 150 cm deep is becoming sodic, as indicated by high SAR.
Low EC in the same soil suggests potential negative impacts on soil

structure and hydraulic conductivity. Geochemical simulations of
the soil demonstrate that different processes are responsible for
development of high-SAR, low-EC conditions above, versus below,
the drip tubing. Above the tubing, evapotranspiration concentrates
SDI solutes by factors up to 13, driving up SAR. Subsequently, infil-
trating rain and snowmelt displace ions in soil solution and drive
down EC. A lack of gypsum above the drip tubing also promotes
development of high SAR and low EC conditions. Below the drip tub-
ing, excess water prevents solutes from becoming as concentrated.
Gypsum is present in greater quantities below the drip tubing,
which maintains lower-SAR and higher-EC. Excess irrigation water
progressively dissolves that gypsum and transports the resulting
solutes deeper into the unsaturated zone. Sustained irrigation is
expected to create zones of gypsum depletion where SAR rises and
EC declines. Treatment of CBM water with sulfuric acid prior to
irrigation slows the depletion of gypsum below the drip tubing.
More importantly, acidification lowers SAR and raises EC in soil
where gypsum is absent or has become depleted. Both the degree
and spatial extent of SDI soil sodicity are likely to expand with con-
tinued irrigation using the current system. Despite that prospect,
deep SDI is a viable means of deriving beneficial use from sodic
waters and managing their impacts on soil.
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