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A B S T R A C T   

Soil salinization is a global problem affecting approximately 10% of agricultural soils, particularly in irrigated 
aridlands. This study quantified salt-loading by flood irrigation and soil fertilizers/amendments versus atmo
spheric deposition, studied controls of solute transport and salt buildup, and evaluated the effectiveness of 
gypsum application in improving soil sodicity in the arid southwestern United States. Study sites include one 
natural site and two agricultural sites in fields of dominant crops of the region, a pecan orchard and an alfalfa 
field near El Paso, Texas. The salt-loading rate in agricultural soils was dominated by the quantity and quality of 
irrigation waters rather than by dust. Salt loadings by irrigation waters were estimated ~ 306 g Na+ m−2 yr−1, 
129 g Ca2+ m−2 yr−1, 361 g Cl− m−2 yr−1, 419 g SO4

2− m−2 yr−1, and 284 g HCO3
− m−2 yr−1, followed by soil 

amendments. Whereas dust and fertilizer loadings were negligible in agricultural soils. Soil texture variability 
physically governs water movement and solute transport; coarser soils retained significantly less water than finer 
soils upon irrigation (p < 0.005) facilitating salt leaching. More salts accumulated around low-permeability 
layers. Some soils have approached salinity thresholds after only 90 years of cultivation. The Rio Grande river 
flow is projected to decrease due to reduced snowfall in Colorado, leading to more groundwater of higher 
salinity, to be used. If ground water were to be the sole water source, the salt loading rate would almost double. 
Soil amendments temporarily reduce soil sodicity induced by high Na+ concentrations in irrigation water. Their 
application is needed annually to prevent soil dispersion, to improve infiltration, and to stop even faster salt 
accumulation. This study highlighted the challenges that the Rio Grande valley in southwestern United States 
and other irrigated drylands are facing.   

1. Opportunities and challenges of irrigated agriculture in 
aridlands: Rio Grande valley 

More than 40% of the Earth’s land are covered as aridlands; they are 
characterized by relatively low precipitation and high potential evapo
transpiration, expressed in long periods of water deficiency and lower 
biomass (e.g., Grace et al., 2006; Reynolds et al., 2007; Wang et al., 
2012). A large portion of natural aridlands have been converted to 
cultivated fields while still providing a home to more than 38% of the 
world’s population (Crutzen, 2002; Reynolds et al., 2007). Irrigation 
increases crop yield potential substantially, when compared to rain-fed 
agriculture (Kukal and Irmak, 2019). 

When freshwater resources are limited (Rozema and Flowers, 2008; 
Assouline et al., 2015), surface and groundwaters waters, high in 
salinity, are used for irrigation. Evaporative water loss, limited water 
infiltration, and irrigation water of high salinity lead to the 

accumulation of evaporite salts near impermeable soil horizons. These 
secondary salts clog soil pores, decreasing salt leaching, facilitating 
future evaporation and accelerating future salt buildup (e.g., Assouline 
et al., 2015; Cox et al., 2018). Soil salinization from irrigated agriculture 
has been recorded worldwide, including in countries like the United 
States, Argentina, Zimbabwe and China (e.g., Falasca et al., 2014; 
Shrivastava and Kumar, 2015; Chemura et al., 2014; Wang et al., 2015), 
and it has been responsible for lowering crop yields and deteriorating 
overall soil quality (Pannell and Ewing, 2006; Shrivastava and Kumar, 
2015; Cox et al., 2018). Altogether, soil salinization affects more than 
830 million ha of land globally, or 8.3 million km2, or ~10% of the 
world’s arable land (Szablocs, 1989; Martinez-Beltran and Manzur, 
2005). The lack of irrigation water and soil salinity problems have been 
estimated to lead to multibillion-dollar losses in crop cultivation in arid 
environments (Qadir et al., 2014). 

Soil salinity can be measured as electrical conductivity (EC) or as 
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total dissolved solids (TDS) in soil pastes or as osmotic potential (Brandy 
and Weil, 2008). A soil is considered saline when EC values are greater 
than 4 dS m−1, approximately equivalent to 40 mM of NaCl (Marschner, 
1995). Sodicity is another measure of soil quality that can control clay 
behavior, soil structure and soil permeability (Richards, 1954; Brandy 
and Weil, 2008). The sodium adsorption ratio (SAR) is a widely used 
proxy of soil sodicity, similar to the cation ratio of structural stability 
(CROSS) that can be used to assess irrigation water and soil leachate’s 
sodicity (Rengasamy and Marchuk 2011). Briefly, SAR is the ratio of 
sodium concentration over the square root of the sum of calcium and 
magnesium concentrations in a soil slurry. Soils are considered sodic if 
SAR values are greater than 13 (Essington, 2003; Chaganti and Crohn, 
2015). Under sodic conditions, clay disperses, greatly decreasing soil 
permeability and hydraulic conductivity (Assouline et al., 2015; Qi 
et al., 2018). Soils that are both sodic and saline are treated for sodicity 
first because sodic conditions lead to increased clay dispersion, limiting 
water movement and increasing the amount of salt accumulation (Lal 
et al., 1989). 

The Rio Grande is the fifth longest river in the United States, 
approximately 80% of its annual flow is diverted for municipal and 
agricultural, serving over 5 million people along its course (Woodhouse 
et al., 2005; Hall and Peterson, 2013). Due to both natural processes and 
human activities, including agriculture, the salinity of the Rio Grande 
increases downstream (Hogan et al., 2007; Williams et al., 2013; Szyn
kiewicz et al., 2015). For example, the EC values of the Rio Grande water 
near the El Paso, TX region, were measured at ~1.4–4.6 dS m−1 in 
2009–2010, near saturation or slightly oversaturated for calcite 
(CaCO3), unsaturated for gypsum (CaSO4*2H2O) and halite (NaCl) 
(Szynkiewicz et al., 2015). Moreover, decreased snowfall at its head
waters in Colorado, is projected to reduce the Rio Grande river’s water 
flow (Chavarria and Gutzler, 2018; Elias et al., 2015; Pascolini-Campbell 
et al., 2017). 

Large portions of land along the mid-Rio Grande are used for culti
vation, with three major agricultural hotspots: Albuquerque (New 
Mexico, USA), Las Cruces (New Mexico, USA) and El Paso (Texas, USA). 
Typically, fields are flooded with several centimeters of Rio Grande 
water per irrigation event, a common and low infrastructure practice. 
Irrigated agriculture in El Paso supports major crops such as alfalfa 
(Medicago sativa), cotton (Gossypium barbadense) and pecan (Carya illi
noinensis), which have relatively high salt tolerances (2 dS m−1,~7 dS 
m−1, and ~ 3 dS m−1) (Mass and Hoffman, 1977; Miyamoto et al, 1986). 
In 2012, 25.4% of land use in the El Paso County, Texas, was registered 
as cropland and was second in pecan production in the State of Texas 
(USDA-NASS). Occurrence of drought in the headwaters and tributaries 
affects the total supply of the Rio Grande water accessible to Texan 
farmers (International Boundary & Water Commission). During drought, 
when river water is not sufficient during a growing season, groundwater 
or treated municipal wastewater is used for irrigation in pecan orchards. 
Alfalfa fields; however, are typically fallowed in years of drought. 

Aeolian dust is prevalent in aridlands, and has long been recognized 
as the predominant Ca source in the formation of natural pedogenic 
carbonate in the American Southwest (e.g. Gile, 1961; Chiquet et al., 
1999, 2000; Capo and Chadwick, 1999; Naiman et al., 2000). Although 
atmospheric deposition, high evapotranspiration and salt accumulation 
are naturally occurring, it is important to determine if secondary salt 
formation is enhanced by agricultural management practices, outpacing 
the natural processes. 

Cox et al. (2018) collected 60-cm soil profiles from three major 
regional crops (cotton, alfalfa, and pecan) along the Rio Grande valley 
and reported high soil sodicity and salinity as a result of 90 years of 
cultivation with flood irrigation. Soil texture was identified to strongly 
impact water flow paths, residence time and to control the magnitude 
and location of salt accumulation (Cox et al., 2018). Growers actively 
combat limited water availability, soil salinization and sodicity with 
management practices including leaving crops like alfalfa fallow, 
physical and chemical strategies like deep plowing, irrigating fields with 

excess waters, and additions of gypsum, sulfuric acid, or elemental 
sulfur onto problem areas (Ganjegunte et al., 2018). Plowing, resurfaces 
deeper soils of lower salinity, facilitating water infiltration. Irrigating 
fields before the growing season can flush pre-existing secondary salts to 
prepare soils for the growing season. Chemicals such as gypsum, sulfuric 
acid and sulfur pellets are used to lower sodicity and maximize the ef
fects of salt leaching. Briefly, calcium dissolved from gypsum replaces 
sodium that is adsorbed in clays, allowing clay aggregation, improving 
permeability, and enabling sodium loss during leaching. Sulfuric acid, 
either applied directly or formed from oxidation of elemental sulfur 
pellets, dissolves soil carbonates and produces gypsum. This practice not 
only lowers the sodicity, but also lowers the pH, and increases soil 
porosity by congruent dissolution of existing carbonates. 

This study builds on previous work to: (1) quantify atmospheric (i.e., 
wet and dry deposition) versus anthropogenic (agricultural amendments 
and flood irrigation) salt inputs to local agricultural soils, (2) investigate 
the importance of different controls on salt accumulation rates and (3) 
determine if soil amendments improve long-term soil quality. 

2. Methods 

2.1. Site description 

Historic flooding and meandering of the Rio Grande river have 
deposited a variety of inter-fingerings of sand, silt and clay particles of 
Holocene-age (Doser et al., 2007, 2019). Soils that are developed on 
these sediments are typically alkaline Entisols, with no discernable ho
rizons (Miyamoto, 2010). Two agricultural study sites were selected 
along the Rio Grande valley from an alfalfa field and a pecan orchard, 
covering typical crops of the region (Fig. 1), the same alfalfa and pecan 
orchards as in Cox et al. (2018). 

The pecan orchard in Tornillo, Texas, USA had previously grown 
cotton for 50 years prior to changing to pecan for the last 30 years. 
During growing season (April-October), the pecan field is flooded with 
approximately 10 cm of irrigation water every 2 to 3 weeks, about 1.5 m 
of water per growing season. At the pecan orchard, irrigation waters are 
primarily from the Rio Grande, and supplemented with local ground 
water from two wells. These wells were drilled to depths of 36 and 62 m, 
respectively, accessing water in Rio Grande alluvium system. 

Fertilizers, liquid or easily soluble salts, including potassium car
bonate, urea, and humic acids are applied annually to improve crop 
yields and solid amendments are applied to improve soil quality (Ap
pendix Table 1A). For example, 56 g m−2 of elemental sulfur pellets have 
been applied annually to lower soil sodicity for the past 20 years. 
Gypsum is added periodically and selectively to areas with severe 
sodicity, and the average application rate is estimated at 125–250 g m−2 

yr−1. Soils are typically tilled to 15 cm every spring to mix fertilizers and 
amendments well. Soils in the pecan orchard belong to the Saneli silty- 
clay loam, Harkey loam, and Tigua silty-clay series (NRCS). 

The alfalfa field is in southeastern El Paso, Texas and soils there are 
Harkey silty clay loam series (NRCS). In contrast to the pecan site, the 
alfalfa site has not been fertilized, amended, or tilled. Ground waters 
have never been used for irrigation at the alfalfa site; fields are left 
fallow if Rio Grande waters are insufficient. 

A natural site was selected in the outskirts of Fabens, Texas, with no 
current or historically documented agricultural land use (Fig. 1). 
Dominant soils at the natural site are wind-modified sandy alluvium 
from the Bluepoint association with surrounding soils of Pleistocene-age 
(NRSC Custom Soil Report). The natural site is characterized by Chi
huahuan Desert scrub, dominated by mesquite (Prosopis glandulosa) and 
creosote bush (Larrea tridentata) among bare lands of aeolian deposits 
and a few sand-dune mounds. 

2.2. Solid sample collection: dust, soils, and soil amendments 

Dust samples were collected with passive dust-pans in both the pecan 
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and natural sites for exactly one year, following the methods in Ganor 
(1975) and Shannak et al. (2014). Specifically, an aluminum pan filled 
with glass beads was attached to a vertical pole that was 1.5 m above the 
ground surface. After one year, the sample from each pan was weighed, 
then the flux was calculated using the weight, the dimension of the 
dust-pan (0.14 m2) and the duration of the dust deposition (one year). 
Presumably, a dust-pan sample contains both wet and dry deposition 
and represents annual atmospheric deposition. Elemental analyses of 
dust samples are discussed below along with soils. 

At the pecan orchard, two soil profiles were collected, one near 
visually stunted pecan tree growth (referred to as Pecan_Fine) and the 
other near visually lush growth (referred to as Pecan_Coarse) (Fig. 1). 
Soil samples were collected with a manual soil auger in 10 cm intervals 
until 300 cm below the surface, which was the depth of the water table 
at the time of sampling. A drainage canal runs along the northern edge of 
the pecan orchard, ~150 m from the Pecan_Coarse and Pecan_Fine sites, 
with water level approximately 4 m below the ground surface during the 
irrigation season. 

An additional soil profile (Pecan_AG) was collected near Pecan_Fine, 
also near Pecan1 in Cox et al. (2018), right after gypsum application. 
This was to compare with soil data from Cox et al. (2018) before gypsum 
application (Pecan_BG) and determine the impact of amendments on soil 
sodicity. Pecan_AG and Pecan_BG profiles reached 70 and 80 cm, 
respectively with 10 cm resolution. 

During a fallow year, two soil profiles were also collected near 
visually lush and stunted alfalfa (Alfalfa_Fine and Alfalfa_Coarse, 
respectively; Fig. 1) (Cox et al., 2018; Doser et al., 2019). Soils were 
augured in February 2013 with 10 or 20 cm resolution, from 0 to 300 cm 
below land surface. A 60-cm soil profile was previously collected next to 
Alfalfa_Fine as “Alfalfa” by Cox et al. (2018), and relabeled as Alfalfa_
Fine_D, as a shallow duplicate. These soil samples were analyzed for 
more chemical data. 

Soil samples at ~10 to 20 cm intervals were collected from the 
natural site to a depth of 109 cm. All soils were air-dried, homogenized 
and split with a riffle splitter, to produce representative subsamples for 
subsequent analyses. An assortment of nine solid fertilizers and 
amendments applied for soil and foliar application were collected from 
the pecan orchard in 2018, dissolved in de-ionized water and analyzed 
for major ions as described in detail in following sections (Appendix 
Table 1A). Gypsum, elemental sulfur pellets and all other fertilizers or 

amendments that were not available and thus, not analyzed. 

2.3. Soil analyses 

2.3.1. Soil texture 
The bulk soil sample was ground gently with a mortar and pestle to 

break aggregates and all particles were less than 2 mm. Soil samples 
were split to three different particle size fractions including sand (0.063– 
2 mm), silt (0.002 –0.063 mm), and clay (<0.002 mm) using a wet 
sieving and centrifuge procedure (Jackson, 1967). Specifically, the sand 
fraction was separated from silt and clay by wet sieving (0.063 mm, 
Mesh # 230). All finer particles in a slurry were then centrifuged at 
3500 rpm for ten minutes. The supernatant contained the clay fraction 
and was separated from the pellet at the bottom of the centrifuge tube, 
the silt fraction. All three fractions (sand, silt, and clay) were air dried 
and then weighed to determine soil texture. 

2.3.2. Sequential extraction 
The sequential extraction of water-soluble and acid-leachable frac

tions was conducted for the dust samples and soils from the Pecan_
Coarse, Pecan_Fine, natural site and Alfalfa_Fine_D sites. The 
amendments and fertilizers used in the pecan orchard and soils from 
Alfalfa_Fine and Alfalfa_Coarse were only characterized for the water- 
soluble fraction. 

2.3.3. Water-soluble fraction: 
De-ionized water was used to extract water-soluble salts, such as 

CaCl2, NaCl, CaSO4*2H2O or Na2SO4 from the samples (Cox et al., 
2018). The resulting water-soluble fraction is directly linked to irriga
tion and evaluates the evaporite salt buildup, as well as soil salinity and 
sodicity. For the water-soluble extraction, 10 g of a soil sample was 
weighed into a centrifuge tube and mixed with 30 mL of de-ionized 
water (18.2 MΩ, DI). The 1:3 slurry was shaken for 15 min on a 
shaker and centrifuged at 3500 rpm for ten minutes. The supernatant 
was passed through a 0.45 μm paper filter and weighed. The leachate 
was analyzed for electrical conductivity (EC) and pH. The sympHony 
VWR EC and pH electrodes were calibrated using 1413 µS cm−1 and 12.9 
mS cm−1 standards, and pH 4 and pH 7 buffer solutions, respectively. 
Before elemental analyses, the leachate was diluted to 1:100 with de- 
ionized water. Aliquots used for cation concentrations were acidified 

Fig. 1. Regional Map of three study sites in the El Paso, TX region, along the Rio Grande valley: two agricultural sites Alfalfa and Pecan and one natural site near 
Fabens. In both agricultural sites, two soil profiles were chosen: Pecan_Fine and Pecan_Coarse, and Alfalfa_Fine and Alfalfa_Coarse. Arial photographs are shown to 
highlight vegetation differences within a field. 
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with 3–4 drops of ultra-pure HNO3 and analyzed in a Perkin Elmer 
5300DV inductively coupled plasma-optical emission spectrometer 
(ICP-OES). Aliquots for anion concentrations remained un-acidified and 
analyzed with a Dionex ICS-2100 ion chromatography (IC) system. A 
procedure blank was included along with soil and dust samples. 

2.3.4. Exchangeable fraction: 
The exchangeable cations were removed from the residual soil pel

lets after the water extraction and before the following acid extraction 
following the method of Amacher et al. (1990) and White et al. (2005). 
Specifically, the soil residues, resultant from the water-soluble extrac
tion, were mixed with 25 mL of 0.1 M BaCl2-0.1 M NH4Cl, shaken for 15 
min and then centrifuged at 3500 rpm for five minutes. Residue soils 
were separated from supernatants, rinsed with 5 mL of DI water and 
centrifuged for 5 min at 3500 rpm. The data on the exchangeable frac
tion are not discussed in this paper. The soil residues were used for the 
subsequent extraction. 

2.3.5. Acid leachable extraction: 
An acid leachable extraction was used to dissolve carbonate min

erals, i.e., pedogenic calcite in this study following the method of 
Jacobson et al. (2003) and Jin et al. (2010). Specifically, exactly 20 mL 
of dilute acetic acid were added onto soil residue from the exchangeable 
fraction (1 M or 2 M depending on calcite contents as estimated from the 
soil inorganic carbon concentration). The mixture was shaken for six 
hours and centrifuged at 2500 rpm for 20 min and the supernatant 
filtered with a 0.45 μm paper filter. The soil residue was washed again 
with 3 mL of 1 M or 2 M acetic acid. Two aliquots of acetic acid leachates 
were combined, dried and re-dissolved in 2% HNO3, before analysis of 
cation concentrations on the ICP-OES. 

2.3.6. Saturation paste extraction 
The Pecan_BG profiles was sampled previously as Pecan1 and 

analyzed for its pH, electrical conductivity (ECe) and elemental 
composition in saturated paste extract (SPE) (Cox et al., 2018). To be 
consistent and comparable, Pecan_AG soils were characterized using the 
same procedure as Rhoades (1996) and Cox et al. (2018). 

2.4. Water sample collection and characterization 

Four types of water samples were collected only from the pecan or
chard: irrigation waters, soil waters, shallow groundwaters, and 
drainage waters. Irrigation waters were collected prior to each flooding 
event from irrigation canals (IRW_RG) or from the local and deep 
groundwater wells (IRW_GW). Soil waters were collected typically one 
week after irrigation, using 1900-series tension lysimeters (Soil Mois
ture®, Santa Barbara, CA) installed at four depths, 15, 30, 60 and 120 
cm respectively. A vacuum of −50 centibar was pulled on the lysimeters 
one day before irrigation. Drainage waters were also collected seven 
days after irrigation from the drainage canals. Three wells were installed 
near Pecan_Coarse in 2018 to sample shallow groundwaters (Sosa, 
2019), and these wells were advanced to depths of 3.5 m (GW1), 2.8 m 
(GW2), and 2.2 m (GW3) respectively. Samples were collected approx
imately one week after an irrigation event. At least three well volumes 
were purged to allow the collection of a representative sample. 

The pH and EC of water samples were measured in the field using 
calibrated probes. The irrigation water, groundwater and drainage 
water samples were filtered in the field using 0.45 μm filters and 
analyzed for alkalinity and concentrations of major ions. The ceramic 
cups in the lysimeters have maximum pore size of 1.3 μm, so soil water 
samples were not further filtered. Samples were refrigerated at 4 ◦C 
before analysis. Samples for cation analysis were acidified using several 
drops of ultrapure nitric acid (~15 N). Water alkalinities were titrated 
with dilute hydrochloric acid and calculated using the Gran-alkalinity 
method with the DL15 Mettler-Toledo titrator (Stumm and Morgan, 
1996; Drever, 1997). Major cations were analyzed by the ICP-OES and 

major anions by the IC. 
Procedure blanks and sample replicates were included for QA/QC. 

The USGS Reference Materials M182 and M178 (water standards) were 
run as checks on ICP-OES and an in-house water standard for IC. Errors 
were within 10% of certified values for all major cation concentrations 
on ICP-OES and 5% for all anion concentrations on IC. The data quality 
of the leachates in water-soluble fractions were also evaluated by charge 
balance where concentrations of major cations and anions and alkalinity 
are measured, as well as regressions between electrical conductivity and 
the sum of cation charges or sum of anion charges (Appendix Fig. 1). 

Saturation indices (SI) for calcite, gypsum and halite were calculated 
from pH, elemental chemistry using Visual MINTEQ ver 3.1, assuming 
20 ◦C as the water temperature. This was to calculate the ratio of ion 
activity product (IAP) to solubility product in a log unit for a given 
mineral and a given water sample: 

SI = log10(
IAP
Ksp

) (1)  

where water samples are considered at equilibrium with a mineral if the 
SI equals zero, under-saturated if the SI is negative and supersaturated if 
the SI is positive. For groundwater samples (GW1, GW2, GW3), alka
linity was not titrated. It was estimated from the difference in the total 
positive charge of major cations and negative charge of all other anions. 

2.5. Soil sensor network 

A soil sensor network had been previously established in both the 
Pecan_Fine and the Alfalfa_Fine sites by Cox et al. (2018), where soil 
volumetric water content (VWC), soil temperature (Tsoil) and bulk soil 
EC were recorded at depths of 15, 30, 60, and 120 cm with 5TE Decagon 
sensors and Campbell CR1000 data loggers. For this study, a soil sensor 
network was established for Pecan_Coarse soils to compare with 
Pecan_Fine site. Previously, a continuous dataset of five-minute resolu
tion was collected from the Pecan_Fine network for two growing seasons 
in 2014 and 2015 and for one growing season during 2016. Only one 
irrigation event was captured for both Pecan_Fine and Pecan_Coarse at 
15 cm soils during 2016. 

Pore-fluid chemistry change in response to evaporation, dissolution 
and precipitation of secondary salts can be better understood by calcu
lating the real-time variation in pore-fluid EC, with bulk EC from the 5TE 
sensors (Hillhorst, 2000): 

σp =
ε’

p*σb

ε’
b − ε’

σb=0
(2)  

where,σp is the pore-fluid EC (dS m−1); ε’
p is the unitless real portion of 

the dielectric permittivity of the soil pore water; σb is the bulk EC (dS 
m−1); εb is the real portion of the bulk soil dielectric permittivity, 
unitless; ε’

σb=0 is the real portion of the dielectric permittivity of the dry 
soil. ε’

p can be calculated from the soil temperature by: 

εp = 80.3 − 0.37*(Tsoil − 20) (3)  

where Tsoil is the soil temperature (oC) and collected from the 5TE sen
sors. Furthermore, ε’

b is calculated using the raw volumetric water 
content (VWC) counts and converting these to bulk dielectric with a 
calibration: 

ε’
b =

εRaw

50
(4) 

ε’
σb=0 is an offset term to represent the dielectric permittivity of dry 

soils and a generic offset of 4.1 is used. Conversion of bulk soil EC to 
pore-fluid EC through Eq. (2) has been validated by EC measurements on 
sampled soil waters during the saturated field conditions in this pecan 
orchard (Cox et al., 2018). 
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3. Results 

3.1. Soil texture 

The particle size distribution (PSD) changed dramatically with depth 
at each soil profile and among different soil profiles (Appendix Table 2; 
Fig. 2). Indeed, PSD showed strong contrasts between the two soil pro
files at the pecan site and between the two soil profiles at the alfalfa site 
(Fig. 2A-D). The Pecan_Fine soils were loamy at shallow depths, con
tained up to 75 wt% clay and almost no sand between 50 cm and 160 
cm, and became sandy below the clayey layer (Fig. 2A). Similarly, a fine- 
grained layer was observed at the same depth range of the Pecan_Coarse 
soil profile, but with much lower clay content and higher sand content 
(Fig. 2B). Below 40 cm, more than 50% of sand was observed at 
Pecan_Coarse. A Wilcoxon-Rank test showed that Pecan_Fine soils had 
significantly higher clay contents than Pecan_Coarse soils (p < 0.005). 

Shallow soils from Alfalfa_Coarse contained ~ 50% sands, with a 

distinctive clay peak between 50 and 140 cm depths followed by sandy 
soils below (Fig. 2D). The soils from the Alfalfa_Fine site were dominated 
by finer silt and clay particles throughout the profile, with a sand% 
decreasing with depth (Fig. 2C). At the natural Fabens site, soils from the 
top 10 cm contained almost 90% sand and became finer towards deeper 
soils. As sand contents gradually decreased, silt contents increased with 
depth (Fig. 2E). 

3.2. Soil sequential extraction 

3.2.1. Water-soluble extraction 
Chemical compositions of water extraction from eight soil fertilizers 

and amendments were reported in Appendix Table 1B. These are very 
soluble and have high concentrations of Ca2+, Na+, K+ etc. 

The pH, EC and major ion concentrations in the water-soluble frac
tion of all soils, and dust are reported in Appendix Table 2. Except for 
two outliers, the sum-total of negative charges (anions) were positively 
correlated to the sum-total of positive charges (cations) in the water- 
soluble fraction of all samples. Similarly, EC values were also posi
tively correlated to the sum-total positive charges (Appendix Fig. 1A and 
1B). The PSD and water-soluble data of alfalfa soils were presented as 
graphs and compared to geophysical survey in Doser et al. (2019). 

All agricultural soils were slightly basic, with pH ranging narrowly 
from 7.0 to 8.0. In contrast, soil pH in the natural site changed quickly 
from 6.6 to 8.3 for the top 20 cm and remained near 7.5 the rest of the 
profile (Fig. 3A). Soil EC varied drastically with depth and among 
different sites (Fig. 3B). The Alfalfa_Coarse and the Pecan_Coarse sites 
had the lowest and the least variable EC among all soils. The entire 
Pecan_Fine soil profile showed consistently higher EC values between 
0.96 and 3.68 dS m−1 than Pecan_Coarse. The soils at the Alfalfa_Fine 
site had much lower EC values than the Pecan_Fine profile but had a 
peak of 3.86 dS m−1 around 150 to 250 cm depth. Surprisingly, the 
highest soil EC values were observed in the natural site; EC increased 
quickly with depth and reached 6.2 dS m−1 at around 90 cm. 

Like EC, concentrations of water-soluble Na+, Ca2+, Cl− and SO4
2−

were systematically higher in the Pecan_Fine soils than those in the 
Pecan_Coarse soils (Fig. 3C-F). Similarly, the soils at the Alfalfa_Fine 
profile also had consistently higher water-soluble concentrations than 
those at the Alfalfa_Coarse site. Concentrations of Na+, Ca2+ and SO4

2− in 
the water-soluble fraction at the natural site were the highest among all 
soil profiles but its Cl− concentrations were similar as those in the alfalfa 
and pecan soils. 

The dominant cations in the water-soluble fraction were Na+ and 
Ca2+, followed by Mg2+ and K+, and dominant anions SO4

2− and Cl−

(Appendix Table 2; Fig. 3A). Moreover, the Piper-Hill diagram revealed 
the soils in the Pecan_Coarse site have higher water-soluble Na+ plus K+

and lower Ca2+ and Mg2+ than those in the Pecan_Fine site (Fig. 4A). Soil 
SAR values were calculated from water leachates and were below the 
sodicity threshold of 13 (Fig. 3G). However, this procedure used higher 
water: soil ratios than typically used in soil salinity and sodicity studies 
(Cox et al., 2018); hence, SAR, was underestimated. Therefore, it is 
reasonable to assume most soils from the pecan and alfalfa sites were 
sodic or close to sodicity. At pecan soils, SAR values were lowered by an 
average of 60% after gypsum treatments (Fig. 5). Generally, coarser 
textured soil profiles, Pecan_Coarse or Alfalfa_Coarse, had lower SAR 
values than their fine-textured counterparts, Pecan_Fine and Alfalfa_
Fine. The SAR values for the top 40 cm of the natural site were much 
lower than those of any agricultural site, but quickly surpassed the 
sodicity threshold below 40 cm (Fig. 3G). 

3.2.2. Acid leachable 
The predominant cation in the acid leachable extraction was Ca2+, 

with little addition of Mg2+ (Appendix Table 2; Fig. 6A). Overall, the 
Pecan_Fine profile had much higher Ca2+ than the Pecan_Coarse profile, 
with Mg/Ca ratios of 0.04 and 0.03 respectively, indicative of low-Mg 
calcite. Calcite contents were calculated from the acid leachable Ca2+

Fig. 2. Soil texture for five soil profiles: Pecan_Fine (A), Pecan_Coarse (B), 
Alfalfa_Fine (C), Alfalfa_Coarse (D), and the natural site at Fabens (F). Shaded 
areas illustrate where salt accumulation peaked right above the fine- 
grained layer. 
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concentrations assuming CaCO3 stoichiometry. Soils from the Pecan_
Fine site contained up to 8 wt% of calcite and those from the Pecan_
Coarse site had close to 3 wt% of calcite (Fig. 6B). Soils from Alfalfa_Fine 
and Alfalfa_Coarse profiles were not characterized for acid leachable 
fraction. However, Alfalfa_Fine_D soils had more pedogenic carbonate 
that the pecan soils (Fig. 6B; Appendix Table 2), averaging 13 wt% 
CaCO3. Pedogenic carbonate contents at the natural soils were like those 
at the Pecan_Fine site, at ~ 8 and 6 wt% respectively. The acid leachable 
extraction of the two dust samples from the natural site and the pecan 
orchard were 3.5 and 3.4 g/kg Ca2+, respectively (Appendix Table 2). 

3.3. Water chemistry 

Water chemistry data were reported for the pecan sites in Appendix 
Table 3 and Fig. 7. Charge balance for the water chemistry was calcu
lated for samples with complete major cation and anion characterization 
and reported in Appendix Fig. 1C and 1D. Irrigation water samples at the 
Pecan site were alkaline with pH ranging from 7.3 to 8.8 (Fig. 7A). Soil 
water pH decreased at 60 cm depths for Pecan_Fine soils. The ground
water irrigation samples (IRW_GW) had similar pH values to Rio Grande 
irrigation waters (IRW_RG). Alkalinity, EC and major ions (Ca2+, Na+, 

Fig. 3. Depth profiles of pH (A), EC (B), Na+ concentration (C), Ca2+ concen
tration (D), Cl− concentration (E), SO4

2− concentration (F), and sodium 
adsorption ratios (SAR, G), in the water-soluble fraction of soils from the pecan, 
alfalfa and natural Fabens sites. 

Fig. 4. Piper-Hill diagrams for (A) water leachates of the soils and dust and (B) for irrigation waters (river and deep groundwater).  

Fig. 5. Sodium adsorption ratios (SAR) of soils at the Pecan_Fine site before and 
after treatment with gypsum. The threshold for sodic soil is 13, plotted as a 
vertical line for reference. SAR data before treatment was from Cox et al. 
(2018). SAR data after treatment were collected using the same method as Cox 
et al. (2018). 
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Cl− and SO4
2−) increased with soil profile depth; however, canal drainage 

waters (DRW) and shallow groundwaters (GW1-GW3) were similar to 
irrigation water EC and alkalinity (Fig. 7B-7E). 

A Piper-Hill diagram for pecan waters showed that both types of 
irrigation waters had higher Na+ and K+ concentrations than Ca2+ and 
Mg2+ concentrations (Fig. 4B). Irrigation waters from the river 
(IRW_RG) tended to have higher alkalinity and SO4

2− and lower Cl − than 
from the deep ground waters (IRW_GW) (Fig. 7C). 

Geochemical modelling indicated that SI values for gypsum were 
negative ~ −2 and increased with soil depth to reach 0, suggesting that 
soil waters were under-saturated or near saturation. In contrast, irriga
tion waters, soil waters and groundwaters were near saturation or over- 
saturated with respect to calcite, with SI values from 0.06 to 1.4 
(Fig. 7F). All water samples were under-saturated with respect to halite, 
with SI values less than −5. 

3.4. Soil sensor network 

Soil moisture, temperature, bulk EC and calculated pore-fluid EC 
data at 15 cm depth were plotted for the Pecan_Fine and Pecan_Coarse 
sites, for one irrigation event in 2016 (Fig. 8). The VWC at 15 cm was 
higher in Pecan_Fine soils than Pecan_Coarse soils (Fig. 8A). Soil mois
ture plateaued at 15 cm while soils were saturated with ponded water, 
VWC was 0.45 and 0.32 m3 m−3 for Pecan_Fine and Pecan_Coarse, 
respectively. This indicated higher soil porosity at 15 cm at the 
Pecan_Fine site than the Pecan_Coarse site. Differences in the soil 
moisture were significant between two sites (Wilcoxon Signed-Rank test 
p-value < 2.2e-16); VWC for both soils returned to pre-flooding values 
approximately 10 days after irrigation (Fig. 8A). Although flooding led 

to lower soil temperatures in coarser textures, both coarse and fine 
textures followed diurnal patterns, soil temperatures did not return to 
pre-flooding values (Fig. 8B). Bulk EC was higher at Pecan_Fine than 
Pecan_Coarse (Fig. 8C) and peaked at the onset of irrigation in both soils, 
then gradually decreased to pre-flooding values. Pore-fluid EC decreased 
immediately after irrigation in both soils. After a short period of equi
librium of 2 days in fine-textured soils and ~6 h for coarse-textured 
soils, pore-fluid EC increased slowly, until reaching pre-flooding base
line values. Pecan_Coarse soils reached baseline values much faster (~1 
day) than Pecan_Fine (~10 days) (Fig. 8D). 

4. Discussion 

4.1. Salt-loading at the agricultural and natural soils 

In this study, salt accumulation can occur from irrigation, rainfall, 

Fig. 6. Acid leachable fraction of all soils is dominated by Mg2+ and Ca2+ (A), 
indicating presence of low-Mg calcite. The calcite weight% is plotted as a 
function of depth (B). Notice that data plotted as Alfalfa_Fine are collected from 
Alfalfa_Fine_D, a duplicate soil core near Alfalfa_Fine. 

Fig. 7. Major element chemistry of all water samples: pH (A), EC (B), alkalinity 
(C), Na+ concentrations (D), Cl− concentrations (E), and saturation indexes (SI) 
for halite, gypsum and calcite (F). The irrigation water (IRW) is placed at 0 cm, 
soil water (SW) is from 15 cm, 30 cm, 60 cm and 120 cm, drainage water 
(DRW) is placed arbitrarily at 200 cm, and groundwater is placed at 250 cm for 
GW1, 300 cm for GW2, and 350 cm for GW3. IRW_RG and IRW_GW are irri
gation waters from Rio Grande and groundwater, respectively. 
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water-soluble fraction of dust, and water-soluble fraction of fertilizers 
and soil amendments. Potential salt-loading from Rio Grande irrigation 
water (~1.12 m of water per growing season) in the El Paso region is 
substantial for all major species reported: 306 g Na+ m−2 yr−1, 129 g 
Ca2+ m−2 yr−1, 361 g Cl− m−2 yr−1, 419 g SO4

2− m−2 yr−1, and 284 g 
HCO3

− m−2 yr−1 (Appendix Table 14), similar to estimates from Cox et al. 
(2018). Groundwaters (IRW_GW) on average had higher EC values (4.02 
dS m−1, n = 2) than Rio Grande river (IRW_RG) (2.18 dS m−1, n = 12) 
(Appendix Table 3; Fig. 7); therefore, groundwater has the potential to 
double the salt-loading rates of Ca2+, SO4

2−, Na+, and Cl− if it were the 
sole source of irrigation water (Appendix Table 4). 

The National Atmospheric Deposition Program (NADP) National 
Trends Network (NTN) provides long-term records of elemental loading 
from precipitation (http://nadp.slh.wisc.edu). The annual Ca deposition 
at five sites that are closest to this study area, each with more than 20 
years of record, ranges from 0.08 to 0.24 g Ca2+ m−2 yr−1 and averages 
at 0.18 g Ca2+ m−2 yr−1 (AZ98: Chiricahua, AZ; NM08: Mayhill, NM; 
TX2: Muleshoe National Wildlife Refuge, TX; TX16: Sonora, TX; TX22: 
Guadalupe Mountains National Park Frijole Ranger Station, TX), rep
resenting regional loading averages, that are similar to measured values 
in this study. 

The solid fertilizers that were analyzed for this study were extremely 
water-soluble and would dissolve quickly by irrigation waters once 
applied at the soil surface. However, the salt loading in the agricultural 
soils was negligible due to low application rates (Appendix Table 1; 
Appendix Table 4). A full suite of liquid and solid fertilizers used in the 
field is needed to quantify the total loadings. However, the soil 
amendments analyzed contributed significant amounts of dissolved 
calcium and sulfate (29–58 g Ca2+ m−2 yr−1, 240–310 g SO4

2− m−2 yr−1), 
slightly lower than those from the irrigation water (Appendix Table 4). 

Of the year-long dust collected for this study, a total of 40 and 59 g 
m−2 yr−1 of dust were loaded to soils at the natural site and the pecan 
orchard, respectively in 2016. Only 0.3% and 0.2% of the dust was 
water-soluble Ca2+ but 3% and 2% were acid soluble Ca2+ at the natural 
site and pecan orchard, respectively. Dissolved Ca2+ was the major ion 
in both water-soluble and acid leachable dust fractions, consistent with 
previous studies where dusts have been regarded as a major source of Ca 

in pedogenic carbonate of natural dryland soils (McFadden and Tinsley, 
1985; Reheis and Hihl, 1995; Whipkey et al., 2000). While soluble Ca2+

deposition rates from dust are higher than from the analyzed soil fer
tilizer deposition (0.1–0.2 g m−2 yr−1 versus an average of 1.22 g m−2 

yr−1) and at similar levels as rain, they are much lower than salt depo
sition from irrigation water (129–356 g m−2 yr−1; Appendix Table 4). 
These findings agree with previous works that have recognized dust as 
an important source of salts in natural desert environments (Monger and 
Gallegos, 2000; Gile et al., 1981; Capo and Chadwick, 1999; Reheis, 
2006; Reheis and Urban, 2011; Floyd and Gill, 2011; White et al., 2015); 
however, the impact of irrigation overshadows the significance of dust 
in salt loading. 

Continuous irrigation affected soil quality in both the pecan and al
falfa sites, similar to what has been observed in other irrigated arid soils 
(Falasca et al., 2014; Assouline et al, 2015; Cox et al., 2018). Saturation 
paste salinities averaged from the entire soil profiles showed EC ~ 2.11 
dS m−1, 0.64 dS m−1, 1.18, dS m−1 0.37 dS m−1, 0.63 dS m−1, and 4.49 
dS m−1 for Pecan_Fine, Pecan_Coarse, Alfalfa_Fine, Alfalfa_Coarse, 
Alfalfa_Fine_D, and the natural Fabens sites, respectively. In the 
Pecan_Fine and Alfalfa_Fine soils, these values were close to the salt 
tolerance levels of pecan and alfalfa, 2.6 and 2.0 dS m−1, respectively 
(Fig. 3B) (Mass and Grattan, 1999; Picchioni et al., 2000). Although 
these are values taken from only one point in time, they highlight cu
mulative salt loads from the previous irrigation events. These values also 
serve as evidence that fine textured control the depth of salt accumu
lation and provide valuable insight on the effects of continuous irriga
tion. Although averaged salinities across these profiles are mostly lower 
than crop threshold tolerances, the negative effects of their salinities is 
evidenced in aerial photographs showing stunted crop growth (Fig. 1). 

The major source of salinity in the natural Fabens site remains 
elusive. Calculations using the NADP data, assuming a particle density of 
2000 kg m−3 in 100 cm of soil, an average of ~ 1100 mg Ca kg−1 soil and 
340 mg Na kg−1 soil could be deposited in 12,000 years from wet 
deposition. This Ca loading rate is comparable to the measured con
centrations in the soil profile, suggesting that atmospheric deposition is 
the major soluble Ca source, similar to other regional studies (e.g., Capo 
and Chadwick, 1999). However, a major contributor for Na+ still re
mains unknown as the loading rates through rainfall and dust are much 
lower than those measured concentrations in the soil profile (Appendix 
Table 2; Fig. 1). 

4.2. Physical and chemical controls on salt buildup 

As discussed above, the soils within the pecan orchard are still not 
considered saline or sodic but are approaching the threshold levels after 
90 years of soil cultivation (Fig. 3). Therefore, it is critical to understand 
what controls salt accumulation rates in irrigated systems in order to 
assess how soil quality responds to continuous irrigation and future 
climate changes. 

4.2.1. Soil texture control 
Soils used for cultivation along the Rio Grande valley developed on 

fluvial sediments with variable layers of particle sizes due to antecedent 
flooding and river meanderings (Hall and Peterson, 2013; Doser et al., 
2007, 2019). This heterogeneity in soil texture occurs both vertically 
and laterally, as observed in two soil profiles, which are less than 50 m 
apart, at the pecan orchard and the alfalfa field (Figs. 1 and 2). Soils from 
Pecan_Fine, Pecan_Coarse and Alfalfa_Coarse sites are characterized by 
finer texture at shallow depths, underlain by coarser and sandy texture; 
in contrast, soils at the Alfalfa_Fine and the natural site are relatively 
coarser at the surface and become much finer at depth (Fig. 2). Within 
the pecan orchard, both Pecan_Fine and Pecan_Coarse sites have a layer 
of finer particles between 100 and 150 cm; however, this layer is silty- 
clay at the Pecan_Fine but is still sandy at the Pecan_Coarse (Fig. 2A, 2B). 

Soil texture heterogeneity exerts a strong control on location and 
rates of salt accumulation in irrigated soils, similar to what others have 

Fig. 8. Evolution of soil moisture (volumetric water content, VWC, A), soil 
temperature (B), bulk soil EC (C) and pore-fluid EC (D) at 15 cm soil depths at 
the Pecan_Fine and Pecan_Coarse site for a flood irrigation event on the whole 
pecan orchard. Pore-fluid EC was calculated from bulk soil EC and other soil 
parameters using Eqs. (2)–(4) as discussed in the text. 
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observed (Eshel et al., 2003; Ganjegunte et al, 2012; Cox et al., 2018). 
The absolute EC values measured from the soil leachates are sensitive to 
the soil: water mixing ratio in the slurry, the same ratio was used for all 
soil samples in this study; therefore, EC values are comparable among 
different sites as a proxy of total salt buildup (Appendix Table 2). Both 
Pecan_Coarse and Alfalfa_Coarse soils had average profile EC values 3X 
lower than their fine soil counterparts, the Pecan_Coarse soils, had lower 
EC than Pecan_Fine soils; similarly, Alfalfa_Coarse soils had lower EC 
values than Alfalfa_Fine soils (Fig. 3B). Within each soil profile, the EC 
peak was typically observed around the finer-textured soil layers 
(shaded areas in Fig. 2, Appendix Fig. 2). For both pecan sites, the 
highest EC values are between 100 and 150 cm; at the alfalfa field, EC 
peaks are between 150 and 250 cm and between 50 and 100 cm for the 
Alfalfa_Fine and Alfalfa_Coarse profiles, respectively (Fig. 2). This 
clearly suggests that finer soils limit the water infiltration and lead to 
more soil buildup. 

Salt buildup in agricultural soils is the result of the mass balance 
between salt input and output fluxes. From the sources collected and 
analyzed in this study, this work identifies the predominant inputs as 
irrigation, followed by soil amendments, with minimal additions from 
atmospheric inputs or soil fertilizers. The outputs are sensitive to soil 
texture, soil permeability, and consequent salt leaching. Indeed, the 15 
cm Pecan_Fine soil has the twice soil moisture content as the 15 cm 
Pecan_Coarse soil following flood irrigation (Fig. 8A). Soil moisture 
content decreased to the same baseline level after ~ 14 days in both 
pecan soils. Since water loss through transpiration and infiltration is 
expected to be slower in the Pecan_Fine site due to finer soil texture and 
the small-sized pecan trees up taking water and the soils’ higher tem
perature, it is reasonable to conclude evaporation is higher at Pecan_Fine 
than Pecan_Coarse. If so, it should impact pore-water chemistry as dis
cussed below. 

Bulk soil EC increased dramatically at the onset of irrigation, 
stressing how VWC controls bulk EC (Fig. 8C). Conversion of bulk soil EC 
to pore-fluid EC highlights soil water chemistry and its evolution across 
evaporation and chemical reactions. As shown in Fig. 8D, soil water EC, 
similar to irrigation EC, was low at the onset of flood irrigation and 
undersaturated with respect to gypsum and halite, SI < 0 (Fig. 7). After 
the irrigation event, pore-fluid EC increased with the dissolution of 
previously accumulated evaporate salts. Both soils reached varying 
equilibrium, dependent on the individual soils’ initial EC. Soil texture 
controlled water equilibrium with existing salts; Pecan_Fine soil reached 
equilibrium within two days and Pecan_Coarse within one day. Evapo
ration lowered soil moisture contents (Fig. 8A) while increasing pore- 
fluid EC towards mineral saturation, presumably leading to secondary 
salt precipitation (Fig. 8D). 

Major ion concentrations and EC increased with depth; as a result, SI 
of both gypsum and halite came closer to saturation in the pecan orchard 
soil waters (Fig. 7F). As discussed above, the floodplain mud inter
fingerings limit the depth at which waters leach salts and lower the 
connectivity of shallow soils and underlying aquifers. Furthermore, 
increased salt accumulation in these fine-textured layers could also 
decrease available pore space, lowering hydraulic connectivity and 
permeability. As impermeable layers restrict water movement, lateral 
flow towards return and drainage waters is expected during saturated 
field conditions. With limited water infiltration from above, soil salt 
contents were much lower below the clayey layers in pecan soils. 

4.2.2. Solubility control 
Soil waters were only sampled during initial irrigation and an evo

lution of elemental chemistry from irrigation and soil waters is observed: 
as irrigation waters infiltrate pecan soils, soil waters evolved dramati
cally, with higher Ca2+ and SO4

2− concentrations and slightly higher Na+

and Cl− concentrations (Fig. 7). This evolution could be a result of 
dissolution of gypsum and halite salts previously accumulated in those 
zones or dissolution of soil amendments. Towards the end of an irriga
tion event, gypsum and minor halite should reprecipitate in soils. In 

contrast, irrigation waters and soil waters were oversaturated or near 
saturation with respect to calcite (Fig. 7F). Therefore, calcite is expected 
to accumulate throughout the irrigation season, similar to what has been 
previously expected by Szynkiewicz et al. (2015) and reported in Cox 
et al. (2018), where up to 8 wt% of calcite was observed in these study 
sites (Fig. 6B). The Pecan_Fine soils contained higher calcite than the 
Pecan_Coarse soils. Peaks in calcite typically occurred above or coin
cided with peaks in clay in both pecan soil profiles, where calcite 
abundance was explained by clay contents (linear regression R2 = 0.30 
and R2 = 0.24 for Pecan_Coarse and Pecan_Fine, respectively). Although 
still unsaturated in soil waters, gypsum and halite can precipitate in soils 
when intensive evapotranspiration concentrates dissolved Na+, Cl−, 
Ca2+, and SO4

2− (Graham and O’Green, 2010). 
Contrasting solubility in secondary salt phases also explained the 

different composition of water-soluble soil fractions and irrigation 
water, as observed in Piper-Hill diagrams (Fig. 4). The irrigation water is 
clustered near Na+ plus K+ for cations; however, the water-soluble 
fraction in soils has slightly higher contribution from Ca2+. This is due 
to both the addition of Ca from irrigation waters, soil amendments, and 
dust but more importantly due to the lower solubility of gypsum than 
halite. As such, Na+ is more likely to remain in the water and leached out 
from soils than Ca2+. 

4.3. Short-term and long-term effects of using soil amendments 

Soil amendments are commonly used to mitigate soil sodicity, spe
cifically gypsum and sulfur pellets are used at the pecan orchard after 
each growing season (Choudhary et al., 2004; Lal, 2007; Ganjegunte 
et al., 2018; Cox et al., 2018). Gypsum, for example, is applied episod
ically and only to areas of severe sodicity. The improvement in soil 
quality was observed in soils collected before and after gypsum was 
added at the Pecan_Fine sites: SAR values decrease by 60% after the 
treatment and well below the sodic threshold (Fig. 5). However, irri
gation with water of high Na+ concentrations during the next growing 
season will increase the soil SAR values again, suggesting the critical 
need of annual application of soil amendments to maintain the agri
cultural functionality. 

4.4. Potential impacts on groundwater and Rio Grande water quality 

Ninety years of soil cultivation in the Rio Grande region have dete
riorated the soil quality and this soil degradation can be expected to 
worsen in the near future as discussed below. More efficient and effec
tive irrigation methods should be considered as an alternative sustain
able practice and may slow the soil salinization process (Thompson et al, 
2010; Hanson, 2011). Soil amendments temporarily lower soil sodicity, 
improve water infiltration and increase salt leaching, this practice, 
although costly, must continue. 

The accumulation of secondary salts including calcite, lower soil 
porosity and permeability and promote additional salt buildup (Cox 
et al., 2018). Furthermore, waters used for irrigation, Rio Grande or 
local groundwater, have high Na+ concentrations relative to Ca2+ and 
Mg2+ concentrations, which result in agricultural soils of high salinity 
and high sodicity (Fig. 4, Fig. 3G). Under these conditions, clay particles 
remain flocculated; however, if the sodicity-salinity balance is broken, 
clay disperses, lowering the permeability in fine-texture soils even more. 

Increased regional temperatures and reduced snowpack at the 
headwaters, as well as human activities, are anticipated to impact the 
quality and quantity of Rio Grande water (Phillips et al., 2003, 2011; 
Swetnam and Betancourt, 1998; Seager and Vecchi, 2010; Gutzler and 
Robbins, 2010). Not only is the Rio Grande expected to become more 
saline as climate change occurs (Borrok and Engle, 2014), but the 
limited water availability can drive stakeholders to increase their 
groundwater use for irrigation. A change to a water source of lower 
quality could increase soil salinization rates, groundwater table depth 
and regional cones of depression (Sheng, 2013) (Fig. 9). If unchecked or 
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mitigated, soil salinization can lead to low crop productivity and low 
economic returns (Hu and Schmidhalter, 2002). 

The flushing of salts and other soil amendments to local groundwater 
through and to the Rio Grande through infiltration and drainage return 
flow, will greatly impact water quality. Consequently, soil and fresh
water sustainability is controlled by agricultural practices and soil 
management in irrigated drylands, such as in the Rio Grande valley. 

5. Conclusion 

This case study highlights the water-soil interaction in irrigated 
aridlands, it also highlights and supports current practices and steps 
taken to combat excessive soil salinization. This study also shows that 
successful cultivated agriculture requires continuous management to 
maintain sustainability, functionality and to combat soil salinization, as 
soils may surpass critical SAR values within one irrigation season. This 
study found that flood irrigation was the major source of salinization in 
agricultural soils; and from the collected and analyzed endmembers, 
assign the salt-loading sources presented here in order of importance as: 
groundwater irrigation > Rio Grande irrigation > amendments > dust 
> fertilizers. Increased and continued land-management can limit the 
amount of salts that accumulate in soils. Soil texture is the major control 
on water and salt movement, controlling soil water flow paths, residence 
time, and rates and locations of salt buildup. Although gypsum appli
cation and other soil amendments temporarily decrease sodicity, 
continued irrigation with Na+-rich Rio Grande or local groundwaters 
will again increase soil sodicity. Among all secondary salts, calcite 
precipitation is the most significant, due to its low solubility, followed 
by gypsum and halite. Predicted increases in surface water salinity and 
decreases in availability due to climate changes can lead to increased 
groundwater use and elevated soil salinization of agricultural soils. 
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