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Abstract

Halophyte agriculture in marginal soils using saline water offers a sustainable solution for generating biomass feedstock for

carbon-neutral aviation biofuels. A full-scale sustainable energy and agriculture system (SEAS) demonstration is planned for

the Abu Dhabi coast, where evaporitic gypsiferous soils pose a challenge to long-term operation because of the potential for

land degradation. In this study, geochemical modelling on the Geochemist’s Work Bench (GWB®) platform was employed

to: (1) Evaluate the feasibility of using coastal groundwater versus seawater as irrigation feedwater; (2) determine the change

in agricultural return water salinity through site-specific soils upon different seawater irrigation rates; and, (3) assess mineral

deposition effects in the soil column as a function of site-specific soil characteristics at candidate sites over a one-year period of

continuous seawater irrigation. Evaporation modelling was used to evaluate potential feedwater sources while varying feedwater

composition and electrolyte activity coefficient models. 1-D saturated-flow advection-precipitation/dissolution modelling was

utilized to assess return water quality and mineral deposition as a function of both the electrolyte activity coefficient model

and the mineral composition of site-specific soils. Results pointed to seawater as the more viable feedwater option compared to

coastal groundwater because of slower onset of precipitation. This effort demonstrated that soil type did not influence agricultural

return water salinity (except for strongly gypsic soils) but influenced mineral precipitation under surficial evaporation conditions.

Porosity loss correlated with layers of mineral deposition. The study points to the need for careful selection of land and saline

water resources for the sustainable farming of halophytes.

1. INTRODUCTION

An estimated 3% of global anthropogenic carbon emissions can be attributed to the aviation sector, with
this percentage expected to increase substantially by 2050 with growth in the aviation industry (Mezher,
Rathbun, Wang, & Ahmad, 2013). Although fossil fuel alternatives such as plant-derived biofuels have
been tested in commercial aircrafts (Rahmes et al., 2009), these fuels often fail to meet the requirement of
sustainability, as they compete for land and water that could otherwise be channelled into the production
of food for humans and livestock (Warshay, Pan, & Sgouridis, 2011). Recently, salt tolerant plants called
halophytes have been identified as a more sustainable biofuel feedstock source, owing to the fact that these
plants can be cultivated in highly saline environments, using marginal soils, and with seawater irrigation
(Khan & Duke, 2001; Warshay et al., 2011).

Successful cultivation of halophytes like Salicornia in Mexico and Eritrea using coastal soils under seawater
flood irrigation conditions (Glenn et al., 2013) has fostered the possibility of a further demonstration of
cultivatingSalicornia in coastal soils of Abu Dhabi in the Arabian Peninsula, this time to generate feedstock
for aviation biofuels. However, the arid climate, high average seawater salinity of 45-46 g/L of the Arabi-
an/Persian Gulf (Coles, 2003), and the prevalence of gypsiferous coastal soils containing evaporitic minerals
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(Environment Agency - Abu Dhabi, 2009) pose a significant challenge to the success of such a demonstration.
The dissolution/precipitation dynamics of such saline water agriculture systems in arid coastal environments
is largely unknown and can potentially cause many problems, including soil salinization, groundwater impact,
and loss in yield over time owing to poor drainage resulting from mineral deposition (Breckle, 2009). Hence,
there is a pressing need for anticipating some of these problems by developing a modelling framework that
considers soil type and feedwater quality.

Gypsum and anhydrite, which are prevalent in the coastal soils of Abu Dhabi, are known to show unusual
dissolution characteristics when coming in contact with seawater. Generally, the dissolution of evaporitic
minerals occurs when they come into contact with porewater that is undersaturated for the mineral. The
undersaturation of gypsum and anhydrite holds true not only for freshwaters, but also for seawater where
both of these minerals are significantly undersaturated when compared to carbonate minerals like calcite
and aragonite (Hoareau, Monnin, & Odonne, 2011). Additionally, the presence of dissolved halite (NaCl) in
seawater is reported to enhance the solubility of both gypsum and anhydrite (Bethke, 2011; Serafeimidis &
Anagnostou, 2015). Hence, the dissolution/precipitation dynamics of gypsum are likely to play a role in su-
stained operation of saline water farming of halophytes in Abu Dhabi. Modelling the precipitation/dissolution
reaction term for gypsum and other minerals couples their interfacial mass transfer term with their saturation
index (the ratio of their ion activity product and their pure phase solubility product). In turn, ion activities
in saline water are a function of ionic strength and are estimated using ion activity coefficient models such as
the B-dot model and the Pitzer ion interaction model (Bethke, 2011; Prausnitz, Lichtenthaler, & de Azevedo,
1999). Such geochemical complexities must be taken into account when modelling even the most simplified
systems representing seawater farming.

In this study, evaporation modelling was conducted to evaluate the available coastal feedwater sources, i.e.,
the Arabian/Persian Gulf seawater and coastal shallow groundwater. It should be noted that significant
evaporation from coastal sabkhas, playas, and saline lakes is known to bring about rapid (i.e. in a few days)
onset of gypsum precipitation (Reznik, Ganor, Gruber, & Gavrieli, 2012; Yechieli & Wood, 2002). Following
this exercise, a 1-D saturated-flow advection-precipitation/dissolution model was applied to regional site-
specific soil mineralogies obtained from the Abu Dhabi Soil Survey while applying an evaporative load to the
upper soil layers. The model was then used as a predictive tool to: (1) determine the change in agricultural
return water salinity with different seawater irrigation rates, and (2) assess the effect of soil characteristics
on mineral deposition in the soil column (e.g., change in mineral content and porosity loss), over a one-
year period of continuous seawater irrigation. The study points to careful selection of land and saline water
resources for the sustainable farming of halophytes, especially in arid coastal regions where evaporitic soils
and high evapotranspiration conditions are likely to bring the onset of land degradation over long-term
operation.

2. MATERIALS AND METHODS

2.1 Analytical Methods

Aqueous dissolved ion analysis was carried out on a Dionex® ICS 3000 reagent-free ion chromatography
system (Dionex Corp., Sunnyvale, CA, USA), using IonPac® CS12A and IonPac® AG19 columns. Cation
analysis was carried out in isocratic mode, set to run for 20 minutes, while anion analysis was carried out
in gradient mode with a total run time of 35 minutes. Methanesulfonic acid (MSA, 20 mM) and potassium
hydroxide (KOH, 10 mM) were applied as eluents for cations and anions, respectively. Column temperature
was set to 30oC. Sample injection volume of 1 mL was applied for all runs. Dilution factor of 351 and 3-point
calibration were adopted for result quantification, using the Chromeleon®software v. 6.80.

2.2 Geochemical Modelling

All model development and simulations were carried out using the Geochemist’s Workbench® software
(GWB, v. 9.0, Aqueous Solution LLC, Champaign, Illinois, USA) using the React module to solve chemical
equations and the X1t module to solve transport equations.
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2.2.1 Model Equations

Overall reactive transport in one-dimension was governed by the general advection-dispersion-reaction equa-
tion:

∂(θ῝i)

english∂t = ∂
∂x

(
θDL

∂Ci

∂x

)
− ∂

∂x (θvxCi) + θRi(1)

For screening-level analysis, dispersion was neglected as dispersion is an empirical field parameter, simplifying
Equation (1) to the following advection-reaction model:

∂(θ῝i)

english∂t = − ∂
∂x (θvxCi) + θRi(2)

Precipitation-dissolution kinetics of a mineral were described by the following chemical equation:

Ri =
(
As

V

)
k+

(
1 − Q

K

)
(3)

A glossary of terms and their units used in the above equations is presented in Table 1 .

2.2.2 Evaporation Modelling

Evaporation modelling was conducted for different options of feedwater, including Arabian Gulf seawater and
coastal shallow groundwater in Abu Dhabi represented by the shallow groundwater at the Masdar Institute
site (Table 2 ). Equation (3) was used by itself in non-flowing evaporation modelling to evaluate two different
activity coefficient models for electrolytes, namely, the B-dot model and the Pitzer ion interaction model.
The B-dot model (Bethke, 2011; Sandler, 2006), a variant of the Debye-Huckel activity coefficient model,
was used to determine the ion activity product in Equation 4. The B-dot model is a function of the solution
ionic strength, species charge, ion size, and empirical coefficients (Plummer, Jones, & Truesdell, 1976). This
model is considered to be accurate to an ionic strength between 1-2 moles*kg-1 of water (Plummer et al.,
1976). Note that average seawater ionic strength is only ˜ 0.7 moles*kg-1. However, in situations of strong
evapotranspiration or contact with hypersaline groundwater, porewater salinity can be high enough such that
measured values deviate strongly from B-dot model solubility predictions. In such cases, a more accurate
approach is to incorporate ion interactions, such as those used by the Pitzer ion interaction model denoted
in GWB by the PHRQPITZ virial expansion model (Ptacek & Blowes, 2000).

In GWB software, evaporation is modelled as mass of water removed and mineral oversaturation is determined
using a selected activity coefficient model. Both, B-d

ot and PHRQPITZ, activity coefficient models were employed to model the removal of >99% mass of water
to predict the total mass of precipitate formed as well as its mineral composition.

2.2.3 Site Soil Data

Five coastal sites in the Abu Dhabi Emirate were identified by the Abu Dhabi Urban Planning Council
(www.upc.gov.ae) as potential sites for the halophyte farming field demonstration (Figure 1 ). The soil
types at these sites were determined from the Abu Dhabi Soil Survey (Environment Agency - Abu Dhabi,
2009), which also contained detailed physical and chemical composition (including mineral stratigraphy)
of each soil type. Soil types AD128, AD129, AD134, AD146, AD157, and TF (tidal flats) were identified
as being present at the five proposed sites. Owing to the shallow groundwater table possibly encroaching
into the root zone at the locations of soil types AD128, AD129, and TF, these soil types were excluded
from further analysis. The remaining soil types, AD134, AD146, and AD157, were chosen for geochemical
modelling (Tables 3(a)-(c) ). The total soil column depth was taken from the depth-to-groundwater in the
Soil Survey at the location of the potential sites.

2.2.4 Model Discretization and Initial and Boundary Conditions for Continuous-Flow Reactive Transport

3
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A one-dimensional finite-difference numerical model depicting reactive transport under saturated-flow con-
ditions was developed using the equations previously described on the GWB platform. The inlet boundary
condition (x=0 at t>0) was specified by composition of the influent feedwater (Table 2 ). Porewater ionic
species concentrations at equilibrium with feedwater (i.e., no flow) were taken as the initial condition at t=0
along the length of the soil column. The mineral stratigraphy data for each soil type from the Soil Survey
(Tables 3(a)-(c) ) was mapped on to a one-dimensional saturated-flow finite-difference model with node-
centered cell dimensions of 10 cm (Figure 2 ). An average annual evaporation of 2,000 mm was assumed
for the coastal UAE region (International Center for Biosaline Agriculture, 2013), while rain precipitation
was assumed to be negligible (Statistics Center Abu Dhabi (SCAD):www.scad.gov.abudhabi ). The eva-
poration loading was applied to only the top 3 surficial cells (cell 1 at 1 m3/m2/yr; cells 2 and 3 at 0.5
m3/m2/yr). Initial porewater conditions were assumed to be at equilibrium with the mineral content in each
cell mapped from the Soil Survey. Feedwater was assumed to have the reported average ionic composition of
Arabian/Persian Gulf sweater (Table 2 ). Equations (2) and (3) governed the finite difference model, which
are solved in GWB using an “operator splitting method” where the system of equations are solved sequen-
tially for transport (Figure 2 ) at each node before moving onto the next node. Default mineral-specific
mass transfer coefficients for precipitation/dissolution in GWB were utilized for the various minerals present
in the soil. Both, B-dot and PHRQPITZ, activity coefficient models were employed both in the agricultural
return simulations and in the one-year-long continuous-flow runs. TDS of the leachate return was calcula-
ted from the ion concentration data in GWB. Three different annual irrigation water loadings, 2.5 m, 3m,
and 4 m, were applied to each soil column model corresponding to leachate fractions of 0.25, 0.50, and 1.0,
respectively. Leachate fraction is the ratio of water effluent to influent into the column and is a measure of
the amount of water loss owing to evapotranspiration losses in comparison to total feedwater loading.

3. RESULTS

Four candidate coastal feedwaters for halophyte irrigation (Arabian Gulf Seawater, and coastal groundwater
from Masdar Wells 2, 3, and 4) were evaluated via evaporation modelling simulation, where water mass
was removed incrementally to evaluate the profile of minerals deposited both individually (Figure 3 ) and
cumulatively (Figure 4 ). As mentioned earlier, two different electrolyte activity coefficient models, B-dot
and PHRQPITZ, were employed to calculate both the type and quantity of minerals deposited using Equation
(3).

A reactive transport model was utilized to assess agricultural return flow salinity as a function of irrigation
loading and soil type. Three different annual irrigation water loadings, 2.5 m, 3m, and 4 m, were applied to
each soil column model. Both electrolyte activity coefficient models, B-dot and PHRQPITZ, were employed
to estimate total salinity (in terms of aqueous TDS levels) in the agricultural return from the bottom of the
soil column. The results of this exercise are presented inFigure 5 .

Reactive transport modelling was used again to demonstrate changing solid phase mineral profiles in the
irrigated soil column after continuous irrigation for a period of one year. In addition, changes in porosity in
the soil column after continuous irrigation for a period of one year were demonstrated. Results for mineral
deposition profiles and changes in porosity along the soil column are presented inFigure 6 .

4. DISCUSSION

4.1 Effects of Evaporation and Activity Coefficient Models on Feedwater Options

The evaporation progress of four different potential sources of irrigation water, three coastal shallow ground-
water sources and mean Arabian Gulf seawater, each having a different composition (Table 2 ), was modelled
as an isothermal water depletion using two different activity coefficient models, B-dot and PHRQPITZ. The
results were normalized by the total mineral mass in each sample so that the onset of precipitation could be
compared between different samples and between the two activity coefficient models. The final results from
this exercise are presented in Figures 3 and 4 .

In general, the difference in mineral precipitation between the two activity coefficient models became more

4
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pronounced with increasing ionic strength and salinity, with the least difference obtained for Arabian Gulf
seawater, which had the lowest salinity of the four potential feedwater sources. The difference was especially
pronounced for the hypersaline coastal shallow groundwater samples, including Masdar Well 4 water, which
has a similar salinity and expected composition as the shallow groundwater at sites D and E (Figure 1 ).
These results corroborate assertions by other researchers (Zhang, Zheng, & Wan, 2005) that the Pitzer ion
interaction model is more suitable for activity calculations in strong electrolytes like hypersaline waters and
brines. PHRQPITZ, the Pitzer virial expansion model, consistently showed an earlier onset of precipitation
(i.e., conversely, less dissolution) for all feedwater sources. Also, since the B-dot model is a Debye-Huckel
variant and depends solely on ionic strength, it fails to incorporate ion interactions between different types
of ions, which can be better modelled using PHRQPITZ. For this reason, the salt composition of the preci-
pitate showed variation between the two models (Figure 3 ), especially for the groundwater samples. The
evaporation modelling exercise clearly demonstrated that the coastal groundwater is a poor candidate for
use as irrigation water in saline water farming of halophyte plants because of its hypersaline characteristics,
presumably owing to a significant salt flux from underlying evaporite deposits (Sanford & Wood, 2001) and
up wicking of shallow groundwater resulting in rapid evaporation (Imes & Wood, 2007). The results also
demonstrated that Arabian Gulf seawater is unlikely to undergo rapid precipitation until almost 90% of its
water mass has been evaporated. In addition, this exercise displayed the least deviations in precipitation
modelling predictions between the two activity coefficient models for seawater, confirming that B-dot could
be used to model seawater evaporation with limited error. B-dot also allows for temperature correction, a
feature unavailable with PHRQPITZ, which can be useful in the future to model the summer months in Abu
Dhabi when the ambient temperatures can approach 50 °C.

4.2 Agricultural Return Flow Salinity as a Function of Irrigation Loading and Soil Type

Agricultural return flow salinity was modelled using 1-D reactive transport with an evaporative loading
applied to the top 3 cells as described earlier. Arabian Gulf seawater was selected as the irrigation feed
water and model layers were populated with mineral composition using site-specific information from the
Abu Dhabi Soil Survey. AD134 was a strongly gypsic soil (Table 3(a) ) with high gypsum occurrence in
all cells or layers, whereas AD146 (Table 3(b) ) was a carbonate-rich soil with almost no gypsum presence.
Finally, soil type AD157 (Table 3(c) ) was a mildly gypsic soil with high gypsum content only in cells 3
and 4 from the ground surface. Three different annual irrigation water loadings, 2.5 m, 3m, and 4 m, were
applied to each soil column model corresponding to leachate fractions of 0.25, 0.50, and 1.0, respectively.

The results from the reactive transport modelling for the three soil types after one calendar year of continuous
flow are presented inFigure 5 . Increased irrigation loading was found to generally correlate with a decrease
in return water salinity. This result appears to corroborate the “salt penalty” effect described by Edward P.
Glenn, J. Jed Brown, and Eduardo Blumwald (1999), which essentially attributes this effect to a combination
of lower dissolution of minerals from the soil at faster flowrates and an averaging of the mineral dissolution
over the larger volumetric flow. The highest return water salinity (i.e., 56,500 ppm TDS and higher) was
observed for the high gypsum containing AD134 soil type using the B-dot activity coefficient model. The
discrepancy in salinity prediction using the two different models was most pronounced for this soil type, with
PHRQPITZ predicting a salinity in the range of only 53,500 - 54,000 ppm TDS. Meanwhile soil types AD146
and AD157, the carbonate-rich and gypsum-deficient soils, displayed a close match between the two different
activity coefficient models employed. These results suggest that unlike the PHRQPITZ model, the B-dot
activity coefficient model appears to estimate a much higher solubility for gypsum at higher ionic strengths.
This result would require field verification using soil core analysis during initial pilot studies.

4.3 Effects of mineral precipitation within the soil matrix

Deposition of minerals under 1-D saturated flow transport conditions was modelled using both B-dot and
PHRQPITZ activity coefficient models. However, the results presented here belong only to the PHRQPITZ
runs, as this model was concluded to be a better predictor of deposition and solubility behavior for saline
water from prior sections of the study.Figure 6 presents the mineral deposition profile with depth from
seawater for the three different soil types at the one-year mark of irrigation. The minerals dominating depo-
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sition were carbonates and sulfates, namely, gypsum and dolomite for AD134; dolomite and magnesite for
AD146; and, calcite, gypsum, and dolomite for AD157. Calculations of mineral deposition in this continuous
model are based on the degree of supersaturation and might not reflect true deposition for the case of espe-
cially dolomite, which requires microbial mediation or the presence of organic polymers for deposition under
ambient temperature and pressure conditions (Warthmann, Van Lith, Vasconcelos, McKenzie, & Karpoff,
2000). Hence, the deposition of dolomite in particular can be taken as a surrogate for the precipitation of
carbonates of the calcium and magnesium variety.

The zone of mineral deposition in each soil type also presented interesting results. For example in AD134,
gypsum deposition peaked from 40 to 70 cm below ground surface (bgs), while dolomite did not peak until
a depth of 120 cm bgs and greater. Similarly, dolomite was the dominant mineral deposited in the top half
of the AD146 soil column while magnesite was the dominant mineral in the second half of the modelled soil
column. AD146 soil column never exceeded equilibrium saturation of gypsum because of this soil type’s low
solid-phase gypsum mineral content. In contrast, AD157 displayed dual depositional peaks of calcite (10-20
am and 40-60 cm bgs) with a peak of gypsum deposition in between (20-40 cm bgs) the calcite peaks.

Porosity loss owing to mineral deposition was significant for all soil types (AD134: 38% - 13%; AD146:
37% - 14%; AD157: 33% - 9%), with the mineral deposition peaks correlating well with zones of maximum
porosity loss (Figure 6 ) for the modelled soil types AD134 and AD146. In AD134, minimum porosity was
observed where gypsum and dolomite deposition peaks occurred, while the same was true for AD146 where
the dolomite deposition peak occurred. Conversely, AD157 displayed the greatest porosity loss in shallow
layers up to a depth of 45 cm bgs, corresponding to only the first two mineral peaks, i.e. calcite followed by
gypsum. From these results of seawater application to soils, it appears that evaporation in shallow calcite-rich
soils (AD157) leads to the most significant porosity problems, followed by the deposition of gypsum when
seawater flows from gypsum-rich layers to zones with lower gypsum content. Deeper precipitation might be
a more challenging operational and land degradation problem because the soil at depth cannot be easily
excavated or rehabilitated between halophyte planting cycles. Furthermore, potential porosity loss problems
might require a different mode of irrigation, such as blending of seawater with freshwater, or alternating
between periods of seawater and freshwater (or brackish water) application.

CONCLUSIONS

Evaporation modelling of saline feedwater sources showed that evaporation using the PHRQPITZ model
started to precipitate minerals earlier than the widely used B-dot activity coefficient model. In addition, the
higher salinity of feedwater, e.g., coastal shallow groundwater, contributed to rapid precipitation of larger
amounts and variety of mineral mass. Furthermore, for seawater, the difference in total mineral precipitation
prediction was minimal between the two activity coefficient models.

A 1-D continuous-flow simulation was performed under surficial evaporation conditions in the different
coastal soils of Abu Dhabi. The results demonstrated the following: (1) An inverse correlation between
seawater loading and agricultural return water salinity; (2) soil type did not have a significant influence on
the salinity of agricultural return water, except for strongly gypsic soils for which the B-dot model predicted
a 5-6% higher salinity than PHRQPITZ; (3) mineral precipitation modelled under seawater application was
highly influenced by the original coastal soil type and the solid phase mineral content in its different layers -
for calcite-rich soils, the influence of shallow water evaporation proved to be a strong catalyst for deposition,
while gypsum-rich soils showed a dissolution-reprecipitation phenomena; and, (4) porosity loss occurred in
all cells, with mineral deposition zones generally correlating with zones of maximum porosity loss. The study
demonstrated geochemical modelling to be a vital tool for testing saline water irrigation scenarios in support
of sustainable halophyte farming thereby preventing potential future land degradation.
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