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Groundwater extracted from coal seams may be a resource for irrigation of land in areas with low rainfall, but the
effect of this water on soil properties needs to be established. A lysimeter study was conducted using intact soil
cores (0.75 m diameter, 1.4 m deep) of four different soil types (Sodic Vertisol, Calcic Solonetz, Haplic Solonetz
and Xanthic Lixisol) from southern Queensland, Australia, to study changes in soil physical and chemical
properties under accelerated rates of irrigation with coal seam (CS) water (electrical conductivity (ECw) of 3 dS/
m, pH of 8.8, and a sodium adsorption ratio (SAR) of 100). Cores were also alternately irrigated with deionised
water to simulate rainfall, and either lucerne (Medicago sativa L) or Rhodes grass (Chloris gayana Kunth.) where
grown in the lysimeters. The soil surface was treated with stoichiometric rates of elemental sulfur (1.4 t/ha) and
gypsum (2.5 t/ha) prior to every 450 mm CS water irrigation to minimise changes in SAR and pH. Three of the
soils (Vertisol, both Solonetz) had low leaching fractions (< 0.1 %) due to their clay texture and were initially
saline in the subsoil (ECse 1.4-4.4 dS/m). Irrigation with CS water resulted in a gradual increase in salt content
(EC) and SAR throughout the soil profile, but pH was not increased due to surface-applied elemental sulfur. The
Lixisol had a higher hydraulic conductivity and leaching fraction (6.7 %) due to is loamy texture — in this soil,
accumulated salts could be leached and no increase in salinity or pH were measured. Despite an increase in SAR
for this loamy soil, no structural degradation was observed, and it could be sustainably irrigated with up to
3200 mm CS water (with cumulative irrigation volume of 5400 mm). Hence, leaching fractions rather than soil
chemistry are good indicators to identify soils suitable for irrigation with CS water that is saline, alkaline, and
sodic.

1. Introduction 2008; Mendhe et al., 2017; Meng et al., 2014; NSW-EPA, 2015; Rice and

Nuccio, 2000). Since the coal seams are located in sedimentary rock

To increase agricultural production in regions with low and unreli-
able rainfall requires new approaches to improve productivity and in-
crease food security. Irrigation of crops and pastures may increase
production, but the low availability and poor quality of groundwater
may limit opportunities for irrigation. Recently, coal seam (CS) gas (syn.
coalbed methane) exploration has led to the increased availability of
groundwater extracted from coal seams (18500 ML in 2013 (IESC 2014)
This water is variously referred to as CS-associated or co-produced
water, or also referred to as CS water (DERM, 2000; Johnston et al.,

units, the presence of elevated salt and alkalinity in the CS water is
commonly observed (Hamawand et al., 2013; Millar et al., 2016; Navi
et al., 2015) which requires careful consideration of its risks and chal-
lenges for use as an irrigation resource (DERM, 2000; Majee et al.,
2018). It has been proposed that CS water can be used for crop irriga-
tion, supplementation of aquifers and potable water resources,
depending on the quality of the CS water (Davies et al., 2015; Echchelh
et al., 2020; Millar et al., 2016).

The CS water for irrigation of agricultural lands can be treated by

Abbreviations: CEC, cation exchange capacity; CS, coal seam; DI, deionised; EC, electrical conductivity; ECse, Electrical Conductivity of saturated paste; ESP,
exchangeable sodium percentage; Ksat, saturated hydraulic conductivity; PAWC, plant available water content; SAR, sodium adsorption ratio.
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reverse-osmosis to remove salt and other impurities, but requires vast
amounts of energy and produces a highly saline waste stream (brine)
that needs to be managed (Davies et al., 2015; Echchelh et al., 2020;
Millar et al., 2016; Nghiem et al., 2011; Rebello et al., 2017). Alterna-
tively, the CS water can be treated by dosing with acid to lower the
alkalinity and blending with water of better quality (Bern et al., 2013;
Hamawand et al., 2013; Johnston et al., 2008, 2013; Millar et al., 2016).
An alternative approach uses surface applied amendments of sulfur and
gypsum to offset the alkalinity and sodicity of the CS water during
irrigation (Ganjegunte et al., 2008; Hamawand et al., 2013; Jakubowski
et al., 2014; Johnston et al., 2008; McKenna et al., 2019) and limited
field studies of this approach have been conducted (Bennett et al., 2016;
Ganjegunte et al., 2008; Johnston et al., 2008). The alkalinity of CS
water may potentially increase soil pH (Johnston et al., 2013), causing
nutrient imbalances by precipitation of micronutrients as carbonates
and by increasing negative charges on clay minerals, leading to
dispersion (Ali et al., 2019). Soil alkalinisation can be overcome by
applying elemental sulfur (Ganjegunte et al., 2008). The sulfur will be
oxidised by soil microbes (fungi and bacteria) to sulfuric acid which
neutralises the alkalinity from the water (Germida and Janzen, 1993;
McKenna et al., 2019). The elevated Na concentration in CS water can
lead to sodicity in soils (increasing the exchangeable sodium percentage
(ESP)) and increasing the sodium adsorption ratio (SAR) of the pore
water (soil solution) (Bauder et al., 2008; Johnston et al., 2008; Shaw
et al., 1994). Elevated sodicity can cause instability of soil aggregates,
eventually causing crusting and hardsetting of the soil surface, and
development of dense soil layers which may impair water movement in
the soil (Curtin et al., 1995; Page et al., 2018; Qadir et al., 2007; Shaw
et al., 1994). Application of gypsum releases calcium (Ca) ions which
counteract some of the detrimental effects of sodium (Na) and helps
maintain aggregate stability (McKenna et al., 2019; Niaz et al., 2022;
Shainberg et al., 1989). The maintenance of soil structural stability is
important for the long-term sustainability of irrigated soil since it en-
ables the removal of accumulated Na ions and salts by leaching (either
by overirrigation or during periods of high rainfall) (Ganjegunte et al.,
2008; Jakubowski et al., 2014; Shaw et al., 1994; van de Craats et al.,
2020).

In inland areas of Australia, rain-fed intensive agriculture is not
possible, but grazing of sheep and cattle on native and improved pas-
tures is widely practiced (Hunt et al., 2014). For this purpose, Rhodes
grass (Chloris gayana Kunth) and lucerne (Medicago sativa L.) are
frequently planted (O’Sullivan, 2013) and irrigation greatly improves
pasture growth during periods of low rainfall. Soils in inland areas of
Eastern Australia are often naturally saline and sodic, especially in the
subsoil (Page et al., 2018; Shaw et al., 1994) and the use of salt-tolerant
species for pastures is common in these areas (Deifel et al., 2006; Giles
et al., 2014; Wehr et al., 2016).

The development of the CS gas industry in Australia in recent years
has resulted in interest using CS water as a source of irrigation water in
pasture production (Bennett et al., 2016; Hamawand et al., 2013; Pachas
et al., 2016). This beneficial re-use of CS water is supported by
governmental regulation, but requires that the following conditions are
met under the Queensland Government “end of waste code” (DES,
2019):

. soil structure, stability and productive capacity is maintained;

. toxic effects do not occur;

3. a genuine benefit to the resource user through maintained or
improved yields; and

4. no risk of serious or material environmental harm.

N =

Therefore, it needs to be determined what effect CS irrigation has on
soil properties, and how the risk of environmental harm can be mini-
mised to meet legislated requirements. Lysimeters were used to inves-
tigate the effects of CS water irrigation under realistic field conditions.
Unlike laboratory studies, which use disturbed and repacked soil, intact
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soil cores give much different results since the soil structure and mac-
ropores are least disturbed. Also, the use of lysimeters permits a more
detailed study of changes in solution chemistry than would be possible
in field trials. This study applied volumes of CS water (32 ML/ha,
3200 mm) that enable projection of soil properties under long-term field
irrigation. Current field irrigation with CS water in Queensland,
Australia typically applies between 1 and 6 ML/ha per year.

The aim of this research was to investigate the effect of CS water
irrigation on four soils from Queensland (Australia) which are repre-
sentative of soils used for irrigation with CS water. The soils were
collected as large intact cores from the field, grown with a vegetation
cover of Rhodes grass or lucerne, and irrigated with a cumulative vol-
ume of 5400 mm (of which 3200 mm was CS water) over two years.
Changes in soil chemistry, infiltration rate, and leaching fractions were
investigated during the irrigation trial.

2. Materials and methods

The CS water was a composite groundwater sample from various CS
gas wells in the Injune area (Queensland, Australia) and had a pH of 8.8,
electrical conductivity (EC) of ~3 dS/m, SAR of ~100, contained 36 mM
Na (36 meq/L Na), and with a total alkalinity (as CaCO3 equivalent) of
8.0 mM (800 mg/L). A full analysis of the water is shown in Suppl
Table S1. The same batch of water was used for the entire experiment. A
total of 12 intact soil cores were collected from four sites in southern
Queensland identified as having potential for future irrigation devel-
opment, with three replicate cores per site. These soils have been
selected due to their proximity to coal seam water storage ponds and
irrigation infrastructure. The climate at the sites is warm (mean mini-
mum to maximum temperature 11.9-27.7°C) with a mean annual
rainfall of 617 mm (Station 43015, Bureau of Meteorology) (http://
www.bom.gov.au/climate/averages/tables/cw_043015.shtml). The
soils at these locations were either non-saline or saline-sodic, varied in
texture from sandy loam to heavy clay (Table 1 and Table 2), and were
classified as Xanthic Lixisol, Calcic Solonetz, Haplic Solonetz and Sodic
Vertisol according to the FAO-World Reference Base Classification

Table 1

Characteristics of the four soils used in this study classified according to the FAO-
World Reference Base (FAO-WRB). Values are means of three cores + standard
deviation.

Soil Sodic Haplic Xanthic Calcic Solonetz
Vertisol Solonetz Lixisol
Colour brown brown yellow brown
PAWC (mm/ 169 + 15 170 + 27 100 £ 5 160 + 16
1400 mm)
Ksat (mm/ 1.1+1.0 0.3+0.1 2.5+ 1.4 0.3+ 0.2
min)
Topsoil layer (15, 30 cm depth)
Texture (wet Medium Heavy clay, Sandy Medium clay,
bolus) clay silty loam coarse sandy
CEC (cmoly/ 26+ 6 26+ 6 3+0 24 + 4
kg)
vWC at 60 % 46 % 20 % 35 %
—0.1 bar
vWC at 29 % 30 % 12 % 24%
—15 bar
Subsoil layer (90, 105 cm depth)
Texture Medium- Light-medium  Sandy clay Medium-heavy
heavy clay clay, silty loam clay
CEC (cmoly/ — 32+2 30+3 340 21+7
kg)
vWC at 60 % 41% 27 % 40 %
—0.1 bar
vWC at 28 % 29 % 18 % 22 %
—15 bar

Abbreviations: PAWC (plant available water content), Ksat (saturated hydraulic
conductivity), vVWC (volumetric water content) and CEC (cation exchange
capacity)
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Table 2
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Solid phase chemistry of soils before irrigation (0 mm) and after 1700 mm and 3400 mm cumulative irrigation with coal seam (CS) and deionised (DI) water. Values are
means + standard deviation of 4-6 determinations. Topsoil refers to the 15 and 30 cm sampling layers, and subsoil to the 90 and 105 cm layers.

Soil Volume  EC 1:5 (dS/m) ECse (dS/m) Ca ex (cmol (c) /kg) ESP pH (1:5 water)
(mm) Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil
Sodic 0 0.3+0.1 0.7 £0.1 1.9 4.4 12.0 £ 0.0 9.5+0.7 8+t4 2242 7.1+£0.5 7.3+£0.8
Vertisol 1700 0.8 +£0.1 0.9 £0.0 5.1 5.8 84+1.4 49+ 0.6 18+3 23+1 7.2+0.6 5.0 £0.7
3400 2.0+0.1 09+0.1 12.8 5.8 99+1.6 6.6 £ 0.2 41 +8 26 + 2 79 £0.6 5.6 £1.3
Haplic 0 0.2+ 0.1 0.2+0.1 1.4 1.4 129 £ 3.8 10.2 £1.2 5+3 13+£2 7.3£0.7 8.0 £0.3
Solonetz 1700 0.9+0.1 1.3+ 0.0 6.1 8.8 11.4+0.8 9.3+0.6 16 £3 19+2 6.7 £ 0.6 7.9+0.2
3400 2.0+0.2 1.1+0.0 13.6 7.5 11.5+29 12.1 £2.0 33+14 18 £2 7.4+£0.1 8.0 £0.3
Xanthic 0 0.1 £0.0 0.1 £0.0 1.0 1.0 0.6 £ 0.0 0.0 £0.0 3+£0 11 £3 42+0.1 6.4 £ 0.4
Lixisol 1700 0.2 £ 0.0 0.3 £0.0 2.3 3.5 0.1 +0.1 0.1 +£0.0 81+9 22+10 5.7 £0.0 5.4+0.1
3400 0.3 +£0.2 0.7 £0.2 3.5 8.2 0.4+03 04+0.1 90+ 3 36+7 7.0+1.1 5.7+0.1
Calcic 0 0.3 +£0.2 0.6 £0.5 2.1 4.2 11.2£3.2 7.6 £5.7 5+£5 12+7 8.0 £1.0 8.7 £ 0.4
Solonetz 1700 0.7 £ 0.1 0.6 +£0.0 4.9 4.2 10.3 £ 0.0 3.7+0.8 15+6 25+1 8.4+0.3 79+1.2
3400 1.5+0.2 0.7 £0.1 10.5 4.9 11.5+ 2.6 5.6 £25 28 +£13 24+ 2 79+0.2 7.7 £1.3

EC: electrical conductivity, measured in 1:5 soil water suspension (EC 1:5) or saturated paste (ECse). Ca ex: exchangeable Ca. ESP: exchangeable sodium percentage.

(FAO-WRB, 2015). In the Australian Soil Classification, these soils
correspond to a Yellow Kandosol, Red Dermosol, Brown Dermosol and
Red Vertosol, respectively (Isbell and National Committee on Soil and
Terrain, 2021).

2.1. Lysimeters

The steel cores of the lysimeters had a diameter of 75 cm and a height
of 140 cm, with a tapered cutting lip to facilitate insertion and retrieval.
They were inserted by a hydraulic ram into the soil to a depth of approx.
130 cm, excavated and transported to Brisbane (Queensland). The bot-
toms of the steel cores were sealed with steel caps to prevent loss of soil
and to aid the collection of drainage water after installing drainage
pipes. The volume of drainage water collected every week was deter-
mined with a measuring cylinder. The cores were insulated with 5 cm

Base plate

thick polystyrene foam and reflective foil to minimise temperature
fluctuations in the soil cores. Rainout shelters made from polycarbonate
sheeting were placed 60-70 cm above the soil cores to avoid rainfall
affecting the results, whilst still allowing air circulation (Fig. 1). The
lysimeter cores were placed on a concrete pad at The University of
Queensland, St Lucia (Latitude and Longitude: —27.5, 153.0). The air
temperature during the trial ranged from 16.4 to 26.7°C (mean mini-
mum and maximum) (Station 040913, Bureau of Meteorology, http://
www.bom.gov.au/climate/data/). The experiment consisted of these
four soil types, each with three replicates, yielding a total of 12 exper-
imental units.

2.2. Soil pore water sampling

Soil pore water samples were collected with 25cm long

Vegetation cover (lucerne,
Rhodes grass)

,__—Infiltrometer ring

15cm  smmmsnnssw—  Solution sampler (Port 1)
30cm  memeeeene—  Solution sampler (Port 2)
45cm  smmmmneee——  Solution sampler (Port 3)
60 CmM  sswessssssssnnmn— Solution sampler (Port 4)
75Cm  sssssssssssset— Solution sampler (Port 5)
90 CmM  smmmmnmmm——  So|ution sampler (Port 6)
105CmM  smmssmssesmm  Solution sampler (Port 7)
120 cm Qe Solution sampler (Port 8)

Eluate collection

Fig. 1. Photo of a soil core with Rhodes grass after irrigation with 3200 mm coal seam (CS) water and 2200 mm deionised (DI) water (left), and the schematic layout

(right) of the soil core.
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polyacrylonitrile hollow fibre samplers (Pall Microza) (Menzies and
Guppy, 2000). At depths of 15, 30, 45, 60, 75, 90, 105 and 120 cm, small
holes were drilled through the steel wall of the lysimeters and a thin
diameter steel wire (the same size as the hollow fibre sampler) pushed
horizontally into the soil to make a channel for the sampler. The sampler
was carefully inserted into the channel and sealed into place with sili-
cone adhesive around the steel wall. After approx. every 100 mm of
irrigation, a 20 mL syringe was attached to the hollow fibre sampler
with silicon tubing and vacuum was applied to the fibre sampler by
pulling the syringe plunger to ~15 mL and holding the plunger in place
with a plastic spacer. After ~6-24h, sufficient soil pore water
(~5-10 mL) was collected in the syringe. The soil pore water samples
were refrigerated for up to a week prior to chemical analysis.

Soil pore water was analysed for pH and EC using an electronic pH
and EC meter (TPS, Brisbane, Australia), and the elemental composition
of the solution (Na, Ca, Mg, and S) was determined by inductively
coupled plasma-optical emission spectroscopy (ICP-OES). The measured
Na, Ca and Mg concentrations were used to calculate the SAR of the soil
pore water. The ionic composition of the soil pore water was also used to
model the speciation of ions and predict potential precipitation of salts
using PHREEQCi v. 3 (Parkhurst and Appelo, 2013).

2.3. Soil sampling

Soil samples were obtained three times during the trial, viz. prior to
CS water irrigation (baseline), after 1700 mm cumulative irrigation
(consisting of 900 mm CS and 800 mm deionised (DI) water, see later)
and after 3400 mm cumulative irrigation (2500 mm CS and 900 mm
DI). The baseline samples were collected in the field at the time of
lysimeter collection, and for the 1700 mm and 3400 mm collections, a
2.5 cm hole was drilled into the sidewall of the lysimeter, the soil
extracted with a 30 cm long spiral drill bit and the hole backfilled with
expanding polyurethane foam to minimise future disruption to water
flow. Due to the destructive nature of soil sampling, it was only per-
formed three times during the trial.

The plant available water content (PAWC) was determined by
pressure plate apparatus between —0.1 kPa and —1500 kPa and summed
up for the different soil layers. The saturated hydraulic conductivity
(Ksat) + standard deviation was determined by double ring infil-
trometer prior to the start of the trial when columns were fully wet-up.
For the topsoil and subsoil layers, texture was determined by the wet
bolus method and the cation exchange capacity (CEC) of the soil was
determined after prewashing the soil with 60 % ethanol and summing
the charges of Ca2+, Mg2+, Na®, K™ and APY jons extracted with 1 M
alcoholic ammonium acetate at pH 8.5 (Sumner and Miller, 1996).

Electrical conductivity (EC) and pH was measured in 1:5 soil:water
suspension. The EC of saturated paste (ECse) was calculated by multi-
plying the EC1:5 with experimentally determined conversion factors,
viz. 6.4 for the Sodic Vertisol, 6.8 for the Haplic Solonetz, 11.7 for the
Xanthic Lixisol, and 7.0 for the Calcic Solonetz.

2.4. Irrigation regime

Prior to the start of the irrigation trial, lysimeters were sown with
lucerne (Medicago sativa cv. L91) seeds. The lysimeters were watered
with DI water until seedlings were established (~6 weeks). This lucerne
cultivar was selected as it is comparatively salt tolerant and hence
routinely grown in Queensland where CS water is used for irrigation.
The surface soil was amended by sprinkling with ~2.5 t/ha gypsum
(agricultural grade) and ~1.4 t/ha sulfur (sublimed grade) at the start of
the irrigation trial and then after every 450 mm CS water application.
Specifically, these application rates were calculated based on the SAR of
the CS water, with the aim to lower SAR to 20 and to completely offset
the total alkalinity of the CS water (assuming complete oxidation of the
sulfur) for 450 mm CS water. Hence, the ameliorant application rate is
the same of the four soils since the CS water applied was the same. While
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sulfur oxidation is a slow process, the increase in alkalinity in the soil is
also a slow process, hence surface application of sulfur after 450 mm CS
water application was sufficient to prevent alkalinisation of the soil.
During irrigation, lysimeters were watered with 20 mm CS or DI water
every 2-5 d (whenever the soil surface dried off, irrigation was 2-3
time/week in summer and 1-2 times/week in winter). The soil water
content at which the solution samples were collected was ranging be-
tween saturation and field capacity (~0 to —10 kPa).

Each irrigation event was 20 mm, and soils were alternately irrigated
in blocks of 100-320 mm (in individual applications of 20 mm each) of
CS and DI water (to simulate expected rainfall patterns) (up to 1700 mm
cumulative irrigation), followed by 1000 mm CS water only (to simulate
drought with no rainfall diluting the salinity in soil) (Fig. 2). After the
cores dried down, solid phase samples were collected (see above).
Thereafter, irrigation was continued on only three soil types (Calcic
Solonetz, Sodic Vertisol, and Xanthic Lixisol). The lucerne was sprayed
out with glyphosate herbicide, and Rhodes grass (Chloris gayana) cv.
Topcut sown, followed by irrigation with 1000 mm DI water (to simu-
late extensive rainfall leaching) followed by irrigation with alternating
300 mm CS and DI water irrigations until a total cumulative volume of
5400 mm water was applied to the cores (Fig. 2).

The CS water and DI water irrigation regime is also shown in
Figs. 2-6 next to the x-axes as horizontal lines coloured in red (for CS
water) and blue (for DI water).

2.5. Determination of infiltration rate

The infiltration rate was determined after inserting a stainless-steel
ring (60 cm diameter) into the soil surface to a depth of 10 cm. These
rings were kept in place for the entire duration of the trial to minimise
disturbance of the soil surface. Irrigation water was added to the inner
and outer ring and the time taken for water to infiltrate in the inner ring
determined with a float, ruler and stopwatch (Eijkelkamp Soil and
Water, The Netherlands: Double ring infiltrometer operating in-
structions). Infiltration was measured prior to seeding after soils were
completely wetted up (thus infiltration rate corresponds to saturated
hydraulic conductivity), and after every 100 mm of irrigation with CS or
DI water. We measured infiltration rate rather than saturated hydraulic
conductivity The infiltration rate is expected to be greater than the
saturated hydraulic conductivity, but since soil water content in the
lysimeters did not fluctuate widely (soil was irrigated whenever the
topsoil dried off, followed by infiltration measurements), the measured
infiltration rate was considered to reflect changes in water transmission
in soil rather than changes in soil water content.

2.6. Statistical analysis

Three replicate cores were used per soil type, with pore water sam-
ples collected at 15 and 30 cm (“topsoil”) and 90 and 105 cm depth
(“subsoil”). Hence, each data point is the mean of up to six values for the
“topsoil” (two depths (15 and 30 cm) x three replicate cores) and
“subsoil” (two depths (90 and 105 cm) x three replicate cores) solution
samples. Sometimes, insufficient solution samples were obtained,
resulting in fewer observations contributing to the mean value. Soil pore
water data for intermediate soil layers are not reported for sake of
brevity. The 120 cm depth sample was not collected since this depth was
located in decomposing bedrock in some lysimeters which made
installation of solution samplers impossible.

A best-fit third order polynomial line was chosen using SigmaPlot
v14, solely with the intent to better visualise trends in soil pore water
chemistry with irrigation volume.
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Fig. 2. Soil pore water chemistry of the Sodic Vertisol soil cores at two depths (15-30 cm and 90-105 cm) as a function of irrigation volume. Each data point is the
average of three replicate cores and the two depths (15-30 cm, or 90-105 cm). Volumes of coal seam (CS) water (red lines) and deionised (DI) water (blue lines) are
shown as horizontal lines above the x-axis. a) Changes in EC (dS/m), (b) changes in Ca (mM), (c) changes in SAR, (d) changes in S (mM), and (e) solution pH. The
lines represent the best-fit third order polynomial (SigmaPlot v 14) and are shown solely for the purpose of highlighting trends in pore water chemistry.

3. Results
3.1. Changes in soil pore water chemistry

The EC in the soil pore water of the topsoil (15 and 30 cm depth) of
all soils increased with volume of CS water to 10-20 dS/m (Figs. 2a-5a).
During irrigation with 1000 mm DI water (i.e. between 3400 and
4400 mm cumulative irrigation), the EC in the topsoil gradually
decreased but did not return to initial values. Changes in subsoil
(90-105 cm depth) EC differed between soils: soils that were initially
saline either increased in salinity (from 10 dS/m to ~25 dS/m in the
Sodic Vertisol, Fig. 2a) or showed no change in EC in the subsoil with
increasing irrigation [Haplic Solonetz: average EC 27 dS/m (Fig. 3a),
Calcic Solonetz: average EC 15 dS/m (Fig. 5a)]. In the non-saline
Xanthic Lixisol, the EC in the subsoil pore water increased from 1 to
20 dS/m but it was noted that the accumulated salt could be leached
during DI water irrigation, resulting in a decrease in EC to ~5 dS/m
(Fig. 4a). It was noteworthy that DI water irrigation did not lower the EC
in the subsoil of the Calcic Solonetz or the Sodic Vertisol (the Haplic
Solonetz was not leached) because no drainage occurred in these three
soils.

The soil pore water Ca concentration in the topsoil increased from
~2-5mM to 6 mM in the Sodic Vertisol (Fig. 2b), to ~17 mM in the
Haplic Solonetz (Fig. 3b), and to ~ 20 mM in the Calcic Solonetz
(Fig. 5b). The increase in solution Ca was less in the Xanthic Lixisol
(~8 mM) (Fig. 4b). After DI water irrigation, the topsoil Ca decreased to
~10 mM in the Sodic Vertisol and Calcic Solonetz (Figs. 2b and 5b),
whilst in the Xanthic Lixisol the Ca concentration decreased to ~4 mM

(Fig. 4b). The subsoil pore water Ca concentration was not affected by
irrigation volume in the Haplic Solonetz (~30 mM) (Fig. 3b), Xanthic
Lixisol (~2 mM) (Fig. 4b) and Calcic Solonetz (~5 mM) (Fig. 5b), whilst
in the subsoil of the Sodic Vertisol, the solution Ca concentration
increased from ~5 mM to ~15 mM after CS irrigation (Fig. 2b).

The SAR in the topsoil pore water was approximately 5-10 at the
start of the irrigation, but this increased with CS water irrigation to ca.
SAR 40 in the Haplic Solonetz (Fig. 3c) and SAR 30 in Calcic Solonetz
(Fig. 5¢), to SAR 60 in the Sodic Vertisol (Fig. 2c), and to SAR 100 in the
Xanthic Lixisol (Fig. 4c). During DI water leaching irrigation, the SAR in
the pore water decreased, but did not return to initial values. The SAR in
the subsoil pore water of the Vertisol and the two Solonetz did not
change with CS or DI water irrigation and fluctuated around SAR 20
(Panel ¢, Figs. 2-5). In the Xanthic Lixisol, the subsoil SAR increased
from 1 at the start of irrigation to SAR 40 with 5400 mm cumulative
irrigation (Fig. 4c) and did not decrease during DI water irrigation. (The
haplic Solonetz was not irrigated further).

The soil pore water pH in the topsoil was relatively constant for the
four soils (~pH 7-8) (Figs. 2d-5d) and decreased only insignificantly
during DI water irrigation. The subsoil pore water pH showed greater
fluctuations (pH 4-8) with irrigation volume, but very low values (pH
2.5-3) measured in some instances in the Sodic Vertisols, Haplic Solo-
netz and Xanthic Lixisol are likely an artefact of iron redox reactions
(explained later).

3.2. Changes in soil solid phase chemistry

The soil solid phase was sampled prior to irrigation, after 1700 mm
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Fig. 3. Soil pore water chemistry of the Haplic Solonetz soil cores at two depths (15-30 cm and 90-105 cm) as a function of irrigation volume. Each data point is the
average of three replicate cores and the two depths (15-30 cm or 90-105 cm). Volumes of coal seam (CS) water (red lines) and deionised (DI) water (blue lines) are
shown as horizontal lines above the x-axis. a) Changes in EC (dS/m), (b) changes in Ca (mM), (c) changes in SAR, (d) changes in S (mM), and (e) solution pH. The
lines represent the best-fit third order polynomial (SigmaPlot v14) and are shown solely for the purpose of highlighting trends in pore water chemistry.

cumulative irrigation, and after 3400 mm cumulative irrigation. With
increasing irrigation, the ECse in the topsoil increased to 10.5-13.6 dS/
m in the Vertisol and Solonetz, but increased to 3.5 dS/m in the Lixisol.
In the subsoil, the ECse increased in the Haplic Solonetz and Xanthic
Lixisol, but not in the Sodic Vertisol or Calcic Solonetz (Table 2). The
Xanthic Lixisol had the lowest ECse in topsoil (3.5 dS/m) after 3400 mm
cumulative irrigation.

The exchangeable Ca2" concentration increased in the topsoil of the
Sodic Vertisol, Haplic Solonetz and Calcic Solonetz to 10-12 cmol(c)/kg.
However, the exchangeable Ca2* concentration in Xanthic Lixisol
topsoil only reached 0.4 cmol(c)/kg (Table 2). In the subsoil, Ca®t
increased to 5.6-12 cmol(c)/kg in the three clay soils, but the permeable
Xanthic Lixisol only reached 0.4 cmol(c)/kg/ (Table 2).

The ESP in the topsoil ranged between 3 and 8 prior to irrigation and
increased to 28-41 in the clay soils (Sodic Vertisol, Haplic and Calcic
Solonetz) or ESP 90 in the loamy Xanthic Lixisol (Table 2). The subsoil
ESP ranged from 11 to 22 prior to irrigation and increased to 18-36 after
3400 mm cumulative irrigation (Table 2). Soils with an ESP >5 are
considered sodic in Australia (Northcote and Skene, 1972).

The pH fluctuated with irrigation volume and showed no consistent
trend. The topsoil pH of the Sodic Vertisol, Haplic and Calcic Solonetz
ranged between 7.1 and 8.0 before and after irrigation. In the subsoil,
the pH ranged between 7.3 and 8.0 before irrigation and decreased
slightly to between pH 5.6 and 7.7 after irrigation with 3400 mm. The
topsoil pH of the Xanthic Lixisol, the topsoil pH was strongly acidic (pH
4.2) before irrigation and increased to pH 7.0 after irrigation, while the
subsoil pH fluctuated between 5.7 and 6.4 (Table 2).

3.3. Infiltration rates and leaching fractions

The water infiltration rate of the cores fluctuated over time and was
highly variable (Fig. 6). In the Sodic Vertisol, Haplic Solonetz and
Xanthic Lixisol, irrigation with up to 3400 mm (during which time
lucerne was being grown) appeared to increase the infiltration rate to
2-4 mm/min. After 3400 mm irrigation, lucerne was replaced by Rho-
des grass and further irrigation caused a decrease in infiltration rate in
the Xanthic Lixisol and Sodic Vertisol (the Haplic Solonetz was not
irrigated further) to 0.03-0.6 mm/min (Fig. 6). In contrast, infiltration
rate in the Calcic Solonetz gradually decreased with irrigation rate
irrespective of the vegetation cover, but data were highly variable.

The leaching fractions were greatest in the Xanthic Lixisol, ranging
between 3 % and 12 % (Table 3). The other soils had very low leaching
fractions, ranging from ~0.1 % (Sodic Vertisol, Haplic Solonetz) to
0.8 % (Calcic Solonetz) (Table 3). Similar to the infiltration rates, the
leaching fractions fluctuated over time, but showed no consistent trend
with CS or DI water irrigation, nor was there a relationship between
infiltration rate and leaching fraction (compare Fig. 6 and Table 3).

4. Discussion

During the initial 3400 mm irrigation (which included 2500 mm CS
water), the EC in the topsoil pore water increased 3- to 7-fold due to the
addition of salts within the CS water together with the surface appli-
cation of gypsum and sulfur. The increase in EC is caused by salinity of
the CS water and the added gypsum (saturated gypsum solution has an
EC ~ 2.2 dS/m) (Oster and Frenkel, 1980). As a result of plant water
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Fig. 4. Soil pore water chemistry of the Xanthic Lixisol soil cores at two depths (15-30 cm and 90-105 cm) as a function of irrigation volume. Each data point is the
average of three replicate cores and the two depths (15-30 cm or 90-105 cm). Volumes of coal seam (CS) water (red lines) and deionised (DI) water (blue lines) are
shown as horizontal lines above the x-axis. a) Changes in EC (dS/m), (b) changes in Ca (mM), (c) changes in SAR, (d) changes in S (mM), and € solution pH. The lines
represent the best-fit third order polynomial (SigmaPlot v 14) and are shown solely for the purpose of highlighting trends in pore water chemistry.

extraction together with continued CS water irrigation, the EC gradually
increased given that the added salt remained within the soil. The Haplic
and Calcic Solonetz were initially saline soils (114-165 mol Na per core)
and the addition of CS water added another 33 mol Na. It is common for
soils in low-rainfall regions of Australia with low hydraulic conductivity
to be saline and sodic (Shaw et al., 1994). The soil EC;.5 (Table 2)
mirrored the trends in soil pore water EC, and the ECq. (estimated from
EC;y.5) being below 14 dS/m after 3400 mm irrigation in the Sodic
Vertisol, Haplic, and Calcic Solonetz. The ECs. in the Sodic Vertisol was
greater than the EC measured in a comparable study by Bennet et al.
(2016) (~4 dS/m) given that their study used only a low volume of CS
water (272 mm). These levels of EC in the Vertisol and Solonetz may
affect salt sensitive pasture species but the Rhodes grass cultivar used
here was salt tolerant, with 50 % growth reduction at ECg thresholds of
>20 dS/m (Giles et al., 2014; Russell, 1976; Taleisnik et al., 1997).
Furthermore, Rhodes grass seed germination is only slightly inhibited in
saline and alkaline solution (Wehr et al.,, 2016). Hence, natural
recruitment of seedlings is not likely to be impaired in the field during
and after CS water irrigation. While Rhodes grass was not affected by the
salinity, lucerne root growth into the subsoil layer may have become
impaired since its salinity tolerance is lower, with a 50 % reduction in
growth at ECg 6-8 dS/m (Bhardwaj et al., 2010; Giles et al., 2014;
Russell, 1976).

Following the initial 3400 mm irrigation, soils were leached with
1000 mm DI water (from 3400 mm to 4400 mm cumulative irrigation
volume). During this period of irrigation with 1000 mm DI water, the EC
in the topsoil decreased but did not return to the initial values, hence
volumes of DI water >1000 mm are needed to remove the accumulated

salts in the topsoil. Furthermore, sufficient hydraulic conductivity (and
leaching fraction) is required to leach the salt from the topsoil to the
subsoil, with Ganjegunte et al. (2008) and Echchelh et al. (2019) stating
that lighter textured soils such as sandy clay loams are more suited for
irrigation with CS water since salt accumulation is less in these soils.

This is confirmed by our results showing that the Calcic Solonetz and
Sodic Vertosol, which had low hydraulic conductivity (Table 1) and low
leaching fractions (Table 3), showed minimal changes in subsoil pore
water EC, since salt could not be effectively removed from the surface
soil layers. In contrast, the sandy loam Xanthic Lixisol showed a decrease
in subsoil salinity during DI water irrigation, due to its high infiltration
rate (Table 1) and leaching fraction (Table 3). The DI water irrigation
decreased the EC in the Xanthic Lixisol subsoil only slightly. Thus it
would require several years of rainfall to leach the applied salt from the
soil profile. Deep drainage may mobilise the native and applied salt to a
shallow aquifer and this risk needs to be assessed during the feasibility
study of CS water irrigation systems.

The Xanthic Lixisol would not be subject to soil salinity risk and
could be irrigated with >3000 mm CS water since the leaching fraction
was high enough to prevent a large increase in EC. Hence, plant growth
was not decreased in the Xanthic Lixisol (Fig. 1) and this soil appeared to
be most suitable for irrigation with CS water. When leaching salt from
the topsoil (i.e. lowering the EC), it is important to supply Ca2" to
maintain structural stability of soil aggregates. Lowering the EC will
increase soil dispersion risk and this needs to be mitigated by the
application of gypsum, which maintains the soil pore water EC at ~ 2.2
dS/m and releases Ca®" ions (Oster and Frenkel, 1980). Hence, the soil
surface application of gypsum is required to maintain the topsoil
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Fig. 5. Soil pore water chemistry of the Calcic Solonetz soil cores at two depths (15-30 cm and 90-105 cm) as a function of irrigation volume. Each data point is the
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structure and water infiltration when irrigated with CS water.

The increase in SAR in the topsoil pore water, or ESP in the soil solid
phase, was due to the addition of Na from the CS water. The high SAR
values of the pore water lead to high ESP values on the soil exchange
sites and can cause soil structural problems, especially if the pore water
EC is low (Klopp and Bleam, 2021; Stavi et al., 2021). However, the
dissolution of surface-applied gypsum and the dissolution of unidenti-
fied Mg-containing clay minerals (data not shown) in the soil counter-
acted some of the effect of applied Na™ on SAR. Despite increasing SAR
in the pore water and ESP in the solid phase of the Xanthic Lixisol, the
infiltration rates did not decrease significantly and there was no rela-
tionship between infiltration rate and leaching fraction (compare Fig. 6
and Table 3). An increase in SAR to ~60 after 3600 mm CS water irri-
gation was also reported by McKenna et al. (2019) on a similar soil, but
no effect of SAR on infiltration was reported in that study.

Although 1000 mm of DI water irrigation was not sufficient to return
the SAR to initial levels, it decreased topsoil pore water SAR by over
60 % in the Sodic Vertisol and Xanthic Lixisol. In the subsoils of the two
Solonetz, the pore water SAR did not change, likely due to low water
movement (low leaching fraction), resulting in limited movement of
Na®, Ca?* or Mg?" ions. This was likely caused by the soil structure
enabling water (and thus Ca®") infiltration: the Sodic Vertisol has 2:1
clay minerals causing shrink-swelling, and the Lixisol has sandy texture,
whereas the Solonetz subsoils are dominated by 1:1 clays that do not
shrink and swell. While it is desirable to limit the increase in SAR by
gypsum application, an increase in SAR does not always result in
structural degradation of soil. The Xanthic Lixisol was not disturbed, and
supported a dense sward of salt-tolerant Rhodes grass that may have

contributed root exudates to soil organic matter which can stabilise the
soil particles (Niaz et al., 2022). Hence, even with SAR ~100 and ESP
90 %, the soil maintained hydraulic infiltration and leaching fractions,
and did not show soil dispersion.

Solubility of gypsum strongly increases in saline solutions as a
consequence of the Debye-Hiickel law and at least 15 mM Ca®* and SOF
would be expected in pore water without added salt (Li and Duan, 2011;
Tanji, 1969). The pore water Ca2" concentration in the topsoil of the
Haplic and Calcic Solonetz gradually increased to ~15 mM, but in the
Sodic Vertisol and Xanthic Lixisol, it did not reach 15 mM Ca?* in so-
lution as predicted from the solubility of gypsum. It needs to be stressed
that the gypsum application rate was based on the CS irrigation water
application, not on the gypsum requirement of the soil. Speciation
modelling using PHREEQCi with the “Phreeqc” or “minteq” databases
and using the pore water composition as input parameters showed that
no precipitation of Ca?* as gypsum or calcite/lime was occurring in the
soils. The increasing concentration of Ca held on exchange sites in the
topsoil (Table 3) suggests that topsoil pore water Ca concentration is
likely controlled by ion adsorption and offset by leaching of Ca into the
subsoil. In soils with a high leaching fraction (Xanthic Lixisol) or pref-
erential flow paths in the topsoil (e.g. cracks) (Sodic Vertisol), the
topsoil Ca concentration remained low, likely because the Ca is leached
into the subsoil. The pore water Ca concentration in the Sodic Vertisol
(4-6 mM) was similar to the concentration reported by Bennett et al.
(2016) for a field trial on the same soil.

In the subsoil pore water of the Calcic Solonetz, Ca concentration was
low (~5-7 mM) likely due to limited movement of Ca from the topsoil
layer, and adsorption of Ca in the subsoil. In Sodic Vertisol and Haplic
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Table 3

Leaching fractions of the four soils after increasing volumes of coal seam (CS)
and deionised (DI) water were applied. Values are means + standard deviation
of three replicate cores.

Cumulative Vol CS+ DI Sodic Haplic Xanthic Calcic
volume (mm) (mm) Vertisol Solonetz Lixisol Solonetz
1800 900+900 0.0 + 0.1+ 6.7 + 0.0 +
0.0 % 0.1 % 4.9 % 0.1 %
3400 25004900 0.0 + 0.2+ 31+ 0.2 +
0.0 % 0.3 % 0.7 % 0.4 %
4400 2500+1900 0.3+ - 12.0 + 0.8 +
0.3 % 5.5 % 1.0%
5400 3200+2200 0.2+ - 5.8 + 0.6 +
0.3 % 2.6 % 0.5 %

Solonetz subsoil, the pore water Ca reached a plateau after ~1000 mm
cumulative irrigation but the subsoil Ca concentration in the Vertisol
was around 15-20 mM (as expected from the gypsum solubility)
whereas the Solonetz reached a concentration of 30-40 mM. This sug-
gests that the Ca concentration in the subsoil of the Solonetz is
controlled by the extent of Ca movement into the subsoil, and limited
adsorption. The increase in subsoil Ca even in soils with low LF indicates

that redistribution of Ca due to water extraction by plant roots is suffi-
cient to move Ca to a depth of ~100 cm with 1000 mm of irrigation,
which helped minimise changes in SAR in the subsoil pore water.

In the Xanthic Lixisol, topsoil and subsoil pore water concentration
of Ca?™ did not reach values predicted by gypsum solubility, and this can
be attributed to movement of dissolved gypsum with irrigation water
since the soil was reasonably permeable and the soil had a low CEC,
leading to poor retention of cations in the soil. This is also confirmed by
the low exchangeable Ca®" in the Xanthic Lixisol subsoil (0.4 cmol)/
kg) (Table 2). Thus, the Ca®* from gypsum is leached from the Lixisol
soil and the low Ca®" concentration in pore water led to an increase of
SAR, despite the frequent addition of gypsum at rates calculated to
maintain a low SAR. This may be due to the dissolution of gypsum being
slower than the rate of Na addition in CS water.

In Sodic Vertisol, the topsoil pore water pH and soil pH remained
relatively constant (~pH 8), indicating that the calculated S amendment
application rate based on CS water composition was correct. This finding
is supported by Bennet et al. (2016) who found no changes in topsoil pH
in a field irrigation trial using the same soil, but their study only applied
272 mm CS water. While the subsoil pore water pH decreased from ~pH
5 to pH 3, this is likely due to redox processes involving Fe minerals
(goethite and hematite) and does not reflect the true pH of a soil-water
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suspension. Indeed, the solid phase pH varied between pH 7.3 and 5.0,
suggesting that the low pH values in pore water were due to the redox
reactions. It is likely that the Fe!™ minerals (e.g. goethite or hematite) in
the water-saturated anoxic subsoil become reduced to soluble Fe" ions
which are then extracted by pore water samplers. The Fe'! jons are then
re-oxidised to Fe' jons in the sample collection syringe and the Fe" ions
hydrolyse to Fe(OH)3 and release protons which lower the pore water
pH to ~pH 3. Once the subsoil was sufficiently drained and became oxic
again, the pore water pH increased again. Indeed, the solid phase sam-
ples collected from the subsoils of all soils did not show these extreme
pH fluctuations, with pH values ranging from pH 5.0-8.7 (Table 2).

In the Xanthic Lixisol, topsoil was strongly acidic (pH 4.2, Table 2)
and likely inhibitory to plant growth. Irrigation with CS water increased
to topsoil pH to pH 5.7 after 1700 mm irrigation, thereby overcoming
Al-toxicity. In a study using repacked cores with a soil similar to the
Xanthic Lixisol, McKenna et al. (2019) also observed a pH increase after
irrigation with 3600 mm CS water and this was attributed to the low
CEC of the soil. In the Calcic Solonetz, the pH was strongly alkaline in
the topsoil (pH 8.0) and subsoil (pH 8.7) (Table 2), which could lead to
trace element and phosphorus immobilisation. Surface application of S
and irrigation with CS water lowered the pH and made the soil more
amenable to plant growth. The results for the four soils show that rate of
sulfur addition, calculated from the alkalinity of the CS water was suf-
ficient to minimise soil pH changes.

The hydraulic conductivity of the soils was highly variable due to
combined effects of clay swelling, formation and stabilisation of aggre-
gates due to root exudates, infill of pores due to root proliferation, and
generation of macropores due to root decay (Lucas et al., 2022). In the
Calcic Solonetz, water infiltration decreased over time, in Haplic Solo-
netz it increased over time and in the Sodic Vertisol and Xanthic Lixisol,
the infiltration increased followed by a decrease (Fig. 6). In a short-term
irrigation trial with 272 mm CS water, little effect of CS on hydraulic
conductivity of the Sodic Vertisol was observed (Bennett et al., 2016).
The infiltration rates did not reflect the leaching fractions (compare
Fig. 6 to Table 3) likely due to multiple factors controlling leaching
fractions, e.g. plant water uptake. In order to achieve leaching, more
water needs to be applied than is being lost by evapotranspiration. It
appears that lucerne (grown up to 3400 mm cumulative irrigation)
increased infiltration rate and it has been suggested that the strong
taproot in lucerne aids in penetration of water into clay layers in soils
(Meek et al., 1992; Rasse et al., 2000). Once lucerne was replaced with
Rhodes grass, the infiltration rate decreased and this is potentially due to
the dense and fibrous nature of Rhodes grass roots that may have
resulted in macropore infill (Bodner et al., 2014). Mitchell et al. (1995)
have stated that lucerne produces stable macropores, resulting in high
infiltration rates, whereas wheat (also a member of the Poaceae) does
not produce stable macropores. Similarly, Zong et al. (2022) observed
that cotton roots increased soil porosity and improves leaching on saline
sodic soils. Only the Xanthic Lixisol had sufficiently high leaching
fractions to allow leaching of accumulated salt and would allow for
long-term sustainable irrigation with CS water and recovery of the soil
during irrigation with DI water (e.g. rainfall). This result confirms ob-
servations by Echchelh et al. (2019) that sandy soils with good drainage
are less prone to salinisation.

5. Conclusions

In conclusion, changes in pore water chemistry are not a good pre-
dictor of long-term suitability for irrigation with CS water. The soil with
the highest hydraulic conductivity (Xanthic Lixisol) had only limited salt
accumulation and was suited for irrigation with up to 5400 mm
(equivalent to 3200 mm CS water), while pasture growth was increased.
Although the Xanthic Lixisol had low CEC and showed the largest in-
crease in SAR (~100) and ESP (~80), it maintained its leaching fraction
(3-12 %). This suggests that the leaching fraction is the most suitable
indicator of soils suited for saline and CS water irrigation, rather than
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the SAR of the water or the ESP of the soil. Soils with low hydraulic
conductivity result in salt accumulation due to the low leaching fraction
and these soils may require more careful management for CS water
irrigation.
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