wo 2022/099360 A1 |0 000 KO0 0V 000

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
19 May 2022 (19.05.2022)

(10) International Publication Number

WO 2022/099360 Al

WIPO I PCT

(51) International Patent Classification:
A62D 3/02 (2007.01)

(21) International Application Number:
PCT/AU2021/051328

(22) International Filing Date:
10 November 2021 (10.11.2021)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

2020904127 11 November 2020 (11.11.2020) AU
(71) Applicant: THE UNIVERSITY OF QUEENSLAND

[AU/AU]J; St Lucia, Queensland 4067 (AU).

(72) Inventors: HUANG, Longbin; University of Queensland,
Centre for Mined Land Rehabilitation, Level 5/Building
47A, Corner of College Road & Staff House Road, Bris-

bane, Queensland 4072 (AU). YOU, Fang; c/o The Univer-
sity of Queensland, St Lucia, Queensland 4067 (AU).

Agent: SPRUSON & FERGUSON; GPO BOX 3898,
Sydney, New South Wales 2001 (AU).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP,KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US,UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,

(54) Title: TREATMENT OF BAUXITE RESIDUE

z?iuz
&
3
fy
@
2
20
g
Grass+P \
\ o TP
04 Temrmte T e

carbomodic group
Amicte !

¥
Sy

et

Wavenumber [cm™ |

FIGURE 1

(57) Abstract: A method for treating bauxite residue contained in a storage facility comprising adding a mixture containing (a) a source
of organic carbon, (b) a source of phosphorous or a source of phosphate, (c) a source of calcium, and a source of sulphur or sulphate to
the bauxite residue, to thereby promote growth of microbes well adapted to highly saline and alkaline habitat, or to promote growth of
marine microbes, or to promote growth of tolerant and marine origin haloalkaliphilic bacteria, or to promote growth of haloalkaliphilic
organotrophic bacteria, preferably of marine origin. The method may comprise adding plant material or mulch and superphosphate

fertilisers to the bauxite residue.

[Continued on next page]



WO 2022/099360 A1 |10} 00000 00O O 00 O

UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, IR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
TR). OAPI (BF, BJ, CF, CG, CL CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



WO 2022/099360 PCT/AU2021/051328

1
TITLE

Treatment of bauxite residue

TECHNICAL FIELD

[0001] The present invention relates to a method for treating bauxite residue.
BACKGROUND ART

[0002] Bauxite is the major ore material used in the production of alumina and aluminium.

Bauxite is converted to alumina using the Bayer process, in which the bauxite is subject to high
temperature alkaline leaching at elevated pressure to dissolve aluminium into solution. The
pregnant leaching liquor is separated from the solid residues, which is formed mainly of
undigested bauxite and solid de-silication products that precipitate in the leaching step. Alumina
is recovered from the pregnant leach liquor by crystallisation followed by calcination. The solid
leach residue, which is variously referred to as bauxite residue, red mud, or alumina refining
tailings, contains adherent or residual leach solution of highly alkaline pH. As a result, the

bauxite residue is highly alkaline.

[0003] For every metric tons of aluminium produced from bauxite, 1.5-2.5 tonnes of bauxite
residue is generated. Total global storage of bauxite residue is estimated to contain 4 Giga-tonnes
of bauxite residue, with this amount increasing by approximately 125 million tonnes per year.
The large and continually growing massive volumes of stored bauxite residue highlight the need
for effective remediation strategies to manage the environmental impacts of aluminium

production and contribute to the industry’s sustainability.

[0004] As a by-product of the Bayer process used for alumina refining, bauxite residue is
highly alkaline (pH greater than 10), highly saline (saturated electrical conductivity greater than
7 mS/cm), highly sodic (exchangeable sodium percentage around 65 to 75%), massive (bulk
density of 2-2.5g/cm?) and fine-grained (specific surface area of about 33m%/g). Bauxite residue
pore water is dominated by the cations Na* (major), K¥, Ca?*, and Mg?*, and the anions AI(OH)4"
, SO4%, CO3* and OH'. The major minerals present in bauxite residue include a mixture of
residual minerals from the parent bauxite (haematite, goethite, quartz, haolinite, anatase, rutile,
undigested gibbsite, boehmite and diaspore) as well as precipitates formed during the Bayer
process (perovskite calcite, tricalcinm aluminate and zeolitic desilication products such as
sodalite and cancrinite). With the exception of perovskite, Bayer process precipitate minerals

(particularly alkaline minerals) dissolve slowly and opportunistically during rainfall leaching and
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weathering in bauxite residue and release salts (Na*, Ca®*, various anions depending on mineral
composition) and alkalinity in the form of COs* and OH to porewater solutions, maintaining
highly buffered and strongly alkaline pH conditions and highly elevated salinity of bauxite

residue over a long time.

[0005] The chemical and physical properties of bauxite residue pose significant challenges
for remediation. Bauxite residues are typically stored in the large tailings ponds that have

significant surface area.

[0006] Current processes for bauxite residue rehabilitation involved excavating a thick layer
of topsoil/subsoil from natural landscapes and transporting it to the storage site for the bauxite
residue. A high density polyethylene membrane is placed over the surface of the bauxite residue
in the tailings pond and a layer of topsoil/subsoil that has been excavated supplied to a depth of
about 100 cm. As a result, the polyethylene membrane and the thick layer of topsoil/subsoil cap
bauxite residue and plants can grow in the layer of the applied soil. Unfortunately, this process is
very expensive and can be limited by access to topsoil resources within a reasonable distance of
the site of the bauxite residue storage. In addition, the placement of polyethylene membrane is

not a sustainable solution for the total ecosystem rehabilitation in the long term.

[0007] Other workers have attempted to rehabilitate bauxite residue storage facilities by
adding green organic matter and gypsum (calcium sulphate) to the bauxite residue. However, the
effectiveness and magnitude of pH reduction in the strongly alkaline bauxite residue using these
methods are not adequate to permit productive growth and colonisation of pioneer plants. Indeed,
the present inventors believe that known methods based upon addition of green organic matter
and gypsum are not targeting the core barrier of the solid phase alkalinity (i.e., alkaline minerals)
in bauxite residues, can not deplete/remove effectively and significantly the alkali inside the
alkaline minerals within a short-term (about 2-3 years), and likely to take longer than 20 years
before the treated bauxite residue is capable of supporting productive pioneer plant communities.
In addition, the known method has been largely based on the knowledge and method to treat
sodic soils in which the alkalinity is formed by carbonate minerals, rather than aluminosilicate

minerals containing alkali (i.e., Na) resulting from the Bayer Process.

[0008] It will be clearly understood that, if a prior art publication is referred to herein, this
reference does not constitute an admission that the publication forms part of the common general

knowledge in the art in Australia or in any other countries.
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SUMMARY OF INVENTION

[0009] The present invention is directed to a method for the treatment of bauxite residues
contained in storage facilities, such as tailings ponds, which may at least partially overcome at
least one of the abovementioned disadvantages or provide the consumer with a useful or

commercial choice.

[0010] With the foregoing in view, the present invention in one form, resides broadly in a
method for treating bauxite residue contained in a storage facility comprising adding a mixture
containing (a) a source of organic carbon, (b) a source of phosphorous or a source of phosphate
and (c) a source of calcium, to the bauxite residue, wherein haloalkaliphilic bacteria are also

present.

[0011] In one embodiment, the method may further include adding a source of sulfur (S) or

sulphate to the bauxite residue. The source of S may comprise a source containing sulphate.

[0012] In one embodiment, the bauxite residue contains marine microbes well adapted to
highly saline and alkaline habitat, or tolerant microbes. In another embodiment, the method may
further comprise adding a source of microbes well adapted to highly saline and alkaline habitat,
or marine microbes to the bauxite residues. The source of microbes may comprise seawater and
alkaline decant wastewater from bauxite residue dams. The source of microbes may comprise a

microbial inoculum enriched/amplified under alkaline and saline conditions.

[0013] In embodiments where the bauxite residues are contained in storage facilities located
adjacent the ocean, it is expected that the microbes well adapted to highly saline and alkaline
habitats or marine microbes will be naturally present or endemic in the bauxite residues, for
example, due to sea water spray being blown into the bauxite residues, or possibly due to
inundation by seawater. Therefore, where the bauxite residue naturally contains microbes well
adapted to highly saline and alkaline habitat, or marine microbes, adding such microbes is an

optional step, as such microbes are present in any event.

[0014] For treatment at inland sites, one embodiment of the present invention includes
forming an inoculum of the desired microbes, and inoculating plant mulch at inland sites by
bulking up inoculum containing the microbes and produced from selection and enrichment
process. For example, it is possible to produce, say, Im® inoculum using seawater, transport the
inoculum to the inland site, multiply the inoculum using local plant mulch to continuously
produce and maintain the inoculum on site for long-term use, and use the inoculum to inoculate

the bauxite residue, as required. Inoculation of the bauxite residue would t\conveniently occur
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when adding the plant mulch and fertiliser to the bauxite residue.

[0015] In one embodiment, the microbes comprise tolerant and marine origin

haloalkaliphilic bacteria or haloalkaliphilic organotrophic bacteria, preferably of marine origin.

[0016] Table 2 set out at the end of this specification lists a number of bacteria that can be
found in the treated bauxite residue and optionally one or more of those bacteria, especially those

derived from marine regions, can be found in the treated bauxite residue.

[0017] In one embodiment, the mixture is applied to the bauxite residue by spreading the
mixture on top of the bauxite residue in the storage facility and ploughing or otherwise
mechanically admixing the mixture into the bauxite residue. In embodiments of the present
invention, the mixture may be mixed into the bauxite residue using broadacre farming

techniques.

[0018] In one embodiment, the source of organic carbon comprises plant biomass residues
or plant mulch having relatively high levels of total carbohydrates and an N:C ratio suitable for
intensive organic acid production. In one embodiment, the source of organic carbon comprises
plant biomass residues or plant mulch having a carbon: nitrogen ratio no higher than 80:1, or
from 10:1 to 60:1, or from 20:1 to 40:1. In one embodiment, the source of organic carbon may
comprise green mulch or green plant litter. In one embodiment the source of organic carbon may
comprise grass or leaves. In another embodiment, the source of organic carbon may be plant
material in dried form. In some embodiments, the source of organic carbon comprises plant
residues or plant biomass that are carbohydrate and cellulose rich. Woody litters of high lignin
and phenolic contents is not particularly useful or much less desirable. The organic matter may

be cut/ground into smaller pieces, shredded or used in an as-provided condition.

[0019] In one embodiment, the method comprises adding a mixture containing green plant
litter and/or green plant biomass and superphosphate fertiliser to the bauxite residue.
Superphosphate is a mixture of calcium acid phosphate and calcium sulfate prepared by treating
phosphate rock with sulfuric acid and it is used chiefly as a fertilizer. Superphosphate also refers
to single- or triple-superphosphate. a mixture that prepared with sulfuric acid and containing 16-
45 percent of soluble phosphates and is also used as a fertilizer. The present invention
encompasses use of all forms of superphosphate. In this embodiment of the present invention,

the superphosphate forms the source of P, the source of Ca and the source of S or SO4".

[0020] In one embodiment, the present invention uses a slowly dissolving form of

phosphorous or phosphate chemicals or phosphate minerals.
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[0021] In some embodiments, the source of organic carbon, such as plant litter or plant
mulch, is added in an amount of from 10% to 60% volume/volume, or from 10% to 50%
volume/volume, of the amount of bauxite residue to be treated. For example, if it is desired to
treat bauxite residue to a depth of 1 m, from 10 cm to 60 cm of plant litter or plant mulch is
spread over the bauxite residue and suitably mixed into the bauxite residue, such as by ploughing

or tilling.

[0022] In some embodiments, the amending material (the source of carbon and the sources
of P and Ca and S or sulphate) is mixed into the bauxite residue to the intended depth of
treatment. For example, if it is desired to treat the top 1m of bauxite residue in a storage pond,
the amending materials are mixed in down to a depth of 1m. Mechanical mixing means are
suitably used to mix the amending materials into the bauxite residue to the desired depth. The
total amount of amending material to be added to the bauxite residue will depend upon the
application rate per metre of depth of bauxite residue or per cubic metre/tonne of bauxite residue

and the depth of desired treatment.

[0023] In one embodiment, the method of the present invention involves ploughing or tilling
the mixture into the bauxite residue and irrigating the bauxite residue. Irrigation may be required
if the bauxite residues are stored in storage facilities located in an arid environment. In other
embodiments, where bauxite residue storage facilities are located in wetter environments, there

may be sufficient rainfall to mean that regular irrigation is not required.

[0024] In one embodiment, the present invention comprises mixing phosphorous-rich
calcium-minerals, such as superphosphate, to the bauxite residue. The amount of phosphate-rich
calcium-minerals may be added to the bauxite residue in an amount of from 1 to 30%
weight/weight ratio, or from 3 to 30% weight/weight ratio, to the bauxite residue. For example,
to treat one tonne of bauxite residue, from 30 kg to 300 kg of phosphate-rich calcium-minerals,

such as superphosphate, may be added.

[0025] In order to determine the application rate per hectare per area, the weight of the red
mud may be determined by taking an estimate of the bulk density of the bauxite residue in the
storage facility, and then multiply that by the surface area of the storage facility and the desired
depth of treatment. For example, to treat a storage facility having a surface area of 100 m? to a
depth of 0.5 m, the bauxite residue is estimated to have a dry bulk density of 1.8 — 2.0 tonnes/m°.
The volume to be treated is 100m® and the total weight to be treated is 100 tonnes (using a bulk
density of 2.0 tonnes/m?). This will require an application of from 5 tonnes to 30 tonnes to that

storage facility, which represents an application rate of from 0.05 tonnes to 0.30 tonnes per
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square metre.

[0026] In one embodiment, the phosphorous rich calcium minerals, such as superphosphate,
contain from 5 to 10% P, by weight (calculated on the basis of P present). The phosphorous rich
calcium minerals, such as superphosphate, may have a phosphorous solubility of greater than
50% (in other words, at least 50% of the phosphorous material in the superphosphate is soluble
in water), or greater than 60%, or greater than 70%, or greater than 80%. Commercial grade
superphosphate normally has a P solubility of about 86%. The phosphorous or phosphate may be
slowly solubilized to release the P into the treated bauxite residue or red mud over an extended
period of time. In some embodiments, the soluble P should be expected to last from 1 to 2 years

before being fully dissolved and immobilized with the loss of biological efficacy.

[0027] In one embodiment, the source of organic carbon, the source of phosphorous or
phosphate and the source of calcium are mixed with the bauxite residue to a desired depth. The
desired depth may be from about 20 ¢cm to about 5 m, or from about 50 cm to about 2 m, or from
about 50 cm to about 1.5m, or from about 50cm to about 1m. Experimental work conducted by
the inventors to date has used a depth of about 50cm. Broadacre farming techniques, such as
ploughing, tilling or slotting may be used to facilitate the mixing into the bauxite residue. The
source of phosphorous or phosphate and the source of calcium may be applied using farming

equipment used for spreading fertiliser.

[0028] In one embodiment, the method of the present invention comprises preparing a
mixture comprising the source of organic carbon, the source of phosphorous or phosphate and
the source of calcium and applying that mixture to the bauxite residue. In this embodiment, the
mixture comprising the source of organic carbon, the source of phosphorous or phosphate and
the source of calcium is formed prior to applying to the bauxite residue. In another embodiment,
the source of organic carbon is applied to the bauxite residue separately to the source of
phosphorous or phosphate and source of calcium. For example, the source of organic carbon may
be applied to the bauxite residue and then the source of phosphorous or phosphate and the source
of calcium may be applied. In another embodiment, the source of phosphorous or phosphate and
the source of calcium is applied and the source organic carbon is subsequently applied. For ease
of application, it is preferred that the source of organic carbon is pre-mixed with the source of

phosphorous phosphate and source of calcium or that they be applied together.

[0029] In a likely commercial embodiment, the present invention provides mixing plant
litter or plant biomass and superphosphate fertiliser into at least an upper part of a bauxite

residue contained in a bauxite residue storage facility for rehabilitation purposes of vegetation /
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plant communities. The plant litter or plant biomass (fresh or dry) and superphosphate fertiliser

are mixed to a desired depth in the bauxite residue.

[0030] In another likely commercial embodiment of making fertile soil to improve other
soil/land of low quality, the present invention provides mixing plant litter or plant biomass and
superphosphate fertiliser into at least 1 m layer of bauxite residue in a storage facility for
developing fertile soils to be excavated and transported away and applied at another location for
improving marginal cropping/pasture/agroforest soil/land. The plant litter or plant biomass (fresh

or dry) and superphosphate fertiliser are mixed to a desired depth in the bauxite residue.

[0031] The bauxite residue that is treated in the present invention is normally stored in a
bauxite residue storage facility. This may comprise an impoundment, a tailings dam, a tailings
pond or the like. The bauxite residue in the storage facility is suitably sufficiently dried so that
vehicles, such as tractors, ploughs and the like, can move thereon. Suitably, the bauxite residue
storage facility is an impoundment, a tailings dam or a tailings pond that no longer has further
red mud or bauxite residue added thereto. The present invention enables the bauxite residue to be

treated in-situ and it does not require use of treatment vessels.

[0032] In one embodiment, the method may include the step of inoculating plant material
with tolerant and marine origin haloalkaliphilic bacteria and allowing the tolerant and marine
origin haloalkaliphilic bacteria to be enriched/amplified/build up in the plant material to form an
inoculum and subsequently adding the inoculum to the bauxite residue. In one embodiment, the
tolerant and marine origin haloalkaliphilic bacteria are added to plant material and the plant
material allowed to sit for from 1 week to 4 weeks, or from 2 weeks to 4 weeks, or for about 2
weeks, the build-up the tolerant and marine origin haloalkaliphilic bacteria in the plant material.
Longer periods of time may be used, if desired, but the inventors believe that 2-4 weeks should
be sufficient time to allow the microbial biomass to increase the desired levels. The tolerant and
marine origin haloalkaliphilic bacteria may be added to the plant material by adding seawater or
alkaline and saline wastewater, such as local alkaline and saline wastewater decant from the
bauxite residue storage facilities, to the plant material. The microbial biomass of desired
microbes can then quickly build up in the plant material and effectively form a composted plant
mulch. The composted plant mulch containing the desired bacteria or inoculum can then be

added into the method of the present invention.

[0033] Without wishing to be bound by theory, it is believed that using the pre-composted
plant material containing enhanced amounts of tolerant and marine origin haloalkaliphilic

bacteria can quickly build up microbial biomass and microbial abundance in the bauxite residue
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and increase the efficacy of the treatment or allow the treatment effects to be achieved in a

shorter time.

[0034] In one embodiment, the inoculum or composted plant mulch can be added to the
other organic material added to the bauxite residue, or applied separately to the bauxite residue
to the other components added by the method of the present invention. It will be appreciated that
the inoculum or composted plant material is desirably added with or at a time close to adding of

the other components to the bauxite residue.

[0035] In one embodiment, the inoculum or composted plant mulch comprises from 0.1 to

10% by volume of the source of organic material or plant mulch added to the bauxite residue.

[0036] Without wishing to be bound by theory, in embodiments of the present invention, it
is believed that the tolerant and marine origin haloalkaliphilic bacteria in or added to the bauxite
residues work together with the organic and P-Ca-Sulfur rich fertilisers to achieve the rapid de-
alkalization and neutralization to break through the extreme alkaline pH barrier (9.5-13) present
in the bauxite residue. Once the pH reduces to 9.5 or below, many other natural bacteria and

fungi can start to live and grow in the treated bauxite residue.

[0037] In another embodiment, the present invention further includes adding elemental
sulphur to the bauxite residue. The elemental sulphur may be added from 12 to 18 months after
the original treatment. It is believed that adding elemental sulphur can further lower the pH from
8-9 to 6-7 through microbial sulphur oxidation and acidification. Some of the haloalkaliphilic
bacteria can also oxidize sulphur with the supply of organic carbon (in the plant mulch) as part of

the original treatment.

[0038] The elemental sulphur may be added in an amount of from 1-10% S weight/weight
of the bauxite residue, or from 100 — 2000kg S/hectare. The addition rate of elemental sulphur
will depend upon the mineralogy and depth of the bauxite residues to be treated and the local
climate (temperature, rainfall). Adding elemental sulphur may be beneficial for improving

treatment efficacy, turnaround time and reducing costs since P-fertiliser can be expensive.

[0039] In one embodiment, the step of adding a mixture containing (a) a source of organic
carbon, (b) a source of phosphorous or a source of phosphate, (c) a source of calcium, and a
source of sulphur or sulphate to the bauxite residue may be repeated one or more times. It is
envisaged that any repeat of this step is likely to occur at intervals of from 6 months to 24
months from the previous treatment. In another embodiment, elemental sulphur is added to the

bauxite residue 12-18 months after the initial treatment.
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[0040] In a second aspect, the present provides a method for treating bauxite residue
contained in a storage facility comprising adding a mixture containing (a) a source of organic
carbon, (b) a source of phosphorous or a source of phosphate, (c) a source of calcium, and a
source of sulphur or sulphate to the bauxite residue, to thereby promote growth of microbes well
adapted to highly saline and alkaline habitat, or to promote growth of marine microbes, or to
promote growth of tolerant and marine origin haloalkaliphilic bacteria, or to promote growth of

haloalkaliphilic organotrophic bacteria, preferably of marine origin.

[0041] In a third aspect, the present invention provides a soil amendment for amending
bauxite residue in a storage facility, the soil amendment comprising a source of organic carbon
and a source of phosphorous or phosphate and a source of calcium. In one embodiment, the soil

amendment comprises green biomass, such as plant litter or plant mulch, and superphosphate.

[0042] In one embodiment of the third aspect of the present invention, the soil amendment

may also include a source of S, such as a source of sulphate.

[0043] In one embodiment, the soil amendment includes superphosphate fertiliser. The

superphosphate provides the source of P, the source of Ca and the source of S/sulphate.

[0044] The soil amendment may further comprise a population of one or more microbes
well adaptive to highly saline and alkaline habitats, or one or more marine microbes. However,
as mentioned above, if the bauxite residue storage facility is located in close proximity to the

ocean, the marine microbes may be naturally present in the bauxite residue.

[0045] In one embodiment, the population of one or more marine microbes may be
inoculated into the soil amendment by soaking the organic biomass soil amendment in seawater.

In another embodiment, an inoculum of marine microbes can be added to the soil amendment.

[0046] In a preferred embodiment, haloalkaliphilic organotrophic bacteria are present in the
treated bauxite reside, either as part of a natural or endemic microbial population in the bauxite

residue or by way of being introduced with the amending agents.

[0047] In a fourth aspect, the present invention provides a soil amendment for amending
bauxite residue in a storage facility, the soil amendment comprising a source of phosphorous or

phosphate and a source of calcium, and haloalkaliphilic organotrophic bacteria.

[0048] In one embodiment, the soil amendment further comprises organic matter, such as

green biomass, such as plant litter or plant mulch.
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[0049] In one embodiment of the fourth aspect of the present invention, the soil amendment

may also include a source of S, such as a source of sulphate.

[0050] In one embodiment, the soil amendment includes superphosphate fertiliser. The

superphosphate provides the source of P, the source of Ca and the source of S/sulphate.

[0051] The soil amendment includes haloalkaliphilic organotrophic bacteria, such as a
population of one or more microbes well adaptive to highly saline and alkaline habitats, or one or

more marine microbes.

[0052] In one embodiment, an inoculum of haloalkaliphilic organotrophic bacteria, such as

marine microbes, can be added to the soil amendment.

[0053] In one embodiment of the fourth aspect of the present invention, the soil amendment
comprises packages of bags comprising the source of phosphorous or phosphate and the source
of calcium, and the haloalkaliphilic organotrophic bacteria. In one embodiment, the soil
amendment of the fourth aspect of the present invention comprises superphosphate fertiliser and

haloalkaliphilic organotrophic bacteria.

[0054] In a preferred embodiment, haloalkaliphilic organotrophic bacteria are present in the
treated bauxite reside, either as part of a natural or endemic microbial population in the bauxite

residue or by way of being introduced with the amending agents.

[0055] Table 2 set out at the end of this specification lists a number of bacteria that can be
found in the treated bauxite residue and optionally one or more of those bacteria, especially those
derived from marine regions, can be included in the soil amendment of the third and fourth

aspects of the present invention.

[0056] The soil amendment may be in the form of a composition or a mixture of the

ingredients.

[0057] The soil amendment may be applied to the bauxite residue by spreading the soil
amendment on top of the bauxite residue and ploughing or tilling or otherwise mixing the soil
amendment into the bauxite residue. The soil amendment may be applied at a depth of up to 50
cm, all to a depth of from 10 cm to 50 cm, in order to treat 1 m depth of bauxite residue. In
another embodiment, the soil amendment can be sprayed as a form of soil suspension onto the

bauxite residue.

[0058] Without wishing to be bound by theory, the present inventors have postulated that in
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embodiments of the present invention the use of phosphorous rich calcium minerals in
combination with organic biomass stimulates saline/alkaline tolerant microbes that result in the
metabolism of organic carbon and fixation of nitrogen, thereby rapidly catalysing the weathering
of alkaline materials in the bauxite residue, release of soluble sodium into porewater for effective
leaching and neutralisation, causing the formation of organic molecules, such as organic acids,
and water stable aggregates and resulting in the formation of soil structure. This leads to rapid
and cost-effective soil formation within 2-3 years of initial treatment, with that soil being capable

of supporting productive halophytic plant materials.

[0059] Any of the features described herein can be combined in any combination with any

one or more of the other features described herein within the scope of the invention.

[0060] The reference to any prior art in this specification is not, and should not be taken as
an acknowledgement or any form of suggestion that the prior art forms part of the common

general knowledge.
[0061] BRIEF DESCRIPTION OF THE DRAWINGS

[0062] Figure 1 shows one-dimensional ATR-FTIR spectra in the 800 - 2000cm-1 region of
representative biofilms of the bauxite residues from the CK (dotted) and Grass+P (bold line)

treatments;
[0063] Figure 2 shows a boxplot of total nucleic acids in the biofilms from CK and Grass+P;
[0064] Figure 3 shows a box plot of protein levels in the biofilms from CK and Grass+P;

[0065] Figure 4 shows species richness and evenness (Shannon index) and figure 5 shows
beta diversity using unconstrained principal coordinates analysis PcoA) based on Bray-Curtis
distance of virtual communities. Relative abundance of bacterial communities was square root
transformed before calculating the Bray-Curtis distance. Colours presenting different treatments

with 95% confidence ellipses;

[0066] Figure 6 shows the phylum distribution of bacterial communities in the biofilm from

the CK and Grass+P treatments.

[0067] Figure 7 shows bauxite residues attached to biofilm in the treatment of Grass+P

have lower desilicated alkaline buffering minerals (e.g., sodalite), and

[0068] Figure 8 shows interface between bauxite residues and biofilm and their impacts on
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mineral liberation and associated element distribution in biofilm layers.
DESCRIPTION OF EMBODIMENTS
Example 1

[0069] A field trial using lysimeters (1 x 1 x 1 m) was established at a decommissioned Rio
Tinto Aluminium bauxite residues dam (§12.20, E136.73) located in Gove Peninsula (North East
Arnhem land, Northern Territory, Australia), to demonstrate the effectiveness of organic biomass
and phosphate amendments in concert with marine organisms for bauxite residue dealkalization,
pH neutralisation and soil formation. The bauxite residues were admixed with Rhodes grass
mulch and super-phosphate fertiliser, and it is expected that marine-origin bacteria would have
naturally inoculated in the amended residues due to the trial site’s proximity to the coastal shore

(<1km).

[0070] After several months of field incubation under irrigated conditions, the alkaline pH
condition was irreversibly neutralized to pH 8.1 in the residues amended with grass mulch and P
fertilizer (containing 19% Ca, 11%S and 8.8% P, applied at 7% w/w rate), where Rhodes grass
naturally emerged, but not in those without any amendment. The amended bauxite residues also
exhibited formation of thick surface biofilms, which have never been reported elsewhere before.
The rate and extend of pH neutralization of the grass mulch and P fertilizer amended residues
were significantly higher than those amended with gypsum (containing 19% Ca and 15% S,
applied at 10% w/w rate) (pH 9.3).

Methodology

[0071] Both bauxite residue and biofilm samples were collected from above field trial from
the treatment, with the following treatments being applied: 1) CK (control): Bauxite residue
without any amendment; and 2) Grass+P (20% v/v grass mulch and 7% w/w super-P), after 12-
month of field incubation and regular irrigation. The bauxite residue used to set up this field trial
was sourced from newly deposited pond 5 of RTA Gove refinery, which mainly consisted of iron
(Fe) and aluminium (Al) minerals including, hematite (11.8%), quartz (9.1%), sodalite (6.8%),
and boehmite (4.7%). Initial bauxite residue porewater pH was 11.7 and electrical conductivity
(EC) 9.4 mS cm’!, with a high level of potential alkalinity (= 1M H+ kg™!) in the solid residue,
and low levels of inorganic carbon (C) (0.4%), organic C (<0.1%), mineral nitrogen (N) (20 mg
N kg'!), and inorganic phosphorous (P) (0.8mg kg™! water extractable P).

[0072] Naturally formed biofilms were gently scraped from the surface layer (0-1 cm) of
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bauxite residue across three separate areas of 10 x 10 cm, from the two contrasting treatments
(i.e., CK and Grass+P), at least 20cm away from any grass canopy. The bauxite residues attached
to each biofilm sample were carefully removed for mineralogical, microstructural and
geochemical analysis. Biofilms and bauxite residue samples were stored at approximately 4°C in
the dark during transport to the laboratory, then further subsampled for geochemical analysis.

Biofilm subsamples were frozen at -80°C prior to DNA and protein extraction.
Results

[0073] Bauxite residue particles adhered to each of the two treatment biofilms had distinctly
different geochemical characteristics. After field incubation for 12-months (including 6 month of
simulated wet season using irrigation), the pH in the surface residues of the Grass+P treatment
significantly decreased to 8.1 (i.e., moderately alkaline) from the initial pH 12. Bauxite residue
particles attached to biofilms in the CK treatment also had a lowered pH of 10.1 after field
incubation and irrigation. The strong pH neutralization in the Grass+P treatment resulted in
much reduced Al solubility compared to both the CK treatment and the initial bauxite residue

material.

[0074] The initial bauxite residue was extremely saline with EC of 9.4 mS cm™(EC1:5
water), attributable in large part to high concentrations of water-soluble Na (7405 mg kg™). The
irrigation induced leaching removal of large amounts of water-soluble Na from the surface
residues in both CK and Grass+P treatments. Therefore, at the time of sampling, the bauxite
residues attached to biofilms from Grass+P treatment had a much-lowered EC of 2.3 mS cm’!
and contained of 1236 mg water-soluble Na kg™ air-dry wt. In contrast, EC and water-soluble Na
of the surface residues in the CK treatment were reduced to 0.4 mS cm™ and 658 mg kg™,
respectively. While water-soluble Na in the Grass+P residues was higher than those of the CK
residues, the amount of exchangeable Na was less than half. This is consistent with the expected
differences in de-alkalization effects between the two treatments. The gXRD analysis revealed
that the bauxite residue from the Grass+P treatment contained 3.9% sodalite, in contrast to 7.5%

in the CK and 7.8% in the original bauxite residue.

[0075] The biofilms from the CK and Grass+P treatments exhibited contrasting visual
appearance in colour, thickness, and morphology. Biofilms from CK treatment showed a very
smooth and moist surface with a thin, reddish layer (20-40 um) adhering loosely to bauxite
residue minerals. In the Grass+P treatment, the biofilms were greenish in colour and presented
rough surfaces with many microscale bumps and protrusions, and tightly adhered to a thick layer

of BR matrix. This composite layer of BR minerals and biofilms was as thick as 200-500 um
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with a dense matrix profile.

[0076] The elemental mapping of biofilm-bauxite residue composites confirmed biofilm
layers were enriched with Ca and P in the bacterial cells. Grass+P treatment significantly
elevated the levels of available P in the bauxite residue presumably contributing to the enhanced
biofilm growth and total biomass. There are induced Al/Si containing mineral in the interface
between biofilm and bauxite residues, which is consistent with the elevated conductivity and

reduced sodalite in treatment of Grass+P with better growth of biofilm.

[0077] The FTIR spectra of the EPS extracted from representative biofilms confirmed
differences in EPS chemical composition between CK and Grass+P treatments (see Figures 1 to
3). Wide and intensive peaks in the region of 980—-1200 cm—1 (vibrational stretching of O—H and
C-0, the two most common functional groups in carbohydrates) was strongest for CK treatment
EPS, whilst peaks at 1640 cm—1 and 1540 cm—1 (vibrations of the -CONH- group of Amide |
and Amide II in proteins) were strongest for the Grass+P treatment EPS. A weaker peak at 1250
cm—1 (deformation vibration of C—O from carboxyl groups and stretching vibration of P-O
groups) was also observed for the Grass+P treatment EPS. This suggests that the EPS of Grass+P
biofilms were relatively enriched in N-containing organic compounds. Reinforcing this analysis,
DNA and protein extractions found that the Grass+P biofilms were more abundant in these

dominant N-containing biomolecules.

[0078] Phylogenetic profiling of bacterial communities in the biofilms revealed a total of
161,626 high quality sequences. Rarefaction analysis indicated that the sequencing depth well
captured the diversity of the bacterial communities present in all biofilms. Between a relatively
high levels of diversity of bacterial communities, ranging from 196 and 312 OTUs were detected
across samples, without significant difference in the richness of OTU numbers or Shannon index
between the CK and Grass+P treatments. Bacterial community composition differed significantly
between the CK and Grass+P treatment biofilms, but both were dominated by a mixed of
autotrophic bacteria (Cyanobacteria) and heterotrophic bacteria (Bacteroidetes, and heterotrophic
Proteobacteria such as Rhizobacter and Sphingomonas spp.). Genus-level community
compositions and the intimacy of ecological interactions also varied between CK and Grass+P
biofilms. Co-occurrence network analysis revealed distinct clusters reflecting the unique
community structures and ecological interactions between CK and Grass+P treatments. For
example, many of the most abundant co-occurring OTUs in CK the biofilm community formed a
highly condensed cluster, dominated by Flexibacter spp. (15.6%, best match with Flexibacter

flexilis, organoheterotroph mainly from marine environment), Chloroflexi bacterium OLBI13
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(9.6%, uncultured anammox nitrite-oxidizing bacteria), and Nostoc spp. (5.5%, best match with
Nostoc sp. AT703, cyanobacteria forms biocrust in hot and drylands with capability to fix
atmosphere carbon and nitrogen).Bacteria in biofilm from CK treatment have abundant marine
source organoheterotrophic genera, which forms highly clustered microbial module. Marine
source organoheterotrophic OTUs (e.g., Pseudofulvimonas spp., 5.2%) were also more abundant
in the biofilms from treatment of Grass+P, as well as plant-root associated Proteobacteria (e.g.,
Rhizobacter spp. 3.4%) compared to those in CK treatment. The gene resource with application
potential to survive and drive organic matter metabolisms has been summarized in Table 2.

Figures 4 to 6 show the relevant results.
Discussion

[0079] Abundant and vigorous microbial biofilms were induced by grass mulch and
phosphorus addition. The biofilms are clearly responsive to the combined amendments of grass
mulch and P fertiliser under irrigated (simulating tropical wet season) and tropical climatic
conditions. Vigorous biofilm establishment is highly correlated with improved soil-like
conditions in the bauxite residues, and natural colonization by pioneer plant species occurred in

less than 2 years under field conditions.

[0080] Microbial community beta-diversity, cell growth, and EPS production were
substantially increased by the inputs of organic biomass (e.g., grass mulch rich in carbohydrates
and some N) and macronutrients (particularly P). The observed high bacterial biodiversity was
reflected in the diverse physiological functions represented by the Grass+P biofilm proteome. As
revealed by network and proteomics analyses, Cyanobacteria were the key component in the
bacterial network, active as the primary producer capable of photosynthesis and TCA carbon
fixation pathway. Many are and also capable of fixing atmospheric N2 (e.g., in heterocyst) to
drive biomass production. Therefore, they may competitively colonise N-limiting ecosystems,
such as the N-deficient bauxite residue. However, the ilnputs of grass mulch and P fertilizer
likely also contributed to the growth of Cyanobacteria in the Grass+P treatment, by elevating the
supply of carbohydrates, organic N and available P. It is known that P deficiency limits the
growth and functions of filamentous Cyanobacteria (e.g., Leptolynbgya spp. Nostoc spp.,), and

many species have the ability to incorporate C and N from extracellular organic compounds.

[0081] The amended Grass+P bauxite residue also provided other organoheterotrophs with
increased substrate supply, both directly from the grass mulch and super-phosphate, and possibly
indirectly, through symbiotic species interactions. The SE-SEM and FISH examination revealed

that bacteria other than cyanobacteria (with smaller cell sizes, without green florescence) tended
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to aggregate around or attach to the walls of the filamentous cyanobacteria in the bauxite residue
biofilms. In this partnered system, cyanobacterial carbon overflow could become substrates to be
rapidly utilized by symbiotic organcheterotrophs in the biofilms. This commensalism between
cyanobacteria and organoheterotrophs may have sustained the biofilm community as a “self-

carbon-sufficient” system in the amended bauxite residue in the present case.

[0082] The EPS in the biofilms of Grass+P treatment was enriched with N-containing
molecules and Ca and P derived from the added super-P. Moreover, in these biofilms, proteins
participating in cell growth pathways were more diverse, than those of the CK. The Grass+P
treatment stimulated the growth of organoheterotrophic soil-source Proteobacteria (e.g.,
Rhizobacter spp., Pseudofulvimonas spp.) and aerobic Bacteroidetes (e.g., Rhodocytophaga
spp..). Overall, the biofilms in the Grass+P amended bauxite residues showed an elevated
metabolic capacity to decompose complex organic compounds, compared to the CK treatment.
For instance, Bacteroidetes (known as degraders of complex biopolymers) were relatively more
abundant in the biofilms of Grass+P treatment, and produced a more of types of proteins.
Proteins associated with other presumed organoheterotrophs (e.g., Actinobacteria and
Proteobacteria) in the Grass+P biofilms were also more diverse than those of the CK treatment.
In addition, biofilms of the Grass+P treatment hosted a higher number of proteins involved in N
metabolisms (e.g., Polynucleotide phosphorylase, Glutamine synthetase, Agmatinase, Glycine
cleavage), P metabolism (e.g., Alkaline phosphatase), and respiration (e.g., 6-phosphogluconate
dehydrogenase), than the control. These results suggest grass mulch and P-fertiliser amendment
stimulates an improved functional capacity for complex carbohydrate decomposition and
production of organic by-products such as organic acids. Organic acid production should then
lead to complexation of Al-Si minerals and rapid de-alkalization of sodalities (i.e., the solid

phase alkalinity) in the bauxite residues, and neutralisation of soluble alkali in porewater.

[0083] The multi-species cyanobacteria-organoheterotrophs in the biofilms may provide a
sustainable mechanism for continuous supply of organic metabolites with functional ligands of
high affinity towards Al-Si minerals. This organic ligand complexation with the Al-Si cage of
alkaline minerals such as sodalite is a critical process to facilitate the hydrolysis of the alkali
(Na*). In the present study, the alkaline and saline tolerant biofilms boosted by Grass+P inputs
significantly stimulated the weathering of minerals in the bauxite residues, as indicated by the
drastically elevated levels of soluble Na, K, Ca, and Mg compared with the control (Table 1).
Among the prominent bauxite residue minerals attached to the biofilms, Fe/Ti-containing
minerals (e.g., hematite, rutile, anatase) appeared stable, but not Al/Si/Na containing minerals

(e.g., sodalites) and Ca-rich P fertiliser minerals (i.e., super-P). In particular, Grass+P treatment
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lowered the relative abundance of sodalites by 50%, with much reduced exchangeable Na in
resultant mineral phase, compared to those in the CK without inputs (Table 1). Simultaneously,
the pH in the CK treatment remained stable after 24 months incubation, while the pH in the
Grass+P treatment dropped from 9.05 to 6.10 by the end of 24 months field incubation.
Therefore, this treatment eliminated the resurgence of persistent solid-phase alkalinity in the
bauxite residues, resulting in pH neutralization and allowing leaching removal of excess Na in
porewater under intensive rainfalls and/or field irrigations. Most excitingly, the demonstrated
biofilm response and associated microbial de-alkalization are so easily stimulated by local grass
mulch and a common crop fertiliser superphosphate. The resultant engineered soil in the
Grass+P treatment supported natural colonization of pioneer plant species (Rhodes grass) which

completed full life cycle within 2 years under field conditions.

[0084] Table 1 - comparison of selected geochemistry or residue biofilms set for the
treatment of CK and Grass+P and the relationship with bacterial communities as revealed by
Mantel test.
Parameter Treatment | Treatment | T-test Mantel- Mantel-
2 Carol test® Carol test®
CK Grass+P p-value r p
pH(:s water) , 10.13 8.06 0.0071%** 0.975 0.0222*
Electrical 0.4 2.3 0.011* 0.978 0.0097%*
conductivity
(mS/cm)
NOs-N (mg/kg) 2.6 9.3 0.252 0.480 0.3083
NH4-N (mg/kg) 11.2 17.3 0.620 0.339 0.5753
Available P 7.2 273.2 0.007%%* 0.983 0.024*
(mg/kg)
Water soluble anions (mg/kg)
Fluoride 27.6 36.8 0.505 0.157 0.7986
Chloride 49.7 16.0 0.044* 0.832 0.0528
Sulfate 30.2 670.0 0.186 0.557 0.2403
Water extractable elements (mg/kg)
Na 6584 1235.7 0.032:* 0.896 0.0375%
K 14 6.4 0.055 0.921 0.0181%*
Ca 12.9 2313.0 0.017* 0.953 0.0431*
Mg 37 66.3 0.023* 0.938 0.0264*
Al 36.7 2.7 0.123 0.585 0.2847
Fe 0.22 0.11 0.072 0.668 0.1986
Exchangeable cations (mg/kg)
Na 5416.4 2498.2 0.047% 0.768 0.1194
K 49.1 54.5 0.528 0.709 0.2056
Ca 2659.7 2654.9 0.970 0.680 0.1833
Mg 82.8 70.6 0.562 0.138 0.7750
CEC (cmol/kg)? 37.6 24.8 0.045% 0.766 0.1097
ESP (%)° 65.5 47.2 0.007%* 0.883 0.0778
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a: Values are means for chemical properties of bauxite residues from each treatment (n=3)

b: Chemical properties of bauxite residues varied significantly between CK and Grass+P
treatments were labelled in bold *** ** * means P<0.001, P<0.0] and P<0.05, respectively;

c: Chemical properties posing significant impacts on the bacterial communities in the bauxite
residues were labelled in bold, *** ** * means P<0.001, P<0.01 and P<0.05, respectively using
Monte Carol test with 999 permutations;

d: cation exchange capacity

e: exchange sodium percentage

Example 2

[0085] Bioneutralization of alkaline bauxite residues could be achieved through in situ
organic acid production from anaerobic decomposition of carbohydrates-rich organic matters
(e.g., plant biomass residues) under saline and alkaline conditions. However, the efficacy and
sustainability of bioneutralization in bauxite residues are limited by non-resilient growth and
functions of fermentative organoheterotrophic bacteria under the extremely alkaline and saline
conditions. This example investigated if by pre-composting carbohydrate-rich plant residues with
soil bacteria could enhance the resilience of fermentative bacteria and associated
bioneutralization efficacy in strongly alkaline bauxite residues. In this regard, some tolerant
bacteria of marine origin are present in soil, but in very minor quantities and largely not
effective, until they are enriched and provided the alkaline and saline conditions to activate them.
In a 2-week microcosm experiment with bauxite residues (pH ~ 10.5), it was found that the
resilience of functional bacterial groups and bioneutralization efficacy were significantly boosted
in plant residues (i.e., SM: sugarcane mulch, LH: Lucerne hay) pre-composted with soil bacteria
inoculum. Pre-compositing plant residues with soil microbial inoculum not only recovered 10-
20% of the soil bacterial features initially inoculated, but most importantly amplified a highly
diverse microbial consortium (feature richness 220-321, dominated by bacteria) in the plant
residues. Remediation with precomposted plant residues resulted in pH reduction of 0.8-2.0
units, despite countering effects caused by the alkalinity buffering capacity of alkaline minerals
in bauxite residues amended with the pre-composted plant residues. In contrast, the growth
medium-based soil bacterial inoculation resulted in pH reduction by only 0.2 - 0.7 unit in the
bauxite residues, with the loss of >99% of the diverse prokaryotic features of the original soil
inoculum. As a result, plant residues composted with soil bacteria would be a preferred method

to remediate bauxite residues for effective bioneutralization..

[0086] In the present specification and claims (if any), the word ‘comprising’ and its
derivatives including ‘comprises’ and ‘comprise’ include each of the stated integers but does not

exclude the inclusion of one or more further integers.
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[0087] Reference throughout this specification to ‘one embodiment’ or ‘an embodiment’
means that a particular feature, structure, or characteristic described in connection with the
embodiment is included in at least one embodiment of the present invention. Thus, the
appearance of the phrases ‘in one embodiment’ or ‘in an embodiment’ in various places
throughout this specification are not necessarily all referring to the same embodiment.
Furthermore, the particular features, structures, or characteristics may be combined in any

suitable manner in one or more combinations.

[0088] In compliance with the statute, the invention has been described in language more or
less specific to structural or methodical features. Itis to be understood that the invention is not
limited to specific features shown or described since the means herein described comprises
preferred forms of putting the invention into effect. The invention is, therefore, claimed in any
of its forms or modifications within the proper scope of the appended claims (if any)

appropriately interpreted by those skilled in the art.
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CLAIMS

1. A method for treating bauxite residue contained in a storage facility comprising adding a
mixture containing (a) a source of organic carbon, (b) a source of phosphorous or a source of
phosphate and (c) a source of calcium, to the bauxite residue, wherein haloalkaliphilic bacteria

are also present.

2. A method as claimed in claim 1 further comprising adding a source of S or a source of

sulphate to the bauxite residue.

3. A method as claimed to claim 1 or claim 2 wherein the bauxite residue contains microbes
well adapted to highly saline and alkaline habitat, or marine microbes, or tolerant and marine
origin haloalkaliphilic bacteria or haloalkaliphilic organotrophic bacteria, preferably of marine

origin, and adding the mixture promotes growth of the microbes.

4. A method as claimed in claim 1 or claim 2 further comprising adding a source of
microbes well adapted to highly saline and alkaline habitat, or marine microbes, or tolerant and
marine origin haloalkaliphilic bacteria or haloalkaliphilic organotrophic bacteria, preferably of
marine origin of microbes well adapted to highly saline and alkaline habitat, or marine microbes,

to the bauxite residues.

5. A method as claimed in claim 4 wherein the source of microbes comprises seawater or a

microbial inoculum.

6. A method as claimed in any one of the preceding claims wherein the mixture is applied to
the bauxite residue by spreading the mixture on top of the bauxite residue in the storage facility

and ploughing or otherwise mixing the mixture into the bauxite residue.

7. A method as claimed in any one of the preceding claims wherein the source of organic
carbon comprises plant biomass residues or plant mulch having relatively high levels of total

carbohydrates and an N:C ratio suitable for intensive organic acid production.

8. A method as claimed in claim 7 wherein the source of organic carbon comprises plant
biomass residues or plant mulch having a carbon: nitrogen ratio no higher than 80:1, or from

10:1 to 60:1, or from 20:1 to 40:1.

9. A method as claimed in any one of the preceding claims wherein the method comprises
adding a mixture containing green plant litter and/or green plant biomass and superphosphate

fertiliser to the bauxite residue.
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10. A method as claimed in any one of the preceding claims wherein the source of organic
carbon, such as plant litter or plant mulch, is added in an amount of from 10% to 60%

volume/volume of the amount of bauxite residue to be treated.

11. A method as claimed in any one of the preceding claims wherein the method comprises

ploughing or tilling the mixture into the bauxite residue and irrigating the bauxite residue.

12. A method as claimed in any one of the preceding claims wherein phosphorous-rich
calcium-minerals, such as superphosphate, are added to the bauxite residue and the phosphate-
rich calcium-minerals are added to the bauxite residue in an amount of from 1 to 30%

weight/weight ratio to the bauxite residue.

13. A method as claimed in any one of the preceding claims wherein the source of P and the
source of Ca comprises phosphorous rich calcium minerals, such as superphosphate, and the
phosphorus rich calcium minerals contain from 5 to 10% P, by weight (calculated on the basis of
P present), and the phosphorous rich calcium minerals, such as superphosphate, has a
phosphorous solubility of greater than 50%, or greater than 60%, or greater than 70%, or greater
than 80%.

14. A method as claimed in any one of the preceding claims wherein the source of organic
carbon, the source of phosphorous or phosphate and the source of calcium and the source of
sulphur or sulphate are mixed with the bauxite residue to a depth of from about 20 cm to about 5
m, or from about 50 ¢cm to about 2 m, or from about 50 ¢cm to about 1.5m, or from about 50cm to

about 1m.

15. A method as claimed in any one of the preceding claims wherein 1the method comprises
preparing a mixture comprising the source of organic carbon, the source of phosphorous or
phosphate and the source of calcium and applying that mixture to the bauxite residue, or the
source of organic carbon is applied to the bauxite residue separately to the source of phosphorous
or phosphate and source of calcium, or the source of organic carbon is applied to the bauxite
residue and then the source of phosphorous or phosphate and the source of calcium is applied, or
the source of phosphorous or phosphate and the source of calcium is applied and the source

organic carbon is subsequently applied.

16. A method as claimed in any one of the preceding claims further including the step of
inoculating plant material with tolerant and marine origin haloalkaliphilic bacteria and allowing
the tolerant and marine origin haloalkaliphilic bacteria to build up in the plant material to form

an inoculum or composted plant mulch and subsequently adding the inoculum or composted
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plant mulch to the bauxite residue.

17. A method as claimed in claim 16 wherein the tolerant and marine origin haloalkaliphilic
bacteria are added to plant material and the plant material allowed to sit for from 1 week to 4
weeks, or from 2 weeks to 4 weeks, or for about 2 weeks, to allow for the build-up the tolerant

and marine origin haloalkaliphilic bacteria in the plant material.

18. A method as claimed in claim 16 or claim 17 wherein the inoculum or composted plant
mulch containing the inoculum is added to the other organic material added to the bauxite

residue, or applied separately to the bauxite residue to other components added by the method.

19. A method as claimed in any one of claims 16 to 18 wherein the inoculum or composted
plant mulch comprises from 0.1 to 10% volume/volume of the source of organic material or

plant mulch added to the bauxite residue.

20. A method as claimed in any one of the preceding claims further including adding

elemental sulphur to the bauxite residue.

21. A method as claimed in claim 20 wherein the elemental sulphur is added from 12 to 18
months after the original treatment and/or the elemental sulphur is added in an amount of from 1

-10% S weight/weight of the bauxite residue, or from 100 — 2000kg S/hectare.

22. A method as claimed in any one of the preceding claims wherein the step of adding a
mixture containing (2) a source of organic carbon, (b) a source of phosphorous or a source of
phosphate, (c) a source of calcium, and a source of sulphur or sulphate to the bauxite residue is

repeated one or more times.

23. A method for treating bauxite residue contained in a storage facility comprising adding a
mixture containing (a) a source of organic carbon, (b) a source of phosphorous or a source of
phosphate, (c) a source of calcium, and a source of sulphur or sulphate to the bauxite residue, to
thereby promote growth of microbes well adapted to highly saline and alkaline habitat, or to
promote growth of marine microbes, or to promote growth of tolerant and marine origin
haloalkaliphilic bacteria, or to promote growth of haloalkaliphilic organotrophic bacteria,

preferably of marine origin.

24. A soil amendment for amending bauxite residue in a storage facility, the soil amendment
comprising a source of organic carbon and a source of phosphorous or phosphate and a source of

calcium and a source of sulphur or sulphate, and haloalkaliphilic organotrophic bacteria.
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25. A soil amendment for amending bauxite residue in a storage facility, the soil amendment
comprising a source of phosphorous or phosphate and a source of calcium, and haloalkaliphilic

organotrophic bacteria.
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