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ABSTRACT

TPC is a 16 000 hectare estate located in Mosimzdrda and is currently planted under 8 800
hectares of sugarcane and produces over 60 00Oofossgar per annum. The influence of
volcanic parent material and volcanic ash over Ti®@gther with the alluvial nature of many of
the soils, has imparted a unique combination of soneralogical, physical and chemical
properties. Furthermore, irrigation with poor qtiakvater has led to sodicity problems on the
estate. Understanding the mineralogy and sodiéigcts on soil hydraulic properties across the
estate can lead to better irrigation managementevités important to prevent the build-up of

salts due to over-irrigation.

In response to this need, a study was carried ghttiae aim of characterising the mineralogical,
physical and chemical properties in the five manag® areas of the estate (North, East, West,

South and Kahe), in order to determine the relatgrs between various measured parameters.

A total of 70 fields across TPC, as well as fotesioutside the estate and two ash layers, were
chosen for sampling. Undisturbed soil cores anét bamples were collected from the A and B
horizons from 45 of these fields and the four sttetside. Selected fields were sampled at more
than one site to assess field variability, and wheme growth was patchy selected fields were
sampled in a patch of poorly growing cane and gacadt patch of better cane growth. Bulk soill

samples were collected from the remaining fields te two ash layers.

Double ring infiltration measurements were carrimgt on 25 of the selected fields. X-ray
diffraction, transmission electron microscopy ataimanium, iron and silica extractions were
carried out to determine the mineralogy. Physical ahemical measurements included water
retentivity, saturated hydraulic conductivity, butlensity, particle size distribution, organic
carbon, pH (HO), electrical conductivity, water soluble and exicgeable cations (Ca, Mg, K

and Na), cation exchange capacity and clay spestifitace area.

The patrticle size distribution showed that thesswikre mainly loams and sandy loams. Organic

carbon values were generally greater in the A lboricompared to the B horizon and varied



between 0.4 and 2.5 % in the topsoil and 0.3 ahd®(with the exception of field 11 which had
an organic carbon of 4.0 %) in the subsoil. X-rajraction patterns of sand and silt fractions
were dominated by sanidine while clay patterns wezak and had high backgrounds and very
broad peaks, suggesting the presence of poorlyeddeaterial in the clay fraction. The Al and
Fe extraction methods and electron micrographsated that this poorly ordered material was
allophane. However, the dominant clay mineral ectbge estate was halloysite, in both tubular
and spheroidal form, as well as very small (<< @rf) kaolinite particles. There was also
gibbsite in some of the samples analysed. The awatibn of allophane, halloysite, kaolinite and
gibbsite indicated that the primary volcanic minerfaave weathered to various degrees across
the estate. This is reflected in the alluvial nataf the soils where less weathered material has
been periodically deposited onto older, more weathenaterial over some parts of the estate.
The south and west areas had a slightly highgrAk Feg ratio than the other areas in both the
topsoil (1.07 and 0.95, respectively) and the siil{40l6 and 1.06, respectively), a possible
consequence of less weathered alluvial materialvilaa deposited in these areas. Although the
concentration of allophane was low (< 5 %), everthea south and west areas, its presence
greatly increased the clay specific surface argat¢u145.94 rhg') and consequently had a

significant influence on the soil physical and clieahproperties.

Water retention across TPC was high, particularltha lower matric potentials (between 0.13
and 0.45, and 0.09 and 0.24 m™® at -33 kPa and -1500 kPa, respectively). The higker
retention is a result of allophane which givessb#és a high adsorption capacity and a porosity
that is dominated by micro-pores. Generally, thetls@rea had the highest water retention at the
various measured matric potentials which correspota the higher allophane content.
Variability in water retentivity across areas anthwn fields limited further interpretation and

correlation with the mineralogical results.

Infiltration rate was lowest in the south (60.85 rhnt) and highest in the Kahe area (171.20
mm hr'). The main factor influencing the final infiltrati rate was the concentration of sodium
in the soil, with higher concentrations causing sapersion and blockage of soil pores. Clay
dispersion has led to the development of calcarsoufsce crusts and reduced porosity, thus

reducing the infiltration rate.
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Sodium concentration in the soil is likely to haed a dominating effect over the mineralogical
composition of the soil. Poor cane growth in thetsand west areas corresponded to higher pH
(up to 10.32), electrical conductivity (up to 614 miY), sodium absorption ratio (up to 20.63)
and water soluble and exchangeable sodium (up 2058mol I™* and 14.87 cmelkg® soil,
respectively) in these areas. The soils are thu® migpersive and the combination of sodicity
and allophane has resulted in “fluffy” soils witimall particles clogging soil pores and thus
surface crusts have formed easily.

The combined effect of mineralogy and sodicity e tsouth is further complicated by the
presence of perched water tables. High adsorpapadties and the dominance of micro-pores
allow the occurrence of significant capillary rigdich brings salts to the soil surface, further
exacerbating the sodicity problem. Therefore, auggation should be avoided where soils are
prone to sodicity from a combination of irrigatiaith poor quality water, perched water tables
and strong capillary rise action. Fields which ewerently experiencing the negative effects of
high sodicity, require irrigation with good qualityater and adequate sub-surface drainage to
ensure the leaching of salts.

Further studies with specific focus on the soutth aest areas would be beneficial in accounting
for the variability and in drawing correlations Wween the mineralogy and sodium content of the
soils with the other measured properties. Fieldghviare prone to increased sodicity through
over-irrigation with poor quality water, have stgpaapillary rise from perched water tables and
which require remediation through sub-surface draian thus be distinguished and the factors
influencing sugarcane growth can be more clearlglewstood. Growth depends on the
combination of these soil's unique mineralogy andigm content and the influence they have
on the infiltration rate, adsorption capacity, roi@orosity and capillary rise from the water
table. For future work, water movement modellingptedict saturated and unsaturated flow, as
well asin situ measures of unsaturated flow, will lead to furthderstanding of the soill

hydraulic properties and aid in improved irrigatimanagement.
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CHAPTER 1
INTRODUCTION

Soils found in volcanic regions around the worldeof have a unique assembly of clay
minerals comprising both non-crystalline and lages#icate minerals (Armas-Espingtlal.,
2003). The presence of non-crystalline mineralgnein small quantities, has a strong
influence on the soil chemical and physical prapsrtlue to their large reactive surface area
(Gama-Castrat al., 2000) and their strong aggregating effect (Arfaapinelet al., 2003).
Soil properties, such as water retention and catixechange capacity, have been found to
greatly increase with the amount of non-crystalMoécanic minerals (Nanzyet al., 1993;
Gama-Castreet al., 2000; Armas-Espinedt al., 2003; Fonte®t al., 2004; Heppest al.,
2006).

The highland regions of Tanzania, on which the BR@ar estate is situated, form part of the
East African rift system which developed due tostalitension, rift faulting and volcanic
activity. The geology of the rift zone is mainlyraprised of basaltic intrusive and volcanic
rocks, with some rare alkaline rocks and igneoubarsates. This geology greatly influences
the groundwater quality in the rift zone which i®stly alkaline, with low calcium and
magnesium contents, and high pH and sodium coratenis (British Geological Survey,
2000). Despite the intensive commercial agriculiaréhe rift zone, studies on the properties
of these soils due to the combined effect of tieicanic origin and irrigation with poor

quality water are scarce.

The soils of the TPC sugar estate have been syronfilienced by the volcanic history of
Mt. Kilimanjaro and Mt. Meru, situated about 50 kenthe north. The alluvial deposition of
volcanic materials over many parts of the estatayell as irrigation with poor quality water,
provided an opportunity to assess the influenceahphysical and chemical properties due

to a combined effect of minerals of a volcanic orignd soil salinity and sodicity.

According to Meyet al. (2009), one of the greatest challenges for th€ $&gar estate is
“How to improve water-use efficiency and the quatit the irrigation water in the south, and
how to reduce deep percolation water losses froigaiton areas which is exacerbating the
build-up of groundwater tables in the south and’e@se of the suggestions made to address



this is to base irrigation scheduling on total &alae moisture (TAM). Leroy (2004) suggests
that regular measuring of electrical conductivitydadetermination of the water use by
measuring volumetric water content can help inrgnirigation and leaching events to meet
the water need and prevent over-irrigation andhiéd-up of salts. Although Meyeat al.
(2009) calculated TAM by multiplying an estimatealue of available water capacity (AWC)
by effective rooting depth, it is likely that theWwAC estimation based on clay percentage

results in an under-estimation of TAM due to thesgince of non-crystalline clay minerals.

In response to this need, this study aimed atinglahe mineralogy (and other selected soil
physical and chemical attributes) to water retentiad transmission properties at TPC with
the purpose of guiding improved irrigation managetné is suggested that an increase in
amorphous minerals, predominately allophane, resulta greater amount of water being
retained in the soil by increasing the soil's spe@urface area and adsorption properties.
Consequently, greater quantities of allophane &yl to drive increased capillary rise

bringing salts from the groundwater table to thié sarface. It is hypothesised that where the
soils are sodic, the aggregating effect of alloghall be unable to offset the dispersion of
clay particles and consequently infiltration ratesl hydraulic conductivity will be low due

to the development of surface crusts and block&geibpores by dispersed clay patrticles.

The overall objectives of the study were to:

» determine the mineralogical composition of thema@es;

» determine water retention and water movement cleniatics, along with other selected
physical parameters, at the sampled sites;

» chemically characterise soils from “benchmarkésiand other selected areas;

* investigate the relationship between physical aratogical and chemical parameters; and

* suggest possible action and further researchnfpraved water and salt management at the

TPC sugar estate.

The thesis is structured as follows:

» Chapter 2 gives the background for the initiatddthis study and a site description.

» Chapter 3 presents a review of the current liteeabn the influence of mineralogy on the
physical and chemical properties of soils, witheamphasis on Andisols and soils with andic

properties.



» Chapter 4 gives a description of the materialsrapthods used in this study.

» Chapter 5 reports and discusses the mineralogibgsical and chemical properties, as well
as the relationships between these propertieshefsbils analysed from the TPC sugar
estate.

» Chapter 6 presents a general discussion, drawsalbveonclusions and provides
recommendations and suggestions for future work ifoproved irrigation and salt

management at the TPC sugar estate.



CHAPTER 2
BACKGROUND

2.1 Site description

TPC is located in Moshi, Tanzania (Figure 2.1) and 16 000 hectare estate planted under
8 800 hectares of sugarcane that currently prodones60 000 tons of sugar per annum.
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Figure 2.1: Location of Tanzania within Africa (http://www.widatlas.com/webimage/

countrys/africa/tz.htm) and the approximate locatad TPC sugar estate within Tanzania

(modified from http://www.infoplease.com/atlas/ctnyftanzania.html).

The area forms part of the East African Rift Vallystem and has a semi-arid climate with
an average annual rainfall ranging between 500 mthe south of the estate to 700 mm in
the north (Meyeket al., 2009), and a maximum temperature which rangesdes 17 and 30
°C (Brogna, 2004). The potential evaporation A peading averages 2313.5 mm per annum.
The topography is gently undulating with a sligleclihe in altitude from north to south
(Meyeret al., 2009).



2.2 Historical research

During the period between September 2007 and Séete008, Messrs. Jan Meyer and
Warren Heathman were appointed by MWH, a Europessed consulting consortium, to
complete a detailed soil survey of the TPC sugaéates This survey was completed in
response to one of the key recommendations magearaof the ‘Irrigation and Drainage

Master Plan for TPC' (Hardy, 2007), with the intent of improving field management

practices (i.e. irrigation, drainage and nitrogppleation). The soil survey, therefore, aimed
at gaining an understanding of the occurrence #tdhiition of the various soil types on the

estate, as well as the physical and chemical ptiepasf these soils (Meyet al., 2009).

For the soil survey, 865 pits (2 x 2 x 2 m) werenpked with bulk soil samples taken from
depths of 0 to 30, 30 to 60 and 60 to 90 cm. TH& bail samples were analysed for pH,
exchangeable cations (Ca, Mg, K and Na), exchamgesdalium percentage (ESP), cation
exchange capacity (CEC), water soluble cationssatarated paste, electrical conductivity of
a saturated paste (ECsodium absorption ratio (SAR), moisture satorataind particle size
distribution. The topsoil horizon from each pit wasther analysed for sample density,
organic carbon (OC), nitrogen mineralisation patdneand N fertiliser volatilization
potential.

The results of the soil survey indicate that 82 f4he parent material on the estate is
alluvium, 7 % is volcanic igneous rock and 11 %aigolluvial mixture of alluvium and
volcanic rock parent material. The geology in tlogtlm of the estate consists of young, acid,
volcanic rock (part of the Kilimanjaro lava flow)hich is intruded into undifferentiated
granites in the south. This geology is overlairabyvial deposits (gravel, boulders, sand, silt
and clay) ranging in depth from 3 m in the soutst&a area to greater than 80 m in the west
and northwest areas. In the south and in the Kabios of the estate (situated to the east)
there are deposits of silcrete and murrum (the ngimen to the clayey material containing
rounded pebbles used as road building quarry)ewsti to be contributing to the perched

water table in these areas due to their impermewdilee.

Meyer et al. (2009) recognised four main soil groups, namédly:volcanically derived

medium to heavy clay soils; 2) medium clay, struatusoils which are wet and non-wet; 3)



young sandy and silty, non-wet soils; and 4) saady silty, alluvial, wet soils. The majority
of these soils also consist of colluvial and alfideposition of volcanic ash and there is
evidence to suggest that there are significant amtsoof allophane and sanidine in the
mineralogical make-up of the soil (Meyaral., 2009).

The dominant soil type (Soil Classification Worki@goup, 1991) over the estate is Oakleaf,
followed by the Tukulu soil form which dominates time south. The Tukulu soil form is
mostly found in the low-lying areas that consistsaindy and silty alluvial soils which
effervesce strongly with 1M HCI due to sodium bimarate transferred by capillary action
where groundwater is of poor quality. The volcaltycderived medium to heavy clay soils in
the north and west are mostly Shortlands and Savartsoil forms that generally have a well-
developed structure with good TAM (120 — 150 mmyl aeration. The alluvially derived
medium clay soils are mostly found in the centradl 2astern parts of the estate and are
dominated by the Valsrivier and Sepane soil foriDsie to the Sepane form being
waterlogged at depth, this soil type is prone tdigty problems. The sandy and silty loam
soils consist of Oakleaf, Clovelly and Hutton soitms, while the loamy sands are mostly
Dundee and Fernwood soil forms. These soils aradauostly in the central and western
part of the estate (Meyet al., 2009).

The most widespread World Reference Base (IUSS Wgr&roup WRB, 2006) soil units
on the estate are Cambisols (young soils, weak iizdm development, no appreciable
guantities of alluvial clay, organic matter (OM)fee and Al oxides. Good structural stability,
high porosity, good water holding capacity (WHQ)dayood drainage), which account for 66
% of the soils, followed by 17.2 % Luvisols and & /Plinthosols (Meyeet al., 2009).

The organic matter content is low L.5 %) in 60 % of the soils, with the lowest levef

OM occurring in the north and central east aready O % of the soils across the estate have
a moderate to high OM level (> 2.5 %), mostly occyy in the west and south areas. The
majority of the soils are alkaline with 43 % haviagpH (HO) between 8 and 9. Alkalinity
increases north to south and east to west. The gothe north of the estate have a lower
CEC than elsewhere. The effective rooting depth¥}ER greater than 110 cm in 61 % of the
soils, mostly occurring in the west of the estdike south and east areas have the lowest
ERD. Particle size analysis shows that < 1 % efdbils are heavy clays, 40 % are sandy

clay loams, 58 % sandy loams to loamy sands, aBd% are sandy soils (Meyet al.,



2009). TPC soils are rich in potassium (can be @@80 ppm) and phosphorus (Brogna,
2004; Meyeret al., 2009).

The results of the soil survey suggest that alluvigicanic ash, tuff and pumice that
originated from the north of the estate are wedatlgeaind contributing to significant amounts
of amorphous materials in the mineral make-up efdbil, especially in the southern areas of
TPC. The last major eruption from Kilimanjaro dabesk to between 150 000 and 200 000
years ago (Nonnotte al., 2008) and volcanic ash has likely being depdsiteer TPC estate
by both aeolian and alluvial deposition. Evidencg@porting the presence of amorphous
materials includes many of the soils having a Jarge CEC equivalent of between 120 and
160 cmol kg’ clay and some soils which hold up to 120 % moéstat saturation.
Furthermore, the sample density of disturbed sdih & clay content between 15 and 25 %
ranges between 0.8 and 1.2 g'mivhereas the sample density for a ‘normal’ alllg@il
with a similar clay content should be between hé 4.6 g mf (Meyeret al., 2009). The
powdery nature of the topsoil upon drying and theyé macro-porosity leads to strong
capillary rise and also points towards the presafi@lophane. Previous studies carried out
at TPC also allude to the presence of allophaneotimet associated minerals such as zeolites
and halloysite (Moberg, 1981 and Sloot, 1987; cited Meyer et al., 2009). As a
consequence of the assumed presence of these Isinerna suspected that the moisture
retention at field capacity and wilting point ighiand Meyeegt al. (2009) suggested in their
report that undisturbed soil cores be collectethfareas where capillary rise is marked and
the available moisture content determined betwesd €apacity (-10 kPa) and wilting point
(-1500 kPa).

The refinement of soil management at TPC is pdditunecessary given that 26 % of the
soils between 0 and 60 cm deep are prone to satidic which is based on an SAR vakie

8 and an ESP valugl5. An SAR value of 8 was used by Megerl. (2009) as it represents
the average of the values recommended by the SAfitban Sugar Research Institute
(SASRI) for duplex soils (SAR 6) and non-duplexls¢5AR 10). Only 7.5 % of the soils
have an ECe value in excess of 200 m% and generally also have an ESP above 15,
making these soils saline-sodic. These resultcateithat sodicity is a bigger problem than
salinity. Leroy (2004) recorded that approxima#ly% of the fields in the south are affected
by saline/saline-sodic conditions, while another ®@0are affected by saline/saline-sodic

conditions elsewhere on the estate. Thouvenot (2892 Meyeiet al. (2009) found that soils



in the south of the estate have the highest aveEdye ESP and SAR indicating greater
saline/sodic conditions than in other parts of ¢state. On average, ESP values are higher
than the SAR, except in the south where the SARIle the ESP (Meyet al., 2009).

Brogna (2004) used remote sensing techniques totinegpatchy cane growth resulting from
one or more of salinity, sodicity and white grukestation. Brogna (2004) concluded that the
south and east are more affected by patchy cangtlgiue to salinity/sodicity than the north
and west, and that patchy cane growth occurs d¥vé df the estate, which is equivalent to a

loss of 150 000 tons of sugar per annpers, comm., Lincoln®, 2010).

Factors contributing to the sodicity and salinitplgems are the poor quality irrigation water
used in the southern and eastern parts of thecestat a shallow, saline groundwater table
(particularly in the south and east) which can leadapillary rise bringing salts to the soil
surface, especially when there is over-irrigatiow/ar poor drainage (Thouvount, 2002;
Leroy, 2004; Meyekt al., 2009). The sodicity and salinity problems in thest, where the
water table is relatively low, are probably dueutwer-irrigation with poor quality irrigation
water which does not allow the build-up of saltswerd the root zone to be leached away
(Thouvenot, 2002).

The Karanga River runs from the northern point BiCTalong the western boundary and is
joined by the Weru Weru River at field N70. Thes® trivers serve to irrigate the north and
west by overhead irrigation. The Kikafu River watieen joins at field N33, followed by the
Kikuletwa River, which joins in at field H3. The kiletwa River then serves to irrigate the
south and east mostly by furrow irrigation via dari@eroy, 2004; Meyeet al., 2009). The
estate also has high quality natural seepage wdteseleni Springs, which serves to irrigate
the Kahe section by furrow irrigation (Meyer al., 2009). The Kikuletwa River water is
saline with high sodium bicarbonate levels (Megteal., 2009) and according to the SASRI
classification is classified as class D, which mswitable for irrigation of sugarcane under
normal irrigation practices. Consequently, thisevas only used for irrigation in the driest
months of the year (Thouvenot, 2002). The Weru WRiker water is classified as class A
(suitable irrigation water on all soil types) (Themot, 2002). However, irrigation water from
the Weru Weru River may cause a reduction in tfifiration rate even if Na is low due to

! Lincoln J.R. Group Agricultural Development Manag@iel agro-industry



low levels of Ca and Mg (Thouvenot, 2002; LeroyD2pD Table 2.1 provides a summary of
water quality measured by TPC in the first halR6fL3, for two of the major rivers used for
irrigation and for each area, taken from piezonseterd boreholes in various field. The water

quality is relatively consistent throughout the rygam each measured point.

Table 2.1: Water quality of irrigation water in rivers and CRnanagement areas averaged
from January to June 2013 (data supplied by TPCagement)

EC Ca" Mg," Na" K* HCO35 SAR
MS/M e e MMOL/L...ie i
North 49.8 +2.42 1.05+0.12 0.78+0.09 2.56300. 0.38+0.04 5.71+0.36 2.56 +0.23
n 36 37 37 50 50 41 28
West 74.4 +7.75 1.70 £0.38 1.76 £0.09 3.50560.2 0.36 +0.05 9.18 +0.97 2.51+0.37
n 14 18 18 21 21 14 11
Kikuletwa 130+ 22.6 1.68 £0.28 3.60£0.72 7.08.75 0.65+0.17 16.0 +£2.08 4.21+0.24
n 7 7 7 9 9 7 5
East 75.0 +4.58 2.02 £0.37 1.96 £0.20 2.87 20.30.45 £ 0.06 9.67 £0.78 2.11+0.64
n 7 10 10 11 11 7 6
South 127 £ 2.59 1.00 £ 0.17 1.75+0.11 8.9841.50.58 +0.09 16.4 +1.06 7.62 +1.51
n 10 10 10 10 13 10 7
Miwaleni 33.4+9.64 1.18 £0.37 1.36 £ 0.46 0.2 0.13+£0.05 421 +1.03 0.64 £ 0.03
n 7 7 7 9 9 7 5
Kahe 145+ 13.9 0.49+0.14 0.34+0.09 11.5+0.8M.48 +0.07 18.6 £1.75 25.4 +3.44
n 21 21 21 27 27 21 15

To manage the water and salt balance, the estaterisntly using drains in some areas and
there are a number of piezometers spread througheuwtstate to record water table height.
Monitoring the water table height and the qualityhee soil water is important so that salinity
caused by capillary rise can be assessed (Ler®d4)2@ salinity/sodicity reclamation trial
under both furrow and overhead irrigation was setru2001 in an affected field (11E) and

consists of subsurface drains and the use of araet®(Brogna, 2004).

Sugarcane requires between 1 100 and 2 000 mmtef war annum and therefore irrigation
at TPC is necessary (Brogna, 2004). Given the losigry of sodicity/salinity problems and
the economic considerations, it is imperative thattmal irrigation management is achieved

by understanding the effect of these soils’ unigrgperties on soil hydraulic behaviour.
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CHAPTER 3
THE INFLUENCE OF MINERALOGY ON THE PHYSICAL AND
CHEMICAL PROPERTIES OF ANDISOLS AND SOILS WITH ANDI C
PROPERTIES

3.1 Introduction

The clay sized fraction of soil (< 2 um) is compdsprimarily of phyllosilicates, which

largely control the physical and chemical properbéthe soil due to their small particle size,
high specific surface areas and cation exchangpepties (Schulze, 2002). However, clay
minerals vary both in their physical and chemicaperties due to differences in degree of

‘crystallinity’ (short range vs. long range ordand chemical composition.

Most minerals have a long-range structure (a regef@eating of structural units that extends
from a few hundred nanometres to millimetres) bome minerals have a short-range
structure (regular repeating of structural uniteegs over only a few nanometres). The long-
range order minerals have been referred to asatliyst and the short-range order (SRO)
minerals as amorphous or poorly crystalline (AmtyeR002). Usually X-ray diffraction
(XRD) provides sufficient information for the geaérdentification of minerals with long-
range order but other analytical techniques maydsal for confirmation (Amonette, 2002).
Also the presence of amorphous substances whialotde detected by XRD requires the
use of other methodologies. Transmission electramascopy (TEM) is a useful technique
for imaging clay sized minerals and obtaining eletak composition and structural
information as the wavelength used in TEM is 40&horter than that used for XRD
(Amonette, 2002).

Many of the basic influences of mineralogy on gwperties are well-known and thus this
literature review will focus on the effect of thanarals common in poorly crystalline clays
that tend to typify andic soils and soils with soarelic characteristics. Identifying mineral
types and quantities, and examining the changesoih properties as influenced by

volcanically derived clay minerals, can greatly aidthe classification and agronomic
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management of soils in volcanic regions (Whittigd ahllardice, 1986; Amonette, 2002;
Hepperet al., 2006).

3.2 Volcanic ash soils

Volcanic ash soils (VAS) are distributed over apmmaately 0.84 % of the Earth’s surface
(Shojiet al., 1993; Drouzat al., 2007) and cover approximately 124 million hecai®hoji

et al., 1993; Tsaet al., 2010). Volcanic ash soils are commonly, butalatays, represented
by the term Andisols (Shogt al., 1993). Ndayiragije and Delvaux (2003) descrilted
formation of Andisols as the rapid weathering ofqus, permeable, fine-grained parent
material, containing glass and microlites, in tliespnce of organic matter. Consequently,
VAS are generally rich in organic matter (15 — 30iR4he A horizon; Velde and Barré,
2010) and contain active (often amorphous or poanygtalline) forms of Al and Fe (Shai

al., 1993; Fontest al., 2004).

The main contributors to the amorphous materialssail are allophane, imogolite and
ferrinydrite which are measured by extracting Ak Bnd Si from the soil using acid
ammonium oxalate (d) Fe and S§) (Armas-Espinekt al., 2003). The allophane content of
a soil can be estimated using selective dissolutr@ihods with extracting solutions of
sodium pyrophosphate and acid ammonium oxalate. da$sumption is that sodium
pyrophosphate only removes organically bound AlYXA&Ind the acid oxalate removes the
organically bound and the SRO Si and AL, @&d Al). The Si/Al ratio and Gican be used to
calculate the percentage of allophane/(§0.067Al/Si + 0.27)), where the Si/Al ratio of
allophane and imogolite = $(Al, — Aly) (Harshet al., 2002).

The discovery, characterisation, and significant@an-crystalline colloidal materials and
SRO clay minerals, such as imogolite, allopharm@jrar opaline silica, ferrinydrite and Al-
and Fe-humus complexes, owe their recognitionearttensive studies of VAS and efforts to
classify these soils (Shagt al., 1993). Andisols must have a defining bulk degngib) that

is < 0.9 g cnT (Armas-Espinekt al., 2003) and exhibit andic or vitric soil propestigAndic

= Al, + Y, Fe, > 2 % and P retention 85 %; Vitric = Al, + %/, Fe,> 0.4 % and P retention
25 %) (Drouzeet al., 2007). Armas-Espinedt al. (2003) reported thatb increased and the

percentage of Al+ %, Fe and P retention decreased with a decrease in ahdracteristics.
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These authors report that although the soils iir thtedy did not meet the criteria to be
classified as Andisols, soils 1 — 4 in Table 3dvéivalues which are very near the threshold

values.

Table 3.1: Bulk density pb), Al, + %2 Fg percentage and phosphorus (P) retention for five
soils from Tenerife with decreasing andic charasties. Soils (O = reference Andisol, 1 to 5
= cultivated volcanic soils) numbered according tteir decreasing andic character:
0>1>2=3~4>5 (modified from Armas-Espinet al., 2003).

Soil pb (g cnt) Al, + % Fg (%) P retention (%)
0 0.58 + 0.07 8.6 +0.2 96.4 +0.2
1 0.82 +0.02 41+0.3 80.9 +2.4
2 0.96 +0.02 21+0.1 742 +1.0
3 0.99 +0.03 24+0.2 62.5+1.2
4 1.07 +0.04 2.2+0.2 68.9+5.4
5 1.11 + 0.03 0.8 +0.04 20.0+2.0

Soils influenced by volcanic ash, even if they ad meet all the criteria to be classified as
Andisols, often have unique morphological, physiaal chemical properties due to the
formation of poorly crystalline and non-crystallin@nerals that are commonly products of
volcanic ash weathering (Shagt al., 1993; Tsaiet al., 2010). Understanding the unique
properties of soils influenced by volcanic ashwaomproved management of these soils
which aids in maximising soil productivity while mmising degradation (Shagt al., 1993).

3.2.1 Mineralogy of volcanic ash soils

Volcanic ash is dominated by volcanic glass whishamorphous in nature and weathers
rapidly. This rapid weathering releases elemergtefahan crystalline minerals can form and
therefore the soil solution is often over-saturatgith Al and Si. These precipitate as poorly
ordered solid phase minerals (Shajal., 1993; Harslet al., 2002), resulting in VAS having
a unique assembly of clay size minerals (commaallgphane and imogolite) (Shagt al.,
1993; Harslet al., 2002; Drouzat al., 2007). Heppeet al. (2006) studied the loess soils of
the semi-arid Argentinean Pampas, which containalkbr amounts of volcanic ash, and

found that the clay fraction is dominated by illiteash-free soils, whereas ash-enriched soils
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are dominated by amorphous minerals and poorlytatysee montmorillonite. Similarly, the
fine clay fraction was found to be dominated bitdlland illite-smectite intergrades in the

ash-free soils, while ash-enriched soils were daieith by amorphous minerals.

Under high rainfall and well-drained conditions,iSquickly leached resulting in low soluble
Si concentrations and the formation of allophaneogBenet al., 2005). When present,
imogolite is often found with allophane, but in dlea amounts (Harshet al., 2002).
Allophane and imogolite are poorly crystalline hyds aluminosilicates (Harsdt al., 2002;
Fonteset al., 2004) and are characterised by their small garsize, high specific surface
area (SSA) and their permanent and/or variablegehdHarshet al., 2002). Allophane
consists of hollow, irregularly-shaped particleshaoutside diameters of 3.5 to 5 nm and a
wall thickness of 0.7 to 1 nm (Shaji al., 1993). Allophane has broad XRD peaks at 0.33
and 0.25 nm (Figure 3.1) due to poor crystalliaity variations in shape and size of particles
(Harshet al., 2002).

Imogolite, air-dried

Imogolite, heated at 200°C

Allophane, air-dried

Figure 3.1: X-ray diffraction patterns of naturally occurringnogolite and allophane
(Wilson, 1987; cited by Hars#t al., 2002).

Imogolite can have medium and long-range structae,well as short-range structure.
Imogolite consists of closely packed bundles ofdwelfibres, usually several micrometres in
length and approximately 2 nanometres in diameapj et al., 1993; Harshet al., 2002).

The large SSA of allophane and imogolite mean thase minerals dominate the soll
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properties even if only small amounts are preskatfhold et al., 2010). The typical SSA
measured by ethylene glycol monoethyl ether adswrgor allophane, ranges between 400
and 600 M g* and between 70 and 170 mi* for nitrogen adsorption using the Brunauer,
Emmett, and Teller Equation (BET) (Paterson, 1977).

Soil pH is a critical factor in the formation ofi@hane (Drouzat al., 2007). Between pH
values of 5 and 7, the formation of allophane iases with increasing pH and free Al and Fe
form allophane, imogolite and crystalline phyllasate minerals (Drouzat al., 2007).
However, in soils with high organic matter contand a pH (HO) < 5, Al- and Fe-humus
complexes form, lowering the Al activity and inhibg the formation of allophane and
imogolite. This is known as the “anti-allophanideet” (Shoji et al., 1993; Broqueret al.,
2005; Drouzat al., 2007). The excess Si precipitates as opalineadihojiet al., 1993). As

a consequence of metal-humus formation the A hoszf VAS are often characterised by
accumulation of organic matter, organic matter igtaion of active Al and Fe, carbonic
acid weathering and formation of laminar opalineairather than allophane (Sheji al.,
1993; Harshet al., 2002). However, the surface soil properties roftepresent those of
allophanic soils, such as lopb, high extractable Al, low pH and high WHC (Hathal.,
2002). Ndayiragije and Delvaux (2003), estimateel #fiophane content at 3 % in the A
horizon and 26 % in the B horizon of an Andisolnfrahe island of Barra-Terre, which
suggests Al is incorporated in Al-humus complexethe A horizon (anti-allophanic effect).
In contrast, a study carried out on the VAS of Amglinopatogonian region, in the province
of Neuquén, Argentine, showed that the contentlopbane was highest where the level of
OC was highest, indicating that Al-humate formati@d not prevented allophane formation
(Broquenet al., 2005).

Under conditions where weathering is slow, the amaid Si and Al in the soil solution is
usually insufficient to form allophane. A study time dry Mediterranean Nisyros region of
Greece by Drouzet al. (2007) found no allophane or ferrihydrite fornoati low P-retention

and no active forms of Al and Fe in a volcanic .sbhis was attributed to slow weathering
rates and low OM content resulting from the low gpégation and a long dry season.
Similarly, Hepperet al. (2006) suggest the slow weathering rate of antéceleposited

volcanic ash in the semi-arid Argentinean Pampashascause for the majority of the

amorphous materials consisting of Al and Fe oxatesthe absence of allophane.
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In some soils under a drier climate, and whereethgrhigh soluble Si, halloysite forms
preferentially in place of allophane and imogoli&hoji et al., 1993; Harshet al., 2002;
Ndayiragije and Delvaux, 2003). Soil solution Shcentrations of less than1¢° M favours
Al-rich allophane, whereas a greater soil soluti®n concentration favours halloysite
formation. In soils from the volcanic region of Beifie, Canary Islands, with characteristics
that are near those needed to be classified assdélsdithe dominant phyllosilicate is
halloysite (Armas-Espineét al., 2003). In xeric environments with seasonal ainfthe
wet/dry fluctuations can allow halloysite to co-®xith allophane and imogolite as there are
periods where there is more and periods where isdess silica (Harshkt al., 2002). The
shape of halloysite is related to its genesis. 8ptial halloysite tends to form from volcanic
glass, while tubular halloysite tends to form framre crystalline minerals such as mica and
feldspars (Adamat al., 2001; Singeket al., 2004). There is speculation as to whether the
SiO,/AlLO3 ratio affects halloysite shape; however, the difé results reported in the
literature are insufficient to warrant structunaterpretations (Singet al., 2004).

As weathering proceeds, the silica content dimesshs the quantity of glass is depleted.
This results in the formation of more stable, aiste aluminosilicates and Al- or Fe-oxide
minerals (Shojiet al., 1993; Harshet al., 2002). In young volcanic ash soils, the soil is
dominated by allophane and imogolite, with an Alr@tio of about 2. As weathering
proceeds, the minerals which dominate in the initi@athering phase (i.e. allophane,
imogolite, opaline silica and ferrihydrite) arertsformed to halloysite or are the end-product
if they are preserved as buried deposits. In oldézanic soils, gibbsite and goethite tend to
accumulate (Nieuwenhuyse al., 2000). Gibbsite often forms under conditions rehiere

is strong leaching (Hars&t al., 2002; Watanabet al., 2006) and desilication of kaolin
(kaolinite and halloysite) or non-crystalline intexdiates (Nieuwenhuyset al., 2000;
Ndayiragije and Delvaux, 2003). Gibbsite may aleof directly from volcanic minerals,
especially in permeable parent materials under haghfall as formation of Al-silicates is
prevented due to low silica concentrations. With age, iron compounds accumulate and
poorly crystalline forms (i.e. ferrihydrite) tramsm into more stable minerals (Nieuwenhuyse
et al., 2000). Egliet al. (2008) studied soils around the Mt. Etna volcemsouthern Italy and
found that the main mineral transformation was frewicanic glass to imogolite-like

allophanes, then halloysite, followed by kaolinite.



16

The nature of the parent material (i.e. rock type particle size) significantly determines the
rate of weathering, the pH and the type of minevaisch form (Shojiet al., 1993). Silica
content increases in the order: basalt < andedit&cite < rhyolite. Soils derived from low Si
parent material tend to have lower Si in the soiuton. Allophane can form from biotite
and feldspar but feldspar only weathers rapidlyugihoto form SRO clays at a pH below 5.
However, allophane does not form easily below aghHt.8, thus the band for allophane
formation is narrow where feldspar is dominant @taat al., 2002). X-ray diffractograms of
the silt fraction of soils from humid regions of iAsndicate that mica is absent when the
parent material is andesitic or mafic, but is pnésenen the parent material is sedimentary or
felsic igneous rock (granite or rhyolite). When ais present in the silt fraction then it is
also present in the clay fraction together with nvieulite and hydroxyl interlayered
vermiculite (HIV) (Watanabet al., 2006). Volcanic ash parent material usually aorgt a
few minerals (i.e. chlorite and mica) that can weeatdirectly to 2:1 and 1:1 phyllosilicates.
Volcanic ash may also contain accessory mineraiadd by weathering and/or hydrothermal
alteration of materials comprising the cone of Wodcano (i.e. opal, cristobalite, kaolinite,

allophane, halloysite, smectite and interstratifegger silicates) (Shogt al., 1993).

The presence of 2:1 and hydroxyl-Al-interlayeretl &ilicate minerals in volcanic soils may
be from a) inheritance from the primary mineralshie parent material through hydrothermal
processes (Nieuwenhuyseal., 2000; Ndayiragije and Delvaux, 2003; Eglial., 2008); b)
an aeolian deposit or weathered products of aniaedeposit (Ndayiragije and Delvaux,
2003; Egliet al., 2008); c) incorporation of lithic fragments irtephra during eruption; and
d) neoformation in specific micro-environments (Midagije and Delvaux, 2003). Watanabe
et al. (2006) attributed the dominance of smectite ia #ilt fraction to inheritance from
parent rocks. In “gibbsitic’ Andisols, there aretenf hydroxyl-Al-interlayered 2:1 clay
minerals due to incorporation into tephra duringption or as a result of pedogenic Al
interlayering of inherited 2:1 clay minerals (Ndagije and Delvaux, 2003). In a study of
the mineralogical evolution of a dated chronoseqeenf three soils on an andesitic lava in
perudic tropical Costa Rica, the soil on the yowstdgva (2 000 years old) was dominated by
non-crystalline material throughout the profile.ig’Boil has a lowb, Al,, F&, Sk, Al,, Fg,
and high P-retention and pH-NaF values, an Al:8ora 2 and Al- and Fe-humus complexes

dominating the secondary minerals. A greater péacgnof allophane in the B horizon
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compared to the A horizon indicates that much & 8 was released from the primary
minerals. The soil developed on the second oldest (18 190 years old) consists of mainly
non-crystalline material, and allophane and imdgare present. There is also some gibbsite
due to desilication of allophane and imogolite witleathering. This soil has a high P-
retention, pH-NaF, and §lFe&, Si content in A and B horizons, and high,Ahd Fgin the

A horizon (indicating dominance of non-crystallimaterial). Low allophane content in the A
horizon of soils developed on the two youngest lks@s may be due to the anti-allophanic
effect. Micromorphological data and low AlFe, Si values in the oldest lava indicate

absence of non-crystalline material and Al- anchestus complexes.

3.2.2 Physical properties of volcanic ash soils

3.2.2.1 Sructure and water retention

Porosity and pore size distribution (which detemnitne soil physical properties) are
dependent on the development of soil structure £jagt al., 1993). Ideally, soil aggregates
should possess pores that are larger than 75 purpaed which are between 30 and 0.2 pum,
to hold capillary water (Velde and Barré, 2010)rdeapores between the soil aggregates
allow rapid infiltration of water as well as fregathage so that the soil remains aerobic
(Velde and Barre, 2010). Allophanes, Fe- and Alkydroxides (e.g. ferrihydrite) and high
OM, which are commonly present in soils from voicaregions, induce strong aggregation
(Nanzyoet al., 1993; Armas-Espinedt al., 2003; Velde and Barré, 2010). Consequently,
Andisols tend to have a well-developed structurd eontain an abundance of inter- and
intra-particle pores which allows for high poroséigd large amounts of water to be retained
at various matric potentials (Nanzgbal., 1993; Armas-Espinedt al., 2003; Fontegt al.,
2004). Furthermore, the presence of allophane itaéss to high water retention due to its
small particle size and hollow spheroidal struct(Bama-Castreet al., 2000; Tsaiet al.,
2010). Armas-Espinedt al. (2003) found that the gravimetric water conténtaaious matric
potentials decreased as the soil andic characteealsed (Figure 3.2).
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Figure 3.2: Gravimetric water content at -1, -10, -33, -100 atb00 kPa matric potential for
an Andisol (numbered 0) and cultivated volcanidss@umbered 1 to 5 according to their

decreasing andic character: 0>£324>5) (modified from Armas-Espinet al., 2003).

Similarly, Tsaiet al. (2010) found that as the andic properties ofss@ibm the Tatun
Volcanic Group in Taiwan increased, the water ra@nat -33 kPa and -1500 kPa increased.
A positive correlation between allophane and wadéention at -1500 kPa was found (r =
0.27, p < 0.05) (Tsaat al., 2010). Studies from the eastern Hokkaido reginrallophanic
Andisols (Itoet al., 1991) obtained a relationship between watemntiete at -1500 kPa and
the concentration of non-crystalline materials arghnic matter as follows:

-1500 kPa water retention of undried samples (%)

=1.93 (1.7 x organic carbon (%)) + 1.47 (8 ¥(3b)) + (2 x Fg (%)) — 0.92.

The strong correlation (r = 0.944, n = 37) indisatkat both allophanic clays and humus
contribute to the water retention at -1500 kPa [iS#a@l., 1993). Armas-Espinet al. (2003)
found that the water retention at -1500 kPa to cktio to be higher as soils increased in
andic character, indicating that the SRO mineradscantributing more to water retention at
-1500 kPa than the amount of clay.
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Andisols can hold more than 30 % plant availabléewfP AW) by volume. Plant available
water is held primarily by the meso-pores and &nee as the water content between field
capacity and wilting point (Nanzyat al., 1993).

Armas-Espinekt al. (2003) reported a significant and linear relatitp between gravimetric
water content and Alat low to intermediate matric potentials. The latkhe same trend
between Al and the higher gravimetric water contents wasmnegddoy Dorelet al. (2000) to
be a consequence of OM contributing to the macrogty. However, the volcanic soils
studied by Armas-Espinet al. (2003) had low contents of OM and this was suiggeby
the authors as an unlikely source of increased oraarosity.

Water retention in VAS shows strong hysteresis witfing due to allophanic clays (Nanzyo
et al., 1993). In the study by Armas-Espirell. (2003) the gravimetric water content at all
matric potentials was lower than that predictedthmy Al, values and was thought to be a
consequence of the soil drying out during transpad/or land preparation which caused an
irreversible loss of water retention capacity. dt postulated that much of this water is
contained within the micro-spheres of allophane @meck dry these spheres collapse and they
are unable to be re-hydrated to their original ghteall, 2009).

3.2.2.2 Infiltration rate and hydraulic conductivity

Infiltration rate and hydraulic conductivity arepdent on the number, size distribution and
continuity of pores, which are a function of texdwand structure, as well as initial soil water

content, vegetation cover and topography (Levy8i&&amutazet al., 2010).

The infiltration and saturated and unsaturated daylir conductivity (K) of Andisols is
generally high due to the lopb and highly stable aggregates which form a grarsitacture
(Harshet al., 2002; Jordaret al., 2009). Armas-Espinet al. (2003) found that the Jwvas

higher in allophanic soils than crystalline clayis¢Table 3.2).
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Table 3.2: Frequency of hydraulic conductivity classes fog gtudied soils (0 = reference
Andisol, 1 — 5 = cultivated volcanic soils, numlgkgecording to decreasing andic character
0>1>2:3~4>5). n = number of samples (modified from Armagiksl et al., 2003).

Soil 0 1 2 3 4 5
n 3 19 9 4 6 8
Very low - S% 44 % - - -
(< 8 mm hit)
Low - 5 % - - 17% 13 %
(8 — 20 mm hi)
Moderate - 56% 22 % - - 13%
(20 — 60 mm ht)
Moderately - 11% 11% - - -
(60 — 80 mm ht)
Rapid - 11% 22% - - 13 %
(80 — 125 mm ht)
Very rapid 100% 42 % - 100% 83% 63%

(>125 mm ht)

Another important factor influencing infiltrationate and hydraulic conductivity is soll
sodicity. A high ESP leads to aggregate breakdaslakifng) and clay dispersion, which in
turn results in the clogging of soil pores and fitvenation of surface seals and crusts (Levy,
1988; Jalaliet al., 2008). Results on four South African soils, @iffig in clay mineralogy,
indicate that crusting becomes more pronounced aitlincrease in ESP (Levy, 1988). An
increase in the ESP results in greater swellingjgba dispersion and slaking which tend to
reduce the porosity and changes the pore sizeibdistm (Levy, 1988). The results of
Elgabaly and Elghamry (1970) and Frenketl al. (1978) show that high levels of
exchangeable sodium adversely affect the hydraolcluctivity of kaolinitic soils, where an
ESP > 10 significantly reduces the hydraulic comiditg (Levy, 1988). Levy (1988) used
scanning electron microscope (SEM) micrographsi¢evvthe surface of crusts after final
infiltration rate (FIR) was reached on a soil tegatvith solutions with an ESP value of 1
(low) and an ESP value of 15 (high) and found #tahe higher ESP value there were more

loose clay particles (i.e. clay dispersion) andwadr FIR than at the lower ESP value. These
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results were attributed to the lower aggregateilgtabf the soil at a higher ESP, which

results in the clogging of soil pores by dispersky particles. Similar results were found by
Gal et al. (1984) where SEM micrographs show that at a I&® Ehe soil crust consists of a
thin upper skin, whereas at a higher ESP thera igoper skin as well as a “washed in” layer

where dispersed clay particles have clogged comausbil pores.

The strong cementing action of the Al and Fe ircaolc soils may maintain a relatively high
hydraulic conductivity due to the formation of delaggregates even under conditions of
high ESP and low salt concentrations (Levy, 1988jnas-Espinekt al. (2003) report that
when Al values are lower than 3 %, the hydraulic condugtiis very low due to the
aggregating effect of allophane not being ableaonterbalance the structural deterioration

of clay minerals caused by high sodium content.

The variable charge nature of allophane may rasultolloidal dispersion at pH values
several units removed from the point of zero chaidarshet al., 2002). Nakagawa and
Ishiguro (1994) found that thesléf an allophanic Andisol was highest at pH 6 aadrdased

by 93 and 75 % when the pH was changed to 3 andekpgectively. The dispersion of
positively charged (pH 3) and negatively chargedH (p1l) colloids disrupts the soil
aggregates and leads to clogging of soil pores.

3.2.3 Chemical properties of volcanic ash soils

3.2.3.1 Cation exchange capacity, anion exchange capacity and specific surface area

The weathering of primary minerals inherited frorargnt material results in secondary
minerals which can either have a high or a lowvagti High activity minerals form under
less well weathered conditions and are charactebyea high CEC and large surface area
(smectites, vermiculite, illite and mica). Low atty minerals form under strongly weathered
conditions and have a low CEC and surface area,nzengd also have an anion exchange
capacity (Table 3.3) (Brady and Weil, 2002).
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Table 3.3: Cation exchange capacity (CEC) and surface areeoofmon soil minerals
(adapted from Brady and Weil, 2002).

Mineral Type CEC (cmglkg’)*  Surface area (fng™)
Smectite High activity clay -80 to -150 80 to 150
Vermiculite  High activity clay -100 to -200 70 tQQ
Fine mica High activity clay -10 to -40 70to 175
Chlorite High activity clay -10 to -40 70 to 100
Kaolinite Low activity clay -1to-15 5to 30
Gibbsite Al-oxide +10to -5 80 to 200
Goethite Fe-oxide +20to -5 100 to 300
Allophane Amorphous +10 to -150 100 to 1000
Humus Organic -100 to -500 Variable

*Negative signs indicate cation exchange capacity, while positive sign indicates that the minerals no longer

exhibit a cation exchange capacity, but rather an anion exchange capacity.

Cation exchange capacity is the soil’s ability tiveet, retain and supply nutrients (positively
charged cations) and generally increases with asitng content of fine particles, amount of
2:1 clay minerals and content of soil organic nraiteepperet al., 2006). Curtin and Smillie
(1976) found that the CEC in Irish soils, developeda wide range of parent materials, is
significantly correlated to the OM and fine clayntent. In the semi-arid Argentinean Pampas
the CEC is highly influenced by the silt fractios i contains high amounts of 2:1 minerals,
mainly illites (Hepperet al., 2006). Cation exchange capacity is also infleendy
amorphous minerals in the soil. Hepgerl. (2006) found that illitic soil with a low OM
content had the lowest CEC while the highest CE@esponded to ash-enriched soil with a
high silt and clay content and high SSA. The medaCCof ash-enriched soils was
significantly (p < 0.05) higher than the mean CHGlIlgic soils at any given clay content
(Figure 3.3), suggesting amorphous minerals cantiimore to CEC than illites.
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Figure 3.3: Cation exchange capacity and clay contents irs stoiminated by illitic and
amorphous clay minerals (1V indicates the soilitgf $ under virgin conditions, 5A indicates

the soil of site 5 under agricultural conditiondepperet al., 2006).

In the study by Heppeat al. (2006), sites 1V and 5A were the only soils fouvitere the
CEC was higher than that expected for the meastlagccontent (Figure 3.3) and is expected
to be a consequence of Site 1V having the highédt d@ntent and site 5A having an
extremely high montmorillonite content (70 %). Téfere, in soils dominated by amorphous
materials the CEC depends more on inorganic caljowhereas in illitic soils the CEC
depends on OM content (Heppatrl., 2006). Gama-Casteb al. (2000) found that the CEC
of alluvial pumiceous soils from the Nayarit regiohMexico increases with the amount of
weathered pumice and that CEC is largely contrddfethe amount of amorphous material in
these soils. Similarly, the CEC of Andisols andatetl soils from the Azores, Portugal,
correlates with the Alpercentage and OC (Madeetzal., 2003), indicating that both organic
and amorphous constituents influence CEC. In doitsiing on volcanic parent material in
the Nisyros region of Greece the CEC range wasddarbe low (5.5 — 8.1 cmokg™) and is
attributed to the low OM content and slow weathgniates which prevent the formation of

non-crystalline minerals (Drouzhal., 2007).
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3.3 Conclusions

Minerals common in volcanic ash primarily have arshange structure and include
allophane, imogolite, laminar opaline silica, faydrite and Al- and Fe-humus complexes
(Shoji et al., 2003). These volcanically derived minerals hava&ibstantial influence on the
morphological, physical and chemical propertiessoils (Shojiet al., 2003; Tsaiet al.,
2010). An increase in andic character is assocwiftia decrease ipb and an increase in
the percentage of Al+ %2 Fg and P retention (Armas-Espinel al., 2003). The rapid
weathering of volcanic glass in volcanic ash rasintan over-saturation of Al and Si which
precipitate as poorly ordered minerals, such agph#dne and imogolite (Harghal., 2002).
The small particle size and hollow structure obpliane, results in soils having a very large
CEC and SSA (Hars#t al., 2002).

The specific mineralogy resulting from the weathgrof volcanic ash is dependent on a
number of variables such as pH, organic matterettintate and extent of weathering and
parent material. A high OM content in low pH sqi#s5) can result in the “anti-allophanic
effect” which prevents the formation of allophamel anogolite and results in the dominance
of opaline silica and Fe- and Al-humus complexear@Het al., 2002; Shojet al., 2003). In
environments with annual precipitation of less than00 mm (Pradet al., 2007) halloysite
generally forms preferentially to allophane and goide (Harshet al., 2002; Shojiet al.,
2003; Ndayiragije and Delvaux, 2003). As weatherprgceeds more stable, crystalline
minerals and Al- and Fe-oxide minerals form (Haashl., 2002; Shojet al., 2003), and the
general weathering sequence is from volcanic glassllophane and imogolite, then
halloysite, followed by kaolinite (Eglet al., 2008). The parent material also affects
mineralogy as determined by the silica contentiahdrited minerals which weather directly
to 2:1 and 1:1 layer silicates (i.e. chlorite andap (Shojiet al., 2003).

Volcanic ash soils generally have good structuraperties due to the aggregating effect of
allophanes and Fe- and Al-oxides (Nanzyal., 1993, Armas-Espinedt al., 2003; Velde
and Barré, 2010). This, together with high surfamsa induced by the small particle size and
hollow structure of allophane, allows VAS to retairhigh quantity of water at the various
matric potentials (Gama-Castebal., 2000; Tsakt al., 2010). Furthermore, the lopb and
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structural stability commonly found in VAS result high infiltration rates and hydraulic
conductivity (Harshet al., 2002; Jordanet al., 2009), although if soils have a high ESP the
infiltration rate and hydraulic conductivity can beverely reduced due to soil dispersion and

clogging of soil pores (Levy, 1988; Armas-Espisedl., 2003).
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CHAPTER 4
MATERIALS AND METHODS

4.1 Field sampling

4.1.1 Field sampling protocol

The TPC sugar estate has been divided into fiveagement areas, namely the north, east,
south, west and Kahe. Within these broad areas aGagement selected 21 fields as
permanent sampling units (PSUs). A PSU is consitlegpresentative of the local area in
terms of soil, yield, water source, and other amdttributes. In addition to the 21 PSUs, 49
other fields, four sites outside of the TPC estatel two ash layers were selected for
sampling (Appendix 4.1). Bulk soil samples and ghdbed soil cores were collected from
the 21 PSUs, 24 additional fields, as well as ftomfour sites outside the TPC estate. Only
bulk soil samples were collected from the remair2dgadditional fields and from the two
ash layers found in field R8 (R8 Ash) and in a bote in the north (BH Ash). Of the 45
fields sampled for both bulk samples and undisairbeil cores, nine fields were sampled
from more than one site indicated by e.g. ‘R3S &cl)’ and seven fields which experience
patchy cane growth were chosen to be sampled aich @f poor growing cane (Bad) and in
an adjacent patch of better growing cane (GoodldFRnfiltration rate was measured in 25
selected fields from where bulk samples and undistii soil cores were also collected. The
majority of the samples were collected from theinbws. Sampling was only done within
cane rows either where there was young cane unaew irrigation where the irrigation
furrows are initially made in the same row as theecor where a field had been recently
harvested and thus rows and inter-rows could naiéxrly distinguished. The sample points
are shown in Appendix 4.2. Samples were collect@ihd two visits to TPC, the first of
which was in July 2010 and the second in Septe@@&t (Appendix 4.1).

4.1.2 Bulk soil samples

Bulk soil samples were collected from the A anddizons using a spade and hand trowel,

air-dried, gently milled by mortar and pestle tspa 2 mm sieve and stored for further

analysis.
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4.1.3 Soil cores

Undisturbed soil cores were taken by insertingbellad stainless steel core ring (50 mm in
height and 75 mm in diameter) into the soil usimg ¢ore sleeve guide. A hammer was used
to insert the core to the correct depth. Threestndied soil cores were collected from each
of the A and B horizons in each field at a singleation. The A horizon cores were collected
after removing loose material from the soil surfastile a pit was excavated to create a
terrace in the B horizon for core sampling. Theesscmaterial protruding at the ends of each
core after extraction from the soil was removefdieid to permit better packaging. A lid was

placed on each end of the soil core that was thapped with masking tape. The wrapped
soil core was then placed in a plastic bag and pedpwith packaging tape to minimise

damage and water loss during transport from TPSottth Africa.

4.1.4 Infiltration measurements

Steady state infiltration measurements were takerh@ same locations used for the
collection of the soil cores, using the double rinfijtrometer method (Bouwer, 1986). The
outer ring was 150 mm in height by 400 mm in diaan@ind the inner ring was 150 mm in
height by 200 mm in diameter.

4.2 Laboratory analysis

4.2.1 Mineralogical properties

4.2.1.1 X-ray diffraction

The mineralogical composition of soils from the PSUor the clay fraction was
characterised using X-ray diffraction (XRD) on oied specimens. The clay fraction (< 2
um) was obtained from the soil by using sedimentaflasks and applying Stokes’ Law.
Prior to preparation of the oriented specimenslassgslides, one third of the separated clay
fraction was saturated with Mgand one third was saturated witfi.Krhe remaining one
third of the separated clay was stored for surbaea determination. Three oriented specimen

glass slides were then prepared with the Mg-sadralay and two oriented specimen glass
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slides with the K-saturated clay. The three Mg+sdad specimens were air-dried, treated
with ethylene glycol at 60C overnight and treated with glycerol at 86 overnight,
respectively, and the two K-saturated specimeng werdried and heated at 5%0 for four
hours, respectively (Buhmaret al., 1985). After the clay was separated by meanthef
settling flask the remaining fraction (mostly sitd sand) was wet sieved to pass through a
500 um sieve and the separated sand and siltdrscivere collected and dried in an oven for
24 hours before each was analysed as random pospeéeimens by means of XRD for
mineralogical composition. X-ray diffraction anabk/svas carried out using a Philips X-ray
diffractometer with a graphite monochromator atkd#0and 40 mA. Oriented and random
powder specimens were scanned %anih with a step-scan of 0.02ver the 3 to 40range

and 3 to 75range, respectively.

4.2.1.2 Transmission e ectron microscopy

After XRD analysis was carried out on the clay fiat, 31 of these clay fraction samples
from 12 fields (representing the 5 areas acrossstae) and the two ash layers were selected
for transmission electron microscopy (TEM) (JEOLOQ} viewing in order to further

investigate clay type, size and shape.

4.2.2 Physical properties

4.2.2.1 Water retention characteristics, saturated hydraulic conductivity and bulk density

The undisturbed soil cores were prepared and agwligr water retentivity characteristics,
saturated hydraulic conductivity {Kand bulk densitypb) on the same sample core using the
method of Moodleyet al. (2004). In brief, the method involves placingra-preighed piece
of nylon cloth and elastic band onto the lower ehd soil core that has been trimmed level
with the upper and lower surface of the ring. Theeavas then slowly saturated by capillary
water movement to saturate the micro-pores andhldlooding to saturate the larger pores.
Immediately after complete saturation the coreseweeighed to obtain saturated water
content. The cores were then placed on a tenslda {aand bath construction; Avery and
Bascomb, 1974) using a continuous hanging watemmolto achieve a matric potential of -1
kPa. The cores were allowed to equilibrate to @oristnass before being re-weighed and

returned to the tension table. The hanging watkmao was then lowered to achieve a matric
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potential of -2 kPa. This process was repeatedntric potentials of -4, -6, -8 and -10 kPa.
The cores were then transferred to ceramic preggates in a pressure chamber apparatus.
The cores were equilibrated at matric pressuregraignt to -33 and -100 kPa and weighed
at each respective pressure once constant maseaased. The cores were then oven-dried
at 105°C for 48 hours to determingb and mass moisture content of the soil for each
respective matric potential. The mass moisture esdnmivas converted to volumetric water

content as follows:

Gravimetric water content x Bulk density
Water density (Mm3)  (Equation 4.1)

where the density of water is taken as 998 Kg m

Wilting point moisture content was determined &0Q kPa in a high pressure chamber
apparatus using re-packed samples. Rings (10 mghthhe50 mm diameter) were filled with
loosely packed soil (< 2 mm) and saturated by tapilwetting overnight. The rings were
then placed in the pressure chamber and allowestjtidibrate for approximately 2 weeks
until constant mass was reached. After removal fiteenpressure chamber the mass moisture
content of the soil was determined by oven dryingj%°C for 24 hours. The mass moisture
content of the soil was converted to volumetricewatontent using Equation 4.1, where the

bulk density used was calculated from the repackess.

Prior to oven-drying the soil cores (and directlieathe soil retentivity measurements), the
Ks was determined using the method of Mooddegl. (2004). This required taping a second
empty core ring to the top of the soil core to @age the length and re-saturating the core.
The core was then placed on a steel mesh heldeirssitlnnel and Kmeasured by the
constant head method (Klute and Dirksen, 1986). Khavas calculatedising Darcy’s

equation for saturated flow under constant headlitions as follows:
Ks=((V/ (A Xx1)x (L/AH)) x 10 (mm ht') (Equation 4.2)
where

V = Volume of water in crhcollected for a time period of t (hours)

A = cross sectional area of the core fem
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L = Length of soil column (cm)

AH = total hydraulic head (cm)

4.2.2.2 Determination of field capacity: Free drainage method

To estimate the likely field capacity of the sailsder field conditions, 25 randomly selected
cores were re-saturated after the measurement ahd& then allowed to drain until the core
no longer dripped water for a period of 1 hour.sTjpoint was reached after approximately 20
hours, suggesting that all free water had draimveslyaand thus the core was assumed to be at
its field capacity water retention. The tensionwdich the free-drainage field capacity was
reached could therefore be determined by compdhiegveight of the soil in the soil core
after 20 hours of drainage against the water netercdurve for that soil. For most of the
randomly selected cores the tension at which ftalghcity was reached was at approximately
-10 kPa and thus the volumetric water content @t kRa is used here to represent field

capacity.

4.2.2.3 Particle size distribution

Bulk soil samples were analysed for particle sistrithution by the pipette method (Gee and
Bauder, 1986) after treatment with Calgon to ensoraplete particle dispersion. Due to low
levels of organic matter in the analysed soilsaarg matter combustion was not preformed
before analysis.

4.2.2.4 Secific surface area

Samples from the A and B horizons of seven PSUs flam each of the north, east and west
areas, and two from each of the south area and)Ked¢re selected for the determination of
specific surface area (SSA) using an ASAP 2010 ¢krated Surface Area and Porosimetry
System) from Micromeritics Instrument Corporatidine surface area was determined on a
sample that was first freed of moisture and atmesphvapors by application of heat and
evacuation. The temperature of the sample wasrtdrced to that of liquid nitrogen and the
absorbing gas (nitrogen) was admitted in increniaeidaes. The accumulated gas quantity

adsorbedss. gas pressure data at one temperature was thelmegrép generate an adsorption
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isotherm and the data was treated in accordande thé& Brunauer, Emmett, and Teller
Equation (BET) gas adsorption theory to determiS8A& $Carteret al., 1986).

4.2.3 Chemical properties

4.2.3.1 Organic carbon

Bulk soil samples from the PSUs were analysed &l arganic carbon content by acid
dichromate oxidation (Walkley, 1947).

4.2.3.2 Electrical conductivity and pH

Bulk soil samples were analysed for pH (NSAWC, J980wvater using a soil: solution ratio
of 1:2.5 and for electrical conductivity on an ald from a saturated paste extraction
(Richards, 1954).

4.2.3.3 Extractable silica, aluminiumand iron

The soil samples from the PSUs were analysed fomeable silica, aluminium and iron
using acid ammonium oxalate (McKeague and Day, 1966 the amorphously bound
fraction, and aluminium and iron using citrate-bimate-dithionite (CBD; Mehra and
Jackson, 1960) for the crystalline fraction andiwadpyrophosphate (McKeague, 1967) for
the organically bound fraction.

4.2.3.4 Water soluble cations, exchangeable cations and cation exchange capacity

Water soluble cations (Ca, Mg, Na and K) from ttf8&JPsamples collected during the July
2010 sampling were extracted from 5 g of soil bgliag 20 ml of deionized water, shaking
for 15 minutes, centrifuging at 3000 rpm for 10 otas and filtering through Whatman No. 1
filter paper. This extraction procedure was rep@dce. After filtering it was necessary to
use a milli-pore (mesh size: 0.22 um) to remove@ended particles from the extractant. The
concentrations of Ca, Mg, Na and K in the extraerevthen measured using inductively

coupled plasma emission spectrometry (ICP-ES) &vark0-ES).
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Water soluble Ca, Mg, Na and K were also determimed saturated paste sample in the
TPC laboratory using atomic adsorption spectrophetoy (AAS) (Varian 240-FS)
(Richards, 1954).

Exchangeable Ca, Mg, Na and K from the PSU samgpddected during the July 2010
sampling were measured by modifying the methodasf 2005). Exchangeable Ca, Mg, Na
and K were extracted from 5 g of soil by addingn@®f 0.2 M BaC} — TEA (buffered at pH
8.2), shaking for 15 minutes, centrifuging at 30pM for 10 minutes and filtering through
Whatman No. 1 filter paper. This extraction proagedwas repeated twice and the extractions
combined. The concentrations of Ca, Mg, Na and Khimm extractant were then measured
using ICP-ES.

Cation exchange capacity (CEC) was measured onsémee soil sample which had
undergone exchangeable cation extraction with tRedvDBaCh — TEA. After washing twice
with 50 % ethanol, 25 ml of 0.3 M CaGlas added to the soil sample, shaken for 15 nmsnute
and centrifuged at 3000 rpm for 10 minutes to allbve Ca to exchange the Ba on the
exchange sites. This procedure was repeated twitmved by the addition of 30 ml of
deionized water to the soil sample. After shaking aentrifuging, the supernatant from the
two extractions with Cagland the one extraction with deionized water wenaltined and
the concentration of Ba measured by ICP-ES.

4.3 Statistical analysis

Overall differences between the patches of poarbwgng cane (Bad) and patches of better
growing cane (Good) were assessed using pairestst{6ENSTAT, 1% edition). Paired t-
tests were performed for matric potentials of (@, -133, -100 and -1500, as well as for
readily available water (RAW), plant available wa(EAW), soil organic carbon and pH.
Paired t-test for other measured variables werepossible due to insufficient number of
fields sampled in a good and bad patch for theserafariables.

Principal component analysis (CANOCO, version 485 used to assess the relationship

between the water retention characteristics witlation and their interaction with each other.
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Correlation matrices were produced (GENSTAT™ leHition) between the measures of
amorphous minerals in the soil (allophane, ferriftgdand the AJ + %/, Fe, ratio), and the
water retention variables (0 kPa, -10 kPa, -33 kP@) kPa, -1500 kPa, PAW and RAW),
with the other measured solil properties. Individt@telation matrices between the measured
soil properties with the amorphous mineral congert water retention variables were created
to maximise the number of observation points befodividual correlation matrices were

merged into a single table.
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CHAPTER S
RESULTSAND DISCUSSION

5.1 Introduction

The five management areas (north, east, south, amesKahe) are based on location within
the estate for ease of management and not nedgssaeny similar properties such as yield,
soil characteristics, water source, etc. As suchvas expected that the various areas would
have considerable variability between fields inmerof measured properties. However, a
comparison between areas in the measured propertiseful to indicate general differences
and any trends that may be present from north ethsor east to west across the estate. A
number of measured soil properties showed nortthsand east-west trends in Meygtral.
(2009) and therefore it was decided for this stiadgrovide averages of measured properties
for the respective areas for purposes of an ovedatiparison. Any values for a particular
property which are relatively high or low with reda to that area’s average are discussed
and all measured soil properties are provided apeAgices with the results from each
sampled site in each field.

5.2 Mineralogical analysis

5.2.1 X-ray diffraction of oriented clay samples

The X-ray diffractograms for all clay samples asaly were very similar. All patterns are
weak, indicating poorly crystalline material in ts@mple, probably as allophane. All samples
have kaolin, K-feldspar, illite or an Al hydroxyhterlayed vermiculite (HIV) and a small
guantity of hematite. The kaolin is probably prasenhalloysite, rather than kaolinite, as the
002 reflection is much stronger than the 001 ré&fd@cwhich in most samples has a d-spacing
>> 7.03A, which would represent low defect kaokniThis together with the broadness of
the peaks suggests that there is a high level swirdier within the kaolin mineral. These
results are similar to those found previously omgias taken from fields 11F and Ng(s.
comm., Maud, 2004). The height of the kaolin and illite peaiffer in the XRD patterns

! Maud. R., 2004. Drennan, Maud and Partners.
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between clay samples, indicating variable quastitetween fields. However, there seems to
be no trend for specific areas. 1 Bad,ahd 12C Bad samples also have a small amount of
gibbsite present. Samples from fiell@so have a small amount of talc present. Caisite

present in samples from fields 10K and R3S.

Similar mineralogy was found in a study on volcaast in five pedons in the Matese Massif,
southern Italy, which revealed the dominant presesfcallophane, as well as unweathered
volcanic glass, sanidine (direct from parent matgrvermiculite, HIV, mica, kaolinite and a
mica-kaolinite intergrade. Gibbsite was also foundhe deepest horizons of two pedons
which were identified as buried horizons that haalargone more weathering than the
overlying horizons (Sellitteet al., 2010). Furthermore, three pedons derived frohcaroc
ash from the Roccamonfina volcano in south-ceriiaf} contained allophane, imogolite and
some halloysite and HIV (Vacat al., 2003). A study done on the soils in the woodaofl
the Serengeti National Park in Tanzania also retreainfluence of volcanic ash on the soil
mineralogy where the dominant minerals are amorplhownature (Jager, 1982). Funakastva
al. (2012) studied the determining factors of saitiliey across Tanzania and found that the
soil mineralogy around the town of Moshi had a éaggnount of amorphous material which

was attributed to the volcanic parent material.

The A and B horizons from field*5have been chosen as representative examples of the
oriented clay XRD patterns found for the soils gsatl from TPC (Figure 5.1). X-ray

diffraction patterns for all samples analysed avergin Appendix 5.1.
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Figure 5.1: X-ray diffraction patterns with labelled peaks (A) ofiented clay sample
treated with magnesium (Mg) and potassium (K) andlysed as e-dry samples (AD)
heated at 55 (Htd) and analysed after treatmwith ethylene glycol (EG) and glycer
(Gly) for the (a) A horizon and (b) B horizon frdield 5*. T - talc, K -kaolin, F - feldspar,
G - gibbsite, H - hemitite, li}lite.
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Figure 5.1 continued: X-ray diffraction patterns with labelled peaks (A) aiented clay
samples treated with magnesium (Mg) and potassKimafd analysed as -dry samples
(AD), heated at 55 (Htd) and analysed after treatment with ethylgheol (EG) anc
glycerol (Gly)for the (a) A horizon and (b) B horizon from fies'. T - talc, K - kaolin, F -
feldspar, H - hemitite, 1 Hlite.
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It is well recognised that the mineralogy of volcaash-enriched soils usually consists of
amorphous and poorly crystalline minerals (Hepmat., 2006) and the dominance of poorly
crystalline material in all the samples rather timare crystalline materials indicates the

strong influence of volcanic ash in the soils asral of TPC.

The presence of halloysite together with allophenall samples is likely indicative of the
semi-arid climate. Harsht al. (2002) state that halloysite can co-exist witlopilane and
imogolite in xeric conditions with seasonal raihfahere there are periods of more and less
silica in solution. Vaccat al. (2003) suggest that allophane formation is fagdun young,
porous and permeable ash deposits, while non-allaprsoils consisting of halloysite and
HIV develop in older and less porous material, thllswing the co-existence of allophanic
and non-allophanic soils in the same environmehe @lluvial nature of the soils at TPC
would allow both young and older ash deposits teexist and thus allow the presence of
both allophane and halloysite. Sellgbal. (2010) believe halloysite forms due to the redeas
and leaching of K and Na from sanidine and mica.

Similarly to the study by Sellittet al. (2010), the illite in the clay fraction at TPCliisely to

be inherited from the parent material, while th&/igrobably results due to weathering of the
illite. The presence of a small amount of gibbgidicates that there has been weathering of
some of the halloysite. The combination of allophamd halloysite, together with a small
guantity of gibbsite may be a consequence of thevial nature of the TPC soils. The
deposited material likely consists of material dftedent stages of weathering. Halloysite is
usually the first alteration stage from feldsparatixering, followed by gibbsite with the
removal of silica from the halloysite (Bates, 196Bates (1960) found large quantities of
both halloysite and gibbsite in soils weatherednfrioasalitic rocks in the Hawaiian Islands
which is attributed to different local conditions terms of rainfall, slope and rock texture
which affect the degree of weathering. The qua#iaf both gibbsite and talc in the samples
where they were found are very small and unlikedyplay a significant role in any

management properties.
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5.2.2 X-ray diffraction of random powder sand aitidsamples

All sand and silt samples have strong K-feldspakpewhich represent sanidine, a mineral
commonly found in volcanic rocks (Sellitebal., 2010). The d-spacings of the peaks indicate
that the sanidine is likely to be mixed with oth€rfeldspars such as microcline and
orthoclase. The sand sample from the R8 ash lageicantained calcite.

The X-ray diffraction patterns of four sand speanméFigure 5.2) and four silt specimens
(Figure 5.3) have been chosen as representativepdesa of the mineralogical compaosition
of the sand and silt fractions, respectively. X-diffraction patterns for all sand and silt

samples analysed are given in Appendix 5.2 andr&spgectively.

The presence of calcite is probably due to higleleewf bicarbonate in the irrigation water
(pers. comm., Lincolr?, 2010) which causes the calcium to precipitatthénform of calcium
carbonate. Hardpans with precipitated calcium qzaib® (calcrete) were observed in some
areas of the TPC estate which further verifies thathigh levels of bicarbonate in the water
is causing the calcium to precipitate (Plate 5.1).

Plate 5.1: Calcrete exposed in a drain in Field D28 (Eash)atldammer on the left is 30 cm
long.

2 Lincoln J.R. Group Agricultural Development Mangg@iel agro-industry
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Figure 5.2: X-ray diffraction patterns with labelled pe (A) of random powder samples
the sand fraction for specimens N91 A horizon, IBL.8orizon, E6 A horizon and R8 a
layer. All labelled peaks are -feldspar peaks with the exception of the |s at 3.03/ 3.01A,
2.28A and 2.09A whie represent calcitand the 7.29A and 4.47A peaks of kac
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Figure 5.3: X-ray diffraction patterns with labelled peaks (A)rahdom powder samples
the silt fraction for specimens N91 A horizon, LAShorizon, N34N A horizon and E6
horizon.All labelled peaks arK-feldspar peaks with the exception of the peaks2i/77.30/
4.44A which represent kaolin, the 10.11A peak whigpresents illite and the 8.38A peak

amphibole.
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5.2.3 Transmission electron microscopy

Transmission electron microscope (TEM) analysis evasied out on the clay fractions from
the A and B horizons of fields 1, 10K, 12C, 16BB1E6, G2, KH4, KH29, N65, N84, R3S
and the ash collected in field R8 and from the bole in the north. These samples were
selected for TEM to ensure a sample from each @lr¢lae estate was represented, with the
majority of the samples selected coming from thélsas this area was suspected to have the
most amorphous material present. Images from fitheselected fields have been shown to
indicate the minerals present, as well as the tianidoetween the areas of TPC estate (Figure
5.4).

R8 Ash Layer Borehole Ash

Volcanic
glass

Tubular
halloysite
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Figure 5.4: Transmission electron microscope images of tha$t8layer, borehole ash, N65
A and B horizons, E6 A and B horizons, 10K A anch&izons (Good), KH29 A and B
horizons, 1 A and B horizons (Good). Scales areatdd on each photomicrograph.

The TEM images indicate that the dominant mineralBPC soils from all areas of the estate

include very small kaolin (<< 0.5 um) and hallogsiThe halloysite is present in both tubular
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and spheroidal form. The dominant morphology otdyaite that forms from alteration of
feldspars and mica is tubular whereas that fornfiagn volcanic glass has a predominately
spheroidal morphology (Adane al., 2001; Singeet al., 2004). A study in Nayarit, Mexico
by Gama-Castrat al. (2000) found that the dominant crystalline matlem soils formed
from alluvial pumice parent material is halloysiteboth spheroidal and tubular forms. The
TEM images also show the presence of volcanic gteesaly in samples from the R8 ash
layer and field 10K. Sellitteet al. (2010) suggest that fine ash cools rapidly resylin
volcanic glass, while larger particles cool mondy, resulting in sanidine and mica.

5.2.4 Extractable silica, aluminium and iron

The ranges for the percentages of Si, Al and Fadon the measured soils from TPC sugar
estate for the various selective dissolution mesha@ presented in Table 5.1. A full table of

results for the various selective dissolution mdghéor all sampled TPC soils is given in

Appendix 5.4.

Table5.1: The range and average (n = 32) of Fe, Al and Baeted by the acid oxalate,
citrate-bicarbonate-dithionite and pyrophosphatéhous for the A and B horizons of the

sampled soils of TPC sugar estate.

Element Sample Acid oxalate (%) Citrate-bicarbonate  Pyrophosphate (%)
dithionite (%)
Range Average Range Average Range Average
Fe A Horizon 0.28-1.08 0.51 1.12-2.90 1.67 6-@008 0.02
B Horizon  0.20-1.00 0.56 0.93-3.34 1.75 0.@010 0.02
Al A Horizon 0.16 —1.07 0.44 0.19-3.27 0.99 0-08.17 0.08
B Horizon 0.16 — 1.27 0.49 0.46 — 3.13 1.18 0.@629 0.11
Si AHorizon  0.07 - 0.96 0.42 nd nd nd nd
B Horizon  0.09 -0.88 0.52 nd nd nd nd

* nd — not determined

Ferrihydrite (Fe x 1.7) (Parfittet al., 1988) contents range between 0.48 and 1.84 t#eiA

horizon and 0.34 and 1.70 % in the B horizon. With exception of field 12C Good (1.84
%), the ash layers contain the highest amountrohfglrite at 1.97 and 1.62 % for the BH
Ash and R8 Ash, respectively (Appendix 5.5). Thegehydrite levels are relatively low.
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Singeret al. (2004) also found low ferrihydrite levels (betwe@.44 and 3.5 %) in soi
developed from basic pyroclastics in the Golan Hisi Gama-Castrat al. (2000) found
ferrihydrite ranging between 0.20 and 0.51 % in pumisealiuvial soils in Nayarit, Mexic
and Sellittoet al. (2010) found ferrihydrite contents in the randeO® to 1 % in 5 pedor
developed from volcanic ash on the Matese Massburthern Italy. As wethering proceeds
in volcanic ash soils the first stage alteratiomenals, such as ferrihydrite, are transforr
into their second stage alteration minerals (i.erarcrystalline iron oxides) or may be 1
end product if they are preserved as buried sits (Nieuwenhuyseet al., 2000).
Consequently, the low ferrihydrite contents in thtisdy, together with the dominant prese
of halloysite (Figure 5.4) in the TPC soils suggesise soils have weathered to some de
from amorphous and shernge oder mineralogy to a more crystalline doming
mineralogy. The higher amounts of ferrihydrite n@ tash layers may be due to higher in
concentrations in these layers than the surrounsiilg as well as slower weathering ra

due to being buried yeers within the soil profile

The greater Rgn the soils from the south and west areas, antbthest F, in the Kahe area
(Figure 5.5) indicate that the south and west alea® the highest ferrihydrite levels &
have thus either undergone slowelathering rates than the other areas of TPC estdtad

higher initial concentrations of amorphous mate
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Acid oxalate and citrate-bicarbonate-dithionite extractableiron

Figure 5.5: Iron extracted by acid oxalate ) and citrate-bicarbonatithionite (F¢) in the
a) A horizon and b) B horizon and irextracted by sodium pyrophosphatey) in the c) A
horizon and d) B horizon for the north, west, eastjth and Kahe areas, and the ash le
(R8 Ash and Borehole Ash (BH Ash)) of TPC sugaate:
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Figure 5.5 continued: Iron extracted byacid oxalate (Rg and citratebicarbonat-dithionite
(Fey) in the a) A horizon and b) B horizon and ironragted by sodium pyrophosphate )
in the ¢) A horizon and d) B horizon for the nontfest, east, south and Ki areas, and the
ash layers (R8 Ash and Borehole Ash (BH Ash)) o€Rgar estat
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The south and west areas are likely to have redehigher initial concentrations
amorphous minerals through alluvial deposits iatreh to the other areas of theate and
thus contain higher proportions of amorphous maltesuch as ferrihydrite and allopha
However, although the allophane conten, x 7.14) (Parfitt and Wilson, 1985) is highesi
the BH Ash, similarly to ferrihydrite, the allophaontent i highest in the east area (Fig

5.6), rather than the south and west areas asifidnydrite.

5
4 -
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OB Horizon
| B Ash layers
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0 _
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Allophane (%o)

12

Area

Figure 5.6: Allophane content for the various areas and astréagf TPC sugar estate for 1

A and B horizons.

The standard deviation for aphane in all areas iarge (Figure 5.6) suggesting an une
distribution of amorphous material across TPC. Tha be due to the nature of the allu
deposits and buried ash layers. TPC sugar estaitusted over many old river chann
which could have degsited more amorphous material in some fields withparticular are:
The allophane ranges between 0.52 and 6.84 % iA tiarizon and 0.55 and 6.26 % in the
horizon. A full table of allophane results is given Appendix 5.5. Singeet al. (2004)
corsidered allophane levels found in the Golan Heidfgtisveen 2.5 and 5.3 % to be Ic
Therefore, as for ferrihydrite in this study, a l@entent of allophane can be attributec
weathering of volcanic ash minerals to more criisgiminerals, predominely in the form
of halloysite. Although the ferrihydrite and allagpte contents are low, their presence
play a significant role in the soil properties, Isuas surface area and related
characteristics (Gama-Castioal., 2000).
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The weathering of amorphous constituents to moystaltine minerals is further supported
by the Al + Y2 Fg molar ratios. According to Tsat al. (2010) an A} + 2 Fe percentage
lower than 1 indicates that Al and Fe are preseipredominately crystalline forms, whereas
a percentage greater than 2 suggests that Fe amdeAh amorphous forms. The IUSS
Working Group WRB (2006) uses a percentage of 2tiier sum (Al + ¥2 Fe) as the
diagnostic limit in defining andic soil propertidsor all samples taken from TPC the, AlY2

Fe, percentage is less than 2 (with many less thaand)as with the ferrihydrite results the
highest average values are in the west and soutiedadstate, and the lowest average values
in the Kahe area. The BH Ash has ag Al2 Fg percentage of 1.62, close to the threshold
value of 2 for defining andic soils. This resultrrasponds with the high ferrihydrite and

allophane content found in the BH Ash (Appendix) 5.5

In summary, the mineralogy of the soils across TR sugar estate consists of small
guantities of amorphous minerals that are weatberim more crystalline minerals,
predominately halloysite and poorly ordered kaoliimis is similar to a study in south
western Kenya on six peralkaline volcanic ash pesfwhere the three least weathered
profiles showed morphologies typical of Andisolthalgh they did not meet the criteria to
be classified as Andisols. These profiles containedallophane but were dominated by
halloysite (Wielemaker and Wakatsuki, 1984).

The higher quantities of ferrihydrite, allophaned an higher A} + Y2 Fg percentage in the
BH Ash indicates that buried ash layers that haenteither alluvially or aeolian deposited
play a major role in the amount of amorphous malteeimaining in the soil profiles and may
explain the variability in the percentages of anmas material within the various areas and
between fields. Furthermore, more ferrihydrite antigher A} + Y2 Fg percentage in the
south and west areas suggest more amorphous rhatetidese areas which is likely a
consequence of greater alluvial deposition of valcash and minerals in these areas of the
estate.
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5.3 Physical analysis
5.3.1 Final infiltration rate

Infiltration is defined by Schaetzl and Anderso(2) as “the volume of water entering a
specified cross-sectional area of soil per unietinOverall, the final infiltration rate (FIR) in
the south is lower and in Kahe is higher than tineiocareas of the estate (Table 5.2).

Table5.2: Final infiltration rates for each area of the TPTage*.

Area n Average final infiltration rate (mnmHr Standard deviation

North 6 110 +49
West 7 138 +92
East 7 138 +94
South 6 82 +70
Kahe 4 210 +123

* Fields where FIRs were not reached have not lreguded.

According to Lado and Ben-Hur (2004), the main dactesponsible for a decrease in
infiltration rate is seal formation on the soil |we. Texture, organic matter content, sodicity
and mineralogy contribute to the likelihood of thail sealing (Lado and Ben-Hur, 2004).

Visual observation of many fields in the south sedwevidence of calcareous crust formation
and surface sealing (Plate 5.2).

Plate 5.2: Surface crust in field R8N (South area).
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The south of the TPC estate has the highest sodidsorption ratio and exchangeable
sodium content compared to the other areas ofdtatee(Sections 5.4.4, 5.4.5 and 5.4.6) and
consequently may have greater soil dispersion &gyimg of soil pores which results in the
formation of a seal on the soil surface and thusittfiltration rate is reduced (Richards,
1954). Visual observation of many fields in thetboshowed precipitation of salts on the soill

surface (Plate 5.3).

Plate 5.3: Precipitated salts on the soil surface in thelsamta.

In the north for field N66 and in Kahe for field KiHthe FIRs were not recorded as the
infiltration rate continuously slowed down (to letisan 20 mm Kt and 10 mm Ht,
respectively). It is speculated that the reasortHerFIR not being reached in these fields is
due to the addition of water during infiltration aseirements which changes the soil from
saline-sodic to sodic and thus results in surf@edirsg as pores are clogged due to increased
dispersion. It is suggested that more double rifdtrometer measurements per field are
needed, together with the concentrations of theewabluble cations and electrical

conductivity for each measured site to determiribdfe is any correlation.

In the east for fields D11 and F1S, in the westfield RS5N and in the south for fields 10K
(Good and Bad),’5(Good and Bad), G2, 19A, 131@Good and Bad) and 12 (Good and Bad),
FIRs were not recorded as the infiltration ratetcmously slowed down to between less than
20 and 90 mm Hr. However, the apparently relatively high infilicat rate was due to the
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soil only absorbing up to 90 mm in an hour and tassentially sealing up. It is likely that

this amount of water infiltrated quite rapidly prito sealing taking place and thereafter
infiltration only occurred at an extremely sloweaalue to the surface seal. The principal
reason for the FIR not being reached in thesedigdikely due to the high exchangeable
sodium in relation to the other cations (Sectiod b and 5.4.5) causing soil dispersion
which clogs soil pores and creates a surface ¥éalworth, 2006). The rapid introduction of

water to infiltrometer rings onto a sodic soil melgo contribute to a reduced infiltration rate
as soil slaking and dispersion occurs. Furtheraes$or the FIR not being reached in these
fields could be due to saturated soils at the toh¢he infiltration measurements and the
presence of perched water tables. Visual observatiticated that many fields were allowed
insufficient time to drain after irrigation (Plag4) and thus the water applied to the soll
through the double ring infiltration apparatus isable to move vertically into the soil,

although some lateral movement probably occurteztefore preventing a FIR measurement.

- \ | / A
[ I

Plate 5.4: Saturated soil in field D19 (East area).

It is difficult to make any assessment of FIR betwéhe good and bad patches of sugarcane
growth. In both the west and the east there wag amé field sampled and although in both
fields the good patch had a higher FIR than thegdazddh it would be necessary to take more
measurements to know if this is more widely vakdrthermore, only one field in the south
where infiltration measurements were done on a goatla bad patch reached a FIR, which
again indicated a slightly higher FIR for the gooakch, although no conclusions can be
made without further measurements. A full tableesiults is given as Appendix 5.6.
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Previously on TPGnfiltration rate was measured by Thouvenot (20@R2Y results indicad
a decrease in infiltration rate with increased sitgli However,often stable infiltration rate

were not reached.
5.3.2 Water retention
5.3.2.1 Good and bad patches of cane gr

Fields 1, RS, 10K, 12C, 11C, 12 and® were each sampled in an area where ane was
growing well (&®od) and in an area where thene was growing poorly (ad). There is no
trend in the water retention curves for the goodi laad patches between fields in either tF
or the B horizons (Fige 5.7), with the water retention at the varioustrimgpotentials
measured sometimes being greater in the good pséchetimes being greater in the |
patch, or sometimes being similar between the goaddbad patche
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Figure 5.7: Water retentivity curves of a selection of fieldghmgood and bad patches

cane growth.

Paired ttests between the good and bad patches for the $ievds measured confirm th
there are no significant differers between the good and bad patchesdldensions in eithe
the A or B horizon, with all probabilitvalues being greater than 0.2. The only exception
a matric potential of:500 kPa where the good patch is marginally sigaifily higher thai
the bad patch in both the A and B hori (p = 0.085 and 0.08@espectively) (Tab 5.3).
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Table 5.3: Probability (p = 0.05) from paired t-tests useccompare the water retentivity at
various matric potentials, the readily availabletavg RAW) and the plant available water

(PAW) between the good and bad patches of canetlgrioem both the A and B horizons.

Matric potential and horizon Probability (p)

0 kPa A 0.987
O kPa B 0.310
-10 kPa A 0.888
-10 kPa B 0.818
-33 kPa A 0.411
-33 kPa B 0.542
-100 kPa A 0.414
-100 kPa B 0.287
-1500 kPa A 0.085
-1500 kPa B 0.080
RAW A 0.211
RAW B 0.062
PAW A 0.308
PAW B 0.107

This suggests that within a field the water retamtdf the soil is not being affected by the

areas of poorly growing cane and that poor canetirés not necessarily a consequence of
the amount of water retained in the soil. The highater retention at a matric potential of -

1500 kPa in the good patch compared to the bad patlicates that the good patch has a
marginally higher micro-porosity than the bad p&té€igure 5.8).



57

a)
80
70
= 60 -
g 50
£ 40
e
= 30 4
&~
20
0
Good Bad Good Bad Good Bad
Macro-pores Meso-pores Micro-pores
Poresize
b)
90
80 -
"!0 -
@ 60 -
g 504
Z 40 -
g 30 -
20
0
Good Bad Good Bad Good Bad
Macro-pores Meso-pores Micro-pores

Poresize

Figure 5.8: The pore size distribution of the good and badhes®f cane growth in the a)
horizon and b) B horizon.

Total porosity is represented by the saturatednaetuc wateicontent Hillel, 1971). Macro-
pore space is defined here as the pore space edchpipores of diameter greater than
microns (Johnston, 1973) which retain water at @rim@otential between 0 an-10 kPa.
Mesopore space is definedre as the pore space which retaiveter at a matric potenti
between -10 kPa and.G0 kPa Hillel, 1971). Therefore, calculation of porosity was dc

using the volumetric water content-10 kPa (macrgores), and betwee-10 and -100 kPa
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(meso-pores) as a percentage of the total poroEity.remaining percentage been attributed

to micro-pores.

The dominance of micro-pores corresponds to thegmee of allophane, as allophane is
essentially a micro-porous material (Paterson, L9&lfophane has a large specific surface
area which allows a high adsorption capacity (Hegpal, 2006). TPC soil clays have high

specific surface areas (Section 5.4.8) thus inigligahe presence of allophane and explaining

the dominance of micro-pores.

Each field’s water retention characteristic in guod and bad patch is likely to be the result
of a combination of site specific conditions. Inmcamstances where the good patch has
higher RAW than the bad patch, this implies bgbosity which is likely a result of better
structural stability in the good patch. In circuarstes where the bad patch has higher RAW
than the good patch, this may be due to increasedspy caused by greater white grub
activity in the bad patch, as white grub are morevalent in the bad patch (visual
observation) perhaps because it is easier forresgo burrow in areas where the soils have
dispersed. Furthermore, the bad patch may havdeegrBAW due to the slight increase in
meso-porosity due to the settling of soil particlg® a more compact form due to structural

break-down (Figure 5.8).

Another factor which may influence the water retmmtis the placement of the undisturbed
soil core within the field which may result in sos®&l cores containing more root or animal
created pores than other cores. This is likelyffecathe observable trend between the good

and bad patches in the measured fields.

Paired t-tests between the good and bad patchédAdr and PAW indicate that there is no
significant difference in the A horizon for eitheAW or RAW, where PAW is defined by
the water retained between field capacity (-10 kdra) wilting point (-1500 kPa) (Nanzy
al., 1993) and RAW is defined by the water retainethieen -100 kPa and -1500 kPa (Hillel,
1976). However, there is a marginally significartiigher RAW and PAW in the B horizon
for the bad patch compared to the good patch (TaBle Greater RAW and PAW in the bad
patch can be attributed to the good patch havirghtyy higher micro-porosity and thus
higher water retention at -100 and -1500 kPa. Nmicant difference in the A horizon
between the good and bad patches for PAW and RAW bwadue to greater variability in
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the macro-porosity of the A horizons which will edt the water retained at saturation. This
variability may result from the differing degrees disturbance on the soil surface when

fields have either been recently harvested or pthnt

5.3.2.2 Variability within fields

Fields RS, PN, 10K, N43N, 4D, 12C, 16B, N100KA, 4C and 5D wesampled at more
than one site to estimate in-field variability. 4 cases the water retentivity measurements
from different sites within a field did not exhibihe same trend. However, the standard
deviation at the various measured tensions betweernreplicate sites within a field are
generally small £ 0.10), with the exception of field 5D B horizon i has a standard
deviation of 0.13 at saturation (Table 5.4).

A higher standard deviation at various tensionsvbeh sites may be caused if the field is
relatively stony or the texture of the soil vargesoss the field. Some fields (as is the case for
field 5D) are situated on an area where there larever channels and consequently there are

areas within the field with a more sandy texture.

Generally, the A horizon either has a higher orilsimwater retention at the higher matric
potentials (0 to -10 kPa) to that of the B horizdhe exceptions are fields N43N, 4D (2.1),
12C (Good and Bad), 12C (2.2), and 5D (2.2), wtdltthave higher water retention at the
higher matric potentials in the B horizon compatedthe A horizon. Generally, the A
horizon will retain greater amounts of water at thgher matric potentials due to a larger
proportion of macro-pores compared to the B horidoa to the A horizon generally having
more organic matter, animal activity and root chesnThe exceptions may be due to the B

horizon having a large pore/s caused by a rootratiaar animal burrow.

In most fields, with the exception of fields R3S1({2and P4N (2.4), the B horizon has a
higher or similar water retention at -33 and -10®akcompared to the A horizon. This is
likely a result of the B horizon being more compihean the A horizon, with a highgb and

a greater proportion of meso- and micro-pores. filgaerpb in the B horizon is probably

due to the slightly greater clay content in the orij of the measured fields for the B

horizon compared to the A horizon (Appendix 5.1There is a significant (p < 0.001)

correlation between clay percentage and bulk deirsithe B horizon (r = 0.641) (Appendix
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5.20). Figure 5.9 indicates that in all areas theronporosity of the B horizon is slightly

greater than the A horizon and the meso-porositiienA and B horizons are similar.
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Figure 5.9: Pore size distribution of the A and B horizons floe different areas of TPC

sugar estate.
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5.3.2.3 Water retention across TPC estate

The average volumetric water content and standasdation at each measured tension
between replicates at each sampled site and the trfethe water retention characteristics of

each field sampled are presented as Appendix 5l Appendix 5.8, respectively.

Principal component analysis in the A horizon iades that most of the variation in the
ordination was driven by the wet range water castéhto — 10 kPa) as they had the greatest
correlation with PCA axis 1. The dry range (-150®ak accounted for the least variation,

being the most closely associated with ordinatixie 2 (Figure 5.10).
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Figure 5.10: Principal component analysis (PCA) of water ratentharacteristics for the A
horizon. Open circles represent each sample poiaerted solid triangles represent the
average value for samples collected from the figgians and the vectors represent the
magnitude and direction of change for the volursettiater content at various matric
potentials (-kPa). Sample point PAN was excludednasutlier, while some of the measured
WRC values are not shown for sake of clarity (-4l ehkPa). PCA axis 1 accounted for 68.4

% and PCA axis 2 accounted for 11.8 % of the vianat the data (86.4 % combined).



63

Figure 5.10 shows that there is a positive coriglabetween the higher potentials (0 to -10
kPa), but this is considerably weaker for loweregptials (-33 kPa and -100 kPa). At -1500
kPa there is no correlation between the wet ramgleaaweak correlation with -33 kPa and -

100 kPa. The average response for each sampléoloaadlicates that the south samples had
the highest water content in the drier range (-Ba,k-100 kPa and -1500 kPa), while the
western samples tended to have higher wet ranger veantents. The northern samples
typically had the lowest water content over the l@hmotential range, while east and Kahe
were similar. Principal component analysis in théaddizon has a similar pattern with the

exception that the north and east have the lowesénretention across the whole range

(Figure 5.11).
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Figure 5.11: Principal component analysis (PCA) of water retentharacteristics for the B
horizon. Open circles represent each sample poiaerted solid triangles represent the
average value for samples collected from the fiegians and the vectors represent the
magnitude and direction of change for the volursettiater content at various matric
potentials (-kPa). Sample point P4AN was excludednasutlier, while some of the measured
WRC values are not shown for sake of clarity (-8l ehkPa). PCA axis 1 accounted for 72.8
% and PCA axis 2 accounted for 15.9 % of the vianan the data (88.7 % combined).
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The reason for higher water retention between 8 &nd -1500 kPa in the south may be
related to greater quantities of amorphous minesdich increase the porosity, whilst the
greater water retention in the wet range for thestweay be attributed to the higher sand
content in this area (Section 5.3.5). Although poa@ation was found between any of the
measured matric potentials and ferrihydrite or @ikene contents (Appendix 5.19), the
greater amorphous material in the south of thetees{8ection 5.1) is very likely a
contributing factor to the higher water retentionthis area. Allophane also contributes to
high specific surface area which increases thes sadter holding capacity (Gama-Cas#to
al., 2000; McDanieét al, 2011).

The soils sampled from TPC have a volumetric watetent in the A horizon between 0.22
and 0.48 Mm™, 0.15 and 0.40 im™ and 0.09 and 0.24 ¥m™ at -10, -33 and -1500 kPa,
respectively, and in the B horizon between 0.18 @58 ni m>, 0.13 and 0.51 Am™ and
0.09 and 0.20 Am™ at -10, -33 and -1500 kPa, respectively (Apperd’). Gama-Castret

al. (2000), who studied volcanic ash soils in thetfago floodplain of Mexico, found water
retention at -33 kPa to be between 0.05 and 0 4% fand at -1500 kPa to be between 0.015
and 0.145 mim™. Values above 0.40 and 0.1¢ m* are considered to be high at -33 and
-1500 kPa, respectively (Gama-Caseétal, 2000). Johnston (1973) studied the physical
properties of soils commonly found in the Southi@dn sugar industry and determined the
water retention at various tensions for differemt gypes (Table 5.5).

Table5.5: Plant available water (PAW), readily available &aiRAW) and water content (w
w?h) at -10, -33 and -1500 kPa for red, black and greis typically found in the South
African sugarcane industry (modified from Johnstt@®i3).

Water content (w W)

Red soils Black soils Grey soils

A Horizon B Horizon A Horizon B Horizon A Horizon B Horizon

-10 kPa 84-324 84-340 32.1-60.9 30.58528.6-29.1 7.1-324
-33 kPa 6.0 - 26.6 5.7-31.2 31.2-554 29.4+495.2-27.8 3.3-30.8
-1500 kPa 2.7 — 23.7 23-263 215-39.0 231+ 22-20.6 1.1-242
PAW 085-160 082-138 112-219 10-16®.96-20 0.79-1.36
RAW 0.52-120 0.37-0.89 0.33-0.79 0.36-0.6840-1.21 0.35-0.84
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If an assumption is made that the soils studieddhnston (1973) have a typical bulk density
of 1.2 g cn? then the volumetric water content range for TP@ssat -10 and -33 kPa is

slightly higher than is typical for the red or gregils sampled by Johnston (1973). At -1500
kPa the volumetric water content range of TPC dwdls an upper limit similar to red and

grey soils but the lower limit is higher than isyamonly found.

In agreement with Gama-Cas&bal (2000), it is suggested that the high water tesarof
the majority of TPC soils at -1500 kPa is primariye to the high specific surface area
created by the very small particle size and théoglspherical micro-structure of allophane.
Water retention is closely related to the degreemdic character in volcanic ash soils.
Armas-Espinekt al (2003) found that as the andic character of bdsureased there was a
decrease in the gravimetric water content. Armgsfteset al. (2003) attribute high water
retention at higher tensions to intra-aggregatelsioft -33 kPa, the majority of TPC soils
(89 %) have a volumetric water content between @20 0.40 mm™. Samples with a
volumetric water content of 0.40%m™ and above include samples from fields 19A, 15B,
4C, 12C, 12, 10K, 5D. It is interesting to notettath of these fields are situated in the south
of the TPC estate, suggesting greater meso-ponasiiyh could be due to higher allophane
content in this area. Although the meso-porosityhef soils in the south are not obviously
greater than the other areas (Figure 5.9) thisdcbala case of outliers within the measured
fields which affect the average result. A signifit@orrelation (r = 0.732 p < 0.001) was
found between OC and the water retained at a madtential of -1500 kPa in the A horizon
(Appendix 5.20), indicating that the OC is alsoypig a role in retaining adsorbed water at
the lower matric potentials.

Sugar cane ideally requires an air-filled porositypetween 12 and 15 % and a total available
moisture content of 15 % or more (Meyer, 2011 gllrareas the average PAW is above 15 %
and the air-filled porosity is approximately 15 #othe A horizon and slightly less in the B
horizon (Table 5.6).
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Table 5.6: Readily available water (RAW) and plant availabigter (PAW) in the A and B

horizons for the five areas of TPC sugar estate.

Horizon Area RAW PAW

......... mm>e........

North 0.09 0.18

West 0.13 0.21

A East 0.10 0.19

South 0.10 0.23
Kahe 0.10 0.21

North 0.07 0.20
West 0.12 0.20
B East 0.07 0.19

South 0.08 0.24
Kahe 0.08 0.22

5.3.3 Hydraulic conductivity

Measurements of saturated hydraulic conductivity) (8howed high variability between
replicate samples from the same site in many offitdlds measured (Appendix 5.9). The
variability may be attributed to channels beingspré in some of the cores through white
grub activity, root channels or the presence oheso(visual observation). Where channels
create greater macro-porosity, the cores with higkeshould correlate to greater water
retention in the wetter range. However, there wasoarrelation (r = 0.05) found between K
and saturated volumetric water content, suggedtiag the variability in the cores was
possibly due to boundary flow during; Kieasurements. Boundary flow occurs when the soil
in the core shrinks with drying and then does mgfain its previous volume when it is re-
wetted. According to Armas-Espinet al (2003) soils containing allophane can shrink
substantially with drying. This shrinkage resultsrreversible changes to the soil’s physical
properties (Harskt al, 2002). It is therefore speculated that drying sbil cores to a matric
potential of -100 kPa before re-saturating the £@med measuring &esulted in many cores

undergoing shrinkage which resulted in boundary famd variability in the Kreadings.

As hydraulic conductivity is related to the numbeontinuity and stability of soil pores
(Bhattacharyyaet al, 2006), it was expected that the Would be significantly lower in the
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samples which contained higher levels of sodiumckvivould affect the pore characteristics
due to clay dispersion and clogging of soil pordewever, due to the variability in K
measurements between replicate cores taken fromsathe site this assumption could not be
validated. Amorphous minerals induce soil aggregaiind may aid in maintaining the soil
structure in soils affected by high sodium (El Syat al, 1969). However, Armas-Espinel
et al (2003) found that the structural deterioratiorvolicanic ash soils in the Canary Islands
irrigated with sodic water was not able to be cettialanced by the amorphous minerals if
Al, was lower than 3 %, which resulted in very low lues (< 8 mm hb). As the Al
content of the measured TPC soils was lower théf Bection 5.2.4) it is speculated that
any beneficial aggregating affect of the amorphmagerial in the soil was likely less than
the negative effects of sodium in the soils (Setib.4.4, 5.4.5 and 5.4.6).

5.3.4 Bulk density

The average bulk densities between the differeedsaindicate that the south area has a
slightly lower bulk densityb) in both the A and B horizon compared to the otdreas
(Figure 5.12). This may be due to the south arealdping a porous soil structure as a result
of containing a higher proportion of amorphous matgBroquenet al, 2005) (Section
5.2.4) and having higher water soluble and exchanigesodium concentrations (Sections
5.4.4,5.4.5 and 5.4.6) than the other areas oéshae.
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Figure 5.12: Bulk density of the A and B horizons of the vasocareas within TPC sugar

estate.
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There is a significant (p < 0.05) negative weakaation between the exchangeable sodium
and bulk density in the A horizon (r = -0.5623) dhdhorizon (r = 0.5215) (Appendix 5.20).
These results suggest an increase in sodium coatent results in a decrease fb.
Althoughpb is not strongly correlated to At ¥z Feg, allophane or ferrihydrite in the A or B
horizons (Appendix 5.19), it is likely that the ampbous material is contributing to a lower
pb. A combination of sodium and amorphous materah ¢ead to the development of
“fluffy” soils with low bulk densities (Gama-Castat al, 2000).

In the study by Gama-Castetd al. (2000) thepb was not related to organic carbon (OC) and
therefore they attribute the lopb to the amorphous materials. Similarly, the OC ginabf

the studied TPC soils are not correlated for eitiver A or B horizon (Appendix 5.20).
Although only one sample in the south area qualifie having an andic seib of below 0.9

g cm®, almost a third of the sampled soils in the A honi of the east, south and Kahe area
had apb below 1.1 (Table 5.7) indicating that these am@@smost probably influenced to

some extent by amorphous material.

Table5.7: Percentage of samples within each area of TPQ sstiate with a bulk density of
below 1.1 g crit for the A and B horizon.

Area Samples per area with a bulk density belowglcii® (%)
A Horizon B Horizon

North 0 0

West 13 6

East 33 0

South 33 17

Kahe 29 0

In general, thepb of the B horizon is slightly higher than the Arizon in all fields
(Appendix 5.10) which is attributed to a greatesgmrtion of smaller pores in the B horizon
(Figure 5.9) which allows for a more compact s8ites which have highgsb in the A
horizon may be due to greater porosity in the Bzwor caused by animal activity and/or root

channels.
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5.3.5 Particle size distribution

The percentage of sand, silt and clay varies withregas and in general is similar between
areas (Figure 5.11).
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Figure 5.13: The percentage of a) sand, b) silt, and c) clayefvarious areas of TPC sugar
estate for the A and B horizons.
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The average texture for the north, east, southkate in both the A and B horizons is loam,
whereas in the west the average texture for thad\Bahorizons is sandy loam. There were
also a number of sandy loam samples in the sound gfeater percentage of sand in the west
and south areas indicate the alluvial nature ofynadrihese soils. Meyest al (2009) report
four main textural groups, which are related togheent material, of which about 58 % were
sandy loams to loamy sands and about 40 % sangyoams. The heavy clay soils found on
the volcanic parent material in the far north acted for less than 1 % and the sandy
alluvial soils scattered over the estate accoumbedess than 3 %. The sandy and silty
alluvial soils were mostly found in the west aredjle the medium clay soils formed by a
mixture of volcanic parent material and alluviumravdound in the north and north east
(Meyer et al, 2009). This textural distribution is similar tibat found in this study. A full
table of results is given as Appendix 5.11.

In the A horizon, the north and west areas hav@htly higher sand and lower clay content
than the other areas. In the north this may beuwaltref the shallower soils where there is less
soil comprised of deposited material and the sodsent is mainly a result of direct
weathering from the volcanic parent material. la West, the coarser soil texture is probably
a consequence of the nature of the alluvially diépd$naterial in some fields. The south area
has a somewhat finer texture, with a slightly higkié content than the other areas in the A
horizon. This again is likely a result of alluvidéposition in many of these fields. The B
horizons of the various areas have a similar ptoporof sand, silt and clay to their

respective A horizons.
5.3.6 Specific surface area

The dominance of micro-pores in allophane resuloils that contain allophane having high
specific surface areas (SSA) and consequently adgorption capacities (Paterson, 1977).
Consequently, soils containing allophane typicéiwe a high water retention even at the
low matric potentials (McDaniadt al, 2011). Bartolet al. (2007) found that the micro-pore
surface area of non-allophanic and allophanic Ismilzons ranged from 0 to 110°mg* and
that this was positively related to the allophapnatent. The values reported for SSA using
nitrogen adsorption techniques vary widely in tiberdture. Aomine and Otsuka (1968) and

Paterson (1977) report values up to 170gh whereas Lowe (1993) gives values between
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400 and 900 Mg and Brady and Weil (2002) report values betweeh dfid 1000 mg™.
Table 5.8 presents the SSAs of the measured sampiess TPC sugar estate.

Table 5.8. Specific surface area of selected PSU clay (< 2 gamples from TPC sugar

estate.
Area Sample Specific surface area

(m* g*)

North N91 A 97.34
N91 B 113.06

West P4N A 84.78
P4AN B 144.49

East B3 A 99.07
E6 B 102.19
South 12C A Good 91.02
12C B Good 93.80
10K A Good 110.84
10K B Good 116.44

Kahe KH4 A 126.17
KH4 B 145.94

KH29 A 120.39

KH15 B 115.58

Non-volcanic ash soils, unless smectitic, typicdlgve much lower values than was found
across the TPC estate. As no smectitic mineralse ¥eemd in any of the soils it is concluded
that the high SSA is a function of the allophanespnt in the soil. Hughest al (2009)
studied a variety of soil clays dominated by kaatinerals and a number of reference
kaolins after removal of iron oxides by CBD treatheThe soil clays differed in the
proportions and properties of kaolin types andudeld clays dominated by small kaolinite
particles and halloysites. They found that the S8Ahe soil kaolins (without allophane
impurities) varied from about 40 to 9¢ mi* with the highest values in clays from Indonesian
soils formed on volcanic tuff dominated (over 908%)short, tubular halloysite. Given these
results and using the lower allophane SSA valuerted by Lowe (1993), Table 5.9 has

been constructed.
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Table5.9: Hypothetical calculation for clay BET specific fage area at TPC.

Mineral Assumed BET Assumed percentage Proportion of the

surface area  of mineral in the clay clay surface area

(m? g% fraction (m? g%

Allophane 400 5 20
Halloysite (tubular) 80 80 64
Kaolinite (< 0.2um) 55 15 8.25
Total 92.25

From Table 5.9 the effect that only small amouritallmphane may have on the SSA of the
TPC soils can be seen, whereby 5 % allophane tatestiapproximately 22 % of the total
SSA. A similar calculation was carried out by Lo(@®93) where he showed that only 1 %
of allophane or ferrihydrite accounted for 85 %tloé total soil mineral surface area in his
hypothetical soil. The total SSA calculated in Tabl9 may be underestimated compared to
the measured values due to the presence of iraesxn the clays, as removal of iron oxides
by CBD was not done prior to analysis. Inclusiontlod SSA created by the iron oxides
would inflate the BET results (Sef al, 2006). Similarly small amounts of other minenads
considered in Table 5.9 such as illite or HIV woaldo lead to an underestimation of the true
SSA value.

The high SSA values for clay fractions from soitscss TPC due to their mineralogy are in
agreement with the clay XRD and TEM results, whesak XRD patterns with high
backgrounds and the presence of amorphous maierine TEM images also indicate the
presence of allophane. Although the soils acrossettiate are dominated by halloysite and
small kaolin particles it is likely that the presenof only small amounts of allophane has a
strong influence over their physical and chemiagalpprties. The high adsorption capacity
due to the high SSA affects the water holding capaespecially at the low matric
potentials. Although no correlation was found betw&SA and the volumetric water content
at -1500 kPa (Appendix 5.20), the large amount atiewretained at -1500 kPa is considered
to be a result of the large adsorption capacityateck by the micro-porous allophane in the

studied soils.
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5.4 Chemical analysis

5.4.1 Organic carbon

In all fields, other than R3S Bad, C2, 11,and KH15, the soil OC content is higher in the A
horizon than in the B horizon. The average OC &dnd 0.9 % in the A and B horizon,
respectively. Appendix 5.12 presents a full talfleesults.

The ash layers sampled in field R8 and from thesthole in the north both have a very low

OC of 0.1 and 0.2 %, respectively. This is duedthlihese layers being deep within the soil
profile and therefore there is little incorporatioihorganic matter.

Overall, there is little difference in OC betwede different areas of TPC in both the A and
B horizons (Table 5.10).

Table 5.10: Average soil organic carbon (%) for each aredefftPC estate.

Area n A Horizon B Horizon
North 11 1.4+0.3 0.7+0.2
West 11 1.4+05 09+04
East 14 1.1+04 0.6 £0.2
South 28 1.5+05 1.1+0.8
Kahe 8 1.1+0.3 0.8+0.3

Similarly to the values reported by Meyerr al. (2009), OC throughout the majority of the
estate ranges between 0.5 and 1.5 % and is thesifidd as low (Meyeet al, 2009). Some
fields have OC ranging between 1.5 and 2.5 % amdlassified as moderately low (Meadr

al., 2009). Soils with moderately low OC were mos$tiynd in the south area.

Paired t-tests between the good and bad patchemefgrowth indicate that in the A horizon
the good patches have significantly higher OC tienbad patches (p = 0.016) but there is
no significant difference between the good and feetdhes in the B horizon (p = 0.335). The
higher OC in the good patches of the A horizon ashprobably due to a greater amount of

biomass created by the better cane growth, whéneas patches of poorly growing cane are
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likely to have less biomass and thus less mateoiatributing to theOC. Practically, there i
little difference in OCbetween the good and bad patches in both the ABamakizon, as ir
all cases the average organic cal percentage is low (< 1.5 %), except in the orizon of

the good patches wheitds moderately low (Table 5.).

Table 5.11: Average soil organic cbon (%) for the good and bad patches in the A ai

horizons.
Soil organic carbon (%)
A Horizon Gool 1.6
A Horizon Bac 1.3
B Horizon Gool 1.0
B Horizon Ba« 0.9
5.4.2 pH (HO)

The soils in the south areavgahe highest average pH in both the A and B horitaligwed
by the west area (Figure 5)14
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Figure5.14: pH (H,O) for the different areas of TPC sugar estateélferA and B horizon

The lowest pH values are found in the n (Figure 5.12)followed by the fields in th
southern part of the north area and east. The northern section of the Kahe aress pH
values similar to those in the east, while the Isewrt section of Kahe spH values similar t

those in the south and west areathe estate (Appendix 5.13). This follows the saread
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reported by Meyeet al (2009) following the 2004 soil survey carried aumt TPC estate.
This trend is a combined result of lower pH valieshe north possibly caused by higher
rainfall in this area (Meyegt al, 2009), although there is likely a parent matexftect also,
as well as higher pH values in the south and wdsttware caused by higher levels of
sodium in the soil (Sections 5.5.4, 5.5.5 and j.5Bxchangeable sodium is unable to
compete with A ions as strongly as Ca and Mg on exchange sitéshars a dominance of
sodium in the soil means that hydrolysis occura atuch greater extent with the addition of
irrigation and/or rainwater, and consequently $dil rises (Richards, 1954). Furthermore,
soils in the south and west contain appreciablaeftifies of sodium carbonates which likely

undergo alkaline hydrolysis to cause a rise in Bidlfards, 1954).

A significant (p < 0.05) correlation was found betm exchangeable sodium and pH in both
the A and B horizons (r = 0.848 and r = 0.834, eetipely) (Appendix 5.21). The high level

of sodium in the south can be attributed to iri@atvith poor quality water and surface salt
accumulation through capillary rise from perchedewdables. The west area is generally
irrigated with good quality irrigation water andsha relatively low water table and thus it is
likely that the sodicity in the west is due to tber soluble Ca and Mg concentrations in the
soil solution in relation to the sodium which rdsuh a high sodium adsorption ratio. Typical

pH values for sodic (non-saline) soils range betw&& and 10 (Richards, 1954).

It is interesting to note that patchy cane growtswery pronounced in the south and west
areas of the TPC estate, and this visual observaitinked to the higher pH values (Table
5.13). Sugarcane can grow in soils with a pH betweand 8.5, with the ideal soil pH being
6.5 (www.sugarcanecrops.com/soil_requirement)s Huggested that high pH values related
to the high sodium content is the primary causetierpatches of poorly growing cane. The
dominance of sodium tends to results in the dispersf soil particles which then clog soil
pores and negatively affect the soils permeabibtywater and air. Furthermore, although
high pH does not directly affect plant growth ieduently results in the lowering of plant
nutrient availability (Richard, 1954). Of the sevields where samples were taken from
good and bad patches of sugarcane growth, the ph€iA horizon is higher in the bad patch
for fields 12C, 1 and R3S but similar for all otHieids. In the B horizon the pH is higher in
the bad patch in all fields except R3S and 12C |@ahl2). Paired t-tests between the good
and bad patches of cane growth indicate a margisahificant difference in pH in the A
horizon (p = 0.063) but no significant differencethe B horizon (p = 0.313).



76

Table 5.12: pH (H,0O) of the fields measured in a patch of poorly grmacane (Bad) and
better growing cane (Good) for the A and B horizons

Field Good Bad Good Bad
A Horizon B Horizon
03 8.86 8.85 8.78 9.02
10K 9.00 9.86 8.89 9.40
11C 8.71 8.75 8.80 8.97
12 8.85 8.76 8.88 9.09
12C 8.53 8.94 8.56 8.44
1 8.37 8.77 8.18 8.92
R3S 8.96 9.35 9.06 8.52

pH (H.O) comparisons between the good and bad patchemefgrowth were carried out by
TPC laboratory on fields F3 and 16C at two samplings. The results of the first sampling
suggest that the pH is higher in the bad patchas iih the good patches, especially in the

upper layers. However, results from the second Baghmdicate a less clear trend.

The pH measured on the crust sample collected figlch 10K is very high (Appendix 5.13),
suggesting a high sodium percentage which exptam$ormation of a crust. The dominance
of exchangeable sodium in the top soil causes digpeof clay particles which results in the
soil surface sealing. A number of fields in thetbowere observed to have surface crusts and
it is suggested that further analysis of thesed$ieb necessary in order to determine their
impact on soil water relations, particularly infdtion rate (Section 5.3.1).

5.4.3 Electrical conductivity

Figure 5.15 shows that in the A horizon the eleatrconductivity of a saturated paste sample
(ECe) of the south area is considerably higher thandter areas of the estate with an
average of 276 mS T followed by the west and Kahe areas. In the Bzbarthe EG is
similar between areas with the south and Kahe lgaaislightly greater value than the east,
west and north areas. In the A horizon the ECsignificantly (p < 0.05) correlated to the
exchangeable sodium (r = 0.728) and the exchangeahtium (r = 0.671), whereas in the B
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horizon, no correlations between £@&nd the exchangeable cations was found (Appendix
5.21). The very large standard deviations, pamidtylin the A horizon of the south area,
indicate that the ECvaries greatly between fields within the same ,aa@a@ in many cases
varies considerably within the same field (Appen8i%4). In the A horizon, fields F1S, L5,
R3S (2.1) and R5N have a much larger B@n the other fields within their respective area
Likewise, in the B horizon, fields BO4, KH7, N843R (2.1), R3S (2.3) and R5N have a
much larger E€than the other fields within their area. In thetboarea, the EGralues vary

greatly between the measured fields in both thedEhorizon.
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Figure 5.15: Electrical conductivity (ECe) of a saturated pasdaeple for the various areas

of TPC sugar estate in the A and B horizons.

A larger EG in the south may be a consequence of higher sodamtent present in the south
which increases the overall soluble salt contenthefsoil (Sections 5.4.4, 5.4.5 and 5.4.6).
An EGC. of greater than 200 mShindicates a saline soil (Meyet al, 2009) and in the A
horizon 9 % of the east area and 24 % of the satgh are saline, with the fields with the
greatest salinity being in the south. In the B hami only fields KH7 and 4D (2.1) can be
classified as saline. A considerably higher salinit the A horizon compared to the B
horizon in the south suggests that irrigation yittor quality water in the south, coupled with
a high water table, is causing a build-up of sattghe soil surface through capillary rise and
surface evaporation. Similarly, previous work ddme Leroy (2004) on TPC found the
highest average EGn the south (n = 21), followed by the west (n)=wbth a considerably
higher EG in the topsoil compared to the subsoil in the lsout
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A high level of variability in EG within the various areas could be attributed toalde
amounts of irrigation water containing sodium beapplied over a long period, as well as

inherent soil properties differing between fieldshin the same area.

5.4.4 Water soluble cations of the saturated paste

The water soluble Ca, Mg and K of the saturatedepassimilar between the different areas
of TPC sugar estate in both the A and B horizorseggt for Ca and Mg in Kahe which is
slightly greater than the other areas (Figure 5.T6f higher Ca and Mg in Kahe is due to
field KH7 (Appendix 5.15) which explains the higtasdard deviation, especially in the B
horizon. The reason for higher Ca and Mg in KHuimglear. The water soluble Na of a
saturated paste in both the A and B horizons iatgst¢ in the south area, followed by the
west (Figure 5.16). The lowest water soluble Nauockdn Kahe for both the A and B
horizons. Consequently, the SAR follows the saraedras for the water soluble Na (Figure
5.16). A full table of results is provided as Apden5.15.

The south and west areas are situated along tlee which is high in basic cations and
HCOs; (water quality data supplied by TPC). Consequemtliyvial deposition or irrigation
with river water could increase the salt concerdrabf these soils. Increased Na in the south
is attributed to a combination of irrigation witlegr quality water and insufficient drainage.
The higher water soluble Na in the west can bébatd to the irrigation of this area with
good quality irrigation water in the presence albomates. The excess Ca and Mg are either
leached out of the profile or precipitate as Ca &hglcarbonates which results in sodium
being the dominant cation in solution (Richards54)9 Meyeret al (2009) used a critical
SAR value of 8 to interpret sodicity as this valepresents the average recommended by
SASRI for duplex soils (SAR 6) and non-duplex s@8&R 10). Based on this value, 53 % of
the soils in the south can be classified as sddie.soil sampled from Out 2, F1S in the east,
as well as fields R3S Bad and R5N in the west @ @dassed as sodic. Similarly, previous
work carried out by Leroy (2004) on TPC found thghlest average SAR in the south (n =
21), and west (n = 5) areas.



79

a)

25
a ® North
go 20 - B West
£ B East
_é 15 1 O South
§ OKahe
2 10 A
o)
3
)
g >
]
=

0 .

Ca Mg Na K SAR
Water soluble cations
b)

12 -
a ENorth
E" 10 - B\West
£ g B East
_é OSouth
g 6 OKahe
o
S 4
)
g 2-
©
=

0 .

Ca Mg Na K SAR
Water soluble cations

Figure 5.16: Calcium (Ca), magnesium (Mg), sodium (Na), potass(K) and the sodium
adsorption ratio (SAR) for the different areas &fCT sugar estate in the a) A horizon and b)

B horizon.

The high standard deviations that exist for theewabluble cations can be attributed to the
large variability between fields within a particularea. In the east, the water soluble Na of
field F1S is greater than other fields in the e8atnples from fields KH27 and KH7 in Kahe,
L5 in the west and 4D in the south have higher watduble Ca and Mg than the samples
taken from the other fields in their respectiveaarel he south has very variable water soluble
Na between sampled fields, with some fields beiagiqularly high. R3S Bad, R3S (2.1) and
R5N from the west also have high water soluble Blaas (Appendix 5.15). This variability
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is probably related to the different fields withém area receiving different amounts and
quality of irrigation water, as well as the partanufield’s inherent soil properties. Variability

may be caused by the different fields within anaah@aving variable water table heights
which can affect the amount of cations which assalved and leached, as well as variable

clay and allophane contents.

Fields 10K, 12 and’5indicate that there is a much higher SAR in therly growing cane
(Bad) compared to the patch of better growing c@weod), particularly in the A horizon
(Table 5.13).

Table 5.13: The sodium adsorption ratio (SAR) of the A and @itons in good and bad
patches of cane growth.

Area Field SAR
A Horizon B Horizon

West R3S Bad 8.72 8.77
R3S Good nd* 5.24

East 3 Bad 3.08 4.37
O® Good 4.07 3.01

South 1 Bad 4.14 4.79
1 Good 4.02 3.62

10K Bad 20.15 10.01

10K Good 9.99 6.97

11C' Bad 2.90 4.04

11C' Good 2.23 3.09

12 Bad 14.52 9.11

12 Good 5.57 5.14

12C Bad 7.67 6.47

12C Good 8.56 4.65

5' Bad 23.87 12.52

5' Good 9.14 9.96

* nd — not determined

Higher SAR values in the bad patches indicate ploair cane growth is at least in part a
consequence of high water soluble sodium. As thecentration of exchangeable sodium
increases the soil becomes more dispersive ancequoestly clay particles block soil pores
resulting in soils of low permeability which areope to crust formation. This unfavourable
soil structure limits seedling emergence and resalpoor soil water and aeration levels for
plant growth (Richards, 1954).
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5.4.5 Water soluble cations of the soil

The water soluble Mg and K of the soil is similatween the different areas of TPC sugar
estate in both the A and B horizons. Calcium isilaimbetween areas in the B horizon but
slightly greater in the south and west areas inAterizon. The Na is highest in the south
and west areas in both horizons. In the A horizen3SAR is highest in the south and north,
closely followed by the west area, while the SARKiahe is substantially lower than the
other areas (Figure 5.17). The higher Ca in théhsand west prevent the SAR in these areas
from being substantially greater than the otheasrén the B horizon the SAR is greatest in
the south and west, following the same trend adéo(Figure 5.17). A full table of results is

provided in Appendix 5.16.
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Figure 5.17: Water soluble calcium (Ca), magnesium (Mg), sod{iNa) and potassium (K)
and the sodium adsorption ratio (SAR) for the ddfe areas of TPC sugar estate in the a) A

horizon and b) B horizon.
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5.4.6 Exchangeable cations

The exchangeable Ca, Mg and K are similar betweeasawith the north having the lowest
values in both the A and B horizons (Appendix 5.THe exchangeable Na is highest in the
south and west areas in both the A and B horizBigai{e 5.18) and consequently the sum of
exchangeable bases is highest in the south andaress$, followed by Kahe and the east
area, with the lowest value for the north areaaththorizons (Figure 5.18).

The higher exchangeable Na in the south and wesp@ssibly due to these areas receiving
cations through deposition of alluvial material d®ng irrigated with water high in sodium
and bicarbonates, whereas the lower exchangeatib®san the north is likely due to these
soils being predominately comprised of cations tvesstd directly from the acidic parent

material as no alluvial material is present.
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Figure 5.18: Exchangeable calcium (Ca), magnesium (Mg), soqNa), potassium (K) and the sum
of exchangeable bases (Ex. bases) in the diffareais of TPC sugar estate in the a) A horizon and b
B horizon.
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Although there is no significant difference ¥P0.05 ) between the good and bad patches of
sugarcane growth for any of the measured exchalgéakes in either the A or B horizon,
fields 5 and 10K have considerably higher Ca and lowerr\thé patch of better growing
cane compared to the patch of poorly growing c#@yméndix 5.17). This suggests that the
exchangeable cations are likely to affect cane trdar some degree. However, levels of the

various exchangeable cations in the soil may nahe@nly factor affecting cane growth.
5.4.7 Cation exchange capacity
The cation exchange capacities of TPC sugar esbtdteare very similar in both the A and B

horizons and between areas with a range betwe&nahd.18.9 cmelkg™ soil (Figure 5.19).
A full table of results is given as Appendix 5.18.
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Figure 5.19: Cation exchange capacity in the different areaBR{E sugar estate in the A and

B horizons.

This result differs slightly from the cation exclgen capacity (CEC) measured by the
ammonium acetate method used previously to andliZse soils (Meyeret al, 2009). The
ammonium acetate method indicates a higher CE@ansbuth and the lowest CEC in the

north, and generally the CEC values given for timenanium acetate method are higher than
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those for the BaGITEA method. It is suspected that the reason ferifference in results is
that the ammonium acetate CEC results were noecied for the water soluble fraction.
Inclusion of the water soluble fraction into the CHkields the same trend as that reported
when the ammonium acetate method for CEC was &sethermore, the BagITEA method

is a more accurate measurement of CEC when sailaiooallophane due to the variable
charge nature of allophane. The use of BA®A buffers the soil pH at 8.2 and therefore
limits the effect of pH dependent charge which dh@monium acetate method does not take

into account.

The CEC is commonly associated with the amount df &nd clay percentage (Tsei al,
2010). However, no strong correlation was foundvieen CEC and OC or clay percentage
(Appendix 5.20). Furthermore, for selected sampt#kected during the 2004 soil survey at
TPC at depths of between 0 and 30 cm, 30 and 6@ued60 and 90 cm, no correlation (r = -
0.18, 0.13 and 0.12, respectively; p < 0.05) wasmdobetween CEC and clay content. This
suggests that the CEC of TPC soils is primarily tutheir volcanic ash content. Madeet

al. (2003) found a positive correlation between CHE ©C and CEC with Al Gama-
Castroet al (2000) found a positive correlation between CHE@ pumice content but no
correlation was found between CEC and OC, indiga®& contributes only a small extent to
the negative charges on the soil. Although thers m@acorrelation found between CEC and
ferrihydrite (r = 0.17), or Al(r = 0.23) or A} + ¥2 Fg (r = 0.33), the CEC range found for the
TPC soils are similar to Heppet al (2006) who found a CEC ranging between 9.28 and
18.01 cmal kg’ soil in ash-enriched soils compared to a CEC d¢fveen 4.07 and 15.56
cmol kg’ soil in ash-free soils. Ndayiragije and Delvau®@2) found a CEC of 11 cmol
kg™ soil on an Andisol with low activity clays (i.eibdpsite, allophane, kaolinite and hydroxyl
Al interlayered 2:1 minerals) from the Island ofd8a-Terre, Guadeloupe, in the French West

Indies.
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CHAPTER®G
GENERAL DISCUSSION, CONCLUSION AND RECOMMENDATIONS

The mineralogy of the soils at TPC sugar estaleatsfthe influence of past volcanic activity
in the area. The weathering of volcanic parent matand previously deposited volcanic ash
over the estate result in these soils containingrlpacrystalline material as well as more
crystalline minerals. Sanidine and a mixture ofeotK-feldspar minerals have weathered
from the volcanic parent material and undergonéh&urweathering to form halloysite and
then, in places, gibbsite. The deposition of volcash over the estate has led to the presence
of allophane in the soils, although much has predynweathered to halloysite and kaolin.
The co-existence of allophane, halloysite, kaohd gibbsite suggest that the soils over the
estate have weathered at various rates and pawards the alluvial nature of the soils
where less weathered material has been periodidalppsited over older, more weathered
material. The amorphous aluminium, iron and siBg#racted by the acid oxalate procedure
indicate relatively low concentrations of ferrihitdrand allophane across the estate, as well
as an Al + %2 Fe ratio of less than 2, which is a consequence eddlminerals weathering to
more crystalline forms. However, the south and was&as have the highest average
ferrinydrite content and Al+ %2 Fe ratios. This is likely a consequence of the sioilthose
areas receiving less weathered material due toialldeposition along the Kikuletwa River
which is on the western boundary of the estate. SEmely loam texture of many of the soils
sampled in the south and west, rather than the leaiare of the majority of soils on the
other parts of the estate, indicates that thesesaexeive a greater contribution of alluvially
deposited material. Allophane content is greateshé east, south and west areas although
there is a large standard deviation across allamach probably reflects the alluvial nature
of the soils, as well as uneven ash depositioherpast. Kahe has the lowest ferrihydrite and
allophane content of all the areas, suggestingtiimtirea has been least affected by volcanic

materials in recent times.

Due to the small particle size and structure ad@iane, even small quantities can make a
significant contribution to the physical and cheahiproperties of the soil by increasing the

specific surface area. Specific surface area measnts for the soil clays across TPC are
relatively high and it is estimated that as littke 5 % allophane can contribute at least 22 %

of the total surface area due to allophane beingessentially micro-porous material.
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Consequently, in all areas the micro-pores acctamithe largest percentage of the porosity
and the soils have a large adsorption capacitytlamsl a large cation exchange capacity and

water retention capacity, particularly at the higimatric potentials (above -33 kPa).

The water retention results clearly indicate tHeat$ of allophane over the TPC estate. In the
south area, the water retained between 0 and -P@Qik slightly higher than at the other
matric potentials and could be a consequence afleehcontent of allophane. According to
Gama-Castret al (2000), a volumetric water content above 40mi at -33 kPa is high and
many fields in the south meet this requirementjragaggesting the effect of more allophane
in this area. At -1500 kPa the water retained Inagdas is high, as considered by Gama-
Castroet al (2000).

A high water retentivity across TPC generally easusufficient plant available water for

sugarcane. However, due to the dominance of miorespand large adsorption capacities
these soils may be prone to an air-filled porositiess than the ideal for sugarcane of 15 %,
especially if soils are over-irrigated. This is tpararly relevant in the south and west areas

where there seems to be more allophane present.

Although the water retentivity is affected by thaneralogy, variability at the various

measured matric potentials across areas and withisame field limits further interpretation.

Variability is caused by different pore size distiions which may be caused by textural
differences in some fields due to old river chaanstoniness, structural stability of the soil,
presence of animal burrows and/or recent soil thsiuce such as harvesting. Therefore it is
suggested that the water retention at the lowesidas is a function of these variables whilst
the water retained at the higher matric potenigla function of the increased adsorption
capacity and micro-porosity created by the presaicalophane and other poorly ordered

clay minerals.

Generally, the A horizon retains more water thaa Bhhorizon at the lower tensions, while
the B horizon retains more water at the higheriterss This is a consequence of greater
macro-porosity in the A horizon and the higher memad micro-porosity in the B horizon

and its higher bulk density, likely caused by thghkr clay percentage. A comparison
between the water retention at the various matrtengials for the good and bad patches of

cane growth did not indicate any trends and thae ¢gowth seems to not be affected by the
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amount of water retained in the soil. The poor cgieevth seems to rather be related to the

amount of sodium in the soil.

The patchy cane growth is more prevalent in théhsand west areas of the estate. The south
area has the highest pH, E@hd SAR, followed by the west area, as a resuthefthigher
sodium concentrations (exchangeable and solubléhese areas. In the south, increased
sodium concentration is exacerbated by use of poatity irrigation water and, possibly,
strong capillary rise from perched water tablesisTincrease in sodium is mirrored by
somewhat greater amounts of organic carbon (a imgirobably of reduced microbial
activity) than elsewhere on the estate where ocgeaibon values are low and lower bulk
density resulting in ‘fluffy’ soils due to a comlation of the sodium and higher content of
allophane. In the west, pH and SAR are high dudaeéodominance of exchangeable sodium
and presence of sodium bicarbonate which incréeeseate of hydrolysis with the addition of
irrigation and rainwater. The bicarbonate preseithe irrigation water causes the Ca and Mg
to precipitate whilst Na remains in solution anchgequently the SAR increases. The SAR
was higher in the poor cane growing areas comptreshere cane was growing better,
particularly in the A horizon. The high SAR and E@ the south, particularly in the A
horizon, suggest that salts are brought to the swilace from the perched water tables
through capillary rise action. The presence ofpddime, and thus the dominance of micro-
pores, enhances such a process.

Sodicity is also the main influencing factor affagtinfiltration rate across TPC, rather than
the mineralogy. The infiltration rate of TPC soikspecially in the south of the estate, is
reduced due to a combination of surface crust dpweént and perched water tables. The
dominance of exchangeable sodium in the soils tegulsoil dispersion and the clogging of
soil pores which reduces the soils’ porosity arfdtiation rate. Capillary rise brings salts to
the surface and leads to calcareous crust develdpifige failure of many of the double ring
infiltration measurements to reach final infiltati rate is linked to over-saturated soils and
the presence of surface crusts, resulting in ttezdhflow of water, rather than vertical flow,

during measurements.

Saturated hydraulic conductivity measurements wtwe variable to allow detailed
interpretation. This variability resulted due tawmber of cores experiencing boundary flow,

likely due to the presence of allophane in thessdilhe allophane resulted in irreversible
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shrinkage with drying to -100 kPa and thus the dmilnot regain its original volume on re-

wetting before K measurements were done.

6.1 Recommendations and possible future work

The presence of allophane and sodicity over the $Bgar estate interact to give unique
physical and chemical soil properties. In soilsled south and west areas where there is a
high content of allophane and sodicity, the sugaogrowth is patchy, suggesting that the
beneficial aggregating effect of the allophane éinb over-ridden by the presence of the
sodium. This study has achieved its aim of givimgjowerview of the mineralogy, water
retention and sodicity across the estate but vlitiabn the results has limited full
interpretation. It is recommended that more studies undertaken on the south and west
areas, where the combination of allophane and sodsuparticularly important, to better

understand these relationships and assist in funtla@agement improvements.

It is recommended that to fully understand infiiva rate, alternative methods should be
used to assess field water flow such as measurerhensaturated hydraulic conductivity in

the field and the use of water flow modelling. Geeainderstanding of the effect of sodium
on infiltration rate can be achieved by increasing number of measurements taken for
infiltration rate, hydraulic conductivity, ECand SAR to allow for accurate correlations
between these factors. A focus on the south antlaveas for this purpose is recommended.
It is also recommended that; Kkneasurements be taken on undisturbed cores befaier

retentivity measurements.

Capillary rise should be measured experimentallg/@nestimated by water movement
modelling and then be related to specific surfaea @and sodium concentration. Again, it is
recommended that for this purpose the focus shibeldn the south and west areas where a
large number of samples should be collected tolerstequate interpretation.

A more in-depth study is required to understandetifiect of sodicity on crust formation and
infiltration rate, as well as the causes of sodiaihd how these problems can be remediated.
This can be achieved by focusing on specific probéeeas where sodicity can be correlated
to other measures such as water quality parametatsr table height, ECcations, pH and

SAR. Furthermore, more samples taken from outdideTPC estate should be measured to
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assess the influence of TPC’s management pradiieesrrigation with poor quality water)
on the soil physical and chemical properties. Thisecommended in the light of the Out 2
sample being sodic, perhaps suggesting that spdicthe soil is a natural phenomenon and

not necessarily a consequence of management @aaticome areas.

The remediation of the sodic soils may be achievigd the addition of soluble calcium salts,
such as gypsum, to replace the exchangeable sd&iomards, 1957). Adequate sub-surface
drainage is required to ensure that sufficienthear with good quality irrigation water can
occur to remove the build-up of sodium. Sufficielmhinage, application of good quality
irrigation water, together with the applicationgfpsum is appropriate management for the
removal of sodium in the soil profile and the cansmnt negative effects it has on the soil
physical properties.
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Appendix 4.1: Sample collection summary from a) PSU sites (Undisturbed soil cores and bulk

sample from A and B horizons collected), b) non-PSU sites (Undisturbed soil cores and bulk sample

from A and B horizons collected), c) bulk sites (Bulk sample collected from A and B horizon, no

undisturbed soil cores collected) and d) the two ash layers from the borehole (BH Ash) and field R8

(R8 Ash).
a)
AREA FIELD DATE COLLECTED COMMENT
North N34N July 2010
On mayp, it appears as if sample is taken in field
N43N September 2011
N43S, however, this is likely to be a GPS error
N65 July 2010
NI1 July 2010
West R3S Good July 2010
R3S Bad July 2010
R3S (2.1) September 2011
On map, it appears as if sample is taken in field
R3S (2.2) September 2011
R7, however, this is likely to be a GPS error
R3S (2.3) September 2011
P4N July 2010 Appears as if sample is taken in P4S
PAN (2.1) September 2011
P4AN (2.2) September 2011
P4AN (2.3) September 2011
P4AN (2.4) September 2011
LIS July 2010
East BO4 July 2010
E6 July 2010
B3 July 2010
South 12C Good July 2010
12C Bad July 2010
12C (2.1) September 2011
12C (2.2) September 2011
12C (2.3) September 2011
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AREA FIELD DATE COLLECTED COMMENT
South 4D July 2010
4D (2.1) September 2011
4D (2.2) September 2011
10K Good July 2010
10K Bad July 2010
10K (2.1) September 2011
10K (2.2) September 2011
10K (2.3) September 2011
17B July 2010
G2 July 2010
5! September 2011
1 Good July 2010
1 Bad July 2010
16B July 2010 Appears as if sample taken in field 16'
16B (2.1) September 2011
Kahe On map, it appears as if sample is taken in field
KH29 July 2010
KH30, however, this is likely to be a GPS error
KHI15 July 2010 Appears as if sample taken in KH21
KH4 July 2010
b)
AREA FIELD DATE COLLECTED COMMENT
North N51 July 2010
N66 July 2010
Appears as if sample taken in N100KE. Cores
N100KA July 2010 and bulk sample not collected from the B
horizon — too hard.
NI100KA (2.1) September 2011
NI100KA (2.2) September 2011
West R5N July 2010
Q4N July 2010
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AREA FIELD DATE COLLECTED COMMENT
West M1 July 2010
K4S September 201 1 Appears as if sample taken in K5 (Not sure if
this is a GPS error)
K5 September 2011
N22 July 2010
East O’ Good July 2010
O’ Bad July 2010
D24 July 2010
F1S July 2010
C9 July 2010
D11 July 2010
South 15B July 2010
12 Good July 2010
12 Bad July 2010
5D (2.1) September 2011
5D (2.2) September 2011
4C (2.1) September 2011
4C (2.2) September 2011
11C' Good July 2010
11C"' Bad July 2010
19A July 2010 On map, it appears as if sample is taken in field
16D, however, this is likely to be a GPS error
Kahe KH27 September 2011
KH19 September 2011
KH14 July 2010
KHS8 September 2011
Out Out 1 July 2010
Out 2 July 2010
Out 3 September 2011
Out 4 September 2011
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¢)
AREA FIELD DATE COLLECTED COMMENT
North N32N July 2010
N33 July 2010
N65 July 2010
N72 July 2010
N84 July 2010
West Q2N July 2010
L3N July 2010
L5 July 2010
East E17 July 2010
D19 July 2010
E10 July 2010
B2 July 2010
C2 July 2010
South 13 July 2010
1SA July 2010 Bulk sample not collected from the B horizon —
too hard.
7! July 2010
Gs July 2010 On map, it appears as if sample is taken in field
G4, however, this is likely to be a GPS error
6D July 2010
4A July 2010
9C July 2010
9 July 2010
11 July 2010
16° July 2010
Kahe Appears as if sample taken in KH18/KH17.
KH9 July 2010 Bulk sample not collected from the B horizon —
too hard.
KH7 July 2010 Appears as if sample taken in KHS
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Appendix 4.1: Continued.

d)
AREA FIELD DATE COLLECTED COMMENT
South R8 Ash July 2010

North BH Ash July 2010
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Appendix 5.2: X-ray diffraction patterns of random powder samples of the sand fraction from the A
and B horizon for specimens N91, N65 and N34N (North), L1S (West), E6 (East), 17B and G2
(South), KH4 and KH29 (Kahe), and R8 Ash and BH Ash (Ash layers).
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Appendix 5.4: Acid oxalate extractable Fe, Al and Si {F&l,, Si,), citrate-bicarbonate-dithionite
extractable Fe and Al (FeAly) and sodium pyrophosphate extractable Fe and&) &) for TPC
soil samples in the A horizon (A) and B horizon.(B)

AREA FIELD Fe (%) Al (%) Si (%)
Fe Fey Fe Al, Alg Al, Sk,
A B A B A B A B A B A B A B
North N 91 052 050 163 238 002 003 0.18 0.18 163382 0.09 0.16 0.09 0.09
N 65 052 068 160 219 002 0.04 021 0.26 160192 0.07 0.17 0.47 0.50
N 43 N 034 053 168 206 nd* nd 018 0.20 1.68.06 nd nd 0.08 0.10
N34 N 062 054 144 204 001 0.02 040 0.38 1.4404 0.08 0.10 0.62 0.61
N66 057 074 196 195 nd nd 023 030 196 1.9ad nd 045 051
N72 065 068 184 183 nd nd 024 030 184 1.83d nd 055 0.52
N51 052 0.73 222 nd nd nd 027 035 222 ndd nnd 0.13 0.57
AVERAGE 053 063 177 208 002 003 024 028 177 208 008 014 034 041
Std Dev 010 010 026 019 0.00 001 008 007 026 019 0.01 0.03 023 0.22
West L1S 089 097 278 255 0.08 010 050 0.77 27855 0.17 029 0.19 0.24
P4N 066 081 130 153 0.02 001 049 0.70 13053 0.06 0.09 0.78 0.80
R3S Good 049 049 158 104 0.00 0.00 0.72 0.72/8 1.04 0.06 0.05 0.29 0.28
R 3 S Bad 059 047 127 131 001 001 0.76 064271131 006 007 031 024
AVERAGE 066 069 173 161 003 003 062 072 173 161 009 013 039 0.39
Std Dev 017 025 072 066 004 005 014 006 072 066 006 011 027 0.27
East B3 051 047 133 139 003 004 028 027 133391.0.10 0.13 047 045
E6 034 038 158 093 0.03 0.02 0.16 0.18 1.58930.0.07 0.08 0.07 0.08
03 Good 049 046 113 128 nd nd 066 0.64 11328 nd nd 096 0.82
03 Bad 044 060 150 1.39 nd nd 0.64 075 150391 nd nd 0.80 0.87
BO4 031 047 122 137 002 002 042 048 12237 0.07 0.10 059 0.73
AVERAGE 042 048 135 127 002 003 043 046 135 127 008 010 058 0.59
Std Dev 009 008 019 020 001 001 022 024 019 020 0.02 002 034 0.33
South 16 B 065 080 208 243 002 004 037 040 208432 0.08 0.11 0.16 0.17
10KGood 065 070 184 193 0.01 001 079 0.76841 1.93 0.05 0.08 0.25 0.29
10 K Bad 058 080 154 172 000 0.01 0.77 0.80541.1.72 0.04 0.09 0.27 0.30
10K Crust 0.58 nd 193 nd nd nd 0.71 nd 1.98d 0.03 nd 0.30 nd
4D 052 078 201 230 002 003 050 053 201302.0.08 0.10 0.84 0.88
5' Good 080 079 nd nd nd nd 107 127 nd ndnd nd 048 0.2
5'Bad 0.66 080 nd nd nd nd 094 098 nd nd ndnd 049 043
12CGood 1.08 092 244 314 0.04 004 086 0.77442 314 011 0.12 041 0.36
12 C Bad 080 087 233 334 004 004 072 0.76332.3.34 0.09 0.12 031 0.33
1 Good 083 100 290 267 0.02 0.03 0.78 0.83 2267 013 015 032 0.32
1 Bad 071 071 177 218 001 0.01 066 0.79 1.Zz/18 0.08 0.08 0.34 0.40
17B 046 053 177 148 002 0.03 046 047 177481 0.09 0.11 0.78 0.75
G2 034 030 112 100 0.02 001 095 104 112001.0.08 0.07 0.88 0.85
AVERAGE 066 075 198 222 002 002 074 078 198 222 008 010 045 047

Std Dev

019 018 047 072 001 002 020 024 047 072 003 0.02 024 023
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AREA FIELD Fe (%) Al (%) Si (%)
Fe Fey Fe Al Alg Al Sk
A B A B A B A B A B A B A B
Kahe KH 4 031 027 176 178 001 002 021 018 1.76781 0.06 0.08 053 0.46
KH 15 031 030 127 139 000 001 019 020 1.2r39 006 006 0.0 0.10

KH 29 0.28
AVERAGE 0.30
Std Dev 0.02

020 153 152 0.01 0.00 019 0.16 1.5B52 0.05 0.05 045 0.09
026 152 15 001 001 019 018 152 15 006 007 036 0.22
005 024 020 000 001 001 002 024 020 001 002 023 0.22

South R8 Ash 0.96
North BH Ash 1.16

nd 170 nd 0.01 nd 0.69 nd701 nd 0.05 nd 0.35 nd
nd 0.88 nd 0.01 nd 1.05 nd .880 nd 0.04 nd 0.75 nd

* Not determined
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Appendix 5.5: Amount of ferrihydrite, allophane and At ¥2 Fg in soils from TPC sugar estate from
the A horizon (A) and B horizon (B).

Ferrihydrite (%)  Allophane (%) Ak Y/, Fe,
AREA FIELD A B A B A B
North N 91 0.89 0.84 066 064 044 0.43
N 65 0.88 1.15 335 359 047 0.60
N 43 N 0.58 0.91 059 069 035 0.47
N 34N 1.06 0.92 442 432 071 0.65
N66 0.96 1.25 321 366 051 0.67
N51 0.88 1.23 094 406 053 0.72
N72 1.11 1.15 389 374 057 064
AVERAGE 0.91 1.07 244 2.96 051 0.60
Std Dev 0.17 0.17 165 158 011 011
West L1S 1.51 1.66 134 170 094 1.26
P 4N 1.12 1.38 558 571 0.82 1.11
R3S Good (.84 0.82 2.09 1.98 097 1.01
R3SBad 1.00 0.80 218 1.72 1.05 0.88
AVERAGE 112 117 280 278 095 1.06
Std Dev 0.29 0.42 189 196 009 016
East B3 0.86 0.80 337 319 053 0.50
E6 0.57 0.65 052 055 033 0.37
BO4 0.53 0.80 419 523 058 0.72
O3 Good .83 0.78 6.84 585 090 0.87
O3 Bad 0.75 1.02 570 6.21 0.86 1.05
AVERAGE 071 0.81 413 421 064 070
Std Dev 0.15 0.13 242 235 024 028
South 16 B 1.10 1.37 114 119 0.69 0.80
10K Good  1.10 1.19 1.81  2.10 111 1.11
10KBad (.98 1.37 1.92 211 105 121
10K Crust  0.99 2.13 1.00 0.00
4D 0.88 1.33 597 6.26 0.76 0.93
5' Good 1.35 1.35 346 374 147 1.67
5'Bad 1.12 1.36 349 3.08 127 1.38
12C Good 1.83 1.56 295 258 140 1.23
12CBad 1.37 1.47 2.18  2.36 1.12 1.19
1 Good 1.41 1.70 226 231 119 1.33
1 Bad 1.21 1.20 244 287 1.02 1.14



Appendix 5.5: Continued.

Ferrihydrite (%)  Allophane (%) Ak Y/, Fe,
AREA FIELD A B A B A B
17B 0.79 0.89 558 537 0.69 0.73
G2 0.57 0.52 6.30 6.05 1.11  1.19
AVERAGE 113 1.28 320 333 107 116
Std Dev 0.32 0.31 170 167 024 040
Kahe KH 4 0.52 0.47 378 331 036 0.32
KH 15 0.53 0.50 074 069 0.34 0.34
KH 29 0.47 0.34 321 061 032 0.26
AVERAGE (51 0.44 257 1.54 034 031
Std Dev 0.03 0.09 162 154 002 004
South R8 Ash 1.62 2.51 1.17
North BH Ash 1.97 5.36 1.62
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Appendix 5.6: Final infiltration rate (mm hf) of measured fields across TPC sugar estate.

AREA FIELD FINAL INFILTRATION RATE (mm hr?) FIELD OBSERVATIONS
North N 91 40
N 65 126
N 43N 98
N 34N 87
N 100 KA 124
N 66 19 Deep, dry but kept slowing down
N 51 187 Wet layer at 70cm - slows down
West L1S 149
P4N 96
R 3 S Good 90
R 3 S Bad 17
N 22 119
M1 190
Q4N 306
R5N 53 Slow
East B3 89 Saturation reached
E6 88
BO4 201
D11 31 Slowing down
Co9 42
F1S 90 Slowing down, surface sealing
D 24 318
O 3 Good 137
O 3 Bad 91
South 16 B 59
10 K Good 41 Slowing down
10 K Bad 53 Slowing down
4D 119 Saturation reached
5' Good 30 Slowing down
5' Bad 52 Slowing down
12 C Good 18
12 C Bad 15
17B 199
G2 49 Slowing down, surface sealing
19A 40 Slowing down
11 C Good 59 Slowing down
11 C Bad 61 Slowing down
12 Good 20 Slowing down
12 Bad 60 Slowing down
15B 79
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Appendix 5.6: Continued.

AREA FIELD FINAL INFILTRATION RATE (mm hr-1) FIELD OBSERVATIONS
Kahe KH 4 14 Slowing down
KH 15 171
KH 29 85
KH 19 207
KH 14 379
Out Out 1 118 Slowing down

Out 2 50
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Appendix 5.7: The volumetric water content {mi®) for the A horizon (A) and B horizon (B) at each

measured matric potential (kPa) at each sampledsibss TPC sugar estate.

AREA FIELD MATRIC POTENTIAL (kPa)
n 0 -1 -2 -4 -6 -8 -10 -33 -100 -1500
North N34N A Average 3 045 044 044 042 0.39 70.30.37 0.30 0.26 0.14
Stddev 3 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.010.01
N34N B Average 3 042 0.39 0.37 0.36 0.33 0.32 20.30.29 0.26 0.14
Stddev 3 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.020.02
NG5 A Average 3 050 0.44 0.39 0.35 0.32 0.31 0.30.25 0.22 0.11
Stddev 3 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.020.02
N65 B Average 3 043 039 036 0.34 032 0.31 0.3027 0.23 0.11
Stddev 3 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.020.01
N91 A Average 3 045 039 037 034 032 0.31 0.30.25 0.23 0.11
Stddev 3 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00
N91 B Average 3 045 040 0.38 0.35 0.34 0.33 0.3330 0.28 0.14
Stddev 3 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.010.00
N43N A Average 3 0.46 0.43 0.41 0.36 0.33 0.31 10.30.25 0.21 0.12
Stddev 3 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.050.05
N43N B Average 3 051 048 0.46 045 043 0.42 20.40.37 0.35 0.11
Stddev 3 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.050.05
N43N A (2.1) Average 3 0.54 0.51 0.44 0.38 0.35330. 0.32 0.27 0.23 0.12
Stddev 3 0.03 0.03 0.05 0.04 0.03 0.03 0.03 0.020.01
N43N B (2.1) Average 3 049 047 042 0.38 0.36350. 0.34 0.29 0.26 0.15
Stddev 3 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.090.04
N66 A Average 3 047 041 039 035 0.33 0.32 0.32.26 0.26 0.11
Stddev 3 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.030.06
N66 B Average 3 0.37 0.34 0.34 0.33 0.32 0.32 0.3230 0.27 0.10
Stddev 3 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.010.01
N51 A Average 3 0.47 0.40 0.35 0.32 0.31 0.30 0.30.26 0.24 0.11
Stddev 3 0.06 0.05 0.03 0.01 0.01 0.01 0.01 0.010.01
N51 B Average 3 044 039 034 031 030 0.29 0.209.26 0.23 0.13
Stddev 3 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.020.01
N100KA A Average 3 046 040 0.33 0.30 0.28 0.27.270 0.24 0.22 0.15
Stddev 3 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.010.01
N10OKA A(2.1) Average 3 056 052 049 0.44 0.40.38 0.36 0.28 0.23 0.20
Stddev 3 0.01 0.00 0.02 0.04 0.05 0.05 0.05 0.040.01
N10OKAB (2.1) Average 3 053 050 047 041 0.36.35 0.33 0.25 0.23 0.15
Stddev 3
N10OKA A (2.2) Average 3 0.49 045 041 037 0.38.32 0.31 0.24 0.21 0.18
Stddev 3 0.02 0.00 0.02 0.05 0.05 0.05 0.04 0.010.01
West PAN A Average 3 060 0.56 055 053 0.51 0.4848 0.27 0.19 0.10
Stddev 3 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.040.00
P4AN B Average 3 056 053 050 049 046 044 0.4228 0.23 0.12
Stddev 3 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.030.01
P4AN A (2.1) Average 3 0.44 0.38 0.33 0.28 0.26 50.20.23 0.19 0.16 0.16
Stddev 3 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.020.02
P4N B (2.1) Average 3 044 0.39 035 0.30 0.28 70.20.26 0.20 0.17 0.16
Stddev 3 0.06 0.06 0.05 0.05 0.05 0.04 0.04 0.040.03
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Appendix 5.7: Continued.

AREA FIELD MATRIC POTENTIAL (kPa)
n 0 -1 -2 -4 -6 -8 -10 -33 -100 -1500

West P4AN A (2.2) Average 3 045 043 042 041 0.3p34 0.30 0.19 0.13 0.13
Stddev 3 0.03 0.03 0.02 0.01 000 0.01 0.01 0.010.00

P4N B (2.2) Average 3 042 039 0.38 0.35 0.32 80.20.25 0.16 0.12 0.14
Stddev 3 0.03 0.03 0.03 0.02 001 0.00 0.00 0.000.00

P4N B (2.3) Average 3 049 044 040 0.36 0.33 20.30.30 0.25 0.20 0.20
Stddev 3 0.01 0.02 001 001 001 0.01 0.01 0.010.00

P4AN A (2.4) Average 3 045 041 039 0.34 0.31 80.20.27 0.21 0.17 0.14
Stddev 3 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.000.00

P4N B (2.4) Average 3 047 043 041 0.37 0.36 40.30.33 0.29 0.26 0.14
Stddev 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000.00

R3S A Good Average 2 052 047 045 043 041 03636 0.30 0.24 0.13
Stddev 2 0.01 0.01 0.00 0.00 0.01 0.04 0.04 0.020.00

R3S B Good Average 2 054 048 047 045 042 04040 0.31 0.27 0.18

Std dev 0.02 0.02 001 0.01 0.00 0.00 0.00 0.000.01

R3S A Bad Average 049 044 043 042 040 03239 031 0.26 0.11
Std dev 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.020.02

R3S B Bad Average 055 051 050 049 049 04747 0.35 0.30 0.12
Std dev 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.000.00

R3S A (2.1) Average 0.51 051 049 047 0.45 404042 0.30 0.26 0.13
Std dev 0.03 0.04 0.03 0.02 001 0.01 0.01 0.030.02

R3S B (2.1) Average 0.53 051 048 042 0.40 90.3.38 0.30 0.23 0.14
Std dev 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.010.04

R3S A (2.2) Average 049 046 043 0.38 0.36 40.30.33 0.23 0.16 0.13
Std dev 0.05 0.04 0.03 0.03 0.03 0.03 0.03 0.020.01

R3S B (2.2) Average 049 048 044 039 0.38 70.30.36 0.30 0.25 0.17

Std dev
R3S A (2.3) Average

2
2
2
2
2
3
3
3
3
3
3
3
3 003 003 003 002 0.02 002 0.01 0.010.00
3 057 056 053 040 0.3530.30.32 0.21 0.18 0.12
Stddev 3 0.03 0.03 0.02 0.01 0.00 0.00 0.00 0.020.02
R3S B (2.3) Average 3 049 048 046 042 040 90.30.38 0.25 0.20 0.17
Stddev 3 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.000.02
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

L1S A Average 0.60 051 045 041 0.38 0.35 0.36.32 0.30 0.17
Std dev 0.03 0.02 001 0.01 0.01 0.03 0.03 0.010.01

L1S B Average 0.52 048 046 043 040 0.38 0.3830 0.29 0.15
Std dev 0.00 0.00 0.01 0.01 0.01 001 0.01 0.010.00

N22 A Average 045 042 041 038 037 0.36 0.368.31 0.27 0.13
Std dev 0.00 0.01 0.01 0.02 0.02 0.02 0.02 0.020.01

N22 B Average 040 037 036 0.34 034 0.33 0.3330 0.28 0.14
Std dev 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.010.01

M1 A Average 053 046 044 041 039 0.38 0.38.34 0.30 0.16
Std dev 0.01 0.00 001 0.01 001 0.01 0.01 0.010.01

M1 B Average 044 041 039 037 036 035 0.36.29 0.25 0.16
Std dev 0.05 0.06 0.06 0.06 0.07 0.07r 0.0/ 0.08.07

K4S A Average 049 047 045 039 038 0.37 0.30.32 0.28 0.17
Std dev 0.03 0.02 0.02 0.00 0.00 0.00 0.00 0.000.01

K4S B Average 054 051 048 039 037 0.36 0.38.30 0.27 0.18

Std dev 0.01 0.01 0.01 0.01 001 0.01 0.01 0.000.02
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AREA FIELD MATRIC POTENTIAL (kPa)
n 0 -1 -2 -4 -6 -8 -10 -33 -100 -1500

West K5 A Average 3 041 038 0.35 0.30 0.26 0.23.220 0.15 0.12 0.09
Stddev 3 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.000.00

K5B Average 3 0.37 0.33 0.30 0.25 0.22 0.19 0.18.13 0.11 0.14

Stddev 3

Q4N A Average 3 0.49 0.46 0.44 0.38 0.33 0.30 0.30.21 0.17 0.10
Stddev 3 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.010.01

Q4N B Average 3 047 041 035 0.27 0.23 0.21 0.2016 0.13 0.10
Stddev 3 0.02 0.01 005 0.06 0.05 0.04 0.04 0.020.01

R5N A Average 3 055 051 050 047 044 042 040232 0.27 0.13
Stddev 3 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.010.00

R5N B Average 3 052 050 049 046 0.44 0.42 0.4236 0.32 0.18
Stddev 3 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.010.00

East E6 A Average 3 049 0.43 040 0.36 0.32 0.32320 0.25 0.22 0.11
Stddev 3 0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.010.01

E6 B Average 3 040 036 0.32 0.30 0.29 0.28 0.2825 0.24 0.12
Stddev 3 0.03 0.02 0.01 0.00 0.00 0.00 0.00 0.010.01

BO4 A Average 3 052 042 039 036 035 0.34 0.3a31 0.28 0.21
Stddev 3 0.01 0.03 0.03 0.02 0.02 0.02 0.02 0.010.01

BO4 B Average 3 040 0.38 0.36 0.32 0.30 0.29 0.20.25 0.22 0.16
Stddev 3 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.010.01

C9A Average 3 0.49 0.40 0.33 0.30 0.28 0.27 0.20.23 0.21 0.14
Stddev 3 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.010.01

C9B Average 3 041 0.34 030 0.28 0.28 0.27 0.27.25 0.24 0.12
Stddev 3 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.010.01

D24 A Average 3 058 047 043 038 035 0.32 0.32.26 0.24 0.14
Stddev 3 0.01 0.00 0.01 0.02 0.02 0.02 0.02 0.010.02

D24 B Average 3 048 044 044 042 0.40 0.39 0.3935 0.33 0.17
Stddev 3 0.04 0.03 0.03 0.02 0.02 0.02 0.02 0.010.02

D11 A Average 3 0.50 0.44 0.41 0.37 0.34 0.32 0.32.25 0.23 0.16
Stddev 3 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.010.01

D11 B Average 3 044 039 0.38 0.36 0.35 0.33 0.3329 0.27 0.18
Stddev 3 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.020.02

03 A Good Average 3 0.60 057 055 049 045 0.4242 031 0.26 0.12
Stddev 3 0.03 0.03 0.04 0.04 0.04 0.03 0.03 0.030.02

03 B Good Average 3 053 049 047 043 0.40 0.3838 0.30 0.26 0.14
Stddev 3 0.02 0.03 0.03 0.04 0.04 0.04 0.04 0.030.03

O3 ABad Average 3 058 054 052 047 0.43 0.39390 0.27 0.22 0.11
Stddev 3 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.010.00

03 B Bad Average 3 0.52 0.49 047 0.44 042 0.40400 0.32 0.27 0.10
Stddev 3 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.010.00

F1S A Average 3 053 050 047 043 040 0.39 0.3®31 0.27 0.17
Stddev 3 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.000.00

F1S B Average 3 051 048 046 045 044 0.43 0.4B38 0.36 0.18
Stddev 3 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.010.01
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AREA FIELD MATRIC POTENTIAL (kPa)
n 0 -1 -2 -4 -6 -8 -10 -33 -100 -1500
East B3 A Average 3 050 040 035 0.31 0.29 0.28280 0.23 0.21 0.18
Stddev 3 0.04 0.04 0.03 0.02 0.01 0.01 0.01 0.010.01
B3 B Average 3 045 035 0.33 0.31 030 0.30 0.30.29 0.27 0.20
Stddev 3 0.01 0.01 0.01 001 0.01 0.01 0.01 0.010.01
South 12 A Good Average 2 058 0.54 053 050 04847 0.47 0.40 0.36 0.16
Stddev 2 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.010.01
12 B Good Average 2 055 053 052 050 0.49 0.4B848 0.45 0.42 0.15
Stddev 2 0.04 0.03 0.03 0.02 0.02 0.03 0.03 0.020.02
12 A Bad Average 2 0.60 057 056 053 050 0.48480 0.39 0.34 0.16
Stddev 2 0.01 0.00 0.00 0.03 0.03 0.03 0.03 0.020.02
12 B Bad Average 2 057 054 053 050 048 0.47470 0.41 0.37 0.16
Stddev 2 0.02 0.02 0.01 001 0.00 0.00 0.00 0.010.01
4C A (2.1) Average 3 051 050 0.49 048 0.48 0.48.47 0.40 0.39 0.14
Stddev 3 0.03 0.02 0.03 0.03 0.03 0.02 0.03 0.020.01
4C B (2.1) Average 3 0.48 0.48 0.47 0.47 0.47 0.4846 0.40 0.38 0.16
Stddev 3
4C A (2.2) Average 3 0.64 0.60 053 044 0.42 0.40.39 0.36 0.34 0.16
Stddev 3 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.010.01
4C B (2.2) Average 3 055 051 046 037 036 0.338.33 0.30 0.28 0.17
Stddev 3 0.10 0.11 0.11 0.11 0.10 0.10 0.10 0.10.10
5D A (2.1) Average 3 049 0.48 044 0.39 0.38 0.38.35 0.33 0.30 0.15
Stddev 3 0.09 0.08 0.07 0.06 0.06 0.05 0.05 0.060.06
5D B (2.1) Average 3 047 044 042 040 0.39 0.3838 0.36 0.32 0.16
Stddev 3 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.010.04
5D A (2.2) Average 3 059 054 051 045 042 04039 0.36 0.33 0.20
Stddev 3 0.01 0.02 0.03 005 0.04 0.03 0.03 0.020.01
5D B (2.2) Average 3 0.66 0.61 058 0.55 054 0.5853 0.51 0.49 0.17
Stddev 3
5A Average 3 048 045 041 032 031 030 0.29250 0.21 0.15
Stddev 3 0.09 0.10 0.11 0.11 0.11 0.11 0.11 0.110.212
5B Average 3 047 044 041 0.36 035 0.34 0.34300 0.29 0.11
Stddev 3 0.00 0.01 0.02 0.03 0.03 0.03 0.03 0.040.04
1 A Good Average 2 049 047 043 041 038 0.37.370 0.31 0.27 0.19
Stddev 2 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.010.00
1 B Good Average 2 0.45 042 040 0.38 0.36 0.35350 0.29 0.26 0.15
Stddev 2 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.010.00
1 A Bad Average 2 052 046 045 0.42 0.39 0.37370.0.27 0.22 0.12
Stddev 2 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.010.01
1 B Bad Average 2 051 045 043 040 0.37 0.35350.0.25 0.21 0.12
Stddev 2 0.04 0.02 0.02 0.02 0.01 0.02 0.02 0.000.00
G2 A Average 3 053 048 047 045 041 0.40 0.40.30 0.25 0.20
Stddev 3 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.020.01
G2B Average 3 049 045 043 042 040 0.39 0.3934 0.32 0.12
Stddev 3 0.00 0.01 0.01 0.01 0.02 0.02 0.02 0.020.01
17B A Average 3 0.57 050 047 0.44 042 0.40 0.40.35 0.31 0.13
Stddev 3 0.01 0.01 0.02 0.03 0.03 0.03 0.03 0.010.02
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AREA FIELD MATRIC POTENTIAL (kPa)
n 0 -1 -2 -4 -6 -8 -10 -33 -100 -1500

South 17B B Average 3 051 0.48 047 046 043 04242 0.38 0.34 0.14
Stddev 3 0.00 0.02 0.03 0.03 0.03 0.03 0.03 0.010.038

10K A Good Average 2 055 0.52 051 0.48 045 0.4343 0.38 0.34 0.13
Stddev 2 0.05 0.04 0.04 0.03 0.02 0.02 0.02 0.030.02

10K B Good Average 2 0.54 053 0.52 050 0.49 0.4047 0.43 0.40 0.19
Stddev 2 0.01 0.01 001 0.01 0.01 0.01 0.01 0.030.00

10K A Bad Average 2 057 051 048 045 043 0.4041 0.35 0.32 0.12
Stddev 2 0.01 0.01 002 0.01 001 0.01 0.01 0.010.01

10K B Bad Average 2 0.52 050 0.48 0.44 042 0.4041 0.37 0.34 0.10
Stddev 2 0.02 0.05 0.05 0.04 0.04 0.04 0.04 0.040.02

10K A (2.1) Average 3 055 0.53 0.51 047 043 10.40.40 0.33 0.27 0.13

Stddev 3

10K B (2.1) Average 3 0.51 049 0.47 0.43 0.40 90.30.37 0.32 0.28 0.15
Stddev 3 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.020.02

10K B (2.2) Average 3 0.49 047 0.44 0.41 0.37 60.30.35 0.29 0.24 0.13

Stddev 3

10K A (2.3) Average 3 048 045 042 0.34 0.30 90.20.28 0.23 0.19 0.11
Stddev 3 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.030.01

10K B (2.3) Average 3 0.46 0.44 0.40 0.34 0.30 90.20.28 0.24 0.20 0.13
Stddev 3 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.000.00

4D A Average 3 0.53 045 042 040 0.38 0.37 0.30.35 0.33 0.17
Stddev 3 0.01 0.03 0.03 0.04 0.04 0.04 0.04 0.040.05

4D B Average 3 050 044 042 040 039 0.38 0.3837 0.34 0.15
Stddev 3 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.010.00

4D A (2.1) Average 3 0.47 043 0.39 0.34 032 0.20.28 0.23 0.19 0.17
Stddev 3 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.020.038

4D B (2.1) Average 3 0.52 0.48 0.44 0.40 0.38 0.30.36 0.34 0.31 0.16
Stddev 3 0.01 0.01 000 0.00 0.00 0.00 0.00 0.000.00

4D A (2.2) Average 3 055 048 043 0.37 036 0.38.33 0.30 0.28 0.17
Stddev 3 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.010.01

4D B (2.2) Average 3 0.45 0.40 0.36 0.33 0.32 0.30.30 0.28 0.25 0.18
Stddev 3 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.010.02

12C A Good Average 2 053 049 044 0.38 035 0.3B33 0.26 0.22 0.16
Stddev 2 0.13 0.11 0.10 0.12 0.12 0.12 0.12 0.130.12

12C B Good Average 2 055 0.53 050 0.47 0.44 0.4843 0.37 0.35 0.16
Stddev 2 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.040.02

12C A Bad Average 2 045 0.41 036 0.32 0.30 0.2828 0.21 0.19 0.15
Stddev 2 0.14 0.13 0.13 0.13 0.13 0.13 0.13 0.10.12

12C B Bad Average 2 054 051 049 047 046 04845 0.40 0.38 0.18
Stddev 2 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.000.01

12CA(2.1) Average 3 0.57 0.55 0.54 0.52 0.49 80.40.47 0.41 0.34 0.16
Stddev 3 0.06 0.06 0.05 0.05 0.06 0.06 0.06 0.080.06

12C B (2.1) Average 3 0.54 053 0.51 0.49 0.47 60.40.46 0.42 0.36 0.19
Stddev 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.010.02

12CA(2.2) Average 3 050 048 046 0.43 0.39 80.30.37 0.31 0.25 0.20
Stddev 3 0.07 0.07 0.08 0.10 0.09 0.09 0.09 0.09.07
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AREA FIELD MATRIC POTENTIAL (kPa)
n 0 -1 -2 -4 -6 -8 -10 -33 -100 -1500
South 12C B (2.2) Average 3 052 050 049 0.48604.44 0.43 0.37 0.33 0.18
Stddev 3 0.01 0.01 0.01 001 0.01 0.01 0.01 0.010.01
12C A (2.3) Average 3 056 053 052 049 0.46 50.40.43 0.39 0.25 0.20
Stddev 3 0.05 0.05 0.05 0.05 0.04 0.04 0.04 0.020.02
12C B (2.3) Average 3 055 053 051 046 043 90.30.38 0.31 0.26 0.19
Stddev 3 0.01 0.00 0.01 0.01 0.02 0.01 0.01 0.010.00
15B A Average 3 054 050 049 047 046 045 0.46.42 0.40 0.24
Stddev 3 0.02 0.01 0.01 0.03 0.03 0.03 0.03 0.010.03
15B B Average 3 052 047 046 0.44 043 043 0.4840 0.37 0.23
Stddev 3 0.01 0.03 0.03 0.03 0.03 0.03 0.03 0.040.03
11C A Good Average 2 052 049 047 0.42 039 03737 0.26 0.22 0.14
Stddev 2 0.00 0.02 0.02 0.01 0.00 0.00 0.00 0.050.06
11C B Good Average 2 047 043 041 037 035 0334 0.29 0.26 0.15
Stddev 2 0.07 0.05 0.05 0.03 0.02 0.01 0.01 0.00.01
11C A Bad Average 2 058 055 053 048 0.44 0.4242 0.33 0.28 0.14
Stddev 2 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.000.01
11C B Bad Average 2 0.51 049 047 042 037 0.3B35 0.27 0.24 0.13
Stddev 2
16B A Average 3 054 050 046 0.42 040 0.38 0.3831 0.28 0.14
Stddev 3 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.020.02
16B B Average 3 053 049 045 041 040 0.38 0.3834 0.31 0.13
Stddev 3 0.01 0.01 0.01 001 0.01 0.01 0.01 0.010.01
16B A (2.1) Average 3 054 052 050 0.46 0.41 00.40.38 0.30 0.26 0.19
Stddev 3 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.040.03
16B B (2.1) Average 3 047 045 043 0.40 0.36 50.30.34 0.29 0.25 0.17
Stddev 3
19A A Average 3 0.49 045 044 0.43 0.43 043 0.48.40 0.38 nd*
Std dev 0.01 0.01 0.01 0.01 001 0.01 0.01 o0.01.010
19A B Average 3 0.47 0.39 0.38 0.37 036 0.35 0.36.30 0.28 nd
Stddev 3 0.01 0.01 0.01 001 0.01 0.01 0.01 0.010.01
Kahe KH4 A Average 3 053 051 049 047 0.45 0.48.43 0.37 0.32 0.15
Stddev 3 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.010.01
KH4 B Average 3 045 0.44 043 043 042 041 0.40.35 0.32 0.13
Stddev 3 0.03 0.02 0.02 0.02 0.02 0.01 0.01 0.030.02
KH15 A Average 3 0.47 043 0.39 0.36 0.34 0.33 30.30.25 0.23 0.12
Stddev 3 0.01 0.01 0.01 001 0.01 0.01 0.01 0.030.02
KH15 B Average 3 049 043 039 0.36 0.34 0.32 20.30.27 0.23 0.14
Stddev 3 0.01 0.02 0.03 0.02 0.02 0.02 0.02 0.010.01
KH19 A Average 3 049 044 0.40 0.35 0.33 0.30 00.30.22 0.18 0.13
Stddev 3 0.03 0.05 0.06 0.05 0.05 0.05 0.05 0.020.02
KH19 B Average 3 046 042 039 0.36 0.33 0.31 10.30.25 0.22 0.12
Stddev 3 0.01 0.03 0.02 0.02 0.01 0.01 0.01 0.010.00
KH8 A Average 3 051 0.48 043 0.39 037 0.36 0.30.28 0.25 0.13
Stddev 3 0.08 0.07 0.05 0.05 0.04 0.04 0.03 0.010.01
KH8 B Average 3 0.32 0.37 0.36 0.35 0.34 0.34 0.38.30 0.28 0.14
Stddev 3 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.000.01
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AREA FIELD MATRIC POTENTIAL (kPa)
n 0 -1 -2 -4 -6 -8 -10 -33 -100 -1500
Kahe KH27 A Average 3 057 054 049 043 0.39 0.3836 0.29 0.26 0.19
Stddev 3 0.03 0.04 0.04 0.03 0.03 0.03 0.03 0.030.03
KH27 B Average 3 058 056 052 048 045 0.42 30.40.38 0.36 0.18
Stddev 3 0.10 0.10 0.10 0.11 0.11 0.14 0.11 0.110.11
KH14 A Average 3 051 048 043 0.39 0.36 0.35 50.30.28 0.26 0.17
Stddev 3 0.02 0.03 001 001 001 0.01 0.01 0.010.01
KH14 B Average 3 053 046 041 0.38 0.36 0.35 50.30.31 0.29 0.16
Stddev 3 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.010.01
KH29 A Average 3 047 043 041 0.38 0.35 0.33 30.30.26 0.21 0.10
Stddev 3 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.010.01
KH29 B Average 3 048 044 041 0.38 0.35 0.33 30.30.26 0.22 0.09
Stddev 3 0.01 0.01 0.02 0.02 002 0.02 0.02 0.010.01
Out OutlA Average 3 052 048 047 043 040 0.38.36 0.29 0.24 0.12
Stddev 3 0.02 0.02 0.02 0.02 0.02 0.04 0.04 0.030.01
OutlB Average 3 050 045 042 035 032 0.31310. 0.23 0.22 0.11
Stddev 3 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.020.01
Out2 A Average 3 050 0.46 043 0.39 0.37 0.35350. 0.28 0.23 0.13
Stddev 3 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.000.00
Out2B Average 3 043 041 0.38 0.36 0.34 0.33330. 0.26 0.24 0.11
Stddev 3 0.01 0.01 001 0.00 0.00 0.00 0.00 0.000.00
Out3 A Average 3 043 041 039 0.32 0.30 0.30290. 0.22 0.18 0.12
Stddev 3 0.06 0.05 0.05 0.01 001 0.01 0.01 0.020.01
Out4 A Average 3 043 040 037 0.32 0.29 0.26240. 0.18 0.14 0.14
Stddev 3 0.00 0.01 0.02 0.02 0.02 0.02 0.02 0.010.01
Out4 B Average 3 042 036 031 0.26 0.24 0.22210. 0.17 0.13 0.12
Stddev 3 0.04 0.04 0.02 0.01 0.01 0.01 0.01 0.010.02

* Not determined
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Appendix 5.8: Trends in water retention characteristics for esanpled site.

Notes:

« A difference in volumetric water content of lesaritor equal to 0.03 fm? is considered as
similar volumetric water contents and thus onlyfedénces greater than 0.03m? are
discussed.

* For most replicate samples from one site withinieddfthe standard deviation between
samples at each measured tension did not exce@drdr@™. The highest standard deviation
was 0.10 mm™. The higher standard deviations exist in the loiasion range, as well as in
some fields which are relatively stony. This is ested as the water content at the higher
matric potentials is dependent on the macro-poregiich may be variable due to cracks and
animal and root channels. Stony fields influenaetariability of the water retention as each
undisturbed soil core collected from a single witikely to have different proportion and size
of stones within the soil collected which affedte volume and weight of the soil collected

which are used in the determination of the wateteat.

North:

Field N34N (A vs B) — A horizon is higher than B horizon between 0 eh#éPa. At -33, -100 and -

1500 kPa the water content of the A and B horizogsimilar.

Field N65 (A vs B) — A horizon is higher than B horizon between -@l adh kPa. At all other higher

tensions the water content between the A and Btk similar.

Field N91 (A vs B) — The A and B horizons are similar between sat 8nklPa. At -33, -100 and -
1500 kPa the B horizon is higher than the A horizon

Field N43N (A vs B) — B horizon is higher at all tensions except 158@.kAt 1500 kPa A and B

horizon is similar.

Field N43N (2.1) (A vs B) — A horizon is slightly higher at 0 and -1 kPa.atother higher tensions

the A and B horizon are similar.

Field N66 (A vs B) — A horizon is higher than B horizon between 0 é#&Pa. The A and B horizon

are similar at all other higher tensions.
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Appendix 5.8: Continued.

Field N51 (A vs B) — A slightly higher than B at 0 kPa. At all othegher tensions both the A and B

horizon are similar.

Field N10OOK A (A vsB) — No B horizon so no comparison can be done.

Field N10OOK A (2.1) (A vsB) — A horizon is slightly higher than B horizon attainsions.

Field N10OKA (2.2) (A vs B) — No B horizon so no comparison can be done.

West:

Field PAN (A vsB) — A horizon is higher between 0 and -10 kPa buBhwrizon is slightly higher
at -33, -100 and -1500 kPa.

Field PAN (2.1) (A vsB) — The A and B horizon have a similar water congrall tensions.

P4N (2.2) (A vs B) — A horizon is slightly higher between 0 and -F3akAt -100 and -1500 kPa the

water content is similar in the A and B horizon.

Field PAN (2.3) (A vsB) — No A horizon so nothing to compare.

Field PAN (2.4) (A vs B) — B horizon has slightly higher water content kw0 and -100 kPa. At -

1500 kPa the water content is similar between tlamd\B horizon.

Field R3S (Good and Bad) — A Good is slightly higher than A Bad at 0 andkHFa and similar at
higher tensions. B Bad is slightly higher than Bo@at all tensions except -1500 kPa, where B Good
is slightly higher than B Bad.

Field R3S (A vs B) — B horizon is slightly higher than A horizon dit tensions in Good and Bad

patch. Differences are greater in Bad patch.

Field R3S (2.1) (A vs B) — A horizon is slightly higher than B horizon beswn -4 and -100 kPa, at all

other tensions the water content is similar.
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Appendix 5.8: Continued.

Field R3S (2.2) (A vs B) — B horizon is slightly higher than A horizon beswn -8 and -1500 kPa, at

all other lower tensions the water content is simil

Field R3S (2.3) (A vs B) — A horizon is higher than B horizon between 0 &h&Pa but B horizon is

higher than A horizon at all other higher tensions

Field L1S (A vs B) — A horizon is higher than the B horizon at 0 ahdkPa. At all other higher

tensions the A and B horizon are similar.

Field N22 (A vs B) — A horizon is higher than B horizon between 0 ehd&Pa. At-33, -100 and -

1500 both horizons are similar.

Field M1 (A vs B) — A horizon is higher than B horizon at all temsieexcept -1500 kPa. At -1500

kPa both horizons are similar.

Field K5 (A vs B) — A horizon is higher than B horizon between 0 at@ikPa. B horizon is higher
than A horizon at -1500 kPa. At -33 and -100 kRawlater content of both horizons is similar.

Field K4S (A vs B) — B horizon is higher between 0 and -2 kPa. Abtikr higher tensions the water

content of both horizons is similar.

Field Q4N (A vs B) — A horizon is higher than B horizon at all temsieexcept -1500 kPa. At -1500

kPa both horizons are similar.

Field R5N (A vsB) — A horizon is higher than B horizon at 0 kPa.dBiton is higher than A horizon
at -33, -100 and -1500 kPa. At all other tensiooth lnorizons are similar.

East:

Field E6 (A vs B) — A horizon is higher than B horizon between 0 eh#Pa but at -33, -100 and -

1500 kPa the water retention between the A andrBdms is similar.

Field BO4 (A vs B) — A horizon is higher than B horizon at all temsio
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Field C9 (A vs B) — A horizon is higher than B horizon between 0 ahdPa. At all other higher

tensions the A and B horizon are similar.

Field D24 (A vs B) — A horizon is higher than B horizon at 0 and PakAt all other tensions the B

horizon is higher than the A horizon.

Field D11 (A vs B) — A horizon is higher than B horizon between 0 @& #Pa. B horizon is higher
than A horizon at -33, -100 and -1500 kPa. At #lieo tensions the water content in both horizons is

similar.

Field O3 (Good and Bad) — The Good patch is slightly higher than the Battip in the A horizon at
all tensions except -1500 kPa. At -1500 kPa botizbns are similar. The Good and Bad patch of the
B horizon are similar at all tensions except -1&B@. At -1500 kPa the Good patch is slightly higher
than the Bad patch in the B horizon.

Field O3 (A vs B) — The A is higher than B in Good patch betweemd -8 kPa. At -33, -100 and -
1500 kPa both horizons are similar. A horizon ghler than B in Bad patch between 0 and -6 kPa. At
-33 and -100 kPa the B horizon is higher than tHeAzon in Bad patch. At all other tensions in Bad

patch both horizons are similar.

Field F1S (A vs B) — B horizon is higher than A horizon between -@ ah00 kPa. At all other

tensions both horizons are similar.

Field B3 (A vs B) — A horizon is higher than B horizon at 0 and PlakAt -33 and -100 kPa the B

horizon is higher than the A. At all other tensidrash horizons are similar.

South:

Field 12 (Good and Bad) — Bad is slightly higher than Good in A horizortvieeen 0 and -4 kPa. At
all other higher tensions the Good and Bad patcth@fA horizon are similar. The Good patch is
slightly higher than the Bad patch in the B horizon33 and -100 kPa. At all other tensions theewat

content is similar.
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Field 12 (A vs B) — The B horizon is higher than the A horizon ie Bood patch at -33 and -100
kPa. At all other tensions the water content idlarmThe water content of the A and B horizonhe t

bad patch are similar at all tensions.

Field 4C (2.1) (A vsB) — The A and B horizon are similar at all tensions.

Field 4C (2.2) (A vs B) — A horizon is higher than B horizon at all tensi@xcept -1500 kPa. At -

1500 kPa the water content for both horizons islamm

Field 5D (2.1) (A vsB) — The A and B horizon are similar at all tensions.

Field 5D (2.2) (A vsB) — B horizon is higher at all tensions except -18P&. At -1500 kPa the water

content for both horizons is similar.

Field 5 (A vs B) — B horizon is higher than A horizon between -d atD0 kPa. At all other tensions

the water content of both horizons is similar.

Field 1 (Good and Bad) - A Bad slightly higher than A Good at 0 kPa buGAod slightly higher at -
33, -100 and -1500 kPa. Similarly, B Bad slightigtter at 0 kPa and lower tensions than B Good but
B Good slightly higher at -33, -100 and -1500 kPa.

Field 1 (A vs B) — A horizon of both Good and Bad patch is slightigher than B horizon.

Difference is greater in A horizon.

Field G2 (A vs B) — A horizon is slightly higher than B horizon beewn 0 and -8 kPa but at -33 and -
100 kPa the B harizon is higher. At -1500 kpa thieotizon is higher than the B horizon.

Field 17B (A vs B) — A horizon is higher at 0 kPa but at -33 and -t@B horizon is slightly higher.

At all other tensions the water content is similar.

Field 10K (Good and Bad) — The Good and Bad patch have similar water cosit&nall tensions in
the A horizon. The Good patch of the B horizon higer water content at all tensions compared to
the Bad patch.
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Field 10K (A vsB) — B horizon is higher between -8 and -1500 kPa th&orizon in Good patch. At
all other lower tensions the A and B horizon arilsir. A horizon has higher water retention than B
horizon at 0 kPa in bad patch. At all other higtersions the water content between the A and B

horizon in the bad patch is similar.

Field 10K (2.1) (A vs B) — A horizon is higher than B horizon between 0 atf@lkPa. At -33, -100

and -1500 kPa the water content is similar.

Field 10K (2.2) (A vsB) — No reps are valid for A horizon so no comparisan be made.

Field 10K (2.3) (A vsB) — A and B horizon are similar at all tensions.

Field 4D (A vsB) — The A and B horizon are similar at all tensions.

Field 4D (2.1) (A vs B) — B horizon is higher than A horizon at all tensi@xcept -1500 kPa. At -

1500 kPa the A and B horizon are similar.

Field 4D (2.2) (A vs B) — A horizon is higher than B horizon between 0 drkPa. At -33, -100 and
-1500 kPa the A and B horizon are similar.

Field 12C (Good and Bad) — Good is higher than Bad in A horizon at all tens except -1500 kPa.
At -1500 kPa the water content is similar betweeodsand Bad in the A horizon. The Good and Bad

in the B horizon is similar at all water contents.

Field 12C (A vs B) — B horizon is higher than A horizon in Good andlBatch at all tensions except
-1500 kPa. At -1500 kPa the water content is simila

Field 12C (2.1) (A vsB) — A horizon is slightly higher than B horizon betwe0 and -10 kPa. At -33,
-100 and -1500 kPa the B horizon is slightly higtiem the A horizon.

Field 12C (2.2) (A vs B) — B horizon is higher than A horizon at all tensi@xcept -1500 kPa. At -

1500 kPa the A and B horizon are similar.

Field 12C (2.3) (A vs B) — A horizon is higher than B horizon between -4 &l kPa. At all other

tensions the A and B horizon are similar.
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The standard deviations for most of the 12C samgulesigh. This is very likely due to the soil kgin

very stony.

Field 15B (A vsB) — A and B horizon are similar at all tensions.

Field 11C (Good and Bad) — The Bad patch is higher than the Good patclhenA horizon at all
tensions except -1500 kPa. At -1500 kPa the GoddBad patch in the A horizon are similar. The
Bad patch is higher than the Good patch in the Bzbio between 0 and -8 kPa. At all other higher
tensions the Good patch is slightly higher thanBhd patch in the B horizon.

Field 11C (A vs B) — A horizon is higher than B horizon in the Goadgh between 0 and -8 kPa. At
-33 and -100 kPa the B horizon is higher than thaofizon and at -1500 kPa both horizons are
similar. A horizon is higher than the B horizonadittensions in the Bad patch except -1500 kPa. At
1500 kPa the A and B horizons in the Bad patctsiandar.

Field 16B (A vsB) — The A and B horizon are similar at all tensions.

Field 16B (2.1) (A vs B) — A horizon is higher than B horizon between 0 at@ kPa. At -33, -100

and -1500 kPa the A and B horizon are similar.

Field 19A (A vsB) — A horizon is higher than B horizon at all temsio

Kahe:

Field KH4 (A vs B) — A horizon is higher than B horizon between 0 eh&Pa. At all other higher

tensions the water content is similar between tlaé\ B horizon.

Field KH15 (A vsB) — The A and B horizon are similar at all tensions.

Field KH19 (A vs B) — A horizon is slightly higher than B at 0 andkRa. B horizon is slightly

higher than the A horizon at -33 and -100 kPa.lxdther tensions A and B horizon are similar.

Field KH8 (A vs B) — A horizon is higher than B horizon between 0 eh&Pa. At all other higher

tensions the water content for both horizons artai.
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Field KH27 (A vs B) — B horizon is higher than A horizon between -4 ab00 kPa. At all other

tensions the water content of both horizons ardaim

Field KH14 (A vs B) — Both horizons are similar at all tensions.

Field KH29 (A vs B) — Both horizons are similar at all tensions.

Out:

Out 1 (A vsB) — A horizon is higher than B horizon between 0 éBfIkPa. At -100 and -1500 kPa

the water content is similar.

Out 2 (A vs B) — A horizon is higher than B horizon between 0 atidkPa. At all other higher

tensions the water content is similar.

Out 3 (A vsB) — No B horizon collected so no comparison can hdem

Out 4 (A vs B) — A horizon is higher than B horizon between -#l atD kPa. At all other tensions the

water content of both horizons is similar.



196

Appendix 5.9: Saturated hydraulic conductivity {Kof undisturbed soil cores from the A and B
horizons for TPC sugar estate.

AREA SAMPLE Ks (mm hr?) SAMPLE K (mm hit)
A Horizon B Horizon
North N10OKA Al 1502.60
N10OKA A2 433.44
N10OKA A3 724.33
N10OKA Al (2.1) 76.05 N10OKA B1 (2.1) 21.73
N10OKA A2 (2.1) 92.35
N100OKA Al (2.2) 21.73
N100OKA A2 (2.2) 173.84
N34N A1l 25.38 N34N B1 28.20
N34N A2 225.57 N34N B2 28.20
N34N A3 29.61 N34N B3 26.43
NG5 Al 606.63 N65 B1 235.41
NG5 A2 316.90 N65 B2 48.89
NG5 A3 199.19 N65 B3 76.96
N91 B1 48.89
N43N A1l 169.18 N43N B1 14.10
N43N A2 105.74 N43N B2 17.62
N43N A3 50.75 N43N B3 16.92
N43N A1l 38.03 N43N B1 59.76
N43N A2 29.88 N43N B2 54.32
N66 Al 76.05
N66 A2 135.81
N66 A3 537.82
N51 Al 253.52 N51 B1 36.22
N51 A2 235.41 N51 B2 27.16
N51 A3 362.17 N51 B3 54.32
West R3S Al Good 97.23 R3S B1 Good 32.59
R3S A2 Good 39.42 R3S B2 Good 38.03
R3S Al Bad 27.16 R3S B1 Bad 16.30
R3S A2 Bad 6.79
R3S Al (2.1) 29.88 R3S B1 (2.1) 40.74
R3S A2 (2.1) 16.30 R3S B2 (2.1) 38.03
R3S Al (2.2) 97.78 R3S B1(2.2) 43.46
R3S A2 (2.2) 97.78
R3S Al (2.3) 287.92
R3S A2 (2.3) 124.95 R3S B2 (2.3) 54.32
P4N Al 208.25
P4N A2 190.14
P4N A3 208.25
P4N Al (2.1) 201.00 P4N B1 (2.1) 108.65
P4N B2 (2.1) 54.32



Appendix 5.9: Continued.

AREA SAMPLE K (mm hr?) SAMPLE K (mm hr?)
A Horizon B Horizon
West P4N Al (2.2) 86.92 P4N B1 (2.2) 114.08
P4N A2 (2.2) 217.30 P4N B2 (2.2) 81.49
P4N B1 (2.3) 59.76
P4N B2 (2.3) 363.98
P4N Al (2.4) 59.76 P4N B1 (2.4) 27.16
P4N A2 (2.4) 162.97 P4N B2 (2.4) 244.46
L1S Al 230.88 L1S B1 298.79
L1S A2 298.79 L1S B2 99.60
L1S A3 122.23 L1S B3 54.32
N22 Al 93.05
N22 A2 8.46 N22 B2 21.15
N22 A3 4.23 N22 B3 33.84
M1 Al 67.91 M1 B1 18.11
M1 A2 525.14 M1 B2 21.73
M1 A3 94.62 M1 B3 16.30
Q4N Al 147.17 Q4N B1 421.02
Q4N B2 1113.66
Q4N A3 190.14
R5N Al 155.08 R5N B1 304.52
R5N A2 162.13 R5N B2 59.21
R5N A3 140.98 R5N B3 114.20
K4S A1l 54.32 K4S B1 84.20
K4S A2 35.31 K4S B2 92.35
K5 Al 385.71
K5 A2 217.30 K5 B1 260.76
East E6 Bl 92.35
E6 A2 43.46 E6 B2 65.19
E6 A3 40.74 E6 B3 2.72
BO4 B1 206.43
BO4 B2 fast
BO4 B3 86.92
D24 Al 624.74
D24 A2 353.11 D24 B2 0.00
D24 B3 40.74
D11 Al 199.19 D11 B1 18.11
D11 A2 135.81 D11 B2 5.43
D11 A3 67.91 D11 B3 8.15
C9 Al 258.04 C9 B1 389.33
C9 A2 312.37 C9 B2 362.17
C9 A3 226.35 C9 B3 50.30
03 Al Good 27.16 03 B1 Good 90.54
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AREA SAMPLE Ks (mm ht) SAMPLE Ks (mm hr)
A Horizon B Horizon
East 03 A2 Good 226.35 03 B2 Good 36.22
03 Al Bad 67.91 03 B1 Bad 18.11
03 A2 Bad 72.43 03 B2 Bad 27.16
F1S Al 16.30 F1S B1 10.86
F1S A2 21.73 F1S B2 2.72
F1S A3 5.43 F1S B3 2.72
B3 Al 81.49 B3 B1 45.27
B3 A2 393.86 B3 B2 90.54
B3 A3 312.37 B3 B3 72.43
South 1 Al Good 59.76 1 B1 Good 260.76
1 A2 Good 54.32 1 B2 Good 27.16
1 Al Bad 86.92 1 B1 Bad 84.20
1 A2 Bad 86.92 1 B2 Bad 86.92
G2 Al 63.44 G2 B1 33.84
G2 A2 42.29 G2 B2 42.29
G2 A3 77.54 G2 B3 25.38
17B Al 108.65 17B B1 36.22
17B A2 72.43 17B B2 54.32
17B A3 307.84 17B B3 54.32
10K A1 Good 63.38 10K B1 Good 144.87
10K A2 Good 16.30 10K B2 Good 126.76
10K A1l Bad 45.27 10K B1 Bad 58.85
10K A2 Bad 45.27 10K B2 Bad 62.47
10K A1 (2.1) 30.97 10K B1 (2.1) 30.97
10K A2 (2.1) 48.89 10K B2 (2.1) 56.77
10K Al (2.2) 54.32 10K B1 (2.2) 38.03
10K A1 (2.3) 157.54 10K B1 (2.3) 113.54
10K A2 (2.3) 216.76 10K B2 (2.3) 92.35
4D Al 36.22 4D B1 65.19
4D A2 211.87 4D B2 38.03
4D A3 228.16 4D B3 97.78
4D Al (2.1) 271.62 4D B1 (2.1) 651.90
4D A2 (2.1) 152.11 4D B2 (2.1) 532.38
4D Al (2.2) 2716.24 4D B1 (2.2) 440.03
4D A2 (2.2) 2716.24 4D B2 (2.2) 2716.24
12C Al Good 108.65 12C B1 Good 54.32
12C A2 Good 153.92 12C B2 Good 103.22
12C Al Bad 90.54 12C B1 Bad 5.43
12C A2 Bad 9.05 12C B2 Bad 27.16

12C Al (2.1) 21.73 12C B1 (2.1) 65.19
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AREA SAMPLE Ks (mm hr) SAMPLE Ks (mm hr)
A Horizon B Horizon
South 12C A2 (2.1) 16.30 12C B2 (2.1) 27.16
12C Al (2.2) 43.46 12C B1 (2.2) 2.72
12C A2 (2.2) 27.16 12C B2 (2.2) 2.72
12C Al (2.3) 38.03 12C B1 (2.3) 54.32
12C A2 (2.3) 54.32 12C B2 (2.3) 81.49
15B Al 244.46 15B B1 27.16
15B A2 13.58 15B B2 1.36
15B A3 2.72 15B B3 199.19
11C Al Good 325.95 11C B1 Good 63.38
11C A2 Good 135.81 11C B2 Good 162.97
11C Al Bad 43.46 11C B1 Bad 59.76
11C A2 Bad 40.74 11C B2 Bad 54.32
16B Al 135.81 16B B1 95.07
16B A2 181.08 16B B2 135.81
16B A3 190.14 16B B3 190.14
16B Al (2.1) 16.30
16B A2 (2.1) 119.51 16B B1 (2.1) 27.16
19A B1 119.83
19A A2 7.05 19A B2 35.25
19A A3 197.37 19A B3 70.49
12 A1 Good 15.77 12 B1 Good 8.15
12 A2 Good 27.16 12 B2 Good 24.45
12 Al Bad 22.64 12 B1 Bad 8.15
12 A2 Bad 172.03
5 Al 65.19
51 A2 73.34 5B2 54.32
4C Al (2.1) 16.73 4C B1 (2.1) 12.55
4C A2 (2.1) 12.55
4C Al (2.2) 794.50 4C B1 (2.2) Fast
4C A2 (2.2) 684.49 4C B2 (2.2) Fast
5D Al (2.1) 611.15 5D B1 (2.1) 108.65
5D A2 (2.1) 516.09 5D B2 (2.1) 244.46
5D Al (2.2) 380.27
5D A2 (2.2) 285.21 5D B2 (2.2) 624.74
Kahe KH4 Al 22.64 KH4 B1 slow
KH4 A2 22.64 KH4 B2 slow
KH4 A3 4.53 KH4 B3 slow
KH15 Al 92.35 KH15 B1 92.35
KH15 A2 65.19 KH15 B2 65.19
KH15 A3 65.19 KH15 B3 54.32
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AREA SAMPLE Ks (mm hr) SAMPLE Ks (mm hr)
A Horizon B Horizon

Kahe KH19 A1 234.38 KH19 B1 38.77
KH19 A2 105.74 KH19 B2 38.77
KH19 A3 109.65 KH19 B3 42.29
KH14 A1 162.13 KH14 B1 35.95
KH14 A2 91.64 KH14 B2 177.64
KH14 A3 98.69 KH14 B3 46.52
KH29 A1 5.43 KH29 B1 37.65
KH29 A2 10.76 KH29 B2 45.27
KH29 A3 16.30 KH29 B3 389.33
KH27 A1 29.88 KH27 B1 32.59
KH27 A2 10.86 KH27 B2 92.35
KH8 Al 10.86 KH8 B1 5.43
KH8 A2 65.19 KH8 B2 2.72

Out Out 1 Al 63.44 Out 1 B1 91.64
Out1 A2 79.30 Out1B2 84.59
Out 1 A3 42.29 Out 1 B3 28.20
Out 2 Al 70.49 Out 2 B1 19.38
Out 2 A2 59.21 Out 2 B2 18.36
Out 2 A3 77.54 Out 2 B3 21.15
Out 3A1 141.24
Out 3 A2 16.30
Out 4 Al 54.32 Out 4 B1 217.30
Out 4 A2 116.80 Out 4 B2 108.65
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Appendix 5.10: Bulk density of soil samples from TPC sugar edtatehe A and B horizon.

Bulk density (g crfi)

AREA SAMPLE A Horizon B Horizon
North N34N 1.27 1.34
N65 1.24 1.49
N91 1.48 1.44
N43N 1.24 1.37
N43N 1.28 1.38
N66 1.27 1.71
N51 1.32 1.39
N100KA 1.28
N100KA (2.1) 1.26 1.28
N100KA (2.2) 1.36
West R3S Good 1.24 1.14
R3S Bad 1.38 1.32
R3S (2.1) 1.41 1.33
R3S (2.2) 1.07 1.23
R3S (2.3) 1.16 1.26
P4N 1.14 1.22
P4N (2.1) 1.15 1.41
PAN (2.2) 1.43 1.43
P4N (2.3) 1.08
PAN (2.4) 1.48 1.52
L1S 1.12 1.18
N22 1.38 1.53
M1 1.19 1.21
Q4N 1.33 1.33
R5N 0.98 1.16
K4S 1.20 1.11
K5 1.27 1.43
East E6 1.31 1.46
BO4 1.13 1.32
D24 1.08 1.61
D11 1.29 1.71
C9 1.17 1.33
03 Good 1.18 1.13
O3 Bad 1.07 1.20
F1S 1.08 1.26
B3 1.11 1.28
South 1 Good 1.17 1.32
1 Bad 1.24 1.16
G2 1.15 1.26

17B 1.13 1.24



Appendix 5.10: Continued.

Bulk density (g crfi)

AREA SAMPLE A Horizon B Horizon

South 10K Good 1.10 1.08
10K Bad 0.98 1.10

10K (2.1) 1.04 1.15

10K (2.2) 1.03 1.11

10K (2.3) 1.17 1.25

4D 1.16 1.21

4D (2.1) 1.16 1.19

4D (2.2) 1.02 1.21

12C Good 1.17 1.12

12C Bad 1.12 1.23

12C (2.1) 1.18 1.15

12C (2.2) 1.16 1.19

12C (2.3) 1.16 1.10

15B 1.21 1.22

11C Good 1.10 1.27

11C Bad 1.00 1.20

16B 1.13 1.11

16B (2.1) 1.25 1.46

19A 1.48 1.44

12 Good 1.13 1.22

12 Bad 1.08 1.13

4C (2.1) 1.36 1.49

4C (2.2) 0.85 0.91

5D (2.1) 1.18 1.34

5D (2.2) 1.09 0.99

5 1.28 1.36

Kahe KH4 1.24 1.48
KH15 1.28 1.20

KH19 1.09 1.27

KH14 1.10 1.23

KH29 1.33 1.31

KH8 1.19 1.41

KH27 1.12 1.21

Out Out 1 1.20 1.26
Out 2 1.23 1.37

Out 3 1.35
Out 4 1.20 1.29
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Appendix 5.12: Soil organic carbon (%) from the A and B horizanfidields sampled at TPC sugar

estate.
AREA FIELD A HORIZON B HORIZON
North N 91 0.8 0.4
N 65 15 0.8
N 43N 1.6 0.9
N 34 N 15 0.5
N 100 KA 0.9
N 66 1.4 0.9
N 51 1.2 0.8
N 84 1.7 0.8
N 72 1.1 0.6
N 33 1.6 0.9
N 32N 14 0.7
Average 14 0.7
Std dev 0.3 0.2
West L1S 2.5 1.2
P 4N 1.3 0.6
R 3 S Good 11 0.7
R 3 S Bad 0.8 14
N 22 1.4 0.7
M1 15 1.2
Q4N 0.8 0.3
R5N 2.2 15
L5 1.3 11
L3N 1.0 0.7
Q2N 11 0.3
Average 14 0.9
Std dev 0.5 04
East B3 1.2 0.9
E6 1.0 0.5
BO4 2.1 0.9
D11 1.0 0.3
Co9 1.0 0.4
F1S 0.8 0.6
D 24 1.2 0.3
O 3 Good 1.1 0.8
O 3 Bad 1.1 0.9
c2 0.2 0.6
B2 1.2 0.4
E 10 1.1 0.5



Appendix 5.12: Continued.

AREA FIELD AHORIZON B HORIZON

East D 19 1.0 0.6
E 17 0.9 0.6

Average 11 0.6

Std dev 0.4 0.2
South 16 B 1.5 1.5
10 K Good 1.6 0.7
10 K Bad 1.1 0.3

4D 1.9 1.4
5' Good 1.4 0.9

5'Bad 1.1 0.5
12 C Good 2.2 2.0
12 C Bad 2.0 1.8
17 B 1.2 1.6
G2 2.3 1.0

19 A 0.4 0.4
11 ¢ Good 1.7 0.8
11 ¢ Bad 1.6 0.5
12 Good 2.1 1.1
12 Bad 1.9 1.1
1 Good 1.6 1.3
1 Bad 0.7 0.5
15 B 1.8 1.3

9 1.1 1.6
9C 1.2 0.6
11 1.1 4.0
163 1.9 0.5
6D 2.0 0.7

4 A 1.2 0.3
7(1) 1.4 1.6
13 2.5 2.1

18 A 1.1

G5 1.7 1.0

Average 15 11

Std dev 0.5 0.8
Kahe KH 4 1.6 1.0
KH 15 0.6 0.7
KH 29 0.6 0.4
KH 19 1.1 0.6
KH 14 1.1 0.7
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Appendix 5.12: Continued.

AREA FIELD A HORIZON B HORIZON
KH 27 1.2 1.2
KH9 1.2
KH 7 0.9 0.6
Average 11 0.8
Std dev 0.3 0.3
Out Out 1 1.5 0.6
Out 2 0.7 0.3
South 10 K Crust 0.9
North BH Ash 0.1

South R8 Ash 0.2
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Appendix 5.13: pH (H,0O) in the A and B horizons of the sampled fieldsas TPC sugar estate.

AREA FIELD A HORIZON B HORIZON
North N100KA 7.24
N100KA (2.1) 6.27 5.53
N100KA (2.2) 6.10
N91 7.42 7.41
N84 7.68 7.23
N72 7.09 7.76
N65 7.27 7.11
N65 (2.1) 7.66 7.27
N66 7.55 7.63
N51 7.31 7.30
N43N 8.40 8.22
N34N 8.33 7.83
N33 8.70 8.26
N32N 8.39 8.38
Average 7.53 7.49
Std dev 0.76 0.76
West L1S 7.35 7.22
P4AN 8.63 8.92
P4AN (2.1) 8.83 8.12
P4AN (2.2) 8.72 8.85
P4AN (2.3) 8.57
P4AN (2.4) 8.63 8.57
R3S Good 8.96 9.06
R3S Bad 9.35 8.52
R3S (2.1) 9.25 9.10
R3S (2.2) 9.10 9.02
R3S (2.3) 8.65 8.78
Q4N 8.82 9.00
R5N 9.18 9.16
M1 7.99 7.81
L5 7.25 7.69
L3N 7.78 7.61
Q2N 9.10 8.89
K5 7.61 7.61
K4S 7.46 7.47
Average 8.48 8.42
Std dev 0.71 0.65
East B3 7.31 7.32
B2 7.20 7.19
Cc2 7.22 7.05
D11 7.51 7.05

D19 7.52 7.38



Appendix 5.13: Continued.

AREA FIELD A HORIZON B HORIZON
East D24 7.81 8.35
E6 7.29 7.31
E10 7.74 7.60
E17 7.18 7.29
BO4 8.48 8.12
BO4 (2.1) 8.88 8.55
C9 7.61 7.43
F1S 8.85 9.35
03 Good 8.86 8.78
O3 Bad 8.85 9.02
Average 7.89 7.85
Std dev 0.69 0.77

South 15B 9.08 9.06
16 B 7.03 7.58
16B (2.1) 8.06 8.46
10 K Good 9.00 8.89
10 K Bad 9.86 9.40
10K (2.1) 8.79 8.86
10K (2.2) 9.07 8.99
10K (2.3) 8.38 8.44
4C (2.1) 9.09 8.78
4C (2.2) 9.06 8.96
4D 8.75 8.56
4D (2.1) 8.37 8.25
4D (2.2) 8.63 8.33
5D (2.1) 8.52 8.39
5D (2.2) 8.80 8.28
6D 9.19 9.17

5t 9.02 8.82
11C Good 8.71 8.80
11C Bad 8.75 8.97
12 Good 8.85 8.88
12 Bad 8.76 9.09
12 C Good 8.53 8.56
12 C Bad 8.94 8.44
12C (2.1) 8.61 8.58
12C (2.2) 8.25 8.36
12C (2.3) 8.28 8.67
1 Good 8.37 8.18
1 Bad 8.77 8.92
17 B 8.94 8.61
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Appendix 5.13: Continued.

AREA FIELD A HORIZON B HORIZON
South G2 8.65 9.19
G5 8.44 8.24
9C 8.44 8.46
9 9.35 8.90
11 9.01 8.98
16° 8.87 8.85
4A 9.28 9.25
7 10.32 9.13
13 9.00 8.81
Average 8.78 8.71
Std dev 0.52 0.37
Kahe KH 4 8.27 7.64
KH7 7.88 5.92
KH8 8.50 9.04
KH9 8.25
KH14 8.00 7.00
KH 15 8.11 7.92
KH27 7.97 7.80
KH27 (2.1) 7.60 7.65
KH29 8.17 8.32
Average 8.08 7.66
Std dev 0.26 0.92
Ash layers BH Ash 9.04
R8 Ash 10.40
Out OouT1 8.18 7.71
OuT 2 7.41 6.79
OuUT 3 7.74
OuUT 4 6.27 6.34
South 10 K Crust 10.06
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Appendix 5.14: Electrical conductivity of a saturated paste sanfipt TPC sugar estate fields in the
A and B horizons.

AREA SAMPLE A Horizon B Horizon

North N100KA 46
N100KA (2.1) 46 40
N100KA (2.2) 99
N32N 82 49
N33 63 43
N34N 58
N43N 71 49
N51 44 43
N65 53 38
N66 48
N72 60
N84 62 193
Average 61 65
Std. dev 16 57
West K4S 38 38
K5 32 26
L3N 47 38
L5 159 45
M1 37 33
N22 41 45
P4N (2.1) 71 62
P4AN (2.2) 48 59
P4N (2.3) 72
P4AN (2.4) 63 75
Q2N 81 62
Q4N 55 53
R3S (2.1) 149 104
R3S (2.2) 92 73
R3S (2.3) 70 109
R5N 130 164
Average 74 66
Std. dev 40 36
East B2 48 51
BO4 71 117
Cc2 a7 84
C9 37 46
D11 34 24
D19 44 50
D24 44 45
E10 49 51

E17 34 36



Appendix 5.14: Continued.

AREA SAMPLE A Horizon B Horizon
East F1S 200 83
O3 Bad 60 67
03 Good 68 55
Average 61 59
Std. dev 45 24
South 11 108 90
13 112 96
51 67 63
71 120 47
163 88 85
10K (2.1) 614 131
10K (2.2) 472 78
10K (2.3) 57 46
11 138 126
11C1 Bad 63 51
11C1 Good 54 56
12 Bad 303 88
12 Good 85 58
12C (2.1) 71 63
12C (2.2) 209 63
12C (2.3) 187 63
15B 129 101
16B 55 55
4A 105 76
4C (2.1) 136 94
4C (2.2) 120 115
4D (2.1) 378 314
4D (2.2) 71 70
5D (2.1) 73 67
5D (2.2) 245 182
6D 127 85
9 275 87
9C 58 59
G5 69 58
Average 158 89
Std. dev 135 53
Kahe KH14 42 48
KH19 60 46
KH27 47 57
KH7 150 236
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Appendix 5.14: Continued.

217

AREA SAMPLE A Horizon B Horizon
Kahe KH8 48 42
KH9 72
Average 70 86
Std. dev 37 84
Out OuUT 3 69
OuUT 4 82 52
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Appendix 5.15: Water soluble cations and the sodium adsorptitio (8AR) of a saturated paste for
the A horizon (A) and B horizon (B) of sampled diglacross TPC sugar estate.

AREA SAMPLE C& (mmolk 1™  Mg® (mmok 1)  Na (mmoll?) K" (mmok ™) SAR
A B A B A B A B A B
North N100KA 0.88 0.73 2.24 0.67 2.49
N100KA (2.1) 1.19 0.96 0.74 0.67 1.58 1.54 0.72 400. 1.61 1.70
N100KA (2.2) 3.02 1.68 1.59 2.35 1.04
N32N 1.10 0.59 1.11 0.53 4.45 3.21 0.99 0.36 4.241.30
N33 0.80 0.43 0.80 0.44 3.62 2.65 0.60 0.22 4.05.024
N34N 1.37 1.02 1.07 0.87 4.17 3.27 0.82 0.25 3.78.37

N43N Rep 1 1.14 1.03 0.79 0.72 3.95 2.58 1.02 0.204.02 2.76
N43N Rep 2 2.26 1.10 1.75 0.83 7.04 4.17 1.75 0.564.97 4.25

N51 087 089 067 065 217 234 081 034 24267
NG5 087 091 064 063 254 205 075 023 293.332
NG6 1.13 0.94 2.60 0.45 2.56
N72 0.87 0.89 3.09 0.47 3.30
N84 Rep 1 3.29 1.99 6.29 1.82 3.87
N91 1.45 1.05 1.97 1.18 1.76
West K4S 074 072 047 049 209 1.86 052 0.63 682. 2.40
K5 071 062 050 043 170 1.42 016 0.11 2.18 961.
L1S 143 080 115 056 281 207 131 031 24851
L3N 068 056 062 055 217 193 0.62 025 2.68.60
L5 Rep 1 8.47 3.84 3.71 1.38 1.49
L5 Rep 2 7.48 070 392 066 319 214 142 053.341 2.59
M1 066 068 056 051 227 217 051 0.4 2.91.822
N22 080 086 062 068 229 285 0.60 2.73 532
P4N 149 081 109 073 416 446 063 027 3.66.07
P4N (2.1) 096 095 0.88 080 544 427 064 0.36.67 4.56
P4N (2.2) 068 08 055 069 368 485 033 0.3%4.68 552
P4N (2.3) 0.90 0.77 5.89 0.31 6.45
PAN (2.4) 085 079 076 061 475 567 046 034530 6.80
Q2N Rep 1 0.97 0.84 7.23 0.59 7.61
Q2N Rep 2 094 087 087 053 577 475 050 0.35.05 567
Q4N 109 091 078 059 399 404 049 040 4.13.66
R3S (2.1) 175 163 131 127 1203 690 093 04374 573
R3S (2.2) 117 104 098 079 712 581 052 03%87 6.08
R3S (2.3) 1.06 129 087 101 536 778 055 07545 7.26
R3S Bad 1.90 593 131 499 11.04 2048 084 28B.72 8.77
R3S Good 1.20 1.19 5.73 0.48 5.24
RSN 129 136 105 106 11.68 1554 100 0.67 790.14.12
East B3 1.04 121 073 092 1.88 259 042 027 002. 252
BO4 2.80 1.62 253 127 473 375 159 039 287.123

BO4 (2.1) 1.12 251 0.88 1.83 3.63 6.05 1.79 1.053.63 411
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Appendix 5.15: Continued.

AREA SAMPLE C& (mmolk 1™  Mg® (mmok 1™  Na (mmoll™) K" (mmok ™) SAR
A B A B A B A B A B
East C2Repl 0.90 2.04 0.72 1.41 2.52 3.99 0.65 19 0. 2.80 3.04
C2Rep 2 0.79 1.98 0.72 1.52 2.01 3.71 0.59 0.16.31 2 2.80
Co 0.96 1.13 0.66 0.80 2.00 2.81 0.28 0.17 2.22.86 2
D11 0.87 0.71 0.64 0.46 1.69 1.21 0.37 0.27 1.93.59
D19 0.78 0.99 0.72 0.77 1.91 2.30 0.52 0.27 2.2@.45
D24 1.24 1.16 0.93 0.83 1.79 2.47 0.72 0.29 1.72.47 2
E10 0.75 0.88 0.68 0.85 2.28 2.32 0.56 0.31 2.62.49
E17 Rep 1 0.80 0.81 0.66 0.60 1.56 2.12 0.37 0.22..83 2.53
E17 Rep 2 0.90 0.82 0.83 0.70 1.77 1.81 0.32 0.23.90 2.07
E6 1.20 0.97 2.74 0.50 2.63
F1S 2.80 0.90 2.43 0.66 15.68 7.36 1.35 0.47 9.68.33
O3 Bad 1.62 1.40 1.10 0.91 3.59 4.69 0.61 0.53 08 3. 4.37
03 Good 1.45 1.56 0.91 0.93 4.41 3.36 0.73 0.51.074 3.01
South 9 2.23 1.53 1.55 1.19 22.58 5.24 2.19 0.73 .4216 4.49
11Rep 1l 1.16 0.80 0.84 0.54 8.23 7.76 0.16 0.61.23 8 9.47
11 Rep 2 1.61 1.43 1.23 1.22 9.42 8.41 0.83 014917 7.31
13 Rep 1 0.61 0.94 0.41 0.59 7.64 2.02 0.60 0.600.691 2.30
13 Rep 1 1.10 1.08 1.37 0.87 9.23 6.94 0.78 0.47.318 7.03
51 1.08 0.98 0.84 0.72 4.31 3.95 0.36 0.24 4.41 28 4.
71Rep 1 0.43 0.99 0.26 0.91 12.15 2.52 0.19 0.820.63 2.58
163 1.27 1.34 0.99 1.07 5.25 541 0.87 0.26 4.94.93 4
1 Bad 1.01 1.01 0.81 0.77 3.94 4.52 0.44 0.31 4.14.79
1 Good 1.17 1.04 1.14 0.76 4.32 3.44 0.43 0.19 024. 3.62
10K (2.1) 5.69 1.23 4.16 0.99 53.20 10.34 3.40 00.623.97 9.81
10K (2.2) 2.59 1.08 1.67 0.81 33.54 5.88 1.78 0.422.98 6.05
10K (2.3) 1.08 1.05 0.96 0.84 3.38 2.69 0.42 0.303.35 2.76
10K Bad A 251 0.99 0.74 0.73 25.69 9.28 1.13 0.420.15 10.01
10K Crust 2.54 1.35 39.48 1.55 28.33
10K Good 1.34 1.34 0.63 0.91 9.91 7.40 0.73 0.289.99 6.97
11C1 Bad 1.66 1.21 1.15 0.62 3.43 3.87 0.63 0.22.902 4.04
11C1 Good 1.64 1.60 1.30 1.02 2.71 3.54 0.37 0.2%2.23 3.09
12 Bad 291 0.98 2.61 0.72 24.14 8.41 1.81 0.18 5214 9.11
12 Good 1.32 0.94 1.17 0.65 6.22 4.59 0.64 0.10 57 5. 5.14
12C (2.1) 1.16 0.70 1.03 0.53 4.47 5.18 0.91 0.2%4.27 6.59
12C (2.2) 2.77 1.20 2.67 1.28 12.57 3.37 1.94 0.437.62 3.03
12C (2.3) 2.56 0.84 2.58 0.72 9.30 4.26 2.20 0.445.80 4.83
12C Bad 1.53 0.94 1.19 0.83 8.94 6.09 1.34 0.79 .67 7 6.47
12C Good 1.41 2.09 1.37 2.01 10.07 6.66 1.63 0.88.56 4.65
15B 1.76 1.34 1.77 1.14 10.08 8.75 0.84 0.45 7.59.86
16B 3.26 1.61 2.82 1.43 5.68 4.13 1.51 0.50 3.28.35

16B (2.1) 0.94 0.93 0.76 0.81 3.80 3.68 0.40 0.304.12  3.95
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AREA SAMPLE C& (mmolk 1™  Mg® (mmok 1™  Na (mmoll™) K" (mmok ™) SAR
A B A B A B A B A B
South 17B 1.06 1.30 1.12 1.07 10.01 6.63 0.65 0.528.59 6.08
4ARep 1 0.46 1.07 0.53 0.85 6.12 9.59 0.29 1.01.708 9.80
4A Rep 2 1.18 0.83 0.90 0.72 7.75 551 0.59 0.26 .607 6.27
4C (2.1) 1.14 0.92 0.78 0.69 10.81 6.80 0.47 0.241.03 7.59
4C (2.2) 0.94 1.18 0.71 0.81 9.29 8.97 1.12 0.490.21 8.99
4D 1.44 1.27 1.44 1.01 6.57 5.46 0.57 0.17 5.47.125
4D (2.1) 8.63 7.10 4.55 2.62 25.46 21.63 1.51 0.759.92 9.81
4D (2.2) 0.93 1.00 0.71 0.82 4.63 5.00 0.32 0.37 .115 5.24
51 Bad 1.49 1.20 1.55 1.29 29.40 13.97 1.01 0.423.87 12.52
51 Good 1.27 0.84 1.32 0.94 10.40 9.39 0.55 0.29.14 9.96
5D (2.1) 0.96 0.77 0.77 0.62 5.33 4.74 0.37 0.16 .745 5.68
5D (2.2) 2.48 2.33 1.93 1.96 17.47 11.34 0.82 0.631.77 7.75
6D 1.35 0.91 1.13 0.75 9.39 6.00 0.86 0.30 8.43 58 6.
9C 1.45 1.18 1.25 0.97 2.53 3.20 0.47 0.30 2.17 09 3.
G2 1.70 1.38 1.36 1.11 11.69 5.96 2.33 0.68 9.45.34
G5 1.45 1.04 1.28 0.87 3.41 3.26 0.84 0.28 2.92 34 3.
Kahe KH14 1.25 1.25 1.00 0.98 1.66 2.91 0.60 0.18 571 2.75
KH15 1.18 1.28 0.85 0.97 1.79 2.25 0.69 0.72 1.72.12
KH19 1.89 1.14 1.53 0.76 2.05 2.16 1.18 0.85 1.52.22
KH27 Rep 1 3.82 0.95 3.29 0.72 1.83 2.68 1.17 0.40.97 2.94
KH27 Rep 2 0.91 1.12 0.79 0.95 2.07 2.76 0.47 0.472.24 2.72
KH29 1.57 1.14 1.12 0.82 2.33 2.00 0.79 0.57 2.02.03
KH4 1.64 1.37 1.51 1.05 2.24 2.16 0.76 0.50 1.781.96
KH7 4.34 8.22 4.36 9.40 2.50 2.94 1.44 0.85 1.20.990
KH8 0.90 0.57 2.75 0.15 3.20
KH9 2.12 1.98 1.89 0.80 1.32
out OoUT 1 394 1358 365 1070 351  10.73 5.3 525. 1.80 3.08
OUT 2 2.10 1.21 1.01 0.71 14.85 16.23 2.00 1.111.91 16.55
OuT 3 1.25 0.90 2.90 1.28 2.79
OouT 4 2.31 1.35 1.39 0.85 1.30 1.26 2.08 1.06 50.91.20
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Appendix 5.16: Water soluble cations (Ca, Mg, Na and K) and tdisn adsorption ratio (SAR) of

the A horizon (A) and B horizon (B) of sampled diglacross TPC sugar estate.

AREA  SAMPLE <2 (‘;g‘if;& kg™ Mg (ngicla)t kg™ Na (‘;':i%* kg™ K (Cgl)?l'; kg™ SAR
A B A B A B A B A B
North N34N 006 030 002 035 052 036 042 051264 0.62
NG5 001 008 002 000 044 026 030 026 357.271
N91 016 022 016 021 015 017 067 043 0.36.370
Average 008 020 006 019 037 026 046 040 219 076
Stddev 007 011 008 017 020 009 019 013 165 046
West L1S 0.05 003 002 002 033 031 034 024 821 1.99
P4N 004 001 002 002 049 065 031 019 294345
R3SBad 040 044 002 002 074 142 029 0.36 62 1. 3.00
R3S Good 125 0.6 008 002 108 1.36 021 0.26.331 4.63
Average 043 016 003 002 066 094 029 026 193 374
Stddev 057 019 003 000 033 054 005 007 070 152
East B3 0.14 024 007 015 076 029 050 032 32.30.67
BO4 017 016 006 006 057 051 034 022 170541
E6 012 017 006 020 027 019 038 076  0.90450.
Average  0.14 019 006 014 053 033 041 043 641 088
Std dev 0.02 004 001 007 025 016 009 029 710. 0.58
South 1 Bad 005 001 002 002 054 055 014 103294 5.00
1 Good 008 072 002 003 054 149 025 024 492. 2.42
10KBad 145 013 006 015 169 173 005 015 941. 4.60
10K Good ~ 1.09 011 001 002 172 095 036 0.36.322 3.83
10K Crust  1.53 0.11 1.72 0.20 1.90
12C Bad  0.07 009 002 002 102 112 022 029.804 4.95
12C Good 0.09 010 002 002 073 074 025 01825 3.03
16B 023 011 023 009 016 049 063 025 034571
17B 018 014 030 016 145 078 030 027 294012
4D 015 014 005 008 114 084 039 017 357552
G2 019 1.6 000 013 074 129 014 005 242601
Average 046 027 008 007 104 100 027 022 632. 3.16
Std dev 059 037 010 006 055 040 016 009 121. 1.35
Kahe KH15 016 020 019 022 017 019 062 066 .410 0.41
KH29 014 016 013 019 021 031 028 048 05D.74
KH4 017 030 025 059 025 022 032 06l 055.320
Average 015 022 019 033 021 024 041 058 510. 0.49
Stddev ~ 001 008 006 022 004 006 018 0.09 090. 0.22
North  BHAsh 0.1 0.02 0.49 0.14 4.25
South RS Ash 0.00 0.02 1.74 0.60 17.45
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Appendix 5.17: Exchangeable Ca, Mg, Na, K and the sum of exclabigdases (Ex. bases) in the A
horizon (A) and B horizon B of sampled fields asrd$C sugar estate.

Ex. bases
Ca (cmolkg® Mg (cmol kg™ Na (cmo} kg™ K (cmol kg™ (cmolk kg™
AREA SAMPLE soil) soil) soil) soil) soil)
A B A B A B A B A B
North N51 6.45 6.72 3.04 2.73 1.08 1.08 3.11 1.6613.68 12.19
N72 8.09 6.78 2.85 2.30 1.05 1.39 1.28 0.68 13.2711.15
N66 7.87 3.37 0.85 1.33 13.41
N34N 11.10 13.71 4.90 6.37 0.91 1.05 2.43 4,16 .339 25.30
N43N 9.81 7.81 491 4.23 0.79 0.79 1.67 1.25 a7.114.07
N91 5.48 6.02 2.71 2.68 0.02 0.07 1.57 0.53 9.78.31
N65 5.40 8.29 2.97 3.56 0.22 0.52 0.76 0.96 9.3%3.33
Average 7.74 7.56 3.53 3.45 0.70 0.93 1.74 1.44 1371 12.99
Std dev 2.16 311 0.96 1.47 0.41 0.52 0.79 1.26 3.61 6.12
West L1S 11.29 8.41 4.59 3.56 7.49 7.72 4.12 3.2427.49 22.95
P4N 9.68 8.45 3.86 3.67 1.39 2.41 1.87 2.00 16.806.54
R3S Good 10.72 9.41 6.34 8.46 1.29 1.99 3.18 2.1421.52 22.00
R3S Bad 9.81 12.10 5.52 5.93 2.85 2.05 2.01 1.48 0.192 21.56
Average 10.38 9.59 5.08 541 3.25 3.54 2.79 2.22 2150 20.76
Std dev 0.76 1.74 1.08 2.31 291 2.79 1.06 0.74 4.46 2.87
East 03 Good 12.90 11.79 4.52 4.22 2.26 1.70 347 24 2 23.15 19.94
O3 Bad 11.66 11.92 4.22 4.87 1.76 1.72 2.82 2.66 0472 21.18
BO4 10.44 11.47 4.36 5.10 1.85 1.11 1.98 1.74 638.19.42
E6 7.52 6.81 4.26 3.87 0.37 0.33 1.12 0.62 13.28..63
B3 10.47 6.73 3.94 3.42 0.28 0.25 1.09 0.80 15.7171.20
Average 1060 9.74 4.26 4.29 1.30 1.02 2.10 1.61 18.26 16.67
Std dev 2.00 2.72 0.21 0.70 0.91 0.71 1.05 0.89 3.87 4.85
South 5 Good 12.00 11.88 7.71 8.06 7.03 10.20 4.204.01 30.94 34.14
5 Bad 7.10 5.39 5.91 7.45 14.87 11.27 5.70 4.72 583 28.83
17B 9.37 10.92 8.69 7.49 4.78 3.38 4.12 3.66 26.25.45
10K Good 12.36 10.59 5.68 4.60 4.45 4.45 4.14 1.1226.63 20.77
10K Bad 6.23 4.58 3.89 7.74 11.97 7.05 4.58 3.69 6.62 23.07
1 Good 6.47 11.93 4.45 6.18 3.06 1.62 3.48 1.91 .4517 21.63
1 Bad 7.95 4.47 1.83 3.35 17.60
G2 13.56 7.77 6.98 9.20 1.41 3.33 2.67 3.84 24.624.13
16B 1256 13.00 6.81 8.52 0.63 0.79 1.84 1.42 841.23.73
12C Good 13.37 12.99 6.88 7.01 1.97 1.48 2.46 1.6224.68 23.10
12C Bad 13.55 14.00 7.23 6.93 2.78 1.54 3.68 2.1527.24 24.63
4D 13.42 12.22 7.08 5.96 1.98 2.26 2.29 0.49 84.720.94
Average 1091 9.72 6.48 6.54 4.99 3.82 3.56 2.56 2594 22.63
Std dev 3.02 3.58 1.40 2.06 4.58 3.53 1.15 1.36 4.25 6.40
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Ex. bases
Ca (cmolkg® Mg (cmol kg™ Na (cmo} kg* K (cmol, kg* (cmol, kg*
AREA SAMPLE soil) soil) soil) soil) soil)
Kahe KH29 7.91 7.94 3.07 2.56 0.77 1.00 2.29 1.4714.04 12.97
KH15 9.66 9.77 3.73 3.12 3.63 341 3.03 3.11 20.019.41
KH4 14.94 14.85 7.84 6.76 0.42 0.39 2.67 2.17 847.24.18

Average 10.84 1085 4.88 4.15 161 1.60
Std dev 366  3.58 2.58 2.28 1.76 1.60

2.66 2.25 2732 18.85
0.37 0.83 18.05 5.62

South 10K Crust 4.10 2.07 16.42

5.07 23.57
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Appendix 5.18: Cation exchange capacity (CEC) of the A horizohdAd B horizon (B) of measured
fields across TPC sugar estate.

AREA SAMPLE CEC (cmalkg® soil)
A B
North N51 18.71 16.76
N72 17.97 16.17
N66 18.86 17.47
N66 (rep 2) 15.35 nd*
N65 16.47 16.37
N91 15.17 15.31
N34N 18.27 18.86
N34N (rep 2) 18.86 nd
N43N 18.43 17.37
West PAN 15.50 16.50
L1S 18.94 18.94
R3S Good 18.49 18.79
R3S Bad 18.32 18.75
East E6 17.47 15.95
B3 18.94 18.86
BO4 18.40 15.81
03 Good 18.94 19.11
03 Bad 18.94 18.94
South 5 Good 18.94 18.94
5 Bad 18.94 18.94
5 Bad (rep 2) 16.76 nd
G2 18.97 17.64
16B 18.82 18.94
17B 18.94 18.94
1 Good 13.57 18.94
1 Bad 15.16 13.51
1 Bad (rep 2) 17.15 nd
10K Crust 15.40
10K Good 18.94 18.94
10K Bad 18.94 18.40
12C Bad 18.79 18.94
12C Good 18.82 18.94
4D 18.90 18.82
Kahe KH4 18.86 18.75
KH29 15.33 14.71
KH29 (rep 2) 13.08 nd
KH15 14.18 16.36

* Not determined
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Appendix 5.19: Correlations (r value) between amorphous mineyatent of the soils from
TPC sugar estate and other measured soil propertibe a.) A horizon and b.) B horizon

a.)

Alo + 1/2 Feo 0.232 -

P-value 0.194 -
Ferrihydrite -0.088 0.514 -
P-value 0.627 0.002 -
Sand 0.258 0.082 -0.046
33 P-value 0.148 0.650 0.802
Silt -0.134 0.072 0.125
P-value 0.459 0.692 0.488
Clay -0.355 -0.346 -0.155
P-value 0.043 0.048 0.388
ocC 0.135 -0.150 -0.234
30 P-value 0.476 0.428 0.214
Bulk density -0.371 -0.464 -0.219
P-value 0.062 0.017 0.282
PAW 0.262 0.346 0.184
P-value 0.196 0.084 0.368
RAW 0.407 0.301 0.060
P-value 0.039 0.136 0.770
0 kPa 0.483 0.528 0.289
P-value 0.012 0.006 0.152
26 100 kPa 0.105 0.332 0.203
P-value 0.609 0.098 0.319
10 kPa 0.499 0.580 0.230
P-value 0.009 0.002 0.258
1500 kPa 0.277 0.245 0.011
P-value 0.171 0.228 0.957
33 kPa 0.249 0.502 0.210
P-value 0.221 0.009 0.303
pH 0.945 0.662 -0.715
P-value 0.001 0.106 0.071
! EC 0.721 0.554 -0.661
P-value 0.067 0.197 0.106
SSA -0.186 -0.383 -0.787
! P-value 0.724 0.454 0.063

Allophane Alo +1/2 Feo  Ferrihydrite
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30 Alo + 1/2 Feo
P-value
Ferrihydrite
P-value
Sand
P-value
Silt
P-value
Clay
P-value
29 ocC
P-value
28 Bulk density
P-value
PAW
P-value
RAW
P-value
0 kPa
P-value
100 kPa
P-value
10 kPa
P-value
1500 kPa
P-value
33 kPa
P-value
7 SSA
P-value
7 pH
P-value
EC

P-value

0.270
0.150
0.055
0.772
0.059
0.757

0.244

0.194

-0.277
0.139
0.123
0.527
-0.052
0.793
0.043
0.828
0.101
0.609
-0.032
0.873
-0.030
0.879

0.044
0.826
-0.004
0.985
0.007
0.970
0.684
0.090

0.506
0.247
0.388
0.390
Allophane

0.706
<0.001
0.610
<0.001
-0.125
0.510
-0.761
<0.001
0.369
0.049
-0.573
0.001
0.374
0.050
0.291
0.133
0.537
0.003
0.328
0.089
0.506
0.006
0.226
0.248
0.357
0.063
-0.116
0.805
0.575
0.177
0.212
0.649
Alo + 1/2 Feo

0.219
0.246
0.060
0.754
-0.345
0.062
0.386
0.039
-0.242
0.215
0.139
0.482
-0.004
0.984
0.253
0.194
0.255
0.191
0.230
0.238
0.172
0.383
0.226
0.248
-0.209
0.653
-0.681
0.092
-0.511
0.242
Ferrihydrite
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Appendix 5.21: Correlations (r value) between pH and electricalductivity (EC) of the
soils from TPC sugar estate with exchangeableaiimthe a.) A horizon and b.) B horizon
(n=7)

a.)

pH 0476 -0.271 0.848 0.474 0.328
P-value 0.281 0.557 0.016 0.283 0.473

EC 0.260 0.158 0.728 0.6712 0.370 0.777
P-value 0.574 0.735 0.063 0.099 0.414  0.040

K Mg Na Ca CEC pH

b.)

pH 0.816 0.044 0.834 0515 0.558
P-value 0.025 0.926 0.020 0.237 0.193

EC 0.318 0.241 0.274 0.484 -0.288 0.339

P-value 0.486 0.604 0553 0.271 0.532 0.457
K Mg Na Ca CEC pH
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Appendix 5.1: X-ray diffraction patterns with labelled peaks (A) of oriented clay samples treated
with magnesium (Mg) and potassium (K) and analysed as air-dry samples (AD), heated at 550°C
(Htd) and analysed after treatment with ethylene glycol (EG) and glycerol (Gly) for the A and B
horizons of selected fields from the a) north, b) west, c) east, d) south, ) Kahe areas and f) the ash

layers of TPC sugar estate.
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