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Abstract

The augite-olivine flows (5.3 Ma) capping Mount bla#&levu, a few kilometres north-west of Suva, Fiji,
have been subjected to rapid and deep weatherihg. Nakobalevu K1 and K2 weathering profiles (at
approximately 454 m altitude) show features ofrggrbauxitisation, and the attributes of a “clasdickateritic
profile. Aluminium and iron enrichment in the 2-3dapth layers of the Nakobalevu weathering profites
marked, with the presence of abundant gibbsitgy(asels and nodules, and in the silt and clay-sizadtions),
goethite, kaolinite, haematite and magnetite (gsgirthe presence of fragmented (goethitic and diiahs
crustal materials in each of the studied horizoasd the distribution pattern of the /8, Fe,0; and SiQ
would infer the occurrence of several erosion amgthering cycles, some of which would have evalwetkr
drier climatic regimes. Using Soil Taxonomy, thekblaalevu Pedon (JBK-1) is a Typic Kandihumult, eigy
kaolinitic, isohyperthermic, which does not givey amdication of the gibbsitic materials present.
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1. Introduction collated and interpreted and the processes assdciat

The humid tropical zone occupies about 30% 0fvvith laterisation and bauxitisation in the Nakolvale

the Earth's land surface, and supplies about 90% dfc0lo-i-Suva) ~Basalt ~were investigated. An
the dissolved silica and 38% of the ionic loadSXa@mination of the classification of the soil byilSo

delivered by rivers to the ocean, (Meybeck, 1979;T axonomy (Soil Survey Staff, 1999) was also

Stallard, 1988; Miliman, 1990). Fij's high completed.
temperatures, moist conditions, and luxuriant .
vegetation rapidly promote and accelerate the?-0Materialsand Methods
weathering of all exposed rock, creating, in some2.1 Geomor phology of the M ount Nakobalevu and
instances, deeply weathered profiles (Joyce, 1987 olo-i-Suva Study Area
and excessive sediment and nutrient loss, with The Nakobalevu Basalts comprise a series of
subsequent serious problems of soil and land ude aertiary flows in a locality known locally as Cole-
management for agriculture (Liedke, 1989). Teytia Suva, approximately 8 km northwest of the national
basaltic flows cover more than one third of tharent capital, Suva (Figure 1); the flows cap Mount
Fiji archipelago, and it has been estimated (BgnatoNakobalevu itself (454 m), three other lower adjdce
1997) that 75% of their derived soils are utilifed peaks and a few small ridges; the probable extent o
intensive and subsistence farming. the total basalt outcrop area has been estimated
There has been recent discussion in the literaturéBonato, 1997) to be in the vicinity of 0.5 kmThe
concerning laterisation, laterites and lateritiofjies =~ Nakobalevu basalts rest unconformably on the older
(e.g., Schellman, 1981; Ollier, 1988; Ollier, 1994) volcanics of the Savura Volcanic Group, and dip
The incidence of ‘lateritisation’ has been freqlent slopes at Mount Nakobalevu itself (and nearby peaks
observed in parts of the Fiji Archipelago, partamly  indicate the flows to be dipping gently towards the
associated with pedological studies, and the bauxiteast (Bonato, 1997). The small line of peaks runs
and manganese mining operations of the 1940s armbproximately NE-SW, parallel to a ridge of
1950s (Twyford and Wright, 1965; Colley, 1976; calcareous sediments, the Suva Marl, and separated
Morrison et al, 1987); however, comprehensive from the marl by a moderately-sized valley enclgsin
descriptions of these profiles have not beenthe Savura Creek waterway, sloping into the valley
completed, especially in areas where bauxitisatiorsteeply at about 80 degrees. At the northern dwd, t
has been suspected to occur. This study wakills slope down to the adjacent Waimanu River at
undertaken to provide a comprehensive analysis adbout 50 degrees, and the southern end of the peaks
the parent material, the mineralogical transforovegi  sharply meet the coastal alluvium at about 1-2 km
as a result of the chemical weathering of a Tertiar from the seashore just to the west of Suva citgyfé
basalt flow located in the humid tropical 1).
environments in south-east Viti Levu, Fiji. The The area has a mean annual precipitation of
physical, chemical and mineralogical data on thks so 3,500-4,000 mm with no significant dry season, and
that have developed over the weathered flows were mean annual temperature of 24Q7depending on
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Figure 1. Location of the Nakobalevu study sites, S.E. Mévu, Fiji.
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elevation (Fiji Department of Meteorology pers. sites, and since the flow caps the main peak, & wa
comm.). Under these hot and wet conditionsjudged that sampling should be undertaken by the
maintained over a lengthy period, progressivecreation of a profile through excavation, and sanpl
deepening of the regolith, and decay and burighef batches of regolith and weathered material removed
original flows have been paralleled by the representatively at one metre intervals.

development of an integrated drainage network and Samples from the weathering profile were secured
subsequent erosion. The area is extensively dextectby manual digging; two metre-wide pits exposing the
with numerous small valleys and creek systemsdeeply-weathered profiles were excavated until the
Profile drainage would be classified as well-drdine parent rock-saprolite interface was reached.
(Taylor and Pohlen, 1979). The Colo-i-Suva peaksRepresentative sampling was carried out at oneemetr
including Mount Nakobalevu itself, and the intervals longitudinally across the profile. At bagf
surrounding slope areas, indicate some evidence dlfie two sites (K1 and K2), the fresh augite - olévi
cultivation early in the history of human settlehen  basalt rock was reached consistently at about 4.0-4
Fiji; much of the higher ridges are now covered bymetres depth; in all profiles the parent rock-shtgro
grasses, guava and bamboo plants, while the mid-tdsoundary was distinct. Four 1 kg samples of
lower slopes are heavily-wooded with rainforestweathered material were removed each of the
vegetation, and with occasional commercial loggingmeasured one metre-intervals of the profile. Specif

operations (Bonato, 1997). sampling was also made of the sections which
featured pallid zoning, mottling, and crustal
2.2 Geology of Fiji and of the Colo-i-Suva Area formation. On removal from the profile, samples of

The plate-tectonic setting and geological historySCil and regolith were doubly-wrapped in polythene
of the south-west Pacific have been well summarise§29s and placed in cool storage to maintain field
by Rodda and Kroenke (1984). The geology andnoisture levels. Prior to fine and_ very fine paetlc
stratigraphy of Fiji have previously been well €xtraction (c_Iays), and larger paruclg size sefjiama
described (e.g., Rodda 1967, 1994; Hathway angsand and silt), the four representative samplemfr.
Colley, 1994; Colley and Flint, 1995). The oldest €ach metre section were sut_)sampled using coning
exposed Fiji rocks are the pillow lavas, gabbrog an@nd quartering, and were disaggregated manually
platform limestones of Late Eocene age in the southnder water and mixed thoroughly.
western corner of Viti Levu (Hathway and Colley, _ )
1994). In south-eastern Viti Levu (near Suva), the2-4 Sample Preparation for Instrumental Analysis
oldest exposed rocks are those of the Wainimala Clay, silt, and sand fractions were separated
Group consisting of dacitic tuffs interbedded with employing the standard methods of sieving and
Upper Eocene limestones and pillow basalts intrudededimentation following dispersion using an
by tonalites (trondjhemites). ultrasound vibrator (Avery and Bascomb 1982). After

In the Colo-i-Suva area north of Suva, the Savurworganic matter destruction using hydrogen peroxide
Volcanic group (Early Oligocene — Early Miocene, treatment, the separates were calcium-saturated,
Ibbotson, 1960), comprise glassy fragmental anidesit washed free of excess salt and air-dried. Thearah
breccias and rhyolites, and are separated by aaluminium oxyhydroxides in each size fraction were
angular unconformity from the older Wainimala extracted using the dithionite-citrate-bicarbonate
strata, and this, in turn, is overlain by the Nadelbu  (DCB) method of Mehra and Jackson (1960).
basalt. Radiometric dating of the Nakobalevu liasal Hard rock specimens were slabbed and prepared
suggests an age of 5.3 Ma (Whetdral, 1985). The for thin-sectioning, and about 750 g of hard umetie
Nakobalevu basalt consists of phenocrysts obasalt were powder-ground for two minutes in a
plagioclase (10-40%), olivine (10-15%) and augiteTema mill. The powders were required for X-ray
(5-10%) in a holocrystalline equiangular matrixe th fluorescence (XRF) disc fusions, for random powder
massive and relatively unaltered state of thesaltsas rock mineral analysis by X-ray diffraction (XRD),
suggested possible use as road aggregate materaid for clay extraction and identification. Sapmoli
(Band, 1968). A small area of copper-lead-zincand soil samples (approximately 500 g) were first
sulfide mineralisation 400 m to the east of theoven-dried at 4{C, then pulverised for XRF disc
Nakobaleveu peak was, in 1959, surveyed forfusions. Thin-sections (without coverslip) of paren
possible mine development for metallic sulfidesrock samples from all the sites and profiles, in
(Colley and Flint, 1995), and worked for two yeass addition to thin sections of sand and silt fracti@md

a very small scale manual operation. of undisturbed unconsolidated material from each
metre of the profiles, were prepared both for etact
2.3 Sample Collection microprobe analysis (in the case of hardrock) and

Approximately 1.5 kg bulk sample quantities of optical microscopy (f_or both the hardrock specimens
soil/saprolite/regolith/parent rock were removeanir ~ nd the sand and silt). The undisturbed subsamples
each of the two selected sites at Nakobalevu (il anere impregnated with Araldite-F resin and prepared
K2, see Figure 1). The two K1 and K2 sample sitedn the normal manner; the grinding of the thin
were selected on the basis of being least-disturbe$€Ctions of unconsolidated material was carriedrout
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a non-aqueous lubricated medium (Avery andat the University of the South Pacific Institute of

Bascomb, 1982). Applied Sciences according to the methods of
Clay minerals were first identified using XRD Blakemoreet al (1987) and the Soil Conservation

analysis. Clay fractions (<0.0015 mm) were sepdrateService of the United States Department of

by sedimentation and centrifugation processes afteAgriculture (SCS-USDA 1984). The JBK-1 pedon

ammonium hydroxide treatment and ultrasonic wavevas classified according to Soil Taxonomy (Soil

dispersion (Kirkman and Pullar, 1978); deferrationSurvey Staff, 1999).

was also carried out (Mehra and Jackson, 1960).

Dispersed clay aliquots were pipetted onto glass$y Reqults and Discussion

slides and examined after heating to %DOfor

kaolinite and  chlorite. For  mineralogica -

confirmation, deferrated powdered whole sampledViobilities

I3.1 Total Elemental Analysis and Elemental

were also analysed as random powders. Data on the total elemental analyses of fresh
samples of Nakobalevu Basalts, of some of the
2.5 Instrumentation weathered crust and gibbsitic/ferruginous nodular

fragments, and of materials along the length of the
l\g/eathering profile at approximately one-metre depth
H1tervals, are presented in Tables 1-3. Elemental
analysis data of the extracted clay-sized fractmn
assist in confirming the mineralogical interpreias

re given in Table 4.

The total elemental analysis data indicate the
lemental percentage changes from fresh unaltered
asalt to the corresponding weathered profiles. The
Nakobalevu augitic basalt data (Table 1) lie within
the accepted norm (Middlemore, 1985) for the
chemical definition of basaltic rocks: silica 4590
alumina about 18%, iron oxides at approximately 10
11%, and titanium approximately 1%; the alkali
oxides are indicative of the olivine and augitic
mineralogies.

Tables 2 and Blace the elemental analyses of the
salt rock samples in the context of the weatherin
rofiles, and indicate the elemental mobilitiestiod

The total elemental analyses of hardrock,
saprolite, and clay separates were obtained by XR
spectrometry (Haukka and Thomas, 1977) using a
Applied Research Laboratories 8420 double
goniometer, fully-automated multi-analysis system
(sequential) enabling quantitative data on the terf
major oxides and 23 other elements. The XRD
patterns were obtained using a Siemens powdeg
diffractometer, 40 kV counter tube goniometer, with
monochromatised Cu K- radiation. The oriented
specimens were scanned through a range of 2439
scanning rate of°20 per minute. Individual minerals
were identified following Brindley and Brown
(1980).

Infra-red spectrophotometry was employed for
further confirmation of clay minerals (Lyon, 1964;
Joe, 1972; Balasubramaniam and Gopinath, 19792).a
The potassium bromide disc method and methods for

the semi-quantitative measurement of each cla aior elements in the Nakobalevu profiles. A s |
mineral, gibbsite and goethite, described by Farme J X P ' &mp
f crustal material removed from about 2 m depth in

and Russell (1967), and Zussman (1977) were use e K1 profile indicates clearly the ferrallitictnae of

Specimens were scanned over the 4000-200 cm . e . .
: . : the gravel - high aluminium and iron oxyhydroxide

region using a Perkin Elmer 781 dOUble_beamformation accompanied by a substantial hydration

spectrophotometer, after the overnight drying & th P y Y

KBr disc at 108C to remove free water. A JXA-5A factor (high LOI" value); this interpretation is
Electron Probe Microanalyser (featuring EDX supported by the mineralogical data given below

mulichannel analysen), operating at a 30 mA bearfflEL LRRE £ L B e e
current (15 kV), was used to confirm the

mineralogies of the specimens prepared by thinThe weathering profiles overlying the hardrock base

sectioning; the microprobe analysis of the hardrocRndlcate that the N& and KO are depleted most

. : : rapidly; sodium is about 90% depleted within 1 m of
sample_of Nakobalevu basalt n thin section Wasthg bi‘tse rock (and at all OleveFI)s above that), and
us_eful N _more. accurately defining the onrOxenepotassium occurs at about 1% of the original vatue
mineralogy of this basalt. Probe standards empgloye
were: sapphire (Al-ox), pure Fe, Ni and Mn the upper layers. MgO and _CaO are depleted almost
s . S . ' " as quickly, although values in the middle of the K1
Wollast(_)nlte, rutile (Ti-ox), periclase (Mg-ox), @n profile show a slight reversal of trend — a likely
kaersutite. indication of the existence of several weathering
. — cycles and mineralogical translocation. Phosphorus
2.6 Sall CIassf_lcatmﬁ o ) and manganese are quickly depleted (in both K1 and
For the soil profile description (see Appendix A) K2) to about 60% of their original values - these
and analyses, a2 m x 2 m x 2 m pit was dug at sitglements are often incorporated into secondary
K1, and the soil profile described according tol®ay minerals in the weathering profile (Ollier, 1959).
and Pohlen (1979), except that the term nut stractu  Titanium shows an initial increase, but otherwise

was replaced with sub-angular blocky. The horizonsome variability is indicated throughout the prefil
designations are according to the FAO/UNESCOT{** is known to migrate within the weathering

legend (1974). Samples were collected and analysed
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Table 1. Total Elemental Analysis Data (%) for fresh Nakadval Basalt samples.

Component K1A K1B K2A K2B K2C
Sio, 49.43 45.67 48.25 49.23 48.98
TiO, 0.70 0.69 0.65 0.67 0.72
Al 50, 18.55 18.07 16.67 18.42 18.32
Fe0; 9.41 11.55 11.08 9.73 9.34
MnO 0.16 0.19 0.18 0.16 0.19
MgO 6.48 7.75 7.16 6.49 7.62
Ca0 11.07 10.91 10.63 10.92 10.91
Na0 2.45 2.01 1.82 231 2.36
K50 0.86 1.09 1.04 0.90 1.02
P.0s 0.20 0.20 0.19 0.19 0.21
LOI 0.23 1.86 1.85 0.25 0.28
TOTAL 99.70 100.14 99.72 99.79 100.32

profile producing some local areas of enrichmemt anin the Nakobalevu area, distributed throughoutgea
others of depletion; titanium is often lost froatio-  part of the two profiles studied, would indicates th
magnetite and ilmenite low in the profile, and occurrence of drier climatic conditions during some
redeposited as anatase in the laterite (Sherm&2)19 of the earlier cycles (Ollier, 1959).
Iron shows enrichment towards the top of the The trace component data (Tables 2 and 3) show
profiles, e.g., ranging from approximately 9.5% tothat for S, Cr and V there is a marked increase in
about 28% at the K1 site; the lower and moreconcentration on going from the hard rock to the
consistent iron values from the K2 weathering peofi weathered materials, although the increases are not
are probably a further expression of the reworkinguniform on moving up the profile. For Cu and Zn,
that has occurred from cyclic periods of erosiod an the patterns are less obvious, with minimal evidenc
weathering. Aluminium oxide values are typical of of enrichment on moving up the profile. The clay
lateritic  profiles (Schellman, 1981); relative samples analyses (Table 4) show a dominance of
enrichment more than any other major oxide hasSiO,, Al,O; and FgO; with an almost complete
occurred (e.g., 18 - 46% in the K1 profile), with removal of Na, K and Ca. SjOand MgO
essential consistency in values, but with someconcentrations decrease from the hard rock clay
depletion in the upper parts of the profile; thesefraction to the weathered material clays, whilgG=e
results are consistent with the data of SchellmaiiO,, P,Os concentrations show general increases.
(1981) on the chemical composition of a wide variet The ALO; concentrations show differing patterns in
of lateritic profiles. Silica (Si¢), decreases the two profiles with the K2 samples showing an
markedly in both the K1 and K2 profiles and thenincrease on going from the rock to the weathered
increases slightly and irregularly nearer to thefilg ~ materials, and the K1 samples showing increases and
surface when kaolinite and gibbsite form (see bglow decreases within the core. These results are @gner
the Si content of the original rock, in excessludtt in line with basalt weathering patterns found
necessary to combine with & in kaolinite, is elsewhere in high rainfall environments (e.g.,
assumed to have been leached out (Herbillon an8chellman, 1981).
Nahon, 1988). Tables 2 and 3 also contain composition data for
As weathering begins, leaching processes causihe gibbsitic gravels found within the 2 m layer.
only the removal of certain elements from the rockThese data show a dominance (>50%) byO4l with
and their replacement by water - the primary rocksignificant concentrations (10-15%) of ,Bg, with
configuration is most often preserved (Ollier, 1p84 the K2 samples also containing appreciable
The least soluble elements are re-incorporated iconcentrations (4.5%) of SO There is no obvious
certain minerals higher in the profile (nearer he t explanation for the differences in the Sifbntents.
surface) and this increases their weight percestageSchellman (1981), based on a study of approximately
in some instances far beyond their initial valueg( 800 laterite profiles resting on a variety of pdren
the alumina enrichments in the weathering profies rocks, concluded that lateritic gravels consisted
the Nakobalevu sites). The presence of abundamhostly of SiQ, Al,Os;, F&Oz;and HO. Additionally a
precipitated gibbsitic material and ferruginousstru few percent of Ti@ and (for basic/ultra-basic rocks)
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Table 2. Total Elemental Analysis Data (%) of Materials Extied from Nakobalveu Site K1.

Trace Indications (mg/kg)

Si0, Ti0, A0, Fe0; Mn0 Mg0 Ca0 NaO K, 0 POs | S Cr v Cu Zn LOI | TOTAL

Hard 4943 0.70 1855 941 0.16 6.48 11.07 245 0.86 0.2 60 63 280 147 103 0.23 99.70
rock

4 metres| 11.77 146 38.92 2442 0.13 023 002 0.12 0.01 0.14 | 1623 | 2855 | 826 94 51 22.21 100.03

3 metres| 20.32 1.48 3242 2822 007 032 0.04 014 001 0.08 | 1490 | 1725 | 747 130 35 17.34 100.90

2metres| 950 1.15 46.59 1742 002 0.18 0.01 0.09 0.00 0.07 | 1089 | 2205 | 587 81 7 25.33 100.79

lmetre | 1442 1.75 3454 2789 0.09 020 0.03 0.13 0.01 0.13 | 1438 | 3591 | 815 150 53 20.48 100.31

Fully
weatherd| 6.89 1.43 43.06 23.21 0.08 1.01 0.08 0.13 0.02 0.17 | 1700 | 104 750 194 81 24.31 100.72
basalt
boulder

Gibbsitic
gravel 0.75 098 52.17 15.36 0.01 0.9 0.04 0.07 0.00 0.09 865 | 1789 | 512 28 1 30.18 99.99
material
from 2
metres
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Table 3. Total Elemental Analysis Data (%) of Materials Extied from Nakobalveu Site K2.

Trace Indications

S0, Ti0, Al0; Fe0; Mn0 Mg0 Ca0 NaO K0 POs | S cr | v | cu| zn LOI | TOTAL

Hard Rock| 45.67 0.69 18.07 1155 0.19 7.75 1091 201 1.09 0.20 37 52 322 | 163 64 1.86 100.14

4 metres | 18.90 1.38 39.88 1468 0.14 024 002 0.10 0.06 0.12 | 926 | 480 | 483 | 106 76 24.45 99.95

3 metres | 29.69 1.36 35.23 1423 0.06 056 0.04 012 0.14 0.07 | 854 | 290 | 599 | 163 64 19.28 101.02

2metres | 3825 124 3257 1311 005 0.71 003 0.10 0.14 0.07 | 457 149 | 489 | 209 78 14.17 100.62

1metre | 35.70 1.25 3394 1387 0.05 067 0.02 0.08 0.28 0.05]| 418 290 | 571 | 226 54 14.82 100.90

Fully
weathered| 6.72 1.51 43.20 2445 0.06 109 0.06 0.10 0.02 0.16 | 1680 94 686 | 201 51 22.58 99.95
basalt
boulder

Gibbsitic
gravel 446 049 5446 1045 0.15 010 0.01 002 0.00 0.06 | 405 | 1191 | 318 73 10 29.56 99.99
material
from 2
metres




Table4. Elemental Analysis Data for Extracted Clay Fractidaterials form the Nakobalevu Sites.
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Clay from 55.34 0.41 26.89 2.59 0.03 2.98 0.02 0.05 0.04 0.02 10.71 99.20
Hard Rock
Depth 4
i 14.15 1.81 30.47 32.63 0.16 1.18 0.02 0.11 0.01 0.19 118.8 100.12
3 metres 21.90 1.63 24.94 30.73 0.05 0.59 0.02 0.07 0.01 0.11 a54 96.11
2 metres 19.87 1.64 24.89 36.56 0.05 1.00 0.03 0.13 0.01 0.15 2155 100.44
1 metre 20.87 1.29 24.94 35.75 0.05 0.88 0.02 0.12 0.01 0.14 115.6 100.24
K2SITE
Clay from 55.41 0.43 27.34 2.48 0.02 2.82 0.02 0.05 0.04 0.02 10.81 99.72
Hard Rock
Dfﬂ‘gge‘gf 36.81 0.76 33.34 11.69 0.02 1.36 0.02 0.08 0.12 0.06 1554  999.
2 metres 38.42 0.75 32.86 10.52 0.01 1.13 0.01 0.03 0.14 0.06 7151  99.30
1 metre 39.40 0.65 33.54 8.74 0.01 1.56 0.02 0.07 0.22 0.05 15.15 99.67
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Cr,0O; are present, but for the Nakobalevu samplessections of the profile, with gibbsite being the
these elements were less than 1%. dominant hydrated mineral, and in high-grade
The particle size distribution data (Table 5) showbauxites it may constitute up to 85%. Gilkes and
another difference between the 2 profiles. The K1Suddhiprakaran (1981) reported that the mineralogy
samples show a general increase in clay and decreasf laterite developed over granites in south-wester
in sand content on moving upwards, while the K2Australia contained halloysite, kaolinite, magreetit
samples show the reverse. The silt contents alse sh altered to haematite at surfaces, and halloysite,
a decreasing trend on moving upwards for K2, whilekaolinite, gibbsite, goethite, haematite in pallhes,
the K1 samples show minimal change. There is navith the major alteration product in the mottleches

obvious explanation for these differences. being gibbsite. Schellman (1981) reported that the
mineralogical composition of the many lateritic
3.2 Mineralogy profiles showed a markedly uniform distribution:

Mineralogical analyses were completed usingMinerals of the kaolin group, gibbsite, haematite,
optical microscopy methods for the study of thin90ethite, quartz (in silica-containing rocks), and
sections of the sand and silt fractions (or iorceten ~ @natase form the major mineral types; in some
microprobe analysis), with XRD, IR spectroscopylatemesv boehmite, maghemite, rl_Jtlle an(_j_chromlte
and SEM used for the clay fractions. In the@re _al_so present. In summary, primary S|_I|cates are
Nakobalevu K1 and K2 profiles, the sand and Smkaolmlse_ol in the early weathering stages with nedst
fractions, as seen in thin section, were consistent the alkalis and alkaline earths removed. Under very
formed of the following minerals: augite, magnetite favourable drainage conditions primary silicatea ca
some very minor plagioclase, minor olivine in the &S0 be transformed directly into aluminium
lower layers of the profile, and large distributioh ~ OXYhydroxides. In the latter situation, the more
gibbsitic material of both sand and silt size. Enes iNténsive weathering stages are characterised
mineralogies were confirmed by the XRD of the Primarily by the two processes: (a) the incongruent
sand-size crustal material, and of powdered wholedissolution of kaolinite V\{Ith the formation of giite
samples. (and h(_ance _concentratlp_n o_f Bk and_ FeOs) -

Clay fractions separated from the crushed fresmredomlnant_ in the lateritisation of basm_rocksda
hardrock showed the presence of chlorite, kaoliniteMarkedly evidenced at the Nakobalevu sites; (b) the
goethite, and haematite, in the Nakobalevu Basah(_:ong_ruent dlss_o_lunon of _kaollnlte through whicke th
The mineralogy of the clay fractions from the Kan alumina Qnd silica are s_lmultaneously removed, and
K2 sites consistently showed abundant kaoliniteqwi ©nly the iron oxyhydroxides accumulate (a feature
moderately strong peaks indicating goethite andesomPronounced in acidic rocks).
haematite; gibbsite intensities were low; this is S
explained by the fact that most of the gibbsitic3-3 Lateritisation Development on Mt. Nakobalevu
material in the Nakobalevu profiles exists in nadul 1n Colo-i-Suva
and gravel forms as coarse and fine sand partcids Ollier (1994) described laterite as the hard iron-
as silt-sized material. The XRD data for the poveder rich material at, or near, the top of a lateritefibe;
whole samples (Table 6) indicate moderately-stronghere is some confusion over earlier definitionsl an
intensities for gibbsite in the lower sections bét terminology employed to describe developed
profile - further evidence for a multi-cycle erosio features; laterite profiles are now proposed imter
and weathering process on this basalt flow (Ollier,of the iron crust, a mottled zone and a pallid zone
1984; Ollier, pers. communication). overlying the parent material (Ollier, 1994;

The mineralogy of the weathering profiles showsSchellman, 1981). The bauxitic clays developed ove
a qualitative consistency: gibbsite (mainly in foem  the Nakobalevu Basalt at Colo-i-Suva were first
of nodules and gravels of varying size fractions),described by Ibbotson (1960), as a commercial gourc
kaolinite as the predominant fine clay, with strongof bauxite. In that report, no bauxitic profiles nee
goethite peaks and some haematite. Peak intensitieescribed, and the terminology ‘laterite” and
indicate changes in mineral abundances throughotftateritic profile” were not employed.
the profile with the gibbsite abundant in the lower The most evident development of lateritisation
layers, and reducing in amounts towards the surfacavas observed at the Nakobalevu K1 site. Access to
The almost complete absence of primary minerals inhe lateritic development was facilitated through
much of the profile (minor augite, and magnetitetrenches that had been dug within 50 metres oKthe
were present, with magnetite being the mostsite and 70 metres from the K2 location for the
consistently abundant throughout) resulted in apsha construction of (now abandoned) communications
mineralogical boundary between the freshbuildings. The profiles showed all the charactiss
Nakobalevu Basalt base and the overlying saprolite. and features of a now-accepted description (Ollier,

These results are in line with the results of otherl994) of the lateritic profile. The Nakobalevu plef
studies on laterisation. In a study of lateritioffles  represents a deep-weathering profile formed over
in India, Balasubramaniam and Gopinath (1979)augite-olivine flows under humid tropical conditgn
report eleven to thirteen minerals present in wexio the geomorphological factors affecting this profile
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Table5. Particle Size Distribution Data (fine-earth, mm%j) the Nakobalevu Weathering Profiles.

Sand Fractions

AJBonato and R.J. Morrison: Weathering, bauxitsagand soil

Horiz Depth  Sand Silt Clay | 2-1 | 1-0.5 0.5- 0.25- 0.1- 2-0.1 Int. Int Int. Clay Fine clay Fine
(m). (2- (0.05- <0.00 0.25 0.1 0.05 C.sa f. sa. Silt <0.002 <0.0002

0.05) 0.002) 2 2-0.2 0.2- 0.02- Total

0.02 0.002 clay
K1-1 1.0 7 25 68 0 0 1 3 3 4 3 11 18 68 66 0.97
K1-2 2.0 18 17 65 0 4 10 3 1 17 16 5 14 65 62 0.9b
K1-3 3.0 13 22 65 5 4 2 0 2 11 11 7 17 65 63 0.9y
K1-4 4.0 21 26 53 4 8 5 2 2 19 17 14 16 53 51 0.9
K1-4.5 4.5 31 27 42 7 8 8 6 2 29 26 7 25 42 40 0.9
K2-1 1.0 30 29 41 3 9 11 3 4 26 25 15 19 41 39 0.95
K2-2 2.0 15 32 53 0 3 5 3 4 11 9 26 12 53 49 0.92
K2-3 3.0 10 37 53 0 3 4 1 2 8 7 11 29 53 47 0.89
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Table 6. Mineralogy of powdered whole samples of Nakobaleeathered materials.

KAOL GIBB GOETH |MGT HAEM CHLOR |OTHER*

Depth (m)

K1l 4 metres XX XXX XXX XX X X X
3 metres XX XXXX XXX X X X X
2 metres XXX XXXX XXX XX X X X
1 metre XXX XXX XXX X X X X

K2 4 metres XXX XX XX XX X X X
3 metres XXX XXX XX XX X X X
2 metres XXX XXXX XX X X X X
1 metre XXXX XXXX XX X X X X
*|n each of the metre horizons. minor augite, plagioclase (and magnetite grains)

Abundance ranges: XXXXX (50-80%) XX (5-20%) KAOL kadlinite GIBB Gibbsite GOETH goethite
XXXX (30-50%) X (trace) MGT magnetite HAEM haematite CHLOR chlorite
XXX (20-30%)

NB 1: Fresh rock mineralogy: augite (5-10%), plagioclase (labradorite) (10-40%), olivine (10-15% ), magnetite (~5%)
NB 2: ICP analysisindicated the pr esence of Chromium (2000-3000 ppm) and Vanadium (750-850 ppm) in each horizon.
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were described above, and the present climati@luminium and titanium, with  abundant
regime ishumid tropical(average annual temperature oxyhydroxides from olivine/augite weathering.
24°C, average annual precipitation approximatelyPlagioclase was absent, but magnetite occurred with
4000 mm). The basalt-derived soil at the K1 siteminor augite. Gibbsite and kaolinite predominated,
(JBK-1) is described below, clearly approximatingwith much of the gibbsite present in the form of
what is normally termed a tropical red loam (Ueharanodular-type gravels.
and Gillman, 1981); it was inferred that the soil  The pallid zones were characterised by a depletion
formed as part of the weathering profile, soil aove of iron, though most of the original basaltic texts
was relatively undisturbed with minimal low-energy and some of the original minerals remained.
cultivation which appeared, in any case, to havePlagioclase has altered almost entirely to kadinit
ceased a long time ago, and the relatively youreg agand abundant gibbsite, olivine formed coherent
of the flows (approximately 5.3 Ma) with no evidenc masses of iddingsite (seen in microscopic analysis
of subsequent surficial magmatic activity in thethin sections), and other iron present mobilised to
immediate region. form secondary oxyhydroxides (haematite, goethite);
A wide (~ 2 m) view of the Nakobalevu K1 some of the magnetite has altered to haematite by
profile was possible to a depth of approximately 2. surface/crack oxidation processes, but little-atier
metres. An upper, resorted-earth zone overlay alow magnetite grains were also observed in the thin-
zone of saprolite, but there was no evidence of @ections, and obtained in the mineral separatibine.
stone-line often present where quartz veins exispallid zone, although not uniform in the visually-
(Ollier, 1984). The Munsell colour recorded for the accessible profiles, graded into the relativelysffre
resorted earth layer was 10 YR 3/4 (moist). Theelow unaltered olivine-augite Nakobalevu Basalt; atkie
saprolite comprised a pallid zone of approximatelysite, the depth from soil surface to the sharp tock
1.0-1.5 metres thickness overlain with (in theisest  saprolite interface approximated 4.5 metres.
accessible to viewing) a mottled zone approximately
50 cm thick. A very-much dispersed and fragmentaB3.4 Soil Genesis

pisolitic horizon was observed as separating thgyasalt-derived  soils have been extensively
resorted earth layer from the lower saprolite. W@  jnyestigated in a number of countries of the South
saprolite zones (mottled and pallid) were oftenpacific including Samoa (Latham, 1979; Morrison,
intermixed within the profile - evidence for severa 1991:- schroth. 1970 Wright, 1963), the Cook Iskand
cycles of erosion and weathering on Nakobalevu ir(Widdowson a,nd Bla,kemore’ 1977"Letaa|. 1979)
its short geological history. Both of these two\/5nyatu (Quantin 1978) and Fiji (Morriset al,

saprolitic zones appeared as weathered mockit, 1986 1987: Naidet al, 1987). The soils range from
without volume alteration, and of much lower densit young soils with high base saturation and

than the parent basalt. Munsell colours for th€ntermediate pH (e.g., 5.7 - 6.5), to older more

mottled segments ranged from 7.5 R 4/6 (red) t0 7.§jghly-leached and weathered soils of lower pH (4.8

R 5/3 (reddish brown) and 7.5 YR 4/4 (yellowish- 5 g) and lower base saturation. Potassium tente to

brown); some bright red mottling patches were closgjeficient on these basalt-derived soils. In the tiety

to the 10 R 5/6 described by Ollier (1984). wet environment of these soils, weathering proceeds
The Nakobalevu regolith includes numerousyery rapidly and the leaching can be accelerated;

corestones scattered throughout with generallyynere volcanic ash is an addition, it becomes an

narrow areas of regolith developed along the jomtsimportant soil-forming factor (Morrison, 1991; Naid
The corestones are concentrically-layered, ca.rb0 ¢ g g1 1987).

in diameter, orange-brown in colour and composed E., site and profile descriptions for the
mostly of clay minerals. The boulder cores in thengkobalevu Pedon JBK-1 are given in the Appendix
corestones show development of pisolites, darkmed A Laboratory data are presented in Table 7. The
form, mostly still soft, generating a speckled effe qfile consists of a gritty loam over a thin grgve
Ferrallitic semi-nodular aggregates and angulaisgri g5ng layer composed mainly of gibbsitic material.
are common throughout both the pallid and mottledris in turn overlies a gritty clay loam loam ahe
zones. The base of_the regolith is irregular with nore than 1 m of gritty clay. The gritty clay laye
sharp contact to the first corestones. showed some evidence of illuviation (clay skins).
Analysis of the soil horizons (Pedon JBK-1, seetne ower segment of the soil profile showed much
Appendix A, Table 7 and Bonato (1997)) showed theigence of weathered basalt in place.
pisolitic material was predominantly gibbsite with 1o jBK-1 pedon proved difficult to classify as
associated goethite and some haematite, mainhein t there is obvious evidence of at least two cyclesodf
form of coatings and small pieces of crust; theformation. Following the original Soil Taxonomy
pisoliths measured 4 - 20 mm in length. Clayey sy Survey Staff 1975), it was classified asayel,
material was almost totally kaolinite, and minor gippsitic, isohyperthermic Typic Gibbsiorthox. When
amounts of magnetite were also present. _using the 1994 Keys to Soil Taxonomy (Soil Survey
‘The mottled areas consisted of a fine-grainedsiaff 1994) the sub-group classification could be
uniform groundmass of kaolinite with oxides of pjinthic Acroperox. Using the second edition ofl So
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Table 7. Laboratory Data for Soil Profile JBK-1.

< 8lze tlass and particle dlameter { mm ) - % Fine earth -fractlon (< 2 mm ) Ratlo | Coaree
‘ Total fine frag-
. clay/ menta
Depth [Horlzon] Sand sin Clay Int.  |int.f. sa.l Int, silt Clay Fine clay
tom) (2-0.06)| (0.06- [t0.002) {2-0.1) co.5a. [(0.2- | (0.02~ | (<0.002) |«D.0002) | totel &2 mm)
{0.002) ¢t2-~0.2)} 0.02) 0.002). clay % of
. Whole
sofl
0-8 A 55 16 29 47 43 19 9 29 . 12
8-14 AC 71 10 19 66 62 12 7 19 35
14-54 2AB 35 17 48 32 27 13 12 48 15
54=-100 2Bt 6 14 80 4 3 9 8 80 10
100-145 2Bt 10 23 67 8 g 8 16 67
145-196 2C 6 17 77 3 2 8 13 77
pH Organic matter Phosphorus (ppm) |Phosphorus Acid oxalate (%)
Depth H, 0 | KCI NaF GaCOa Carbon |Nitrogen 0.025M retantion .
tem) |28 |t:2.5 180 (%) | (%) | (% | ©/N W, so, | Total % il Fe s
0-8 5.0 4.0 6.20 . 48 0.21 0.64
8-14 | 5.1 | 4.3 1.02 30 0.09 0.18
14-54 4.7 4.4 1.49 52 0.17 0.53
54-100 4.5 4.8 0.61 79 0.20 0.22
100-145 4.6 4.9 0.51 79 0.23 0.30
145-196 4.5 4.5 0.46 . 80 0.16 0.08

Cation Exchange

‘ Ext, CEC (meg/100 g) | Base Satn. (%) KGl Extractable

Depth Exchangeable bases (meq/ 100 g} acldity NH40Ac Sum of | Sum of {meq/ 100g)

(em)- ca Mg B - 5 (pH 8.2) pH 7.0 { cationa | cations NH4 oaa H Al

um
(meg/100) pH 8.2

0-8 1.63 0.81 0.15 0.39 2.98 23.73 13.09 26.71 11 23 0,10 0

8-14 0.5t 0.23 0.06 0.09 0.89 7.14 4,89 8.03 11 18 0.12 0
14-54 0.27 0,20 0.06 0.31 0.84 12.56 6.13 13.40 6 14 0,20 0
54-100 0.21 0.15 0.05 0.09 0.51 13,57 5.53 14,08 4 9 0.17 0
100-145 0.16 0.12 0.05 0.14 0.47 13.69 4.34 14.16 3 11 0.11 ]
145-196 0.28 0.19 0.07 0.14 0.68 14,64 8.04 15.32 4 8 0.10 0

Bulk 15 bar Water retn. Ratios to.ola
y S(ppm)
Depth | gonaity (% wiw) cos coB
{om) CEC 16 bar Al % F P
a3 N e % o
(Mg/m®) | Flald molst | Alr-dry |NH, OAc | water Total | . e

0-8 | o0.93 29.4 16.9 . | 0.45 0.58 1.01 5.81

8-14 0.87 9,5 7.1 0.26 0,37 0.60 4,74

14-54 1.09 17.6 13.9 0.13. 0.29 1.09 6.74

54-100 1.17 39.8 25.6 0.07 0.32 1.29 10.56
100-145 1.14 28.5 24.8 0.06 (j.lcl 1.31 11.06
145-196 n.d. 45.3 30.8 0.10 0,40 1,36 10.36

Taxonomy (Soil Survey Staff, 1999), however, requirements for an Oxisol, so this is in the
changes the classification significantly. The lowerKandihumult great group (significant organic carbon
part of the profile exhibits a marked increaselayc content, with a kandic horizon). Subgroup
content, but with limited evidence of illuviatiomhe  assessment indicates there are no other suffigientl
oxic horizon was noted and found to correspond wittsignificant properties, leading to designation as a
the 14 - 54 cm horizon; the layers below this hiamee Typic Kandihumult, with the family modifiers of
much inherent rock structure. The profile has arclayey, kaolinitic, isohyperthermic. This
ochric epipedon and both a kandic and an oxiclassification gives a clear indication of the Hygh
horizon, but the properties do not meet theweathered nature of the soil, with minimal base
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Appendix A: Site and Profile descriptions for JBK-1.

Classification:
Location:

Physiography:
Topography:
Drainage:

Vegetation:

Parent Material:
Climate:

A 0-8cm

AC 8-14

2AB 14-54

2Bt 54-145

Typic Kandihumult, clayey, kaotigj isohyperthermic

Nakobalevu, SE Viti Levu, Fiji. Approwately 80 m SE of triangulation point on
top of Mount Nakobalevu

2smooth SE facing (slope) from the triangulatiompaaltitude 460 mabove mean
sea level (a.m.s.l.)

Very gentle slope from Nakobalevu peak

Site and profile well drained

Was originally rainforest; clearedpart; site covered with ferns and assorted woody
plants with little grass cover

Nakobalevu basalt - an augiteiwdi basalt flow

Average annual temperature 23;5ainfall approximately 4000 mm annually with
no dry season

Profile description

Slightly moist; dark yellowish browaQ YR 3/4) slightly gritty loam; combination
of strongly developed medium subangular blocky ameiakly developed fine
granular; friable; not sticky; not plastic; abuntlanedium and fine roots; some
earthworms and some ants; distinct smooth boundary,

Slightly moist; dark brown (10 YR 4/3yagelly gritty coarse sand; absence of
structure; loose consistency; common fine and nmediaots; gravels present are
gibbsitic nodules; distinct slightly wavy boundary,

Moist; dark brown (7.5 YR 4/4) grittyigttly gravelly clay loam; weakly developed
medium and fine granular structure; very friablet sticky; not plastic; few medium
and fine roots; a few, angular, weathered piecdmseélt; indistinct wavy boundary,

Moist; 70% dark red (2.5 YR 3/4), 15%lIgwish brown (10 YR 5/6) 15% dark
reddish brown (5 YR 3/4) gritty clay; massive, bteaking into moderately
developed medium and fine subangular blockyctire; firm; slightly sticky;

slightly plastic; a few fine roots; some gravelgggnt -small pieces of weathered
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basalt; few patchy clay skins on vertical ped face®%6 of horizon made up of
weathered basalt rocks completely weathered ingesfncolour change, but still
retaining mechanical strength; very few partly vhea¢d (basalt) rocks; diffuse
smooth boundary,

Moist; yellowish red (5 YR 4/6) darklge-brown (10 YR 4/6) and grey gravelly
gritty clay; weakly and moderately developed suhldarg blocky and granular
structure; firm; slightly sticky; slightly plastiqgravels are partly weathered basalt
pieces; rock structure present in approx. 50% efibrizon; absence of roots; no clay
skins visible; distinct white pieces (about 1 mrardeter) are probably gibbsite.
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