
ELSEVIER Geoderma 65 ( 1995) 223-248 

The occurrence and interpretation of carbonate and 
sulfate minerals in a sequence of Vertisols in New 

Caledonia 

Pascal Podwojewski 
ORSTOM, Institut de Géologie, I ,  rue Blessig, 67084 Strasbourg Cedex, France 

Received 22 November 1993; accepted after revision 22 June 1994 

Abstract 

In the Tamoa Valley, on the westem coast of New Caledonia, avertisol sequence shows adownslope 
transition from calciinagrzesic Vertisols containing gypsum, aragonite, and magnesium-calcite, 
derived from flysch colluvium, to Izyperinagizesic Vertisols, rich in dolomite and magnesite, and 
derived from peridotite and serpentinite alluvium deposited by the Tamoa River. 

Gypsum, magnesium-calcite and magnesite were probably formed during the dry period of the last 
glaciation, between 30,000 and 17,000 yr B.P. Magnesite nodules seem to be allochtonous, and were 
formed upstream by the weathering of serpentinite. During the more humid period of last Flandrian 
transgression (5000 yr B.P.), floods of the magnesium-rich waters of the Tamoa River over the 
alluvial plain brought magnesium to the soils and lead to fluctuations of the water table. These 
conditions favoured the formation of manganese deposits as mangans, calcite pseudomorphs after 
lenticular gypsum, crystallization of authigenic barite in calciiizagizesic Vertisols, and dolomite for- 
mation in rizugizesic and hyperirzagrzesic Vertisols. During the recent period, apparently drier, aragonite 
is forming in the lower part of calcirnagizesic Vertisols. 

1. Introduction 

New Caledonia (166-168"E, 20-22"s) is a cratonic island 400 km long, 40 km wide, 
and oriented NW-SE. The west coast of New Caledonia is the leeward side of the island, 
and has a dry subtropical oceanic climate with a marked dry season. The yearly average 
rainfall ranges from 800 to 1100 mm. 

Geologic strata, which range in age from pre-Permian to Late Eocene, are oriented parallel 
to the long axis of the island (Paris, 1981). During the Late Eocene, a sheet of peridotite 
(mainly dunite and harzburgite) overthrust the major part of the island (Recy, 1982) and 
presently covers more than 30% of the island (Fig. 1). Since the Miocene, intensive tropical 
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weathering has affected the peridotite massif ( Trescases. 1975: Latham, 19% ) and the 
other geological formations. Peridotites are very sensitive to tropical chemical weathering 
which liberntes high amounts of magnesium. h*l;ignesium-rich soils cover large surfaces in 
New Caledonia, especially on the \vestern drq coast. and a specific terminnlogy for the soil 
clnssification has heen developed by Tercinier ( 1961 1 cind Latham et al. ( I978 1. Applied 
to Vertisols ( Podwojewski and Beaudou. 199 1 1. this terminology is based on the eschange- 
able Mg'+ /Ca2+ ratio ( MCR ).  When the hlCR ofthe horizon located below the A horizon 
ranges from 0.5 to 3. the Vertisol is i~ tr l~~i i , i i7g i ic~ .s i~ . .  from 3 to 10 it is iiiagircsic and over 10 
it is Iiypemitrgucsic ( Table 1 1. 

The majority of streams :ìre oriented perpendicular to the long axis of the island. Con- 
sequently. they rework many different geological strata. whose weathering residues are 
found in alluvial terraces. Two such alluvial trrraces are present on the southwest coast. A 
pedological study of the left bank of  the Tanioa RiLer, southwest of New Caledonia. showed 
that tho terrace system is connected to a piedmont beneath a hill composed of h4iddle to 
Late Eocene flgsch ( Fig. 1 1. From that hill to the river. seven soil profiles have heen studied. 
Starting aith the upper part of the catena and continuing in the dowmstream direction. the 
soil nature is ;is follo\vs ( Fig. 3 1:  Brunisol RGférentiel Pidologique. 1991 J to Vertisol 
over the fysch. c,trlcii i ici~ti lc. ,~ic Vertisols in the transition collu\ ia1 deposits. and ttit7gnc7sic 
to hspt.rinugiie,sic Verticols on the old a1luvi:il terrace. The recent terrace is composed of 
sandy-loamy Fluvisols. 

During the late Qmternaq. old cdcitticigncsic colluvium deposits were covered by 
magnesium-rich alluvial deposits ( Pod\r-ojew<ki and Delaune. 1993 1. The Tanioa River. 
\vhich drains peridotites in its upstream basin. contains very high amounts of dissolved 
magnesium cmhonate. During cyclones or tropical depressions. the Tamoa Riyer floods the 
alluvial plain. and is. thuq. believed to be responsible for the high magnesium content in the 
Vertisols. 

What is striking in this case is that gypsum. aragonite. magnesium calcite. dolomite and 
magnesite occur in the same soil sequence. Therefore. the objective< of this work were ( 1 ) 
to detemiine the form. composition and mode of formation of sulphate ;tnd carbonate 
minerals, ( 2 )  to estimate the consequences of' magnesium inputs on these rninemls. and 
( 3 ) to establish a paleohydrological history of the area. 

The study is descriptive in nature because the use of the thermodynamic modelling of 
the disholution andlor precipitation of the calcium and magnesium is limited in the soil 
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Table 1 
Some physical and chemical characteristics of the soils studied 

Sample Hz Depth pH Texture (8)  Organic CEC Exchangeable cations Exchang. 
C (cmol+/kg) Mg/Ca 

MER (cm) Clay Silt Sand (g/kg) (cmol+/kg) Ca Mg K Na 

Calcimagnesic Verfisol 
52-1 Al 0-20 6.1 48 39 13 33.5 
52-3 A3 40-65 7.5 63 23 14 6.8 
52-5 V 100-155 6.6 65 23 12 3.0 
52-7 C 170-180 6.1 

Gypsuni-bearing calcimagnesic Vertisol 
63-1 Al 0-15 5.9 49 34 17 30.4 
63-3 A3 35-50 6.2 48 29 23 8.4 
63-6 V 90-125 5.3 66 23 11 
63-7 VOY 125-140 5.8 70 19 11 
63-11 Vlc. 195-240 8.2 66 18 17 
63-12 V2c, 240-250 8.4 47 20 33 

65-1 Al 0-15 5.8 52 31 16 17.4 
65-3 A3 4 0 4 0  4.7 55 33 12 6.0 
65-6 V 100-120 5.1 62 27 11 
65-9 VGy,ca 160-210 6.8 72 23 4 

Magnesic Vertisol 
56-1 Al 0-12 5.7 55 38 7 23.5 
56-3 A3 25-40 5.8 66 28 6 11.2 
56-6 V M n  80-100 7.3 66 30 5 
56-9 Vc,,, 190-250 7.9 62 34 4 

Hypennagiiesic Vertisol 
71-1 Al  0-30 6.1 44 40 16 25.3 
71-3 A3 50-72 7.2 59 29 12 6.0 
71-5 C,, 90-200 8.1 41 27 32 

72-1 Al  0-20 5.8 55 35 10 16.1 
72-3 A3 37-52 6.7 60 30 10 6.9 
72-5 V 70-95 8.0 62 28 10 
72-8 C3Mg 125-140 8.1 40 22 38 
72-9 C4,, 140-180 7.9 60 27 12 

43.3 
44.3 
43.1 
32.9 

36.2 
34.4 
46.5 
41.6 
46.2 
40.0 

35.5 
37.1 
42.1 
50.9 

38.5 
47.0 
48.1 
45.6 

42.5 
51.4 
35.5 

49.2 
52.9 
54.4 
40.8 
51.0 

15.2 17.1 0.51 1.48 1.13 
17.1 24.8 0.19 4.05 1.46 
14.3 24.7 0.21 6.10 1.73 
17.1 22.5 0.07 7.04 1.32 

12.0 14.7 0.84 0.65 1.23 
11.6 16.3 0.11 4.06 1.41 
13.1 24.5 0.10 8.80 1.87 
20.1 24.3 0.14 7.88 1.21 
21.4 28.6 0.12 8.83 1.34 
20.8 23.7 0.13 8.06 1.14 

8.96 13.8 0.34 2.14 1.54 
8.39 17.3 0.08 5.67 2.06 
9.37 22.2 0.20 7.88 2.37 
13.6 31.2 0.33 10.5 2.29 

8.75 18.2 0.40 2.26 2.08 
10.1 27.1 0.31 4.09 2.68 
10.0 30.8 0.09 8.36 3.08 
9.50 28.8 0.24 8.01 3.03 

4.96 28.9 0.17 0.98 5.83 
3.78 44.4 0.07 2.41 11.75 
3.19 32.1 0.30 1.72 10.06 

4.53 36.8 0.19 1.64 8.12 
2.00 45.1 0.09 2.45 22.55 

1.54 37.1 0.27 2.69 24.09 
1.02 46.6 0.32 3.11 45.69 

1.47 52-1 0.06 3.19 35.44 

Hz: Horizon. 
CEC: Cation Exchange Capacity. 

studied for the following reasons: ( 1 the sampling of the soil solution in situ is very difficult 
in the Vertisols; ( 2 )  the ionic composition of water extract gives only a partial idea of the 
composition of soil solution because it induces dissolution and precipitation of sonie min- 
erals and exchange with the adsorbed fraction on clays; (3) it is not certain that the current 
soil solutions are representative of the conditions under which calcite, dolomite, and mag- 
nesite were formed in the past. 



Fig. 3. Geological mop of thr Tlimoa Yalley and Incatioii t i f  the hoil sequence. 1 : mangrcw: 3: allusla1 Jqwsits: 
3:  peridatiteh ancl berpentiiiiteh 1 (3ligocenr I :  1: terrigenou5 diale.; 1 SeIlmian 1 :md phtaiiite\: 5: hiisalts lind f lpchx 
I Encene I :  6: arolianites í Plio-Fleistwene I :  7: lnciitinn of the \tudied quence .  

2. Materials and methods 

Fourteen deep Vertisols x-ere described according to the ne\\ French Réfirentiel PCdol- 
ogique ( I997 ) and seven ofthcse were studied hp niacromorphological and microniorphical 
methods. The Vertisols evolve progressively from :i ccilcinwgiicsic pole ( LIER 51 I at the 
piedmont of the flysch hill. to a hypcl7migrit'~ic pole in the middle o f  the alluvial plain 
( PIER 7 1 and 71 ;  Figs. 2.3. Tahle; I and 7 1 .  The morphological properties of the different 
types of Vcrtisols are very similar. In particular. the variation in exchangeable hIg and Ca 
has no visihle influence on the soil structure. These features rire comnion to many Vertisols, 
which display a nutty structure ( tine angularblocky at depths of CJ-20 enl. an intermediate 
horizon with a coarse prismatic structure, and below hO cm depth. a sphenoid structure 
( Es\varan et al.. 1988). with wedge-shaped aggregates and slickensides characteristic of 3 
vertic horizon ( FAO. 1971-1981: Duda1 and Eswaran. 1988: Référentiel PCdologique. 
1992). Vertical cracks are poorly visible at the $oil surface. At about 1.50 m depth. a 10 
cm thick black horizon is visible on the external edges of the terrace. This layer is rich in 
manganese oxides in the form of small concretions. dendrites. and m:inpans along the 
slickensides and around the tuhular porosity. This mide concentration indicates the upper 
limit of the fluctuation of an old witertable. 
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Fig. 3. Schematic location of the soil sampling. The soil sequence: Location of carbonate samples analyzed in Tables 3 and 4. A MER 70.1, B: MER 70.2, C: MER 71, D: MER 
72.1, E: MER 72.2.1: black manganese-rich horizon, 2: gypsum-bearing horizons, 3: calcium-carbonate rich horizon, 4 hard carbonate accumulations (nodules), 5: soft carbonate 
accumulations, 6 colluvial or alluvial deposits, 7: limit of the penetration of the rain water in the alluvial plain. The soil profiles (serie MER): MER 52: calcirnagiiesic Vertisol, 
63 and 65: gypsum-bearing calcimagnesic Vertisol, 56: magizesic Vertisol, 71 and 72: Izypeimagnesic Vertisol. 8: humiferous horizon, 9: vertic horizon, 10: manganese-rich horizon, 
11: weathered parent-rock ( flysch), 12: alluvial deposits (alternating of layers with variable texture), 13: gypsum bearing horizon, 14 carbonate accumulations in soft clusters/in 
hard nodules. A aragonite, B: barite, Ca s: calcium carbonate in soft clusters, Cab: calcium carbonate in continuous level: Ds: dolomite in soft clusters, GI: gypsum in lenses, Ga: 
gypsum agglomerate, Gt: gypsum trapezohedron, Mgh: magnesite in hard nodules. 



Tahle 2 
Soluble salt compositions I mmolll 1 from selected soil horizon:. cif the Tamoa Valley. Soil:.sater r:itio 1 :2 

Sample HZ Depth pH EC Ca lcIg Na CI SO, HCOl hig/Ca CI/S04 
hiER i cm I 

1.83 34.00 
1.70 12.w 
l . R 3  34.í10 

- - 
1.60 6.3Q 
1.87 4.65 
(1.92 0.53 
1.71 3.48 

- - 
2.35 3.90 
1.67 2.6') 
1.38 0.w 

- - 
- - 
3.Q 12.31 
3.65 h.47 

Simple 52-1: No. of the profile-No. of the horizon. 
Hr: Honzon. 
EC: Elzctricril Conductivit> I pS cm- ' I .  

There are. however. some differences bet\veen the main soils types: deep clay-rich 
horimns from cnlcimcignt.,sic Vertisols on old colluvium are more than 4 m thick. contain 
50'"r. of smectitic clay. and have ;i honiogenous yellowish brown ( lOYR 5/3 to 5 /4  colour. 
tihile clay-rich horizons from nicigiicsic or h?.i,r,.rtit-ririesic Vertisols on alluvium contain 
up to 70% smectitic clay and generally have an olive brown colour (51' S/1 to 5/31, 
H ~ ~ , E n i i a g n r s i c  Vertisols at depths below 1 m shox an alternating of alluvial strata with a 
variable sandy clayey to clayey texture. 

A major difference between the Vertisols is the nature of the pedogenic carbonates and 
sulphates. In ctrlL.inrcignL.,si~ Vertisols. gypsum accumulates dmvn to a depth of 80 cm within 
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horizons containing more than 50% smectitic clays. At a depth of 2 m, gypsum gradually 
gives way to a transitional horizon, 20 cm thick, which contains some rare, spherical, soft 
carbonate clusters of 1 to 2 cm in diameter. Beneath this transition, carbonate accumulations 
appear in larger clusters, or soft or spongy nodules, similar to those described by Seghal 
and Stoops ( 1972). The proportion and the hardness of the carbonate nodules increase with 
depth. At the base of the profile a hard continuous carbonate layer, 20 cm thick, is found 
between the clay-rich vertic horizons and the weathered rock. 

Towards the river, calcimagnesic Vertisols evolve to magnesic Vertisols and gypsum 
crystals gradually disappear from the upper part of the profile. In the middle of the alluvial 
terrace, kypeniiagnesic Vertisols occur. Down to a depth of 1 m, white soft dolomitic 
clusters, about 1 cm in diameter, appear and gypsum is completely absent. In some places, 
there is a succession of old alluvial strata consisting of an alternation of clayey and sandy 
layers. In some coarse sandy layers, small pebbles of serpentinite and magnesite are visible. 

2.2. Metliods 

Disturbed samples from each horizon were air-dried, then passed through a 2 mm sieve. 
The clay content was obtained by the usual pipette method after removal of gypsum and 
carbonates. Major cations and anions, pH, and electrical conductivity were determined in 
the soil solution after a soi1:water extraction at 1:2. Exchangeable cations and CEC (cation 
exchange capacity) were determined using a NH4C1 method (Tucker, 1985). 

Undisturbed samples were collected for micromorphological and morphometrical studies. 
The thin sections were made on air-dried samples and an oil-base lubricant was used to 
avoid clay swelling. The micromorphological features were described using the terminology 
of Brewer (1972, 1976). Staining methods of carbonate identification (Friedman, 1959) 
was unsuccessful because these aqueous solutions promote swelling of smectites and dam- 
aged thin-sections. 

The mineralogy of carbonates was determined by particle X-ray diffraction (XRD) using 
CuKa radiation. Nodules and calcans were studyed using a JEOL 840 scanning electron 
microscope (SEM) ' coupled with a TRACOR TN 5000 energy dispersive spectrometer 
(EDS) . Electron diffractograms were obtained by a Philips EM 300 transmission electronic 
microscope (TEM) and peaks were compared to the American Standard for Testing and 
Materials ( ASTM) for mineral identification. 

Aragonite was determined by one or more of the the following: ( 1) SEM microphoto- 
graphs; (2) micrographs made with a TEM; (3) X-ray diffraction from a thin section. 
Dolomite was indentified by X-ray diffraction and by TEM micrographs. Magnesite was 
identified by X-ray diffraction. Barite was initially identified by SEM with a back-scattered 
electron image and subsequentially the identification was confirmed using the EDS of the 
heavy element fraction. 

3. The mineral morphology 

3.1. Calcite 

The features of the calcitic accumulations in New Caledonian Vertisols are not very 
different from those described in other soils (Blokhuis et al., 1968/1969; Wieder and 



Fig. 4. Pnitilr XIEÏ? h?. horizon 1 I .  Polygeriic nodule nf magnehm calcite i 1 1 with cortex í 2 I reciivered with 
ar:ignnitc i 3 I :  s h y  matrix í 1 I .  

Yanlon. 1974. Blokhuis. 1982: Wieder and Yaalon, 19s': Dries and Wilding. 1987 1. In 
the Tamoa V:illep. magnesium-calcite nodules occur in L.iilcimripiii.sit. Vertisols i hIER 63 
and S S  ) beneath both glrpsum m d  aragonite-bearing horizons. In the tipper part of their 
;ìccuniulation (MER 63.11, 55.9 I they occur :is small nodules from 500 pm to S mm in  
diameter and in clusters with diffuse external boundaries from 2 to 10 cm in diameter. 
Below these accumulatinnc. hard nodules appear with sharp houndaries with the clay-rich 
matrix. or within the soft carhonate accumulation zone. Many nodules have a 20 pm thick 
gral- cortex and ;ire formed by rin assemblage of smaller nodules and contain lì lot of skelletal 
grains and clay inclusions ( Fig. 1 1. These nodules consist of micritic 1 ccstals less than S 
pm long magnesium-calcite ~ v i t h  less than I O q ,  MgCO,. :I.\ confirmed by X-ray diffraction 
and partial chemical analysis ( Fig. 5. Table 3 1. The nodules rire often impregnated with a 
centripetal accretion of manganese dendrites or neosesyunns. The porority of the nodules 
I vesicular and tubular voids 1 is much greater than the porosity of the clay matrix ( planar 
voids I .  Vesicular porosity is often ohsrrved an-jund the carbonate ï or iron-manganese 
nodules. 

At depth. in horizon 63.12 ( T;ihle 1 ). the carhonate :iccumulation increases and forms a 
10 cm thick continuous layer bctween the vertic clay-rich horizon and the weathered Rysch. 
Thin neocalcuns are oriented parallel to  planar or tubular voids. and alternate with thin clap- 
rich layers. forming 10 to 100 pm thich laminae. Small calcite crystals of 7-3 pm have 
invaded the clay-rich matrix to form a calciasepic structure ï Seghal and Stoops. 1977: 
Wieder and Yanlon. 1952 1 .  At depth. at the hase of horizon 63. I?. calcite exhibits ;I sparry 
texture ï Folk and Lund, 1975 1 or cqstic fabric ( Brewer. 1976 I .  

Aragonite occurs rarely and only i n  ccilcii,rugiicsic Vertisols. in the transition nreabrtiveen 
the gypsic horizon ( MER 63.1 0 )  and the calcic horizons ( hlER 63.1 1 1 .  It appe:irs in  ven; 
porous hphrrulitic accumulations from 1 to ? cm in diameter and has a fibrou5 texture i Folk. 
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Fig. 5. X-ray powder diffraction pattems of the selected carbonate glaebules from the soils studied. Location: see 
Fig. 3. (a) Magnesium calcite - sample 70.1; (b) dolomite - sample 71.1; (c)  magnesite - sample 72.2. A: 
Augite: Ca: Calcite: D: Dolomite; E: Enstatite; F Feldspar; Mg: magnesite; Q: Quartz; S: Serpentinite; Sm: 
Smectite. 



Tahle 3 
Chemical Lxunpnsitinn ( ci I nf selected ciuhonatc. glaebules from the <oil\ rtudird 

LOI: L t i \ s  on ignitiiin. 
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I I I 1 

60 50 40 30 20 10 2 8  CuKa 
Fig. 7. Profile MER 63, horizon 11. X-Ray powder diffraction pattems on a thin section, along a pore coated with 
aragonite. & ( I ) ,  after Brindley and Brown ( 1984). 

1974) formed of 1 to 5 pin needles, organised around a thin clay-rich matrix. This matrix 
forms a 100 to 200 pm pseudo-hexagonal alveolar porosity (Fig. 6). 

At depth (horizon 63.1 I) ,  aragonite occurs as microsparitic calcans or as 10 to 50 pm 
long needles perpendicular to the surface of planar voids, and around old calcitic nodules 
(Fig. 7) .  An X-ray transect on a thin section oriented parallel to the planar void, shows all 
the characteristic peaks of aragonite (Fig. 8). A thin dark gray clay layer separates the 
calcitic nodules from the aragonite microsparitic crystals, thus demonstrating that magne- 
sium-calcite crystals are not a nucleus base for the neoformation of these carbonate crystals 
(Fig. 9). 

3.3. Dolomite 

Dolomite appears in the alluvial plain, in the lower part of the sequence, in iizngizesic and 
lzypeiwagizesic Vertisols (profiles MER 56, 71 and 721, below 1 m depth. Dolomitic 
glaebules occur, generally as clusters of micritic crystals from 1 to 20 cin in diameter, which 
are sometimes hardened in their core. The boundary between the dolomite and the clay 
matrix is always diffuse. Dolomite is very poorly crystallized and the rhombohedric network 
is not clearly visible by TEM, but the X-ray peaks are characteristic (Fig. 5). The dolomitic 
glaebules contain many impurities such as clay and weakly weathered minerals (serpentin- 
ite, enstatite), which give the glaebules a light beige colour. 

3.4. Magnesite 

Magnesite occurs in the lower part of the sequence in a deep horizon (MER 72.8) at 
1.30 m below a doloiite-bearing horizon. The magnesite-bearing horizon has a very coarse 
texture and contains small sepentinite pebbles. Magnesite appears as very hard, kidney- 
shaped nodules from 1 to 10 cm in diameter and composed of euhedral micritic crystals 
(1-2 pm) (Figs. 5, 10). These nodules resemble cauliflowers, and the cores are always 
pure white. 
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Fig. 9. (a, b) Profile MER 63, horizon 11. Nodule of magnesium calcite ( 1  ); a thin clay layer (2) separates the 
nodule from the external crystals of aragonite (3); pore (4). 

63.7 and 63.8), as lenticular lenses, isolated in the clay matrix, above the black manganese- 
rich horizon. In this black horizon (63.9) and beneath (63.10), gypsum occurs as 1 to 10 
cm spheric crystal agglomerations. In air-dried soil, the gypsum constitutes very large 
quantities of the soil weight. Downstream (profile MER 65), when the slope becomes nil, 
the proportion of gypsum decreases and agglomerate crystals appear down to 1.60 m depth 
(horizon 65.91, as very small spheric agglomerate crystals, or as millimetric trapezohedron 
crystals, in the clay matrix, just beneath the surface of the slickensides. In both profiles, 
gypsum disappears when calcite appears at around 2 m depth. 

3.6. Barite 

In the lower Tamoa Valley, barite is present among the detrital heavy minerals of the 
sandy fraction of the middle part of the gypsum-bearing Vertisols, especially at the base of 
the profile MER 52 and in the middle of profile 63 (63.4 to 63.8) (Podwojewski and 
Delaune, 1993). However, some very small isogranular microcrystals of barite from 5 to 
10 pm long seem to be idiomorphic. They appear as agglomerate crystals in the lower part 
of calciinagnesic Vertisols, in the transition zone between gypsic and calcic horizons 
(63.10-63.1 l) ,  around the spherulites of aragonite, and within the clay matrix (Fig. 11 ). 



Fig. IO.  Prnfile hIER 72. horirnn 0. SEhl image ofa hard nodule i i t  magnrsitc. Well fnrmedrhnmhnedr:il magnesite 
q a t a l s .  

Fig. 1 1 .  Prnfile hlER n3, upper part of hnrizon 1 I .  SELI a i t h  il bsck>cettered electron image. u;here h:tritr: cry\tal\ 
appear hright 
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Fig. 12. Profile MER 63, lower part of horizon 1 1. Clay matrix ( 1 ) with a planar porosity underligned by mangans; 
calcitic nodule (2) with a high tubular and vesicular porosity. Centripete diffusion of manganese oxyde ( 3)  within 
the nodule. 

4. Discussion 

4.1. Calcite 

The formation of the nodules with sharp boundaries probably requires several steps. In a 
per descerisum carbonate accumulation model, soft nodules accumulate first, in the smectitic 
matrix (Goudie, 1983), probably by f i l hg  pores beneath the root fringe or by cenhipetal 
accretion (Seghal and Stoops, 1972; St. Arnaud, 1979). In a cracking clay environment, 
the smectitic matrix shr inks during dry periods and swells when it becomes moist or wet, 
generating slickensides and planar voids. Carbonaceous accumulations do not shr ink and 
swell, and during dry periods, a circum-nodular peripheral cavity appears. This produces 
favorable conditions for further carbonate accumulations growth (Nahon, 1991 ) . 

In the base of MER 63 (63.12), in the piedmont area of the soil sequence, a continuous 
calcareous layer is forming between the weathered flysch and the deepest vertic horizon. 
The preferential accumulation of carbonate in this zone appears to be controlled by àtextural 



Tahle 5 
Incirganic radiocarbon ages and Stahle isotope characteristics of selected carhonate glaebules from the soils studied 

~ ~ 

Sample Nature ,Age I T  

hlER 70.1 
hiER 70.2 
hIER 7 1 
hIER 71. I 
MER 72.2 
I--BOL' ')SO 
L-BOU 431 
L-P.G. 60 
L-LO 2 
L-L.0. x 

hlg calcite 
hlg calcite 
dolomite 
dolomite 
rnagnesire 
magnebite 
magnehi te 
magnesite 
magnesi te 
magnesite 

Analyhrs were realiwi by hl. Fonmier. in the iscitope 1tihor:itor) íit ORSTOhI. Rond), France. 
L- data from Latham I IOXh I 

discontinuity. and lateral drainage. At the interface bet\veen clay-rich horizons and weath- 
ered flysch. there is ;i change of porosity and permeability such that carbonate concentrates 
at the interface ( Drees and Wilding. 1987 ). In the upper part of this layer. the clay matrix 
inhibits the crystallization of calcite spars ( \Vieder and Yaalon, 1974. Wieder and Ynalon, 
1982 1.  The alternating of calcans and argillans forms laminae locally because the bonding 
between calcite and clays is strong ( Halitim et al.. 1983 ) .  The calcareous layer is indurated 
in its lower part. and contains calcite sparitic crystals. prohahly because the soil texture is 
coarser Wieder and E'aalon. 1982 1 .  

The radioc,ubon age5 of the magnesiuni-calcite nodules from ctrl~.i,ritryric.ric Vertisols on 
colluvium saniples 70.1 and 70.7 located in horizon hlER 63.1 1 and 63. I7 'we respectivell. 
2h.740 and 78.710 yr B.P., and are greater than the "C ages from magnesite nodules 
occurring in the hypermagmesic Vertisols cm allu\ ium ( < 18,000 yr B.P. for sample 71.2 I 
( Table 4 ) ,  in agreement with the relative date?; ofPodwoje\vski and Delaune ( 1993 1. These 
ages suggest that the formation of carbonates was probably contemptmnous to their enclos- 
ing material. Many nodules are polygenetic arid their growth should have heen irregular. In 
New Caledonian Vertisols. I'C age5 of hard nodulez range from 29.000 yr B.P. to 17.000 
yr B.P. ( Table 4 1 .  This wide range could be interpreted as resulting from climatic fluctua- 
tions during the dry period of the last glaciation. Fluctuations have also been noted by 
Latham ( 1986 on the basis of the composition of iron-manganese concretions i n  hyc.r-- 
rriagrresic Vertisols. where iron deposits alternate with those of manganese. In Lstham'\ 
concretions. iron precipitates more readily during drier period?; than docs manganese. I n  the 
Vertisols of the Tamoa Valley. an inverse relationship bet~veen Fe and Mn in (oil nodules 
ir confirmed. as suggested earlicr b) Acyuaye et al. 1992 1 .  

At approxiniately 550113 B.P.. rainfall uas niore abunddnt both in northeastern Australia 
and also in New Caledonia ( Kershaw. 1974: Bowler et al.. 1976 1 and the sea-level n a s  1 .S 
ni higher in New Caledonia Cabioch et al.. 1 089 ) ,  corresponding to the Flandrian Tranz- 
gression. The accumulation of manganese oxide at the top of this paleo \vatertuble IL'\YI 
was prohab13 coiiteriip~~raneoiis tvith this period. Mangans cover gypwm cqstals and 
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carbonate nodules. Manganese seems to be transported easily within the nodules, probably 
because of their higher porosity and permeability. Black carbonate glaebules described by 
Mermut and Dasog ( 1986) in Indian Vertisols are older than white glaebules probably for 
the same reason as in New Caledonia, because the formation of the first generation of 
glaebules was followedby a humid period favourable to the precipitation of blackmanganese 
oxides. 

4.2. Aragonite 

In the New Caledonian Vertisols, needles of aragonite occur in horizon MER 63.1 1 at a 
depth of more than 1 m, beneath the major root rims in horizons with a very low organic 
matter content. It is therefore unlikely that the aragonite observed in the Vertisols from the 
Tamoa valley was formed by biologic activity, as suggested by Nahon et al. (1980) and 
Ducloux and Dupuis ( 1987). 

Aragonite needles are only found in these Vertisols in intervals where Mgzt is abundant, 
as in the case of seawater (Folk, 1974; Bathurst, 1976). Mg" increases the nucleation 
time for calcite and inhibits calcite growth on preexisting surfaces (Cailleau et al., 1977 
Cailleau et al., 1979). The supersaturation of the soil solution with respect to aragonite that 
results from the inhibition of the calcite precipitation leads to the precipitation of the less 
stable secondary phase (Fyfe and Bischoff, 1965; Bischoff and Fyfe, 1968; Bischoff, 1968; 
Bemer, 1975). 

Generally, in soils, aragonite forms in a Mg-rich environment, like the weathering of 
dolomite (Sticher and Bach, 1971; Laya et al., 1992) or is associated to marine shells and 
beach rocks like in some Australian calcretes (Milnes and Hutton, 1983). In the Tamoa 
Valley, the continuous weathering of feldspars from Eocene flysch provides the source of 
calcium for the sulphates and carbonates. The source of magnesium could be rainfall (mol. 
Mg/Ca = 5 ) ,  or Mg-rich waters from the Tamoa river (mol. Mg/Ca = 45) produced by the 
weathering of peridotites and serpentinites (Table 5 ) ,  and which recover the alluvial plain 
and infiltrate the soil during and after each flood. 

Aragonite crystallizes on the extemal part of calcitic concretions and mangans (Fig. 13). 
This aragonite indicates their recent formation, in a drier regime than existed during the 
Flandrian Transgression. The soft spheric aragonitic glaebules are not affected by soil 
shearing or by lateral constraints occurring in ' 'active Vertisols." This observation supports 
the hypothesis that shr ink  and swell Vertisol processes are no longer active (Podwojewski 
and Amold, 1994). 

4.3. Dolomite 

In the Tamoa Valley, dolomite occurs in the magnesic and Izypennagnesic Vertisols and 
is linked to the presence of magnesite. High Mg/Ca solution ratio is an important controlling 
factor in dolomite formation (Folk and Land, 1975; Warren, 1990). In a non-marine 
environment, the dolomite occurrence has generally a sedimentary origin like in the Coorong 
lakes of Australia (Alderman and Skinner, 1957; Von der Borsch, 1976) or is a product of 
physical weathering of dolomitic rocks (Doner and Lynn, 1989). The Mg/Ca ratio of the 
exchangeable cations in the dolomite-bearing Izypennagnesic Vertisols ranges from 3 to 



Table 5 
Chemical compn\ition of waten from selected ri\erk and watert:ihle\ near the >tudied site. \'early average I inmol i 
I I  

instead of dolomite ( UsdoLvski. 1968; Lippman, 1973: Danduran and Schott. 1977 ) .  

In the case of mi,yiw.sic Vertisol:, of the Tamoa Valley 1 hIER SA 1. it  is suggested that 
dolnmite cqstnllized preferentially from groundivater slighly enriched in calcium hy a 
lateral drainage of the upstream part of the soil sequence. I n  the case of I l ? j n ~ 1 7 i i t i g i i ~ . s i ~  

Vertisols ( hlER 7 1 and 7 1  1. dolomite could be formed by surface híg-rich \vaters from the 
Tamoa River ( mol. hlg/Ca =45 1 during floods further enriched in calcium by rainfall 
(mol. h.lg/Ca=S) andlor organic matter (niol. hlg/Ca= 1 ) .  Hutton and Dison. ( 1981 
also suggested that rainwiter fwours the formation of dolomite in some Australian calcretes. 
In a11 itiiigtwsic and Ii~~,t.r.r,rcipncsii. Vertisols of New Caledonia. exchangeable calcium is 
niore abundant in the surface horizons I Table 1 1.  In the tissues of plants growing on 
magnesium-rich boils. the hlg/C:ì ratin is close to I .  nhich is much lower than the ratio 
found in soils ( JaffrP. 1980). Thus. organic mattermd the leachate of these surface horizons 
are relati \~ly enriched in Ca comprtred to water5 and deep horizons. 

The "C dates from Tamoa Valley dolomite indicate an age of formation xound 5000 yr 
B.P. This was :i rainy period with a higher sen level. during which the alluvial plain from 
the loiser Tamoa Valley !vas probably often inundated. and the water table KXS higher. 
Saline environments subjected to episodic flushing by fresh water with a high MglCa ratio 
is an ideal place to fnrm dolomite I Folk and Land. 1975 1. This period \\îis also favorable 
to hydromorphic conditions and/or a higher biologic xtivity. which prnbably caused an 
increase in the partial pressure of CO, in soils and controlled the reduction ofMnOl ( Mermut 
et al, 1988: Acquaye et al.. 19921. Under thesc conditions. calcium and magnesium ions 
were leached from the topzoil. into the deeper horizons ishere the Mg/Ca ratio is high ( over 

~ 

i 

No NB pH EC Ca hlg B a  CI SO, HCO, SI hlg/C.i Cl:SO, 
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In the Vertisols of the Tamoa Valley, magnesite appears only as isolated round nodules, 
at depths down to 1 m. In New Caledonia, magnesite is frequently found on the leeward 
coast, in soils, in colluvium or alluvium that are derived exclusively from the weathering 
of serpentinites and peridotites. However, today, magnesite is forming in situ exclusively 
in association with the alteration of serpentinites (it has not been observed on peridotites) 
in hypermagnesic Brunisols (Mollisols), as pure white veins from 1 to 20 cm thick. In that 
case, it may be a secondary product of the weathering of brucite which occurs preferentially 
in serpentinite rocks (Trescases, 1975; Neal and Stanger, 1985). Brucite does not appear 
in New Caledonia because it is unstable in the local conditions of rainfall, and magnesite, 
unstable in the presence of dilute waters, does not appear in the surface horizon (Trescases, 
1975). 

Fig. 13. Profile MER 
of the nodule and rec 

.63, lower part of horizon 11. Calcitic nodule ( 1); aragonite ( 3 )  crist 
:overs mangam (2). 

allizes on extei na1 part 

20). All these conditions could have been favourable to the precipitation of dolomite at 
depths down to 1 m. 

4.4. Magnesite 



The radiocarbon age of a nadule of magnesite in  the Tamoa Valley is 17.690 yr B.P. This 
corresponds to the ages of other magnesite nodules described by Latham ( 1986 I ~vhich 
range from 26.700 to 19.600 yr B.P.(Table 4). The magnesite nodules have heen formed 
during the dry period of the last glaciation. Precipitation of magnesite. however. has been 
obsen7ed accompanying dolomite and hydroniagnesite in some lakes of the Coorong wen 
in South Australia ( Rosen et al.. 1988 1 .  The neoformation of magnesite by the fluctuation 
of it mtert:ible is unlikely in arid conditions and in a period where the sea level n ;is 120 m 
h v e r  than today. In the hypermi,qtrcric Vertisols from the lower Tamoa Valley. the rela- 
tivel!- high concentration of calcium suggests that the neoformation of magnesite in situ is 
unlikely. The presence of pure magnesite, as hard round nodules. in ;i sandy-clayey horizon 
rich in pebbles of serpentinites and peridotites could be explained by an allochtonous 
formation. Magnesite nodules niay have been fomied upstream in the weathering horizons 
of serpentinites. at the hase of the peridotite sheet. rind transported in an old channel of the 
Tamoa River to the soils, during major flooding, in  an arid environment. 

The 5”S analyses af many gypsum crystals of New Caledonia suggest that the major 
source of the sulfur in gypsum is rainwater and sea sprays Pod\vojea.ski and Arnold. 
1994 I .  Gypsum Iíìyers typically marh the depth of water penetration in a leached soil horizon 
( Sonnenfeld. 1984 1. The accumulation of gypsum at depths greater than 1 m in the Tanioa 
valley is also linked to the presence ot’ vertical cracks. which permit the surface water to 
penetrate rapidly to depth. when the cracks were deeper and the climate drier and windier 
than today ( Podwojenski and Arnold. 1994 ). Gypsum crystals have also been reworked at 
the \vater tahle during the last humid period. In the black manganese-rich horizon. gypsum 
cqstals are agglomerated and are coated by thin niangans. 

In ciilciriitrgiicsic. Vertisols. gypsum crystals progressively diminish in size and in abun- 
dance with depth. When they disappear. calcium carbonate accumulation takes their place. 
At the boundary of the g>-psuni and calcite glaebule-hearing horizons, calcite pseudomorphs 
after lenticular gbpsum cqhtals  are visible. Such a pheneonienon has heen described by 
Watson ( 1955. 1988 1. Drces and Ll’ilding ( 1987 1,  Guniuzzio and Casas, 1988 1. :ind 
Sullivan ( I990 1. In the case of the TamoaVertisols. lxge monocrystals oflenticul3rg~-psum 
( 100 to > 500 pm 1 have heen dissolved and microsparitic calcite cr Is ( < I O  pn1 I huve 
precipitated in the pores ( Fig. 14 1 .  In some tubular pores. gyphum has cq%illized on the 
external prvt of the void. Calcite cristallized later in  the internal part of the voids. pseudo- 
morphic after lenticular gypwm crystals ( Fig. 15 i .  

This pseudomorphosis is the opposite of that observed by Halitirn ( I985 1 in southem 
Algeria. He ohserved calcite crystallized on the extemal part ofthe tubular pores and gypsum 
in the internal part. The pseudomorphosis could he cmsed by an increase in  dovmvard- 
moving solutions. saturated nith rcspect to calcite but capable of dissolving gypsum ( Wat- 
son, 1988: Sullivan. 1990 i .  In Neu Caledonia. a similar phenomenon occurred :it about 
5000 yr B.P.. when thc r:iinfttll was much greater than today. The high carhonate contents 
of the Tamoa River flood maters contribute to  this process. On contact with the cnrbonate 
solution, calcium sulfate dissolve4 and colciuin carbonate precipitates in  i t 5  place. while 
sulfate is exported out of the profile according to the reactinn: 
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Fig. 14. (a, b) Profile MER 63, lower part of horizon 10. Calcite pseudomorphs (2) after lenticular weathered 
gypsum crystal ( 1) .  

CasoS. 2H20 + CO$-aq -+ CaCO, + SO:& + 2H20 

4.6. Barite 

Detrital barite crystals are derived from the physical weathering of Senonian terrigenous 
shales. However, the isogranular barite microlites developed close to aragonite accumula- 



Fig. 15. Profile hlER 6.3. ILia-er part nf horizon 10. Westhered gypsum cr)'rtal\ ( 1 ) .  Calcite pwdomorphr í ? r  

after .se:ithered gypwin cpstals develnping frnm the central tubular port I 7 I the extemal part of the wid.  

into aragonite (Cailleau ct al., 1979). Authigenic harite in soils is rare because of the 
mineral's very loa. solubility. The formation of authigenic harite could be attributed to the 
presence of a saline \batertable (Stoops and Znvultta. 107s). After Carson et al. ( 1982). 
barite fcmxition in soils seem\ to occur in a matrix that is highly sniectitic, high in cation 
concentration. and loa  pH. Barite fm"nion under such conditions has also been observed 
by Lynn et al.. ( 1971 1 or Stoops and Za\-aleta ( 1078 1.  In  the L,alCirrrtr,L7rrt'si(. Vertisol of the 
Tamoa \.alley 1 hIER 63 1. all of these preceding conditions tire present. The CEC's of the 
gyphum-bearing horizons ( 63.7.63.8. 63.9 are saturated in cations. the soil pH is close to 
5.0 at 70 cm depth ( Tuhle 1 ), and the water table fluctuated during the humid period of the 
last F1:indrinn transgression. 

4.7. Chrr~iii~trl aird miticrrilí~,gituil c i d i { t i m  

~ 

imyicri i i i t~  iirpiiis. 
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the exchangeable complex and concentrated by the organic matter in the surface horizons. 
This calcium is easily leached down the profile and contributes to the neoformation of 
dolomite. 

5. Conclusion 

The Vertisols of the Tamoa Valley, in New Caledonia, have recorded the climatic changes 
during the recent Quaternary period. Gypsum and calcium carbonate most likely crystallized 
during the dry period of the last glaciation, which reached its maximum at around 18,000 
yr B .P. Magnesite nodules appear to be contemporaneous with the alluvial terrace, but are 
allochthonous and originate from the mechanical weathering of soils on serpentinites found 
upstream. During the Flandrian Transgression, at about 5500 yr B.P., the rainfall increased 
and fluctuations of the water table favoured the reworking and the dissolution of gypsum 
and calcium carbonate. Manganese accumulations coated carbonate nodules and gypsum 
agglomerate crystals. During this period, hydromorphic conditions may have promoted the 
formation of dolomite by increasing biological activity and leaching conditions. The for- 
mation of barite is also likely to have been contemporaneous with this period. 

Today the climate is drier than it was during the Flandrian Transgression, but the Vertisols 
of the alluvial plain are regularly flooded by the Mg-rich waters from the Tamoa River. 
Modem flooding on the alluvial plain favors the formation of dolomite, the formation of 
calcite pseudomorphs after lenticular gypsum crystals, and the formation of aragonite. Today 
vertical cracks are rarely observed at the soil surface and the aragonite crystals are not 
affected by soil shearing effects. These facts suggest that the Vertisol movement is not 
effective today, probably because of the too high rainfall and/or a less contrasted climate 
than existed during the dry period of the last glaciation, in the early stages of Vertisols 
development. 
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