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Introduction

Recent models consider soils and weathering mantles as a geomenbrane sensitive to climatic changes through chemical and physical transfers [1]. To quantify such geochemical transfers in an attempt to model the contributions of past climatic changes to the dynamics of weathering and soil evolution, the iso-element mass balance methods (IMB) are widely used.

The IMB methods, e.g. iso-niobium 2, 3, iso-titanium 4, 5, iso-thorium 2, 6or iso-zirconium 7, 8, assume that some element remains immobile during weathering processes (see Section 2.1for details). Since the validity of such mass transfers quantification strongly depends of the geochemical behavior of the element chosen as reference for calculation, several of these methods are usually applied to minimize bias due to the possible mobility of a single element. However, this does not always ensure the validity of results, as the relevance of the preferred methods may in turn depend on the observation scales, from landscape to crystal scale 9, 10. The IMB methods can be used to test the validity of the model of isovolumetric weathering [11]. This model is based on the observation of conservative structures, at the macroscopic (e.g. quartz veins and tectonic structures) and microscopic (mineral preferred orientation or petrofabric) scales [10]. Indeed, a volume change cannot correspond to an isotropic strain in a natural weathering profile as the material is free to expand or contract only along the vertical dimension (i.e. perpendicular to the surface). Therefore, in a simple homogeneous vertical gradient of weathering, from the underlying parent fresh rock to the topsoil, a volume decrease (collapse) must correspond to a compaction (flattening) and a volume increase (dilation) must correspond to a vertical constriction (stretching), both inducing a modification of petrofabric. Although more complex situations, involving heterogeneous weathering (such as ball formation) or along slope extension (due to downslope creep), can be encountered, there is no way to imagine a situation where strain would be isotropic in case of volume changes, that is the relative length variation of the material would be equal in every horizontal and vertical directions.

The anisotropy of magnetic susceptibility (AMS) is a well established and versatile technique 12, 13allowing one to quantify, with a high sensitivity, the preferred orientation of magnetic minerals (i.e. the magnetic fabric). The aim of the present study is therefore to test the use of AMS in two contrasted weathering profiles from Cameroon and Morocco to check the validity of IMB results. Bulk magnetic properties of weathered materials have been reported by various authors 14,15,16,17,18, mostly in soils rather than continuous profiles [18]. Paleomagnetic investigations 19, 20, 21of weathering profiles have also been undertaken, in particular to define the age of lateritization. However, no AMS study has been devoted so far to weathering profiles.

Sampling and methods

Sampling

Oriented blocks or core regularly distributed on vertical profiles were sampled from three along slope pits in Cameroon and a roadcut in Morocco. Soft material was carved in large plastic boxes while stronger material (in Morocco) was cored with a portable drill, producing cylinders 25 cm in diameter. The bulk material was used to measure the porosity and AMS. For the softer material an epoxy resin was first injected in the large blocks before cutting small size cubes readily measurable for AMS. Geochemical analysis were performed on the same powdered samples.

Fresh parent rock was obtained at the base of the profile in Morocco, while the Cameroon pits do not reach the fresh rock, which was obtained from river boulders.

Iso-element mass balance (IMB)

Formal mass-balance equations are based on weathered material chemical composition and physical properties such as bulk density, grain density and porosity, and the corresponding properties of the parent rock. Assuming the immobility of some trace elements during geochemical weathering, mass transfers of the other elements (gains or losses) and volumetric changes of rocks (strain, i.e. collapse or dilation) are calculated, with respect to the index element taken as reference, from the following equations [7]. Porosity (φ) is defined by:(1)

where ρd is the bulk density and ρg the grain density.

Volumetric change (or strain εi) is defined by:(2) where ρ is the bulk density, w and p subscripts refer to weathered and parent rock respectively); i pertains to the index element taken as reference and C its concentration in weight %. Negative or positive values of strain indicate collapse or dilation, respectively.

To estimate possible bias due to the mobility of a single index element, calculations were conducted using titanium, zirconium and thorium, which are the most extensively used among the potential immobile elements.

Rock powders were used to perform chemical analyses of major elements (given in weight % oxides) such as TiO2 (detection limit at 5 ppm) and trace elements: Zr (2 ppm), Th (2 ppm) with Inductively Coupled Plasma Spectrometer (ICP-OES).

Anisotropy of magnetic susceptibility (AMS)

At the grain scale, AMS is controlled by crystallographic system, iron oxidation state and crystal sites. Grain shape may also play a role in minerals of high susceptibility such as spinel [12]. At the macroscopic scale, AMS arises from the preferred orientation of anisotropic magnetic minerals, the so-called magnetic fabric. It generally corresponds to the petrofabric itself, but may be complicated by specific rock magnetic effects, reviewed by Rochette et al. [12]. The assessment of geological significance of AMS data in terms of petrofabric requires thus careful control, and therefore, in the two following examples, the AMS study was undertaken together with rock magnetic, mineralogical, structural and geochemical investigations.

The output of AMS measurements is an ellipsoid defined by the length and the orientation of its three principal susceptibility axes K1≥K2≥K3, i.e. the three eigen-vectors of the susceptibility tensor. The widely used parameters that control the magnitude and shape of the AMS ellipsoid [13]are defined as follow: the mean magnetic susceptibility Km=(K1+K2+K3)/3, expressed here as specific values χm (in 10 -9 m 3 /kg); P=K1/K3, the anisotropy degree; L=K1/K2, the magnetic lineation; F=K2/K3, the magnetic foliation and T=[2(lnK2-lnK3)/(lnK1-lnK3)]-1, the shape parameter, which characterizes the shape of the AMS ellipsoid (T=1 for pure oblateness whereas T=-1 for pure prolateness). Results reported here are mean tensorial values obtained on at least 3 samples in each layer collected, following Jelinek [22].

Measurements were performed at room temperature on 8 cm 3 cubic plastic boxes or standard cylindrical core samples, on a Kappabridge KLY-2 a.c. bridge, which allows the determination of P and χm with sensitivities up to 1.002 and 10 -9 m 3 /kg, respectively.

The Goyoum profile (Cameroon)

A lateritic nodular soil sequence located near Goyoum (Cameroon) at 4°95′N has been the subject of a complete structural and petrogeochemical spatial analysis [23]. In this area, deep pedological mantles have evolved by long-term weathering of gneissic rocks of the basal Precambrian complex under a tropical humid environment, leading to characteristic landscape morphology of `half-orange' hills. For our magnetic study vertical sections from three pits distributed along a hill slope have been investigated [24]. Results from only the hilltop 12 m section (pit 352) is reported here because this section exhibit the most complete sequence and pronounced contrasts. Its hilltop situation (i.e. on a flat surface) also excludes downhill creep.

Petrological and mineralogical patterns

The typical textural organization of the profile consists mainly in four units (Fig. 1, Table 1). At the bottom lies (I) a coarse saprolitic unit (C-horizon), evolving through (II′) a structural transition (BC-horizon) in its upper part, to (II) a red nodular one (B-horizon). The upper unit (III) is a soil (A-horizon), with a thin superficial organic matter-rich unit (A0, Mor). The main petrological features were investigated in details by X-ray diffraction (XRD), Transmission Electron Microscope (TEM), Scanning Electron Microscope (SEM) and optical microscope [23](see synthesis in Table 1). Kaolinite, Al-substituted hematite and goethite represent the major weathering products. Quartz, biotite and muscovite are the main primary residual minerals. In the saprolitic unit, the initial foliation is preserved, underlined by the preferred orientation of primary muscovite and kaolinite platelets that have pseudomorphically replaced biotite and feldspar. Iron oxides generally form coatings around kaolinite particles. The structural transition show local anisotropy related to exfoliated kaolinite booklets from residual muscovite. The nodular unit exhibits ferruginous nodules within clayey matrix of small kaolinite platelets, polycrystalline grains of goethite, hematite and quartz grains, without any visible preferred orientation, showing an apparent complete homogenization due to ferralitic processes. The topsoil unit shows a granular texture of very fine-grained clay material.

Volume changes from IMB

Porosity appears quite constant at about 50% in zone I and II′, while it decreases regularly upward in the nodular and topsoil units (down to 25%). Strain calculations were carried out here using Th, Ti, Zr as index element (i) in Eq. ( 2), no matter whether they appear in individual weathering resistant minerals or not. The initial concentration of elements used as a reference for parent rock were calculated from mean value for five gneissic samples collected in boulders located at the bottom of the toposequence, since it is the only place where the (sub)-fresh parent rock outcrops.

The results show considerable differences depending on the chosen element (Fig. 1a).

Assuming the initial homogeneity of the parent rock in terms of index element content, the nearly constant trends through the saprolitic unit testify for minor volumetric changes, whatever the index element. However, εTi indicates about 25% collapse while εTh and εZr point toward isovolumetric saprolitization (εi=0). This contrasting behavior may arise either from the relative mobility of titanium versus thorium and zirconium or from a lower titanium content of the true parent rock compared to the mean value calculated from our samples. On the other hand the transition zone shows approximately no volume change according to Ti and Th, while εZr reaches up to 50% dilation. In the nodular unit, as well as in the topsoil unit, calculations indicate that collapse, up to 60% as found elsewhere 25, 26, is predominant, although Zr and Ti indicate isovolume zones. This collapse is in agreement with the observed porosity reduction.

Even though the strain values might be incorrect, due to the heterogeneity of gneissic samples chosen as reference, this cannot explain the difference observed in the upper horizons. Hence, it clearly points toward the differential geochemical behavior of the index elements during ferralitization. Probably neither Ti, Th or Zr are immobile throughout the whole profile.

Magnetic results

Low-field susceptibility profiles

Mean magnetic susceptibility (χm) profiles allow the discrimination of the different units (Fig. 1b), despite the mineralogical heterogeneity of the layers sampled, which give more or less narrow susceptibility ranges (indicated by the shaded zone).

In the parent rock, saprolitic (I) and transitional (II′) units, low χm values (<100×10 -9 m 3 /kg) indicate antiferromagnetic (hematite and Al-poor goethite) and paramagnetic contributions, the latter involving primary phyllosilicates, Al-rich goethites and amorphous iron phases 24, 27. According to high field measurements [24]the contribution of primary or neoformed ferrimagnetic spinels is negligible. Once normalized to iron amount, observed susceptibility values (χmFe) can be compared to the reference values for goethite and paramagnetic Fe 3+ 12, 24, showing that a mixing of these two contributions can explain the results (Fig. 1b). However, the similarity between χmFe and χm suggests that the observed fluctuations in χm are due to slight variations in the iron content rather than changes of the iron magnetic state, reflecting the initial heterogeneity of the parent rock.

In the nodular unit (II), χm values up to more than 700×10 -9 m 3 /kg cannot be solely attributed to minerals of low susceptibility such as hematite and goethite (χm<500×10 -9 m 3 /kg 28, 29), while large variations of χmFe imply changes in the iron magnetic state. Therefore, traces of a ferrimagnetic phase such as maghemite are necessary to explain the magnetic properties, as it was already suggested in a previous TEM study [30]. The top soil unit (III) exhibits a drastic increase in χm and χmFe in its surficial and organic matter-rich layer, which may be compared to the so-called magnetic enhancement often mentioned in soil magnetism studies 14, 18.

Since the χm values for the parent rock and the saprolitic unit exclude the presence of primary spinel, the ferrimagnetic phases are of secondary origin.

Magnetic fabric

In the fresh rock, saprolitic and transitional units (I), P values are above 1.02 and the fabric shape is neutral to prolate (T=0; Fig. 1c,d). These values, together with the directions of principal susceptibility axes (Fig. 2a) suggest a characteristic L-tectonite fabric [13]: K1 grouping points toward a N-S lineation while K3 directions, dispersed in a roughly EW vertical plane, may correspond to a folded foliation. A heterogeneous inherited metamorphic fabric would account for the dispersion in P and T values, which show no clear vertical trend.

The strong decrease in P from the fresh parent rock to the saprolitic unit (Fig. 1c) is due to the pseudomorphic replacements of primary paramagnetic in the gneiss. The mimetic magnetic fabric [31]of the newly formed minerals preserves the fabric shape and orientation but the degree of alignment together with intrinsic anisotropy of the neoformed minerals are lower than for primary biotite. In contrast, the nodular unit show nearly isotropic fabric, with P<1.008, and a predominantly oblate shape (T>0; Fig. 1 c-d). Since the magnetic mineralogy in this unit involves ferrimagnetic minerals, which can carry a stronger anisotropy than the paramagnetic and antiferromagnetic minerals present in the saprolitic unit (see also Table 1), the decrease of the P values from the saprolite to the nodular unit is not due to mineralogical changes. Although changes in grain size may lower anisotropy degree [12], the strong decrease in probably indicates a randomization of the initial oriented structures, induced by ferralitic constant remobilization. Despite this low anisotropy a consistent horizontal planar fabric is observed with K3 directions around vertical, and K1 dispersed within the horizontal plane (Fig. 2b). This can be interpreted as a weak compaction fabric, more pronounced in the uppermost soil layer.

Discussion

The IMB method suggests that saprolitization proceeds on average with no major volumetric change in agreement with the magnetic fabric inherited from the parent rock without apparent deviation. The collapse of about 25% inferred from εTi is not significant as it should have induce a compaction which is not consistent with the preservation of prolateness and anisotropy directions in the whole unit. The same argument can be made for the apparent dilation indicated by εZr in the transition zone. AMS results are thus a strong indication that the bulk volume of the fresh parent rock was preserved in the saprolite and transition zone.

In the nodular unit as well as in the top soil unit the strong decrease in P indicating randomized grain orientation may arise from three processes: particle transfers (translocation) or pedoplasmation (dilation/collapse of clay during wet/dry season); random orientations in magnetic coatings upon secondary kaolinite. The compaction magnetic fabric is compatible with the overall collapse indicated by IMB, although very large collapses and thus compaction inferred from εTh (up to 60%) should have induced a strong preferred orientation of minerals. However, this apparent contradiction can be solved if one assume that most of the compaction occurred before the neoformation or reorientation of the magnetic grains due to the processes mentioned above.

Misleading values of strain, also illustrated by the large discrepancies observed between εi, may result from migration of solutes or translocation processes of the elements through the lateritic sequence, as it has been shown in the case of thorium in other similar toposequences in Cameroon [32]. Ti is clearly mobile, as shown by the unrealistic collapse in the saprolite and dilation at the top of nodular unit. It is difficult to evaluate, among Th and Zr which element is best suited for IMB in the present case. Our result do not disqualify Th, although collapse in the nodular unit may be too large. The iso-zirconium method may the more reliable apart from the unrealistic dilation found and the top of transition zone.

The Ifrane profile (Morocco)

The second example presented corresponds to the recent weathering of a quaternary basaltic flow 33, 34in the Middle-atlas (Morocco), located at 33°5′N, near Ifrane, under cooler and dryer mountain climate. The two meters thick flow outcrops as rounded fresh basalt cores, about one meter diameter at the base (Fig. 3), surrounded by several coherent rims with increasing alteration from the inner ones to the outer ones. This weathering scheme is actually reproducible in the whole profile, and the main differences from cores to cores consist in a decrease in diameter upward as weathering increase. The upper part of the profile is a lithosoil, which occasionally fills voids between the rims and separate the cores from each other. These features enable to define a clear and progressive weathering gradient with distance to cores. Consequently, geochemical and AMS data will be represented as a function of the weathering facies: basalt cores, inner rims, outer rims and soil. 

Petrological and mineralogical features

Modal composition of the fresh alkaline basalt core is plagioclase (57.6%), augite (30%), olivine (4.5%), opaque minerals (6.5%) including ilmenite and titanomagnetite, accessory sphene and glass. Optical microscopy and SEM indicate that the opaque minerals appear as needles from 0.01 to 1 mm long in the glassy matrix and as granular inclusions in olivine phenocrysts. Structural formula inferred from microprobe analyses on separated crystals [34]and XRD patterns of magnetic extracts indicates that the needles are titanomaghemite [24]. Semi-quantitative determination of the whole mineralogical content, inferred from XRD patterns indicates that 25% of the inner rims consist in secondary minerals (mostly halloysite).

In the outer rims, the clay content reaches 75% and consists in 90% halloysite and 10% vermiculite. Variations in the opaque mineral content from the basalt cores to the outer rims are of the order of the XRD detection limit (less than 5%). Microprobe analyses of secondary products reveal some traces of iron, confirmed by FTIR spectrometry: the broad spectrum identifies some of the lattice vibration bands as belonging to goethite [34]. SEM observations, chemical analyses and porosity measurements on bulk material and separated minerals show that weathering proceeds by progressive dissolution and pseudomorphic replacements of the primary minerals.

Volume changes

εTi and εZr indicate a progressive dilation from the cores to the outer rims (Fig. 4) that reach 50% dilation in the more surficial outer rims. Their consistency within the probable error of analyses, together with the fact that the highest values of dilation correspond to the highest chemical content of the rock, suggests a common geochemical behavior of titanium and zirconium in that part of the profile. In the soil horizon, values of 100% dilation and even more, using both Ti and Zr as reference, are clearly unrealistic, and cannot only be due to low chemical content, with regard to the discrepancies observed between εZr and εTi, as well as the scattered values of εZr or εTi. 

AMS results

Magnetic mineralogy

High mean susceptibility values (χm>10 -6 m 3 /kg), together with high field susceptibility measurements [24]demonstrate the strongly predominant contribution of ferrimagnetic phases in the whole profile, with a slight decrease between the fresh cores and the rims (Fig. 5). In all cases, low-field susceptibility versus temperature curves (Fig. 6) exhibit upon heating a decrease around 300°C followed by an irreversible enhancement of susceptibility around 400°C with Curie temperatures of about 570°C. Such behavior is typical of the irreversible transformation of titanomaghemite into ilmenohematite and titanium-poor magnetite intergrowths of higher susceptibility 24, 35. The similarity between low-field susceptibility curves from the cores to the outer rims suggests that titanomaghemite was already present before weathering (due to deuteritic alteration) and remain practically unchanged throughout weathering. From the cores to the outer rims, samples exhibit similar behavior imparted to a mixture of titanomaghemite grains.

Magnetic fabric

In the basalt cores (Fig. 5c), the AMS parameters, P=1.015, oblate shape and weakly dipping foliation, are characteristic of an imbricated magmatic flow fabric 13, 36, with a northwestward flow consistent with the paleslope morphology [24]. The decrease in P to 1.007 in the inner rims and to 1.005 in the outer rims (Fig. 5b anda), without any major influence on the initial oblateness of the AMS ellipsoid (T=0.75 and T=0.84 in the inner and outer rims respectively), is associated with an increased scattering o f anisotropy directions.

The mean foliation (perpendicular to K3) is unchanged while the lineation (mean K1) rotates toward the EW direction. Very low anisotropy ratio can account for the scattering but not for the deviation. A thermal enhancement of the magnetic fabric 12, 37was attempted by heating the samples for three hours at 350°C. Indeed, P values increase drastically, above initial values for fresh basalt, and the scattering of directions together with the lineation deviation disappear. After heating the fabric of fresh basalts and the weathered rims are indistinguishable in directions, shape and intensity. So, we assume that the magnetic fabric of the unheated weathered samples corresponds to a mixture of the primary flow fabric (suggested by the preservation of K3 direction in the whole profile) and a superimposed weathering-induced fabric, which is reversible under heating. This latter fabric is probably due to internal stresses and crystal defects in the titanomaghemite structure, removed by diffusion during thermal treatment. This behavior should be then related to coercivity changes and a progressive oxidation of the grains as weathering increase. The shift of the mean tensorial K1 direction toward an E-W lineation as weathering increases also suggests that the acquisition of a chemical remanence (CRM) [28]in the Earth magnetic field direction, may induce a magnetic lineation perpendicular to CRM direction 12, 38. The loss of anisotropy between the fresh basalt core and the rims, may also be explained by the partial dissolution of titanomaghemite needles 24, 34, reducing the shape aspect ratio of the ferrimagnetic grains.

Discussion

Thermal enhancement of AMS have shown that the change of initial magnetic fabric from fresh basalt to the weathered rims is not due to a strain induced physical realignment of grains but to an effect of CRM acquisition and internal grain stress or partial dissolution. In fact, weathering induces no detectable changes in the preferred orientation of the primary titanomaghemite grains. Due to the weak initial magmatic fabric, only a weak strain (e.g. 10% or less) is necessary to overprint this fabric [39]. Therefore, vertical constriction of more than 50% in the outer rims, corresponding to the dilation calculated by IMB method (Fig. 4) is clearly unrealistic and AMS results plead for an isovolumetric weathering in this profile. This implies absolute losses of both Zr and Ti from the outer rims, in such a way that consistency between εZr or εTi values is preserved. The petrological study at different scales [34]do not revealed any zirconium bearing minerals that are supposed to be present as a basis for assuming non-mobility of this element [26]. It also demonstrated that among the three possible relevant host phases for Zr, which are glassy matrix [4], feldspar and dark minerals such as ilmenite [40], the first two are highly susceptible to alteration. For ilmenite, the magnetic study [24]shows a dissolution of fine-grained titanomaghemite, and ilmenite probably behaves similarly [41]. This provides possible explanations for the mobility of these elements.

Moreover, the operation of short term transfers via connected porosity, which confine these elements to the layers from which they originate, and hence, make strain calculations valid, have yet to be demonstrated. The fact that chemical analyses of the ground waters do not reveal any detectable amounts of both elements in solution (detection limit at 2 ppm) is not a sufficient basis for proving their immobility. The leaching rate under semi-arid mountain conditions may be slow enough that ppb concentrations would be sufficient to translocate significant amounts of Ti and Zr in solution. For instance, assuming on a paleomagnetic basis [24]that the age of the basalt flow is less than 0.78 Ma, the complete dissolution of the initial zirconium content of the fresh basalt (174 ppm) over this period of time gives a dissolution rate of 20 ppb/y in solution, well below the detection limit used in this investigation.

Conclusion

These two examples show that magnetic fabric is a very promising new approach to understand weathering induced structural changes.

In the case of the equatorial mature lateritic profile developed on a spinel-free parent rock, magnetic mineralogy is dominated by neoformations and AMS mainly reflects structural changes, from saprolite where the magnetic fabric is mainly due to inherited structure, to iron crust where the initial fabric is erased, leading to isotropy and a weak compaction fabric.

When the primary magnetic mineralogy is dominated by spinels, which is the case of the recent weathering of a basalt flow, AMS is dominated by coercivity changes and/or grainshape behavior due to further oxidation and dissolution of the inherited titanomaghemite grains. However, this superimposed weathering fabric did not erase the primary fabric of the basalt flow, and hence, the former can indirectly give major clues on the structural evolution of the saprolite.

In both cases, the weathering fabric in the saprolite leads to a loss of anisotropy degree but a preservation of the primary metamorphic or magmatic fabric, indicating no deviatoric strain and thus isovolumetric weathering.

This comparison of strain estimated by the IMB and AMS techniques shows that in both case studies, the large values of strain often inferred by the IMB method are unrealistic. The assumption of the immobility of the elements taken as a referenceeither titanium, zirconium or thoriumis actually not fulfilled, at least in the two examples studied. Moreover, while the validity of strain calculations is usually improved by the consistency of results from several reference elements, the AMS technique demonstrates, on the basis of results obtained from the profile from Morocco, that such a cross-check was unable to detect the geochemical mobility of Ti and Zr, which make the validity of the IMB methods not selftestable.
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 1 Fig. 1. Volumic IMB strain and AMS parameters of the Goyoum profile 352 as a function of depth. (a) Strain ε using calculated zirconium, titanium and thorium as index element i. (b) Mean susceptibility χm (in 10 -9 m 3 /kg) (solid square or dot for the parent rock) and mean

Fig. 2 .

 2 Fig. 2. Comparative equal-area plots of the mean directions of K1 and K3 principal susceptibility axes in geographic coordinates, calculated from three or four samples in each collected layer in the Goyoum profile 352: (a) units I and II′; (b) units II and III.

Fig. 3 .

 3 Fig. 3. Sketch of the Ifrane profile showing fresh basalt cores surrounded by grey (inner) and brown (outer) rims, together with brown-red soil. Black dots correspond to samples.

Fig. 4 .

 4 Fig.4. Strains εi for the different units of the Ifrane profile, calculated using titanium and zirconium as index elements, plotted against the contents of TiO2 (wt%) and Zr (ppm) of the whole rock. Solid and open symbols: Zr and Ti taken as index element respectively. Large dots: basalt cores; triangles: inner rims; squares: outer rims; small dots: soil.

Fig. 5 .

 5 Fig. 5. Mean tensorial values of χm, P, T and comparative equal-area plots of the K1 and K3 principal susceptibility axes in geographic coordinates for the Ifrane profile. Unheated samples: (a) outer rims; (b) inner rims; (c) basalt cores. Open and closed symbols correspond to sample and mean directions, respectively. Samples heated 3 hours to 350°C: (d) outer rims; (e) inner rims. χm (ave) in 10 -9 m 3 /kg.

Fig. 6 .

 6 Fig. 6. Low-field magnetic susceptibility versus temperature (CS2 apparatus) for the Ifrane profile.From the cores to the outer rims, samples exhibit similar behavior imparted to a mixture of titanomaghemite grains.

Table 1 .

 1 Morphological and mineralogical features of the Goyoum profile (afterMuller, 1987) [25] 

	Unit Fe2O3	Approx. ratio hematite/goethite	Goethite Hematite	Shape/size
		(wt%)		(mol% AlOOH)	(mol %Al2O3)	Iron oxides	Kaolinites
	III 10	Go ≫ He	15-33	4	Continuous phases	Small platelets (<1 μm)
	II	10-40	He ≫ Go	15-20	4	Continuous phases	Small platelets (<1 μm)
	II′ 10	Go ≥ He	20-25	4	Polycrystalline (<0.2 μm)	Scattered large sheets
	I	10	He ≥ Go	10-15	4	Polycrystalline + monocrystals (<1 μm)	Booklets (<1-50 μm)
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