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ABSTRACT. In Belgium, numerous karstified sand-carbonate contacts are known for their association with halloysite precipitation. 
In the Hinnisdael caves of Vechmaal, eastern of Belgium, a similar geological setting is observed in dolines of karstified calcarenite 
of the Cretaceous Maastricht Formation filled with sand of the Oligocene St. Huibrechts-Hern Formation. At the sand-calcarenite 
interface, a discontinuous succession occurs of white clay and oxidized rust almost perfectly segregated. These lithologies are authigenic 
precipitations of high purity consisting of only halloysite-allophane and goethite-ferrihydrite respectively. The Al, Si and Fe necessary 
for this precipitation were derived from the short-range distance dissolution of glauconite and other silicate minerals present in the 
overlying sand unit. The mobilization of these ions was realized by the progressive oxidation of pyrite to jarosite leading to a significant 
acidification of the percolating water. It is furthermore observed that seemingly small variations in local conditions in the Curfs quarry 
of Valkenburg, the Netherlands, result in alunite, gibbsite, halloysite, allophane precipitation instead of jarosite, halloysite-allophane 
and goethite-ferrihydrite.
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1. Introduction

Halloysite is a dioctahedral 1:1 clay mineral of the kaolinite 
group frequently discussed in literature because of its potential 
for nanotechnological applications (Keeling, 2015; Yuan et al., 
2015; Yuan et al., 2016). Its geological occurrence has been 
primarily linked to soil and weathering environments, by the 
weathering and alteration of volcanic rocks (Vaughan et al., 
2002; Velde & Meunier, 2008), the alteration of clay minerals 
like montmorillonite or biotite (Hill, 2000; Papoulis et al., 2009) 
or weathering of feldspars (Sheets & Tettenhorst, 1997; Adamo 
et al., 2001). Halloysite is also a common mineral constituent in 
karst and paleokarst environments as a result of acid weathering 
(Polyak & Güven, 2000; Joussein et al., 2005). In Belgium, 
halloysite was reported in over 30 localities, almost all with a 
very similar geological setting, i.e. karstified carbonate substrates 
filled up by Cenozoic sand deposits (Buurman & Van der Plas, 
1968; Dupuis & Ertus, 1995; Goemaere & Hanson, 1997; 

Nicaise, 1998; Kloprogge & Frost, 1999; De Putter et al. 2002; 
Bruyère, 2004). 

A similar geological setting is found inside the underground 
quarries of Hinnisdael, locally known as “mergelgrotten” (“marl 
caves”), located in Vechmaal, Limburg province, Belgium (Fig. 
1). In two of the Hinnisdael underground quarries, dolines filled 
with marine sand were intersected and an irregular white clay 
layer occurs at the contact between the karstified top of the 
Cretaceous calcarenites and Oligocene glauconiferous sands 
(see Table 1). These exceptionally well-preserved outcrops were 
reported by Dusar et al. (2005) who interpreted the white clay 
as an uneroded residue of Paleocene marls, in agreement with 
the geological map of Claes & Gullentops (2001). Although 
these outcrops have never been studied in detail, the specific 
geological setting is nevertheless very suggestive for the presence 
of authigenic halloysite. The present paper therefore attempts to 
document the occurrence and mineralogy inside the doline and 
compare it with analogous sand – carbonate contacts.

Figure 1. Digital Elevation Model and 
floor plan of part of the Hinnisdael 
underground quarries just south of the 
village Vechmaal (modified after Dusar 
et al., 2005). Location of white clay-
bearing dolines (red dots) in quarry VI 
and quarry I (“Grote Kuil”), the profile 
line is shown in Figure 2. Coordinates 
of the GPS reference point: latitude 
50.752130, longitude 5.382616.
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2. Geological setting

The underground quarries of Hinnisdael are located in the village 
of Vechmaal, at 7 km SW of Tongeren (South Limburg, Belgium; 
Fig. 1). The quarries were excavated around a topographical 
depression in the Maastricht Formation consisting of a soft 
fossiliferous calcarenite. Calcarenite was primarily exploited for 
its use as building stone, later on also as a conditioner for the heavy 
loamy soil. Historical research suggests that the most intensive 
extraction of building blocks occurred around the 14-15th century 
(Dusar et al., 2005). Today, eight separate underground networks 
— named “caves” in the regional vernacular language — are still 
known to exist in Vechmaal. 

The Cretaceous calcarenite is covered by Oligocene sands 
of the Sint-Huibrechts-Hern Formation. The entire succession 
is overlain by Quaternary loess deposits turned into loam (Fig. 
2). On the 1:50 000 geological map, the Paleocene sands and 
marls of the Heers Formation are represented as a stratiform 
unit in between the Oligocene and Cretaceous deposits (Claes & 
Gullentops, 2001) (Table 1). According to Dusar et al. (2005), 
this unit would be reduced to isolated erosion residues observed 
in some quarries. A NW-SE fault with total vertical throw of 6 
m passing across the entrance of the Hinnisdael VI quarry was 
mapped by Dusar et al. (2005) (Fig. 1). Small-scaled faults 
and joints can be observed in these quarries, testifying of post-
Oligocene tectonic activity related to the vertical movements of 
the London-Brabant massif basement and the opening of the Ruhr 
Valley Graben.

The top of the calcarenite is slightly karstified and deep 
dolines filled with Grimmertingen sands of the Oligocene Sint-
Huibrechts-Hern Formation can be observed in different quarry 
walls (see Dusar et al., 2005 for morphology, Willems et al., 2007 
for regional synthesis). Although similar features occur in other 

quarry dolines, in this work only the most representative doline 
outcrop in the far north-east corner of the Hinnisdael VI cave is 
analyzed in detail (Fig. 1). 

The doline outcrop of the Hinnisdael VI quarry consists of two 
main lithologies, namely the glauconite-bearing sands, assigned 
to the Grimmertingen Member of the Sint-Huibrechts-Hern 
Formation (Gr. sands in Fig. 3) covering the homogeneous pale 
and fine-grained calcarenites, assigned to the Nekum Member of 
the Maastricht Formation (Dusar et al., 2005; Dusar & Lagrou, 
2007; Calc. in Fig. 3). The slightly glauconiferous Grimmertingen 
sands are medium- to fine-grained with a relatively high dispersed 
clay content but also cm-thick clay lenses are common. Pelletal 
glauconite contents typically are in the range of 2 to 5%. The 
grey-green sand is clearly oxidized leaving rust-brown oxidation 
spots or lineations, as remnants of fluctuating water levels inside 
the cave. Such oxidation also occurs locally in the calcarenite.

The contact between calcarenite and sand is irregular 
due to formation of a karstic solution doline, displaying 
different lithologies and textures. Most prominent are the stiff 
discontinuous white clay layer and a rusty-brown colored layer 
forming the transition from calcarenite to sand (respectively W.C. 
and R.S. in Fig. 3).

The white clay generally occurs on top of the rusty layer 
and both lithologies are very variable in thickness, from 1 to 40 
centimeters. Additionally, the lithological contacts of both layers 
are very irregular and often the contact is toothed or incised on 
a mm-scale, as commonly described on dissolution surfaces. 
An undisturbed, four-layer sequence is rarely observed since 
several fractures, post-sedimentation displacements and collapse 
features can be identified in the outcrop (Fig. 3B). Locally, the 
sand-calcarenite contact is so much disturbed that small patches 
of calcarenite and brecciated clasts of white clay can be observed 
interbedded with rusty-brown and grey-green sands (Fig. 3E). 

Main lithology
System Series Stage Group Formation Member

Oligocene Tongeren Sint-Huibrechts-Hern Grimmertingen glauconiferous sand

Gelinden white marl
Orp glauconiferous sand

Chronostratigraphy

Cretaceous Upper Cretaceous Maastrichtian

Lithostratigraphy

calcarenite 

Paleogene

Rupelian

Danian Chalk Houthem Geulhem calcarenite
Paleocene

Selandian Heers Haine 

Maastricht Nekum 

Table 1. Stratigraphic succession of the different lithological units discussed in this paper. 

Figure 2. NW-SE profile of the 
geological subsurface from Waterkuil 
to Hinnisdael VI quarries based on 
auger boreholes (position of the 
profile is shown in Figure 1). Samples 
were collected from the southernmost 
borehole located near Hinnisdael VI 
quarry.
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Isolated, glauconite-rich patches and spots also occur at the 
contact, sometimes oxidized, but never occur as a continuous 
layer in outcrop. White clays can also be observed as near-vertical 
elongated strings in the underlying calcarenite, filling secondary 
porosity dissolution voids (Fig. 3C).

A series of boreholes was augered above the Waterkuil 
and the Hinnisdael VI quarries following a NW-SE trajectory 
(Figs 1, 2). Typically, the Oligocene Grimmertingen sands are 
found below 1-2 m of Quaternary loam. At the contact with the 
calcarenite, a few centimeters of dark green glauconite-rich sands 
and/or orange-colored sands are present, underlying a clayey 
intercalation which plays a preponderant role in retarding the 
vadose circulation (Ronchi, 2009). Such a glauconite-rich layer 
was not encountered inside the doline but highly resembles the 
green glauconite-rich patchy material found in the doline (Fig. 
3). Based on the assumption that the white clay corresponds 
to the stratiform Gelinden marl, this glauconite-rich sand was 
tentatively assigned to the Paleocene Orp sands underlying the 
Gelinden marls by Dusar et al. (2005). The orange-colored sands 
have a more intense orange color compared to the rusty-brown 
color encountered in the doline. Although no white clay was 
found in the borehole above the Hinnisdael VI quarry, some white 
clay enrichments were encountered in the boreholes overlying the 
Waterkuil quarry (Ronchi, 2009) (Fig. 2).

3. Materials & methods

Samples of the different lithologies were collected in the 
Hinnisdael VI cave (Fig. 3), i.e. the glauconiferous Grimmertingen 
sands, white clays, rusty-brown sands, dark green sands and 
finally the calcarenites. Additionally, samples of the main 
lithologies from the southernmost borehole above the Hinnisdael 
VI quarry were collected (Fig. 2). For reasons of comparison, 

two additional samples of the Heers Formation were included, 
one of the Gelinden marls and one of the Orp sands, both 
from the KU Leuven stratigraphical collection. Mineralogical 
characterization was performed on all samples, thermal and 
chemical characterization was focused on the white clay.

For mineralogical characterization, XRD measurements 
were carried out on random oriented powders. Samples were 
mixed with an internal standard, ZnO, and wet milled for 5 
min using a McCrone micronizing mill. To obtain optimal 
random orientation of the crystallites, powders were side-loaded 
into alumina measurement holders (after Środoń et al., 2001; 
Snellings et al., 2010). XRD measurements were executed on 
a Phillips PW1830 diffractometer with Bragg-Brentano setup 
equipped with Cu-Kα radiation, a graphite monochromator and 
gas proportional detector. Measurements were recorded at 45 
kV and 30 mA from 5–65 °2θ with 0.02 °2θ step size and 2 s 
counting time. Interpretation and quantification were performed 
using the pattern summation Quanta software (© Chevron ETC). 
In this software, all identified mineral phases are quantified as a 
summation of pure mineral standards, previously recorded on the 
same diffractometer (Adriaens, 2015). 

The detailed clay mineralogy was determined on oriented 
clay slides which were first chemically prepared to remove 
aggregate-forming particles (after Jackson, 1975) combined with 
ultrasonic treatment. Afterwards, clay fractions were separated 
using centrifugation and saturated with CaCl2 to make Ca2+ the 
exchangeable cation. The clay powders were sedimented on small 
glass plates and measured in air dry conditions, after ethylene 
glycol solvation and after heating at 550 °C for 1 h environments 
using the PW1830 diffractometer (2–47 °2θ, 0.02 °2θ step size, 
2 s counting time). Sybilla clay modeling software (© Chevron 
ETC) was used for interpretation and quantification.

Figure 3. (A) Stratigraphic succession in the Hinnisdael VI doline. “Gr. sands” = Grimmertingen sands of the Sint-Huibrechts-Hern Formation; “W.C.”= 
White clay; “R.S.”= Rusty sand; “Calc.”= Calcarenite of the Maastricht Formation. (B) Secondary displacement and faulting in the Grimmertingen sands 
marked by linear oxidation tracks. (C) Stratigraphic succession of the Hinnisdael VI cave. White clay has percolated through the calcarenite (vertical 
white lines at bottom). (D) Brecciation in the Hinnisdael VI doline. (E) Detailed photograph of disturbed stratigraphic succession at the sand-calcarenite 
contact with the presence of dark green, glauconite-rich patches indicated by “Gl.” and white clay “W.C.”.
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In order to characterize the thermal behavior of the white clay, 
oriented slides were prepared by smearing 200 mg of untreated, 
moist white clay directly from the sample bag on a glass slide and 
subsequently without further drying measured with XRD with the 
same conditions as the clay powders (2–47 °2θ, 0.02 °2θ step size, 
2 s counting time). After, the clay slide was left drying to normal 
room conditions and again measured successively after 2 h, 4 h, 
8 h and 24 h of drying using the same instrumental conditions. 
Additionally, a thermal characterization using a Netsch STA 
409PC instrument with simultaneous Thermogravimetric analysis 
(TGA) and Differential Scanning Calorimetry (DSC) recordings 
was used. The sample was heated in Al2O3 crucibles from 25 °C 
to 1000 °C with a heating rate of 10 °C/min in a N2 atmosphere 
with a 60 ml/min flux.

Major element analysis was performed to characterize 
the white clay using LiBO2 fusion for digestion and Inductive 
Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
measurement (after Suhr & Ingamells, 1966).

4. Results

4.1. Mineralogy

The results of the X-ray diffraction analysis on random oriented 
bulk powders (Table 2) show that the Oligocene Grimmertingen 
Member is a clayey sand unit with frequently occurring clay 
lenses. Both sand and clay have a very stable bulk mineralogical 
composition. The clay lenses consist of 80% clays, 7–10% quartz, 
5% K-feldspar and remarkably high amounts (5–8%) of jarosite 
(KFe3+

3(SO4)2(OH)6). The sand is very rich in quartz (60–70%) 
but also contains clays (15–20%) and K-feldspar (ca. 10%). 
The glauconite content is fairly low (<5%) and occasionally 
low amounts (<1%) of jarosite are present. The mineralogy of 
Grimmertingen sands in the borehole is very similar (Table 2).

The mineralogy of the dark green patches, occurring at the 
base of the sand is similar to that of the Grimmertingen sands but 
contains significant more glauconite (>20%). This mineralogical 
composition is also found at the sand-calcarenite contact in the 
borehole and furthermore matches with the typical composition 
of the Orp sand Member of the Heers Formation.

The mineralogy of the white clay in the doline is typically 
formed by a mixture of halloysite and the semi-crystalline phase 
allophane (Fig. 4). The presence of halloysite is suggested by its 
(001) position at ca. 7.4 Å (11.94 °2θ), at a slightly higher angle 
compared to the 7.16 Å (12.36 °2θ) typical for the (001)-reflection 
of kaolinite. Diffraction of halloysite is typically characterized 
by much reduced coherent scattering domain sizes compared to 
the more crystalline kaolinite, resulting in significantly less sharp 
diffraction peaks for halloysite. The presence of halloysite was 
proven by its thermal behavior during detailed clay analysis (see 
further). Allophane is identified by two separate broad bumps, 
one at 3.4 Å (26.20 °2θ) and one at 2.25 Å (40.06 °2θ), being 
the typical diffraction maxima for hydrous aluminosilicates like 
allophane and imogolite (Fig. 4). 

The rust colored layer below the white halloysite in the 
doline consists dominantly of goethite and a badly crystalline 
to amorphous phase. The amorphous phase was identified as 
ferrihydrite (2-line) based on diffraction bumps at 2.6 Å (34.46 
°2θ) and one at 1.5 Å (61.84 °2θ) (Fig. 5). The orange-rust colored 
sand at the sand-calcarenite interface in the borehole contains high 
amounts of ferrihydrite (53%) and allophane (13%). Additionally 
also a small amount of halloysite was found (7%) which indicates 
that halloysite also occurs outside of the doline but less massively. 
The calcarenite finally is almost monomineralic, predominantly 
consisting of calcite.

4.2. Clay mineralogy

The clay mineralogy <2 µm of the Oligocene Grimmertingen 
sands were determined both on the clayey sand samples as on 
individual clay lenses. Clay modeling with the Sybilla software 
points out that the clay mineral assemblage in and outside the 
dolines is very consistent throughout the unit (Table 3). Typically, 
the clay assemblage consists of 60–69% smectite, 15–20% 
randomly interstratified mixed-layered illite-smectite, 6–9% 
kaolinite and 6–12% illite. Clay lenses seem to be the most 
smectite-rich. 

The green glauconite-rich patches at the base of the sand 
contain less smectite and regularly interstratified mixed-layered 
glauconite-smectite is incorporated in the <2 µm fraction which 
explains the dark green color of the sediment (Adriaens et al., 2014). 

Sample

Code Quartz K-Feldspar Plagioclase Jarosite Calcite Goethite Kaolinite Halloysite 2:1 Al-clay Glauconite Allophane Ferrihydrite Opal - CT
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

RAD12 64 11 2 4 17 2
RAD13 63 10 1 7 1 14 4
RAD15 67 8 1 2 2 3 14 3
RAD17 70 11 1 0.4 2 14 2

Clay lense RAD48 7 5 8 7 73
Clay lense RAD49 10 5 5 6 74

RAD14 49 4 1 6 3 17 20
RAD10 61 3 3 1 8 24
RAD11 10 2 58 30
RAD16 3 1 59 37
RAD19 2 2 51 45

White clay RAD21 1 62 37
RAD23 4 63 33
RAD24 1 1 1 56 41
RAD25 1 1 62 36
RAD18 12 2 65 21
RAD32 2 73 25
RAD31 2 98
RAD20 2 98

Borehole outside doline
RAD46 62 5 3 5 23 2
RAD39 71 13 2 2 10 2
RAD53 55 5 1 17 22
RAD54 21 3 7 3 13 53

Grimmertingen 
sand Mb 

Glauconite-rich sand 
Orange-rusty sand 

Calcarenite RAD56 1 99

Reference Gelinden 1 87 7 5
Heers Fm Orp 52 6 3 20 19

Calcarenite

Grimmertingen sand Mb

Poorly-crystalline phases Clay minerals Regular phases 

Dark green patches

Rust-colored layer

Hinnisdael VI - Doline

Table 2. Bulk mineralogical composition of different lithologies in the Hinnisdael VI quarry and in the borehole above the Hinnisdael VI quarry. The 
group 2:1 Al-clay consists of the layer silicates smectite, illite and randomly interstratified illite-smectite and muscovite.
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This clay assemblage is very similar to that of the reference sample 
of the Orp sand Member (Heers Fm). Visual inspection of the 
diffraction patterns of the white clay shows that no other traceable 
clay minerals are found above the detection limit of ca. 1%. The 
clay mineralogy of the reference sample of the Gelinden marls 
(Heers Fm) is significantly different, consisting of 80% smectite 
and is furthermore characterized by the absence of kaolinite. 

4.3. Thermal characterization of halloysite

Halloysite is a unique member of the dioctahedral 1:1 kaolin group 
since its structure incorporates one layer of water between the 
typical tetrahedral-octahedral layered structure. As a result, the size 
of the unit cell is 10 Å in the c-direction. However, the monolayer 
of water is very easily destabilized upon dehydration, resulting 
in a d001 of 7.3 Å to 7.4 Å (Joussein et al., 2005). During X-ray 
powder diffraction analysis, which involves a drying procedure at 
60 °C, it was systematically observed that halloysite occurred in 
its dehydrated 7 Å state. Nevertheless, the hydrated 10 Å form is 
positively identified when a wet smear slide is prepared before any 
drying and immediately measured (Fig. 6). Subsequently, the wet 
smear slide was left to dry in open air and measured again after 2 
h, 4 h, 8 h and 24 h. Already after 2 h, the 10 Å phase starts to form 

and coexists with the 7.4 Å phase (Fig. 7). After 24 h of normal 
room conditions, dehydration was already fully achieved resulting 
in a 7.4 Å monophase in XRD patterns.

The thermal behavior of the halloysite was also tested using 
a simultaneous TGA-DSC analysis. The typical thermal signal 
for halloysite is characterized by three distinct thermal events 
(Joussein et al., 2005). Analysis of the white clay shows a first 
endothermic reaction occurs at 105.6 °C corresponding to the 
dehydration of adsorbed water (Fig. 8). A second endothermic 
reaction takes place at 487.3 °C, which represents the 
dehydroxylation reaction of halloysite. An exothermic reaction is 
observed at high temperatures (980 °C) when new mineral phases 
are being formed (Fig. 8). The thermal pattern furthermore shows 
an additional exothermic reaction at 561.6 °C, which is caused by 
the transformation of allophane into a crystalline phase (Fields & 
Claridge, 1975; White, 1979). 

4.4. Chemistry of the white clay

The ICP-OES analysis of three white clay samples shows little 
variation. The chemical composition of the white clay consists 
of mainly SiO2 (38–40%), Al2O3 (34–37%) and minor Fe2O3 

Figure 4. Powder diffraction pattern of the white clay with ZnO as internal standard. Halloysite (red) and allophane (green) reference patterns are shown 
at the bottom.

Clay mineralogy <2 µm Code Smectite Illite/smectite 
(63/37)

Illite Kaolinite Glauconite/smectite 
(89/11)

(%) (%) (%) (%) (%)
RAD12 60 19 12 9
RAD13 67 20 7 6
RAD15 65 17 10 8
RAD17 62 19 10 9

Clay lense RAD48 69 15 9 7
Clay lense RAD49 69 18 6 7

Glauconite-rich sand RAD53 47 31 6 1 15
Reference Gelinden 80 17 3
Heers Fm Orp 56 21 7 6 10

Grimmertingen sand Mb

Table 3. Clay mineralogical 
composition of different 
lithologies in the Hinnisdael VI 
quarry. 
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(0.5–1.6%) and CaO (1.1–1.6%) (Table 4). Joussein et al. (2005) 
reviewed published chemical data of halloysites and concluded 
that the ideal structural formula is Al2Si2O5(OH)4.nH2O (Bailey, 
1980). However, the majority of halloysites also contains 
significant proportions of Fe3+ due to the isomorphous substitution 
of Fe3+ for Al3+ in the octahedral sheet. Allophanes are reported 
with SiO2/Al2O3 ratios of 1.5 to 2. Since both halloysite as well 
as allophane have variable compositions, no structural formulas 
could be calculated. The CaO contribution might originate from 
the interlayer water in the halloysite structure or more likely by 
the presence of finely dispersed calcite dust.

5. Discussion

5.1. Stratigraphy

In the Hinnisdael VI doline, some lithologies were found at 
the sand-calcarenite interface which cannot simply be assigned 
to neither the Grimmertingen sands, nor to the Maastricht 
calcarenites. At the base of the sands, dark green patches were 
encountered with elevated glauconite contents which are atypical 
for the Grimmertingen sands. Although the occurrence of a 
glauconite-rich basal interval is a typical feature for many marine 

Figure 5. Powder diffraction pattern of the rusty sand with ZnO as internal standard. Goethite (red) and ferrihydrite (green) reference patterns are shown 
at the bottom. 

Figure 6. Diffraction patterns of 
white clay in moist conditions (black) 
showing the fully hydrated 10 Å 
halloysite and after oven-drying at 
60 °C (red) showing dehydrated 7 Å 
halloysite.
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transgressive Cenozoic sand units in Belgium, such a glauconite-
rich base interval for the Grimmertingen sand Member has never 
been reported. A glauconite-enriched sand sediment is however 
typical for the Orp sand Member of the Paleocene Heers Formation, 
of which the presence in the area and even on-site was already 
suggested by Claes & Gullentops (2001) and Dusar et al. (2005). 
The Orp sand origin of the glauconite-rich sediment seems to be 
supported by the mineralogical and clay mineralogical analyses 
of the reference sample (Tables 2, 3). The new mineralogical 
analyses also show that the white clay cannot be a remnant of 
the Gelinden marls of the Heers Formation. Misinterpreting the 
stiff white clays as Gelinden marls is at the origin of erroneous 
stratigraphical succession and geological mapping. The nature 
of the minerals identified at the karst-wall interface, the high 
degree of purity of both the halloysite-allophane and the 
goethite-ferrihydrite layers combined with their segregated and 
discontinuous occurrence in the dolines, strongly support the idea 
that these minerals are post-depositional authigenic precipitates 
and therefore have no stratigraphic significance. 

5.2. Formation of halloysite-allophane and goethite-ferrihydrite

Although the coexistence of halloysite and allophane has been 
recognized in volcanic soil studies (Sherman, 1952; Chorover 
et al., 1999; Keeling, 2015), halloysite is commonly described 
as a precipitate in karst and paleokarst environments (Polyak & 
Güven, 2000; Joussein et al., 2005). The formation of halloysite 
is regularly described as the result of intensive weathering and 
leaching of alumina and silica from paleosoils (Buurman et 
al., 1975) or from overlying glauconitic formations (Baioumy 
& Hassan, 2004). The precipitation at the Hinnisdael VI sand-
calcarenite contact can be explained by a similar model. Both 
precipitation lithologies have been formed as the result of 
meteoric waters percolating through the glauconitic sand units 
followed by precipitation at the contact with the calcarenite. 
The considerable amounts of jarosite and goethite in the 
Grimmertingen sand Member (Table 4) strongly suggest an 
important pyrite oxidation. Such progressive oxidation of pyrite 
in these glauconitic units resulted in a significant acidification of 
the percolating water. The acidic water caused dissolution and 

mobilization of Al, Si and Fe present in silicate minerals until 
the sand-calcarenite contact, which acts as a pH barrier. Due to 
the contact with the carbonate, pore water pH recovers towards 
higher values, resulting in oversaturation and precipitation. It is 
likely that the first precipitation is that of very fine amorphous 
and semi-crystalline gels, like ferrihydrite and allophane, since 
their nucleation is kinetically favored over that of crystalline 
phases (Ugolini & Dahlgren, 2002). According to Van Breemen 
& Buurman (2002) oversaturation towards Fe-oxyhydroxides 
occurs starting from pH values of 3.5 to 4. At more elevated pH 
values, starting from pH 4.8, the solution becomes oversaturated 
towards both Al and Si and allophane starts to precipitate (Ugolini 
& Dahlgren, 2002; Theng & Yuan, 2008). As demonstrated by the 
almost perfect segregation of both layers, the Fe in solution must 
have been almost entirely depleted before Al precipitation. 

Although it seems thermodynamically more logic that the 
gel phases were precursors for the more crystalline halloysite 
and goethite (Farmer et al., 1991; Harsh, 2000), the simultaneous 
precipitation of gel and crystalline products was described by 
Percival et al. (2000) and Churchman (2000). It is remarkable 
that in the borehole, gels are much more abundant than crystalline 
phases (Table 4). This could suggest a sequential crystallization 
but more likely reflects the difference in pH-Eh, moisture 
conditions and accommodation space between the borehole, 
intersecting an undisturbed stratiform succession and the doline 
exposed for centuries in the underground quarry. Parfitt (2009) 
indicated that the supply of infiltration water determines which 
mineral precipitates: enhanced water infiltration is believed to 
result in the preferential formation of allophane over halloysite 
(Huang, 2011).

5.3. Analogous karstified sand-carbonate contacts 

Numerous halloysite occurrences in or at the contact of karstified 
lithologies have been reported in literature, several of which in 
Belgium (Davies & Moore, 1957; Dupuis & Ertus, 1995; Goemaere 
& Hanson, 1997; Perruchot et al., 1997; Simon-Coinçon et al., 
1997; De Putter et al., 2002; Melka et al., 2000; Polyak & Güven, 
2000; Perruchot et al., 2001; Kempe & Werner, 2003; Kempe et 

Figure 7. Diffraction patterns of 
white clay indicating the evolution 
of fully hydrated 10 Å halloysite 
to dehydrated 7 Å halloysite after 
air-drying at room conditions with 
XRD measurements during regular 
intervals.

SiO2 Al2O3 Fe2O3 CaO K2O MgO MnO NaO P2O5 TiO2 LOI
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

RAD19 38.22 34.14 1.31 1.36 0.27 0.13 0.00 0.19 0.79 0.03 22.35
RAD21 39.83 37.23 0.50 1.17 0.10 0.04 0.00 0.22 0.40 0.01 18.78
RAD25 38.90 35.03 1.61 1.66 0.07 0.19 0.01 0.18 0.45 0.01 19.13

Table 4. Major element chemical composition of three white clay samples from the Hinnisdael VI quarry.
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al., 2003; Maksimović, 2003). However, precipitation products 
are rarely pure and segregation of precipitation products is very 
uncommon. In most cases, halloysite was precipitated with other 
minerals such as gibbsite and kaolinite (Bruyère, 2004; Buurman 
& Van der Plas, 1968) or kaolinite, alunite and goethite (Baioumy 
& Hassan, 2004).

Buurman et al. (1975) described halloysite in the Curfs quarry 
(Valkenburg, The Netherlands) at a location approximately 35 km 
NE of Vechmaal, in a nearly identical stratigraphical interval as 
the Hinnisdael VI setting. The authors reported pockets of the 
monomineralic allophane inside Danian calcarenite (Geulhem 
Member of Houthem Formation) (Table 1) and halloysite-gibbsite 
precipitation at the contact with the Oligocene sand cover. 
Additionally, also alunite was reported during mineralogical 
analysis. Remarkably, no Fe-rich precipitation products are 
encountered at this site pointing towards the absence of Fe 
mobilization and thus slightly different mechanisms of formation 
compared to the Hinnisdael VI neogenesis products. The main 
difference between both sites is that the Curfs quarry probably 
remained under permanent meteoric conditions between the 
Danian and the Oligocene, while the Hinnisdael quarries have 
witnessed two phases of meteoric weathering, separated by a 
marine transgression depositing sediments of the Heers Formation 
during the Paleocene.

Clearly, the activity of Si, or better the ratio of Si:Al, 
prescribes which alumina-based end products are being formed. 
Gibbsite formation requires high Al and very low Si activities 
compared to halloysite. This of course all depends on the nature 
and amount of the minerals present in the host formation and the 
local pH-Eh conditions of the mobilization.

The mobilized iron in Vechmaal Hinnisdael VI doline 
therefore most likely originates from the dissolution of glauconite 
— remnants of which are still observed in the glauconite-rich sand 
patches at the sand-calcarenite contact. This points a very short 
distance process of dissolution and subsequent precipitation. In 
the Curfs quarry, the glauconite-enriched sand is absent (Buurman 
et al., 1975). The dissolved Al-Si ratio furthermore was very 
different which resulted in more favorable conditions for gibbsite 
precipitation. An analogous white halloysite precipitate at the 
contact of Grimmertingen sand and chalk was also observed at 
Vroenhoven, positioned between Vechmaal and Valkenburg, 
during the excavations for the enlargement of the Albert Canal in 
the eighties (observed by one of the authors N.V.).

5.4. Timing of formation

Precipitation of the halloysite-allophane and the goethite-
ferrihydrite postdates the early Oligocene sedimentation phase of 
the marine Grimmertingen sands, which provide the host rock, 
but predates the end of the karstification and formation of the 
doline, since the halloyite layer has been displaced and brecciated. 
Karstic dissolution of the top of the Cretaceous calcarenite was 
certainly stopped before the deposit of calcareous loess layers 

during the Pleistocene. Moreover, the endokarstic features 
observed were formed in the phreatic zone, preceding regional 
uplift and river incision (Willems et al., 2007). Karstification, 
hence precipitation, therefore is pre-Quaternary. Strong 
continental weathering is generally associated with peneplanation 
during long periods of warm climate and relatively shallow 
groundwater levels (Buurman & Van der Plas, 1968; Buurman, 
1972; Demoulin, 2003, 2006). Hence, the most likely time for the 
halloysite precipitation is the Miocene (Van den Broek & Van der 
Waals, 1967; Yans, 2003; Quesnel et al., 2006). 

6. Conclusion

The sand-calcarenite contact of the Hinnisdael VI cave is 
characterized by the authigenic precipitation of halloysite-
allophane and goethite-ferrihydrite. Although their occurrence 
is discontinuous and often disturbed by secondary faulting and 
brecciation, the purity and almost perfect segregation of both 
precipitations is remarkable. Halloysite was found to be present 
in its hydrated 10 Å form in the sediment, but quickly alters to 
the dehydrated 7 Å form in normal room conditions. Halloysite 
was systematically encountered together with allophane, a semi-
crystalline gel phase which probably, because of its difficult 
identification, occurs more frequently in halloysite settings than 
currently reported. Oxidation of pyrite to jarosite and goethite in 
the overlying Grimmertingen sand Member caused substantial 
acidification of the percolating water resulting in close-range 
dissolution of glauconite and other silicates and precipitation at 
the sand-calcarenite contact. It was furthermore shown that an 
apparent marginal difference in stratigraphy between Vechmaal 
and the Curfs quarry in Valkenburg, i.e. the absence of a marine 
incursion having deposited the thin glauconite-enriched sand, 
changes the process conditions resulting in the precipitation of 
gibbsite, alunite, allophane and halloysite at the Curfs quarry in 
Valkenburg whereas no iron precipitation products are formed.
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