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Abstract--Muscovite-kaolinite intergrowths found in Albian sandstones of the Basque Cantabrian basin 
(northern Spain) were studied by optical, scanning and electron microscopy and electron microprobe 
analysis. Kaolinitization begins at grain edges, forming the characteristic fanned-out textures, and prop- 
agates toward the interior along the cleavages of muscovite. Kaolinite and muscovite occur as thick 
packets, being free of interlayering. Phase boundaries between both minerals show bidimensional crys- 
tallographic continuity, and no intermediate phases have been identified. The data obtained suggest that 
muscovite only supplied a template suitable for the epitactic crystallization of kaolinite, while A1 was 
available in sufficient amounts due to the dissolution of detrital K-feldspar. Very small packets of mag- 
netite or maghemite showing a coherent orientation with the kaolinite crystals have been recognized, and 
could be responsible for the small Fe contents usually detected in electron microprobe analyses of kao- 
linite. 

Textural relationships between authigenic kaolinite and deformation microstructures in the intergrowths, 
combined with previous information about burial conditions, show that alteration proceeded during a late 
stage of the diagenetic history, related to the uplift of the studied materials as a result of the Alpine 
orogeny. 

Key Words--Epitactic, Geomechanical Parameters, HRTEM, Muscovite-kaolinite Intergrowth, SEM, 
Timing. 

INTRODUCTION 

Muscovite-kaolini te intergrowths occur under a 
range of environmental conditions: weathering of soils 
(Banfield and Eggleton, 1990; Singh and Gilkes, 1991; 
Jeong, 1998), hydrothermal alteration (Craw et  al., 

1982; Jiang and Peacor, 1991) and different stages of 
diagenesis, e.g. early (Crowley, 1991) and advanced 
diagenesis, (Marfil and Gomez Gras, 1992) and sub- 
sequent uplift (Jiang et  al . ,  1994). For the intergrowth 
to be formed, muscovite must provide template sites 
for the nucleation and subsequent growth of authigenic 
kaolinite, while additional elements must be supplied 
by a parent material (muscovite and/or other minerals 
such as feldspars and other phyllosilicates). Previous 
works have reported that kaolinitization may proceed, 
when muscovite is the parent mineral, via epitaxial or 
topotaxial mechanisms, and 'remains' of the transfor- 
mation can frequently be recognized. Transmission/an- 
alytical electron microscopy (TEM/AEM) observa- 
tions allowed some authors (Banfield and Eggleton, 
1990; Jiang and Peacor, 1991) to identify, within the 
intergrowth of randomly interstratified illite-smectite, 
smectite and smectite-like layers, which may have 
served as transitional phases between muscovite and 
kaolinite. Singh and Gilkes (1991), on the contrary, 
found no evidence of intermediate compounds. On the 
basis of the chemical information obtained by AEM 

and electron probe micro-analysis (EPMA), they con- 
cluded that alteration involved preservation of some 
components of the parent muscovite, which had re- 
suited in the retention of some elements (Cr and Fe) 
in authigenic kaolinite. 

During a diagenetic study of the sandstones from 
the Utrillas Formation (Basque Cantabrian basin, 
Spain), based on the clay mineralogy, it was found that 
detrital grains of muscovite were frequently altered to 
kaolinite, typically displaying fanning-out textures. It 
is well known that attthigenesis of kaolinite has im- 
portant implications, giving information about the 
physical-chemical  conditions in the deposit 
(Bjcrlykke, 1998) and the stage of diagenetic evolu- 
tion (Ktibler, 1984). This study focused on the mus- 
covite-kaolinite intergrowth, which was examined us- 
ing optical microscopy, scanning electron microscopy 
(SEM, BSE), high-resolution TEM (HRTEM), AEM 
and EPMA in order to obtain datailed textural and 
chemical information. The main aims of this work 
were to determine the morphology and composition of 
the intergrowth (occurrence/absence of intermediate 
phases, crystallographic relationships between both 
minerals) and to elucidate its origin (mechanism of 
formation and timing of  modification). The integrated 
approach including chemical, textural, microstructural 
and geomechanical data has proved to be very useful 
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Figure 1. (a) Geographical and geological setting of the studied area. (b) Detailed geological map. (c) Schematic tectonic 
interpretation of one of the outcrops. 

in studies of  diagenetic concern,  a l lowing us to deter- 
mine  the kaolinit ization mechan ism and temporal  re- 
lationships be tween  alteration, diagenesis  and tectonic 
events in the surrounding area. 

G E O L O G I C A L  S E T T I N G  

The studied area is located in the southern border  
o f  the Basque Cantabrian basin (Figure 1), be tween 
the Pyrenean and the Asturian massifs (Iberian Pen- 
insula). Its deposit ional history, f rom the Permo-Tri-  
assic to the present day (Rat, 1988), was mainly con- 
trolled by the opening and closure of  the Bay of  Bis- 
cay (Central Atlantic Ocean). Al though considerable 
amounts of  sediment  (>6000  m) were deposited in the 
central area of  the basin, the southern border is char- 
acterized by Jurassic and Cretaceous sediments and 
low sedimentat ion and subsidence rates. Folding and 
uplift  during the Alpine orogeny resulted in the for- 
mation of  regional  thrust structures. 

The Utril las Format ion (Albian age) is composed  
mainly of  sandstones interpreted as braided river chan- 
nel-fills and interchannel  subaerial and flood-basin de- 
posits. Recent  data f rom subsidence and thermal mod-  
eling (Sangtiesa and Arostegui ,  2000) suggested a 
m a x i m u m  burial depth of  - -700 m for this Format ion 
in the border  of  the basin. Those authors calculated, 
starting f rom the measured values of  vitrinite reflec- 
tance (Rr = 0.34%), m a x i m u m  temperatures as high 
as 50-55~ 

E X P E R I M E N T A L  

Materials  

Kaolinite was found in fresh rock samples of  the 
sandstones collected f rom three outcropping series of  
the Utrillas Formation.  The formation consists of  
scarcely cemented  sandstones, arenites and lithic gray- 
wackes with intercalations of  conglomerates  and luti- 
tes. Monocrys ta l l ine  and polycrystal l ine quartz with 
shared metamorphic  texture, K-feldspars and mica  are 
the main constituents of  the f ramework of  the sand- 
stones examined.  Very scarce grains of  plagioclase 
were found in only a few samples. The matrix, when 
it exists, comprises  microcrysta l l ine  quartz and clay 
minerals.  Kaolinite,  which is the main component  of  
the cement,  occurs in the pore-space or  as intergrown 
with muscovite .  Pr imary porosity can be recognized.  
A more detailed description of  facies and mineralogy 
is reported in Zuluaga et al. (1998). 

Methods 

Sixty uncovered  thin-sections were examined using 
optical microscopy.  Samples  selected for SEM inves- 
tigation were examined  using a J E O L  JSM-6400  scan- 
ning electron microscope  in back-scattered electron 
(BSE) mode.  Quanti tat ive chemical  analysis was car- 
ried out using a C A M E B A X  SX-50 electron probe 
microanalyzer  operated at 15 kV using an electron 
beam current of  10 m A  and a 5 ~ m  beam diameter. 

Fresh surfaces of  rock fragments were mounted  on 
stubs, coated with either carbon or gold and examined 
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in secondary electron (SE) mode using the instrument 
above operated at 20 kV and a current of 10 ~0 A. An 
energy-dispersive X-ray spectroscopy system (EDX 
system Link) provided qualitative elemental analyses, 
useful for distinguishing clay minerals, K-feldspars 
and plagioclase. 

Samples for TEM analysis were selected using a 
petrographic microscope on uncovered thin-sections, 
perpendicular to the bedding and to the (001) plane of 
the detrital phyllosilicates; the sections were glued 
onto Cu rings and then thinned by an argon ion Gatan 
Dual mill 600 at the Centro de Instrumentaci6n Cien- 
tifica (CIC) of Granada University. Two sets of ion- 
milling conditions were used: (1) 6 kV, 1 A and 15 ~ 
incident angle while perforating; and (2) 6 kV, low- 
angle (12 ~ and low-current (0.4 A) final milling for 
--1 h to clean the sample surface. The samples were 
analysed using a Philips CM20 scanning transmission 
electron microscope (STEM) equipped with an EDAX 
solid-state EDX detector, operating at 200 kV, with a 
LaB 6 filament, and a point-to-point resolution of 2.7 
(CIC, Granada University). Electron diffraction pat- 
terns were obtained from selected areas (SAED); lat- 
tice-fringe images (HRTEM) were obtained following 
the procedures suggested by Buseck et al. (1988) and 
Buseck (1992). Areas for phyllosilicate analysis were 
selected carefully on lattice-fringe images to control 
the textural position and verify the absence of contam- 
ination by other phases. Quantitative analyses (AEM) 
were obtained only from thin edges, using a 50 
beam diameter and a 100 x 20 nm scanning area, with 
the long axis oriented parallel to the phyllosilicate 
packets. The samples were tilted 20 ~ towards the de- 
tector. Albite, biotite, spessartine, muscovite, olivine, 
titanite, MnS and CaS were used to obtain K factors 
for the transformation of intensity ratios to concentra- 
tion ratios following the procedures of Cliff and Lor- 
imer (1975) and Champness et al. (1981). 

RESULTS 

Occurrence of  kaolinite 

Optical and electron microscopy observations 
showed that kaolinite occurs in three distinct modes. 
The first consists of broken subhedral and pseudo-hex- 
agonal flakes ( - 1 0  Ixm) of kaolinite, which exhibit 
irregular edges under SEM (Figure 2a), consistent with 
a detrital origin. These grains, which appear as a com- 
ponent of the sandstones, are frequently associated 
with detrital nmscovite (Figure 2b). Although both 
minerals exhibit a similar morphology, they can be 
distinguished using EDX analysis (Figures 2a, b). 

The second mode of kaolinite occurs as vermicular 
booklets composed of pseudo-hexagonal plates of - 5 -  
10 txm in diameter (Figure 3). These aggregates, up to 
30-40 txm thick along the c axis, seem to expand into 
and fill the primary porosity of sandstones. 

The third mode is as booklets of authigenic kaolinite 
grown between cleavage sheets of pre-existing detrital 
mica (Figure 4). These packets of muscovite are fre- 
quently folded (Figure 4a, c), slided (Figure 4a, b) or 
even broken (Figure 4d). Growth of kaolinite starts at 
grain edges, giving the characteristic fanned-out tex- 
tures (Figure 4e, f). This process propagates toward 
the interior, and can involve the complete disarticula- 
tion of the original grain of muscovite (Figure 4c). 
Furthermore, deformed packets seem to adapt the ad- 
jacent pores and eventually to fill them up (Figure 4c). 
However, kaolinitization may also generate new empty 
spaces (Figure 4e). Optical and electron microscope 
observations reveal that, in most grains showing in- 
tergrowths, the displaced sheets of muscovite can be 
traced back to the parent mica without any observable 
loss in volume (Figure 4c). However, in some cases 
the continuity of the thin packets of muscovite is more 
diffuse, and they seem to disappear into a kaolinitic 
matrix (Figure 4f). 

Chemistry o f  kaolinite and muscovite 

Chemical data obtained by microprobe analysis of 
detrital muscovite (M1), pore-filling kaolinite (K1) and 
muscovite (M2) and kaolinite (K2 and K3) from the 
intergrowths are reported in Table 1. The representa- 
tive structural formulae for M1 and M2 are almost 
identical. The number of ~VA1 is 0.89 and the number 
of WA1 is 1.8. Furthermore, the number of interlayer 
cations (K + and Na +) is near 1. Such a composition is 
typical of muscovite with a near end-member com- 
position. 

Both modes of authigenic kaolinite were analyzed 
and the structural formulae were calculated (Table 1). 
Sample K1 (pore-filling kaolinite) shows an A1/Si ratio 
of 0.95. The slight enrichment in Si (4.07) with respect 
to the expected value for ideal kaolinite (4.00) can be 
attributed to the existence of impurities, under the 
EMPA resolution, between packets of kaolinite. The 
octahedral occupancy is clearly depleted (3.87) and the 
interlayer occupancy is by far the lowest (0.03). 

The analysis of the kaolinites from the fanned-out 
edges (K2 and K3) gives A1/Si ratios significantly < 1 
(0.91 and 0.89) and greater interlayer occupancy (0.19 
and 0.58). The compositional data for K2 and K3 do 
not correspond to ideal kaolinite, and the presence of 
interlayer cations indicates the occurrence of a mixture 
of kaolinite and muscovite packets in the areas ana- 
lyzed. This confirms that the resolution of the EPMA 
and SEM techniques is not sufficient to allow detailed 
study of the muscovite-kaolinite transitions, because 
of the complex intergrowth and the beam size of the 
EPMA equipment. 

Transmission electron microscopy 

Low-magnification TEM images (Figure 5) show 
the same kind of texture previously described in BSE 
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Figure 2. SEM images of microtextures in Albian sandstones. (a) Pseudohexagonal plates of kaolinite and EDX spectra. 
(b) Detrital grains of K-feldspar (Kfs), polycrystalline quartz (Qp) and muscovite (Ms). EDX spectra of muscovite. 

images .  Mica  and  kaol in i te  fo rm dis t inct  paral lel  pack-  
ets, whose  size is ve ry  var iab le  f rom the mic ron  scale 
to those  only  reso lvab le  in  h igh- reso lu t ion  images  
(Figures  6a, b). 

E lec t ron  di f f ract ion pa t te rns  of  areas in wh ich  mica  
or kaol in i te  packets  are suff icient ly large to pe rmi t  a 
s ingle-crys ta l  d i ag ram to be  ob ta ined  have  revea led  

mica  as a two- laye r  po ly type  d ioc tahedra l  s t ructure;  
kaol in i te  in turn is a t r icl inic  one- layer  po ly type  (Fig- 
ure  7a). Therefore ,  the p resence  of  d icki te  and/or  na-  
cri te  can  be  ruled out. A var iab le  degree  o f  d isorder  
may  be  r ecogn ized  for  spots wi th  k # 3n, wh ich  in 
some cases p roduces  an a lmos t  con t inuous  l ine for  
these  rows.  
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Figure 3. Aggregates of authigenic kaolinite within primary 
pores of the Utrillas sandstones. 

In most cases both the lattices of kaolinite and mica 
may be recognized in the patterns (Figm'e 7b). In all 
the diffraction photographs, crystallographic axes of 
both phyllosilicates are parallel each other: c* of ka- 
olinite is parallel to e* of dioctahedral mica and b* 
(or the equivalent direction) of kaolinite is parallel to 
b* (or the equivalent direction) of mica. 

Lattice-fringe images show wide areas of defect- 
free straight packets of 10 or 7 A layers. Kaolinite 
packets may maintain lattice-fringe resolution over 
>2000 A and completely defect-free packets of more 
than 20 layers are usual. Fringes of both minerals are 
always parallel to each other and to their boundaries 
(Figure 6a). When the edge of the particle is slightly 
curved, mica layers maintain a perfect parallelism with 
it, while kaolinite layers are straight and compensate 
the curvature by means of an extra layer (arrow in 
Figure 6b). No 7 A layers within the 10 A packets, or 
vice versa, have been recognized. 

Bidimensionat resolution is precluded by the rapid 
electron beam damage of kaolinite, which may be par- 
ticularly concentrated at structural defects or local het- 
erogeneity in composition or structure (Ma and Eggle- 
ton, 1999). In the few cases in which b* (or equivalent 
direction) periodicity may be recognized for both 
phyllosilicates, they show crystallographic continuity 
(Figure 8). As far as we know, images confirming the 
two-dimensional continuity between muscovite and 
authigenic kaolinite in the intergrowths have not pre- 
viously been reported. 

Table 2 shows the representative structural formulae 
of mica (M3 and M4) and kaolinite (K4 and K5) ob- 
tained in areas of the intergrowths in which the size 
of the packets was big enough to allow contamination- 
free analyses by AEM to be obtained. Analytical data 
of M3 and M4 represent a near end-member musco- 
vite, which is very similar in composition, within the 
error limits of the method, to those analyzed by EMPA 
in larger-size packets. Chemical data determined for 
K4 and K5 are coherent with theoretical values for 
pure kaolinite. 

Within the kaolinite areas, very small packets (200- 
400 A) which contain only Fe and O, as identified by 
means of AEM, are common (Figure 9a). A careful 
selection of the area for electron diffraction has al- 
lowed recognition of the lattice of the oxide mineral 
superimposed on that of the phyllosilicates (Figure 
9b). The parameters identified, 8.6 and 5.9 ,~ with ab- 
sences for h + k ~ 2n, are consistent with the plane 
normal to (110) of the magnetite lattice. Figure 9b 
shows a perfect parallelism between phyllosilicates 
and magnetite crystallographic directions; b* of 
phyllosilicates would be coincident with (100) of mag- 
netite and e* of clay minerals with (110) of Fe oxide. 
Nevertheless, an alternative interpretation of the oxide 
lattice is also possible. Because the maghemite unit- 
cell is equivalent, to a triple unit-cell of magnetite, i.e. 

amagnet i te  = amaghemi t e  and Cmaghernit e = 3Cmagnet i te  , the plane 
normal to (301) of maghemite would, in practice, be 
indistinguishable from that normal to (101) of mag- 
netite. This is a consequence of the common distri- 
bution of anions for both structures with their only 
difference being the occupancy of some octahedral po- 
sitions by Fe 2+. 

DISCUSSION AND CONCLUSIONS 

Origin of  kaolinite 

The delicate fabrics of the pore-filling vermicular 
booklets of kaolinite and the muscovite-kaolinite in- 
tergrowth found in the sandstones from the Utrillas 
Formation suggest an in situ origin, because it is un- 
likely they would survive sediment transport. As men- 
tioned above, quartz, K-feldspar and muscovite are the 
main constituents of the sandstones, with very small 
amounts of plagioclase being present. Thus, Al-con- 
taining phases such as K-feldspar and/or muscovite are 
suggested to be the main potential sources of compo- 
nents for the formation of the authigenic kaolinite. In 
this respect, it is worth mentioning that detrital grains 
of K-feldspar showed clear evidence of alteration un- 
der SEM, while grains of muscovite appeared to be 
unaltered. This may be related to the high dissolution 
rate constant of the K-feldspar, one order of magnitude 
greater than that for muscovite. These data indicate 
that the A1 and Si required for the process of kaolin- 
itization to develop is basically supplied by the alter- 
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Table 1. Representative electron microprobe analyses (wt.%, 
mean of 3 analyses) and structural formulae of muscovite, 
authigenic kaolinite and detrital K-feldspars. MI:  unaltered 
detrital muscovite; M2: muscovite from a muscovite/kaolinite 
intergrowth (Figure 4a). KI: booklet of kaolinite (similar to 
that represented in Figure 3); K2 and K3: fanned-out edges 
of muscovite/kaolinite intergrowths (Figure 4e, f). Kfs: detri- 
tal K-feldspars. 

M I  t M21 K12 K 2  2 K 3  2 K f s  3 

SiO z 46.15 
TiO2 0.66 
A1203 33.85 
FeO 1.73 
MnO 0.03 
MgO 0.70 
CaO 0.03 
Na20 0.62 
K20 10.67 
Cr203 0.00 
NiO 0.00 
Total 94.44 
Si 3.11 
IVA1 0.89 
VIA1 1.80 
Ti ~+ 0.03 
Mg 2+ 0.07 
Fe > 0.10 
Na + 0.08 
K + 0.92 
Ca 2+ 0.00 

46.30 46.93 49.14 48.60 63.04 
0.63 0.04 0.09 0.11 0.00 

34.32 37.93 38.14 36.61 18.39 
1.42 0.16 0.42 0.78 0.0(3 
0.03 0.03 0.00 0.03 0.00 
0.61 0.10 0.15 0.43 0.01 
0.0i 0.11 0.05 0.00 0.00 
0.67 0.06 0.21 0.19 0.89 

10.30 0.12 1.52 5.40 16.11 
0.03 0.00 0.00 0.00 0.00 
0.03 0.07 0.07 0.00 0.00 

94.38 85.55 89.79 92.14 98.44 
3.11 4.07 4.10 4.07 2.97 
0.89 0.00 0.00 0.00 1.02 
1.83 3.87 3.75 3.62 - -  
0.03 0.00 0.01 0.01 0.00 
0.06 0.01 0.02 0.05 0.00 
0.08 0.01 0.03 0.05 0.00 
0.09 0.01 0.03 0.03 0.08 
0.88 0.01 0.16 0.58 0.97 
0.00 0.01 0.00 0.00 0.00 

Normalization 
2 Normalization 
s Normalization 

is based on total anionic charge of 22. 
is based on total anionic charge of 28. 
is based on total anionic charge of 16. 

a t ion of  K-feldspar.  The  fo l lowing  reac t ion  scheme  via  
wea the r ing  of  fe ldspars  is proposed,  us ing  the  struc- 
tural  fo rmulae  ca lcula ted  for  K-fe ldspar  ( E P M A )  and 
kaol in i te  (AEM):  

1K0.97Na0,08All.02Si2.970 8 + 0 .48H20  + 1.04H + 

--~ 0.25AlmllFe0mSi3,90010(OH)s + 1.99SIO 2 

+ 0 .97K § + 0 .08Na + 

This  reac t ion  requires  the  supply  of  H + or H3 O+ and  
the con t inuous  c i rcula t ion  of  pore-waters ,  w h i c h  facil- 
itate the r emova l  of  the alkalis  (K + and  Na  +) and  sup- 
por t  a low a K + / a H  + ratio. Dur ing  the  bur ia l  h i s to ry  of  
Utr i l las  sandstones ,  only  meteor ic  waters  (Bjor lykke,  
1998) could  p rov ide  the wate r  flux and  the  protons  
(via  reac t ion  wi th  CO2) needed  for  the  prec ip i ta t ion  of  
an th igen ic  kaol ini te .  

Figure 5. Representative low-magnification TEM image of 
the mica/kaolinite intergrowths. 

Deta i led  s tudy of  the  boundar i e s  b e t w e e n  muscov i t e  
and  kaol in i te  in the in te rg rowth  p rov ided  the infor- 
ma t ion  requi red  to assess the con t r ibu t ion  of  the for- 
me r  mine ra l  to the  au th igenes is  of  the latter. On  one  
hand ,  S E M  obse rva t ions  showed  that  the  g rowth  o f  
kaol in i te  b e t w een  the  c l eavage  layers  of  m ica  resul ted  
in a net  increase  of  v o l u m e  o f  the al tered grain.  The  
apparen t  th ickness  of  the  packe ts  of  muscov i t e  s e e m e d  
to be  fair ly constant ,  even  in mos t  cases o f  ex t reme  
diagenet ic  modif icat ion.  

On  the o ther  hand,  la t t ice-f r inge images  of  the  in- 
t e rg rowth  showed  th ick  packe t s  of  muscov i t e  and  ka- 
ol ini te  free of  in ter layer ing.  Moreover ,  the  muscov i t e  
layer  exh ib i t ed  a perfec t  con t inu i ty  a long  the musco-  
v i te /kaol in i te  boundar ies ,  and  no  amorphous  and/or  in- 
t e rmedia te  a luminos i l i ca te  c o m p o u n d s  were  o b s e r v e d  
separat ing the minera l s  (Figures 6 and  8). The  A E M  
data  conf i rmed  that  the  in te rgrowths  cons is t  solely of  
a two-phase  mix ing  b e t w een  pure  muscov i t e  and  pure  
kaol ini te ,  ru l ing  out  a p rogress ive  m e c h a n i s m  of  alter- 
a t ion th rough  di f ferent  phases ,  as has  been  p roposed  
by  some authors  (Bjor lykke  e t  a l . ,  1979; Banf ie ld  and  
Eggle ton ,  1990). Fur the rmore ,  they also rule ou t  a to- 
potact ic  or ig in  for  kaol ini te ,  because  it shou ld  invo lve  
to some extent  the  pr ior  d i sso lu t ion  of  the mica  and  
poss ib ly  a lack of  con t inu i ty  in  the  packets  of  mus-  
covi te  (Rober t son  and  Eggle ton ,  1991; S ingh  and  Gil- 
kes, 1991). Kaol in i te  seems to grow epi taxia l ly  f rom 

4--- 

Figure 4. Microtextures in muscovite-kaolinite intergrowths (dark zones: kaolinite; light zones: muscovite). (a) Optical 
photomicrograph of a deformed kaolinite-muscovite intergrowth and microstructural interpretation of the deformation features 
(b). (c) BSE image of a deformed intergrowth which collapses the adjacent primary pores. Note the continuity of the packets 
of mica. (d) Broken grain of detrital muscovite and subsequent kaolinitization. (e) Growth of a booklet of kaolinite in a 
fanned-out edge of an intergrowth. This generates an empty space (arrow). (f) BSE image of a fanned-out edge. Note the 
apparently diffuse continuity of the mica packets. 
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Figure 6. Lattice fringe images of the mica/kaolinite boundaries in the intergrowths. (a) Small packets of mica ( - 1 0  nm 
wide) between two kaolinite areas. (b) Fringes of both minerals are parallel each other and to their boundaries. Kaolinite 
layer s are straight and compensate the slight curvature of the mica crystal by means of an extra layer (white arrow). 

solut ion onto  the surfaces  of  muscov i t e  layers. Elec-  
t ron di f f rac t ion pat terns  of  coexis t ing  kaol in i te  and  
muscov i t e  s h o w e d  coheren t  or ienta t ion  of  lat t ices of  
bo th  phyl los i l ica tes  (Figure 7b). B id imens iona l  reso- 
lut ion ob ta ined  in F igure  8 p roved  coheren t  phase  
boundar ies ,  re la ted  to the  s imilar  d imens ions  of  (001) 
in bo th  minera l s  (Bailey,  1980). Therefore ,  detri tal  
muscov i t e  acted only  as hos t  mater ia l ,  p rov id ing  the 
templa tes  for  the nuc lea t ion  and  g rowth  of  au th igcn ic  
kaolinite.  

The  fo rmat ion  of  smal l  packets  of  Fe  oxides  (mag-  
net i te  or m a g h e m i t e )  wi th in  the kaol in i te  (Figure 9a) 
appears  to have  resul ted  f rom the  precipi ta t ion  of  the 
excess  Fe in solut ion,  wh ich  c~m not  be  incorpora ted  
into the  kaol in i te  structure.  The  A E M  data  f rom the  
kaol in i te  areas of  the  in te rgrowths ,  represen ted  in Ta- 
ble  2, show Fe  conten ts  s o m e w h a t  lower  than those  
repor ted  us ing  E P M A  (Table 1). This  s l ight  d i f ference  
can be  a t t r ibuted to the lower  reso lu t ion  of  E P M A ,  
ref lect ing the effects  of  two-phase  in te rmix ing  be-  

Figure 7. (a) [110] electron diffraction pattern of a kaolinite area. (b) Electron diffraction pattern of an intergrowth, b* 
represents all the three equivalent directions due to the hexagonal symmeuy of the (001) planes of phyllosilicates. 



Vol. 49, No. 6, 2001 Microtextures and origin of muscovite-kaolinite intergrowths 537 

Table 2. Structural formulae derived from AEM analyses of 
muscovites (M3 and M4) and authigenic kaolinites (K4 and 
K5) in edges of muscovite/kaolinite intergrowths. 

M31 M41 K 4  2 K 5  2 

Si 2.94 2.90 3.90 3.90 
IVA1 1.06 1.10 0.10 0.10 
VIAl 1.92 1.88 4.01 4.02 
Ti 4+ 0.02 0.03 0.00 0.00 
Mg 2+ 0.00 0.17 0.00 0.00 
Fe 2+ 0.05 0.06 0.02 0.01 
Na 0.14 0.00 0.00 0.00 
K 0.76 0.85 0.00 0.00 

I Normalization is based 
2 Normalization is based 

on total anionic charge of 22. 
on total anionic charge of 28. 

Figure 8. Crystallographic coherency between mica and 
kaolinite in a boundary with bidimensional resolution. 

tween  kaol in i te  and  Fe  oxides  at a scale f iner than  can  
be  reso lved  by  the s tandard  mic roprobe  analysis .  
Therefore ,  A E M  data  for  Fe  p robab ly  represen t  the 
m a x i m u m  conten ts  of  this  e l emen t  a l lowed in this  au- 
th igenic  kaolini te .  

Timing of muscovite-kaolinite intergrowths 

T h e  S E M  images  show that  muscov i t e -kao l in i t e  in- 
t e rgrowths  expand  into and  occ lude  in te rgranular  pore-  
space (Figure  4c). This  may  sugges t  tha t  a l tera t ion 
took  place  before  the  substant ia l  r educ t ion  o f  p r i m a r y  
poros i ty  due to processes  of  compac t ion  and/or  ce- 
menta t ion .  None the less ,  these  sands tones  do not  show 
a s ignif icant  degree  of  compac t ion ,  and  p r i ma ry  po- 
rosi ty  has  r e m a i n e d  th roughou t  thei r  bur ia l  h is tory.  
Moreover ,  as c o m m e n t e d  below,  micros t ruc tura l  evi-  
dence  does not  suppor t  an  early or igin for  kaol ini t i -  
zation.  

In mos t  cases,  the  d isp lac ive  g rowth  of  kaol in i te  has  
led to the deformat ion ,  to a di f ferent  extent ,  of  the  

Figure 9. (a) Detail of a 250 A thick packet of Fe oxide within a kaolinite area. (b) Corresponding electron diffraction 
pattern showing the crystallographic relations (marked by arrows) between phyllosilicates (h'pC*p) and Fe oxide (a'm011,,). 
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original  grains  of  detr i tal  muscov i t e  (Figure  4c). How-  
ever, some of  t h e m  show ev idence  of  de fo rma t ion  pri-  
or to kaol ini t izat ion.  F igure  4a, b shows  a de fo rmed  
grain  of  mica,  where  shear  stress resul ted  in the s l iding 
of  packe ts  of  muscov i t e  and  the fo rma t ion  of  ' s tep-  
shaped '  i r regular i t ies  a long the  grain  edges.  G r o w t h  of  
au th igenic  kaol in i te  p rogressed  a long the p rev ious  
microfractures .  The  m a x i m u m  bur ia l  dep th  for  the 
Utr i l las  Fo rma t ion  (700 m, Sangfiesa  and  Aros tegui ,  
2000)  indica tes  a m a x i m u m  conf in ing  pressure  o f  - -18 
MPa,  whi le  the shear  modu lus  of  muscov i t e  at  r oom 
tempera tu re  is 35.3 G P a  (Bass,  1995). Unde r  these  
condi t ions ,  the  ca lcula ted  va lue  (or = G~/) for  the  me-  
chanica l  r e sponse  assoc ia ted  wi th  de fo rma t ion  o f  mus-  
covi te  is negl ig ib le  (0 .05%).  Thus ,  the  de fo rma t ion  
features  o b s e r v e d  in F igure  4a  (and  the  subsequen t  
g rowth  of  kaol ini te)  canno t  be  re la ted  to mechan ica l  
compac t ion  and  bur ia l  d iagenet ic  processes .  

A t  conf in ing  pressures  < 5 0  MPa ,  the  d o m i n a n t  de-  
fo rma t ion  m e c h a n i s m  for  muscov i t e  is f r ic t ional  slid- 
ing on  (001) (Mares  and  Kronenberg ,  1993). A t  400~ 
and  conf in ing  pressures  of  3 0 - 4 0  MPa,  de fo rmat ions  
> 5 %  are obta ined.  However ,  at l ower  t empera tures  
(<100~  conf in ing pressures  of  6 0 - 8 0  M P a  are nec- 
essary  to obta in  s imi lar  features.  Cond i t ions  cons i s ten t  
wi th  this  k ind  of  de fo rma t ion  could  on ly  be  ach ieved  
dur ing  the upl i f t  of  the  s tudied mater ia l s  as a resul t  of  
the A lp ine  orogeny.  T he  C e n o m a n i a n  l imes tones  on  
the top of  the Utrillas Format ion show clear evidence of  
brecciation, and m i n i m u m  differential stress of  40 M P a  
is needed  for  this process  to occur  (Lockner,  1995). 
Therefore ,  tec tonic  stress dur ing  the  A lp ine  upl i f t  was  
at least  58 MPa ,  suff icient ly h igh  to cause  the  shear  
microf rac tures  o b s e r v e d  in F igure  4a, b. Moreover ,  
dur ing  this stage, sed iments  were  located  near  the  sur- 
face, f avor ing  the c i rcula t ion  of  meteor ic  waters.  

F igure  4d  shows a fo lded  and  par t ia l ly  b roken  gra in  
o f  muscovi te .  Kaol in i t iza t ion  is c lear ly pos t -k inemat ic ,  
because  of  the di f ferent ia l  g rowth  of  kaol in i te  at bo th  
sides of  the  grain.  The  t empera tu re  and  pressure  con-  
di t ions  deve loped  th rough  the  geologica l  h i s to ry  of  the 
Utr i l las  Fo rma t ion  did  not  a l low the duct i le  de forma-  
t ion  of  muscov i te ,  because  this  mine ra l  behaves  in a 
duct i le  fash ion  at t empera tures  wel l  above  250~ (Pas- 
chier  and  Trouw, 1996). Therefore ,  the fold obse rved ,  
pr ior  to gra in  fracture,  should  be  inher i ted  f rom the  
source  area. 
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