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The evolution from disordered Ad to ordered 2M, white
K-mica polytype in low-temperature metamorphosed
sedimentary rocks

by Michael Dalla Torre!'? and Martin Frey’

Abstract

Six sets of samples from five low-temperature regional metamorphic regions were investigated in order to determine
the evolution of white K-mica polytypes as a function of temperature. The data show that disordered group A struc-
tures (Ad) associated with small amounts of mixtures of 1M and 2M, structures occur in the diagenetic zone. The
true 1Md structure was found to be less common than suggested by previous authors. At anchizonal grades, Ad and
1Md structures disappear and mixtures with variable amounts of 1M and 2M, polytype prevail. In 90% of the sam-
ples the concentration of 2M, varies between 70 and 90% at this grade. The largest proportions of the 1M structure
are 40% and were found in a sample belonging to the diagenesis/anchizone boundary. At the onset of the epizone,
100% 2M, are reached in most cases including a few exceptions. Our data suggest that the polytype transformation
from Ad structures at the diagenetic zone to a mixture of 1M and 2M, at the anchizone to 100% 2M, at the epizone
is a function of temperature and can be used as an indicator of grade in sedimentary rocks metamorphosed at low-
temperature conditions.

Keywords: white K-mica, illite, polytype, X-ray diffraction, Central Alps, SW-England, Jimtland, New Zealand.

Introduction

In order to determine different structures of white
K-mica, several methods have been presented in
the literature. In earlier studies, the 1Md structure
was identified by the absence or low intensity of
diagnostic 1M reflections (YODER and EUGSTER,
1955; LEVINSON, 1955) or by using different peak
intensity ratios (VELDE and HOWER, 1963;
REYNOLDS, 1963; MAXWELL and HOWER, 1967).
Based on the methods developed in these early
studies, several workers concluded that 1Md is the
dominant structure in diagenetic samples (for a
review, see FREY, 1987). Other criteria to identify
disordered white K-mica material were presented
by BAILEY (1988) and were later shown to be use-
ful by AusTIN et al. (1989): (1) the elevated back-
ground in X-ray powder diffraction (XRPD) pat-
terns between 20 and 33° 20 CuKa has been at-
tributed to the presence of 1Md polytype (DRITS

et al., 1984; EBERL et al., 1987; BAILEY, 1988;
AuUSTIN et al., 1989), and (2) the 1Md polytype
lacks discrete hk! reflections with k # 3n (BAILEY,
1988). However, in samples where an elevated
background is found in XRPD patterns and the
nature of the ordered polytype cannot be estab-
lished or a mixture of polytypes occurs, IMd is no
longer a useful term. This is because disorder is
possible in all polytypes (AUSTIN et al., 1989) and,
therefore, BAILEY (1988) proposed that the term
Ad (disordered group A micas) is used in such
cases. Although to date there is no method to
quantitatively measure the content of Ad struc-
tures in a sample that contains mixtures of poly-
types, estimates of the relative importance of dis-
ordered versus 1M and/or 2M, structures can be
made using the above-mentioned criterion.

In order to determine relative proportions of
the ordered 1M and 2M, polytype, recent studies
(CAILLERE et al., 1982; MASSONNE and SCHREYER,
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1986; TETTENHORST and CORBATO, 1993) used in-
tensity ratios of different diagnostic 1M and 2M,
reflections. Because quantitative determination of
white K-mica polytypes is difficult, due to sample
preparation procedures and their effects on
XRPD patterns as well as due to sophisticated
evaluation of specific diagnostic reflections, DAL-
LA TORRE ct al. (1994) experimentally reinvesti-
gated the different methods developed by various
researchers. The authors found that using the sam-
ple preparation procedure after HANDSCHIN and
STERN (1989), the method by CAILLERE et al.
(1982) yielded the best results to determine rela-
tive amounts of 2M, and 1M in absence of disor-
dered polytype structures. However, their method
is not applicable when disordered structures are
present in a sample.

In this study, we used the criterion by BAILEY
(1980, 1988) and AuUSTIN et al. (1989) to determine
the presence of disordered structures in a set of
samples from different low-temperature meta-
morphic regions. In order to distinguish between
the 1M and 2M, white K-mica polytype, as well as
to determine their relative amounts in samples
free of disorder, the procedures proposed by DAL-
LA TORRE et al. (1994) were applied. To date, there
1s no systematic study that investigated the distri-
bution of different polytype structures in region-
ally metamorphosed rocks using the recently de-
veloped methods. Therefore, the goal of this in-
vestigation is to present data on the evolution of
disordered to 2M, white K-mica structures in sed-
imentary rocks metamorphosed under low-tem-
perature conditions.

Experimental procedures

Fractions of the < 2 pm fraction of 70 samples
were investigated using XRPD on a Siemens
D5000 diffractometer. Most of the samples stud-
ied were kindly provided by H.J. Kisch (< 2 pm
fraction) and L.N. Warr (rock chips), and were
previously described by these authors (KIscH,
1980 a; 1980 b; 1994; WARR and RICE, 1994; WARR,
1996). Samples denoted with MFE, F or L were
collected by M. Frey and were described in HUN-
ZIKER et al. (1986). ILC samples were collected by
S. Krumm.

About 70 to 200 grams of MF, F, and L samples
as well as those provided by L.N. Warr were
ground in a tungsten-carbide swing-mill for 20
seconds. Samples containing calcite were treated
with acetic acid. Fractions of the <2 pm fraction
were obtained using settling tubes and millipore
filters and were Ca-saturated. Mounts for the
measurement of illite crystallinity (IC) values

were prepared as sedimentation slides using 5 mg
of material per cm? of sample surface. IC values
were determined on air-dried specimens only. IC
values for the diagenesis/anchizone and the an-
chizone/epizone boundary are 0.42° and 0.25°
A20 CuKa, respectively (see FREY, 1988).

Disoriented mounts for the determination of
polytypes were prepared using the procedure by
HANDSCHIN and STERN (1989). Because this orig-
inal publication may not generally be available,
the reader is referred to DALLA TORRE et al.
(1994). Unoriented mounts of diagenetic samples
and of samples with an elevated background in
XRPD patterns between 20 and 33° 26 CuKa of
air-dried mounts were glycolated for 128 hours.
This procedure was proposed by AUSTIN et al.
(1989), who found that diagnostic reflections of
ordered polytypes are better resolved in XRPD
patterns of ethylene-glycolated than of air-dried
mounts.

According to the recommendations outlined
by DALLA TORRE et al. (1994), a calibration curve
was experimentally determined in order to quan-
titatively measure the relative proportions of 1M
and 2M,. Different proportions of 1M and 2M,
white K-mica polytype were mixed together ac-
cording to the procedures given by these authors.
A description of the 1M and 2M, polytype used
may be found in DALLA TORRE et al. (1994) and
SCHWANDER et al. (1968), respectively.

The XRPD measurements were performed on
a Siemens D5000 diffractometer equipped with a
graphite monochromator and a SICOMP 32-50
computer using the Siemens SOCABIM Diffrac
AT V3.2 software. The divergence slits were vari-
able during the measurements, whereas the sec-
ondary slit was fixed (0.2 mm). Earlier IC data
were obtained on a Philips diffractometer at Basel
University using CuKa radiation, a Ni primary fil-
ter, and divergence slits fixed at 2°. The receiving
slit was fixed at 0.1 mm.The measurement condi-
tions are given in table 1. According to the rec-
ommendations by DALLA TORRE et al. (1994), the
1M [112} and the 2M, [025] reflections and the ra-
tio 2M/(2M; + 1M) were used to determine the
relative proportions of the two polytypes in sam-
ples free of disordered white K-mica structures.
The areas of diagnostic peaks were estimated us-
ing computer-aided evaluation. In most cases, a
single peak computation was applied. In a few
samples, however, superposition of a small K-
feldspar reflection on the 1M [112] reflection was
observed. In these cases, the white K-mica reflec-
tions were resolved by mathematical deconvolu-
tion techniques using a Pearson VII function.
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Tgb. 1 Conditions for x-ray powder diffraction (XRPD),

diffractometer measurement 20 range scan speed increment
min max °20 min! 20
D5000 1C 2.0 20.0 0.10 0.05
D5000 < 2 pm mineral assemblage 200 420 1.20 0.02
D5000 <2 pm mineral assemblage 420  48.0 0.75 0.02
Philips 1C 2.0 20.0 2.00
D5000 2M, calibration 28.3 31.3 0.10 0.02
D5000 2M, 18.0 33.0 0.10 0.02
DS5000 2M, diagenetic samples 8.0 55.0 0.10 0.02

Geological settings of the different regions

70 samples from five different metamorphic set-
tings were investigated in this study. The mineral
assemblages of < 2 wm fractions are shown in
table 2. K-feldspar, albite, and dolomite are pre-
sent as minor or trace amounts in the <2 pm frac-
tions only and did therefore not hinder XRPD
evaluation of diagnostic 1M and 2M, reflections.
Sample localities can be found in table 2. In the
following, we outline briefly the geological set-
tings of the different sets of samples. For addi-
tional information, the reader is referred to the
publications listed in table 2.

Two sets of the samples are from Switzerland
and were previously studied by KiscH (1980b)
and HUNZIKER et al. (1986). The first set of sam-
ples was provided by H.J. Kisch and contains
shales associated with Taveyanne graywacke or
flysch. The shales and associated rock types are of
Upper Eocene and Lower Oligocene age and rep-
resent the youngest clastic sedimentary rocks in
the North Helvetic nappes of Switzerland. KiscH
(1980b) provides data on diagnostic metamorphic
minerals in the different rock types as well as vit-
rinite reflectance values for some samples. IC val-
ues obtained during the course of this study cover
the range from the diagenetic zone to the epizone
(Tab.2).

The second set of samples, previously de-
scribed by HUNZIKER et al. (1986),1s from a Meso-
zoic sequence of sedimentary rocks that can be
traced from the Jura Mountains beneath the Swiss
Molasse Basin to the Glarus Alps. The sequence is
largely undeformed in the Jura Mountains and
probably was never buried more than 500 m. In
the Molasse Basin, the sequence is covered by up
to 5000 m rock that reached minimum tempera-
tures of 100 to 150 °C (HUNZIKER et al., 1986). In
the Glarus Alps, the Mesozoic sequence is largely
deformed and experienced anchizonal to epizon-
al metamorphic conditions. The majority of the
samples are from a Triassic red-bed formation re-
ferred to as Keuper in the Jura Mountains and

Quartenschiefer in the Alps. IC values (Tab. 2)
cover the whole range from the diagenetic zone
to the epizone and are associated with in-
creasing metamorphic conditions from the north
to the south of the sequence (HUNZIKER et al.,
1986).

Another set of samples also provided by H.J.
Kisch is from Jamtland, Sweden, and was previ-
ously described by this author (KiscH, 1980a,
1994). The samples studied belong to the Jimt-
land Supergroup, which is a late-Precambrian and
Lower-Paleozoic sedimentary sequence that cov-
ers a Precambrian basement. Three main tectonic
divisions may be distinguished within the Jamt-
land Supergroup: these are (i) the autochthon of
undeformed Precambrian basement and Cambro-
Ordovician platform sediments, (ii) the par-
autochthonous cover nappes that include the en-
tire Precambrian and Lower-Paleozoic sequence
(Jamtland nappes), and (iii) the allochthon of the
major long-transported nappe units including
basement and cover. The samples investigated in
this study are from the parautochthonous Lower
Paleozoic units within the Jimtland nappes and
have Middle Cambrian to Upper Ordovician, and
Silurian ages (KiscH, 1980a). The Silurian sedi-
ments represent a largely undeformed sequence
and cover weakly foliated Upper Ordovician to
Middle Cambrian units. In addition, there is an in-
crease in metamorphic grade from the diagenetic
autochthon westward toward the allochthonous
sequences.

Most samples from the South Island of New
Zealand were provided by L.N. Warr. The South
Island consists of accreted terranes that were
metamorphosed during Jurassic and Cretaceous
times (CooMmss et al., 1976). One of the most ex-
tensively investigated areas is the Torlesse ter-
rane, which consists mostly of Permian to early
Cretaceous graywackes intercalated with shales.
The shales studied are from four different meta-
morphic grades: zeolite, prehnite-pumpellyite,
pumpellyite-actinolite, and greenschist facies. IC
values decrease with increasing metamorphic



M.DALLA TORRE AND M. FREY

152

{(9861) Te 10 ¥AMIZNAL] 68 i 0¢ O O O ©0 o© sny 109 094N
(9861) T8 12 ¥EMIZNNH 06’ 9¢ {4 O O O O O 1939eYos 6SAN
Aprys sy I6 o O O O O © 1085PeYoS 8SAN
£pms siy 8S° 5% O O © 13apeyos 9SAN
{9861) T& 12 ¥ANIZNNH 00T A LT O 0O 0O O © Isyasio[susiiofg PSAN
(9861) T8 30 ¥INIZNOE] 0071 ST 6T O 0O O O O© el T En SR E) s €SAN
Apmys sy 19 ey O O 0 O o 1aysya[dualIsig TSI
(9861) 'Te 32 ¥aAIZNOY 00T 9T €T O O O O ©O USPOQ LIS | AN
(9861) ‘T2 12 ¥aAIZNOY LL 8z £¢ o O © @] Jonueg TPEIN
(9861) Te 1 ¥AAIZNAT] 68’ 1id Le 0 O O O 00ISZIBMIDS FEIN
(9861) Te 12 WANIZNNH o e Le 0O O O LERDIE | £7IN
(9861) T8 15 ¥ENIZNNF] PV ST'T O O 0O O O © UaSSI| 0TI
Apngs sy PV LS C © O O O O© usiEnQ) STANW
(9861) 'Te 1o HALIZNOF] 5% W S C 0O 0 O © us1IEn AN
Apms sip 00'T oW P e O O O © BISAIED) TETAN
(9861) ‘e 12 ¥TAIZNNH 9% 0c'T c O 0 o O O nepur| LT
(9861) T& 18 ¥AMZNNH PV 80°C 6L'T o O © O O O O© nepur| rAg!
Lpmis siqy PINIT vl © O O O 0O O 0O nepury 011
{9361) 18 13 ¥IUZNNH PINT Crard Tz c O 0 O O e o1 AR |
(9861) [& 12 daAIZNOY pv 96T O O O O O O © oL 8014
Apmys sup PV Tl O O © O O @ et €014
I9JatosualIeny)
Iadnoy[
(qo861) HOSIY 4 0s oF O o O © punidrapuey m‘owfed  V06-SLZL
(90861) HOSIY 5% 9L 99" O O O O © puniSmopuey] ‘wioypues . H¢8-SLZ
{q08aT) HOSIY SL 34 Le O o o o yopedg ‘unedseny aquiny . QOFSLZ
(q0861) HOSIY S 6¢ ¥e O O O © H0pass ‘unadser aqnun D0p-SLZ
(q086T) HOSIY 8 6T 8T O 0 © o [EIURYPERYDS Yosy-d[e12q () qe-SL7
(aogsT) HOSIY ) 1€ o€ O O O o [eruRyPRYds osy-denqo 96T-SLZ
(aoge1) HOSIY 8 ST ST O o O o T2pOqISUIN) SO JTT-SLZ
(90861) HOSIY PV LS 05 O O O O © [e1uary] qs-vL7
IJTyRsYoe g
{661 ‘BO86T) HOSIY €L w £ e O O © s3uy DET-T6N
(F661 “BO86T) HOSIY L6 ST w C O O O © I9YRSISpUL) 0L-Z6N
{(F66T *BO86T) HOSTY LG w 1T O O o o I9ygsIspupy 676N
(V66T ‘BO]GT) HOSTY 68 9T 9T e O O © ugfsuasyy N ‘opoy L7T6N
(661 “20861) HOSIY St og’ Y @) O O 0O uadip sy HL1-8LN
(661 ‘B086T) HOSIY w o¢ T e o O O wadrgr-sioN ViF8LN
(661 "e06T) HOSTY 89’ Lg 68 O o O O punsi=s() N ‘ussguuglg 999-8LN
(F66T 'B086T) HOSTY 8¢ ¢ £ (@) O O © UgIopION N g65-8LN
pue[IE(
WI+'Wg  Apmssigy
AUBIJJST "Wz 9] D] oo ws dis sq1 sy qe way Jop Zb [ sw Arreoo] # opdures
) WI+'INT s ‘ .
Apnis siy} ui pajednsaaul sojdues jo ———— pue ]I wrl 7 > suonoej Jo sa8e[qUIOSSe [RISUIW ‘SaNIed0T 7 qu]
WC



K-MICA POLYTYPE IN LOW-TEMPERATURE METAMORPHOSED SEDIMENTARY ROCKS 153

“projuoys = p1o ‘ayAedund = dwd ‘ayuoFered = 5d ‘suey
-swoudms = dis ‘ouourne] = W[ ‘VNIOIWS JOIISIP = WIS ‘QJOSTS/A[1 T2AR[-paxtIu = §/1 ‘Tedsp[aj-3 = SF3 ‘Iqe = qe ‘O)ew] = Wy ‘HWOop = [Op ‘Zyrenb = z1b
BILIOYD = [YO “BoIU-3 S)YM = S ‘(1X3] 23s) SAIpMys sno1adxd WoIf ejep D $30up § ‘(T66T) X0 PUE SENOO0)) Ul oIS UOISINOXD JO IGUINU SIJOUSP 4 suoneue[dxy

(S66T “WMO2 UaYILIM) WNIEY Ly 45 65 o O O © SO uonels ABM[IEI 9011

(S66T ©UILIOD UIILIM) WM vL £ 5% O C O © Zu3[qoy N YOI

(S66T ' WLIOI USTILIM) WHITEY] 95" 8¢ 9 @ o O © Yoeqr oM €011

(G661 “ oD UAILIM) WINNEY L8 % 9¢' (®) o O © Jopy 10T

98 mqaf1eonyog SAISIUTaYY

(¥66T) SONd PUE WAVM 0071 w ST O C O O PUBILIS YHAIEQAL], 9MS

(F66T) 90N PUB AAVM €6 o¢ g &d O o O © owreaediog FMS

{P66T) 01 PUE XAV 19 9y £9° (@) O o O O Aeg yInouropipm IMS

pug[dug mS

(966T) TAVM 001 T 61 O o O O O  ( UOHD3S PrOI BYRUBA 9B 0] BOMBH o¥e] 9ZN

(9661) TAVM 001 |54 8T o O © O © O UOndss proI BYRUBM SYBT] 01 BIMEH ¥E] SHZN

(9667) TIvM 00'T ¥4 ST o © O © O UOHIIs ProI eRURM B 0 BAMBH 3R] SYZN

(9667) WIvM 001 61 ¢ dud O O© O © O ©C © INOIN LAIBL 4GS WZN

(966T) TEYM Pv LS 79w O O O © o C O wngssow ‘Arren) wod A0y «0'F 62ZN

Apms sy 68 w@ €T o O O © O USPMOH 9B '€ 9$8TAN

(9661) TAVM 00T v €T o O O O o 93pLIg FOAR] I8A010TS 41T LIZN

(9661) TAVM 6 €T 61" o O O © 0 (PeoY] 193p00L) §) IOATY SIPUIT 4T dSTZN

Apms sy 86" T vz o O O © O A1) dISTUOT 4$'T 0SSTAN

Apms sryy <3 L VT o O O O © (serpdsduoy) a8pLig Sunpee( 4| PITAN

(966T) TV 5¢ k4 4% O o © O O O (991 dissuoy) s8prrg sunpernec 1 6ZN

Aprus siq) oL ge’ pe O O O O © (unroperd s104s) Wep s10wuad DT 98TIN

(9661) TAVM 69" s 53 0 O © C © © (woperd 210ys) wep atowuag ¢ T 8ZN

Aprus sugy PV It 9¢ © O © C © O© WEP SI0WUA +HE'T £P8TAN

Aprys supy 99° 7 9T C © C O O (981005 areurtep) ¥3310 doa(T +1'T 6£87IN

(9661) TAVM oL w 3T o O ©C O (283100 MeEEA ) ¥991D) d99(T 4T'T YZN

pueIBeZ MIN

{986T) 1& 19 ¥ANIZNNH 00T 12 C O C © O elSeIn) 78I

£prus st €8 e C C O © FooIsZIng SLANW

(986T) T8 12 ¥INZNOH L6 67 v C ¢ O O © Joosrzing YLAW

(9861) T8 12 HENZNAF] 001 61° 61 C c O O 30035107 JoxIUeq 1€LAN

Aprus siyy 16° ’¢ cC 0O 0O C O O O JooIsTZINg CLAN

(9861) ‘T8 12 ¥aMIZNNH 001 0 0c ¢ O O O O o LECIHIEE | TLAN

{(98671) 'Te 12 ¥EAIZNNH 00T ¢ 6¢ O O O O O gaeq wwuniyy) £0LAN

{9861) 'fe 19 ¥ENIZNOH 98" w© ooy c C 0O O © [oeqUasNY S9AN
WIHNZ  Apms ST

IUIIIJ3I YAIZ )i D] emo ws dis s1 spy qe woy [op Zb [go  sw Kreoo] # ordues

‘pauunuod 7 qgoj



154

(this study) IC A° 2 © Cu Ka (this study) IC A° 2 © Cu Ko

(this study) IC A° 2 © Cu Ko

M. DALLA TORRE AND M. FREY

® Philips diffractometer

Ll

a

N
0.5 0.9 1.3 1.7 2.
ICA°2 @ CuKa

L 1 1 ]

1

1.0
0.9—
0.8
0.7
0.6—
0.5
0.4—
0.3
0.2
0.1

R =0.98

Laboratory Kisch

o

1.0

|
IC A° 2 @ Cu Ko

Y U N T B S

[T 1T T 1T 1 !
0.1 02 03 04 05 06 07 08 09 1.0

0.9—
0.8—
0.7
0.6—
0.5—
0.4—
0.3—
0.2—
0.1

R =0.77

e Laboratory Warr

C

ICA°2 O Cu Ko

[T T T T
0.1 0.2 03 04 05 06 07 08 09 1.0

grade from the zeolite to the greenschist facies
(see Tab. 2, and WARR et al., 1996).

The SW samples are from a NE-SW trending
traverse of the Variscan low-grade metamorphic
belt of north Cornwall, south-west England
(WARR and RICE, 1994). The diagenetic sample
SW1 was taken from an Upper Carboniferous se-
quence, whereas samples SW4 and SW6 are De-
vonian in age. The SW samples were proposed to
be used as interlaboratory standards for IC mea-
surements (see WARR and RICE, 1994).

The samples ILC1, IL.C3, and ILCS are from
the Rheinisches Schiefergebirge in Germany.
Specimen ILC1 was collected near Adorf, sample
ILC2 is from east and sample ILCS from south-
west of Dillenburg, Germany. Samples ILC1 and
ILC3 are Upper Devonian in age, wheras sample
ILCS is of Lower Carboniferous age. The speci-
men ILC4 was collected north of Koblenz, Ger-
many (all information by S. Krumm, written
comm. 1995).

Results and discussion

IC DATA

In the first part of this section, we will briefly dis-
cuss IC data obtained by previous researchers and
this study. The correlations between IC values ob-
tained at Basel University and those found in oth-
er laboratoires are shown in figure 1.The best cor-
relation coefficients were obtained with the data
provided by Kisch (written comm., 1995) and with
earlier data obtained at Basel University using the
Philips diffractometer. A smaller correlation coef-
ficient is observed between our data and those
published by WARR and RICE (1994) and WARR
(1996). Their IC values are generally larger than
those obtained in this study. These observations
suggest that the IC values for the diagenesis/an-
chizone and anchizone/epizone boundaries for
data from Kisch (written comm., 1995) are very
close to those from our laboratory using both the
Siemens D5000 and the Philips diffractometer.
Although WARR and RICE (1994) adopted limits
of the anchizone of 0.42° and 0.25° A20 CuKa,
our data are consistent with 0.37° and 0.23° A20
CuKa, respectively. In addition, compared to the
plots in figure 1A and B, figure 1C shows a rela-

Fig. 1 Correlations between illite crystaltinity (IC)
data obtained in different laboratories and this study. (a)
Philips diffractometer (Basel University), (b) Kisch
(written comm., 1995), (¢) WARR and RICE (1994) and
WARR (1996).
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tively large scatter. The scatter and variability in
correlations and thus in turn the different limits
for the anchizone obtained from figure 1B and C
presumably arose from different rock desaggre-
gation and sample prepartion techniques used in
the different laboratories. However, in order to
enable interpretation of our results regarding
white K-mica polytype transformation as a func-
tion of grade, the IC data obtained during the
course of these investigations plus additional
metamorphic indicators described in the litera-
ture were used.

The variation of IC within a single outcrop
may be evaluated from table 2. The following
pairs of samples show only a small variation in IC
values when measurements from the same labo-
ratory are compared: N78-47A and N78-47B, Z75-
40C and Z75-40D, NZ4 and MF2839, as well as
NZ9 and MF2848. A relatively large variation in
IC values obtained in this study was found be-
tween samples NZ8 and MF2846 and may be due
to peak broadening in sample NZ8 caused by in-
creased mechanical grinding using a small sample
size.

Ad, IMd, IM, AND 2M,; STRUCTURES

The percentage of 2M, is obtained from the
2M,/(2M, + 1M)) ratio (see Tab. 2) and from figure
2. The calibration curve obtained in this study is
similar to that provided by DALLA TORRE et al.
(1994) and its quality may be estimated using the
criterion suggested by these authors. They formu-
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Fig. 2 Calibration curve of %2M, versus 2M,/(1M +
2M,) used in this study.

lated an intensity factor written as v = w,(1-r)/r
(1-w,), where w, is the weight fraction of 2M, in
the mixture and r is the ratio 2M,/(2M,+1M) ob-
tained from the measurements. According to
DALLA TORRE et al. (1994), v should be constant
for every combination of w, and r. In the present
study, we found that v is relatively constant in a
range from 10 to 80% 2M, polytype in the mix-
ture. Outside this range,v displays a larger varia-
tion owing to the small amounts of 2M, and 1M
polytype in the mixture. This observation results
in the fact that estimates of %2M, outside this
range (2M,/(2M;+1M) < 0.15 and > 0.7) display a
larger uncertainty than those within this range.
However, DALLA TORRE et al. (1994) estimated
that the absolute error of the method lies around
+ 2% for a mixture containing equal proportions
of both polytypes (see also below).

It has been agreed that IC is primarily a func-
tion of temperature and improves with increasing
metamorphic grade (e.g., FREY, 1987). This state-
ment is also true for the samples investigated
here: IC values decrease with improving vitrinite
reflectance in the Dachschiefer and increasing
grade as determined by metamorphic mineral as-
semblages in the New Zealand samples (KiscH,
1980b; WARR, 1996). Moreover, chemical, XRPD,
infrared, and petrological data from the Keuper
and Quartenschiefer samples (HUNZIKER et al.,
1986) as well as additional XRPD and petrologi-
cal data from the Jamtland, SW England, and ILC
samples (see KISCH, 1980a; WARR and RICE, 1994;
S. Krumm, written comm., 1995) support this gen-
eral trend. For these reasons, improving IC can be
interpreted to reflect increasing metamorphic
conditions, and it is therefore appropriate to cor-
relate IC values with estimates of the amount of
2M, in a sample.

Plots of %2M, versus IC for the various sam-
ple groups studied are shown in figure 3. Samples
that contain disordered white K-mica structures
were not considered in these plots because the
amount of 2M, can quantitatively not be deter-
mined (see above). In general, the data show that
100% 2M, is reached at the onset of the epizone,
a few exceptions excluded (see Tab. 2). Three an-
chizonal samples (MF131, MF703, and MF71)
also contain 100% 2M,. Except for the SW sam-
ples, the relationship between %2M, and IC is not
that obvious and correlation coefficients are gen-
erally small. However, the plots reveal that in-
creasing 2M, contents are related to decreasing IC
values, i.e. increasing grade. This is even more ev-
ident if samples that contain disordered struc-
tures, established on the basis of an elevated back-
ground in XRPD patterns, are considered. In-
spection of table 2 reveals that disordered poly-
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types prevail in samples belonging to the diage-
netic zone. XRPD patterns of almost all of these
samples reveal weak and diffuse 1M [112] and
2M, [025] reflections indicating that a mixture of
1M and 2M,; is associated with a disordered poly-
type. XRPD patterns of ethylene glycolated
preparates containing a mixture of 1M and 2M,
associated with disordered structures showed bet-
ter resolved diagnostic ordered polytype reflec-
tions for a few samples only. No effect upon gly-
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colation was observed for the majority of the
preparates, indicating larger amounts of disor-
dered structures than mixtures of ordered poly-
types. The XRPD patterns of samples L10 and
F176 show weak 2M, [025] and no 1M [112] re-
flections upon glycolation (see Fig. 4a for diage-
netic sample L.10 — for comparison sample MF52
with a 2M,/(2M,;+1M) ratio of 0.61 is shown in Fig,
4b). Using the criterion for the definition of the
1Md polytype (absence of diagnostic 1M reflec-
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Fig. 3 % 2M, versus illite crystallinity (IC) data for the various sample groups studied. Solid lines between 0.25°
and 0.42° A20 CuKa indicate the IC limits of the anchizone.
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tions with k& # 3n in addition to the elevated back-
ground), this observation may indicate that both
samples contain large proportions of 1Md and
only a small amount of 2M; structures.

In summary, our results show that according to
the criteria for the definition of different poly-
types most of the diagenetic samples, except sam-
ples L10 and F176, contain large amounts of dis-
ordered group A white K-micas and small
amounts of a mixture composed of 1M and 2M,.
These observations suggest that the low-grade di-
agenetic samples are generally free of 1Md struc-
tures and that the true 1Md structure is far less
abundant than previously suggested (e.g., VELDE
and HOWER, 1963). Moreover, our data also indi-
cate that the 1M structure is not a very common
form of white K-mica polytypes. The 2M; struc-
ture prevails in most samples free of disorderd
white K-mica. The largest concentrations of 1M is
around 40% (sample MF23). Our observations
are generally consistent with results presented by
AUSTIN et al. (1989). Based on a XRPD study of
K-bentonites, which are entirely diagenetic in ori-
gin, these autors found that Ad and mixtures of
1M and ZM, structures are the dominant polytype
forms, whereas the 1Md structure is relatively
rare.

The reproducibility of the method as well as
the variation in the content of a specific polytype
within an individual outcrop may be estimated
from table 2. As previously mentioned, there are
five pairs of samples each of which was collected
from the same outcrop. The variation in %2M, for
most of these samples is + 2% or smaller (N78-
47A and N78-47B, Z75-40C and Z75-40D, NZ4
and MF2839, NZ8 and MF2846). For the pair of
samples NZ9 and MF2848, the variation is of the
order of + 4%. These observations suggest that
the method proposed by DALLA TORRE et al
(1994) is capable to estimate relative proportions
of 1M and 2M, in samples free of disordered white
K-mica structures with a fairly high degree of re-
liability. Moreover, individual outcrops appear to
be homogeneous with respect to a specific poly-
type concentration.

BrRINDLEY (1980) as well as SRODON and
EBERL (1984) suggested that 1Md structures may
exist only if smectite is interlayered with white K-
mica. AUSTIN et al. (1989), however, found that
smectite interstratification 1s not a necessary con-
dition for the presence of a disorderd polytype.
During the course of this study, disordered struc-
tures were observed in 14 samples, 12 of which
contain mixed-layer illite/smectite. This observa-
tion suggests that the presence of smectite inter-
stratification favours disorder in white K-mica.

EVOLUTION OF WHITE K-MICA POLYTYPES
AS A FUNCTION OF TEMPERATURE

In the laboratory, YODER and EUGSTER (1955),
VELDE (1965), and MUKHAMET-GALEYEV et al.
(1986) have found that the 1IMd — 1M — 2M;
white K-mica polytype transformation is a func-
tion of temperature. Also on a regional scale many
workers found that increasing amounts of 2M, are
related to an increase in metamorphic grade in
terms of temperature (for references, see DALLA
TORRE et al., 1994; Ruiz CRUzZ and ANDREO,
1996). A literature compilation by FREY (1987)
showed that the conversion from 1Md towards
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Fig. 4 (a) X-ray powder diffraction pattern of sample
110 after 128 hours in glycolated atmosphere. The ele-
vated background between 20° and 33° 20 CuKe is
clearly visible. No 1M [112] peak can be detected, how-
ever, a weak 2M, [025] reflection does occur. For further
details see text. (b) X-ray powder diffraction pattern of
sample MF52 showing discrete 1M [112] and 2M, [025]
reflections in addition to a low background and well re-
solved 00/ peaks.
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2M, is completed at approximately the an-
chizone/epizone boundary. These previous studies
based the evaluation of the relative amount of
2M,; versus 1Md or 1M on criteria developed by
YODER and EUGSTER (1955) and LEVINSON
(1955) or on methods that used different peak in-
tensity ratios (VELDE and- HOWER, 1963;
REYNOLDS, 1963; MAXWELL and HOWER, 1967).
However, two recent studies (AUSTIN et al., 1989;
DALLA TORRE et al., 1994) showed that the crite-
ria to distinguish between Ad, 1Md, 1M, and 2M,
used in this study are more useful than the ones
presented in earlier studies. On the basis of these
criteria our data suggest that in the diagenetic
zone Ad structures prevail and are transformed
into mixtures of 1M and 2M, structures in the an-
chizone. As grade increases, the amount of 1M
polytype decreases in favour of 2M, structures un-
til, at epizonal grades, all 1M is converted to 2M,
structures.

Conclusions

Based on methods developed by previous re-
searchers, many workers concluded that IMd is a
common structure of illite in sedimentary rocks
under diagenetic conditions. A recent study by
AUSTIN et al, (1989) proposed, however, based on
new criteria to differentiate between 1Md and Ad
structures, that 1Md is less common than previ-
ously suggested. The data obtained in this study
are consistent with their observations. At diage-
netic grade, newly formed white K-mica crystals
generally exhibit disorder. In most cases, these
structures belong to the disordered group A micas
(Ad) according to the terminology by BAILEY
(1988) and AusTIN et al. (1989). At diagenetic
grades, Ad structures prevail and are associated
with small amounts of mixtures of 1M and 2M,
polytypes. Our study further suggests that disor-
der in white K-mica is favoured by the presence of
smectite interstratifications. Disordered struc-
tures do not occur at anchizonal grades, but a mix-
ture of 1M and 2M, white K-mica polytype with
larger proportions of the latter prevails. 90% of
the anchizonal samples studied exhibit 2M,; con-
centrations that cover the range from 70 to 90%.
At the onset of the epizone, 100% 2M, are gener-
ally reached, although there are a few exceptions
to this rule. At IC values smaller than 0.2° A26
CuKa, 1M structures were not found in any of the
samples studied. The 1M polytype generally ap-
pears to be less common than the 2M, structure,
even at lower grades. The results obtained in this
study show that with improving illite crystallini-
ties, white K-mica crystals evolve from Ad struc-

tures in the diagenetic zone to a mixture of 1M
and 2M, with variable but larger proportion of the
latter in the anchizone to 100% 2M, in the epi-
zone. Thus, determination of white K-mica poly-
types appears to be a useful indicator to deter-
mine the grade of metamorphism of sedimentary
rocks metamorphosed at low-temperature condi-
tions.
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