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Phyllites from the Dewon–Pokrzywna de posit in the Opava Mts., SW Po land, were in ves ti gated by XRD (Rietveld method),
XRF, EPMA, SEM, and ATR-FTIR from the per spec tive of their po ten tial us age as a buffer and/or back fill ma te rial in a geo -
log i cal re pos i tory of ra dio ac tive waste. Or ganic mat ter dis persed in the phyllite ma trix was ana lysed by GC-MS. Fine-grained 
Mg-Fe-mus co vite (13 to 29 wt.%), Fe-ripidolite (10 to 25 wt.%), de tri tal quartz (20 to 46 wt.%), and al bite (7 to 28 wt.%) ±
microcline, illite or illite/smectite, and kaolinite are ma jor min er als in phyllite sam ples. The chlorite/mus co vite ra tio ranges
from 0.65 to 1.1. Mg-annite in her ited from the pre cur sor rock is a mi nor con stit u ent. De tri tal il men ite is a dom i nant ac ces sory
min eral. Ancylite-(Ce) oc curs in quartz-cal cite-ripidolite veins. Two types of phyllite have been dis tin guished based on the
pro por tion of phyllosilicates to silt frac tion: ar gil la ceous (47 to 55 wt.% phyllosilicates) and silt-rich (28 wt.% phyllosilicates).
Ar gil la ceous phyllite shows el e vated con tent of alu mina and mod er ate con cen tra tion of sil ica. It is highly en riched in Fe com -
pared to phyllites from other lo cal i ties world wide. The BET spe cific sur face area of ar gil la ceous phyllite ranges from 1.73 to
3.64 m2/g. Whole-rock chem i cal com po si tion, min eral as sem blages, chlorite geothermometry, and the oc cur rence of
aliphatic hy dro car bons sug gest that ar gil la ceous phyllite orig i nated from a pe lagic pelite protolith un der low-tem per a ture
(260–370°C) greenschist to subgreenschist fa cies con di tions. Per sis tent biomarkers are in dic a tive of bac te rial deg ra da tion
of plank tonic or ganic mat ter sus pended in a high wa ter col umn. En rich ment in Fe-rich chlorite and Mg,Fe-mus co vite, low vol -
ume of in ter con nected pores with dom i nant mesopores sug gest that ar gil la ceous phyllite from the Dewon–Pokrzywna de -
posit is a po ten tial can di date for a buffer and/or back fill ma te rial.
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INTRODUCTION

Phyllite is a com mon fo li ated, fine-grained rock orig i nated
from the low-grade re gional meta mor phism of pelites. Phyllite is 
com posed mainly of quartz, al bite and phyllosilicates: mus co -
vite and chlorite. Phyllites have widely been used for roof ing, in -
te rior dec o ra tion, and in the con struc tion in dus try. Re cently,
novel uses have been sug gested for crushed or milled phyllites, 
e.g. fill ers in plas tics and mor tar, bar rier ma te rial in mu nic i pal
waste land fills and in ce ment-based com pos ites (Garzón et al.,
2016). Calcinated kaolinized phyllite can be used as a
geopolymer resin pre cur sor (Melo et al., 2017). Phyllites have
also been pro posed as a buffer ma te rial for en gi neer ing bar ri ers 

in geo log i cal (un der ground) ra dio ac tive waste re pos i to ries as
an al ter na tive to bentonites (Ar nold et al., 1998, 2001; Shahwan 
and Erten, 1999; Krawczyk-Bärsch et al., 2004). It is the lat est
us age of phyllites that drew at ten tion of the pres ent au thors in
search for a cheap and re li able buffer or back fill ma te rial to be
used in the planned Pol ish ra dio ac tive waste geo log i cal re pos i -
tory (Pol ish Nu clear Power Programme, 2014).

The prin ci pal role of a buffer ma te rial around waste pack -
ages is to pro tect them from the in tru sion of ground wa ter and, if
such an event oc curred, to pre vent or limit mi gra tion of re leased 
radionuclides. Cur rently, ben ton ite or ben ton ite mixed with
sand is con sid ered the best buffer avail able (Sellin and Leupin,
2013). How ever, while ben ton ite has high sorp tion ca pac ity, its
buff er ing per for mance at tem per a ture of 150°C, ex pected in the 
near-field of ra dio ac tive waste pack ages, is de bat able.
Illitization and me chan i cal deg ra da tion of ben ton ite above
100°C may in crease its per me abil ity, though re cent ex per i men -
tal works sug gest that the net ef fect of the in creased tem per a -
ture on hy drau lic prop er ties of ben ton ite may be rather small
(Daniels et al., 2017). Un like ben ton ite, phyllite is ther mally sta -
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ble up to at least 400°C. Ther mal sta bil ity of phyllite and high
sorp tion ca pac ity for actinides make this rock a po ten tial buffer
and/or back fill ma te rial ei ther on its own or in a mix ture with ben -
ton ite. The sorp tion of radionuclides onto phyllite re sults pri mar -
ily from the sorp tion prop er ties of chlorites and sec ond ary iron
ox ide hy drox ides formed dur ing weath er ing of chlorites (Ar nold
et al., 2001; Zänker et al. 2006).

While phyllites in Po land com monly crop out in the Sudetes
Mts. and in the Holy Cross Mts., they are quar ried only in the
Dewon Quarry within the Dewon–Pokrzywna de posit near
Jarno³tówek (50.284777N, 17.426419E) in the Pol ish part of
the Opava Mts., East ern Sudetes (Fig. 1). Up to 90,000 t of
slate flour per year are pro duced and mar keted as earth-moist
bulk prod uct to be used for road con struc tions and in the clay
bricks and tile in dus try (Krakow, 2014).

De spite rather sim ple min er al ogy, the vari abil ity of both
chem i cal com po si tion and pro por tions of rock-form ing min er als
in phyllite sam ples even from the same lo cal ity can be quite
high (Garzón et al., 2012, 2016). There fore, the de tailed knowl -
edge of phyllite min er al ogy is pre req ui site for con sid er ing those
rocks as a can di date for buffer or back fill ma te rial. De spite
quar ry ing phyllites in the Dewon Quarry since 1967 (S³omka et
al., 2009), the knowl edge on the min er al ogy of those rocks is
lim ited (Krakow, 2014; Stañczak, 2016) and is not suf fi cient to
ini ti ate fur ther study needed to de ter mine whether they can be
used as a buffer and/or back fill ma te rial.

In this pa per, we re port re sults of min er al og i cal in ves ti ga tion 
of phyllite from the Dewon Quarry. In par tic u lar, the fo cus is on
the chem is try of chlorites and white mica be cause prop er ties of
those min er als de ter mine the whole-rock sorp tion ca pac ity (Ar -
nold et al., 2001; Rich ter, 2016). More over, or ganic mat ter dis -
persed within phyllite was ana lysed for the first time in search

for biomarkers to de ter mine its or i gin. While car bo na ceous
phyllites are rel a tively com mon, there are only few pa pers on or -
ganic mat ter in those rocks fo cused on the or ganic mat ter role
in the ore-form ing pro cesses (Sahoo and Venkatesh, 2014; da
Silva Nogueira de Matos et al., 2017).

GEOLOGICAL SETTING

The Dewon–Pokrzywna phyllite de posit oc curs at the north -
ern foot of the Opava Mts. in the Pol ish East ern Sudetes
(Fig. 1). Geo log i cally, the de posit be longs to the Up per De vo -
nian–Lower Mis sis sip pian (Famennian–Tournaisian) Andelská
Hora unit of the Moravo-Silesian Zone (fold-and- thrust belt on
the east ern mar gin of the Bo he mian Mas sif; ¯aba et al., 2005).
The Andelská Hora unit is built up of phyllites, metagreywackes, 
sub or di nate green stones (metabasalts), and recrystallized
lime stone. The flysch-type sed i men tary de pos its, pre dom i -
nantly al ter nat ing slates and sandy (psam mit ic) slates, were the 
protolith for the phyllites (Strzy¿ewska-Konieczna and ¯aba,
2002; Stañczak, 2016). Metasandstones and metacon glo -
merates are interbedded with phyllites. Metaconglomerates
con tain milli metre- and centi metre-sized peb bles of quartz,
metasandstones, slates and lime stone. Phyllites were in tensely 
folded and sheared (Fig. 2A) dur ing four ma jor stages of tec -
tonic de for ma tions (Strzy¿ewska-Konieczna and ¯aba, 2002).
As a re sult, chev ron folds and crenulation are char ac ter is tic fea -
tures of phyllites in the Dewon–Pokrzywna de posit. The pen e -
tra tive fo li a tion S1 de vel oped as schistosity par al lel or
subparallel to sed i men tary bed ding S0. Fo li a tion S1 was in -
tensely folded dur ing the sec ond stage of tec tonic de for ma tion.
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Fig. 1. Sim pli fied geo log i cal map of the in ves ti gated area in the Pol ish part of the Opava Moun tains (af ter Sawicki, 1955)

The lo ca tion of the Dewon–Pokrzywna phyllite de posit and the Dewon Quarry is out lined by the rect an gle
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Fig. 2. Phyllites from the Dewon Quarry and their minerals

A – dark grey phyllite ex posed in the Dewon Quarry, rusty-brown patches of Fe-oxyhydroxides oc cur along a shear zone filled with sulphides
(py rite and chal co py rite), intrafoliated quartz veins oc cur at the con tact with metasandstone (up per right cor ner), the width of the pho to graph
is 2 m; B – hand spec i men of phyllite from the Dewon Quarry with a char ac ter is tic sheen luster and a quartz vein (lower left side); C – BSE im -
age of il men ite (Il) crys tals sur rounded by bi o tite (Bi) (Mg-annite) par tially re placed by chlorite (Chl), Q – quartz, il men ite crys tals show
embayed grain bound aries and con tain quartz in clu sions; D – BSE im age of phyllite, Mu – mus co vite; E – chlorite ag gre gates in the
quartz-cal cite vein in phyllite, plane po lar ized light; F – BSE im age of bi o tite (Mg-annite) ag gre gate par tially re placed by chlorite and over -
grown by mus co vite, phyllosilicates in the ag gre gate with cleav age oblique or even per pen dic u lar to fo li a tion



Intrafoliated quartz veins com monly oc cur within phyllites
(Fig. 2A). There are also nu mer ous quartz-cal cite (Fig. 2C),
quartz, and quartz-al bite veins of var i ous thick nesses, cross cut -
ting fo li a tion in phyllites. In some al bite veins there are vugs lined
with well-de vel oped al bite crys tals, a few milli metres in size.

SAMPLES AND METHODS

Six sam ples for this study were col lected in the Dewon
Quarry. In hand-spec i mens they are grey, dark grey to al most
black and turn light grey with green ish hue in the prox im ity of
quartz veins. Phyllite owes its dark grey col our to car bo na ceous 
mat ter dis sem i nated more or less evenly through out the rock.
Frac tion of milli metre-thick black laminae in phyllite are highly
en riched in car bo na ceous mat ter. Fo li a tion sur faces show silky
sheen (Fig. 2B). Rusty spots on the phyllite fo li a tion planes are
ubiq ui tous par tic u larly in shear zones filled with sulphides
(mostly py rite and chal co py rite; Fig. 2A).

Pow dered phyllite sam ples were ana lysed us ing a
Pananalytical X’Pert PRO-PW 3040/60 X-ray diffractometer
(CuKa1 source ra di a tion, Ni-fil ter to re duce the Kb ra di a tion,
and X’Celerator de tec tor). Quan ti ta tive data pro cess ing was
per formed by means of the X’PERT High Score Plus soft ware
us ing the lat est PDF4+ da ta base and ap ply ing the Rietveld
method.

Whole-rock chem i cal com po si tion of phyllite sam ples was
de ter mined by wave length dispersive X-ray flu o res cence
(WD-XRF) of fused sam ples us ing the WD-XRF ZSX Pri mus II
Rigaku spec trom e ter with Rh an ode. Sam ples were melted in
the pres ence of flux ing agent (66.67% Li2B4O7, 32.83% LiBO2,
0.5% LiBr) with the sam ple to flux ing agent ra tio of 1:9.
Semi-quan ti ta tive anal y ses were per formed us ing the SQX
Cal cu la tion soft ware (fun da men tal pa ram e ters method).

Chem i cal com po si tions of min er als in sam ples JN1, JN2,
and JN4 were de ter mined at the Inter-In sti tute Lab o ra tory for
the Mi croanal y sis of Min er als and Syn thetic Ma te ri als (Fac ulty
of Ge ol ogy, Uni ver sity of War saw) us ing a CAMECA SX-100
microprobe op er ated in the wave length-dispersive (WDS)
mode at an ac cel er at ing volt age of 15 kV and a sam ple cur rent
of 10–20 nA. The beam di am e ter was 10 µm. The fol low ing
stan dards were used: al bite for Na, di op side for Si, Mg and Ca,
orthoclase for Al and K, Fe2O3 for Fe, rhodo nite for Mn, and
rutile for Ti.

Sam ples were ob served by SEM us ing a Philips XL 30
ESEM/TMP scan ning elec tron mi cro scope cou pled with an en -
ergy-dispersive spec trom e ter (EDS; EDAX type Sap phire) at
the Fac ulty of Earth Sci ences, Uni ver sity of Silesia un der the
fol low ing op er at ing con di tions: ac cel er at ing volt age 15 kV;
work ing dis tance ~10 mm; count ing time 40 s. The same con di -
tions were ap plied for back-scat tered elec tron (BSE) im ag ing.

At ten u ated to tal re flec tion-Fou rier trans form in fra red
(ATR-FTIR) spec tra were ob tained from finely pow dered sam -
ples on a Nicolet iS10 Mid FT-IR Spec trom e ter (Thermo Sci en -
tific) fit ted with an ATR de vice with a di a mond crys tal plate.
Sam ples were placed di rectly onto the di a mond crys tal prior to
data ac qui si tion. Mea sure ment con di tions were: spec tral range
4000–400 cm–1, spec tral res o lu tion 4 cm–1, beam split ter
Ge/KBr, de tec tor DLaTGS with dy namic in ter fer om e ter jus ti fi -
ca tion. The OMNIC 9 (Thermo Fisher Sci en tific Inc.) an a lyt i cal
soft ware was used.

The sur face area and pore struc ture were de ter mined from
ni tro gen ad sorp tion/desorption iso therms at liq uid ni tro gen tem -
per a ture (–196°C) us ing Micrometrics ASA2020 equip ment un -
der a rel a tive pres sure range of 10–3 to 0.99. Sam ples were

heated in vac uum at 150°C for 12 hours prior to mea sure ments. 
A stan dard Braunaer-Emmet-Teller (BET) meth od ol ogy (ISO
9277:2010) was ap plied for the spe cific area es ti mates.

Den sity (D) of bulk pow dered sam ples was mea sured with a 
pycnometer us ing to lu ene (D = 0.872 gcm–3 at 23°C). Den sity of 
each sam ple was de ter mined three times and the re sults were
av er aged.

To tal car bon (TC), to tal in or ganic car bon (TIC), and to tal
sul phur (TS) were de ter mined us ing an Eltra CS-500 IR-an a -
lyzer with a TIC mod ule. TC, TS and TIC con tents were mea -
sured us ing an in fra red cell de tec tor of CO2 and SO2 gases,
which was evolved by com bus tion un der an ox y gen at mo -
sphere for TC and TS, re spec tively, and was ob tained from re -
ac tion with 10% hy dro chlo ric acid for TIC. To tal or ganic car bon
(TOC) was cal cu lated as the dif fer ence be tween TC and TIC.
Cal i bra tion was made by means of Eltra stan dards. Cal cium
car bon ate con tent was cal cu lated as CaCO3 = 8.333 ´ TIC, as -
sum ing that all car bon ate oc curs as cal cite.

Ap prox i mately 16 g aliquots of each sam ple were ex tracted
with di chloro methane (DCM) us ing the Dionex 350 Ac cel er ated
Sol vent Ex trac tor sys tem (Thermo Sci en tific) at 70°C in 34 ml
stain less steel cells (P = 10 MPa, sol vent flow = 70 ml/min, ex -
trac tion time 15 min.). Cop per mesh was ap plied to re move el e -
men tary sul phur from the ex tracts. Sol vent was evap o rated at
room tem per a ture and dried ex tracts were weighted to cal cu late 
ex trac tion yields (wt.%). Dry res i due was di luted in 0.5 ml of
DCM and ana lysed with GC-MS. All sol vents and re agents
were pure for anal y sis grade (Avantor Per for mance Ma te ri als
Po land S.A.).

An Agilent gas chromatograph 7890A with a DB-5 col umn
(60 m ´ 0.25 mm i.d.), coated by a 0.25 µm sta tion ary phase
film cou pled with an Agilent Tech nol ogy mass spec trom e ter
5975C XL MDS was used. The ex per i men tal con di tions were:
car rier gas – He; ini tial tem per a ture 50°C (iso ther mal for 2 min);
heat ing rates: to 175°C at 10°C/min, to 225°C at 6°C/min, and
to 300°C at 4°C/min. The fi nal tem per a ture (300°C) was held for 
20 min. The mass spec trom e ter was op er ated in the elec tron
im pact ion is ation mode at 70 eV and scanned from 50 to
650 da. Data were ac quired in a full scan mode and pro cessed
with the Hewlett Packard Chemstation soft ware. The chem i cal
com pounds were iden ti fied based on their mass spec tra, com -
par i son of peak re ten tion times with stan dards, in ter pre ta tion of
MS frag men ta tion pat terns, and lit er a ture data (Philp, 1985;
Wiley, 2014). Ana lysed mass ions in clude: m/z = 71 for n-al -
kanes, m/z = 183 for acy clic isoprenoids, m/z = 191 for
pentacyclic triterpenes, m/z = 217 for steranes, m/z = 142, 156,
170 and 184 for alkyl naphthalenes, m/z = 192, 206, and 220 for 
alkyl phenanthrenes.

RESULTS

MINERAL COMPOSITION

Phyllite from the Dewon Quarry is com posed of quartz,
mus co vite, chlorite and al bite as ma jor (>5 wt.%) con stit u ents
(Ta ble 1). Ad di tion ally, kaolinite, microcline, and illite or
illite/smectite, and a mixed-layer clay min eral, pos si bly
chlorite/smectite are among ma jor min er als in sam ple JN1
(Fig. 3). Bi o tite oc curs in some sam ples as a mi nor con stit u ent.
Cal cite oc curs as intrafoliated grains and veinlets cross cut ting
phyllite. Il men ite (Fig. 2C), zir con, ap a tite, ti ta nium ox ide, al la -
nite, monazite, xeno time, py rite, chal co py rite and un iden ti fied
As-sulphosalts of Co and Fe are de tri tal ac ces sory min er als.
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Elon gate, len tic u lar quartz grains (clasts) are up to ~100 µm 
long and ~50 µm thick. They are aligned par al lel to fo li a tion. Al -
bite grains are of sim i lar size, but un like quartz they are an gu lar
and ap par ently less plas tic ally de formed. Mus co vite and
chlorite are in ti mately intergrown (Fig. 2D), though some ob ser -
va tions sug gest that chlorite overgrowths mus co vite. There are
two gen er a tions of chlorite: the fine-grained one in the phyllite
ma trix, and coarse ag gre gates within cal cite-quartz veins that
cross cut phyllite (Fig. 2E). The lat ter gen er a tion shows anom a -
lous in digo-blue in ter fer ence colours un der the po lar iz ing mi -
cro scope.

Ag gre gates of bi o tite par tially re placed by chlorite have
cleav age oblique or even per pen dic u lar to fo li a tion (Fig. 2F).
They are pri mary clasts as sug gested by in ter pre ta tion of sim i -
lar bi o tite “stacks” in slates and phyllites from other lo cal i ties
(Vernon, 2004).

Il men ite is the ubiq ui tous ac ces sory min eral. It is of ten
intergrown with quartz and dis plays fea tures in dic a tive of par tial
dis so lu tion, i.e. its grain bound aries are embayed and ir reg u lar
(Fig. 2C). Some of its grains are fragmentized ap par ently due to 
me chan i cal de for ma tions. Il men ite is fre quently as so ci ated with 
bi o tite. Ancylite-(Ce), ide ally CeSr(CO

3
)
2
(OH) · H

2
O, was ob -

served in quartz-cal cite veins cross cut ting phyllite sam ple

JN1B. To our knowl edge, this is the first oc cur rence of this rel a -
tively rare min eral in the Sudetes Mts.

Phyllite-form ing min er als oc cur in var i ous pro por tions in the
in ves ti gated sam ples, as re vealed by the Rietveld method (Ta -
ble 1). The amount of quartz ranges from 20 to ~46 wt.% in the
most psam mit ic phyllite (JN6). The av er age amount of quartz in 
sam ples JN1 to JN5 is ~ 24 ± 3 wt.%. The amount of al bite
ranges from 11 to al most 28 wt.%. Sam ples show vari able con -
cen tra tions of chlorite and mus co vite from 10 to ~26 wt.% and
from 11 to 34 wt.%, re spec tively. The chlorite to mus co vite ra tio
ranges from 0.65 to 1.10; how ever, mus co vite is a pre dom i nant
phyllosilicate in the ma jor ity of sam ples. Sam ple JN1 (Ta ble 1)
shows signs of sig nif i cant weath er ing, as sug gested by the oc -
cur rence of illite and kaolinite. This par tic u lar sam ple is also en -
riched in K-feld spars (~14 wt.%) and is rel a tively de pleted in al -
bite (11 wt.%). There is a neg a tive lin ear cor re la tion be tween
the amount of quartz and the amount of phyllosilicates (not
shown in the pa per). The most psam mit ic sam ple (JN6) con -
tains 46 wt.% of quartz and the low est amount of phyllosilicates
(28 wt.%) with chlorite slightly pre dom i nant over mus co vite.
That sam ple is also en riched in al bite. The dif fer ence in the min -
eral quan ti ta tive com po si tion of phyllite sam ples most likely re -
flects the vari abil ity of the protolith. The ar gil la ceous protolith
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Sam ple Chlorite Mus co vite Chlo/Mu Quartz Al bite Bi o tite Kaolinite Microcline Den sity

JN1* 10 13 0.77 26 11 – 16 14 2.61

JN2 22 34 0.65 20 24 – – – 2.57

JN3 18 28 0.64 25 28 1 – – 2.52

JN5 25 29 0.86 21 20 – 4 1 2.56

JN4** 19 28 0.68 26   7 – – – 2.46

JN6 15 13 1.15 46 26 – – – 2.52

*JN1 con tains ad di tion ally 10 wt.% of illite or illite/smectite and sub or di nate mixed-layer clay min eral ten ta tively iden ti fied as
chlorite/smectite; **JN4 con tains 20 wt.% cal cite, per haps as an im pu rity from cal cite veinlets

T a  b l e  1

Min eral com po si tion (wt.%) and den sity (gcm–3) of phyllites from the Dewon Quarry

Fig. 3. X-ray pow der dif frac tion pat tern of phyllite (sam ple JN1) from the Dewon
Quarry show ing deconvoluted basal re flec tions from phyllosilicates

Chlorite (sharp and strong peaks at 14.16 � and 7.07 �), mus co vite (sharp and strong

peak at 9.98 �), kaolinite (very strong and broad peak at 7.14 �), illite or illite/smectite

(very broad peak at 10.19 �), and a mixed-layer sil i cate, pos si bly chlorite/smectite (very

broad peaks at 14.44 � and 7.26 �)



turned into mus co vite-chlorite-rich as sem blages; whereas, the
higher silt frac tion re flects a psam mit ic protolith.

FT-IR spec tra (Fig. 4) con firm the gen eral sim i lar ity of all
phyllite sam ples due to their sim i lar min er al og i cal com po si tion
with the ex cep tion of sam ple JN4, which con tains cal cite (bands 
at 1415 and 875 cm–1 in Fig. 4A), and sam ple JN6, which is
quartz-dom i nant (there is a dou ble band char ac ter is tic of quartz 
at 798-779 cm–1 in the FT-IR spec trum of JN6). In the OH spec -
tral range, the stron gest band at 3620 cm–1 is most prob a bly as -
so ci ated with the stretch ing vi bra tions of OH groups lo cated
within oc ta he dral sheets of lay ered sil i cates (Balan et al., 2001). 
The stron gest band at 969–974 cm–1 re sults from the Si-O
stretch ing vi bra tions.

The BET spe cific sur face area (SBET) of ar gil la ceous phyllite 
ranges from 1.73 m2/g (JN2) to 3.64 m2/g (JN5). The SBET value
of 0.5 m2/g for the most psam mit ic sam ple (JN6) is an or der of

mag ni tude lower as a re sult of the low est amount of
phyllosilicates. How ever, there is no sim ple cor re la tion be tween 
SBET and the amount of phyllosilicates in ar gil la ceous phyllite
sam ples. Sam ples JN2 and JN5 with the high est quan tity of
phyllosilicates (55 and 54 wt.%, re spec tively) have an ex tremely 
dif fer ent spe cific sur face area, as shown above. Pos si bly, tex -
tural fea tures of those sam ples de ter mine their spe cific sur face
area. While sam ple JN2 has the low est pore vol ume
(0.007 cm3/g for p/p0 = 0.99), sam ple JN5 has the high est
(0.010 cm3/g). Even the high est SBET value for the in ves ti gated
phyllites is twice less the SBET value (7.6 m2/g) mea sured in clay
phyllite from Spain, con tain ing up to 75% of phyllosilicates
(illite/mus co vite plus chlorite; Garzón et al., 2010).

Pore size dis tri bu tion in all of the in ves ti gated ar gil la ceous
phyllite sam ples is sim i lar. Mesopores (pores in the range of
2–50 nm) are dom i nant, rang ing from 56 to 60% of the to tal
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Fig . 4. FT-IR spec tra of phyllite sam ples JN4 (A) and JN2 (B)



pore vol ume. Micropores (pores with free di am e ter <2 nm) oc -
cupy be tween 11 and 14%, and macropores (>50 nm) range
from 29 to 37% of the to tal pore vol ume.

Den sity of phyllite sam ples ranges from 2.46 to 2.61 gcm–3

(Ta ble 1). There is no ob vi ous cor re la tion be tween the min eral
com po si tion and the mea sured den sity. How ever, the high est
den sity re corded in sam ple JN1 may be due to its en rich ment in
heavy ac ces sory min er als com pared to other sam ples. Den sity
mea sured dur ing this study is lower than that re ported in the lit -
er a ture (2.68 gcm–3; Stañczak, 2016).

WHOLE-ROCK CHEMICAL COMPOSITION

All of the in ves ti gated sam ples with the ex cep tion of JN6
have sim i lar bulk chem i cal com po si tions (Ta ble 2). Sam ple JN6 
is en riched in sil ica and de pleted in other el e ments as a re sult of 
the high amount of quartz (Ta ble 1). The vari a tion in sil ica con -
tent of up 2.8 wt.% is in versely cor re lated with the con cen tra tion
of alu mina re flect ing the changes in the quartz to
aluminosilicates ra tio. With the ex cep tion of the most psam mit ic 
sam ple JN6, phyllite sam ples show neg li gi ble vari a tion in the
Si/Al atomic ra tio (Ta ble 2).

While by weight, K pre dom i nates over Na, the atomic pro -
por tions of Na and K (Na/K) al most di rectly re flect the pro por -
tions be tween al bite and mus co vite and, in the case of sam ple
JN1, be tween al bite and both mus co vite and microcline.

Rel a tively high con cen tra tions of Ti com pared to low con -
cen tra tions of this el e ment in chlorite and mus co vite sug gest
ac ces sory il men ite as a ma jor car rier of Ti. While bi o tite is sig nif -
i cantly en riched in TiO2 (on av er age 1.68 wt.%; Ap pen dix 1*), its 
amount is too low to ac count for the Ti con cen tra tions in the
phyllite sam ples. In creased con cen tra tions of Ca in sam ples
JN1 and JN6 re sult from intrafoliated cal cite grains. Ac ces sory

ap a tite may only in sig nif i cantly con trib ute to the Ca con cen tra -
tion in whole-rock, be cause of its scar city in phyllite.

All sam ples are ferruginous and are en riched in Fe rel a tive
to Mg, as in di cated by the high val ues of the Fe/(Fe + Mg) ra tio
av er aged at 0.80 (Ta ble 2). Loss of ig ni tion re flects the rel a -
tively high con cen tra tion of wa ter in rock-form ing phyllosilicates.

Over all, the chem i cal com po si tion of ar gil la ceous phyllite
from the Dewon Quarry re sem bles the av er age chem i cal com -
po si tion of pe lagic pelites (Ta ble 2). The no ta ble dif fer ences in -
clude higher Si/Al ra tio and lower Na/K ra tio in the lat ter. Much
lower con tent of wa ter in phyllite sam ples com pared to pelites
can sim ply be ex plained by wa ter loss dur ing pelites meta mor -
phism.

MINERAL CHEMISTRY

Chlorite. All of the in ves ti gated chlorites have sim i lar chem -
i cal com po si tions (Ap pen dix 1). In par tic u lar, there is no sig nif i -
cant dif fer ence be tween chlorite from the rock groundmass and 
the one from quartz-cal cite veins. The de vi a tion from the me -
dian value for all cat ions is in the range of 0.04 to 0.14 at oms
per for mula unit (apfu). All chlorites are Fe-dom i nant with
Fe/(Fe+Mg) rang ing from 0.55 to 0.58. Iron in chlorites is ap par -
ently di va lent, as sug gested by charge bal ance in crys tal chem -
i cal for mu lae. The de fi ciency in oc ta he dral sites cal cu lated from 
EPMA (Ap pen dix 1) may re sult from: (a) an a lyt i cal er rors, (b)
va can cies, and (c) the oc cur rence of some Fe3+. No at tempt
was made to cal cu late the lat ter due to un cer tainty in the cause
of the oc ta he dral site de fi ciency.

All of the in ves ti gated rock-form ing chlorites are slightly
peraluminous (Si/Al in the range of 0.94 to 0.97), while one of
the ana lysed chlorites from the cal cite veinlets (JN1 vein in Ap -
pen dix 1) has the Si/Al ra tio of 1.02. The gen eral crys tal-chem i -
cal for mula of chlorite based on data in Ta ble 2 is:
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JN1 JN2 JN3 JN5 Pelites* JN6

SiO2 54.63 55.36 55.49 52.71 54.9 67.62

TiO2   1.12   1.02   1.23   1.29   0.8   0.99

Al2O3 19.47 19.98 19.77 20.63 16.6 14.20

Fe2O3
#   9.63   9.57   9.69   9.17   9.9   5.53

MnO   0.23   0.19   0.16   0.19 –   0.12

MgO   2.98   3.09   2.75   2.49   3.4   1.54

CaO   1.63   0.78   0.55   0.60   0.7   1.85

Na2O   2.03   2.04   3.16   2.01 1.3   2.87

K2O   2.98   3.66   3.19   3.81 2.7   1.97

P2O5   0.16   0.20   0.22   0.20 –   0.17

SO3   0.05   0.09   0.05   0.03 –   0.17

L.O.I   4.51   3.80   3.54   4.09   9.2   2.90

To tal 99.37 99.69 99.75 97.19 99.5 99.76

f   0.79   0.78   0.80   0.81 0.77   0.81

Si/Al   2.39   2.36   2.36   2.22 2.75   4.04

Na/K   1.05   0.85   1.56   0.83 0.67   2.21

L.O.I  – loss of ig ni tion; f = Fe/(Fe + Mg); # – as to tal Fe; * – Bucher and
Grapes (2011); trace el e ments de tected dur ing XRF anal y sis: Cu, Ni, Rb, Sr
and V

T a  b l e  2

Chem i cal com po si tion (wt.%) of phyllite sam ples from Jarno³tówek

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1439

https://gq.pgi.gov.pl/article/downloadSuppFile/25803/3454


(Fe2+
2.4–2.6Mg1.9–2.0AlVI

1.4–1.5)5.7–6.01(Si2.6–2.7AlIV1.4–1.3)O10(OH)8.
Ac cord ing to the clas si fi ca tion by Wiewióra and Weiss (1990),
the in ves ti gated chlorites be long to the ripidolite (Fe2+

4.5Al1.5)
(Si2.5Al1.5)O10(OH)8 – sheridanite (Mg4.5Al1.5) (Si2.5Al1.5) 
O10(OH)8 se ries, with the ripidolite mol e cule (56%) slightly dom -
i nated over the Mg end-mem ber (Fig. 5).

Unit cell pa ram e ters of phyllite-form ing chlorites were cal cu -
lated us ing the Rietveld method for the C2/m (12) space group
(Ap pen dix 2). All of the in ves ti gated chlorites crys tal lize in the
IIb polytype. The max i mum dif fer ence in unit cell pa ram e ters
var ies from 0.02 � for c pa ram e ter to 0.04 � for a pa ram e ter,
which trans lates into the max i mum dif fer ence of 2.5 �3 in vol -
ume of the unit cell. Those dif fer ences are most prob a bly
caused by small dif fer ences in chem i cal com po si tions of
chlorite from var i ous sam ples, but they can be con sid ered in sig -
nif i cant.

Micas. EPMA data for mus co vite and bi o tite are given in
Ap pen dix 1. Based on charge bal ance cal cu la tions, Fe in mus -
co vite is di va lent. The av er aged crys tal chem i cal for mula of
mus co vite is K0.88 Na0.04 (Fe2+

0.13 Mg0.15 Ti0.02 Al1.74)2.04 [(Si3.24

Al0.76)4.00 O10.00] (OH)2.00. Ac cord ing to the clas si fi ca tion of
Tischendorf et al. (2007) the in ves ti gated white mica can be
clas si fied as Mg-Fe mus co vite of the mus co vite-phengite se -

ries, in which some 14% of oc ta he dral sites is oc cu pied by Mg
and Fe (Mg+Fe = 0.27 apfu.). Con trary to chlorites, Mg slightly
dom i nates over Fe (Mg/(Mg+Fe) = 0.54) in mus co vite. Mus co -
vite from the Dewon Quarry is tet ra he dral Al-de fi cient com pared 
to ideal mus co vite, in which the Al/Si is 1:3.

Unit cell pa ram e ters of mus co vite are re mark ably sim i lar in
al most all sam ples and are as fol lows: a = 5.202 �, b = 9.022 �,
c = 20.063 �, b = 95.746°. Mus co vite in sam ple JN1 has slightly
lower unit cell pa ram e ters ex cept for the  an gle: a = 5.185 �, b =
9.000 �, c = 20.043 �, b = 95.984°.

The av er aged crys tal chem i cal for mula of bi o tite is K0.76

Na0.01 (Fe2+
1.42 Mg1.01 Ti0.10 Al0.41 Mn0.01)2.95 [(Si2.70 Al1.30)4.00

O10.00] (OH2.00). The ra tio of Fe/(Fe+Mg) = 0.58 is sim i lar to the
av er age ra tio ob served in the in ves ti gated chlorites (0.57). “Bi o -
tite” is a se ries name ap plied to dark micas compositionally be -
tween or close to the annite-phlogopite and siderophyllite-
 eastonite end-mem bers (Rieder et al., 1998) To clas sify prop -
erly dark mica from the Jarno³tówek phyllite we used sim ple pa -
ram e ters pro posed by Tischendorf et al. (2007), i.e. mgli = Mg –
Li and feal = VI(Fetot+Mg+Ti) – VIAl (apfu). From data in Ta ble 3,
bi o tite from the Jarno³tówek sam ples can be clas si fied as a
mem ber of the annite (KFe2+[AlSi3O10](OH)2) – phlogophite
(KMg[AlSi3O10](OH)2) se ries with the annite com po nent of 58%
mol. and with VIAl < 0.5 (mgli = 1.01, feal = 2.11). Ap ply ing the
50/50 rule for min eral se ries (solid so lu tions), the dark mica in
the in ves ti gated phyllite is Mg-rich annite and this name will be
used fur ther on in this pa per. Annite is par tially re placed by
chlorite (Fig. 2F). 

ORGANIC GEOCHEMISTRY

Or ganic mat ter is finely dis persed through out phyllite sam -
ples. Iso lated or ganic nod ules have not been ob served un der
SEM. Those ob ser va tions sug gest the amor phous type of or -
ganic mat ter typ i cal for ei ther ma rine or lac us trine or i gin.

To tal Car bon (TC) con tent in phyllites is re lated to the
amount of cal cite (ex cept for sam ples JN2 and JN3) and var ies
from 0.386 to 2.651 wt.%. To tal Or ganic Car bon (TOC) and ex -
tract yields in all of the phyllite sam ples are very low and range
from 0.012 to 0.44 wt.% and from 0.002 to 0.015 wt.%, re spec -
tively (Ta ble 3). How ever, even such a low con cen tra tion of
extractable bi tu men in phyllites is rather un usual be cause or -
ganic mat ter in meta mor phic rocks is highly overmature. There
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Fig. 5. Di a gram matic rep re sen ta tion of chem i cal
com po si tions of chlorites oc ta he dral sheets

dots – Dewon Quarry; tri an gle – Grimsel, Swit zer land (chlorite
used in sorp tion ex per i ments by Ar nold et al., 1998); classification 

scheme of Mg-Fe-Al chlorites from Wiewióra nad Weiss (1990)

Sam ple TC TS TIC TOC CC Ex tract
yield S2/S1 CPI Pr/Ph Pr/n-C17 Ph/n-C18

JN1 0.67 0.01 0.228 0.44 1.90 0.015 0.33 1.15 0.51 0.33 0.19

JN2 0.39 0.02 0.0 0.39 0.0 0.005 0.72 1.00 0.49 0.32 0.26

JN3 0.42 0.11 0.0 0.42 0.0 0.007 0.62 1.22 0.55 0.32 0.22

JN4 2.65 0.04 2.64 0.01 22.10 0.014 0.40 1.10 0,50 0.40 0.27

JN5 0.40 0.01 0.02 0.38 0.15 0.012 0.70 1.05 0.41 0.34 0.27

JN6 0.46 0.07 0.14 0.33 1.15 0.002 0.48 1.20 0.61 0.38 0.27

TC – to tal car bon, TS – to tal sul phur, TIC – to tal in or ganic car bon, TOC – to tal or ganic car bon, CC – car bon ate con tent; S2/S1 =

[S (from n-C23 to n-C37)]/[S (from n-C11 to n-C22) ], m/z = 71, source in di ca tor (Tissot and Welte, 1984); Car bon Pref er ence In dex
(CPI) = 0.5{[(n-C25+n-C27+n-C29+n-C31+n-C33)/(n-C24+n-C26+n-C28+n-C30+n-C32)]+[(n-C25+n-C27+n-C29+n-C31+n-C33)/(n-C26+n
-C28+n-C30+n-C32+n-C34)], m/z = 71, ther mal ma tu rity pa ram e ter (Bray and Ev ans, 1963); Pr/Ph = pristane/phytane, pa ram e ter
of en vi ron ment oxicity (ex clud ing coals), m/z = 71 (Didyk et al., 1978); Pr/n-C17 = pristane/n-heptadecane, m/z = 71 (Leythauser
and Schwartzkopf, 1985); Ph/n-C18 = phytane/n-octadecane, m/z = 71 (Leythauser  and Schwartzkopf, 1985)

T a  b l e  3

Con cen tra tion (wt.%) of to tal sul phur, var i ous forms of car bon, and car bon ates, and ex tract yield and val ues 
of biomarker ra tios of phyllite sam ples from the Dewon Quarry 

https://gq.pgi.gov.pl/article/downloadSuppFile/25803/3455


is no ob vi ous cor re la tion be tween TOC and the ex tract yield,
pos si bly due to con tam i na tion by both el e men tal sul phur (S8)
not en tirely re moved from ex tracts and re cent or ganic com -
pounds of bi o log i cal or i gin, such as fatty ac ids (roughly 70–90% 
of the ex tract, as es ti mated from peak ar eas on the To tal Ion
Chromatogram).

Low amount of or ganic mat ter hin dered its FT-IR anal y sis.
Only a weak ab sorp tion band at ~1600 cm–1 in the spec tra of
sam ples JN1 and JN2 may be at trib uted to the C = C bonds.

Or ganic por tions of the ex tracts dis play fea tures typ i cal of
overmature sed i men tary or ganic mat ter (Pe ters et al., 2005).
They con sist of se ries of pre dom i nant n-al kanes, a few
alkylcyclohexanes, and two acy clic isoprenoids: pristane (Pr)
and phytane (Ph). All other biomarkers and ar o matic hy dro car -

bons were ther mally de stroyed un der the greenschist fa cies
con di tions, i.e. at tem per a tures up to 365°C (see the
geothermometry sec tion be low). The lack of biomarkers
caused by the or ganic mat ter graphitization has been ob served
in meta mor phic rocks world wide (e.g., Van Zuilen et al., 2003;
Køíbek et al., 2008).The wid est n-alkane dis tri bu tion com prises
com pounds in the range of n-C16-n-C27 (JN1) and the nar row est 
n-C17-n-C23 (JN4). The out line of dis tri bu tion is smooth with out
any odd-over-even car bon num ber atom dom i na tion. Val ues of
the Car bon Pref er ence In dex (CPI), which is a nu meric ex pres -
sion of odd-over-even car bon num ber pre dom i nance, cal cu -
lated from the for mula of Bray and Ev ans (1963), are ~1.0
(Fig. 6A and Ta ble 3). Max i mum of the dis tri bu tion falls to n-C19

in all sam ples. All of those fea tures are com mon in plank -
ton-orig i nated or ganic mat ter, pos si bly par tially biodegraded,
since n-al kanes lighter than n-hexadecane were re moved in all
sam ples (Fig. 6A). Cal cu lated Pr/n-C17 and Ph/n-C18 ra tios are
low, on av er age 0.36 and 0.24, re spec tively. Ex tremely low val -
ues of both in di ces are caused by high ma tu rity of or ganic mat -
ter. When plot ted on the Pr/n-C17 ver sus Ph/n-C18 di a gram
(Fig. 6B) they in di cate both low ox y gen con tent in the
depositional en vi ron ment and type II/III kerogen of high ma tu -
rity. Such kerogen, i.e. or ganic mat ter of mixed al gal and ter res -
trial or i gin, is com mon in ma rine sed i men tary en vi ron ments,
e.g. within con ti nen tal shelves (Leythauser and Schwartzkopf,
1985; Sum mons et al., 1988; Coo per, 1990). Ter res trial or ganic 
mat ter may be de pos ited in the con ti nen tal shelves and mix
with plank tonic or ganic mat ter formed in situ. How ever,
phytoclasts were not ob served un der SEM, pos si bly due to or -
ganic mat ter scar city in the in ves ti gated rocks and/or its very
fine dis per sion.

Val ues of the Pr/Ph ra tio are sim i lar in all sam ples
(0.41–0.61; Ta ble 3) and in di cate the anoxic en vi ron ment dur -
ing the or ganic mat ter de po si tion (Didyk et al., 1978).

GEOTHERMOMETRY

Chem i cal com po si tion of chlorite can be used to es ti mate its 
crys tal li za tion tem per a ture based on the ob ser va tion of sys tem -
atic in crease in IVAl with in creas ing tem per a ture. Var i ous em pir -
i cal chlorite geothermometers have been pro posed (Yavuz et
al., 2015 and ref er ences therein). The chlorite crys tal li za tion
tem per a ture in phyllite from the Dewon Quarry, cal cu lated us -
ing six of those geothermometers and chem i cal data (Ta ble 2),
ranges from as low as 242 up to 372°C (Ta ble 4). The most
com monly used geothermometer of Cathelineau (1988) gives
298 ± 6°C. All of the em pir i cal chlorite geothermometers suf fer
from nu mer ous un cer tain ties, and thus no sin gle chlorite
geothermometer pro vides a re li able tem per a ture (De Caritat et
al., 1993). The chem i cal com po si tion of chlorite de pends not
only on tem per a ture but also on other ther mo dy namic pa ram e -
ters of the crys tal li za tion sys tem. Nev er the less, the tem per a -
ture range cal cu lated for chlorite from phyllite sam ples is con -
sis tent with the low-tem per a ture greenschist or high-tem per a -
ture subgreenschist fa cies typ i cal of the phyllite for ma tion.

The oc cur rence of aliphatic hy dro car bons in the phyllite ex -
tracts sug gests that the peak tem per a ture dur ing meta mor -
phism did not ex ceed 270°C, since this is a thresh old value
above which aliphatic hy dro car bons are ther mally de stroyed
(Clifton et al., 1990). How ever, some ob ser va tions sug gest that
n-al kanes can sur vive even un der the greenschist fa cies con di -
tions (Oruzinsky and Kribek, 1981) and this seems to be the
case in phyllites from the Dewon–Pokrzywna de posit.
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Fig. 6A – n-al kanes dis tri bu tion in phyllite ex tracts, ion
chomatogram m/z = 71; B – pristane/n-C17 ver sus phytane/n-C18

di a gram show ing geo chem i cal fea tures of or ganic mat ter in
phyllite from the Dewon Quarry, ge netic cat e go ries af ter
Shanmugam (1985), Pr – pristane, Ph – phytane



DISCUSSION

Re view of avail able data on phyllite chem i cal and min eral
com po si tions re veal that un der the name phyllite, au thors re -
port rocks with a very wide compositional range. The ex treme
val ues of sil ica range from ~44 wt.% in clay phyllite (Garzón et
al., 2016) up to 84 wt.% in quartz phyllite (Saupé and Ve gas,
1987). Also Al2O3 con tents vary from as low as 8.85 wt.% in
quartz phyllite (Saupé and Ve gas, 1987) to 27 wt.% (Garzón et
al., 2016). Cal cium is typ i cally very low in phyllites (<1 wt.%) ex -
cept for car bon ate-rich va ri et ies. For in stance, some phyllites
from south ern Spain con tain >30 wt.% do lo mite (Garzón et al.,
2016). So dium and po tas sium vary con sid er ably in phyllites
from var i ous lo cal i ties. Iron pre dom i nates over mag ne sium with 
few ex cep tions (e.g., Rasul, 1963; Opara et al., 2014).

Modal anal y ses of phyllites are rather scarce; nev er the less,
from the ex ist ing data it is clear that the chem i cal com po si tion of 

phyllites is di rectly re lated to the min eral com po si tion, namely to 
the amount of quartz, feld spars and phyllosilicates (ex clud ing
car bon ate-rich phyllites). Based on the pro por tion of the amount 
of phyllosilicates to silt frac tion (quartz and feld spars), phyllites
can be grouped into ar gil la ceous and silt-rich va ri et ies. For the
pur pose of this pa per, we will con sider ar gil la ceous phyllites as
those with at least 40 wt.% phyllosilicates. The rea son for this
limit is that there are no phyllites with the pre dom i nance of
phyllosilicates, i.e. con tain ing >50 wt.% phyllosilicates, re ported 
in the lit er a ture. For in stance, among 52 phyllite sam ples from
var i ous lo cal i ties in south ern Spain only four con tain >40 wt.%
phyllosilicates and none >50 wt.% (Garzón et al., 2016). Phyllite 
sam ples from the Dewon Quarry are mostly ar gil la ceous (the
amount of phyllosilicates ranges from 47 to 55 wt.%) ex cept for
the silt-rich JN6 sam ple (28 wt.% phyllosilicates). As a re sult, ar -
gil la ceous phyllites from the Dewon Quarry show el e vated con -
tent of alu mina (19.5 to 20.6 wt.% Al2O3) and mod er ate con cen -
tra tion of sil ica (52.7 to 55.5 wt.%).

Ar gil la ceous phyllites from the Dewon Quarry are highly en -
riched in iron com pared to phyllites from other lo cal i ties world -
wide (Fig. 7). Iron does not come from sec ond ary iron
hydrooxides, since only non-weath ered sam ples were ana lysed.
De spite be ing highly ferruginous, phyllites from the Dewon
Quarry have the Fe/(Fe + Mg) ra tio (on av er age 0.8; Ta ble 2)
lower than nu mer ous less ferruginous phyllites from S Spain
(Fig. 7) due to rel a tive Mg en rich ment of mus co vite (Ta ble 2).

The chem i cal and min er al og i cal com po si tions of phyllites
re flect clay-rich pre cur sor rocks. Sim i lar ity of the chem i cal com -
po si tions of ar gil la ceous phyllites to pe lagic pelite (Ta ble 2) sug -
gests the lat ter as a protolith. This is fur ther con firmed by
biomarkers that sur vived meta mor phic con di tions and are in dic -
a tive of bac te rial deg ra da tion of pri mary plank tonic or ganic mat -
ter sus pended in a rel a tively high wa ter col umn (pe lagic en vi -
ron ment). The amor phous or ganic mat ter dis sem i nated within
the in ves ti gated phyllite has fea tures typ i cal of ma rine sed i men -
ta tion un der anoxic con di tions. Those anoxic con di tions per -
sisted dur ing meta mor phism as sug gested by the pre dom i -
nance of di va lent iron in phyllosilicates. Hy dro ther mal ac tiv ity
lead ing to the pre cip i ta tion of sulphides in quartz and quartz-al -
bite veins cross cut ting phyllite fo li a tion oc curred in the re duc ing
en vi ron ment.

The P-T con di tions of meta mor phism in the Dewon– Po -
krzywna phyllite de posit are dif fi cult to con strain. The tem per a -
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Sam ple
Geothermometers

1 2 3 4 5 6

JN1a 298 341 364 277 308 252

JN1b 297 339 362 276 308 251

JN2a 288 329 348 268 296 242

JN2b 304 345 372 283 318 258

JN4 304 346 372 282 316 257

Av er age 298 340 364 277 309 252

JN1vein 292 335 354 270 297 245

JN1vein 309 351 380 288 324 263

Av er age 300 343 367 279 310 254

De tailed ref er ences to the listed au thors are in Yavuz et al. (2015):
1 – Cathelineau and Nieva (1985); 2 – Kranidiotis and MacLean
(1987); 3 – Kavalieris et al. (1990); 4 – Zang and Fyfe (1995); 5 – Xie 
et al. (1997); 6 – El-Sharkawy (2000)

T a  b l e  4

Chlorite crys tal li sa tion tem per a ture (°C) cal cu lated
 from var i ous em pir i cal geothermometers

Fig. 7. Plot of f = FeO/(FeO + MgO) (mo lar ra tio) vs. FeO (wt.%) in phyllites from var i ous lo cal i ties
world wide: S Spain (Garzón et al., 2016), N Apennines, It aly (Lo Pà et al., 2016), Dewon Quarry
(this study), Oban, Ni ge ria (Opara et al., 2014), Dharwar, In dia (Rasul, 1963), Cen tral Pyr e nees,
France (Saupé and Ve gas, 1987), S Alaska (Gas ser et al., 2012)



ture range (~240 to 370°C) es ti mated from var i ous chlorite
geothermometers is too broad to be con sid ered re li able. How -
ever, the low tem per a ture of meta mor phic pro cesses is sug -
gested by the oc cur rence of aliphatic hy dro car bons in the
phyllite ma trix. There fore, con sid er ing min eral as sem blages,
chlorite geothermometry, and the per sis tence of aliphatic hy -
dro car bons we con clude that phyllites in the Dewon–Pokrzyw -
na de posit orig i nated un der low-tem per a ture greenschist to
high-tem per a ture subgreenschist fa cies con di tions.

Based on ther mo dy namic mod el ling and on ob ser va tions of
the deformational microstructure of quartz, Lo Pà et al. (2016)
es ti mated the meta mor phic con di tions for the for ma tion of
phyllites in the North ern Apennines at 300–400°C and
2–7 kbar. Such a broad range of P-T val ues re flects un cer tain -
ties in ob tain ing re li able data con strain ing the for ma tion of
phyllites.

Ar gil la ceous phyllites from the Dewon Quarry are
compositionally com pa ra ble to phyllites from West ern Sax ony
that were used in ex per i men tal stud ies on the sorp tion prop er -
ties (Ar nold et al., 1998). The amount of chlorite and mus co vite
in those phyllites is 45 vol% and the chlorite to mus co vite ra tio is 
1.25. Saxonian chlorites are less ferruginous than chlorites from 
the Dewon Quarry with Mg slightly pre dom i nat ing over Fe2+

(Fe/(Fe + Mg) = 0.48; Ar nold et al., 1998). The in creased
amount of iron in chlorites, as in the case of phyllites from the
Dewon Quarry, is ad van ta geous from the per spec tive of phyllite 
sorp tion be hav iour, be cause chlorite dom i nates the sorp tion of
ura nium onto phyllite in di rectly through its weath er ing to highly
sorptive Fe3+-oxyhydroxides (Ar nold et al., 1998, 2001). There -
fore, Fe2+-rich chlorites have higher po ten tial for be ing the
source of fer ric iron, which may pre cip i tate as FeOOH. This has
al ready been shown in the study of chlorites from the Koongara
ura nium de posit in Aus tra lia (Murakami et al., 1996). The av er -
age Fe/(Fe + Mg) ra tio for those chlorites is 0.53, slightly lower
than the mean value of 0.57 for chlorites in ves ti gated in this
study. The weath ered Koongara chlorites un der went
vermiculization and dur ing that pro cess Fe2+ was ox i dized, re -

leased, and pre cip i tated as Fe3+-min er als (Murakami et al.,
1996). Be sides sorp tion, the di rect pre cip i ta tion of sec ond ary
ura nium min er als on Fe-ripidolite was shown to be an other
mech a nism for im mo bi li za tion of mi grat ing actinides (Eberly et
al., 1996). By anal ogy, Fe-ripidolite in phyllites from the
Dewon–Pokrzywna de posit may also have high im mo bi liz ing
ca pa bil ity, al though its BET spe cific sur face area is lower than
of smectites.

Low vol ume of in ter con nected pores in phyllites, de ter -
mined in this study, and the pre dom i nance of mesopores sug -
gest low per me abil ity of the rocks. Low per me abil ity and high
sorp tion ca pac ity are es sen tial for the proper and long-last ing
per for mance of en gi neered bar ri ers in ra dio ac tive waste re pos i -
to ries. More over, the silt frac tion of phyllites may also play a
use ful role in com pen sat ing for vol ume changes of a clay buffer
sur round ing waste pack ages caused by ben ton ite swell ing or
shrink age. Cur rently, sand mixed with ben ton ite is used for that
pur pose in ma jor ity of pro grams for ra dio ac tive-waste dis posal
(Sellin and Leupin, 2013). The ad van tage of phyllite is that not
only it will im prove me chan i cal and ther mal prop er ties of a
buffer around waste can is ters but also it will fur ther en hance its
sorp tion ca pac ity. Al ter na tively, phyllites can be used as a ma -
te rial for back fill ing waste dis posal vaults. This study shows that 
phyllite from the Dewon–Pokrzywna de posit is a po ten tial can -
di date for a buffer and/or back fill ma te rial. How ever, fur ther
study is needed to en sure that the in ves ti gated phyllites meet
the strin gent cri te ria en vi sioned for ei ther buffer or back fill ma te -
ri als, in clud ing sorp tion prop er ties, hy drau lic con duc tiv ity, and
me chan i cal and ther mal prop er ties.
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