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Abstract

The detrital components of Cretaceous sedimentary rocks in the Northern Calcareous Alps reflect the early Alpine
geodynamic evolution of the Austroalpine microplate. Two contrasting source areas are distinguished on the base of light
and heavy mineral analysis. The first source area is located at the southeastern margin of the Austroalpine and is composed
of Palaeozoic sediments and metamorphic rocks, Mesozoic carbonate rocks, and ultrabasic rocks derived from the suture
zone of the Vardar=Meliata Ocean. The second source area is located in the northwest in a Lower Austroalpine position
near the transpressive plate margin that juxtaposes Austroalpine and Penninic units. This source area comprises Palaeozoic
low-grade metamorphic rocks including high-pressure (HP) rocks, late Palaeozoic (meta)sediments, Mesozoic carbonate
rocks, and ultrabasic rocks from obducted slices of Penninic oceanic crust. Chemical analyses of detrital white mica,
amphibole and garnet support the discrimination between the two source areas. Tourmaline chemistry calls for a significant
amount of metasedimentary rocks in the source area. Granitoid rocks and high-grade metamorphic rocks are rare. Blue
amphibole, phengite, and chloritoid composition suggest the erosion of lower blueschist facies rocks in the northwestern
source area. We suggest a modified model of Austroalpine Valanginian to Coniacian tectono-sedimentary evolution which
is based on (1) an onset of subduction of the Penninic Ocean no earlier than Late Cretaceous, (2) deposition of the analyzed
sedimentary rocks in piggyback basins, and (3) a reconstruction of provenance as proposed in this study.  1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Provenance analysis serves to reconstruct the pre-
depositional history of a sediment or sedimentary
rock. This includes the distance and direction of
transport, size and setting of the source region, cli-
mate and relief in the source area, and the specific

Ł Corresponding author.

types of source rocks (Pettijohn et al., 1987). Geo-
logical information on ancient earth surfaces (poten-
tial source areas) is crucial for understanding the ge-
ological history and geodynamic processes through
space and time. This is certainly the case when the
source areas were removed due to erosion, tecton-
ism, or burial by younger sediments (e.g., former
mountain belts; Ibbeken and Schleyer, 1991). In the
Eastern Alps, Cretaceous source areas were com-
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plex and included two oceanic suture zones. They
were eroded and=or tectonically displaced during
the later Tertiary orogeny. Therefore, the Cretaceous
sedimentary rocks are important witnesses of the
early Alpine evolution (e.g., Gaupp, 1982; Faupl and
Wagreich, 1992).

The aim of this paper is to reconstruct the prove-
nance of Cretaceous (Valanginian to Santonian) syn-
orogenic sandstones of the Eastern Alps. The study
is carried out using an integrated approach of several
analytical techniques. Light mineral analysis is used
to restrict the range of possible source rocks to a few
major rock types and to derive a semi-quantitative
weathering index for these sediments (cf. Grantham
and Velbel, 1988). Heavy mineral analysis is a very
effective tool for provenance discrimination (Ibbeken
and Schleyer, 1991). Chemical analyses of several
detrital mineral phases serve to constrain source rock
petrology and to emphasize discrimination between
different source areas (Morton, 1991). The data are
used to establish a tectono-sedimentary model of
the Cretaceous evolution of the Eastern Alps. The
model is supported by geochronological data which
allow us to assess the cooling ages of specific detrital
mineral phases (von Eynatten et al., 1996, 1997a).

2. Geological setting and palaeogeography

The analyzed Cretaceous sedimentary rocks be-
long to the Northern Calcareous Alps (NCA, Fig. 1).
The NCA form the northernmost part of the Aus-
troalpine continental crustal unit which is located at
the northern tip of the Adriatic plate. The Adriatic
plate was separated from the European plate by the
opening of the Penninic (Piemontais) Ocean in the
Middle Jurassic (Fig. 2). The opening of the Pen-
ninic Ocean was directly linked to the initial opening
of the Atlantic Ocean by a sinistral transform zone
(e.g., Dewey et al., 1973; Channell and Horwath,
1976; Frisch, 1979). A second oceanic realm was
located to the east of the Adriatic plate. This western
branch of the Tethys Ocean (Vardar and=or Meliata
Ocean, Fig. 2) was closed in the Late Jurassic. As a
consequence, the style of plate tectonics changed in
the Alpine region resulting in a dextral transpressive
movement of the Austroalpine microplate relative to
stable Europe (e.g., Faupl and Wagreich, 1992). This

Fig. 1. Simple geological–structural sketch of the Alpine arc
showing location of the Northern Calcareous Alps (NCA) as the
northernmost part of the Austroalpine unit.

led to the final closure of the Penninic Ocean in the
Eocene.

Based on palaeomagnetic and structural data
the Austroalpine microplate was decoupled from
the Adriatic plate (including the Southalpine unit,
Fig. 2) during Jurassic=Cretaceous time (Neubauer,
1987; Channell et al., 1992). The final closure of
the Vardar=Meliata Ocean led to the formation of
an initial nappe pile at the southeastern margin
of the Austroalpine microplate which included the
Vardar=Meliata oceanic suture zone (Neubauer, 1994;
Froitzheim et al., 1996). From this nappe pile sedi-
ments started to be shed into the Austroalpine realm
in the ?Berriasian=Valanginian (Faupl and Tollmann,
1979; Darga and Weidich, 1986). At the northwest-
ern rim of the Austroalpine microplate (the former
passive margin to the Penninic Ocean) compres-
sive movements led to the formation of an antiform
(‘North-Adriatic obduction belt’, cf. Winkler, 1996)
that experienced erosion from the Aptian=Albian on-
ward. The sediments were shed to the southeast into
the Austroalpine realm (Gaupp, 1982, 1983).

The NCA are composed of a complex, presently
east–west elongated, nappe pile mostly consisting of
Mesozoic carbonate rocks. This nappe pile was de-
tached from its original crystalline basement during
the Late Cretaceous. Subsequently, the NCA were
thrust over Penninic oceanic crustal units and Eu-
ropean continental crustal units (Helvetic, Fig. 1).
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Fig. 2. Palaeogeographic sketch of the Alpine realm at the Jurassic=Cretaceous boundary (approx. 145 Ma; Harland et al., 1990; see
Fig. 3). Arrows indicate transport directions of the later Cretaceous sediments into the depositional area of the Upper Austroalpine
(modified from Pober and Faupl, 1988; Faupl and Wagreich, 1992).

Deposition of the studied Cretaceous sedimentary
rocks was contemporary with the formation of the
nappe pile of the NCA. The stratigraphic age of the
youngest of these siliciclastic rocks in each nappe is
used to assess the age of thrusting of the next higher
nappe (Gaupp, 1982). Postdepositional crustal short-
ening and ongoing thrusting caused intensive defor-
mation and folding of the sediments. The tectonic
and thermal overprint increases from northwest to
southeast. Vitrinite reflectance and illite crystallinity
data show that temperatures during the burial stage
of the sediments did not exceed 150 to 200ºC (Gaupp
and Batten, 1985; Krumm et al., 1988).

3. Stratigraphy and sedimentology

The analyzed siliciclastic rocks concordantly
overlie Upper Jurassic to Lower Cretaceous pelagic
limestones (Aptychus Limestone Formation). They
are subdivided into four sedimentary successions
(Fig. 3); for sample sites and structural position of
individual nappes see Fig. 4.

(1) The Rossfeld Formation (RF) ranges strati-
graphically from ?Berriasian=Valanginian to Lower
Aptian and is restricted to the middle and eastern
parts of the NCA and to higher tectonic (mostly
Tirolic) nappes (Fig. 4; Faupl and Tollmann, 1979;
Darga and Weidich, 1986). The marls, shales, sand-

stones, and breccias of the RF were deposited within
a submarine slope=trench system which developed
parallel and in front of the prograding thrust front.
The sand-sized material displays features character-
istic of turbidites and contourites. Breccias and olis-
toliths were directly derived from local fault scarps
within the nappe front. The detrital material of the
RF is derived from a source area in the SE of the
Austroalpine which includes the Vardar=Meliata su-
ture zone (Fig. 2; Decker et al., 1987; Pober and
Faupl, 1988).

(2) The Lech Formation (LF; former ‘Lechtaler
Kreideschiefer’; Huckriede, 1958) is restricted to the
Lechtal nappe which is located in an intermediate
tectonic position within the NCA nappe pile (Fig. 4):
structurally lower than the position of the RF sed-
iments, but structurally higher than the position of
TLF sediments. Biostratigraphic data indicate an
Aptian to Upper Albian=?Cenomanian range for the
LF (Winkler, 1988; von Eynatten, 1996). Lithotypes
comprise marls, shales, micritic and crinoidal lime-
stones, calclithites (cf. Garzanti, 1991), litharenites,
and breccias. The coarse-grained lithotypes (sand-
stones, breccias) show evidence for deposition by
sediment gravity flows. The provenance of the silici-
clastic material of the LF is unknown (e.g., Winkler,
1988), but we will show in this paper that a south-
eastern source area comparable to that of the RF is
most probable.
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Fig. 3. Schematic sketch of the biostratigraphic range of the analyzed sedimentary successions. Time scale after Harland et al. (1990).
All absolute ages in the paper refer to this time scale. RF D Rossfeld Formation, LF D Lech Formation, TLF D Tannheim (line pattern)
and Losenstein Formations, BF D Branderfleck Formation.

Fig. 4. Simplified structural map of the Northern Calcareous Alps showing areal extent and structural position of the major nappes.
Numbers indicate sample localities: 1 D Losenstein, 2 D Rossfeld, 3 D Lackbach, 4 D Wetzstein-Laine 5 D Branderfleck, 6 D
Pfarrwiesbach, 7 D Hindelang (Krähenwand, Kleebach, Häusellochbach), 8 D Mohnenfluh area, 9 D Hochberg, 10 D Steristobel, 11 D
Holzgau, 12 D Griesbachalm, 13 D Madau, 14 D Trittalm, 15 D Zürser See=Madlochspitze, 16 D Rote Wand, 17 D Lorüns.
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(3) The Tannheim and Losenstein Formations
(TLF) are restricted to the northernmost and struc-
turally deepest nappe of the NCA (Allgäu nappe,
Fig. 4). The Tannheim Formation is composed of
marls and marly shales of late Aptian to Albian
age (Zacher, 1966). These pelitic sediments grade
upsection into a coarser-grained series of shales,
sandstones, pebbly mudstones, and conglomerates
that were in part deposited by sediment gravity flows
(Losenstein Formation). This formation ranges up to
the uppermost Albian (Löcsei, 1974; Gaupp, 1982).
The transition from the Tannheim Formation to the
Losenstein Formation is diachronous within the Al-
bian. The various lithofacies-types of the TLF are
interpreted to reflect deposition within a prograding
submarine fan system. Facies distribution and clast
composition suggest that the source area was lo-
cated within a Lower Austroalpine (LAA, Fig. 2) to
South Penninic position northwestward of the NCA
(Gaupp, 1983).

(4) The sedimentary rocks of the Branderfleck
Formation (BF) are restricted to the northernmost
parts of the Allgäu nappe as well as the Lechtal
nappe (Fig. 4; Gaupp, 1982). The oldest sedimen-
tary rocks of the BF are Cenomanian shallow marine
marls and calclithites as well as breccias and olis-
tostromes composed of Mesozoic carbonate material.
The latter is derived from local fault scarps within
the front of the thrust nappes. From the Turonian up
to the Coniacian=?Santonian the siliciclastic detri-
tus increases again (Weidich, 1985; Winkler, 1988).
Pelitic rocks with intercalations of sandy turbidites
dominate the upper part of the BF but intercalations
of coarse breccias and olistostromes are present. The
provenance of the siliciclastic material of the BF has
been controversial in the past (e.g., Gaupp, 1982;
Weidich, 1984). In this paper we suggest a north-
western source area comparable to that of the TLF.

4. Methods

4.1. Sandstone framework petrography (light
mineral analysis)

Light mineral analysis was performed by point
counting of usually 300 framework grains per sam-
ple. Thin sections were stained with Alizarin red S

to better distinguish calcitic and dolomitic carbonate
grains. Cement and (pseudo)matrix were not counted
(Dickinson, 1970). Errors were estimated from re-
peated measurements .n D 5/ of three thin sections
(von Eynatten, 1996) and correspond to those given
by van der Plas and Tobi (1965). In contrast to the
Gazzi–Dickinson (GD) method (e.g., Zuffa, 1985)
minerals or crystals >63 µm within rock fragments
were not counted as monomineralic grains but as
the type of lithoclast they occur in (e.g., Decker
and Helmold, 1985). This is useful because other-
wise the sometimes high amounts of ultrabasic and
metamorphic detritus would become obscured. In-
deed, following the classic GD method, a significant
amount of the ultrabasic serpentinite clasts would be
assigned to the group of opaque minerals because
of their frequent inclusions of Fe-oxides. Further ex-
amples are polycrystalline quartz and quartz–mica–
chlorite aggregates which in several cases would
be assigned to the monoquartz group neglecting the
metamorphic origin of these grains. To distinguish
between monomineralic grains and lithoclasts (rock
fragments) we use the 0% cut-off proposed by Inger-
soll et al. (1984).

Our approach better accounts for the variety of
lithoclast types, especially in coarse-grained synoro-
genic deposits with low weathering indices (see Sec-
tion 5.3). Because sandstone composition depends
on sample grain size, the applied counting method
may be problematic with regard to the comparison
of samples of different grain size (Ingersoll et al.,
1984). However, even the classic GD method is not
truly independent of grain size (e.g., Bangs Rooney
and Basu, 1994). Therefore we focus on a maxi-
mum source rock information (that is, the variety
of lithoclast types) and the problem of grain size is
minimized by sampling a range of sandstones of dif-
ferent grain sizes from each sandstone sedimentary
succession.

4.2. Heavy mineral analysis

Weathered rims were removed and the fresh sam-
ple material was crushed to small pieces (1 to 4
mm). Disaggregation in warm 10% acetic acid (60
to 70ºC) was enhanced by adding small quanti-
ties of H2O2 to avoid acetate precipitation (Winkler,
1988), and repeated ultrasonic cleaning to remove
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clay mineral coatings, cement, and=or pseudomatrix.
The disintegrated and washed sand was separated
into several grain size fractions by standardized dry
sieving. Heavy minerals were separated by gravity
settling in tribromoethane and grain separates were
embedded in Meltmount 1.582 (Mange and Maurer,
1991). All heavy mineral data presented in this study
were obtained from the 63–125-µm grain size frac-
tion for two reasons: (1) analysis of narrow grain size
intervals at the fine-grained sand level avoids bias by
inherited grain size distributions of the parent rocks
(Morton and Hallsworth, 1994), and (2) tests of sev-
eral samples indicate that the 63–125-µm grain size
fraction is the one with the highest heavy mineral
concentration independent of the framework grain
size of the sample (von Eynatten, 1996). Usually 200
non-opaque non-micaceous grains were counted per
sample using the ribbon counting method (Morton,
1985; Mange and Maurer, 1991). Errors were esti-
mated from repeated measurements (n D 3 to 5) of
four heavy mineral separates (von Eynatten, 1996).
They are significantly lower than those given by van
der Plas and Tobi (1965).

4.3. Electron microprobe analysis

Heavy minerals for microprobe analysis were
handpicked under the microscope. White micas were
concentrated from the light mineral fraction by a vi-
brating inclined plane and subsequent handpicking.
Microprobe analyses were carried out with a Cameca
Camebax electron microprobe using the wave-length
dispersive method, 15 kV acceleration potential, and
a beam current of 12 nA. Mineral standards as well
as synthetic oxides (Cr2O3, MgO, MnTiO3, NiO)
were used for calibration. Data were corrected on-
line using standard correction procedures (Pouchou
and Pichoir, 1984). Ten elements were analyzed (Si,
Ti, Cr, Al, Fe, Mn, Mg, Ca, Na, K) from all min-
eral phases except for tourmaline (nine elements, no
Cr). Fe2O3, B2O3, and H2O were calculated assum-
ing mineral stoichiometry. Errors are estimated from
Poisson counting statistics and repeated measure-
ments (n D 6 to 10) of the same area of an individual
grain. Errors are usually less than 1% (1s standard
deviation). For low concentrations and=or specific
elements in specific phases errors are slightly higher,
e.g., 1.8% for Na2O in blue sodic amphibole, 2.5%

for MgO in phengite, and up to 4.3% for FeO in
tourmaline (von Eynatten, 1996). Micas were mea-
sured in an orientation perpendicular to their crys-
tallographic c-axis in order to integrate over several
individual sheet layers.

5. Sandstone framework petrography

5.1. Classification and general description

Following the first-level classification of arenites
introduced by Zuffa (1980) the analyzed arenitic
rocks are sandstones (Fig. 5A). They are almost en-
tirely composed of carbonate and non-carbonate ex-
trabasinal grains (CE and NCE, respectively). Some
samples show small amounts (−10%) of non-car-
bonate intrabasinal grains (NCI), e.g., rip-up clasts
and green glauconitic grains (Garzanti, 1991). As a
second-level classification of the sandstones we use
the QFL diagram proposed by McBride (1963) with
the modification that CE grains are included into the
L-pole. This modification is necessary due to the
sometimes high content of CE grains because oth-
erwise a sample composed of, e.g., 60% quartzose
grains and 40% carbonate grains would be classified
as quartzarenite. The light mineral (LM) point-count
data of 88 samples define all but one as litharenite
(Fig. 5B). Feldspar concentrations are low (usually 1
to 4%, max. 9%).

The litharenites generally display low degrees of
roundness and sorting. Clay minerals and=or other
matrix-sized material mostly exceed 5% and is gen-
erally thought to be of secondary origin (pseudo-
matrix, Dickinson, 1970; see also Cox and Lowe,
1996). Litharenite components cover a wide range
from monomineralic grains (quartz, feldspar, mica,
chlorite) to silica=silicate lithoclasts (e.g., polycrys-
talline quartz, chert, serpentinite, quartz–chlorite–
mica aggregates) and carbonate lithoclasts (dolomite,
micritic calcite, sparitic calcite). The porosity and
permeability of these immature litharenites is negli-
gible. Cements are rare and if present mostly calcite.
Features like concavo–convex grain contacts, de-
formed micas, and squeezing of soft lithoclasts are
common and reflect the postdepositional tectono-
thermal overprint (see Section 2).
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Fig. 5. Classification of the analyzed arenitic rocks based on light mineral data: (A) the first level classification scheme suggested by
Zuffa (1980) and (B) the QFL diagram introduced by McBride (1963). All but one of the analyzed sandstones .n D 88/ are litharenites
(see text). For data see Table 1.

5.2. Framework grains and provenance
discrimination

The framework grain point-count data (Table 1)
suggest a dominance of metamorphic relative to
magmatic source rocks due to the low feldspar
concentrations (F, see Section 5.1). This observa-
tion is supported by the generally low concentration
of volcanogenic lithoclasts (Lv, usually 0.0–2.0%,
max. 6.0%). In addition, CE-clasts require a carbon-
ate source rock component and serpentinite clasts
(Lu) require an ultramafic source rock component.
Monocrystalline quartz grains (Qm) may either orig-
inate from metamorphic source rocks or from the
recycling of older sedimentary rocks. Characteristic
volcanic quartz grains (cf. Folk, 1980) are rare.

Provenance diagrams with respect to the plate
tectonic setting of the source area usually disre-
gard carbonate clasts (e.g., Dickinson and Suczek,
1979; Dickinson, 1985). This may lead to an in-
correct interpretation of the tectonic setting (Mack,
1984; Arribas and Arribas, 1991). If CE-clasts are
included into the L-pole, the QmFLt diagram is more
suitable because in the QFL diagram of Dickinson
(1985) high contents of CE-clast lead to the mis-
interpretation of an undissected and=or transitional

arc provenance (von Eynatten, 1996). Fig. 6 shows
the framework composition of the sandstones within
the QmFLt diagram. The compositional data of all
but one sample suggest a recycled orogen prove-
nance of the sediments. The samples plot into the
subcategories ‘lithic recycled’ or ‘lithic recycled C
transitional recycled’, depending whether CE-clasts
are included into the L-pole or not.

The framework composition of sandstones from
the four sedimentary successions (see Section 3)
cannot be sufficiently discriminated using a simple
ternary QFL (or QmFLt) diagram (Fig. 7). The only
visible trends are (1) a shift towards the L-pole for
an average BF sample relative to an average TLF
sample, and (2) an average feldspar content of LF
samples which is slightly higher in comparison to the
other successions. If a discrimination based on light
minerals is required the major lithoclast types have
to be considered. These are polycrystalline quartz
grains (Qp), quartz–chlorite–mica aggregates (Lsm),
serpentinite clasts (Lu), as well as dolomitic (D) and
calcitic (Cm and Cs) CE-clasts (Table 1). Four classes
of light mineral grains were chosen because (a) they
make significant proportions of the framework grain
spectra of the sandstones, and (b) are closely related
to specific source rocks:
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Table 1
Light and heavy mineral data of the analyzed samples .n D 88/ and index of mineral chemistry data

Sample Loc. Sed. Light mineral data
No. No. Succ.

Qm Qp Qc F Lsm Lu Lv Cm Cs D Others Q L Lt CE L C CE M Lt C CE

H 1021-1 4 BF 5.0 5.3 5.7 1.7 2.7 31.7 2.0 10.0 22.7 5.3 8.0 16.0 36.3 47.3 38.0 74.3 8.0 85.3
H 1021-2 4 BF 15.3 12.0 7.0 3.0 16.3 1.0 0.3 9.3 15.7 13.0 7.0 34.3 17.7 36.7 38.0 55.7 28.3 74.7
H 1021-3 4 BF 14.3 8.7 8.0 2.7 18.3 0.7 1.7 10.0 25.3 4.7 5.7 31.0 20.7 37.3 40.0 60.7 27.0 77.3
H 1021-5 4 BF 19.2 13.2 5.5 4.0 13.8 0.5 1.6 9.9 20.1 6.2 6.1 37.9 15.9 34.6 36.2 52.1 27.0 70.8
H 1021-6 4 BF 21.3 5.7 5.0 0.3 13.3 0.7 0.0 16.7 24.7 7.7 4.7 32.0 14.0 24.7 49.0 63.0 19.0 73.7
H 1021-7 4 BF 1.0 5.7 9.7 0.7 8.3 18.0 0.3 16.7 25.7 6.0 8.0 16.3 26.7 42.0 48.3 75.0 14.0 90.3
H 1021-8 4 BF 0.3 7.3 22.3 0.0 2.7 20.3 0.7 10.0 23.7 2.0 10.7 30.0 23.7 53.3 35.7 59.3 10.0 89.0
H 1021-10 6 BF 7.0 7.0 6.0 2.0 6.0 13.5 0.0 14.5 32.0 8.5 3.5 20.0 19.5 32.5 55.0 74.5 13.0 87.5
H 1021-12 6 BF 4.0 2.0 10.3 0.3 1.7 7.3 0.3 6.7 38.7 20.7 8.0 16.3 9.3 21.7 66.0 75.3 3.7 87.7
H 1021-13 6 BF 3.7 2.7 5.3 0.3 0.7 9.7 0.0 8.0 34.3 31.3 4.0 11.7 10.3 18.3 73.7 84.0 3.3 92.0
H 1021-14 6 BF 6.0 5.5 9.5 0.0 7.0 7.0 0.0 2.5 22.5 34.0 6.0 21.0 14.0 29.0 59.0 73.0 12.5 88.0
EY 1-1 5 BF 7.3 8.3 6.7 2.3 10.3 26.0 0.7 7.3 21.3 5.7 4.0 22.3 37.0 52.0 34.3 71.3 18.7 86.3
EY 1-3 5 BF 4.3 4.0 7.7 1.0 5.3 7.3 0.0 20.3 36.7 7.7 5.7 16.0 12.7 24.3 64.7 77.3 9.3 89.0
EY 1-4 5 BF 9.3 5.7 6.3 2.7 8.3 11.7 0.3 9.3 30.3 9.7 6.3 21.3 20.3 32.3 49.3 69.7 14.0 81.7
EY 1-6 5 BF 6.3 8.7 6.7 1.7 8.7 15.0 0.7 9.7 31.7 7.7 3.3 21.7 24.3 39.7 49.0 73.4 17.3 88.7
EY 1-7 5 BF 7.0 6.0 8.7 1.0 7.3 16.7 0.7 11.7 28.7 9.3 3.0 21.7 24.7 39.3 49.7 74.3 13.3 89.0
EY 1-8 15 LF 8.5 11.5 9.5 1.5 7.5 2.5 0.0 1.0 54.0 2.0 2.0 29.5 10.0 31.0 57.0 67.0 19.0 88.0
EY 1-9 15 LF 13.0 9.8 3.8 0.3 3.5 5.8 0.3 16.5 39.0 5.5 2.8 26.5 9.5 23.0 61.0 70.5 13.3 84.0
EY 1-11 8 BF 6.3 5.0 5.7 1.7 14.3 2.0 0.3 1.7 41.7 17.3 4.0 17.0 16.7 27.3 60.7 77.3 19.3 88.0
EY 2-2 2 RF 16.3 3.7 11.0 3.7 8.0 11.3 0.7 15.3 20.0 0.0 10.0 31.0 20.0 34.7 35.3 55.3 11.7 70.0
EY 2-6 2 RF 3.0 0.0 31.5 0.5 6.5 4.5 0.0 19.5 31.5 2.0 1.0 34.5 11.0 42.5 53.0 64.0 6.5 95.5
EY 2-10 2 RF 9.0 3.7 4.3 1.3 7.7 10.3 0.3 20.3 35.0 0.7 7.3 17.0 18.3 26.3 56.0 74.3 11.3 82.3
EY 2-11 3 RF 1.0 0.0 39.0 0.5 7.5 6.5 0.0 6.0 33.5 1.0 5.0 40.0 14.0 53.0 40.5 54.5 7.5 93.5
EY 2-13 3 RF 6.3 3.3 5.3 2.7 8.3 17.7 2.0 10.7 32.0 5.0 6.7 15.0 28.0 36.7 47.7 75.7 11.7 84.3
EY 2-14 3 RF 3.3 6.0 7.3 1.3 6.3 19.0 3.3 10.3 40.0 1.3 1.7 16.7 28.7 42.0 51.7 80.3 12.3 93.7
EY 2-16 3 RF 8.5 5.0 8.5 3.0 9.0 14.0 1.0 13.5 32.5 1.0 4.0 22.0 24.0 37.5 47.0 71.0 14.0 84.5
EY 2-17 3 RF 10.5 4.0 3.0 1.5 5.5 10.5 0.5 17.0 42.0 2.0 3.5 17.5 16.5 23.5 61.0 77.5 9.5 84.5
EY 3-1 7 TLF 4.3 7.7 13.3 0.7 15.3 4.7 0.0 3.7 10.7 37.3 2.3 25.3 20.0 41.0 51.7 71.7 23.0 92.7
EY 3-4 7 BF 7.0 10.0 16.7 1.0 5.7 28.0 1.0 7.7 15.3 4.3 3.3 33.7 34.7 61.3 27.3 62.0 15.7 88.7
EY 3-8 7 TLF 15.7 13.7 6.7 2.7 22.0 0.3 1.0 4.7 23.3 3.0 7.0 36.0 23.3 43.7 31.0 54.3 35.7 74.7
EY 3-9 7 TLF 17.7 18.7 5.0 2.3 22.0 0.0 0.7 2.0 18.7 4.3 8.7 41.3 22.7 46.3 25.0 47.7 40.7 71.3
EY 3-11 7 BF 7.0 9.0 13.7 2.3 6.7 24.3 1.3 3.7 16.7 11.3 4.0 29.7 32.3 55.0 31.7 64.0 15.7 86.7
EY 3-12 7 BF 7.7 7.7 6.0 0.7 10.7 22.0 0.3 7.3 19.3 12.3 6.0 21.3 33.0 46.7 39.0 72.0 18.3 85.7
EY 3-13 7 BF 9.3 17.0 6.0 3.7 6.7 19.0 1.7 6.0 19.3 6.3 5.0 32.3 27.3 50.3 31.7 59.0 23.7 82.0
EY 3-14 1 TLF 20.7 11.3 7.3 2.7 14.7 1.3 1.7 8.0 22.3 3.3 6.7 39.3 17.7 36.3 33.7 51.3 26.0 70.0
EY 4-1 10 BF 6.0 9.7 4.0 1.7 9.3 0.3 0.3 10.7 37.3 17.0 3.7 19.7 10.0 23.7 65.0 75.0 19.0 88.7
EY 4-2 10 BF 5.3 10.0 6.0 1.3 8.3 1.7 0.0 17.0 25.7 18.0 6.7 21.3 10.0 26.0 60.7 70.7 18.3 86.7
EY 4-3 10 BF 5.1 3.6 5.2 0.9 4.3 0.3 0.4 33.2 32.2 8.6 6.1 13.9 5.0 13.8 74.0 79.0 7.9 87.8
EY 4-5 10 BF 3.7 5.3 7.3 0.7 4.3 0.0 0.0 33.7 29.7 10.3 5.0 16.3 4.3 17.0 73.7 78.0 9.7 90.7
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Table 1 (continued)

Sample Loc. Sed. Light mineral data
No. No. Succ.

Qm Qp Qc F Lsm Lu Lv Cm Cs D Others Q L Lt CE L C CE M Lt C CE

EY 5-4 11 LF 5.0 6.0 11.7 2.0 6.3 0.0 0.7 2.7 55.3 9.0 1.3 22.7 7.0 24.7 67.0 74.0 12.3 91.7
EY 5-9 11 LF 12.0 10.3 7.0 4.3 12.7 0.0 0.0 2.7 46.0 2.0 3.0 29.3 12.7 30.0 50.7 63.3 23.0 80.7
EY 5-10 11 LF 14.3 14.7 4.0 4.3 8.7 0.7 0.7 1.3 44.7 2.0 4.7 33.0 10.0 28.7 48.0 58.0 23.3 76.7
EY 5-16 13 LF 20.3 7.7 5.3 4.7 17.7 1.3 1.0 5.0 31.0 2.0 4.0 33.3 20.0 33.0 38.0 58.0 25.3 71.0
EY 5-18 13 LF 18.3 19.0 10.0 3.0 14.7 2.0 2.3 2.0 24.0 2.0 2.7 47.3 19.0 48.0 28.0 47.0 33.7 76.0
EY 5-19 13 LF 13.0 18.7 6.3 7.7 11.3 0.0 2.0 17.0 21.3 1.0 1.7 38.0 13.3 38.3 39.3 52.7 30.0 77.7
EY 5-21 13 LF 3.5 4.5 12.0 3.5 6.0 1.0 1.5 10.5 56.0 0.0 1.5 20.0 8.5 25.0 66.5 75.0 10.5 91.5
EY 5-22 13 LF 4.5 6.0 8.0 4.0 5.5 2.0 0.0 7.0 61.5 0.0 1.5 18.5 7.5 21.5 68.5 76.0 11.5 90.0
EY 6-1 7 TLF 15.3 6.3 6.0 2.7 9.7 0.0 0.7 16.7 28.3 6.3 8.0 27.7 10.3 22.7 51.3 81.7 16.0 74.0
EY 6-4 7 TLF 23.3 14.3 8.3 2.0 12.0 0.0 0.3 2.7 18.0 3.0 16.0 46.0 12.3 35.0 23.7 36.0 26.3 58.7
EY 6-5 7 TLF 19.7 18.7 4.7 3.3 11.3 1.3 0.3 7.7 19.3 2.0 11.7 43.0 13.0 36.3 29.0 42.0 30.0 65.3
EY 7-5 12 LF 12.0 12.7 8.3 4.0 12.0 2.3 0.7 12.3 27.0 6.0 2.7 33.0 15.0 36.0 45.3 60.3 24.7 81.3
EY 7-7 12 LF 2.7 12.0 1.7 1.0 9.3 0.7 2.0 14.0 47.3 0.3 9.0 16.3 12.0 25.7 61.7 73.7 21.3 87.3
EY 7-9 12 LF 13.3 18.0 6.0 4.3 11.0 1.7 0.3 10.0 27.0 4.0 4.3 37.3 13.0 37.0 41.0 54.0 29.0 78.0
EY 7-16A 12 LF 8.7 26.3 9.0 2.3 15.7 0.0 0.0 8.7 25.7 1.0 2.7 44.0 15.7 51.0 35.3 51.0 42.0 86.3
EY 7-16B 12 LF 4.3 24.0 5.3 1.0 13.3 0.3 1.0 5.0 40.3 3.0 2.4 33.7 14.7 44.0 48.3 63.0 37.3 92.3
EY 8-5 13 LF 24.7 11.3 8.0 5.0 9.0 1.0 2.0 5.0 29.3 1.0 3.7 44.0 12.0 31.3 35.3 47.3 20.3 66.7
EY 8-8 13 LF 13.7 10.0 2.3 5.0 8.7 1.3 1.0 21.0 32.3 3.7 1.0 26.0 11.0 23.3 57.0 68.0 18.7 80.3
EY 8-11 13 LF 18.0 13.7 3.3 6.3 7.7 1.7 0.3 2.3 39.7 2.3 4.7 35.0 9.7 26.7 44.3 54.0 21.3 71.0
EY 8-13 13 LF 13.3 29.3 10.3 2.7 17.7 2.3 5.0 0.0 17.0 0.3 2.0 53.0 25.0 64.7 17.3 42.3 47.0 82.0
EY 8-15 13 LF 9.7 23.0 8.0 5.3 16.3 5.0 6.0 0.3 19.3 2.0 5.0 40.7 27.3 58.3 21.7 49.0 39.3 80.0
EY 8-16 13 LF 13.0 13.5 11.0 6.0 14.5 2.5 3.0 0.5 27.5 2.0 6.5 37.5 20.0 44.5 30.0 50.0 28.0 74.5
EY 8-17 13 LF 10.0 12.5 5.0 3.5 12.5 0.0 1.0 24.5 26.5 2.0 2.5 27.5 13.5 31.0 53.0 66.5 25.0 84.0
EY 8-20 13 LF 18.3 19.7 5.7 3.7 12.0 1.0 1.3 5.3 30.3 0.3 2.3 43.7 14.3 39.7 36.0 50.3 31.7 75.7
EY 8-22 13 LF 8.0 11.5 2.0 1.0 2.5 0.5 0.0 21.0 47.5 3.0 3.0 21.5 3.0 16.5 71.5 74.5 14.0 88.0
EY 8-24A 13 LF 4.5 10.0 6.5 4.5 14.5 5.0 0.5 3.0 40.5 6.0 5.0 21.0 20.0 36.5 49.5 69.5 24.5 86.0
EY 8-24C 13 LF 3.7 4.7 6.7 2.0 4.3 1.7 1.0 13.7 44.7 2.7 15.0 15.0 7.0 18.3 61.0 68.0 9.0 79.4
EY 8-25 13 LF 11.0 12.7 7.7 4.3 20.3 1.3 2.7 3.7 28.7 3.3 4.3 31.3 24.3 44.7 35.7 60.0 33.0 80.3
EY 8-30 13 LF 13.0 9.7 3.0 1.0 3.7 0.0 0.3 20.0 46.7 0.3 2.3 25.7 4.0 16.7 67.0 71.0 13.3 83.7
EY 9-16 8 BF 4.0 3.7 3.3 0.3 8.3 0.7 0.0 37.7 34.7 3.0 4.3 11.0 9.0 16.0 75.3 84.3 12.0 91.3
EY 9-24 8 LF 17.7 36.7 7.0 3.3 13.3 0.0 0.3 1.0 17.3 2.7 0.7 61.3 13.7 57.3 21.0 34.7 50.0 78.3
EY 9-26C 8 BF 8.0 9.5 8.0 4.0 4.5 0.0 0.5 9.0 38.5 15.5 2.5 25.5 5.0 22.5 63.0 68.0 14.0 85.5
EY 9-30 8 BF 2.0 3.3 5.0 0.3 8.7 2.3 2.7 27.7 34.7 9.0 4.3 10.3 13.7 22.0 71.3 85.0 12.0 93.3
EY 9-31 8 BF 2.8 2.9 2.7 1.2 8.2 2.2 0.1 33.6 26.4 12.1 7.6 8.4 10.5 16.1 72.2 82.7 11.1 88.3
EY 9-34 8 BF 3.7 9.3 6.3 1.3 5.7 1.3 0.3 25.7 28.7 10.0 7.7 19.3 7.3 23.0 64.3 71.7 15.0 87.3
EY 9-36 8 BF 8.0 8.5 3.0 0.0 1.0 0.0 0.0 21.0 53.5 2.0 3.0 19.5 1.0 12.5 76.5 77.5 9.5 89.0
EY 9-37 8 BF 12.5 30.5 11.0 1.5 16.5 4.0 2.0 6.5 8.0 5.5 2.0 54.0 22.5 64.0 20.0 42.5 47.0 84.0
EY 12-1 17 ?LF 6.0 2.5 9.5 5.0 14.5 1.5 0.5 9.0 44.5 1.0 6.0 18.0 16.5 28.5 54.5 71.0 17.0 83.0
EY 12-2 17 ?LF 41.0 16.5 4.0 9.0 6.5 1.0 0.0 0.0 10.5 2.0 9.5 61.5 7.5 28.0 12.5 20.0 23.0 40.5
EY 12-8 14 LF 13.5 6.5 18.5 4.5 7.0 0.0 0.0 1.0 45.0 0.0 4.0 38.5 7.0 32.0 46.0 53.0 13.5 78.0
EY 12-17 16 LF 6.7 3.7 8.3 4.3 23.3 1.0 2.7 7.0 36.7 1.3 5.0 18.7 27.0 39.0 45.0 72.0 27.0 84.0
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Table 1 (continued)

Sample Loc. Sed. Light mineral data
No. No. Succ.

Qm Qp Qc F Lsm Lu Lv Cm Cs D Others Q L Lt CE L C CE M Lt C CE

EY 13-13 15 LF 12.0 5.7 8.7 2.3 6.0 0.7 0.0 6.0 52.3 2.7 3.7 26.3 6.7 21.0 61.0 67.7 11.7 82.0
EY 13-19 15 LF 15.7 9.0 9.0 2.7 8.3 1.3 0.0 7.0 41.3 2.3 3.3 33.7 9.7 27.7 50.7 60.3 17.3 78.3
EY 13-21 15 LF 3.3 0.0 12.7 3.3 0.7 0.0 0.0 6.3 60.0 4.3 9.3 16.0 0.7 13.3 70.7 71.3 0.7 84.0
EY 16-2 9 BF 16.5 0.0 11.5 1.5 0.0 0.0 0.0 0.5 0.5 47.5 22.0 28.0 0.0 11.5 48.5 48.5 0.0 60.0
EY 16-6 8 BF 10.8 2.5 8.5 1.8 5.8 2.0 1.0 19.8 33.5 8.3 6.3 21.8 8.8 19.8 61.5 70.3 8.3 81.3
EY 16-7 8 BF 9.0 5.0 15.7 1.3 8.3 0.3 1.3 6.0 31.0 14.7 7.3 29.7 10.0 30.7 51.7 61.7 13.3 82.3
EY 16-8 8 BF 7.3 10.3 11.0 0.7 8.3 0.3 3.7 4.7 19.0 31.3 3.3 28.7 12.3 33.7 55.0 67.3 18.7 88.7
EY 16-13 8 BF 3.7 4.0 4.7 1.0 12.3 4.0 0.0 30.3 21.7 12.0 6.3 12.3 16.3 25.0 64.0 80.3 16.3 89.0

Sample Loc. Sed. Heavy mineral data Mineral chemistry
No. No. Succ.

chr zrn tur rt grt cld gln epi am=g ap others ZTR META

H 1021-1 4 BF 81.5 2.0 1.5 0.0 5.0 0.5 0.5 0.5 1.5 0.5 6.5 3.5 8.0 mi
H 1021-2 4 BF 33.5 9.0 22.0 6.0 0.5 13.5 3.5 3.0 0.0 8.0 1.0 37.0 20.5
H 1021-5 4 BF 20.4 7.9 33.8 4.8 1.9 15.0 6.8 1.4 0.1 6.6 1.4 46.5 25.1 mi, tur, grt, cld, gln
H 1021-6 4 BF 17.0 11.0 27.0 4.0 1.0 7.5 18.5 4.0 1.0 8.0 1.0 42.0 32.0
H 1021-7 4 BF 85.0 1.5 2.5 0.0 3.0 1.5 1.0 2.0 2.0 0.0 1.5 4.0 9.5
H 1021-10 6 BF 25.4 16.9 15.3 10.1 11.9 5.1 10.2 1.7 0.0 0.0 3.4 42.3 28.9
H 1021-12 6 BF 79.0 2.0 6.0 1.0 5.0 3.5 1.5 0.5 0.5 1.0 0.0 9.0 11.0
H 1021-13 6 BF 85.5 1.5 5.0 2.5 1.0 1.0 1.5 0.5 0.0 1.0 0.5 9.0 4.0
EY 1-1 5 BF 89.5 2.0 2.5 0.5 1.0 0.0 1.5 0.0 0.0 3.0 0.0 5.0 2.5
EY 1-3 5 BF 75.5 6.0 3.5 3.5 3.0 1.0 3.0 3.0 0.0 1.5 0.0 13.0 10.0 mi, gln
EY 1-4 5 BF 77.0 4.0 3.5 1.0 2.0 2.0 4.0 3.5 0.0 2.0 1.0 8.5 11.5
EY 1-6 5 BF 86.5 2.5 3.0 0.5 0.5 1.5 1.5 2.0 1.5 0.5 0.0 6.0 7.0
EY 1-9 15 LF 87.5 4.5 5.0 0.5 0.0 0.0 0.0 1.5 0.0 1.0 0.0 10.0 1.5 mi
EY 1-11 8 BF 84.5 2.0 9.5 1.5 0.5 0.5 0.0 0.0 0.0 1.5 0.0 13.0 1.0
EY 2-2 2 RF 23.0 2.5 1.0 0.5 2.0 0.0 0.5 1.5 64.0 1.5 3.5 4.0 68.0 gln, am=g
EY 2-6 2 RF 90.0 3.0 1.0 0.0 1.0 0.0 0.0 2.5 2.0 0.0 0.5 4.0 5.5 mi
EY 2-10 2 RF 16.0 1.5 1.0 0.0 0.0 0.0 0.0 0.5 78.0 0.0 3.0 2.5 78.5 am=g
EY 2-11 3 RF 86.5 5.0 6.0 0.5 0.5 0.0 0.5 0.0 1.0 0.0 0.0 11.5 2.0
EY 2-14 3 RF 94.0 0.5 0.5 0.5 3.0 0.0 0.0 0.5 0.5 0.5 0.0 1.5 4.0 mi, grt
EY 2-16 3 RF 87.0 3.5 2.0 0.5 4.0 0.0 0.5 1.0 0.5 1.0 0.0 6.0 6.0
EY 3-4 7 BF 90.5 2.5 0.5 0.5 2.5 0.0 0.5 0.0 2.0 0.5 0.5 3.5 5.0
EY 3-8 7 TLF 6.5 12.5 12.8 5.3 19.8 31.8 0.8 2.8 0.3 5.8 2.0 30.6 55.3
EY 3-9 7 TLF 8.2 12.2 8.4 4.6 17.4 35.9 0.7 2.2 0.1 7.2 3.1 25.2 56.3 mi, grt, cld
EY 3-11 7 BF 92.5 4.5 1.0 0.0 0.5 0.5 0.5 0.0 0.0 0.0 0.5 5.5 1.5
EY 3-13 7 BF 96.0 2.0 1.0 0.5 0.0 0.0 0.5 0.0 0.0 0.0 0.0 3.5 0.5
EY 3-14 1 TLF 13.6 24.5 28.3 9.7 3.8 4.7 3.0 0.6 0.1 9.4 2.3 62.5 12.2 mi, grt, gln
EY 4-1 10 BF 57.0 9.0 16.0 2.5 3.0 2.5 0.0 4.0 1.0 3.5 1.5 27.5 10.5
EY 4-2 10 BF 72.5 2.5 9.0 2.0 5.0 3.0 0.0 1.5 0.5 2.0 2.0 13.5 10.0
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Table 1 (continued)

Sample Loc. Sed. Heavy mineral data Mineral chemistry
No. No. Succ.

chr zrn tur rt grt cld gln epi am=g ap others ZTR META

EY 4-3 10 BF 73.0 1.5 5.0 1.0 8.0 4.0 2.5 0.0 0.0 3.5 1.5 7.5 14.5 mi, grt, gln
EY 4-5 10 BF 65.5 2.0 9.0 0.3 4.0 4.0 3.5 0.3 0.0 2.5 9.0 11.3 11.8
EY 5-4 11 LF 43.0 17.0 16.5 9.0 0.0 0.0 0.0 1.0 0.0 7.0 6.5 42.5 1.0
EY 5-10 11 LF 5.3 2.7 18.0 8.7 0.0 0.0 0.7 0.0 0.0 0.0 64.7 29.4 0.7 mi
EY 5-16 13 LF 76.0 11.0 4.0 4.0 2.0 0.0 0.0 0.0 0.0 2.0 1.0 19.0 2.0
EY 6-1 7 TLF 18.0 8.0 36.0 5.5 1.0 17.0 0.5 0.5 0.0 12.5 1.0 49.5 19.0 tur, cld
EY 6-4 7 TLF 8.5 10.5 42.5 8.5 0.5 5.5 0.0 0.0 0.5 22.5 1.0 61.5 6.5
EY 6-5 7 TLF 9.5 15.0 33.0 12.5 0.0 6.5 0.0 0.0 0.0 23.0 0.5 60.5 6.5 mi
EY 7-5 12 LF 75.5 10.5 5.5 1.5 1.5 0.5 0.0 0.0 0.0 4.0 1.0 17.5 2.0 mi
EY 7-9 12 LF 86.0 5.5 0.0 2.5 0.5 0.0 0.0 0.5 0.0 2.5 2.5 8.0 1.0
EY 7-16B 12 LF 70.5 9.0 2.5 1.0 4.5 0.0 0.0 0.0 0.0 6.5 6.0 12.5 4.5 grt
EY 8-5 13 LF 86.5 6.5 2.5 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.5 9.0 0.0
EY 8-8 13 LF 72.5 6.0 11.5 1.5 0.0 0.0 0.0 0.5 0.0 7.0 1.0 19.0 0.5
EY 8-15 13 LF 87.5 4.0 0.5 3.0 0.5 0.0 0.0 0.0 0.0 2.0 2.5 7.5 0.5 mi
EY 8-25 13 LF 59.7 8.3 6.3 2.0 0.0 0.0 0.0 0.3 0.0 6.0 17.3 16.6 0.3
EY 9-16 8 BF 74.5 10.0 3.0 2.0 0.0 2.5 0.0 1.5 0.0 6.5 0.0 15.0 4.0 mi
EY 9-30 8 BF 71.0 3.0 2.5 0.5 6.0 2.0 0.0 0.5 0.0 8.5 6.0 6.0 8.5 mi
EY 9-31 8 BF 61.0 4.0 3.0 1.0 24.0 1.0 0.0 1.0 0.0 2.0 3.0 8.0 26.0
EY 9-34 8 BF 77.3 3.8 4.5 1.5 5.0 2.8 0.8 0.5 0.0 0.5 2.2 9.8 10.2 mi, tur, grt, cld, gln
EY 13-19 15 LF 83.5 3.5 6.5 0.5 0.0 0.0 0.0 0.0 0.0 1.5 4.5 10.5 0.0
EY 13-21 15 LF 87.0 1.0 4.5 2.0 0.0 0.0 0.0 0.0 0.0 1.5 4.0 7.5 0.0
EY 16-6 8 BF 62.0 5.5 11.0 3.0 5.5 10.0 1.0 0.5 0.0 0.0 1.5 19.5 17.0
EY 16-7 8 BF 46.0 8.0 24.0 3.0 2.0 9.0 0.0 0.0 0.0 3.0 5.0 35.0 11.0
EY 16-8 8 BF 14.0 31.0 31.0 15.0 0.0 1.5 0.0 1.0 0.0 2.0 4.5 77.0 2.5
EY 16-13 8 BF mi, grt (clasts)

For locality numbers see Fig. 4. For sedimentary successions see Fig. 3.
Qc D chert; Lu D ultrabasic lithoclast (serpentinite); Cm D micritic calcite clast; Cs D sparitic calcite clast; D D dolomite clast; Others D mica C chlorite C glauconite C
heavy minerals C intraclasts C bioclasts; Q D total quartzose grains (Qm C Qp C Qc); Lt D total non-carbonate lithoclasts (Qp C Qc C Lsm C Lu C Lv); CE D carbonate
extrabasinal clasts (Cm C Cs C D); M D metamorphic clasts (Lsm C Qp); chr D chrome spinel; zrn D zircon; tur D tourmaline; rt D rutile grt D garnet; cld D chloritoid;
gln D blue sodic amphibole; epi D epidote group minerals; am=g D green calcic amphibole; ap D apatite; others D brookite=anatase C baryte C brown calcic amphibole C
tremolite C anhydrite; ZTR D zrn C tur C rt; META D grt C cld C gln C epi C am=g; mi D white mica.
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Fig. 6. Representation of the light mineral data set within the QmFLt provenance diagram of Dickinson (1985): (A) lithoclasts including
polycrystalline quartz grains but precluding carbonate clasts, (B) total lithoclasts including the carbonate extrabasinal clasts (CE). Both
diagrams suggest a recycled orogen provenance of the litharenites.

(1) Metamorphic lithoclasts (M); this class com-
prises both Qp and Lsm grains because they correlate
positively with each other (r D 0:98, n D 88; von
Eynatten, 1996) indicating that both grain types are
derived from metamorphic source rocks, most prob-
ably of continental crustal origin.

(2) Serpentinite clasts (Lu); they indicate ero-
sion of an ultrabasic source rock, most probably of
oceanic crustal origin.

(3) Dolomite clasts (D); they give a more spe-
cific information than calcitic CE-clasts because they
are largely restricted to the Upper Triassic Haupt-

Fig. 7. Representation of the light mineral data of the individual sedimentary successions within the QmFLt diagram (precluding
CE-clasts). BF samples are subdivided into a western (BF-West) and a eastern group (BF-East).

dolomite Formation, whereas calcitic CE-clasts (Cm

and Cs) may originate from the whole Mesozoic
stratigraphic column of the NCA.

(4) Monocrystalline quartz grains (Qm); they in-
dicate either metamorphic source rocks or, depend-
ing on additional information, recycling of older
(meta)sedimentary rocks. Furthermore, Qm is a mea-
sure for the maturity of the sediment.

These four classes of light mineral grains are used
to establish the diagram ln (Lu=M) vs. ln (D=Qm)
(Fig. 8). Logratio transformations are most suitable
for the statistical analysis of compositional data sets
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Fig. 8. Representation of the light mineral data within the logratio diagram ln (Lu=M) vs. ln (D=Qm). The big grey circle with black cross
inside indicates the average of nine TLF samples from Gaupp (1982). For further explanation see text.

(Aitchison, 1982; for review see Weltje, 1994). This
diagram facilitates the use of four components and
allows a reasonable discrimination between the four
sedimentary successions and a quick determination
of possible major source rocks for each succession
(Fig. 8). The latter is done by subdividing the dia-
gram into four quadrants with ln D 0 (equivalent to a
ratio of 1 : 1) as limiting value on both axes. Hence,
two source rock lithologies are assigned to each
quadrant (e.g., ultrabasic rocks and Alpine Triassic
carbonates in case of quadrant I) based on which
component is predominant in each of the two ratios
(e.g., Lu > M and D > Qm in case of quadrant I). All
of the major light mineral grain types are included
in the diagram except for calcitic CE-clasts (Cm and
Cs). Because the contribution of Cm C Cs to the
framework grain spectrum usually ranges between
20% and 60%, a significant amount of calcitic car-
bonate source rocks has to be considered for all of
the sedimentary successions.

The sandstones of the RF plot into quadrants
II and III indicating the occurrence of Permo–

Carboniferous (meta)sediments and metamorphic as
well as ultrabasic rocks in the source area (Fig. 8).
Samples from LF and TLF generally plot in quad-
rant III, the only difference being that LF sand-
stones display a wider range in D=Qm ratios.
Data from both formations suggest that metamor-
phic and (meta)sedimentary rocks are predomi-
nant in the source area. Based on light mineral
data alone LF and TLF cannot be distinguished.
Sandstones of the BF are characterized by higher
D=Qm ratios compared to all of the other sample
groups. This implies a dominance of dolomitic over
(meta)sedimentary source rocks and=or a less mature
sediment where carbonate clasts are not diminished
by chemical=physical abrasion. Lu=M ratios of BF
samples seem to depend on sample location. In sam-
ples from the eastern part of the study area (e.g., BF
type-locality) ultrabasic source rocks are more im-
portant than metamorphic source rocks, but towards
the west the influence of ultrabasic source rocks is
significantly lower. This is most likely a primary
effect because otherwise the decreasing Lu=M ratios
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should positively correlate with increasing sediment
maturity (decreasing D=Qm ratios), which is not the
case.

This first approximation of provenance that is
solely based on light mineral data will be tested in
Sections 6 and 7 using heavy mineral data, and in
Section 8 using mineral chemistry data.

5.3. Climate and relief

The influence of climate and relief on sandstone
framework composition has long been known but its
exact quantification remains a problem even in mod-
ern sedimentary systems (e.g., Ibbeken and Schleyer,
1991). Grantham and Velbel (1988) defined a simple
weathering index wi D c ð r , where c is the rate
of weathering (‘climate’) and r is the residence time
of the sediment in the weathering environment (‘re-
lief’). In ancient sedimentary systems the variables
c and r cannot be determined accurately. Weltje
(1994) introduced a semiquantitative approach which
is based on modern fluvial sands with known source
rock lithologies and different climatic and physio-
graphic conditions. A semiquantitative weathering
index is calculated from the above formula using es-
timates for c and r (Fig. 9A). The compositional data
of the modern sands were plotted in the logratio di-
agram ln (Q=F) vs. ln (Q=L) and each sample group

Fig. 9. (A) Semi-quantitative weathering index based on semi-quantitative estimates for climate and relief. (B) The analyzed samples
indicate a very low weathering index (wi D 0) based on the light mineral data: ln (Q=(L C CE)) vs. ln (Q=F). For further explanation see
text and Weltje (1994).

was combined with its specific weathering index.
The resulting compositional trend defines a clear
relationship between sandstone composition, weath-
ering index, and source rock lithology (Fig. 9B).

The compositional framework grain data of the
analyzed sandstones are plotted into the diagram
ln (Q=F) vs. ln (Q=L C CE) (Fig. 9B). The carbonate
clasts (CE) have to be included into total lithoclasts
because they are especially sensitive indicators for
both mechanical and chemical abrasion (Pettijohn et
al., 1987, p. 46). More than 90% of the samples
plot into the upper field of wi D 0 indicating a
detrital spectrum with very low degrees of weather-
ing and a mainly metamorphic parentage. Because
the diagram is solely based on data from mod-
ern sediments, postsedimentary processes have to be
considered. Diagenetic modifications are generally
expected to reduce feldspar and lithoclast concentra-
tions. This would shift the composition to higher Q
contents and, consequently, higher apparent weather-
ing indices. Therefore the observed low weathering
indices cannot be explained by postsedimentary pro-
cesses.

The Cretaceous climate was generally warm. Par-
ticularly, Albian to Campanian average temperatures
were highest in the entire Phanerozoic. The rela-
tively high eustatic sea level argues for large shal-
low-marine shelf areas. In combination with the
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elevated temperatures, evaporation and precipita-
tion rates were presumably high. A (sub)tropical–
(sub)humid climate can be assumed for the coastal
areas of the Cretaceous Tethys (Flügel and Flügel-
Kahler, 1992; Francis and Frakes, 1993). Fig. 9A
suggests that very low weathering indices (wi D 0)
combined with a (sub)tropical–(sub)humid climate
(c D 1 to 2) call for a high-gradient, mountainous
source area .r D 0/. This is coincident with sedi-
mentological models based on facies analysis of the
studied sediments (e.g., Faupl and Tollmann, 1979;
Gaupp, 1982; see Section 3).

Thus we conclude that the framework compo-
sition of the analyzed sandstones should closely
resemble the potential spectrum of detritus defined
by the source rocks. Some modifications cannot be
excluded, but their extent is considered to be limited
and restricted predominantly to physical abrasion.
This situation is comparable to the recent situation
in Calabria (Italy) where a high-gradient source area
and high annual precipitation rates lead to a low resi-
dence time of the detrital material and, consequently,
a very low degree of chemical weathering (Ibbeken
and Schleyer, 1991).

Fig. 10. Average heavy mineral spectra for the analyzed sedimentary successions (for individual samples see Table 1; chr D chrome
spinel, zrn D zircon, tur D tourmaline, rt D rutile, grt D garnet, cld D chloritoid, gln D blue sodic amphibole, epi D epidote group
minerals, am=g D green calcic amphibole, ap D apatite, ZTR D zrn C tur C rt). BF samples are divided into three subgroups due to
contrasting heavy and light mineral compositions.

6. Heavy mineral analysis

The heavy mineral spectra .n D 52/ of the an-
alyzed sedimentary rocks are mostly dominated by
chrome spinel (chr, max. 96%, see Table 1 and
Fig. 10). Chrome spinel is a common accessory
phase in ultrabasic rocks and is generally thought to
indicate an oceanic crustal provenance (Zimmerle,
1984). The chemistry of detrital chrome spinel in
Cretaceous sandstones of the Eastern Alps supports
this interpretation (Pober and Faupl, 1988). A second
major group are the stable heavy minerals zircon,
tourmaline, and rutile (ZTR, max. 77%). Minerals
of this group are common in acidic to intermedi-
ate granitoid rocks as well as in mature siliciclastic
sediments and some metamorphic rocks. They are
generally thought to indicate a continental crustal
provenance. Tourmaline usually displays the highest
concentration of the ZTR-minerals (tourmaline >

zircon > rutile). Further important heavy minerals
are chloritoid (cld, max. 35.9%), garnet group miner-
als (grt, max. 24.0%), apatite (ap, max. 23.0%), and
blue sodic amphibole (gln, max. 18.5%). Two sam-
ples show high concentrations of green calcic am-
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phibole up to 78.0%. Minor constituents are epidote
group minerals (epi, max. 4.0%), brookite=anatase,
anhydrite, tremolite, brown calcic amphibole, and
baryte.

The heavy mineral spectra of sandstones of the
RF are characterized by two endmember composi-
tions. The first is dominated by chrome spinel (max.
94.0%) and the second is dominated by green cal-
cic amphibole (max. 78%). Mixing between these
endmember compositions is common (Faupl and
Tollmann, 1979). Minor components are tourmaline,
zircon, garnet, epidote, and brown calcic amphibole.

The major heavy mineral phase in samples from
the LF is chrome spinel (max. 87.5%), whereas
ZTR range from 7.5% to 29.4% (see also Winkler,
1988). Further species are apatite (max. 7.0%) and
garnet (max. 4.5%). Two heavy mineral spectra show
an exceptionally high baryte content (16.7% and
64.0%). Apart from two samples with concentrations
of 0.7%, the heavy mineral spectra of the LF do not
contain green calcic amphibole, chloritoid, and=or
blue sodic amphibole.

Samples of the TLF show the highest concentra-
tions of the stable heavy minerals ZTR (25.2%–
62.5%) of all sample groups (Fig. 10). Chrome
spinel is relatively low (6.5%–18.0%) but chlori-
toid, apatite, and garnet range up to 35.9%, 23.0%,
and 19.8%, respectively. Minor components are blue
sodic amphibole (max. 3.0%) and epidote group
minerals (max. 2.8%).

The sandstones of the BF are subdivided into
three sample groups. A suite of four samples
(BF-E=1) is comparable to the TLF samples in terms
of relatively low chrome spinel and high ZTR con-
centrations but differs due to lower concentrations
of chloritoid and garnet and higher concentrations of
blue sodic amphibole (max. 18.5%). A second group
(BF-E=2) is characterized by the highest chrome
spinel concentration (75.5–96.0%) of all sample
groups and, consequently, ZTR-minerals are rare
(3.5–13.0%). All samples contain blue sodic amphi-
bole as a minor component (0.5–4.0%) and most
of them additionally garnet (max. 5.0%), chloritoid
(max. 3.5%) and epidote (max. 3.5%). The third
group (BF-W) are samples from the westernmost
occurrences of the BF and was already separated
from the eastern sample groups (BF-E) based on
light mineral data (Section 5.2). These samples are

somewhat lower in chrome spinel (46.0–84.5%) and
higher in ZTR concentration (6.0–35.0%) compared
to BF-E=2. Garnet is slightly higher on average
(max. 24.0%). All samples contain chloritoid (0.5–
10.0%) and several samples contain epidote group
minerals (max. 4.0%) and blue sodic amphibole
(max. 3.5%). One sample of the BF-W group (EY
16-8) is exceptionally low in chrome spinel (14.0%)
but has a very high ZTR-mineral content (77.0%).

Based on the heavy mineral data we assign the
analyzed Cretaceous sedimentary rocks of the NCA
to two major source areas: RF and LF to a south-
eastern source area, and TLF and BF to a north-
western source area. This interpretation is based on:
(1) a widely accepted model which suggests that
the sediments of the RF were shed from a source
area southeast of the Austroalpine which includes
the Meliata=Vardar suture zone (e.g., Decker et al.,
1987; see Section 3); (2) a widely accepted model
which suggests that the siliciclastic sediments of the
TLF were shed from a source area northwest of the
Upper Austroalpine most probably in a Lower Aus-
troalpine to South Penninic position (e.g., Faupl and
Wagreich, 1992; see Section 3); and (3) the exclusive
occurrence of blue sodic amphibole and chloritoid
in sedimentary rocks of the TLF and BF. The latter
strongly argues for a derivation of the sediments of
the BF from the same source area as the TLF (the
northwestern source), because especially blue sodic
amphibole is not a common heavy mineral phase. It
is restricted to specific source rocks in specific tec-
tonic settings (depending on composition, see Sec-
tion 8.1.1) and is relatively unstable with respect to
both physical and chemical abrasion (Morton, 1985).
Consequently, blue sodic amphibole and chloritoid
are the two characteristic heavy mineral phases for
the northwestern source area.

These two minerals generally do not occur in
sedimentary rocks of the LF and RF except for one
grain of chloritoid in one sample of the LF and a
few grains of blue sodic amphibole in one sample
of the LF (0.7%) and in three samples of the RF
(each 0.5%). The latter are different in composition
compared to BF and TLF minerals (Section 8.1.1).
The general lack of blue sodic amphibole and chlo-
ritoid in the sedimentary rocks of the LF may be
explained in two ways: (1) these sediments were not
derived from the northwestern source, or (2) blue
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sodic amphibole and chloritoid are removed by in-
trastratal solution. The latter possibility has to be
considered because the rocks of the LF were affected
by a stronger postsedimentary overprint compared to
those of TLF=BF (see Section 2) and amphibole es-
pecially is sensitive to intrastratal solution. However,
chloritoid is more stable than amphibole and its re-
sistance to intrastratal solution is comparable to that
of garnet (Morton, 1985; Mange and Maurer, 1991).
Garnet is found in five out of thirteen LF samples
(max. 4.5%) and these grains give no evidence for
extensive surface corrosion. We conclude that the
absence of chloritoid in the heavy mineral spectra
of the LF is not due to intrastratal solution, but is a
primary feature of the source area of the LF. Conse-
quently, the sedimentary rocks of the LF cannot have
been derived from the northwestern source area. The
second possible source of abundant chrome spinel
in LF samples is the Meliata=Vardar suture zone
to the southeast, from where the sediments of the
RF originate. The lack of calcic amphibole in the
LF compared to the RF can be explained by varia-
tions through time because there is no stratigraphic
overlap between these two sedimentary successions
(Fig. 3).

Fig. 11. Logratio diagrams with the light mineral parameter ln (Lu=M) on the x-axis and varying heavy mineral logratios on the y-axis:
(A) ln (chr=ZTR) correlates positively with increasing Lu=M ratios (r D 0:70, n D 52); (B) ln (chr=gln) and ln (chr=cld) correlate
positively with increasing Lu=M ratios at the 95% confidence level .r D 0:55/ and 99% confidence level .r D 0:85/, respectively (all
samples of BF and TLF which contain both gln and cld, n D 20).

7. Heavy minerals vs. light minerals

Logratio diagrams relate light mineral spectra and
heavy mineral spectra to each other by combining
ratios of both data sets in a single x; y diagram.
This may be useful for (1) attributing specific heavy
mineral phases to specific lithoclast types, and (2)
discriminating between sample groups based on two
different data sets.

Fig. 11 shows the heavy mineral logratios
ln (chr=ZTR), ln (chr=gln), and ln (chr=cld) in rela-
tion to the light mineral logratio ln (Lu=M). This
light mineral ratio correlates positively (r D 0:70,
n D 52, 99% confidence level) with the logratio
between chrome spinel and ZTR (Fig. 11A). We
conclude that chrome spinel is derived from the
same source as the serpentinite fragments (Lu). This
is not trivial, because chrome spinel might be recy-
cled from older sedimentary rocks. If the samples
of the LF are considered separately the observed
positive correlation between serpentinite and chrome
spinel is not significant (high chr concentration but
relative low Lu content). This may be explained by
the higher maturity of LF sandstones (as suggested
by low D=Qm ratios, see Fig. 8) which causes a
decrease of the mechanically unstable serpentinite
fragments. The positive correlation of ln (Lu=M) and
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ln (chr=ZTR) further suggests that the stable heavy
minerals ZTR are derived from the same source
rocks as the metamorphic lithoclasts (M D Qp C
Lsm, see Section 5.2). The logratios between chrome
spinel and both blue sodic amphibole and chloritoid
correlate positively with increasing Lu=M ratios at
95% (r D 0:55, n D 20) and 99% confidence levels
(r D 0:85, n D 20), respectively (Fig. 11B). We
conclude that blue sodic amphibole and chloritoid
are associated with quartzose metamorphic source
rocks (Qp, Lsm) and the stable heavy minerals ZTR
and not with the ultrabasic source rock assemblage
represented by Lu and chrome spinel (see also von
Eynatten et al., 1997b).

Fig. 12. Logratio diagram ln (Lu=M) vs. ln (chr=(gln C cld))
to discriminate between the sedimentary successions as well
as the two provenance domains. For key see Fig. 8. Sample
numbers indicate those samples that are exceptions (6 out of 52)
from the suggested discrimination between northern and southern
provenance. If gln C cld is zero, this value was replaced by
0.5, the smallest possible value according to 200 grain counts
(Aitchison, 1982; von Eynatten, 1996). This is necessary due to
simple mathematics but is responsible for the overlap of three
BF samples with gln C cld as low as 0.5 (EY 1-11, EY 3-4,
EY 3-13) with the southern provenance. Three more exceptions
from the discrimination are given by RF samples EY 2-2 and EY
2-10 (two samples with low chr concentration due to very high
contents of green calcic amphibole) and LF sample EY 5-10
(very low chr concentration due to extraordinary high baryte
content, see Table 1).

The discrimination of the sedimentary succes-
sions based on light mineral data was only partly
successful because of a strong overlap between LF
and TLF sandstones and a partial overlap between
LF and BF-W as well as RF and BF-E (Fig. 8).
A logratio diagram of both light and heavy mineral
data (e.g., ln (Lu=M) vs. ln (chr=(gln C cld)), Fig. 12)
allows a better discrimination of the sandstones. This
discrimination is based on the absence of blue sodic
amphibole and chloritoid in sediments of southern
provenance and the large range of Lu=M ratios. De-
spite six exceptions (out of 52 samples, Fig. 12) the
discrimination between both the sedimentary suc-
cessions and the two provenance areas is satisfying.
The overlap between TLF and BF-E is explained by
a continuous evolution in the northwestern source
area and underlines the correlation of high gln C cld
contents with low concentrations of chr and Lu.

8. Mineral chemistry

Microprobe analysis of detrital mineral phases
serves as a tool to (1) verify optical mineral determina-
tions, (2) identify mineral species and mineral aggre-
gates unidentifiable by optical means, and (3) provide
information on the chemical variation of specific min-
eral phases (Morton, 1991). The latter point is most
stimulating because the chemical variability of min-
eral phases can be used to (1) discriminate between
different source rocks, and (2) to obtain more spe-
cific information on the petrology of the source rock.
The microprobe data are documented in detail in von
Eynatten (1996). Data tables are available on request.

8.1. Amphibole

Amphiboles of various chemical composition are
common minerals in several magmatic and meta-
morphic rocks and, consequently, occur in detrital
sediments which are derived from these rock types.
In contrast to the stable heavy minerals ZTR am-
phiboles are relatively unstable with respect to both
chemical and mechanical abrasion. Therefore, ma-
ture sediments and=or sediments affected by dia-
genetic intrastratal solution may have totally lost
these minerals. Amphiboles are often classified due
to colour and other optical properties, but an un-
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ambiguous nomenclature and, moreover, a genetic
interpretation have to rely on chemical data (Leake,
1978; Mange and Maurer, 1991; Morton, 1991).

8.1.1. Blue sodic amphibole
Several studies have already demonstrated the im-

portance of detrital glaucophane for the reconstruc-
tion of high-pressure (HP) metamorphic source rocks
and, hence, the geodynamic evolution of mountain
belts (e.g., Mange-Rajetzky, 1981; Misı́k and Sykora,
1981; Mange-Rajetzky and Oberhänsli, 1982; Win-
kler and Bernoulli, 1986; Till, 1992; Ganssloser et
al., 1996). However, optical determination alone is
not sufficient, because blue sodic amphiboles have
a range of composition, e.g., from glaucophane to
riebeckite. These two minerals cannot be unambigu-
ously distinguished by optical means, but they do
have different implications for source area geology:
glaucophane, Fe-glaucophane and crossite originate
from HP blueschist facies rocks, whereas riebeckite,
Mg-riebeckite, and high-Fe3C crossite come from
either acid magmatic rocks or low-grade regionally
metamorphosed metasediments (Veblen and Ribbe,
1982; Deer et al., 1992). Thus, chemical analysis of
detrital blue amphibole is necessary to testify erosion
of HP metamorphic blueschist facies rocks.

Blue sodic amphibole from sandstones of the
BF are mostly glaucophane and Fe-glaucophane,
although a few grains are crossite (Fig. 13). The
high amount (¾50%) of Fe-glaucophane is consis-
tent throughout the mineral analyses of four samples
and is unusual for presently exposed HP rocks of the
Penninic unit (e.g., Oberhänsli, 1978, 1986; Philipp,
1982). Analyses of blue amphibole from sandstones
of the TLF-succession show comparable composi-
tion but maximum Fe2C# are lower (Fig. 13). These
data support those of Winkler (1988) and prove
the erosion of HP glaucophane-bearing rocks in the
northwestern provenance area during, at least, Albian
to Coniacian time.

Blue sodic amphibole in sandstones of the RF is
extremely rare and displays a contrasting chemical
composition: Fe2C# are relatively low (<0.4) and
Fe3C# range from 0.2 to 0.8. Four out of eleven
grains are Mg-riebeckite, five are crossite, and only
two grains are glaucophane (Fig. 13). There are two
conclusions to draw: (1) the blue sodic amphiboles
from the RF are derived from a different source

Fig. 13. Classification diagram of blue sodic amphibole (Leake,
1978). Minerals from the BF in the west (BF-W, n D 20),
in the east (BF-E, n D 24), and from the TLF .n D 14/
are glaucophane and ferro-glaucophane in composition. A few
grains are crossite. Blue amphiboles from the RF .n D 11/ are
very rare and mostly crossite and Mg-riebeckite in composition.

rock (the southeastern provenance area), and (2) due
to their scarcity and chemical composition these
minerals give no evidence for the erosion of HP
metamorphic source rocks.

8.1.2. Green and brown calcic amphibole
These minerals occur exclusively in sandstones

of the RF (southeastern provenance, see Sections 3
and 6). They are Mg-rich (Mg=(Mg C Fe2C) >0.5)
calcic amphiboles according to the classification
scheme of Leake (1978). Green varieties are mostly
actinolite or actinolitic hornblende, two grains are
tremolite=tremolitic hornblende and two other grains
are Mg-hornblende (Fig. 14). Brown varieties are
tschermakitic, edenitic, Mg-hastingsitic and parga-
sitic hornblende, Mg-hornblende, pargasite and one
grain of Ti-rich kaersutite. The green calcic am-
phiboles are most probably derived from very low-
to low-grade metamorphic, e.g., greenschist facies
rocks of basaltic composition. High Mg-actinolite
and tremolite=tremolitic hornblende may also origi-
nate from low-grade regionally metamorphosed ul-
trabasic rocks (Deer et al., 1992). The brown calcic
amphiboles are most probably derived from ultra-
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Fig. 14. Amphibole classification diagram according to Leake (1978). All grains are from RF sandstones .n D 27/. Green varieties are
actinolite and actinolitic hornblende. Others comprise magnesio-hornblende and two grains with Mg# >0.9 are tremolite and tremolitic
hornblende. Brown varieties are tschermakitic hornblende, others comprise magnesio-hornblende and (due to contrasting Na, Fe3C and
Ti concentrations) pargasite, kaersutite as well as edenitic, Mg-hastingsitic and pargasitic hornblende.

basic to basic=intermediate magmatic rocks (von
Eynatten, 1996). Schweigl and Neubauer (1997) re-
cently reported augite from sandstones of the RF
supporting a provenance from ultrabasic to interme-
diate magmatic source rocks.

8.2. White mica

White mica is a common detrital mineral phase
in sandstones, especially in those derived from meta-
morphic source rocks (Pettijohn et al., 1987). In this

Fig. 15. Chemistry of the analyzed white mica .n D 202/ grains illustrated in the Si vs. Altot (A) and K vs. Na (B) diagrams. The white
K-micas are muscovite to phengite in composition, one single grain is a paragonite.

study white mica is restricted to the di-octahedral
varieties muscovite and phengite. Phengitic mica re-
sults from the coupled substitution of Si C (Mg,
Fe2C) for 2 Al and can be described as a continu-
ous solid solution between the minerals muscovite
and Al-celadonite. Ideal muscovite has a Si content
of 3.0 per formula unit (p.f.u.; calculated on eleven
oxygens). White di-octahedral K-mica with Si con-
tent considerably higher than 3.0 p.f.u. is termed
phengitic mica. Ideal phengite has Si D 3.5 p.f.u.
and (Mg, Fe) D 0.5 p.f.u. (Deer et al., 1992). The
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Fig. 16. Chemical composition of micas from the northwestern and the southeastern source area plotted in the Si vs. Mg diagram.
Stippled line indicates 1 : 1 substitution of Si and Mg (replacing 2 Al). See text for explanation.

degree of substitution of Si C (Mg, Fe) largely de-
pends on pressure during metamorphism. Mg-rich
phengitic mica is indicative for metamorphic source
rocks affected by relatively high-pressure and rela-
tively low-temperature metamorphic conditions (e.g.,
Massonne and Schreyer, 1987).

The chemistry of individual mica grains .n D
202/ is illustrated in the Si vs. Al(tot) and K vs. Na
diagrams (Fig. 15A). Si content varies within a range
from 3.0 to 3.4 p.f.u. with some grains displaying a
higher celadonite component up to 3.57 Si p.f.u.. The
correlation of the Si–Al exchange is very strong in-
dicating low Fe3C and Ti concentrations of the mica.
All minerals are K-mica except one single grain of
paragonite composition (Fig. 15B). Si C Mg sub-
stitution follows the 1 : 1 ratio line, thus indicating
phengitic mica with negligible Fe2C concentration
except micas with Si >3.35 p.f.u. where minor Fe2C

substitution occurs (Fig. 16).

Mica of southeastern provenance (29 grains from
six samples) are muscovitic in composition with Si
content ranging from 3.07 to 3.22 p.f.u., and one
single grain yielding 3.39 Si p.f.u. (Fig. 16). De-
trital mica of northwestern provenance covers the
whole range from muscovite with 3.01 Si p.f.u.
up to phengite with max. 3.57 Si p.f.u.. Phen-
gitic mica with >3.3 Si p.f.u. point to formation
of these minerals under HP metamorphic condi-
tions (Massonne and Schreyer, 1987). This is in
agreement with the occurrence of HP metamorphic
(Fe-)glaucophane, which is also restricted to the
northwestern source area. Mica within lithoclasts
from conglomerates and breccias of northwestern
provenance range in Si content from 3.04 to 3.48
Si p.f.u.. Those clasts with micas >3.3 Si p.f.u.
are metasandstones or metasiltstones which contain
muscovitic as well as phengitic mica. This implies
that at least some of the detrital mica are recy-
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cled from older (?Permo–Carboniferous) sedimen-
tary rocks.

8.3. Garnet

Garnet-group minerals are common in heavy min-
eral spectra of siliciclastic sediments and are gen-
erally interpreted to indicate metamorphic source
rocks (Mange and Maurer, 1991). Garnet may also
occur in magmatic rocks (Deer et al., 1992). Most
natural garnets belong to the solid solution series
between almandine (alm, Fe2C-endmember), pyrope
(prp, Mg-endmember), grossular (grs, Ca-endmem-
ber) and spessartine (sps, Mn-endmember). Due to
its large chemical variability, microprobe analysis of
detrital garnet has proven to be particularly useful in
provenance studies (Morton, 1985, 1987; Haughton
and Farrow, 1989; Yokoyama et al., 1990; Tebbens
et al., 1995).

Detrital garnet analyzed in this study is usually
almandine-rich (>50% up to 88%). Pyrope and
grossular components generally range from a few
percent to 30% with maximum values of 46% and
44%, respectively (Fig. 17A). About half of the min-
erals show a spessartine component exceeding 5%.

Fig. 17. Chemical composition of detrital garnet .n D 147/. (A) Ternary diagram almCsps – grsCadr – prp displaying the composition
of individual mineral grains and classification of the three garnet types. (B) Ternary diagram displaying the composition of individual
garnet populations with respect to the garnet types.

Garnet of such composition cannot be unambigu-
ously assigned to a specific lithology because garnet
chemistry strongly depends on paragenesis and the
chemistry of coexisting mineral phases. Generally,
Fe-rich garnet is common in barrow-type metasedi-
ments (e.g., garnet-mica schists). Garnet with higher
contents (20% to 30%) of the Mg-endmember and
the Ca-endmember may originate from amphibolite,
blueschist-associated eclogite, or granulite. Garnet
peridotites and associated eclogites can be excluded
as possible source rocks due to the low (<50%) py-
rope component (Coleman et al., 1965; Deer et al.,
1992).

Loosely following an approach of Morton (1992)
we have classified the garnets into three types: (1)
type-I garnet is a solid solution between almandine
and pyrope with <10% grossular; (2) type-II garnet
is a solid solution between almandine and grossu-
lar with <10% pyrope; and (3) type-III garnet with
pyrope and grossular both >10% (Fig. 17A). This
classification is used to discriminate between differ-
ent garnet populations from the two source areas.
Garnets from the southeastern source area (RF and
LF) are dominated by type-I garnet (Fig. 17B). Gar-
nets from the northwestern source area (TLF and
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BF) are dominated by type-III garnet and display a
higher amount of type-II garnet compared to garnet
of the southeastern source area. Garnet with a pos-
sible origin from amphibolite and blueschist-associ-
ated eclogite (e.g., alm 50%, grs 20–30%, prp 20–
30%, see above and Fig. 17A) is restricted to sedi-
ments of northwestern provenance. Garnet chemistry
underlines the discrimination between the northwest-
ern and the southeastern source area based on heavy
mineral analysis and amphibole and mica chemistry.

8.4. Tourmaline

Tourmaline shows a wide range in chemical
composition making it a suitable mineral phase
for discrimination purposes. Most of the natu-
rally occurring tourmalines can be described by
the two continuous solid solution series: elbaite
(Al-=Li-endmember) — schorl (Fe-endmember) and
schorl — dravite=uvite (Mg-endmember). Tourma-
lines with high concentrations of Al, Li, and Fe are
common in granitoids and pegmatites, whereas those
with higher concentrations of Mg are common in
metasediments and metasomatic rocks. Tourmaline
is very resistant to both chemical and mechanical
abrasion and thus forms a common accessory min-
eral phase in sandstones (Mange and Maurer, 1991;
Deer et al., 1992). The chemical investigation of de-
trital tourmaline significantly widens the use of tour-
maline in provenance analysis (e.g., Morton, 1991;

Fig. 18. Chemical composition of tourmaline from the northern provenance area (TLF and BF, n D 35). Diagrams from Henry and
Guidotti (1985). Circles represent single tourmaline grains from heavy mineral separates, dots represent tourmaline within (meta)sediment
clasts.

Henry and Dutrow, 1992; Götze and Blankenburg,
1994). To extract petrogenetic information on the
source rocks from the chemistry of detrital tourma-
line, we use the tourmaline composition versus rock
type classification scheme of Henry and Guidotti
(1985; Fig. 18).

The analyzed tourmalines were derived from the
northwestern source area (TLF and BF samples).
Most of them plot into the compositional fields 3,
4, and 5 (Fig. 18A) or 6 (Fig. 18B) of the clas-
sification scheme from Henry and Guidotti (1985)
indicating Ca-poor metasedimentary source rocks of
varying Al and Fe3C concentrations. Less than 15%
of the measured grains .n D 35/ plot into field 2 (Li-
poor granitoids and pegmatites) suggesting either a
minor acidic magmatic source rock component or
recycling of primarily granitoid-derived tourmaline
from older sedimentary rocks. (Meta)sediment clasts
from conglomerates of the TLF contain tourmaline
of largely comparable composition (black dots in
Fig. 18). This supports the interpretation that a sig-
nificant amount of the detrital tourmaline is recycled
from older (meta)sedimentary rocks of Variscan or
post-Variscan (Permo–Carboniferous) age.

8.5. Chloritoid

Chloritoid is a common mineral phase in low- to
medium-grade metapelites of various pressure con-
ditions (Deer et al., 1992). It has similar stability to
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Fig. 19. Chemical composition of chloritoid from sandstones
of the TLF and the BF .n D 10/. Diagram after Chopin and
Schreyer (1983).

garnet within the sedimentary cycle (Morton, 1985;
Mange and Maurer, 1991). Variations in the chem-
ical composition of chloritoid are generally defined
by variations in the abundance of Fe, Mg, and Mn
(Morton, 1991). Chloritoid from low- to medium-
pressure barrow-type metapelites are usually rich in
Fe and Mn, whereas chloritoid from HP blueschist-
facies metapelites are rich in Fe and Mg (Fig. 19,
Chopin and Schreyer, 1983). Chloritoid with Mg
>50 mol.% is indicative for pressures of more than
15 to 18 kbar (Chopin, 1983).

Chloritoid analyses from sandstones of the north-
western provenance area .n D 10/ have high Al
concentrations (Al D 3.90 to 3.96 p.f.u.) indicating
that nearly all of the measured total Fe is ferrous
iron. The minerals display high Fe2C concentrations
(Fe# D Fe=(FeCMgCMn) D 67 to 92 mol.%)
and relatively low Mn (Mn D Mn=(FeCMgCMn)
D 1 to 6 mol.%) and Mg concentrations (Mg#
D Mg=(FeCMgCMn) D 7 to 14 mol.%, except
one sample with Mg# D 27 mol.%). Nine of the
analyses plot into the overlap of the fields for
low=medium-pressure and HP metamorphic rocks
(Fig. 19). Chloritoid of such composition is reported
from blueschist facies rocks (e.g., Makanjuola and
Howie, 1972; Chopin and Schreyer, 1983) but does
not necessarily imply a HP source rock of these chlo-
ritoids. However, the correlation of glaucophane and
chloritoid abundance in samples from the BF (see
Section 6 and von Eynatten et al., 1997b) argues for

an origin of these minerals in the same source area.
Metamorphic source rocks which were affected by
pressures in excess of 15–18 kbar (e.g., ultra-high-
pressure (UHP) rocks) can be excluded due to the
low Mg concentration of the chloritoid minerals.

9. Discussion

Previous studies on the provenance of some of
the Cretaceous siliciclastic sediments of the East-
ern Alps suggested two major source areas, but the
provenance of LF and BF sediments still remained
unclear (Section 3). Based on heavy mineral data
(Section 6) we can integrate these two sedimentary
successions into the concept of two source areas.

9.1. The northwestern source area

The northwestern source area was located at
the transpressive plate margin between the Aus-
troalpine microplate and the Penninic Ocean and
was subject to erosion from the Aptian to the
Coniacian=?Santonian (Sections 2 and 3). Light min-
eral data of sediments derived from this source
(TLF and BF) indicate the erosion of ultraba-
sic rocks, low-grade metamorphic rocks, Permo–
Carboniferous (meta)sediments, and Mesozoic car-
bonate rocks. The data suggest an overall in-
crease of both Mesozoic carbonate rocks (especially
dolomites) and ultrabasic rocks from the Albian
(TLF) to the Coniacian=Santonian (BF, Fig. 8).

Heavy mineral data from TLF and BF samples
indicate erosion of a continental crustal source
(ZTR) and an oceanic crustal source (chrome
spinel). Chrome spinel=ZTR ratios vary through
time and space, but display a general increase to-
wards younger BF samples (Fig. 10). The continental
crustal source includes metamorphic rocks delivering
garnet, epidote group minerals, chloritoid, and blue
sodic amphibole. The latter two exclusively occur
in sediments derived from the northwestern source
area. This observation serves as a major discriminant
between the two source areas.

The chemistry of blue sodic amphiboles prove a
HP metamorphic origin of these grains. The data are
strongly supported by the chemistry of detrital white
mica which covers a wide compositional range from
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muscovite to phengite. Thus we do have indepen-
dent evidence from two mineral phases that indicate
the erosion of HP metamorphic source rocks in the
northwestern source area. Glaucophane and phengite
data suggest a P–T range of the HP-rocks from 6 to
9 kbar at 300–400ºC (e.g., Massonne and Schreyer,
1987; Evans, 1990). Based on chloritoid chemistry
and the relatively low pyrope content of the garnets
metamorphic pressure in excess of 15–20 kbar can
be excluded. Microprobe analyses of detrital tourma-
line suggest mainly metasedimentary source rocks
for these minerals. The low amount of tourmaline
derived from granitoid rocks is in agreement with the
low feldspar content of the sandstones.

Both light and heavy mineral data show an overall
increase of the ultrabasic contribution for the strati-
graphic younger BF compared with the TLF. The HP
mineral phases correlate positively with the meta-
morphic lithoclasts and the stable heavy minerals
ZTR (Section 7; von Eynatten et al., 1997b). Con-
sequently, the HP minerals should be derived from
HP rocks associated with continental crustal rocks.
Assuming that the ultrabasic material (sepentinite,
chrome spinel) in the sediments of northern prove-
nance is derived from obducted Jurassic oceanic
crust of the Penninic Ocean (e.g., Gaupp, 1983; Win-
kler, 1996), we conclude that glaucophane cannot be
derived from blueschist facies rocks associated with
this oceanic crustal source.

40Ar=39Ar laserprobe dating of detrital white mica
of the TLF and BF sedimentary successions yields
exclusively Palaeozoic (mostly Carboniferous) ages
indicating rapid cooling after the Variscan orogeny
of the Palaeozoic basement of the Alps (von Ey-
natten et al., 1996). Phengite-rich samples yield
Early Carboniferous ages indicating cooling after
HP metamorphism associated with the final colli-
sion of Gondwana and Laurussia (Neubauer and von
Raumer, 1993). No single Alpine age information
can be inferred from our 40Ar=39Ar data. The narrow
range in ages is in contrast with similar studies from
the Himalayas where a composite geochronological
structure of the hinterland is reflected by a wide
range in detrital mica ages (Copeland and Harrison,
1990; Harrison et al., 1993; Najman et al., 1997).
We conclude that Alpine metamorphic rocks were
not exposed in the northwestern source area at the
time of deposition of the analyzed sediments. This

contradicts the model of Albian to Coniacian erosion
of Lower Cretaceous HP-metamorphic rocks associ-
ated with subducted or obducted slabs of Penninic
oceanic crust (Winkler and Bernoulli, 1986; Winkler,
1996).

9.2. The southeastern source area

This source area was located at the southeast-
ern margin of the Austroalpine microplate includ-
ing the Vardar=Meliata suture zone and was sub-
ject to erosion from the ?Berriasian=Valanginian
to the uppermost Albian=?Cenomanian (Sections 2
and 3). Light mineral data of sediments derived
from this source (RF and LF) indicate the ero-
sion of Mesozoic carbonate rocks, ultrabasic rocks,
and metamorphic=metasedimentary rocks. The light
mineral data suggest a lower contribution of the ul-
trabasic source for LF sediments (Fig. 8) but this is
contrasted by the heavy mineral data.

Heavy mineral spectra of both RF and LF sam-
ples are dominated by chrome spinel except for
a few RF spectra which are dominated by green
calcic amphibole. This implies a high contribu-
tion from the Vardar=Meliata oceanic suture zone.
The relatively high maturity of LF sandstones (low
D=Qm rations, Fig. 8) is most probably responsible
for the low concentration of mechanically unsta-
ble serpentinite fragments despite a high concentra-
tion of chrome spinel (see above). Metamorphic and
(meta)sedimentary rocks are documented by ZTR
minerals, green calcic amphibole, and garnet.

In the southeastern source area HP rocks were not
exposed during the time documented by the analyzed
sedimentary rocks. Blue sodic amphibole that rarely
occur in RF sandstones are different in composi-
tion (mostly Mg-riebeckite and high-Fe3C-crossite,
Fig. 13) and do not prove the existence of HP
metamorphic rocks in the southeastern provenance
area. This is consistent with mica chemistry which
reveals solely muscovitic compositions in both RF
and LF samples. The absence of blue amphibole
in sandstones from the LF cannot be explained by
intrastratal solution because this process is not ca-
pable of changing mica chemistry from phengite to
muscovite (see also Section 6).

Garnet composition provides a further tool for
discrimination between the two source areas. Gar-
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nets from the southeastern source are dominated
by type-I garnets (alm× prp> 10%> grs), whereas
garnets from the northwestern source are dominated
by type-III garnets (alm> prp³ grs> 10; Fig. 17).
Type-I garnet is most probably derived from region-
ally metamorphosed metasedimentary rocks.

A significant feature of the heavy mineral spectra
of the RF sandstones are green and to a minor extent
brown calcic amphiboles. The former indicate ero-
sion of very low- to low-grade metamorphic rocks
of basaltic composition, whereas the latter indicate
erosion of ultrabasic to intermediate magmatic rocks
(Section 8.1.2). This possible magmatic source was
most probably associated with the ultrabasic rocks
(see also Schweigl and Neubauer, 1997). The strati-
graphic younger LF sediments do not reflect this
magmatic source. This may be due to either the
higher maturity of the LF sandstones (see above) or
a change in the source area through time.

9.3. Model of the tectono-sedimentary evolution

Several models of Alpine orogeny suggest a con-
tinuous southward subduction of Penninic oceanic
crust below the Adriatic plate (including Aus-
troalpine and Southalpine units, see Fig. 2) which led
to HP metamorphism already in the Early Cretaceous
(e.g., Winkler and Bernoulli, 1986; Stampfli, 1993;
Wagreich, 1995). These models are in contradiction
to (1) the almost complete absence of volcanism
which should be expected if subduction lasted from
the Early Cretaceous to the early Tertiary, (2) the oc-
currence of 100-Ma basanitic dikes=sills within the
NCA which are derived from a subcontinental man-
tle source without any chemical or isotopic influence
of a subducted plate (Trommsdorff et al., 1990),
(3) the generally Tertiary age of Penninic HP rocks
except for some scattered and doubtful Cretaceous
data (see reviews in von Blanckenburg and Davies,
1995; Froitzheim et al., 1996), and (4) they do not
take into account the Variscan age of the detrital HP
minerals in the Cretaceous sediments (von Eynatten
et al., 1996). The Penninic Ocean was a small (some
hundreds of kilometer, e.g., Stampfli, 1993) ocean
basin with a short phase of Middle=Upper Jurassic
rifting and a tectonic control by transform faults
(Kelts, 1981; Weissert and Bernoulli, 1985). This
implies a relatively warm oceanic crust and a rough

ocean floor topography at the time of onset of con-
vergence. Convergence was oblique (e.g., Pfiffner,
1992) and resulted in a dextral transpressive stress
regime at the former passive Austroalpine–Penninic
plate margin. The plate margin was extensively frag-
mented due to Jurassic rifting (Eberli, 1988). This
zone of weakness most probably accommodates both
compressional and strike-slip movements. In such a
scenario we do not expect the development of a large
uniform Benioff zone. More likely is the formation
of a transpressive plate margin controlled by both
strike-slip faulting and thrusting=accretion.

Sedimentation models for the analyzed sediments
suggest relatively small basins with moderately deep
water conditions which developed parallel to pro-
grading thrust fronts (e.g., Faupl and Tollmann,
1979; Gaupp, 1982). Characteristic features are grav-
itational mass flow deposits, rapid lateral facies
changes, and a punctuated transversal sediment input
from local fault scarps and submarine fans which
may be diverted into longitudinal submarine lobes.
The generally low maturity of the sedimentary rocks
is typical for such environments. A high gradient
source area is required due to low weathering in-
dices despite a generally humid Cretaceous climate
(Section 5.3). The sedimentological and petrographic
data are consistent with deposition of the analyzed
sedimentary rocks within piggyback basins (cf. Ori
and Friend, 1984).

We suggest a modified tectono-sedimentary
model of the Cretaceous (Valanginian to Coniacian)
evolution in the Austroalpine unit. This model is
based on (1) an onset of subduction of the Pen-
ninic Ocean no earlier than Late Cretaceous, (2)
deposition of the analyzed sedimentary rocks within
piggyback basins, and (3) a reconstruction of prove-
nance as proposed in this study. The model may be
subdivided into three stages (Fig. 20):

(A) Valanginian=Hauterivian: the Vardar=Meliata
Ocean to the southeast of the Austroalpine is al-
ready closed and ultrabasic rocks of that suture zone
were thrust together with continental crustal units
of the Tisza block and=or the Southalpine onto the
southeastern margin of the Austroalpine (see also
Neubauer, 1994; Froitzheim et al., 1996). Together
with Juvavic nappes these rocks formed an initial
nappe pile within the Eastern Alps which acted as
the source area for the Rossfeld Formation (RF).
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Fig. 20. Tectono-sedimentary model of the Valanginian to Coniacian evolution of the Austroalpine. See text for explanation. AN D Allgäu
nappe (compare Fig. 4), BF D Branderfleck Formation, J D Juvavic nappes, LAA D Lower Austroalpine, LF D Lech Formation, LG D
Lower Gosau Group, LN D Lechtal nappe, RF D Rossfeld Formation, T D Tirolic nappes, TLF D Tannheim and Losenstein Formations.

The transpressive plate margin at the northwestern
tip of the Austroalpine (see above) experienced ini-
tial compression and resulting uplift most probably
by reactivation of older passive margin faults. First
slices of Penninic oceanic crust may be obducted or
accreted.

(B) Albian: the orogenic wedge has prograded
northwestward and constituted the source area for the
sediments of the Lech Formation (LF) which were
delivered from the southeast into the sedimentation

area of the Lechtal nappe (LN). Basanitic dikes=sills
within the Lechtal nappe indicate a subcontinental
mantle below the NCA at that time. At the north-
western transpressive plate margin a new source area
emerged due to the increased crustal shortening. Up-
lift of this source area is documented by a fission
track peak age of detrital zircon derived from that
source area at 120 š 5 Ma (von Eynatten et al.,
1997a). This antiform constitutes the catchment area
for the sediments of the Aptian=Albian Tannheim
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and Losenstein Formations (TLF). It is composed of
Variscan low-grade metamorphic rocks including HP
rocks, Palaeozoic (meta)sediments, Mesozoic car-
bonate rocks and slices of obducted Penninic oceanic
crust.

(C) Turonian=Coniacian: the southeastern source
area is no longer active due to erosion and deactiva-
tion of the Vardar=Meliata suture zone. In the area
of the Juvavic (J) and Tirolic (T) nappes transtensive
collapse basins were formed (Lower Gosau Group
(LG); Wagreich and Faupl, 1994). The transpressive
antiform at the northwestern margin is still emerged
above sea level and acts as the source area of the
sediments of the Branderfleck Formation (BF). Its
composition is comparable to that during the Albian
but the contribution of the ultrabasic source has in-
creased as indicated by both light and heavy mineral
data. Sedimentation of the BF continues up to the
Coniacian=?Santonian when the northwestern source
area became largely deactivated.

10. Conclusions

(1) The sedimentary rocks of the TLF and the
BF are derived from a source area located to the
northwest of the Upper Austroalpine in a Lower
Austroalpine position near the transpressive plate
margin to the Penninic Ocean. This source area
was composed of Variscan low-grade metamorphic
rocks including HP rocks, Permo–Carboniferous
(meta)sediments, Mesozoic carbonate rocks and
slices of obducted Penninic oceanic crust.

(2) The sedimentary rocks of the RF and the
LF are both derived from a source area located
at the southeastern margin of the Austroalpine in-
cluding the Vardar=Meliata suture zone. This source
area was composed of Palaeozoic metamorphic and
sedimentary rocks, Mesozoic carbonate rocks and
ultrabasic rocks derived from the suture zone of
the Vardar=Meliata Ocean. No HP source rocks are
documented by these sediments. A magmatic source
associated with the ultrabasic rocks may be assumed
for the time of deposition of the RF.

(3) The HP rocks of the northwestern source areas
are associated with continental crustal rocks of the
crystalline basement of the Alps and are Variscan in
age (von Eynatten et al., 1996). Alpine HP metamor-

phism related to the subduction of Penninic oceanic
crust is unlikely to occur earlier than in the Late
Cretaceous. In combination with sedimentological
and the new provenance data we establish a mod-
ified model of the Cretaceous tectono-sedimentary
evolution of the Eastern Alps.

(4) An integrated approach to the provenance of
siliciclastic rocks by combining several methods sig-
nificantly enhances the potential of provenance anal-
ysis because each method is limited with respect to
the posed questions. For example, light mineral anal-
ysis is useful for deducing climate and relief in the
source area, but often fails in source area discrimina-
tion. Heavy mineral analysis is useful for provenance
discrimination, but may fail in cases of an extensive
diagenetic overprint or an extremely mature (stable)
heavy mineral association. Chemical and geochrono-
logical analyses of single detrital grains are the most
important tools to constrain petrology, tectonic set-
ting, and the age of source rocks.
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