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Abstract—An attempt is made to compare discrimination diagrams of the first (mid-1980s) and second (early
2010s) generations compiled using data for sedimentary successions of different ages. Our results suggest that
the diagrams of different generations allow more or less correct discrimination only between the platform,
rift, passive margin, and island arc settings. The data for collision sediments do not form separate fields in

these diagrams.
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INTRODUCTION

In the last third of the 20" century and early
215t century, whole-rock and trace element geochem-
istry of sandstones and shales became increasingly
used for interpreting paleogeodynamic environments
of terrigenous deposition. The first set of diagrams
(hereinafter referred to as the first generation dia-
grams) extensively used in provenance studies was
developed in the 1980s on the basis of large geochem-
ical datasets. For example, Maynard et al. (1982)
established a discrimination diagram using
SiO,/Al, 05 ratio and its covariation with K,0O/Na,O
to classify passive and active continental margin set-
tings. A series of discrimination diagrams, such as

(Fe,0F + MgO)—K,0/Na,0, (Fe,0; + MgO)—
Al,05/Si0, and others (Bhatia, 1983) and later SiO,—
K,0/Na,0 (Roser and Korsch, 1986) were proposed
to determine the provenance and tectonic setting of
Paleozoic Australian greywackes. All of them are cur-

rently used to reconstruct the tectonic setting of sedi-
mentary and metasedimentary rocks of different ages.

The correlations described by Maynard et al.
(1982) suggest that the mature terrigenous sediments
that were deposited in a passive margin or platform
type environment and thus underwent repeated recy-
cling events are characterized by the predominance of
K,0O over Na,O and SiO, over Al,O; and occupy the
field on the upper right side of the K,O/Na,O—
SiO,/Al,O; diagram. In contrast, immature rocks
deposited in an active tectonic setting (greywacke and
similar rocks) shows relatively low values of the above
parameters and plot on the lower left side of the dia-
gram. However, though revolutionary, this diagram
does not allow distinction between greywacke and
lithic sandstone in island-arc and collision settings.
The SiO,—K,0/Na,O plot of Roser and Korsch
(1986) works on approximately the same principle. In
particular, Bhatia (1983) saw a distinct trend marked

by a progressive decrease in TiO,, FeQO’; + MgO, and
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Al,0,/Si0,, and an increase in K,O/Na,O and
Al,O;/(Ca0 + Na,O) in sandstone suites from oce-
anic island arc to continental island arc to active con-
tinental margins to passive margins. Except for these
diagrams, no new diagrams for tectonic discrimina-
tion based on major elements have been proposed
during the past 25—30 years while the volume of criti-
cism continues to grow (Armstrong-Altrin and Verma,
2005; Ryan and Williams, 2007; Caracciolo et al., 2012
and others).

We demonstrated in our previous study (Maslov
etal., 2012a) using whole-rock geochemistry of Riph-
ean sandstones of the Southern Urals and Kama—
Belaya aulacogen and Upper Proterozoic and Phanero-
zoic silty-sandy rocks of the Russian Plate (Ronov et al.,
1995) that the tectonic setting for platform- and sub-
platform-type psammites can be readily reconstructed
using diagrams of Maynard et al. and Roser and Korsch,
whereas diagrams of Bhatia are more useful for prove-
nance interpretation of greywacke-type sandstones and
forearc sandstones of similar composition.

DF,—DF, DIAGRAMS PROPOSED
BY S. VERMA AND J. ARMSTRONG-ALTRIN
IN 2013

New discrimination diagrams for terrigenous rocks
with high (63—95 wt %) and low (35—63 wt %) (Si0,),;
contents were published by Verma and Armstrong-
Altrin (2013). The field boundaries were obtained from
probability calculations as originally proposed by
Agrawal (1999) using worldwide examples of Neogene—
Quaternary terrigenous sediments from known tectonic
settings (island arcs of Kuril-Kamchatka, Japan,
Ryuku, Philippines, Tonga, etc.; rifts of Mexico, Cali-
fornia, Brazil, Spain, Nigeria, China, Mongolia, etc.;
collision zones of Nepal, India, Iran, Italy, Serbia, etc.).
For the high-silica diagram with 63 wt % < (Si0,),4; <
95 wt %, the percent success values for arc, continental
rift, and collision settings were about 94—96%, 79—
85%, and 83—88%. Similarly, for the diagram with
(Si0,),4; ranging from 35 to 63 wt %, the percent success
values for the same settings were ~90%, 75—92%, and
96—100%, which are considerably higher than those of
diagrams developed in the 1980s.

These new diagrams (hereinafter referred to as the
second generation diagrams) were tested by the
authors from two datasets. The first dataset included
clastic sediments from known tectonic settings:
(1) Miocene—Pleistocene sediment samples from the
Shikoku basin (island arc settings); (2) recent sedi-
ments of the Baja California (rift settings); (3) recent
sands from the Himalayas (collision settings); (4) Plio-
cene—Pleistocene sediments from the Chile Trench
(island arc settings). All of these sediments have per-
cent success of 60% and more.

The second dataset included the results on older
sediment samples. For the first application case, the
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authors used sediments of the Moodies Group of the
Barberton greenstone belt (South Africa) deposited in
a foreland-type basin (Hessler and Lowe, 2006). The
high- and low-silica diagrams showed a collision set-
ting for over 90% of these samples. For the second
application case, the authors used shale samples from
the Archean Abitibi greenstone belt (Canada). In the
high-silica diagram, ~90% of samples were plotted in
the arc field, whereas in the low-silica diagram with
(5i0,),4 < 63 wt %, only ~44% of samples did so.
However, this result is consistent with the geological
observations (Feng and Kerrich, 1990). Another
application case included samples of Lower Protero-
zoic sediments from the Bundelkhand craton (India)
deposited in a passive margin setting (Absar et al.,
2009). The diagram with (Si0,),4 > 63 wt % indicated
a continental rift setting for about 90% of the sedi-
ments of the Gwalior Group, whereas 5 out of 6 sam-
ples were plotted in this tectonic field in the low-silica
diagram. The last application case in this dataset
included Neoproterozoic sediments of the Ham-
mamat Group (Egypt). About 90% of these samples
were plotted in the arc field, which seems to be in
agreement with the original authors (El-Rahman
et al., 2010). At the same time, according to research-
ers (Holail and Moghazi, 1998; Shalaby et al., 2006),
the Hammamat Group is interpreted as molasse-type
sediments deposited during the Pan-African orogeny.

COMPARISON OF DISCRIMINATION
DIAGRAMS OF DIFFERENT GENERATIONS

In order to compare new diagrams with those

developed in the 1980s, we compiled a database!,
which included whole-rock compositions of both
sandstone and shale samples from collision, rift, and
island arc settings. The collision settings are repre-
sented either by the so-called unfolded molasses, such
as Upper Vendian sandstones from the Belomor—
Kuloy plateau, northwestern Mezen’ syneclise,
Dnestr pericraton, and Shkapovo—Shikhan depres-
sion (Sochava et al., 1992; Sokur, 2012) or by molasse
sediments, such as sandstones from the Olyutor ter-
rane (Aluga and Pakhacha Formations) and Kam-
chatka (Malinovsky, 1986, 1993; Geosynclinal...,
1987); sandstones of the uppermost Asha Group,
Southern Urals (Bekker, 1988); shales of the Shuntara,
Potoskuy and other Riphean formations of the Yenisei
Ridge (Nozhkin et al., 2013; Likhanov et al., 2014);
sandstones of the Upper Permian-Lower Triassic
molasse sequence of the Ural Foredeep (Mizens,
1997; Tverdokhlebov, 2001). The rift settings are repre-
sented by sandstones of the Priozernaya and Salmin
Formations of the Early Riphean Pasha—Ladoga gra-
ben (Amantov and Spiridonov, 1989; Kheraskova
et al., 2006; Kuptsova et al., 2011); sandstones and

' The analytical data used in this study will be available from the
first author to interested persons upon request via e-mail.
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shales of the Riphean Ai and Mashak Formations,
Southern Urals (Formation..., 1986; Parnacheyv et al.,
1986); sandstones of the Riphean Prikamsk Forma-
tion of the Kama—Belaya aulacogen (Lozin, 1994;
Belokon’ et al., 2001); terrigenous sediments of the
Kar’ernaya, Lopatin and other formations of the
Riphean Chingasan Group, Yenisei Ridge (Nozhkin
et al., 2007, 2008), and terrigenous sediments of the
Riphean Uya Group, Uchur—Maya region (Khudoley
et al., 2001; Podkovyrov et al., 2002). The arc settings
are represented by tephra deposits (Maslov et al., 1984),

sandstones? of the Ryskuzhino, Ulutau and other
Devonian formations of the Western Magnitogorsk
zone, Southern Urals (Yazeva and Bochkarev, 1998;
Mizens, 2002); Paleoproterozoic metasedimentary and
metamorphic rocks of the Kan block at the southern
folded margin of the Siberian platform (Nozhkin et al.,
2001; Dmitrieva et al., 2008); Upper Riphean metased-
imentary rocks of the Arzybei terrane of the Sayan—
Yenisei accretionary—collisional belt (Rumyantsev,
2001; Dmitrieva et al., 2006), and Upper Riphean
metasedimentary rocks of the Yudino and Predivinsk
sequences within the Predivinsk terrane from the same
region (Chernykh, 2000; Nozhkin et al., 2013).

In order to test the diagrams, we also used whole-
rock data set for terrigenous rocks deposited in plat-
Jform and passive continental margin settings. These
included the platform deposits of the Athabasca
Group, Canada (Semikhatov, 1974; Rainbird et al.,
2007; Jefferson et al., 2007); Lower and Middle Riph-
ean shales of the Southern Urals (Parnachev, 1995;
Maslov et al., 2012a); sandstones and shales of the
Trekhgornaya and other Riphean formations of the
Uchur—Maya region (Podkovyrov et al., 2002; Maslov
et al., 2012b); silty—sandy rocks of the Shaim petro-
leum region, West Siberia (Fedorov et al., 2009); Ven-
dian argillaceous—silty rocks of the Nepa—Botuoba
anteclise (Shemin, 2007; Fomin et al., 2013). The pas-
sive continental margin settings are represented by ter-
rigenous rocks of the Karatau Group, Southern Urals
(Maslov et al., 2002) and metapelites of the Uderei,
Gorbilok, and Korda Formations of the Yenisei Ridge
(Nozhkin et al., 2008; Vernikovsky et al., 2009).

Locations of these samples (except the Athabasca
Group) are shown in Fig. 1. Samples were selected to
cover a wide range of possible ages and geographic
regions and to extend the database to include known
tectonic settings, which have been overlooked in some
way by S. Verma and J. Armstrong-Altrin. Our data-
base comprises whole-rock compositions of 720 sand-
stone samples and over 300 shale samples. Major ele-
ments in bulk samples of these rocks were analyzed in
different years by classical wet chemistry and XRF at
central integrated laboratory facilities of Bashkir-

2 Clastic material that forms part of these sedimentary successions
has experienced no reworking because it was transported just
after eruption and deposited by turbidity currents to deep-water
depressions adjacent to island arcs (Maleev, 1980).
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Fig. 1. Locations of sediment samples of different ages and
geodynamic settings, whose whole-rock compositions were
used in this study. /—7—sediments from collision settings
(I—Upper Vendian sandstones from the northwestern part
of the Mezen’ depression, 2—sandstone of the same age
from the Dnestr pericraton, 3—Upper Vendian sandstones
from the Shkapovo—Shikhan depression, 4—sandstones
from the volcanic molasse of the Olyutor terrane, 5—sand-
stones from the uppermost part of the Vendian Asha Group
of the Southern Urals, 6—shales of the Shuntara, Poto-
skuy, Sosnovka and other Riphean formations of the Yeni-
sei Ridge, 7—sandstones from the Late Permian—Lower
Triassic molasse of the Belaya depression, Ural Foredeep;
&— 12—rift-related sediments (§—sandstones from the Pri-
ozernaya and Salmin Formations of the Pasha—Ladoga
graben, 9—sandstones and shales from the Ai and Mashak
Formations of the Southern Urals, /0—sandstones from
the Prikamsk Formation of the Kama—Belaya aulacogen,
11—terrigenous sediments from the Kar’ernaya, Lopatin
and other formations of the Chingasan Group, Yenisei
Ridge, /2—terrigenous rocks of the Uy Group, Uchur—
Maya region); 13— 16—island arc rocks (/3—dominantly
tuffaceous sandstones of the Ryskuzhino, Ulutau and
other Devonian formations of the Western Magnitogorsk
zone, 14—Paleoproterozoic metasedimentary rocks of the
Arzybei block, southern folded margin of the Siberian
platform, /5—Riphean metasedimentary rocks of the Kan
terrane, /6—metamorphic rocks of the Yudino and Predi-
vinsk sequences of the Predivinsk terrane, Sayan—Yenisei
accretionary—collisional belt); 17—20—platform sedi-
ments (/7—Lower and Middle Riphean shales of the
Southern Urals, /8—sandstones from different litho-
stratigraphic units of the Riphean hypostratotype and
Trekhgornaya Formation shales of the Uchur—Maya
region, /9—Jurassic silty—sandy rocks of the Shaim and
other petroleum regions of West Siberia, 20— Upper Ven-
dian clayey-silty rocks of the Nepa—Botuoba anteclise);
21, 22—passive margin rocks (2/—shales and sandstones
of the Karatau Group, Southern Urals, 22—shales of the
Uderei, Gorbilok, and Korda Formations of the Yenisei
Ridge).

geologiya, Sevzapgeologiya, Uralgeologiya, Depart-
ment of Natural Resources of the Ural Federal Dis-
trict, Institute of Geology of the Bashkir Branch of the
USSR Academy of Sciences, Institute of Geology of
the Ufa Scientific Center of the Russian Academy of
Sciences, Institute of Geology and Geochemistry of
the Ural Branch, Russian Academy of Sciences, All-
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Fig. 2. Distribution of data for terrigenous rocks from rift settings in the diagrams of Herron (a), Maynard et al. (b), Roser and
Korsch (c), and Bhatia (d). /—Riphean sandstones of the Pasha—Ladoga graben; 2—sandstones of the Aya and Mashak Forma-
tions, Southern Urals; 3—sandstones of the Kama Formation of the Kama—Belaya aulacogen; 4—shales of the Aya and Mashak
Formations; 5—terrigenous rocks from the Kar’ernaya, Lopatin and Olen’in Formations, Yenisei Ridge; 6—terrigenous rocks of
the Chingasan Group from the same structural unit; 7—sandstones and shales of the Uy Group, Uchur—Maya region.

Russia Research Institute of Geology (VSEGEI), Ural
State Mining University, Institute of Geology and
Mineralogy of the Siberian Branch, Russian Academy
of Sciences, Institute of the Earth’s Crust of the Sibe-
rian Branch, Russian Academy of Sciences, and Far
East Geological Institute of the Far east Branch, Rus-
sian Academy of Sciences.

FIRST GENERATION DIAGRAMS

In the log(Si0,/Al,0,)—log(Fe,03/K,0) diagram
of Herron (1988), the studied sandstone and shale
rocks deposited in rift settings occupy the fields for

GEOCHEMISTRY INTERNATIONAL

shale, wacke, litharenite, and arkose (Fig. 2a). Some
of the samples can be classified as sub-arkose. In the
K,0/Na,0-Si0,/Al,0; diagram (Maynard et al.,
1982), the majority of the terrigenous sediment sam-
ples lie close to the field of the passive continental
margin setting (Fig. 2b). A different pattern is
observed when some sandstones from the Aya and
Mashak Formations of the Southern Urals and the Uy
Group from the Uchur—Maya region plot in the field
of passive continental margins, with few tending
toward the field of active continental margins.

In the SiO,—K,0/Na,O diagram (Roser and
Korsch, 1986), all of the clastic sedimentary rocks
Vol. 54
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Fig. 3. Distribution of data for terrigenous rocks from island arc settings in the diagrams of Herron (a), Maynard et al. (b), Roser and
Korsch (c), and Bhatia (d). /—Devonian tuffaceous sandstones from the Western Magnitogorsk zone, Southern Urals; 2—metater-
rigenous rocks of the Yudino and Predivinsk sequences of the Predivinsk terrane; 3—metaterrigenous rocks of the Arzybei terrane;

4—metaterrigenous rocks of the Kan block.

from rift settings exhibit a broadly similar pattern,
although there are slight differences (Fig. 2c¢). For
example, the majority of the Uy Group terrigenous
samples from the Uchur—Maya region plot in the field
of active continental margins, with few in the island
arc field. The majority of the Ai and Mashak shale
samples fall within the passive margin field, although
few plot in the island arc field. Sandstones from the
Priozernaya and Salmi Formations of the Pasha—
Ladoga graben tend to have the highest SiO, and
K,0/Na,0 contents.

A slightly different situation is observed for sand-

stones and shale samples of rift settings in the (Fezogk +
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MgO)—Al,05/Si0, diagram (Bhatia, 1983): the major-
ity of the Pasha—Ladoga graben sandstone samples
tend to form a tight cluster around the passive margin
field (Fig. 2d). In the diagram of Herron, the majority
of psammites and shales originally deposited in an
island arc setting plot in the fields for shale, wacke, iron-
bearing shale and sandstone (Fig. 3a). The exception is
the Devonian psammites from the Western Magni-
togorsk zone of the Southern Urals, which fall in the
fields of iron-bearing shale and sandstone.

In the K,0/Na,0-Si0,/Al,0; diagram, almost all
our samples from the samples of known island arc set-
tings plot within the field of active continental margins
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(Fig. 3b). Only 7 out of 42 samples of high-K migma-
tized garnet-biotite gneisses of the Kan block plot out-
side this field. In the SiO,—K,O/Na,O diagram,
almost all samples of island arc settings fall outside the
field of passive continental margins (Fig. 3c). Here,
the field of active continental margins is defined by
most of the Kan block samples, which are regarded as
deposited in the active continental margin/ensialic arc
settings (Nozhkin et al., 2001), and almost half of feld-
spar quartzites from the Predivinsk and Yudino
sequences. The remaining samples fall within the field
of the active island arc setting.

In the (Fe,O; + Mg0)—Al,0,/SiO, diagram, ~ 8%
of the samples from the island arc setting falls within
the field of active continental margins (Fig. 3d). The
remaining samples plot within the continental and
oceanic arc fields, with the latter field being defined
mostly by Middle Devonian psammites from the
paleo-island arc segment of the Southern Urals.

The database for terrigenous rock samples of
known collision settings mostly includes sandstones
plotting as wacke, litharenite, and arkose in the dia-
gram of Herron (most of the psammite samples from
the Upper Vendian molasse of the Southern Urals plot
as litharenite and wacke, with only a few trending
toward sub-litharenite) (Fig. 4a). Shales of the
Shuntara, Potoskuy, Sosnovka, and Pogoryui Forma-
tions of the Yenisei Ridge plot as shale and wacke.

In the K,0/Na,0-Si0,/Al,0; diagram, the sand-
stones and shales plot mostly in the passive continen-
tal margin field (Fig. 4b). A few psammite samples
from the Upper Vendian successions of the Southern
Urals and Belomor—Kuloy plateau plot in the field of
active continental margins. Most of the Upper Ven-
dian sandstones in the unfolded molasse of the Shka-
povo—Shikhan depression fall within the same field.
All sandstone samples from volcanic molasse
sequences of the Olyutor terrane plot in the active con-
tinental margin field.

In the Si0,—K,0/Na,O diagram, the distribution
of psammites from volcanic molasse sequences is
somewhat curious, because almost all of them fall
within the oceanic island arc field (Fig. 4c). The other
psammites from the Upper Vendian molasse of the
Southern Urals and unfolded molasse of the Shka-
povo—Shikhan depression plot in the active continen-
tal margin field. At the same time, the psammites from
the Upper Vendian unfolded molasse of the Belomor—
Kuloy plateau and Dnestr pericraton, as well as shales
from the Shuntara, Sosnovka and other formations of
the Yenisei Ridge were deposited in the collision set-
ting (Likhanov et al., 2014 and others).

In the (Fe,OF + Mg0O)—Al,0,/Si0, diagram, the
majority of sandstones in the unfolded molasse of the
Belomor-Kuloy plateau, Dnestr pericraton, and
Shkapovo—Shikhan depression (Fig. 4d), as well as
the psammites in the Upper Devonian molasse of the
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Southern Urals trend toward the passive and active
continental margin fields. The sandstones in the vol-
canic molasse of the Olyutor terrane fall within the
fields of active continental margins and continental
island arcs. The Upper Riphean shales of the Yenisei
Ridge with high Al,0;/SiO, and Fe,O0; + MgO trend
toward the oceanic arc field.

The distribution of our samples from the platform
setting in the diagram of Herron clearly indicates their
assignment to a wide range of psammites and iron-rich
shales (Fig. 5a). The average composition of Phanero-

zoic cratonic sandstones (PrCS)? (Condie, 1993) in
this diagram plots in the sub-litharenite field, whereas
that of post-Archean Australian shales (PAAS)
(Condie, 1993) plot in the shale field.

In the K,0/Na,0-Si0O,/Al,0; diagram, nearly all
of the studied sandstones and shales classified as plat-
form or similar type deposits on the basis of geological
criteria cluster within the passive continental margin
field (Fig. 5b). The average data of PAAS plot in the
same field. The only exception appears to be Jurassic
samples from the western part of West Siberia, which
plot mostly in the active continental margin field. In
the Si0,—K,0/Na,0 diagram (Fig. 5c), their compo-
sitions fall within the active continental margin and
oceanic island arc fields. Assuming there were no ana-
Iytical errors, the above sediments should be com-
posed mostly of the material reworked into the West
Siberian basin from destroyed island arc associations
of the Urals. The remaining sandstones and shales in
our database that were deposited in platform settings
plot in the passive margin field similar to the average
compositions of model sandstones and PAAS.

In the (Fezof + Mg0O)—Al,0,/Si0, diagram, the
passive margin field, which should supposedly com-
prise all our terrigenous samples from the platform
settings, contains only about 60—70% of Riphean
sandstones from the Uchur—Maya region, a portion of
Jurassic silty psammites from the West Siberian basin,
and Athabasca sandstones (Fig. 5d). The great major-
ity of these sandstones, similar to shales of the Riph-
ean Bakal, Zigazy—Komarovo, and Avzyan Forma-
tions of the Southern Ural trend toward the continen-
tal and oceanic volcanic arc fields, whereas the
Jurassic psammites fall mostly within the active mar-
gin and continental volcanic arc fields. The latter two
fields as well as the oceanic arc field comprise the
majority of the Vendian shales from the Nepa—
Botuoba anteclise. The average composition of silty—
sandy sediments from the Russian plate falls in the
active margin field, whereas while the average compo-
sitions of PrCS and PAAS plot in the passive margin
and oceanic volcanic arc fields, respectively. These
results support our previous conclusion (Maslov et al.,
2012a) that the diagrams of Bhatia cannot be correctly

3 Compositions of silty-sandy rocks of the Russian plate and
PrCS are considered hereinafter as the model compositions.
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Fig. 4. Distribution of data for terrigenous rocks from collision settings in the diagrams of Herron (a), Maynard et al. (b), Roser
and Korsch (c¢), and Bhatia (d). /—Upper Vendian sandstones of the Belomor—Kuloy plateau; 2—Upper Vendian sandstones of
the Dnestr pericraton; 3—sandstones of the Aluga and Pakhacha Formations, Olyutor terrane; 4—shales of the Shuntara, Poto-
skuy, Sosnovka Formations, Yenisei Ridge; 5—Upper Vendian sandstones of the Shkapovo—Shikhan depression; 6—Upper Ven-

dian sandstones of the Bashkir megaanticlinorium.

used for discriminating platform setting sediments,
although they contain the field for terrigenous samples
from passive margin settings, i.e., in other words, the
least active tectonic settings).

Shale samples from the Karatau Group of the
South Urals, as well as from the Uderei, Gorbilok, and
Korda Formations of the Yenisei Ridge, which were
deposited in an environment similar to the passive
margin setting, plot within the wacke and shale fields in
the diagram of Herron (Fig. 6a). The Karatau Group
sandstones are classified as litharenites, sub-litharen-
ites, arkoses, subarkoses, and quartz arenites. This

GEOCHEMISTRY INTERNATIONAL Vol. 54 No.7

compositional heterogeneity should govern to some
extent the distribution of sediment types in different
discrimination diagrams. However, this is not always
true.

In the K,0/Na,0-SiO,/Al,0, diagram, nearly all
sandstone and shale samples from the above two local-
ities plot in the passive continental margin field and
differ only in their SiO,/Al,O; content (Fig. 6b).
These results are consistent with the geological obser-
vations. In the SiO,—K,0/Na,O diagram, shales of
the Uderei, Gorbilok, and Korda Formations of the
Yenisei Ridge form a tight cluster in the active margin
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Fig. 5. Distribution of data for terrigenous rocks from platform and similar type settings in the diagrams of Herron (a), May-
nard et al. (b), Roser and Korsch (c), and Bhatia (d). /—Athabasca sandstones; 2—Lower—Middle Riphean shales of the
Bashkir megaanticlinorium; 3—sandstones of the Dim, Omakhta, Gonam, and Trekhgornaya Fms. of the Uchur—Maya
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shales of the Uchur—Maya region; 6—Upper Vendian shales of the Nepa—Botuoba anteclise. Numbers in squares: 1—silty—
sandy rocks of the Russian plate (Ronov and Migdisov, 1996); 2—PrCS (Condie, 1993); 3—PAAS (Condie, 1993).

field (Fig. 6¢). Sandstones and shales of the Karatau
Group, though trending toward the field for passive
continental margins, show a wider scatter, which is
indicative of a wide variation in their deposition envi-
ronments. Of particular interest is the distribution of
sandstones and shales from the passive margin setting
in the (Fe,0F + MgO)-Al,0,/Si0O, diagram
(Fig. 6d), in which ~80—85% of the Karatau Group
sandstones plot in the passive continental margin
field, whereas the associated shales mostly fall in the
field of continental and oceanic island arcs. The shales

GEOCHEMISTRY INTERNATIONAL

of the Uderei, Gorbilok, and Korda Formations of the
Yenisei Ridge show a broadly similar pattern. These
results illustrate clearly the well-known assumption that
sandstones are more reliable indicators of the tectonic
setting than shales (Taylor and McLennan, 1988).

In all three diagrams, the Karatau Group sand-
stones generally fall within the passive continental
margin field. At the same time, shales samples exhibit
more variable patterns: they trend toward the passive
margin field in the diagram of Maynard et al., mostly
cluster in the active continental margin field in the
2016
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diagram of Roser and Korsch, or fall within the island
arc fields in the diagram of Bhatia.

SECOND GENERATION DIAGRAMS

Because the great majority of sandstones and shales
from the rift settings or similar settings are characterized
by (Si0,),q > 63%, we used the high-silica diagram
(Fig. 7a). If we abstract from the fields defined by spe-
cific samples in this diagram, it can be clearly seen that
nearly two thirds of all samples correspond to a compo-
sitional field representing, according to S. Verma and
J. Armstrong-Altrin, the rift settings, and one third of

GEOCHEMISTRY INTERNATIONAL Vol. 54 No.7

samples are collision sediments. A similar pattern is
observed for each locality in our database, except the
Uy Group. About 80% of the samples from this group
plot in the rift setting, while the remaining samples fall
mostly in the collision setting.

We used both diagrams of S. Verma and J. Arm-
strong-Altrin for discriminating terrigenous sediment
samples from our database that were deposited in the
island arc setting, because all of them represent both
the high-silica and low-silica types. The diagram with
(S8i0,),4; > 63% confirmed this setting only for the
Middle Devonian sandstones from the eastern slope of
the Southern Urals. Metasedimentary rocks from the
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Predivinsk terrane and Kan block clustered in nearly
equal proportions into the rift and collision settings
while the samples from the Arzybei terrane mostly fell
within the collision setting (Fig. 8a). In the diagram
with (5i0,),q; < 63%, ~100% of the Devonian sand-
stone samples of the Southern Urals (Fig. 8b) plot in
the island arc setting, which is consistent with the
geology of this region. The same field also comprises a
great number of samples from the Yudino and Predi-
vinsk sequences of the Predivinsk and Arzybei ter-
ranes, whereas metasedimentary rocks from the Kan
block mostly trend toward the rift and collision set-
tings or plot slightly toward the field boundaries. The
interpretation of the results has to bear in mind that
the metasedimentary sequence of the Predivinsk ter-
rane composed of a series of tectonic slices also con-
tains volcanics, which were formed both in island arc
and rift (backarc) settings, and that some high-silica
samples from our database, such as mica-feldspar
quartzites and some schists, may represent rift set-
tings. The above-mentioned scatter in the diagram
DF,—DF, is probably related to amphibolite-facies
metamorphism in the Kan block.

The great majority of our samples from the collision
settings belong to the high-silica type. The respective
diagram confirmed this setting for ~80—85% of the
sandstones from the Ural Foredeep molasse (Fig. 7b).
The remaining samples were distributed between the
rift and collision settings, with the number of samples
plotting in the rift setting being often somewhat
higher. The Upper Vendian molasse sandstones of the
Southern Urals tended to plot in the rift setting, which
is inconsistent with the inference of some authors
(Bekker, 1988; Puchkov, 2000 and others), but is in
agreement with other authors (Rusin, 1998).

In order to analyze the distribution patterns of
sandstone and shale samples from the platform settings
in the second generation diagrams, we added a num-
ber of platform-type sediment samples and samples
from other rock associations in the diagram with
(S8i0,),q; > 63%, because these compositions were
absent from this diagram. As a result, the samples
formed two clusters in the rift and collision fields
(Fig. 7¢), while most of the Riphean sandstones from
the Uchur—Maya region plotted outside the field
defined by values —8 < DF, < +8.

DISCUSSION AND CONCLUSIONS

The distribution of sandstone and shale samples in
discrimination diagrams of the first and second gener-

Fig. 7. Distribution of data for terrigenous rocks from rift
(a), collision (b), and platform (c) settings in the high-silica
DF,—DF, diagram. a: for symbols, see Fig. 2. b: 7—Upper
Permian—Lower Triassic sandstones of the Belaya depres-
sion, Ural Foredeep. The remaining symbols are the same as
in Fig. 4. c: for symbols, see Fig. 5.
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TECTONIC SETTING DISCRIMINATION DIAGRAMS

ations shows that the terrigenous sediment samples
from the rift or similar settings mostly plot within the
passive continental margin field in the diagrams of
Maynard et al. and Roser and Korsch. A few samples
tend toward the active margin field, indicating that
almost all sediments from the above tectonic fields
were deposited in a relatively calm tectonic regime.

In the (FezO;k + MgO)—Al,0,/Si0, diagram, the
rift sediments from in our database show more or less
uniform distribution between the four expected tec-
tonic fields. These results indicate that this diagram
cannot be used for discriminating the provenance of
such sediments, because it was compiled using the
chemical compositions of rocks from continental arc
settings.

The terrigenous samples from the collision settings
show a slightly different distribution pattern in the first
generation diagrams. For example, from 2/3 to 3/4 of
all samples plot in the passive margin field in the dia-
gram of Maynard et al. More than half of the samples
from this setting plot in the active margin field in the
diagram of Roser and Korsch, while in the (Fe,O5,,, +
MgO)—Al,0,/SiO, diagram, they are distributed
between the passive continental margin, active conti-
nental margin, and continental arc fields, which does
not allow us to come to any certain conclusion.

Our previous analysis of lithogeochemical charac-
teristics of fine-grained clastic sedimentary rocks from
the Vendian folded and unfolded molasse of the South-
ern and Middle Urals, eastern and northeastern parts
of the Russian platform (Maslov et al., 2013b) shows
that these samples are distributed between the passive
margin, active margin, and oceanic island arc fields in
the SiO,—K,0/Na,0 diagram. They form an array ori-
ented nearly perpendicular to the field boundaries.
These results suggest the absence of any significant
homogenization for the psammite (Maslov et al.,
2013a) and shale compositions in tectonically active
collision settings. Whole-rock compositions of shales
reflects characteristics of rock associations formed at
different evolutionary stages of orogenic belts, because
of the presence of tectonic blocks of different litholo-
gies and tectonic settings in the source areas.

In addition, our results are consistent with the con-
clusion that some commonly used discrimination dia-
grams (mostly K,0/Na,0-SiO,/Al,0; and SiO,—
K,0/Na,0) work more or less effectively for the dis-
crimination of tectonic settings for platform sedimen-
tary successions. The diagrams of Bhatia, which were
originally compiled for terrigenous rock from island
and continental arc settings, do not work properly for
most of the analyzed sediments.

The distributions of our terrigenous samples in the
diagram of Maynard et al. show no principal differ-
ences between platform, rift, and passive margin sedi-
ments. The only thing that is worth noting is a slight,
as yet theoretical possibility of subdividing this dia-
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Fig. 8. Distribution of data for terrigenous rocks from
island arc settings in thehigh-silica (a) and low-silica (b)
DF,—DF, diagrams. /—Devonian tuffaceous sandstones
from the Western Magnitogorsk zone, Southern Urals;
2—metaterrigenous rocks of the Yudino and Predivinsk
sequences of the Predivinsk terrane; 3—metaterrigenous
rocks of the Arzybei terrane; 4—metaterrigenous rocks of
the Kan block.

gram into three discrimination fields (Fig. 9a): 1) ter-
rigenous sediments from relatively active tectonic set-
tings; 2) sediments from passive continental margin,
collision, and rift (?) settings; 3) platform sediments.
The latter representing repeatedly recycles prove-
nances are characterized by the highest values of both
K,0/Na,0 and SiO,/Al,O; (Athabasca sandstones or

Lower-Middle Riphean psammites of the Uchur—
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Fig. 9. Location of fields defined by terrigenous rocks from
different geodynamic settings in the diagrams of Maynard
etal. (a) Roser and Korsch (b). /—boundary between the
active margin and passive margin rocks; 2—inferred bound-
aries between terrigenous rocks from different continental
margins and platform (intracratonic) areas (see text for
explanation).

Maya region). Their K,0/Na,O values reflect the
well-known tendency of alkalis in sedimentary pro-
cesses, i.e., the preferential mobilization of potassium
into the weathering crusts and platform deposits and
removal of sodium into the ocean. The rocks repre-
senting island arc associations have lower K,0/Na,O
and SiO,/Al,05 and differ considerably from terrige-
nous sediments from other tectonic settings. The rocks
from the collision-related settings can be found both
in the passive margin and active continental margin
fields (Fig. 9a).

In the diagram of Roser and Korsch, the terrige-
nous sediments from platform, passive margin, rift,
and collision associations appear to have too much
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overlap (more than 60—70%) for any definable separa-
tion between the individual provenances. The field of
island arc associations trends toward the lower values
of Si0, and K,0/Na,0, but it also has a ~50% overlap
with the above-mentioned fields (Fig. 9b).

The high-silica DF,—DF, diagram (Fig. 10) shows
subtle differences between the common fields of sand-
stones and shales from platform, rift, and collision set-
tings. The only visible difference is that the minimum
DF, values of collision sediments are not higher than
—8, whereas many rift-related compositions in our
database are characterized by —13 < DF, < —8. In
addition, this diagram shows no arrays that can be
attributed to a single discrimination field. They usually
overlap into rift and collision provenances. The island
arc compositions are shifted toward the values of —4 <
DF, < +6, at relatively constant DF, values (-5,
—4...+4). At the same time, the island arc psammites
from the Western Magnitogorsk zone of the Southern
Urals plot within the respective field consistent with
their geological situations in both high-silica and low-
silica diagrams, whereas metasedimentary rocks from
various structural elements of the Yenisei Ridge and its
margins tend to plot toward the field boundaries.
Therefore, this diagram does in discriminating their
provenances, despite the close location of these sedi-
ments to their source areas. It can thus assumed that,
unlike the predominantly tuffaceous psammites of the
Southern Urals, the metasedimentary rocks from the
Predivinsk and Arzybei terranes as well as the Kan
block of the Yenisei Ridge are composed of volcano—
terrigenous material, the bulk chemical composition
of which has undergone transformation before burial
in continental or shallow-water environments. There-
fore, the diagrams belonging to both generations allow
more or less correct discrimination only between the
platform, rift, passive margin, and island arc settings.
The data for collision sediments do not form separate
fields in these diagrams.

The selection of reference geological objects can
play a substantial, if not decisive, role in the compila-
tion of tectonic discrimination diagrams. For exam-
ple, the second generation diagrams have relied on
data from continental rifts of California, Brazil, Spain,
Nigeria, Uganda, Zambia, Australia, China, Mongo-
lia, etc. At the same time, the bulk compositions of
sediments from the East African rift zone (the domi-
nance of different magmatic rock associations in the
source areas) should be a priori different from those of
the rocks comprising the Rhine graben (the domi-
nance of sedimentary rocks in the source areas), Bai-
kal rift or Viking graben. We think that yet another
substantial difficulty with the compilation of the uni-
versal discrimination diagram will arise due to the fact
that the evolution of many orogenic belts cannot be
accounted for by a single event, but by multiple events
that have operated on difference scales (Maslov et al.,
2015 and references therein), such as collisions of var-
Vol. 54
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Fig. 10. Location of fields defined by terrigenous rocks from platform (a), rift (b), island arc (c), and collision (d) settings in the
high-silica DF|—DF, diagram. The field numbers are the same as in Figs. 7 and 8.

ious zones, blocks, segments, and orogens and hyper-
collision that continued during much of the geody-
namic cycle in which the orogen was formed. In par-
ticular, block collision in the Southern Urals occurred
in the Lower—Middle Devonian and was related to the
collision of blocks that are now incorporated into the
composite Mugodzhary terrane, while the collision of
orogens took place in the Late Carboniferous
(Necheukhin and Volchek, 2012). It is not clear for us
how all these variations can be accounted for by a sin-
gle discrimination diagram, but the research in this
direction should be continued.
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