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Abstract—History of the evolution of concepts concerning stages of sedimentary rock formation is reviewed
to show the conditional character of stadial boundaries and unreasonableness of their detailed subdivision. An
insufficient knowledge of continental diagenesisis stressed and some problems of catagenesis are discussed. It
is shown that metagenesis is irrelevant to the notion of sediment transformation stages and includes many
purely geological processes. A rational succession of main stages of sedimentary rock formation is proposed.
The main purpose of stadial analysisis shown to be the study of succession and mechanisms of mineral forma-

tion at different stages of sedimentary rock formation.

REVIEW OF THE PROBLEM

At the end of the 19th century, many geologists and
petrographers (I. Walter, G. Rosenbush, U. Gruben-
mann, P. Niggli, A.N. Zavaritskii, and others), who
studied sedimentary rocks, supported an idealized
model of sedimentary process mainly based on early
concepts, according to which widespread sandstones,
clays, conglomerates, iron ores, limestones, and car-
bonaceous rocks form as a result of the erosion of mag-
matic rocks and crystalline schists in the ancient base-
ment. They believed that sedimentary process began
with the weathering of parental substrate, agueous
transport of its disintegration products, and accumula-
tion at the bottom of termina runoff basins. Newly
formed layers were subjected to various alterations and
transformed into sedimentary rocks. Their subsequent
metamorphism terminate the cycle of the geological
transformation of sediments. Walter (1894) proposed
the term lithogenesis for the whol e process of sedimen-
tary rock formation and divided it into the following
stages. (1) denudation (destruction of rocks, transport
of separated material in solid and dissolved forms and
itsdisintegration); (2) deposition of material; (3) diage-
nesis; and (4) metamorphism.

Fersman (1922) probably casted doubt on the con-
tinuous succession and imperative character of stages
outlined by Walter. Taking into consideration geochem-
ical data and understanding the complexity of sedimen-
tary rock formation, he proposed to distinguish three
genetic types of lithogenesis: (1) hypergenesis (al
chemical and physicochemica processes occurring at
the boundary between the Earth’s atmosphere and its
solid shell); (2) diagenesis (all processes within the pri-
mary nonlithified mud layer at the basin bottom; and
(3) catagenesis (all transformations of rocks after their
burial under a newly formed sediment layer until their
exposure on the land surface, i.e., exhumation to the
land-atmosphere boundary.

Pustovalov (1940) developed “laws’ of matter dif-
ferentiation, sedimentation periodicity, and physico-
chemical heredity. In the two-volume monograph
Petrography of Sedimentary Rocks, he presented a gen-
eralized and idealized model of the planetary-scal e sed-
imentary process. In contrast to Fersman, Pustovalov
proposed to divide lithogenesis into the following
stages (Table 1): destruction of source rocks, transport
of disintegrated products, deposition, early diagenesis
(syngenesis), and late diagenesis (epigenesis). He
emphasized their close interrelation.

Except for the vague and, therefore, lame terms
“syngenesis’ and “epigenesis,” which were used since
the middle of the 19th century by ore geologists for the
description of deposits that are synchronous or
younger, respectively, relative to country rocks
(Kholodov, 1973), the stadial model of Pustovalov
served as a basis for many subsequent (purely formal)
stadial constructions.

It is evident from Table 1 that precisely this model
provided the basis for the subsequent popular models.
Only boundaries of stages, terminology, and some sub-
divisions were debatable.

Noteworthy among subsequent innovations is the
stage of syngenesis or halmyrolysis proposed by Hum-
mel (1923) and accepted (under different names) by
L.B. Rukhin, M.S. Shvetsov, R.W. Fairbridge, and
V.T. Frolov. According to these researchers, the synge-
netic stage represents an oxidizing phase of the sub-
aqueous reducing diagenesis (Strakhov, 1953) and cor-
responds to the upper oxidized film of lacustrine and
marine sediments.

The stage of halmyrolysis or submarine weathering
wasinitially defined by analogy with soil formation and
weathering processes on continents. However, recent
hydrogeological, pedological, biogeochemical, and
geochemical data do not confirm the similarity of sub-
aerial and subagueous processes in  sediments
(B.B. Palynov, V.A. Kovda, D.S. Orlov, G.1. BushinsKii,
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Table 1. Evolution of concepts of lithogenetic stages

KHOLODOV

Stages of sedimentary rock formation Author, year
Denudation and transport | Deposition of material Diagenesis Metamorphism Zavaritskii,
Formation of sediments Transformation into rock 1932
Catamorphism (destruction of primary | Transfer and deposition of Diagenesis and lithification Tvenhofel et
rocks and formation of sediments) sediments of sediments al., 1936
Transfer of ; - : :
; : . Early diagenesis | Latediagenesis |Pustovalov,
Destruction of source rocks destruction | Deposition (syngenesis) (epigenesis) 1940
products
, . . . Shvetsov,
Weathering Transfer and deposition Diagenesis 1948
Transfer of S/ngen&is| Diagenesis | Epigenesis Rukhin
Formation of sedimentary material sedimentary | Deposition . 1953
material Petrification
Diagenesis ;
Weathering (mechanical and chemical) | Transfer Deposition Ha}l;gyg O |(exodiagen- aléztneeg| S %ggtsov,
€esis)
Transfer and :

I - . Sediment for- Strakhov
Mobilization of material in the weather-| sediment for- | S (050 4o Diagenesis |Catagenesis Protometa- | - L ogvi-
ing crust mation in minal basins morphism nenko. 1959

drainage areas ’
Lithogenesis Metagenesis fggghov,
: - : Halmyro- | Syndia Anadia- | Fairbridge,

Hypergenesis (epidiagenesis) ? lysis genesis genesis | 1971
Westhering (hyper- Disi o )

- ) isinte- | Mobili- Sedimen- - . | Catage- Metage- i
g?gjpﬂggnggé gration |zation | 1'@SPOLliogenesis Diagenesis | oqi nesis -{ggg’f%&

Sedimentogenesis Lithogenesis

A ) . Sedimen- ) __|Initial | Deep | Metag

Mobilizat f sed t aterial | T t : D ;
obilization o imentary materi ranspor togenesis iagenesis Catagenesis | enesis Igagpgs'(urt'
Sedimentogenesis Lithogenesis

A.l. Perel’man, and others). Therefore, the validity of
this stage as an autonomous subdivision is very doubt-
ful. This is evident from the distinct genetic relation
between diagenetic interstitial solutions and the so-
called “halmyrolytic’ minerals (glauconite and phos-
phorite) on the mud surface reported in many works
(Strakhov, 1953, 1956; Baturin, 2003; Kholodov, 2003,
and others).

Limitsand types of internal processesinthe metage-
netic stage are aso uncertain. It is commonly mani-
fested in orogenic regions with an intricate tectonic
structure. Therefore, this stage should probably be con-
sidered a combination of various catagenetic and meta-
morphic processes that are sometimes atypical of litho-
genesis.

Some researchers identified metagenesis with the
stage of regional metamorphism (Vassoevich, 1957;
Vassoevich et al., 1967). This problem is considered
below.
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In the 1950s-1960s, lithol ogists tended to formalize
and specify the stadial model of lithogenesis (Table 1).

For example, Fairbridge (1971) referred the weath-
ering stage to as a process taking place between two
cycles against the background of tectonic ascents
involving the sedimentation basin. According to this
model, hypergene transformations are already triggered
by groundwaters in an anaerobic (?') medium at deep
levels of the system. These transformations somewhat
correspond to regressive catagenesis and can be defined
as a cryptogenetic substage. With further uplift and
weathering, sedimentary rocks are transformed into
eluvium or residual rocks (idiohypergenetic substage).

Finally, joint activity of tectonic process and weath-
ering agents results in the destruction of sedimentary
sequences and formation of starting material for the
next sedimentogenesis cycle. This phaseisidentified as
the spaohypergenetic substage (Greek prefix “spao,”
means to expose, tear off, tear to pieces, carry away).
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The model proposed by Fairbridge (1971) can be
presented in the following form:

1. External surficial hypergenesis zone

2. Spaohypergenesis

3. End of the particular lithogenesis cycle (and
beginning of the next one)

4. Internal (deep) hypergenesis zone
5. Idiohypergenesis
6. Cryptohypergenesis

7. (Tectonic inversion, replacement of subsidence
by uplifts)

It is apparent that the proposed model is highly
speculative and applicable to a certain extent only to
humid settingsthat develop under slow rates of tectonic
rising. It should be quite different under glacial, arid,
and, particularly, volcanogenic sedimentation condi-
tions.

L ogvinenko (1968) attempted to specify the catage-
netic stage by correlating newly formed minerals and
coal metamorphism degree. He subdivided the catage-
netic stageinto the early (lignitic—bituminous and high-
volatile bituminous coals) and late (low-volatile bitu-
minous coals) substages. The metagenetic stage was
subdivided into the early metagenetic substage (semi-
anthracites and anthracites) and the late metagenetic
substage (metaanthracites). Although L ogvinenko con-
sidered the model of a global generalization of postdi-
agenetic sedimentary rock alterations, it is primarily
linked to coal-bearing sequences in the Donets Basin,
i.e., humid sedimentation settings.

Vassoevich (1962, 1971) went even further in the
formalization of diagenetic stages. He elaborated the
most important aspects of the lateral migration theory
of ail origin based on reconstruction of heat flow values
in the past. Leaning upon works by Ammosov and Gor-
shkov (1971), he proposed to use the reflectance of vit-
rinite inclusions for reconstructing paleotemperatures
in clayey sediments. He subdivided the catagenesis
zone in hydrocarbon-bearing provinces into protocat-
agenesis (25-75°C), mesocatagenesis (75-280°C), and
apocatagenesis (280—350°C) subzones.

In principle, such an objective subdivision of the
catagenesis zone isimportant for estimating the behav-
ior of dispersed organic matter and oil formation poten-
tial. The model proposed by Vassoevich (1962) till
valid in this aspect. It is, however, unclear how the cat-
agenetic mineral zonality of authigenic mineralsrelated
to interaction between gas—water fluids and sedimen-
tary rocksfitsin the defined subzones. Moreover, these
subzones within subsided sedimentation basins are
likely to reflect only one aspect of diverse secondary
alterations, namely transformation of organic meatter.

Vassoevich (1971) treated the stages of hypergene-
sis, diagenesis, and metagenesis (metamorphism) in a
simpler manner. Based on analogy with catagenesis,
and without any special studies, he identified proto-,
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meso-, and aposubstages. Thus, a rather intricate and
formal stadial model was compiled (Fig. 1).

Attempts to refine the stadal model of sedimentary
process continued in the 1990s. Timofeev (1986, 1994)
voluntarily united subagueous processes of sedimen-
tary material transformation and redeposition (halmy-
rolysis and edaphogenesis) with subaerial processes of
continental wesathering (Table 1). Consequently, the
term “lithogenesis’ acquired a new meaning including
all secondary alterations of sediments and sedimentary
rocks (diagenesis, catagenesis, and metagenesis).

Yapaskurt (1985, 1989, 1999) proposed to subdivide
secondary alterations of sedimentary rocks into initial
and deep stages of catagenesis. Simanovich and
Yapaskurt (2003) elaborated the geodynamic classifica-
tion of sedimentary rock basins, where the presumable
relationship between diagenesis, catagenesis, and
metagenesi s stages depends on the intensity and type of
tectonic deformations.

Following Timofeev (1994), they also subdivided
the sedimentary process into stages of early “ sedimen-
togenesis’ and late “lithogenesis’. In my opinion, such
an unjustified interpretation of terms violated the tradi-
tional terminology elaborated by |. Walter, A. Fersman,
N.M. Strakhov, N.B. Vassoevich, N.B. Logvinenko,
and others and provoked confusions in recent publica
tions. At the last All-Russian Lithological Conference,
for instance, some researchers interperted lithogenesis
as a totality of sedimentary processes, whereas other
researchers meant secondary alterations (diagenesis,
catagenesis, and metagenesis).

It should be emphasized that detailed subdivision of
stages in the idealized and formalized model of sedi-
mentogenesis has no limits and permits a plethora of
variants.

REAL SEDIMENTARY PROCESS

The rea sedimentary process is intricate and its
diverse aspects are insufficiently studied.

The existence of humid, arid, glacial, and volca
nosedimentary modifications of the sedimentary pro-
cess hampers the exact definition of stages of sedimen-
tary material mobilization, transport, and deposition,
because every type of lithogenesisis characterized by a
specific mechanism of material formation and burial
(Strakhov, 1960, 1963).

Indeed, mobilization of sedimentary materia in
drainage basins of the humid zone is mainly realized
through the formation of soils and weathering crusts
with a decisive role of vegetation. The material trans-
port is related to the activity of river system, and its
composition is considerably governed by the autochth-
onous organic matter and true solutions.

The arid provenance is dominated by the mechani-
cal destruction and deflation of initial rocks. In addition
to rivers, water flows and eolian activity play a signifi-
cant role in material transport. Correspondingly,
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Protohypergenesis
Anaerobic weathering (at deep levels).
Early or cryptic hypergenesis (cryptohypergenesis)
Mesohypergenesis
Mainly aerobic weathering (at deep levels).
Middle hypergenesis (idiohypergenesis) Residual rocks
Apohypergenesis
Surficial chemical and physical weathering. Beginning of the
Late hypergenesis (suprogenesis) ~ ——> \06*,
Termination of th¢ lithogenesis cycle »999_) Sedimentogenesis (s. 5.) 5
& Sediment formation q:%
g
Protodiagenesis N @ g
Onset of sediment transformation into rock. Stage of reducing <] 3
mineral formation (after Strakhov). Early diagenesis 5
i g
2 - - 29
5 Mesodiagenesis z 0%'
b Further transformation of sediment into rock. Stage of authigenic > °g
3 mineral redistribution (after Strakhov). Middle diagenesis Z2
kel = »
g f 2
o Apodiagenesis &
Tgn Termination of sediment transformation into rock. J %
2 Lithification stage (after Strakhov). Late diagenesis ~
‘g
5 T° = 10-30°C Y
' Reduced / Protocatagenesis
o Initial stage of sedimentary rocks alteration corresponding ~
-z \ to brown coal stage of organic matter (OM) alteration
8
1 Q
~ (Interr upted) / Mesocatagenesis g
N Middle stage of sedimentary rocks alteration > ag
Kcorresponding to early and middle stagesof OM alteration 2 o}
2, S
“ %
. . Apocatagenesis %
e Lithogenesis cycles Terminal stage of sedimentary rocks alteration preceding V. S
Qheir transformati on into “metamorphosed” rocks. Anthracite =
stage of OM alterations (beginning fromthe hard coal stage =
T° =300-350°C °§
/ Protometagenesis a
- Initial stage: complete alteration of sedimentary rock ~N @
\ composition and transformation into “metamorphic” rocks. 3
Complete recrystallization of clay minerals, OM graphitization e
, £ |5
/ Mesocatagenesis 2 &
N Middle stage: formation of “metamorphic” > o2 =
\ rocks (various crystalline schists) 3 ~
/ Apometagenesis
M~ Terminal stage: formation of gneisses %
\ and other similarly altered rocks
Melting and transformation into magma (palingenesis)
Fig. 1. Stages of the sedimentation process (Vassoevich, 1971).
sedimentary material in terminal basinsis mainly com- Both mobilization and transport of sedimentary
posed on coarse-grained sediments enriched in iron  materia act simultaneously in glacial lithogenesis. The
hydroxides. material transported by glaciers is produced by
In both cases, the sedimentary process can be com-  mechanical moraine weathering, landslides, or bed raft-
plicated by volcanic activity that supplies lavas, lapilli,  ing. Lesscommonly, terrigenous material is mixed with

gases, and thermal solutionsto the sedimentation zone.  ash in the case of volcanic activity. Glacier thawing
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results in the deposition of mobilized components.
They form a cover of glacial and fluvioglacial sedi-
ments on continents or are transported by icebergs in
seas and oceans where they settle down on the bottom
and mark the most distant areas of their distribution.
Sediments of glacia lithogenesis are poorly sorted.
They commonly contain large rock fragments and
blocks polished by erosion.

The reducing subagueous diagenesis widespread in
marginal and epicontinental seas and shelf zone of the
World Ocean represents amodel of diagenetic processes.
This stage was studieds by A.D. Arkhangel’skii,
K.A. Berner, R.R. Brooks, G.Yu. Butuzova, K.O. Emery,
Yu.O. Gavrilov, M.R. Goldman, Yu.N. Gurskii, M. Hart-
mann, M.V. lvanov, JR. Kaplan, Y. Kolodny, A.Yu. Lein,
N.A. Lisitsyna, PJ. Miller, A. Nissenbaum, B.J. Prestly,
Z.V. Pushking, A.G. Rozanov, O.V. Shishkina, N.M. Stra-
khov, M.G. Vayashko, I.I. Volkov, E.S. Zamanzon,
PV. Zaritskii, and others.

The microbiological decay of organic matter
accompanied by sulfate reduction and formation of
large amounts of CO, and H,S isthe leading processin
the elaborated model. This processresultsin changes of
interstitial water composition, reduction and dissolu-
tion of polyvalent elements, diffusion, and formation of
additional authigenic minerals frequently transformed
into concretions and nodul es.

It should be stressed, however, that this mode of sec-
ondary alterations and formation of sedimentary rocks
IS not unique.

In the 1980s, oceanographers (Volkov, 1980, 1984)
revealed that sediments are subjected to oxidizing sub-
aqueous diagenesisin organic-poor pelagic areas. Here,
apparent signs of reducing processes are missing, and
the formation of deep-sea ferromanganese nodules is
the main consegquence of material transport.

It should be noted that both versions of subagqueous
diagenesisare not obligatory stagesfor sediments accu-
mulated at the bottom of sea and oceans. For instance,
processes related to oxidizing and reducing diagenesis
were not reliably established in reefa and bacterial—
algal (framework-forming) limestones and dolomites,
aswell as numerous varieties of subaqueous evaporates
(gypsum, anhydrite, halite, and other salts).

The situation with diagenetic transformations of
sediments on the continental block is even more com-
plicated. Shvetsov (1958) identified these processes as
“exodiagenesis.”

Processes of the transformation of sediments into
sedimentary rocks on continents are extremely intri-
cate. In addition to subagueous diagenesi s, temperature
fluctuations and the consequent evaporation, freezing,
precipitation (rains and snow), eolian activity, abun-
dance and biochemical activity of vegetation, influence
of soil and groundwaters, and so on play a significant
role. It should al so be kept in mind that theimpact of all
these factors depends on climatic and facies environ-
ments.
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According to Strakhov (1963), thawing of glacial
mixtures in terminal moraines result in their heaving
and inundation in glacial settings. Oxygen stimulates
the oxidation of Fe*2, Mn*?, and other polyvalent ele-
ments in these moraines, whereas the released CO, is
redistributed to form carbonates and cement the sedi-
ments. The diagenetic transformation of moraines due
to temperature rise begins from their upper parts and
spreads downward gradualy involving the entire
sequence. At final stages of this process, communities
of primitive organisms, such as bacteria—algal mats,
fungi, and lichens, play an activerolein the transforma-
tion of poorly sorted material in moraines.

Processes of exodiagenetic carbonatization are
widespread inloess sedimentsformed from glacial silty
dust deposited by winds (or flowing water) and spa-
tially related to ancient glacial areas. Atmospheric and
soil moisture, along with vegetation stimulates the dep-
osition of carbonates cementing silty sediments, envel-
oping mineral grains and forming “lime nodules,
“loessdoalls,” and other nodular inclusions (Pustoval ov,
1940; Nalivkin, 1956; Shvetsov, 1958; and others).

In humid zones, the main exodiagenetic agents are
precipitation and land vegetation.

Swamping is widespread in forest and maritime land-
scapes. Plant remains accumulated in low and high peat
moors undergo al stages of pest formation (decay by ther-
mophilic bacteria, humification, and bituminization) that
turn organic matter into peat and sapropd (V.N. Sukachev,
D.A. Geaamov, G.l. Pafilev, SN.Tyuremnov,
N.M. Strakhov, D.S. Orlov, G.I. Bushinskii, M.N. Niko-
nov, A.V. Makedonov, K.l.Lukashev, V.A.Kovaey,
PP. Timofeev, L.I. Bogolyubova). Oxygen contained in
rainwater is rapidly consumed by oxidized organic matter,
resulting in the development of a gleyey environment in
bog waters. Acid gleyey waters dissolve carbonates of Fe*?,
Mn*2, and some ore components, which are intensdly
redistributed to cement sand, shingle, and other permeable
sediments in neighboring areas. Bog waters stimulate the
intense transformation of clay minerds, eg., illite into
kaolinite (Keller (1968) and montmorilloniteinto kaolinite
(Timofeev and Bogolyubova, 1985).

Exodiagenesis in bog systems has been scrutinized
in several works (Orlov, 1939; Bushinskii, 1946, 1952;
Koporulin (1966; Kossovskaya et al., 1971; Kovalev,
1985).

Exodiagenetic alterations are also realized in soils,
where the combined action of atmospheric precipita-
tion, land vegetation, microorganisms (bacteria, algae,
and fungi), and groundwater resultsin the formation of
various geochemical environments that influence the
mineral composition of underlying rocks.

In humid soils, excess atmospheric precipitation
stimulates an intense development of vegetation and
removal of organic matter. Brown-colored and acid
waters formed in such environment remove oxides of
Fe and Al and carbonates from soils. In contrast, silica
is concentrated to form podzol soils. In southern areas
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with a lesser atmospheric precipitation but still abun-
dant vegetation, plant remains are accumulated, and the
soil becomes black it (chernozem). In this case, only
carbonates are removed, while hydroxides of Feand Al
remain in situ and the environment becomes acidic.

In arid zones, reaction of soil waters becomes alka-
line because of thin vegetation and decreased acidity,
which stimul ates the preci pitation of carbonates and the
formation of concretions and pseudomorphoses in sed-
iments. Sometimes, the terrigenous material is
cemented. Unlike carbonates, silica is dissolved and
removed from soil, which results in the formation of
light-colored soils.

Owing to exodiagenetic authigenic mineralization,
the soils can be lithified and well preserved in coal-
bearing and red-col ored Paleozoic and ol der formations
(Gerasimov, 1961; Keller, 1968; Feofilov, 1972, 1975),
Retallack, 1990; Yakimenko et al., 2000).

Recently, exodiagenetic processesrelated to aluvial
sediments of various ages received much attention. Flu-
via and floodplain sediments, which fill many pale-
oriver valleys incised into crystalline basement with
acid intrusions (granites, rhyolites, and others), were
found to enclose uranium and uranium—rare metal min-
eralization. Such ore occurrences and deposits are
widespread in the Turgai Basin, Kazakhstan, western
Siberia, and Transbaikal region.

The geologica structure of two such deposits based
on (Kondrat’ evaand Nesterova, 1997) isshowninFig. 2.

The Dalmatovka deposit is located on the eastern
slope of the Urals. It is composed of gray-colored flu-
vial and floodplain sediments (Middle Jurassic—Creta-
ceous Koskol Formation), which fill the channel inci-
sion and grade upward into red-colored varieties. Some
gray-colored sedimentsin the channel are oxidized and
their contact with nonoxidized rocksis marked by beds
and rolls with nasturane—coffinite mineralization.

101

Slightly altered gray-colored sandstones and gravel -
stones are cemented by kaolinite. Along with leucox-
ene, the kaolinite is locally developed after biotites.
Such alterations are typical of humid exodiagenesis and
related to the formation of humid weathering crusts.

Exodiagenetic processes in fluvial sediments of the
Damatovka deposit were crowned by the penetration
of oxygen- and uranium-bearing groundwaters and for-
mation of ore bodies at the contact with reduced rocks
(Khalezov, 1993; Kondrat’eva and Nesterova, 1997).
Thisis confirmed by the 2°°Pb/>*®U mineralization age
estimated at 130-140 Ma.

Similar geological structure is also typical of the
Semizbai uranium-rare metal deposit located at the
boundary between the Kazakh Highland and West
Siberian Lowland. Theriver incision isfilled with sed-
iments of the Upper Jurassic—Lower Cretaceous (Val-
anginian) Semizbai Formation. The formation is com-
posed of intricately aternating gray-colored aluvial
and red-colored talus—proluvia sediments. They
enclose abundant Fe-smectite (nontronite) that occa-
sionally envelops terrigenous clasts. Various carbonate
inclusions ranging from siderite lentils to calcite aggre-
gates highly resembling caliche are also present. All
these features can be referred to arid exodiagenesis.

The younger uranium-rate metal mineralization is
usually localized at transition between red-colored oxi-
dized and gray-colored floodpl ain sediments with coaly
remains. Mineralization in the Semizba deposit is
strongly complicated by the hydrothermal alteration
and other younger processes (Kondrat’ eva and Nester-
ova, 1997).

Facts mentioned above suggest that exodiagenesis
of aluvial sediments is highly variable. They reflect
rather adequately paleoclimatic parameters of the rele-
vant area.

Therole of vegetation and atmospheric precipitation
in arid exodiagenesis is probably minimal, whereas

Fig. 2. Structure of uranium depositsin paleoriver valleys. (A) Schematic structure of the Dalmatovka deposit: (a) geological map
of the Central sector, (b) lithofacies cross section of the paleovalley (Luchinin et al., 1992; Khalezov, 1993; Konoplev and Maksi-
mova, 1989). (a) Basement rocks: (1) micaceous and carbonaceous schists (Pz), (2) marbelized limestone (Pz), (3) rhyolite (T,),
(4) basalt (T,); Koskol Formation (J-3-K): (5) gray-colored gravelly—sandy—clayey, talus—proluvial, floodplain, (6) gray-colored,
silty—clayey, floodplain, (7) red-colored, gravelly—sandy—clayey, talus—proluvial; (8) uranium mineralization: (a) high-grade and
ordinary ores, (b) low-grade ores; (9) boundary of the ancient subsurface stratal oxidation zone; (10) tectonic dislocations;
(11) deposit sectors: (1) Dalmatovka, (2) Uksyan, (3) Ust’-Uksyan. (b) Basement rocks: (1) rhyolite, (2) basalt, (3) weathering
crust: (a) after rhyolites, (b) after basalts; gray-colored aluvia sediments of the lower Koskol Subformation: (4) pebbly—gravelly
(channel) sediments, (5) sandy (channel) sediments, (6) clayey—silty (floodplain) sediments; (7) gravelly—sandy—clayey (fans) sed-
iments; (8) red-colored talus—proluvial and lacustrine clayey—sandy and clayey sediments of the upper Koskol Subformation;
(9) sandy sediments (K 5); (10) uranium mineralization; (11) boundary of the ancient subsurface stratal oxidation zone; (12) tectonic

dislocations.

(B) Schematic structure of the Semizbai deposit (after L.L. Bobrova). (a) Geological map Basement rocks: (1) andesite, tuff (O,),
(2) diorite, granodiorite (O3-S;), (3) biotite granite (S,—D1), (4) porphyritic leucogranite (D,—3), (5) granite—aplite dikes (D,—3);
(6-8) Semizba Formation (J;K4): (6) red-colored gravelly—sandy-clayey sediments, (fans), gray-colored, aluvia (7), pebbly—
gravelly—sandy (channel) and (8) clayey—silty (floodplain) sediments; (9) uranium mineralization.

(b) Lithofacies cross section of the paleovalley; (1) granitoids of the paleovalley basement; gray-colored aluvia sediments of the
Semizbai Formation: (2) gravelly—pebbly (channel) sediments, (3) sandy (channel) sediments, (4) clayey—silty (floodplain) sedi-
ments; (5, 6) red-colored sediments of the Semizbai Formation: (5) gravelly—sandy—clayey, talus-proluvial sediments, (6) silty—
clayey, floodplain-lacustrine sediments; (7) Cretaceous, Paleogene, and Quaternary sediments overlying the Semizbai Formation;
(8) uranium mineralization; (9) boundary of the ancient subsurface stratal oxidation zone; (10) tectonic dislocations.
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evaporation and groundwater activity are decisive
agents.

The arid exodiagenesis is particularly well devel-
oped in sebkhas (maritime coastal plainsintermittently
flooded by sea but located above the intertidal zone)
with abundant bacterial—algal mats, newly formed car-
bonates (dolomite), gypsum, anhydrite, and halite that
cement the coastal terrigenous—biogenic sediments.

Sebkhas were described by Friedman and Sanders
(1970), Patrunov and Golubovskaya (1976), and many
other researchers (W. Sudgan, A.J. Wells, A. Curtis,
D.J. Sherman, E.A. Shinn, J. Evans, B.N. Purser,
D.J. Kinsman, P. Bush, G.P. Butler, R.W. Peterson,
B.C. Shreiber, JM. West, and others). They are devel-
oped along coasts of the Persian Gulf and Mediterra-
nean Sea, in the Nile River mouth area (Egypt), Spain,
and California (United States).

Figure 3a demonstrates the facies structure of the
Abu Dhabi sebkha located on the southern coast of the
Persian Gulf. A system of reefal buildups and coral
accumulations separates the Khor al Bazam Lagoon
from the gulf with the TDS content of 40—50%.. Owing
to hot climate and intense evaporation, the TDS content
in the lagoon amounts to 70%. or more, which is prob-
ably responsible for the high salinity of some ground-
waters beneath coastal sediments.

Areas |located southeast and south of the lagoon are
occupied by pelletal, coral, and organogenic—alga
sands laterally aternating with oolitic sands in the
intertidal zone. The upper intertidal zone hosts bacte-
rial—algal mats bounding the sebkhain the northwest.

Sediments of the sebkhainclude remainsof algal mats,
eolian materid delivered from the coast, and carbonate
pelleta and skeletal sands transported from the sea. The
sediments are saturated with diagenetic crystals of gyp-
sum and less common hdite and carbonates owing to the
intense evaporation of saline lagoona and fresh continen-
tal groundwaters. Anhydrite concretions and gypsum nod-
ules also form in these environments (Fig. 3b).

The typical mechanism of diagenetic salinization of
loose sediments in sebkha can be observed in different
desert areas, where groundwater receives alarge quan-
tity of salts transported by rivers. According to some
calculations (Sidorenko, 1956; Kunin, 1959), the Tejen
and Murgab blind rivers and the transit Amu Darya
River supply the Karakum Desert with 3 x 10° t of water
per year. As a result, an enormous volume of mineral-
ized and, sometimes, fresh water accumulated beneath
sands and clays.

Intense heating of the Earth's surface results in
moisture deficiency, which is permanently compen-
sated by ascending subsurface water. The capillary
water inflow shown in works of Kovda (1947, 1954) is
similar to groundwater ascent in sebkha (Fig. 4). Asthe
groundwater rises to the day surface, one can observe
the following sequential precipitation of minerals:
low-soluble Fe,O; and Al,Os, carbonates, sulfates, and
readily soluble halite salts.
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Such a differentiation of salts during the precipita-
tion from groundwater implies that shallow groundwa-
ter promotes exodiagenetic carbonatization of sedi-
ments, whereas deep groundwater favors the formation
of gypsum and even solonchak.

Indeed, Sidorenko (1956, 1958), Strakhov (1960),
Allen (1974), Leeder (1975), and other researchers
observed exodiagenetic carbonate crusts (thickness up
to 6-10 m) beneath loose sediments in the deserts of
Kara Kum, Kyzyl Kum, and Mexico. The formation of
such is probably related to the development of caliche,
calcretes, nari, and other specific local features of car-
bonatization in the Eastern Mediterranean (Yaalon,
1975), Algeria, Tunisia, Morocco (Raynel et al., 1975),
and other arid regions of the world.

Gypsum crusts and sandstones layers cemented by
gypsum commonly occur in central areas of deserts,
where groundwater is characterized by a high sulfate
content and absence of carbonates (Kovda, 1947, 1954;
Strakhov, 1960; Batulin, 1966; and others).

In terms of formation mechanism, solonchaks,
shors, and takyrs are close to carbonate and gypsum
crusts. However, in addition to groundwater, fresh
water (Nalivkin, 1956) or inflowing seawater, e.g., in
Southern Australia (Black, 1976; Warren, 1982, 1985),
also play a substantial role.

The exodiagenetic transformation of volcanosedi-
mentary sequences significantly depends on glacial,
humid, or arid environment of the subaerial volcanic
field (Strakhov, 1963) and differencesin superficial and
deep physicochemical conditions. For example, degas-
sing of thermal vents produces various travertines and
geyseritesin intricate relationships with sediments and
sedimentary rocks, whereas pyroclastic material is rap-
idly transformed into smectites, zeolites, and other sec-
ondary minerals.

The next catagenetic stage is marked by a substan-
tially decreased role of exogenic processes and higher
significance of endogenic processes.

In the 1960s, following A.G. Kossovskaya, V.D. Shu-
tov, and N.V. Logvinenko, many lithologists and mineral-
ogigs (A. V. Kopdliovich, V.I. Murav'ev, |.M. Simano-
vich, V.A. Drits, B.A. Sakharov, O.V. Yapaskurt, and oth-
ers) assumed that catagenetic transformation of sedi-
mentary rocks is a simple redistribution of chemical
elements due to the increase of temperature and pres-
sure in deep zones of stratisphere and the formation of
several additional authigenic minerals.

From this standpoint, the catagenetic stageisasim-
ple precursor of regiona metamorphism. Sandy—clayey
rocks are united into facies groups sometimes divided
into certain vertical phylogenetic successions. For
instance, L ogvinenko (1968) supposed that mineral and
structural features of quartz, feldspar—quartz, arkose—
graywacke, and volcanogenic graywacke sandstones
and associated pelites (clays) transformed at various
depths correspond to different degrees of coa meta
morphism.
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Fig. 3. Formation conditions of sebkha on the southern coast of the Persian Gulf and in the Nile Rive delta. (a) Facies map of coastal

carbonate sedimentsin the Abu Dhabi area (Butler et al., 1982).

(1) Land; (2) sebkha; (3) algal mat; (4) pellets and mud; (5) pellets,

grapestones, and skeletal sand; (6) oolites; (7) organogenic reefs and coral—algal sands; (8) skeletal sands; (9) depth, fathoms.
(b) typical vertical sedimentary section of the majority of maritime depressionsin the sebkhalocated along the Nile River deltanear

El Hammam (Egypt). In summer, the TDS content ranges from

(31-61%0) below the water table to > 300%. in the halite precipita-

tion zone in uppermost sediment layer. Seawater is sulfate-saturated even below the water table (West et al., 1979).

Kossovskaya and Shutov (1971) scrutinized the
sandstone and clay association using the precise X-ray
and crystatllochemical methods and revealed that clay
minerals can serve asindicators of stages and substages
(see articles by V.A. Drits, B.A. Sakharov, A.L. Salyn,

LITHOLOGY AND MINERAL RESOURCES Vol. 39

G.N. Sokolova, and othersin collection of papers“Epi-
genesisand Its Minera Indicators’).

In works of Kossovskaya and Shutov, facies (more
exactly, associations) united sandy, silty, and clayey
sediments. They characterized the prevalent textures
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Fig. 4. Separation of salts during groundwater evaporation
(Kovda, 1947, 1954). (1) Readily soluble salts; (2) CaSO,;
(3) CaCOg3; (4) Ry04; (5) saltsin groundwater.

and presented a qualitative mineral composition
(Fig. 5). However, quantitative relationships between
facies constituents were ignored.

In the 1950s-1960s, lithologists, hydrochemists, and
geologistsa so investigated the problem of catagenesisat
uranium and rare metal—uranium depositsin the Fergana,
Kyzyll Kum, Chu Sarysui and Syr Darya depressions,
Kazakhastan, and other areas. Complex litological—
mineralogical and hydrochemica studies carried out
by A.l. Germanov, V.N. Kholodov, E.A.Golovin,
E.M. Shmariovich, A.K. Lisitsyn, |.A.Kondrat' eva,
G.V. Komarova, O.l. Zelenova, S.G. Batulin, M.F. K&
shirtseva, V.G. Grushevoi, |.S. Onoshko, and others
showed that waters and gas—-water solutions circulating
within sediments can substantially transform the initial
mineral ogical—-geochemical composition of rocks and
produce various associations of newly formed ore and
other mineras. The relationship of mineral-forming pro-
cess with subsidence depth and thermodynamic condi-
tion within the bed is often ambiguous.

The results obtained al so revealed a principle differ-
ence between catagenetic transformations in reservoir
rocks (sandstones, silts, and permeable limestone vari-
eties) and cap rocks (clays, marls, halogenic rocks, and
gypsum-bearing sequences). Moreover, their intensity
and trend dramaticaly differ from each other with
increase in depth.
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Theoretical achievements in uranium and uranium-—
rare metal geology made it possible to consider cat-
agenesis as a stage of interaction between oil-saturated
and gas—water solutions with newly formed sedimen-
tary rocks.

If we take into account the above conclusion, it
becomes evident that model s proposed in (L ogvinenko,
1968,1984; Kossovskaya and Shutov, 1962, 1971,
1975; Karpova, 1972; Logvinenko and Orlova, 1987,
and others) based on statistical mineralogical data need
aserious correction and refinement by studying vertical
and lateral lithogeochemical zoning in reservoir and
confining beds.

Based on differences in hydrodynamic conditions,
infiltration and elision basins can be distinguished in
the catagenesis zone (Kholodov, 1973, 1982a, 1982b;
19833, 1983h, 1985, 1990, 1991, 1995, 2002b, 2002c,
2002d; Kholodov and Kiknadze, 1989; Kholodov and
Butuzova, 1989; Kholodov and Nedumov, 2001,
Kholodov et al., 1998, 1999).

In infiltration basins, meteoric waters penetrate
exposed sedimentary beds (reservoirs) and migrate to
the discharge area under the influence of gravity. Such
systems are usually located in tectonically stable areas
with sedimentary cover less than 4-5 km thick. Con-
trasting redox conditions in these water solutions stim-
ulate the formation of sulfides, hydroxides, carbonates,
silica, and uranium minerals, as well as the develop-
ment of sutures, stylolites, and dissolution breccias.

Elision basins are confined to actively subsiding
blocks of the Earth’s crust. They are characterized by a
thick sedimentary cover (18-20 km); intricate hydro-
chemical zoning; development of anomal ous formation
pressures; migration of groundwater, oil, and gas-water
solutions along reservoir beds and faults from central
parts of the basin toward its periphery; wide develop-
ment of rock decompaction in deep ones; hydraulic
fractures; and mud volcanism.

The devel opment of anomal ous formation pressures
in elision systems is related to the transformation of
clay minerals. The smectite — hydromica transition
accompanied by dehydration is particularly important.
Owing to the existence of hydraulic relation between
different hydrogeological stages, the hydrodynamics of
a basin is mainly governed by high pressures, which
have a strong impact on both clayey beds and the entire
elision system.

The transformation of various clay congtituents (dis-
persed organic matter, carbonates, silica, and others) dur-
ing the subsidence to high PT depths produces various
fluids containing CO,, H,S, liquid and gaseous bitu-
mens, and other chemically active componentsin the eli-
sion system. Initially, they fill up poresin clayey sedi-
ments. When the interdtitial pressure increases, they
migrate, from the source bed to reservoirs, fissures, and
faults to form gaseous hydrocarbon deposits, oil and
bitumen pools, and thermal ore-bearing solutions.
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Fig. 5. Main associations of terrigenous rocks and facies of regional catagenesis (Kossovskaya and Shutov, 1971).

Clayey sequences of basins are marked by zoning The sandy reservoirs are often characterized by the

that reflects the removal of compo
tion of new minerals, such as illit

nents and forma-  carbonatization and decomposition of minerals (feld-
e 2M,, chlorites, spars, plagioclases, micas, chlorites, and glauconites),

sulfides, and carbonates (Kholodov and Nedumov, intense corrosion of quartz, and formation of pores and

2001).

cavitiesfilled with bitumen (Kholodov et al., 1985).
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These data provide new insights into processes of
mineral formation at the catagenetic stage and make it
possible to outline new approaches in the study of this
phenomenon.

Further alterations of sedimentary rocks are deter-
mined by acombination of processes usually termed as
metagenesis. Some researchers consider them an
autonomous stage of lithogenesis (Logvinenko, 1968;
Kossovskaya and Shutov, 1971; Yapaskurt, 1989;
Makhnach, 2000; and others). For example,
Logvinenko (1968, p. 34) wrote: “... Strong textura
and mineralogical aterations of sedimentary rocks in
the lower part of the Earth’s sedimentary cover similar
to those typical of initial stages of regional metamor-
phism will be termed metagenesis... These alterations
result in the transformation of granular rocks into
guartzite sandstones, sandstone quartzites, and quartz-
ites; clayey rocks into shales, aspid and phyllite-type
schists; carbonate rocksinto crystalline and marbelized
limestones and dolomites; and fossil coas into hard
coal, anthracite, and graphitized anthracite. Thus, this
stage is marked by the formation of metamorphosed
sedimentary rocks.”

Unlike these researchers, Strakhov (1960) termi-
nated the geological cycle of lithogenesis by stages of
catagenesis and protometamorphism united under a
common term “metagenesis’ (Table 1).

In my opinion, the notion system proposed by Stra-
khov has a deeper meaning, because areas of the
Earth’'s sedimentary cover marked by processes of cat-
agenesis and protometamorphism do not fit a historical
succession (Fig. 6).

Metagenetic alterations are usualy manifested in
geosynclines at the orogenic stage. This means that
metasedimentary sequences of such orogen have along
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history. Initially, they represented sedimentary rock
basins with processes of infiltration or elision catagen-
esis, interaction between sediments and oil-gas-water
fluids, and typical authigenic mineral formation.

Subsequent inversions, folding, fracture tectonics,
and emplacement of plutonsin the orogen were super-
imposed on the mineralogy of infiltration and elision
processes, i.e., different types of catagenetic mineral-
ogical—geochemical zoning.

At later stages, the orogen was subjected to erosion

and weathering, which could significantly influence
protometamorphism in local areas.

Thus, the phenomenon considered by Logvinenko
and other researchers as a common stage of lithogene-
sisactually represents acombination of many different-
aged processes. Mineralogical—-geochemical observa-
tions should be correlated with tectonic history of the
region, its magmatism, and erosion in order to recon-
struct the succession of events and define real pro-
tometamorphic alterations. Simanovich and Yapaskurt
(2003) have already made the first (although specula-
tive) stepsin this direction.

BOUNDARIES OF DIFFERENT STAGES
IN LITHOGENESIS

The sedimentary rock formation in natural environ-
ments is an intricate and multifactor phenomenon.
Therefore, boundaries between stages of this process
were always vague and ambiguous, which provoked
acute debates between lithologists of different schools
and different interpretations of the term “diagenesis.”
For example, it has a wider meaning in the interpreta-
tion of foreign researcher (all secondary alterations of
sediments and rocks ranging from diagenesis to
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catagenesis), while Russian lithologists usually con-
sider separately transformations of sediments and evo-
lution of rocks (Table 1).

It should be emphasized that relationships between
rock weathering, material mobilization, and its trans-
port, which begin the process of sedimentation, depend
on the environment. In glacial settings, they frequently
coincide. For example, glaciersmobilize, transport, and
deposit sedimentary material in thawing areas.

Early stages in some vol canosedimentary processes
are substantially different. In hydrotherma systems,
transport and accumulation of matter are close in both
time and space.

In contrast, the early stage of sedimentogenesis in
humid zones is distinctly divided into substages corre-
sponding to the weathering of source rocks (soil and
crust formation), mobilization (talus, colluvium, and
proluvium formation), transport by rain water, creeks,
rivers, ground and subsurface waters, and depositionin
terminal basins (seas and oceans).

At first sight, dynamics of the process is simple.
However, it is complicated by the presence of many
intermediate accumulation basins (bogs, lakes, land-
locked basins, and land areas temporarily occupied by
sea) between the provenance, where the sedimentation
process begins, and the termina basin, where the sedi-
ments are buried and subjected to diagenesis. Theseinter-
mediate basins serve as site for the temporal buria of sed-
imentsand their diagenetic transformations. They canturn
again into provenancesin anew tectonic situation.

Thus, continents are characterized by repeated
mobilization and burial of sediments and the initial
stage of sedimentary process can be aslong as millions
of years. In this situation, it is naturally impossible to
distinguish boundaries of its separate phases.

The uncertainty of boundaries between different
phases of this process was previously noted in the
description of subaerial process (Shvetsov’s exodiagen-
ess). Even lessdistinct these boundariesarein the min-
eralogical manifestation of subaqueous diagenesis. The
upper boundary of the diagenesis zone is particularly
vague.

It was established long ago that reducing diagenetic
transformations in marine and oceanic sediments are
closely related to bottom water. Persistent diffusion
exchange by different components between interstitial
and bottom waters imparts features of an open physic-
ochemical system to diagenesis (Strakhov, 1953, 1956,
1960; Volkov, 1984; and others).

Anaerabic microbiological sulfate reduction and
formation of sulfidesin sediments, which are one of the
most important processes of this stage, cannot be real-
ized without diffusion influx of sulfates from bottom
seawater.

In contrast, excess H,S and CO, generated in inter-
dtitial waters due to the mass burial of organic matter
can enter bottom waters and form H,S-contaminated
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zones of the Black Sea or Norwegian type under favor-
able hydrodynamic conditions (Strakhov, 1976;
Volkov, 1984; Kholodov, 2002a). In the case of H,S
contamination of water of the Black Sea type, some
diagenetic processes (microbiological decay of organic
matter, sulfide formation, and others) take place not
only in sediments but also in zoneslocated significantly
above the sediment—water interface (Sorokin, 1982;
Volkov, 1984; Morozov, 1991a, 1991b; Volkov et al.,
1998; and others).

Enormous quantities of P, Mn, and other dissolved
components diffuse from interstitial waters into seas
and oceans even when bottom waters are characterized
by oxidizing environments (Baturin, 2003; Sval’nov,
1991; and others).

Processes of sedimentation and diagenesis are
strongly complicated by the vital activity of bottom
organisms. Biogenic extraction (bioassimilation), bio-
filtration, biosorption, and biological transport of com-
ponents at the water—sediment interface are responsible
for the remova of many components from sediments
and their redistribution in the water column (Lisitsyn,
1977; Vinogradov and Lisitsyn, 1981). Issue of the dis-
crimination between subagueous sedimentation and
diagenesis is even more complicated by processes of
bottom erosion, mobilization, and redepasition of ter-
rigenous—clayey sedimentsin seas and oceans. Like on
land, underwater landslides and avalanches accompa:
nied by the formation of gravitites, turbidites, and con-
tourites, as well as processes of erosion and redeposi-
tion of sedimentary material, disturb the normal course
of subaqueous diagenetic transformations (Lisitsyn,
1974, 1977, 1988; Sva’ nov, 1991).

Sedimentary material flows intermittently deviate
from the periphery to the central parts of terminal
basins (seas and oceans), reflecting capricious patterns
of basin hydrodynamics. Therefore, it isdifficult to dis-
criminate between sedimentation and diagenesisin this
situation and draw a distinct boundary between these
Processes.

As was repeatedly noted in lithological publica-
tions, the lower boundary of the diagenesis zoneisalso
arbitrary. Shvetsov (1958, p. 32) asserted that “... the
diagenetic stage terminates at different depths in vari-
ous basins, environments, and rock sequences.”

Developing this idea, Logvinenko and Orlova
(1987, p. 54) wrote: “... indeed, where and how this
boundary should be drawn? Based on changes of phys-
ical properties or parageneses of authigenic minerals?
The boundary will be located at different levels on the
basis of these principles. Moreover, the boundary
between diagenesis and catagenesis zones based on
physical propertiesin different sediment typeswill also
be located at different.”

Based on the curve of compaction (and dehydration)
of clayey sediments in the Gulf of California (Emery
and Rittenderg, 1952) and experimental data on water
squeezing from clayey sediments obtained at Moscow
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State University (Lomtadze, 1953), Strakhov con-
cluded that the boundary between diagenesis and cat-
agenesis zones in compacted claysislocated at a depth
of 250-300 m. A distinct bend is observed at the same
depth interval in compaction curves compiled for clays
and clayey sequences reported in (Vassoevich, 1966;
Ozerskaya and Podoba, 1967; Avchan, 1972; Rike and
Chilingarian, 1974; and others).

However, DSDP data show that the boundary
between sediments and sedimentary rocks in the oce-
anic sedimentary cover is located at a significantly
deeper level. Seismic study of the cover performed
prior to deep-sea drilling (Nafe and Drake, 1967)
revealed that sedimentary rocks are overlain by a2-km-
thick sequence of dlightly compacted pelagic sedi-
ments. Later on, study of deep-sea cores obtained by
the D/V Glomar Challenger showed that many holes
did not penetrate the dlightly compacted sediment zone,
where the density of clayey and carbonate varieties
rangesfrom 1.75 to 1.80 g/cm? at adepth of 50-1000 m
(Kalinko, 1969; Sokolov and Konyukhov, 1975).

Sediment decompaction and inundation in oceans was
explained in different ways (M.K. Kdinko, B.A. Sokolov,
A.l. Konyukhov, L.A. Nazarkin, N.V. Logvinenko,
L.V. Orlova, E.L. Hamilton, T.A. Davies, P. Sapko, and
others). This stimulated researchersto revise old concepts
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concerning the lower boundary of the diagenesiszoneand
supplement the interval of active geochemical processes
(250-300 m) with an amost 2-km-thick sequence of
unconsolidated relatively inert sedimentsin deep zones of
the ocean.

Thus, it is clear that all attempts to draw an exact
formal boundary between sediment and rock “... would
only be an example of false wisdom or sophistry in
petrography” (Shvetsov, 1962, p. 229).

Itissimilarly difficult to separate different processes
of catagenetic transformations. Indeed, when defining
infiltration and €lision basins, we take into consider-
ation mainly prevalent processes of interaction
between gas-water—oil fluids and sedimentary rocks. In
natural environments, these processes are so intricately
interlaced that it is often impossible to discriminate
them.

This can be exemplified by the West Siberian Plate
with separate regions characterized by different types
of geological history and tempora relationships
between infiltration and elision processes (Fig. 7). As
follows from this diagram based on paleohydrological
reconstructionsreported in (Kartsev et al., 1969, 1986),
areas|, |1, and 1V were characterized by the prevalence
of subsidences and elision processes throughout the
Jurassic, Cretaceous, and Paleogene, while areas 111
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Table 2. Main stages of sedimentary rock formation modified after (K rasheninnikov, 1985)

Stages Main agent Main process Typification principle
| Mobilization Weathering, soil formation, Transformation of rock material | Based on paleoclimate and pa-
volcanism into transportable state leotopography, eruption type
and magma chemistry
Il Transport Dynamics and chemistry of Transport of material under Based on phase state of environ-
transporting environments active environments ments and transport distance
[11 Accumulation Gravity, living organisms, chem-| Formation of insoluble com- Based on physiographic set-

istry and dynamics of environ-

ments
IV Subaerial and sub- | Ground and interstitial waters,
aqueous diagenesis | organic matter

V Catagenesis Temperature, pressure,

formation waters, gases, ail

pounds, deposition, and fixation
of sediments at the bottom
Biochemical decay of organic

matter, transformation of
sediment into rock

Interaction between oil-gas-water
solutions and sedimentary rocks

tings (genetic types and facies)

Based on physicochemical con-
ditionsin mud

Based on catagenetic zoning
type

and V were marked by aternating elision and infiltra-
tion processes. Regional uplifts in the framing of the
West Siberian Lowland in the Neogene provoked a
wide development of infiltration processes in the entire
region.

These paleohydrological interpretations undoubt-
edly need reliable confirmation by mineralogical—
geochemical data. Study and dating of catagenetic
zonation of sedimentary sequences in western Siberia
should make it possible to decipher the intricate sce-
nario of these processes. Consequently, issue of the
genesis of oil and gas deposits can be morereliably and
confidently solved.

CONCLUSIONS

Facts and assumptions discussed above make it pos-
sible to conclude that stages in lithogenesis are arbi-
trary subdivisions of the idealized model of sedimen-
tary process.

They cannot be applied to all versions of the sedi-
mentary process. The stages presumably outline the
temporal succession of processes in the general evolu-
tion of events, i.e., specific boundaries that help us to
systematize educational and scientific materials.

Itisalso evident that the formal subdivision of stages
only complicates the understanding of real processes
involved in the formation of sedimentary rocks and ores.
In most cases, thisissue isinsufficiently studied.

In my opinion, the system proposed by Krasheninni-
kov (1985) is the most rational model of main stages of
sedimentary rock formation. As can be seen in the
dightly modified version (Table 2), this system differs
from other model s by logic substantiation and smplicity.
It lacks superstages, which substantially complicate the
general scenario of the process. Stages defined in this
system can undoubtedly serve as abasis for any modern
curriculum on lithology, petrography of sedimentary
rocks, or geochemistry of sedimentary process.
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However, it should be emphasized that the scheme
illustrated in Table 2 isfar from being universal and the
ranges of defined stages need substantial refinements.

Facts mentioned above compel usto be very careful
with attempts of some lithologists to solve the problem
of stages by the deductive method based on theoretical
reasonings and a posteriori confirmations by mineral-
ogical data. Such an approach canonizes the current,
quite imperfect knowledge of lithogenetic stages and
does not stimulate progress in lithology.

Further refinement of stadial analysis is undoubt-
edly related to inductive empirical studies based on the
analysis of minerals, their parageneses, and spatiotem-
poral relationships (particularly, in the field of postsed-
imentary transformations). The investigations should
lean upon thoroughly examined cross sections and
boreholes sections, which would make it possible to
reconstruct the general mineral ogical—geochemical and
hydrogeol ogical zoning of the sedimentary rock basin.
Correlation of this zoning with facies and lithological
features of sedimentary seguences will allow us to
reconstruct physicochemical processes that were active
at different stages of lithogenesis.

Knowledge of processes of mineral formation and
geochemica—minerdogica zoning will hopefully serve
asaproxy for refining the stadia system of lithogenesis.
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