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Abstract

The GALO system is applied to the numerical reconstruction of burial and thermal histories of the West Bashkirian

lithosphere from the Riphean to the present. An analysis of the variation in tectonic subsidence of the basin during its

development is utilized to estimate approximately the mantle heat flow variations. Our variant of basin evolution suggests that

after cooling in the Early Riphean, the rather weak thermal reactivations have not led to considerable heating of the lithosphere

in the study region. Surface heat flow decreased from relatively high values in the Early Riphean (60–70 mW/m2 in the eastern

area and 40–50 mW/m2 in the western part) to present-day values of 32–40 mW/m2. In spite of the relatively low temperature

regime of the basin as a whole, a syn-rifting deposition of more than 10 km of limestone, shale and sandstone in the Riphean

resulted in rather high temperatures (180–190 jC) at the base of present-day sedimentary blanket in the eastern area. In

agreement with the observed data, computed present-day heat flow through the sediment surface increases slightly from 32 to

34 mW/m2 near the west boundary of the region to 42 mW/m2 near the boundary of the Ural Foldbelt, whereas the heat flow

through the basement surface decreases slightly from 28–32 to 24–26 mW/m2 in the same direction. The mantle heat flow is

only 11.3–12.7 mW/m2, which is considerable lower than mean heat flow of the Russian Platform (16–18 mW/m2) and

comparable with the low heat flow of Precambrian shields.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The study region includes the West Bashkirian

sedimentary basins and adjacent areas of the South

Urals (Fig. 1). The main two aspects determine an

increased interest of geologists and geophysics to this

region. The first relates to oil and gas prospecting of
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the Riphean and Vendian deposits in the Bashkiria

(Aliev et al., 1977; Belokon et al., 1996; Masagutov et

al., 1997). The second aspect concerns anomalous low

heat flow in the region that has been analyzed in many

papers (Salnikov, 1984; Salnikov and Golovanova,

1990; Khutorskoy et al., 1993; Kukkonen et al.,

1997). Application of the GALO system for basin

modeling enables considering the above aspects. The

numerical reconstruction of burial and thermal histo-

ries of the West Bashkirian basins, presented in the

paper, can be helpful for oil and gas prospecting of the



Fig. 1. Generalized location map and main tectonic structures of the South Urals region, showing modeled wells and profiles in the West

Baskirian. (Ruzhenzev, 1976; Belokon et al., 1996; Maslov et al., 1997). (A) main tectonic structure of the West Baskirian, (B) boundaries of the

West Ural Folded Zone and the East Ural Uplift, (C and D) western and eastern boundaries of the Ural Foredeep, (E) the Main Ural Fault, (F)

profiles and wells considered in the paper. Shaded area shows approximately the region of low heat flow after (Smirnov, 1980). The numbers

correspond the following wells: 1 =Arlanskaya, 2 =Koltasinskaya, 3 =Yugomashskaya, 4 = Severo–Kushkulskaya, 5 =Kushkulskaya,

6 =Yuzhno–Taftimanovskaya-1, 7 =Yuzhno–Taftimanovskaya-2, 8 =Kabakovskaya, 9 =Akhmerova, 10 =Kipchackskaya, 11 =Aslykulskaya,

12 =Morozovskaya. Profile 1 crosses the wells 1–8 and the profile 3 crosses the wells 9–12.
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deep Riphean and Vendian horizons in the region

(Belokon et al., 1996). In addition, the fulfilled basin

modeling has the advantage that heat transition in

basin is considered taking into account the variation

in porosity, heat conductivity, heat capacity and vol-

ume heat generation of sedimentary rocks with depth

and rock lithology. The demonstrated comparison of

the computed and measured distributions of tempera-

ture and heat flow with depth in the regions with

considerable effect of paleoclimatic factor is of partic-

ular interest.

The studied region have developed initially as

intracratonic basins similar to avlakogene, evolved

as intracratonic half-structures after opening of the

Urals paleoocean in the Early Ordovician and were

transformed into margin basins of the East European

Platform during the Ordovician (Maslov et al., 1997).

After a short discussion of the GALO system for basin

modeling, the paper deals with database for numerical

reconstruction of thermal and burial histories. The

reliability of our reconstructions is based on geolog-

ical and geophysical information about the structure

evolution of the region including some geological

sections constructed with the aid of borehole and

seismic data. Temperature measurements in more than

30 boreholes at depths of more than 1 km, carried out

with detailed consideration of climatic factor, are used

as input and control data. The corresponding updated

version of the GALO system (Galushkin, 1997)

allows consideration of climatic factor within the

framework of basin modeling system for actual lith-

ological section of the area under analysis and with

detailed reconstructions of paleoclimatic curve for the

last 1–3 My (Velichko, 1987, 1999).

The most important obtained result is a complete

temperature history reconstruction of the sedimentary

cover sequences and the underlying lithosphere of the

region, which is more accurate than those obtained

with commonly used simple modeling techniques

(Salnikov, 1984; Salnikov and Golovanova, 1990;

Khutorskoy et al., 1993; Kukkonen et al., 1997).

Combined analysis of the heat transfer in the sedi-

mentary blanket and the underlying lithosphere allows

analysis of the variations in tectonic subsidence of the

basin to be utilized for approximate estimate of

changes in the mantle heat flow during the basin

history. As a whole, our modeling assumes rather

moderate thermal regime of the basin’s lithosphere
during the post-rifting stage of its development with

surface heat flow ranging between 40 and 50 mW/m2.

Such regime results in relatively low maturation level

of Riphean and Vendian organic matter in present-day

sections of the region aside from the deeply buried

horizons. Tectonic analysis utilized in our modeling

suggests isostatic response of the lithosphere on load.

Isostasy and strength of the lithosphere are discussed

in the last parts of the paper. We believe that there is

little probability that the basin’s lithosphere is far from

isostatic state because of rather large horizontal size of

the sedimentary load and the presence of relatively

weak rheological layers within the crust. Only the

relatively short time of the Ural Orogen collision

could be an exception. Our numerical estimate of

the maturity level of Riphean and Vendian organic

matter, reflecting the integral thermal history of buried

rocks is in agreement with the existing geochemical

data (Galushkin et al., 2004).
2. Geological background

The West Bashkirian region includes several

Riphean sedimentary basins and is adjacent to the

complex tectonic region of the Urals Orogen (Fig. 1).

This Orogen is a folded nappe structure formed in the

Devonian–Triassic in situ of paleoceanic basins as

result of the East European Platform collision with the

East Ural’s micro-continents and the Sibirian–Kazkh-

stan Caledonian continent (Ruzhenzev, 1976). The

following tectonic structures can be observed in the

region from the West to the East (Fig. 1): the East

European Platform (EEP), the Ural Foredeep, the

West Ural Foldbelt, the Central Ural Uplift, the

Tagil–Magnitogorsk (T–M) Zone, the East Ural

Uplift and Depression, the Trans-Ural Uplift and

Kazakhstan Folded Zone. Only three of the above

cited structures are considered in our study: the East

European Platform, the Urals Foredeep and the T–M

Zone. The last includes oceanic and back-arc complex

of the Paleozoic age and is bounded by the Main

Uralian Fault in the West. This Fault separates the

back-arc rocks of the M–T Zone from the West Ural

Foldbelt and outcrops the Riphean and Vendian meta-

morphic basement of the East European Platform in

the Central Urals Uplift. The eastward dip of the Main

Uralian Fault is clearly displayed by seismic profiling



Table 1

Main evolution stages of the sedimentary basin near Akhmerova well (West Bashkiria)

N Evolution

stages

Geological

time (Ma)

Depth (m) Lithology

cl:sn:ls:an

Surface paleo-

temperature (jC)

1 interrupt. 0–100 0 – 5–24

2 erosion 100–253 400 – 12–24

3 sedim. 253–258 0–110 10:90:00:00 10–12

4 sedim. 258–352 110–1330 00:00:73:27 5–16

5 sedim. 352–387 1330–1640 03:10:87:00 16

6 erosion 387–590 300 – 15–16

7 sedim. 590–660 1640–3240 17:83:00:00 15

8 erosion 660–680 300 – 15

9 sedim. 680–1050 3240–3640 22:55:23:00 13–15

10 sedim. 1050–1160 2640–5040 30:40:30:00 12–13

11 erosion 1160–1350 600 – 11–12

12 sedim.. 1350–1650 5040–14500 20:20:60:00 10–11

Column ‘‘depth’’ shows the present-day depths of the bottom and roof of sedimentary layers or otherwise the erosion amplitude.

sedim.—sedimentation, interrupt.—interruption in sedimentation, an—anhydrite, cl—clay and shale, lm—limestone, sl—siltstone, sn—

sandstone.
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in the central and southern Urals (Juchlin et al., 1995;

Echler et al., 1997). Tectonic activity in the Middle

and South Urals deceased since the Late Permian

(Ruzhenzev, 1976; Maslov et al., 1997).

According to geological data (Aliev et al., 1977;

Belokon et al., 1996; Maslov et al., 1997), the

Riphean–Vendian basins in the West Bashkiria have

developed initially as intracratonic basins similar to

avlakogene. They evolved as intracratonic half-struc-

tures only after opening of the Urals paleoocean in

the Early Ordovician and were transformed into

margin basins of the East European Platform during

the Ordovician (Maslov et al., 1997). The position of

some Low Riphean rifting axis correspond probably

to maximal thickness of Riphean–Vendian sedimen-

tary complex within the Urals Foredeep (Fig. 1;

Belokon et al., 1996; Masagutov et al., 1997; Maslov

et al., 1997). Thus, sedimentation in the Low and

Middle Riphean took place in the setting similar to
Fig. 2. Burial and thermal histories of the West Bashkirian basins near th

basin modeling. (a) Paleoclimate history of the region generalized for the la

histories of the sedimentary section: Solid linesUbase of the sedimentary la

the heat flow during the basin evolution. The difference between the heat f

the sediment surface (solid line) is mainly due to radiogenic heat generation

calculated in the local isostasy approach by removing sediment and water

profile of the basement (dashed line, see text). TACi is the ith thermal reac

(see text). (e and i) Evolution of the thermal regime of the basin lithosphere

crust. The ‘‘phase transition’’ line is the location of ‘‘pyroxene peridotite– g

Press, 1971).
that of continental rifting and is accompanied by

heating and extension of the basin lithosphere. Gab-

bro-diabase samples of 1030–1450 Ma found in the

Low and Middle Riphean deposits (Belokon et al.,

1996) suggest a possible thermal reactivation of the

region at that time. Shallow-sea terrigenous and

carbonate sediments were accumulated during the

middle and late phases of the Early Riphean. The

Riphean–Vendian sedimentation ranged from shal-

low-sea to continental (Aliev et al., 1977; Belokon

et al., 1996; Masagutov et al., 1997; Maslov et al.,

1997).

The Cambrian sediments are absent in the Urals

and adjacent areas. All the time including the Ordo-

vician and the Early Cambrian is characterized by

erosion or interruption in deposition (Table 1; Fig.

2b,f) resulted from some uplift of the region, which

took place just before and during the opening of the

Urals paleoocean in the Ordovician–Early Devonian
e Yugomashskaya (a–e) and Akhmerova (f– i) wells, derived from

st 5 My (Frakes, 1979; Velichko, 1987). (b and f) Burial and thermal

yers; long dashed linesUisotherms. (c and g) Computed variations in

lows through the surfaces of the basement (dashed line) and through

in sediments. (d and h) Tectonic subsidence of the basement surface

load (solid line) and by consideration of time variations in density

tivations of the basin lithosphere; EXT is the period of its extension

. Long dashed lines are isotherms. The ‘‘moho’’ line is the base of the

arnet peridotite’’ compositional transition in the mantle (Forsyth and
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(Maslov et al., 1997). The small erosion amplitude

(less than 300 m) suggests a weak thermal effect of

the paleoocean opening on the West Bashkirian

lithosphere in this time that could be linked with

considerable distance between the region and the

paleo-spreading centers or/and with limited ampli-

tude of the ocean opening at that time (Didenko et

al., 2001).

The next stage of the region development coincides

with the closing of the Urals paleoocean in the

Middle, the Upper Devonian and the Carboniferous

which was accompanied by subduction of the oceanic

or back-arc crust to the east along the Magnitogorsk

volcanic arc (Juchlin et al., 1995; Echler et al., 1997;

Didenko et al., 2001). Shallow-water limestones were

deposited during over all of this period (Aliev et al.,

1977; Belokon et al., 1996; Masagutov et al., 1997).

Considerable admixture of terrigenous rocks appeared

here only at the end of the Permian, when the margin

of the East European Platform came into contact with

the island arc block along the Main Urals Fault.

Collision of the East European Platform with the East

Urals micro-continents and the Sibirian–Kazkhstan

Caledonian continent resulted in Urals Orogen of

length of more than 3000 km (Ruzhenzev, 1976;

Didenko et al., 2001). The crust blocks of ophiolitic

and island arc rocks are located at present time just to

the east of the Main Urals Fault (Fig. 1; Ruzhenzev,

1976; Kukkonen et al., 1997; Doring et al., 1997;

Didenko et al., 2001). All over the time after colli-

sions the West Bashkirian basins are characterized by

little erosion (100–300 m) or interruption in deposi-

tion (Table 1; Fig. 2b,f).
3. Numerical reconstruction of burial and thermal

histories of the West Bashkirian basins

The GALO system for basin modeling is used to

restore numerically the burial and thermal histories

of the West Bashkirian basins from Riphean to

present time. The reconstructions are based on geo-

logical information about structure and development

of the region, geological sections, burial and seis-

mostratigraphic data, measurements of deep temper-

atures and heat flow in present-day sections and

analysis of variations in tectonic subsidence of the

basin.
3.1. Modeling principles

The algorithms and principals of the GALO pack-

age for basin modeling applied for thermal analysis

are described in detail in Makhous et al. (1997) and

Galushkin (1997) and only the main factors are

touched upon here. The basin modeling is carried

out by numerical solution of one-dimensional non-

steady heat transfer equation in compacting domain

with moving boundaries and thermophysical attributes

of rocks changing with depth and time. For temper-

ature calculation, the temperature corresponding to

paleoclimate of the region at that time is taken at the

surface of z-domain,. The steady temperature was

maintained at the base of the domain. In our model-

ing, it ranged from 900 to 1000 jC. Its determination

together with the construction of the initial and

boundary conditions and the finite-difference scheme

for solution of the heat transfer equation have been

considered in the work of Makhous et al. (1997) and

Galushkin (1997). It can be noted only that in the

modeling the dz-steps did not exceed 20 m at the

surface of the computed domain and increased up to

1–2 km at its base (at zc 200 km).

Similar to other modeling systems (Ungerer et al.,

1990; Welte et al., 1997), the GALO system considers

several processes typical for sedimentary basin for-

mation: deposition and compaction of porous sedi-

ments with variable rates, erosion and interruption in

sedimentation (nondeposition), change in thermo-

physical attributes of rocks with lithology, depth and

temperature, the temperature dependence of water and

matrix heat conductivity and others (Makhous et al.,

1997; Galushkin, 1997; Galushkin et al., 1999). In

addition, the GALO system allows consideration of

some specific features in the reconstruction of the

West Bashkirian basins. First of all, the system sim-

ulates the heat transfer in the sedimentary section and

the underlying lithosphere and asthenosphere up to

depth of 200–220 km with consideration of latent

heat effect of fusion during high-temperature stages of

the basin evolution in the Riphean. Secondly, our

modeling involves analysis of the basement tectonic

subsidence during basin evolution to estimate the

sequence and amplitude of tectonic–thermal events,

which could occur during the basin evolution

(Makhous et al., 1997; Galushkin et al., 1999;

Makhous and Galushkin, 2003). The variations in

nophysics 379 (2004) 139–157
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the basement tectonic subsidence are computed in our

modeling by two independent methods. The first

calculates the response of the lithosphere caused by

removing of water and sediments load:

ZTsðtÞ � ZTsð0Þ ¼
qa � qsðtÞ

qa

SðtÞ

þ qa � qw

qa

½ZwðtÞ � Zwð0Þ�

where: t is the current time, t = 0 is the time of the

basin initiation, Zw is the water column paleodepth,

ZTs(t) is the tectonic subsidence amplitude at time t,

S(t) is the total thickness of sedimentary cover, qa and
qw are the asthenosphere and water densities, qs(t) is

the average density in the sediment column:

qsðtÞ ¼

Z SðtÞ

0

qsðZ; tÞdZ

SðtÞ

The porosity u(Z,t) and the density qs(Z,t) = qm(Z,t)
[1�u(Z,t)] + qwu(Z,t) of rocks within the sedimenta-

ry column and weight of the column are computed to

determine the average density qs(t) at every time of

the basin evolution. Above, qm is the matrix density

of the rock at depth of Z and time t. Estimated

variations in the basement tectonic subsidence are

shown in Fig. 2d and h by solid lines. In the second

method, tectonic subsidence is determined from the

time variations in density distribution with depth

within the basement (Makhous et al., 1997):

ZTb
ðtÞ � ZTb

ð0Þ ¼ GðtÞ � Gð0Þ
qag

Here, g is the gravity acceleration, G, is the weight of

the basement column of fixed length lo,

GðtÞ ¼ g

Z lo

0

qlðZ; tÞdZ

The weight is calculated at every time step of mod-

eling. The density of lithosphere rocks ql(Z,t) is a

function of temperature T(Z,t) and pressure P(Z,t):

qlðZ; tÞ ¼ q0ðZ; tÞ½1� aTðZ; tÞ þ bPðZ; tÞ�

where a is the thermal expansion coefficient, b is the

isothermal compressibility of the rock, qo(Z,t) is the

density at the standard conditions P= 1 atm and T= 20

jC. The parameter qo reflects variation in the rock
type versus depth (crust, mantle, ‘‘granitic’’ or ‘‘ba-

saltic’’ rock, the compositional transition in the mantle

(Forsyth and Press, 1971), and the possible changes in

the density distribution within the basement due to

basement stretching (Fig. 2). The effect of change in

the depth of the compositional transition boundary

(plagioclase peridotite into garnet peridotite) on the

tectonic subsidence amounts to the first hundreds of

meters. Another compositional transition (pyroxene

peridotite to plagioclase peridotite) is not taken into

account often, because it occurs within the crust, but

not in the mantle according to pressure–temperature

conditions (Forsyth and Press, 1971). This density

distribution in the lithosphere column up to depth of

200–220 km (depth of isostatic compensation in our

modeling) is calculated at every time step of the basin

development, including times of thermal activation

and extension of the basement. The corresponding

variations in the basement tectonic subsidence are

shown in Fig. 2d and h by dashed lines. Both of the

tectonic curves (solid and dashed) must coincide at

local isostasy response of the basin lithosphere on

internal and external load. The assumed thermal

reactivation or extension of the lithosphere changes

density distribution in the basement. An amplitude

and duration of the event are chosen to ensure

coinciding the dashed tectonic line with the solid,

provided that the chosen parameters do not contradict

to available geological and geophysical information

about structure and evolution of the region (Fig. 2d

and h; Makhous et al., 1997; Makhous and Galushkin,

2003). A special modification of the GALO system is

applied to correct the thermal history of the basins

during climate variations in the Pliocene–Holocene

when permafrost could arise or degrade (Galushkin,

1997).

3.2. Initial data for modeling

The lithological sections of the sedimentary blan-

ket utilized in our modeling are constructed on the

basis of bore-hole data for depths of less than 5 km

(Salnikov and Golovanova, 1990; Aliev et al., 1977;

Belokon et al., 1996; Masagutov et al., 1997), and on

the ground of seismic data for greater depth (Working

Scheme, 1981; Frolovich et al., 1988). As a whole, the

sedimentary rocks in the West Bashkirian basins are

presented by shale, sandstone, and limestone with rare



Table 2

Petrophysical parameters of sedimentary rocks in the Akhmerova

area (West Bashkiria)

N u(0) b

(km)

Km (W/

m jC)
Al

(jC� 1)

Cv (Mj/

m3 jK)
qm (g/

cm3)

A (AW/

m3)

1 – – – – – – –

2 – – – – – – –

3 0.454 2.07 3.91 0.0027 2.826 2.65 0.963

4 0.554 1.67 3.50 0.0016 2.529 2.63 0.481

5 0.590 1.92 3.04 0.0007 2.726 2.70 0.691

6 – – – – – – –

7 0.487 2.49 3.72 0.0025 2.780 2.66 1.051

8 – – – – – – –

9 0.551 2.21 3.32 0.0018 2.713 2.67 1.068

10 0.586 2.14 3.07 0.0014 2.650 � 2.68 1.151

11 – – – – – – –

12 0.600 2.21 2.97 0.0010 2.662 2.70 0.963

N—number of the basin’s evolution stage (it corresponds to N in

Table 1); u(0)—average rock porosity within the near-surface layer

at the depth of 0–200 m; b—scale for porosity change versus depth

in the law: (u(z) =u(0)exp(� z/B)); Km—heat conductivity of the

matrix rocks at the temperature T = 0 jC; Al—temperature

coefficient of matrix heat conductivity: K(T) =Km/(1 +Al�T(jC));
Cv—volume heat conductivity of matrix rocks; qm—density of

matrix rocks; A—heat generation per unit volume.

Values in this table were computed according to relative content of

facies in Table 1 and parameters in Table 3.
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admixture of halite and anhydrite (see Table 1, for

example). Petrophysical characteristics of the rock

mixture (Table 1) including matrix density, heat con-

ductivity, heat capacity, heat generation, and compac-

tion parameters (Table 2) are computed by using the

algorithms described in Makhous et al. (1997) and the

world average data for the main lithological units of

the region presented in Table 3.

In the modeling, variation in heat conductivity with

depth and time is determined by depth change of

lithology, porosity and temperature of the rock. The

later is due to dependence of the matrix and water

conductivities on rock temperature (Table 2; Makhous
Table 3

World average petrophysical parameters of some sedimentary rocks (Scla

1990; Ungerer et al., 1990; Midttomme and Roaldset, 1999)

N Rock u(0) b (km) Ko (W/m jC) A

1 Shale 0.70 1.80 2.09 0

2 Sandstone 0.40 3.00 5.44 0

3 Limestone 0.60 1.90 2.97 0

4 Anhydrite 0.35 0.90 5.44 0

The parameters u(0), b, Ko, Al, Cv, qo and A have the same meaning as
et al., 1997). Fig. 3a demonstrates an example of

depth variation in heat conductivity, calculated for

present-day sedimentary section of the Akhmerova

well. It can be seen that the rocks of the Upper

Vendian with a maximal sandy fraction (Table 1) are

characterized by maximal conductivity. The decrease

of sediment’s heat conductivity with increasing of

porosity toward surface is considerable for depths of

less than 6 km, whereas observed little diminution of

conductivity at depths of more than 6 km is caused by

temperature dependence of matrix conductivity (Table

2). The computed heat conductivity ranges within the

limits (K = 0.9–4.68 W/m K for limestones, 1.63–

6.81 W/m K for sandstones and 0.66–2.80 W/m K for

argillite) determined by measurements for sedimenta-

ry rocks in the East European Platform and the Ural

Foredeep (Salnikov, 1984; Salnikov and Golovanova,

1990; Kukkonen et al., 1997).

Fig. 3b demonstrates depth variations in volume

heat generation caused by change in the rock lithology

and porosity on an example of the present-day sedi-

mentary section of the Akhmerova well. The Middle

Riphean rocks characterized by a maximal content of

clay fraction have maximal volume heat generation.

Volume heat generation used in our modeling is based

on the data of Table 3 for the main lithological units. It

ranges within the limits determined by measurements

in the sedimentary rocks of the EEP and the Ural

Foredeep [A= 0.62–0.77 mkW/m3 (Salnikov, 1984)

and 0.56F 0.52 mkW/m3 (Kukkonen et al., 1997) for

limestones; 1.50–1.83 mkW/m3 (Salnikov, 1984) for

clays; 0.3 mkW/m3 (Salnikov, 1984) and 0.08F 0.05

mkW/m3 (Kukkonen et al., 1997) for gypsum, anhy-

drite; 1.00F 0.34 mkW/m3 (Kukkonen et al., 1997)

for sandstone]. The average heat generation for the

Riphean rocks of the Akhmerov section (0.99 mkW/

m3 in Fig. 3b) differs from the estimation in Salnikov

(1984) (1.27 mkW/m3) by about 30%. Averaged value
ter and Christie, 1980; Doligez et al., 1986; Burrus and Andebert,

l (jC� 1) Cv (Mj/m3 jK) qo (g/cm
3) A (AW/m3)

.0005 2.26 2.70 2.09

.0030 2.89 2.65 0.84

.0005 2.72 2.71 0.63

.0050 2.01 2.40 0.08

in Table 2.



Fig. 3. Calculated variations in heat conductivity (a) and radiogenic heat generation (b) with depth in the present-day sedimentary section of the

well Akhmerova. The measured values for rocks in the region range between dotted lines (see text).
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for the whole sedimentary section of the Akhmerova

well amounts to 0.95 mkW/m3 (Fig. 3b) and is in a

rather good agreement with its estimations of 1.12 and

0.98 mkW/m3 in Salnikov (1984) and Kukkonen et al.

(1997), respectively.

According to the seismic and gravity data (Kazant-

seva and Kamaletdinov, 1986; Avtoneev et al., 1988;

Juchlin et al., 1995; Doring et al., 1997; Echler et al.,

1997), a standard continental basement (Table 4;

Bayer, 1981), is assumed in our model to be beneath

the sedimentary cover of the West Bashkirian basins.

The parameters of Table 4 are in agreement with

estimations of heat conductivity (K) and heat gener-

ation (A) in the present basement rocks of the region:
Table 4

Structure of the continental lithosphere and thermophysical

parameters of the rocks (Bayer, 1981)

Layer Granitic ‘‘Basaltic’’ Mantle

Depth of the

layer base (km)

5.0 15.0 35.0 >35

Density (kg/m3) 2750 2750 2900 3300

Heat conductivity

(W/m K)

2.72 2.72 1.88 K= f (T)*

Radiogenic heat

production

(AW/m3)

1.26 0.71 0.21 0.004

Dependence K on T is taken from Schatz and Simmons (1972).
K = 2.3–3.3 W/m K, A= 0.4–1.4 mkW/m3 (Kukko-

nen et al., 1997) and K = 1.53–3.80 W/m K, A= 1.1–

1.5 mkW/m3 (Salnikov, 1984; Salnikov and Golova-

nova, 1990) for granite, and A= 0.17–0.50 mkW/m3

(Salnikov, 1984; Salnikov and Golovanova, 1990) for

heat generation of ‘‘basaltic’’ rocks. According to

Table 4, heat flow due to radiogenic heat generation

in the basement (before its extension) amounts to

about 18.3 mW/m2, from which about 17.6 mW/m2

is due to crust heat generation and 0.69 mW/m2 is

summary heat generation of the mantle rocks at the

depth interval of 35–200 km. All of these values are

also in agreement with estimation of radiogenic heat

flow of the basement in the Bashkirian region by

Salnikov (1984) and Kukkonen et al. (1997).

As opposed to previous evaluations of the thermal

state of the region, our approach does not use heat

flow and mean temperature gradient data for control

of modeling, because heat flow and temperature

gradient change strongly with depth (see below).

Instead of this, the temperature measurements at

depths more than 1 km in 30 wells of the study region

published in Salnikov and Ogarinov (1977), Salnikov

and Popov (1982), Salnikov (1984), Salnikov and

Golovanova (1990) and Golovanova (1993) are con-

sidered as an important factor to control the reliability

of the thermal history reconstructions. All of these
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temperatures are rather reliable by stand-time of the

bore-holes and hydrological factor that is discussed in

a lot of studies (Salnikov and Popov, 1982; Salnikov,

1984; Salnikov and Golovanova, 1990; Golovanova,

1993). Paleo-climate data play a role in our modeling

as a condition on upper boundary of the temperature

computing domain. We used the data from Frakes

(1979) and Velichko (1987) to describe the South

Urals paleoclimate from the Carboniferous up to the

Cenozoic and the data from Velichko (1987, 1999) for

the Cenozoic with detailed analysis for the last 5 Ma.

The mean annual temperature in the Proterozoic is

assumed to increase linearly from 10 to 16 jC (Fig.

2a) as an appropriate data is absent.

3.3. Thermal history of the basins

The reconstructed burial and thermal histories of

the West Bashkiria Rhiphean basins are illustrated in

Fig. 2. Here, two examples are shown, the first of

which characterizes the western areas of the study

region with moderate Riphean subsidence (wells 1–3,

11, 12 in Fig. 1) and the second—the eastern areas

with significant Riphean sedimentation (wells 4–10

in Fig. 1). In the latter areas, variations in the

basement tectonic subsidence (Fig. 2h) assume cool-

ing of the lithosphere in the Early and partly Middle

Riphean from relatively high initial heat flow

( qo = 60–70 mW/m2) and the basement extension of

an amplitude b = 1.10–1.30. Thus, a little subsidence

of the crust base in the Early Riphean (MOHO line in

Fig. 2i), regardless of the deposition of more than 10

km of sediments, is due to crust extension of an

amplitude bc 1.20. On the contrary, in the western

part of the study area (wells 1–3, 11, 12 in Fig. 1), the

modeling assumes a tectonic setting in the Riphean

typical for a flank of continental rift with moderate

initial heat flow qo = 40–50 mW/m2 (Fig. 2c,d,e)

without considerable extension of the lithosphere. In

the model, the thickness of the lithosphere is deter-

mined by intersection of the current temperature–

depth profile with the solidus of peridotite with small

H2O content ( < 0.2% H2O; Wyllie, 1979). In the

Early Riphean, this thickness reached only 30–70

km in the eastern areas of the study region (Fig. 2i),

but it exceeded 200 km in the western areas (Fig. 2e).

Further variations in the basement tectonic subsidence

are in agreement with the moderate thermal reactiva-
tion of the lithosphere in the Middle Riphean, they

resulted in erosion of 400–1200 m of the Low

Riphean sediments of maximal thickness in the east-

ern areas (Fig. 2b,f). The next two relatively weak

thermal reactivation assumed by the modeling oc-

curred in the Upper Riphean–Vendian and the Cam-

brian–Devonian, when 200–500 m of sediments

could be locally eroded (Fig. 2b,d,f,h). In the time

of closing of the Urals paleoocean, shallow water

limestones and sandstones (1500–2500 m) were de-

posited in the region (Table 2; Fig. 2b,f; Aliev et al.,

1977; Belokon et al., 1996; Maslov et al., 1997). In

the time that subsequently followed up to the present,

the lithosphere cooled slowly and reached a quasi-

steady thermal regime in the Cenozoic (Fig. 2e,i).

Thus, according to the modeling, the lithosphere of

the West Bashkiria was characterized by relatively

low-temperature regime during a great time of its

evolution. After cooling in the Early Riphean, rather

weak thermal reactivation has not led to considerable

heating of the lithosphere. In particular, it resulted in a

rather limited variation in the depth of the phase

transition of pyroxene to garnet peridotite (Fig. 2e,i)

and, correspondingly, in small shift (lesser than 300

m.) of the basement surface caused by the phase

transition. Surface heat flow decreased from higher

values in the Early Riphean (60–70 mW/m2 in the

eastern areas and 40–50 mW/m2 in the western) to

present-day values of 32–40 mW/m2 (Fig. 2c,g). The

contribution of the radiogenic heat production in the

sediments, amounted to about 5–7 mW/m2 in the

present-day section, could explain a main part of the

difference between heat flows through the sediment

and basement surfaces in Fig. 2c,g. Slight increase of

heat flow at the last 2–3 Ma in these figures is a result

of a considerable decrease of average annual temper-

atures (Fig. 2a).

Calculated burial and thermal histories of sedimen-

tary blanket along the two profiles in Fig. 1 are

demonstrated in Fig. 4. For discussion, we believe it

useful to show, in addition to isotherms, isolines of

vitrinte reflectance too, as a control factor of maturity

and integral thermal history of buried organic matter in

sediments. Although vitrinite is absent in the Riphean

and Vendian sediments, we utilized the calculations of

vitrinite reflectance as a common method to assess the

maturation of organic matter. Vitrinite reflectance

(%Ro) is computed by using of the vitrinite kinetic



Fig. 4. Numerical reconstruction of burial, thermal and maturation histories of the West Bashkirian sedimentary basins along the profiles 1 and 2

in Fig. 1. Location of the wells are shown by numbers from above. The wells’ numbers correspond to the numbers in Fig. 1.
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spectrum from Sweeney and Burnham (1990) and

thermal history of the strata calculated in the modeling.

The algorithm is described in detail in Makhous et al.

(1997) andGalushkin (1997). Themodeling shows that

quite in the Early Riphean the deepest sediments could

reach temperature of 150–160 jC and occur within the

main zone of liquid hydrocarbons generation

(0.70VRoV 1.30%; Fig. 4). In spite of the relatively

low temperature regime of the basin as a whole, a syn-

rifting deposition of more than 10 km of limestone,

shale and sandstone in the Riphean led to increasing of

the present-day temperatures at the base of the sedi-

mentary blanket in the eastern areas up to 180–190 jC
(Figs. 2b and 4). The modeling suggests that the sedi-

ments at depths of more than 10 km in the present-day

section are able to generate dry gas (Roz 1.50%). In the

western areas with little syn-rifting subsidence of the

basement, temperature of the Riphean sediments does

not exceed 120 jC (Fig. 2b) and even drops to 60 jC in

the Morozov area (Fig. 4). According to the modeling,

the Vendian, Upper and even Middle Riphean deposits

must be characterized by relatively low level of organic

matter maturity in all of the region. This conclusion is
Fig. 5. Temperature and heat flow profiles calculated for the sections of th

for the time of 4.4 My ago (initial profile for permafrost modeling), 2 = te

present-day temperatures, 4 = the present-day temperatures, calculated with

heat flow profile.
confirmed by few results of geochemical analysis in the

region (Belokon et al., 1996; Masagutov et al., 1997;

Galushkin et al., 2004).

3.4. Present-day thermal regime of the basins and

climate factor

Consideration of the recent climate variations is

necessary to compare correctly the measured and cal-

culated temperatures in the region (Kukkonen et al.,

1997). We use the climate data from Velichko (1987,

1999) with detailed analysis for the last 1–3 My and

incorporate a special supplementary block of the

GALO package (Galushkin, 1997) into the numerical

simulation of the basin thermal evolution during the

Pliocene–Holocene, when the formation and degrada-

tion of permafrost took place repeatedly. Some details

of our consideration are presented in Appendix A.

Fig. 5 illustrates the result of permafrost modeling

on examples of the Morozovskaya area with minimal

thickness of the sedimentary blanket in profiles and

the Yugomashskaya area with mean thickness of

sedimentary cover. Curve 1 in Fig. 5 describes the
e Morozovskaya and Yugomashskaya wells. 1 = Temperature profile

mperatures measured in the present-day section of the areas, 3 = the

climate factor of the last 100,000 years, 5 = calculated present-day
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initial temperature profile computed in the general

basin modeling for the age of 4.4 Ma with the climate

curve of Fig. 2a generalized for the last 5 My. Curve 3

in Fig. 5a is the present-day temperature distribution

computed with consideration of the detail climate

variations for last 4.4 My. According to the modeling,

the temperature reduction in the upper 2–4 km of the

present sedimentary section caused by the last climate

factor can reach 10 jC. The curves 4 in Fig. 5 illustrate
the present-day temperatures, computed with climate

factor of the last 100,000 years. Comparison between

the curves 4 and 3 demonstrates the contribution of the

climate factor before 100,000 years to formation of the

present-day temperature profile. It can reach 5 jC at

depths of more than 1.5–2 km. The difference in heat

flow is less considerable, and the estimated maximal

depth of permafrost for the last glacial age increases

approximately by 30 m (375 instead 346 m) due to the

climate history before 100,000 years ago.

Calculated variations in the present-day heat flow

with depth are shown by curve 5 in Fig. 5. They are

typical for all the considered wells in the region. As a

result of climatic variations, the heat flow increases

quickly in the upper 1–1.2 km, reaches a maximum

at depth of 1.5–1.8 km and then decreases gradually

to its value at the basement surface. The measure-

ments in the wells of the region confirm such

behavior of the heat flow (Kukkonen et al., 1997).
Fig. 6. Present-day heat flow (a, c) and thermal regime of the West Bashkiri

numbers correspond to the numbers in Fig. 1. In (a, c), lines 1 and 2 denote

with climatic curve of Fig. 2a generalized for the last 4 My (see text). In
These considerations demonstrate that it is necessary

to be careful in the modeling based on the measure-

ments of heat flow or temperature gradient at depths

of less than 2–2.5 km even in the regions where

permafrost has degraded.

3.5. Present-day thermal regime of the mantle in the

region

The lines 1 in Fig. 6a,c demonstrate the present-

day surface heat flow computed using the climate

curve of Fig. 2a. The measured heat flow from

Salnikov (1984), Salnikov and Golovanova (1990)

and Golovanova (1993) is shown here by stars. These

heat flow values are very scattered because the depths

of temperature measurements used in the flow assess-

ment differ widely. However, as a whole, it is in

reasonable agreement with the calculated values. The

calculations confirm the tendency of slightly increase

in calculated surface heat flow towards the west

boundary of the Urals Folded Zone, noted by V.E.

Salnikov (Salnikov, 1984; Salnikov and Golovanova).

However, the heat flow through the basement surface

(curves 2 in Fig. 6a,c) shows an opposite tendency: it

decreases slightly toward the east from 28–32 to 24–

26 mW/m2. The observed discrepancy between curves

1 and 2 in these figures is mainly due to the contri-

bution of radiogenic heat in sediments similarly to
an lithosphere (b, d) calculated along the profiles 1 and 2. The wells’

the heat flow through the sediment and basement surfaces computed

(b, d), legend is similar to Fig. 2e,i.
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Fig. 2c,g. It can be noted that the mantle heat flow

obtained by subtraction the radiogenic heat flow of the

crust from the basement flow (with consideration of

extension of the basin lithosphere with amplitude

b = 1.05–1.3) amounts only 11.3–12.7 mW/m2,

where about 0.6 mW/m2 is the radiogenic contribution

of the mantle rocks. Thus, the estimated mantle heat

flow in the region is considerably lesser than the one

in usual continental shield amounted 17–25 mW/m2

(Smirnov, 1980). This is in agreement with the heat

flow analysis in Salnikov (1984).
4. Discussion

The analysis of tectonic subsidence, used in our

modeling to estimate the duration and the amplitude of

the thermal reactivation and stretching events occur-

ring in the history of the West Bashkirian lithosphere,

suggests local isostasy of the considered areas (local-

isostasy response of the lithosphere on load). The

modeling assesses the thermal thickness of the litho-

sphere (Fig. 2e,i), which is determined by intersection

of the thermal curve of the lithosphere and the solidus
Fig. 7. Yielding strength rxx�rzz of the lithosphere rocks versus depth z c

wells Aslykulskaya and Akhmerova for strain rate ė = 10� 16 l/s and reolo
curve of the mantle rock. However, the state of isostasy

is linked to the rheological thickness of the lithosphere.

It is known that this state is usually reached when the

typical horizontal size of the sediment and water load

exceeds considerably the thickness of the effective

elastic lithosphere (EEL). Therefore, decrease of the

thickness promotes the local isostasy. It was believed

early that the lower boundary of EEL is enough deep,

coinciding with isotherm of 600–750 jC (Turcotte

and Schubert, 1982). Then, the present-day thickness

of EEL could amount to 120–150 km in the study

region (Fig. 2). Such determination of the EET is valid

partly for the oceanic lithosphere, but it is not valid for

the continental lithosphere. Recent analysis suggests

that the ancient continental lithosphere is considerably

weaker than it was thought early (Karter and Tsenn,

1987; Kruse and McNutt, 1988; Lobkovsky, 1988;

Burov and Diament, 1995). In Appendix B, we ana-

lyze this problem for the present-day low temperature

lithosphere of the West Bashkiria. The rheological

profiles in Fig. 7 confirm the possibility of consider-

able weakening even for the low thermal present-day

continental lithosphere of the region under consider-

ation, and certainly for the hotter lithosphere of previ-
alculated from Eqs. (B1)– (B5) for the present-day sections near the

gy law discussed in the text.
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ous stage of the evolution. This fact is in agreement

with the analysis of the Bouguer gravity field along the

1000 km profile across the South Urals (Kruse and

McNutt, 1988) suggesting a thickness of 50 km for

EEL. At the same time, it is to be noted that the

deformations of the elastic plates, quantified in Kruse

and McNutt (1988) for the thickness of EEL of 50 and

0 km (the latter corresponds to local isostasy), are close

one to another as it can be seen in Fig. 7d of Kruse and

McNutt (1988).

Certainly, deviation from the local isostasy can arise

during periods of regional compression. But their

duration is rather short (10–15 My). After their

completion, the state (at least) of regional isostasy will

be restored. So, a closing of the Urals paleo-ocean

lasted from the Middle Devonian up to the Triassic and

was accompanied by deposition of 1500–2500 m of

shallow-sea limestones and sandstones in the West

Bashkiria. This event was accompanied by the base-

ment tectonic subsidence of 300–800 m in all of the

considered areas (Fig. 2d,h). Probably, part of the

subsidence could be caused by non-isostatic response

of the region lithosphere on the load of the Urals

Orogeny in Permian. Then, the erosoin of 200–300

m in the Triassic—the Early Cretaceous could be

explained by the relaxation of the lithosphere to an

isostatic equilibrium. This equilibrium could be

reached at the end of the Early Cretaceous—beginning

of the Upper Cretaceous when the movement of the

basement surface became minimal (Fig. 2b,d,f,h). The

relative low free-air gravity anomalies in the studied

region (Artemjev et al., 1994) speak well also for the

state close to isostatic equilibrium of the present-day

lithosphere in the region.

Analysis of variation in tectonic subsidence of the

basement surface suggests several events of thermal

reactivation and stretching during the development

history of the lithosphere of the West Bashkiria (Fig.

2). The principle of the estimation of duration and

amplitude of such events was shortly discussed in

Section 3.3 and more detailed in Makhous et al.

(1997) and Makhous and Galushkin (2003). Of course,

tectonic analysis alone does not give the desirable

assessment of these parameters. Indeed, the same

sequence of events, but with increased initial and final

heat flows in the model, could be in agreement with the

same tectonic curve. However, combination of the

tectonic method with the control by temperatures
measured in boreholes decreases the uncertainty in

the modeling procedure and, at the same time, the

number of appropriate variants suggested by modeling

for basin evolution.

Another problem of modeling could be concerned

with the one-dimensional approach in the GALO

system. This problem is particularly discussed in our

next paper on an example of the present-day thermal

state of the region. We carried out a two-dimensional

modeling of thermal regime of the lithosphere along

the profile 2 (Fig. 1) continuing it to the east across

the Tagil–Magnitigorsk Zone of the South Urals.

Comparison of the one-dimensional solution with

the two-dimensional one for the region studied in this

paper showed that deviations from the two-dimen-

sional approach could be considerable only within the

Ural Foredeep. Thus, even for the Akhmerova well

located within the western margin of the Ural Fore-

deep, the one-dimensional temperatures differed from

those in the two-dimensional variant no more than 5%

in all of the depth interval 0V zV 200.
5. Conclusions

Application of the GALO system to numerical

reconstruction of burial and thermal histories of the

Riphean basins in the West Bashkiria suggests a

relatively low-temperature regime of the lithosphere

in the region during a great time of its evolution

(Figs. 2 and 4). After cooling in the Early Riphean, a

rather weak thermal reactivations has not led to

considerable heating of the lithosphere. Surface heat

flow decreased from higher values in the Early

Riphean (60–70 mW/m2 in the eastern areas and

40–50 mW/m2 in the western) to present-day values

of 32–40 mW/m2 (Fig. 2). In spite of the relatively

low temperature regime of the basin as a whole, a

syn-rifting deposition of more than 10 km of lime-

stone, shale and sandstone in the Riphean resulted in

rather high temperatures (180–190 jC) at the base of
the present-day sedimentary blanket in the eastern

areas of the region (Figs. 2b and 4). The modeling

suggests that the sediments at depths of more than 10

km in the present-day section of the eastern areas of

the region could generate dry gas, whereas the

Vendian, Upper and even Middle Riphean locate

within the immature zone or in the upper part of
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the liquid hydrocarbon zone over all of the region, in

spite of very long time of burial (Fig. 4).

In agreement with the observed data, computed

present-day heat flow through the sediment surface

increases slightly from 32 to 34 mW/m2 near the west

boundary of the region to 42 mW/m2 near the bound-

ary of the Ural Foldbelt, whereas the heat flow

through the basement surface decreases slightly from

28–32 to 24–26 mW/m2 in the same direction. The

mantle heat flow amounts only to 11.3–12.7 mW/m2,

which is considerable lower than mean heat flow of

the Russian Platform (16–18 mW/m2) and is compa-

rable with the low heat flow of Precambrian shields

(Smirnov, 1980). Such situation is typical for all of the

South Urals, and it could be assumed that it is perhaps

related with mantle flow caused by very slow sub-

merging of some parts of the ancient oceanic (or back-

arc) plate to the mantle at depths of 300–500 km.

Then the flow can stimulate a cooling of the upper

mantle. Certainly, this problem needs additional geo-

physical and geological investigations.
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Appendix A . Some specific features in the

modeling of Pliocene–Holocene thermal history

for the basins of northern latitudes

The presence of ice in rock pores of sedimentary

cover complicates the depth variations of heat con-

ductivity K and heat capacity Cv in the section

(Lachenbruch et al., 1982; Galushkin, 1997):

K ¼ Kð1�uÞ
m Ku

w;

Cv ¼ Cvmð1� uÞ þ Cvwu for T > T1 ðA1Þ

and

K ¼ Kð1�uÞ
m KuW ðTÞ

w K
uð1�W ðTÞÞ
i ;

Cv ¼ Cvmð1� uÞ þ CvwuW ðTÞ þ Cviuð1�W ðTÞÞ
þ qLðdW=dTÞ for T < T1 ðA2Þ
Here, Km, Cvm, Kw, Cvw, Ki, Cvi represent matrix,

water and ice heat conductivity and capacity, qL is the

latent heat of ice fusion per unit volume, Tl is the

liquidus temperature for porous water and W(T) is a

fraction of unfrozen water in rock pores. Porosity u
and temperature T in Eqs. (A1) and (A2) are functions

of depth z.

Numerical description of the parameters in Eqs.

(A1) and (A2), solution algorithm and difference

scheme are considered in detail in Galushkin (1997),

on an example of the West Siberian Basin. Here, we

could note that the main specific feature of modeling

of permafrost problem consists in the sharp change

(by 1–2 order(s) of magnitude) in the apparent

volumetric heat capacity Cv(2) near the base of

permafrost caused by rather great value of Cvi and

sharp change in W(T) near the temperature Tl. The

narrow depth interval, within which the main latent

heat effect takes place, must include at least 3–4

depth steps, Dz, to ensure reasonable accuracy of the

numerical results. In addition, time step Dt must be

small enough so that the calculated movement of the

freezing front during the time step would be smaller

than the corresponding depth step Dz. Thus, in our

modeling, the number of depth steps reached 800, and

Dz ranged from 0.5 m near the surface to 70 m at the

base of the sedimentary column. Time steps Dt varied

from 50 to 0.1 years. It should also be noted that, in

our modeling, the shape of the W(T) function changes

with the depth depending on the content of fine- and

coarse-grained fractions in the rock, whereas in paper

(Galushkin, 1997), the single function W(T) for coarse

sands was utilized, because the rocks in the upper 1–2

km of sedimentary layer in the Urengoy Field are

considerably fractured. Consideration of W(T) as a

function of rock lithology led to change in estimated

depth of permafrost of order of 80 m for the last ice

age.
Appendix B. Rheology of continental lithosphere

in the study region

The rheological behavior of the continental litho-

sphere in reference to the present-day low temperature

regime of the West Bashkiria is analyzed in Section 4

and in this appendix. The strength for brittle defor-

mation in the continental lithosphere is taken from
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Bassi and Bonnin (1988) using the Byerlee’s law

(Byerlee, 1968) for static friction and variation of

rock density with depth from Table 4. Then, brittle

strength must increase linearly with depth according

to following laws:

rxx � rzz ¼ 12:0zþ 20 ðB1Þ

–within the sedimentary layer of the continental crust

with mean density qc 2600 kg/m3 (0V zV Ssed),

rxx � rzz ¼ 12Ssed þ 12:8ðz� SsedÞ þ 20: ðB2Þ

–within the granitic layer with density qc 2750 kg/

m3 (SsedV zV Ssed + Sgran),

rxx � rzz ¼ 12Ssed þ 12:8ðSsed þ SgranÞ

þ 23:2ðz� Ssed � SgranÞ þ 20: ðB3Þ

–within the ‘‘basaltic’’ layer with qc 2900 kg/m3

(Ssed + SgranV zV SMOHO), and

rxx � rzz ¼ 12Ssed þ 12:8ðSsed þ SgranÞ

þ 23:2ðSMOHO � Ssed � SgranÞ

þ 26:4ðz� SMOHOÞ þ 20: ðB4Þ

in the mantle with qc 3300 kg/m3 (zz SMOHO). In

Eqs. (B1)–(B4), rxx� rzz is the principal stress dif-

ference in MPa, Ssed, and Sgran, SMOHO are the

thickness of sedimentary blanket, upper crust (granite

layer) and depth of lower boundary of the crust,

respectively (in km), z is the depth in km, and 20

MPa is the assumed value of the rock strength at the

surface (Byerlee, 1968). The (B1)–(B4) for brittle

deformation assume that the pore pressure is hydro-

static within the upper continental crust and equal to

zero within the lower crust and the mantle (Brace and

Kohlstedt, 1980; Thibaud et al., 1999).

The strength for ductile (creep) deformation in the

crust and mantle is described by the power-law (Brace

and Kohlstedt, 1980; Kirby, 1983):

rxx � rzz ¼ ðė=AÞ1=nexp½E=nRT � ðB5Þ

where ė is the deformation rate in l/s, (rxx� rzz) is in

MPa, E is the activation energy for the ductile defor-

mation in J/mol, R = 8.31441 J/mol K is the universal

gas constant, T is the absolute temperature, A is a
material constant in MPa� n s� 1, and n is a dimen-

sionless parameter. Values of parameters E, A and n

depend on the mineral types. In our model, the

rheology of wet quartz with parameters A= 0.00291

MPa� n s� 1, E = 151 KJ/mol and n = 1.8 (Jaoul et al.,

1984; Ord and Hobbs, 1989) describes a behavior of

the continental upper crust. At the temperature range of

200–700 jC, it is very close to the rheology of wet

granite with parameters A= 0.0002 MPa� n s� 1,

E = 137 KJ/mol and n = 1.9 (Kirby, 1983; Meissner

and Kusznir, 1987; Ord and Hobbs, 1989). The rheol-

ogy of the lower continental crust is assumed to

correspond to that of dry anortosite with the following

parameters: A= 3.27	 10� 4 MPa� n s� 1, E = 239 KJ/

mol and n = 3.2 (Shelton and Tullis, 1981; Ranalli and

Murphy, 1987; Ord and Hobbs, 1989; Takeshita and

Yamaji, 1990). At temperatures T>500 jC, this rheol-
ogy is close to that of dry quartz (Jaoul et al., 1984)

with parameters A= 3.44	 10� 6 MPa� n s� 1, E = 184

KJ/mol and n = 2.8. And finally, the rheological be-

havior of the mantle material is described in our model

by the deformation law (B5) with the parameters for

dry dunite (A= 2.88	 104 MPa� n sec� 1, E = 535 KJ/

mol and n = 3.6). They are taken from Chopra and

Paterson (1981, 1984), in which the temperature con-

trol of deformation experiments is, perhaps, the most

reliable (Ord and Hobbs, 1989).

The distribution of the rock strength with depth is

inferred then by choice of the minimal value among

the stress differences, calculated by Eqs. (B1)–(B5)

for the given depth (Ranalli and Murphy, 1987; Ord

and Hobbs, 1989). Fig. 7 demonstrates the calculated

distribution of yielding strength with depth in the

West Bashkirian region on an example of the pres-

ent-day sections in two areas: Aslykulskaya and

Akhmerova. The calculations are carried out for the

strain rate e˙= 10� 16 l/s, which is expected to be

typical for stable continental areas (Takeshita and

Yamaji, 1990) and characterizes greater part of the

region history excluding perhaps the relative short

times close to rifting or the stage of Urals Orogeny.

For comparison, the profiles with wet quartzite rhe-

ology for all the continental crust considered in many

paeres (Brace and Kohlstedt, 1980; Kirby, 1983; Ord

and Hobbs, 1989; Ranalli, 2000) are shown in these

figures by dotted lines. Fig. 7 shows considerable

weakening of the mantle lithosphere at depths of

below 90–110 km even for the low-temperature,
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present-day regime of the West Bashkirian litho-

sphere. For the rheology of wet quartzite for all the

crust, ductile zone occupies all of the lower crust even

in the western section of the region (Fig. 7). Stress

profiles in Fig. 7 demonstrate clearly considerable

weakening of the crust due to deposition of thick

sedimentary cover (compare Fig. 7b and a). This

effect relates mainly with increase in rock temperature

within the crust under the cover. This fact explains, to

some extent, a readiness of thick sedimentary basins

for tectonic remobilization (the East Barents basin,

West Siberia basin and others). At significant deposi-

tion, ductile zone appears at the base of the granite

layer too (Fig. 7b). In any case, the modeling results in

Fig. 7 suggest that the rheological thickness of the

lithosphere must be considerably lesser than its ther-

mal thickness exceeding in the region 200 km. Reac-

tivation of existing faults during restoration of

isostasy state of the lithosphere increased the above

difference (Ranalli, 2000).
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