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Abstract

Two-dimensional thermal modeling of the subduction and exhumation of the ultrahigh-pressure (UHP) Maksyutov Complex
in the south Ural Mountains tests factors influencing the low modern heat flow in the Urals and the feeble preservation of UHP
index minerals. Best-fit models are obtained with initial surface heat flow of 60 mW m™? indicating that low modern heat flow
in the Urals is a recent anomaly. Ultrahigh-pressure metamorphism was modeled at 388 Ma based on new U-Pb SHRIMP
dating of zircon; the average modeled exhumation rate for the UHP eclogites to the mid-crust is ~5.0 mm/year, much slower
than other UHP complexes. The model predicts that cooling during exhumation is strongly dependent on concomitant
subduction/underthrusting in the footwall of the UHP unit and normal faulting in the hanging wall. Low radiogenic heat
production in the crust and a relatively thin UHP slab (3—10 km) also favor cooling. For Maksyutov, the modeling shows that
cooling was controlled by low radiogenic heat production and underthrusting during decompression to lower crustal levels;
these cooling mechanisms accompany exhumation despite low exhumation rates (~5 mm/year) thereby denying the call for fast
exhumation in order to preserve UHP index minerals.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and motivation for modeling Mountains. Ultrahigh-pressure index minerals such as
coesite and diamond have been difficult to identify in

The Maksyutov Complex is an ultrahigh-pressure Maksyutov and the poor preservation of coesite,
(UHP) subduction zone complex in the south Ural diamond, and their pseudomorphs calls into questions

_ which factors during exhumation of UHP complexes
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minerals [1]. Based on abundant existing petrologic,
geologic, and radiometric data (see following sec-
tions), thermal modeling is used to constrain param-
eters influencing the temperature conditions during
UHP body exhumation and to test variables such as
exhumation rate, heat production within the crust, and
UHP slab thickness.

The general tectonic evolution of the Ural Moun-
tains does not differ from other collisional orogens all
over the globe. However, anomalously low modern
heat flow (24 to 43 mW m™?) along the central axis of
the Urals [2] questions the compatibility of present-
day heat flow data with the thermal evolution of
Maksyutov Complex rocks. Coupled with new radio-
metric time constraints, we also test with simple

numerical thermal models whether such low heat flow
values could permit the observed metamorphism
within geologically reasonable conditions. The ther-
mal conditions of subduction and exhumation are
critical to understanding all UHP complexes.

2. Tectonic framework of Paleozoic collision in the
Urals

The Ural Mountains formed as a result of the
collision between the East European latform (EEP),
microcontinental blocks to the east, and the interven-
ing Magnitogorsk island arc in the Late Devonian to
Permian. The Maksyutov Complex is a UHP sub-
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Fig. 1. Cross-section through the south Urals (based on [4]) and a simplified geologic strip map showing the line across the Maksyutov Complex
in the south Urals on which modeling was based. Abbreviations: EEP, East European platform; FTFB, foreland fold-and-thrust belt.
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duction zone complex that formed upon closure of the
Uralian Ocean [3]. The Main Uralian fault (MUF)
suture zone extends over 2000 km along the central
axis of the 400-450-km-wide orogen; in the south
Urals, the MUF juxtaposes the Maksyutov Complex
(footwall) with the Magnitogorsk island arc (hanging
wall) and associated sedimentary rocks (Fig. 1).
Prior to the Devonian arc-continent collision, the
UHP eclogite unit was part of the East European
passive margin adjacent to the Uralian Ocean. Rifting
and the subsequent opening of the Uralian Ocean
occurred from the Cambrian to Early Silurian [5-7]
based on the age of alkaline basalts, typical graben
facies sediments preserved along the eastern margin of
the EEP, and the occurrence of deep-water turbidite

540

sequences which indicate a rapidly deepening depres-
sion within the continental crust in the Sakmara zone
west of the Maksyutov Complex [5].

Timing of the initial rifting is recorded in multiple
samples from both the eclogitic and serpentinite
meélange unit of the Maksyutov Complex which
yield U-Pb zircon SHRIMP ages between about 510
and 550 Ma (see Fig. 2) [8]. The ages likely record
rift-related magmatism in the East European platform
that resulted in the opening of the Uralian Ocean.
The timing of this event corroborates other reports of
rifting in the East European platform in the early
Cambrian and corresponds well with the age of
magmatism associated with ophiolites in the region
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Fig. 2. Tera-Wasserburg concordia diagram showing U-Pb SHRIMP data for 20 zircons from sample UM7a from the UHP eclogite unit of the
Maksyutov Complex (error elipses are 2¢); data are uncorrected for common Pb and analyses high in common Pb were excluded. Weighted
mean ages of 388+4 and 51446 Ma represent **’Pb corrected ages of individual spots on eight and six zircons, respectively. Ages around 388
Ma are interpreted as the age of UHP metamorphism; ca. 514 Ma ages likely represent rift-related magmatism. Cathodoluminescence images of
representative zircons show analyzed points that yielded ca. 388 and 514 Ma ages.
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Thrust stacking and the emplacement of oceanic
lithosphere was occurring between the Late Silurian
and the earliest Devonian; this timing is supported by
the presence of ophiolitic debris in the Upper Silurian
and Middle Devonian sequences of the Sakmara zone
[5]; the Uralian Ocean had closed completely by the
Early Devonian (ca. 400 Ma) based on dating of
crustal melts generated by ophiolite emplacement
along the suture zone [9].

After subduction of the Uralian Ocean, the former
European passive margin containing the Maksyutov
Complex, was subducted to depths suitable for UHP
metamorphism. Collision may have continued until
the Late Devonian based on clastics in the Zilair
Formation [10]; early-stage exhumation of the UHP
rocks from HP eclogite- to blueschist-/greenschist-
facies conditions in the late Early-Late Devonian
rocks may therefore have been syn-convergent,
corresponding to evidence from fission-track dating
[11]. Minor normal movement on the MUF probably
helped exhume the Maksyutov Complex, but activity
on the fault likely ended by ~300 Ma [11,12]. The
structural association of tectonic units (Fig. 1) as we
find them today was established during exhumation
of the UHP rocks (see Fig. 5 in [3]).

3. Petrologic and radiometric constraints for
modeling the Maksyutov UHP unit

The timing for major events in the evolution of the
Maksyutov Complex used in the numerical modeling
is summarized in Table 1 and Fig. 3. Relevant
petrologic and radiometric data are presented below;
the data for peak metamorphism and exhumation

define the boxes in Fig. 4 that the models must pass
through to be valid.

3.1. Rifting and opening of the Uralian Ocean
(Table 1)

Timing of the rifting in the East European platform
that resulted in the opening of the Uralian Ocean is
recorded in relict igneous zircons from the UHP unit
of the Maksyutov Complex. U-Pb SHRIMP dating of
these zircons yields ages between 51446 and 53247
Ma (see Fig. 2) [8] which we use in the model to
constrain the rifting and opening of the Uralian Ocean
(Table 1).

3.2. Timing of UHP metamorphism (Figs. 2, 3b and 4,
Table 1) and new SHRIMP-RG dating for Maksyutov

The eclogite unit of the Maksyutov Complex
experienced UHP metamorphism based on reports of
coesite pseudomorphs [14,15], graphite pseudo-
morphs after diamond [16], and most recently
microdiamond aggregate inclusions in garnet [17]
indicating minimum pressures of 3.0 GPa. This UHP
metamorphic event took place at 388+4 Ma based
on new U-Pb SHRIMP dating of zircon (Fig. 2,
Table 1; see [8]); these new data date peak meta-
morphism about 8 to 13 Ma earlier than others have
reported (see below) [18,19].

Zircons used for U-Pb dating of the UHP eclogite
unit are from three samples of quartzofeldspathic
gneiss and mica schist. Zircons are rounded, slightly
irregular-shaped grains that display dark rims under
cathodoluminescence; some grains show zoned,
sometimes euhedral, cores within thin rims (Fig. 2).

Table 1

Model kinematics and displacement rates for UHP metamorphism

Time Tectonic events Kinematics Displacement rate
(Ma) (mm/year)
Model A—UHP metamorphism

540-514 Opening of Uralian Ocean 200 km pure shear extension 8.00
514437 Thermal relaxation N.A. N.A.
437-398 Subduction of Uralian Ocean 572 km simple shear compression 15.00
398-388 Thermal relaxation/UHP metamorphism N.A. N.A.
388-380 Exhumation of UHP rocks to HP conditions Exhumation by thrusting (buoyant rise) 5.00
380-375 Exhumation of HP rocks to lower/mid-crustal level Exhumation by thrusting (buoyant rise) 4.50
375-315 Cooling and continued exhumation of UHP rocks Exhumation by thrusting and erosion 0.47
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Early Devonian ages with a weighted mean of
388+4 Ma are derived from dark, rounded grains
and dark rims with very low Th/U ratios (<<0.1)
indicating a metamorphic origin (Fig. 2). Weighted
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mean ages between 514+6 and 532+7 Ma from
UHP unit zircons have much higher Th/U ratios
(~0.5-1.5) and distinctive oscillatory zoning indicat-
ing an inherited igneous component (Fig. 2) [8].

3.3. Thermobarometry and the HP eclogite-facies
metamorphic event (Fig. 4, Table 1)

Standard thermobarometry on Maksyutov eclogites
yields equilibrium temperatures ranging from 594 to
637 °C and minimum pressure estimates of 1.5 to 1.7
GPa [16]. The relatively low temperatures and
pressures indicated for Maksyutov eclogites by stand-
ard thermobarometry likely record a retrograde
metamorphic event after UHP metamorphism.

Garnet-whole rock Sm-Nd dating records an HP
eclogite-facies metamorphic event at about 600 °C
ranging from 366+7 to 382+10 Ma [18,19]. Initial
Rb—Sr mineral isochron data [20] corroborated a ca.
370-380 Ma age for eclogitization, but more recent
work with the Rb—Sr system [21] indicates it records a
fluid—rock interaction rather than a traditional closure
temperature. The ca. 380 Ma event likely records
cooling during exhumation and/or a fluid-induced
metamorphism at post-peak temperatures (~600 °C);
we combine this data with the thermobarometric
estimates to constrain the HP eclogite-facies meta-
morphic event.

3.4. Cooling during exhumation and final ascent to
the upper crust (Figs. 3c—d and 4; Table 1)

Previous “’Ar/*°Ar and conventional U-Pb rutile
data from other workers yield ages from 375+3 to
380+4 Ma and 384+3 Ma, respectively [19,22],

Fig. 3. Model A configurations for the Maksyutov UHP eclogite
unit (MC). (a) Pre-subduction configuration immediately prior to
the closure of the Uralian Ocean at 437 Ma. (b) UHP metamorphism
at 388 Ma. (c) Syn-collisional exhumation to blueschist-/greens-
chist-facies conditions at 375 Ma. (d) Cooling at 315 Ma, showing
the amount of erosion during the last exhumation phase (375-315
Ma). White circles follow calculated P—T path for the UHP unit;
two points are shown to represent multiple locations within a rock
volume which experience similar P—7 paths. Shading shows a
sedimentary layer, upper crust, lower crust, and the subcrustal
lithosphere, respectively, based on rheological stratification and
model parameters listed in Table 2. Isotherms have a spacing of 100
°C. MUF, Main Uralian Fault; MIA, Magnitogorsk Island Arc.
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recording cooling through 400-350 °C (7, for Ar in
phengite) and 420 °C (7 for the U-Pb system in rutile).
Because closure temperatures for Ar in white micas are
well below peak metamorphic temperatures for Mak-
syutov, these ages represent cooling during exhuma-
tion. The majority of **Ar/*’ Ar data yield plateaus near
375 Ma [19]; because closure temperatures are better
constrained in this system, we use 375 Ma in the
modeling. We assume the UHP unit cooled to about
400 °C at 375 Ma during exhumation; this event is also
recorded by a blueschist-/greenschist-facies metamor-
phic overprint in UHP unit rocks (see [3]).
Exhumation was syn-convergent and accomplished
by a combination of west-directed thrusting and
buoyant uplift of a small amount of dense eclogitic
material within a largely buoyant quartzofeldspathic
host rock (e.g., [23,24]). Apatite fission-track and
A1 ?Ar data indicate that the UHP unit cooled to
110 °C from 400 °C between 375 and 315 Ma [11].
The overall structure of the Maksyutov Complex is
dominated by a NE-SW trending foliation and gentle
folding about asymmetrical fold axes parallel to the
dominant foliation; this large-scale fabric probably
resulted from oblique convergence during the main
collision in the south Urals [3]. Folding throughout
the complex suggests that the main deformation phase
occurred during exhumation after all units in Mak-
syutov were juxtaposed between about 335 and 315
Ma, after which all units were subjected to a common
deformational and metamorphic history [3].

4. Modeling methodology and model kinematics
and limitations

Thermal conditions during Devonian and Car-
boniferous petrotectonic events in the south Urals
may be determined using a kinematic, explicit three-
step Runge—Kutta finite difference model that solves
for the heat transfer equation in two dimensions.
For a detailed description of the numerical model,
see [25].

The model covers a rectangular area of 1800 km in
length (Fig. 3a) by 250 km in depth with a regular grid
spacing of 4.5 by 2.5 km. The lithosphere consists of
an upper and lower crust with a thickness of 20 km
each and a subcrustal lithosphere (Table 2, Fig. 3a).
The lithosphere—asthenosphere boundary is defined
by a temperature of 1300 C, corresponding to the
melting temperature of ultramafic rocks and is
allowed to move according to imposed tectonic
movements. Radiogenic heat production is assumed
to be constant within each layer. The left and right
hand sides of the numerical model are fixed (67/6x=0)
during time integration. Material and thermal param-
eters used for the thermal modelling are listed in Table
2. Simple shear, pure shear, as well as combined shear
tectonics are simulated based on a velocity field
approach [25,28]. Simple shear kinematics are
accounted for by moving blocks, separated by faults
with different horizontal velocities, parallel to the fault
plane. Faults are therefore pre-defined planes on the
finite difference grid and separate velocity domains.
The velocities are prescribed for individual time steps
in agreement with the constraining data sets, and are
constant within individual blocks. The amount of
vertical motion is determined by the dip angle of the
fault, which remains constant unless modified by
surface processes like erosion or sedimentation.
Vertical shear accommodates bending of layers where
the dip changes.

The thermal evolution of the south Urals was
modeled along an E-W transect (Fig. 1) based on
early Paleozoic tectonic events [3,4]. The initial
crustal thickness used was equal to the undeformed
European Platform as imaged by deep seismic lines
[29]. A thin layer of sediments (1.0 km thick) was
added in the model to simulate passive margin
sedimentation (see Fig. 3).

The Cambrian opening of the Uralian Ocean was
accounted for in the modeling by pure shear extension
(Table 1, Fig. 3a); after opening, the model was
allowed to relax thermally until the onset of oceanic
subduction during the Early Silurian as suggested by

Fig. 4. Thermal influence of (a) heat flow boundary conditions; (b) heat production in the crust; (c) cooling through underthrusting; (d) hanging
wall normal displacement rates; (e) exhumation velocities; and (f) UHP unit thickness. (b)—(f) display results with initial heat flow boundary
conditions of 60 mW m ™2 as shown in (a). Except for (f), results have been calculated for a 5-km-thick UHP unit. Boxes show P—T ranges for
metamorphic events based on thermobarometry and isotopic data; ages shown correspond to the time at which the model reaches specific P—T'
conditions. Metamorphic facies grid after [13]. Abbreviations: ZE=zeolite; PR-PU=prehnite—pumpellyite; GS=greenschist; BS=blueschist;

AM=amphibolite; GR=granulite; EC=eclogite.
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Table 2
Thermal parameters used in the modeling

Layer Rock analogue/ Thickness Density Conductivity Specific heat Heat production
rheology (km) (kg m—) (Wm'ec™h (kg 'ec™h (WW m~)

Upper crust Wet quartzite 20 2800 2.5 1050 0.800

Lower crust Wet diorite 20 2900 2.5 1050 0.200

Mantle Wet dunite N.A. 3300 35 1050 0.002

Thermal parameters are taken from [26]; rock analogues are after [27]. Results for the heat production models are displayed in Fig. 3d.

the beginning of magmatic activity in the Magnito-
gorsk island arc [5,30]. Subduction of the Uralian
Ocean was simulated by simple shear compression
(Table 1, Fig. 3b).

The model subduction zone is represented by a pre-
defined fault zone that accommodates horizontal
shortening. Because melt generation occurs above
the descending slab and the Maksyutov Complex is in
the footwall of the subduction zone, we believe that
formation of the Magnitogorsk island arc had no
profound influence on the 7—¢ evolution of the UHP
unit; we therefore treat the Magnitogorsk island arc as
a continental terrane. After subduction of the Uralian
Ocean, the leading edge of the East European passive
margin containing the UHP unit entered the subduc-
tion zone and was buried to 100 km which is the
minimum depth for diamond formation in UHP
metamorphic rocks (Fig. 3b). In the model, the timing
of the UHP event was fixed at 388 Ma based on new
U-Pb SHRIMP dating of zircons (see Fig. 2). After
subduction to UHP depths, the model was allowed to
thermally relax to reach the correct temperature
conditions for metamorphism (Table 1). This relaxa-
tion period is interpreted to resemble detachment of
the Maksyutov Complex from the downgoing plate
and accretion to the upper plate. Mechanisms leading
to the release of the accreted UHP unit allowing its
return flow may be related to hydration of the mantle
wedge [31].

After UHP metamorphism, exhumation of the UHP
unit to HP eclogite-facies conditions at 380 Ma and
subsequently to blueschist-/greenschist-facies condi-
tions at about 375 Ma was simulated by reversing the
motion along the fault plane (the model subduction
zone) while propagating the subduction zone into
footwall units (Fig. 3c). In this way, the UHP unit,
which consists of a small amount of dense eclogitic
material within largely quartzofeldspathic host rock,
can be envisaged as a thrust sheet within the

subduction channel that is being exhumed buoyantly
(e.g., [23.,24]).

Final exhumation and cooling of the eclogites to
the temperature range recorded by apatite fission track
data (~110 °C at 315 Ma [11]) was modeled by a
combination of erosion, accounting for half of the
vertical motion, and west-directed thrusting (Fig. 3d).
The amount of erosion is prescribed and proportional
to the height of topography. Erosion rates are assumed
to be constant during individual time steps.

In this study we used a kinematic numerical model
to address key questions related to the thermal
evolution of the Maksyutov Complex in the south
Urals and its relationship to present-day heat flow data
and UHP units in general. In this approach, the
thermal effect of subduction or exhumation processes
is studied in a kinematic framework allowing for a
high degree of freedom in testing a variety of
potentially important parameters for the thermal
evolution of UHP complexes. As such we do not
aim to answer questions concerning the dynamics of
subduction and UHP exhumation like exploring the
driving forces for the exhumation of UHP complexes.
Recent numerical, analytical, and physical modeling
studies suggest that exhumation of UHP rocks to
crustal levels is primarily driven by buoyancy forces
or forced flow within the subduction channel, whereas
processes such as erosion or detachment faulting are
more important for the final exhumation phase
[23,31-34]. We therefore adopt thrusting and erosion
as simplified exhumation mechanisms in our models.

Because of significant uncertainties in shear param-
eters, i.e., shear stresses in subduction zone environ-
ments are estimated to range between 0 and 100 MPa
(see [35] for a discussion), we did not include shear
heating in the model. Numerical modeling studies on
the thermal structure of subduction zones and UHP
metamorphism indicate that depending on the amount
of shear stress and subduction velocity, shear heating
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might increase the temperature at the subduction shear
zone by up to 200 °C [26,36]. Microstructural argu-
ments, however, like the predominance of deformation
mechanisms including dissolution precipitation creep
and fluid assisted granular flow during high-pressure
deformation suggest that the flow strength of rocks in
parts of the subduction channel might be very low
[37,38], thereby limiting the thermal contribution of
shear heating. Other difficult to constrain parameters
like the thermal effects of metamorphic reactions and
fluid circulation with the subduction channel are
ignored in this study.

5. Modeling results

Modeling results are described with respect to our
reference model A, which was successful in reproduc-

ing the P-T-t path of the Maksyutov Complex;
relevant thermal parameters are listed in Tables 2 and
3. Fig. 4 shows the predicted P—7— paths for model A
(the “best-fit” model; Fig. 4a) and for models
exploring the thermal influence of various model
parameters listed in Table 3.

5.1. Heat flow and heat production (Fig. 4a,b; Table 3)

In the Ural Mountains and adjacent European
Platform, surface heat flow is low with an average
of 35 mW m ? and is mainly attributed to the low
radiogenic heat production in the crust [2]. For the
modeling, we increased the average of modern heat
production data [2] by a factor of 1.2 to account for
higher heat production in the Devonian [39]. Heat
flow values in Table 3 represent initial conditions
where heat flow is distributed uniformly across the

Table 3

Overview of parameters changed in the modelling

Surface Heat flux from  Heat production Rate of underthrusting ~ Hanging wall normal Exhumation rate UHP unit
heat flow asthenosphere in the upper crust  (cm/year) displacement (cm/year) thickness
(mWm?) (mWm?) (LW m?) 380-380/380-375 Ma  (cm/year) 388-375 Ma  388-380/380-375 Ma  (km)
Heat flow models

60 40 0.8 0/1.5 0 0.5/0.45 5

70 50 0.8 0/1.5 0 0.5/0.45 5

35 15 0.8 0/1.5 0 0.5/0.45 5
Radiogenic heat production in the upper crust

60 40 Low—0.8 0/1.5 0 0.5/0.45 5

60 36 Medium—1.0 0/1.5 0 0.5/0.45 5

60 26 High—1.5 0/1.5 0 0.5/0.45 5
Cooling through underthrusting

60 40 0.8 0/0 0 0.5/0.45 5

60 40 0.8 1.5/1.5 0 0.5/0.45 5

60 40 0.8 3/3 0 0.5/0.45 5
Cooling through normal faulting in the hanging wall

60 40 0.8 0/0 0 0.5/0.45 5

60 40 0.8 0/0 0.2 0.5/0.45 5

60 40 0.8 0/0 0.5 0.5/0.45 5
Influence of exhumation velocity

60 40 0.8 0/0 0 0.2/0.2 5

60 40 0.8 0/0 0 0.45/0.45 5

60 40 0.8 0/0 0 0.8/0.8 5
Influence of UHP unit thickness

60 40 0.8 0/0 0 0.5/0.45

60 40 0.8 0/0 0 0.5/0.45 10
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model; these values are subject to lateral variations
across the orogen during time integration.

The best fit P—T— path is achieved using an initial
surface heat flow value of 60 mW m~2 (Model A, Fig.
4a) and heat flow of 40 mW m ™~ at the lithosphere—
asthenosphere boundary (Table 3). For these thermal
boundary conditions the P—7—¢ history of the UHP
unit is reproducible within the constraining petrolog-
ical and radiometric data sets (see Section 3). The P—
T—t path of Model A is characterized by moderate
heating during subduction, isobaric heating during a
10 my relaxation phase, continuous cooling during the
exhumation of the UHP unit from mantle (~100 km)
to lower crustal (~30 km) depths, and isothermal
exhumation followed by slow cooling during final
exhumation to shallow crustal levels (~4 km).
Sensitivity tests suggest that the age of a subducting
ocean and the subduction velocity only effect the
temperature of the UHP unit at the end of the burial
phase (see [35]) and have little thermal effect on the
succeeding exhumation phase. Subsequent thermal
relaxation is required to attain the proper temperature
conditions for UHP metamorphism (Figs. 3b and 4a).
Other models using present-day heat flow values (35
mW m~?; Fig. 4a) never yielded the observed P—T
conditions; even full thermal relaxation (>100 my)
resulted in model temperatures that were too low for
eclogite-facies metamorphism. Higher initial heat
flow boundary conditions (70 mW m~2; Fig. 4a) lead
to UHP metamorphic conditions soon after (2 my) the
end of the burial phase but do not accurately track the
retrograde P—T path (Fig. 4a).

Radiogenic heat production within the upper
crust of the south Ural transect (see Fig. 1) is
low, with a mean value of 0.66 pW m™> [2], due to
the predominance of mafic rocks in the Magnito-
gorsk zone. This value is representative of the
modern structure of the Urals (Fig. 1) but does not
necessarily reflect ancient heat production within the
UHP unit, a passive continental margin segment of
East European origin. Model simulations with
different heat production values (Table 3) were
performed to assess the influence of higher heat
production in the upper crust on the thermal history
of the UHP unit.

In the numerical model, steady state heat flow at
the surface is balanced by the amount of heat flux
from the asthenosphere and the amount of heat

production within the different model layers (see
Fig. 3). Increasing the heat production in the upper
crust therefore requires less heat flux from the
asthenosphere to maintain the same heat flow at the
surface. Consequently, models with high heat pro-
duction in the upper crust (and hence less influx from
the asthenosphere) yield too low temperatures at the
end of the subduction phase (Fig. 4b); this suggests
that the lower heat flux from the mantle over-
compensates for the heat gain due to higher radio-
active heat production resulting in a net temperature
loss of about 80 °C with respect to model A. The
opposite is true for the exhumation phase where the
influence of the low heat flux from the asthenosphere
decreases relative to the heat production within the
crust as indicated by the converging P—T paths during
decompression (Fig. 4b).

5.2. Cooling of the UHP unit during decompression
(Fig. 4c)

P-T data from the Maksyutov Complex document
continuous cooling during exhumation from UHP to
near-surface positions. In the following paragraphs,
we present sensitivity tests that aim to evaluate the
importance of contemporaneously active processes
such as underthrusting or normal faulting in the
hanging wall of the MUF as well as variations of
parameters including UHP unit thickness and exhu-
mation velocity on the temperature evolution of the
UHP unit during decompression.

5.3. Cooling through underthrusting and normal
faulting in the hanging wall (Fig. 4c,d; Table 3)

The UHP unit cooled by about 300 °C between
388 and 375 Ma. Modeling results suggest that
continued subduction in the footwall is an efficient
mechanism to cool the UHP unit with the rate of
subduction being the controlling factor (Fig. 4c). The
calculated P-T—t paths also show that for the
Maksyutov Complex, no additional cooling is
required during exhumation of the UHP unit from
UHP to HP conditions. During this phase, conductive
cooling is more efficient than heat advection induced
by the upward movement of the UHP unit and hence
results in temperature decrease of about 100 °C to
380 Ma. However, subsequent exhumation to blues-
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chist-/greenschist-facies metamorphic conditions at
375 Ma, requires additional mechanisms to reproduce
the P—T path constrained by the data. Relatively slow
underthrusting at rates of 1.5 cm/year (Model A in
Fig. 4a) provides enough cooling to predict blues-
chist-/greenschist-facies conditions. Similar rate-
dependent relationships are observed if we cool
through normal faulting in the hanging wall of the
UHP unit (Fig. 4d). In this case, which simulates
normal fault activity along the MUF, downward
motion of the hanging wall block induces cooling
by means of underthrusting.

5.4. Exhumation velocity and UHP unit thickness
(Fig. 4ef; Table 3)

As outlined in the previous sections, exhumation
proceeds in three stages in Model A (Fig. 4): (1) from
UHP conditions at 388 Ma to HP eclogite-facies
conditions at 380 Ma; (2) from HP eclogite-facies
conditions to blueschist-/greenschist-facies conditions
at 375 Ma; and (3) from blueschist-/greenschist-facies
conditions to the uppermost crust at 315 Ma. Exhuma-
tion rates for the first two stages of exhumation are
quite modest at 5 and 4.5 mm/year, respectively (Fig.
4a). The exhumation rate for the UHP unit after the
blueschist-/greenschist-facies overprint was much
slower (~0.47 mm/year, Table 1) allowing the thermal
structure to largely re-equilibrate in the upper crust,
while the deep thermal structure was still controlled by
underthrusting (Fig. 3d). Slowing exhumation by a
factor of 10 and applying erosion yields nearly
isothermal exhumation of the UHP unit for a period
of ~20 my (Model A, Fig. 4a). Thereafter, cooling
accelerates due to the proximity of the earth’s surface.
According to the model predictions, the eclogites were
at a depth of 34 km when they cooled to below 110 °C
suggesting that 3—4 km of material has eroded since the
Late Carboniferous (315 Ma).

Higher exhumation rates from UHP to blueschist-/
greenschist-facies conditions shift the predicted P-T
path slightly toward lower temperatures, whereas
slower exhumation rates increase temperatures due
to the decreasing influence of heat advection (Fig. 4e).
In our modelling, the P—T paths followed are near the
boundary with the upper plate where thermal gra-
dients across the UHP unit are very high. Particularly
in the case of fast exhumation (8 mm/year), con-

ductive heat loss to the upper (cooler) plate is
enhanced, yielding slightly cooler exhumation paths.
The efficiency of conductive cooling during exhuma-
tion is, therefore, also a function of the position of the
rock within the UHP unit.

Model runs with different UHP unit thicknesses
(3, 5, and 10 km), appropriate for the south Urals,
suggest that this parameter is less important for the
decompression-related thermal history of the UHP
unit than, for example, contemporaneous underthrust-
ing (compare Fig. 4a and f with c). As thicker UHP
units have a higher capacity to advect heat and
conductive cooling takes longer to effect the entire
unit, models with thicker UHP units yield warmer
exhumation paths. Our modeling results are consis-
tent with those of [36] although distinct temperature
differences at the onset of exhumation in their models
exploring the same parameter seems to overstate its
importance. Modeling shown in Fig. 4f indicates that
UHP unit thickness of 3—10 km are reasonable; we
use 5 km for Model A as an intermediate value that
meets all P-T—¢ criteria.

6. Discussion of modeling results
6.1. Paleo- vs. modern heat flow

The P-T-t evolution of the Maksyutov UHP unit
cannot be explained unless heat flow has varied over
time. Our modeling shows that syn-orogenic heat
flow (400-315 Ma) must have been much higher
than present-day heat flow; an initial surface heat
flow value of 60 mW m 2 closely reproduces the
P-T path of the UHP unit. In other regions such as
the European Alps where UHP metamorphism of the
Dora Maira massif occurred during Tertiary collision
(e.g., [40]), modern surface heat flow data range
between 50 and 80 mW m ™2 [41]. Our modeling
predictions are consistent with these data and
underline the relevance of the chosen heat flow
boundary conditions for the thermal evolution of the
Maksyutov Complex. Since the Carboniferous,
decay of the transient thermal perturbation related
to orogenic activity, together with the decreasing
radiogenic productivity and paleo-climate influences
(see [2]), led to the very low modern heat flow
values.
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6.2. Shear heating

Thermal modeling studies of subduction zone
environments suggest that transient heat sources such
as shear heating can increase subduction zone
temperatures by up to 200 °C depending on the
prevailing shear stresses and the imposed velocity
along subduction- and/or exhumation-related shear
zones [35,36]. In the Maksyutov Complex, shear
heating may have permitted UHP metamorphism
under lower heat flow conditions than suggested by
our modeling. Subsequent exhumation of the UHP
unit must then have been accompanied by a
combination of cooling processes to obtain the P-—
T path recorded by the rocks. However, the
Maksyutov  UHP unit consists of small eclogite
lenses within dominantly quartzofeldspathic rocks.
The quartzofeldspathic matrix deforms around eclo-
gite lenses protecting eclogite from significant
shearing; the cores of eclogite bodies appear largely
undeformed [3]. Shear stresses estimated for similar
eclogite/country rock relationships observed in the
Dora Maira Massif are estimated to be only 2 MPa,
at 700 °C and strain rates of 10~'> s~ ' Stickhert and
Renner [37]. Such low shear stresses are considered
insufficient to cause a considerable temperature
increase due to shear heating [35]. Furthermore,
exhumation rates for most UHP complexes are on
the order of 1-2 cm/year ([42] and references
therein). We estimate the maximum exhumation rate
for the Maksyutov Complex is 5 mm/year, and is
therefore a “low velocity” end member among UHP
complexes. The shear zone velocity applicable to the
Maksyutov Complex is probably too low to cause
significant shear heating.

6.3. Cooling during exhumation

Different mechanisms have been proposed for
rapid cooling during the exhumation of UHP
terranes, a prerequisite for the preservation of UHP
index minerals like coesite and diamond [43].
Among those mechanisms we consider, based on
our modeling study, cooling through underthrusting
of the subducting slab as most efficient (Fig. 4c).
Additionally, a cool exhumation environment is
favored in case of concomitant normal displacement
of hanging wall units and low radiogenic heat

production in the crust, whereas for our set of
boundary conditions other parameters like unit thick-
ness or exhumation rate turned out to be less
important. Our findings are consistent with numerical
modeling studies of Peacock [44] or Roselle and
Engi [36], although the latter regard “unit thickness”
as a controlling parameter.

Exhumation of Maksyutov UHP rocks proceeded
in multiple stages. We infer from the modeling that
conditions favoring cooling of the UHP Maksyutov
Complex during exhumation include low crustal heat
production (Fig. 4b; [2,45]), a relatively thin tectonic
unit (3—10 km), moderate exhumation rates (~5.0
mm/year; Fig. 4e), and a small amount of cooling
through underthrusting of the subducting slab (Fig.
4c). In the absence of heat-producing mechanisms
such as shear heating only a limited amount of
additional cooling is required during exhumation
from HP to greenschist-/blueschist-facies conditions
to fit the P-T path; this cooling could either stem
from underthrusting of cold footwall, normal dis-
placement of hanging wall units, or a combination
of both (compare Model A in Fig. 4a with Fig. 4d).
Our thermal calculations furthermore suggest that
the blueschist-/greenschist-facies metamorphic over-
print at ~375 Ma occurred in the lower crust (~32—
28 km) and not the mid-crust (~20 km) as suggested
by Hetzel and Romer [45]. According to our
modeling results, cooling of the UHP unit might
have been interrupted by approximately isothermal
exhumation during the first 20 my of the last
exhumation phase (375-315 Ma). During this time
period, when exhumation velocities had decreased
considerably (Table 1), re-equilibration of the
thermal structure due to heat conduction dominates
over exhumation-related advective heat transport.
Final exhumation to shallow crustal levels was
accompanied by cooling and further thermal re-
equilibration in the upper crust. The UHP unit
reached shallow crustal levels (3—4 km) during the
early Late Carboniferous, thus constraining the
denudation rate until present.

The exhumation rate of ca. 5.0 mm/year as
inferred for the Maksyutov Complex is much slower
than estimates for many other UHP complexes; for
example, exhumation rates for the Dabie Shan
(eastern China) are estimated to be up to 25 mm/
year [46] and those of the Dora Maira Massif
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(European Alps) range from 20-24 mm/year [40];
this clearly shows that the rare preservation of UHP
index minerals in the Maksyutov Complex is not
primarily controlled by the exhumation velocity.
Very slow exhumation on the other hand (0.3-1.5
mm/year as suggested by Leech and Stockli [11], to
pseudomorphose diamonds) hampers cooling, yields
too high temperatures in our models, and fails to
achieve the HP eclogite P—T conditions (Fig. 4e). It
follows that in the absence of efficient cooling
mechanisms, early phases of decompression will be
accompanied by heating, not cooling, in cases when
the subduction related thermal perturbation restores
faster than the rocks exhume. Although different
exhumation rates yield slightly deviating cooling
paths, we concur with [36,44] who consider exhu-
mation velocities a parameter of secondary impor-
tance for the thermal evolution of exhuming UHP
units.

7. Conclusions

New U-Pb SHRIMP data from zircon dates UHP
metamorphism of the Maksyutov Complex at 388+4
Ma. This early date changes the P—7—¢ history for
Maksyutov; our thermal modeling tests assumptions
about the evolution of this UHP subduction zone
complex, and by inference, all UHP complexes.
Thermal modeling of the Maksyutov Complex shows
that modern heat flow data cannot be used as a valid
assumption for reconstructing and discussing the P—
T-t history of UHP metamorphic rocks in the
context of Paleozoic subduction and collision in the
Urals. Conversely, quantification of the thermal
evolution of UHP units, most of which are of
Paleozoic age (e.g., [47]), needs to account for the
strong time dependence of the lithospheric thermal
structure.

The preservation of UHP index minerals demands
cooling during decompression; our modeling sug-
gests that cooling during exhumation is favored
when concomitant subduction/underthrusting or nor-
mal faulting in the hanging wall takes place, the
UHP unit is thin, and radiogenic heat production is
low. In contrast to a widespread perception, fast
exhumation is not required for the preservation of
UHP minerals as shown by the example of the

Maksyutov Complex in the south Urals, which was
exhumed to mid-crustal levels at a comparably slow
rate (~5 mm/year).
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