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Abstract Back-arc basins such as the ones behind the island-arcs of the Western Pacific Ocean or the

ones in the Mediterranean Sea are ubiquitous structures of the Earth. They are extensional basins forming

in the overriding plate behind subduction zones and similarly to continental rifts, they can exhibit different
structural styles from narrow, localized rifting to wide-rift extension. While these different structural styles
have been long recognized, the factors controlling the style of extension in these basins have not been explored
properly. We use thermo-mechanical models to investigate how the relative rates of progressive build-up of
slab-pull force and of convective thinning and thermal weakening of the overriding plate control the style of
back-arc rifting. Following subduction-initiation, a high subducting plate velocity results in rapid build-up

of the slab-pull force. The relatively low rate of convectively thinning and associated moderate weakening of
the overriding plate require slab-pull to build up to close to its maximum value to overcome the high back-arc
integrated strength resulting in a narrow back-arc rift. In turn a low subducting plate velocity in comparison
with the timescale of convective thinning of the overriding plate allows for significant back-arc weakening
before the slab-pull force becomes large enough to drive back-arc extension. In this case, the back-arc exhibits
a wide rifting style as extension occurs at significantly reduced overriding plate integrated strength. Our model
results provide an explanation why some subduction zones exhibit wide, distributed extension in the overriding
plate such as for instance observed in the Pannonian basin.

1. Introduction

Back-arc basins are extensional basins that form behind subduction zones in the overriding plate (Taylor &
Karner, 1983). They form in both ocean-ocean or ocean-continent subduction settings and exhibit a wide range
of features from narrow, symmetrical back-arc rifts to widespread extension for hundreds of kilometers behind
the arc (e.g., Faccenna et al., 1997; Jolivet et al., 1999; Tamaki, 1985). Many back-arc basins, especially in the
Circum-Pacific region are the result of narrow, localized rifting and crustal breakup, such as for instance the
Okinawa trough behind the Ryukyu arc (e.g., Qi et al., 2021; Sibuet et al., 1987, 1998; Zhang et al., 2021).
These basins often form behind Pacific subduction zones where convergence rates are high (e.g., Faccenna
et al., 2007; Heuret & Lallemand, 2005; Heuret et al., 2007; Sdrolias & Miiller, 2006; see also Figure 1 in
Schellart et al. [2007]). In contrast, other back-arc basins, especially in the Mediterranean region where deforma-
tion is driven by the slow convergence between Eurasia and Africa (Faccenna et al., 2014), exhibit wide rifting,
as for instance the Pannonian basin (Figure 1; Bada et al., 1999; Balazs et al., 2017; Csontos et al., 1992; Horvath
et al., 2006). Despite the relative abundance of back-arc basins around the globe, systematic modeling studies
focusing on their dynamics and on factors controlling their style of extension are rare, compared to the abundance
of studies focusing on the simpler case of continental rifting.

Common parameters that may influence the style of simple continental rifts include the thermal and rheolog-
ical structure of the lithosphere, the rate of extension, inherited crustal weaknesses, and magmatic intrusions
(e.g., Balazs et al., 2017; Brun, 1999; Buck, 1991; Buck et al., 1999; Buiter et al., 2008; Burov, 2007; Burov
& Poliakov, 2001; Huismans & Beaumont, 2003, 2011; Liao & Gerya, 2014). It was shown early on, that out
of these parameters crustal thickness, heat flow, and strain-rate are factors controlling the mode of extension
(Buck, 1991). Weak lithosphere, thick crust and low strain-rate tend to favor wide rifting, while strong, cold
lithosphere and high strain-rate promote narrow, localized rifting (Buck, 1991). The modeling experiments of
Bassi (1995) indicated that low strain-rate (extension rate) is important, but not enough to produce a wide rift,
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Figure 1. (a) Simplified tectonic outlines of plate contacts in the Carpathian-Pannonian region (after Faccenna et al. [2014] and Schmid et al. [2008]). Dashed

black lines show the positions of the orogenic front prior to the onset of extension in back-arc basins (modified after Wortel and Spakman [2000]). Sa—Sava Suture
Zone (b) Lithospheric scale cross-section over the Dinarides—Pannonian Basin—Apuseni Mountains—Transylvanian Basin—East Carpathians (compiled from Balazs

et al. [2016], Matenco et al. [2016], and Schmid et al. [2008]). The dashed LAB portion is taken after Dérerova et al. (2006). The trace of the cross section was chosen
to approximate the curved North to North-East to East direction of extension accompanying the clockwise rotation of the Tisza-Dacia unit.

and emphasizes the role of a rheologically weak mantle lithosphere. Huismans and Beaumont (2008, 2011) have
shown that the style of rifting and that of the evolving passive margins is largely controlled by crust and mantle
rheology. High crustal and mantle lithospheric strength leads to strong coupling between these layers and narrow
necking, while low crustal strength results in differential thinning and wide, distributed rifting.

In case of back-arc rifting, where extension occurs in close proximity to an active subduction zone, additional
controlling factors include the rate of trench-retreat (partly controlled by relative plate motions and the age of
the oceanic lithosphere), the pattern of asthenospheric flow in three dimensions, the absolute plate motions, and
the long term strength of the subduction interface (Behr & Becker, 2018; Chen et al., 2015; Currie et al., 2008;
Funiciello et al., 2003; Kiraly et al., 2016; Magni et al., 2014; Schellart & Moresi, 2013; Schellart et al., 2007;
Sdrolias & Miiller, 2006; Sheng et al., 2018; Wolf & Huismans, 2019). Moreover, for back-arc rifts both the rate
of extension and the rheological setup of the overriding plate (two main controlling factors for continental rifts)
are externally controlled factors. The extension-rate is controlled by the dynamics of the nearby subduction zone
through the dynamic build-up of slab-pull force as well as the absolute plate motions. A wealth of analogue
models have focused on the effects of overriding plate and subducting plate velocities on the deformation style of
the back-arc zone (e.g., Chen et al., 2015; Heuret & Lallemand, 2005; Heuret et al., 2007). However, these models
mainly used overriding plate rheologies that were constant throughout the modeling experiments. In contrast,
the thermal and rheological structure of the overriding plate might evolve over time owing to re-hydration or
convective removal of the lithospheric mantle (e.g., Arcay et al., 2005, 2006; Gerya & Meilick, 2011). Wolf and
Huismans (2019) concluded using a force-balance analysis that the driving and resisting forces acting on the over-
riding plate lithosphere are in a near equilibrium state during subduction and that overriding plate weakening is
necessary for back-arc extension to occur. This result is in good agreement with the early analogue experimental
results of Shemenda (1993). The numerical modeling results of Wolf and Huismans (2019) suggest that convec-
tive removal of weak overriding plate mantle lithosphere plays a primary role in weakening and the initiation of
back-arc extension.
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Here we use numerical thermo-mechanical model experiments to investigate factors controlling the style of
back-arc extension with a special focus on the combined effects of subducting plate velocity (i.e., the far-field
velocity of the subducting plate relative to the undeforming part of the overriding plate) and convective thinning
of the back-arc mantle lithosphere. The subducting plate velocity varies widely in nature and exerts a first order
control on the build-up of the slab-pull force following subduction initiation.

2. Numerical Method
2.1. Model Description

We use a modified version of the 2D finite element numerical modeling code FANTOM (Thieulot, 2011; Wolf &
Huismans, 2019) to model subduction and simultaneous back-arc extension. The numerical experimental setup
is very similar to the one used in our previous studies (e.g., Erdés et al., 2021; Wolf & Huismans, 2019) and is
described in detail of Supporting Information S1. FANTOM is designed to solve the Stokes equation coupled
to the heat transport equation in 2D using the plane strain assumption. The thermo-mechanical model consists
of strain-weakening frictional plastic and thermally activated non-linear viscous creep materials (see Table 1 for
material properties).

2.2. Initial Experimental Setup and Boundary Conditions

The experimental setup includes a computational model domain that is 1,400 km deep and 3,000 km wide
(Figure 2). The initial layered geometry consists of a constant viscosity lower mantle overlain by an adiabatic
sub-lithospheric mantle that has a rheology of wet olivine (Karato & Wu, 1993). Above these two layers, the setup
varies depending on the type of lithosphere. The right side of the model consists of the overriding continental
lithospheric plate with an 84 km thick mantle lithosphere (wet olivine with a scaling factor 5 for the strong, distal
portion and a scaling factor of 0.2 for the weak, proximal portion), a 12 km thick lower crust (dry Maryland
diabase with a scaling factor of 0.1; Mackwell et al., 1998), a 20 km thick upper crust (wet quartz with a scaling
factor of 1) and a 4 km thick sedimentary cover (wet quartz with a scaling factor of 1; Gleason & Tullis, 1995).

The left side of the model consists of oceanic lithosphere, with 71 km thick oceanic mantle lithosphere (wet olivine
with a scaling factor of 5) and 9 km thick oceanic crust (dry Maryland diabase with a scaling factor of 0.1). The
upper 60 km of the oceanic mantle lithosphere is depleted by 15 kgm~3. The boundary between these two blocks
is dipping 35° to the right. At this divide, the model is seeded with an inclined, strain-weakened oceanic crustal
domain underneath the overriding plate to allow for oceanic subduction initiation. A pro-continental lithospheric
block trailing the subducting oceanic lithosphere is only present in models 3 and 4. In these models, the oceanic
lithosphere is bounded on the left by a narrow, steeply dipping passive continental margin. The trailing continen-
tal lithosphere consists of a 24 km thick upper crust, a 12 km thick lower crust and an 84 km thick continental
lithospheric mantle. The continent to the left has a similar rheological setup to the overriding plate but there is no
sedimentary cover and the upper crust has a rheology of wet quartz with a scaling factor of 5. We have adjusted
the strength of this domain in order to prevent the front-end of the incoming continent from being wrenched off
by the fully subducted slab. All material properties are listed in Table 1. We use a scaling factor (f) to approximate
the effect of variations in volatile content and potential changes in strength owing to compositional variations
(Beaumont et al., 2006). Upon reaching the temperature-pressure phase-change boundary conditions the oceanic
crust is transformed into eclogite (Hacker, 1996). Eclogite has the same viscous flow law as the oceanic crust but
a different density (see Table 1). All slab and mantle materials are subject to a reversible phase transition at the
660 km discontinuity, corresponding to the breakdown of ringwoodite to bridgmanite and magnesiowiistite (see
discussion in Billen [2010] and Goes et al. [2017]). For simplicity, all materials that make up the subducting slab
are converted to one lower mantle slab material with the viscous flow law of the oceanic lithosphere. The phase
changes do not account for latent heat and are not mass conserving but are assumed to capture the first-order
effects of important metamorphic phase changes (Wolf & Huismans, 2019).

The viscosity of the iso-viscous lower mantle used in this study is consistent with the viscosity structure of the
mantle inferred from inversion studies (e.g., Billen, 2010; Mitrovica & Forte, 2004). The higher viscosity of the
lower mantle (relative to the sub-lithospheric upper mantle; see Figure S1 for the density and viscosity structure

ERDOS ET AL.

3of 17

85U8017 SUOWIWOD BATeR1D 3|qeo(dde ayy Aq pausenob afe sspiie O ‘8sn JO S9N 10} Azeld1TauIIUO AB|IM UO (SUORIPUCD-PUe-SWB) L0 A8 1M AfeIq 1 jeuU0//SdnY) SUORIPUOD pue swie | 8y} &8s *[£202/20/0T] Uo ArigiTauliuo A8|IMm ‘| BYRI0NGIGSIBISRAIUN A] 9802000 1T202/620T 0T/10p/LLioo A8 | im Aze.q i jput|uo'sgndnBe/:sdny Wwoj pepeojumod ‘9 ‘ZZ0Z ‘Y6TerY6T



19449194, 2022, 6, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021TC007086 by Universitetshiblioteket |, Wiley Online Library on [10/02/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

~
o s
=] <t
=~
ol
S
m -aroydsoy)i| apuEW [RIULUNUOD YY) Jo uonIod pausyeam oy 1oy parjdde 10joey Surfess oY) smoys
= sisayuared ur anfeA, *(S[rI9P 10J 1X9) 935) 15110 10ddn [eIusunuos-oid ayy 10§ parjdde 10)oey SuIeds SY) JO an[eA 3 SMOYS SISayIuAIed Ul an[eA , *919YdsOYII] APUBW JIUBIIO JO J9AR] pAIo[dap ay Jo AISUap 9y Smoys sisayjuared
m u1 an[eA, “d1eydsoyi SpuLw [RIUSUNUOD JO 19KR] para[dop oy Jo Asusp oy smoys sisayjuated ur anfeA, *219ydsoyiI] OIULIO0 PIUWLIOJIPUN Y} I9pUN SpuRW OLISYdSOYIQNS Y} JO SSAUNIIY) AY) SMOYS sisayuared Ul an[eA,
X (£661) NA\ PUB OJRIRY AQ PIQLIOSIP MB[-MO[J QUIAI[O 10M ‘OM (8661) T8 19 [[PMYORIN AQ PIQLIOSIP MB[-MO]J AseqrIp PUB[AIRIN AIp ‘QIAA (S661) SHINT, PUB UOSLI[D) AQ PaqLIOSIP MEB[-mO[J Z)1Ienb 1om QM 210N
N
= (016,01 201 X T L0101 oBuex A1soosiA
= )
Kyianonpoxd
0 0 0 0 0 0 0 0 0T X ¢ o-0T X T'T o-0T X T°'T JeoH
(3D
01 uorsuedxa
0T X ¥ 0T XE Ol Xyc-0I XE -0 X¥—-0IX¢ 0T X ¢ 0T X ¢ 0T X =01 X € 0T X ¢ ¥=-01 X € 0T X¢ 0T X¢ 0T X ¢ [ewIoy ],
ATM TE Bv
K)1AnoONpUOd
§Te 07cS=SCC (U Srard §Te §TC sTe §Te §TT §TC §TC §TT JeoH
ANIm - NEV
0ST'1 0ST'1 0ST'1 0SL 0SL 0ST'1 0SL 0ST'1 0SL 0SL 0SL Koedes jeoy
s1o)ourered [ewIay,
0L XTI - 0L X T°L 0 0 0L XTI 0 -0l X T°T 0 0 0 (j-Tow cw) A
€ - € Ly 4 € Ly € Ly 4 4 2
7 01 X €P - Ol X e 01 X 68 <01 X 8CCT 01 X €Y Ol X 687 Ol XEY <01 X 68 <01 X 8CC'T <01 X 8CCT (-1ow ) O
.m p1-01 X 9L'] - y1-01 X9L'T 1-01 X8L'C  g-01 X¥LS'8 p1-01 X 9L'] @-0T X8L'S  1-0Ll XOL'T  1z-01 X8L'S  §-01 X VLS8 -0 X VLS8 (-8 u-Bd) V
) S - 1 10 S0 9 10 (T0) S 10 p(S) T I T010e] Sur[eds
=
Mw cOM - OM (aNa 1OM cOM dNd cOM aNd 10M 1OM ME[ MO[]
T (01 XT - 01 XT 01 XT 90T X ¥—,01 XT 01 XT (01 XT 01 XT 01 XT 01 XT 90T X #—,01 X¢T (eq) uorsayod
(3sp)
0CSI - oCS1 oCS1 oCS1 oCSI ol=L oCS1 oCS1 oC=S1 o8 9[Sue uondLIL|
Amle
4(09€°€) 3) Aysuop
0€9°¢ 0€9°€ 08€°€ 08€°€ S9g'e 5(S9€°€) 08€°E 006C 08€°€ 000°€ 008°C 008°C CRLEARIEN
- OorL +(08S) 9€S - - 1L 6 78 cl ¥ 4 (uny) ssowypIyL,
s1o)ourered [eOTURYIIIA
Spuew S[IUBW IOMO] Spuew ISNIO WOy JUSWIPaS aroydsoy spueiy IsnID) droydsoyyr  ISNIO 1OMO] (oxd) 19A00 sun
JOMO] Y} UI qB[S KJISOISIA JUBISUOD) oudydsoyingng andopog woij Ao pueIN Isn1d Joddpn KIeyuowipeg
aroydsouayisy aerd orueao qeyd [eyudunuo))
S[RLIBIA
sanadold 11D .
—
IU E8 T3Iq8L <
&L =
ﬁU o m
2
Aﬂ EH 2
2% a
24
m




V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2021TC007086

TMoho =550°C

0-1050 km 450 - 1500 km 600 km

- Sublithospheric mantle
120 km uoll pherl Strength (MPa) A
L 300 o
- Adiabatic|mantle -
e Strain softening rules -
[ T T T -
Sl —p
— -
| —p|
el —p
— -
: ——— Ocean (sw) :
= | | | = —Weak cont. (sw) -
- 04 € 14 -~ Normal cont. (sw) -
- - - Strong cont. (sw) -
— - |
660 km/ Viscous lower mantle

1 1

1 1

! 3000 km I

K e
1400 km Legend ] Lowercrust I cEclogites (initially not present)
|:| Predeformation sediment - Strong continental mantle lithosphere - Potentially weak mantle lithosphere
- Oceanic crust - Oceanic mantle lithosphere |:| Sublithospheric mantle

[ Upper crust

Il Depleted oceanic mantle lithosphere (] Newtonian lower mantle

Figure 2. Numerical model design, showing (a) the experimental layout, (b) the velocity boundary conditions, (c) the strain softening rules, (d) the initial temperature
field, and (e) the initial strength profiles. The legend identifies the different material types used. For the material properties, of each material type, see Table 1.

of model 1) results in more shear resistance and hence lower sinking velocity for the slab. The shear resist-
ance and the pull of the slab in the lower mantle have a similar magnitude.

The Eulerian computational grid consists of 1,250 cells in the horizontal direction (giving a resolution of 2.4 km)
and 257 cells in the vertical direction. The vertical resolution is irregular, with 127 elements covering the bottom
1,270 km of the model (giving a vertical resolution of 10 km), while the remaining 130 elements located in the
top 130 km of the model (giving a vertical resolution of 1 km). Grid refinement was used to increase the resolu-
tion in the lithosphere, while retaining a reasonable computation time.

The initial temperature field for the continental domain increases with depth from the surface (7}, = 0°C) to the
base of the continental crust (T, = 550°C), and to the base of the lithosphere (T}, = 1330°C) from where it

adiabatically increases to the base of the model domain (7,,,, = 1850°C; see the initial temperature profile on

ase
Figure 2). The initial temperature field of the oceanic domain is very similar but the lack of heat-production in
the oceanic crust results in a linear geothermal gradient. The bottom and surface boundaries are kept at a constant

temperature while the side boundaries are thermally insulated.

Velocity boundary conditions are imposed on both sides of the model with a constant convergence velocity
=1 cm-yr~! for Models 2—4) imposed on the topmost 120 km of the left
side of the model while the right side is kept fixed. For models 3 and 4, where there is a trailing continental lith-

(Veomy = 5 cm-yr~! for Model 1 and v

conv

ospheric block present, v, = 0 cm-yr~! is set after the oceanic basin is fully consumed. The setup of these latter
models is designed to mimic the soft docking behavior of small land locked ocean basins such as the precursor to

the Pannonian basin—East Carpathian subduction system (e.g., Linzer et al., 1998; Sperner et al., 2002).

The velocity boundary conditions between 120 and 660 km depth are defined so that the material influx and
outflux through the lateral boundaries is in balance at any given time. In the constant viscosity lower mantle,
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Figure 3. Results of Model 1. Panels (a and b) show zoomed-in images of the experiment's material domain at key time-steps: (a) 18.5 My model time as the back-arc
reaches full crustal breakup; (b) 30 My model time, displaying back-arc spreading and fast trench-retreat. For the meaning of material colors see the legend of Figure 2.
The red lines show the 420, 550, 900, and 1330°C isotherms. The gray arrows represent advection velocities (lengths scale with velocities).

the side boundaries are closed. At the base of the model, a free-slip condition is imposed and there is no
material-transport through this boundary. In order to restrict the effects of the slab's interference with the bottom
boundary of the model, the slab is transformed into lower mantle material at 1,200 km depth. The use of the
arbitrary Lagrangian-Eulerian grid-setup allows for a free surface at the top of the model.

3. Results

We present four numerical experiments that explore how the relative rate of slab-pull build-up and overriding-plate
weakening affect the style of back-arc rifting. Model 1 and Model 2 are end members in terms of the observed
behavior from a set of 5 models, where we varied only the subducting plate velocity (see Supplementary anima-
tions in Supporting Information S2 for models with intermediate subducting plate velocities). Models 3 and 4
are identical to Model 2, but the oceanic basin has a finite width, a setup characteristic to Mediterranean style
subduction systems.

3.1. Model 1—Reference Model

Model 1 is characterized by a v_,,, = 5 cm yr~! subducting plate velocity and no incoming pro-continental litho-
sphere (Figure 3; see supporting animation 1 in Supporting Information S2 for full model evolution). The weak
mantle-lithosphere of the overriding plate starts thinning convectively and through ablative subduction erosion
right from initiation of subduction. When the slab has reached 420 km depth around 8 My model time exten-
sion starts in the entire weak back-arc portion of the overriding plate. This phase of pure-shear style extension,
accompanied by rapid trench-retreat stalls at around 10.4 My model time, as the tip of the slab reaches the 660 km
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Figure 4. Results of Model 2. Panels (a—c) show zoomed-in images of the experiment's material domain at key time-steps: (a) after 40.2 My model time, when back-arc
extension starts; (b) after 43.2 My when the boudinage style wide rifting of the proximal portion of the weak back-arc zone is most pronounced; (c) after 48.7 My when
the back-arc reaches full crustal breakup at the distal portion of the weak back-arc zone. For the meaning of material colors see the legend of Figure 2. The red lines
show the 420, 550, 900, and 1330°C isotherms. The gray arrows represent advection velocities (lengths scale with velocities).

phase transition zone. Extension starts again at around 15 My model time accompanied by slowly accelerating
trench-retreat until the overriding plate reaches full crustal break-up at 18.5 My model time (Figure 3a). The
resulting back-arc rift is narrow, symmetric, and separates an approximately 150 km wide lithospheric block from
the rest of the overriding plate. From this point on, the rate of trench-retreat quickly reaches its peak value of
2.5 cm yr~! with which the slab rolls back for the remainder of the model experiment (Figure 3b) leaving a stable
spreading-center behind the arc.

3.2. Model 2—Slow Convergence

Model 2 is characterized by a subducting plate velocity of v, = 1 cm yr~' and no incoming pro-continental

lithosphere (Figure 4; supporting animation 2 in Supporting Information S2). Similarly, to Model 1, the weak
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mantle-lithosphere of the overriding plate is convectively thinned following subduction initiation. However, as
the velocity of the oceanic plate is 5 times lower compared to Model 1, there is almost no ablative removal of the
overriding plate mantle lithosphere (Figure 4a). At this slower subducting plate velocity the slab reaches 400 km
depth only after 40 My (Figure 4a). Convective removal of the weak portion of the back-arc mantle-lithosphere,
however, occurs at the same timescale as in Model 1 leading to significant mantle thinning and associated crustal
heating well before 39.5 My when extension of the overriding plate initiates (Figure 4a). From this point on,
trench-retreat quickly reaches a maximum velocity of approximately 6.5 cm yr~!, while the back-arc extends,
resulting in a wide, asymmetric rift zone (Figure 4b). There are two main zones of extension and subsidence.
A zone proximal to subduction trench exhibits boudinage style deformation and opens several small sub-basins.
Subsequently extension shifts to the distal portion of the weak back-arc, where crustal break-up occurs around
48.7 My model time (Figure 4c).

3.3. Model 3—Pro-Continent, Narrow Ocean

Model 3 is characterized by subducting plate velocity of v, = 1 cm yr~! and a narrow 450 km wide oceanic

conv
basin, flanked by the incoming pro-continental lithosphere (Figure 5; supporting animation 3 in Supporting
Information S2). This model is designed to explore the behavior of Mediterranean style back-arc basins that
are characterized by narrow, landlocked oceanic basins such as the Pannonian basin and a low subducting plate

velocity, consistent with the relative velocity of Africa and Eurasia.

Similarly, to model 2, the convective removal of the weak portion of the overriding plate's mantle lithosphere
starts after subduction initiation. Extension of the overriding plate lithosphere starts after 35 My model time
(Figure 5a) and concentrates mainly in the proximal portion of the weak overriding plate lithosphere. The rate of
trench-retreat progressively increases, and the two continental blocks collide at 39 My at which point the subduct-
ing plate velocity is set to v, = 0 cm yr~! to mimic a soft docking. Nevertheless, the overriding plate continues
extending, and by 40 My model time, a mildly asymmetric back-arc rift is formed approximately 250 km behind
the suture zone (Figure 5b). This phase with decelerating extension stops as the slab detaches from the suture at
45.5 My model time, at which time the overriding plate exhibits approximately 125 km extension (Figure 5c).

For Model 3, we have calculated crustal and mantle lithospheric thinning factors before back-arc break-up and
plotted the evolution of the topography in the proximal back-arc region (Figures 6a—6c¢). Back-arc extension is
characterized by high mantle-lithospheric thinning factors and relatively low crustal thinning factors. The topo-
graphic evolution shows that the wide rift-zone located behind the subduction zone is a result of the progressive
opening of a series of extensional sub-basins. The progression of the opening of these basins is trenchward, with
the oldest basin the furthest and the youngest basin the closest to the subduction zone.

3.4. Model 4—Pro-Continent, Very Narrow Oceanic Basin

Model 4 is characterized by a subduction plate velocity of v, =1 cm yr~! and a 400 km wide oceanic basin,

conv
flanked by the incoming pro-continental lithosphere (Figure 7; supporting animation 4 in Supporting Informa-
tion S2). This model is designed to explore what happens at the limit where the oceanic basin is not wide enough

to generate sufficient slab-pull to drive the overriding plate into full lithospheric breakup.

The weak mantle lithosphere of the overriding plate behaves similarly to the previous two models and is thinned
by convective removal after initiation of subduction. Trench-retreat and extension of the weakened overriding
plate lithosphere start at around 34 My model time. The rate of extension increases rapidly with the velocity of
trench-retreat with the latter reaching a maximum value of 2.6 cm yr~! (at approximately 38 My model time)
before the subducting plate velocity is set to v, = 0 cm yr~! at 39 My. As in Model 3, the overriding plate
continues to extend for a further 3.5 Mys (until approximately 42.5 My) albeit at a decelerating pace (Figure 7a)

before the slab detaches, at around 51 My model time (Figure 7b).

The extension of the back-arc is focused to the proximal portion of the weak zone and results in a zone (approx-
imately 200 km) of thinned crust and highly thinned mantle lithosphere. The overall trench-retreat is approxi-
mately 100 km.
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Figure 5. Results of Model 3. Panels (a—c) show zoomed-in images of the experiment's material domain at key time-steps: (a) after 35.5 My model time, when
back-arc extension starts; (b) after 40 My model time, when the back-arc reaches full crustal breakup at; (c) 45.5 My model time, when the slab breaks off of the trailing
continent after its soft docking at 39 My. For the meaning of material colors see the legend of Figure 2. The red lines show the 420, 550, 900, and 1330°C isotherms.
The gray arrows represent advection velocities (lengths scale with velocities).

4. Discussion
4.1. Balance Between Slab-Pull and Back-Arc Thermal Regime

Models 1 and 2 both reach full crustal breakup, but the style of extension observed in the overriding plate is
markedly different. The evolution of these systems can be understood through the balance of the main driving and
resisting forces acting on the overriding plate lithosphere. The main driving force is the slab-pull that acts against
the main resisting force that is the integrated strength of the overriding plate lithosphere. In addition to the strength
of the lithosphere, resisting forces that act to dissipate the slab-pull force in the system include shear resistance
along the subduction interface, bending resistance of the slab and viscous drag along the surface of the slab and
along the base of the lithosphere. These additional dissipating mechanisms are largely unchanged between the
models presented here and do not contribute to the contrasting behavior observed in the models presented here
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Figure 6. The time-evolution of (a) Mantle lithospheric and (b) Crustal stretching factors calculated for the weak portion of
the back-arc of Model 4. Intensive crustal thinning starts at approximately 38 My model time, while break-up is reached at
40 My. Inset showing crustal thinning factors along a shorter transect at 38.8 My model time (transect marked with a gray
line on panel b). (c) Late-stage topographic evolution of the back-arc portion of Model 3 over time. The sequence of back-arc
basin openings is marked on the figure.

(for a detailed treatment of these forces we refer to Wolf and Huismans [2019] and Erdés et al. [2021]), hence we
will focus here on the evolving balance of slab-pull and back-arc strength.

In case of Model 1, extension starts early and after a temporary stalling, the model reaches crustal breakup by 18
My model time (see Figure 8). As the subducting plate velocity is high, subduction of a long, relatively cold slab
and associated slab-pull are established within 8—-10 My (Figure 8a). At this time, the back-arc mantle-lithosphere
is only moderately thinned and weakened and its overlying crust and upper mantle lithosphere remains cold and
strong. In particular, the thickness and thermo-rheological structure of the crustal portion remains undisturbed
with an average Moho-depth of 36 km and an average Moho-temperature of 550°C at the onset of extension. This
combination of high slab-pull force and comparatively high back-arc strength results in the formation of a narrow
rift-basin following a relatively small amount (approximately 125 km) of crustal extension.

In case of model 2, the low subducting plate velocity results in slow subduction with a slab that has more time
to heat up. As a result, build-up of the associated slab-pull force takes more time and reaches a lower maximum
value (Figure 8a). At the same time, convective thinning of the back-arc mantle-lithosphere and significant ther-
mal weakening of the overlying crust occur before a long, upper mantle scale slab has been established. When
finally slab-pull is sufficient to cause crustal extension in the overriding plate around 39.5 My, the Moho temper-
ature locally reaches 850°C, with an average Moho temperature of approximately 755°C in the weak portion of
the back-arc (Figure 4a), favoring ductile deformation and the formation of a very wide back-arc rift with approx-
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Figure 7. Results of Model 4. Panels (a and b) zoomed-in images of the experiment's material domain at key time-steps: (a) after 42.5 My model time, when back-arc
extension ceases; (b) after 51.2 My model time when the slab breaks off. For the meaning of material colors see the legend of Figure 2. The red lines show the 420, 550,
900, and 1330°C isotherms. The gray arrows represent advection velocities (lengths scale with velocities).

imately 300 km of extension before lithospheric rupture. These high Moho temperature values are similar to those
reported from extending continental back-arcs such as the Cascadia (e.g., Hyndman et al., 2005).

Sensitivity tests with subducting plate velocities between the presented endmember models 1 and 2 (Supplemen-
tary models S1-S6 in Supporting Information S2) show that the transition between the narrow and wide rifting
modes occurs at very low (less than 1.5 cm yr~!) subducting plate velocities. We have calculated characteristic
timescales to describe the subduction (the time it takes for the slab to reach 400 km length) and the convective
thinning (the time it takes to thin the overriding plate mantle-lithosphere to half of its original thickness) for all the
models with varying subducting plate velocities. We have also calculated the pre-rift minimum back-arc strength
at the start of extension and its ratio to the initial back-arc strength and plotted these values against the ratio of the
two characteristic timescales (Figure 9). When the characteristic timescale of subduction is comparable to that of
convective thinning (i.e., at high convergence rates) the ratio of pre-rift and initial back-arc strength is closer to
1, favoring a narrow back-arc rifting mode. Conversely, when the characteristic timescale of subduction is higher
than that of convective thinning (i.e., at lower subducting plate velocities) the ratio of pre-rift and initial back-arc
strength is low, favoring a wide back-arc rifting mode. A transition between these modes is tentatively marked on
Figure 9 with a black dashed line.

It must be noted that the transition between these modes can be influenced by changes in other factors than
the subduction plate velocity. In particular, the 600°C and higher Moho-temperatures are characteristic for all
presented models with a slower convergence rate (up to 2 cm yr~!). As granite melting starts at around 650°C
these locally high Moho-temperatures would cause widespread partial melting which would result in lithospheric
strength reduction. This additional melt weakening implies that the mode-change from narrow to wide rifting
may occur already at higher subducting plate velocities. The transition is also dependent on the initial crustal
thickness as well as crustal rheology, as thicker initial crust or a weaker quartz rheology would also promote a
mode-transition at higher subducting plate velocities.
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Figure 8. (a) Slab-pull force, (b) minimum back-arc strength, and (c) location of the trench over time for models 1 and 2,
with key events marked for both models.

The contrasting behavior of models 1 and 2 shows that the relative timescales and co-evolution of (a) build-up
of the slab-pull force through oceanic subduction and (b) back-arc weakening through convective thinning of the
mantle-lithosphere and associated thermal weakening of the crust are the primary factors controlling the mode
of extension in the overriding plate. In cases where the back-arc lithosphere is only moderately weakened by
the time slab-pull is sufficient to overcome its strength, localized deformation is promoted resulting in a narrow
back-arc rifting mode (Figure 10a). In turn, if the overriding plate is significantly weakened before sufficient
slab-pull is established deformation is distributed resulting in a wide back-arc rifting mode (Figure 10b).

We next consider if varying trench-retreat velocity and strain-rate in the overriding plate affect the mode of
back-arc extension in these models. Models 1 and 2 show highly different trench-retreat velocities, once back-arc
extension is established (Figure 8c). Model 1 exhibits a low trench-retreat velocity with a peak value of 2.5 cm
yr~!. Back-arc extension in this model is established in a narrow rift mode. In contrast Model 2 has a peak
trench-retreat velocity of 6.5 cm yr~! and exhibits a wide rift mode of back-arc extension. Previous studies have
suggested that low strain-rate and rheologically weak lithosphere promote wide rifting (e.g., Buck et al., 1999). In
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these models low strain-rate does not correlate with wide rifting. In contrast,
the results suggest that the strength of the overriding plate lithosphere
provides the dominant control on the mode of back-arc extension.

Comparing Models 2—4 show, that the size of the oceanic basin can be a
strong limiting factor on the scale of back-arc extension. Model 3 shows that
a 450 km wide oceanic basin can still be enough to produce back-arc breakup,
but the amount of crustal extension (pre- as well as post-breakup) is severely
limited. Model 4 (Figure 7) shows the system at its limit. The oceanic basin
is too narrow to allow for sufficient slab rollback and for the build-up of a
sufficiently high slab-pull force to overcome the strength of the overriding
plate before the basin is closed. The result is a heavily thinned and extended
back-arc lithosphere and an aborted rift. In our experimental setup a system

Narrow rifting mode

| |

I with an oceanic basin less than 400 km wide is insufficient to produce a large
o enough slab-pull force that can result in overriding plate extension.

|
| v=1cmyrY
|
|
|

Wide rifting mode 5. Comparison With the Pannonian Basin

| | | |

Figure 9. Mode selection plot. For details, see the discussion.

1.5 2

tsubduction/tconvection

25 3 35 " a5 The Pannonian basin is a wide, extensional basin in a back-arc position,
floored by a very thin continental lithosphere (Figure 1). It was formed
during the rapid rollback of the Carpathian slab between 20 Ma and 9 Ma, but
its overall evolution was also affected by the Dinaric subduction (e.g., Balazs
et al., 2016; Csontos et al., 1992; Fodor et al., 1999; Horvéth et al., 2006;
Matenco & Radivojevi¢, 2012; Schmid et al., 2008). The slab imaged through
seismic tomography below the East Carpathian Vrancea zone is approximately 450-500 km long (e.g., Martin
et al., 2006; Wortel & Spakman, 2000) consistent with the small oceanic basin used in models 4 and 5. The 11
My time frame estimated for the back-arc extension is comparable to the time needed in our model experiments

to get from initial crustal extension to continental breakup.

Neogene back-arc extension was preceded by an orogenic phase that resulted from the closure of the Neotethyan
and the Alpine Tethyan oceanic realms (Csontos & Voros, 2004; Handy et al., 2010; Schmid et al., 2008). During
this complex history of oceanic closures and collisions, three distinct terrains (ALCAPA, Tisza and Dacia) expe-
rienced episodes of collision and thickening before getting juxtaposed. Consequently, they could have had a
weaker rheological setup than their surroundings, including the chance of a much-weakened mantle lithospheric
root such as the one employed in our experiments.

An estimated 150-200 km extension has taken place in the Pannonian basin and the associated crustal thinning
factors are in the order of 1.5-2.2 (Horvéth et al., 2006; Lenkey, 1999). Moreover, most data points to extremely
high (locally reaching up to 5-20) mantle lithosphere thinning factors (Horvath et al., 2006; Lenkey, 1999;
Sclater et al., 1980). In our preferred experiment (Model 3), the amount of trench-retreat prior to crustal break-up
is approximately 125 km, although the trench did retreat a further 50 km continuing even after the collision
had started. The mantle lithospheric thinning factors prior crustal breakup are generally in the order of 5-20
(Figure 6), although close to the proximal rift basin they locally exceed these values. In turn, the crust remains
practically intact until about 2 My before break-up. From this onset, the crustal thinning is focused on an approx-
imately 200 km wide region (necking zone) and the crustal thinning factor gradually increases to around 3 about
1 My prior break-up (Figure 6).

The surface heat flow density distribution in the Pannonian basin shows values ranging from 50 to 130 mWm2,
with a mean value of 100 mWm~2 (Lenkey et al., 2002). In our preferred experiment, just prior crustal break-up
the surface heat flow density values are within this range, with values approaching 120 mWm~2 around the neck-
ing zone while in the rest of the weak back-arc they are slightly elevated from a background value of 52 mWm™2

to around 58-62 mWm™2.

It must be noted that the late-stage alkaline volcanism and various basin modeling studies suggest that significant
mantle thinning occurred at a later stage of rifting in the Pannonian basin, and it does not precede rifting, although
there is no strong evidence as to when mantle-lithospheric thinning started (e.g., Harangi et al., 2014; Horvath
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Figure 10. Generalized cartoons of the presented key models showing the
effect of varying subducting plate velocity combined with a weak overriding
plate lithosphere. Panel (a) shows the narrow rifting style resulting from
high subducting plate velocity (corresponding to Model 1) while panel (b)
shows the wide rifting style resulting from low subducting plate velocity
(corresponding to Model 2).

et al., 2015; Huismans et al., 2001; Royden et al., 1983; Tilita et al., 2013).
This observation contrasts with our models where convective removal of
the mantle-lithosphere occurs before rifting. Therefore, we cannot rule out
that other factors aided in weakening the Pannonian crust such as previously
overthickened crust or an inherently weak quartz rheology allowing for the
observed wide extension.

Naturally, the 3D nature of the Pannonian basin—with the Dinaric slab
retreating at its south-western edge and the lithospheric scale extrusion from
the Eastern Alps—resulted in a much more complex spatiotemporal basin
evolution including an enigmatic short-lived Sarmatian inversion phase (see
Balazs et al., 2016 and references therein). Nevertheless, subduction appears
to be present only under the East Carpathians and as peak deformation in the
Dinarides and the Eastern Alps predates that of the Pannonian basin (e.g.,
Ustaszewski et al., 2008) most of the extension (from the Oligocene—Early
Miocene onwards) likely resulted from the eastward retreat of the Carpathian
Slab. The overall E-W direction of back-arc extension and the well-established
mantle lithosphere thinning beneath the Pannonian back-arc basin allow first
order comparison with the 2D models presented here.

Furthermore, the presence of the Transylvanian basin and the Apuseni moun-
tains with their comparatively thicker lithospheric roots imaged through seis-
mic tomography (Dérerova et al., 2006) between the Pannonian basin and
the East Carpathians further complicates the geological setup. However, in

a previous modeling study we have shown that tensional back-arc stresses can be transmitted through a stronger

block akin to the Transylvanian basin to cause widespread extension in a region characterized by a weaker litho-
spheric structure (Erd6s et al., 2021).

The deformation pattern observed in Model 4 corresponds well to that observed in the Pannonian basin. In the

Pannonian basin, extension could locally concentrate in discrete zones where pull-apart basins developed (Balazs
et al., 2016; Csontos et al., 1992; Fodor et al., 1999; Horvath, 1993). The heterogeneity of extension is also
reflected in the variation of pre-Neogene basement depth; elevated basement blocks separate deep sub-basins

where the thickness of the Neogene-Quaternary sedimentary rocks can reach 67 km (Horvéth et al., 2006).

In Model 4, the style of rifting is rather wide, with a number of distinct sub-basins distributed along the back-arc.
Chronologically, the first basin to form in a back-arc position is a sag-basin approximately 150 km behind the

trench. Its origin is analogous to that suggested for the Transylvanian basin; a continental sag caused by the

suction force exerted to the upper plate by the down bending Carpathian slab (Horvéth et al., 2006; Royden

et al., 1982).

After the onset of back-arc rifting, basin formation shifts about 300 km behind the trench. The wide depression
forming above the extending crust progressively breaks up into 4 sub-basins, with each new basin separated from

the next by a basement high (Figure 6). Each new basin forms closer to the trench than the previous one, but they

are progressively shallower as well, with the oldest basin reaching 4 km maximum depth, while the youngest only

1.8 km (Figure 6). These extensional basins are separated from the sag basin by a pronounced topographic high

of about 50 km width which corresponds well to the Apuseni mountains separating the Great Hungarian Plain

from the Transylvanian basin.

6. Conclusions

We have used 2D numerical models to study the delicate interplay between subducting plate velocity and back-arc

weakening.

Our results suggest that the balance between the build-up of slab-pull and the weakening of the overriding plate

through the convective thinning of its mantle-lithosphere and the thermal weakening of its crust plays a crucial

role in determining the style of back-arc extension. When the subducting plate velocity is high, slab-pull builds up
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fast, while the back-arc lithosphere remains relatively strong, resulting in a narrow rift-zone. When the subduct-
ing plate velocity is sufficiently low, the slab-pull builds up slowly and the back-arc lithosphere has a longer time
to weaken, resulting in a wide rift zone. The velocity of trench-retreat plays a secondary role in determining the
style of rifting compared to the rheology of the overriding plate at the time of rift initiation. The presence of a
continental lithospheric block trailing the subducting oceanic basin also has a modulating effect on the deforma-
tion style of the overriding plate. Narrower oceanic basins produce less pre-breakup extension, although the effect
is only second order. At the limit, subduction of a very narrow oceanic basin can result in significant back-arc
extension without reaching full crustal breakup.

The modeling results reproduce well some of the first order features of the Pannonian basin such as the thin litho-
sphere, the inhomogeneous lithospheric thinning, the locally high surface heat flow values, the moderate amount
of pre-breakup extension, and the wide, distributed extension in the back-arc basin.

Data Availability Statement

No new data were used for this study. Parameter values used to produce the numerical model results are provided
in Table 1. Numerical models are computed with published methods and codes, described in Section 2 and
Supporting Information S1. Model inputs and outputs, including plotting scripts is available at (https://doi.
org/10.5281/zenodo.6368141).
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