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1RESEARCH ARTICLE
10.1002/2014GC005608

Intraplate volcanism due to convective instability of stagnant
slabs in the mantle transition zone

2Matthew H. Motoki AQ81 and Maxim D. Ballmer1,2

31Department of Geology and Geophysics, School of Ocean and Earth Sciences and Technology, University of Hawaii at
4Manoa, Honolulu, Hawaii, USA, 2Earth-Life Science Institute, Tokyo Institute of Technology, Meguro, Tokyo, Japan

5Abstract The study of volcanism can further our understanding of Earth’s mantle processes and compo-
6sition. Continental intraplate volcanism commonly occurs above subducted slabs that stagnate in the Man-
7tle Transition Zone (MTZ), such as in Europe, eastern China, and western North America. Here, we use two-
8dimensional numerical models to explore the evolution of stagnant slabs in the MTZ and their potential to
9sustain mantle upwellings that can support volcanism. We find that weak slabs may go convectively unsta-

10ble within tens of million years. Upwellings rise out of the relatively warm underbelly of the slab, are
11entrained by ambient-mantle flow and reach the base of the lithosphere. The first and most vigorous upwel-
12lings rise adjacent to lateral heterogeneity within the slab. Ultimately, convective instability also acts to sep-
13arate the compositional components of the slab, harzburgite, and eclogite, from each other with
14harzburgite rising into the upper mantle and eclogite sinking into the lower mantle. Such a physical filtering

15

process may sustain a long-term compositional gradient across the MTZ.

16

17

181. Introduction

19Volcanism far away from tectonic-plate boundaries can inform about mantle processes and composition.
20Whereas the occurrence of age-progressive volcano chains with activity at localized hotspots is well
21explained by mantle plumes that rise from the lowermost mantle [Wilson, 1963; Morgan, 1972; Griffiths,
221986; Torsvik et al., 2006; Ballmer et al., 2013b], the origin of nonhotspot intraplate volcanism remains poorly
23understood and controversial. Mechanisms invoked for nonhotspot volcanism include (1) sublithospheric
24convective instability, (2) buoyant decompression melting, (3) shear-driven upwelling, and (4) lithospheric
25cracking. For example, sublithospheric instabilities (1) such as small-scale convection [Richter and Parsons,
261975; Bonatti and Harrison, 1976; Buck and Parmentier, 1986; Rabinowicz et al., 1993; Ballmer et al., 2007] (or
27delamination [Houseman et al., 1981; Gogus and Pysklywec, 2008]) induce passive upwelling and decompres-
28sion melting in response to downwelling of the negatively buoyant, cool sublithospheric mantle (or litho-
29sphere itself). Analogously, buoyant decompression melting (2) can cause active upwelling due to instability
30of a positively buoyant layer of preexisting partial melt [Tackley and Stevenson, 1993; Raddick et al., 2002;
31Hernlund et al., 2008]. In contrast, the energy sources for shear-driven upwelling (3) and lithospheric crack-
32ing (4) are independent of density inversions in the mantle: the former (3) requires horizontal shear-driven
33or pressure-driven asthenospheric flow to be vertically redirected along steps of lithospheric thickness and/
34or mantle viscosity anomalies [Conrad et al., 2010; Bianco et al., 2011; Ballmer et al., 2013a]. The latter (4)
35invokes tectonic stresses to crack the plate [Sandwell et al., 1995; Hieronymus and Bercovici, 1999, 2000] and
36to allow extraction of preexisting melts that pond at the base of the lithosphere [e.g., Sakamaki et al., 2013].
37In the absence of strong thermal anomalies (as would be related e.g., to a mantle plume), all these mecha-
38nisms call for mantle materials to be at ((2), (4)), or at least close to ((1), (3)) the solidus.

39Analysis of the spatiotemporal patterns of nonhotspot intraplate volcanism can serve to distinguish its
40dynamical origin. For example, ocean island chains with coeval volcanic activity over distances �1500 km—
41such as documented along the subparallel trends of the Marshalls and the Cook-Austral Islands—have been
42explained by small-scale convection with active decompression melting along one (or multiple parallel)
43‘‘hot line(s)’’ [Bonatti and Harrison, 1976; Ballmer et al., 2009, 2010]. Small volcanic provinces with short-lived
44activity <10 Myrs such as the Marquesas Islands have instead been associated with buoyant decompression
45melting [Raddick et al., 2002]. Finally, volcanic ridges that display some form of age progression, but lack the
46specific features (in terms of direction and speed of progression) that are predicted for hotspot chains, have

Key Points:
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47been related to lithospheric cracking [Sandwell et al., 1995; Hieronymus and Bercovici, 2000; Cormier et al.,
482011], or shear-driven upwelling [Bianco et al., 2011; Ballmer et al., 2013a].

49On the global scale, intraplate nonhotspot volcanism tends to be regionally clustered. For example, basaltic
50(i.e., presumably mantle-derived) intraplate volcanism on continents is focused in western North America
51(www.navdat.org), eastern Australia [Wellman and McDougall, 1974; Johnson, 1989], eastern China [Zhou
52and Armstrong, 1982; Lei and Zhao, 2005], and central Europe [Wilson and Downes, 2006; Lustrino and Wilson,
532007]. All these regions are underlain by subducted slabs (i.e., the Farallon, Pacific, and Alpine slabs, respec-
54tively) that stagnate in the MTZ [Piromallo and Faccenna, 2004; Sigloch et al., 2008; Fukao and Obayashi,
552013]. In many cases, volcanic activity has been specifically related to the toes of the slabs at the base of
56the upper mantle [Piromallo and Faccenna, 2004; Wilson and Downes, 2006; Faccenna et al., 2010; Lei, 2012]
57or slab windows [Liu and Stegman, 2012].

58Volcanism directly above stagnant slabs or near their toes has commonly been related to upward mantle
59return flow in response to slab downwelling [Faccenna et al., 2010; Kameyama and Nishioka, 2012; Tang
60et al., 2014]. However, slabs that sink to stagnate at the base of the upper mantle do so typically by rolling
61back, and as such primarily induce toroidal flow (i.e., horizontal flow around their nearest edges) with rela-
62tively little potential for focused upwelling and decompression melting [Piromallo et al., 2006; Long and Sil-
63ver, 2009]. For slab rollback, poloidal flow with upwelling in the backarc and near the tip of the slab is
64primarily important during the initial stages of rollback subduction [e.g., Jadamec and Billen, 2012], but
65declines as soon as the slab lies down to stagnate in the MTZ [Faccenna et al., 2010; Strak and Schellart,
662014].

67As an alternative mechanism for upwelling and decompression melting above a stagnant slab, Richard and
68coworkers AQ1[Richard and Bercovici, 2009; Richard and Iwamori, 2010] have proposed convective instability of a
69buoyant hydrated layer directly overlying the slab. This mechanism has recently received increased atten-
70tion, as seismic tomography has successfully imaged localized low-velocity anomalies that extend from the
71top of the slab to the base of the lithosphere, particularly beneath eastern Asia [Lei and Zhao, 2005; Lei
72et al., 2009; Zhao et al., 2009; Lei et al., 2013]. However, the thin hydrated layer, which results from sediment
73dehydration very close to the trench, is expected to become convectively stable before it reaches the MTZ
74(i.e. before �10 Myr, cf. Goes et al. [2011]) due to progressive cooling of the layer by the directly underlying
75(coolest part of the) slab. More favorable conditions for convective instability of a hydrated layer occur in
76the mantle wedge, i.e. before progressive cooling occurred [see Gerya and Yuen, 2003; Gorczyk et al., 2007].
77Whereas geochemical signatures of basaltic volcanism formed above the mantle wedge indeed display evi-
78dence for subduction-related fluids in the source [Iwamori, 1991; Wilson and Downes, 2006], such evidence
79is often absent for volcanism above the stagnant slab [Zou et al., 2008].

80Another mechanism for mantle upwelling from (or near) stagnant slabs and decompression melting has so
81far been largely ignored: convective instability of the slab itself. Though being cold and dense overall, a slab
82at the base of the upper mantle may become unstable, as its upper part is both thermally (cool) and compo-
83sitionally (eclogite) denser than its underbelly (relatively warm harzburgite). Such instability may be
84advanced by slab-core superplasticity, which is a potential legacy of the slab’s passage through the 410 km
85deep olivine-wadsleyite phase transition, where dynamic recrystallization is expected to causes significant
86grain-size reduction [Vaughan and Coe, 1981; Rubie, 1984; Riedel and Karato, 1997; Yamazaki et al., 2005].
87The resulting microscale grain sizes may reduce the viscosity of the slab core by a couple of orders of mag-
88nitude in the deformation regime of diffusion creep [e.g., Karato et al., 2001].

89In this study, we use two-dimensional numerical models of upper mantle convection to systematically
90explore buoyancy-driven instability of the stagnant slab’s underbelly. We investigate the timescales of
91development of this instability, assess its potential to drive upwelling that persists through the entire upper
92mantle and to support sublithospheric melting, as well as discuss its consequences for the fate of slab mate-
93rials. These predictions will help to distinguish this mechanism from alternative forms of upwelling.

942. Methods

95In this study, we analyze a suite of two-dimensional models by numerically solving the equations for conser-
96vation of mass, momentum, and energy using the finite element code CITCOM [Moresi et al., 1996]. Our
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97models are 1320 km wide, and
98660 km deep, discretized by 1025
99and 481 finite elements in the hori-

100zontal and vertical directions,
101respectively. Horizontally, grid
102spacing is uniform, but vertically,
103grid refinement allows improved
104resolution (of �0.89 km) near the
105bottom of the computational box.
106All boundaries are closed to inflow
107and outflow. The thermal bound-
108ary conditions on both sides are
109reflective, while the top and bot-
110tom are held at a constant potential temperatures of Ttop 5 0�C and Tbottom 5 T0 5 1350�C [Herzberg
111et al., 2007].

112The model is designed to investigate the behavior of a subducted slab that stagnates at the base of
113the upper mantle. The two-dimensional model represents a cross section that runs parallel to the
114trench of the subduction zone
115(i.e., the trench is out-of-plane of
116the two-dimensional model), and
117is fixed to the stagnant slab (Fig-
118ure F11). Accordingly, distance of
119the model’s cross section from
120the trench conceptually increases
121as model time increases (how-
122ever, not necessarily proportion-
123ally, depending on subduction
124style). The fixture of the model to
125the slab, as well as expectation
126that convective instability both
127within the transition zone and at
128the base of the overriding litho-
129sphere organize as longitudinal
130rolls in three dimensions [e.g.,
131Richter and Parsons, 1975] moti-
132vate the choice of a simplified
133two-dimensional geometry (see
134Figure F22a for model setup). The
135initial thermal profile of the over-
136riding plate corresponds to that
137of 5 Ma old oceanic lithosphere
138(i.e., according to the half-space
139cooling model), except for one
140test case as detailed in the text
141below.

142To determine the initial temperature
143profile of the subducted slab, we
144assume that the slab’s thermal pro-
145file at the trench (i.e., just before
146subduction) corresponds to that of
147oceanic lithosphere of age sslab, and
148that it takes 10 Myr for the slab to
149sink to the base of the upper mantle

Figure 1. Conceptual three-dimensional visualization of convective instability rising
out of a stagnant slab. The two-dimensional model represents a cross-section parallel
to the trench. The distance of the model cross-section from the trench increases over
time.
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150[cf. Goes et al., 2011]. Further
151assuming that sinking occurs
152through an infinite space of
153T 5 1350�C, we calculate the
154slab’s thermal profile numeri-
155cally using Fourier Series
156expansion. We then position
157the slab such that the
1581282.5�C isotherm (i.e., the
1590.95 isotherm nondimen-
160sionally) at the underbelly of
161the slab intersects the bot-
162tom boundary. Using the
163Crank-Nicholson scheme, we
164further allow the thermal profile to evolve (i.e., by diffusion) for another 1 Myr within the boundary con-
165ditions of the model (Figure 2b). The two-dimensional initial thermal conditions of the models are lat-
166eral extensions of these evolved profiles and further include a small thermal random noise (with
167amplitudes of 615�C).

1682.1. Rheology Parameterization
169We use a Newtonian rheology with low activation energy (E* 5 120 kJ/mol; see Table T11 for notations) to
170model flow in the upper mantle in general, and in the MTZ in particular:

g5g0exp
E�

RT
2

E�

RT0

� �
; (1)

171where g0 is the reference viscosity, R the ideal gas constant, T potential temperature, and T0 the reference
172temperature.

173The low value for E* compared to experimental estimates for diffusion creep (�500 kJ/mol [Karato and Wu,
1741993]) has been chosen to simulate the complex rheology of the upper mantle and transition zone. For
175example, Christensen [1984] has shown that convection of a non-Newtonian liquid can be mimicked by
176using a Newtonian rheology with an E* that is reduced by a factor of 2–3. Observations of seismic anisot-
177ropy in the MTZ and much of the upper mantle indicate that non-Newtonian dislocation creep is a domi-
178nant deformation mechanism [e.g., Yuan and Beghein, 2014], consistent with mineral-physics constraints
179[e.g., Karato and Wu, 1993; Shimojuku et al., 2009]. As an additional complication, micrometer-scale grain
180sizes are thought to be present in the cool slab core due to dynamic recrystallization of wadsleyite as the
181slab crosses the 410 km discontinuity [Riedel and Karato, 1997; Karato et al., 2001] and slow grain growth
182[Yamazaki et al., 2005]. Such small grain sizes have been proposed to reduce slab viscosity by orders of
183magnitude in the deformation regime of diffusion creep to render the cool slab core less viscous than the
184warm ambient mantle (‘‘superplasticity’’). Thus, cold temperatures may be associated with the lowest viscos-
185ities in the MTZ, something that is consistent with even a negative effective E*. In our choice of E*, however,
186we do not explicitly account for superplasticity of the slab core. Accordingly, this choice remains a conserva-
187tive estimate.

1882.2. Density Parameterization
189Mantle buoyancy drives the flow and is affected by thermal and compositional density anomalies. We take
190mantle density q to be dependent on temperature, depletion of the peridotite matrix F, and the volume
191fraction of eclogite XECL:

q5q02aðT2T0Þ1FDqF1XECLDqECL; (2)

192where q0 is reference density, a is thermal expansivity, DqF is the density change due to depletion, and
193DqECL is the excess density of eclogite. Parameters DqECL and DqF are depth-dependent (parameterized
194according to Xu et al. [2008]). At depths <300 km, DqECL and DqF are set to 150 and 2165 km/m3; between
195300 and 410 km, they are fixed at 210 and 2230 km/m3; and deeper than 410 km, they are 91 and
1962100 km/m3, respectively.

Table 1. Governing Parameters

Parameter Description Value; Range

E* Activation energy 120 kJ/mol
g Gravitational acceleration 9.8 m/s
T0 Reference temperature 1350�C
j Thermal diffusivity 1�106 m2/s
q0 Reference density 3300 kg/m3

A Thermal expansivity 2.5 3 1025 K21 to 4.5 3 1025 K21a

g0 Reference viscosity 1.48 3 1019 Pa�s to 4.46 3 1019 Pa�sa

sslab Plate age at trench 5–70 Maa

DqECL Excess density of eclogite 91–150 kg/m3b

DqF Density change due to depletion 2230 kg/m3 to 2100 kg/m3b

aFree parameter.
bDepth-dependent parameter (see text).
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1973. Results

1983.1. General Model Predictions
199Figure 2b shows the initial thermal condition of the model as a one-dimensional vertical profile with a thin
200top thermal boundary layer and a cool stagnant slab at the base of the model. We account for warming of
201the slab during its passage through the upper mantle before the onset of the simulation. However, the
202slab’s core is cool compared to the ambient mantle, and hence anomalously dense. A thin but dense layer
203of eclogite (i.e., the high-pressure polymorph of the basaltic oceanic crust) atop the slab further increases
204this density anomaly (Figure F33a). The effects of temperature and eclogite on density are somewhat offset by
205those of buoyant harzburgite within the slab. Harzburgite is the depleted residuum of previous mid-ocean
206ridge melting, with depletion ranging from �20% just beneath the eclogite layer and steadily decreasing
207with depth (Figure 3a). As thermal effects are dominant, however, the underbelly of the slab is buoyant
208compared to the slab’s core. Thus, the stagnant slab is potentially convectively unstable.

209The evolution of density and viscosity over time controls the behavior of the slab. Although the slab initially
210displays an unstable density configuration, convection does not immediately develop as being impeded by
211the high viscosity of the slab. We find that heating the cool slab by the ambient mantle from below and
212above ultimately drives convective instability. The most important consequence of conductive slab heating
213is that the viscosity of the slab’s core decreases and thus the local Rayleigh number increases with time. In
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214addition, the warm and less dense layer of mantle at the underbelly of the slab continuously grows (as the
215modeled mantle is heated from below), pushing up on the slab. Both effects eventually render convection a
216more efficient mode of heat transport than conduction. Consequently, convective instabilities rise out of
217the warm layer at the slab’s underbelly at a given onset age (see also Appendix A).

218Bottom heating, however, is not critical for convective instability to occur, as is demonstrated by an (albeit
219unrealistic) test-case with reflective bottom thermal boundary conditions (i.e., zero heat flow from the lower
220mantle to the base of the slab). In this test case, instability rising out of the slab is less vigorous and some-
221what delayed (by 5�10 Myr) than in a similar case with bottom heating (i.e., case 13/E), but both cases are
222analogous in general characteristics.

223Convective instability eventually causes disintegration of the slab. As the warm mantle below pushes
224through the slab (Figure 3b), the instabilities start to form plume-like upwellings. These upwellings displace
225the dense veneer of eclogite to the side (ultimately, most eclogite accumulates near the bottom boundary
226of the model; Figure 3d). Most of the buoyant harzburgite is instead entrained by the plumes (Figure 3c).
227The plumes rise somewhat above the original depth of the top of the slab, but do not penetrate much fur-
228ther through the warmer (and therefore less dense) part of the upper mantle (Figures 3c and 3g). As the
229plumes are cooler than the ambient mantle, the positive compositional buoyancy of the entrained harzbur-
230gite is at first insufficient to sustain plume ascent all the way to the base of the lithosphere. Accordingly,
231convection is at first mostly restricted to the deep upper mantle.

232In our models, passive mantle flow related to small-scale sublithospheric convection (SSC) ultimately drives
233further ascent of materials that originate from the slab. As the overriding lithosphere is cooled from above,
234the cool sublithospheric mantle slowly thickens. As soon as it reaches a critical layer thickness, the sublitho-
235spheric mantle undergoes instability to drive SSC in the asthenosphere (Figure 3c). SSC cells readily break
236down into the lower upper mantle [Korenaga and Jordan, 2004] (Figure 3d). By this time, the slab-derived
237upwellings have lost most of their negative thermal buoyancy due to thermal dissipation (i.e., diffusion).
238SSC stirs up slab material and transports harzburgite to the base of the lithosphere. To minimize any interac-
239tion between SSC and the instability rising out of the slab, we tune our models such that the former devel-
240ops much later than the latter (initial age of the overriding plate of only 5 Ma delays SSC). However, in
241nature both processes are expected to occur coevally in order to allow upwellings to ascend more quickly
242through the entire upper mantle and to the base of the lithosphere, as is demonstrated by a test case with
243an initial age of the overriding plate of 70 Myr (i.e. close to the critical age for onset of SSC). In this test case,
244slab-derived upwellings reach the base of the lithosphere �5 Myr sooner than in a similar case (i.e., case K;
245see Table T22).

2463.2. Parameter Study
247We vary key model parameters to study their effects on the onset time sonset and wavelength of convective
248instability of the slab k (Table 2). The parameters we investigate are the slab age at trench, which defines
249the thermal structure of the subducted slab (Figure 2b), mantle viscosity, and thermal expansivity (Tables 1
250and 2). Mantle viscosity controls both thermal and compositional convection, whereas thermal expansivity
251affects thermal convection only. We use the root mean square (RMS) of the vertical velocity component at a
252depth of 606 km (vrms,606) to define a criterion for sonset. At sonset, vrms,606 reaches and surpasses 0.05(vmax,606

253– vstart,606) 1 vstart,606 for the first time, where vstart,606 and vmax,606 are the initial and maximum RMS vertical
254velocity measured. Time evolution of vrms,606 for select parameter suites are shown in Figure F44.

255We find that model results strongly depend on the slab age at trench sslab. As the effective thermal age of
256oceanic plates is limited by SSC to �70 Ma [e.g., Doin and Fleitout, 1996], we explore sslab in the range of 5
257and 70 Ma (Cases A–O in Table 2), keeping all other parameters fixed. sslab defines the initial condition of
258the model (Figure 2b). Old plates have developed a thicker thermal boundary layer than young plates as
259they are subducted, and hence sustain a thicker and cooler thermal anomaly as they enter the MTZ. For
260such old and thick plates, the slab’s eclogite layer (i.e., formerly oceanic crust) is also initially positioned shal-
261lower. The net effect of these differences in initial condition as a function of sslab is that sonset and k gener-
262ally increase with increasing sslab (In contrast, peak plume rise speeds do not show a clear trend with sslab;
263see peaks of curves in Figures 4a and 4b). The key parameter controlling k is the thickness of the layer that
264goes unstable (i.e., the slab and its underbelly). In contrast, key to control sonset is the initial temperature
265minimum of the slab’s core, which defines the effective viscosity of the slab. The increase of sonset with sslab
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266agrees well with the predictions of a semianalytical solution (see Appendix A). However, sonset only steadily
267increases with sslab at low sslab, but not at high sslab> 50 Myr. For high sslab, sonset rather tends to scatter
268around 50 Myr (Figure 4b). This scattering is due to a limitation in terms of permitted k in a model box of
269finite width. Convective instability is artificially delayed as long as its preferred wavelength is not exactly a
270natural fraction of twice the model box width (see Appendix A).

271Another key parameter is reference mantle viscosity g0. g0 is a source of great uncertainty for our under-
272standing of mantle dynamics, both due to the lack of good constraints for this parameter and due to its
273huge influence on the mobility of mantle rocks. Along these lines, we run three suites of calculations vary-
274ing g0 between 1.48 3 1019 and 4.46 3 1019 Pa�s; each suite uses a constant value of sslab of 10, 25, or 75

Table 2. List of Key Model Parameters and Key Model Predictions for All Our Cases (Except for Test-Cases as Detailed in the Text)

Case sslab (Ma) g0 (Pa�s) a (K21) sonset (Myr) vmax,606 (cm/yr) k (km)

Plate age at trench A 5 2.98 3 1019 3.5 3 1025 8.15 0.76 113
B* (5) 10 2.98 3 1019 3.5 3 1025 10.79 0.86 120

C 15 2.98 3 1019 3.5 3 1025 14.07 0.84 140
D 20 2.98 3 1019 3.5 3 1025 18.59 0.88 145

E* (13, c) 25 2.98 3 1019 3.5 3 1025 20.45 0.86 159
F 30 2.98 3 1019 3.5 3 1025 25.70 0.77 162
G 35 2.98 3 1019 3.5 3 1025 23.43 0.90 181
H 40 2.98 3 1019 3.5 3 1025 27.66 0.93 180
J 45 2.98 3 1019 3.5 3 1025 32.23 0.95 207
K 50 2.98 3 1019 3.5 3 1025 31.05 0.87 186

L* (III) 55 2.98 3 1019 3.5 3 1025 34.80 0.99 215
M 60 2.98 3 1019 3.5 3 1025 39.89 1.02 223
N 65 2.98 3 1019 3.5 3 1025 35.34 0.97 250

O* (21) 70 2.98 3 1019 3.5 3 1025 33.21 0.99 266
Reference viscosity 1 10 1.48 3 1019 3.5 3 1025 5.84 1.41 119

2 10 1.99 3 1019 3.5 3 1025 6.88 1.23 120
3 10 2.23 3 1019 3.5 3 1025 8.38 1.05 120
4 10 2.55 3 1019 3.5 3 1025 9.45 0.95 120

5* (B) 10 2.98 3 1019 3.5 3 1025 10.79 0.86 120
6 10 3.57 3 1019 3.5 3 1025 12.53 0.76 121
7 10 4.46 3 1019 3.5 3 1025 15.03 0.65 137
8 25 1.48 3 1019 3.5 3 1025 11.55 1.50 158
9 25 1.79 3 1019 3.5 3 1025 13.53 1.31 159

10 25 1.99 3 1019 3.5 3 1025 14.83 1.19 159
11 25 2.23 3 1019 3.5 3 1025 16.38 1.09 158
12 25 2.55 3 1019 3.5 3 1025 18.20 0.98 144

13* (E, c) 25 2.98 3 1019 3.5 3 1025 20.45 0.86 145
14 25 3.57 3 1019 3.5 3 1025 23.46 0.76 149
15 25 4.46 3 1019 3.5 3 1025 27.56 0.65 145
16 75 1.48 3 1019 3.5 3 1025 21.04 1.85 249
17 75 1.79 3 1019 3.5 3 1025 24.04 1.6 248
18 75 1.99 3 1019 3.5 3 1025 25.95 1.46 254
19 75 2.23 3 1019 3.5 3 1025 28.46 1.31 256
20 75 2.55 3 1019 3.5 3 1025 32.49 1.19 258

21* (O) 75 2.98 3 1019 3.5 3 1025 37.20 1.09 257
22 75 3.57 3 1019 3.5 3 1025 43.74 0.96 255
23 75 4.46 3 1019 3.5 3 1025 51.77 0.79 254

a I 55 2.98 3 1019 2.5 3 1025 31.00 0.95 214
II 55 2.98 3 1019 3.0 3 1025 33.60 0.98 215

III* (L) 55 2.98 3 1019 3.5 3 1025 34.80 0.99 215
IV 55 2.98 3 1019 4.0 3 1025 36.15 1.02 217
V 55 2.98 3 1019 4.5 3 1025 37.71 1.03 218

Fracture zone a 25, 15 2.98 3 1019 3.5 3 1025 9.33 0.44 189
b 25, 20 2.98 3 1019 3.5 3 1025 11.98 0.69 201

c* (13,E) 25, 25 2.98 3 1019 3.5 3 1025 20.48 0.86 159
d 25, 27 2.98 3 1019 3.5 3 1025 14.92 0.74 179
e 25, 30 2.98 3 1019 3.5 3 1025 12.43 0.68 213
f 25, 35 2.98 3 1019 3.5 3 1025 11.35 0.57 213

aCase identifiers are given in the second column, parameters varied between cases of one suite in the first column. (*) A subset of
cases are listed more than once; the equivalent case identifier(s) are reported in parentheses. For determination of onset ages sonset and
maximum amplitudes vmax,606 of convective instability, see text (section 3.2). Wavelengths k are determined at sonset as the weighted
average of the three most dominant wavelengths of the vertical velocities at 606 km depth. We choose to consider the three most dom-
inant wavelengths as the box width is often not a multiple of the preferred wavelength.
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275Ma and all other parameters are fixed (Cases 1–23 in Table 2). We find that sonset systematically increases
276with increasing g0 (Figure 4c). Furthermore, k as well as peak plume rise speeds steadily decrease with
277increasing g0 in our models.

278In contrast to the controlling parameters sslab and g0, we find that thermal expansivity does not appreciably
279affect convective instability. We vary thermal expansivity a between 2.5 3 1025 and 4.5 3 1025 K21, while
280keeping all other parameters fixed (Cases I–VI in Table 2). We find that onset ages (as well as peak plume
281rise speeds) increase with increasing a, albeit just within a narrow range of about 31–38 Myr (and 1.95–
2822.15 cm/yr). While these findings generally confirm the important role of thermal buoyancy in driving con-
283vective instability of the slab, they also document the secondary role of a within the experimental uncer-
284tainties for this parameter [Inoue et al., 2004; Katsura et al., 2004; Ye et al., 2012].

2853.3. The Effects of Heterogeneity
286We also explore the effects of lateral density heterogeneity on convective instability of a stagnant slab. As
287an example for density heterogeneity, we model a subducted fracture zone by juxtaposing two slab seg-
288ments with different sslab (Figure F55a). The subducted fracture zone is positioned near the center of the com-
289putational box (i.e., at x 5 742.5 km). The initial thermal condition, however, does not just involve a simple
290step function at the fracture zone; the transition between the two sides of the slab is rather smoothed line-
291arly over 66 km (i.e., 5% of the width of the box). We note that the old slab segment is initially thicker and
292denser than the young segment. Thus, the slab’s coolest core is initially positioned shallower on the old
293side than on the young side. This is a direct consequence of our initial thermal condition, for which the
294depth of the temperature minimum decreases with increasing sslab (see Figure 2b), and generally consistent
295with isostatic compensation of slab segments of different thickness by the phase change at 660 km depth.

296The consequence of this initial condition is that the cooler and denser old slab segment tends to slowly
297sink as a whole to establish equilibrium between the two sides. This initial disequilibrium drives box-wide
298clockwise rotation, an artifact of our model setup that causes nonzero vstart,606 for all fracture-zone models.
299Beyond this artifact, we observe that instabilities develop sooner and with a larger vigor in cases with than
300in cases without a fracture zone. Onset ages systematically decrease with the age difference between the
301two sides of the slab, and thus with the amplitude of initial heterogeneity. The first plumes form near the
302fracture zone on the young slab segment (Figures 5a and 5b). About 15 Myrs thereafter, plumes develop all
303over the young segment (Figure 5c), and ultimately also on the old slab segment (not shown).
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Figure 4. Vigor of convective instability over time. For four parameter suites (see legends), colored curves show the time evolution of
vrms,606 (i.e., the root mean square of the vertical velocity component at 606 km depth). Typical plume rise speeds are proportional to
vrms,606. Cases shown are (a) A–G, (b) H–O, (c) 10–15, and (d) I–V. Black crosses mark the onset times picked for each case.
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3044. Discussion

305We find in our numerical models that slabs which stagnate in the MTZ can go convectively unstable to
306spawn plume-like upwellings that rise out of the warm underbelly of the slab. Convection is at first limited
307to within the deep upper mantle, but upwellings are eventually entrained by ambient-mantle flow to reach
308the base of the overriding lithosphere. For a range of parameters, we find timescales for the onset of the
309instability of tens of million years. Onset ages are primarily controlled by (and increase with increasing)
310slab-core viscosity, which itself is a function of MTZ rheology and the age of the subducted slab (see also
311Appendix A). Since we neglect the effects of grain-size reduction that is thought to occur as the slab enters
312the MTZ; however, slab-core viscosities as well as onset ages of convective instability are most likely overes-
313timates [Vaughan and Coe, 1981; Rubie, 1984; Riedel and Karato, 1997; Karato et al., 2001; Yamazaki et al.,
3142005]. Future efforts to constrain onset ages, perhaps by seismic illumination of the shape of the slab’s eclo-
315gite layer that gets unstable, may improve our understanding of MTZ rheology.

316We also find that heterogeneity within the slab, such as subducted fracture zones, reduces onset ages. Simi-
317larly, any thermal or compositional variations beneath the slab are expected to promote convective instabil-
318ity. Instability is expected to be even more so promoted along the edges of the stagnant slab, where
319arguably the strongest lateral density heterogeneity in the MTZ occurs (i.e., slab versus no slab). These pre-
320dictions are analogous to previous findings for top-down driven small-scale convective instability (SSC),
321which can be triggered by the presence of heterogeneity such as fracture zones [Huang et al., 2003; Dumou-
322lin et al., 2005], and even more so along larger steps of lithospheric thickness (i.e., a variant of SSC that has
323been dubbed edge-driven convection [King and Anderson, 1998; King and Ritsema, 2000]). Along these lines,
324we hypothesize the first and most vigorous upwellings to rise adjacent to the stagnant slab’s toe as well as
325through slab gaps.

326Once the upwellings reach the base of the lithosphere, they potentially undergo decompression melting to
327sustain intraplate volcanism at a given distance inland from the trench. As our models predict upwellings to
328be somewhat cooler than the ambient mantle, however, any such decompression melting would have to
329be sustained by compositional (i.e., fertile) anomalies. Candidate fertile lithologies involve eclogite and
330hydrated peridotite. Dense eclogite originating from the top of the slab (i.e., formerly oceanic crust) is
331indeed predicted to be entrained by upwelling plumes to reach the base of the lithosphere, albeit to small
332extents on the order of �0.1% only (Figure F66). A layer of hydrated peridotite atop the eclogite layer (which
333originally formed close to the trench due to dehydration of subducted sediments) is an alternative fertile
334source lithology. While this layer is expected to become convectively unstable before the slab reaches the
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Figure 5. Convective instability rising out of a heterogenous slab. For case f, snapshots of composition and velocity at (a) 0 Myr, (b) 14.7
Myr, and (c) 22.6 Myr. Arrow length scale is the same in all plots (see Figure 5a). sslab is 25 Ma for the left slab segment and 35 Ma for the
right segment. The color scale for composition is the same as Figure 3. Analogous to Figure 4, Figure 5d shows the time evolution of
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335MTZ [Gerya and Yuen, 2003; Gorczyk et al., 2007], some hydrated peridotite may survive the passage through
336the upper mantle and be passively entrained by convective instability rising out of the slab.

337Along these lines, geochemical signatures of associated intraplate volcanism should be controlled by man-
338tle melting of eclogite and perhaps hydrated peridotite, in addition to continental contamination. A signa-
339ture of eclogite melting has indeed been identified for intraplate lavas in eastern China [Sakuyama et al.,
3402013]. A contribution from melting the relatively dry peridotite matrix is only expected as long as upwel-
341lings are warmer than, or at least as warm as, the ambient mantle. This requirement may be met by upwel-
342lings rising through slab windows or adjacent to slab toes (not explicitly modeled here), which should be
343warmer than those rising out of the slab’s underbelly, particularly for a superadiabatic lower mantle. Some-
344what higher potential temperatures in the lower than in the upper mantle may be the consequence of
345long-term moderated mass transfer across the MTZ [e.g., Christensen, 1995], a situation for which slab stag-
346nation itself provides some good evidence. Future models of slab-derived upwellings should indeed include
347melting parameterizations for various lithologies.

348Decompression melting induced by slab-derived upwellings can provide an explanation for intraplate volca-
349nism in Europe, eastern China, and western North America. These regions display volcanic activity and are
350underlain by slabs that stagnate in the MTZ. Volcanism is usually relative low-volume and somewhat spo-
351radic, as is consistent with the low extents of fertile lithologies transported to the base of the lithosphere by
352slab-derived upwelling (cf. Figure 6b). Volcanoes typically form about 1000–2000 km away from the trench,
353a distance that implies timescales for convective instability rising out of the slab of about 15–30 Myr, i.e.,
354quite a bit smaller than those predicted by our models without heterogeneity (and with simplified rheol-
355ogy). However, volcanoes are commonly underlain by a slab window (e.g., Changbaishan) or close to the
356slab toe (e.g., Datong, western US volcanism [www.navdat.org], Eifel, Auvergne) [Faccenna et al., 2010; Lei
357et al., 2013]. Such settings provide lateral heterogeneity much larger than that across a fracture zone, and
358are thus expected to allow for vigorous slab-derived upwellings with a significantly earlier onset ages (cf.
359section 3.3). Intraplate volcanism in Europe and China has often been associated to plumes/upwellings that
360rise from a thermal boundary layer in the mid mantle [Lustrino and Wilson, 2007; Lei et al., 2013]. Our work
361implies that this thermal boundary layer may in fact be positioned at the underside of the slab.

362In contrast to individual plume-like upwellings ascending through slab gaps or along slab toes, convective
363instability rising out of the slab’s underbelly potentially disrupts the slab’s integrity. According to our mod-
364els, this disruption would occur quite a bit later than the rise of these first individual upwellings. Potential
365consequences involve eradication of the slab’s compositional stratification as well as impairment of slab
366seismic visibility. For example, our reference case 13/E predicts the slab’s compositional stratification to be
367distorted starting at �30 Myrs (Figure 3e). As convection is mostly restricted to the deep upper mantle,
368however, the slab’s overall thermal structure remains coherent until 50–90 Myrs (Figures 3f and 3h). Accord-
369ingly, a slab that undergoes instability should soon appear blurred in seismic images, but continue to
370appear as one whole anomaly for relatively long timescales, consistent with observations [van der Meer
371et al., 2010]. Persistent slab seismic visibility may perhaps further be advanced by an eventual slowdown or
372even shutdown of convective instability due to an increase of slab viscosity. Such an increase could be sus-
373tained by grain growth within the stagnant slab (albeit inferred to be slow [Yamazaki et al., 2005]), or an
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374entering of the slab into the lower mantle. On the other hand, our results suggest the intriguing possibility
375of complete stagnant slab disintegration (and seismic invisibility) on long timescales, the rheological condi-
376tions for which are yet to be constrained by observations.

377The disruption of the integrity of the slab by convective instability further acts to separate eclogite from
378harzburgite, and thus has important long-term consequences for the compositions of the upper and lower
379mantles. As shown in Figure 6, our models predict harzburgite to be ultimately mixed in with the upper
380mantle, whereas they predict eclogite to accumulate at the bottom of the MTZ (i.e., the bottom of the box).
381In nature, an eclogitic layer at the bottom of the MTZ may be supported by a density crossover between
382eclogite and ambient-mantle materials in the uppermost lower mantle [Hirose et al., 1999], where eclogite
383becomes buoyant. In the long-term, however, eclogite accumulations at �660 km depth are expected to
384enter the lower mantle despite this support (e.g., due to entrainment), particularly once they reach a layer
385thickness similar to that of the depth range, over which the density overturn occurs (i.e., �80 km). Along
386these lines, convective instability of stagnant slabs can act to filter mantle heterogeneity in order to sustain
387a compositional difference between a somewhat more harzburgitic upper mantle and a somewhat more
388‘‘eclogitic’’ lower mantle (accounting for the relevant phase transitions i.e., a dominantly perovskitic lower
389mantle) over large geologic timescales. Such a difference has indeed been proposed based on comparison
390of geophysical constraints with mineral-physics estimates of lower-mantle rock properties [e.g., Cobden
391et al., 2009; Murakami et al., 2012]. A perovskitic lower mantle may further reconcile chondrite models for
392bulk-Earth compositions. Understanding the separation of eclogite and harzburgite within stagnant slabs is
393vital to constrain heat and material fluxes through the mantle.

3945. Conclusions

395To study the origin of intraplate volcanism, we explore the behavior of stagnant slabs in the MTZ. We show
396that weak slabs that stagnate in the MTZ can go convectively unstable within tens of Myr, or less. Upwel-
397lings rising out of the slab’s underbelly are relatively cool and thus do not actively rise through the upper
398mantle at first, but are ultimately entrained by ambient-mantle flow to reach the base of the lithosphere
399and undergo decompression melting. The soonest, warmest, and most vigorous upwellings are likely to rise
400along slab edges, and adjacent to heterogeneity within or below the slab. They entrain a small fraction of
401fertile eclogite and may thus be subject to decompression melting. Continental intraplate volcanism indeed
402often occurs above stagnant slabs, particularly above slab toes or slab windows. We further show that con-
403vective instability of a stagnant slab can result in slab disintegration and separation of harzburgite from
404eclogite with the destinations of these materials the upper and lower mantles, respectively. Such a separa-
405tion may sustain a compositional gradient across the MTZ over large geologic timescales, perhaps over bil-
406lions of years.

407Appendix A

408 AQ2To benchmark the results of our numerical experiments, we compare model onset ages with a semianalyti-
409cal solution. We estimate semianalytical onset ages by computing local thermal Rayleigh numbers Raloc of
410the layer that potentially goes convectively unstable. This layer of unstable thermal stratification ranges
411from 660 km depth to the core of the slab, where the temperature minimum occurs (Figure 2b). As the slab
412gets heated from below and above, Raloc evolves. We compute thermal evolution of the slab numerically
413using Fourier series expansion. The thickness of the layer of unstable stratification h, the temperature differ-
414ence across it, as well as the relevant viscosity at the top of the layer gloc evolve with time and thus control
415evolution of Raloc: AQ3

Raloc5
a T02 Tlocð Þq0g h3

jgloc
; (A1)

416where Tloc is the minimum temperature of the slab. gloc is calculated from Tloc and equation (1).

417In solving equation (A1), we find that Tloc as well as h monotonically increase, and gloc monotonically
418decreases with time. As the decrease of gloc (i.e., a function of Tloc) is much stronger than the increase of Tloc

419(see equation (1)), the net effect is that Raloc monotonically increases with time. As soon as Raloc exceeds a
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420critical Rayleigh number Racrit, convection
421becomes a more efficient mode of heat
422transfer than conduction, and convective
423instability develops. The time tonset, after
424which Raloc> Racrit, is a function of the
425model parameters and initial thermal condi-
426tions. Initial thermal conditions primarily
427depend on the slab age at trench sslab (Fig-
428ure 2b). Racrit is usually �1000, but its exact
429value depends on the aspect ratio k/h of the
430convective cell [e.g., Turcotte and Schubert,
4311982], where k is the wavelength of convec-
432tive instability.

433Our semianalytical solution predicts that
434tonset increases as a function of sslab

435(Figure A1). This increase is first and fore-
436most due to an increase of gloc with increas-
437ing sslab. Older slabs are cooler and hence
438more viscous at any given time in the
439experiment. For example at t 5 0, gloc

440equals �8g0, �110g0 and �1900g0 at
441sslab 5 5 Ma, sslab 5 25 Ma and sslab 5 70 Ma, respectively. The rate of the increase of tonset with sslab

442somewhat decreases at high sslab.

443The general trend of tonset as a function of sslab as well as the absolute values of tonset agree well with the
444results of our numerical experiments (lines versus crosses in Figure A1). As we do not take into account the
445effects of composition in calculating Raloc, this good agreement suggests that unstable thermal density
446stratification critically drives convective instability in our numerical experiments. That compositional buoy-
447ancy is only marginally important to drive instability is explained by a trade-off between the effects of harz-
448burgite and basalt on total buoyancy of the top of the slab. In particular, our analysis shows that slab
449softening due to heating from below and above is key for triggering instability.

450Any scatter of the numerical predictions in terms of onset age about each of the semianalytical solutions
451(e.g., for Racrit 5 1100: scatter of crosses about red line in Figure A1) is well explained by limitations for per-
452mitted k in finite computational domains. In the numerical experiments, only natural fractions of twice the
453box width are permitted for k. In particular for high sslab, for which the preferred k is of the same order as
454box width, a mismatch between preferred and permitted k is likely to affect onset ages. Therefore, we
455expect that using box width much larger than those modeled further improves the match between numeri-
456cal model predictions and the semianalytical solution.

457
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The latest version of Acrobat Reader can be downloaded for free at: http://get.adobe.com/reader/ 

 

Once you have Acrobat Reader open on your computer, click on the Comment tab at the right of the toolbar:  

 

 

 
 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Replace (Ins) Tool – for replacing text. 

 

Strikes a line through text and opens up a text 

box where replacement text can be entered. 

How to use it 

 Highlight a word or sentence. 

 Click on the Replace (Ins) icon in the Annotations 

section. 

 Type the replacement text into the blue box that 

appears. 

This will open up a panel down the right side of the document. The majority of 

tools you will use for annotating your proof will be in the Annotations section, 

pictured opposite. We’ve picked out some of these tools below: 

 

2. Strikethrough (Del) Tool – for deleting text. 

 

Strikes a red line through text that is to be 

deleted. 

How to use it 

 Highlight a word or sentence. 

 Click on the Strikethrough (Del) icon in the 

Annotations section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Add note to text Tool – for highlighting a section 

to be changed to bold or italic. 

 

Highlights text in yellow and opens up a text 

box where comments can be entered. 

How to use it 

 Highlight the relevant section of text. 

 Click on the Add note to text icon in the 

Annotations section. 

 Type instruction on what should be changed 

regarding the text into the yellow box that 

appears. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Add sticky note Tool – for making notes at 

specific points in the text. 

 

Marks a point in the proof where a comment 

needs to be highlighted. 

How to use it 

 Click on the Add sticky note icon in the 

Annotations section. 

 Click at the point in the proof where the comment 

should be inserted. 

 Type the comment into the yellow box that 

appears. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://get.adobe.com/reader/
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For further information on how to annotate proofs, click on the Help menu to reveal a list of further options: 

5. Attach File Tool – for inserting large amounts of 

text or replacement figures. 

 

Inserts an icon linking to the attached file in the 

appropriate pace in the text. 

How to use it 

 Click on the Attach File icon in the Annotations 

section. 

 Click on the proof to where you’d like the attached 

file to be linked. 

 Select the file to be attached from your computer 

or network. 

 Select the colour and type of icon that will appear 

in the proof. Click OK. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Add stamp Tool – for approving a proof if no 

corrections are required. 

 

Inserts a selected stamp onto an appropriate 

place in the proof. 

How to use it 

 Click on the Add stamp icon in the Annotations 

section. 

 Select the stamp you want to use. (The Approved 

stamp is usually available directly in the menu that 

appears). 

 Click on the proof where you’d like the stamp to 

appear. (Where a proof is to be approved as it is, 

this would normally be on the first page). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7. Drawing Markups Tools – for drawing shapes, lines and freeform 

annotations on proofs and commenting on these marks. 

Allows shapes, lines and freeform annotations to be drawn on proofs and for 

comment to be made on these marks.. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

How to use it 

 Click on one of the shapes in the Drawing 

Markups section. 

 Click on the proof at the relevant point and 

draw the selected shape with the cursor. 

 To add a comment to the drawn shape, 

move the cursor over the shape until an 

arrowhead appears. 

 Double click on the shape and type any 

text in the red box that appears. 
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