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Abstract Ocean basins are formed when continents are broken apart. Adiabatic melt generation that is
driven by rifting of continental lithosphere is strongly dependent on the rate of extension. Slow extension
results in conductive heat loss from the upwelling mantle, whereas cooling is limited during fast extension
and can result in the geotherm intersecting the peridotite solidus. However, there are few direct constraints
on the rates of mantle upwelling during extension of continental lithosphere. Here we use diffusion
modeling of subsolidus REE re-equilibration between orthopyroxene and clinopyroxene to show that the
Lanzo peridotite massif—lithospheric mantle exhumed during opening of the Ligurian Tethys—cooled at
rates between 5 and 258C/Myr across the spinel-to-plagioclase peridotite facies transition. We show that
these rates are sufﬁciently slow to suppress signiﬁcant adiabatic melt generation, providing an explanation
for the magma-poor nature of the Alpine Tethys margin.

1. Introduction
Extension of continental lithosphere drives decompression of the anhydrous mantle and partial melt generation if the mantle solidus is intersected by the perturbed geotherm. Rift-related melt generation is responsible for the birth of juvenile oceanic crust [McKenzie and Bickle, 1988], Large Igneous Provinces [White and
McKenzie, 1989], and associated climatic change [Wignall, 2001]; furthermore, the presence of melt during
rifting likely weakens the lithosphere sufﬁciently to permit continental breakup [Bialas et al., 2010]. In addition to mantle thermal and chemical heterogeneity, the duration of rifting exerts a primary control on the
rate of melt generation [Bown and White, 1995; Jarvis and McKenzie, 1980; Pedersen and Ro, 1992]. This is
because adiabatic melt generation occurs in a depth interval where the geotherm is sensitive to the effects
of conductive heat loss driven by lithospheric thinning.
Early models of extension assuming instantaneous stretching of the lithosphere by pure shear predict the
generation of several kilometers of melt even if extension occurs above asthenosphere with a normal
potential temperature [Foucher et al., 1982; Furlong and Fountain, 1986; McKenzie and Bickle, 1988]. Derivative models of the extension process [Bown and White, 1995; Jarvis and McKenzie, 1980; Pedersen and Ro,
1992] showed that conductive heat loss during ﬁnite duration extension serves to drastically reduce the
amount of melt produced. Accordingly, the duration of rifting has the potential to account for the absence
of syn-rift magmatism at nonvolcanic, or magma-poor, continental margins in which the continental crust
has undergone extreme thinning [Lavier and Manatschal, 2006; White, 1992; Whitmarsh et al., 1993, 2001].
During extension, hot and buoyant asthenospheric mantle is advected upward in order to maintain isostatic
balance with a thinning lithosphere [McKenzie, 1978]. Provided that lithospheric extension occurs at a rate
sufﬁcient to prevent signiﬁcant conductive heat loss from the upwelling mantle, the asthenosphere will
intersect the peridotite solidus and produce melt. If upwelling is slow relative to the rate of conductive heat
loss, the asthenosphere will maintain subsolidus temperatures, suppressing partial melting. For example,
rifting durations for the North Atlantic nonvolcanic margins span between 15 and 30 Myr based on seismic
stratigraphy of syn-rift sedimentary basins. Assuming a stretching factor (b) of 7 and a mantle potential temperature of 13508C, this range in rift duration corresponds to ﬁnal melt thicknesses of between 3 and
0.5 km [Bown and White, 1995]. Despite the importance of the ascent rate of asthenospheric mantle on
melt generation, most of the temporal constraints that can be placed on the duration of extension at
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natural margins are based on indirect chronologic evidence such as the timing of sedimentation in syn-rift
basins and the onset of seaﬂoor magmatism [e.g., Whitmarsh et al., 2001].
The purpose of this paper is to apply Rare Earth Element (REE)-in-pyroxene speedometry to constrain the
rates of cooling and ascent of the Lanzo peridotite massif—a fossil exposure of lithospheric mantle that was
exhumed during Tethyan rifting of the Adriatic microcontinent. We show that mantle exhumation occurred
at rates sufﬁciently slow to suppress melt generation above normal temperature asthenosphere. Applied to
both nonvolcanic and volcanic margins, the peridotite speedometry approach detailed here has the potential to reveal important information concerning the rates of rift evolution and associated melt generation.

2. Relating Mantle Cooling Rates to Syn-Rift Melt Generation

Melt thickness (km)

Depth (km)

The thermal structure of continental lithosphere undergoing extension by pure shear is controlled by the
competing effects of isostatic re-equilibration that drives upward advection of isotherms, and conductive
heat loss through the upper lithosphere. This balance results in an upwardly convex geotherm and can be
expressed as a Peclet number, Pe 5 Lv/j,
where L is the thickness of the lithosphere, v
0
is the upward velocity at the base of the litha
osphere, and j is the thermal diffusivity. For
20
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Figure 1. Relationship between rift duration, Pe, and adiabatic melt generation. (a) An array of ﬁnal geotherms computed for different values of Pe
1, it can be seen that for b values less than
and an extension event of 20 Myr duration. (b) The relationship between
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3. REE-in-Pyroxene Speedometry
Intracrystalline elemental zonations preserve a rich record of thermal history. Provided that the temperature
dependency of both diffusion and partition coefﬁcients for the element of interest are known, Fickian-type
intracrystalline concentration proﬁles can either be calculated for a given cooling rate, or inverted to yield
estimates of cooling rate [Lasaga, 1983; Lasaga and Jiang, 1995]. Geospeedometry has successfully been
applied to constrain the rates of thermal evolution relevant to orogenesis [e.g., Ague and Baxter, 2007;
Caddick et al., 2010; Spear et al., 2012; Viete et al., 2011], but comparatively few studies have focused on its
application to the cooling of maﬁc and ultramaﬁc rocks in the deep lithosphere [e.g., Chin et al., 2015;
Coogan et al., 2002; Ozawa, 1984].
Orthopyroxene in peridotites commonly exhibits well-developed core-to-rim proﬁles in Al, Cr, and REE concentrations that are thought to develop during subsolidus re-equilibration with clinopyroxene on lithospheric cooling [Dygert and Liang, 2015; Kaczmarek and M€
untener, 2008; Witt-Eickschen and Seck, 1991].
Subsolidus partitioning of REEs between clinopyroxene and orthopyroxene exhibits a strong dependence
on temperature such that the clinopyroxene-orthopyroxene partition coefﬁcient (D) increases exponentially
with decreasing temperature. This allows the application of D as a geothermometer [Liang et al., 2013] and,
in turn, means that the extent of REE fractionation between pyroxenes depends on thermal history [Dygert
and Liang, 2015; Liang, 2014]. Further, experimental studies of REE diffusion in clinopyroxene [Van Orman
et al., 2001] and orthopyroxene [Cherniak and Liang, 2007] show that the REEs are diffusively mobile at temperatures in excess of 7008C. Therefore, the subsolidus re-equilibration of REEs between pyroxenes has
the potential to be employed as a speedometer to constrain cooling rates in mantle peridotites [Cherniak
and Liang, 2007].
Considering an orthopyroxene-clinopyroxene pair undergoing cooling from asthenospheric temperatures,
Cherniak and Liang [2007] predicted that orthopyroxene REE and Y concentrations would decrease signiﬁcantly, while clinopyroxene concentrations would undergo only minor increases in near-rim regions. This
reﬂects the large increase in clinopyroxene-orthopyroxene partition coefﬁcients at temperatures low
enough to prevent grain-scale homogenization. Liang [2014] showed that the re-equilibration timescale of
REE between orthopyroxene and clinopyroxene is controlled by the mineral with the lesser amount of trace
element. Generally, the elevated clinopyroxene-orthopyroxene partition coefﬁcients imply that REE diffusion through orthopyroxene is the rate-limiting factor controlling equilibration on cooling. Through a
closure-temperature approach based on grain average REE concentrations in cogenetic clinopyroxene and
orthopyroxene, Dygert and Liang [2015] employed the REE-in-two-pyroxene thermometer to show that
abyssal peridotites cool more rapidly that peridotites from most ophiolites. More recently, Dygert et al.
[2017] showed that closure temperatures for REEs in pyroxenes from the Samail ophiolite decrease systematically with depth beneath the oceanic crust-to-mantle transition zone. In the remainder of this paper, we
show how intracrystalline REE proﬁles in orthopyroxene and, when resolvable, clinopyroxene, can be
inverted to harness important thermal history information relevant to exhumation of the lithospheric
mantle.

4. Lanzo Peridotite
The Lanzo peridotite massif, Italian Alps, is located within the internal belt of the Western Alps, bordered to
the west by Piemontese ophiolites and to the east by Cenozoic sediments (Figure 2). The massif was
exhumed close to the ocean ﬂoor by mid-Jurassic time during the latest stage of mantle exhumation associated with opening of the Ligurian Tethys [Kaczmarek et al., 2008; Pognante et al., 1985]. Contemporaneous
extrusive magmatism and mantle exhumation occurred along the Alpine Tethys margin during the midJurassic [M€
untener et al., 2000; Schaltegger et al., 2002].
The Lanzo peridotite body is dominated by plagioclase peridotite and is divided by two shear zones into
southern (55 km2), central (90 km2), and northern (5 km2) bodies [Boudier, 1978; Kaczmarek and M€
untener,
2008; Nicolas et al., 1972]. Structural, petrological and geochemical characteristics support the interpretation
that the southern body represents a remnant piece of asthenospheric mantle that rose from the garnet stability ﬁeld as a high-temperature diapir before undergoing melt extraction [Bodinier et al., 1991; Nicolas,
1986] and modiﬁcation by early melts with MORB-afﬁnity [Piccardo et al., 2007]. Sm/Nd isotopic data show
that the southern body was extracted from the convecting mantle around 200 Ma [Bodinier et al., 1991;
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Figure 2. Geological map of the Lanzo peridotite body. Modiﬁed after Kaczmarek and M€
untener [2008]. Red text boxes correspond to
sample localities.

M€
untener et al., 2004]. The central body exhibits transitional geochemistry and has been interpreted to represent a segment of subcontinental lithospheric mantle that has been modiﬁed by thermochemical erosion
in a pre-rift, extensional setting [Bodinier et al., 1991; M€
untener and Piccardo, 2003; M€
untener et al., 2005].
The northern body comprises a tract of depleted subcontinental lithospheric mantle that was accreted to
the lithosphere 400–700 Myr [Bodinier et al., 1991].
A pervasive, high-temperature fabric is deﬁned by the alignment of plagioclase pods and lenses, spinel
aggregates, and pyroxene porphyroclasts and is present throughout each of the bodies. Whereas in the
northern and central bodies, the foliation is discordant to pyroxenite layering, in the southern body they
are concordant [Kaczmarek et al., 2008]. The intensity of deformation increases from the northern body,
which is dominated by porphyroclastic peridotite, toward the south, accompanied by a drop in average
grain size. Peridotites within the shear zones are mylonitic and characterized by a bimodal grain size distribution, comprising weakly deformed porphyroclasts of orthopyroxene, clinopyroxene, and olivine with
diameters up to 1.2 cm, embedded in a dynamically recrystallized matrix. Matrix phases include olivine,
pyroxene, spinel, and plagioclase each with grain sizes ranging from 50 to 200 lm. Plagioclase, in particular,
is generally associated with 1208 triple junctions and shows evidence for recrystallization.
For this study, peridotites containing fresh, euhedral orthopyroxene porphyroclasts were collected from the
central and southern portions of the massif (Figure 3). Sample details, petrographic descriptions, and locations are presented in supporting information Table S1.

5. Methods
Major element pyroxene compositions were determined using a Cameca SX-5 electron microprobe located
at the Materials Characterization Laboratory at Penn State, equipped with four wavelength-dispersive spectrometers. Operating conditions comprised a 20 kV accelerating voltage and a 20 nA beam current. The
spot size was 2 lm for all analyses. On-peak counting time was 20 s for all elements. Natural and synthetic
oxides were used for calibration standards. Representative orthopyroxene and clinopyroxene electron
microprobe data are presented in supporting information Tables S2 and S3, respectively.
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Figure 3. Photographs, thin-section scans, and photomicrographs of orthopyroxene from the Lanzo peridotite. (a) Outcrop photograph of
porphyroclastic and sheared orthopyroxene in ultramylonitic peridotite. Plagioclase forms sheared bands parallel to the dominant
foliation. (b) Porphyroclastic orthopyroxene in mylonitic peridotite. (c) Thin-section scan of orthopyroxene porphyroclasts in deformed
peridotite. Spinel exhibits resorbed grain margins and are surrounded by plagioclase clots. Clinopyroxene forms smaller, rounded clasts
relative to orthopyroxene. (d) Thin-section scan of orthopyroxene porphroclasts in mylonitic fabric. Note elongated orthopyroxene in the
center of the plot. (e) Photo-micrograph (XPL) of elongated and sheared orthopyroxene clast in mylonitic peridotite. (f) Photo-micrograph
(XPL) nondeformed orthopyroxene porphyroclast exhibiting well-deﬁned clino-pyroxene lamellae. (g) Photo-micrograph (XPL) of
deformed orthopyroxene porphyroclast with clinopyroxene lamellae. (h) Photo-micrograph (XPL) of nondeformed orthopyroxene
porphyroclast in mylonitic matrix.
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Pyroxene trace element concentrations were determined using a NewWave NWR 193 Excimer laser ablation
system coupled to a Thermo X-Series 2 Quadrupole ICP-MS, housed in the Laboratory for Isotopes and Metals in the Environment at Penn State. Laser ablation analyses were performed at 80% laser power, 20 Hz repetition rate, 100 lm spot diameter, and 20 s continuous ablation. Standard glass, NIST612, was used as a
primary standard and analyzed after every ﬁve unknowns to assess instrumental drift throughout each analytical session (2 h). Raw mass spectrometric data were reduced using the IoliteTM software package; trace
element concentrations were calculated using 29Si as an internal standard. Accuracy of the standard normalization routine was assessed with interspersed analysis of BCR and BHVO glasses. Representative pyroxene
trace element analyses are presented in supporting information Table S4; secondary standard analyses are
presented in supporting information Table S5.

6. Elemental Zonations in Lanzo Pyroxenes
Orthopyroxene porphyroclasts were targeted from 10 samples, spanning the central and southern sections
of the Lanzo body. Neoblasts in all samples exhibit rounded grain edges and are generally less than 2 mm
in diameter, whereas porphyroclasts exhibit a range of grain morphologies from elongate in mylonitic peridotites to euhedral in low strain samples and have grain diameters typically between 2 and 5 mm (Figure
3). All porphyroclasts, independent of sample and location, are enstatite-rich with Mg-numbers greater than
0.82 (supporting information Table S2). Porphyroclasts contain well-developed clinopyroxene exsolution
lamellae (<2 lm wide) within core regions (Figure 3h). Care was taken to avoid these during electron microprobe analysis through use of a focused electron beam. Exsolution lamellae are not present in neoblasts,
presumably due to dynamic recrystallization.
Porphyroclastic orthopyroxene exhibits pronounced core-to-rim zonation in Al, Si, Mg, Cr, REE, Y, Ti, and Zr
concentrations (Figures 4 and 5). Typical rim-to-rim proﬁles for Al and Cr are bell-shaped, decreasing from
core plateaus that have concentrations in the range 4–6 wt % Al2O3 and 0.3–0.36 wt % Cr2O3 to rim concentrations of 1.8–2.5 wt % Al2O3 and 0.18–0.25 wt % Cr2O3 (Figures 4 and 5). Such core-rim variations are classically observed in pyroxenes that have undergone a transition from the spinel-to-plagioclase facies
[Kaczmarek and M€
untener, 2008; Witt-Eickschen and Seck, 1991]. The length scale of curvature for Al proﬁles
is typically between 500 and 1000 lm; several grains exhibit longer length scales likely explained by aliasing
along a non-central section. Length scales of Cr variation are 500 lm and noticeable shorter than that for
Al. Intragranular variation in Si, Mg, and Fe concentrations reﬂect the inverse form of the Al proﬁle, attributable to the Tschermak exchange vector: Si(Mg,Fe) () AlAl. Concentrations of Ca show little systematic variation as a function of intragranular position and range between 0.7 and 1 wt % CaO. A small number of
grains show evidence for near-rim decreases in Ca content that occurs over length scales shorter than 500
lm (Figure 5). Scatter in Ca concentrations is attributable to clinopyroxene exsolution lamellae.
Concentrations of incompatible trace elements decrease from core to rim in orthopyroxene porphyroclasts
(Figure 6), consistent with the bell-shaped geometry of major element concentration proﬁles. Chondrite normalized core compositions are strongly enriched in LREEs and MREEs relative to cores, whereas the enrichment for the HREEs is typically weaker (Figure 7). Rim-to-rim laser ablation concentration proﬁles exhibit
varying degrees of asymmetry, attributable to aliasing of the proﬁle by noncentral sectioning. The
Al
Cr
majority of proﬁle rim analyses were made adjacent to neighboring olivine grains. Concentration
proﬁles are for Y and Zr are particularly well
developed, owing to higher concentrations (2–6
ppm) relative to the REEs (supporting information Table S4). Concentrations of the LREEs were
sufﬁciently low to preclude accurate determination of the bell-shaped proﬁle; furthermore, the
0
4
0
0.4
LREE proﬁles show variable degrees of scatter
Al2O3 (wt.%)
Cr2O3 (wt.%)
2 mm
caused by incorporation of LREE-enriched clinopyroxene exsolution lamellae in the ablation volFigure 4. Concentration maps for Al2O3 and Cr2O3 in porphyroclastic
ume. Proﬁles of Gd, Dy, and Yb show similar
orthopyroxene from sample LA09.
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length scales of variation to Zr and Y, with concentrations decreasing from a core plateau over distances less
than 1000 lm (Figure 6), notably similar to the length scales of Al decrease (Figure 5).
To verify that subsolidus re-equilibration of trace elements was controlled by diffusive exchange between
orthopyroxene and clinopyroxene, trace element concentration proﬁles were also measured across euhedral clinopyroxene porphyroclasts in samples LA05, LA06, LA09 (central body), and LA17 (southern body;
Figure 6, supporting information Figures S1–S3 and Table S4). Although present, clinopyroxene was heavily
recrystallized in sample LA08 and not suitable for diffusion modeling. Modal abundances of clinopyroxene
is subordinate to orthopyroxene in all samples (supporting information Table S6). Clinopyroxene is typically
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present as rounded neoblasts and intergrowths; in contrast to orthopyroxene, euhedral porphyroclasts are
rare. The small number of porphyroclast proﬁles collected are characterized by elevated concentrations of
REE toward crystal rims; concentrations decrease over 500 lm toward grain centers (Figures 6 and 10).
Scatter within individual proﬁles is attributable to the presence of orthopyroxene lamellae in porphyroclast
core regions. The small relative difference between core and rim concentrations accounts for consistent
chondrite normalized REE patterns within each sample (Figure 7). Subtle differences in the degree of LREEenrichment are present between samples.

7. Pyroxene Thermometry

TCa (°C)

7.1. Orthopyroxene Thermometry
Application of the Al-Cr-in-orthopyroxene thermometer [Witt-Eickschen and Seck, 1991] to core plateau
domains yields temperature estimates between 950 and 10508C. Rim domains yield temperatures up to
1508C lower, typically between 850 and
9008C, consistent with diffusive loss of Al and
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Cr during cooling. Application of the Ca-inorthopyroxene thermometer [Brey and
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€hler, 1990] yields temperature estimates
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1000
lower than Al-based thermometry. Temperatures calculated using both thermometers
are presented in Figure 8. The discrepancy
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Figure 8. Orthopyroxene thermometry. Temperature estimates calculated
using Ca-in-orthopyroxene thermometry [Brey and K€
ohler, 1990] plotted
against those derived using Al-in-orthopyroxene thermometry [WittEickschen and Seck, 1991] across a representative orthopyroxene traverse
(sample LA09 grain 5, Figure 5). Data points shaded according to distance
from grain rim; lighter shading corresponds to increasing distance. Broken
line represents 1:1 correlation between the thermometers.
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7.2. Two-Pyroxene Thermometry
Calculated REE-in-pyroxene temperatures
(TREE) [Liang et al., 2013] and temperatures
from the major element two-pyroxene ther€hler, 1990] for
mometer (TBK) [Brey and Ko
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samples LA05, LA06, LA09, and LA17 are
presented in Figure 9. Temperature estimates were calculated with representative core and rim compositions. Values
of TREE range between 950 and 11508C;
temperature estimates are systematically higher in pyroxene cores relative
to rims for each of the samples, consistent with diffusive re-equilibration during cooling. With the exception of
values of TREE calculated for rim compositions of samples LA09 and LA17, all
estimates of TREE are hotter than TBK,
reﬂecting sluggush diffusion of REEs
through pyroxene relative to Fe-Mg and
Na-Ca interdiffusion. TREE for the core
region of sample LA17 is anomalously
high (12258C), reﬂecting the neoblastic
Figure 9. Comparison of temperature estimates derived from the REE-in-twopyroxene thermometer of Liang et al. [2013] (TREE) and those calculated with the
nature of clinopyroxene in this sample.
major element two-pyroxene thermometer of Brey and K€
ohler [1990] (TBK).
Such an elevated temperature plausible
Diamonds and squares represent estimates calculated using rim and core
records re-equilibration with asthenoanalyses, respectively. Uncertainties are 2r.
spheric melts that inﬁltrated the massif
under plagioclase facies conditions. Core values for TREE constrain temperatures of the central Lanzo body
under spinel facies conditions, while rim values preserve a record of the temperature interval through which
cooling occurred across the spinel-to-plagioclase transition. Accurate interpretation of rim TREE is complicated
by the fact that each of the major elements has an independent diffusive length scale in clinopyroxene and
orthopyroxene.

8. REE-in-Pyroxene Speedometry Approach and Results
The observed bell-shaped major and minor element proﬁles within orthopyroxene porphyroclasts are typical
of those predicted to form during partial diffusive equilibration on cooling from high temperatures. Combined, the Al-Cr-in-orthopyroxene thermometry estimates and the absence of HREE-depleted REE patterns is
consistent with cooling of the Lanzo peridotites from the spinel facies where grain-scale chemical equilibrium
was achieved at temperatures approaching 11008C. We interpret the near-rim chemical zonations in orthopyroxene and clinopyroxene porphyroclasts to preserve a record of exhumation-related cooling of the lithospheric mantle during opening of the Ligurian Tethys.
Here we outline our approach to recovering thermal history information from the Lanzo orthopyroxene porphyroclasts. Despite the well-deﬁned and systematic nature of the Al concentration proﬁles, the lack of
experimentally derived Arrhenian parameters for the diffusion of Al through orthopyroxene precludes application of Al-in-orthopyroxene speedometry [Witt-Eickschen and Seck, 1991]. Rather, we opt to ﬁnd cooling
rates that best ﬁt the REE in orthopyroxene proﬁles. Our model simulates REE and Y diffusion in a onedimensional orthopyroxene-clinopyroxene pair; we do not account for the interaction of diffusants within
the grain boundary network or other mineral phases. This is a reasonable assumption given that the Lanzo
peridotites equilibrated under spinel facies conditions in which clinopyroxene and orthopyroxene are the
dominant hosts of REE and Y. We use a ﬁnite volume approach to compute the one-dimensional concentration proﬁles for both minerals given radial symmetry and continuous interface ﬂux boundary conditions.
Simulations employ temperature-dependent partition and diffusion coefﬁcients [Cherniak and Liang, 2007;
Van Orman et al., 2001; Witt-Eickschen and O’Neill, 2005]. The continuous diffusive ﬂux across the interface is
scaled to account for the modal proportions of clinopyroxene and orthopyroxene respectively (supporting
information Table S6). Further details of the model are presented in the supporting information.
As shown by Cherniak and Liang [2007], subsolidus re-equilibration of REEs between pyroxenes on cooling
is predicted to result in minor increases in clinopyroxene-rim concentrations, but signiﬁcant decreases in
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orthopyroxene REE concentrations. This is because REE and Y are strongly partitioned into clinopyroxene at
temperatures under which lattice diffusion is inefﬁcient. Near-rim increases in clinopyroxene REE concentrations were observed in clinopyroxene porphyroclasts from samples LA06, LA09, and LA17 (Figure 8). For
samples LA06 and LA09, we used both orthopyroxene and clinopyroxene concentration proﬁles to determine cooling rate estimates; in sample LA08, clinopyroxene is present as neoblasts, clearly in disequilibrium
with orthopyroxene porphyroclasts. In this case, cooling rate estimates were calculated assuming the presence of clinopyroxene porphyroclasts of similar size to sample LA09. Sample-speciﬁc Na contents and
pyroxene modal abundances were employed. Concentrations of Y, Dy, Gd, and Yb in orthopyroxene were
used for speedometry; LREE proﬁles were unsuitable due to low concentrations and scatter imparted by clinopyroxene exsolution lamellae. Best ﬁt forward-modeled concentration proﬁles were identiﬁed for each
sample proﬁle by minimizing chi-square [Press et al., 1992] for thermal histories comprising cooling from
1100 to 7008C at rates between 0.1 and 1008C/Myr. Example proﬁle ﬁts for each of the diffusants are shown
in Figure 10. Cooling rate uncertainties were computed using a Monte Carlo approach that takes full
account of the covariance between Ea and D0. For each candidate simulation, new values of Ea and D0 were
computed by linear regression through the raw experimental diffusion data of Cherniak and Liang [2007];
uncertainties in the temperature-dependent partition coefﬁcients were calculated using Gaussian distributions and reported standard deviations. These steps were repeated 5000 times to produce a large set of
cooling rate estimates whose lognormal probability density function could be determined.
Cooling rates derived from REE proﬁles in ﬁve orthopyroxene porphyroclasts from three samples (LA06,
LA08, and LA09) from the central body of the Lanzo massif, span between 5 and 258C/Myr (Figure 10).
Observed and calculated pyroxene concentration proﬁles are presented in supporting information Figures S1–S3. A minimum cooling rate of 58C/Myr requires that the Lanzo massif cooled over 80 Myr—
broadly consistent with the duration between the onset of Tethyan extension at 240 Ma and the onset of
sea-ﬂoor spreading in the Ligurian-Piemonte basin around 160 Ma [Whitmarsh et al., 2001; Wilson, 2001].
Cooling rate estimates agree regardless of sample. While we used the largest grains in an attempt to
obtain central sections through porphyroclasts, our cooling rate estimates are minimum values as aliasing
of concentration proﬁles due to noncentral sectioning will lead to an underestimate of the true cooling
rate. Intrasample dispersion in cooling rate estimates primarily reﬂects the resolution of the measured
concentration proﬁle.
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Figure 10. Results of pyroxene trace element speedometry. (a and b) Example model ﬁts to Y, Dy, and Yb concentration proﬁles in coexisting pyroxenes from sample LA09. Model
proﬁles calculated for 10 and 208C/Myr. Unﬁlled data points not considered due to contamination by clinopyroxene exsolution lamellae. (c) Log-normal PDFs of best-ﬁt cooling rates for
each of the orthopyroxene grains considered.
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9. Discussion
9.1. Geodynamic Implications of the REE-in-Pyroxene Cooling Rates
Cooling rates derived from REE-in-pyroxene speedometry are consistent with exhumation of the central
portion of the Lanzo peridotite massif from spinel (11008C) to plagioclase peridotite facies (<8508C) conditions during Tethyan rifting. The timing of cooling is constrained by the age of extraction of the southern
body of the Lanzo massif at 200 Ma [Bodinier et al., 1991; M€
untener et al., 2004] and the onset of seaﬂoor
magmatism at 160 Ma [Rubatto et al., 2008; Schaltegger et al., 2002]. However, our interpretation that the
diffusion proﬁles formed during cooling across the spinel-to-plagioclase facies transition does not account
for any diffusion associated with heating of the Lanzo massif during melt inﬁltration and refertilization
under plagioclase facies conditions [M€
untener et al., 2005]. Reheating would serve to reverse cooling-related
REE zonations in orthopyroxenes and clinopyroxenes, reducing the curvature of observed proﬁles. However,
the time and length scales of heating associated with refertilization are unclear. M€
untener et al. [2005]
showed that Lanzo plagioclase peridotites equilibrated at temperatures between 1150 and 12708C, following cooling from the spinel-facies. Despite these high temperatures, reheating must have occurred over a
limited duration as chemical gradients in pyroxene and clinopyroxene porphyroclasts escaped homogenization. This is consistent with inefﬁcient transport of melt and advective heat transport along grain boundaries. Further, cooling following the melt inﬁltration event is expected to have occurred rapidly due to the
presence of a steep conductive geotherm, established in response to thinning of the overlying lithosphere
to less than 30 km (<1 GPa) [M€
untener et al., 2010].
The contrasting asthenospheric and lithospheric afﬁnities of the southern and northern portions of the massif, respectively, is consistent with the interpretation that the Lanzo massif preserves a mantle shear zone,
potentially responsible for rift-related exhumation of the lithospheric mantle [Kaczmarek and M€
untener,
2008]. This makes the Lanzo massif an exceptional locality to investigate the interplay between melt production, transport and mantle deformation during the nascent stages of continental breakup. Kaczmarek
and M€
untener [2008] suggested that exhumation-related strain was partitioned into shear zones, now
exposed as ultramylonitic to mylonitic peridotites between the central and northern portions of the Lanzo
massif. The proposed lithospheric-scale shear zone would be expected to yield slower cooling rates for the
hanging wall (northern domain) relative to the footwall (central and southern domains). A potentially fruitful
test of this interpretation is to calculate cooling rates from orthopyroxene porphyroclasts either side of the
tectonic discontinuity. Geodynamic models of the extension process show that lithosphere-scale shear
zones localize during the ﬁnal stages of extension subparallel to the base of the lithosphere and are progressively rotated as extension continues [Lavier and Manatschal, 2006]. These models also show that cooling associated with exhumation leads to strengthening of the lithospheric mantle and focusing of
deformation, and potentially silicate melt, into shear zones.
In order to relate the cooling rate to mantle exhumation velocities and melt generation rates, we employ a
simple one-dimensional thermal-kinematic model of the extension process. Calculations assume that the
lithosphere is 125 km thick before initiation of rifting, that the mantle has a normal potential temperature
of 13508C and that the lithosphere undergoes thinning by pure shear for 20 Myr. Results are presented in
Figure 11. The calculations show that cooling of the lithospheric mantle, from 11008C (100 km) to 7008C,
at rates of 208C/Myr requires b factors of 7 and an average exhumation velocity of 4 km/Myr. b
factors > 7 result in higher values of Pe and cooling of the lithospheric mantle at rates <208C/Myr, whereas
thinning at b < 4 results in exhumation velocities slow enough to facilitate conductive heat loss at >208C/
Myr. Furthermore, b > 7 results in adiabatic melt generation along a dry peridotite solidus. Total thicknesses
of melt generated for b values from 7 to 10 are small, between 0.05 and 0.63 km, respectively.
It is important to consider three caveats that are implicit with our use of the pure shear model of extension
to interpret the Lanzo cooling rate estimates. First, the calculations do not take into account the effect of
horizontal heat conduction, which will serve to increase the rate of cooling at all structural levels during
extension [Bown and White, 1995]. Second, validity of the model conclusions is predicated on the assumption that the central and southern portions of the Lanzo massif represent portions of the lithospheric and
asthenospheric mantle that were located within the axial region of the rift. The divergent nature of the
velocity ﬁeld during pure shear extension results in focusing of maximum upwelling velocities at the rift
center. If the Lanzo peridotites represent a portion of off-axis mantle lithosphere our cooling and
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Figure 11. Relationship between mantle cooling, exhumation, and adiabatic melt generation. (a) The ﬁnal geotherm for lithosphere initially 125 km thick after undergoing 20 Myr of
extension above mantle with Tm of 13508C with b between 4 and 10. (b) Calculated thermal histories of a rock initially located at the depth corresponding to 11008C (100 km)—the
starting temperature for our cooling rate calculations. Colors correspond to extension scenarios presented in plot a. Time-averaged exhumation rates (km/Myr) and ﬁnal depths (km) are
given in the legend box. (c) Melt generation rates plotted against time for each of the extension scenarios shown in plot a. Melting calculations follow Bown and White [1995] using the
peridotite melting parameterization of McKenzie and Bickle [1988]. Total melt thicknesses (km) are given in the legend box.

exhumation rate estimates represent minimum values. Finally, a nonhomogenous distribution of strain
between the upper and lower lithosphere will result in depth-dependent thinning [Royden and Keen, 1980].
Preferential thinning of the lithospheric mantle relative to the crust will establish a dog-legged geotherm
due to conductive insulation of upwelling asthenosphere. For this conﬁguration of strain, values of b > 7
are required to account for cooling of the lithospheric mantle at rates 208C/Myr. While a thicker crust
serves to slow conductive heat loss relative to the pure shear case, it also displaces the upwelling adiabat
away from the peridotite solidus, suppressing melt generation.
Nevertheless, these calculations imply that initial exhumation of the lithospheric mantle across the spinelto-plagioclase facies transition, occurred at velocities slow enough to prevent signiﬁcant adiabatic melting
of the upwelling asthenosphere. This draws observational support from the absence of syn-rift volcanic
products along the Ligurian-Piemonte margin [Whitmarsh et al., 2001] and highlights the dependence of
melt production on extension rate. However, the Lanzo peridotite body, in addition to other circum-Alpine
peridotites [M€
untener et al., 2010], was pervasively affected by invasion of asthenosphere-derived melts that
crystallized in the plagioclase stability ﬁeld. These fertile plagioclase peridotites are characterized by clots of
plagioclase, often surrounding relict spinel porphyroclasts; locally, plagioclase represents up to 10 volume
percent. Migration of inﬁltrating melts by diffuse porous ﬂow was inefﬁcient and led to the stagnation of
these liquids in the subcontinental lithospheric mantle before ﬁnal exhumation to surface levels occurred.
Based on detailed petrological and geochemical analysis of peridotites from the Eastern Central Alps,
M€
untener et al. [2010] proposed that up to 12% (volume) of mid-ocean ridge basalt-type melt can be stored
in plagioclase peridotite, supporting the notion that the lithosphere acts as a ‘‘lithospheric sponge’’ along
magma-poor margins. Stagnation of melt and refertilization of the lithospheric mantle during extension
may contribute toward explaining the differences between magma-poor and magma-rich passive margins
[M€
untener et al., 2004, 2010].
9.2. Implications for Diffusion of Al Through Orthopyroxene
Despite the importance of Al solubility in orthopyroxene for high-temperature geothermobarometry,
remarkably few constraints exist concerning the rate of intracrystalline diffusion of Al through the orthopyroxene lattice. In granulites that preserve Al zoning in orthopyroxene, this has led to contrasting interpretations of its signiﬁcance. Anovitz [1991] used Al diffusion in clinopyroxene as a proxy for Al diffusion in
orthopyroxene to suggest that Al zoning preserved in granulite facies orthopyroxenes dominantly reﬂects
prograde and peak-T growth information. This is supported by McFarlane et al. [2003], who analyzed Al
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zoning in orthopyroxene from a
high-temperature thermal aureole and concluded that length
scales of Al diffusion were
short—less than 5 lm for
timescales of c. 1 Myr at temperatures between 800 and
9008C. On the other hand, Pattison and Begin [1994] interpreted
Al
zoning
in
orthopyroxene from the Minto
terrane as reﬂecting a high temperature retrograde history of
diffusive re-equilibration with
the matrix during slow cooling.
This, combined with studies of
Al zoning in orthopyroxene
from mantle xenoliths [Chin
et al., 2015; Smith and Barron,
1991; Witt-Eickschen and Seck,
1991], suggests that Al diffusion
through orthopyroxene may
occur over grain-scale distances
at temperatures >9008C and
geologically relevant timescales.
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occurred within the spinel solu(c) Arrhenius plot comparing the permissible range of Al-in-orthopyroxene diffusivities conbility ﬁeld; Al-in-orthopyroxene
strained by this study (gray ﬁeld) against experimentally derived diffusivities of Mg
[Schwandt et al., 1998], Ti [Cherniak and Liang, 2012], Cr [Ganguly et al., 2007], Nd [Sano et al.,
solubility under plagioclase sta2011], and Eu and Gd [Cherniak and Liang, 2007]. Note that the line labeled ‘‘REE’’ denotes
bility conditions is strongly
diffusivities calculated using average values for Ea and D0 from Cherniak and Liang [2007].
dependent on pressure. Furthermore, we consider cooling
rates between 5 and 258C/Myr, constrained by the maximum duration between onset of extension and seaﬂoor spreading, and the upper bound rates derived from REE-in-pyroxene speedometry.
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Selected model proﬁles are compared with an example Al concentration proﬁle in Figure 12a. Each of the
model proﬁles provide good ﬁts to the data and were calculated using a cooling rate of 158C/Myr and different combinations of Ea and D0. Following compensation theory, combinations of Ea and D0 that yield good
ﬁts deﬁne a linear relationship between log(D0) and Ea (Figure 12b). For the range of cooling rates investigated, we ﬁnd that values of Ea less than 250 kJ result in proﬁles with too little curvature to match the data.
Diffusivities of Al calculated for combinations of Ea between 250 and 500 kJ and D0 between 10212 and 102
m2/s are presented on an Arrhenius plot in Figure 12c as a gray band. The width of the gray band is controlled largely by uncertainties in the cooling rate. To facilitate comparison between our estimates of Al diffusivity and other cations, we have also plotted experimentally derived diffusion laws for Mg, Ti, Cr, and the
REEs.
Our empirically constrained Al diffusivities are slower than the rates of Mg tracer and Fe21-Mg interdiffusion
in orthopyroxene [Ganguly and Tazzoli, 1994; Schwandt et al., 1998]. Further, preservation of near-rim gradients in Mg that correlate with Si and Al (Figure 5) is consistent with the mobility of these elements being
controlled by diffusion of the Mg-Tschermak molecule. The Tschermak exchange (R21
M1 SiT () AlT ) involves
energy intensive restructuring of tetrahedral chains in the orthopyroxene structure, while Fe-Mg21 partitioning between M1 and M2 sites does not. This provides an explanation for the slow nature of Mg-Al-Si diffusion in orthopyroxene relative to uncoupled Fe21-Mg diffusive exchange [Anovitz, 1991]. Further
inspection of Figure 12c also shows that Al diffusion occurs at similar rates to both Cr [Ganguly et al., 2007]
and Nd [Sano et al., 2011] between temperatures of 700 and 11008C. One possibility that would account for
such similar diffusivities is a mechanism involving coupled substitution between REE31 and Al31 1 Cr31.
Cherniak and Liang [2007] suggest that Al31, if substituting for Si41, may be involved in coupled exchange
to charge compensate REE31 in substituting for Mg21. At temperatures less than 9008C Nd diffusivity [Sano
et al., 2011] is around an order of magnitude faster than REE diffusivity calculated using the values of Cherniak and Liang [2007]. Disagreement between the two sets of REE parameters is discussed by Sano et al.
[2011].
Finally, we note that at temperatures above 8008C our estimates of Al diffusivity in orthopyroxene are
faster than those determined for Al diffusion through clinopyroxene [Jaoul et al., 1991; Sautter et al., 1988]
by less than an order of magnitude. This is similar to the systematic differences in diffusivity of REE between
diopside and enstatite, in which activation energies are higher for REE31 in diopside (411–496 kJ) than
enstatite (321–350 kJ). Cherniak and Dimanov [2010] suggest that such differences could be explained by
differences in crystal chemistry between pyroxenes. Whereas the M2 site of diopside is occupied by the
large eightfold coordinated Ca21, the same site in enstatite is occupied by the smaller, sixfold coordinated
Mg21. Furthermore, in clinopyroxene the M1 and M2 sites are dissimilar in size, driving cation ordering
between the sites. Accordingly, substitution of eightfold coordinated cations in orthopyroxene is expected
to result in signiﬁcant lattice distortion and a lower activation energy compared to clinopyroxene. Provided
that Al diffusion is controlled by mobility of the Mg-Tschermak molecule, this explanation also explains why
Al diffusion is faster in orthopyroxene.

10. Conclusions
The Lanzo peridotite massif represents a fossil-analogue of lithospheric mantle exhumed during the development of a magma-poor passive margin. Orthopyroxene porphyroclasts present within refertilized plagioclase peridotites preserve grain-scale gradients in Al, Cr, Si, Mg, and trace element concentrations that are
consistent with partial diffusive equilibration during exhumation-related cooling across the spinel-toplagioclase facies transition. Similar length scales of REE, Cr, Si, Al, and Mg diffusion proﬁles is consistent
with diffusive mobility of these elements through orthopyroxene being controlled by a charge-balanced
substitution mechanism. Using REE-in-pyroxene speedometry, we have shown that the central and southern portions of the Lanzo massif cooled at rates between 5 and 258C/Myr during Tethyan extension. Provided that extension occurred by a pure shear mechanism, these cooling rates are sufﬁciently slow to
prohibit extensive adiabatic melt generation above a normal temperature mantle. Limited melting is consistent with the absence of magmatic products along the Ligurian-Piemonte margin. Furthermore, the presence of plagioclase peridotite throughout Alpine Tethyan peridotite bodies suggests that small fractions of
asthenospheric melts ascended and impregnated the lithospheric mantle at depths less than 30 km. We
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have provided an example of how REE-in-pyroxene speedometry can be used to constrain the cooling rates
of peridotites and, in doing so, yield important constraints on geodynamic processes.
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