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Abstract Within continental lithosphere, widespread seismic evidence suggests a sharp discontinuous
downward decrease in seismic velocity at 60–160 km depth. This midlithospheric discontinuity (MLD) may
be due to anisotropy, melt, hydration, and/or mantle metasomatism. We survey global seismologic observa-
tions of the MLD, including observed depths, velocity contrasts, gradients, and locales across multiple seis-
mic techniques. The MLD is primarily found in regions of thick continental lithosphere and is a decrease in
seismic shear velocity (2–7% over 10–20 km) at 60–160 km depth, the majority of observations clustering at
80–100 km. Of xenoliths in online databases, 25% of amphibole-bearing xenoliths, 90% of phlogopite-
bearing xenoliths, and none of carbonate-bearing xenoliths were formed at pressures associated with these
depth (2–5 GPa). We used Perple_X modeling to evaluate the elastic moduli and densities of multiple petrol-
ogies to test if the MLD is a layer of crystallized melt. The fractional addition of 5–10% phlogopite, 10–15%
carbonate, or 45–100% pyroxenite produce a 2–7% velocity decrease. We postulate this layer of crystallized
melt would originate at active margins of continents and crystallize in place as the lithosphere cools. The
concentration of mildly incompatible elements (Y, Ho, Er, Yb, and Lu) in xenoliths near the MLD is consistent
with higher degrees of melting. Thus, we postulate that the MLD is the seismological signature of a chemi-
cal interface related to the paleointersection of a volatile-rich solidus and progressively cooling lithosphere.
Furthermore, the MLD may represent a remnant chemical tracer of the lithosphere-asthenosphere boundary
(LAB) from when the lithosphere was active and young.

1. Introduction

Seismological investigations of continental lithosphere have uncovered substantial evidence for the presence
of a discontinuous seismic velocity reduction between 60 and 160 km depth [e.g., Fischer et al., 2010]. This dis-
continuity falls within the elevated velocities of the tomographically defined lithosphere but resembles the
downward velocity reduction often associated with the lithosphere-asthenosphere boundary (LAB) [e.g.,
Rychert et al., 2005]. The intralithosphere velocity reduction has been deemed ‘‘the mid-lithospheric disconti-
nuity’’ (MLD) [Wirth and Long, 2014; Fischer et al., 2010; Yuan and Romanowicz, 2010] (Figure 1). Detections of
the MLD span a wide suite of seismic methods, including long-range, active-source seismic refractions [Thybo
and Perchuc, 1997], shear wave anisotropy [Yuan et al., 2011], P and S receiver functions [e.g., Rychert et al.,
2005; Savage and Silver, 2008; Abt et al., 2010; Ford et al., 2010], SS and PP precursors [Heit et al., 2010, Shearer,
1993, Zheng and Romanowicz, 2012], ScS core-reflected phases [Courtier and Revenaugh, 2006], and surface
wave tomography [e.g., Adams et al., 2012; Fishwick and Rawlinson, 2012; Heeszel et al., 2013; Jiang et al., 2013].

A variety of mechanisms have been proposed to explain the origin of the observed velocity reduction at the
MLD (and/or the LAB), including (1) the presence of modern carbonatite [Dasgupta and Hirschmann, 2010], sili-
cate [Dasgupta et al., 2013], or sulfidic [Helffrich et al., 2011] melts near the depth of the interface, (2) preserved
ancient subduction zone fabrics that generate an anisotropic fabric during accretion [Yuan and Romanowicz,
2010; Wirth and Long, 2014], (3) a global interface formed by the relaxation of the shear modulus and
frequency-dependent attenuation from grain boundary sliding in the presence of hydrated phases [Karato 2012;
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Olugboji et al., 2013, Karato, 2014; Karato
et al., 2015], (4) an abrupt change in the
chemical composition of the litho-
spheric mantle, caused by metasoma-
tism or crystallized melts [Griffin et al.,
2009; Savage and Silver, 2008], or (5) an
interface generated by melting induced
by the gravitational collapse of conti-
nents in the Archean [Rey et al., 2014].

Most arguments for the presence of
modern melt require high geothermal
gradients that are inconsistent with
the very low geothermal gradient
expected in ancient cratons [e.g.,

Jaupart and Mareschal, 1999; Michaut et al., 2009; W€olbern et al., 2012], though the presence of relatively
exotic melt compositions with low solidus temperatures, such as sulfidic melt [Helffrich et al., 2011] cannot
be ruled out. The preservation of anisotropy (lattice-preferred orientation) associated with fabrics formed
during ancient episodes of subduction has been proposed on the basis of xenolith textures [Soustelle et al.,
2010]. However, it is difficult to ascertain from xenoliths alone if the anisotropy found at the hand sample
scale would result in more broadly defined seismically observed anisotropy [Fischer et al., 2010]. The pres-
ence of a global interface associated with enhanced grain boundary sliding and indicative of mantle hydra-
tion state has also been proposed [Karato, 2012; Olugboji et al., 2013]; therefore interrogation of the
hydration state of xenoliths will be a important test of this model. Here, we use the mineralogy and geo-
chemistry of xenoliths originating from the depth of the MLD to evaluate a subset of current MLD-
formation hypotheses, in particular the feasibility of crystallized melt and its ability to affect the chemical
compositions and physical properties of the rock.

The hypothesis we explore in detail postulates that magma thermally equilibrates with surrounding rock
and crystallizes where a geotherm crosses the solidus, forming a permeability barrier [e.g., Sparks and Par-
mentier, 1991]. One possible scenario is that the depth of the MLD is tied to the depth at which magma
crosses the solidus. A component of this hypothesis is that partial melting will create a magma that is rela-
tively rich in carbon and hydrogen compared to the dry, subsolidus surrounding peridotite [Green et al.,
2014]. When this volatile-rich melt crystallizes, the resulting rocks bears hydrous or carbonate extra minerals
that can significantly lower seismic wave speeds, either intrinsically [Hacker et al., 2003] or through mecha-
nisms such as enhanced grain boundary sliding [Olugboji et al., 2013]. Xenoliths have been reported to con-
tain carbon in the form of diamond, graphite, calcium carbonate, dolomite, and aragonite [Ionov et al.,
1993; Humphreys et al., 2010; Deines and Gold, 1973; Ionov et al., 1996; Lee et al., 2000; Duke, 2009]. Carbona-
tite melts and associated silica-depleted igneous rocks are shown to have deep mantle sources [Jones et al.,
2013; Dasgupta and Hirschmann, 2007; Bailey, 1990]. The solubility of water decreases in orthopyroxene to
the point of exclusion around depths similar to the MLD, allowing for increase silicate melt production [Mier-
del et al., 2007]. Furthermore, the presence of carbon-rich fluid in the mantle has also been inferred from
xenoliths containing Na-rich amphiboles [Yaxley et al., 1998], Na-rich glasses [Coltorti et al., 1999], and major
and trace element signatures of partial melting [Lee and Wyllie, 1997; Aulbach et al., 2013; Chakhmouradian
et al., 2008]. Hydrous minerals, such as amphiboles and micas, also occur in xenoliths from the continental
lithosphere all over the globe [e.g., Yaxley et al., 1998; Lee and Wyllie, 1997; Lee et al., 2000].

Our approach is to investigate the presence, and type of, infiltrated melt via trace element analyses of xeno-
liths [e.g., McKenzie & O’nions, 1991; Michard, 1989] and determine if these xenoliths have a depth associa-
tion with the MLD. The MLD occurs across a depth interval that is well represented in the xenolith database,
providing chemical observations to directly interrogate a compositional origin of the MLD. Experiments
have shown that carbon-rich fluids increase key trace elements like U, Th, and Sr relative to high-field
strength elements (HFSE) such as Zr, Hf, and Ti [Green et al., 1992; Blundy and Dalton, 2000; Dasgupta et al.,
2009]. Increased U, Th, and Sr relative to Zr, Hf, and Ti in oceanic mantle xenoliths have been cited as evi-
dence for interaction between peridotite and carbon-rich fluid at depths of 0.7–1.2 GPa [Delpech et al., 2004;
Coltorti et al., 1999]. In continental arc settings, many xenoliths possess carbonatite signatures at depths of

Figure 1. A schematic of a shear velocity profile (Vs) beneath a continent showing
the inferred relative depths of a theoretical midlithospheric discontinuity (MLD)
and the lithosphere-asthenosphere boundary (LAB).
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0.9–1.8 GPa [Ionov et al., 1993]. Other mantle xenoliths from 1.5 to 2 GPa show trace element patterns indic-
ative of cryptic carbonatite metasomatism [Yaxley et al., 1998]. Negative Ti-Zr-Hf anomalies in mantle xeno-
liths were identified in the Slave craton and attributed to the presence of carbon-rich melt above 145 km
[Aulbach et al., 2013]. Thus there exists substantial evidence that crystallized volatile-rich melts are preserved
in the continental midlithosphere near the expected depth of the MLD.

To investigate the expression of the MLD in continental mantle, we seek to clarify the uncertainty underly-
ing the origin and evolution of the boundary by analyzing (1) a seismological database that collects a wide
variety of observations across seismic methods and quantifies the regions where the MLD has been
observed and characteristics of the observations (i.e., depth, % velocity decrease, and boundary width), (2) a
petrological database of xenoliths that originate within (and not within) the depth range and vicinity of the
observed seismological MLDs, and (3) thermodynamic modeling to assess the feasibility of the frozen-in
melts for producing the observed petrological and seismological constraints.

2. Methods

2.1. The Seismological Database
Our database consists of seismological observations reported in the literature that detect a sharp seismic
discontinuity in the midcontinental regions. We limited the search to observations within the depth range
of 60–160 km, and to velocity decrease with depth to eliminate confusion with other seismic discontinuities,
such as the Hales interface (a positive velocity contrast occurring at similar depth), the Gutenberg disconti-
nuity (observed in oceanic mantle), and detections of the LAB [e.g., Bodin et al., 2014]. The MLD is thus
defined in our study as occurring only beneath continental regions, though we readily acknowledge that
the boundary may share many qualities of the Gutenberg discontinuity beneath the oceans, and may coin-
cide with a discontinuity at the LAB beneath continental margins. We further attempt to distinguish detec-
tions of the MLD from a seismic discontinuity associated with the LAB by limiting our database to
observations within cratonic lithosphere older than 1 Ga. Although some researchers propose very deep
MLDs beneath South Africa [e.g., Sodoudi et al., 2013], we restrict our compilation to observations shallower
than 160 km to avoid overlap with proposed LAB depths beneath cratonic regions from surface wave
tomography [e.g., Adams and Nyblade, 2011; Fishwick, 2010; Priestley et al., 2008].

The MLD is detected by a wide variety of seismic methods (Figure 2): P to S receiver functions (Pds, conver-
sion of an incoming P-wave to an S-wave), S to P receiver functions (Sdp, conversion of an incoming S-wave
to a P-wave), SS and PP precursors (SdS, or PdP, underside reflections of S- or P-wave from a deep disconti-
nuity halfway between a station and source), ScS reverberations (reverberation of S-wave energy that
reflects from the core-mantle boundary prior to being reflected off of the MLD), decreases in shear velocity
at midlithospheric depths from surface wave tomography that is sensitive to lithospheric and astheno-
spheric depths, and long-range, active-source seismic refraction experiments that identify scattering in the
arrivals around distances of 8–14 degrees.

We compiled depth, location, and the approximate magnitude of the velocity decrease with depth across
the discontinuity in different locations (Table 1). In some cases, authors do not report the extent of velocity

Figure 2. Representative ray paths for the seismic methods used to image the MLD. Arrows indicate direction of propagation from the
seismic source to the receiver (triangle). Observations of the MLD from each phase are cataloged in the database in Table 1. Typical epicen-
tral distances for each phase are indicated in degrees above each cross section.
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Table 1. MLD Observations Worldwidea

Reference Method Latitude Longitude Location Depth %DVs Visual or Exact

North America
Abt et al. [2010]b S-RF 50.25 295.88 North America; ULM 101 n/a Exact

44.77 279.14 North America; SADO 90 n/a Exact
38.23 286.29 North America; WCI 97 n/a Exact
36.13 287.83 North America; WVT 113 n/a Exact
44.57 274.98 North America; PTN 69 n/a Exact

39.1719 286.5222 North America; BLO 111 n/a Exact
34.98 288.08 North America; PLAL 83 n/a Exact

42.2997 283.6561 North America; AAM 90 n/a Exact
37.2113 280.421 North America; BLA 69 n/a Exact

35.89 279.09 North America; CEH 99 n/a Exact
47.9462 291.495 North America; EYMN 94 n/a Exact
42.9148 290.2488 North America; JFWS 59 n/a Exact

33.03 287 North America; LRAL 91 n/a Exact
39.6581 279.8456 North America; MCWV 91 n/a Exact

Courtier and Revenaugh [2006] ScS Reverb. 28.755 279.128 Eastern United States 123 213.76
Darbyshire et al. [2013] Surface wave 62–66 275 to 290 Northern Hudson Bay �90 25 to 8% Visual
Foster et al. [2014]b S-RF and SKS-RF 36–48 297 to 291 American Midwest 87 n/a Exact
Hansen et al. [2013]b S-RF and SKS-RF 36–40 2108 to 2104 Colorado Rockies 70–100 n/a Visual
Hopper et al. [2014]b S-RF 46 2107 to 2106 Wyoming Craton 70–75 n/a Visual

44 2108 to 2104 Wyoming Craton 78–85 n/a Visual
41 2111 to 2110 Wyoming Craton 63–72 n/a Visual

45–46 2107 to 2110 Wyoming Craton 70–80 n/a Visual
Kind et al. [2015] S-RF 34–47 282 to 2102 Northern U.S. 95–115 n/a Visual
Kumar et al. [2005a,b]b S-RF 72 255 Greenland 110 n/a Kind et al. [2012]

64 253 Greenland 110 n/a Kind et al. [2012]
75 242 Greenland 80 n/a Kind et al. [2012]
69 245 Greenland 100 n/a Kind et al. [2012]
68 228 Greenland 70 n/a Kind et al. [2012]
65 236 Greenland 80 n/a Kind et al. [2012]
83 260 Greenland 70 n/a Kind et al. [2012]
80 260 Greenland 100 n/a Kind et al. [2012]

Kumar et al. [2012] S-RF 29–51 2115 to 275 U.S. Array 51–135 n/a Exact
Lekic and Fischer [2014]b S-RF 38.5–35.5 2112 to 2107.5 Colorado Plateau 70–90 23% Visual

41.5 2111 to 2107 Wyoming Craton 70–90 23% Visual
Miller and Eaton [2010] S-RF 54.725 2101.9783 North America; FFC �150 n/a Visual

58.7616 294.0866 North America; FCC �110 n/a Visual
62.4183 277.9113 North America; IVKQ �100 n/a Visual
63.7469 268.5451 North America; FRB �130 n/a Visual

Porritt et al. [2015] S-RF and SKS-RF 50–72 298 to 265 Hudson Bay 80–120 n/a Visual
Rychert et al. [2005]b P-RF 42.51 271.56 North America; HRV 61 n/a Exact
Rychert and Shearer [2009] P-RF; distinct from mults. 47.946 291.495 North America; EYMN 95 n/a Exact

54.725 2101.9783 North America; FFC 89 n/a Exact
63.747 268.545 North America; FRB 134 n/a Exact
63.747 268.545 North America; FRB 77 n/a Exact

Snyder [2008] P-RF
Thybo [2006] Refraction 63–66 2114 to 2109 Northwestern Canada 145 n/a Visual

Profile1
Profile2a [38 32 34] [2122 2102 286] �100 Visual
Profile2b [61 34] [298 278] �100 Visual
Profile2c [64 54] [2117 298] �100 Visual
Profile2d [60 53 47 48 54] [2137 2121 290 275 266] �100 Visual
Profile2e [47 43] [275 265] �100 Visual
Profile2f [45 46] [2118 291] �100 Visual
Profile2g [35 38 46] [2116 2103 290] �100 Visual
Profile2h [32 46] [2100 290] �100 Visual
Profile3 [33 45] [292 289] �100 Visual
Profile4 [50 38] [2120 2120] �100 Visual
Profile5 [27 15] [2110 285] �100 Visual
Profile6 [36 30] [2118 2116] �100 Visual
Profile7 [51 29] [2124 2115] �100 Visual

Wirth and Long [2014]b P-RF; transverse and radial [59 32] [2110 2109] �100 Visual
36.13 287.83 North America; WVT 101.5 n/a Exact
38.23 286.29 North America; WCI 86.5 n/a Exact

39.1719 286.5222 North America; BLO 86.5 n/a Exact
Yuan et al. [2006]b S-RF 38.056 291.245 North America; CCM 78.5 n/a Exact
Zheng and Romanowicz [2012] S660S double precursors 62.56 2114.61 Slave Craton; YKW3 120 n/a Exact

125
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Table 1. (continued)

Reference Method Latitude Longitude Location Depth %DVs Visual or Exact

Europe/Asia
Bodin et al. [2014]b Cnvrtd phases 1 dispersion 17.417 78.55 Indian Shield; HYB 110 25 Exact
Geissler et al. [2010]b S-RF 49.631 22.708 Poland; KWP 129 25 Exact

54.958 37.767 Russia; MHV 102 25 Exact
55.685 12.433 Denmark; COP 125 25 Exact
59.649 9.598 Norway; KONO 116 25 Exact

Heit et al. [2010] SS precursor Tibet/China
Kind et al. [2013] S-RF [57 71] [13 32] Scandanavia 100 n/a Visual
Kumar et al. [2005a,b] S-RF 45 77 Tienshan, China 120 n/a Kind et al. [2012]

44 77 Tienshan, China 100 n/a Kind et al. [2012]
43 77 Tienshan, China 120 n/a Kind et al. [2012]
33 77 Karakoram, China 120 n/a Kind et al. [2012]

Kumar et al. [2007] S-RF 17.42 78.55 India; HYB 101 n/a Exact
23.52 45.5 Saudi Arabia; RAYN 138 n/a Exact

Revenaugh and Sipkin [1995] ScS Reverb. 31.819 86.509 China 158 28.6
37.148 87.1198 China 145 26.2
40.506 78.8797 China 131 29.2
46.952 114.12911 China 133 22.4
46.424 131.372 China 84 24.2
49.915 133.35605 China 80 25.6
39.563 115.045 China 79 26
35.66 127.099 China 64 212

42.026 130.849 China 72 27.6
36.537 122.618 China 123 24.2
40.636 121.856 China 103 27.8
46.125 127.191 China 147 24.4

Rychert and Shearer [2009] P-RF; distinct from mults. 17.417 78.55 Indian Shield; HYB 65 n/a Exact
Saul et al. [2000] P-RF 17.417 78.55 Indian Shield; HYB 90 n/a Exact
Sodoudi et al. [2006]b S-RF 29–32 114.5–117 China; Yangtze Craton 72 n/a Visual

32–34.5 114.5–117 China; North China Platform 60 n/a Visual
Tonegawa and Helffrich [2012] sS precursors Phillipine Sea Plate 59.3 25.8
Zhang and Lay [1993] N Korea (weak MLD) 90 211.4

Sea of Okhotsk (weak MLD) 211.4
Izu Japan 66 212.6

Thybo [2006] Refraction
Profile8a [71 61] [26 19] �100 Visual
Profile8b [59 52] [17 13] �100 Visual
Profile9 [65 53] [23 18] �100 Visual
Profile10 [47 42] [28 8] �100 Visual
Profile11a [49 35] [21 22] �100 Visual
Profile11b [50 38] [3 25] �100 Visual
Profile12a [29 51] [21 17] �100 Visual
Profile12b [34 52] [28 14] �100 Visual
Profile13a [55 57 43] [21 32 73] �100 Visual
Profile13b [50 68 74] [27 22 56] �100 Visual
Profile14 [70 64 49] [42 71 95] �100 Visual
Profile15 [57 65 56] [62 104 138] �100 Visual
Profile16 [65 73 65] [61 104 143] �100 Visual
Profile17 [75 63 50] [82 93 101] �100 Visual
Profile18 [76 53] [95 116] �100 Visual

South America
Heit et al. [2007] S-RF; SKS-RF 5.11 252.64 French Guyana; MPG 70 n/a Exact

25.82 235.9 NE Brazil; RCBR 80 n/a Exact
226.33 257.33 Paraguay; CPUP 80 n/a Exact
28.94 263.18 Amazonas; SAML 130 n/a Exact

215 to 215.64 249 to 248.01 Central Brazil 140 n/a Exact
222 252 Parana Basin 120 n/a Exact

223 to 223.52 245 to 247.43 Brazilian Coast 80 n/a Exact
238.05 261.97 Central Argentina; TRQA 120 n/a Exact

Rychert and Shearer [2009] P-RF; distinct from mults. 223.593 247.427 Brazil; SPB 80 n/a Exact
Africa
Hansen et al. [2009]b S-RF 226 to 231 21–32 South Africa 160 24.5 Visual
Kumar et al. [2007] S-RF 219.2 17.58 Namibia; TSUM 127 n/a Exact

232.38 20.81 South Africa; SUR 134 n/a Exact
228.61 25.26 South Africa; BOSA 150 n/a Visual
215.28 28.19 Zambia; LSZ 150 n/a Visual
225.02 25.6 Botswana; LBTB 150 n/a Visual

Rychert and Shearer [2009] P-RF; distinct from mults. 225.015 25.597 Botswana; LBTB 88 n/a Exact
228.614 25.256 South Africa; BOSA 96 n/a Exact

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005943

RADER ET AL. CHARACTERIZATION AND PET OF MLD 5



decrease (N/A in Table 1). We take into consideration the resolutions of the different methods, both laterally
and with depth. For example, S receiver functions will average over a larger area than P receiver functions.
Alternatively, a MLD signal in the P receiver function, if not processed carefully, can be obscured by crustal
reverberations [Rychert et al., 2010]. Although S-wave receiver function methods have been compiled and
discussed in recent work from Selway et al. [2015], our compilation expands upon this by including receiver
function observations (both Sp and Ps), and encompasses observations from other seismic methods. In sub-
sequent sections, we discuss pertinent details of each detection method and how they can affect observa-
tions interpreted as an MLD.

2.2. Geochemistry and Petrology of Xenoliths
The geochemical database PetDB [Lehnert et al., 2000] was systematically searched for compositional infor-
mation on xenoliths found within continental areas. To test our hypothesis regarding the occurrence of
crystallized melts, we used search criteria that included xenoliths with depth information that hosted
amphibole, phlogopite, carbonate minerals, graphite (Table 2), and published trace element concentrations
(Table 3). Depths were either published in the database and calculated using the two-pyroxene method of
Brey and K€ohler [1990], or were assigned the depth range based on the stability of spinel lherzolite of 0.9–
1.8 Gpa [Dem�eny et al., 2004; Ionov et al., 1996; Delpech et al., 2004]. We also report on xenoliths from tec-
tonic settings and depths of the mantle where the MLD is not predicted to exist by our hypothesis (e.g.,
very deep below young lithosphere, for example) as a comparison to further test our hypothesis. Trace-
element analyses of carbonatites and hydrous minerals are collected also from PetDB by searching for indi-
vidual analyses of CARB, CC, AMPH, and PHLOG that had trace element data. This data set includes material
irrespective of tectonic setting or depth, as not many analyses existed within PetDB.

3. Seismological Results

We compiled seismological results from six methodologies to determine where the MLD has been detected.
These results are summarized in Table 1. A useful outcome of this compilation is that we are able to readily
identify regions with either a paucity or abundance of observations, indicating where future research tar-
gets for investigating the evolution of cratonic lithosphere may be most beneficial.

3.1. Active Source Seismology
Active source seismic surveys provide a spatially high-resolution approach for studying lithospheric struc-
tures. A global compilation of high-density seismic refraction experiments that sample the continental litho-
sphere at long ranges (300–2500 km) reveals the existence of strong scattering beyond the 700–900-km

Table 1. (continued)

Reference Method Latitude Longitude Location Depth %DVs Visual or Exact

22.791 5.528 Algeria; TAM 100 n/a Exact
22.791 5.528 Algeria; TAM 73 n/a Exact

Savage and Silver [2008]b S-RF; P-RF 219 to 230 23–31 South Africa 150 24.5 Visual
Sodoudi et al. [2013]b S-RF 233 to 220 19.5–32 South Africa 77–97 3% anisotropy Visual

232 to 219 20.6–32.9 South Africa 140–192 n/a Visual
Wittlinger and Farra [2007] S-RF; SKS-RF; P-RF 219 to 233 22–30 South Africa 70–151 25 Visual
Wolbern et al. [2013]b S-RF; SKS-RF 22 to 1 29–33 Tanzania Craton; Albertine 60–100 212 to 224 Visual
Australia
Ford et al. [2010]b S-RF; P-RF 218.1 125.64 FITZ 81 n/a Exact

230.78 128.06 FORT 79 n/a Exact
231.37 121.88 KMBL 85 n/a Exact
219.93 134.36 WRAB 81 n/a Exact
221.16 119.73 MBWA 69 n/a Exact
232.93 117.24 NWAO 81 n/a Exact

Thybo [2006] Refraction
Profile19a [29 222] [113 135] �100 Visual
Profile19b [2 221] [129 138] �100 Visual

Antarctica
Heeszel et al. [2013] Surface wave 285 to 278 60–100 Gamburtsev Mtns 75 22 Visual

aLatitude, longitude, and depth are denoted as: (a) Exact values reported by the authors or (b) visually identified approximate values.
bIndicates receiver function studies that include higher frequencies (>4 s for SRF; >1 s for PRF).
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Table 2. Mineralogy of Xenoliths

Sample Name Source Latitude Longitude Minerals
Depth
(Gpa)

Temperature
(8C) Geologic Setting Xenolith Type

MUKHSIE-BC-F-68c Mukhopadhyay and Manton [1994] 37.21 2119.26 Amph, Phlog 1.1 674 Convergent margin Pyroxenite
LOOGERM-EE-S1c Loock et al. [1990] 50.17 6.85 Amph 0.2 721 Intraplate, off-craton Granulite
LOOGERM-WE-S35c Loock et al. [1990] 50.17 6.85 Amph 0.2 655 Intraplate, off-craton Granulite
LOOGERM-EE-S12 Loock et al. [1990] 50.17 6.85 Amph 0.8 737 Intraplate, off-craton Granulite
FRANAK-NUN-13004c Francis [1976] 60 2166.5 Amph 0.9 964 Intraplate, off-craton Pyroxenite
ARCAUST-LB-83-2c Arculus et al. [1988] 238.2 143.1 Amph 0.9 881 Intraplate, off-craton Pyroxenite
LOOGERM-WE-S16c Loock et al. [1990] 50.17 6.85 Amph 1.0 864 Intraplate, off-craton Granulite
LOOGERM-WE-S37c Loock et al. [1990] 50.17 6.85 Amph 1.1 853 Intraplate, off-craton Granulite
LOOGERM-EE-S1c Loock et al. [1990] 50.17 6.85 Amph 1.2 816 Intraplate, off-craton Granulite
MUKHSIE-PSM-PS20c Mukhopadhyay and Manton [1994] 37.21 2119.26 Amph 1.5 780 Convergent margin Pyroxenite
KEMRUSS-KOLA-436-17c Kempton et al. [1995] 67 32.5 Amph 1.6 738 Intraplate, craton Granulite
LOOGERM-WE-S35c Loock et al. [1990] 50.17 6.85 Amph 1.6 791 Intraplate, off-craton Granulite
LOOGERM-WE-S37c Loock et al. [1990] 50.17 6.85 Amph 1.6 883 Intraplate, off-craton Granulite
LOOGERM-WE-S16c Loock et al. [1990] 50.17 6.85 Amph 1.6 902 Intraplate, off-craton Granulite
FRANAK-NUN-14001c Francis [1976] 60 2166.5 Amph 1.8 1080 Intraplate, off-craton Pyroxenite
LITRUSS-VIT-V462c Litasov et al. [2000] 53.5 113.1 Amph 2.2 1112 Continental rift Peridotite
JANSLOV-POH-119-5c Janak et al. [2006] 46.4 15.5 Amph 2.5 918 Intraplate, off-craton Peridotite
IONRUSS-VIT-313-103c Ionov et al. [1993] 59.45 112.55 Amph 2.6 1105 Continental rift Peridotite
JANSLOV-POH-119-5c Janak et al. [2006] 46.4 15.5 Amph 2.9 770 Intraplate, off-craton Peridotite
JANSLOV-POH-VI01/04c Janak et al. [2006] 46.4 15.5 Amph 3.5 1128 Intraplate, off-craton Peridotite
MUKHSIE-PSM-PS20c Mukhopadhyay and Manton [1994] 37.25 2119.33 Amph 6.0 1209 Convergent margin Pyroxenite
DANCSAF-RVD175c Danchin [1979] 225.6593 28.5078 Phlog 1.1 681 Intraplate, craton Peridotite
DANCSAF-RVD500c Danchin [1979] 225.6593 28.5078 Phlog 2.0 1097 Intraplate, craton Peridotite
DANCSAF-RVD501c Danchin [1979] 225.6593 28.5078 Phlog 2.0 1072 Intraplate, craton Peridotite
EHRECOL-THUMB-121c Ehrenberg [1982] 36.6 2109.05 Phlog 2.1 1075 Intraplate, off-craton Peridotite
EHRECOL-THUMB-B712c Ehrenberg [1982] 36.6 2109.05 Phlog 2.3 1109 Intraplate, off-craton Pyroxenite
EHRECOL-THUMB-F077c Ehrenberg [1982] 36.6 2109.05 Phlog 2.3 1203 Intraplate, off-craton Peridotite
EHRECOL-THUMB-H077c Ehrenberg [1982] 36.6 2109.05 Phlog 2.4 1157 Intraplate, off-craton Peridotite
GLASRUS-VIT-SG96B13c Glaser et al. [1999] 59.5 112.5 Phlog 2.5 1161 Continental rift Peridotite
IONRUSS-VIT-313-110c Ionov et al. [1993] 59.45 112.55 Phlog 2.9 1265 Continental rift Peridotite
IONRUSS-VIT-313-7c Ionov et al. [1993] 59.45 112.55 Phlog 3.0 805 Continental rift Peridotite
IONRUSS-VIT-314-74c Ionov et al. [1993] 59.45 112.55 Phlog 3.1 830 Continental rift Peridotite
LEETANZ-001-LB34c Lee and Rudnick [1999] 23.6 36.75 Phlog 3.2 1116 continental rift Peridotite
LITRUSS-VIT-V202c Litasov et al. [2000] 53.5 113.1 Phlog 3.5 914 Continental rift Pyroxenite
LITRUSS-VIT-V439c Litasov et al. [2000] 53.5 113.1 Phlog 4.0 1090 continental rift Peridotite
LITRUSS-VIT-V462c Litasov et al. [2000] 53.5 113.1 Phlog 4.0 1023 continental rift Peridotite
LITRUSS-VIT-V857c Litasov et al. [2000] 53.5 113.1 Phlog 4.1 1253 Continental rift Peridotite
MUKHSIE-BC-F-51c Mukhopadhyay and Manton [1994] 37.21 2119.26 Phlog 4.2 1159 Convergent margin Pyroxenite
REHFSAF-DJ0216c Rehfeldt et al. [2008] 228 24.5 Phlog 4.4 1125 Intraplate, craton Peridotite
REHFSAF-DJ0217c Rehfeldt et al. [2008] 228 24.5 Phlog 4.4 1064 Intraplate, craton Peridotite
REHFSAF-DJ0218c Rehfeldt et al. [2008] 228 24.5 Phlog 4.5 1215 Intraplate, craton Peridotite
REHFSAF-DJ0256Fc Rehfeldt et al. [2008] 228 24.5 Phlog 4.7 1207 Intraplate, craton Peridotite
RUDTANZ-089-664c Rudnick et al. [1994] 23.4 36.43 Phlog 4.8 1191 Continental rift Peridotite
RUDTANZ-089-664c Rudnick et al. [1994] 23.4 36.43 Phlog 5.2 1263 continental rift Peridotite
RUDTANZ-089-674c Rudnick et al. [1994] 23.4 36.43 Phlog 6.5 1414 continental rift Peridotite
BALIHUN-SZEN-SZB21b Bali et al. [2008] 46.8 17.3 Calcium carbonate 1.6 953 Intraplate, off-craton Peridotite
BALIHUN-SZEN-SZB50b Bali et al. [2008] 46.8 17.3 Calcium carbonate 1.5 815 Intraplate, off-craton Pyroxenite
BALIHUN-SZEN-SZB55b Bali et al. [2008] 46.8 17.3 Calcium carbonate 1.9 913 Intraplate, off-craton Peridotite
BALIHUN-SZEN-SZB59b Bali et al. [2008] 46.8 17.3 Calcium carbonate 2 1014 Intraplate, off-craton Peridotite
CVETSRB-PNB-M/SB2c Cvetkovic et al. [2007] 45 19 Calcium carbonate 0.9–1.8 N/A Intraplate, off-craton Peridotite
CVETSRB-PNB-M/SB6c Cvetkovic et al. [2007] 45 19 Calcium carbonate 0.9–1.8 N/A Intraplate, off-craton Peridotite
DELPKER-LM/BY96-357c Delpech et al. [2004] 249.5 60.5 Calcium carbonate 0.9–1.8 N/A Intraplate, off-craton Peridotite
DELPKER-LM/BY96-381c Delpech et al. [2004] 249.5 60.5 Calcium carbonate 0.9–1.8 N/A Intraplate, off-craton Peridotite
DEMHUN-001-SZT-1111c Dem�eny [2004] 47.1 17.9 Calcium carbonate 0.9–1.8 N/A Intraplate, off-craton Peridotite
DEMHUN-001-SZT-1130c Dem�eny [2004] 47.1 17.9 Calcium carbonate 0.9–1.8 N/A Intraplate, off-craton Peridotite
IOSPTSB-21-5c Ionov et al. [1996] 78.93 11.93 Calcium carbonate 0.9–1.8 910 Intraplate, off-craton Peridotite
IOSPTSB-21-5c Ionov et al. [1996] 78.93 11.93 Calcium carbonate 0.9–1.8 910 Intraplate, off-craton Peridotite
IOSPTSB-21-6c Ionov et al. [1996] 78.93 11.93 Calcium carbonate 0.9–1.8 930 Intraplate, off-craton Peridotite
IOSPTSB-315-6c Ionov et al. [1996] 78.93 11.93 Dolomite 0.9–1.8 860 Intraplate, off-craton Peridotite
IOSPTSB-318c Ionov et al. [1996] 78.93 11.93 Dolomite 0.9–1.8 900 Intraplate, off-craton Peridotite
IOSPTSB-4-24-90c Ionov et al. [1996] 78.93 11.93 Dolomite 0.9–1.8 980 Intraplate, off-craton Peridotite
IOSPTSB-4-36-90c Ionov et al. [1996] 78.93 11.93 Dolomite 0.9–1.8 940 Intraplate, off-craton Peridotite
IOSPTSB-4-90-9c Ionov et al. [1996] 78.93 11.93 Calcium carbonate 0.9–1.8 980 Intraplate, off-craton Peridotite
IOSPTSB-43-86c Ionov et al. [1996] 78.93 11.93 Dolomite 0.9–1.8 920 Intraplate, off-craton Peridotite
IOSPTSB-63-90-18c Ionov et al. [1996] 78.93 11.93 Calcium carbonate 0.9–1.8 870 Intraplate, off-craton Peridotite
LEETANZ-001-LB19-Cc Lee et al. [2000] 24.5 35.4 Calcium carbonate 0.9–1.8 N/A Continental rift Peridotite
LEETANZ-001-LB58c Lee et al. [2000] 24.5 35.4 Calcium carbonate 0.9–1.8 N/A Continental rift Peridotite
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offset, called the ‘‘88 Discontinuity’’ [Thybo and Perchuc, 1997]. The 88 Discontinuity has been proposed to be
a low-velocity zone (LVZ) below depths of 100 km [Thybo and Perchuc, 1997; Chu et al., 2012], within the
defined search criterion for the depth of the MLD. Thybo and Perchuc [1997] modeled these LVZ scatterers
with fine-layered (40 km-thick) structures, which can extend to depths of about 180 km in ‘‘cold’’ regions
and about 400 km in ‘‘hot’’ regions.

3.2. Surface Waves
Surface wave tomography probes the three-dimensional absolute shear wave velocity structure within the
deep earth. Surface waves are dispersive, and the phase velocities of different frequency bands are sensitive
to structures at different depths. Global surface-wave tomography studies reveal a low isotropic shear wave
velocity zone (LVZ) beneath oceans, with a top that falls at greater depth with plate age [Nettles and
Dziewo�nski, 2008; Maggi et al., 2006; Beghein et al., 2014]. While the depth and the existence of the
low-velocity zone beneath cratonic regions remains under debate, surface wave studies image an intralitho-
spheric low-velocity layer at �100 km depth beneath continental cratons [e.g., Cammarano and Romano-
wicz, 2007]. The shear-wave velocity profile reveals that a transition from a fast seismic lid to a deeper
slower zone coincides spatially with negative discontinuities found using receiver functions [Cammarano
and Romanowicz, 2007]. Various regional studies have identified the MLD, although the depth varies within
different cratons (Table 1). Also, vertical variations in velocity and azimuthal anisotropy from surface-wave
tomography indicate that a change in seismic anisotropy coincides with the middle lithosphere low velocity
layer [Yuan and Romanowicz, 2010; Darbyshire et al, 2013]. Surface waves are insensitive to sharp velocity
jumps, thus it is desirable to compare surface-wave velocity models with those from other techniques.

3.3. Receiver Functions
Receiver functions (Pds and Sdp conversions) are used to identify the relatively sharp changes in seismic
velocity with depth associated with mantle discontinuities. They have relatively high spatial resolution, sam-
pling shallow upper mantle structures within �50 km laterally from the station for Pds and �500 km for
Sdp [Rychert et al., 2010; Kind et al., 2012]. Earthquakes at epicentral distances of 30�–90� and 55�–85� are
used for P and S receiver function analysis, respectively [e.g., Abt et al., 2010; Kind et al., 2012]. Pds or Sdp
phases are used to explore lithospheric structure, although SKSdp may also be useful [Kind et al., 2012].
Studies that inspect multiple phases and dominant frequencies can help resolve the gradient across the dis-
continuity. P-receiver functions are able to detect fine structures of the lithosphere due to their high-
frequency content, but Pds conversions from the MLD can be contaminated by crustal reverberations
[Rychert et al., 2010]. On the other hand, S-receiver functions are free from reverberations due to shallow
structures, but their low-frequency content limits the lateral and vertical resolution of the MLDs. Changes in
azimuthal anisotropy with depth can be obtained from receiver functions where incoming seismic energy
comes in to a seismometer from all backazimuths [e.g., Levin and Park, 1997; Savage, 1998; Sodoudi et al,
2013; Wirth and Long, 2014]. Given the limited occurrence of usable earthquakes (i.e., distance, depth, mag-
nitude), however, identification of changes in anisotropy with depth is not feasible in all regions.

Several Sdp and Pds studies have identified a sharp boundary from �60 to 160 km deep at many locations
[e.g., Fischer et al., 2010 and refs. therein; Rychert et al., 2010 and references therein; Kind et al., 2012 and

Table 2. (continued)

Sample Name Source Latitude Longitude Minerals
Depth
(Gpa)

Temperature
(8C) Geologic Setting Xenolith Type

LEETANZ-001-MON-CARBc Lee et al. [2000] 23.25 36.48 Calcium carbonate 0.9–1.8 N/A Continental rift Peridotite
LEETANZ-001-PEL2c Lee et al. [2000] 23.75 37.75 Calcium carbonate 0.9–1.8 N/A Continental rift Peridotite
LUCARG-CNCH-4-227c Lucassen et al. [2005] 226 265.75 Calcium carbonate 0.9–1.8 N/A Continental rift Peridotite
LUCARG-CNCH-4-229c Lucassen et al. [2005] 226 265.75 Calcium carbonate 0.9–1.8 N/A Continental rift Peridotite
LUCARG-CNCH-4-301Ac Lucassen et al. [2005] 226 265.75 Calcium carbonate 0.9–1.8 N/A Continental rift Peridotite
LUCARG-CNCH-A-113Ec Lucassen et al. [2005] 226 265.75 Calcium carbonate 0.9–1.8 N/A Continental rift Peridotite
LUCARG-CNCH-A57-1c Lucassen et al. [2005] 226 265.75 Calcium carbonate 0.9–1.8 N/A Continental rift Peridotite
SON0166-G035-014c Franz and Romer [2010] 23.5 152.5 Calcium carbonate 0.9–1.8 N/A Convergent margin Peridotite

aDepth calculated from Brey and K€ohler [1990].
bDepth reported in PetDB.
cDepth limited by spinel.
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references therein]. The boundary is called the MLD in some studies and the LAB in others, with the distinc-
tion between the two features ambiguous. Velocity decreases and transition thicknesses are most robust
when obtained through inversion of synthetic receiver functions [e.g., Rychert et al., 2007]; however, for
many studies, additional steps to determine detailed characteristics of the boundary are not attempted.
Nevertheless, many receiver function studies identify relatively sharp velocity decreases within the conti-
nental lithosphere of �5% at depths of 60–160 km (Table 1).

3.4. Underside Reflections
The underside reflection of shear and compressional wave energy from upper mantle seismic discontinuities
produces precursory arrivals to the seismic phases SS and PP, as well as pP and sS depth phases from deep
earthquakes. SS and PP precursors have been used extensively to map the lateral variations in the depth and
sharpness of upper mantle discontinuity structure around the globe [e.g., Shearer, 1990; Gu et al., 1998; Flana-
gan and Shearer, 1998]. This technique has only recently been applied routinely to imaging structure in the
60–160 km depth range, although it is predominantly applied to oceanic regions [Rychert and Shearer, 2011;
Schmerr, 2012]. Nonetheless, sparse observations of the MLD with SS and PP precursors in continental settings
exist [Heit et al., 2010], though a global survey has yet to be conducted using these seismic phases. Sampling
points within a single survey are often clustered at depths of �90 km, comparable to depths measured by the
other seismic techniques. Precursors reflect from significantly greater depths under regions of active tectonics.
Velocity deviations are rarely reported but are around 25% Vs [Heit et al., 2010].

3.5. ScS Reverberations
The ScS reverberation technique utilizes transversely polarized shear wave energy that reflects and rever-
berates from the core, crust, and seismic impedance contrasts in the upper and lower mantle. The multiple
reverberations are typically used to produce a reflectivity profile of the mantle and where above the back-
ground noise, are indicative of seismic discontinuities within the Earth [Revenaugh and Jordan, 1991]. The
observations are typically made in corridors that stretch between a source region of earthquakes and a
series of seismic stations and utilize relatively long period (>30 s low-pass filtered) data. ScS reverberation
investigations are predominantly beneath the oceanic regions, but there are a few studies in continental
regions [e.g., Revenaugh and Sipkin, 1994; Courtier and Revenaugh, 2006]. In addition to detecting positive
velocity contrasts with depth, such as the Hales discontinuity (80–100 km) and the Lehmann discontinuity
(200–250 km), some regions, such as China and the eastern United States, exhibit evidence for a sharp (10–
20 km thick) velocity decrease with depth (5–12% decrease in shear velocity, assuming the reflectance is
only due to velocity and not density) over a depth of 80–130 km.

3.6. Summary of Seismic Results
Taken together, the seismic observations indicate the widespread occurrence of low-velocity layers within
the interior of thick continental lithosphere (Figure 3). There is a strong regional bias in any analysis owing
to the abundance of seismic data beneath the continental United States from the recent Earthscope Trans-
portable Array. To account for this regional bias in our statistics, we consider regions that are most heavily
studied by averaging the observations by geographic area (Figure 4), which reveals that while MLDs are
detected at many locales and at various depths (from 60 to 160 km), the majority of detections occur at
�80–100 km deep. Regions with the most consistent detection of the MLD include the central United
States, South Africa, Northern Eurasia, and Australia, and coincide with the best-studied locales.

4. Xenoliths

For our analysis of the xenoliths, we found 174 of the 12,246 xenoliths in the global database PetDB (Tables
2 and 3) contained depth information as well as either whole-rock trace element concentrations or C or H
bearing minerals. Of the subset matching these criteria, at least 30 xenoliths contain reported carbonate or
graphite and come from depths that range between 0.9 and 2 GPa. Forty-four xenoliths are reported to
bear amphibole or phlogopite and come from depths of 0.2–6.5 GPa (Table 2, Figure 5). Phlogopite is far
more common in xenoliths that crystallize >2 GPa, at least partly due to the instability of amphibole at pres-
sures greater than 3 GPa. Unfortunately, there is insufficient mineralogical data for xenoliths in the database
to significantly compare specific depths in different tectonic settings. Better reporting of the global
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occurrence of phlogopite, amphiboles, and carbonate minerals in xenoliths will further explain the origin of
the MLD.

One hundred and five xenoliths had published analyses for trace element concentrations (Table 3). There
are four xenoliths that contained both trace element concentrations (Table 3) and mineralogical data
(Table 2). These samples have the same name, but may have different references as the analyses were pub-
lished at different times.

We refer to xenoliths that originate from depths and locales that coincide with where the MLD is
been seismically observed as midlithosphere discontinuity associated xenoliths or MLX. MLX have on
average 85% lower concentrations of mildly incompatible elements such as (Zr, Hf, Y, Ho, Er, Yb, and
Lu) than their non-MLX counterparts where the MLD is not seismically observed (Table 3 and Figure
6). However, there is not a significant difference in the more-incompatible elements within the popu-
lation of MLXs than in non-MLXs. Additionally, there is no difference in elements typically enriched in
phlogopite, such as Ba and Rb.

The mildly incompatible elements in
the MLXs, in ppm, range between
0.286 and 3.85 for Nd, 0.68 and 11.3 for
Zr, 0.009 and 0.265 for Hf, 0.049 and
0.59 for Sm, 0.015 and 0.154 for Eu, 0.1
and 3.5 for Y, 0.006 and 0.366 for Yb,
0.001 and 0.063 for Lu, 0.004 and 0.113
for Ho, and 0.01 and 0.335 for Ho (Fig-
ure 7). These concentrations are sys-
tematically lower than the non-MLX
concentrations of 0.346–42.2 for Nd,
0.57–174 for Zr, 0–3.83 for Hf, 0.079–
7.65 for Sm, 0.03–2.44 for Eu, 0.16–27
for Y, 0.011–2.42 for Yb, 0.001–0.4 for
Lu, 0.002–0.97 for Ho, 0.009–2.56 for Er
(Table 3). The mildly incompatible trace
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Figure 3. Geographic distribution of seismic detections of the MLD. Observations and references are cataloged in Table 1. Cratonic bodies
are indicated in gray. The symbol for each observation indicates the method used and the color indicates the depth at which the MLD was
identified. Boxes with broken boundaries are surface waves or regions of multiple receiver functions, individual squares are the midpoints
locale of ScS reverberation corridors, triangles are individual receiver function stacks, hexagons are anisotropic studies, diamonds are SS
precursors, and solid lines are active source studies.
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elements in MLXs have lower concentrations than
depleted mantle. Non-MLXs typically have higher
concentrations of the mildly incompatible trace ele-
ments than depleted mantle and are less likely to
overlap with analyses of hydrous and carbonate
minerals (Figure 7). Therefore, although the concen-
trations of mildly incompatible elements agree with
a ponded and stalled melt at depths consistent with
where the MLD is seismically observed, the more-
incompatible elements (i.e., Rb and Ba), which
should be present in higher quantities in phlogo-
pite, exhibit the opposite relationship. One possible
explanation for this apparent inconsistency is that
previous partial melts extracted the more-
incompatible elements and transported them to the
surface. These final melts that became trapped were
generated from an already depleted source, hence
lower Rb and Ba concentrations.

5. Discussion

5.1. Seismic Characteristics of the MLD
The MLD is consistently observed across many meth-
ods including receiver functions on P and S waves, SS

or PP precursors, surface waves, and active source (Table 1). The boundary is detected beneath cratons on
almost every continent where there is sufficient seismic coverage (Figure 3). Reported depths at which shear
velocity decreases occur are as shallow as 47 km, and models from active source studies require low velocity
layering extend as deep as 300 km [Thybo and Perchuc, 1997]. The histogram in Figure 4 shows the discontinu-
ity depth clusters around 80–100 km with a small secondary peak at 140–150 km; although it has been recently
proposed that MLD depths may be biased by use of low-frequency receiver functions (see Supporting Informa-
tion Figure S7 and S8 for more discussion). This wide range of depths of the MLD appears mostly insensitive to
pressure, making a phase transition origin unlikely. The measured range of sharp seismic velocity decreases is
2–7% and prior modeling results suggest that this decrease is followed by an increase back to the regular gra-
dient over a range of about 10 km [Rychert et al., 2010]. The seismic database shows that the boundary is con-

sistently observed within the interiors
of thick, ancient cratons; however, the
distinction between MLD and LAB is
more tenuous along the edges of sta-
ble continental lithosphere and the
two discontinuities may be coincident
[e.g., Abt et al., 2010; Ford et al., 2010].
Given the density of coverage pro-
vided by the EarthScope Transportable
Array, the region with the most obser-
vations is the North American craton,
where the discontinuity is 80–115 km
below the surface. This database of
observations is expected to expand as
new seismic deployments fill in some
of the less well-covered regions.

5.2. Shear Wave Velocity Modeling
The elastic parameters of hydrous
minerals have been compiled for sub-
duction zones and other tectonic

Figure 5. Pressure and temperature range of hydrous mineral-
bearing xenoliths (Table 2). Dark triangles are xenoliths contain-
ing amphibole and lighter circles represent xenoliths that con-
tain phlogopite. Error bars show the potential deviation from the
expected result for the Brey and K€ohler [1990] ol-cpx-opx-gt
thermobarometer.

Figure 6. Trace element concentrations normalized to C-1 chondrite for xenoliths
sampling the continental lithosphere [Sun and McDonough, 1989]. Average of 23
samples from depths and regions where the MLD has been seismically detected
(MLX, blue line) and the average of 80 samples from continental regions or depths
where no MLD is detected (non-MLX, red line). Details and references for individual
samples used here are found in Table 3. Depleted mantle is shown as a black line
[Workman and Hart, 2005], mid-ocean ridge basalt (MORB) is shown by a green line
[Kelemen et al., 2003]. Error bars on xenoliths are 1r.
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settings [e.g., Hacker et al., 2003]. To model the relative shear velocity reduction associated with different min-
eral modes, we compare the contribution of individual minerals to a reference peridotite (4.75 km/s; Figure 8).
Mineral velocities for a wide variety of mantle minerals were obtained from Hacker et al. [2003] at 1 GPa and
600�C to approximate continental lithosphere conditions. Using the seismic properties of hydrous and carbon-
ate minerals from Hacker et al. [2003], we calculate the individual mineral mode necessary to achieve the mag-
nitude of shear velocity decrease characteristic observed at the MLD (blue shading). This simple calculation
assumes a background of peridotite and adds an increasing fraction of the extra mineral, obtaining seismic
properties by averaging the velocity and density of peridotite with the relative fraction of an extra mineral. It
does not account for phase relationships or chemical equilibria between minerals. Figure 8 shows that the
observed range of decrease in shear velocity (2–7%) can be achieved by adding 5–15% of the mineral phlogo-
pite or 10–25% of carbonate minerals at 1 GPa. A similar amount of the extra mineral can be added at higher
pressure and achieve the same effect. Mineralogical data suggest the presence of phlogopite in xenoliths that
equilibrated between 2 and 5 GPa (Figure 5). Therefore, based on this simple analysis, phlogopite presents an
attractive candidate for the origin of the larger seismic velocity decreases (5–7%) observed at the MLD.

To produce a more quantitative assessment of properties, and to explore a wider variety of lithologies than
represented in the xenolith database, we use Perple_X [Connolly, 2005] to model the density and seismic
velocities of mantle carbonatites, eclogites, pyroxenites, Si-depleted nephelinite melts (which has been sug-
gested as the residual product of metasomatism in the mantle), and both spinel-rich and garnet-rich perido-
tites (Figure 9). Perple_X uses a free-energy minimization algorithm developed by Ita and Stixrude [1992] to
calculate stable assemblages over a range of pressures and temperatures for the system of Na2O, MgO,
MnO, TiO2, Al2O3, SiO2, K2O, CaO, FeO, Cl2, Fe2O3, H2O, and CO2. We used Perple_X to calculate phase dia-
grams for pressures from 1.5 to 8 GPa, and 500 to 1200�C for the above lithologies. Density, P-wave, and
S-wave velocities are then calculated as a Hill average of the Voigt-Reuss bounds on the elastic properties
for different percentages of the constituent minerals to obtain a bulk rock velocity and density.

Figure 7. Selected trace element concentrations for xenoliths from depths and regions where the MLD has been identified (blue squares)
and regions or depths where it has not (red squares). Xenoliths from different regions of the mantle (in the MLD or not in the MLD) can be
distinguished by their concentration of low-incompatibility trace elements. The overlap between carbonate minerals (purple circles) and
phlogopite (green triangles) and MLXs suggests concentrated crystallized melt might be responsible for the shear velocity decrease seen
at the MLD. Depleted mantle [Workman and Hart, 2005] is shown as a black diamond. Error is reported in each study and is usually less
than 5–10%.
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Combinations of pressures and temperatures that result in melt were excluded as we are seeking the elastic
parameters of solid lithologies, as suggested by the low geothermal gradient in continental cratonic
environments.

At 1.5 GPa and 600�C, lithologies with 10–30% carbonatite, 40–100% cpx-pyroxenite or Si-depleted melt, or
55–100% carbonated eclogite reproduce observed shear velocity reductions at the MLD (Figure 9). Carbona-
titic compositions are predicted to be 2–3% less dense than surrounding peridotites, and such a layer with
a mixture of carbonatitic lithology would be buoyantly unstable over a billion year time scale. Si-depleted
rocks, opx-pyroxenites, and carbonated eclogite are both denser (2–5%) than the surrounding peridotite,
and would similarly introduce a buoyantly unstable layer of material into the continental lithosphere. Such
features would be readily removed during episodes of continental modification or initiation of Rayleigh-
Taylor instabilities [e.g., Poudjom Djomani et al., 2001]. Of the lithologies we investigated, only cpx-
pyroxenite appears to have the necessary properties to both reproduce the observed velocity contrast and
remain neutrally buoyant over the timescales of continental lithosphere evolution.

5.3. A Stalled Melt Layer?
In mantle peridotite, the fluid-saturated solidus has a distinct near-horizontal segment at �950–12008C and
�2 GPa [Falloon and Green, 1989]. Melt that is generated deeper and is in thermal equilibrium with surround-
ing peridotite would tend to solidify at the gently sloping part of the solidus over a broad range of geothermal
gradients as the mantle lithosphere cools (Figure 10). The pressure at which aging geothermal gradients inter-
sect the volatile-rich solidus is equivalent to a depth of �100 km and is coincident with the majority of
observed depths of the MLD. We postulate that as the lithospheric mantle cools over time, the crystallization
of melt develops a permeability cap at shallower depth, concentrating melt into a melt compaction layer that
will subsequently sharpen the associated seismic discontinuity [Sparks and Parmentier, 1991; Revenaugh and
Meyer, 1997]. Subsequent alteration of the continental lithosphere may follow this initial, ancient formation
phase. Examples of secondary alteration and formation of a deeper MLD are evidenced in parts of
South America by Heit et al, [2007], as well as beneath South Africa where Sodoudi et al, [2013] image-layered
structure within the lithosphere. Furthermore, Savage and Silver [2008] make the argument that the litho-
sphere beneath South Africa experienced a secondary emplacement of frozen melts.

Figure 7 indicates that xenoliths from regions where the MLD is present (MLX) are chemically distinct from
xenoliths from depths or regions where no MLD has been detected (non-MLX). Mildly incompatible trace
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elements (Lu, Hf, Ho, Yb, Y, Er, Zr, Nd)
of MLX have lower concentrations
than either the depleted mantle or
non-MLXs (Table 3). The lower concen-
trations imply a high degree of melt
extraction during the period that the
continental lithospheric mantle was
still hot and capable of melting, and
supports the hypothesis that frequent
melting events occurred at this depth
at some point in the past. Interest-
ingly, individual analyses of phlogo-
pite and carbonate minerals from
peridotite xenoliths also have lower
concentrations of these trace ele-
ments, suggesting they equilibrated
with the host peridotite. The overlap
between phlogopite and carbonate
minerals with the MLXs suggests that
the chemical variation seen in these
xenoliths might be due to the pres-
ence of these minerals in the region of
the MLD. If phlogopite and carbonate
minerals in the mantle tend to form
where fluid is concentrated and partial
melting is a mechanism to concen-
trate fluids, than the presence of these
minerals could represent a stalled
crystallized melt, which could be
responsible for the shear velocity
decrease observed at the MLD.

5.4. Relationship to the LAB
In several different studies, the
detection of a sharp seismic disconti-
nuity near the depth of the expected

transition in rheological properties across the LAB has been proposed to be evidence for a zone of col-
lected or ponded melt at the base of the lithosphere [e.g., Holtzmann et al., 2003; Kawakatsu et al., 2009;
Sakamaki et al., 2013]. Our model is similar in that it calls on magmas formed within cratonic lithosphere
at or near the same depth that the LAB is observed near active margins. Melt is produced across a range
of depths and migrates upward along grain boundaries until it encounters a permeability barrier [Hebert
and Mont�esi, 2010]. If melt is not erupted to the surface or emplaced into the lithosphere through diking,
any remnant trapped melt will crystallize in place as the lithosphere cools. The MLD, therefore, may be
the fingerprint of a chemical boundary that developed where the LAB had a past episode of active
ponded melt and/or deposition of hydrous minerals by subduction (Figure 10). This model explains the
presence of carbonate-rich metasomatism (short of carbonatite melts) occurring at depths associated
with the LAB at active margins [Delpech et al., 2004; Coltorti et al., 1999; Ionov et al., 1993; Yaxley et al.,
1998] and provides an additional mechanism for explaining the similar depths of LAB at active margins
and the depths associated with MLD at inactive craton interiors. Alternatively, it provides a mechanism
for concentrating hydrous minerals near the depth of the MLD, allowing for grain-boundary sliding
weakening the shear modulus of hydrated mineralogies [Karato, 2012; Olugboji et al., 2013]. A primary
limiting factor on our ability to further test this model is that seismic studies of the MLD and
xenolith sampling across the interface are geographically incomplete. Future studies combining obser-
vations from both disciplines will provide a powerful indicator for further investigation of our model and
others.

Figure 9. Perple_X models of elastic properties for candidate mantle rock mix-
tures. The shear velocity for each mixture of peridotite and associated modified
lithology is calculated with the Hill average of a Voigt-Reuss mixture of the two
lithologies (see section 5.2). The range of the shear velocity contrast observed by
the seismic methods (cyan shading) fixes the fractional amounts allowed for each
rock type. The fractional amount is used to determine the range of allowable den-
sities in the plot (gray-shaded regions).

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005943

RADER ET AL. CHARACTERIZATION AND PET OF MLD 16



6. Conclusions

We explored the hypothesis that a seismic velocity decrease observed between 60 and 150 km beneath
continental lithosphere older than 1 Ga represents a chemical boundary within the mantle lithosphere. An
examination of the xenolith database for samples attributed to regions with a seismically observed MLD
shows the mineral phlogopite is present at the depth of the MLD. These xenoliths also have trace element
concentrations that mimic phlogopite and carbonate minerals in mildly incompatible elements such as Zr,
Lu, Ho, Yb, Y, and Er. However, high levels of Rb and Ba (which would be expected with high levels of phlo-
gopite) are not present, suggesting the proportions of these minerals is fairly low. The addition of 5–15%
phlogopite reduces the shear velocity of a peridotite to that observed at the MLD. Carbonate minerals have
also been reported in the mantle, and show similar trace element concentrations to those found in xeno-
liths from the proposed MLD horizon. These xenoliths also indicate a higher degree of melting during their
history shown by the depleted mildly incompatible trace elements.

We propose the following mechanism to explain these observations: a chemically distinct layer forms at
�65–90 km depth where crystallizing volatile-rich melt hits the solidus as it ascends and thermally equili-
brates with the surrounding mantle. The near-horizontal volatile-rich solidus at 2 GPa fixes the crystallization
of these melts at a consistent depth, and is preserved as continental lithosphere cools over geologic time.
This implies the MLD arises from the LAB, whereas the LAB continues to deepen with time and thermal
cooling of the lithosphere. Our models require that the two boundaries should coincide in regions of active
melt generation in the mantle. If correct, this hypothesis predicts the MLD is a remnant indicator of the early
evolution of continental lithosphere, in particular cratonic lithosphere, and links seismic velocity perturba-
tions to mineralogy within the mantle.

Figure 10. Conceptual model for the formation of a trapped melt layer solidifying in ancient crust and creating a chemical boundary
at a depth consistent with the present-day MLD. Geothermal gradients illustrate the evolution of crust from hot (80 mW m22) to cold
continental (40 mW m22) lithosphere that passes through a vapor-saturated solidus in the pressure-temperature diagram. The near
horizontal kink in the solidus near 1.5 GPa would results in a permeability boundary for ascending melt, concentrating melt at a nar-
row horizon. This is graphically represented on the left as the lithosphere cools. The MLD would begin as a physical boundary between
the lithosphere and asthenosphere, but as the mantle cools, the LAB would deepen, while the chemical signature of the MLD remains
as the same depth.
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