
 

This manuscript is a preprint and has been submitted for publication in Gondwana Research. 

Please note that, despite having undergone peer-review, the manuscript has yet to be formally 

accepted for publication. Subsequent versions of this manuscript may have slightly different 

content. If accepted, the final version of this manuscript will be available via the ‘Peer-reviewed 

Publication DOI’ link on the right-hand side of this webpage. Please feel free to contact any of 

the authors; we welcome feedback. 

 

 

 

 

 

 

 

 

 

 

 



 2 

Western Gondwana imaged by S receiver-functions (SRF): 1 

new results on Moho, MLD (mid-lithospheric 2 

discontinuity) and LAB (lithosphere-asthenosphere 3 

boundary)  4 

Lin Liu1,2,3, Simon L. Klemperer2, Alexander R. Blanchette2 5 

1Frontiers Science Center for Deep Ocean Multispheres and Earth System, Key Lab of 6 

Submarine Geosciences and Prospecting Techniques, MOE and College of Marine Geosciences, 7 

Ocean University of China, Qingdao 266100, China. 8 

2Department of Geophysics, Stanford University, Stanford, CA 94305, USA. 9 

3Laboratory for Marine Mineral Resources, Qingdao National Laboratory for Marine Science 10 

and Technology, Qingdao 266237, China 11 

 12 

Abstract 13 

We study the Moho, the mid-lithospheric discontinuity (MLD), and the lithosphere-14 

asthenosphere boundary (LAB) from southern Africa to northern Arabia, from Archean cratons 15 

to active rifts, at 1° resolution using our comprehensive new database of shear-wave receiver 16 

functions (SRFs). The good agreement between the Moho depth obtained from our SRFs and 17 

published P-wave receiver function (PRF) results provides confidence that our images of deeper 18 

lithospheric discontinuities are robust, including boundaries not normally visible on PRFs. We 19 

map the Moho and a deeper negative velocity gradient (NVG) almost everywhere we have data 20 

coverage. Our synthetic tests and comparisons of SRFs processed with and without 21 

deconvolution, and with varying filter parameters, indicate the observed NVG represents earth 22 

structure, not a processing artifact. Depth comparisons with seismic tomography and 23 

tectonothermal age studies suggest the NVG represents the MLD beneath Archean cratons but 24 
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represents the LAB beneath non-cratonic regions. Both preserved crustal thickness and 25 

lithospheric thickness in the Nubia-Somalia-Arabia plates are statistically thinner for 26 

Phanerozoic and late Proterozoic terranes and older regions reactivated during these eras, than 27 

for cratons not reworked since the early Proterozoic or Archean. In contrast, NVG depth is 28 

uniform for all tectonothermal ages, though with a possible increase in amplitude with age. The 29 

equivalence of NVG depth and LAB depth in Phanerozoic lithosphere suggests that low-30 

wavespeed compositions are frozen into the lithosphere as it thickens by cooling, forming our 31 

observed MLD at the present day.   32 

 33 

1. Introduction 34 

The lithosphere, Earth’s rigid outermost shell overlying a lower–viscosity asthenosphere, 35 

ranges in thickness from a few kilometers at ocean spreading centers to 250–300 km in 36 

continental cratons (e.g. Artemieva, 2009; 2011). The two fundamental seismic discontinuities in 37 

the crust and uppermost mantle are the Mohorovicic discontinuity (Moho) that marks a 38 

compositional change from fractionated felsic-to-mafic rocks to ultramafic peridotites, and the 39 

lithosphere-asthenosphere boundary (LAB) that marks a rheological change as measured over 40 

geological time from strong (plate-like) to weak (convective asthenosphere). 41 

This rheological change occurs around the conductive-adiabatic geotherm intersection, 42 

the thermal layer in the mantle spanning tens of kilometers across which the mode of heat 43 

transfer gradually changes from conduction to convection (e.g. Artemieva, 2011; Rychert et al., 44 

2020). Typical thickness of continental lithosphere inferred from Earth’s thermal structure 45 

(Artemieva, 2006) increases with tectonothermal age from 60–80 km in active extensional 46 

regions to 100–160 km in Meso- and Neoproterozoic and Paleozoic terranes to 200–300 km in 47 

Archean and Paleoproterozoic cratons (Artemieva, 2011). Exceptions include Archean cratons 48 

affected by Phanerozoic tectono-magmatic events (e.g. Wyoming and Sino-Korean cratons) 49 

where lithospheric thickness does not exceed 120–150 km. The seismic lithosphere is a seismic 50 

high-wavespeed layer, or ‘lid’, above a low-wavespeed zone (or ‘low-velocity zone’) or a 51 

gradational decrease in seismic wavespeed with depth. This boundary has been called the ‘8°-52 

discontinuity’ (Thybo and Perchuc, 1997) or more recently the mid-lithosphere discontinuity 53 

(MLD) (e.g. Abt et al., 2010; Aulbach et al., 2017) because it is observed in cratons at depths 54 
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much less than the predicted thermal base of the lithosphere. This wavespeed structure means 55 

that different seismic methodologies will observe different apparent LAB and/or MLD depths. 56 

Long-period surface-wave seismic-tomography models for the continental lithosphere (e.g. 57 

Pasyanos, 2010) may be sensitive to the base of the thermal boundary layer, whereas 58 

intermediate-period S-to-P receiver functions (SRF) and high-frequency long-offset controlled-59 

source data (Thybo, 2006) that best map sharp wavespeed discontinuities (e.g. Fischer et al., 60 

2010) may be most sensitive to the top of the low-wavespeed zone that may correspond to the 61 

top of the thermal boundary layer (Artemieva, 2011). When discussing our seismic observations, 62 

we will use the term NVG (negative-velocity gradient) to avoid interpretational bias; 63 

abbreviations MLD and LAB are reserved for possible interpretations of the NVG. 64 

1.1 Previous speculations on nature of MLD and LAB 65 

The cratonic LAB is sometimes considered a broad thermal boundary zone, while others 66 

propose a sharper transition controlled by chemical composition, melt content or vertical 67 

variation in anisotropy (Fischer et al., 2010). Based on experimental investigations on the 68 

relationship between temperature and shear-wave speed, a wavespeed contrast sufficient to 69 

produce an observable S-to-P (Sp) conversion requires a thermal gradient of at least 20 °C/km 70 

(Faul and Jackson, 2005). Although the thermal gradient at the depth of the LAB beneath 71 

oceanic and non-cratonic areas is commonly >20 °C/km (Gholamrezaie et al., 2018), the cold 72 

cratons are generally characterized by thermal gradients <10 °C/km (Artemieva, 2006). In 73 

addition, multiple scales of mantle convection system might contribute to more-localized high 74 

thermal gradients at the LAB (King and Ritsema, 2000; Korenaga and Jordan, 2002; Fischer et 75 

al., 2010; Rychert et al., 2020).  76 

The MLD has recently been regarded as the top layer of an intra-lithospheric low-77 

wavespeed layer (Hansen et al., 2009b; Liu and Gao, 2018), likely a compositionally distinct 78 

layer rich in phlogopite/amphibole or a transition in elastically accommodated grain-boundary 79 

sliding, though the contribution of seismic anisotropy cannot be ruled out (Selway et al., 2015; 80 

Karato and Park, 2018). The hypothesis of partial melting contributing to the MLD in the ancient 81 

continents has been largely discarded due to the relatively low temperature, ~1000 °C, expected 82 

at the MLD (Karato and Park, 2018). 83 

1.2 African lithosphere 84 
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Africa has experienced ~3.8 Ga of complex geodynamic history and thus allows us to 85 

investigate lithospheric structure from the Archean to the present. Africa is composed of four 86 

Archean cratons: Congo, West Africa, Kalahari, and Tanzania, flanked by younger mobile belts 87 

(Figure 1; Artemieva, 2006; Begg et al., 2009). During the Neoproterozoic, extensive assembly 88 

and reworking of lithosphere formed the Sahara Metacraton (Abdelsalam et al., 2002) and the 89 

Arabian Shield and Platform (Stern and Johnson, 2010). These terranes amalgamated with South 90 

America in the Ordovician to form western Gondwanaland from which the African plate broke 91 

away in Jurassic time (Begg et al., 2009). In the Cenozoic, African lithosphere and asthenosphere 92 

were marked by widespread volcanism, uplift, and continental rifting (Globig et al., 2016), with 93 

Red Sea rifting separating Arabia from Africa since ~30 Ma (Camp and Roobol, 1992). 94 

We identify cratonic and non-cratonic terranes based on the global thermal model ‘TC-1’ 95 

of Artemieva (2006) (Figure 1c) as a better constraint on lithospheric age than surface geology; 96 

and we also separately use the tectonothermal regionalization of Griffin et al. (2013) (Figure 1d). 97 

These two terrane classifications are based on different datasets and are sub-divided into 98 

different age groupings, so do not have a one-to-one correspondence but rather represent two 99 

different opportunities to test lithospheric seismic observables against lithospheric age and origin.  100 

The wide range of tectonic ages from the oldest cratons to the youngest rift systems make Africa 101 

the ideal continent on which to address some controversial issues, such as whether a low-102 

wavespeed intra-lithospheric layer is widespread in ancient cratons giving rise to an NVG that 103 

should be interpreted as an MLD (Rader et al., 2015; Selway et al., 2015), and how the properties 104 

of lithospheric discontinuities vary with tectonothermal age. 105 

Although a number of studies have previously addressed African and Arabian 106 

lithospheric structure using S-to-P receiver functions (SRFs) (Hansen et al., 2007; 2009a; 2009b; 107 

Kumar et al., 2007; Wittlinger and Farra, 2007; Savage and Silver, 2008; Dündar et al., 2011; 108 

Wölbern et al., 2012; Sodoudi et al., 2013; Mancilla et al., 2015; Liu et al., 2016), our 109 

investigation is motivated by the availability of our comprehensive new SRF database (Liu et al., 110 

2020). No previous study has covered the entire African-Arabian region, and there are large 111 

discrepancies among previous studies as to the existence of an MLD and the depth to the LAB. 112 

For example, based on mantle xenoliths and heat-flow data, the thermal lithosphere is between 113 

180 and 200 km thick beneath the Kalahari Craton (Artemieva and Mooney, 2001; Mather et al., 114 
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2011), whereas based on surface-wave tomography the seismic lithosphere is approximately 250-115 

km thick (Sebai et al., 2006; Priestley et al., 2008; Pasyanos, 2010; McKenzie et al., 2015).  116 

Here we seek new constraints on layering within the cratons by comparing previous 117 

observations of thermal age, tectonothermal history and seismic lithospheric thickness 118 

(Artemieva, 2006; Griffin et al., 2013; Pasyanos, 2010) with our new observations of the MLD. 119 

We also assess the universality of the MLD imaged beneath some other cratonic regions (again 120 

e.g the Great Plains; Liu and Gao, 2018), and we address a new controversy in which some 121 

authors have recently argued that the MLD is simply a processing artifact, a misidentification of 122 

a sidelobe resulting from the deconvolution (Kind et al., 2020) that is ubiquitous in all previous 123 

SRF studies. We only briefly discuss the LAB which seems commonly to be too gradual to be 124 

detected by body waves (e.g. Hansen et al., 2015; Liu and Gao, 2018). 125 

 126 

2. Data, methods, and measurements 127 

The three-component broadband teleseismic dataset utilized in the study was obtained 128 

from the Incorporated Research Institutions for Seismology (IRIS) Data Management Center 129 

(DMC) and the National Center of Earthquakes and Volcanoes within the Saudi Arabia 130 

Geological Survey (SGS) (Figure 1a). Aside from the SGS national network, the distribution is 131 

dominated by international campaign stations along the Cenozoic East African rift system, and 132 

across the mining belts of South Africa. A total of 103,878 seismograms from 9,349 teleseismic 133 

events were processed through data selection, band-pass filter, deconvolution, and move-out 134 

correction to calculate SRFs. Because SRFs typically have low signal-to-nose ratios, we binned 135 

and stacked our SRFs in circles of 1° radius, spaced on a 1° x 1° grid (Figure 2) based on 136 

piercing points calculated at 100-km depth. Detailed data, methods, and uncertainty analyses are 137 

described by Liu et al. (2020), who also present data tables of depth to and amplitude of the 138 

Moho and NVG, across Africa and Arabia. All the binned SRFs are available as west-east 139 

profiles at 1° separation with picked Moho and NVG are available as west-east profiles at 1° 140 

separation (Supplementary Material).  141 

Our picked Moho depths vary from 15 to 67 km with an average value of 36 ± 8 km (one 142 

sigma) over our study area, and NVG depths are 50–132 km with a mean of 77 ± 13 km across 143 
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the African and Arabian plates (Figures 2a, c) (Liu et al., 2020). The corresponding stacking 144 

amplitude (relative to that of the direct S-wave) is 0.05 ± 0.02 and 0.03 ± 0.02 for the Moho and 145 

NVG, respectively (Figures 2b, d). In our previous paper (Liu et al., 2020), we used a direct 146 

comparison of published P-wave receiver function (PRF) Moho depths to our SRF results to 147 

validate our SRF measurements. We also noted the lack of agreement between our SRF NVG 148 

depths and published determinations of LAB depth from surface-wave tomography, and mantle 149 

xenoliths (e.g. Pasyanos, 2010), and the spatially systematic distribution of these differences: the 150 

NVGs of stable cratons in this study (largely southern Africa) are much shallower than 151 

conventional LAB depths, whereas NVG depths are comparable to or shallower than the 152 

tomographically-determined LAB depths in tectonothermally-young regions (East African-153 

Arabian rift system) (Figure 1b) (Liu et al., 2020). The main focus of this paper is to discuss 154 

these depths and amplitudes (Figures 2c, d), the differences from other measurements, and the 155 

relationships to tectonic setting.  156 

2.1 The NVG is not an artifact of data processing  157 

SRFs from cratons very commonly include a negative Sp arrival (our NVG) that follows 158 

the Moho conversion Smp and is conventionally interpreted as representing an MLD or LAB 159 

(e.g. Fischer et al., 2010; Kind et al., 2012). It has recently been questioned whether the negative 160 

arrival truly represents earth structure (i.e. an MLD or LAB) or is a sidelobe of the much 161 

stronger positive-amplitude Moho arrival (Kind et al., 2020). Such sidelobes are a well-known 162 

phenomenon associated with all filtering and deconvolution operations, including those used in 163 

the conventional SRF method (e.g. Kind et al., 2012). It has been common practice to attempt 164 

discrimination between Moho sidelobes and NVG arrivals using synthetic models (e.g. Zhao et 165 

al., 2011). More recently, the ‘S-onset method’ without deconvolution (intended to avoid 166 

producing sidelobes) has been used to image upper-mantle discontinuities (Kind et al., 2020). 167 

Here we follow the methodology of Liu and Gao (2018) to compare these methods and to 168 

provide confidence that in our dataset our NVG is not a processing artifact (Figures 2e, f, and 3), 169 

and should be interpreted as an MLD or LAB.  170 

We generated 2,029 synthetic seismograms with only an S-wave positive arrival 171 

corresponding to a 35-km Moho between the crust and uppermost mantle (Figure 3a) using the 172 

Complete Ordered Ray Expansion (CORE) suite of programs (Clarke, 1993).  Focal parameters 173 
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(epicentral distance, focal depth, and focal mechanisms) are randomly generated in the 174 

theoretical ranges. The stacked synthetics are depth-converted using the IASP91 velocity model 175 

(Figure 3a), i.e. forming a trace equivalent to the ideal depth-converted SRF. We show the 176 

stacked synthetic seismograms without frequency filter or deconvolution (Figure 3b), without 177 

filter but with deconvolution (Figure 3c), with band-pass frequency filter (0.06–0.6 Hz) but no 178 

deconvolution (Figure 3d) corresponding to the S-onset technique, and finally processed and 179 

stacked as for our real SRFs from Africa and Arabia, i.e. with band-pass frequency filter 180 

followed by deconvolution (Figure 3e). Our deconvolution method and parameters are based on 181 

Langston (1979) and Ammon (1991). Actual data along Profile A-B (Figure 1a) processed in the 182 

same four ways are shown in Figures 3f–i.   183 

We note that our stacked synthetics show two negative arrivals (above and below the 184 

positive Moho conversion) after filtering, whether or not deconvolution is used (Figures 3d, e), 185 

even though there is no MLD or LAB in the synthetic model (Figure 3a). The deeper negative 186 

arrival is an artifact that might be picked as an NVG. The ratios of the amplitudes of the sidelobe 187 

artifact and the Moho arrivals are 0.63 without deconvolution (Figure 3d) and 0.4 with 188 

deconvolution (Figure 3e), showing that, as intended, deconvolution reduces the influence of 189 

sidelobes. Comparison of the synthetic stack with and without filtering (0.06–0.6 Hz), with and 190 

without deconvolution (Figures 3b-e), demonstrates that the sidelobe is due to the limited band-191 

width filter (Li et al., 2007; Zhao et al., 2011; Liu and Gao, 2018). The ratio of NVG/Moho 192 

depth is 1.9 in the synthetic trace corresponding to the S-onset method (Figure 3c) and 1.8 in the 193 

synthetic trace corresponding to a conventional SRF (Figure 3d), though these values depend on 194 

the filter parameters. The filter and deconvolution used to create Figures 3c-e are those we used 195 

to process our real data (Figures 3f-h). It is obvious that the negative pulse below the Moho 196 

positive arrival is observed whether or not deconvolution is used (Figures 3f, g).  197 

In addition, we should expect that if the NVG on one of our real SRF stack traces is a 198 

sidelobe artifact it should have NVG/Moho amplitude ratio ~0.4, and NVG/Moho depth ratio 199 

~1.8 (Figure 3e), recognizing that noise will modify the values seen in the synthetics. In contrast, 200 

in our actual data processed as conventional SRFs, the NVG/Moho depth ratio varies from 1.2 to > 201 

5.0 and the NVG/Moho amplitude ratio can be as large as 5.0 (Figures 2e, f). The contrast with 202 

the S-onset-method processing is clear: note how from 5000 km to 6000 km distance, in Figure 203 

3g without deconvolution the blue (‘NVG’) arrival at 50–100 km depth tracks the preceding grey 204 
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‘Moho’ arrival, rising steeply to the north to maintain a similar NVG/Moho depth ratio, whereas 205 

the same traces with deconvolution show a low-amplitude but ~uniform depth NVG (Figures 2c, 206 

3f). For our entire dataset fewer than 25% of sample values have amplitude ratio 0.2–0.6 and 207 

depth ratio 1.4–2.2, i.e. values close to our expectation for an artifact. A sidelobe cannot be 208 

larger than the main lobe, unless quite fortuitously temporal variation of noise causes the main 209 

lobe to be diminished and/or the sidelobe to be enhanced. Observations of NVG/Moho 210 

amplitude > 1 (about 18% of our data) are therefore prima facie evidence that the NVG arrival is 211 

not an artifact, even if the amplitude ratios > 1 represent the superposition of a sidelobe on the 212 

NVG generated by true earth structure (MLD). If the sub-Moho negative arrival is the sidelobe 213 

of the Moho positive arrival, there should be a strong correlation between the Moho and the 214 

NVG depths, and between the Moho and the NVG amplitudes. We observe only small positive 215 

correlation coefficients of 0.29 and 0.39 respectively (Figure 4), perhaps evidence for 216 

superposition of the NVG with a sidelobe, but certainly providing additional evidence that the 217 

NVG represents real earth structure in many or most of our observations.   218 

 219 

3. Discussion 220 

3.1 Moho/NVG/LAB depths and correlation with tectonothermal age 221 

In order to analyze the correlation between lithospheric discontinuities and 222 

tectonothermal age, we categorize the Nubia/Somalia/Arabia portion of our study area based on 223 

lithospheric age (Figures 1c, d; Artemieva, 2006; Griffin et al., 2013) and present a series of data 224 

analyses (Figures 5–10). The major limitation that we encounter is that the thermal model we use 225 

(TC1) is defined on a 1° grid, and our data are averaged over a 1°-radius circle. Inevitably, our 226 

results cannot capture abrupt tectonic boundaries or narrow transition zones that span different 227 

tectonic ages. Because of our relatively limited dataset we have grouped the nine age ranges in 228 

the TC1 model (Artemieva, 2006) to just four age ranges here (<540 Ma, 540–1100 Ma, 1100-229 

2500 Ma, >2500 Ma) represented by 157, 306, 104 and 150 data-points respectively 230 

(Supplementary Table S1).  We use all five tectonic classifications of Griffin et al. (2013) but 231 

note that the number of data in each category varies from 27 to 164 (Table S1).   232 

3.1.1 Moho correlation between PRF and SRF data, and with tectonothermal age 233 
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Crustal thickness is more commonly measured by source-normalized P-to-S converted 234 

phases from the Moho, that is, PRFs (Langston, 1979; Zhu and Kanamori, 2000; Liu et al., 2017) 235 

than by SRFs. The number of individual SRFs is smaller than PRFs for the same seismic station 236 

distribution, due to the narrower range of useful epicentral distances, resulting in lower 237 

resolution. Nonetheless, the vast majority of Moho depths from our SRF results are similar to 238 

those from published PRFs, and have a close-to-zero mean offset irrespective of tectonic age 239 

(Figure 5d; also see Figure 4c in Liu et al. (2020) for the comparative PRF datasets). We regard 240 

this close agreement between the PRF and SRF populations as evidence of the robustness of our 241 

SRF data and analysis.   242 

We next plot the probability density function (pdf) of SRF Moho depths as a function of 243 

age (Figure 5b) and find a striking difference between our two younger and two older age 244 

groupings. We demonstrate the statistical significance of this difference using a two-tailed t-test 245 

method (Welch, 1947), comparing the measurements of two different sized populations and 246 

variances (here, Moho depths for 0–1100 Ma and for 1100–3600 Ma lithospheric ages). The 247 

inset of Figure 5b displays the Student pdf of the two datasets, with blue vertical bars marking 95% 248 

confidence bounds: if the measured t-value of the comparison (red bar) is beyond these 249 

confidence limits, then with >95% confidence the two populations have distinct means. Figure 250 

5b demonstrates that early Proterozoic and Archean terranes are characterized by a deeper Moho 251 

(mean 39 ± 7 km) than Phanerozoic regions (mean 32 ± 10 km), with >95% confidence, though 252 

with a large range in acceptable transition ages (850–1700 Ma, Supplementary Figures S1a-S1c). 253 

This depth difference is far too large to be accounted for by uncertainty in our assumptions of 254 

uniform (1D) P-wavespeed and Vp/Vs ratio used to compute depths from time-domain receiver 255 

functions.  256 

We also compare our SRF measurements to the tectonothermal regionalization of Griffin 257 

et al. (2013), that assesses not only age of initial formation of the lithosphere (Archon (A), 258 

formed before 2500 Ma; Proton (P), formed 2500-1000 Ma; and Tecton (T), formed <1000 Ma), 259 

but also whether the lithospheric blocks have been significantly modified since, e.g. Archons 260 

modified in Proterozoic time (P/A) or also since 1000 Ma (T/P/A); and Protons modified since 261 

1000 Ma (T/P) (Figures 1d, 6).  (Note that Griffin et al. (2013) use a division between age 262 

groupings at 1000 Ma; Artemieva et al. (2006) instead have a boundary at 1100 Ma.) Our 263 

statistical tests are clear: Crust formed and modified only before 1000 Ma is thickest (40 ± 7 km); 264 
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and crust formed or modified since 1000 Ma is thinnest (34 ± 10 km) (Figures 6a, b). Clearly, 265 

observations of crustal-thickness differences with age – and as we show below, lithospheric-266 

thickness difference with age – deserve to be examined further.  267 

The assignation of age to different terranes that could affect such conclusions (e.g. Delph 268 

and Porter, 2015) seems not to be too important here. The Artemieva et al. (2006) and Griffin et 269 

al. (2013) regionalizations differ in 1/8 of cases, typically along the boundaries of well-270 

established cratons, as to whether specific 1° bins are older or younger than these authors’1100 271 

or 1000 Ma age boundaries. Nonetheless both regionalizations lead to very similar results 272 

(Figures 5b and 6b).  273 

The question of whether crustal thickness changes with age has been quite controversial. 274 

The first global reviews of Precambrian crustal thickness found Archaean crust to be 275 

significantly thinner than Proterozoic crust (Durrheim and Mooney, 1991), a result seemingly in 276 

opposition to our own. Tugume et al. (2013) suggest no secular change in Moho depth in Africa 277 

and Arabia (36–45 km for Archean, 37–44 km for Archean/Paleoproterozoic, 33–40 km for 278 

Mesoproterozoic, and 38–43 km for Neoproterozoic), but did not statistically test their results. In 279 

contrast, in southern Africa Stankiewicz and de Wit (2013) find “a general decrease in depth to 280 

Moho towards the present” for crust dated from 3.6–0.1 Ga, but they emphasize the large 281 

variability within each age group that we also find in our data. Significant differences between 282 

the different compilations certainly arise in the choice of datasets, as well as, potentially, in the 283 

assignation of age to different terranes (e.g. Delph and Porter, 2015). 284 

Durrheim & Mooney (1991), Tugume et al. (2013) and Stankiewicz & de Wit (2013) all 285 

focus on crustal thickness as a function of surface age, rather than, as here, tectonothermal age 286 

(Artemieva, 2006) or age of most recent “re-working” (Griffin et al., 2013). It is important to 287 

note that none of these compilations strictly tests for secular change in the thickness of crust at 288 

its formation, despite attempts to draw such inferences.  Rather, we are testing for secular change 289 

in the final crustal thickness that results from formation and all subsequent tectonic events, 290 

potentially including both thinning and thickening. Our clear conclusion is that for the Arabia-291 

Somali-Nubia plates as sampled by us, a change in Earth processes has led to preservation of 292 

systematically thinner crust since the Meso- or Neoproterozoic. These tectonothermally younger 293 

and thinner regions include both classic areas of Cenozoic rifting (African-Arabian rift system) 294 
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as well as regions formed by Neoproterozoic continental collision, albeit followed by orogenic 295 

collapse (e.g. East Africa-Antarctic orogen) (Begg et al., 2009; Stern & Johnson, 2010). 296 

Despite the significant change in crustal thickness between Archean and Phanerozoic 297 

crust, we found no simple monotonic trend with time. Statistically, our dataset shows similar 298 

crustal thickness for all terranes unmodified since 1100 Ma (Archaean and older Proterozoic); 299 

and also similar thicknesses for all terranes younger than or reworked since 1100 Ma 300 

(Phanerozoic and Neoproterozoic) (Figure 5a).  Elsewhere in the world it has been suggested, 301 

though without statistical verification, that younger Archean terranes are thicker than older ones 302 

(Abbott et al., 2013; Yuan, 2015). Figures 5a and 6a hint that Meso-to-Paleoproterozoic crust 303 

and Protons could be marginally thicker than Archean crust and Archons, but the difference is 304 

not significant. 305 

In contrast to the clear crustal-thickness change, Moho conversion amplitude, which we 306 

take as a proxy for the wavespeed contrast across the Moho, has no obvious correlation between 307 

TC1 tectonothermal age (Figure 5c), and only a hint of stronger Moho amplitudes beneath 308 

Archons (Figure 6c) that is not statistically significant (Figure 6d). We suggest this lack of 309 

secular trend arises because wavespeed contrast across the Moho depends on many evolutionary 310 

aspects, such as diking/underplating of mantle material that would lower the contrast and lower-311 

crustal delamination that would increase the contrast (e.g. Liu and Gao, 2010), so that in any 312 

individual area Moho amplitude may change over time. Abbott et al. (2013) proposed that 313 

pristine Archean cratons are characterized by a sharp (abrupt, not gradational) Moho, but SRFs 314 

are not ideal to measure Moho sharpness because their frequency is lower than PRFs, and 315 

sharpness is not necessarily well-correlated with the amplitude measurements that we present 316 

here.  317 

3.1.2 LAB correlation with tectonothermal age 318 

In simple thermal models of the lithosphere, LAB depth increases with tectonothermal 319 

age due to conductive cooling. Global model TC1 (Figure 7c; Artemieva, 2006) indeed shows a 320 

monotonic increase in lithospheric thickness with age, but this reflects the method used to 321 

estimate LAB depth from terrane age in regions lacking robust surface heat-flow measurements.   322 

However, there is also a statistically significant correlation between age of terranes in model 323 

TC1 and lithospheric thickness as estimated from seismic tomography (Pasyanos, 2010: model 324 
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LITHO_1.0), with older lithosphere being thicker (Figure 7a). The separation into two fields is 325 

clearest if we split our dataset at 1100 Ma (Figure 7b), though as for crustal thickness the 326 

statistical difference is present whether we break the dataset at 850, 1100 or 1700 Ma 327 

(Supplementary Figure S1d-S1f). Just as for measurements of crustal thickness (Figures 5a, b), 328 

some outliers with very shallow LAB appear within ancient cratons (Figure 7a), likely due to our 329 

relatively coarse 1°-radius bins averaging thin lithosphere of adjacent margins and rifts into a 330 

craton measurement. The converse is also true with occasional measurements of surprisingly 331 

large crustal and lithospheric thickness in young terranes adjacent to cratons. This increase of 332 

seismic lithosphere thickness with age seems to be model independent as it is also well-displayed 333 

in the 2°-resolution CAM_2016 global model (Ho et al., 2016) (Supplementary Figure S2). The 334 

Begg et al. (2009) and Griffin et al. (2013) regionalizations are likely somewhat subjective, as 335 

the authors describe defining boundaries using topographic, geologic, geochronometric, gravity, 336 

and magnetic data and their seismic tomography results. Because their model construction 337 

includes tomographic results, and presuming that Begg et al. (2009) and Griffin et al. (2013) 338 

assumed thicker lithosphere is older lithosphere, we find as expected that purely seismic models 339 

(Pasyanos, 2010; Ho et al., 2016) show thinnest lithosphere beneath Tectons, and thicker 340 

lithosphere beneath Protons and Archons, just as for the Artemieva (2006) TC1 model 341 

(Supplementary Figure S2). 342 

3.1.3 NVG correlation with tectonothermal age 343 

In contrast to the LAB and Moho depths, we find no visual correlation between our NVG 344 

depth and TC1 thermal age (Figures 8a, b), and a barely significant change for the Griffin et al. 345 

(2013) regionalization (Figures 9a, b).  The lack of secular depth change is further shown by 346 

plots of the difference between NVG and LAB depth as a function of age (Figures 7b, d) that 347 

qualitatively resemble plots of lithospheric thickness as a function of age (Figures 7a, c), and by 348 

the lack of correlation between our NVG and the age-dependent seismic/thermal LAB depths 349 

(correlation coefficients 0.07 and 0.06, respectively: Figure S3). However, the mean conversion 350 

amplitude of the NVG has a weak positive association both with TC1 thermal age (Figures 8c, d), 351 

~10% higher amplitude for 1100–3600 Ma lithosphere than for younger lithosphere (0–1100 Ma), 352 

and with the Griffin et al. (2013) ages (Figures 9c, d), ~20% higher amplitude for Archons than 353 

for younger or reworked lithosphere.  354 



 14 

Both the measured depth to and amplitude of the NVG depend on the method used to 355 

determine them. Our preferred method to identify the depth and amplitude of the NVG combines 356 

a bootstrap method with manual inspection and necessary adjustment of the selected peak if 357 

multiple peaks are present on a trace (Liu et al., 2020). In Figure S4 we compare our preferred 358 

NVG depths to depths determined entirely by an automatic search in the depth range of 50-359 

150 km. We find effectively identical results for ~60% of bins (values within <10 km) (Figure 360 

S4a), and that there is negligible bias introduced with age (Figure S4b). Probability-distribution 361 

functions of NVG depth and amplitude derived by ‘manual’ (Figures 8, 9) and ‘automatic’ 362 

methods (Figure S5) are very similar, but more tightly focused (smaller variance) using the 363 

bootstrap/manual method. 364 

3.2 Implications for nature of MLD and LAB 365 

Our NVG depths have large discrepancies with both thermal predictions and tomographic 366 

measurements of lithospheric thickness, except for the youngest ages, and the mean 367 

discrepancies exceed 100 km for Paleoproterozoic and Archean cratons (Figures 1b, 7b, 7d). 368 

NVG depths for <1100 Ma lithosphere are close to the mean tomographic LAB depth of the 369 

same age (Figures 7b, 10b): the tomographic LAB averages only 18 km deeper than the NVG, 370 

but the LAB standard deviation is >60 km for LITHO_1.0 (Pasyanos, 2010) (14 km deeper 371 

and >40 km deviation for CAM_2016 (Figure S2; Ho et al., 2016)). The NVG depths match 372 

thermal LAB depths very well for Phanerozoic (0–540 Ma) crust (Figures 7d, 10a), allowing the 373 

possibility that the NVG represents LAB beneath rifts and margins. We do not show t-tests in 374 

these cases because both the ‘young’ thermal and tomographic LABs appear to have bimodal 375 

distributions (Figure 10). In contrast, the NVG is clearly much shallower (50–150 km on average) 376 

than both the tomographic and the thermal LAB in Meso- and Paleoproterozic and Archean 377 

terranes (Figures 7b, d). This similarity of NVG and tomographic LAB for Neoproterozoic 378 

terranes <1100 Ma could be interpreted as representing a very slow thickening of lithosphere 379 

over a billion, not hundreds of millions, of years (thermal time constant of 100-km thick 380 

lithosphere (thickness squared divided by thermal diffusivity) is ~1000 Ma). Alternatively, some 381 

regions shown by model TC1 as Neoproterozoic (Figure 1c; Artemieva, 2006) have likely been 382 

extensively thermally reactivated (Figure 1d), including in the Neogene to produce a significant 383 
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population of points in our database with nominally Neoproterozoic lithosphere <100 km thick 384 

(Arabian shield: Blanchette et al., 2018; Ethiopian plateau: Keranen et al., 2009).  385 

The most important conclusion of these comparisons, given our demonstration that the 386 

NVG is not a processing artifact, is that the 50–150 km separation between NVG and LAB in 387 

Meso- and Paleoproterozoic and Archean cratons (Figures 1c, 7) requires the existence of an 388 

MLD as a geologic feature distinct from the LAB. The relative NVG stacking amplitudes of 389 

0.025–0.035 corresponding to the LAB in rifts and margins of the study area (Figures 8c, d) are 390 

comparable to those observed beneath the tectonically active western U.S. (Liu and Gao, 2018). 391 

In contrast, the average NVG amplitude of 0.033 corresponding to an MLD in Meso- and 392 

Paleoproterozoic and Archean cratons (Figures 8c, d) is apparently higher than that beneath the 393 

stable cratonic region of the central U.S. (~0.01). In contrast to the relatively-well understood 394 

LAB, the formation mechanism of an MLD is still strongly debated. The weak or absent 395 

correlation between NVG depth and tectonothermal age indicates that the MLD does not evolve 396 

with increasing lithospheric age as a thermal boundary, supporting the hypothesis that the MLD 397 

is a compositionally distinct layer rich in seismically slow minerals (phlogopite/amphibole) 398 

(Rader et al., 2015; Selway et al., 2015). The MLD might form at or close to the LAB during 399 

lithospheric thinning, as suggested by the equivalence of NVG and LAB depths in actively or 400 

recently rifted regions (Figures 7, 10), perhaps by magmas trapped at that depth. The MLD 401 

would then remain frozen in place as the lithosphere thickens by cooling. Our possible evidence 402 

of increasing NVG amplitude with lithospheric age (Figures 8d, 9d) is consistent with the 403 

gradual growth of such a layer over time, if it traps small melt fractions (McKenzie, 1989). 404 

 405 

4. Conclusions 406 

Previous investigations of lithospheric discontinuities within Africa and Saudi Arabia 407 

have been either low-resolution, highly localized, or sparse. Our comprehensive SRF analysis 408 

provides new constraints on the depths of lithospheric discontinuities, and their associations with 409 

tectonothermal ages, by filling the data gap using the IRIS and SGS seismic arrays. Our analyses 410 

lead to the following conclusions:  411 
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1. Comparing our conventional SRF processing with recent S-onset methods (Liu and 412 

Gao, 2018; Kind et al., 2020) using real and synthetic dataset, respectively, we 413 

conclude that the NVG beneath the Moho is not an artifact of data processing, and 414 

must represent an MLD or the LAB. 415 

2. In tectonically active and recently active areas (Phanerozoic and Neoproterozoic), the 416 

NVG represents the sharp discontinuity between the rigid lithospheric plate and 417 

weaker asthenosphere. Beneath African cratons (largely represented in our database 418 

by the Tanzania and Kalahari cratons), the NVG is a low-wavespeed MLD, sharper 419 

than has been observed beneath the central U.S. 420 

3.  Phanerozoic and Neoproterozoic tectonic processes have preserved thinner 421 

continental crust than Archean and Paleoproterozoic processes, in Western Gondwana.   422 
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 602 

Figure 1. (a) Topographic relief map of our database area (Liu et al., 2020) showing seismic 603 
stations (blue triangles; of stations on the European plate only those adjacent to the plate 604 
boundary contribute to the bins studied in this paper), plate boundaries (red lines after Bird, 605 
2003), and the major Archean & Paleoproterozoic shields & platforms (solid black lines; 606 
TC=Tanzania craton). Black dashed line A-B is cross-section, and grey open circles the SRF 607 
traces, shown in Figure 3. Craton boundaries are plotted based on a 1700 Ma cut-off between 608 
craton and non-craton, following Artemieva (2006). (b) Difference between published 609 
tomographically-inferred lithospheric thickness (LITHO_1.0; Pasyanos, 2010) and the depth of 610 
NVG obtained from our SRF measurements (blue color where LAB deeper than NVG). (c) 611 
Tectonic ages of the African and Arabian continents on a 1° × 1° grid from the ‘TC1’ thermal 612 
model for the continental lithosphere (Artemieva, 2006). (d) Tectonothermal regionalization of 613 
Begg et al. (2009) updated by Griffin et al. (2013): Archon (A), formed before 2500 Ma; Proton 614 
(P), formed 2500-1000 Ma; Tecton (T), formed <1000 Ma), Archons significantly modified in 615 
Proterozoic time (P/A) or also since 1000 Ma (T/P/A); and Protons significantly modified since 616 
1000 Ma (T/P). In parts c and d, ages are shown only where we report SRF data. 617 
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 618 

Figure 2. (a) SRF depth for the Moho. (b) SRF Moho stacking amplitude (relative to that of the 619 
direct S-wave). (c) SRF depth of the negative velocity gradient (NVG). (b) SRF NVG stacking 620 
amplitude (relative to direct S). (e) Ratio of depths of the NVG and the Moho. (f) Ratio of 621 
stacking amplitudes of the NVG and the Moho. Colored circles in bottom left of (e) and (f) are 622 
those of the NVG/Moho depth ratio and amplitude ratio of our synthetic stack Figure 3e.  623 
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 624 

Figure 3. (a) V(z) model from IASP91 Earth model (Kennett and Engdahl, 1991). (b) Depth 625 
series from 2,029 CORE synthetic seismograms without filter and deconvolution. (c) same as (b) 626 
but with deconvolution and without filter. (d) same as (b) but with filter and without 627 
deconvolution. (e) same as (b) but with filter and deconvolution. The red circles in the depth 628 
range of 60-150 km represent picked depths of the NVG, including in parts d and e where the 629 
circles represent an artifact. (f) Observed depth series along profile A-B in Figure 1a using band-630 
pass filter and deconvolution. (g) Same as (f) but without deconvolution. (h) Same as (f) but 631 
without filter. (i) Same as (f) but without filter and deconvolution. Data in (f-i) were 632 
automatically processed, so generating output traces even for 1°-bins where manual inspection 633 
and comparison of traces failed to produce an NVG image. The same data processed with 634 
manual inspection are shown as Figure 3b of Liu et al. (2020). Picks of Moho and NVG on these 635 
data are available in the on-line data repository, see Supplementary Material. 636 
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 637 

Figure 4. (a) NVG depth plotted against Moho depth for Nubia/Somalia/Arabia. (b) NVG 638 
amplitude plotted against Moho amplitude. XCC: cross-correlation coefficient. The colors of 639 
circles are those of the ‘TC1’ thermal model in Figure 1c. 640 
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 641 

 642 

Figure 5. SRF-Moho statistics for Nubia/Somalia/Arabia. Relative histograms of (a and b) Moho 643 
depths, (c) relative stacking amplitudes corresponding to the Moho and (d) difference between 644 
our Sp and published Ps measurements for Moho (SRF minus PRF). (a), (c) and (d) are 645 
organized by thermal ages (0–540, 540–1100, 1100–2500 and 2500–3600 Ma); in (b) ages are 646 
grouped into 0–1100 Ma and 1100–3600 Ma. Gaussian curves in the foreground are best-fit 647 
relative probability density functions of each category. The colors of bars, curves and lettering 648 
are as in the ‘TC1’ thermal model in Figure 1c (except in b where red and blue represent young 649 
and ancient. In (b), our comparison of young and ancient regions, the means and standard 650 
deviations for the two categories are shown (colored lettering in boxes); upper-right inset is the t-651 
test, showing the two populations appear statistically quite distinct. 652 

 653 
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 654 

Figure 6. SRF-Moho statistics for Nubia/Somalia/Arabia, plotted as in Figure 5. Histograms of (a 655 
and b) Moho depths, (c and d) Moho conversion amplitude, divided following Griffin et al. 656 
(2013) into Archons (A), Protons (P), Tectons (T), Archons significantly reworked in 657 
Proterozoic time (P/A), or also since 1000 Ma (T/P/A), and Protons reworked since 1000 Ma 658 
(T/P). The colors of bars, curves and lettering in (a) and (c) are as in the Griffin et al. (2013) 659 
regionalization in Figure 1d; in part (b) and (d) are red (T+T/P+T/P/A) and dark blue (P+P/A+A). 660 
T-tests in (b) and (d) show t-values for T+T/P+T/P/A compared to P+P/A+A. 661 
 662 
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 663 

Figure 7. Different LAB models and comparison with NVG for Nubia/Somalia/Arabia. 664 
Histograms of (a) tomographic LAB depths (Pasyanos, 2010), (b) tomographic LAB minus NVG 665 
depths (blue means LAB deeper than NVG), (c) thermal LAB depths (Artemieva, 2006) and (d) 666 
thermal LAB minus NVG depths, all organized by thermal ages (0–540, 540–1100, 1100–2500 667 
and 2500–3600 Ma). 668 

 669 
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 670 

Figure 8. NVG statistics for Nubia/Somalia/Arabia. Histograms of (a and b) NVG depths and (c 671 
and d) relative stacking amplitudes corresponding to TC1 thermal age. Statistical comparison of 672 
young (0–1100 Ma) and ancient (1100–3600 Ma) binned regions for (b) NVG depths and (d) 673 
NVG amplitudes include t-tests (upper-right insets), showing the NVG depth populations are 674 
indistinguishable but the NVG amplitude populations are potentially distinct. 675 
 676 
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 677 
Figure 9. NVG statistics for Nubia/Somalia/Arabia. Histograms of (a and b) NVG depths and (c 678 
and d) relative stacking amplitudes corresponding to tectonothermal regionalization of Griffin et 679 
al. (2013). Statistical comparison between young or modified lithosphere and unmodified 680 
Archons (>2500 Ma) for (b) NVG depths and (d) NVG amplitudes include t-tests (upper-right 681 
insets), show both the depth and the amplitude populations are potentially distinct. 682 
 683 
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684 
Figure 10. NVG compared to different LAB models by age for Nubia/Somalia/Arabia. 685 
Comparison of (a) Phanerozoic thermal LAB depths (Figure 7c) and (b) Phanerozoic and 686 
Neoproterozoic tomographic LAB depths (Figure 7a) with NVG depths of all ages. Because the 687 
LAB depths appear bimodal (clearly non-Gaussian), t-tests are not appropriate to analyze these 688 
data.  689 


