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Abstract

Using a total of 4,520 S-to-P receiver functions (SRFs) recorded by 19 broadband seismic stations
belonging to the Libyan Center for Remote Sensing and Space Science and the Incorporated Research
Institutions for Seismology Data Management Center, we imaged the depth of the lithosphere—
asthenosphere boundary (LAB) beneath northern Central Africa. This boundary occurs over the depth
range of 57—-124 km which we imaged in consecutive circular bins (radius of 2°) using a high number of
receiver functions. The mean depth of the discontinuity is 80 +17 km, which is significantly shallower
than the global average of ~250 km, commonly found beneath ancient cratons. The SRFs in the study area
produced 156 bins with observable arrivals from the LAB. All the stacked traces were plotted along eight
latitudinal profiles from 20°N to 35°N. The observed depth of the LAB increases systematically toward
the northern central part of the study area from approximately 67 km to 120 km. The apparent depth of
the LAB increases from 70 to 90 km from 21°N to 28°N and then further increases to 120 km from 28°N

to 34°N. These depth variations are extreme beneath the northern central part of Libya. The LAB depth
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beneath the Hoggar volcanic province area is relatively low (~57 km) compared to other areas. This study
provides new constraints on regional-scale tectonic processes such as lithospheric stretching or thinning,
due to partial melting beneath the study region that may be an effect of the LAB topography in this part

of northern Central Africa.

1. Introduction

Mapping and understanding the depth and physical properties of the lithosphere-asthenosphere
boundary (LAB) is essential for interpreting processes occurring within the upper mantle structure, the
tectonics of lithospheric plates, and the evolution of the Earth (McKenzie and Priestley, 2008; Liu and
Gao, 2018). In addition, the variations in the depth of the LAB within cratons and extensional provinces
can provide further details about the mechanisms driving the behavior of tectonic plates (e.g., Abt et al.,
2010). The base of the lithosphere, i.e., the LAB, and the mid-lithospheric discontinuity (MLD) have been
detected in different regions using negative velocity contrasts (e.g., Fischer et al., 2010; Liu and Gao,

2018; Wirth and Long, 2014).

The lithosphere of North Africa has a rich tectonic history that includes Pan-African orogenesis,
volcanism, subduction, and present-day extension in the Sirte Basin (e.g., Lemnifi et al., 2015; 2017;
2019) (Figure 1). Numerous global and regional tomographic studies (e.g., Marone et al., 2003; Li’egeois
et al., 2005; Pasyanos and Nyblade, 2007; Montagner et al., 2007; Fishwick, 2010; Bardintzeff et al.,
2012) have shown weak velocity anomalies, but the depths of their investigations were limited. Volcanic
provinces throughout northern Central Africa (Figure 1) are mainly associated with negative Bouguer
anomalies, and the lithospheric thickness indicated from surface wave tomography is relatively thin,

approximately 90 to 100 km (Fishwick, 2010).



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

To investigate the lithospheric thickness and discontinuities within the lithosphere, two essential
seismological techniques are used: surface wave tomography (McKenzie and Priestley, 2008; Bedle and
Van Der Lee, 2009; Schaeffer and Lebedev, 2014; Calé et al., 2016; Liu and Gao 2018) and receiver
function (RF) stacking (Rychert and Shearer, 2009; Fischer et al., 2010; Kind et al., 2012; Liu and Gao,
2018). The most common technique employed to image the Moho is the P-to-S RF method (Zhu and
Kanamori, 2000; Gao and Liu, 2014; Liu et al., 2017; Lemnifi et al., 2019). This method has disadvantages
in imaging the LAB; for example, strong Moho multiples appear within the expected time window of the
arrivals associated with the discontinuities of interest (Faber and Miiller, 1980; Liu and Gao, 2018).
However, the most important benefit of SRFs is that they are less affected by crustal reverberations, which

tend to obscure the LAB (e.g., Eaton et al., 2009).

A number of studies have been performed using the SRF method (for a recent summary, see Kind
et al., 2012; Liu and Gao, 2018) to determine the LAB. For example, a sharp negative-wave speed
discontinuity (NVD) was observed in the depth range of 40—180 km; this NVD, which is regarded as an
MLD or the LAB, was previously studied by Fishwick (2010) using a global velocity model. In recent
decades, seismicity studies of northern Central Africa have mainly used global surface tomography
models, revealing that the lithospheric thickness beneath Central Africa ranges from 90 km to 100 km,
especially beneath volcanic provinces. Lemnifi et al. (2017) suggested that the thinning of the lithosphere
may be due to the presence of partial melt and currently active magma reservoirs, which were detected by

observing low Vp/Vs ratios obtained through H-k stacking.

Here we use all available seismic data within the study region to investigate the LAB depth therein.
For this purpose, we utilize all the recorded data from broadband seismic stations belonging to the Libyan
Center for Remote Sensing and Space Science (LCRSSS) and stations that are publicly available and

archived by the Incorporated Research Institutions for Seismology (IRIS) Data Management Center
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(DMC) to image the depth of the LAB and stacking amplitude associated with lithospheric discontinuities

(relative to the direct S wave) beneath northern Central Africa.

2. Method

The data used in this study were requested from the LCRSSS with a recording period ranging from
early 2005 to late 2010. Additionally, we requested data recorded by 3 public broadband seismic stations
located in the region between the latitudes of 25°N and 36°N and the longitudes of 4°E and 25°E from the

IRIS DMC.
2.1 Receiver function stacking

Seismic events with epicentral distances ranging from 60° to 85° were selected based on a varying
cut-off magnitude, which was determined by the epicentral distance and focal depth, as defined by Yuan
et al. (2006) and Liu and Gao (2010). The seismograms were windowed starting 180 s prior to and
extending to 20 s after the first theoretical S-wave arrival according to the IASP91 Earth model. After
being bandpass filtered within the frequency band from 0.04 to 0.40 Hz, all of the events that demonstrate
a signal-to-noise ratio (S/N) of 1.5 or greater on the radial component were selected. The cutoff magnitude
was determined by the epicentral distance and focal depth as defined by Liu and Gao (2010) using the

following equation:
Mc=5.2+(De—30.0)/(180.0—30.0)—-H{f/700 (1)

where De is the epicentral distance between 60° and 85°, for this study, and Hf is the focal depth in km.
To isolate converted Sp waves from direct S waves, the ZRT components are rotated into an LQT (P, Sv,
Sh) ray-based coordinate system, in which the L component is in the direction of the incident S wave, the

Q component is perpendicular to the L component and is positive away from the source, and the T
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component is the third component of the LQT right-hand system. In order to eliminate the influences of
the source and ray path, an equalization procedure is applied by deconvolving the L and T component
seismograms with the S signal on the Q component. The resulting L component data are known as Sp
receiver functions, which are mainly composed of the S-to-P converted energy and contain information

on the structure beneath a seismic station. A total of 4,520 SRFs were used in the study area.

We stacked the moveout-corrected RFs within circular bins, each with a radius of 2°, based on the
locations of the ray-piercing points at a depth of 150 km (Dueker and Sheehan, 1997). The TASP91
reference Earth model (Kennett and Engdahl, 1991) was employed to calculate the stacked receiver
functions with a non-plane wave-front assumption (Gao and Liu, 2014). The moveout procedure employed
to correct and stack the SRFs follows a common conversion point (CCP) approach (Dueker and Sheehan,
1997; Liu and Gao, 2018). The moveout correction was applied to stack the SRFs using the following
equation (Sheriff and Geldart, 1982; Dueker and Sheehan, 1997; Liu and Gao, 2018) to remove the

influence of the ray parameter on the arrival times.

Top-Ts= [ [N Ve(@) 2 = p2- ¥, @) 2 — pZldz )

where p is the S-wave ray parameter, h is the depth of the candidate discontinuity (ranging from 0 to 300
km), and Vp (z) and Vs (z) are the P- and S-wave velocities, respectively, at the depth z. Stacked traces
determined by fewer than 5 RFs were rejected in this study. To increase the reliability of the results, we
manually picked the maximum amplitude near the theoretical arrival of the converted P waves from the

LAB.

3. Results
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The SRFs in the study area produced 156 bins with observable arrivals from the LAB (see Table
1 for all measurements). The depths of the NVD and the corresponding stacking amplitudes are shown in
Table 1. All the stacked traces plotted along eight latitudes from 21°N to 34°N are shown in Figures 4 and
5 and Figures S1 and S2. The observed depth of the LAB increases systematically toward the northern
central study area from approximately 70 km to 120 km (Figure 4). The apparent depth of the LAB
increases from 70 to 90 km from latitudes 21° to 28° and then increases to 124 km from latitudes 28° to
34°. The changes in the LAB depth are extreme beneath the northern central part of Libya (Figures 5 and
6). The depths of the LAB beneath the Hoggar volcanic province are relatively shallow compared with
those in other areas, while the LAB depth increases beneath the northeastern portion of Libya. The
resulting LAB depths in the southern part of the study region are shallow compared to those in the northern
part of the study area; in other words, the LAB is especially shallow beneath the Hoggar volcanic province
and the western margin of the Tibesti volcanic province. The LAB depth is slightly shallower than normal
beneath the northeastern part of the region, as well as beneath the northwestern part of the study area,

where the LAB depth ranges from 74 to 96 km with an average of 83 + 5 km.

4. Discussion

The depth of the LAB beneath the study area appears to vary widely by a few tens of kilometers
(Figures 5, 6, and 7). Parts of the study area, such as the Hoggar and Tibesti volcanic provinces, are
characterized by a shallow discontinuity. The LAB was determined according to a significant negative
velocity contrast. Some previous studies (e.g., Faul and Jackson, 2005; Stixrude and Lithgow-Bertelloni,
2005; Priestley and McKenzie, 2006; Abt et al., 2010) interpreted that the velocity is reduced from the
lithosphere to the asthenosphere due to a temperature difference or a combination of temperature and grain

size. In contrast, Lee (2003), Schutt and Lesher (2006) concluded that the decrease in the shear-wave

6
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velocity can be attributed to partial melting. Comparing our results with some geodynamic prediction
models (e.g., King and Ritsema, 2000; Korenaga and Jordan, 2002; Cooper et al., 2004) and the
lithospheric layering model beneath the United States constrained by Liu and Gao (2018), who also used
S-to-P receiver functions, the presence of varying velocities (Figures 5 and 6) likely indicates that the
asthenosphere contains partial melt with a small amount of hydration relative to the lithospheric mantle.
The larger amplitudes observed in Figures 5 and 6 could also be due to lower asthenospheric velocities.
These larger amplitudes were similarly observed elsewhere, such as in the Vs model by Yuan and
Romanowicz (2010), suggesting that the larger amplitude of the negative velocity contrast beneath the
western United States is due to high temperatures, partial melt beneath the lithosphere, and a melt-free
lithosphere. In addition, some other studies, such as that conducted by Anderson and Sammis (1970),
suggested that the reduction in the seismic velocity may be caused by partial melting, which is consistent

with our observation.

More recently, by using receiver function analysis, Lemnifi et al. (2019) found that the MTZ
beneath the volcanic provinces in the study area is approximately 10 km thinner than normal. The average
lithospheric thickness beneath the Hoggar volcanic province is ~10 km less than the normal thickness of
75 km, which is consistent with the elevation and Bouguer gravity anomalies (e.g., Parsons et al., 1994;
Liu and Gao, 2010). The average LAB depths beneath the volcanic provinces throughout Libya, such as
the Al Haruj, As Sawda, and Tibesti volcanic provinces, relative to the LAB depth beneath the Hoggar
volcanic province suggest that the lithosphere beneath the Hoggar volcanic province is older that that
beneath the others and has thus been subjected to more extension and thermal erosion. Therefore, we
conclude that a possible mechanism contributing to the shallowing of the LAB is stretching of the
lithosphere, which is caused by partial melting and the upwelling of hot materials from deep sources. In

addition, Abdelsalam et al. (2002) and Lemnifi et al. (2015 and 2017) reported that the lower part of the
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lithosphere is being removed due to partial melting. In the northwestern and northeastern parts of the study
area, the crustal thickness is incomparable. This suggests that the entire lithosphere is being uniformly
stretched. Generally, the Hoggar and Tibesti volcanic provinces, which are characterized by negative
Bouguer anomalies (Figure 1), are being uplifted in conjunction with lithospheric thinning. The S-wave
velocity anomaly images by Abdelslam et al. (2011) show negative shear-wave velocities at depths of

100175 km, suggesting that these anomalies are related to the delamination of a cratonic root.

A shallow NVD depth was observed beneath the Hoggar and Tibesti volcanic provinces with a
mean of 73 £10 km (Table 1), which is comparable to the depths beneath the other regions, including the
central part of Libya. In the areas adjacent to volcanic provinces, especially beneath the Hoggar volcanic
province, the depths of the LAB are the shallowest (62—70 km) in the entire study area, and the crustal
thickness is 35 km (Liu and Gao, 2010). The thinning of the lithosphere beneath the Hoggar volcanic
province and adjacent areas, such as the Tibesti volcanic province, is consistent with the MTZ thinning
hypothesis, which probably originates from the upwelling of hot material from deep sources (Lemnifi et
al., 2019). The amount of thinning of the lithosphere is probably proportional to the magnitude of
stretching or the amount of partial melt. Our finding is not in agreement with the finding of Liégeois et al.
(2005), who used global geophysical modeling and suggested that the lithosphere is relatively thick

beneath the Hoggar region.

Other areas with a shallow LAB (~75 km) are the central part of Libya, namely, the Al Haruj and
As Sawda volcanic provinces, and the northwestern part of Libya, which is characterized by a crustal
thickness of approximately 30 to 35 km (Lemnifi et al., 2017). Marone et al. (2003), Li’egeois et al. (2005),
Pasyanos and Nyblade (2007), Montagner et al. (2007), Fishwick (2010), and Bardintzeff et al. (2012)
observed negative velocity anomalies beneath the same volcanic provinces from global velocity models.

For example, low-velocity zones were noted near depths of 90 km and 107 km in the central part of the



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

Al Haruj volcanic province. They interpreted that these shallow negative velocity anomalies were
probably caused by partial melting. Compared with our lithospheric thickness observations beneath
northern Central Africa (62—124 km), the amount of thinning of the subcrustal lithosphere in Fishwick
(2010) is comparable. Various studies have suggested that the lithosphere beneath ancient continents
(cratons) is thick but widely variable (e.g., Jordan 1975; 1978; Hoffman, 1990; Forte and Perry, 2001).
The thick lithosphere beneath Libya (Figure 7) may represent part of the Saharan Metacraton, which
extends from the Tuareg Shield to the Arabian-Nubian Shield (Abdelsalam et al., 2002; Lemnifi et al.,

2015).

In general, the areas with thin lithosphere have large stacking amplitudes and vice versa (Figure
8). This may suggest that the relationship is attributable to a low degree of partial melting in the topmost
layer of the asthenosphere. This is different from other areas, such as the Western United States (Liu and
Gao, 2018), which are characterized by a higher degree of partial melting beneath the lithosphere. Here,
the degree to which the NVD depths and stacking amplitudes are comparable may reflect a lower degree
of partial melting in the topmost asthenosphere and lowermost lithosphere. This may be due to the distance

of the study region from the major plate boundaries to the north (e.g., Courtillot et al., 2003).

5. Conclusions

This is the first study to detect the thickness of the lithosphere beneath Central Africa using S-to-
P receiver functions (SRFs) recorded by 19 broadband seismic stations. A robust negative-wave speed
discontinuity is revealed at depths ranging between 57 km and 110 km with a mean of 80 +17 km.
However, to better understand the variable thickness of the lithosphere beneath the study region, further
investigations should be conducted, and additional seismic stations must be installed. Beneath central
Libya, the LAB depth ranges from 67 km to 124 km. The smallest LAB depth was found beneath the

Hoggar volcanic province, ranging from 57 km to 87 km. One explanation for the observed phenomena is
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lithospheric stretching or thinning, which may be due to basal erosion beneath the study region that may

be an effect of the LAB topography beneath this part of northern Central Africa.
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Figure 1. Map of the Bouguer gravity anomalies throughout Africa produced using GRACE (Gravity
Recovery and Climate Experiment) satellite gravity data (Tapley et al., 2005; Liu and Gao, 2010). The
blue lines illustrate the East African Rift System. The green square denote the location of the study area.

The circles are centered on the major Cenozoic volcanic provinces of Africa.

14



328

329

330

331

332

333

334

- 36

34°

32

30°

28"

26

24"

22

. . RPN A

4 6° 8 10 12" 14" 16" 18" 20" 22" 24" 26°

m:*:
-6000 -4500 -3000 -1500 O 1500 3000 4500 6000

Elevation (m)

- 20°

Figure 2. Digital elevation map of the study area showing the seismic stations used in the study. Crosses
are the ray-piercing points at a depth of 150 km. Black dashed lines surround the major volcanic provinces

in the study area.
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336  Figure 3. An azimuthal equidistant projection map showing the distribution of earthquakes (red dots) used

337  for the receiver function analysis.
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342  Figure 5. E-W stacked S-to-P receiver function profiles showing the depths from 0 to 350 km at latitudes
343  from 21°N to 29°N. Black circles represent the average depths of the LAB, and black bars show two STDs

344  of the peak depths.
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depths of the LAB, and black bars show two STDs of the peak depths.
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351  Figure 7. Diagram showing the resulting depth of the LAB throughout the study area. The colours
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Stacking

Depth of NVD Number of

Longit Latit amplit f
ongitude ude (km) a VpD ude o SRFs

6.00 25.00 57 0.034 203
7.00 24.00 58 0.031 338
8.00 23.00 61 0.030 317
7.00 25.00 62 0.033 123
8.00 24.00 63 0.020 151
7.00 22.00 63 0.029 727
8.00 22.00 63 0.033 143
4.00 24.00 67 0.025 477
5.00 24.00 69 0.024 914
6.00 22.00 70 0.024 914
6.00 21.00 71 0.033 571
7.00 23.00 71 0.025 887
4.00 23.00 73 0.025 797
6.00 23.00 73 0.024 914
6.00 24.00 74 0.024 910
8.00 31.00 74 0.035 121
5.00 21.00 76 0.028 590
4.00 21.00 76 0.031 454
9.00 29.00 76 0.032 128
4.00 22.00 77 0.029 585
11.00 29.00 77 0.039 85
17.00 26.00 77 0.057 175
10.00 29.00 77 0.032 128
11.00 30.00 80 0.031 136
16.00 25.00 81 0.055 195
12.00 30.00 82 0.028 168
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