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Abstract Rifting and magmatism are fundamental geological processes in the evolution of the lithosphere;
however, quantitative investigations of their relationship are rare. The Okavango Rift Zone (ORZ) is in the early
stages of rifting and magmatic activity and thus is an ideal locale to study this relationship. We examine the
relationship using two primary crustal structure parameters: crustal thickness and average Vp/Vs ratio obtained
from receiver functions. Our large Vp/Vs estimates indicate the existence of melts within the crust of the ORZ.
Comparing our results with those of other continental rifts, we identify a quantitative relationship between
rifting and crustal melt fraction. Additionally, the comparative analysis suggests that melts within a rift crust are
introduced only when the stretching magnitude reaches that of the ORZ. We also propose a model suggesting
that with the progression of rifting, melts would be introduced into the crust and increased gradually, potentially
triggering rift-related volcanism.

Plain Language Summary Understanding how rifting and magmatism shape the Earth is crucial for
unraveling our planet's evolution. Key question about how rifting and magmstism correlate remains. The young
Okavango Rift Zone (ORZ) within the East African Rift System has just started the rifting and magmatic
activity, offering a prime opportunity to study these processes. To explore the relationship between rifting and
crustal melt fraction, we use receiver functions to measure the crustal thickness and average Vp/Vs ratio within
the ORZ and nearby regions. Our findings show the ORZ has a thinner crust relative to the surrounding areas
and large crustal Vp/Vs values, indicating the presence of melts within the crust that originated from either the
crust or the underlying mantle. Comparing these values with those of other rift zones globally, we observe that
crustal Vp/Vs values rise as crustal thickness values fall, suggesting a link between crustal thinning and melt
fraction. This relationship is further supported by a quantitative analysis, highlighting that a certain extent of
crustal extension is necessary to introduce melts into the rift crust. Our model proposes three stages of rift
evolution: initial stretching without any magmatic activity, sufficient stretching introducing melts, and further
rifting potentially leading to volcanism.

1. Introduction

Rifting and magmatic activity play critical roles in the evolution of the Earth by shaping the surface, creating new
continents, and permanently modifying the structure and composition of the Earth's interior. The presence of
melts is commonly inferred from geophysical and geochemical studies beneath continental rifts, either in the crust
or underlying mantle (e.g., Furman, 2007; Hodgson et al., 2017; Keranen et al., 2004; Mayle & Harry, 2023;
Rooney, 2020; Wright et al., 2006). Several factors could account for the generation of melts, such as the presence
of volatiles (e.g., water and carbon dioxide) (Dasgupta & Hirschmann, 2006; Foley et al., 2009) and the elevated
temperature or reduced pressure due to the lithospheric stretching (e.g., Rychert et al., 2012; R. S. White
et al., 2008). It is widely accepted that an inherent relationship exists between rifting and magmatism, though its
exact characteristics remain substantially ambiguous. Several key questions persist, contributing to this uncer-
tainty. For instance, why are only certain continental rifts associated with magmatism, and why does the degree of
magmatic activity vary among them? Might there be a quantitative correlation between these two fundamental
geological processes? These queries underscore the complexity of the interplay between rifting and magmatism,
emphasizing the need for further investigation to decode this relationship.
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Figure 1. Topographic map of the study region showing the seismic stations (pink symbols). The thick yellow curve encloses the Okavango Rift Zone, and the thick
orange curves represent the Okavango Dyke Swarm. The thin violet dashed curves separate the major tectonic units of the study region, and the thick violet dashed
curves are the boundaries of the Congo and Kalahari cratons. The inset in the upper right corner shows the location of the study region (red open rectangle) in Africa,
with the East African Rift System denoted as yellow curves. The inset in the lower right corner shows the distribution of the teleseismic events requested (blue open
circles) and used (blue solid circles) plotted on an azimuthal equidistant projection map. The two big blue dashed circles represent the epicentral distance of 30° and
100°, respectively.

The incipient Okavango Rift Zone (ORZ) (~120-40 Ka, Moore & Larkin, 2001; Reeves, 1972) of the Cenozoic
East African Rift System (EARS) (~45 Ma, Boone et al., 2019; Ebinger & Sleep, 1998; George et al., 1998) may
reveal how the magmatic activity is involved during the early-stage rifting, and thus it is an ideal locale to
decipher the relationship. The ORZ develops between the Neoproterozoic-early Paleozoic Damara Belt to its
northwest and the Mesoproterozoic-Neoproterozoic Ghanzi-Chobe Belt to its southeast (Figure 1), with an
extension rate of ~0.4 mm/yr (Wedmore et al., 2021). It has been suggested that the Damara-Ghanzi-Chobe Belt
is a pre-existing mechanically weak zone developed by the Neoproterozoic collision between the Congo Craton
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and the composite Kalahari Craton (Begg et al., 2009) which mainly composes of the Zimbabwe and Kaapvaal
cratons with the Limpopo Belt caught in between.

Although the rifting of the EARS could be associated with mantle plumes (Hansen et al., 2012; Nyblade &
Robinson, 1994; Tsekhmistrenko et al., 2021) since the rift system is developing above the African Large Low
Shear Velocity Province (Lithgow-Bertelloni & Silver, 1998; Ni et al., 1999; Ritsema et al., 1998), the initiation
of the ORZ is proposed to be induced by intra-plate movements between the Congo and Kalahari cratons (Yu,
Gao, et al., 2015). Beneath the ORZ, a localized low-velocity anomaly constrained in the upper mantle is revealed
by previous tomography studies (Fadel et al., 2020; Ortiz et al., 2019). The low-velocity anomaly is interpreted as
partial melts induced by lithospheric stretching (Fadel et al., 2020). The melts assist in weakening the lithosphere
and localizing strain, providing a more suitable condition for the rift initiation (Leseane et al., 2015).

In the present study, we apply the receiver function (RF) H-x stacking analysis (Zhu & Kanamori, 2000) to
estimate the crustal thickness (H) and crustal average Vp/Vs ratio (k) beneath the ORZ and adjacent regions. A
resonance removal technique (Yu, Song, et al., 2015) is applied to suppress the reverberations on RFs caused by
the unconsolidated sediments. The thickness of the crust provides insights into the stretching/rifting magnitude of
the continental crust. The Vp/Vs ratio increases exponentially with a linear increment in fluid percentage, since
Versus decreases faster than Vp, and thus it could indicate the crustal melt fraction (Watanabe, 1993). We first
discuss the presence of melts within the crust of the ORZ. Subsequently, we make a series of comparisons be-
tween the ORZ and other continental rift zones globally to investigate the quantitative relationship between the
continental stretching/rifting and crustal melt fraction.

2. Data and Methods

The present study gathered available seismic data from 62 broadband seismic stations within the study region
(Figure 1). The stations include 3 permanent stations of the AfricaArray (AF), 21 stations of the Botswana
Network of Autonomously Recording Seismographys (BNARS), 21 stations of the Botswana Seismological
Network (BSN), and 17 stations of the Seismic Arrays for African Rift Initiation experiment. Considering the
BNARS and BSN experiments share the same 21 station sites, we labeled the sites using the names of the stations
with more data. Data recorded at a same station site were combined and processed together.

The three-component broadband seismograms used are from teleseismic events within the epicentral distance
range of 30°~100° (inset in the lower right corner of Figure 1). The seismograms were then preprocessed (details
can be found in Text S1 in Supporting Information S1), and radial RFs were calculated from the preprocessed
seismograms based on a frequency-domain water-level deconvolution (Ammon, 1991; Clayton & Wig-
gins, 1976). Considering the presence of unconsolidated sediments as thick as ~2.5 km in the ORZ (Pretor-
ius, 1984; Ringrose et al., 2005), an autocorrelation frequency-domain resonance removal filter (Yu, Song,
et al., 2015) was applied to suppress the near-surface reverberations on the resulting RFs caused by the strong
impedance between the upper crust and low-velocity sedimentary layers (Figure S1 in Supporting Informa-
tion S1). We then followed the conventional H-x stacking procedure (Zhu & Kanamori, 2000) to grid-search for
the optimal combination of H and x estimates at each of the station sites. To check the reliability of the H and «
estimates, a bootstrap method was applied for obtaining the mean and standard deviation values (Efron & Tib-
shirani, 1986) (Text S1 in Supporting Information S1).

3. Results

In total, 33 station sites yield reliable H and x estimates, and the spatial distributions and uncertainty estimates are
shown in Figure 2. The mean H value of the study region is ~41.5 + 3.2 km with the thinnest crust found at Station
NE215 (~35.8 km), located near the northeastern tip of the ORZ, and the thickest crust found at Station NE218
(~47.5 km), located in the westernmost portion of the Zimbabwe Craton (Figure 2a). The mean « value of the
region is ~1.77 £ 0.04, a value that is quite close to the global average value of 1.78 (Christensen, 1996). The
largest k value of ~1.91 was estimated at Station BO60R in the central portion of the ORZ, while the smallest
value of ~1.68 was found at Station WDLM in the Kaapvaal Craton (Figure 2b). The STDs for the H and x
estimates are lower than 0.5 km and 0.02 (Figures 2¢ and 2d), respectively, suggesting an overall high reliability
for the study area.
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Figure 2. (a) Map of crustal thickness (H). (b) Map of crustal average Vp/Vs ratio (x). (c) Standard deviation (STD) of H estimates from bootstrapping. (d) STD of
estimates from bootstrapping. The cross symbols represent individual estimates.

Comparing with the surrounding regions, the ORZ is characterized by relatively thinner crust and larger x values.
For the 7 stations located within the rift valley (stations BO6OR, BOSTS, BOONK, B11ET, B17CI, NE205, and
NE214; Figure 2b), the average H and « values are ~41.5 + 2.1 km and 1.80 £ 0.07. Small A and large « values
concentrate along the rift axis. The average H and « values become ~40.0 + 2.2 km and 1.85 %+ 0.05 if excluding
the four stations located near the rift shoulders (stations BOONK, B11ET, NE205, and NE214). Outside the ORZ,
small H estimates are mainly found in the northeastern portion of the Damara-Ghanzi-Chobe Belt, Congo Craton,
Kaapvaal Craton, and the Zimbabwe Craton with the exception of its southwestern portion. Large x estimates are
observed in the southwestern portion of the Damara-Ghanzi-Chobe Belt and the Limpopo Belt. The observations
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are generally consistent with those from previous RF studies (Fadel et al., 2018; Yu, Liu, et al., 2015). Quan-
titative comparisons among these studies further support the consistency and the reliability of our estimates (Text
S2 in Supporting Information S1).

4. Discussion

The presence of complex crustal structures, such as dipping layers and anisotropy, could lead to azimuthal
variations of the H and « estimates (Cassidy, 1992; Levin & Park, 1997; Link et al., 2020; Lombardi et al., 2008).
To analyze the potential effects of such structures, we performed a series of tests at the two stations with large x
estimates (>1.85) within the ORZ (Figures S4 and S5, Text S3 in Supporting Information S1). We divided the
RFs into four groups, based on the back azimuths, that is, 0-90°, 90-180°, 180-270°, and 270-360°. Due to the
uneven distribution of global seismicity, most events are from the first and third quadrants. Our tests show that for
the two stations, the H and k estimates using events from the two quadrants are statistically consistent with each
other and with the estimates when all the events are used. This consistency indicates that possible complex crustal
structures do not have a significant effect on the results.

4.1. Melts Within the Rift's Crust

The large k estimates in the ORZ (Figure 2) may be attributed to the composition variation. Usually, x values
increase with the proportion of mafic or ultramafic rocks in the crust (Christensen, 1996). Mafic or ultramafic
rocks are possibly solidified from intruded mantle magmas, as observed underneath the Baikal Rift Zone (Thybo
& Nielsen, 2009), Afar Depression (Hammond et al., 2011), and the Main Ethiopian Rift Zone of the EARS
(Dugda et al., 2005). In our study area, the magmatic intrusion could be associated with the Okavango Dyke
Swarm at ca. ~179 Ma (Le Gall et al., 2002) cutting through the central ORZ, where large x estimates were
observed (Figure 2b). However, the experimental k value for solid basalt in the crust ranges from ~1.84 to 1.86
(Christensen, 1996), suggesting that our large x estimates up to ~1.91 may not be solely caused by the mafic
composition of ancient intrusions. Although the intrusions may result in underplating at the Moho and thus
introduce uncertainties to our x estimates (Ogden et al., 2019), the significant P-to-S conversions from the Moho
(Pms) of the stacked RFs from all stations show little sign of underplating.

Alternatively, melts in the crust could play a critical role in elevating x values. Based on experiment results, x
values greater than 1.82 can be attributed to the increment of crustal melt fraction (Watanabe, 1993), assuming
other effects such as from the temperature or melt geometry are excluded (Clemens & Vielzeuf, 1987,
Takei, 2002). The large x estimates found around the rift axis (~1.85, Figure 2b) may suggest the presence of
crustal melts. A recent study shows that a x value of 1.90 corresponds to ~10% melt volume (Feng et al., 2023).

The melts could be generated by decompression melting in the upper mantle due to the stretching of the litho-
sphere (Acocella, 2014; Keen et al., 1994) and subsequently intrude into the crust. The current lithospheric
thickness of the ORZ could reach as low as ~130 km (Afonso et al., 2022). Given that the ORZ developed in the
Damara-Ghanzi-Chobe Belt, we assume the lithospheric thickness of the belt (~220 km, Afonso et al., 2022) as
the prerift thickness. The lithospheric stretching factor, the ratio between current and prerift thickness of the
lithosphere, is thus ~1.69 beneath the ORZ, which is large enough to induce decompression melting (R. White &
McKenzie, 1989). Although the estimated stretching factor might be affected by uncertainties in reconstructing
the prerift lithospheric thickness, the presence of the decompression-induced melts is further supported by a
previously revealed low-velocity anomaly in the upper mantle (Fadel et al., 2020; Ortiz et al., 2019).

The melts could be also generated through crustal partial melting associated with high temperatures. The heat
flow of ~70.0 mW/m? within the ORZ (Leseane et al., 2015) is just slightly higher than the average heat flow of
~64.7 mW/m? for global continents (Davis, 2013), which is apparently insufficient to induce crustal partial
melting. Magmatic intrusion from the mantle could heat the lower or even the middle crust and may subsequently
induce crustal partial melting.

4.2. Quantitative Relationship Between Rifting and Crustal Melt Fraction

To discern the quantitative correlation between rifting and crustal melt fraction, we undertook a comparative
analysis across major continental rifts globally (Figure 3). We first compared the average H and x values
calculated from each investigation (H,, and k,,) of the ORZ with those of other major EARS rift zones
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Figure 3. Comparisons of H-k (a—c) and f-k pairs (d) among different rift zones. (a) Comparison among East African Rift System (EARS) rift zones (circles) from
different investigations. The H,,. and k,,. represent the average values calculated from each investigation. (b) Similar to (a), but for comparison among global rift zones
by adding four additional ones outside the EARS (triangles). (c) Comparison among global rift zones by averaging the H,,, and k. values (H,yg and koyg). The small gray
dots represent individual estimates from different investigations. (d) Similar to (c), but for f,yg and kayg comparison among global rift zones. Details for obtaining the
Hyes Kaves HAvE, KavE, and fayg values can be found in Text S4 in Supporting Information S1. Abbreviations of rift zones: BRZ: Baikal; KenRZ: Kenya; KivRZ: Kivu;
LRZ: Luangwa; MERZ: Main Ethiopian; NMRZ: northern Malawi; ORZ: Okavango; RGRZ: Rio Grande; RSRZ: Red Sea; SMRZ: southern Malawi; SRZ: Shanxi; TRZ:
Tanganyika. Abbreviations with year numbers represent the source of the data used for comparisons, for example, MERZ(2021) in (a) represents data from Wang

et al. (2021). XCC: cross-correlation coefficient.
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(Figure 3a). The H and « values can vary dramatically from rift valleys to shoulders (Hopper et al., 2020), and to
focus on the stretching, we only considered values within the rift valleys for calculating the H,,. and . (Text S4
and Table S1 in Supporting Information S1). A negative correlation (blue line in Figure 3a), with the absolute
slope and cross-correlation coefficient (XCC) values of 0.012 and 0.48, respectively, indicates that the «,,, values
elevate with the decrease of H,, values. Melts have been suggested within the crust beneath most of the EARS rift
zones (solid circles in Figure 3a) (Chorowicz, 2005; Ebinger & Casey, 2001; Fadel et al., 2018; Hodgson
et al., 2017; Plasman et al., 2017; Roecker et al., 2017; Sun et al., 2021; Wang et al., 2021, 2022; WoldeGabriel
et al., 1990) with the only two exceptions of the Luangwa Rift Zone and the northern Malawi Rift Zone of the
magma-poor Western Branch of the EARS (open circles in Figure 3a). Therefore, the negative correlation
supports the general recognition that the crustal melt fraction, as represented by « values, increases with the extent
of crustal thinning/rifting.

To validate the correlation, we included four narrow Cenozoic continental rift zones elsewhere in our examination
(triangles in Figure 3b), the Red Sea Rift Zone to the north of the EARS, Rio Grande Rift Zone in southwestern
United States, Shanxi Rift Zone in the central North China Craton, and the Baikal Rift Zone in central Eurasia
(Figure S7 in Supporting Information S1). Rift-introduced melts have been suggested within the crust of the first
three of these rift zones (solid triangles in Figure 3b) (Cipar et al., 2020; Reed et al., 2014; H. Xu et al., 2020; X.
Xu & Ma, 1992). Although the Baikal Rift Zone is one of the most seismically active rifts on Earth, no melts have
been proposed in the rift crust (open triangles in Figure 3b). The negative correlation still holds after adding these
global rift zones, and the absolute slope value of the correlation (0.014) is comparable with that for the EARS rift
zones (0.012), further verifying the relationship.

However, the absolute value of XCC becomes greater (from 0.48 to 0.71), suggesting a stronger connection
(Figure 3b). This may be attributed to the presence of gaseous CO, in several EARS rift zones (symbols with
black bull eyes in the center in Figures 3a and 3b). Rift zones with gaseous CO, in the crust are not well-
constrained by the negative correlation since the gaseous CO, could decrease Vp/Vs values (Plasman
etal., 2017; Roecker et al., 2017; Sun et al., 2021) (Text S5 in Supporting Information S1). Additionally, rift zones
without melts in the crust (open symbols in Figure 3) are not necessarily constrained by the correlation. For these
non-melt and CO,-affected rift zones, the k,,. is not sensitive to the variation of H,, (gray dashed line in
Figure 3b). Considering this, we exclude the non-melt and CO,-affected rift zones in the future analysis and
averaged all the H,,, and k,,, values from different investigations of each rift zone, as represented by H,yg and
kavg (Figure 3c). A more intuitive and rational correlation was obtained with the greater absolute slope and XCC
values of 0.017 and 0.93, suggesting a stronger connection between the two crustal parameters.

Besides using the H values, we also compared the crustal stretching factor (f, the ratio of present-day to prerift
crustal thickness) with the k values in the analysis. Figure 3d reveals a positive correlation between the averaged
values from different investigations of each rift zone (f,vg. see details in Text S4 in Supporting Information S1)
and kayg with a slope of 0.34 and XCC of 0.83. More importantly, we found that the crustal Vp/Vs ratio (x) and
the crustal stretching factor (/) are related by an equation of x = 1.43 + 0.34f, which quantitatively supports the
view that the crustal melt fraction elevates with the increasing extent of crustal extension.

4.3. A Three-Stage Rifting Model

One distinctive feature from the comparative analysis is that the ORZ is characterized by the largest H/smallest
and almost the smallest k values among all the rift zones with melts in the crust (Figures 3¢ and 3d). This suggests
that for a certain rift zone, if the crust has not been thinned enough, that is H,yg > 40.5 km in our study (vertical
orange line in Figure 3c), or has not been suffiently stretched, that is f,yg < 1.14 (vertical orange line in
Figure 3d), melts would not be introduced into the rift crust. Therefore, the crustal thickness and crustal stretching
factor of the incipient ORZ represent the thresholds for introducing melts into the crust.

Another interesting feature is that rift-related volcanism is mostly found at rift zones characterized by thin crust
(Have < 37.0 km, vertical red line in Figure 3c) or well-stretched crust (B yg = 1.32, vertical red line in
Figure 3d), which are the Main Ethiopian Rift Zone (Baker et al., 1996; Ebinger & Casey, 2001), Rio Grande Rift
Zone (Grauch et al., 2017), and the Red Sea Rift Zone (Hammond et al., 2011; Wolfenden et al., 2005). For the
non-volcanic rift zones (green symbols in Figures 3¢ and 3d), volcanism would be triggered once the crust reaches
a critical threshold of thinning/stretching.
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Figure 4. Schematic diagrams showing the relationship between rifting and melting processes beneath a rift zone. (a) The lithosphere of the rift zone has not been
sufficiently stretched to introduce melts. (b) Melts are generated when the rifting reaches a certain degree. (c) The amount of melts increases as rifting continues, and rift-
related volcanism may be induced as rifting progresses.
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We propose a three-stage model of rifting that involves melting and volcanism. In the first stage, the rift crust has
not been sufficiently thinned/stretched to introduce melts into the crust (Figure 4a). During the next stage, melts
are introduced as the accumulation of crustal extension, whether they are generated in the crust or in the un-
derlying mantle (Figure 4b). The ORZ represents the initiation of this stage. In the last stage, the volume of melts
within the crust increases with the progression of rifting, and rift-related volcanism may be triggered as the
stretching continues to a critical threshold (Figure 4c).

5. Conclusions

We estimate crustal thickness and crustal average Vp/Vs ratio in the ORZ and adjacent regions using a RF H-x
stacking analysis assisted with a resonance removal technique. Our results indicate that the ORZ is characterized
by reduced crustal thickness and elevated crustal Vp/Vs values. The observations are indicative of the combined
effects of magmatic intrusions associated with the Okavango Dyke Swarms and the presence of melts in the crust
due to continental extension. By comparing the crustal thickness/stretching factor and crustal Vp/Vs values across
various continental rift zones within the EARS and other global regions, we reveal a quantitative relationship
between rifting and crustal melt fraction. Further analysis on the relationship gives an equation (k = 1.43 + 0.34)
that relates the crustal Vp/Vs ratio (k) and crustal stretching factor (f). Additionally, the stretching magnitude of
the ORZ, with the crust is thinned to 40.5 km and the crustal stretching factor reaches 1.14, represents a threshold
for melts to be introduced into the crust. We propose a model suggesting that melts could be introduced into the
crust and increased with the progression of rifting, and rift-related volcanism might be triggered once the rifting
reaches a certain extent.

Data Availability Statement

The seismic data used in the study are archived at the SAGE DMC (https://ds.iris.edu/ds/nodes/dmc). The
BREQ_FAST procedure is used for requesting data with detailed information in http://ds.iris.edu/ds/nodes/dmc/
forms/breqfast-request (last accessed: September 2022). The seismic stations used are part of the following open
networks: (a) the AF (Penn State University, 2004); (b) the BX (Botswana Geoscience Institute, 2001); (c) the NR
(Utrecht University, 1983); (d) the XK (Gao et al., 2012).
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