
Seismic and aseismic deformation in the Danakil Depression, East Africa 
and Corinth Rift, Greece: Magma-rich vs magma-poor rift extension

Gareth L. Hurman a,*, Derek Keir a,b, Lisa C. McNeill a, Carolina Pagli c, Jonathan M. Bull a,  
Georgios Michas d

a School of Ocean and Earth Science, University of Southampton, Southampton, UK
b Department of Earth Sciences, University of Florence, Florence, Italy
c Department of Earth Sciences, University of Pisa, Pisa, Italy
d Institute of Geodynamics, National Observatory of Athens, Athens, Greece

A R T I C L E  I N F O

Keywords:
Geodetic moment rates
Seismic moment rates
Seismic and aseismic deformation
Magma-rich and magma-poor rifting
Danakil depression
Corinth Rift

A B S T R A C T

The mechanisms accommodating extension in magma-rich and magma-poor rifts likely differ, with magmatic 
intrusion (largely aseismic) potentially dominating magma-rich rifts and faulting (seismic deformation) thought 
to accommodate most extension in magma-poor rifts. We compared the seismic and aseismic deformation 
occurring in the Danakil Depression, East Africa (magma-rich) and Corinth Rift, Greece (magma-poor) to test this 
hypothesis and improve understanding of extension in end-member rifts. The seismic moment release across both 
rifts was determined using NEIC catalogue earthquake data (from 1950 to 2023). In the Danakil Depression, 
seismic moment release is highest at the rift margins and sections of the rift axis with reduced magmatism. 
Seismic moment release is greatest across the eastern part of the Corinth Rift. Regional geodetic extension data 
were used to calculate the changing geodetic moment rates along both rifts. The ratio between the seismic and 
geodetic moment rates (S/G) was calculated for the entire rifts and overlapping zones along each rift. The 
horizontal component of the seismic moment was extracted to calculate the horizontal seismic/geodetic moment 
rate ratio (Sh/G). The Danakil Depression and Corinth Rift have S/G of 0.03 and 0.43, and Sh/G of 0.02 and 0.28, 
respectively, suggesting greater amounts of extension being accommodated by faulting in the Corinth Rift. S/G 
variations along the Danakil Depression are consistent with geological indicators of along-rift variations in 
faulting. Relatively high S/G (~0.1) in the north of the Depression indicates that brittle deformation accom-
modates a significant amount of extension here, despite being potentially in the final stages of magma-rich break- 
up. Relatively low S/G (~0.1–0.15) in the west of the Corinth Rift supports the interpretations that aseismic 
deformation may be significant, potentially on a low-angle detachment at depth. This study confirms our hy-
pothesis that in magma-poor rifts, greater amounts of extension are accommodated by seismic deformation 
compared with magma-rich rifts.

1. Introduction

The Danakil Depression, located in Northern Ethiopia and Eritrea 
(Fig. 1), and the Corinth Rift, in Central Greece (Fig. 2), are two of the 
fastest opening (>15 mm/yr) active continental rifts in the world 
(Figs. 3 and 4) (e.g., Avallone et al., 2004; Clarke et al., 1998; McClusky 
et al., 2010; Viltres et al., 2020), with both extensional settings associ-
ated with significant seismicity (Figs. 1, 2 and 4) (e.g., Ayele et al., 2007; 
Bernard et al., 2006; Illsley-Kemp et al., 2018; Jackson et al., 1982). The 
extensive Recent magmatism in the Danakil Depression (e.g., Keir et al., 

2013; Pagli et al., 2012; Watts et al., 2020; Rime et al., 2023) means that 
it is defined as a magma-rich rift setting. In contrast, magmatism has 
been almost completely absent during the evolution of the Corinth Rift, 
and therefore is defined as a magma-poor rift (e.g., McNeill et al., 
2019a). The western end of the active Aegean volcanic arc is located 
~50 km SE of the Corinth Rift (e.g., Pe-Piper and Piper, 2005), however 
arc magmatism is not involved with the rifting processes across the 
Corinth Rift. Sitting at opposite ends of the magma-rich and magma- 
poor rift settings framework (e.g., Franke, 2013; Tugend et al., 2018) 
means that the mechanisms accommodating extensional strain in these 
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two rift settings likely differ.
Our hypothesis is that seismic deformation (brittle faulting) con-

tributes significantly towards extension in the magma-poor Corinth Rift 
(e.g., Lavier and Manatschal, 2006; Peron-Pinvidic et al., 2013; Peron- 
Pinvidic and Manatschal, 2009; Reston, 2009). In contrast, since the 
Danakil Depression is magma-rich, aseismic magmatic intrusion is 
hypothesised to be the dominant mechanism accommodating extension 
(Buck, 2006; Hayward and Ebinger, 1996). For example, over short time 
scales (days) of individual dyking events, seismic moment release ac-
counts for <3 % of the total extension (Belachew et al., 2011). In 
contrast, in areas of relatively low magmatism in the Danakil Depres-
sion, ~30 % of extension is accommodated by axial faulting over 100 k. 
y. time scales (Hurman et al., 2023). This study aims to better 

understand and compare the active deformation processes occurring in 
the two settings over the several decades sampled by global instrumental 
seismic records. As well as sitting at opposite ends of the magma-rich 
and magma-poor rift framework, the Danakil Depression and Corinth 
Rift have been selected as our comparative study regions due to both 
having similarly high geodetic extension rates (>15 mmm/yr) (Figs. 3 
and 4) (e.g., Avallone et al., 2004; Clarke et al., 1998; McClusky et al., 
2010; Viltres et al., 2020), while both being clearly definable rift seg-
ments (Figs. 1 and 3). To analyse the active deformation occurring 
across both rifts we calculate the geodetic moment rates from regional 
Global Navigation Satellite System (GNSS) data (Avallone et al., 2004; 
Viltres et al., 2020), as well as calculating seismic moment rates for both 
rifts from the Global National Earthquake Information Center (NEIC) 

Fig. 1. a) Map of the Danakil Depression study area in red (180 km width, 360 km length). Nabro Volcanic Complex (NVC) is included in the study area to maintain a 
consistent study area width for the entire length of the Depression. The earthquake data within the study area in this map is the filtered NEIC catalogue data used to 
calculate the seismic moment rate values in this study. b) Map of the Afar Depression in East Africa, showing the tectonic setting. Vectors, derived from GNSS data of 
Viltres et al. (2020), show the tectonic extensional direction towards the NE. Base of each vector marks location of geodetic stations used in the Viltres et al. (2020)
study. Solid black lines show Oligocene–Miocene border faults of the Red Sea, Gulf of Aden, and East African rift systems. c) Gutenburg-Richter plot of filtered NEIC 
catalogue data used for the Danakil Depression. EA = Erta-Ale, TA = Tat-Ali, HG = Harak Graben, EARS = East African Rift System, GT = Gulf of Tadjoura. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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catalogue. We will then determine the ratio between the seismic and 
geodetic moment rates (seismic/geodetic moment rate ratio – S/G) for 
the two rifts, quantifying the contribution of seismic deformation (co- 
seismic slip) towards releasing the time-averaged extensional strain 
accumulation. Geodetic moment rates represent a measure of the rate of 
interseismic strain accumulation across the rift, while seismic moment 
rates measure the co-seismic fault slip related response in the plate 
boundary zone.

By comparing the S/G for both the Corinth Rift and Danakil 
Depression, we will better understand contribution of brittle faulting 
towards extension in a magma-rich and magma-poor setting, and be able 
to compare the nature of deformation that is occurring at these two rift 
end-members. Furthermore, it will provide further insight into spatial 
variations of seismic (brittle faulting) and aseismic (e.g., magmatic 
intrusion, aseismic slip/creep) deformation. Previous studies comparing 
magma-poor and magma-rich extensional settings have typically 
focused on passive margins (e.g., Franke, 2013; Tugend et al., 2018), 
where comparative analysis of the dynamic geological deformation is 
not possible. Most rifts fall somewhere between the magma-rich and 
magma-poor rift settings end members, and/or show strong along rift 
variations in extension processes both temporally and spatially (e.g., 
Shillington et al., 2009; Sapin et al., 2021); Pérez-Gussinyé et al., 2023). 
Therefore, with the Danakil Depression and Corinth Rift both actively 
rifting and siting at opposite ends of the magma-rich and magma-poor 
rift framework, they are ideal study locations. Despite the differences 
in extension mechanisms, there are also a number of similarities be-
tween the two rifts, such as high extension rates (e.g., Avallone et al., 

2004; Clarke et al., 1998; McClusky et al., 2010; Viltres et al., 2020) and 
an asymmetrical rift structure (e.g., Bastow et al., 2018; Hurman et al., 
2023; Nixon et al., 2016), making them good candidates for a compar-
ative study.

Our study can also be compared with previous work that analysed 
geodetic and seismic moment rates for each rift. For the Corinth Rift, 
previous studies tended to lack detail, as they were part of regional 
analysis across the entirety of Greece (Chousianitis et al., 2015) or the 
wider eastern Mediterranean (Jenny et al., 2004; Sparacino et al., 2022; 
Ward, 1998) rather than specifically the Corinth Rift. Previous localised 
studies along the East African Rift System have compared seismic and 
geodetic strain rates from both local and regional catalogues, with these 
studies showing that short-term strain patterns can be representative of 
long term patterns in both magma-rich and magma-poor areas 
(Weinstein et al., 2017; Musila et al., 2023; Lavayssière et al., 2019; 
Ebinger et al., 2019). Déprez et al. (2013) also investigated the S/G 
along the East African Rift System, analysing the varying contribution of 
different deformation mechanisms and their relationship to controls 
such as the stage of rift evolution and thermal state of the lithosphere. 
However, this study only extended as far north as the Main Ethiopian 
Rift, thus did not include Afar and the Danakil Depression. As a result, 
this will be first time that analysis has been conducted for the Danakil 
Depression. Although previous studies from the Danakil Depression 
(Bastow et al., 2018; Hurman et al., 2023) have indicated along-axis 
variations in the mechanisms accommodating extension over the last 
100 ka, this study provides the opportunity for more insight over decade 
long-time scales.

Fig. 2. a) Map of the Corinth Rift study area in red (72.5 km width, 145 km length). The earthquake data within the study area shown in this map is the filtered NEIC 
catalogue data used to calculate the seismic moment rate values in this study. b) Regional map of the Corinth Rift. Vectors, from GNSS data of Avallone et al. (2004), 
show the tectonic extensional direction towards the NE. Base of each vector marks location of geodetic stations in the Avallone et al. (2004) study. c) Gutenburg- 
Richter plot of the filtered NEIC catalogue data used for the Corinth Rift. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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2. Tectonic settings

2.1. Danakil Depression

Located in Northern Afar, the Danakil Depression is undergoing the 
final stages of continental break-up with the locus of extension along a 
series of magmatic segments (e.g., Hayward and Ebinger, 1996; Pagli 
et al., 2014) (Fig. 1). The Afar region is the location of the triple junction 
between the Red Sea, Gulf of Aden and East African Rift systems (Fig. 1) 
(McKenzie et al., 1970). Rifting in Afar initiated around 30 Ma and was 
associated with significant plume volcanism (Hofmann et al., 1997; 
Wright et al., 2006; Yirgu et al., 2006). Red Sea extension initiated later 
at ca. 23 Ma (Szymanski et al., 2016), with extension in the southern-
most part of the Red Sea rift jumping laterally on land in Northern Afar 
around 11 Ma, resulting in the Danakil Depression becoming the locus of 
extension (Eagles et al., 2002). The age of rifting is broadly consistent 
with the 8.5 Ma or younger age of the earliest syn-rift Red Bed sedi-
mentary series (Brinckmann and Kürsten, 1971; Le Gall et al., 2018). 
The Danakil Depression extends from the Gulf of Zula in the north to the 
Harak Graben in the south, with the western margin bordered by the 3 
km high Ethiopian Plateau, while the Danakil Block, that is 0.5–1 km in 
elevation, borders the eastern rift margin (Figs. 1 and 3). The thin crust 
beneath the Danakil Depression, 20–25 km in the south (south of 13◦N) 
and reducing to <15 km in the north (north of 13.7◦N), is indicative of 
the maturity of the rift and the amount of stretching that has occurred 
(Ahmed et al., 2022: Hammond et al., 2011; Hurman et al., 2023; Makris 
and Ginzburg, 1987). Crustal thickness is 40 km beneath the Ethiopian 
Plateau and 25–30 km beneath the Danakil Block (Ahmed et al., 2022; 
Hammond et al., 2011; Hurman et al., 2023). Global Navigation Satellite 
System (GNSS) measurements have shown that the Danakil Depression 
is opening by anticlockwise rotation, with the rate of extension 

increasing southwards, with a rate of 7 mm/yr at 15◦N and increasing to 
~20 mm/yr at 13◦N (McClusky et al., 2010; Viltres et al., 2020) (Figs. 1b 
and 3).

Extension since the Quaternary in the Danakil Depression has been 
localised to a ~ 20 km wide rift axis (Wolfenden et al., 2005), with 
along-rift variations in extension by magmatism and faulting observed 
(e.g., Bastow et al., 2018; Hurman et al., 2023; Keir et al., 2015) (Fig. 1). 
Magmatism is most clear in the central portions of the basin, where the 
Erta-Ale and Tat-Ali magmatic segments are arranged in an en-echelon 
manner (Figs. 1a and 3), and are the location of multiple volcanic cen-
tres (e.g., Barberi and Varet, 1970; Keir et al., 2013) (Figs. 1a and 3) with 
rift-aligned diking and fissure eruptions (e.g., Moore et al., 2019; Nobile 
et al., 2012; Pagli et al., 2012; Watts et al., 2023). In contrast, the lateral 
ends of the Depression are the location of axial grabens, which host 
sedimentary deposits, with the axial faults having significant fault slip 
rates (Bastow et al., 2018; Hurman et al., 2023). For example, in the 
north, seismic reflection data has shown that upper crustal axial faulting 
accommodates significant amounts of extension (30 %) over the last 
~100 ka with slip rates of up to 3.8–5 mm/yr calculated for individual 
faults (Bastow et al., 2018; Hurman et al., 2023).

The distribution of earthquakes from global and local catalogues 
shows that seismicity is primarily located along the rift axis and the 
western rift margin (Figs. 1 and 4a; Belachew et al., 2011; Illsley-Kemp 
et al., 2018). Seismicity beneath the magmatic segments is mostly 
limited to M < 3.5 microseismicity observed only by local seismic net-
works (Figs. 1 and 4a; Belachew et al., 2011; Illsley-Kemp et al., 2018), 
whereas larger earthquakes (M > 4) occur at the rift ends and along the 
western rift margin (Figs. 1 and 4a; Belachew et al., 2011; Illsley-Kemp 
et al., 2018; La Rosa et al., 2021a). For example, InSAR analysis to the 
north of the Dallol region has shown significant fault slip and accom-
panying large earthquakes (Mw > 5) have occurred in the absence of 

Fig. 3. Map showing the tectonic setting of the Danakil Depression. GNSS derived NE extension vectors from Viltres et al. (2020). Danakil Depression axis faults in 
red are from Hurman et al. (2023), regional faults in black are from Manighetti et al. (2001). Topography from SRTM data. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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magmatic intrusion (La Rosa et al., 2023). Significant large magnitude 
earthquakes have occurred away from the rift axis, including along the 
western rift margin (Fig. 1) (Ayele et al., 2007; Illsley-Kemp et al., 2018; 
Zwaan et al., 2020b; La Rosa et al., 2021b), where a Mw 5.6 event 
occurred as part of an earthquake swarm in 2002 near the town of 
Mekele (Ayele et al., 2007).

2.2. Corinth Rift

Located in Central Greece, the Corinth Rift is a narrow rift (~40 by 
100 km) undergoing N-S orientated extension (Figs. 2 and 4). The rift 
started forming ~4–5 Ma, cutting across the N-S Hellenide Orogen in the 
western part of the rift (Bell et al., 2018; Gawthorpe et al., 2017). 
Various mechanisms have been suggested for the rift’s formation, 
including gravitational collapse of overthickened crust (e.g., Le Pourhiet 

Fig. 4. Map of the Corinth Rift with rates of N-S extension across rift. Earthquakes are from NEIC catalogue, with only events Mw > 4.5 plotted. Earthquakes with Mw 
> 6 include year of occurrence. Bathymetry data courtesy of the Hellenic Centre for Marine Research (Sakellariou et al., 2007). Inset shows tectonic setting of the 
Corinth Rift in the Aegean, relative to the North Anatolian Fault and Hellenic subduction zone. AF = Aigion Fault, WEL = West Eliki Fault, EEL = East Eliki Fault, 
DER = Derveni Fault, LYK = Lykoporia Fault, XYL = Xylokastro Fault, KIA = Kiato Fault, PER = Perachora Fault. Figure adapted from Nixon et al. (2024).
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et al., 2003), extension due to rollback of the subducting African plate 
occurring along the Hellenic Trench (Fig. 4) (e.g., Doutsos et al., 1988; 
Jolivet et al., 1994) and propagation of the dextral North Anatolian 
Fault (Fig. 4) to the SW (e.g., Armijo et al., 1996, 1999). Evolution of the 
Corinth Rift occurred in three main phases of development, with the first 
phase occurring 5–3.6 to ~2.5–2 Ma. During this period the Corinth Rift 
was south of its current location, with a 20–30 km wide zone of 

deformation that extended as far north as the current southern margin of 
the Gulf of Corinth (Figs. 2 and 4) (Gawthorpe et al., 2017). The second 
phase of rift evolution occurred ~2.5–2 to 0.8 Ma, with northward 
migration to the current location of the Corinth Rift (Figs. 2 and 4). 
Phase 3 represents the ~0.8 Ma to present and was marked by a further 
northward migration of deformation (McNeill et al., 2019b), develop-
ment of the border fault system, progressive fault linkage and an 

Fig. 5. Maps and histograms showing depth of the local seismicity catalogues used to constrain seismogenic depth of the Danakil Depression and Corinth Rift. a) Map 
showing distribution and depth of local seismicity catalogue from the Danakil Depression, composed of events from Belachew et al. (2011) and Illsley-Kemp et al. 
(2018). Earthquakes with an error > 5 km in longitude, latitude and/or depth removed from catalogue. b) Histogram showing depth distribution of the Danakil 
Depression local catalogue. Seismogenic depth defined as 15 km, with 90 % of earthquakes above this depth. c) Map showing distribution and depth of the local 
seismicity catalogue from the Corinth Rift, from the Hellenic Unified Seismic Network (HUSN). d) Histogram showing depth distribution of the Corinth Rift local 
catalogue events. Seismogenic depth defined as 19 km, with 90 % of earthquakes above this depth.
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acceleration in fault slip rates (Nixon et al., 2016, 2024).
The Corinth Rift has been almost completely amagmatic during its 

evolution (e.g., McNeill et al., 2019a), with extension now focused along 
a network of major N-dipping faults that straddle the southern margin of 
the Gulf of Corinth in an en-echelon arrangement (Fig. 4). These faults, 
which range from 10 to 25 km in length, have become progressively 
linked over the last 340 kyr and are now kinematically coherent and 
linked at depth, forming a fault network totalling 130 km in length (e.g., 
Bell et al., 2009; Nixon et al., 2016, 2024). Significant slip has occurred 
along the southern margin border faults, with estimated Quaternary slip 
rates reaching ~3–7 mm/yr for the faults along the southern margin (e. 
g., Armijo et al., 1996; Bell et al., 2009; De Martini et al., 2004; McNeill 
and Collier, 2004; McNeill et al., 2005; Nixon et al., 2024), and 
increasing during the Holocene (e.g., Pirazzoli et al., 2004; Stewart, 
1996; Stewart and Vita-Finzi, 1996). The current extensional regime in 
the Corinth Rift shows an increase in extension rate from <5 mm/year in 
the east to up ~20 mm/year in the west of the rift (Figs. 2 and 4) (e.g., 
Avallone et al., 2004; Clarke et al., 1997; McClusky et al., 2000). In 
contrast, the highest extension rates on geological time scales are in the 
central rift, as indicated by long-term deformation patterns and whole- 
crust extension estimates (Bell et al., 2009, 2011; Nixon et al., 2016, 
2024).

High extension and fault slip rates in the Corinth Rift have resulted in 
significant seismicity across the rift, including events with a Mw > 6 (e. 
g., Bernard et al., 1997; Jackson et al., 1982) (Figs. 2 and 4). The western 
end of the Corinth Rift is the most seismically active region (Figs. 2, 4 
and 5c), with intense microseismicity and seismic swarms (e.g., Bernard 
et al., 2006; Duverger et al., 2015, 2018; Kaviris et al., 2017, 2021; 
Papadimitriou et al., 2022), such as the 2013 Eliki (e.g., Kapetanidis 
et al., 2015; Mesimeri et al., 2016) and the 2015 Malamata (De Barros 
et al., 2020) swarms. The seismicity in the western end of the Corinth 
Rift has been hypothesised to relate to a postulated low-angle north- 
dipping layer beneath the gulf (e.g., Duverger et al., 2018; Kapetanidis 
et al., 2021; Kaviris et al., 2021; Lambotte et al., 2014). Larger events 
have also been recorded at the western end of the rift, such as the 1995 
Aigion earthquake (Mw 6.2) (Bernard et al., 1997) (Fig. 4). Although 
sparser than the west, significant seismicity is also occurring in the 
eastern Corinth Rift (Figs. 2; 4 and 5c), including the largest earthquake 
sequence of recent times which occurred in 1981 around the Alkyonides 
Gulf with the 3 main events ranging from M 6.3–6.7 (e.g., Jackson et al., 
1982) (Fig. 4). In 2020, there was an earthquake sequence around the 
Perachora Peninsula at the eastern end of the Corinth Rift, with the 
largest event being a Mw 3.9 earthquake (Michas et al., 2022). Despite 
Quaternary fault slip rates being highest in the central region of the 
Corinth Rift (Bell et al., 2009; Nixon et al., 2024), this part of the rift has 
reduced seismic activity relative to the eastern and western ends of the 
rift, although there have still been major earthquakes such as the 1992 
Galaxidi earthquake (Ms 5.9) on the northern margin of the rift 
(Hatzfeld et al., 1996) (Fig. 4).

3. Data and methods

3.1. Quantifying geodetic moment rates

To calculate the variation in geodetic strain along the Danakil 
Depression and Corinth Rift, we used the GNSS velocity data from the 
two extensional settings (Avallone et al., 2004; Viltres et al., 2020) 
(Figs. 1b and 2b). The study area for the Danakil Depression is defined as 
from the Gulf of Zula in the north to the Harak Graben in the south, a 
length of 360 km (Fig. 1). The width of the study area is 180 km, 
encompassing the western margin border fault system, and stepping 
eastwards in the south to include the Nabro Volcanic Complex (NVC) 
(Fig. 1). The Corinth Rift study area has the same 2:1 ratio of length to 
width, with the study area extending from west of the Trizonia Basin to 
east of the Alkyonides Gulf, a distance of 145 km and a width of 72.5 km 
(Figs. 2 and 4).

Extensional velocities have then been resampled at equal distances 
along the rift to enable calculation of the geodetic moment rate for a 
series of overlapping rectangular zones. These zones have equal aspect 
ratios of 4.5:1 for both rift settings, for the Danakil Depression they are 
180 km (Ɩ) wide and 40 km (L) in length (overlap of 20 km), and for the 
Corinth Rift they have the same relative dimensions of 72.5 km (Ɩ) wide 
and 16.1 km (L) in length (overlap of 8.05 km). It is assumed that the 
direction and magnitude of the extensional velocity have remained 
constant over the duration of the observational period. The geodetic 
strain rate (ϵ) is quantified as the ratio between the velocity (v) and the 
box width (Ɩ). 

ϵ = v/Ɩ (1) 

Then the geodetic moment rate is determined using the definition of 
the strain tensor rate as outlined by Kostrov (1974). 

2μ A Hs ϵ = Mgeodetic (2) 

Using μ the shear modulus as 3 × 1010 N m−2 (typical shear modulus 
value for the crust) for both the Danakil Depression and Corinth Rift, A 
= Ɩ x L the surface area of each study zone and Hs the seismogenic 
thickness.

To define the seismogenic thickness (Hs) of each rift we used local 
seismic catalogues (Fig. 5). For the Danakil Depression we used a cata-
logue of earthquakes compiled from Belachew et al. (2011) and Illsley- 
Kemp et al. (2018) that occurred between 2007 and 2013, with events 
with an error > 5 km in latitude, longitude and/or depth location 
removed. We have defined the seismogenic (Hs) thickness as the depth 
above which 90 % of events have occurred. Previous seismic-geodetic 
moment rate studies have also used a 90 % cut-off point to define the 
seismogenic thickness (e.g., Pancha et al., 2006; Sparacino et al., 2022). 
Applying this criterion results in the seismogenic thickness (Hs) being 
identified as 15 km (Fig. 5b), with 10 % of events occurring below this 
depth. The local catalogue used for the Corinth Rift was taken from the 
Hellenic Unified Seismic Network (HUSN), consisting of events recorded 
between 2012 and 2023. The earthquakes show a different depth pattern 
compared with the Danakil Depression catalogue, with fewer shallow 
(<5 km) events and the majority of earthquakes occurring between 7 
and 15 km depth (Fig. 5d). Using the local seismicity catalogue, we have 
defined the seismogenic thickness (Hs) for the Corinth Rift as 19 km 
depth with 90 % of earthquakes occurring above this depth (Fig. 5d).

3.2. Danakil Depression geodetic data

The geodetic moment rate was calculated using GNSS data from 
Viltres et al. (2020), collected between 2001 and 2016 (Fig. 1). The 
survey sites used for this study were along the length of the Eritrean 
coastline, from the Gulf of Zula down to the Gulf of Tadjoura (Djibouti) 
southwards (Fig. 1b). Therefore, we have geodetic extension rate data 
for the entire length of the Danakil Depression. The extension rates are 
relative to a stable Nubia plate, and representative of the full extensional 
velocity of the Danakil plate relative to the Nubian plate due to the 
distance between the survey sites and the rift axis (Fig. 1b).

3.3. Corinth Rift geodetic data

For the Corinth Rift, GNSS derived extension rates from Avallone 
et al. (2004) have been used, with the velocity data collected between 
1990 and 2001 (Fig. 2b). Although, there have been numerous geodetic 
studies across the Corinth Rift, this study was favoured due to the den-
sity of GNSS sites along the margins of the Corinth Rift, whilst also 
having a longer observational period than other studies (e.g., Briole 
et al., 2000). The calculated rates for the Corinth Rift used for this study 
are relative to the Peloponnese (Fig. 2b). Despite the density of sites, the 
number is reduced at the eastern end of the Corinth Rift study area 
(Fig. 2b), and we therefore have interpolated the extension rate for this 
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area of the rift when calculating the geodetic moment rate. The inter-
polated extension rates for the eastern end of the rift are <5 mm/yr, 
which is in agreement with other geodetic studies that have a denser 
network of GNSS sites in the east (e.g., Clarke et al., 1998).

3.4. Earthquake data and quantifying the seismic moment release and 
rate

To calculate the seismic moment release and rate of each setting, we 
have compiled the National Earthquake Information Center (NEIC) 
earthquake catalogues for both the Danakil Depression and Corinth Rift 
(Figs. 1 and 2). The earthquake data was not declustered to remove 
aftershocks or swarms associated with dike intrusions because we 
interpret them to be triggered in crust pre-stressed by the regional 
extension and close to failure. We also assume that earthquakes are a 
consequence of long-term plate boundary stress accumulation, and that 
the stress changes caused by mainshock earthquakes and magma 
intrusion are relatively minor in comparison. Further processing of the 
NEIC catalogue data for the two rifts was conducted to improve the 
comparability and quality of the data. Earthquake events that occurred 
prior to 1950 were removed, with both catalogues showing a significant 
degree of incompleteness prior to this date (particularly for the Danakil 
Depression). Additionally, having the seismicity data of the two rift 
settings covering the same time period (73 years) allows more compa-
rable seismic moment rates to be calculated. We also removed earth-
quakes that occurred at a deeper depth than the maximum crustal 
thickness for each of the rifts. This was particularly important for the 
Corinth Rift due to the close proximity of the Hellenic Trench subduction 
zone and underlying plate (Fig. 4), with seismicity at a deeper depth 
related to plate subduction rather than extension of the upper plate. The 
Ethiopian Plateau has the thickest crust in the Danakil Depression study 
area (Ahmed et al., 2022: Hammond et al., 2011; Hurman et al., 2023), 
so a cut off depth of 40 km was used to filter the seismicity data. In the 
Corinth Rift, the deepest Moho depth is ~40 km at the western end of the 
rift (e.g., Sachpazi et al., 2007; Tiberi et al., 2001) therefore the same cut 
off point of 40 km was used for the Corinth Rift data. The average epi-
centre location errors quoted for the filtered NEIC catalogues used for 
this study are 9.2 km for the Danakil Depression and 4.9 km for the 
Corinth Rift (https://earthquake.usgs.gov/). Studies in East Africa, 
however, have compared locations from local networks with NEIC cat-
alogues and found mislocations of up to 25 km (Weinstein et al., 2017).

Calculation of the seismic moment release also requires body wave 
magnitudes (mb) in the NEIC catalogue to first be converted to moment 
magnitudes (Mw). To do this we used the linear relationship defined by 
Scordilis (2006) using the conversion Eq. (3). 

Mw = 0.85 (+ /− 0.04)mb+1.03 (+ /−0.23) (3) 

We assessed the magnitude of completeness (Mc) of the NEIC data by 
producing Gutenberg-Richter plots for both regions (Figs. 1c and 2c). Mc 
is 4.5 for the Danakil Depression and 4.2 for the Corinth Rift, likely due 
to the denser seismic station distribution in Europe compared to Africa.

We converted our moment magnitude (Mw) values to seismic 
moment release (M0). Kanamori (1977) defined the relationship be-
tween seismic moment magnitude (Mw) and seismic moment release 
(M0) using Eq. (4). 

Mw = 2
/
3 log10 (M0)–10.7 (4) 

To convert our Mw values to M0 we rearranged Eq. (4) to Eq. (5). 

M0 = 101.5(Mw+10.7) (5) 

The seismic moment release values were then divided by 107 to 
convert the values from dyne-cm to newton meters (Nm).

To help represent the spatial variation in seismic moment release 
across both the Danakil Depression and Corinth Rift, we summed the 
seismic moment release in grid cells with dimensions of 20 × 20 km 

(Figs. 6 and 7). To calculate the seismic moment rate we normalized the 
seismic moment release values by 73, the number of years (1950–2023) 
that the filtered NEIC catalogues for each of the rifts cover.

We also used the Gutenberg-Richter relation to evaluate the seismic 
moment release that is missing below the cut off magnitude down to a 
magnitude of 0. To do this we calculated b-values of the seismic cata-
logue (1.1 for Danakil Depression and 1 for the Corinth Rift), from which 
we modelled the magnitude frequency distribution, and resultant 
seismic moment release that we did not record below the cut-off 
magnitude. The results show that we under-sample the seismic 
moment release by 35 % for the Danakil Depression, and 10 % for the 
Corinth Rift.

3.5. Seismic/geodetic moment rate ratio

To constrain the contribution of seismic deformation towards 
extension across both the Danakil Depression and Corinth Rift, we 
calculate the ratio between the cumulative seismic moment rate and the 
geodetic moment rate, which is the seismic/geodetic moment rate ratio 
(S/G). For calculating S/G for each of the rifts, we used the total seismic 
moment rate for the entire study area and a geodetic moment rate value 
derived from the mean geodetic extension rate of the rift (Table 1). To 
understand spatial variations, we calculated the S/G in overlapping 
zones along rift using the total seismic moment rate of each of the zones 
and the geodetic moment rate calculated for the same zone (Figs. 8, 9; 
Tables 2 and 3). The calculation therefore takes into account the varying 
extension rates along both rifts.

3.6. Horizontal seismic/geodetic moment rate ratio

The geodetic moment rate represents the total crustal deformation 
occurring in a horizontal direction over the time period of observations, 
therefore extracting the horizontal component of the seismic moment 
rate improves the comparability of the moment rate types when calcu-
lating S/G. To calculate the horizontal component of the seismic 
moment rate we corrected for the dip of the faults along which the 
seismic deformation occurs. We assumed a fault dip range of 40–60◦, 
typical for seismogenic normal faults (e.g., Anderson, 1951), to calculate 
the horizontal component of the seismic moment rate. Although many 
individual faults dips are resolved in both rift systems, there is some 
debate over fault dips at depths, hence we chose to use this global dip 
range, with the median horizontal component of the seismic moment 
rate calculated using a 50◦ fault dip. We then determined the ratio be-
tween the extracted horizontal component of the seismic moment rate 
and the geodetic moment rate (Sh/G) for the entire Danakil Depression 
and Corinth Rift (Table 1), as well as for overlapping zones along the 
rifts (Figs. 8, 9; Tables 2 and 3).

4. Results

4.1. Danakil Depression

4.1.1. Danakil Depression seismic moment release
The 20 × 20 km grid of total summed seismic moment release across 

the Danakil Depression highlights significant variation in the rift over 
the last 73 years. The total calculated seismic release across the Danakil 
Depression study area was 8.9 × 1018 Nm, with maxima located off-axis 
for the Nabro Volcanic Complex (NVC) situated in the centre of the 
Danakil Block, and along the western Afar margin (Fig. 6). In the north 
of the Depression, clusters of seismicity have resulted in elevated sum-
med seismic moment values along or close to the rift axis, for example in 
the Dallol area and to the west of the Gulf of Zula. However, elsewhere 
along the rift axis the summed seismic moment values are low, including 
along the Erta-Ale and Tat-Ali magmatic segments in the central and 
southern part of the Danakil Depression (Fig. 6). Other large sections of 
the rift axis in the central and southern parts of the Danakil Depression 
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appear to have no seismic activity (Mw > 3.5) at all (Figs. 1 and 6). The 
results highlight how seismicity in the north of the Depression is focused 
along or close to the rift axis (Fig. 6), whereas in the centre and southern 
part of the Depression, seismic moment values are greater at the sides of 
the rift, such as along the western marginal graben system and the NVC 
but reduced along the axial magmatic segments (Fig. 6).

4.1.2. Danakil Depression S/G and Sh/G
The seismic moment rate for the entire Danakil Depression ranges 

from 3.27 × 1016–4.60 × 1017 Nm/yr and has a median rate of 1.10 ×
1017 Nm/yr (Table 1). Using the mean geodetic extension rate of 13 
mm/yr, a geodetic moment rate value of 4.23 × 1018 Nm/yr was 
calculated (Table 1). Therefore, the S/G ratio for the entire Danakil 
Depression study area is 0.03. The horizontal seismic moment rate for 
the entire Danakil Depression ranges from 2.24 × 1016 Nm/yr to 3.62 ×
1017 Nm/yr, with a median rate of 7.85 × 1016 (50◦ fault dip) (Table 1). 
With a geodetic moment rate of 4.23 × 1018 Nm/yr for the Danakil 
Depression, the median Sh/G ratio for the entire rift is calculated as 0.02 
(Table 1). The seismic and geodetic moment rates were also calculated 
for 16 Zones with dimensions of 180 km across axis and 40 km along axis 
(20 km overlap) (Fig. 8a; Table 2), to provide measures of spatial vari-
ability in S/G and Sh/G. In the Danakil Depression, the geodetic moment 
rate increases from north to the south (Fig. 8b; Table 2) due to the 
southward increase in extension rates (Fig. 1) (up to 20 mm/yr) 
(McClusky et al., 2010; Viltres et al., 2020). The geodetic moment rate is 
~1.35 × 1017 Nm/yr at 20 km (Zone 1) in the north, and progressively 
increases to a maximum value of ~7.1 × 1017 Nm/yr at 340 km (Zone 
16) in the south (Fig. 8b; Table 2). The seismic moment rate along the 
rift axis of the Danakil Depression however shows more variability 
(Fig. 8c; Table 2). The highest seismic moment rates occur at 100–120 
km (Zones 5–6) and at 300 km (Zone 14) reaching median values of up 
to ~3.3 × 1016 Nm/yr, caused by the significant seismicity across the 
Dallol area and the NVC (Figs. 1, 8c and Table 2). Other sections of the 

rift axis show minor peaks (1.2–2.2 × 1016 Nm/yr) in seismic moment 
rate at 20–40 km (Zone 1–2), 180–200 km (Zone 9–10) and 240 km 
(Zone 12) along the rift axis, which coincide with the seismicity that has 
occurred west of the Gulf of Zula, the western margin graben system and 
NVC, respectively (Figs. 1, 7c and Table 2). The lowest seismic moment 
rates (~1.1–1.4 × 1015 Nm/yr) are at 60–80 km (Zone 3–4) and 340 km 
(Zone 16) (Fig. 8c and Table 2).

The S/G value does not go above 0.1 for any of the zones in the 
Danakil Depression (Fig. 8d and Table 2). The maximum S/G value of 
0.095 occurs at 20 km (Zone 1) and 100–120 km (Zone 5–6) (Fig. 8 and 
Table 2), where the Gulf of Zula and Dallol region are located (Fig. 1). 
There are minor peaks in S/G that coincide with the increased seismic 
moment rates observed off axis, with a S/G value of ~0.045 at 180–200 
km (Zones 9–10) (Fig. 8 and Table 2), where the western margin graben 
system is located (Fig. 1). For the NVC (Fig. 1) at 260–340 km (Zones 
13–16), the S/G reaches a maximum value of ~0.05 (Fig. 8 and Table 2). 
Despite the highest median seismic moment rate value (~3.3 × 1016 

Nm/yr) being at the southern end of the Danakil Depression (260–340 
km), the high extension rates (~20 mm/yr) in this area result in an S/G 
value half that observed in the Dallol area despite having similar seismic 
moment rates (Fig. 8 and Table 2).

Despite being lower in value, the horizontal seismic moment rates 
have the same along axis variation as the total seismic moment rates 
(Table 2). Therefore, the along axis Sh/G ratio values are lower than the 
S/G but show the same overall along axis pattern (Fig. 8). With the 
highest Sh/G ratios calculated along the Danakil Depression at 20 km 
(Zone 1) and 100–120 km (Zone 5–6), with median ratio values reaching 
~0.06 (Fig. 8f; Table 2). There are minor peaks of ~0.03 Sh/G at 180 km 
(Zone 9) and 300 km (Zone 14), with the ratio remaining ≤ ~ 0.02 for 
the remaining zones of the Danakil Depression (Fig. 8f; Table 2).

Fig. 6. Map of the Danakil Depression with the summed seismic moment release (M0) in a grid of 20 × 20 km cells. Topography highlighted by hill shade applied to 
SRTM data. Erta-Ale (EA) and Tat-Ali (TA) magmatic segments marked by dashed black line.

G.L. Hurman et al.                                                                                                                                                                                                                             Tectonophysics�915��������230918�

9�



4.2. Corinth Rift

4.2.1. Corinth Rift seismic moment release
The total seismic moment release for the Corinth Rift is 5.2 × 1019 

Nm. The summed seismic moment release for 20 × 20 km cells in the 
Corinth Rift shows increased values across the northern margin of the 
Gulf of Corinth compared with the southern margin (Fig. 7). The east of 
the Corinth Rift in particular shows elevated seismic moment release 
(around the Alkonyides Gulf), mainly due to the 3 large earthquakes (M 
6.3–6.7) in 1981 (Fig. 4) (e.g., Jackson et al., 1982). Elevated summed 
seismic moment release is also observed to the northeast of the Trizonia 
Basin (Fig. 7), caused by the Ms 6.21995 Aigion Earthquake and related 
aftershocks (Fig. 4) (e.g., Bernard et al., 1997). The southern rift margin 
may have apparent low seismic moment release (Fig. 7), but this is 
partly a result of the seismicity associated with the N-dipping border 
fault system of the southern margin occurring at depth and thus being 
located beneath the Gulf or its northern margin. Other significant 
earthquake events along the northern margin, such as the 1992 Galaxidi 
earthquake (Ms = 5.9) (Hatzfeld et al., 1996), have also contributed to 
elevated seismic moment release (Fig. 7). The most intense seismicity in 
the Corinth Rift occurs at its western end (Figs. 2 and 4), however the 
seismic moment release is relatively low (Fig. 7) due to the typically 
lower magnitudes of these events (Figs. 2 and 4).

4.2.2. Corinth Rift S/G and Sh/G
Seismic moment rates for the entire Corinth Rift range from 2.93 ×

1017–2.86 × 1018 Nm/yr, and have a median value of 7.12 × 1017 Nm/ 

Fig. 7. Map of the Corinth Rift with the summed seismic moment release (M0) 
in a grid of 20 × 20 km cells.
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yr (Table 1). The geodetic moment rate for the entire rift is 1.65 × 1018 

Nm/yr, derived from the mean geodetic extension rate of 10 mm/yr 
(Table 1). Therefore, an S/G value of 0.43 was calculated for the entire 
Corinth Rift (Table 1). The horizontal seismic moment rate ranges from 
1.46 × 1017–2.19 × 1018 Nm/yr, with a median value of 4.58 × 1017 

Nm/yr (50◦ fault dip) (Table 1). With a geodetic moment rate of 1.65 ×
1018 Nm/yr for the Corinth Rift, the median Sh/G ratio for the entire rift 
is calculated as 0.28 (Table 1). Seismic and geodetic moment rates were 
also calculated for 17 zones with dimensions of 72.5 km across axis and 
16.1 km along axis (8.05 km overlap) (Fig. 9 and Table 3), which is the 
same ratio of width to length as the 180 × 40 km zones of the Danakil 
Depression. The geodetic rate in the Corinth Rift increases from the east 
to west because of the increasing extension rates, from <5 to 17 mm/yr 
(e.g., Avallone et al., 2004) (Figs. 2 and 9b, Table 3). At the western end 
of the Corinth Rift, the maximum geodetic moment rate is 3.27 × 1017 

Nm/yr (Zone 1), which decreases to a value of 7.65 × 1016 Nm/yr at the 
eastern end of the rift (Zone 17) (Fig. 9b and Table 3). In the western and 
central parts of the Corinth Rift (~0–100 km; Zones 1–12) the median 
seismic moment rate does not exceed 6 × 1016 Nm/yr (Fig. 9c). An 
exception is Zones 6 and 7 (~40–60 km) in the centre of the rift, with a 
slightly elevated median seismic moment rate (~1.0 × 1017 Nm/yr) 
(Fig. 9c and Table 3) due to the 1995 Aigion earthquake (Fig. 4). The 
highest seismic moment rates occur at the eastern end of the Corinth 
Rift, with median values reaching ~1.9 × 1017 Nm/yr for Zones 13–14 
(~105–115 km) and Zone 17 (~135 km) (Fig. 9c and Table 3), as result 
of the 1981 earthquakes (Fig. 4).

The S/G along the Corinth Rift shows significant variation, with a 
ratio of ~0.1–0.15 in the west (Zones 1–5; 0–40 km) increasing to ~0.4 
in the centre (Zones 5–11; 40–100 km), and is >1 for a number of zones 
(13–14, 16–17) in the east, with maximum S/G of ~2.2–2.4 for Zones 
13–14 and 17 (~105–115, ~135 km) (Fig. 9d and Table 3). The hori-
zontal seismic moment rates show the same along axis variation as the 
total seismic rates despite being lower in value (Table 3). Therefore, the 
along axis Sh/G ratio values in the Corinth Rift are lower than the S/G 
but show the same the along axis pattern (Fig. 9). Sh/G ratios for the 
western end of the Corinth Rift (Zones 1–5; 0–40 km) are ≤ ~ 0.1, and 
the centre of the rift (Zones 5–11; 40–100 km) ranging from ~0.15–0.3 
(Fig. 9e; Table 3). Despite using the horizontal component of the seismic 
moment rate to calculate Sh/G (reducing the seismic moment rate), the 
ratio is still >1 for zones 13–14 and 17 (~105–115, ~135 km) with 
values of ~1.4–1.6 (Fig. 9e; Table 3).

5. Discussion

Calculating the ratio between seismic moment rate and geodetic 
moment rate (S/G) across both the Danakil Depression and Corinth Rift 
has produced values of 0.03 and 0.43, respectively (Table 1). With a 

(caption on next column)

Fig. 8. a) Map of the seismic/geodetic moment rate ratio (S/G) for the 16 zones 
(Zone 1 marked as Z-1 etc.) along the Danakil Depression axis. b) Along-axis 
strike-projected geodetic moment rate for each of the Zones (Z-1 to Z-16) for 
the Danakil Depression. c) Along-axis strike-projected median seismic moment 
rates for each of the Zones (Z-1 to Z-16) for the Danakil Depression with 
maximum and minimum values represented by error bars. d) Along-axis strike- 
projected locations of axial volcanic centres and magmatic segment end points. 
Volcanic centres marked by triangles and numbered (1 – Jalua, 2 – Alid, 3 – 
Dallol, 4 – Gada Ale, 5 – Alu, 6 – Dalafilla, 7 – Bora Ale, 8 – Erta Ale, 9 – Ale 
Bagu, 10 – Hayli Gubbi, 11 – Borawli, 12 – Tat-Ali, 13 – Afdera, 14 – Mat Ala). 
Erta-Ale magmatic segment end points (EA) marked by red lines, Tat-Ali 
magmatic end points marked by blue lines. e) Seismic/geodetic moment rate 
ratio (S/G) along the length of the rift axis with a smoothed spline curve 
plotted. f) Ratio between the horizontal component of the seismic moment rate 
and the geodetic moment rate (Sh/G) along the length of the rift axis, with a 
smoothed spline curve plotted. Points represent the median Sh/G ratio (50◦

fault dip), with error bars representing the values calculated using a range of 
fault dip values (40–60◦). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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horizontal seismic/geodetic moment rate ratio (Sh/G) of 0.02 for the 
Danakil Depression, and 0.28 for the Corinth Rift (Table 1). This shows 
that significantly greater amounts of seismic deformation occur in the 
magma-poor Corinth Rift compared with the magma-rich Danakil 
Depression. This suggests that brittle faulting is accommodating more 
extension in the Corinth Rift, whereas in the Danakil Depression aseis-
mic deformation (such as magmatic extension) dominates, as might be 
expected. However, extrapolating the use of relatively short earthquake 
catalogues to understand rift behaviour over geological significant time 
periods requires careful consideration of the time and length scales of 
the observations. The ~70-year period of the seismic catalogues is 
shorter than the seismic cycle of the faults in the rifts. For example, 
recurrence intervals of the order of ~200–600 years have been calcu-
lated for Corinth Rift border faults from paleoseismological fault 
trenching (e.g., Collier et al., 1998; Koukouvelas et al., 2001; McNeill 
et al., 2005; Pantosti et al., 2004), and therefore the catalogue may be 
under or over sampling the co-seismic slip compared to the long-term 
average patterns. However, given the length of our catalogue and that 
the scale of each study area includes a large number of individual faults / 
fault segments, it is reasonable to interpret the rift scale S/G values with 
some degree of confidence. S/G values for the individual zones within 
the rifts, which approach the length scale of single faults, should how-
ever be considered with more caution.

A major factor that must also be considered when calculating the S/G 
of the rifts is the seismogenic thickness value (Hs) used. We tested the 
sensitivity of the S/G regarding this parameter by applying a seismo-
genic thickness defined by the shallowest 70 % of the seismicity (instead 
of 90 %). This resulted in a seismogenic thickness of 6 km for the Danakil 
Depression and 13 km for the Corinth Rift. With these alternative seis-
mogenic thickness values, the S/G increases to 0.07 and 0.63 for the 
Danakil Depression and Corinth Rift, respectively. Therefore, the same 
pattern of a higher S/G in the magma-poor rift Corinth Rift is still 
observed, with a greater proportion of seismic deformation accommo-
dating extension. However, it does highlight the importance of having 
an accurately constrained seismogenic depth, as it can impact the S/G 
ratio.

In this discussion section we mostly refer to S/G values rather than 
the Sh/G, to allow comparison with previous seismic/geodetic studies in 
both East Africa and Greece, as well as other rift settings, which have not 
extracted the horizontal component of the seismic moment rates. While 
the same spatial variations in S/G along axis for both the Danakil 
Depression and Corinth Rift are observed in the Sh/G values, although 
lower in value.

5.1. Danakil Depression

Variations in the observed S/G correlate well with the changes in 
extensional style that occur along the along the length of the Danakil 
Depression (e.g., Bastow et al., 2018; Hurman et al., 2023; La Rosa et al., 
2023). The maximum S/G ratio values of ~0.1 (~0.06 Sh/G) are 
observed at the northern end of the Depression (Zones 1, 5 and 6) (Fig. 8
and Table 2), suggesting this is the part of the rift with the highest 
contribution of seismic deformation (brittle faulting) towards extension. 
Sections of the Danakil Depression with reduced S/G (<0.04) coincide 
with the location of axial volcanic centres and magmatic segments 
(Fig. 7), indicating that magmatic intrusion accommodates a significant 
amount of extension along these parts of the rift axis. Minor increases in 
S/G (~0.04–0.05) in the central and southern parts are related to off- 
axis seismic deformation (e.g., western marginal faults and the NVC) 
(Hamlyn et al., 2014; Goitom et al., 2015) (Figs. 1, 5 and 7), indicating 
that border fault seismicity, and triggered seismicity from magmatism 
contribute little to total extension.

Previous studies have also identified the importance of crustal 
faulting in the northern part of the Danakil Depression (e.g., Bastow 
et al., 2018; Hurman et al., 2023), including InSAR observations which 
show evidence for tectonically-driven fault slip (La Rosa et al., 2023). In 

Fig. 9. a) Map of the seismic/geodetic moment rate ratio (S/G) for the 17 zones 
(Zone 1 marked as Z-1 etc.) along the Corinth Rift axis. Note that the upper cut- 
off of the colour scheme is 1, even though Zones 13, 14, 16 and 17 have S/G 
values >1. b) Along-axis strike-projected geodetic moment rates for each of the 
Zones (Z-1 to Z-17) for the Corinth Rift. c) Along-axis strike-projected median 
seismic moment rates for each of the Zones (Z-1 to Z-17) for the Corinth Rift 
with the minimum and maximum values represented by error bars. d) Seismic/ 
geodetic moment rate ratio (S/G) along the length of the rift axis with a 
smoothed spline curve plotted. e) Ratio between the horizontal component of 
the seismic moment rate and the geodetic moment rate (Sh/G) along the length 
of the rift axis, with a smoothed spline curve plotted. Points represent the 
median Sh/G ratio (50◦ fault dip), with error bars representing the values 
calculated using a range of fault dip values (40–60◦).
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the Dallol area of Northern Afar, it has been calculated that axial faulting 
has accommodated ~30 % of extension in the last ~100 kyr (Hurman 
et al., 2023). This study indicates that in the shorter-term (last ~70 
years) at least ~10 % (S/G = ~0.1) of the geodetic extension is 
accommodated by seismic deformation (Fig. 8 and Table 2).

Other than the issues considered at the start of the discussion relating 
to the use of an earthquake catalogue with length shorter than the 
seismic cycle, the seismogenic thickness value may be the potential 
reason for the discrepancy between short and longer term measurement 
of the contribution to extension from faulting. Estimates for the effective 
elastic plate thickness in the Danakil Depression from modelling gravity 
and topography data gives Te of ~6 km (Hayward and Ebinger, 1996), 
lower than the 15 km thickness used in this study based on seismicity 
depths (Fig. 5). This means that 10 % extension being accommodated by 
seismic deformation in the north of the Danakil Depression is potentially 
an underestimation, since using a thinner elastic layer will yield lower 
geodetic moment rates. Using the lower elastic thickness (6 km) yields 
an S/G value for the Dallol area (Zone 6) of 0.23 which better matches 
the 30 % longer term contribution from faulting.

5.2. Corinth Rift

The Corinth Rift is an area of high seismic activity with a number of 
large faults accommodating extension across a narrow deformation 
zone. Therefore, the low S/G values of <0.5 (<0.3 Sh/G) in the western 
and central regions (Zones 1–12) of the Corinth Rift are surprising (Fig. 9
and Table 3), with seismic deformation expected to be the dominant 
mechanism accommodating extension. Chousianitis et al. (2015) also 
observed this discrepancy between the seismic moment and geodetic 
moment rates for the western versus the eastern region of the Corinth 
Rift. Their study divided the rift into eastern and western study areas, 
with the western area equivalent to our Zones 1–7, and eastern area 
equivalent to our Zones 7–16 (Fig. 9) (cutting off Zone 17), with 
geodetic to seismic moment rate ratios (G/S) of 3.19 (equivalent S/G 
value is 0.31) for the west and 2.48 (equivalent S/G value is 0.4) for the 
east respectively (Chousianitis et al., 2015). Their eastern study area 
does not include all 3 of the main 1981 earthquakes that occurred 
around the Alkyonides Gulf (Chousianitis et al., 2015) (Fig. 4), which is 
the likely reason, alongside the lower geodetic rates here, for the large 

Table 2 
Minimum, median and maximum seismic moment rates for the 16 overlapping zones along the Danakil Depression, and median horizontal seismic moment rates for 
these zones. Median horizontal seismic moment rate values are calculated using a fault dip of 50◦. Table contains the geodetic moment rates for the 16 overlapping 
zones. The median seismic/geodetic moment rate ratio (S/G) is calculated using the median seismic moment rate. The median horizontal seismic/geodetic moment 
rate ratio (Sh/G) is calculated using the median horizontal seismic moment rate (50◦ fault dip).

Zone 
Number

Minimum Seismic 
Moment Rate 
(Nm/yr)

Median Seismic 
Moment Rate 
(Nm/yr)

Maximum Seismic 
Moment Rate (Nm/ 
yr)

Median Horizontal 
Seismic Moment Rate 
(Nm/yr)

Geodetic 
Moment Rate 
(Nm/yr)

Median Seismic/ 
Geodetic Moment 
Rate Ratio (S/G)

Median Horizontal 
Seismic/Geodetic Moment 
Rate Ratio (Sh/G)

1 2.83 × 1015 1.29 × 1016 5.88 × 1016 8.29 × 1015 1.35 × 1017 0.095 0.061
2 2.72 × 1015 1.24 × 1016 5.69 × 1016 7.97 × 1015 1.91 × 1017 0.065 0.042
3 3.48 × 1014 1.43 × 1015 5.88 × 1015 9.19 × 1014 2.44 × 1017 0.006 0.004
4 3.46 × 1014 1.41 × 1015 5.71 × 1015 9.06 × 1014 2.78 × 1017 0.005 0.003
5 1.59 × 1016 2.57 × 1016 6.91 × 1016 1.65 × 1016 3.15 × 1017 0.081 0.052
6 1.88 × 1016 3.35 × 1016 9.83 × 1016 2.15 × 1016 3.61 × 1017 0.093 0.060
7 3.08 × 1015 8.67 × 1015 3.26 × 1016 5.57 × 1015 4.07 × 1017 0.021 0.014
8 1.32 × 1015 6.15 × 1015 2.87 × 1016 3.95 × 1015 4.52 × 1017 0.014 0.009
9 8.93 × 1015 2.20 × 1016 8.45 × 1016 1.41 × 1016 4.97 × 1017 0.044 0.028
10 7.96 × 1015 1.73 × 1016 6.21 × 1016 1.11 × 1016 5.42 × 1017 0.032 0.021
11 1.62 × 1015 7.04 × 1015 3.07 × 1016 4.53 × 1015 5.86 × 1017 0.012 0.008
12 5.63 × 1015 1.55 × 1016 5.88 × 1016 9.96 × 1015 6.31 × 1017 0.025 0.016
13 4.48 × 1015 1.04 × 1016 3.68 × 1016 6.68 × 1015 6.56 × 1017 0.016 0.010
14 7.20 × 1015 3.26 × 1016 1.49 × 1017 2.10 × 1016 6.84 × 1017 0.048 0.031
15 3.60 × 1015 1.6E x 1016 7.18 × 1016 1.03 × 1016 6.97 × 1017 0.023 0.015
16 2.79 × 1014 1.12 × 1015 4.53 × 1015 7.20 × 1014 7.10 × 1017 0.002 0.001

Table 3 
Minimum, median and maximum seismic moment rates for the 17 overlapping zones along the Corinth Rift, and median horizontal seismic moment rates for these 
zones. Median horizontal seismic moment rate values are calculated using a fault dip of 50◦. Table contains the geodetic moment rates for the 16 overlapping zones. 
The median seismic/geodetic moment rate ratio (S/G) is calculated using the median seismic moment rate. The median horizontal seismic/geodetic moment rate ratio 
(Sh/G) is calculated using the median horizontal seismic moment rate (50◦ fault dip).

Zone 
Number

Minimum Seismic 
Moment Rate (Nm/ 
yr)

Median Seismic 
Moment Rate 
(Nm/yr)

Maximum Seismic 
Moment Rate (Nm/ 
yr)

Median Horizontal 
Seismic Moment Rate 
(Nm/yr)

Geodetic 
Moment Rate 
(Nm/yr)

Seismic/Geodetic 
Moment Rate Ratio 
(S/G)

Median Horizontal 
Seismic/Geodetic Moment 
Rate Ratio (Sh/G)

1 1.25 × 1016 3.89 × 1016 1.54 × 1017 2.50 × 1016 3.27 × 1017 0.119 0.076
2 1.19 × 1016 3.32 × 1016 1.25 × 1017 2.13 × 1016 3.15 × 1017 0.106 0.068
3 1.78 × 1016 4.61 × 1016 1.70 × 1017 2.96 × 1016 3.07 × 1017 0.150 0.097
4 1.97 × 1016 4.60 × 1016 1.59 × 1017 2.96 × 1016 2.95 × 1017 0.156 0.100
5 9.24 × 1015 2.68 × 1016 1.02 × 1017 1.72 × 1016 2.82 × 1017 0.095 0.061
6 9.19 × 1016 1.05 × 1017 1.61 × 1017 6.75 × 1016 2.63 × 1017 0.399 0.257
7 9.10 × 1016 1.01 × 1017 1.45 × 1017 6.49 × 1016 2.37 × 1017 0.426 0.274
8 2.63 × 1016 4.92 × 1016 1.59 × 1017 3.16 × 1016 2.11 × 1017 0.233 0.150
9 2.52 × 1016 4.40 × 1016 1.35 × 1017 2.83 × 1016 1.83 × 1017 0.240 0.155
10 4.61 × 1016 5.56 × 1016 9.76 × 1016 3.57 × 1016 1.53 × 1017 0.364 0.234
11 4.63 × 1016 5.63 × 1016 1.00 × 1017 3.62 × 1016 1.22 × 1017 0.460 0.297
12 3.83 × 1015 1.19 × 1016 4.63 × 1016 7.65 × 1015 9.19 × 1016 0.129 0.083
13 3.69 × 1016 1.97 × 1017 1.09 × 1018 1.27 × 1017 8.87 × 1016 2.220 1.428
14 3.47 × 1016 1.92 × 1017 1.07 × 1018 1.23 × 1017 8.57 × 1016 2.241 1.440
15 7.17 × 1015 1.26 × 1016 3.52 × 1016 8.10 × 1015 8.26 × 1016 0.153 0.098
16 2.35 × 1016 9.79 × 1016 4.83 × 1017 6.29 × 1016 7.96 × 1016 1.230 0.791
17 4.67 × 1016 1.89 × 1017 9.33 × 1017 1.21 × 1017 7.65 × 1016 2.470 1.588
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discrepancy between the seismic and geodetic moment rates in the east. 
The low S/G ratio we observe at the western end of the rift does appear 
to be an accurate representation of the deformation pattern however, as 
a similar S/G ratio was calculated for both studies despite Chousianitis 
et al. (2015) using a more localised seismic catalogue (SHARE European 
Earthquake Catalogue) and a different seismogenic thickness (15 km). 
The significant microseismicity in the western Corinth Rift (e.g., 
Duverger et al., 2018; Lambotte et al., 2014; Papadimitrou et al., 2022), 
which is not included in our catalogue due to them being below the cut- 
off magnitude, can only account for ~10 % of the discrepancy between 
the seismic moment and geodetic moment rates, thus there would still be 
a shortfall in the amount of extension. Therefore, there is also likely a 
significant contribution from aseismic deformation to explain the S/G 
values observed, perhaps due to long-term aseismic deformation or 
creep. This aseismic deformation or creep could occur along a low angle 
detachment which has been proposed at depth in the western rift (e.g., 
Bernard et al., 2006; Chousianitis et al., 2015; Duverger et al., 2018), 
although the presence of this structure is debated (e.g., Bell et al., 2018) 
and may be immature (Lambotte et al., 2014). Regional studies across 
the eastern Mediterranean have also calculated an intermediate 
(0.25–0.5) S/G ratio for the Corinth Rift (e.g., Sparacino et al., 2022) 
aligning with our 0.43 S/G across the overall rift (Table 1), further 
supporting a significant component of aseismic deformation occurring 
or catalogue incompleteness. In summary, the S/G values of the magma- 
poor Corinth Rift are still higher than those calculated for the magma- 
rich Danakil Depression, in spite of components of aseismic deforma-
tion, and appear to be representative of the style of deformation.

5.3. Magma-rich vs magma-poor rift deformation

The Corinth Rift has consistently higher S/G values than the Danakil 
Depression (Figs. 8, 9; Tables 2 and 3). This is consistent with the 
magma-poor nature of the Corinth Rift, with seismic deformation asso-
ciated with brittle faulting dominating extension. For the Danakil 
Depression, the majority of deformation is aseismic in nature with 
magmatism interpreted to accommodate the majority of extension along 
axial magmatic segments. Although, the Corinth Rift has a far higher S/ 
G than the Danakil Depression (Table 1), the S/G of the northern Danakil 
Depression and the western area of the Corinth Rift (~0.1–0.15) are 
similar (Figs. 8, 9; Tables 2 and 3), highlighting that brittle faulting is 
significant in parts of the Danakil Depression and that locally, faulting 
potentially accommodates a similar proportion of deformation in 
limited parts of the two rifts.

The comparative ages of the Danakil Depression and Corinth Rift, as 
well as their current stages of rift evolution, should be considered when 
discussing their differences in the contribution of seismic and aseismic 
mechanisms to extension. Rifting in the Danakil Depression is thought to 
have initiated ~11 Ma as suggested by plate kinematic models of the 
Danakil Block rotation (Eagles et al., 2002; McClusky et al., 2010). This 
age is broadly consistent with the <8.5 Ma age of the syn-rift Red Bed 
sedimentary series, indicative of rift related subsidence (Brinckmann 
and Kürsten, 1971; Le Gall et al., 2018). The Corinth Rift started forming 
~4–5 Ma (Bell et al., 2018; Gawthorpe et al., 2017), and therefore the 
two rifts are not drastically dissimilar in age. We do not therefore 
interpret rift age to be a primary control on the differences in rifting style 
in the Danakil Depression and Corinth. Instead, the thermal state of the 
mantle (hot beneath Afar and normal beneath Corinth) likely results in 
magma-rich and magma-poor extension throughout their respective rift 
histories.

The two rifts show slight differences in earthquake distributions with 
depth. The majority of earthquakes in the Danakil Depression occur in 
the upper 15 km (Fig. 5a-b), whereas in the Corinth Rift the majority of 
events occur above ~20 km (Fig. 5c-d). This corresponds to the differ-
ences in upper crustal thickness and thermal structure in each rift, with 
thinner crust and higher heat flow due to increased thinning and the 
presence of magmatism in Danakil, resulting in thinner elastic plate 

thickness. Seismic and geodetic moment rates have been calculated 
south of Afar along other segments of the East African Rift System 
(EARS), with variations in S/G linked to the thermal structure of the 
lithosphere associated with the different stages of rift evolution (Déprez 
et al., 2013). Higher S/G values are calculated for the more immature 
rift segments towards the southern end of the EARS, such as the Western 
(~0.6–1.25) and Eastern (~0.1–0.35) branches of the Tanzanian Craton 
and the Malawi Rift (~0.1–0.25) (Déprez et al., 2013). Whereas, further 
north along the more mature Main Ethiopian Rift (MER), the S/G de-
creases to ≤0.04, attributed to increased magmatism (Déprez et al., 
2013). The S/G we calculate for the Danakil Depression is similar to that 
of the MER (0.03) despite the differences in extension rate. These low S/ 
G values therefore potentially represent typical values for magma-rich 
end member rifts.

Sawires et al. (2021) analysed the S/G across Egypt, including the 
northern Red Sea Rift, which is undergoing the final stages of conti-
nental break-up, with full seafloor spreading occurring in the southern 
Red Sea (e.g., Ehrhardt and Hübscher, 2015). The S/G for the northern 
Red Sea are <0.04 (Sawires et al., 2021), the same as the Danakil 
Depression (0.03) (Table 1), suggesting the two settings are at similar 
stages in maturity with dominantly aseismic extension occurring, likely 
through magmatic intrusion.

Other studies investigating the coupling between seismic and 
geodetic moment rates in extensional settings have also identified sig-
nificant variations in S/G, implying the relative contribution of seismic 
deformation towards extension can vary within a single rift setting. For 
example, across the Southern Apennines, calculated S/G values vary 
considerably from <0.2 to >0.8 (Palano et al., 2011).

Overall, our study directly demonstrates that seismic deformation 
contributes more to extension at magma-poor rifts, compared with 
magma-rich rifts, with aseismic magmatic intrusion likely accommo-
dating the majority of extension in late-stage magma-rich rifts. How-
ever, even in extensional settings where magma is absent, a significant 
proportion of extension may still be aseismic.

6. Conclusions

We calculated the seismic and geodetic seismic moment rates using 
the global NEIC catalogue and local GNSS data for both the magma-poor 
Corinth Rift and magma-rich Danakil Depression. Using determined 
moment rates we calculated the seismic/geodetic moment rate ratios (S/ 
G) for the entire rifts and for overlapping zones along each rift to 
quantify the proportion of extension that is accommodated by seismic 
deformation. We find: 

• The seismic/geodetic moment rate ratio (S/G) is greater at the Cor-
inth Rift (0.43) compared with the Danakil Depression (0.03), indi-
cating that greater amounts of extension are being accommodated by 
faulting in the Corinth Rift. This is consistent with the hypothesis 
that in magma-poor rifts, a greater proportion of deformation is 
seismic (brittle faulting), while in magma-rich rifts aseismic 
magmatic intrusion is dominant.

• Extracting the horizontal component of the seismic moment rates, 
which improves accuracy of comparison with the geodetic moment 
rates, produces values for the horizontal seismic/geodetic moment 
rate ratio (Sh/G) of 0.02 for the Danakil Depression and 0.28 for the 
Corinth Rift.

• Along rift variations in the S/G values in the Danakil Depression are 
consistent with geological indicators of the varying contribution of 
faulting along the rift, e.g., axial grabens and magmatic segments. In 
the north, a relatively high S/G of ~0.1 (~0.06 Sh/G), and likely an 
underestimation, indicates that brittle deformation accommodates a 
significant amount of extension in this region despite being a 
magma-rich rift in the final stages of break-up. In contrast, in the 
centre of the Danakil Depression, where the magmatic segments are 
located, the S/G is <0.05 (<0.03 Sh/G).
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• There is significant discrepancy between the geodetic and seismic 
moment rates in the west of the Corinth Rift, with S/G ~ 0.1–0.15 
(~0.07–0.1 Sh/G), and this likely cannot be fully accounted for by 
earthquake events missing from the seismicity catalogue. Therefore, 
this may be an indication of aseismic deformation occurring in the 
west of the Corinth Rift, potentially along a previously postulated 
immature low-angle detachment at depth.

• S/G values in the north of the Danakil Depression and the west of the 
Corinth Rift are similar (~0.1–0.15), therefore despite being magma- 
rich/magma-poor rift end members, regions within each of the rifts 
have similar amounts of seismic deformation (i.e., brittle faulting).
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