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Abstract Strain in magmatic rifts is accommodated by both faulting and dike intrusion, but little is
known of the frequency of dike intrusions in early‐stage rifts. We use a new earthquake data set from a
dense temporary seismic array (2013–2014) in the ~7‐Myr‐old Magadi‐Natron‐Manyara section of the East
African Rift, which includes the carbonatitic Oldoinyo Lengai volcano that erupted explosively in
2007–2008. Full moment tensor analyses were performed on M > 3.4 earthquakes (0.03‐ to 0.10‐Hz band)
that occurred during the intereruptive cycle. We find two opening crack‐type and various non‐double‐couple
earthquake source mechanisms and interpret these as fluid‐involved fault rupture. From waveform analysis
on the nearest permanent seismic station, we conclude that similar rupture processes probably occur over
eruptive and intereruptive cycles. The repeated and dynamically similar fluid‐involved seismicity, along
with intrabasinal localization of active deformation, suggests that significant and persistent strain is
accommodated by magmatic processes, modulated by tectonic cycles.

Plain Language Summary How do Earth's plates deform between volcanic eruptions and after
plate tectonic stresses have been released in large earthquakes? Simulations of earthquake rupture in rift
zones where the plates are diverging tell us that opening + shearing cracks created several of the moderate
earthquakes. The opening may be due to magmatic fluids and gases from crustal magma reservoirs. We also
compare the earthquake signals to those from the past 20 years and find that these magma‐related
earthquakes are frequent occurrences at least in the past 10 years. Magmatic processes contribute to the
short time scale cycles of plate boundary deformation in rift zones.

1. Introduction

Crustal extension within active continental rift zones is accommodated by faulting and dike intrusion, but
the timing and length scales of magma intrusion remain weakly constrained. Although themagma intrusion
itself is aseismic, the rocks adjacent to intrusions experience failure, potentially due to gases exsolving and
causing fluid‐driven fracturing in the solid rock (e.g., Rubin, 1995). Fault rupture and related seismicity
may also result from stress concentrations around the edges of blade‐shaped propagating dikes (e.g.,
Belachew et al., 2011; Bonafede & Danesi, 1997). However, it remains unclear whether dike‐related
seismicity results from stressed, intact rock failing above and below the dikes without effects from fluid
percolation (e.g., Rowland et al., 2007) or whether the earthquake rupture initiates in rock with
magma‐filled cracks (e.g., Belachew et al., 2013; Rubin, 1995). The latter's source mechanism would have
a dilatational component due to the magma and gas inflation along the fault zone (Belachew et al., 2013;
Minson et al., 2007), whereas the former would result in a double‐couple (DC) mechanism (e.g.,
Ágústsdóttir et al., 2016). Identification of characteristic source mechanisms of dike intrusions enables
assessment of the frequency of magma intrusions in rift zones and their relationship to magmatic and
tectonic stressing cycles (e.g., Ebinger et al., 2013).

The aim of our earthquake source mechanism study of the largest earthquakes (3.4 < ML < 4.7) during an
intereruptive rifting cycle is to evaluate the role of magma in strain accommodation by allowing for
dilatation in our earthquake source models. We obtain full moment tensors from a new earthquake data
set from a dense temporary seismic array in the Magadi‐Natron‐Manyara rift segments of the Eastern rift,
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East Africa (Weinstein et al., 2017), which includes the only currently active carbonatitic volcano, Oldoinyo
Lengai, which last erupted explosively in 2007–2008 (e.g., Calais et al., 2008). Whereas full moment tensor
analysis of earthquakes is becoming common, few studies consider statistical analysis of solution robustness
(e.g., Alvizuri et al., 2018; Silwal & Tape, 2016; Stähler & Sigloch, 2014). In this study, we perform uncer-
tainty analysis of source mechanisms via the bootstrap method (Efron, 1992; Rubin, 1981). Since similar
earthquake waveforms arise from repeated slip on the same fault patch (e.g., Marone et al., 1995;
Waldhauser et al., 2004), comparisons of waveforms from permanent station IU‐KMBO (Albuquerque
Seismological Laboratory/USGS, 1988) allow us to investigate preeruptive, eruptive, and intereruptive
events over the past 22 years in this early‐stage rift sector (e.g., McNutt, 2005; Tepp et al., 2016).

2. Background

The East African Rift System extends from the Afar triple junction in the north to Mozambique and
Madagascar in the south and southeast to Botswana in the southwest (Ebinger et al., 1997; Modisi et al.,
2000). The Magadi‐Natron‐Manyara region is the most seismically active sector of the Eastern Rift, and
major faults and magmatism developed after ~7 Ma (Ashley, 2007; Mana et al., 2012, 2015; Muirhead et al.,
2016; Figure 1). Rigid plate models of earthquake focal mechanisms and permanent Global Positioning
System data indicate a N110°E extension direction at <5 mm/year (Albaric et al., 2014; Saria et al., 2013,
2014; Weinstein et al., 2017). Receiver function studies reveal 40‐km‐thick crust thinned to 29 km beneath
the Natron rift basin (Plasman et al., 2017), consistent with controlled source estimates beneath the
Magadi basin (Birt et al., 1997). Both experiments indicate a thick zone of magmatic underplate beneath
the rift basins (Birt et al., 1997; Plasman et al., 2017), and large volumes of magmatic gas emissions along
border faults indicate that the intrusion process is ongoing across a broad region (Lee et al., 2016).

Late Miocene‐Recent eruptive centers occur along the flanks of the Magadi‐Natron rift zone, and carbona-
titic, basaltic, and monogenetic eruptive centers occur within the fault‐bounded half‐graben (Mana et al.,
2015; Muirhead et al., 2016; Figure 1). In 2007, the south Natron basin was the site of an earthquake swarm
and a large volume dike intrusion beneath the Naibor Soito (NS) monogenetic cone complex and southern
flank of the Gelai volcano and a subsequent explosive eruption at the carbonatitic Oldoinyo Lengai (OL) vol-
cano (Baer et al., 2008; Biggs et al., 2009; Calais et al., 2008; Kervyn et al., 2010). Although no surface rup-
tures were identified from the initial Mw5.9 earthquake, Interferometric Synthetic Aperture Radar
(InSAR) and global Centroid Moment Tensor (CMT) source models suggest a 45° NW dipping fault (Biggs
et al., 2009, 2013; Calais et al., 2008; Wauthier, 2011). The Mw5.9 earthquake was followed 6 days later by
a <2‐m‐wide, ~8‐km‐long diking event that produced a 2‐ to 3‐km‐wide graben, although the location of
the pressurized magma chamber(s) from which the dike was fed is debated (Biggs et al., 2009; Calais
et al., 2008). The sequence was closely followed by a 9‐month‐long eruption at Oldoinyo Lengai, suggesting
that the fault‐dike sequence triggered the eruption (e.g., Baer et al., 2008). Interpretations of new geophysi-
cal, geochemical, and structural data motivate reanalyses of the 2007 sequence, indicate pressurized sills and
magma chambers, and provide new insights into rifting dynamics.

Earlier work on focal mechanisms reveal local rotation to NNW‐SSE extension direction in the OL‐NS‐Gelai
volcanic area, but only focal mechanisms based on first‐motion polarities were considered (Weinstein et al.,
2017). The global CMT catalog, which assumes no isotropic component, reports CMTs from the 2007 episode
(Ekström et al., 2012). When seismic events besides simple faulting are expected in a region of study (e.g., in
volcanic areas), it is important to consider that different source types and source decompositions might fit
the data when making interpretations (Cesca et al., 2017; Nettles & Ekström, 1998). In this study, we obtain
full moment tensor (FMT) solutions to probe processes that caused the seismic events, as opposed to the
focal mechanisms reported in Weinstein et al. (2017) which only represent the DC solution and global
CMTs which are deviatoric (DC + compensated linear vector dipole, CLVD) solutions that do not allow
an isotropic component (Dahm & Krüger, 2014; Jost & Herrmann, 1989; see Text S1 in the
supporting information).

3. Data and Methods

In this part of Africa, permanent seismic stations are sparse. The longest‐running (active since 1995 to pre-
sent) and nearest permanent seismic station is IU‐KMBO located in Nairobi, Kenya, about 220 km from
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Naibor Soito (Figure 1, red triangle). Seismic waveforms from IU‐KMBOwere obtained for 253 events in the
area reported by Incorporated Research Institutions for Seismology Data Management Center since 1995.
AfricaArray station AF‐NBI was also nearby but only ran in 2011–2015. In part to fill this data gap, 39 broad-
band seismic stations were deployed in 2013–2014 around theMagadi‐Natron‐Manyara sector of the Eastern
rift (Weinstein et al., 2017; Figure 1, blue triangles). Earthquakes with ML > 3.4, good azimuthal coverage
(<120° gap), and high‐quality waveforms from the Weinstein et al. (2017) catalog were chosen for full
waveform analyses, performed using the Time‐Domain Moment Tensor Inverse Code (TDMT_INVC;
Dreger, 2003; Ford et al., 2009; Minson & Dreger, 2008; Saikia, 1994) and the Grond package (Heimann
et al., 2017, 2018; Wang, 1999) using a 1‐D velocity model (Roecker et al., 2017) and density relations
(Brocher, 2005) (see Texts S2 and S3 and Table S1). In TDMT_INVC, we use long‐period waves (0.03–0.10
Hz), assume a spatial and temporal point source to linearize the moment tensor problem, and perform a
1‐km grid search over depth to find the best solution (Pasyanos et al., 1996). Robustness of source
mechanism solutions is investigated using a Bayesian bootstrap method where weights of individual stations
are varied at random (e.g., Dahm et al., 2018; see Text S2). The 2007 teleseismically detected earthquakes

Figure 1. Map of the Magadi‐Natron‐Manyara region. Light lines enclose the edifices of <7‐Myr‐old volcanoes (Mana
et al., 2015). The 2013–2014 CRAFTI array (blue inverted triangles) encloses the Naibor Soito monogenetic cone com-
plex (NS) located between the active carbonatitic Oldoinyo Lengai volcano (OL) and the dormant Gelai volcano. The
OL‐NS‐Gelai complex was host to a seismomagmatic crisis in July–August 2007 that included a diking event in Naibor
Soito and an eruption at Oldoinyo Lengai. Waveforms from the permanent station IU‐KMBO (red triangle, northeast
corner) are used to study the seismic activity beyond the duration of the local array. Green arrows with error ellipses
are extension directions derived from Global Positioning System (Saria et al., 2013) and focal mechanisms (Albaric et al.,
2014; Weinstein et al., 2017). Faults and edifices adapted from Muirhead et al. (2015). Orange circles are the seven
earthquakes studied (Figure 2). The dashed box shows the extent of Figures 2 and 3. Figure 4 shows the cross section along
A‐A′. Kt = Kitumbeine; NG = Ngorongoro crater.
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have poorly determined locations (e.g., Ekström et al., 2012), but the waveforms recorded at IU‐KMBO can
be cross‐correlated with those from well‐located earthquakes of the 2013–2014 data set to evaluate the
possible role of magma intrusion in strain accommodation (Reyes & West, 2011; see Text S4).

4. Results

The seven new FMT solutions correspond to earthquakes from the center of the 2013–2014 seismic array
(Figures 2 and S1–S8). None of these earthquakes is reported in the global CMT catalog (Ekström et al.,
2012). Moment tensor inversion of the seven events provides solutions with variance reduction values of
>40% (see Text S3 and Table S2). In‐rift stations (e.g., Figure S2—PR33, MW36, LN26, LN25, and LN15) tend
to have larger recorded amplitudes than predicted, compared to the flank stations (e.g., Figure S2—NG56,
LN46, LN14, and LL23), due to rift‐focusing effects. The low variance reduction values could be due to
the inadequacy of the model to capture waveform complexity arising from rift effects. All MTs have a NW
to NNW trending tension (T) axis, with six of the seven having a normal DC component. Event D is located
between Oldoinyo Lengai and Naibor Soito monogenetic cone complex; Event G is on the southeast flank of
Gelai, whereas the rest of the events are within the Naibor Soito area.

Figure 2. Full moment tensors. (a) Notable are the twoM4.7 earthquakes on 3 June 2013 (Events A and B) that occurred within close proximity in time and space
and with very similar source mechanisms. The local seismicity recorded by the 2013–14 local network are plotted as gray dots (magnitude scale in black). The red
line represents the 2007 dike; the red star is the 2007 Mw5.9 earthquake. (b) Bootstrap results plotted on the lune source‐type plot (Tape & Tape, 2013) show
robustness of source mechanisms for Events A–E, where red dots are the bootstrap solutions and the black dot is the best solution as determined by variance
reduction (see Text S3 for details). Labels refer to end‐member source mechanisms: ISO = isotropic; C = tensile crack; LVD = linear vector dipole;
CLVD = compensated linear vector dipole. Double couple is at the center of the line plot. The list of moment tensor solutions is provided in Table S2. (c) Sample
waveform fits (red dashed lines: synthetic waveforms) for Event A are plotted on top of data (solid black lines). Source‐to‐receiver distance, azimuth, and variance
reduction are reported for each station.
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Using a bootstrap‐based probabilistic method to explore themoment tensor solution space and assuming full
confidence in local catalog locations (allowing only <3‐km depth discrepancies), we confirm robust source
mechanisms as plotted on the source‐type Lune plot (Tape & Tape, 2013; Figure 2b). Events A and B are
most tightly constrained to a source type that has a significant isotropic component and plots between crack
type and linear vector dipole. Events C and E have primarily deviatoric sources (CLVD+DC) with little iso-
tropic component. Event D is a strike‐slip earthquake with some similarity to crack type and LVD but with
negligible isotropic component. The results of the bootstrap method for Events F and G show a wider
distribution of possible source‐type solutions. Note that the least robust solution does not come from the
earthquake of smallest magnitude, suggesting that solution robustness is not simply an artefact of the
signal‐to‐noise ratio.

Notable are twoML4.7 earthquakes (Events A and B) that occurred within 6 hr of each other on 3 June 2013.
These occurred when the GPS clocks on many stations failed (Weinstein et al., 2017); nonetheless, the wave-
forms with timing errors could still be fitted, after manual time corrections. Source mechanisms from these
two events are nearly identical, strike northeast, and have source depths of 7–8 km (see Table S2).

Of the 253 earthquakes at OL‐NS‐Gelai recorded by IU‐KMBO in Kenya since 1995 to 2017, band‐pass fil-
tered (0.05–0.2 Hz) at the frequencies used in the moment tensor inversion, we find 29 events with seismic
waveforms that match the two well‐located 2013 earthquakes or 31 in total (Figure 3). These 31 similar
events have >80% correlation on the horizontals and >90% correlation on the vertical component within
a 100‐s window after the first P arrival. The majority of these earthquakes are from the July to August
2007 fault‐dike‐eruption sequence. Two other earthquakes—on 10 July 2008 and 1 April 2010—also belong
to the correlated group but were previously not analyzed in detail as there was no local array to study them.
Five of these 31 appear in the global CMT catalog (three strongly DC, two with significant CLVD, and all
NNW‐SSE extension), and the source‐type discrepancy between the deviatoric global CMTs and our
crack‐type FMTs, despite good waveform cross correlation, might be due to regional MTs constraining the
non‐DC components better than global CMTs.

Figure 3. Correlated volcano‐tectonic earthquakes. From relative S‐P times of regional earthquakes recorded at station
IU‐KMBO, we identify a subset of earthquakes that could have all happened within an arc of radius ±8 km (see Text
S5). By cross‐correlating the three‐component earthquake waveforms band‐pass filtered (0.05–0.2 Hz) to the frequency
range used in the moment tensor inversion, we find 31 earthquakes that correlate to >80% similarity at all three compo-
nents (N, E, and Z). (a) The earthquakes are plotted using the National Earthquake Information Center locations, but
location errors can be ~26 km based on analyses from Weinstein et al. (2017), due to the sparse network of permanent
seismic stations in this area of the world. Faults, volcanic edifices, the 2007 dike (red line), and the 2007Mw5.9 earthquake
(red star) are shown as in Figure 2. (b) The three components of the 31 normalized waveforms (blue) and the stacked
waveform (black) are plotted relative to the P arrival. The earthquakes are listed in Table S3.
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5. Discussion
5.1. Reliability and Solution Uncertainty

The excellent azimuthal coverage of the local array allows us to assess and quantify solution reliability and
errors. The seven earthquakes analyzed in this study span the intereruptive and interseismic cycle, which we
assume started after the 2007 Mw5.9 earthquake and 2007–2008 Oldoinyo Lengai eruption. Not all earth-
quakes in the OL‐NS‐Gelai complex analyzed in this study have a strong isotropic component, which con-
firms that there is no bias due to station geometry or local site effects that produce spurious non‐DC
components (e.g., Panza & Saraò, 2000). The locations reported by the National Earthquake Information
Center for the 3 June 2013 Events A and B differed by 23 and 7 km (horizontal) compared to the well‐
constrained CRAFTI database, highlighting the extent of location inaccuracies typical of regions with sparse
permanent station coverage (Weinstein et al., 2017). This is important to consider since moment tensor
inversion relies on precise source locations and is limited by station coverage. In this study, local earthquake
locations are well constrained, and distribution of bootstrap solutions confirms the robustness of the source
mechanisms, at least for the well‐constrained Events A–E (Figure 2b).

5.2. Source Interpretation and Processes

The source mechanisms obtained in this study are interpreted in light of other geophysical and field obser-
vations. The seven earthquakes all occur at depths 7–11 km, which coincides with two vertically stacked,
pancake‐shaped earthquake clusters at 6–11 km, imaged and interpreted byWeinstein et al. (2017) as a pres-
surized sill complex, consisting of layers of sills interconnected via dikes (Figure 4). The non‐DC source
mechanisms could therefore be indicative of magmatic fluids that percolate up faults during rupture, consis-
tent with measurements of active magmatic CO2 degassing along fissures and fault traces in the region (Lee
et al., 2016; Muirhead et al., 2016). Events A and B occurred near the edges of the interpreted sills, and they
have vertical P (compression axis) crack‐type sources consistent with subvertical cracks (see Figure 4) and
could be associated with faulting occurring with bursts of magmatic movement and gas release or hydraulic
fracture (e.g., Belachew et al., 2013; Shuler et al., 2013). These crack‐type MTs reveal a Poisson's ratio of
~0.28 which is consistent with slightly higher Vp/Vs ratios detected beneath the rift axial valley (see Text
S6; Plasman et al., 2017; Roecker et al., 2017). Events C and E and F, possibly located along a vertical conduit
between the sill complex and the underlying lower crustal magma chamber (see Figure 4), have vertical P
deviatoric to DC sources. The source mechanisms are consistent with fluid transport from a horizontal ten-
sile crack to a vertical cylinder (Shuler et al., 2013) and may be caused by stress adjustments in response to
local inflation‐deflation cycles and tectonic stressing (e.g., Minson et al., 2007; Shuler et al., 2013). The strike‐
slip earthquake (Event D), located between the NS complex and the OL plumbing system, could be related to
stress adjustments along the sides of the sill complex or fault linkage.

The source mechanisms are oblique to the regional tectonic stress direction and parallel to mechanisms from
the 2007 dike intrusion. The ~10‐year record of seismicity points to a local stress field rotation, possibly due
to a pressurized sill complex above a broad, lower crustal zone of magma intrusion, and storage (Roecker
et al., 2017; Weinstein et al., 2017). The non‐DC components represent magmatic fluids dilating intrabasinal
faults, in a process we refer to as magma‐involved faulting.

5.3. Fault and Magma Cycles

Source mechanisms of the largest earthquakes during the interseismic cycle indicate magma‐involved fault-
ing, but are themagmas sourced from the same region(s) as the intense 2007–2008 intrusive‐eruptive events?
Five of the seven earthquakes occurred 2–5 kmwest of the fissures and collapse structures that formed above
the 2007 dike (Muirhead et al., 2016; Figure 2a). The sill‐related seismicity is located on the SW tip of the
2007 dike, which could indicate that the dike was sourced from the sill complex, possibly with some lateral
magma transport as is seen in high‐resolution reflection data from ancient rift basins (e.g., Magee
et al., 2016).

We focus our discussion on Events A and B, which have the most well‐constrained solutions and show a
crack‐type source. Cross correlation suggests that the 31 events, corresponding to 28% of the total seismic
moment of the 253 events, have similar long‐period seismic radiation patterns. Analyzing one station can
only confirm seismic radiation similarity along one azimuth, but integrating this result with other informa-
tion on the region—geological setting, the 2007 tectonomagmatic sequence, and the spatiotemporal
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distribution of earthquakes—could imply common rupture mechanisms and suggest similar driving
mechanisms. The similar mechanisms may mean that fault‐magma interaction occurs even during
intereruptive cycles when there is no surface expression of volcanism and no detectable InSAR surface
deformation (Wauthier et al., 2016). These crack‐type earthquake sources that are persistent in time could
be due to (1) gas release that breaks rock, associated to bursts of magmatic intrusion or inflation, or (2)
fault slip driven by gas release and percolation up the fault. Despite the differences, the common source
mechanisms indicate that rupture occurred in a magma‐rich zone, either accompanied by observed
magmatism or showing crack‐type source mechanisms interpreted as magmatic fluids.

Although cross correlation of the 31 events suggests similar mechanisms, the varying S‐P arrival times indi-
cate rupture of multiple faults. The lack of correlation at high frequencies (>1 Hz) may be caused by slight
differences in earthquake locations based on S‐P times from IU‐KMBO waveforms (see Text S5). The “simi-
lar source” earthquakes observed in our study behave differently in that (1) they occur along intrabasinal
faults far from the border faults, suggesting greater magma control versus border fault control on strain
accommodation (e.g., Ebinger & Casey, 2001; Muirhead et al., 2016) and (2) they are likely due to rupture
and slip of multiple faults and tensile cracks responding to the superposition of regional extension and local
body forces from low‐density magma bodies (Figure 4). Baer et al. (2008) arrived at a similar conclusion of
multiple faults for the 2007 fault‐dike‐eruption sequence, inferred from modeling and fitting InSAR obser-
vations. The repeated and dynamically similar magma‐involved earthquakes and the localization of active

Figure 4. Schematic diagram of rift kinematics. A sill complex (Roecker et al., 2017;Weinstein et al., 2017) provides a local
stress field that introduces a stress rotation from the regional extension direction and hosts regional earthquakes of
similar mechanisms. These regional earthquakes occur across a swath of faults and tensile cracks above the sills and
respond to regional extension, as well as inflation‐deflation from the underlyingmagma chamber. The cross section below
shows the double‐differenced earthquakes from 2013 to 2014 (Weinstein et al., 2017) located 5 km north and south of A‐A′
(see Figure 1, longitude 35–37°, latitude 2.72°). The earthquakes delineate the sill complex and the top of the magma
chamber and are plotted on a shear velocity tomography map (Roecker et al., 2017). The 2007 mainshock is also shown,
along with the location of the 2007 dike as modeled by two different InSAR studies (Biggs et al., 2009; Calais et al., 2008).
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deformation within intrabasinal magmatic zones suggest that magma intrusion accommodates a significant
proportion of rift‐related strain during even the early stages of rifting in some rift sectors (e.g., Wauthier
et al., 2015). Similarities to strain patterns in 12‐ to 18‐Myr‐old mature rift sectors in Ethiopia suggest that
we are capturing in Magadi‐Natron the early transitions from fault‐controlled to magma‐controlled rifting
(Ebinger & Casey, 2001; Keir et al., 2006; Muirhead et al., 2016).

6. Conclusions

We find magma‐related earthquakes in the Natron basin of the East African Rift that are possibly persistent
in time, occurring over a small spatial scale, and have similar source mechanisms. They occur above an
interpreted sill‐magma chamber complex that causes a local stress field rotation and that facilitates magma
transport beneath a rift basin (Muirhead et al., 2015; Weinstein et al., 2017). These volcano‐tectonic earth-
quakes correlate very well at low frequencies, suggesting similar source mechanisms, but not at high fre-
quencies, suggesting slight deviations in wave path and location. The non‐DC components of these
volcano‐tectonic earthquakes are interpreted as fluids percolating on a set of slipping faults above a sill com-
plex. We reinterpret the 2007 diking event as having been sourced at least in part from the midcrustal sill
complex above a broad zone of lower crustal magma intrusion as imaged by Roecker et al. (2017). The simi-
larities between earthquakes that occurred during a large‐volume dike intrusion and subsequent earth-
quakes indicate that dilatational MTs may be diagnostic of rift zone magma intrusion, and the time
sequence may indicate that magma intrusion occurs throughout the rift deformation cycle.
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