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Introduction: Background Information

What are aftershocks?

Aftershocks are typically smaller earthquakes that occur after the mainshock and they follow
certain spatial and temporal windows (Liu & Stein, 2011; Yukutake & Lio, 2017).

What are Epidemic Type of Aftershocks?
In Epidemic Type of Aftershocks;

* Mainshock produce offspring earthquakes and the offspring earthquakes produce other
offspring earthquakes and so on.

* Earthquakes are events characterized by occurrence time, location, and magnitude (Wessel et
al., 2019).

How do Epidemic Type of Aftershocks occur?
Mainshock trigger the perturbation of the state of stress in some area around it.

These zones of perturbation intersect in time and space and each event can be considered as an
offspring of all preceding events (Baranov et al., 2019).




Background Information Cont’d

What is Epidemic Type of Aftershocks Sequence (ETAS) model?

The ETAS model 1s a point process representing the activity of earthquakes of magnitude, Mc,
and larger in a region for a given period, where Mc 1s the cut-off magnitude (Ogata, 1998).

In ETAS model, earthquake occurrences are modeled as cascades; the Poissonian earthquakes
produced by the tectonic loading of the area trigger the first generation of aftershocks and so on

(e.g., Wessel et al., 2019).
Why are these Aftershocks important?

Occurrence of the epidemic type of aftershocks 1s related to Omori’s Law. This 1s used to develop
statistical models for assessing probabilistic time-dependent destructive events after each
mainshock (e.g., Gerstenberger et al., 2005).




Background Information Cont’d

What is Omori’s Law?

The rate of occurrence of the aftershocks decreases with time and following Omori’s principle
(Omori, 1894; Utsu, 1961; Liu & Stein, 2011) determined by (Equation 1):

K .
n(t) = oY (Ogata, 2006)  (Equation 1)

e Where:

n (t) is the number of aftershocks by time, t

 Kiis a constant and a positive number and depends strongly on cut-off magnitude

Omori Law

* ¢ 1s a constant and a positive number close to zero A

Fusakichi Omori,
who first
described this

relationship,
in the 1890s

* p 1s a constant and a positive number close to one.

Number of earthquakes

Time



Background Information Cont’d
ETAS Statistical Model

The rate of aftershocks occurrence at time t following the ith earthquake (time; t;, magnitude; M.,)

1s given by;

n;(t) = Kexpla(M; — M_.)] /(t —t; + c)? ,Fort>t; (Ogata,2006) (Equation 2)

where K, a, ¢c,and p are constants, that are common to all aftershock sequences in the region.

The rate of occurrence of the sequence at time, t, becomes:

A@)=u+ X;n(t) (Ogata, 2006)  (Equation 3)



Objectives

The objectives of the study are to:

e Determine the main rupture plane and the subsidiary minor faults from the fault plane solutions
of the mainshock and large aftershocks.

e Develop an improved statistical model for assessing earthquake hazards in the Turkana region.

e Undertake comparative analysis of the structural and rheological characteristics of the 2014

M, 5.2 Karonga and the Mb4.9 Turkana earthquake sequences.



@ Literature Review: Tectonic Setting
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Literature Review : Geophysical Background

Several geophysical studies have been carried out in Turkana Depression and EARS at large. KRISP, (e.g., Prodehl et al., 1994;
KRISP Working Group., 1994), through wide-angle reflection studies determined crustal thickness variations and uppermost
mantle structure of the EARS. They reveal a crustal thickness of ~35km beneath the East African plateau and ~20km beneath
Lake Turkana. [Musila et al., Submitted, 2022] modifies KRISP [1991] 1-D velocity model that stabilizes to depths of up to
~25km, coinciding with the Moho boundary beneath some areas and lower crust elsewhere. A 1.75 V /V ratio for the local

events is also determined in the new velocity model.

Kounoudis et al., [2021] reveal low wavespeed anomalies (°V = -1.5%, °V = -2.5%) in the uppermost mantle beneath L.
Turkana across the region towards the mantle-transition zone depths. The low wavespeeds corroborate with recent Pleistocene
and Holocene volcanic centres at <150 km depth. Evidence of an elongated high wavespeed anomaly at ~5° N (°V, = 1.5%) is

determined and traverses NW-SE southern Ethiopia to <200 km depth.



Literature Review : Seismic Background

Earthquake monitoring in Kenya and Africa, in general, remains a concern since the seismic networks are scattered. Currently,
there are few permanent seismic stations operated by different institutions and organizations [Bruce, 2013; Mulwa et al., 2014].
The northern part of Kenya has a broadband seismic station, LODK, which is part of the GEOFON seismic network closely
monitoring the region despite being an area of interest both tectonically and seismically. [Mulwa et al., 2014] states that the
current seismic network in Kenya implies that events with M, < 3.0 are only detectable at distances not greater than 350 km from

the center of the network.

The general seismicity of the eastern branch of the EARS is moderate while seismicity in the Kenya Rift is relatively low [Ibs-
van Seht et al., 2001; Mulwa et al., 2020] while it is higher on the western branch (Lavayssiere et al., 2017; Ebinger et al., 2019)
(Fig 5). [Tongue et al., 1994] shows swarm earthquakes with a restricted depth of Skm with sub-vertical fault plane solutions

below L. Baringo.



Literature Review: Seismic Background Cont’d

[Ibs-van Seht et al., 2001] describe the small magnitude events in the eastern branch of the EARS, M < 3, as swarm earthquakes, which are very
common. The largest event in the Turkana Depression was the 1913 M=6.2 [Ambraseys, 1991; Mulwa et al., 2020]. Other events in the Turkana

region are summarized in Figure 5 [Ambraseys, 1991; Mulwa et al., 2014; Musila et al., 2020; Kounoudis et al., 2021].

The general seismicity of Kenya is associated with the Tertiary and Quaternary structures and volcanism [Maguire et al., 1988]. The general depth of
earthquakes in the southern part of the Kenya Rift is restricted to 10 km [Young et al., 1991; Ibs-van Seht et al., 2001; Mulwa et al., 2014] while the
swarm earthquakes in the central part of the rift are found to form a narrow-elongated cluster at about 5 km depth [Young et al., 1991; Tongue et al.,

1994; Mulwa et al., 2014].

Seismicity in the western branch spans 2-35km depth range (Ebinger 2019; Zheng et al., 2020). Study done by Zheng et al., 2020 in Karonga,
Malawi, indicate shallow earthquakes caused by both aseismic slip and deep seismic slip characterized by episodes of multiple faulting and fault
intersections. Strain is distributed across multiple faults above 12km. The aftershocks of the M, 5.2 Karonga sequence occurred at fault intersections

between only the east dipping and west dipping St. Mary fault, but other shallow faults at 5-to 10-km depth.



Literature Review: Seismic Background Cont’d
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Literature Review: Seismic Background Cont’d
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Literature Review: Seismic Background Cont’d

The spatial distribution of aftershocks can be mainly classified into 3 different classes
(Kisslinger, 1996):

i. Class1

Those that occur on the same section of the main rupture plane or in a narrow zone bordering it around the
edges and possibly in thin sheets on both sides. It is assumed that these are the early aftershocks, normally
occur between 24 and 48 hours after the mainshock. These are critical in outlining and defining the mainshock
rupture plane.

ii. Class 2

These occur on the same fault that ruptured to generate the mainshock but are located outside the section of
initial slip. They represent the growth of the original aftershock zone.

11. Class 3
These occur on faults other than the fault that produced the mainshock but are presumably triggered by the

mainshock. These aftershocks might occur at large distances compared to the dimensions of the mainshock
rupture.



Instrumentation, Data & Methodology

The data used is recorded by TRAILS project stations
installed in Northern Kenya and Southern Ethiopia regions
from January 2019 through June 2021. A total number of 32
temporary seismic stations were installed for this project.
The instruments used comprise of CMG-3T sensors,
Quanterra (Q330) data loggers and Quanterra Packet Balers
for storage.
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Results And Discussions
Mainshock Plot in SEISAN
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Turkana Sequence
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Focal Mechanisms: Mainshock (M, 4.5)
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Turkana Sequence Cont’d

Aftershocks’ fault plane solutions:

36.3098 2.9472 351.03 66.07 -26.34

36.2835 2.9505 5.39 176.57 42.27 -67.37 2.57



Omori’s Law & ETAS Model-Turkana Sequence

Magnitude

¢ cumulative frequency
+ frequency
b=1.33+0.24

* Mc=1.62

CUMULATIVE NUMBER OF EVENTS

40

30

20

10

-10

Omori-Utsu model Fit & Prediction (r.seisaftpoi)

Mi>= 1.63 S=0 T=122.7 Tend=122.7

8326-19 p= 0.6168

:|||| |II‘ | ! L] |||JII|II Ii

| | \ | T T T
0 20 40 60 80 100 120

ORDINARY TIME (DAYS)




Omori’s Law & ETAS Model Cont’d

ETAS Residual (r.retas)

_ Cut-off magnitude 1.62

Tend Time of the last 122.7 (days)
aftershock

Start time of the 0.01 (days)
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30
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Results: 2014 M

5.2 Karonga (Malawi) Sequence
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Karonga Sequence Cont’d

Omori-Utsu model Fit & Prediction (r.seisaftpoi)
o | ! i
L Pk I
104 | i
= cumulative frequency ® i i
4 frequency = ! !
3 b=0.77 £ 0.05 |_:|>_| o i i
F . - = i
10 Mc =1.71 w = mu= 0 KO= 22.59 c= 0.06289 p=1.194 |
& |
14 i
L i
m I
% |
Z B i
z i
. 1
2 i
= i
- I
O o i
Magnitude ‘ i
M ‘ MI L 11 ‘ 1
i | | I I -

0 50 100 150 200 250

ORDINARY TIME (DAYS)




Karonga Sequence Cont’d

ETAS Residual (r.retas)
g ! _
’ Parameter Value

M>=1.71 S=0.01 T=262.3 Tend=262.3
mu=0 K0=73.919 c= 0.06904
alpha=12.192 p= 1.1986

M (cutoff magnitude) 1.71

CUMULATIVE NUMBER OF EVENTS

) 0
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Turkana-Karonga Comparison
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Turkana-Karonga Comparison
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Omori-Utsu model Fit & Prediction (r.seisaftpoi)
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Turkana-Karonga Comparison
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Discussions

The M, 4.9 sequence was characterized by few aftershocks and a huge difference between the mainshock magnitude and the
largest aftershock. Only two fault plane solutions of the largest aftershocks that were determined alongside the mainshock
solution. The aftershocks are distributed along NNW-SSE normal fault plane (not purely normal fault plane, it has some oblique
strike slip characteristic). Most of the aftershocks fall under Class 2 type of aftershocks, away from the main rupture plane but

not large distance, in a distance approximately 3km in diameter along an approximately 8km long normal main rupture plane .

The aftershocks width can also be described as the fault zone width (Yukutake & Lio, 2017). Time-space distribution of the
Turkana sequence in days indicates that most of the aftershocks occurred minutes and hours after the mainshock occurrence,
though it 1s hard to show this distinction in seconds, minutes, and hours scale. The two aftershocks’ fault plane solutions
resonate with the main rupture plane solution towards the tip of the main rupture plane towards the north. The mainshock is

located close to the tip of the main rupture towards the south in the distribution.



Discussions Cont’d

The b-value for the Turkana sequence 1s high and this can be attributed to the big difference between the maximum
aftershocks’ magnitude and the mainshock magnitude, M;=4.5; aftershocks < 3. A cut-off magnitude (M) of 1.62 is
used to filter out events with magnitudes less than 1.62 to determine the parameter values of the ETAS model. Only
25 events meet this threshold and in return an unclear Omori-Utsu decay rate curve is produced. Similarly, the ETAS
model parameters generated by this sequence are unique as compared to normal sequences where the population of
aftershocks is large.

Based on a good spatial distribution of earthquakes in the region and good P- and S-wave models, Turkana
Depression corroborates with the latter [Kounoudis et al., 2021]. Using the S- and P- wave arrival time residuals,

one can explain the seismic anomalies caused by temperature variations in the mantle. Turkana Depression with a

residual ( % ) of 5.38 compared to maximum bounds thermal range of 3.6-3.8. This is indicative of high

temperatures caused by mantle melt as a contributor to seismic variations as observed in this sequence [Kounoudis et
al., 2021].

Magmatic and thermal-volatile fluids in the shallow crust may lead to aseismic deformation due to updip migration
through sub-vertical faults below the surface. This may lead to strain partitioning hence low energy release and thus

low magnitude aftershocks [Zheng et al., 2020]



Discussions Cont’d

The rate of decay 1s similarly slow compared to a projected rate of > 1. Considering some of the
properties 1n this sequence such as low population of aftershocks, a huge difference between the
maximum aftershock’s magnitude and the mainshock magnitude, a high b-value, and the above
model parameters, it can be attributed to a common seismic characteristic in the region which is

probably magmatism.



Discussions Cont’d
In a study done by Zheng et al., 2020, the M_ 5.2 Karonga sequence i1s attributed to seismic and
aseismic deformation caused by multiple faulting and fault intersections. The argument in this
study these multiple fault intersections restrict deep seismic rupture propagation leading to strain
partitioning. This strain 1s distributed across these multiple faults above 12 km. Additionally,
hydrothermal fluids may have caused liquefaction through up-dip migration weakening the
basement even further [Zheng et al., 2020].

On the other hand, there is no evidence of aseismic deformation nor fault intersections in the
M; 4.5 Turkana sequence. Even though crustal anisotropy affects wavespeed variations and
seismic heterogeneity at large, 1t 1s not a major contributor to the anomaly.

One of the major causes of seismic variations 1s thermal variation since temperature exerts more
pressure on the uppermost mantle as compared to composition [Kounoudis et al., 2021].



Discussions Cont’d

So, what could be the reasons behind the anomalies in Eliye Kink in Turkana?

Three possible reasons for the anomalies according to Zheng et al., 2020 findings are:

1. Degassing of volatile CO, implying Presence of petrographic anomalies in Eliye and
Epir wells?

11. Mantle melt -> Thermal fluid migration?

111. Temperature variations due to upper mantle melt?

These three can cause strain partitioning hence low energy and few aftershocks of low magnitude
order.



Conclusions & Recommendations

Conclusions

The Turkana sequence was characterized by low population events with magnitudes of the aftershocks
being M; <3 than the mainshock M;= 4.5 which also resulted to a large b-value. This 1s due to
magmatism, volatile fluid migration e.g., degassing CO, and temperature variations below the Turkana
Depression caused by probable mantle plumes in the MER and EAR. The aftershocks were triggered
off and along an impure normal NNW-SSE main rupture plane. The damage zones surrounding the
main fault contain numerous subsidiary faults. There was no foreshock detected and background
seismicity in the sequence.

The ETAS model generated from the Turkana sequence indicates a very low efficiency of an
carthquake in producing an offspring event in this region. Also, the decay rate of these aftershocks is
below a unit, which 1s an unusual value. This, however, indicates that there are no destructive
aftershocks that are expected from a mainshock in this region at any given time. This 1s quite the
opposite in Karonga region which indicates a high alpha value meaning a destructive offspring event
can be produced if a large magnitude event occurs in the region.

The structural and tectonic setting of Turkana and Karonga are more distinct than similar. The former,
which is confined in the eastern branch of the EARS, began its’ formation between 45-30 Myr ago
while the latter is confined in the southern segment of the western branch which began developing 13-
12 Myr ago. For example, the mantle temperatures between the eastern and the western branches is
about 100-150° C underneath with eastern branch having a higher value (Hardarson, 2015).



Recommendations

The two aftershocks’ fault plane solutions determined 1n the Turkana sequence are
not a representative of the wholesome subsidiary faults distribution. The multiple
subsidiary faults distribution is characterized by different solutions since each
aftershock 1s assumed to occur on 1ts own minor fault surrounding the damage
zone.

The rate of decay of the aftershocks 1s relatively poor and this can be attributed to
low aftershocks population density. The best results for these two models, Omort1’s
law on aftershocks decay rate and ETAS model, are achieved by high population
densities 1n aftershocks. This 1s applicable in Equation 2 when determining the
rate of occurrence of aftershocks at time, t.

More stations are needed to record the events to easily distinguish between an
anthropogenic and natural sequence 1n a clear Omori1’s curve.

The comparison of these two sequences exhibit two distinct stages of rifting and
volcanism. It 1s therefore non-comparative for the two ETAS models since each
region 1s characterized by different slip deformation.
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