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Climate-triggered fluctuations of surface masses, including ice and water, can cause transient stress in
the Earth’s crust, further affecting the slip behavior of faults over different temporal and length scales.
In particular, lakes developed within active continental rifts may modulate the stress states and slip
rates of rift border faults and intrarift faults. Here, we utilize a numerical model in a case study of the
Malawi (Nyasa) Rift to understand the response of faults to mass fluctuations on the Earth’s surface. The
water level of Lake Malawi rose 600 m over the last 150 kyr, and significantly influenced the stress state

Keywords: of faults in rift valley. We find that such water load fluctuations can exert 4.6 MPa normal stress on
Malawi Rift fault planes and produce a negative Coulomb stress (down to —2.0 MPa) on fault planes as well as a
lake load pronounced reduction of slip (~2 m) on fault planes within the rift. Moreover, along-strike differences
slip rate in fault geometries and their position relative to the center of the water column load resulted in variable

border fault

: e faul along-strike stress and slip changes. These results suggest that lakes that develop within continental
intrarift fault

rifts play an important role in the evolution of extensional faulting. Our case study provides a basis
for evaluating the relationship between climate-driven surface mass variations and the subsurface stress
state of fault planes and associated seismic potentials.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Loads applied on the Earth’s surface exert a fundamental con-
trol on the strain accumulation on fault planes (e.g., Bettinelli et
al,, 2008; Hampel et al., 2010). Such surface loads include glacial
ice, sedimentary basins, lakes and marginal seas, and tidal forcing,
and may occur on different spatial and temporal scales, within an
earthquake cycle (short term) or over multiple earthquake cycles
(long-term). Most short-term observations are based on geodetic
and/or hydrological modeling, presenting spatiotemporal correla-
tions between periodic surface mass loading/unloading and fault
activity (e.g., Borsa et al., 2014). Moreover, changes in surface mass
loads can perturb the subsurface stress field and further promote
or suppress earthquakes in the critically-stressed seismogenic zone
(Bettinelli et al., 2008; Johnson et al., 2017; Xue et al., 2020).

The majority of studies of the long-term correlation between
surface mass loading/unloading and stress state change and as-
sociated seismicity have focused on deglaciation control of fault-
ing over glacial cycle time frames (Craig et al., 2016; Hampel et
al., 2007, 2010) or over sedimentary filling cycles (Ballato et al.,
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2019; Olive et al., 2014). For example, melting of the Weichselian
ice sheet in northern Sweden produced fault scarps up to 15 m-
high and paleoearthquakes with magnitudes as large as Mw = 8
(Morner, 2005). The melting of the Yellowstone ice cap gave rise to
an acceleration of strain accumulation on the Teton fault in Basin
and Range Province (Hampel et al., 2007). Similarly, deglaciation
triggered considerable slip on the pre-existing weak zones in the
Swiss Alps (Ustaszewski and Pfiffner, 2008). Beyond the glacial cy-
cle, the effect of loading/unloading of climate driven lake storage
on faulting has not been fully recognized or analyzed. Numerical
experiments and field studies on long-term climate driven lake
loading-derived stress changes in continental rift settings are sel-
dom even reported.

The Malawi (Nyasa) Rift, with its active faulting and record of
pronounced Quaternary climate variability, provides an ideal site
to study long-term, surface mass redistribution-derived stress and
slip rate changes on fault planes. The Malawi Rift is located at the
southern end of the Western Branch of the East African Rift (EAR)
(Fig. 1). Lake Malawi, the world’s fourth largest lake by volume
(Messager et al., 2016), is ~550 km long, ~700 m deep and covers
the rift valley, with lake coastlines defined by major border faults.
Its lake levels fluctuated dramatically over the last 150 kyr (Scholz
et al., 2007; Lyons et al., 2015), rendering considerable variations
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Fig. 1. (a) Topography of the East African Rift (EAR) with red and green shading illustrating the Western Branch and Eastern Branch, respectively. Major lakes along the EAR,
including Turkana, Tanganyika, Victoria, and Malawi/Nyasa, are highlighted. The inset image shows the extent of Fig. 1a in Africa. The black box in the inset image defines
the region of Fig. 1a. The black inset box in Fig. 1a defines the region of Fig. 1b. (b). Digital elevation model and bathymetry of the Lake Malawi region. The white circles
and solid lines are locations of a secondary border fault (SBF) and intrarift fault 1 and 2 (IF1, IF2) studied in this work. The fault geometry and bathymetry are from previous
work and active database (Scholz et al., 2007; Lyons et al., 2011; Scholz et al., 2020; Williams et al., 2021).

in mass loading. High-resolution sedimentary records of climate
are available for the last 1.3 million years, and fault geometries
are also well-constrained by subsurface imaging data sets (Lyons et
al.,, 2015; Shillington et al., 2020; Scholz et al., 2020), allowing for
quantification of the time-dependent surface loads from the lake
water column.

To further understand the interactions between climate driven
changes in surface mass loads and fault stress/slip rates, we focus
on faulting in the Central Basin of Malawi Rift, the deepest basin
in the rift lake (Figs. 1a and 1b), and present a suite of numeri-
cal experiments by using finite element code Pylith 2.2 (Aagaard
et al., 2013) to evaluate the lake water load-derived stress and slip
on fault planes. The objectives of this work include 1) determining
the magnitude and timing of climate-driven lake loading in the
Malawi rift over the past 150 kyr; 2) quantifying the stress and
slip generated by the lake level fluctuations; and 3) determining
if the fault geometry/location relative to the loading source could
generate along-strike variations in stress and slip. This case study
introduces the mechanisms of loading/unloading-related normal
faulting and provides a basis for evaluating the relationship be-
tween climate-driven surface mass variation and subsurface stress
on fault planes and their associated seismic potentials over a 150
kyr time frame. This stress state of fault planes can help to explain
the heterogeneities of orientation, continuity, and strength of faults
during continental extension. Our study suggests that surface mass
changes driven by climate may modulate the spatiotemporal pat-
terns of faulting, and the roles of lakes that developed within the
continental rifts cannot be neglected during the evolution of ex-
tensional faulting.

2. Background
2.1. Tectonic background

The EAR is a part of seismically and volcanically active diver-
gent plate boundary separating the Somalian, Nubian plates, and
forming a series of microplates (Saria et al., 2014; Stamps et al,,
2008; Wedmore et al, 2021; Fig. 1a). The EAR is composed of
Eastern and Western Branches which generally follow Proterozoic
mobile belts. With the evolution of the EAR, a 4000 km-long chain
of rift basins and associated rift lakes developed from Ethiopia to
Malawi. The Malawi Rift (Fig. 1b) is magma-poor, with large mag-
nitude, deep earthquakes of long recurrence intervals (e.g., Albaric
et al., 2009). Extension rates at the Malawi rift are slow, measur-
ing 1-3 mm/yr (Saria et al., 2014; Stamps et al., 2018). The Lake
Malawi section of rift valley is comprised of three extensional seg-
ments, as linked half-grabens (North, Central, and South Malawi;
e.g., Ebinger et al, 1987; Scholz et al.,, 2020). Intrarift faults in
the rift basin contribute ~20-25% and ~55% to the total extension
of the northern and southern Malawi rift respectively (Shillington
et al., 2020). The localization of fault development and geometry
in North and Central Malawi may be influenced by the preexist-
ing basement shear zones (Kolawole et al., 2018; Lad-Davila et al.,
2015; Njinju et al,, 2019). Normal faulting is the dominant kine-
matic behavior, but strike-slip faults are also observed in the re-
gion (e.g., Delvaux and Barth, 2010). Fault throws on border faults
exceed 8 km in some localities, and throws on intrarift faults as
large as 6 km are also observed (Shillington et al., 2020). This
extension-related subsidence and a favorable hydroclimate give
rise to a deep lake with a maximum depth of 700 m. The lake
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coastlines are commonly controlled by major border faults, and the
lake’s deepest point is near the west-central area of the Central
Basin rift segment (Fig. 1b).

2.2. Background of climate and hydrology

As Lake Malawi is located in the tropics, the seasonal climate is
controlled by changes in precipitation on account of north-south
migration of the tropical rain belt or the Inter-Tropical Conver-
gence Zone (ITCZ). Moisture is derived from both the Atlantic and
Indian Oceans in a monsoonal circulation, forming a wet season
from December to April (Lyons et al., 2011). Precipitation within
the Malawi rift varies along-axis, where the southeast receives
800 mmy/yr, but the north more than 2000 mm/yr (McSweeney et
al,, 2014). The variability is controlled by elevation and prevailing
wind direction during the wet season (Lyons et al., 2011). Multiple
large river systems (e.g. Rukuru, Bua, Ruhuhu, Songwe) discharge
70% of total inputs to the lake, and most enter the lake from the
west. The Shire River in the south basin is the lake’s only outlet
(Bootsma and Hecky, 1999). Evaporation comprises 90% of the an-
nual water loss of the modern lake, resulting in a highly sensitive
water balance (Drayton, 1984).

Long-term climate of Lake Malawi region changed from a highly
variable, orbitally-paced condition punctuated by megadroughts, to
more humid conditions after ~70 kyr, possibly induced on ac-
count of reduced eccentricity (Scholz et al.,, 2007). The interval
between 150 and ~70 kyr is dominated by periods of extreme
drought conditions due to the peak of orbital eccentricity, and af-
ter that, the precessional forcing is weak during intervals of low
eccentricity (Scholz et al., 2011). Climate models suggest that the
southward shift of the austral summer Hadley cell can also provide
an increase in latitudinal temperature gradient, leading to a rise of
precipitation in the southern hemisphere, including Lake Malawi
(Clement et al., 2004). Accordingly, this produced a long-term lake
level transgression of Lake Malawi, as well as other lakes in the
EAR over the past ~150 kyr. In the equatorial and northern hemi-
sphere tropics of eastern Africa, high latitude northern hemisphere
glacial conditions seem to also impact regional hydroclimate, re-
sulting in drier conditions during peak glacial periods (e.g. Tierney
et al., 2008).

3. Numerical model setup

To evaluate the behavior of a normal fault during lake water
storage fluctuations, we designed a 350 km x 700 km x 200 km
finite element model using PyLith v2.2.2 (Fig. 2) (Aagaard et al.,
2013). The model domain incorporates three normal faults (one
secondary border fault, two intrarift faults shown in Fig. 1b, here
referred as SBF, IF1, and IF2, respectively) in the Central Basin, and
the geometry of the studied faults is derived from seismic reflec-
tion data (Scholz et al., 2020). The depths of the three modeled
faults are ~8 km based on available seismic data (Scholz et al.,
2020). Note, the border fault here is not the primary border fault
forming the coastline of the central basin but refers to an east-
dipping secondary border fault situated on the outboard side of a
relay ramp (Fig. 1b). This fault is chosen as the seismic reflection
data image both the hanging wall and footwall of the fault.

Here, PyLith applies the conventional finite element formula-
tion with a domain decomposition approach to implement fault
slip. For each vertex along the negative side of a fault interface, a
second vertex on the positive side of the fault and a vertex cor-
responding to the Lagrange multiplier is introduced. The elastic
properties of the rheologically-layered crust are from a homoge-
neous 1-D model, the Preliminary Reference Earth Model (PREM,
Dziewonski and Anderson, 1981). The crust thickness in the model
is derived from recent receiver function study of Malawi Rift (Sun
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et al., 2021). Our choice of viscosity properties is shown as Figs. S1,
S2, and Table S1. We assign a pressure equivalent to the local water
depth of Lake Malawi and add it on the surface of the domain as
a Neumann boundary condition. For the other lateral and bottom
boundaries, we fix the degrees of freedom of the direction of per-
pendicular the boundary to resolve the stress on fault planes. The
temporal and spatial change of the loads are constrained by previ-
ously published lake level information from 150 kyr BP to present
(Lyons et al., 2015), and by lake bathymetry data, respectively. The
lake level is reconstructed by calibration of first principal com-
ponent from geochemical and sedimentological variables directly
influenced by lake-level variations and known lake levels (Lyons
et al., 2015). The cell size of domain is ~1.5 km near the faults
and increases to ~30 km towards the bottom model boundaries
(Fig. 2). To evaluate the slip rate changes from surface loads, a con-
stant background extension rate of 2.5 mm/yr (Saria et la., 2014;
Stamps et al., 2008) is applied at the east and west side of the do-
main as a Dirichlet boundary condition. We note here, that a recent
kinematic model using GNSS measurements yields a lower local
extension velocity of 1.2 mm/yr across the southern Malawi Rift,
indicating an elastic strain accumulation (Wedmore et al., 2021).
Therefore, we include the simulation with boundary condition of a
lower extension rate in the supplementary materials (Fig. S3). The
induced slip rate is thus calculated at the different locations along
the strike of fault for domains with only background extension,
and with both extension and a lake load.

We simulate dynamic rupture scenarios in the PyLith code (Aa-
gaard et al.,, 2013) to govern the fault stress and the slip using a
static friction law, producing a shear traction proportional the fault
normal traction (lake load) plus a cohesive stress:

Te+ non, 00 <0
T =
: 0,0, >0

Where 75 is static shear stress, Tc is the cohesive stress, on is the
normal stress, and w is coefficient of friction (e.g., Aagaard et al.,
2013). When the friction is large enough, no sliding occurs, then
the Lagrange multipliers correspond to the forces that keep the
slip zero. When the driving forces exceed the friction, the Lagrange
multipliers are reduced to be consistent with friction from the fault
model. Here we apply u = 0.4, as widely tested and applied in cal-
culations of Coulomb stress changes to minimize uncertainty (e.g.,
King et al., 1994). Since it is not possible to predict the cohesive
stress for potential rupture in this region, we assume a 1.0 MPa
of cohesive strength excess in the static friction based on previ-
ous modeling efforts (Aagaard et al., 2013, 2017; Andrews, 2005).
Therefore, slip could occur on fault plane where the lake water
load derived static shear traction is more than 1.0 MPa.

We calculate the Coulomb stress for each of the studied fault
planes. Coulomb stress is defined as ACFS = Atl — wAon, where
ATl is the loading induced shear stress change (here and after re-
fer as “shear stress”), and Aon static normal stress change (e.g.,
King et al.,, 1994). Here, the pore fluid pressure is not considered
in the Coulomb stress calculation, but would be evaluated in the
discussion. We note that a positive Coulomb stress change implies
that normal faulting is promoted, whereas a negative Coulomb
stress change means that normal faulting is suppressed.

4. Results
4.1. Surface load changes over the past 150 kyr
The level of Lake Malawi fluctuated ~ 600 m over the last 150

kyr (Fig. 3), and from bathymetry and lake level data, we estimate
that the water storage increased from its minimum 150 kyr ago by
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Fig. 2. (a) Domain of finite element model with a dimension of 350 km x 700 km x 200 km. The lake water load is added on the domain surface. The modern coastline
of Lake Malawi is shown as a dashed line. (b) The three fault planes investigated in the Central Basin of Malawi rift are in the mesh. The geometry of the fault planes is
derived from analysis of seismic reflection data sets (Scholz et al., 2020). The lake water storage fluctuation induced stress and slip rate is calculated on each node on the

fault planes.

~5 Gigatons since 150 kyr BP (Fig. 3). This increase in water stor-
age has resulted in an increase in surface loading on the Malawi
Rift and associated fault planes. Notably, the North, Central, and
South Basins experience lake loads different from each other, in
magnitude and direction due to their dissimilar basin morpholo-
gies. Specifically, the Central Basin has been under a continuous
water load since 150 kyr BP (Fig. 3), but such loads were absent
in the North and South Basin for more than 50 kyr of the past
150 kyr due to their shallower configurations (Fig. 3). Likewise, the
magnitudes of loads in the North and Central Basins are markedly
larger than that of South Basin due to the shallower lake depth in
the south (Figs. 1 and 3).

4.2. Surface load fluctuation-induced stress changes

The lake storage fluctuation-derived stress changes vary in am-
plitude and direction on each of the fault planes. The normal and
shear stresses increase when the lake level increases from 150 kyr
BP to present (Fig. 4). The normal stress change on three fault
planes is consistent, where water level increase causes a compres-
sional normal stress on the fault plane of 1.0-4.6 MPa (Figs. 4cg).
However, the shear stress displays a different pattern; the increase
of lake level gives rise to a dip-direction traction of 0.9 MPa on the
modeled fault planes. Furthermore, the strike-slip shear stress on
the fault planes is one order of magnitude lower than that of nor-
mal stress (Figs. 4ac). Lastly, the increased lake water load exerts
a negative Coulomb stress on fault planes, and this negative stress
changes from —0.5 MPa to —2 MPa from 150 kyr BP to present
(Fig. 4). This reduced Coulomb stress on fault planes implies that
the increase of lake level (increasing lake depth and loads) discour-
ages normal faulting on all three faults beneath the lake. In PyLith
the fault is represented by two groups fault nodes, which share the
same nodes on the edges of the buried faults. These nodes on the
edge are forced to slip to zero along the buried edges on the fault
planes to ensure the continuity and coherence of the mesh (Fig. 4).

Our size of fault planes with cell of 1.5 km are sufficiently large to
minimize this edge effect of the buried edges.

4.3. Along strike variation on induced stress/slip rate change

Within a single fault plane, the stress and slip patterns also ex-
hibit large variations along strike. For example, the normal stress
and dip-slip shear stress shows an increase from south to north of
1.5-2.0 MPa and 0.5 MPa on the SBF, respectively (Fig. 4). We fur-
ther investigate the stress time series at different locations on fault
planes (north, central, and south tips of the fault plane, location
shown in Fig. 5a). Fig. 5 and Fig. 6 present the Coulomb stress and
slip variations of the SBF and IF1 along the fault strike, respectively,
and we also plot the slip with extension only, as a comparison to
that with surface loading in Fig. 6. Notably, the phase of Coulomb
stress throughout of the SBF and IF1 is constant, but the north-
ern tip presents a higher magnitude (~2 MPa) of Coulomb stress
than that of southern tip for both SBF and IF with the lake level
rise (Fig. 5). For the slip rate changes, if only applying an exten-
sion rate of 2.5 mm/year without lake load, the accumulated slip
would be 6-8 m on SBF and IF (dashed lines in Fig. 6). Such slip is
reduced by adding lake water loads on the surface of the model,
where the load would reduce the slip on both the SBF and IF, but
to different degrees. The north tips of both SBF and IF especially
are more sensitive to surface loads, showing a reduction of slip of
2-4 m over 150 kyr (Fig. 6); however the slip rate on the southern
tip of the IF is only reduced by ~1 m (Fig. 6b). If applying a lower
local extensional velocity (Wedmore et al., 2021), the reduction of
slip would be 1-2 m over 150 kyr, showing decrease of 30-40%
(Fig. S3). Furthermore, higher lake level since 100 kyr BP would
significantly decelerate the slip on the north tip (green lines in
Fig. 6) where the deepest lake is preserved. In contrast, when the
lake level is low (e.g. 150-100 kyr BP), the faults show a rapid in-
crease in their slip rate (Fig. 6). This observation agrees with the
model stress state, where the increase of lake level would increase
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Fig. 3. The lake water derived loads from 150 kyr BP to present. The black contour shows the present coastline of Lake Malawi, the three color-coded lines represent the
locations of the SBF, IF1, and IF2. The surface load from lake water storage is color coded. The inset plot shows the lake level fluctuation from 150 kyr BP to present from
Lyons et al. (2015) with the plus marker and line represent the calibrated and smoothed lake level respectively.

the normal stress and thus decrease Coulomb stress to discourage
fault rupture.

5. Discussion

Modeled results indicate that climate-driven rift lake storage
fluctuations are able to cause considerable stress changes on rift
basin normal faults. The increase of water levels in Lake Malawi
since 150 kyr suppresses fault rupture of the rift. In turn, reduc-
tions in lake levels, which occurred periodically over a long-term
lake level rise, increased Coulomb stresses on the rift basin nor-
mal faults. The Coulomb stress change in this setting is dominated
by the normal stress. Thus, a rise in water level would increase
the compressional normal stress and thereby clamp the fault. Al-
though the lake level rise would also lead to shear stress increases
which would promote failure, the normal stress change is one or-
der of magnitude higher than that of shear stress during lake level
rise from 150 kyr BP to present (Fig. 4). This triggering mech-
anism, as well as the correlation between surface mass removal
and seismicity rate increase, has been reported in previous numer-
ical experiments and field studies focused on glacial retreat. For
example, Wu and Hasegawa (1996) found that faulting rates are
increased considerably by postglacial unloading in parts of Canada
based on a finite element technique. In parts of Scandinavia and
North America, paleoseismologic evidence and field data suggested
that melting of ice sheets was followed by reactivation of normal

faults (Hampel and Hetzel, 2006). In Fennoscandia, a tectonically
stable continental lithosphere, regional deglaciation is coincident
with rise of seismicity (Craig et al., 2016). All these observations
support the hypothesis that surface mass loading on normal faults
can reduce the faulting and deter rupture affecting earthquake
rates. In addition to the stress state of the fault plane, the slip rate
is also under the influence of lake loads and the modeled slip rate
history correlates with the stress change, where the slip is reduced
by the increase of lake level from 150 kyr BP to present (Fig. 6).
The ensemble of previous studies and our present work leads to
the robust conclusion that surface mass loading, manifested as a
600 m lake level rise, is sufficient to reduce faulting beneath the
lake.

Our results also suggest that transgression and regression of
Lake Malawi can have a considerable effect on upper crustal de-
formation by modulating the slip rate and the stress state of ad-
jacent faults. These faults were found to respond to loading by
slip deceleration/Coulomb stress decrease, and to unloading by slip
acceleration/Coulomb stress increase. Many major faults exhibit a
cyclic release of elastic strain energy, as shown in multiple earth-
quake recurrence models globally (e.g., Thatcher, 1984). Beyond the
earthquake cycles, glacial-interglacial changes could also modulate
fault slip evolution and associated recurrence rates (e.g., Hampel
et al.,, 2010). At the same time, climate-driven sedimentary load-
ing and unloading cycles, which also modulate sedimentary fills
and fluvial incision, can also control spatiotemporal deformation
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Fig. 4. Lake water load derived stresses on the three fault planes at 150 kyr BP (left column) and present (right column), illustrating strike-slip shear stress (ae), and dip-slip
shear stress (bf), normal stress (cg), and Coulomb stress (dh) caused by a lake level increase of ~600 m in the Malawi Lake. The positive and negative strike-slip shear
stresses represent left lateral and right lateral directions respectively. The positive and negative dip-slip shear stresses represent reverse and normal directions along-dip,

respectively. The negative normal stress suggests compressional conditions.

of basins and faulting within it (e.g., Ballato et al., 2019; Olive et
al., 2014). Similar to surface loads from lake water, 2D numerical
experiments suggest that thicker sedimentary fills could suppress
basinal faulting process, and removal of sedimentary loads pro-
motes intrabasinal faulting (e.g., Ballato et al., 2019; Calais et al,,
2010). Accordingly, there is abundant evidence that cyclic climate
changes driving surface mass fluctuations can affect the acceler-
ated or decelerated motion of faults. It is essential to investigate
continental climate archives and reconstruct the Quaternary load-
ing history to fully understand the strain release pattern of seis-
mogenic faults and to further assess seismic hazards (e.g., Hodge
et al.,, 2020). We suggest that the interplay between tectonics and
climate, which dictate the transient storage of lake water and mod-
ulated loading stress, may occur in other continental rift lakes as
well. These rift lakes in tropical Africa (e.g. Tanganyika and Malawi)
experienced major and rapid hydrological fluctuations during the
Late Pleistocene and Holocene and resulted in dramatic shifts be-
tween relatively moist and arid conditions. Reconstructions of pa-
leoclimate could play an important role in deciphering the slip
history and evolution of the EAR.

Notably, the magnitude of lake Ilevel fluctuation-induced
Coulomb stress and slip reduction are relatively small compared
to estimates of coseismic deformation. Our modeling results rep-
resent the minimum stress buildup and slip accumulation over
multiple seismic cycles rather than coseismic instantaneous dis-
placement, and are comparable to results obtained from modeling
studies of different regions. For example, numerical modeling of

northern Scandinavia and Basin-and Range Province constrained by
paleoseimic data concluded that unloading due to mass loss from
a glacier (500 m of an ice sheet, similar to our lake level changes)
could give rise to a differential stress of ~3 MPa and ~2 m fault
slip (Hampel et al., 2010). Similarly, Steer et al. (2014) found that
rapid erosion in Taiwan (20 mm/yr) can also result in Coulomb
stress change of 0.01-0.1 MPa over the interseismic phase (500
yr). Furthermore, results from finite-element modeling of deglacia-
tion of the Teton Range suggested ~5 m slip reduction from the
unloading of Teton glaciers and Yellowstone ice cap (Hampel et
al., 2007). To further reconcile the climate effects on stress/slip
history of Malawi rift, paleoseismological studies and better age
constraints are required.

Specific fault geometries, roughness, and position relative to
the surface loads also impact the magnitude and directionality
of stress buildup and slip rates on fault planes. We observe that
along-strike variations of slip exist in cases with extension only
(dashed lines in Fig. 6), and the surface loads accelerate the effect
of fault geometry on fault planes. With lake loads, the first-order
along-strike variation indicates a northward increase of stress and
slip (Figs. 4 and 5). This is largely because the northern tips of
these faults are closer to the maximum of water column load in
the Central Basin. Besides, given that the strikes and dips of nor-
mal faults vary for different segments, the induced stress/slip on
the fault planes also changes accordingly. For the SBF and IF1, their
strike changes ~12° (Fig. 2b). The strike-slip shear stress changes
from left-lateral to right lateral shear either side of the fault bend



L. Xue, R. Moucha and CA. Scholz

Earth and Planetary Science Letters 593 (2022) 117693

le6 Coulomb stress variation of SBF
- (@) 0.0 (o)
8.83 1§ 505
’ 2
i SBF =0
(U]
8.82| % G
' o
e g 2.0
o’e o .
o, EPT Y — south tip
o . S center
8.81 12, ; —3.0{ —— north tip
o g 140 120 100 80 60 40 20 0
== 2 Ky BP
8.80 “ i Coulomb stress variation of IF1
*% 0.0
| g ©
ris =
8.79 & =
[ )]
's:.‘ % -1.0
Z b
8.78 IF1S- €15
e % —— south tip
tl S -2.0 center
~° north tip
8.77 -2.5
650000 660000 140 120 100 80 60 40 20 0

Ky BP

Fig. 5. Coulomb stress variations along the strike of SBF (b) and IF (c). The locations of selected cells on the fault are shown in (a). Each of the black dots represents a node
on the fault plane. The x and y axes are in the units of meters in the UTM S36. Three nodes on the fault planes are chosen to show the stress time series, where the blue,
orange, and green ones represent north, center, and south tips of the fault, to illustrate stress variations along fault strike.

Slip vairation of SBF

10 —— south 7
center
81 —— north =
E 6
=
v 4
2
0
140 120 100 80 60 40 20 0
Ky BP
Slip vairation of IF1
south
8 center
—— north D et
_6 S
E
24
wn
2
0

140 120 100 80 60 40 20 0
Ky BP

Fig. 6. Slip variations on (a) SBF and (b) IF1 at three observation points (north,
center, and south of the fault). The dashed lines represent the modeled slip with an
extension rate of 2.5 mm/year. The solid lines represent modeled slip with extension
rate of 2.5 mmy/year and lake load variations since 150 kyr BP.

(Fig. 4). Moreover, the normal stress and dip-slip shear stress also
increase either side of this fault bend (Fig. 4).

To evaluate the effect of fault geometry, we compare the in-
duced stress on the actual fault plane and on a simplified rectan-
gular fault plane, where along-strike variations are removed (Fig.
S4). The equation of this rectangular fault plane is calculated us-
ing the best fit of all the vertices on the actual fault plane (Fig.
S4a). Figs. S4 show that the magnitude of induced normal stress
on the best fit rectangular plane and actual plane are in the same
order of magnitude; nevertheless, the pattern and magnitude of
induced shear stress is different between best-fit rectangular plane
and actual plane, where the shear stress changes with orientation
of the fault planes but such variation is absent on the best fit
rectangular fault planes. Such discrepancies further indicate that
strike and dip variations on the faults can modulate the direction
of fault slip. Our observation agrees with previous investigations
of the relationship between fault geometry and induced stress.
Model experiments on post-glacial unloading from Hampel et al.
(2010) suggested that fault dip could control the duration and tim-
ing of the slip accumulation phase and the magnitude of slip rate
variations. Recently, Li et al. (2020) suggest that the surface mass
distribution induced stress calculated on fault planes can be quite
sensitive to the assumed fault geometry, and especially the dip
angle. Notably, our modeled results on stress and slip show an ac-
cumulative amplitude change over 150 kyr, with the assumption
that there are no major ruptures that change this fault geometry.
Therefore, paleoearthquakes within the past 150 kyr and their en-
ergy release and changes on fault geometry could influence the
modeled results.

The influence of the Earth material properties on the results
can be considerable, therefore we develop experiments with three
different Earth structures (Fig. S2) on SBE. Earth structure 1 (the
primary Earth property use applied in the stress/slip calculation)
represents a lower viscosity of lithospheric mantle, than that of
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Earth structure 2 (Fig. S2), and the Earth structure 3 presents the
case with weak lower crust. The results from this experiment show
that the slip patterns of these three Earth structures are the same;
however, we found that viscosity can modulate the magnitude of
the slip on the fault plane (Fig. S5). For a weak lithospheric mantle
(Earth structure 1), the loading induced slip is more pronounced
than that of Earth structure 2, and the difference of accumulated
slip between these two Earth structures can be ~1 m (Fig. S5).
Meanwhile, a weak lower crust would result in a higher accu-
mulated slip (~0.5 m) on fault planes. Moreover, we also observe
along-strike heterogeneity on the slip rate, where the north tip of
fault has more slip change than that from the south. Such influ-
ence of Earth structure on loading-induced slip is also supported
by numerical experiments on glacier-induced slip, where slip rate
of normal faults would be less pronounced when lower crustal vis-
cosity increases (Hampel et al., 2010). Steffen et al. (2014) also
noted that the Earth material parameters, including the thickness
of crust and lithosphere, are major parameters affecting the mod-
eled magnitude of ice-sheet melting induced fault slip. This com-
parison suggests that the magnitude of the reduction of the slip
rate caused by lake loading is also affected by changing the vis-
cosity of the lithospheric mantle, especially in the EAR where rift
location and initial evolution have been controlled by lithospheric-
scale pre-existing crust and mantle heterogeneity.

In addition to the elastic loading of water storage on the sur-
face, pore pressure changes can also play an important role in
Coulomb stress calculation for fault interaction studies (e.g., Sumy
et al,, 2014). Here, we demonstrate the potential influence of pore
fluid pressure on the stress changes of fault planes. The pore fluid
pressure change of undrained loading is given by Ap = -B Ao /3,
where Ao is the change in stress tensor and B is the Skemp-
ton coefficient (e.g., Rice and Cleary, 1976) in the range of 0.5
and 0.9, based on a compilation of experiments (Roeloffs, 1996).
We apply a B of 0.7 and stress tensor changes from lake water
storage, and calculate the pore pressure and Coulomb stress us-
ing ACFS = At — (Ao, + Ap) on the three points along the SBF
would promote the pore fluid pressure, and further increase the ef-
fective normal stress on the fault plane (Fig. S6). The magnitude of
modeled Coulomb stress is reduced 20-32%, considering such an
increase in effective normal stress. Clearly, significant uncertain-
ties remain in these estimates of pore fluid pressure, and a better
approach would require further constraints on the reservoir shape
and physical properties, i.e. the porosity, compressibility, drained
situation, and poroelastic properties. Although we cannot directly
quantify the pore fluid pressure in absence of constraining evi-
dence, the modeled results presented here are only an example
of the potential influence of lake level change-induced pore fluid
pressure on effective normal stress on the fault planes. Addition-
ally, the stress is also dependent on the fault depth. We focus on
the fault plane at a depth of 10 km due to the limits of seismic re-
flection studies (Scholz et al., 2020). To investigate the influence of
fault depth on the stress, we assume a flat plane and project stress
tensors on a fault plane with the geometry of strike = 0, dip = 60,
and rake = 90 (Fig. S7). We calculate the time series of Coulomb
stress at the location of SBF (x = 644 km and y = 8811 km) and
cells at different depths (2, 6, 11, 27 km). The result shows that
rift lake loading-derived stress decreases with depth and it reduces
81% in the lower crust with the assumed fault geometry, suggest-
ing the rift lake-derived stress change likely has the most effect on
faults within upper crust.

Our models have some inherent limitations. We acknowledge
that this approach does not take into account some factors that
modified the stress and slip rate on the rift fault planes, includ-
ing the influence of other intrarift faults in the Central Basin (see
Fig. 1b), the primary border faults to the west, and the partial over-
lapping of target faults along the rift axis. These factors may also
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contribute to the total extension rate and strain localization and
further impact the modeled stress and slip on the faults. Using
only three faults in the model may underestimate the contribu-
tion from other faults in the Central Basin. Note however that
the model focuses on the elastic properties of the Earth materi-
als. Regional and local flexural uplift in response to the rift lake
unloading is not explored in this work, which may also generate
some differences and influence fault offsets and patterns of fault
migration.

6. Conclusions

Three-dimensional finite element modeling of faults enables
evaluating the spatiotemporal evolution of transient stress changes
and slip rate variations on border and intrarift faults in the Lake
Malawi Rift over the past 150 kyr. Our results suggest the follow-
ing broad set of conclusions:

(1) Lake water column fluctuations of ~600 m exert as much as
0.9 MPa shear stress and 4.6 MPa normal stress on fault planes
over the studied interval of the late-Quaternary. Such stress
change magnitudes are sufficient to influence fault rupture and
associated earthquakes.

(2) An increase in lake level produces a negative Coulomb stress
on fault planes and gives rise to fault clamping and reduction
in fault slip in extensional settings. Our modeling results agree
with previous studies that focused on the effect of glacial
loading/unloading cycles on fault activity. Reconstructing water
column loading histories of active faults by using continental
paleoclimate archives can help better understand past and fu-
ture strain release patterns of seismogenic faults.

(3) The magnitude of stress and slip changes on individual faults
also vary (~1 MPa Coulomb stress and 2 m of slip) along strike
due to variable fault geometries and position relative to the
center of the water column load. This stress variation along
fault strike may explain the different strain accommodated on
the intrarift faults along the Malawi Rift.

(4) Assumed Earth model parameters and pore fluid pressure
also influence fault throw and stress changes on fault planes.
For example, a weak lithospheric mantle versus a strong one
would produce a slip difference of 2 m on the faults.

In summary, our results highlight the rich interplay between
tectonics and climate and between the earthquake cycle and cli-
mate cycle, which indicate long-term climate driven surface mass
changes, including hydro-loading, can modulate active deforma-
tion patterns and fault behaviors in continental rifts. Rift lakes
with similar characteristics along the EAR may have experienced
comparable tectonic-climate interactions during Pleistocene and
Holocene.
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