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Abstract The distribution and alignment of volcanism in continental rifts is controlled by regional
extensional stresses modulated by several factors such as structural inheritance, volcano edifice loading, and rift
architecture. These interactions result in complex characteristics of rift‐related volcanic features, which may be
difficult to interpret considering the different controlling processes. The Turkana Depression (East Africa)
exemplifies these complexities, showing an anomalous location of volcanic fields (outside the area of ongoing
extension), with variable vent orientation. We analyze vent distribution in the Turkana Depression and calculate
the stresses resulting from Gravitational Potential Energy (GPE). Our results show that West to East variations
in topography and (subordinately) crustal thickness give rise to extensional GPE‐related stresses East of Lake
Turkana, where recent off‐rift volcanism is localized. Within each different volcanic field, local GPE‐related
stresses control the arrangement of volcanic vents, which therefore do not respond to the regional (plate motion‐
driven) stress field.

Plain Language Summary Continents sometimes divide into two parts with a new ocean forming in
between. This process happens along a rift valley (like in East Africa) where the tectonic plate stretches and
thins, and where active volcanoes commonly form. However, the distribution of volcanoes near rift valleys is
sometimes very complex and difficult to interpret, since it is controlled by many different parameters. They
most commonly form along faults and fractures in the rift, but forces created by the weight of the uplifted rift
valleys sides and high volcanoes, as well as pressure from subsurface magma chambers, can also influence their
formation. In this paper, we study the Turkana depression in East Africa to understand the control on volcanic
activity by the forces created by the difference in topography and crustal thickness between the uplifted rift sides
and the downthrown Turkana depression. Our calculations show that forces caused by changes in topography
are the main control on the movement of magma to the surface, and therefore control where volcanic fields form,
and the shape that they form in. These results are important since a similar process may control volcanics
activity in others rift valleys around the world.

1. Introduction
Understanding the distribution and alignment of volcanic activity and its governing factors are critical in the
analysis of continental rifting and break‐up. Different studies have shown that magma migration, emplacement
and final eruption may not always respond to the imposed regional tectonic (plate motion‐driven) stress field, but
instead be controlled by local processes such as structural inheritance, rift architecture, loading by volcanic
edifices, and unloading by extension and pressure generated by a magma reservoir (e.g., Maccaferri et al., 2014;
C. K. Morley, 2020; Wadge et al., 2016). The diverse controls on the stress field result in complex spatial dis-
tributions of fissures and vents, which may deviate from the regional extension‐orthogonal orientation and
potentially change during rift evolution. Therefore, explaining the distribution of volcanic activity during rifting
and its relation with regional/local stress fields and their controlling factors is challenging.

The Turkana Depression in East Africa (Figure 1) exemplifies these complexities, showing an anomalous dis-
tribution of volcanism with several important volcanic centers located outside the area of ongoing extension, and
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showing variable orientation of vents in the different volcanic fields (e.g., Mazzarini & Isola, 2022). Specifically,
it is unclear why off‐rift volcanism occurs only East of the rift axis. Also, the field alignments are enigmatic as
they are neither parallel to the rift trend nor perpendicular to the local extension direction. Lithospheric char-
acteristics (e.g., rheology, thickness, strength) and their lateral variations, magma dynamics (genesis and
migration processes), crustal properties (e.g., presence of inherited structures), and local/regional stress fields

Figure 1. (a) Faults, seismicity, and Pleistocene‐Holocene volcanic vents in the Turkana Depression superimposed on a SRTM (Nasa Shuttle Radar Topography
Mission) digital elevation model. Seismicity is from U.S. Geological Survey National Earthquake Information Center catalog (1900 to present; citation needed for the
NEIC catalog, https://earthquake.usgs.gov/earthquakes/search/). Green dots illustrate in‐axis volcanoes (Em: Emuruangogolak, Ba: Barrier, CI: Central Island, Ko:
Korath range, Na: Namarunu, Si: Silali, SI: South Island); black dots illustrate off‐rift volcanic fields (As: Asie; DD: Dilo‐Dukana; HH: Hurri Hills; Ma: Marsabit; Me:
Mega). LT: Lake Turkana; RR: Ririba Rift. Inset in the bottom left corner illustrate the present‐day plate kinematics of the East African Rift. Black arrows show relative
motions with respect to a stable Nubian reference frame according to the best fit model of Saria et al. (2014). Black dashed lines indicate plate and microplate boundaries
from Stamps et al. (2021). AR: Arabian plate; ER: Ethiopian Rift; KR: Kenyan Rift; NU: Nubian plate; SO: Somalian plate; RO: Rovuma microplate; VI: Victoria
microplate. (b, c) Details of vent distribution in the different volcanic fields, illustrated as ellipses that are derived by applying Principal Component Analysis (PCA;
Mazzarini et al., 2016) to the original data sets (vent location in UTM coordinates ‐WGS84 datum, available as open access database (Isola et al., 2024)). PCA describes
the ellipse containing 95% of the data set and gives the azimuth of each ellipse's major axis. Numbers below the labels of the volcanic field name indicate the orientation
of the ellipse's maximum axis. (d) Distribution of tectonic and volcanic activity across the Turkana Depression (location of cross‐section in panel a). The red line (“Max
extension”) indicates the area of maximum active extension and the modern‐day plate boundary constrained from the synthesis of seismic and geodetic results byMusila
et al. (2023). VE: vertical exaggeration.
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have been suggested to influence the spatial distribution and variability in orientation of volcanic features in the
region (e.g., Franceschini et al., 2020; Mazzarini & Isola, 2022). However, the primary controls on the distri-
bution and alignment of volcanic activity in the Turkana depression still remains unclear.

In this paper, we provide additional constraints on these complex processes by focusing on the volcanic activity
located outside the rift valley and provide a comprehensive analysis of its distribution and orientation. We
compute the Gravitational Potential Energy (GPE) related to variations in crustal thickness and topography in the
Turkana depression and show that this parameter has a strong control on magma migration and emplacement by
controlling the location and alignment of volcanic vents in the area.

2. Tectonic Setting
The Turkana depression is a low‐land located between the uplifted East African and Ethiopian domes, and is the
region of interaction between the Main Ethiopian Rift (MER) and Kenyan Rift (Figure 1). These two rifts are part
of the Eastern Branch of the East African Rift (EAR), a system of 80–100 km‐wide rift valleys extending for
several thousand kilometers in the Eastern part of the African continent (Figure 1). The EAR marks the incipient
boundary between the Nubian and Somalian plates, that are diverging at rates of 3–5 mm/year in a roughly E‐W
direction (Saria et al., 2014).

The current morphology of the Turkana depression does not correspond to a narrow rift valley dominated by large
fault escarpments. Instead, the area is characterized by low relief marked by numerous, small‐offset normal faults
and volcanic centers widespread over a wide region (Figure 1). Seismicity and geodetic analysis indicate that only
a localized part of the rift (i.e., Lake Turkana basin) is currently active (Knappe et al., 2020; Musila et al., 2023;
Sullivan et al., 2024), although Pleistocene‐Holocene volcanoes are distributed over a more than 300 km‐wide
portion of the depression (Figure 1; e.g., Mazzarini & Isola, 2022). The atypical width of the Turkana depres-
sion and its anomalous low topography are believed to be a consequence of the interplay between the propagation
and interaction of the two main rift systems in the area (MER, Kenyan Rift) and the transversal (roughly NW‐SE‐
trending) pre‐existing Mesozoic basin of the Anza graben (e.g., Benoit et al., 2006; Brune et al., 2017; Corti
et al., 2019; Ebinger et al., 2000; C. Morley & Boone, 2025; Sullivan et al., 2024).

Rifting in the Turkana depression has been accompanied by significant volcanism (Figure 1; Figure S1 in
Supporting Information S1). The youngest major pulse was in the Pliocene and mostly basaltic, which initially
occurred as widespread fissural flows and then followed by building of large shield volcanoes (e.g., Asie, Hurri
Hills, Marsabit; Figure S1 in Supporting Information S1; Rooney, 2020). This basaltic pulse was in turn followed
by more localized Pleistocene‐Holocene activity. In particular, this recent volcanism characterized the actively
deforming axial portions of the northern Kenya Rift and the Lake Turkana basin where several volcanic centers
with Holocene activity (e.g., North Island, Central Island, South Island, Barrier) are present (in‐axis volcanoes,
Figure 1; Figure S1 in Supporting Information S1). These volcanic centers are characterized by products showing
a wide range of magma compositions including dominant basalts and trachytes with subordinate silicic pyro-
clastics and rhyolites (Rooney et al., 2022, and references therein). Significant recent volcanic activity has also
occurred outside the actively deforming zone, with different volcanic fields exhibiting aligned monogenetic
cones/maars and associated flows, well‐developed on top of the Pliocene shield volcanoes (e.g., Hurri Hills,
Marsabit) or between them (e.g., Dilo‐Dukana, Mega; off‐rift volcanoes, Figure 1; Figure S1 in Supporting In-
formation S1; Table 1). These centers characterize the region East of Lake Turkana, with no recent volcanism
West of this basin, therefore marking an asymmetric distribution of recent volcanic activity with respect to the

Table 1
Characteristics of Off‐Rift Volcanic Fields in the Turkana Depression

Name Type of activity Dominant composition Age of latest activity (Ma)

Dilo–Dukana (DD) Cinder and scoria cones, maars Basanites 0.135

Mega (Me) Cinder and scoria cones, maars Basanites Holocene

Hurri Hills (HH) Cinder and scoria cones, maars Basalts, Basanites 0.5

Asie (As) Cinder cones, maars Basalts, Basanites 0.4

Marsabit (Ma) Cinder cones, maars Basalts, Basanites <1
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locus of active deformation in the Turkana depression (Figure 1). The off‐rift volcanism is characterized by
predominant basaltic and basanitic composition with activity dominated by cinder and scoria cones and maars
(Table 1; Mazzarini & Isola, 2022 and references therein). Being away from the region of focused active
extension, this activity is unrelated to the main rift structures, as exemplified in the Ririba rift (Figure 1), where
the abandonment of extension‐related faults at the Pliocene‐Pleistocene boundary has been followed by
emplacement of the Dilo‐Dukana vents which cut the inactive normal faults (e.g., Corti et al., 2019; Franceschini
et al., 2020). Both lithosphere and asthenosphere control has been suggested to influence the overall locus of
volcanism. Mazzarini and Isola (2022) suggest pre‐existing structures in the extended crust and rheological
heterogeneities in the mantle lithosphere exert primary influence on the distribution of recent volcanic activity in
the Turkana Depression. In contrast, Kounoudis et al. (2021) propose that melt supply is focused in the uppermost
asthenosphere and lower lithosphere in zones where the plate has been thinned by past and ongoing rifting.

Crustal thickness of the Turkana Depression has been constrained using receiver functions (Ogden et al., 2023).
The results show the crust is ∼40 km thick beneath the rift flanks, and thins to 20–30 km beneath most of the rift
(Ogden et al., 2023). Specifically, the crust is thinnest (<25 km thick beneath the actively deforming Lake
Turkana basin. Vp /Vs is ∼1.74 throughout the depression and beneath the rift flanks indicative of normal con-
tinental crust, suggesting that the volume of magma intrusion is relatively low. Instead plate stretching and
faulting accounts for most of the extension over the rift history (Ogden et al., 2023). The limited volumes of
Cenozoic magmatism are also consistent with seismic tomography which broadly shows lithosphere seismic
velocities that are relatively normal, consistent with limited evidence for thermal modification (Kounoudis
et al., 2021). The seismic tomography only shows evidence for partial melt in the lithosphere and upper
asthenosphere in limited areas beneath the rift and Eastern rift flank, which correlate spatially to the Pleistocene‐
Holocene volcanism both in‐ and off‐rift (Kounoudis et al., 2021). Localized zones of magma intrusion and
deformation document a recent transition from boundary faulting to magma‐driven axial extension in the actively
deforming Lake Turkana basin (Muirhead et al., 2022).

3. Methods
3.1. Analysis of Vent Alignment

Our vent mapping relied on 3 sources: (a) analyzing SRTM digital elevation models with a cell size of 30 m
(http://www2.jpl.nasa.gov/srtm/), (b) interpreting panchromatic satellite images with pixel resolution of 2.5–
20 m by using Google Earth (http://earth.google.com/), and (c) integrating previous work by Mazzarini and
Isola (2022). The location of monogenetic vents (cones) with a preserved recognizable volcanic morphology is
illustrated in Figure 1, for both in‐axis and off‐rift volcanic fields, and available as open access database (Isola
et al., 2024). Vents with a diameter smaller than a few pixels (i.e., <60 m), disrupted vents (vents without a well‐
preserved morphology), and vents covered by younger volcanic products have been filtered out.

The shape of a volcanic field has been assessed by analyzing the vent locations (UTM coordinates) through
Principal Component Analysis (PCA), which is a linear method for dimensionality reduction (see Mazzarini
et al., 2016 and references therein). The PCA provides ellipses containing 95% of the data set and gives the
azimuth of each ellipse's major axis, which corresponds to the main alignment of the volcanic field. The results of
this PCA analysis has been successively compared with analysis in the Geographic Information System software
QGis for further validation.

Specifically, the Standard Deviational Ellipse tool is used in QGis to investigate point patterns, which shows a
summary of the distribution as a standard deviation ellipse constructed following the Yuill (1971) method. The
tool provides the DSE polygon and the attributes that characterize the ellipse: meanx, meany, majorsd (Standard
Deviation along the major axis), minorsd (Standard Deviation along the minor axis that is normal to the major
axis), majorangle (rad) (major axis angle in radians counter‐clockwise relative to x/East), directiondeg (“compass”
direction ‐ degrees clockwise relative to north), and eccentricity (sqrt(1 − b2/a2)). These results are compared with
the PCA analysis for cross validation.

3.2. Gravitational Potential Energy (GPE)

Calculation of the vertically averaged stress available to break an initially thick and cold lithosphere suggests that
gravitational forces are not sufficient to induce rifting and that an additional weakening mechanism is required,
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primarily from the effects of melt (W. R. Buck, 2004, 2006). However, once the rift has localized, the stress from
variations in gravitational potential energy (GPE), which is on the order of few tens of megapascals, can drive
extension (Stamps et al., 2010, 2014). Here we use a method proposed by Flesch et al. (2007) and implemented in
Hirschberg et al. (2019) to calculate vertically averaged deviatoric stress arising from gradients of GPE. We
calculate the GPE gradient per unit volume over a depth of z using the following equation:

GPE = 1/L∫
− h

L

∫

− h

z

gρ( z´) dz´ dz (1)

where g is acceleration due to gravity, ρ is the rock density at depth z´, h is the elevation, and L is the thickness of
the lithosphere over which the GPE is averaged, which is ∼100 km (Ghosh et al., 2019; Illsley‐Kemp et al., 2017;
Stamps et al., 2010). Equation 1 is integrated from Earth's surface (z = − h) to the base of the column (z = L)
(Hirschberg et al., 2019). The calculated GPE considers the contribution of the crust and mantle down to 100 km
(Figure 2), which comprises the entire lithosphere in our study area (Afonso et al., 2022). Figure 2 illustrates the
gravitational potential energy per unit volume calculated for a compensation depth of 100 km and principal axes
(compression and extension) of the deviatoric stress due to gravity (Hirschberg et al., 2019).

Figure 2. Gravitational potential energy (GPE) per unit volume in the Turkana Depression for a layer thickness of 100 km.
See text for details. The arrows show the principal (compression and extension) axes of the deviatoric stress. Negative and
positive values indicate compression and extension, respectively.
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For the Turkana area, we use crustal and mantle densities of 2,700 and 3,200 kg/m3, respectively. Previous studies
(e.g., Stamps et al., 2014) demonstrated that both uncompensated cases, where the density of the mantle is
uniform, and compensated cases, where calculations are made with laterally varying density, exhibit similar
magnitudes of GPE gradients in the EARS. The GPE gradient was calculated in a 0.3° rectangular grid (Figure 2).
The accuracy of GPE gradients is dependent on the accuracy of the crustal thickness estimates. We initially use a
recent crustal thickness estimate constrained by receiver functions (Figure S2 in Supporting Information S1;
Ogden et al., 2023). Ogden et al. (2023) show that the crust in the Turkana area is thinner (<25 km) in the vicinity
of and around Lake Turkana and gets thicker in the surrounding region. The thinner crust coincides with the
region of highest strain rate observed using geodesy (Knappe et al., 2020). We also employ the CRUST1.0 model
(Laske et al., 2013) and perform an alternative calculation to assess the uncertainty of the GPE gradients (see
Figures S3 and S4 in Supporting Information S1). To evaluate the impact of the selected compensation depth
(100 km), we conduct additional calculations with compensation depths of 75 and 125 km (Figure S5 in Sup-
porting Information S1). We also include calculations with a fixed Moho depth of 30 Km (and variable topog-
raphy), and a fixed topography (and variable crustal thickness), in order to isolate the effect of topography and
crustal thickness on the GPE pattern (Figure S6 in Supporting Information S1).

4. Results and Discussion
Analysis of vents in the different off‐rift fields indicate that the main axis of the distribution ellipses displays
variable orientation (Figures 1 and 3a): from N48°E for Dilo‐Dukana to N16°E for Mega. The value of the Dilo‐
Dukana field may be influenced by the superposition of three different sub‐fields in this area (see Corti
et al., 2019; Figure S7 in Supporting Information S1). Conversely, all of the in‐rift volcanic vents show a constant
alignment with the rift trend (N10°E to N20°E; Figure 1; Figure S8 in Supporting Information S1), with
Namarunu (which is oriented roughly NW‐SE) being the only exception.

Similarly, the GPE‐related stresses display important spatial variations within the Turkana depression: in general,
stresses are mostly compressional West of Lake Turkana and extensional in a wide region East of it (Figures 2, 3a,
and 3b). The GPE‐controlled least compressive stress is mostly oriented ESE‐WNW East of Lake Turkana but
rotates to roughly E‐W or NW‐SE in places. The comparison between the maximum horizontal compressive
stress (SHmax) obtained using CRUST1.0 and Ogden et al. (2023) crustal thickness models (see Figure S4 in
Supporting Information S1) shows that both crustal models indicate similar magnitudes and directions of GPE
gradients in the Turkana area with the exceptions of the Northwestern and Eastern parts of the study area that are
situated away from the volcanic centers discussed in this paper. The magnitude of deviatoric stress associated with
the GPE gradients (the length of the arrows in Figure 2) ranges from 0 to 15 MPa, which is a similar range in the
magnitudes of GPE related stress from previous studies in East Africa (Mahatsente & Coblentz, 2015; Stamps
et al., 2010). Our maximum values are located in the high topography areas NE and SW of the Turkana
depression; the minimum values occur within the depression, NW and SE of Lake Turkana. Alternative calcu-
lations indicate that GPE gradients exhibit minimal variation for different compensation depths (Figure S5 in
Supporting Information S1). In the area of interest, the orientation of the GPE gradients shown in Figure 2 agrees
well with a variable topography for a fixed crustal thickness of 30 km (Figure S6 in Supporting Information S1),
indicating that topography plays a dominant role on their distribution.

Comparison between the style of GPE‐related stresses and the distribution of off‐rift volcanic vents displays a
very good match (Figure 3c; Figure S8 in Supporting Information S1). Primarily, all the off‐rift volcanism in the
Turkana depression is located East of Lake Turkana where GPE gradients create tensional stresses that favor
magma ascent and eruption; no volcanism is observedWest of Lake Turkana in agreement with the compressional
state of stress induced by GPE gradients (Figure 3b). East of Turkana, the off‐rift volcanism does also correlate to
focused supply of melt to regions of thinned lithosphere from prior Mesozoic rifting (Kounoudis et al., 2021).
However, regions of thinned lithosphere West of Turkana show no evidence for significant mantle melting.
Enhanced melt migration in regions of high GPE gradients would create pressure gradients in the lower plate and
asthenosphere which localize melt flow and melt extraction (Sleep, 1997), explaining the asymmetry to the East
of both off‐rift melt supply and volcanism.

In all of the different volcanic fields, the long axis of the ellipses of vent distribution are sub‐orthogonal to the
GPE‐induced least compressive stress. This orthogonal match with least compressive stress directions is also
observed in the Dilo‐Dukana field by considering the superposition of the three different sub‐fields (Figures S7
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and S8 in Supporting Information S1). No relations are observed between off‐rift vent distribution and the plate‐
scale direction of extension (from GNSS data; Knappe et al., 2020; Musila et al., 2023), whereas a closer match is
observed with local stress directions from borehole breakout data (Figure S8 in Supporting Information S1).

In‐rift vent alignments are consistently oriented NNE‐SSW; only the roughly NW‐SE‐oriented Namarunu vol-
canic field is oblique to regional extension. In contrast to what is observed for the off‐rift volcanic fields, there is
no clear relation between in‐rift vent alignments and the GPE‐induced least compressive stress (Figure S8 in
Supporting Information S1). Where available, plate scale velocity vectors from GNSS data and T‐axes of

Figure 3. (a) Relationship between gravitational potential energy (GPE) and the distribution of volcanic vents in the Turkana Depression. (b) Distribution of GPE across
the Turkana Depression (cross‐section A‐B in Figure 1 and panel a), along with distribution of tectonic and volcanic activity as in Figure 1. (c) Graphs showing the
distribution of the orientation of GPE‐related stresses expressed as the azimuth of SHmax (i.e., orthogonal to SHmin) within the volcanic fields and surroundings
(arrows in left panel), black lines indicate the orientation of the volcanic fields (expressed as the direction of the long axis of the field ellipse), and dashed lines indicate
the orientation of the sub‐fields in the Dilo area (0° is North, 90° in East and − 90° is West).
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available focal mechanisms show a closer match with in‐rift vent orientation (Figure S8 in Supporting
Information S1).

This comparison indicates that the off‐rift volcanic vent alignments respond to local GPE‐induced stresses, which
are in turn primarily controlled by variations in topography. Conversely, in‐rift volcanic fields respond directly to
regional plate motion‐driven stresses (Muirhead et al., 2022). In the case of Namarunu, the deviation may be
related to the control exerted by pre‐existing structures. Control by GPE‐related stresses have been suggested for
the post‐rift (Late Pleistocene‐Holocene) volcanism at the southernmost tip of the MER (Franceschini
et al., 2020). In this area, the Ririba rift has become inactive during the Pliocene when deformation jumped
westwards into the Lake Turkana basin (Corti et al., 2019). After rift abandonment, plate motion‐related exten-
sional stresses faded and became subordinate to GPE‐related stresses, which therefore controlled the emplacement
of the recent volcanism in the area (Franceschini et al., 2020). Our current analysis allows us to extrapolate this
control of GPE‐induced stresses on vent alignment to all of the off‐rift volcanism of the Turkana depression, East
of the area where deformation is currently localized and where tectonic stresses are subordinate. Within each of
the off‐rift volcanic fields, magma ascent may have created new fractures or exploited inherited lithospheric
structures or strong rheological contrasts (Mazzarini & Isola, 2022) optimally oriented to the local, GPE‐related
stress field. Overall, this indicates that care should be used when using off‐rift volcanism ‐in terms of vent
alignment and/or elongation of the volcanic fields‐for the definition of the far‐field (i.e., plate‐scale) stress field.

5. Conclusions
We have analyzed the complex distribution of volcanism in the Turkana Depression, East Africa, where several
prominent volcanic fields are located outside the area of focused, ongoing extension and show variable orien-
tations of eruptive vents. We show that variations in topography and (subordinately) crustal thickness give rise to
extensional stresses resulting from Gravitational Potential Energy (GPE) East of Lake Turkana; these extensional
stresses allow magma to ascend to the surface, causing recent off‐rift volcanism to be localized in this area. The
orientation of vents in the major volcanic fields (e.g., Hurri Hills, Marsabit) is controlled by the GPE‐related stress
field. Specifically, alignments of eruptive vents are consistently perpendicular to the local, GPE‐controlled least
compressive stress. These findings indicate that stresses imposed by topography and the resulting GPE may be a
primary factor in controlling the distribution of volcanism and the arrangement of volcanic vents and fissures,
which may therefore not respond to the imposed regional (plate motion‐driven) stress field.

Data Availability Statement
The data set of volcanic vents used in this research is freely available in the in‐text citation (Isola et al., 2024),
under Creative Commons Attribution 4.0 International License. The crustal thickness models used to compute the
GPE gradient in Turkana can be found in Ogden et al. (2023) and CRUST1.0: https://igppweb.ucsd.edu/~gabi/
crust1.html. We use the matlab code written by Hirschberg and colleagues (Hirschberg et al., 2019), which can be
downloaded here: https://github.com/hamishhirschberg/stress‐modelling.
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