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Abstract The Turkana Depression, located between the Ethiopian and East African plateaus, displays an
anomalous rift architecture. It is missing the narrow, magma-rich morphology observed in the Main Ethiopian
Rift that cuts through the Ethiopian Plateau. Instead, diffuse faulting and isolated volcanic centers are
widespread over several hundred kilometers. Turkana has also experienced less magmatism over the last 30 Myr
than adjacent plateaus, despite having a thin crust and residing above a mantle that is inferred to be hot and
partially molten. We hypothesize that lithospheric weakening has been the key control on magma transport
across the lithosphere in the Turkana Depression and subsequent rift development. Using poro-viscoelastic—
viscoplastic models of melt transport, we show that magma extraction across a thin, weakened lithosphere is
slower than across a thick, elastic lithosphere. Our results suggest that pre-rift lithospheric strength can explain
the magma-poor character of Turkana for most of its tectonic history.

Plain Language Summary A continental rift is a nascent plate tectonic boundary where a continent
splits apart. The East African Rift system is the most comprehensively studied active continental rift on our
planet, yet how magmatism and tectonics interact along the roughly 5,000-km-long system remains unclear.
After an extensive outpouring of magma ~30 million years ago that led to the formation of the Ethiopian and
East African plateaus, both magmatism and faulting localized in the interior of these plateaus in narrow, fault-
bounded valleys such as the Main Ethiopian Rift. However, the rift architecture in the Turkana Depression,
south of the Ethiopian Plateau, is in marked contrast to its neighbors': faulting and magmatism are widespread
over several hundred kilometers. We propose here that the complex rifting history in Turkana rendered the
lithosphere thin and weak, which acted as a barrier to melt pathways from depth to the surface. Using numerical
models of melt transport that capture porous flow and fluid-driven fracture, we show a counter-intuitive
relationship between lithospheric strength, thickness, and melt extraction. We suggest this relationship can
explain the deformation pattern in the Turkana Depression, and has implications toward understanding the
coupled magmatic—tectonic history of rifting.

1. Introduction

The East African Rift system developed above a deep-seated, buoyant mantle plume in the last 30 Myr (e.g.,
Ebinger & Sleep, 1998; Kendall & Lithgow-Bertelloni, 2016; Moucha & Forte, 2011). The upwelling flow and
associated magmatism provided the heat and extensional stresses necessary to weaken and break the continental
lithosphere (Bialas et al., 2010; Buck, 2006; Buck et al., 2004; Kendall & Lithgow-Bertelloni, 2016; Rajaonarison
et al., 2023; Stamps et al., 2014). The main phase of flood-basalt volcanism between 32 and 25 Ma led to the
formation of the Ethiopian and East African Plateaus (Figure 1a, e.g., Corti, 2009; Courtillot et al., 1999; Ebinger
et al., 1989). After the onset of rifting in the northern part of the rift system at ~25 Ma (Ebinger et al., 2000;
Morley et al., 1992), magmatism and extension localized toward the interior of these plateaus, developing narrow,
magma-rich rift valleys in the last 10 Myr (e.g., Brune et al., 2023; Ebinger & Casey, 2001; Rooney, 2020).
Geophysical studies along the Main Ethiopian Rift (MER) and Eastern Rift confirm that their fault-bounded, 60—
100-km-wide basins accommodate extension mostly by magmatic intrusion (Bastow et al., 2010; Chambers
et al., 2022; Cornwell et al., 2006; Ebinger & Casey, 2001; Erbello et al., 2024; Kendall et al., 2006; Oliva
et al., 2019; Tiberi et al., 2019). In contrast, the Turkana Depression is missing the rift-valley morphology;
instead, faulting, seismicity, and volcanic centers are widespread over several hundred kilometers across the
region (Ebinger et al., 2000; Morley et al., 1992). Extension in Turkana has been accommodated largely by
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Figure 1. (a) Tectonic setting of the northern part of the East African Rift. Yellow lines are fault traces; pink circles are
Quaternary volcanoes (Global Volcanism Program, 2013; Kounoudis et al., 2021); gray arrows show motion relative to a
stable Nubian plate, with values in mm/yr (Knappe et al., 2020; Saria et al., 2014). MER: Main Ethiopian Rift. (b) Schematic
cross-sections across the Turkana Depression (1) and the Ethiopian Plateau (2). (¢) Numerical model set-up for a section of
lithosphere under extension, with kinematic boundary conditions on the side boundaries. V., is extension rate and L, H are
domain length and height. The background strain rate is calculated as ég; = 2V.,/L. The temperature field is initialized with a
half-space cooling model, which determines the lithospheric strength. An initial magma body is prescribed with a Gaussian
porosity distribution, where ¢, is the maximum amplitude. (d) Strength—depth profiles for shear and volumetric (isotropic)
deformation, calculated for given temperature distribution and background strain rates (see Supporting Information S1). Shear
strength: (1) solid line corresponds to a case with a thin brittle layer and small Maxwell time (£ = 5/G, where 7 is shear
viscosity and G is shear modulus), (2) dotted line corresponds to a case with a thick brittle layer and high Maxwell time.
Volumetric strength: similar as for shear (i.e., §¢! = ¢/Z, where ¢ is compaction viscosity and Z is bulk modulus). Magma has a
weakening effect on both shear and volumetric strengths illustrated by the blue lines, where ¢ is porosity or the volume fraction
of magma. All parameters and units are detailed in Table A2 in Supporting Information S1.

faulting and stretching, rather than dike intrusion, until the last 1 Myr (Morley, 2020; Muirhead et al., 2022;
Rooney et al., 2022).

Various hypotheses have been advanced to explain the contrast between Turkana and the Ethiopian Plateau/MER.
Some geochemical and geodynamical modeling studies proposed that multiple plumes exist beneath East Africa
(Furman et al., 2006; George et al., 1998; Lin et al., 2005; Rogers et al., 2000), such that Turkana formed above a
gap between plumes and has had less dynamic mantle support (Benoit et al., 2006; Mechie et al., 1994). This idea
has been challenged in favor of a single, possibly heterogeneous, plume hypothesis (Ebinger & Sleep, 1998;
Rooney et al., 2012). Global (Boyce et al., 2021; Ritsema et al., 2011) and regional (Kounoudis et al., 2021)
seismic imaging shows that both the Turkana Depression and the uplifted plateaus are underlain by hot, partially
molten, buoyant mantle. More recently, the low elevation in Turkana has been attributed to crustal thinning
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(Benoit et al., 2006; Ogden et al., 2023). The Turkana Depression has among the thinnest crust and highest
crustal-stretching factors along the East African Rift system south of Afar, with crustal thickness estimated to be
10-20 km less than surrounding plateaus, where it is ~35—40 km (Benoit et al., 2006; Mechie et al., 1994, 1997,
Ogden et al., 2023) (Figure 1b, profiles 1 and 2).

The Turkana Depression also has a distinct tectonic and magmatic history relative to the neighboring regions.
Prior to plume-related magmatism, Turkana experienced two rifting episodes during the Cretaceous (130-80 Ma)
and Paleogene (66—-50 Ma) thought to have thinned and weakened the lithosphere (Boone et al., 2018; Ebinger &
Ibrahim, 1994; Ebinger et al., 2000; Morley et al., 1992). The earliest Cenozoic flood basalt magmatism also
began in the northern part of Turkana and SW Ethiopia (~45-35 Ma, Davidson & Rex, 1980; George et al., 1998;
Pik et al., 2006), but reached only as far south as ~5.5°N to the east of Lake Turkana (Rooney, 2017; Steiner
et al., 2022). This early magmatic episode did not, however, result in Turkana progressing rapidly to a magma-
rich system like the MER. Instead, sporadic phases of volcanism with 5-7 Myr hiatuses span the last 30 Myr
(Muirhead et al., 2022; Rooney, 2020; Rooney et al., 2022; Steiner et al., 2022). Miocene-recent rifting in
Turkana has been neither magma-rich like the MER, nor entirely magma-poor. A common presumption seems to
be that the difference between magma-poor and magma-rich architecture reflects different stages of rifting, where
the strain is increasingly accommodated by magmatism as a rift system matures (Brune et al., 2023; Corti, 2009;
Ebinger & Casey, 2001). This hypothesis predicts increasing volcanism with progressive thinning of the litho-
sphere, and therefore it predicts that the Turkana Depression should have experienced more volcanism or
developed earlier into a magma-rich rift. It thus remains unclear how diffuse magmatism and deformation evolved
in this region of extremely thin crust and with a persistent mantle plume source.

Previous rift modeling suggests that a weakened lithosphere, as a result of thermal or mechanical weakening, can
produce a pattern of diffuse deformation (e.g., Brune et al., 2017; Buck, 1991). Early models showed that thermal
weakening due to magmatic intrusion may explain variations in rift faulting; hot, weak lithosphere develops broad
rift zones bounded by low-angle border faults, while cold, strong lithosphere develops narrow rift zones bounded
by high-angle border faults (Buck, 1991). In Turkana, the crustal thinning and broadly distributed deformation
have been attributed to lithospheric weakness inherited as damage from multiple rifting episodes (Ebinger &
Ibrahim, 1994; Hendrie et al., 1994; Morley, 1994, 1999; Morley et al., 1992). Analog and numerical models
support the hypothesis that inherited heterogeneities from the Mesozoic rifting may explain the transition from
narrow rifting in Ethiopia and Kenya to distributed deformation within Turkana (Brune et al., 2017; Corti
et al., 2019). However, these models have neglected the effects of magmatism and cannot explain the unusual
relationship between crustal thinning, faulting, and magmatism observed in Turkana. Here, we hypothesize that
lithosphere thinning and weakening in the Turkana Depression has influenced magma transport across the lith-
osphere and subsequent rift development over the last 30 Myr. Using new models of melt transport across the
brittle-ductile transition, we investigate how magma traverses the lithosphere of varying strengths in a tectonic
setting similar to Turkana and the Ethiopian Plateau prior to and at early stages of Miocene—recent rifting. Results
show that magma extraction across a thin, weakened lithosphere is slower than across a thick, elastic lithosphere.
We argue that this difference in vertical extraction rates explains the pattern of magmatism and faulting in the
Turkana region relative to the Ethiopian Plateau/MER.

2. Models of Magma Extraction Across the Ductile-Brittle Lithosphere

We test the hypothesized scenario with numerical models of magma transport across the ductile-brittle transition
(see Supporting Information S1 for detailed methods). We solve for conservation of mass, momentum, and energy
for a two-phase system, rock and magma, with a poro-viscoelastic—viscoplastic rheological law and a free surface
(Lietal., 2023, 2025; Pusok et al., 2022). The model domain is a cross-section of the lithosphere under extension
(Figure 1c). The rheological formulation and thermal structure together reproduce the transition from an elastic—
brittle layer to a ductile layer with depth (Figure 1d). Brittle deformation is modeled using a plastic failure en-
velope that approximates the Griffith and Drucker-Prager yield criteria for tensile and shear failure, respectively.
When the porosity (¢) is above a small threshold value (¢TZ = 10‘4) , the stresses used to test for plastic failure
are modified according to Terzaghi's law (Terzaghi, 1943), which states that the fluid pressure may assist in the
formation of fractures. This threshold plays a prominent role in the dynamics and will be discussed below. Models
are initialized with an imposed source of partial melt at depth, which rises due to its buoyancy. Melting and
crystallization are excluded, such that we cannot distinguish between mantle- or crustal-derived melts during
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rifting; instead, we focus on something neglected by previous studies: the impact of lithospheric rheology on
magma transport.

The modeled tectonic scenario is similar to the Turkana Depression and Ethiopian Plateau prior to and at early
stages of rifting ~30 Myr, in which the Turkana lithosphere has already been thinned and weakened. We assume
that the factors controlling rifting and magmatism, such as the forces driving rifting and the mantle plume source,
after this age affected both regions equivalently. The model setup, therefore, represents a cross-section of the
lithosphere and captures the first-order regional tectonic features of the Turkana Depression and the Ethiopian
Plateau (Figure 1c). The strength of the lithosphere is conceptualized with simple brittle—ductile yield strength
envelopes, which are typically used to investigate rift dynamics (e.g., Brune et al., 2023) and interpret crustal
seismicity (Albaric et al., 2009). The contrast in lithospheric strength between the Turkana Depression and the
Ethiopian Plateau is captured in our models as a difference of 5-10 km in the brittle-layer thickness (Figure 1d,
shear strength profiles 1, 2). Turkana has a shallow brittle—ductile transition, while the region of Ethiopian Plateau
has a deeper transition. A more complex rheological structure of the lithosphere may be chosen, but it would
obscure our understanding of the model results and could be at odds with tectonic reconstructions. Instead, this
rheological contrast is consistent with present-day seismic (Albaric et al., 2009; Craig & Jackson, 2021; Musila
et al., 2023; Ogden et al., 2023) and elastic thickness estimates (Pérez-Gussinyé et al., 2009). The volumetric
strength (Figure 1d) describes the resistance to isotropic deformation and, in the brittle layer, controls the for-
mation of fluid-filled fractures such as dikes and sills (i.e., profiles V;, V,).

We define two main rheological test cases: TD—representing the Turkana Depression with a thin brittle layer and
small Maxwell time corresponding to a weaker lithosphere (shear profile 1); and EP—representing the Ethiopian
Plateau with a thick brittle layer and 100X higher Maxwell time (shear profile 2). Both have the volumetric
strength profile V. Cases TD-V, and EP-V, are models with an increased elastic resistance to compaction (i.e.,
profile V,). Magma transport vertically across the lithosphere is analyzed in a suite of 28 simulations that vary in
terms of rheology, initial melt fraction ((ﬁmax), and two boundary conditions: zero and non-zero tectonic extension
rates typical of rifting (e.g., ~4 mm/yr (Knappe et al., 2020; Saria et al., 2014)). Simulations end when magma
reaches the rock—air interface.

3. Magma Transport Under Zero and Non-Zero Tectonic Extension

Figure 2 shows model results with a low initial melt fraction (¢maX = 0.5%) and no tectonic extension (a) and
with a background extensional strain rate of 10716 s~! (b). Top panels represent porosity, or the volume fraction of
magma in the system, while the lower panels show accumulated plastic strain, or a measure of plastic defor-
mation. Yellow dotted lines indicate the brittle—ductile transition, defined here as a change from dominantly
elasto-plastic to dominantly viscous shear deformation (see Figure 3 for details). This transition also marks a
change in melt transport and solid deformation, and confirms that case EP has a thicker brittle layer than case TD.
The time required for magma to ascend to the surface in case EP (with a thicker brittle layer) is 4X less than for
case TD under no tectonic extension; the cause of this difference is explored in the next section. This also holds for
cases EP-V, and TD-V,, but with only a 2X difference. The volumetric elastic strength promotes magma transport
by opening tensile fractures more efficiently (i.e., case TD-V,, is faster than case TD), but the effect is less clear
when the shear strength is already more elastic (cases EP and EP-V,).

The style of magma transport and solid deformation varies among the rheological cases. Roughly, the style of
magma transport changes from porous and diapiric flow in the ductile regime to propagation of magma-filled
fractures in the brittle regime (see Figure B1 in Supporting Information S1). This is marked by the dotted
brittle—ductile transition. Cases TD and EP show a narrow magma conduit traversing the brittle layer vertically,
interpreted as a dike. In contrast, V, cases display a widening of the melt body around 20 km depth (i.e., secondary
melt reservoir), dominated by distributed plastic deformation, from which a shallow dike originates. In case TD,
horizontal and vertical tensile fractures emerge from a region of higher melt fraction at the brittle—ductile tran-
sition, while in case EP, the horizontal fractures are diminished and strain is concentrated along the main vertical
dike. Porosity waves, represented by thin fingers in the ductile layer, may form as a result of the visco-plastic
compaction and de-compaction of the solid matrix, as described in previous models (e.g., Riss et al., 2019).
In more elastic media, the porosity waves are diminished (cases EP and EP-V,).
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Figure 2. (a) Porosity and plastic strain maps for models with a low initial porosity (¢max = 0.5%) and no extension.

(b) Results of the same models with a background strain rate éz; = 1071¢ s~!. Snapshots are shown when magma reached
the rock—air interface. The dotted yellow lines represent the mechanical brittle—ductile transition detected at the tip of the rising
magma body, and calculated as in Figure 3a. Cases: TD—Turkana Depression, EP—Ethiopian Plateau, and TD-V, and EP-V,
are variations with volumetric strength profile V, shown in Figure 1d. Magma transport is faster in case EP compared to TD. In
cases TD and TD-V,, extension is partly accommodated in formation of shear zones, shown as regions of high plastic strain,
while in cases EP and EP-V,, all deformation is accommodated in diking. Plastic strain is calculated as the integral of plastic
strain rate over time A = [ Jdt. Movies S1-S3 show the model evolution for cases TD and EP.
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Figure 3. Deformation at the tip of the rising magma body. (a) Time evolution of parameters for case EP with a low initial
porosity ((/zmax = 0.5%) and no extension. From top to bottom, left to right: porosity, ¢ (black), depth (gray), the second
invariant of shear stress, 7;; (black), phase pressure difference, AP (gray), shear strain rates, €, and volumetric strain rates, C.
Abbreviations: V—viscous, E—elastic, VE—viscoelastic, and VP—viscoplastic. The brittle-ductile transition is shown with a
dotted gray line and occurs when the viscous shear strain rates are equal to elastic shear strain rates (i.e., e',V, = éf,).

(b) Evolution of effective viscosities (neff,ceff), strain rates, and stresses in one failure cycle in the ductile (A) and brittle
(B) regimes. The corresponding depths are shown with stars in panel (a) and each time increment is 1 Kyr. 7. and o
encompass our approach to model VE-VP rheology (see Supporting Information S1). The cycle has the following stages:
magma recharge, shown as an increase in ¢); plastic failure, manifested in a correction of VE stresses when Terzaghi's principle
is reached ¢ > ¢y, by, = 107*; and a gradual stress drop modulated by viscoplasticity when ¢ > ¢, The failure cycle duration
controls the magma ascent rate, with faster ascent rates due to shorter cycles.

Tectonic extension promotes magma ascent in all cases (i.e., faster ascent times, Figure 2b). In cases TD and TD-
V,, the strain is partly accommodated by deformation along shear zones in the brittle layer (i.e., mixed magmatic-
tectonic extension). Diking-induced localization of shear zones can also be seen in these models. In cases EP and
EP-V,, all strain is accommodated by vertical dike propagation (i.e., fully magmatic extension). Simulation
results with a higher initial melt fraction (z/)max = 5%) are shown in Figure B2 in Supporting Information S1.

4. Deformation at the Tip of a Rising Magma Body

To investigate how rock rheology impacts magma transport, we analyze the deformation at the tip of the rising
magma body in each simulation. The tip is represented by the topmost grid cell that contains non-zero porosity
(¢ >0), and it is analogous to a fracture tip in most cases. The evolution of porosity, stresses, and strain rates at the
tip are shown in Figure 3a for reference case EP with no tectonic extension. The brittle-ductile transition is
marked by the thick dotted gray line and occurs when the elastic shear-strain rates are equal to the viscous
shear-strain rates (éy, = éf,, intersection of yellow and cyan curves). The oscillations represent cycles of magma
recharge and plastic failure caused by the application of Terzaghi's principle (Figure 3b). The evolution around a
cycle is the following: As magma from below approaches the tip, there is a build-up of liquid overpressure
(negative AP) and, to a lesser extent, shear stresses (larger z;;). Once ¢ > ¢, the rock contains sufficient melt
that Terzaghi's principle is applied and the effective normal stress is reduced by the pore pressure. This reduction
is enough to reach the failure criterion, leading to plastic failure at the tip, stress drop (i.e., correction of the
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Figure 4. Rates of magma extraction for varying initial porosity ¢, ., and no tectonic extension (a), and varying background
strain rate épg for fixed ¢,,,, = 0.5% (b). Top panels represent thickness of the ductile (solid) and brittle (transparent) layers
calculated relative to the brittle—ductile transition (Figure 3a); bottom panels represent total ascent rates over the entire
lithospheric column for the four rheological test cases. Each marker represents one simulation. Ascent rates are consistently
faster for case EP with a thicker brittle layer despite the increase due to melt fraction (i.e., higher melt fraction increases
buoyancy of magma). Extension facilitates magma extraction. The differences between rheological test cases are, however,
reduced at higher extension rates.

viscoelastic stresses 7;;, AP), and transport of magma upwards. The faster the recharge of magma, the shorter the
failure cycle and faster tip propagation.

Figure 3b compares the failure cycle in the ductile (dominantly viscous deformation, z = —30 km) and brittle
(dominantly elastic deformation, z = —10 km) regimes for cases TD and EP. Each marker has a time increment
of 1 kyr. The volumetric stresses for both TD and EP follow a similar evolution because both have V| volumetric
strength profile (i.e., material parameters as shown in Figure 1d) and the failure cycles are evaluated at the same
depths. In contrast, differences in cycle evolution between TD and EP are controlled by shear deformation. At low
shear stresses, the ductile cycle is short due to a weaker matrix (lower effective viscosities 7.4, (o) that, for a
given stress, deforms at higher strain rates. Volumetric viscoplastic failure in the ductile regime may occur, which
enables magma transport into zero permeability areas. The cycle duration and ascent rates are similar between
cases TD and EP in the ductile regime.

In the brittle regime, the shear resistance is greater (higher effective viscosities) and requires larger stresses to
deform the matrix. Case EP, however, has a slightly lower 7. corresponding to a high Maxwell time, which
translates into higher strain rates and liquid flux from below (Figure B3 in Supporting Information S1). In this
case, the tip builds liquid overpressure fast and can fail earlier. For case TD, it is the opposite; a higher 7. leads to
large shear dissipation and slow magma supply from below. Brittle cycles are 8—10 times longer than EP, with
large shear stress drops of ~20 MPa during failure. However, as shown previously, the overall slowdown of TD

PUSOK ET AL.

7 of 12

A ‘11 °$T0T “LO08TH6T

:sdny woiy papeoy

ASUADIT SUOWIWO)) dANEa1) a[qedrjdde ayy £q pauIeaos aie sa[o1IE V() {asn JO Sa|NI 10§ AIRIqIT UIUQ AJ[IAN UO (SUONIPUOI-PUE-SULIA} W0 AA[IM" AIeIqrjaur[uoy/:sdny) suonipuo) pue suld [, oy 23S *[$Z0Z/01/80] U0 A1eiqi aurjuQ A3[IA\ “BIUIOJ[E) JO ANSIATUN Aq 8ZTST1TDSTOT/6T01 01/10P/W0d A3[IM"



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL115228

relative to EP is only 4X because of a thick ductile layer with faster ascent rates and a thin brittle layer with slow
rates.

All simulations are summarized in Figure 4, which shows the thickness of the ductile (solid) and brittle (trans-
parent) layers and total ascent rates for varying initial porosity (a) and background strain rate (b). For zero tectonic
extension, ascent rates increase with the initial melt fraction ¢,,,, (Figure 4a). This is expected; with increasing
melt fraction, magma has more buoyancy and can rise at faster rates. Nonetheless, the contrast between TD and
EP remains significant at all melt fractions. Case TD is consistently slower despite having a thinner brittle layer.
The faster ascent rates in case EP derive from transport in the brittle layer (Figure BS in Supporting Informa-
tion S1). Figure 4b shows that extension promotes magma extraction in all cases. However, the differences
between cases TD and EP are reduced considerably at high extension rates, meaning that extension effects su-
persede the rheological behavior.

5. Discussion and Conclusions

Results indicate that magma extraction is faster across a thick, brittle layer (case EP, large Maxwell time) than
across a thin, weakened layer (case TD, small Maxwell time). The differences arise from the solid deformation at
the tip of the rising magma body, and are controlled by the rheological mode and tectonic extension. Additional
experiments show sensitivity of results to model parameters (Figure B6 in Supporting Information S1). In
particular, results are sensitive to the plasticity formulation (i.e., the reduction of viscoplastic regularization
viscosity, Li et al. (2023)), but counter-intuitively, with accelerated magma extraction in case EP and slowdown to
complete arrest of magma below the brittle layer in case TD. Our models, therefore, support the hypothesis that
the thinned and weakened lithosphere beneath Turkana acted as a barrier for melt transport. This provides an
explanation for the sporadic magmatism observed in Turkana over the last 30 Myr compared to the neighboring
plateaus.

A scenario in which the lithosphere beneath Turkana has been weakened by either multiple rifting episodes and/or
magmatic intrusions is also in agreement with previous models used to explain the diffuse faulting (Brune
etal., 2017; Buck, 1991; Corti et al., 2019). With the onset of rifting, Figure 2b shows that case TD develops into a
mixed magmatic—tectonic mode in which extension is accommodated by both dike intrusion and distributed fault
slip. In contrast, case EP may become fully magmatic under extension, analogous to a narrow, magma-rich rift
architecture. Our study differs from previous work that considered simple melt pathways—dikes cutting the entire
lithosphere (Buck, 2006). Instead, complex melt pathways may form depending on melt availability and the
thermo-mechanical state of the lithosphere (Figure 2 and Figure B2 in Supporting Information S1). We also show
that magma can intrude the crust and facilitate lithospheric extension without erupting. Thus, we explain why rifts
may be magmatic and not volcanic, and how magma-assisted rifting may produce different outcomes. However, a
common criticism of previous models is that they are unable to explain the diachronous evolution of magmatism
and faulting in Turkana. Observations suggest that magmatism and sedimentary basins migrated from west to east
in the last 25 Myr (e.g., Ebinger et al., 2000, and references therein). One explanation for the migration is that
basal lithospheric topography channeled plume material and melts to surrounding regions (Ebinger &
Sleep, 1998), although it is not obvious why melts would avoid areas of lithosphere thinning in Turkana.
Alternatively, variations in lithospheric strength across the depression could account for the eastward migration
(Morley, 1994). In either case, melt seems to have avoided the weakened, rifted zone in Turkana, including during
the early Cenozoic flood-basalt phase (Hendrie et al., 1994; Morley, 1999; Steiner et al., 2022). A key prediction
of our models is that rheologically weak structures in the lithosphere impact magma ascent pathways, and a
variety of magmatic expressions may co-exist: isolated, sporadic volcanic centers, crustal intrusions, and lateral
migration of magma to neighboring regions that allow more efficient extraction.

Current observations are not conclusive about the extent of magmatic intrusion and modification in the Turkana
lithosphere and how these have varied over time. Low seismic V,,/V ~ 1.74 ratios beneath Turkana argue against
widespread and voluminous lower crustal intrusions (Kounoudis et al., 2023; Ogden et al., 2023). On the other
hand, geochemical and geological data indicate periods of magmatism punctuated by volcanic hiatus, where
magmas stall at medium to shallow crustal levels (Morley, 2020; Steiner et al., 2024). It is clear that melts may
perturb the compositional and thermal structure of the lithosphere but how these processes are recorded in the
observational data set remains to be explored.
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Although we consider a single brittle-ductile transition and no compositional variations, we demonstrate the
complex relationship between magma flux, the thermo-mechanical state of the lithosphere, and the rate of
extension on the evolution of rift systems (e.g., Brune et al., 2023). In reality, the complex tectonic history in
Turkana has given rise to significant variations in the rheological structure of the lithosphere (Ebinger
et al.,, 2000). Musila et al. (2023) identified two present-day regions of contrasting rift architecture in the
depression: northern Turkana, in which the deformation style is diffuse across an ~300 km-wide seismically
active zone spanning older rifts; and southern Turkana, which is in a state of incipient magmatic strain localization
(Knappe et al., 2020; Muirhead et al., 2022; Ogden et al., 2023; Rooney et al., 2022). Our hypothesis seems more
applicable to the northern Turkana, while southern Turkana represents an intermediate case. It has also been
proposed that the plume head associated with the early flood-basalt magmatism dissipated before the onset of
rifting, such that the Turkana lithosphere has largely cooled and is rather strong, despite the permanent crustal
thinning (Kounoudis et al., 2023; Ogden et al., 2023). If this hypothesis is correct, future models will have to
provide a better explanation for the diffuse magmatism and deformation.

In summary, our models suggest that the rheological mode and thickness of the lithosphere exert a counter-
intuitive control on melt extraction, which can explain the unusual pattern of volcanism and faulting in the
Turkana Depression. This has implications for understanding the coupled magmatic—tectonic history of rifting,
but also more broadly, the relationship between melt extraction and crustal thickness (e.g., Bonnet Gibet
et al., 2022).

Data Availability Statement

The melt extraction model is implemented in the code morfault, available at https://github.com/apusok/FD-
PDE, directory models/morfault. The version of the code and input files to reproduce the results in this
study is available at Pusok et al. (2025). The Supporting Information S1 contains information on theory, code
implementation, model set-up, and additional results.
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