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A B S T R A C T

Lithospheric weakening mechanisms in non-volcanic segments of active continental rifts remain poorly under
stood, raising important questions about the geodynamic processes that drive magma-poor rifting. Here, we 
investigate the crustal and uppermost mantle structure beneath the non-volcanic Albertine-Rhino Graben (ARG) 
and the adjoining volcanic Edward-George Rift (EGR), East Africa. The ARG exhibits anomalous focusing of intra- 
rift faulting typically associated with magma-rich, early-stage rifts. Through field observations of rift structures, 
combined with 3D inversions and 2D forward modeling of gravity data, we investigate the potential controls on 
intra-rift tectonic strain in a setting with little to no magmatism. Field ground-truthing in the southern ARG 
reveals prominent rift-axial basement-rooted faulting that post-dates the establishment of border faults. Gravity 
inversion results show low-density anomalies extending from the surface to about 50 km depth beneath both the 
EGR and southern ARG, with the strongest anomalies under the ARG at around 15 km. 2D gravity modeling 
suggests that the lower crust and uppermost mantle are both thinned and less dense beneath these rift segments. 
In the EGR, crustal thinning and low-density anomalies align with low P-wave velocity zones, suggesting the 
presence of melt. Given the similar degree of crustal thinning and de-densification in the southern ARG, we infer 
that trapped lower-crustal melts may also exist beneath the rift, potentially contributing to the early focusing of 
intra-rift strain. We propose that in non-volcanic rifts, deep, unexposed (‘blind’) melts may play a key role in 
mechanical weakening of the lithosphere, enabling continued tectonic extension even in the absence of signif
icant surface volcanism.

1. Introduction

Continental rifting plays a key role in global tectonics as it initiates 
plate divergence and determines the locations of the creation of new 
lithosphere (Wilson, 1966). Yet, fundamental questions related to 

mechanisms that drive rift initiation remain largely unanswered. The 
“tectonic force paradox” indicates that the available tectonic forces 
required to initiate and sustain the rifting of cold, thick, continental 
lithosphere are insufficient to overcome the strength of the lithosphere 
(e.g., Buck, 2006; Stamps et al., 2010, 2014; Brune et al., 2023). 
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However, continental break-up can be initiated if the lithosphere has 
been thermally and mechanically weakened through magmatic pro
cesses (e.g., Buck, 2006; Koptev et al., 2015; Schmeling, 2010) either 
from an upwelling asthenosphere or from mantle plumes (Njinju et al., 
2021; Njinju et al., 2023a; Rajaonarison et al., 2023). This magma- 
assisted rifting model is supported by extensive volcanism within 
many rift systems, such as the Eastern Branch of the East African Rift 
System (EARS) (Fig. 1A) (Ebinger, 2005; Kendall et al., 2005). Never
theless, there are many areas on Earth where active rifting occurs 
without presence of volcanism. For example, the Western Branch of the 
EARS (Fig. 1A) only exhibits volcanism within a few areas, including the 
Toro-Ankole (~0.6 Ma), Virunga (~12.6 Ma), South Kivu (~21 Ma), 
Mwenga-Kamituga (5.8 – 2.6 Ma), and the Rungwe (~8.6 Ma) Volcanic 
Provinces (Ebinger, 1989; Kampunzu et al., 1998; Halldórsson et al., 
2014; Colet et al., 2025), marking a contrast between this branch and 

the Eastern Branch of the EARS. The existence of non-volcanic active rift 
segments raises key questions about the role that melts play in initiating 
and driving progressive continental rifting. In other words, is rifting 
assisted by low-volume melts deep beneath actively extending 
non-volcanic rifts, which are yet to breach the surface, as proposed in the 
‘blind melt’ rifting model of Ajala et al. (2024)? Or do non-volcanic rifts 
lack deep melts, indicating the control of other strain-localization 
mechanisms in the lithosphere? Blind magmatism, with even rela
tively small amounts of melts, can heat the lithosphere and weaken it by 
an order of magnitude, allowing for rifting to continue even without 
continuous melt input (Bialas et al., 2010).

We address these questions by examining the northern Western 
Branch of the EARS, which hosts contiguous volcanic and non-volcanic 
rift segments, thus presenting a tectonic setting that offers a unique 
opportunity to study the along-axis transition from magma-rich to 

Fig. 1. (A) Map of the East African Rift System (EARS) with the Eastern and Western Branches outlined by plate boundaries from Stamps et al. (2008, 2018). The 
earthquakes (orange dots) with >M2 (2000− 2020) are obtained from the NEIC catalog (Beauval et al., 2013), and the Holocene volcanoes (red triangles) are from the 
Global Volcanism Program (2023). The inset map shows the relative location of part of the EARS (blue rectangle) in Africa. The diffuse deformation offshore of the 
Eastern Branch is based on a geodetic study by Stamps et al. (2021). MER = Main Ethiopian Rift. KR = Kenyan Rift. The black box shows the location of the northern 
Western Branch (Fig. 1B). (B) Tectonic map of the northern Western Branch of the EARS, modified after Fritz et al. (2013) and Katumwehe et al. (2015). Red triangles 
and red outlines represent Miocene-Recent volcanic rocks of the Toro-Ankole Volcanic Province (TAVP) with spatial extent modified from Nyakecho and Hagemann 
(2014). The numbers in blue circles represent the four main volcanic centers of the TAVP, which are (1) Bunyaruguru, (2) Katwe-Kikorongo, (3) Kyatwa, and (4) 
Kichwamba volcanoes. The volcanic Edward-George Rift (EGR) connects northward to the non-magmatic Albertine-Rhino Graben (ARG) through the Semliki Graben 
(SG) located at the western flank of the Rwenzori Mountains. The northern non-volcanic segment extends through Lake Albert (Albertine Graben, AG) and the Rhino 
Graben (RG) and terminates against the Aswa Shear Zone. PB = Pakwach Basin. The black lines are faults from the Global Earthquake Model Foundation’s (GEM) 
Global Active Faults Database (GAF-DB; Styron and Pagani, 2020). BF = Bunia Fault. TNF = Tonya Fault. TBF = Toro-Bunyoro Fault. BKS-WNB = Bomu-Kibalian 
Shield - West Nile Block. UC-NUT = Ugandan Craton - Northern Uganda Terrane. LBF = Lubero Border Fault. SF = Semliki Fault. GF = George Fault. KibF = Kibuku 
Fault. KF = Kichwamba Fault. BwF = Bwamba Fault. RWF = Ruimi-Wasa Fault. NF = Nyamwamba Fault. White boxes labeled Fig. 2 and Fig. 3 show the locations of 
field observations, i.e., Figs. 2 and 3, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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magma-poor rifting. This non-volcanic rift segment hosts intra-rift 
faulting with anomalous surface uplift. Such focused intra-rift defor
mation is commonly observed in magma-rich early-stage rifts (Muirhead 
et al., 2019;Wedmore et al., 2024), which poses questions about the 
subsurface crustal structure that is responsible for such anomalous strain 
accommodation. We hypothesize that crustal thinning facilitates the 
infiltration of mantle-derived fluids into the lower crust, enabling 
further thinning by increasing crustal buoyancy and focused intra-rift 
faulting within the non-volcanic rift segment. To characterize the 
possible controls on tectonic strain without voluminous magmatism and 
to test if crustal buoyancy contributes to the development of the mapped 
structures, we conducted field mapping of rift structures and performed 
3D inversions and 2D forward modeling of gravity data to model the 
associated subsurface density structure.

Field mapping highlights anomalous post-Pleistocene uplift on a 
prominent basement-rooted intra-rift fault in the non-volcanic rift 
segment, collocated with intracrustal negative density anomalies. These 
anomalous lower density anomalies are reminiscent of low P-wave ve
locity anomalies beneath the volcanic rift segment just south of the 
location (Jakovlev et al., 2013), where our gravity inversion also re
solves negative density anomalies. In this volcanic segment, previous 
studies have imaged thinned crust using seismic receiver function esti
mates (Gummert et al., 2016; Wölbern et al., 2010, 2012) and seismic 
anisotropy in the crust from shear wave splitting analysis, both sug
gesting the infiltration of melt beneath the rift zone and the Rwenzori 
Mountains (Batte et al., 2014). In this study, we assume the Rwenzori 
Mountains are associated with the volcanic rift segment (Fig. 1B). There 
is more evidence of magmatism in the volcanic rift segment from the 
distribution of seismicity, suggesting the presence of vertical magmatic 
fluid migration within faults along the Rwenzori Mountains (Lindenfeld 
et al., 2012). There is further support for partial melt beneath the vol
canic rift segment from the imaging of conductive anomalies from 
magnetotelluric data at a depth of ~15–20 km beneath the Toro-Ankole 
Volcanic Province (Häuserer and Junge, 2011). Our two-dimensional 
forward gravity modeling supports evidence of de-densification of the 
lower-crust beneath both the volcanic and non-volcanic rift segments. 
We interpret this de-densification as a result of deep crustal and/or 
uppermost mantle melting. This inferred unerupted melt lowers the 
strength of the lithosphere, which facilitates rifting of this and other 
non-volcanic rift segments.

2. Geological and tectonic setting

The Cenozoic EARS consist of the magma-rich Eastern Branch and 
the magma-poor Western Branch (Fig. 1A; Njinju et al., 2019a,b). 
Geodetic studies using Global Position System (GPS) measurements, 
earthquakes slip vectors, and transform fault azimuth data, suggest that 
the Western Branch is governed by an eastward movement and coun
terclockwise rotation of the Victoria Block away from the Nubian Plate 
with relative velocities increasing from ~1.1 mm/year in the north to 
~2.9 mm/year in the south (Fig. 1A; Calais et al., 2006; Stamps et al., 
2008; Saria et al., 2014).

Radiometric dating of volcanic tuffs using 40Ar/39Ar, detrital zircons, 
and U–Pb systematics suggests that by 26–25 Ma, the Western Branch 
was well-developed with rift segments bounded by border faults and 
uplifted rift flanks (Roberts et al., 2012). Numerical geodynamic 
modeling suggests that both the magma-rich Eastern Branch and the 
magma-poor Western Branch develop concomitantly due to the 
impingement of a mantle plume beneath the Tanzanian Craton prefer
entially to the east, leading to more magmatism in the Eastern Branch 
(Koptev et al., 2015). The Koptev et al. (2015) model advocates for 
thinning of the lithosphere to create channels that serve as conduits for 
transporting mantle plume material, and this is supported by a record of 
elevated mantle potential temperatures in Neogene volcanic rocks in the 
region (i.e., Rooney et al., 2012).

The northern Western Branch of the EARS hosts contiguous volcanic 

and non-volcanic rift segments (Fig. 1B). The volcanic segment consists 
of the Lakes Edward-George Rift (EGR) in the SW, within the Toro 
Ankole Volcanic Province, while the non-volcanic segment comprises 
the Albertine-Rhino Graben (ARG) in the NE (Fig. 1B). The EGR is 
extending within the Paleoproterozoic-Mesoproterozoic Rwenzori and 
the Kibara-Karagwe-Ankole orogenic belts (Fig. 1B; Begg et al., 2009; 
Tack et al., 2010; Link et al., 2010; Westerhof et al., 2014). The EGR 
consists of two half-grabens, i.e., the Lake Edward Rift to the west and 
the Lake George Rift to the east, separated by a NW-SE trending ac
commodation zone (Lærdal, 2002). The Lake Edward Rift is bordered to 
the west by the well-developed Lubero Border Fault (LBF) and to the east 
by the less-developed Kichwamba Fault (KF) (Fig. 1B). The Lake George 
Rift is bordered to the west by the Nyamwamba Fault (NF) and to the 
east by the George Fault (GF) (Fig. 1B). In general, the EGR is under
going magma-assisted rifting, primarily due to the presence of magma 
underneath the Toro-Ankole Volcanic Province, which comprises four 
main volcanic centers. The Bunyaruguru and Katwe-Kikorongo vol
canoes are located within the basement high accommodation zone 
(Fig. 1B) along the border faults of the Lake George Rift (i.e., the GF and 
Nyamwamba Fault, respectively). The Kyatwa and Kichwamba vol
canoes are situated north of the GF (Fig. 1B). The Bunyaruguru and 
Katwe-Kikorongo volcanic fields of the Toro-Ankole Volcanic Province 
(Figs. 1B and 2A) consist of Pleistocene explosive volcanic craters pro
ducing maar volcanoes and tuff rings (Lærdal, 2002; Corti et al., 2013). 
Some of the volcanic craters are characterized by the presence of hot 
springs (Bahati et al., 2005) with isotopic compositions suggestive of a 
mantle lithospheric origin (Rosenthal et al., 2009; Foley et al., 2012). 
The magma-rich EGR is connected to the non-volcanic ARG via the 
Semliki Graben (SG) on the western flank of the Rwenzori Mountain, 
which is a ~ 5 km high uplifted horst block of Precambrian basement 
(Fig. 1B).

The northern non-volcanic rift segment, i.e., the ARG, extends 
through Lake Albert (as the Albertine Graben, AG) and further north as 
the Rhino Graben (RG) through the Pakwach Basin (PB) (Fig. 1B). The 
southernmost portion of AG hosts anomalous focusing of intra-rift tec
tonic strain along the Kibuku Fault (Fig. 1B), commonly observed only in 
magma-rich early-stage rifts. The asymmetric full AG is ~60 to 80 km- 
wide and is bounded to the west by the Bunia Fault with escarpment 
reaching ~1700 m in places and bounded to the east by the Tonya Fault 
and the Toro-Bunyoro Fault (Fig. 1B). The AG is filled with early 
Miocene-late Pleistocene sedimentary rocks, mainly lacustrine sand
stone, organic-rich shales, siltstone, and conglomerates (Karp et al., 
2012). The main depocenter of the AG is along the Bunia Fault in the NW 
with sedimentary thickness reaching ~5400 m compared to ~1250 m in 
the SE depocenter along the Tonya Fault (Upcott et al., 1996; Ring, 
2008; Karp et al., 2012). The RG is an asymmetric half-graben that 
switches polarity from the SW to the NE. The southwestern portion of 
the RG is a ~ 40 km wide SE-dipping half-graben, and the northeastern 
portion of the RG consists of a ~ 10 km wide NW-dipping half-graben. 
(Fig. 1B; Katumwehe et al., 2015).

Most of the ARG is extending within the Archean-Paleoproterozoic 
NE Congo Block except for its southwestern-most portion, where the 
Paleoproterozoic-Mesoproterozoic Rwenzori orogenic belt is exposed 
(Fig. 1B; Tack et al., 2010; Fernandez-Alonso et al., 2012; Nyakecho and 
Hagemann, 2014). The NE Congo Block is an exposure of the Congo 
Craton in northeastern Congo and northwestern Uganda and is sub
divided into the Bomu-Kibalian Shield-West Nile Block (BKS-WNB; 
Fig. 1B) in the west and the Ugandan Craton-North Uganda Terrane (UC- 
NUT; Fig. 1B) to the east (Begg et al., 2009; Westerhof et al., 2014). The 
boundary between the BKS-WNB and the UC-NUT is characterized by 
exposures of ultra-high-pressure granulite metamorphic rocks that 
formed ~2.4 Ga (Begg et al., 2009). The ARG traces the boundary of 
these cratonic blocks (Fig. 1B; Begg et al., 2009; Link et al., 2010; 
Westerhof et al., 2014). This intracratonic boundary consists of the 
narrow Mesoproterozoic-Neoproterozoic Madi-Igisi Belt in NW Uganda, 
characterized by several SE and NW-verging Precambrian thrust faults 
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(Westerhof et al., 2014). The ARG terminates at the NW-trending Neo
proterozoic Aswa Shear Zone (Katumwehe et al., 2015), which is a 
lithospheric-scale boundary between the Northeast Congo Block to the 
southwest and the Saharan Metacraton to the northeast (Fig. 1B; 
Abdelsalam et al., 2002, 2011; Katumwehe et al., 2015).

3. Data and methods

3.1. Field mapping of intra-rift faulting

As part of the NSF-funded project entitled “Dry-Rifting In the 
Albertine-Rhino graben (DRIAR), Uganda”, we perform field examina
tions of the surface scarps observable on topographic maps of the rift 
axes of the magma-rich Lake George Rift (Figs. 2A-B) and magma-poor 
southern Albertine Rift (Figs. 3A-B and profiles in Figs. 3C-E). We aim 
to evaluate the nature of contact relationships between the crystalline 
pre-rift basement (Precambrian igneous and metamorphic rocks) and 
the syn-rift deposits. In general, the field observations were aimed at 
assessing the nature of intra-rift deformation along the rift basins.

3.2. Gravity data

To understand the geodynamic controls on the field-observed and 
remotely sensed structural deformation, we investigate the physical 
characteristics of the crust beneath the Albertine and Edward-George rift 
zones. More specifically, as part of the DRIAR Project, we acquired new 
ground-based gravity data and have combined them with existing 
public-domain terrestrial gravity data from the International Gravi
metric Bureau (BGI) database (https://bgi.obs-mip.fr/data-products/ 
gravity-databases/land-gravity-data-prod/#/data/land) (Balmino 
et al., 2012; Bonvalot et al., 2012) to image the bulk density structure of 
the crust beneath the rift zones. We acquired 1150-line kilometers of 
ground gravity data along eight profiles in Uganda with a line spacing of 
1 km (profiles P1 to P8; Fig. 4A). We also compiled existing ground 
gravity data in Uganda, Kenya, and Congo, which include a dense 
network of gravity data collected in 5 main petroleum Exploration Areas 
(EA) in Uganda (see the locations of EA1 to EA5 in Fig. S1). We also 
obtained 6516 ground gravity data points from the International 
Gravimetric Bureau (BGI; Fig. S1A). Following Telford et al. (1990), we 
applied several corrections to the observed land gravity field (gobs), 
including correction for the latitude (δgL), free-air correction (δgF), 
terrain correction (δgT) using topographic heights from the SRTM- 
Digital Elevation Model and those obtained with our differential GPS 
instrument, and Bouguer correction (δgB) using an average crustal 

density of 2670 kg m− 3 and water density of 1030 kg m− 3 to get the 
complete Bouguer Anomalies (∇gB). The refined Bouguer anomaly is 
given by: 

∇gB = gobs − δgL + δgF + δgT − δgB (1) 

We merged the Bouguer Anomalies from each of the datasets using 
the blend grid stitching method in the Grid-Knitting routine in 
Sequeent’s Geosoft Oasis Montaj that interpolates the grid edges of the 
individual datasets to produce the compiled Bouguer Anomaly in 
Fig. S1B.

Since we are modeling the crustal and uppermost mantle structures, 
we have to correct for the gravity effect due to deeper mantle sources (i. 
e., at >120 km depths extending to the Core-Mantle Boundary). To make 
this correction, we use estimates of the gravity anomaly of the entire 
mantle beneath a ~ 120 km thick lithosphere that is benchmarked in 
ASPECT version 2.6.0-pre (Advanced Solver for Planetary Evolution, 
Convection, and Tectonics; Heister et al., 2017; Kronbichler et al., 2012; 
Bangerth et al., 2023a, 2023b; Clevenger and Heister, 2021; Gassmöller 
et al., 2020). This deep mantle gravity is obtained by scaling the S40RTS 
global seismic tomography model (Ritsema et al., 2011) into equivalent 
deep mantle density anomalies ⍴(r’) using a velocity-to-density scaling 
factor of 0.15 (e.g., Behn et al., 2004; Conrad et al., 2007; Conrad and 
Behn, 2010). The gravity anomaly g(r) of the deep mantle is forward 
calculated from the deep mantle density anomalies ⍴(r’) using the 
Gauss-Legendre Quadrature (GLQ) elemental integration (Eq. 2, e.g., 
Asgharzadeh et al., 2007; Uieda and Barbosa, 2016, 2017). 

g(r) =
∫∫∫

Ω

Gρ(rʹ)

|r − rʹ|2
drʹ =

∑

k

∫∫∫

Ωk

Gρ(rʹ)

|r − rʹ|2
drʹ in Ωk (2)

where r, r’ = radial distances from Earth’s center to observation points 
in the mantle and a point source, respectively. G = 6.67430 × 10− 11 m3/ 
kg/s2 is the universal gravitational constant.

The resultant deep mantle gravity in Africa (Fig. S2A) indicates 
reasonable values (e.g., negative gravity anomalies) in well-known 
tectonic features such as the mid-Atlantic Ridge and the Eastern 
Branch of the East African Rift System, where hot mantle materials are 
present at shallow depths. Also, positive mantle gravity anomalies 
delineate the major cold cratons in Africa (Fig. S2A). The mantle gravity 
beneath the northern Western Branch (Fig. S2B) ranges between − 67.6 
and − 1.5 mGal, with lower values (− 67.6 mGal to − 4.5 mGal) occur
ring east of longitude 31◦ (Fig. S2B). We subtract the mantle gravity 
beneath the northern Western Branch (Fig. S2B) from the complete 
Bouguer Anomaly (Fig. S1B) to get the final mantle-corrected Bouguer 
Anomaly (Fig. 4A) that we use as input for our 3D gravity inversion and 

Fig. 2. (A) Topographic relief map (Shuttle Radar Topographic Mission, SRTM) of the magma-rich Lake George Rift. We note the volcanic fields in both the border 
fault zone and within the rift axis, as well as the region of widespread surface-deforming intra-rift faulting at the rift floor. (B) Topographic relief profile across the 
Lake George Rift highlighting a prominent surface-breaking intra-rift fault and the region of widespread intra-rift surface faulting in its footwall. See details in Fig. 7. 
V.E = vertical exaggeration. Note that the illustrated fault dips in Fig. 2B are hypothetical and not measured.
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2D forward modeling. The rift axis generally shows negative Bouguer 
Anomalies reaching ~ − 89 mGal (Fig. 4A), possibly due to the rifting 
activity or gravity anomalies due to the presence of uncorrected sedi
mentary cover. The Bouguer Anomalies (Fig. 4A) are lower in the AG 
than in the EGR, probably due to the presence of thicker sediments 
beneath Lake Albert compared to those beneath Lake Edward (i.e., ~5 
km versus 4.5 km, respectively; Upcott et al., 1996).

We, however, test the effect of correcting for the deep mantle gravity 
by comparing results of the 3D gravity inversion of the mantle-corrected 
Bouguer Anomalies (Fig. 4A) with results from 3D inversion of the 
complete Bouguer gravity anomalies (Fig. S1B), which do not incorpo
rate the mantle correction. See Fig. S3 in the supplement.

3.3. 3D gravity inversion

We use the code jif3D (Moorkamp et al., 2011) to perform 3D 
inversion of the gravity data using a deterministic inversion method that 
requires a smaller number of forward calculations when compared to 
stochastic inversion methods. Jif3D is a 3D multi-physics inversion 

framework for seismic, magnetotelluric (MT), and scalar and full tensor 
gravity data with capabilities to perform standalone inversion of the 
individual dataset (Moorkamp et al., 2011). It employs an iterative non- 
linear optimization method based on a limited memory quasi-Newton 
method (L-BFGS) (Avdeeva and Avdeev, 2006) and a massively paral
lel implementation for the gravity forward problem (Moorkamp et al., 
2010). Our density model domain has dimensions of ~702 x ~ 547 km 
in the easting (x) and northing (y) directions, respectively, and extends 
to a maximum depth of 150 km. We discretize the model into a mesh 
containing 64 × 64 × 30 cells, such that each cell is a rectangular prism 
with dimensions 11 × 8.5 × 5 km. The full objective function (Φ) that we 
minimize iteratively includes the data misfit term for the gravity 
anomaly data (Φd,grav) and the regularization term (Φreg,ρ): 

Φ = Φd,grav + λΦreg,ρ (3) 

The gravity data misfit (Φd,grav) is defined as the L2 norm of the data 
residuals weighted by the uncertainties (10 mGal; Njinju et al., 2023b). 
Φreg,ρ is the model regularization term, which stabilizes the inversion 
process to yield smooth and geologically meaningful results (Zhdanov, 

Fig. 3. (A - B) Topographic relief map of the magma-poor southern Albertine Rift, highlighting the presence of surface-breaking intra-rift fault scarps near the border 
faults and along the rift axis. The red-dashed lines in Fig. 3A represent the boundary between the Proterozoic basement of the Rwenzori Belt in the SW and the 
Archean cratonic basement of the Northeast Congo Block (Fig. 1B). (C-E) Topographic profiles across the southern Albertine Rift showing the relative magnitudes of 
rift-floor deformation along the prominent surface-breaking intra-rift faults. Along the profile in Fig. 3D, the depths to key horizons (early Pleistocene Base-Nyabusosi 
Fm, and Pre-rift basement) on one of the intra-rift faults are greater than those on the Tonya border fault (estimated from Simon et al., 2017). V.E = vertical 
exaggeration. Note that the illustrated fault dips in Figs. 3C-E are hypothetical and not measured. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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2002; Njinju et al., 2023b). To achieve a smooth model, we define Φreg,ρ 

as the second spatial derivative of the density anomalies weighted by the 
individual a priori model covariance matrix, whose diagonal elements 
increase as the square of depth (Njinju et al., 2023b). λ is a scalar weight 
that controls the balance between the different terms of the objective 
function. We assume a starting model with zero density anomaly values 
everywhere, and the objective function is minimized by assigning new 
density anomaly values to each model cell (based on the forward nu
merical solution), and the density model is optimized iteratively until 
the misfit reaches a minimum or the user prescribed number of itera
tions is exhausted. The choice of the regularization parameter, λ, is 
guided by the analysis of trade-off curves or L-curves (Hansen, 1992). 
For the L-curve analysis, we ran 9 models with values of λ ranging from 
102 to 106 (Table 1). We ran each model for 20 iterations and recorded 

the resultant RMS data misfit and corresponding model roughness 
(Table 1). We generate the L-curve by plotting the RMS data misfit 
versus the model roughness for the different regularization weights λ 
(Fig. 5). We find that the optimal parameterization for the gravity 
inversion that minimizes the data misfit and model roughness (kink or 
knee of the L-curve; Fig. 5) corresponds to λ = 105. We therefore chose λ 
= 105 and find that the model converges with acceptable RMS errors 
decreasing from 27.11 at the zeroth iteration to 1.79 at the 20th itera
tion (Table S1; Fig. 6A), producing a good fit between the observed 
Bouguer Anomaly (Fig. 6B) and the predicted Bouguer Anomaly 
(Fig. 6C) with data residuals within ± 4 mGal (Fig. 6D) that are less than 
the uncertainties (10 mGal) in the data.

3.4. 2D forward gravity modeling

The 3D gravity model output by jif3D includes massive blocks of 
negative or positive density anomalies that are independent of geolog
ical layering (e.g., Paulatto et al., 2019; Lösing et al., 2023; Lowe et al., 
2024), making it difficult to separate contributions from different parts 
of the crust and mantle. To validate the 3D inversion models and provide 
constraints on the density distributions of the different crustal layers and 
the uppermost mantle, we perform 2D forward modeling of the gravity 
data along profiles A-A′ and B-B′ (see Fig. 4A for profile locations). We 
use seismic constraints of crustal thickness from Wölbern et al. (2010, 
2012) and Gummert et al. (2016). Findings from studies by Wölbern 
et al. (2010, 2012) and Gummert et al. (2016) indicate a thinner crust 
(~26 km) beneath the EGR and a thicker crust (~34 km) beneath the rift 

Fig. 4. (A) Ground Bouguer gravity anomaly minus deep mantle sources. The line paths labeled P1 to P8 are profile locations where we collected gravity data as part 
of the Dry-Rifting In the Albertine-Rhino graben (DRIAR) Project. The white line represents offshore gravity data collected during March and April 1992 through an 
NSF project in collaboration with the Ugandan Department of Geological Survey (Karner et al., 2000). The blue lines A-A’ and B-B′ show the trace of the vertical 
(depth) sections of the density perturbations and 2D forward gravity models presented in Fig. 9. (B) Horizontal sections of P-velocity anomalies at depths of 15 km 
and 75 km (C) generated from the inversion of teleseismic events recorded by a temporal network of the RiftLink Project (Jakovlev et al., 2013). The white box 
represents the area shown in B and C. The black lines are faults from the Global Earthquake Model Foundation’s (GEM) Global Active Faults Database (GAF-DB; 
Styron and Pagani, 2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Regularization parameters for gravity inversion and the model statistics.

Gravity regularization weights, λ RMS data misfit Model roughness

100 1.54 1.77
500 1.54 1.76
1000 1.54 1.76
5000 1.55 1.73
10,000 1.55 1.69
50,000 1.63 1.46
100,000 1.79 1.27
500,000 3.45 0.66
1000,000 4.54 0.49
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shoulders. Additionally, seismic tomography studies by Jakovlev et al. 
(2013) indicate low-velocity zones beneath the EGR and the Toro- 
Ankole volcanic fields, extending beneath the Rwenzori Mountains 
into the southern tip of the ARG at depths of ~15 to 80 km (Figs. 4B and 
C). We determine the final gravity model by varying the initial crustal 
thickness from Wölbern et al. (2010, 2012) and Gummert et al. (2016)
by ~10 % and the initial densities of the different Earth layers estimated 
from East African Rift gravity models (e.g., Fletcher et al., 2018; Leseane 
et al., 2015; Mickus et al., 2007; Njinju, 2016; Njinju et al., 2019a; Njinju 
and Atekwana, 2025; Nyalugwe et al., 2019; Simiyu and Keller, 2001) 
by ~15 % to fit the predicted and the observed gravity data.

In our 2D forward modeling, we also examine the contribution of 
sediments to the observed gravity anomalies beneath the Lake Edward 
Basin and the Albertine Graben (Lake Albert) using sedimentary thick
ness constraints from both basins. The sedimentary thickness in the Lake 
Edward Basin reaches ~4.5 km and < 1.5 km beneath Lake George 
based on estimates from Werner and Euler deconvolutions of gravity and 
magnetic data (Upcott et al., 1996), which also shows that the main 
depocenter of Lake Edward is located on the north-eastern shore. 
Seismic reflection and gravity studies results indicate sedimentary 
thickness reaching ~5 km in the Albertine Graben with the main 
depocenter along the Bunia Fault (Karp et al., 2012). In the southern 
portion of the ARG (transected by profile BB’; Fig. 2A), the southernmost 
depocenter is located on the hanging wall of the Tonya Fault (Karp et al., 
2012; Simon et al., 2017).

4. Results

4.1. Field observations of intra-rift faulting in the Lake George Rift

The rift floor of the Lake George Rift is characterized by broad plains 
of gently rolling undulations, except for locations where they are 
punctuated by 1–2 km-wide spherical depressions representing volcanic 
craters (Fig. 7A). In many places, we find that abrupt gradients in these 
slopes of the rolling hills correspond to fault traces that are observable 
on elevation models and satellite imagery (Figs. 7B-C). Also, the abrupt 
gradients are commonly collocated with vegetation gradients where 
lush vegetation is hosted in the downthrown side and sparse vegetation 
on the upthrown side (e.g., Figs. 7D-E), consistent with previously 
published structural observations in satellite imagery (Wedmore et al., 
2024). However, there are other cases where the fault traces are not 
collocated with vegetation gradients (e.g., Fig. 7F). Overall, we note that 
the topographic relief across the fault scarps is commonly <10 m high, 

and we do not observe the presence of any slip surface along the scarps. 
Similarly, the topographic relief approaching the volcanic craters is 
subdued within the rift floor (e.g., Fig. 7G) but is prominent and steeper 
along the border fault (see background of Fig. 7A and G).

4.2. Field observations of intra-rift faulting in the southern Albertine Rift

Unlike the Lake George Rift, where small topographic offsets and an 
absence of exhumed basement rocks characterize the intra-rift fault 
traces, the Kibuku Fault, which is the most prominent intra-rift fault of 
the southern Albertine Rift (north of Semiliki Graben), hosts exhumed 
fluvio-lacustrine syn-rift sequences of cross-bedded siltstones and sand
stones of the Early Pleistocene Nyabusosi Formation and Late Pleisto
cene Rwebishengo Beds (Figs. 8 A-C). The earlier syn-rift sequences are 
exposed on the Kibuku Fault escarpment, at the base of which are the 
Precambrian granitic basement exposures hosting the fault slip surfaces 
(Fig. 9A). The exhumed sediments are tilted eastwards (Figs. 8 A-B) and 
are reworked by incising channels into the subsiding hanging wall of the 
Kibuku Fault and that of the Tonya Fault (Fig. 3A and E). At the base of 
the escarpment, the slip surface of the Kibuku Fault is characterized by 
stacks of breccia sheets with quartz gouge and well-preserved slicken
lines (Figs. 9A-C). We observe quartz and gypsum geochemical 
cementing of the fractured lower section of the sandstones and the 
adjacent granitic basement fault block. Altogether, the rift axis of the 
southern Albertine Rift hosts pronounced high-offset basement-rooted 
faults with prominent geochemical alterations on slip surfaces, which 
are lacking in the field exposures of the intra-rift faults of the Lake 
George Rift. The anomalous footwall uplift event on the Kibuku Fault 
exposing older syn-rift deposits (Fig. 3E) and field evidence of 
geochemical alterations in the fault rocks suggest possible control of 
deeper crustal processes.

4.3. Along-axis variability of density anomalies beneath the rift segments

We observed negative density anomalies of ~ − 60 to − 20 kg/m3 

extending from the surface to depths of ~50 km and ~ − 20 to − 1 kg/m3 

within depths of ~50–100 km beneath both the magma-rich EGR and 
the magma-poor ARG compared to positive density anomalies (~0 to 60 
kg/m3) in the rift shoulders and surrounding cratons (Figs. 10A and B). 
In the ARG, negative density anomalies are more focused beneath the 
rift axis, with the lowest values occurring in the Albertine Graben (~ −
60 kg/m3) extending beneath the Semliki Graben and the Rwenzori 
Mountains to the EGR (Figs. 10A and B). There are blocks with positive 

Fig. 5. L-curve (trade-off curve) for the gravity inversion models indicating the regularization parameter values, λ, used. λ =105 is the optimal regularization 
parameter that minimizes the model roughness and the data misfit (black circle).
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density perturbations (~20 kg/m3) on both the western and eastern 
flanks of the Rwenzori Mountains that extend from shallower depths to 
depths <50 km (Figs. 10A, B, and C). At depths >50 km, the region of 
lower density anomaly (~ − 10 kg/m3) is wider beneath the magma-rich 
EGR and narrows northward beneath the non-volcanic ARG (Fig. 10D). 
Our results show that significant portions of the negative density 
anomalies are shallower than <50 km and thus within the crust and the 
uppermost mantle with even lower density anomalies within the lower- 
crust at depths between 15 and 20 km (Figs. 10 A and B).

4.4. 2D forward gravity model of the rift segments

The depth section of our inverted density anomalies along the 
magmatic EGR (see profile AA’ in Fig. 2A) shows negative density per
turbations beneath the EGR that are focused beneath the Lake Edward 
Basin at depths generally <30 km and sandwiched between fragments 
with positive density perturbations (Figs. 11A and B). This region with 
negative density perturbations has a corresponding gravity minimum 
(− 60 mGal; Fig. 11C). Results from the 2D forward model (Fig. 11D) 
relative to the surrounding crustal layers show a low-density upper-crust 
(2.6 g/cm3), a low-density lower-crust (2.7 g/cm3) and a low-density 
mantle (3.2 g/cm3) underlying the region of thinned crust (~22 km) 

Fig. 6. (A) Root mean square error between observed and inverted gravity field for each inversion iteration. (B) Gravity inversion input data (here called Observed 
Bouguer Anomaly), which is the ground Bouguer gravity anomaly minus deep mantle sources. (C) The predicted gravity calculated from our resultant density 
anomaly. Fig. 6B and C share the same colorbar. (D) Residual gravity, which is the difference between the observed (Fig. 6B) and the predicted (Fig. 6C) gravity 
anomalies, showing a good fit between the predicted and observed gravity data. The black lines are faults from the Global Earthquake Model Foundation’s (GEM) 
Global Active Faults Database (GAF-DB; Styron and Pagani, 2020). The red triangles are Holocene volcanoes of the Toro-Ankole Volcanic Province (TAVP) obtained 
from the Global Volcanism Program (2023). EGR = Lakes Edward-George Rift. SG = Semliki Graben. AG = Albertine Graben. PB = Pakwach Basin. RG = Rhino 
Graben. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (A) Field photograph showing the typical ‘flat’ relief landscapes of the rift floor along the axis of the Lake George Rift, particularly away from the intra-rift 
magmatic centers. (B) Topographic field map (Shuttle Radar Topo. Mission, SRTM) and (C) satellite imagery (source: Google Earth) showing widespread distributed 
rectilinear and curvilinear scarps collocated with vegetation gradients along the axis of the Lake George Rift. Note how the scarps offset one of the intra-rift volcanic 
centers (Bunyampaka Crater). (D - F) Gentle, <10-m high scarp that is collocated with lush vegetation on the downthrown surface and contrasting sparse vegetation 
on the upthrown surface. These three photos were obtained from Google Street View. (G) Panoramic field photograph showing the Nyamunuka Crater on the hanging 
wall of the Nyamwamba border fault and other clustered craters of the Katwe-Kigorongo Volcanic Field on the uplifted rift shoulder (see Fig. 2A for location of 
the craters).

Fig. 8. (A - C) Field photographs (looking west in panel A) showing tilted exhumed earlier syn-rift fluvio-lacustrine deposits (Early Pleistocene Nyabusosi Formation 
and Late Pleistocene Rwebishengo Beds; Pickford et al., 1993; Roller et al., 2010), exhumed on the footwall of the Kibuku Fault. The units are east-dipping and are 
composed of friable, poorly consolidated sandstones and claystones.
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beneath the EGR. Similarly, the depth section along the non-volcanic 
ARG (see profile BB’ in Fig. 4A) shows that the most negative density 
perturbations are focused beneath the Albertine Graben (Lake Albert) at 
depths generally <50 km with a sharp transition to positive density 
perturbations in the western rift flank (Fig. 11E and F). This region with 
negative density perturbations also has a corresponding gravity mini
mum (− 80 mGal; Fig. 11G). Results from the 2D forward model 
(Fig. 11H) show a low-density upper-crust (2.6 g/cm3), a low-density 
lower-crust (2.7 g/cm3), and a low-density mantle (3.2 g/cm3) under
lying the region of thinned crust (~28 km) beneath the Albertine 
Graben. However, the lower-crust beneath the EGR is more significantly 
stretched (Fig. 11D) compared to the lower-crust beneath the ARG 
(Fig. 11H).

5. Discussion

5.1. Fluid-assisted crustal deformation in the non-volcanic southern 
Albertine Rift

Field observations and examination of topographic relief show that 
the southern Albertine Rift exhibits pronounced intra-rift tectonic 
faulting (Figs. 3, 8–9) that is anomalous for juvenile magma-poor con
tinental rifts, and potentially reflects the control of deeper crustal/lith
ospheric processes (e.g., Muirhead et al., 2019). Although the rift 
exhibits the greatest throw on its border faults, similar to the magma- 
rich volcanic Lake George Rift, there is a clear distinction in the prom
inence of intra-rift faulting and magnitude of the accrued displacement 
on the faults. The Lake George Rift manifests intra-rift crustal defor
mation in the form of distributed small offset faults and magmatic 
structures (cinder cone eruption vents) (Figs. 2 and 7), whereas, in the 
southern Albertine Rift, the deformation manifests in the form of a few 
but prominent higher-offset intra-rift faults (Fig. 3D-E and 9). More 
importantly, progressive slip on the most prominent intra-rift fault in the 
southern Albertine Rift, the Kibuku Fault, has exhumed the Early-to-Late 
Pleistocene (and Pliocene?) syn-rift deposits and the underlying pre-rift 
basement in its footwall (Figs. 3E, 8), indicating that the acceleration of 

slip on the fault is likely Late-/Post-Pleistocene, ensuing much later after 
the rift initiation and establishment of the border faults. Observations 
from crustal desnsity and seismic velocity distributions (Figure 10 and 
11) lead us to speculate that the tiggering of accelerated slip on the 
Kibuku Fault may be associated with an an event of increased buoyancy 
of the crust (de-densification) from the infiltration of mantle-derived 
fluids into the lower-crust. This mantle fluid infiltration could have 
been accompanied by thermal perturbation of the lithosphere, and with 
fluid pressurization producing a decrease in effective normal stresses at 
depth.

The contrasts in the physics of crustal stretching between evolving 
magma-rich and magma-poor rifts are manifested in the patterns of 
tectonic faulting in the two rift settings, particularly in the prominence 
of intra-rift accommodation of extension relative to border fault- 
dominated extension or lack thereof (Muirhead et al., 2019). Studies 
on early-rift focusing of intra-rift faulting in non-volcanic rifts suggest 
that this may be influenced by either: (1) inherited crustal- and 
lithospheric-scale shear zones acting as mechanical zones of weakness 
(Kolawole et al., 2021a), (2) a lower-crustal weak layer (Wedmore et al., 
2024), (3) rift tip splays from a propagating rift tip into the axis of an 
adjacent interacting rift pair (Kolawole et al., 2021b; Njinju et al., 2025), 
or (4) rift-axial melt lenses in the lower-crust (Ajala et al., 2024). The 
focusing of tectonic strain on the Kibuku Fault cannot be explained 
solely as a by-product of the uplift of the Rwenzori Mountains since the 
Kibuku Fault is a side-step fault to the northeast of the Bwamba Fault 
(west-bounding fault of the Rwenzori Block; Fig. 3A). Although the two 
faults are now hard-linked, they most likely developed independently. 
The Kibuku Fault represents the west-bounding fault of a narrow horst 
(bounded to the east by the Rwimi Wasa Fault) that extends northeast 
from the northern end of the main Rwenzori Block (Fig. 3A). Structural 
studies of the neotectonics of the Rwenzori Mountains suggest that the 
large crustal uplift may have accommodated lateral block rotation, 
given by field observations of strong strike-slip faulting (Koehn et al., 
2008; Sachau et al., 2016). This strike-slip kinematics does not seem to 
be compatible with dominant oblique dip-slip displacement vectors on 
the Kibuku Fault slip surface exposures (Fig. 9C).

Fig. 9. Field photograph (looking east) of (A) the Kibuku Fault escarpment (with active quarry) along the rift axis, and (B - C). The basement-rooting principal slip 
surface of the Kibuku intra-rift fault, exhibiting geochemical alterations of the fault zones by silica and gypsum. The silicified slip surfaces preserve excellent oblique- 
normal striae on the quartz gouge lenses.
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Accelerated Quaternary intra-rift faulting in the southern Albertine 
Rift is independent of uplift initiation in the Rwenzori Block. Cenozoic 
uplift of the Rwenzori initiated at ~2.7 Ma, at least 4 million years after 
initiation of Cenozoic tectonic extension (Pickford et al., 1993; Simon 
et al., 2017). Uplift rates across the Rwenzori indicate that crustal 
exhumation cannot be explained by displacement accrual and footwall 
flexure on the faults that bound the Rwenzori (Nyamwamba Fault to the 
SE and Bwamba Fault to the NW), highlighting that the dynamic uplift of 
the Rwenzori Block was induced by mantle processes (Wallner and 
Schmeling, 2010; Xue et al., 2017). Furthermore, seismic imaging shows 
thinned crust and rift-parallel mantle seismic anisotropy beneath the 
Rwenzori (Homuth et al., 2016; Wölbern et al., 2010). Considering that 
the youngest exhumed syn-rift sediments on the Kibuku Fault footwall 
are the Late Pleistocene Rwebishengo Beds (Fig. 8; Pickford et al., 1993; 
Roller et al., 2010), we argue that the acceleration of slip on the Kibuku 
Fault initiated in the Late Pleistocene, corresponding to the Albertine 
‘rift phase 2’ of Simon et al. (2017). Altogether, these findings support 
the hypothesis that the accelerated intra-rift faulting event in the 
southern Albertine Rift in the Late Pleistocene may be due to an increase 
in crustal buoyancy, possibly related to tectono-thermal events in the 
lower-crust and lithospheric mantle. To understand the possible control 
of crustal buoyancy on anomalous intra-rift deformation, we assess the 
density structure of the crust and uppermost mantle beneath the 

Albertine Rift and evaluate the variability of the structure with that of 
the magma-rich southern continuation of the rift system in the Lake 
George Rift, using potential fields and seismological data.

5.2. Crustal density perturbations beneath the non-volcanic Southern 
Albertine and volcanic Lake George rifts

We compare the distribution of density anomalies at 20 km depth 
(Fig. 10E) with the distribution of P-wave velocity anomalies at a similar 
depth (Fig. 10F), provided by Jakovlev et al. (2013). Regions with 
negative density perturbations (Fig. 10E) (i.e., the region beneath the 
Albertine Graben that extends beneath the Semliki Graben and the 
Rwenzori Mountains into the EGR and the Toro-Ankole Volcanic Prov
ince) have corresponding negative P-wave velocity anomalies (Fig. 8F; 
Jakovlev et al., 2013). Similarly, the region with positive density 
anomalies in the eastern flank of the Rwenzori Mountains (Fig. 10E) has 
corresponding positive P-wave velocity anomalies (Fig. 10F). The close 
comparison of our resultant density anomalies (Fig. 10E) and the P-wave 
velocity anomalies (Fig. 10F; Jakovlev et al., 2013) indicates that both 
anomalies have the same causative source.

Our 2D forward models are used to suggest that the gravity minima 
beneath both the magma-rich EGR and the non-volcanic ARG (i.e., − 60 
mGal and − 80 mGal, respectively), and thus their corresponding 

Fig. 10. (A) Density perturbations beneath the northern Western Branch of the EARS at depths of 15 km, 20 km (B), 50 km (C), and 100 km (D). (E) The density 
perturbations at 20 km for the region of study for the RiftLink Project (white box in A; Jakovlev et al., 2013). (F) Horizontal sections of P-velocity anomalies at depths 
of 20 km (Jakovlev et al., 2013). The black lines are faults from the Global Earthquake Model Foundation’s (GEM) Global Active Faults Database (GAF-DB; Styron 
and Pagani, 2020). The red triangles are Holocene volcanoes of the Toro-Ankole Volcanic Province (TAVP) obtained from the Global Volcanism Program (2023). 
EGR = Lakes Edward-George Rift. SG = Semliki Graben. AG = Albertine Graben. PB = Pakwach Basin. RG = Rhino Graben. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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negative density anomalies cannot be explained by their thick sedi
mentary cover alone. Part of the gravity minima could be caused by a 
low-density region in the lower-crust and/or uppermost mantle where 
the densities should be at least 5 % lower than the surrounding regions. 
The exact placement of the low-density region cannot be determined by 
gravity modeling alone. However, seismic tomography constraints 
(Jakovlev et al., 2013) and the distribution of seismicity (Lindenfeld 
et al., 2012) indicate melt inclusion in the crust and uppermost mantle, 
which suggests that this low-density body, extending to the uppermost 
mantle, is due to the presence of melt.

The 2D forward model for the EGR (Fig. 11D) indicates that the crust 
is thinnest beneath the rift axis (~22 km) and thicker beneath the rift 
shoulders (~38 km), which can be explained by a crustal stretching 
factor of ~1.7 (i.e., 38/22 = 1.7) versus ~1.3 (i.e., 34/26 = 1.3) based 
on seismic receiver function estimates (Wölbern et al., 2010, 2012; 
Gummert et al., 2016). Similarly, the 2D forward model for the Albertine 
Graben (Fig. 11H) indicates that the crust is thinnest beneath the rift axis 
(~28 km) and thicker beneath the rift shoulders (~38 km), consistent 
with a stretching factor of ~1.3 in the ARG. Comparing the stretching 
factors for the EGR (i.e., ~1.3–1.7) and the AGR (i.e., ~1.3) indicates 
that there is a greater propensity for decompression and easier upward 
migration of deeper melt sources due to a larger pressure gradient in the 
EGR than in the ARG. Numerical simulation by Armitage et al. (2018)
suggests that crustal stretching can influence melt generation in the 
asthenosphere, such that the thickness of melt generated increases 
sigmoidally with crustal stretching. Thus, a large part of the negative 
density perturbations in the EGR are due to the presence of melt in the 
lower-crust and/or uppermost mantle infiltrated from deeper sources. 
Earlier studies of the EGR indicate significant thinning of the crust 

beneath the rift axis (Wölbern et al., 2010; Gummert et al., 2016) and 
low P-wave velocity zones, which were used to suggest the presence of 
melt infiltration beneath the EGR, the Toro-Ankole Volcanic Province, 
and the Semliki Graben (Jakovlev et al., 2013). Further support for 
magma-assisted rifting in the EGR comes from magnetotellurics (MT) 
investigations, which show a conductive crustal anomaly beneath the 
Toro-Ankole Volcanic Province (Häuserer and Junge, 2011). Addition
ally, a study of seismic swarms by Lindenfeld et al. (2012) was used to 
suggest vertical melt/and or CO2 migration within fault systems from a 
magmatic source within the lithosphere.

We argue that ascending melts generated at the lithosphere- 
asthenosphere boundary of the upper mantle, due to decompression 
and possible partial melting in the lower-crust due to elevated geo
therms, contribute to the reduction of the density of the ductile lower 
crust beneath the ARG. The northward narrowing of the negative den
sity anomalies beneath the ARG suggests a northward decrease in the 
contribution of melt in lower crustal de-densification, which possibly 
explains why the RG is less developed compared to the AG. The reduc
tion of lower crustal density due to the presence of melt is consistent 
with observations of ‘blind melts’ beneath another magma-poor, non- 
volcanic rift segment of the EARS (Ajala et al., 2024; Kolawole and Ajala, 
2024; Njinju and Atekwana, 2025). The partial melting of the 
lower-crust, where it occurs, is driven by advection of heat into the 
lower-crust by upward ascent of melt from the 
lithosphere-asthenosphere boundary. Such a reduction in lower crustal 
density, along with thick sedimentary cover at the uppermost crust 
(Fig. 11H), explains the gravity-low and negative density anomaly 
beneath the magma-poor AGR. A lower crustal stretching factor of 1.3 
indicates that partial melts in the lower-crust will be locked between 

Fig. 11. Cross sections of profile lines in Fig. 3D. (A) Elevation along profile A-A’. (B) Density perturbations. (C) Observed (black dots) and calculated (thin black 
line) Bouguer gravity anomalies from two-dimensional forward modeling. (D) Interpretation of gravity forward modeling. (E), (F), (G), and (H) are the same as (A), 
(B), (C), and (D), respectively, but for profile B-B′ (see blue profile lines A-A’ and B-B′ in Fig. 2A). The values in (D) and (H) are densities in g/cm3. The Moho depths in 
(D; thick black line) are constrained by the extrapolated seismic receiver function Moho estimates (red dots) from the RiftLink Project (Gummert et al., 2016; Wölbern 
et al., 2010). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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rock grain boundaries, as the pressure gradient beneath the less 
stretched crust is not high enough to allow upward migration of these 
melts to breach the surface. Melt transport in the crust is mainly 
controlled by pressure gradients, crustal properties such as its elasticity, 
yield strength, and porosity, and fluid properties such as viscosity and 
buoyancy (e.g., Phipps Morgan and Holtzman, 2005; Stuart et al., 2016). 
Additionally, the emplacement and trapping of melts in the uppermost 
mantle and lower-crust could advect and trap heat into the lower-crust, 
and along with an overall decrease in crustal strength and fluid-induced 
decrease in effective normal stresses, may have initiated accelerated 
fault slip in the rift axis. Elsewhere, in the northernmost segment of the 
Rio Grande Rift System, where progressive extension of the continental 
crust accommodates non-volcanic early-stage rift basins, studies have 
also reported the presence of widespread ‘blind’ partial melts in the 
lower-crust beneath the rift basins, evidenced by the magnetotelluric 
imaging (Feucht et al., 2017; Murphy et al., 2024). It has been shown via 
geodynamic models that small melt fractions beneath magma-poor rifts 
could promote strain localization in the lithosphere and aid progressive 
crustal and lithospheric extension (Buck, 2004; Bialas et al., 2010; Ajala 
et al., 2024). Numerical modeling by Bialas et al. (2010) suggests that 
for an 80 km thick section of continental lithosphere, the amount of 
magma needed for rifting is small, with a maximum cumulative dike 
opening of ~4 km in the mid- to upper crust, with substantially less 
opening in the hotter mantle regions. Similarly, in the Okavango Rift 
Zone, which is another magma-poor rift in the southwestern branch of 
the EARS, seismic imaging suggests that the crust beneath the rift axis is 
thinned, and seismic velocities in the crust indicate deep emplacement 
of low-density materials (Yu et al., 2015).

6. Conclusions

As part of the NSF-funded DRIAR project, we conducted field map
ping of surface scarps observable on topographic maps of the contrasting 
rift structure between the magma-poor Albertine-Rhino Rift (ARG) and 
its contiguous magma-rich Edward-George Rift (EGR) to assess the na
ture of intra-rift crustal deformation along the juvenile rift basins. We 
hypothesize that an anomalous intra-rift deformation in the magma- 
poor segment is governed by deep crustal processes. To test this hy
pothesis, in addition to field mapping, we estimate the lithospheric 
density structure beneath the ARG and the EGR.

Our field observations indicate that the southern ARG exhibits 
prominent intra-rift strain via focused displacement accrual on a few 
faults, unlike the EGR, where distributed low-offset faulting and 
magmatic vents accommodate intra-rift strain. Our observations of 
exhumed age-constrained syn-rift sediments on the footwall of 
basement-rooted high-offset intra-rift faults in the southern ARG suggest 
a Late Pleistocene acceleration of intra-rift crustal deformation. We posit 
that this anomalous intra-rift crustal deformation is due to an increase in 
the crustal buoyancy (de-densification) resulting from the infiltration of 
mantle-derived hot fluids into the crust.

Gravity and seismological investigation of the crustal and uppermost 
mantle imaging of the rift zone indicates: 

1. Crustal density from gravity inversion data shows negative density 
anomalies extending from the surface to the uppermost mantle 
beneath both EGR and the ARG, with even lower anomalies at depths 
<50 km beneath the Albertine Graben in the ARG. 2D forward 
gravity modeling indicates thinning and de-densification of the crust 
and uppermost mantle (due to partial melts) beneath both the EGR 
and the ARG, however, with greater crustal stretching factors in the 
EGR (~1.3–1.7) compared to a stretching factor of ~1.3 in the ARG.

2. Based on the crustal stretching factor estimates, we infer that the 
gravity minima and low-density anomalies beneath both the magma- 
rich EGR and the magma-poor AGR are partly due to partial melting 
and flow of the lower-crust.

3. Gravity minimum and negative density anomalies beneath the 
magma-poor ARG are largely due to thick sedimentary cover and 
partial melt-induced decrease in lower crustal density.

The tectonic extension and associated crustal deformation in non- 
volcanic rifts are likely aided by deep crustal melts that suffer from 
delayed surface breaching (i.e., blind magmatism) due to their limited 
melt volumes, and the fact that low-pressure gradients (due to limited 
stretching) associated with most magma-poor rifts further limit the 
upward migration of melt. Such trapping of ascending mantle melts 
could advect and trap heat into the lower-crust, and along with an 
overall decrease in crustal strength via fluid pressurization at depth, 
could accelerate slip on the intra-rift faults, thus promoting tectonic 
strain accommodation in the rift axis.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.tecto.2025.230881.

Data availability

The inversion codes used for this study can be obtained via subver
sion (https://subversion.apache.org) at svn checkout.

https://svn.code.sf.net/p/jif3d/jif3dsvn/trunk/jif3D/ jif3d. Pro
cessed data and model files can be found at https://doi. 
org/10.5281/zenodo.15707530.
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