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Abstract 
Helium (R/Ra) and carbon (δ13C-CO2) isotopes in fluids and lavas were used as tracers to 
detect mantle-degassing across the East African Rift. From the literature, a database of R/Ra 
and δ13C-CO2 values was produced with accompanying isotopic and geochemical data. The 
data was filtered, removing samples of ambiguous origin, and samples heavily altered by 
secondary processes. The remaining data was interpolated using ‘Natural Neighbour’, 
creating maps of R/Ra and δ13C-CO2. The helium isotope data reinforces the findings of past 
studies, though with a more extensive data set. In agreement with those studies, a high (up 
to 16 R/Ra) helium signature is seen along the Afar and Main Ethiopian Rift, indicative of 
the underlying plume. DMM (Depleted MORB Mantle)-like helium is seen along the 
Kenyan and Kivu rifts, due to either diluted plume influence and/or input from DMM or 
SCLM (Sub-Continental Lithospheric Mantle). Plume-like helium is seen in Rungwe, 
indicating deep-mantle input. This study introduced carbon as a concurrent tracer, which 
showed little variation (-6 < δ13C < -2) in the underlying mantle. Both isotopes demonstrated 
mantle degassing is concentrated along the central axes of the mature rifts (Main Ethiopian, 
Kivu and Kenyan rifts). In contrast, the younger rift segments (Rungwe and Northern 
Tanzania) showed dispersed mantle volatile signatures. Due to insufficient data, the younger 
rifts could not provide a meaningful contrast to the mature rifts. Lack of data was the primary 
limitation of this study, with poorly sampled rift sections or samples altered by secondary 
processes. More data is needed to provide a better comparison between these isotope 
systems.  



 

 

Útdráttur 

Í þessari ritgerð var gerð tilraun til að nota samsætur helíum og kolefnis til að kortleggja 
afgösun möttuls eftir austur-Afríska sigdalnum endilöngum. Útgefnum gögnum frá fyrri 
rannsóknum var safnað saman og settur saman gagnagrunnur. Eftir ítarlega síun á 
gagnagrunninum, þar sem leitast var við að koma auga á og fjarlæga gögn þar sem 
greinilegra áhrifa frá seinnitíma ferlum gætti, var landupplýsingakerfið ArcGIS (ESRI) 
notað til að framkvæma rýmdargreiningar á gagnasafninu. Brúunaraðferðin Natural 
Neighbor var notuð til að teikna upp dreifingu helíum og kolefnis samsæta fyrir mismundi 
svæði sem og allan Sigdalinn. Í samræmi við fyrri rannsóknir, sýna niðurstöðurnar að 
samsætuhlutfall helíums eru hæst í Eþíópíu sem og í Rungwe í suður-Tanzaníu sem bendir 
til beinna möttulstróka áhrif á þessum svæðum. Blöndun djúpættaðs helíum við helíum 
ættuðu úr efri möttli, sem annað hvort líkst úthafsmöttli eða möttulhluta þess steinhvels 
sem liggur undir meginlandsskorpunni, skýrir dreifingu helíum samsætna eftir Sigdalnum 
endilöngum vel. Kolefnis samsætur sýna hinsvegar takmarkaðan breytileika og ekki var 
vart við sérstaka fylgni milli mismunandi svæða Sigdalssins og δ13C gilda. Saman sýna 
þessi samsætuhlutföll hinsvegar að afgösun afmarkast við gliðnunarás þróaðra hluta 
Sigdalsins. Afgösun er hinsvegar mun dreifðari innan yngri hluta Sigdalssins þarf sem 
gliðnun er skemmra á veg komin. Vegna skorts á gögnum, var nákvæmur samanburður 
milli eldri og yngri hluta Sigdalsins helst til ómarkviss. Ljóst er að mikið verk er enn 
óunnið við notkun þessara samsætu-kerfa á þessu stærsta meginlands-gliðnunarsvæði 
jarðar.     
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1 Introduction 

1.1  Using isotopic tracers to track mantle 
degassing across continental rifts  

In regions of active continental rifting, isotopic signatures of mantle derived volatiles can be 
found in geothermal fluids, groundwater and surface waters. Likewise, lavas can trap volatile 
isotopes in their crystal cargo, preserving mantle signatures from past and on-going 
volcanism. Volatiles travel through conduits such as regional faults and/or directly via 
volcanic plumbing systems, depending on the style of rifting (Griesshaber, et al., 1992). 
Extension modelling tells us that the rifting of continental crust is accommodated by both 
large offset faults and by magmatic intrusion. The former is more prominent in the earlier 
rifting stages and the latter more prominent as the rift matures (Ebinger, 2005). The young 
continental rift provides fewer, more dispersed outlets for degassing (Figure 1a). Thus, 
mantle volatiles can permeate through the large border faults and distally spread volcanic 
systems. As the rift matures (Figure 1b), volcanism increases and becomes narrowly 
concentrated within magmatic segments along the rift axis (Ebinger, 2005). This provides an 
effective outlet for mantle-derived volatiles. The onset of oceanic rifting continues this trend 
of narrowing and increasing axial volcanism (Ebinger, 2005). Here, mid-ocean ridges are 
found, allowing a direct and effective conduit for mantle volatiles, unimpeded by overlying 
continental crust (Figure 1c). These mantle volatile isotope signatures can thus be used to 
further our understanding of rift systems and the associated mantle degassing. The signatures 
can also be used to characterize the underlying mantle, determining if the fluids and lavas 
derive from a DMM (Depleted MORB Mantle), plume or SCLM-type (Sub-continental 
lithospheric mantle) reservoir, which are the endmembers proposed by Halldórsson, et al., 
(2014) along the East African Rift. Moreover, processes that control and affect isotopic 
fractionation, such as phase separation and mineral precipitation can be identified and 
accounted for. This can help pinpoint the degree to which these samples have been altered 
from their mantle origin, or whether their origin is amagmatic, i.e. unrelated to magmatic 
processes.  
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Figure 1: Evolution of a continental rift. a) Rising asthenosphere and mantle melt pools at 
the base of the crust. Dispersed volcanism, formation of border fault systems. Degassing 
mantle volatiles travel through border faults and volcanic systems. b) Asthenosphere 
continues rising and produces more melt. Crustal thinning and stretching. Volcanism 
increases and focuses along the axis of the rift. Basins become symmetrical and border faults 
deactivated. Mantle degassing focused along rift axis and axial volcanism. c) Continental 
crust replaced with oceanic crust. Asthenosphere rises to the base of crust. Volcanism 
focused at the ridge axis, with accompanying mantle degassing. Based on Ebinger, (2005). 

The East African Rift (EAR) provides an exceptional analogue for the continental rifting 
model. Along the rift system, the different stages of the rifting process can be found, from 
the earliest stages in Tanzania, to oceanic rifting at the Afar triple junction (Ebinger, 2005). 
With the Afar plume underlying the rift system, the EAR also provides an insight into the 
influence of mantle plumes on the rifting process (Schilling, 1973).  For this study, isotopes 
of helium (3He/4He; expressed as the ratio R/Ra) and carbon (δ13C-CO2) are used as tracers 
for mantle-derived volatiles. The reason for choosing these tracers will be explained in 
sections 1.2 and 1.3. By conducting a geospatial analysis of these tracers across the EAR, 
the isotopes can be used to delineate mantle degassing and upper-mantle heterogeneity. A 
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database was assembled containing R/Ra and δ13C-CO2 in waters, gases and lavas across the 
rift system. From this database, a filtering process was devised to remove air-contaminated, 
and amagmatic data as well as data with isotopes of ambiguous origin. After filtering, the 
samples were then interpolated to model the unsampled areas between them. From this 
model, a holistic geological interpretation of magmatic degassing along the entire EAR as 
well as several site-specific localities, was made. 

1.2  Helium isotopes (R/Ra) as a tracer 

Helium is the lightest of the noble gases, found in nature as the stable isotopes 3He and 4He. 
Being both inert and volatile, helium was excluded from much of the terrestrial planetary 
formation due to its inability to form liquids or solids (Graham, 2002). Thus, helium is 
estimated to be sparse in both the earth's crust and atmosphere (Morrison & Pine, 1955). 
Helium is also quick to be released from the atmosphere and escape earth's gravity due to its 
low atomic mass and unreactive nature (Graham, 2002). Any helium that is found in the 
earth’s crust is therefore assumed to be either the product of radioactive decay or from a 
primordial, mantle origin: where helium was trapped during the planetary genesis (Morrison 
& Pine, 1955).  

4He is produced through α-radioactive decay, when a 'parent' particle decays to produce a 
'daughter' particle and a 4He nucleus (α-particle) as shown in Equation 1.  

 
 𝑋 → 𝛼 +  𝑋  Equation 1 

When 4He is produced within the earth's crust, it can be trapped within the matrix of the 
mineral crystal holding the parent nuclide. Since helium is both inert and volatile, it can 
conversely be lost from the crust through diffusion and erosion. This process is thought to 
prevent helium from being recycled into the mantle through subduction (Graham, 2002).  

Radiogenic 4He is produced in the crust primarily through the decay of 238U, 235U and 232Th 
(White, 2013). These parent nuclides are found in varying concentrations among the earth’s 
crust. Due to the geochemically incompatible nature of uranium and thorium with respect to 
mantle mineralogy, they are found in greater concentrations in the continental crust. Relative 
to the primitive mantle, the concentrations of Th and U in the continental crust have been 
measured to be more than a hundred times larger (Wedepohl, 1995). Due to the greater 
abundance of these radiogenic nuclides, 4He is produced at a much higher rate in the 
continental crust. When also considering the older age of the continental crust, the 
concentration of 4He is far greater in the continental crust than the oceanic crust (Lupton, 
1983).  

3He, the other stable helium isotope, is for the most part primordial in origin (Morrison & 
Pine, 1955). It is much less abundant than 4He, with an atmospheric ratio of 3He/4He = 1.389 
x10-6 (White, 2013). Due to the ease with which helium can escape from earth's gravitational 
field, almost all primordial helium at the earth’s surface has left the system. However, after 
the differentiation of the proto-earth, the crust created a seal, preventing helium from 
escaping from the mantle (Lupton, 1983). This provides an ongoing source of primordial 3He 
in the mantle, that is gradually released through mantle degassing and volcanism. As a result, 
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it can be inferred that samples measuring high concentrations of 3He relative to 4He have a 
mantle component to them. 

Radiogenic 3He is produced in small quantities through the two-step nuclear reaction shown 
in Equation 2 (Graham, 2002).  

 𝐿𝑖(𝑛, 𝛼) →  𝐻 (𝛽) →  𝐻𝑒   Equation 2 

This process describes the neutron capture of a lithium atom, which undergoes alpha decay 
into tritium. The tritium daughter then undergoes beta decay to produce 3He. This reaction 
thus requires the initial input of a neutron, by which the reaction is instigated. The neutrons 
in question are produced through the interaction of α-particles with Mg, Si and O (Graham, 
2002). The flux of radiogenic 3He through this series was estimated at approximately 0.1 
atoms cm-2s-1 in continental crust (Morrison & Pine, 1955). With this low flux, 3He around 
rift settings is assumed to be overwhelmingly primordial in nature. 

The ratio of helium isotopes is commonly expressed as the ratio R/Ra, the formula of which 
is shown in Equation 3Error! Reference source not found. (Lupton, 1983). 

 
𝑅

𝑅
=

𝐻𝑒 
𝐻𝑒 

𝐻𝑒 
𝐻𝑒 

 

Equation 3 

 

This uses a 3He/4Heair of 1.389 x10-6 taken from White (2013). R/Ra is used to determine the 
component of primordial helium within a sample as a ratio to the atmospheric component. 
R/Ra values therefore vary widely across the crust depending on the degree of mantle 
component, radiogenic nuclide abundance, age and exposure: as shown in Table 1. 

Table 1: R/Ra of relevant helium sources along the East African Rift. 

 

 
The choice of 3He as an isotope to track mantle degassing is an evident one, when considering 
its inert nature and the contrast between R/Ra of the mantle, the crust and the atmosphere. 
The difference in R/Ra between the various mantle reserves also makes it an effective tracer 
for identifying the chemical and petrological nature of the underlying mantle. As such, R/Ra 
has been used in past studies, measuring helium ratios of both fluids and rocks across the 
EAR, e.g., (Allen & Darling, 1992; Barry, et al., 2013; Marty, et al., 1996). Halldórsson, et 
al. (2014) determined the primary mantle components along the rift were the Afar Plume, 
SCLM and a DMM source which is identical in R/Ra ratio to MORB. When using helium as 
a tracer for mantle fluids, the primary concern is air-contamination. Thus, helium isotope 
data must be filtered to remove air-contaminated samples. These filtering methods are 
explained in section 3.2.1. 

Helium Source R/Ra 
Air 1 

MORB/DMM 8.5 ± 1 (White, 2013) 
Continental crust ≤ 0.1 (White, 2013) 

SCLM 6 ± 1 (Halldórsson, et al., 2014) 
Afar plume endmember ~20 (Halldórsson, et al., 2014) 
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1.3  Carbon isotopes (δ13C-CO2) as a tracer 

Carbon isotopes (δ13C-CO2) are another isotope tracer commonly used in active tectonic 
settings to model sub-surface magmatism, determine volatile sources and fluid behavior. The 
chemistry of carbon differs significantly from that of helium as carbon is reactive, less 
volatile and present in much greater abundance both in the crust and mantle (Griesshaber, et 
al., 1992). Carbon as CO2 is a common and major volatile component of volcanism, with 
many volcanic vents emitting > 99% CO2 gas (Darling, 1998). Measurement of both δ13C-
CO2 and CO2 concentration can indicate the degree of mantle input within a fluid.  

δ13C is defined by Equation 4Error! Reference source not found.: 

 

𝛿 𝐶 (‰ ) =

𝐶 
𝐶 

−
𝐶 

𝐶 

𝐶 
𝐶 

× 10  

Equation 4 

 

 
This uses a standard of 13C/12CVPDB = 1.122 x10-2 (White, 2013). VPDB (Vienna Pee Dee 
Belemnite) refers to a Cretaceous marine fossil from the Pee Dee Formation in the US, used 
as a carbon isotope standard (Makishima, 2017). Determining the origin of carbon in any 
sample of interest using δ13C, was a technique developed and pioneered by Craig (1953), 
who accumulated a large database of δ13C from various terrestrial sources. For example, 
Craig’s (1953) investigation found great variation in the carbon signature of different 
volcanic products. After comparing the δ13C of basalts, andesites, graphites, diamonds and 
hot-spring gases, the results were inconsistent. Thus, the carbon isotope signature of deep-
seated mantle carbon couldn’t be very accurately identified. Oxidized carbon in the form of 
CO2 was later found within mantle xenoliths in the form of fluid inclusions by Roedder 
(1965). This was interpreted to represent primary mantle fluids. The δ13C of these xenolith 
fluid inclusions is consistent with the signatures of widely sampled carbonatites, kimberlite 
carbonates, diamonds, diamond fluid inclusions and volcanic CO2 emissions, resulting in a 
mantle δ13C of approximately -5 ‰ (Deines, 2002). Further studies measuring the δ13C-CO2 
of these trapped fluids have been unable to identify any difference in isotope signature 
between hotspot xenoliths and MORB samples, implying a homogenously distributed δ13C 
signature across upper mantle reservoirs (Deines, 2002). 

When using δ13C as a tracer for mantle input, we must also consider other, amagmatic 
sources of carbon as well as secondary processes that can affect the δ13C-CO2 of magmatic 
fluids. For example, methods were developed and used by Sano & Marty (1995) and Marty 
& Jambon (1987) among others, adopting δ13C in conjunction with helium isotope data to 
pinpoint the mixing of fluids of multiple origins. Such methods allowed for the 
discrimination between mantle carbon signatures and mixed signatures from organic and 
sedimentary carbonate origins, as shown in Figure 2Error! Reference source not found.. 
However, these methods are limited, as they purely account for mixing trends, without 
appropriately considering secondary processes such as removal of CO2 into secondary 
carbonates.  
 
Several past studies of δ13C in magmatic volatiles e.g. (Tedesco, et al., 2010; Allen & 
Darling, 1992; Bretzler, et al., 2011) discuss some of the most significant amagmatic carbon 
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contributors to fluids found in rift settings. Important mantle and amagmatic carbon 
signatures are shown in Table 2: 
 
Table 2: δ13C-CO2 of relevant carbon sources along the East African Rift. 

Carbon Source δ13C-CO2 (‰VPDB) 
Air ~-8 (Lee, et al., 2016) 

Evaporites & in situ carbonate (Kenyan and 
Ethiopian Rift) 

~ -1 (Allen & Darling, 1992) 

Groundwater recharge (soil with alkali carbonate) ~-16 (Allen & Darling, 1992) 
Mantle/MORB (Kenyan and Ethiopian Rift) -6 - -2 (Darling, 2004) 

Though these sources represent the potential end-member components of carbon samples 
found in fluids, it is important to recognize that these samples cannot be treated as purely the 
result of mixing between source endmembers. Unlike with helium, the reactivity of carbon 
means that δ13C-CO2 can be heavily fractionated by secondary processes such as calcite 
precipitation and phase separation (Venturi, et al., 2017). These processes can potentially 
alter mantle carbon to an isotope composition outside of the endmember range. This can 
result in carbon derived from mantle degassing being well outside the expected isotope ratio 
range for mantle-derived carbon. 
 
Work by Darling (1996) detailed the δ13C-CO2 of fluids found within the Kenyan rift and 
main Ethiopian rift. Samples from this study (among other studies by Darling) are used in 
this investigation. From this study, many of the high δ13C-CO2 and high DIC values found 
in the fluids were attributed to silicate hydrolysis: wherein feldspars react with carbonated 
geothermal water as shown in Equation 5 (Darling, et al., 1996). 
 

2𝑁𝑎𝐴𝑙𝑆𝑖 𝑂 + 11𝐻 𝑂 + 2𝐶𝑂 = 𝐴𝑙 𝑆𝑖 𝑂 (𝑂𝐻) + 2𝑁𝑎 + 2𝐻𝐶𝑂 + 4𝐻 𝑆𝑖𝑂  

 Equation 5 

The high DIC and high δ13C values of many of the samples within the Kenyan rift and 
Ethiopian rift are said to be the result of this in-situ hydrolysis, occurring in slow moving 
groundwaters, with the CO2 reactant primarily magmatic in origin (Darling, et al., 1996). 
Likewise, it was suggested that this reaction could affect the geochemistry of the many lakes 
along the rift, which periodically dry-out, leaving behind carbonate evaporites with high δ13C 
values (Darling, et al., 1996). Due to the lack of oceanic transgression along the East African 
Rift, the higher δ13C often attributed to sedimentary carbonates/limestones is instead 
assumed to be in-situ carbonate signature (Darling, et al., 1996). 
 
Secondary processes causing isotopic fractionation must be considered when using δ13C as 
a tracer for mantle-derived fluids. One of these processes is phase separation, which causes 
a fractionation between gaseous and dissolved carbon dioxide upon steam/vapour separation. 
This results in a lighter gas phase carbon and heavier liquid phase carbon (Vogel, et al., 
1970).  
 
Another significant secondary process is carbonate precipitation within geothermal systems, 
producing a fractionation of carbon isotopes between the calcite precipitate and dissolved 
CO2 (Venturi, et al., 2017). This fractionation is heavily temperature dependent, with a 
crossover occurring at 190°C, wherein calcite is enriched in 13C at lower temperatures and 
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enriched in 12C at temperatures >190°C (Bottinga, 1969). The process is predicted to occur 
most predominantly around volcanic areas, where carbon is primarily sourced from a mantle 
origin (Venturi, et al., 2017). In previous studies such as Venturi, et al., (2017) and 
Stéfansson et al., (2016), this calcite precipitation was measured and observed to greatly 
affect the isotope ratio of magmatically derived carbon.  
 
In comparison to helium, there have not been many regional surveys using carbon isotopes 
as tracers for mantle degassing throughout the EAR. As such, a regional model of mantle-
derived carbon has not been established to the degree that it has with helium. Not much is 
known about the variation in mantle carbon across the rift system, as seen with helium 
isotopes. Small sections of the rifts have been surveyed by Fischer, et al., (2009), Tedesco, 
et al., (2010) and Darling, et al., (2004), with the latter being by far the most extensive. In 
the case of the southern Kenyan Rift where carbonatites are widespread, CO2 plays a 
dominant role in the magmatic processes dominating the region (Fischer, et al., 2009). The 
carbonatite systems of this region could thus provide valuable insight into the carbon 
signature of the underlying mantle. Research by Fischer, et al., (2009) has shown that the 
carbonatites of the southern Tanzanian volcanics is not the result of a carbon-rich mantle 
source, but rather the product of a unique melting regime and shallow crustal processes 
caused by immiscibility from silicate magmas.  The study was therefore unable to distinguish 
any anomaly in carbon mantle beneath the southern Kenyan rift. Overall, a trend in the spatial 
variation of carbon isotopes that matches that of helium isotopes is not sufficiently examined 
in the literature. 

1.4  Coupling helium and carbon isotopes  

Helium and carbon isotopes have been used together in previous studies to determine the 
source of geothermal and volcanic volatiles (e.g., Griesshaber, et al., 1992; Sano & Marty, 
1995; Barry, et al., 2013). Figure 2 shows how isotopic endmembers of mantle, and 
sedimentary carbonate can be used to determine mixing curves for volatile input into 
geothermal fluids. R/Ra and δ13C-CO2 therefore provide distinct and complementary 
signatures. R/Ra excels in determining the nature of the mantle source, be it DMM, SCLM 
or mantle plume. Due to the inert nature of helium, R/Ra values remain unaffected by 
chemical reactions, and helium’s volatility results in it being readily degassed from magmas 
and fluids. Carbon is a reactive element, with CO2 playing a part in many geochemical 
processes such as hydroloysis, carbonate precipitation and biogenic activity. This means that 
in comparison to R/Ra, δ13C can be more susceptible to influence from amagmatic sources 
and processes. The δ13C signature of the mantle underlying the East African Rift - often 
categorised as MORB - encompasses a large range (-6 ‰ < δ13C < -2 ‰) (Darling, 2004). 
This large range makes it difficult to distinguish between different mantle reservoirs 
effectively, as R/Ra can do. The common association between CO2 and He in crustal fluids 
has led many to consider CO2 as a carrier phase of mantle helium to the surface (Griesshaber, 
et al., 1992). This close connection, combined with their differing chemistry makes them an 
effective pairing of isotope tracers for the scope of this study. In the context of the East 
African Rift, helium and carbon have been used simultaneously in several studies (e.g. Barry, 
et al., 2013; Allen & Darling, 1992; Tedesco, et al., 2010). However carbon has not been 
used to display regional models of mantle behaviour in the same manner as helium has in 
such studies as Pik, et al. (2006) and Halldórsson, et al. (2014). 
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Figure 2: Helium and carbon isotope data from the Ardennes and Hunsrück-Taunus fault 
from the Eifel and Rhine Graben. a. shows mixing trend between magmatic helium & carbon 
and radiogenic helium & organic, sedimentary carbon. b. shows a mixing trend between 
magmatic helium & carbon to radiogenic helium & carbonate (limestone) carbon 
(Griesshaber, et al., 1992). 

1.5  Geospatial Analysis and Interpolation  

Spatial interpolation is a method used in geographical information systems, often to model 
and visualize three-dimensional surfaces (Ledoux & Gold, 2005). For this study, to model 
the variation in isotopic ratios with respect to location, the altitude of the samples will not be 
used. This results in a two-dimensional operation (x-y coordinates) with each sample’s 
isotope ratio used as an attribute, rather than as a third dimensional property. Interpolation 
takes a set of sampling points in 2-D space (with their accompanying attributes) and 
estimates the attribute value of a nearby unsampled coordinate (Ledoux & Gold, 2005). The 
method is founded on the assumption of ‘spatial autocorrelation’: stating that the attribute 
(isotope ratio) of a point is likely more similar to the attribute of a more proximal point than 
to a more distal point (Ledoux & Gold, 2005).  
 
A similar study undertaken by Harðardóttir, et al., (2018) used interpolation as a method of 
mapping the spatial distribution of helium isotopes of fluids and lavas in Iceland. The results 
of this study are seen in Figure 3, where the ‘Natural Neighbour’ interpolation method is 
used, showing the continuous variation of R/Ra over Iceland. Natural Neighbour is a 
particularly effective tool for anisotropic data-sets, where samples are spatially clustered and 
unevenly distributed (Watson, 1992). With the irregular spacing of sampling points taken 
from this study, the Natural Neighbour tool was determined to be the most appropriate 
interpolation method. The other available tools were trialed, though Natural Neighbour 
produced the best results for the spatially clustered sample set provided. 
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Figure 3: Interpolated map of helium (R/Ra) isotopes in Iceland using the Natural Neighbour 
method (Harðardóttir, et al., 2018). 

1.6  Summary and aims  

Using the Natural Neighbour interpolation method on an array of discrete sampling points, 
a continuous plane of the variation in isotopic ratios can be modeled. This study will produce 
such models for R/Ra and δ13C-CO2 in geothermal fluids and lavas across the EAR. With 
R/Ra and δ13C-CO2 acting as tracers for mantle volatiles, a geological model of mantle 
degassing will be produced across the rift system. The broad setting provided by the EAR 
system, allows us to produce a degassing model across the three stages of continental rifting. 
From these different regions, it can be determined how the transition from continental rifting 
to oceanic rifting is reflected in the behaviour of degassing mantle volatiles. With faults and 
volcanism providing effective conduits for mantle volatiles, mantle degassing can mirror the 
transition from extension accommodated by faulting to extension accommodated by 
intrusion as seen in Figure 1.  

Furthermore, the effect of the underlying mantle plume(s) can be traced, to model where the 
strongest plume signatures are found along the rift system. This study will delineate the 
mantle-degassing with respect to tectonic setting, faulting, volcanism, rift-development and 
mantle heterogeneity. With the already established mixing models for helium reservoirs of a 
Plume, DMM and SCLM. This study aims to look at these models using a more extensive 
and wide spread dataset, as well as provide a concurrent carbon model to compare to. 
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2 Geological setting 
The scope of this study will be the mantle degassing along the East African Rift (EAR), an 
active continental rift separating the Somalian Plate from the Nubian Plate. The rift system 
can be separated into three branches: The Afar triple junction merged to the main Ethiopian 
rift, The Western rift and the Kenyan rift (Chorowicz, 2005). Across the system, the different 
stages of continental breakup (illustrated in Figure 1) are found: 

a) The initial stages of rifting, characterized by thinning lithosphere, brittle deformation 
(border faults) and rising asthenosphere with fault-controlled volcanism is seen in the 
southern end of the Kenyan rift. 

b) The ‘adolescent’ stage of rifting is found in the central and northern Kenyan rift. This 
stage is characterized by continued lithospheric thinning, increased mantle melting, 
melt rising through lithospheric fractures and strain accommodated by both border 
faults and magmatic intrusions. 

c) The Afar and main Ethiopian rift (MER) represent the later stages of rifting, where 
the lithosphere has been fundamentally altered by intrusions and magmatism. In this 
stage faulting has become narrower and more localised, broad basins are founded, 
and strain is accommodated primarily via magmatic injections. 

 

Figure 4: The structure of the EAR. This study focuses on four distinct sub-regions. 1) The 
Afar and MER, bifurcating the Ethiopian Dome and connecting to the Red Sea Rift and Gulf 
of Aden. 2) The Kenyan Rift, bordering the Eastern margin of the Kenyan Dome. 3) Kivu, 
along the Western Rift on the western margin of the Kenyan Dome. 4) Rungwe, along the 
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Western Rift at the southern margin of the Kenyan Dome (Hayward & Ebinger, 1996; 
Ebinger, et al., 1989). 

2.1  Mantle Plume Influence 

As seen in Figure 4, the topography of the rift system is dominated by the Ethiopian dome 
and the Kenyan dome: two regions of broad uplift. Contrasting the topographic uplift of these 
domes are the Turkana depression between the two domes and the Afar depression at the 
triple junction. The uplift of these domes is the result of one or more mantle plumes, the 
number of which, being a point of contention. Pik, et al. (2006) suggest the presence of two 
distinct plumes, with one originating from the mantle-core boundary, feeding the Afar-MER 
volcanism, and the other being a shallower mantle upwelling, distinct from the Afar Plume. 
Whereas Halldórsson, et al. (2014) and Castillo, et al. (2014) advocate for the existence of a 
single super-plume, splitting into two plume heads and interacting with a DMM or SCLM 
reservoir.  
 
The existence of a mantle plume impinging beneath the Afar triple junction is supported by 
the volcanic history of the Afar, along with isotopic signatures and the regional tectonic 
structure (Pik, et al., 2006; Schilling, 1973). The radial influence of the Afar plume head tells 
us the Ethiopian dome is the direct isostatic result of the Afar plume (Pik, 2011). The uplift 
causing the Kenyan dome is argued to be either the result of a discontinuous Afar plume 
(Furman, et al., 2004) or a separate plume altogether (Pik, et al., 2006). Schilling (1992) 
reported a radial Nd-Sr-Pb isotope variation across the erupted lavas in the Afar area, helping 
to model an evolving thermal plume back to 40Ma. The model suggests an initial oceanic 
rifting sequence, coincident with the flattening of the young mantle plume head and its 
interaction with the Pan-African continental lithosphere. This asthenosphere-plume mixture 
flattened further to a diameter of ~700km beneath the Afar, causing lithospheric thinning, 
which remains ongoing (Schilling, 1992). Ternary modelling of this sequence of events 
narrows down the Afar volcanic products to three geochemical end members: Pan-African 
continental lithosphere, mantle plume and depleted asthenosphere (Schilling, 1973). R/Ra 
has been used as a tracer across the region to assess in the influence of the Afar Plume e.g. 
(Pik, et al., 2006; Marty, et al., 1996). 

2.2  Afar and Ethiopia 

The most mature rifting segment of the EAR runs from the Afar triple junction down to the 
Turkana depression (Ebinger, 2005). At the triple junction lies the Afar depression: A region 
where basaltic intrusion has heavily altered the crust, covering northern Ethiopia, Djibouti 
and Eritrea (Ebinger, 2005). South-west of the Afar lies the MER, which connects the Afar 
depression to the Turkana depression as seen in Figure 5. The MER is characterized by 
mature, late stage rifting, with dense axial volcanism, though it has not quite evolved into 
passive spreading (Corti, 2009). 
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2.2.1  The Afar 

The Afar depression covers the topographic low around triple junction of the MER, the Red 
Sea rift and the Gulf of Aden. Basaltic volcanism associated with the main rifting sequence 
began ~25Ma ago (Hayward & Ebinger, 1996). Throughout most of its rifting history, the 
volcanic products of the Afar were transitional in petrology, though recent volcanism has 
produced more tholeiitic basalts at the Asal series (Vidal, et al., 1991). The Somali 
escarpment and Western escarpment are two plateaux of uplifted basement and Eocene flood 
basalts, which mark the geological boundaries of the Afar depression (Hayward & Ebinger, 
1996). Due to lithospheric stretching and thermal erosion, the crustal thickness of the Afar 
varies from ~25km in the south and eastern-central section to 16km in the North, close to the 
triple junction rift axes (Makris & Ginzburg, 1987). With crustal thickness being a 
determining factor in the style of rifting, the Afar demonstrates the transition from 
continental rifting with continental crust (found in the south) and oceanic rifting with oceanic 
crust in the north (Hayward & Ebinger, 1996). 
 
Most of the volcanism and tectonic behaviour of the Afar is controlled by the on-land 
propagation of the Red Sea rift coupled with the coincident propagation of the Aden rift 
(Manighetti, et al., 2001). These rift segments can be seen in Figure 5 with the Manda Hararo 
rift functioning as an extension of the Red Sea rift and with the Manda Inakir rift as an 
extension of the Aden rift.  Between these rift segments, seismic surveys have modelled and 
proposed lenses of stretched and rotated continental crust remaining from before the onset 
of rifting (Hammond, et al., 2011). Among these segments of older continental crust is the 
Danakil microplate: a fragment of pre-rift continental crust at the centre of the rifting zone, 
around which the Aden and Red Sea rift segments propagate (Waltham, 2005).  
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Figure 5: Structure and volcanism of the Afar and Main Ethiopian Rift (MER). The MER is 
split into three sub-sections: The northern (NMER), central (CMER) and southern (SMER). 
The NMER-CMER Transition Zone represents a region of transition in rift structure 
(Hayward & Ebinger, 1996; Bonini, et al., 2005; Darling, 1998; Smithsonian Global 
Volcanism Program). 

Basaltic volcanics dominate the petrology of the Afar floor, which have been divided into 3 
unit classifications: the older (~4Ma) Afar stratoid series, the basaltic axial ranges and the 
marginal units produced by the transverse tectonics (Barberi & Varet, 1977). Of these units, 
only the axial ranges and the marginal units remain active (Barberi & Varet, 1977). The Afar 
stratoid series, a body of primarily basaltic, fissurally erupted flood lavas, dominates the 
petrology of the Afar depression (Barberi & Santacroce, 1980). It is structurally defined by 
extensive normal faulting and block tilting, and though mostly basaltic in chemistry, silicic 
lavas can be found in conjunction with silicic central volcanoes (Barberi & Santacroce, 
1980). The axial ranges are also dominantly basaltic, featuring narrow grabens and distensive 
faults that connect the Red Sea rifts and the Gulf of Aden rifts in an echelon-type fashion 
(Tazieff, et al., 1972). The volcanic features of these axial ranges go through several stages 
of evolution, thus producing varying eruptive products from alkaline basalts to peralkaline 
rhyolites (Tazieff, et al., 1972). Volcanoes of these ranges are found as basaltic fissures, 
basaltic to intermediate shields and silicic central volcanoes (Barberi & Varet, 1977). The 
marginal centres are characterised by their position on pre-rift transverse boundaries at the 
rims of the Afar depression (Barberi, et al., 1974). They are dominated by pyroclastic silicic 
products erupted from large strato-volcanoes, likely underlain by shallow magma chambers 
(Barberi, et al., 1974).  
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Due to the prominent volcanism and active tectonic setting of the Afar, geothermal systems 
are prevalent, especially in proximity to volcanic systems. Many are located where the axial 
volcanic ranges intercept the transverse tectonic systems and the boundaries of the 
microplates (Varet, 2010). These locations provide the ideal combination of heat and 
regional fracture systems to allow the trapping and permeation of geothermal fluids. 
Climatologically, the Afar forms a remarkably arid environment, which can result in a lack 
of meteorological water supply for geothermal systems. This results in many of the systems, 
especially in the northern and eastern regions, producing brines (Varet, 2010).  

2.2.2  Main Ethiopian Rift 

The Main Ethiopian Rift (MER) is the continental rift that connects the Afar triple junction 
to the Turkana depression and the Kenyan rift, separating the Nubian plate from the Somali 
plate. The MER gives a detailed and unencumbered geological history of the progression 
from the earlier stages of continental break-up to the mature stages and onset of oceanic 
rifting (Ebinger, 2005). Studies have been conducted, pairing the regional faulting across the 
MER with magmatic events and lavas to detail the transition in rifting style (e.g. Maguire, et 
al., 2003; Corti, 2009; Ebinger & Casey, 2001). To the south of the MER, the Kenyan rift is 
a young continental rift, characterised by asymmetric rift basins, dispersed volcanism and 
border faulting to accommodate regional strain (Ebinger, 2005). In contrast, the Afar to the 
north of the MER shows a mature rift, with a far narrower zone of magmatism and faulting 
in the style of passive rifting (Maguire, et al., 2003). The MER thus provides both a 
geographical and chronological intermediary between these two stages of continental 
breakup. 

The MER forms a rift valley, bisecting the Ethiopian Dome, with the Ethiopian plateau to 
the west and the Somali plateau to the east, both comprised of uplifted basement rocks, 
overlying sediments and Eocene flood basalts (Corti, 2009). The basement rocks are 
primarily metamorphose pre-Cambrian rock, part of an Arabian-Nubian shield which was 
formed during the East African orogeny of the Neo-Proterozoic (Stern, 1994). Large regional 
sutures and faults have been left behind in the underlying basement rock of the Arabian-
Nubian shield, which are likely the heterogeneities through which the MER has propagated 
(Corti, 2009). Unlike the Western and Kenyan rifts, the MER is symmetrical, with the initial 
half-grabens from the early stages of rifting eventually replaced by symmetric, broad basins 
(Woldegabriel, et al., 1990). 

As shown in Figure 5, the MER is separated into three distinct sections: The North MER 
(NMER), Central MER (CMER) and South MER (SMER), each with a unique deformational 
and volcanic history (Bonini, et al., 2005). The NMER can be considered an extension of the 
Afar, where the break-up process is at its most mature stage (Bonini, et al., 2005). The SMER 
represents an earlier stage of rifting, with a broad and wide system of basins and ranges, 
volcanic centres along the boundary faults and possibly interacting with the Kenyan rift 
(Ebinger, et al., 1993). The CMER, situated in the middle of these two segments, is an 
intermediate between the two rifting types (Bonini, et al., 2005). The transitional zone 
between the NMER and CMER shows a sharp geological shift between the two rift segments, 
which has been measured to represent a steep decrease in MOHO depth along with a shift in 
rifting orientation and overlapping boundary faults (Bonini, et al., 2005). 

The NMER is dominated by widespread basaltic flows associated with shield volcanoes and 
fissure eruptions (Hayward & Ebinger, 1996). This is in stark contrast to the felsic central 
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volcanoes and the accompanying rhyolites of the CMER and SMER (Abebe, et al., 2007). 
The quaternary volcanism of the MER is controlled by a system of regional en-echelon faults 
cutting through the central axial range of the MER (Abebe, et al., 2007). It is within this 
system of faults that the silicic volcanic centres are found, through which much of the rifting 
strain is accommodated via deformation and magmatism (Mahatsente, et al., 1999). 
Volcanism in the CMER began around the mid-Oligocene, with initial rifting beginning in 
the late-Oligocene to early-Miocene (Woldegabriel, et al., 1990).  

The volcanism of the MER makes it a geothermally active region, with geothermal fields 
located around the central volcanoes and nearby lakes. These systems produce high 
temperature fluids (>170°C) permeating through the dense fault swarms around the 
volcanoes and recharged mostly through the regional groundwater system (Purschel, et al., 
2013).  

2.3  Kenyan Rift 

The Kenyan rift (also known as the Gregory rift) stretches from the Turkana depression, 
through Kenya and into northern Tanzania, bordering the eastern boundary of the Kenyan 
dome. The rift represents an earlier stage of the continental break-up process than the MER, 
with asymmetric rift basins, border faults accommodating strain, and solidified melt in the 
shallow crust and along the crust-mantle boundary (Prodehl, et al., 1997). The central graben 
of the rift follows the margin of the Tanzanian craton and the Neo-Proterozoic Pan-African 
crust, likely propagating through the shear zone (Smith & Mosley, 1993). Bouguer anomalies 
across the rift point to a low density upper mantle beneath the rift (Baker & Wohlenberg, 
1971).  
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Figure 6: Structure and volcanism of the Kenyan Rift from the Turkana depression, through 
the Kenyan Rift Valley (KRV) and into southern Tanzania (Mboya, 1983; Darling, et al., 
1996; Smithsonian Global Volcanism Program). 

Volcanism throughout the rift has been varied and continuous, manifesting as both central 
volcanoes and fissure eruptions (Bloomer, et al., 1989). The initiation of the Kenyan rift 
began with late Oligocene-early Miocene volcanism west of Lake Turkana, preceding the 
active rifting (Baker & Wohlenberg, 1971). The rifting then spread southwards, with major 
faulting beginning in the central rift ca 16 Ma (Morley, 1988), volcanism in southern Kenya 
starting ca 15 Ma and subsequent graben forming ca 10Ma (Baker, 1986), culminating with 
major faulting in northern Tanzania ca 5Ma (Crossley & Knight, 1981; Morley, et al., 1992). 
Quaternary volcanism along the rift has produced trachyitic volcanism in the central rift, 
bimodal basaltic-trachytic volcanism to the north, (Bloomer, et al., 1989) and nephelinite-
phonolite-carbonatite lavas in northern Tanzania (Dawson, 1992). 

Initial volcanism in Turkana has been suggested to result from an underlying mantle thermal 
anomaly, followed by major faulting and formations of grabens (Morley, et al., 1992). Later, 
after the volcanism had migrated south, the large regional faults of the Turkana rift became 
inactive and faulting occurred on a narrower scale, associated with quaternary volcanism and 
uplifting asthenosphere (Morley, et al., 1992). This quaternary volcanism is shown by the 
lineament of basaltic-trachytic shield volcanoes shown in Figure 6 from Barrier to Ol Kokwe.  

The central region of the Kenyan rift is bordered by a plateau of pre-Cambrian rocks, 
separated by en-echelon normal faults forming a central graben (Baker, et al., 1988). Rifting 
began with partial melting of the upper mantle caused by the slight lithospheric thinning, 
producing nephelenitic magmas (Baker, et al., 1988). Lithospheric thinning continued, 
causing a rise in the depth of melting and production of shallow alkali basalt reservoirs, 
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which fractionated to produce more silicic lavas such as trachyites (Baker, et al., 1988). 
These reservoirs feed the quaternary volcanoes of Suswa, Eburru and Olkaria. 

The tectonic setting and resulting volcanism of northern Tanzania differs slightly from the 
geology of the northern Kenyan rift and central Kenyan rift. In contrast to the narrow rift 
structure to the north, a much larger, wider depression encompassed the northern Tanzanian 
section of the Kenyan rift (Dawson, 1992). This reflects the younger rift setting of the area. 
Major faulting began ca 1.2 Ma, though volcanism preceded it with basaltic central 
volcanoes and later developing nephelinite-phonolite-carbonatite volcanism (Dawson, 
1992). This sets the northern Tanzanian volcanics apart from the volcanism of the rest of the 
rift, with the trachyite-dominant volcanoes to the north, which turn to carbonatite-nephelinite 
volcanoes south of Lake Natron (Dawson, et al., 1985).  

Like the other branches of the EAR, the Kenyan rift hosts multiple high-temperature 
geothermal systems, centred around the axial quaternary volcanoes. Likewise, geothermal 
fields are found at fissural eruptive sites around Lake Magadi, Lake Bogoria and Lake 
Baringo, hosted by the associated fault zones (Riaroh & Okoth, 1996). The rift valley and its 
boundary faults provide pathways for meteoric recharge of the systems, heated by the nearby 
magma chambers that are found at shallow crustal depths in the Kenyan rift valley (Riaroh 
& Okoth, 1996).  

2.4  Western Rift 

The Western rift is the western-most branch of the EAR, extending from Lake Albert in 
Uganda, around the Tanzanian craton and down through Lake Tanganyika into Rungwe, 
Tanzania. It marks the western and southern perimeter of the Kenyan dome. The rift branch 
is segmented into asymmetric basins approximately 100km long, bounded by a series of 
border faults, which are estimated to penetrate the crust completely (Ebinger, 1989). Crustal 
thickness beneath the rift is approximately 30km, which is 5-11km thinner than the East 
African plateau surrounding the rift valley (Ebinger, 1989). Volcanism began in the Western 
rift approximately 12Ma ago, with recent volcanism being restricted to accommodation 
zones between the segmented rift basins (Ebinger, 1989). This puts the initiation of the 
Western rift at the same age as the Kenyan rift. Despite the implication that these rift 
branches are driven by a shared mantle anomaly, the Western rift is found to be less 
magmatically active and far more seismically active (Koptec, et al., 2015). 
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Figure 7: The Structure of the Western Rift. Bordering the Tanzanian Craton. Sub-regions 
of focus are the Kivu Rift and Rungwe Volcanic Province (Ebinger, et al., 1989; Smithsonian 
Global Volcanism Program). 

2.4.1  Kivu 

Shown in Figure 8, the Kivu rift is a segment of the Western rift with active seismicity, 
volcanism and a large limnic lake centred within the basin: Lake Kivu. The rift is bounded 
by the West Kivu border fault, which forms a half-graben basin (Wood, et al., 2017). Inside 
the rift, are two localized volcanic regions: The South Kivu volcanics and Virunga magmatic 
provinces on the southern and northern ends of Lake Kivu respectively. Volcanism within 
the Kivu rift began ca 12Ma (Sahama, 1973) in the Virunga province and ca 10Ma (Ebinger, 
1989) in the Southern Kivu province, with both remaining active. The Virunga chain formed 
on the eastern flank of the rift and migrated centrally into the Kivu rift basin (Wood, et al., 
2017). The volcanics of the southern Kivu magmatic zone are dominated by basaltic flows 
from fissure eruptions and trachyites (Sahama, 1973). The Virunga volcanic field shows a 
much more diverse petrology of lavas, emitted from 8 major volcanoes, of which the 
western-most two are active: Nyrigagongo and Nyamuragira (Sahama, 1973). 
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Figure 8: Structure and volcanism of the Kivu Rift. A subsection of the Western Rift, along 
the western flank of the Kenyan Dome. Western Kivu Border Fault forms the Kivu basin 
(Tedesco, et al., 2010; Smithsonian Global Volcanism Program). 

Bordering the northern shore of Kivu is a series of CO2-rich gas emanations, known locally 
as ‘mazukus’. Isotopic volatile studies of these mazukus have linked them to the magmatic 
activity of Nyamuragira and Nyiragongo, displaying mantle signatures localized around the 
western volcanics of Virunga (Tedesco, et al., 2010). The lake is chemically heterogenous, 
with different basins within the lake showing distinct chemical and isotopic signatures 
(Tassi, et al., 2009). These differences are said to be influenced by, among other things, deep 
fluid inputs including CO2-rich mantle-derived fluids (Tassi, et al., 2009). This magmatic 
volatile input is believed to originate from sub-lacustrine dyke injections from the nearby 
Nyiragongo volcano (Tedesco, et al., 2007). 

2.4.2  Rungwe 

The Rungwe volcanic province (RVP) is among the intra-basinal volcanic zones of the 
Western rift. The volcanics of Rungwe are situated within the triple junction of three 
asymmetric rift basins: The Songwe basin, Usangu basin and Karonga basin as seen in Figure 
9. Like the other volcanic provinces of the Western rift, the volcanism of Rungwe is 
primarily concentrated around and controlled by the faulting of accommodation zones 
between the basins (Ebinger, et al., 1989). The basins are bounded by steep border faults: 
The Songwe border fault, Usangu border fault and Livingston border fault. These are steeply 
dipping detachment faults determining the asymmetric tilt of the basin and which penetrate 
deep into the crust (Ebinger, et al., 1989). In addition to the border faults, a transfer fault 
named the Mbaka-fault cross-cuts the volcanic centres of the Karonga basin, controlling the 



33 
 

magmatic and fluid flow throughout the basin (Ebinger, et al., 1989). Unlike the other intra-
basinal volcanic provinces across the Western rift, the Rungwe province lies at the intersect 
of three basins, not two. This results in a more complicated geometry of accommodation 
faulting. 

Volcanism in the RVP is centred around three volcanic centres: Ngozi, Rungwe and Kyejo, 
around which hundreds of smaller, active cones and domes are found (Fontijn, et al., 2012). 
Ngozi is mostly composed of basalt, phonolite and trachyte lavas, it last erupted ca <1 ka 
(Fontijn, et al., 2012; Harkin, 1960). Rungwe is the largest volcano in the region, located in 
the centre, last eruption dated ca <1.2 ka (Fontijn, et al., 2012). Recent eruptive products 
from Rungwe have been trachytic, with surrounding lavas fields from older basaltic, 
phonolitic and trachytic flows (Harkin, 1960). Kyejo is the southern-most volcano in the 
province, last eruption dated to <0.2 ka, consisting of mostly basalt-basanite-tephrite and 
phonolitic trachyte-trachy-andesite lavas (Fontijn, et al., 2012; Harkin, 1960).  

Geothermal activity across the RVP is abundant and has been divided into two systems: the 
Ngozi-Songwe hydrothermal system in the north-west and the Kyejo-Mbaka hydrothermal 
system in the south (Barry, et al., 2013). Geochemical and volcanological investigations of 
the Ngozi-Songwe system point to the trachyitic magma chamber of Ngozi as the heat source 
(Kraml, et al., 2010). The Kyejo-Mbaka area covers the volcanic systems of both Kyejo and 
Rungwe, controlled primarily by the cross-cutting Mbaka-fault and heated by nearby 
magmatic intrusions (Barry, et al., 2013; Hochstein, et al., 2000).  

 

Figure 9: Structure and volcanism of the Rungwe Volcanic Province. A subsection of the 
Western Rift at the southern margin of the Kenyan Dome. Rungwe at the triple junction of 
the Usangu Basin, Songwe Basin and Karonga Basin (Ebinger, et al., 1989; Barry, et al., 
2013; Smithsonian Global Volcanism Program).
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3 Methods 

3.1  Data collection 

The process of data collection began with a literature review of the EAR, focusing on 
geochemical studies, specifically those concerning helium and carbon isotopes. The sources 
used, and the data taken from them is shown in Table 3. From this review, a comprehensive 
database was compiled. This was accomplished by taking all relevant geochemical data from 
EAR fluid and rock samples found in the literature. The relevancy of the data was decided 
by its ability to help identify the source of the helium and carbon. 

Table 3: Number of data points used for modelling and the sources used.  

Source 
No. of R/Ra samples No. of δ13C-CO2 samples 

Gas Water Rock Gas Water 
Afar and MER 
Awaleh, et al., 2017     15 
Beccaluva, et al., 2011   15   
Bretzler, et al., 2011     29 
Darling, 1998*    16  
D'amore, et al., 1998    2  
Darrah, et al., 2013 8   6  
Craig & Lupton, 1977 13 14  11 26 
Halldórsson, et al., 2014*   39   
Lowenstern, et al., 1999    5  
Marty, et al., 1993   12   
Marty, et al., 1996*  2 33   
Medynski, et al., 2013   41   
Minissale, et al., 2017* 7 10  5 10 
Pik, et al., 2006   9   
Rooney, et al., 2012   12   
Ruggieri, et al., 1999   9   
Scarsi & Craig, 1996   35   
Kenyan Rift 
Allen & Darling, 1992  9   33 
Aulbach, et al., 2011   6   
Darling, et al., 1995 2   3  
Darling, 1998* 26   56  
Fischer, et al., 2009 4   4  
Halldórsson, et al., 2014*   32   
Hilton, et al., 2011   8   
Hopp, et al., 2007   5   
Koepenick, et al., 1996    2  
Lee, et al., 2016    115  
Pik, et al., 2006   5   
Robertson, et al., 2016    3  
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Teague, et al., 2008 3     
Kivu 
Bahati, et al., 2005     1 
Darling, 1998*    4  
Halldórsson, et al., 2014*   5   
Pik, et al., 2006   13   
Tassi, et al., 2009  5   5 
Tedesco, et al., 2010 47   38  
Vaselli, et al., 2003    17  
Rungwe 
Barry, et al., 2013 8 7  8 7 
Delalande, et al., 2011     9 
Halldórsson, et al., 2014*   4   
Hilton, et al., 2011   52   
Pik, et al., 2006  21 1   

*Data also taken from other references within the study 

This produced a table of sampling data including the following: author and date, country, 
location, sample number/name, coordinates, sample type, and sampling temperature. For 
gases, the following data was selected; concentration of CH4, CO2, H2, H2S, N2, O2, 4He, and 
the ratios; R/Ra, 4He/20Ne, He/Ne, X, δ13C-CO2 and CO2/3He. For waters, the following data 
was selected; pH, concentration of; Na, K, Ca, Mg, Cl, F, SO4, SiO2, DIC, and the ratios; 
R/Ra, 4He, 4He/20Ne, He/Ne, X, δ13C-DIC and CO2/3He. For rock samples, the following 
data was selected; host rock, host mineral, concentration of 4He, and the ratios; R/Ra, 
4He/20Ne, He/Ne and X.  

X-value is a useful isotopic measurement, allowing for the measurement of air-
contamination. The definition of the X-value is shown in Equation 6 and the references 
therein (Harðardóttir, et al., 2018). It assumes that all 20Ne is atmospheric, and thus higher 
X-values indicate less air-contamination. For liquids, the Bunsen solubility coefficients (β) 
of the respective elements must be considered.  

𝑋 =

𝐻𝑒 
𝑁𝑒 

𝐻𝑒 
𝑁𝑒 

∙
𝛽

𝛽
 

Equation 6 

 

For many samples, necessary information was not provided by the literature, the most 
common instance being the latitude and longitude. For these samples, a map was often 
provided, from which the coordinates were determined using google-earth. Sources didn’t 
always present content as DIC, instead using aqueous species concentrations like HCO3

-, or 
CO3

2- among other primary species. The DIC of the sample is necessary. It provides context 
to the inorganic carbon isotope ratio that the individual carbon species do not, due to the 
geochemical controls on carbon speciation. For these samples, the geochemical modelling 
software Phreeqc (USGS, 2017) was used to model the fluid composition from its primary 
species concentrations. The DIC of the fluid samples was thus calculated and entered into 
the database. Some samples contained helium concentration data as total helium, rather than 
4He. These [He] values were converted into [4He], using the samples’ R/Ra value and an 
atmospheric 3He/4He of 1.384 x 10-6 (White, 2013). Likewise, some samples contained both 
CO2 and helium concentration, combined with R/Ra values, from which the CO2/3He values 
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were calculated. Samples containing values for 4He/20Ne and He/Ne were converted into X 
(or an X-equivalent for He/Ne).  

For He/Ne values, the necessary data 20Ne/22Ne was not provided to convert this ratio to X. 
An equivalent of X was calculated for data presentation only (not filtering) using He/Ne 
instead of 4He/20Ne in Equation 6. For the filtering process itself, the He/Ne equivalent value 
of 4He/20Ne cutoff was used without conversion to X. 

3.2  Filtering 

3.2.1  Helium isotope (R/Ra) filtering 

When using R/Ra as a tracer for mantle volatiles, it is important to consider the effect of other 
potential sources of helium. For this study, air-contamination is the primary concern, as 
atmospheric helium affects the R/Ra of the samples, potentially overprinting the mantle 
helium signature. Filtering was therefore used to remove air-contaminated samples using 
these methods: 

1. First, all ambiguous samples were removed. Helium samples that did not have the 
complementary data (X-value (or He/Ne) or [4He]) were filtered out. These samples 
did not provide the necessary information to measure air-contamination. 

2. R/Ra values were plotted against X-values to identify air-contamination in helium 
samples (Figure 10). Figure 10 shows trends at; R/Ra = 6 – 8, representing SCLM-
DMM derived helium; R/Ra < 1, representing continental crust derived helium; and 
R/Ra > 10, representing mixing with plume derived helium. Atmospheric helium 
plots at R/Ra (air) = 1, Xair = 1. An air-contamination trend can therefore be seen 
connecting the mantle-derived helium sources and atmospheric helium at lower X-
values. From this air contamination trend, an X-value of X=5 was chosen as a 
minimum filtering standard. All samples with X-values lower than 5 were filtered 
out. 
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Figure 10: R/Ra of gases, waters and rocks plotted against X-values. R/Ra ranges of helium 
sources taken from Table 1. X=5 chosen as minimum for filtering. 

3. R/Ra values were plotted against [4He] to identify air-contamination in helium 
samples (Figure 11). Figure 11 shows trends at; R/Ra = 6 – 8, representing SCLM-
DMM derived helium; R/Ra < 1, representing continental crust derived helium; and 
R/Ra <10, representing mixing with plume-derived helium. This is technique was 
used by Harðardóttir (2018) and Torgersen & Jenkins (1982), and can be used 
because of the low concentrations of helium in air and water, compared to crustal or 
mantle sources. Thus, the higher samples with higher helium concentrations are not 
air-contaminated. Unlike with the X-value, a trend of mixing between air and mantle 
R/Ra values can’t be seen. As such, Figure 11 can’t be effectively used to filter out 
air-contaminated samples. Only one sample was filtered out of from this method, due 
its anomalously low [4He], as such, a [4He] of 0.1 x 10-9 cm3/g STP was chosen as a 
filtering minimum. 
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Figure 11: R/Ra of gases, waters and rocks of the East African Rift plotted against [4He]. 
R/Ra ranges of helium sources taken from Table 1. Higher [4He] samples have more 
magmatic origin. [4He] = 0.1 chosen as minimum for filtering. 

The samples remaining after these filtering steps were assumed to be either of crustal or 
mantle origin. They were therefore deemed appropriate for interpolation analysis. 

3.2.2  Carbon isotope (δ13C–CO2) filtering 

Due to the reactive nature of carbon and the potential effects of secondary processes, the 
filtering process for carbon was designed in a very different manner than the helium. The 
helium filtering process was devised to remove air-contaminated samples, whereas it is not 
as trivial to identify air-contamination within carbon samples. Furthermore, there are many 
secondary processes that could affect δ13C–CO2 as well as multiple other carbon sources. 
The carbon filtering process was divided into two stages: 

The first filtering stage was used to ensure that only carbon whose origin can be identified is 
used in the modelling. Samples were removed that did not provide the complementary data: 
DIC (Dissolved Inorganic Carbon) or CO2/3He (The significance of these complementary 
values will be explained later). This was to eliminate ambiguous carbon samples whose 
origin can’t be traced. The carbon samples that passed this phase represent carbon from 
various sources and altered by different secondary processes. The models from this data can 
then be used to identify these secondary processes, what source the carbon is derived from, 
whether there is mixing between these carbon sources and where mantle volatile degassing 
is most prominent. 

The second stage of filtering was used to create a dataset of magmatically sourced carbon, 
unaffected by secondary processes. This filtering stage was conducted by plotting the δ13C–
CO2 values against their complementary data (DIC or CO2 and CO2/3He). From these plots, 
the magmatic origin of the carbon samples, degree of mixing and exposure to secondary 
processes was determined. The samples containing lower DIC were removed, as samples 
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with higher carbon content are less affected by fractionation caused by secondary processes. 
Samples with high CO2/

3He were removed samples contaminated by in-situ carbonate. 

For each region, two carbon isotope models were built; One using carbon samples that passed 
the first stage of filtering, with ambiguous carbon removed; and the other using carbon 
samples that passed both stages of filtering, representing magmatic carbon unaffected by 
secondary processes. 

 First stage carbon isotope (δ13C–CO2) filtering 

For the first stage of filtering, carbon samples without complementary data were removed, 
as the origin of these carbon samples can’t be determined. Like the helium filtering, this 
removes ambiguous samples. Samples that passed the first stage contained carbon from 
varying sources and were subject to various secondary processes. These were modeled using 
Natural Neighbour Interpolation. These models were used to show how the carbon across 
the rift varies due to mixing with different carbon sources and how secondary processes 
affect the carbon. 

 Second stage carbon isotope (δ13C–CO2) filtering 

The second stage of carbon filtering was designed to remove samples that have been 
heavily altered by secondary processes and mixing with amagmatic sources. This was 
accomplished by filtering out low-flux carbon samples and samples that shows signs of 
mixing with evaporite/in-situ carbonate. The remaining samples were therefore assumed to 
represent unaltered magmatic carbon. For the second stage of filtering, the following 
methods were used: 

1. δ13C-CO2 values were plotted against DIC (Figure 12) to identify amagmatic carbon 
input and secondary processes affecting the carbon isotope signature. The δ13C-CO2 
of the samples was plotted against DIC (or CO2 for gases – all expressed as dry-gas). 
Trends were identified where δ13C decreases with DIC for both gases and waters. 
These trends are believed to show either the fractionation caused by secondary 
geothermal carbonate precipitation (Stéfansson, et al., 2016); mixing with biogenic 
carbon signature or atmospheric carbon (Lee, et al., 2016); or mixing with a low δ13C-
CO2 groundwater signature (Allen & Darling, 1992). This is effectively a flux-filter, 
wherein lower DIC samples (which are more affected by secondary processes) are 
filtered out. A minimum DIC value was chosen from the graphs: decided as 850ppm 
for waters and 2000ppm for gases, below which samples were filtered.  
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Figure 12 a) δ13C-CO2 vs inorganic carbon of waters and gases of the East African Rift. b) 
δ13C-CO2 vs DIC of waters across the EAR. c) δ13C-CO2 vs CO2 of gases across the EAR. 
Waters reported as DIC, gases reported as ppm. Isotope ranges of evaporite/in-situ 
carbonate, MORB and groundwater taken from Table 2. 

2. CO2/3He of the samples were plotted against δ13C-CO2 (Figure 13). With these plots, 
the samples’ signatures can be compared those typical of the mantle, sedimentary 
carbonate and organics. The higher CO2/3He samples are assumed to be mixed with 
evaporite/in-situ carbonate. Furthermore, the higher CO2/3He water samples are 
assumed to have undergone phase separation if they are accompanied by lower 
CO2/3He gas samples. From Figure 13, most of the samples plot around the mantle 
endmember. Above CO2/3He ~ 110, less samples are seen, as the trend tapers off 
towards the carbonate endmember, representing evaporite/carbonate mixing, or 
phase separation (as some of the samples are water). Therefore, a maximum CO2/3He 
of 110 was chosen as a filtering standard, to remove samples that are influenced by 
phase separation or in-situ carbonate mixing. 
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Figure 13: CO2/3He vs δ13C-CO2 of gas and water samples of the East African Rift. 
Endmembers of Carbonates, organic sediments and mantle taken from Sano & Marty, 
(1995). Trends for mixing mantle volatiles with evaporites/in-situ carbonates (towards 
carbonate endmember) and groundwater/biogenic sources (towards organic sediments 
endmember). Phase separation causes increased CO2/3He of waters and decreased CO2/3He 
of gases. 

Samples that passed through this second stage of filtering were used for interpolation, 
assumed to be representative of a deep magmatic source, unaffected by secondary processes. 

3.2.3  Spatial analysis 

After the data was filtered, the helium and carbon isotope signatures were mapped onto sub-
regions of the EAR using Natural Neighbour interpolation. These regions were selected for 
their high sampling density and geological significance. For the helium (R/Ra) maps, the 
samples used for plotting were those that passed the helium filtering process. These samples 
were assumed to be free from air-contamination. For the carbon isotope (δ13C-CO2) maps, 
two sets of data points were mapped. First, the samples that passed through the first filtering 
stage were plotted. These samples represent carbon sourced from various origins 
(sedimentary, groundwater, magmatic etc.). From these plots, magmatic signatures can be 
identified as the regions where mantle degassing is most prominent. Secondly, those samples 
that passed the secondary filtering process were mapped to show magmatic signatures 
without interference from shallow, amagmatic processes. These samples had traces of 
groundwater mixing, sedimentary carbon and other amagmatic carbon sources removed. 
Thus, these plots represent the signature of magmatic carbon only, and can be used to model 
any changes in magmatic carbon signature. 

The regions chosen were: The Afar and MER, the Kenyan rift, the Kivu rift and the RVP 
(Figure 14). These regions were chosen because: they represent different stages of the 
continental rifting process, and they had a sufficient amount of sampling locations within the 
region. To complement the spatial analysis maps, X-Y graphs were plotted according to R/Ra 
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vs [4He], R/Ra vs Xd, δ13C vs DIC and CO2/3He vs δ13C. These graphs detail the origins of 
the samples to identify potential signs of secondary geochemical processes not identified 
during the filtering process described above. 

 

Figure 14: Regions along the EAR that were chosen for modelling, based on tectonic setting 
and sample density. a) Afar and MER. b) Kenyan Rift. c) Kivu Rift (Western Rift). d) Rungwe 
Volcanic Province (Western Rift).
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4 Results 
Within this section, the filtered and interpolated R/Ra and δ13C-CO2 of the different rift 
sections are shown. Along with these models, isotope plots of the samples are provided to 
give context and further characterization of the volatile emissions in each region. The 
distribution of sample phases within the different regions can be found in the appendices. 
We will start by discussing the Afar and MER, then moving southwards to discuss the 
Kenyan Rift, Kivu (Northern Western Rift), and finally Rungwe (Southern Western Rift). 

4.1  Afar and MER 

4.1.1  Afar and MER: helium isotopes (R/Ra) 

The primary studies from which the data was taken include Medynski, et al., (2013), 
Halldórsson, et al., (2014), Scarsi & Craig, (1996) and Marty, et al., (1996). Helium isotope 
data from the Afar and MER are widespread and predominantly from igneous rock samples 
(see Figure A-1), with a lesser quantity of gas and water samples located around the CMER 
and around Manda Hararo volcano. Samples are found outside of the rift axis such as those 
seen on the Ethiopian plateau, providing an opportunity to contrast the R/Ra between the 
axial and off-rift regions. No such samples are found on the Somalian plateau. With the 
impinged head of the Afar plume centred beneath the Afar depression, a spread of sampling 
is available from the centre to the perimeter of the plume head (Schilling, 1992). The CMER, 
where volcanism is abundant, has a high sampling density focused around the volcanic 
centres, the lakes and along the Wonji fault belt. Data point spread within the Afar is not as 
dense as the MER. The south-west Afar does not have any data points, though the Manda 
Hararo rift, Tendaho graben and Manda Inakir rift show a higher, yet still sparse sampling 
array. Sampling in the MER extends from the NMER/southern Afar down to the northern 
rim of the Turkana depression.
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The helium systematics shown by this model is consistent with the models presented by the 
aforementioned primary data sources. R/Ra values of the Afar and MER shown in Figure 15 
show a large variation from crustal values seen on the Ethiopian rift (R/Ra < 2) to plume-
influenced values (R/Ra > 14). This variation is apparent both along the axis of the MER and 
throughout the Afar depression. The Ethiopian plateau, though lower in sampling density, 
shows a stark contrast to the R/Ra values found along the rift axis and within the Afar. 

The Afar is dominated by high plume-input helium signatures (R/Ra = 10 - 14). At the centre 
of the Afar, surrounded by DMM-plume signature is a large enclave of crustal R/Ra, 
indicating a continental crustal component (R/Ra < 6) across the Danakil depression. The 
samples along the Manda Inakir rift show a high degree of plume input (R/Ra > 10), though 
the gap in sampling between Manda Inakir volcano and Ardoukoba produces a region of 
lower R/Ra. The Manda Inakir volcano and Asal both show a high primordial component, 
with R/Ra > 12 around the volcanic centres. 

The Manda Harraro rift shows a plume-influenced signature (R/Ra > 10). Though the densely 
sampled region around Manda Hararo volcano produces a slightly lower, DMM-type R/Ra. 
The signature through the Tendaho graben carries on the plume signature expressed by the 
Manda-Hararo rift, with R/Ra > 10. Samples at the northern perimeter of the Afar (around 
Dallol) produce a lower R/Ra signature (R/Ra = 6 – 10) than the rest of the region. Likewise, 
the trio of samples to the north-east of Manda Inakir show a DMM signature (R/Ra = 8 – 10) 
lower than the surrounding area.  

The central MER shows a strong plume signature (R/Ra >12) from the CMER-NMER 
transition zone to Lake Caddabassa at the northern end of the NMER. This signature is the 
highest across the rift system. Between Lake Ziway and Aluto volcano, there is a decrease 
in R/Ra, with a crustal-SCLM signature (R/Ra = 4 - 6). This low R/Ra section is found around 
a cluster of samples taken from the Aluto-Langano volcanic complex and geothermal system, 
the most easterly of which produce a high R/Ra contour indicating plume input. 

The CMER-NMER transition zone produces an intricate signature, with a DMM-Plume 
input (R/Ra = 8 - 12) around Debre-Zeit on the western flank of the rift. The western border 
of the CMER, to the south-west of the transition zone, shows a much lower crustal-SCLM 
signature (R/Ra = 4 - 8). Thus, the only plume-influenced signature found along the western 
flank of the MER is that around the CMER-NMER transition zone. The Ethiopian plateau 
on the north-west flank of the NMER produces a contour of high plume input, though is 
completely unsampled. Thus, the orange contour connecting Debre-Zeit to lake Caddabassa 
should be disregarded.  

South-west of the low-R/Ra zone at Aluto, a small enclave of plume-like helium (R/Ra = 10 
- 14) is seen stretching from Lake Shala to Corbetti. To the east of Corbetti is a region of 
crustal helium. To the south-west of this region is a cluster of samples producing an SCLM-
DMM R/Ra signature (R/Ra = 6-10). The southern-most reaches of the SMER produce a 
lower R/Ra signature. An SCLM signature (R/Ra = 6-8) around Tosa-Sucha is surrounded by 
a region of little to no magmatic helium input. The most southerly samples taken from within 
the Turkana depression show a SCLM helium signature. Generally, the R/Ra decreases as 
the rift trends south into the Turkana depression and Kenyan rift. 

The Ethiopian plateau shows small isolated regions of plume-like helium (R/Ra > 10) 
surrounded by crustal helium signatures. Outside of these anomalies, the R/Ra signature of 
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the Ethiopian plateau still is not homogenous, with R/Ra ranging from DMM (8 - 10) to 
crustal (0 - 2) ranges across the entirety of the province.  

From Figure 16a Error! Reference source not found. the highest R/Ra samples are 
predominantly rock, as are the lowest. The water and gas samples are found evenly 
distributed between 2 < R/Ra < 14, with no apparent difference in R/Ra between gases and 
waters.   

4.1.2  Afar and MER: carbon isotopes (δ13C-CO2) 

The primary studies from which the data was taken include Craig & Lupton, (1977); Bretzler, 
et al., (2011); Darling, (1998); and Minnisale, et al., (2017). Compared to the distribution of 
R/Ra samples in the Afar and MER (Figure A-5), samples for which carbon isotope data is 
available are considerably more sparsely distributed and less numerous, particularly within 
the Afar. Discrete regions of densely clustered sampling are found in Djibouti, the Dallol 
area of northern Ethiopia and along the MER. Due to the gap in sampling, interpolation 
between Dallol and the rest of the Afar and MER would provide little value. Thus, the 
interpolation was conducted through the MER and into the central Afar around Djibouti, 
though there is a large gap in data between Fantale and Abhe. The distribution of water and 
gas samples along the rift shows a larger proportion of water, with small sections around the 
lake district where gas samples are located, as well as a section in Djibouti between Asal and 
Abhe with solely gas samples.  
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The central MER as seen in Figure 17Error! Reference source not found. is dominated by 
a δ13C signature below the range of mantle δ13C (δ13C = -6 - -10), particularly around the 
lake region and the CMER-NMER transition zone. The region from Bosetti to Kone shows 
δ13C trending towards MORB range (δ13C = -8 - -4). Further north, between Fantale and 
Kone, the δ13C signature lies above the MORB range (δ13C = -4 - -2), in direct contrast to 
the values seen within the CNMER-NMER transition zone. Likewise, a small enclave of 
higher, MORB-range δ13C flanks the Gedemsa volcano and geothermal field to the east.  

A thin channel of below mantle-like δ13C (δ13C = -6 – -10) is seen between Lake Koka and 
Lake Ziway, with regions well below the range of MORB (δ13C = -10 – -14) on either side 
of the rift axis. This area of very low δ13C extends along the fringes and border faults of the 
CMER up to Debre-Zeit at the western border and to the transition zone on the eastern border.  

The southern end of the CMER shows a signature of higher δ13C, varying between values of 
MORB-like δ13C to evaporitic/carbonate δ13C (δ13C = - 6 - +2). This trend is present 
throughout the entirety of the southern CMER and northern SMER, from Aluto to Tosa-
Sucha and contrasting with the δ13C of the CMER-NMER transition zone. A small enclave 
of lower δ13C is found to the south-east of Lake Shala, showing values below MORB δ13C 
(δ13C = - 10 - -6). Around Aluto, along the Wonji fault belt, both a high δ13C between MORB 
and evaporite δ13C (δ13C = -4 – 0), and a lower δ13C signature (δ13C = -8 - -4) is seen. Lake 
Shala shows high δ13C within the range of evaporite/in situ carbonate (δ13C = 0 - +2). At the 
south-west of Lake Shala, along the Wonji fault belt, MORB-like δ13C is seen (δ13C = -6 - -
2). A similar signature is seen around Duguna Fango, with a lens of higher MORB δ13C north 
east of the volcano, close to the vicinity of the Wonji fault belt. This signature is neighboured 
by the, evaporitic δ13C (δ13C = -2 – 0) to the west of Duguna Fango and across Lake Abaya. 

In Djibouti, the sequence of samples along the Manda Inakir rift produce a lineation of 
MORB δ13C (δ13C = -6 – -2) at Asal and long the rift axis. At the northern tip of this lineation, 
the δ13C decreases to below MORB δ13C (δ13C = -10 – -6). Surrounding the Manda Inakir 
rift sequence of samples are regions of much lower δ13C (δ13C = -8 – -16), well below the 
δ13C MORB.  

From Figure 18Error! Reference source not found.d, all the samples providing CO2/3He 
data from this region contain a high carbonate CO2/3He, possibly from evaporites or in situ 
carbonates. Figure 18Error! Reference source not found.c shows a larger spread of δ13C 
in the water samples than seen in the gas samples, which seem to cluster closely around the 
upper margins of the MORB δ13C. Clear mixing/fractionation trends can be seen for both 
water and gas samples in Figure 18Error! Reference source not found.a and Figure 18b. 

The secondary filtering process removed a large portion of the water samples taken in the 
Afar and MER. This leaves a much less numerous and sparser array of data points available 
along the MER and Afar. From these remaining samples, the only region of significant 
enough sampling density is the CMER and NMER. These samples are evenly proportioned 
and distributed between water and gas phase. The spread of the samples is not very uniform, 
with most of the samples found clustered around the Shala-Langano-Abijata lakes and Lake 
Abaya
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The Lake Shala to Lake Langano region still shows a very high, evaporite δ13C (δ13C = -2 – 
+2). To the north - around Aluto, the δ13C remains a MORB-like value (δ13C = -6 - -4) with 
exception to the eastern-most sample. Likewise, to the south - around Corbetti, a δ13C 
signature below MORB is seen (δ13C = -8 - -6), with mantle δ13C to the east (δ13C = -4 - -2). 
At the northern shore of Lake Abaya, a section of high sampling density shows a region of 
mantle to above the mantle δ13C (δ13C = -6 – 0).  

The NMER shows a large variation of δ13C, from MORB-like (δ13C = -4 – -2) around Kone 
and through the centre of the NMER, to well below MORB (δ13C = -12 - -10) north-east of 
lake Ziway, around the border faults. This region has a very low sampling density, with very 
little to be taken from this figure.  

Figure 20Error! Reference source not found.c shows higher δ13C range in the water 
samples than the gas samples. Many of the water samples plot around the carbonate 
signature, these points mostly coming from around Lake Shala and Lake Abaya. The gas 
samples show a generally decreasing δ13C with CO2 concentration. Most plot within the 
range of MORB δ13C and the highest CO2 samples plot around δ13C ~ -4. Figure 20Error! 
Reference source not found.a and Figure 20Error! Reference source not found.b indicate 
a trend towards MORB δ13C for the gas samples and above MORB δ13C for the waters. 

4.1.3 Comparison between isotope tracers 

The R/Ra (Figure 15Error! Reference source not found.) and δ13C (Figure 17) of the 
northernmost branch of the EAR both identify a noteworthy mantle signature stretching from 
the CMER-NMER transition zone to Fantale volcano. The R/Ra of this region indicates a 
mantle plume signature much more primordial than its surroundings in the MER. The 
accompanying δ13C map shows MORB δ13C throughout this area, though less distinct and 
most of this signature did not pass the secondary filtering stage. The maps also show mantle 
signatures around Corbetti, Aluto, the south west shore of Lake Shala and Duguna Fango for 
both R/Ra and δ13C-CO2. Both tracers also show the flanks of the rift producing an 
amagmatic signature, with the central axis of the rift showing the most distinct mantle input. 
The Wonji fault belt shows mantle signatures in all figures. There is a stark contrast between 
the strong plume-like R/Ra and the less distinctly magmatic δ13C-CO2 around the CMER-
NMER transition zone. 

The R/Ra along the Manda-Inakir rift shows strong mantle plume input, though there is a gap 
in the data between Lake Asal and Manda Inakir volcano. The δ13C map fills this gap with 
MORB δ13C along the rift, though the variation in δ13C along this lineation is notable at the 
northern-most samples. Aside from this cluster of δ13C-CO2 samples, the continuity of 
sampling along the rifts of the Afar is limited compared to the MER. 

4.2  Kenyan Rift 

4.2.1  Kenyan Rift: helium isotopes (R/Ra) 

The primary studies from which the data was taken include Halldórsson, et al., (2014), Pik, 
et al., (2006) and Darling, et al., (1998). Figure A-2Error! Reference source not 
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found.Figure A-1 shows an even distribution of fluid samples along the northern Kenyan 
rift, though not much data taken off the rift flanks. A sampling gap exists between Suswa 
and Lake Natron as well as between Lake Bogoria and Eburru, effectively splitting the region 
into three: northern KRV, central KRV and northern Tanzania. The samples of northern 
Tanzania are primarily rock, while those of the Kenyan rift valley are exclusively fluid. For 
the interpolation, the two samples by Lake Victoria were not used, nor were the two northerly 
rock samples to the east of Lake Turkana as they are too distal. In comparison to the Afar 
and MER, The Kenyan rift is not as thoroughly sampled. The sampling points are focused 
along the rift axis, without much  
sampling across the rift cross section
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Like with the Afar and MER, the helium systematics shown by this model are consistent 
with the models presented by the aforementioned primary data sources. The interpolation of 
the Kenyan rift helium shows a lower R/Ra than seen in the Afar and MER, with the highest 
R/Ra exhibiting SCLM-DMM-like helium (R/Ra = 6-8). The region showing crustal helium 
values (R/Ra = 0 - 2) seen between Olkaria and Ol Doinyo Lengai is the result of a gap in 
sampling points and should not be considered indicative of the region’s R/Ra.   

The northern section of the KRV from Barrier to Logipi shows a consistent SCLM-DMM 
R/Ra through the rift axis (R/Ra = 6 - 8). Another axial section the rift showing similar values 
is seen around Lake Naivasha, through the Olkaria and Eburru volcanic complexes (R/Ra = 
6 – 8). Directly to the east of this volcanic zone, there is a sharp drop-off in R/Ra with off-
rift samples producing crustal R/Ra around Longonot and east of Eburru (R/Ra = 0-2). 
Likewise, crustal R/Ra (R/Ra = 0 – 2) is present around Suswa, at the southern end of the 
central KRV volcanic zone. 

At the southern Kenyan rift, around northern Tanzania, a broad region of SCLM-DMM R/Ra 
(R/Ra = 6 – 8) stretches from the Chyulu Hills in Kenya, through Kilamanjaro, to Ol’Doinyo 
Lengai. Around Ol’Doinyo Lengai, a change in helium can be seen to the north, where R/Ra 
below SCLM and down to crustal levels (R/Ra < 6) are found beside Lake Natron. R/Ra 
below SCLM (R/Ra = 4-6) is also seen around Lake Manyara and the Olmani volcanics. The 
mantle signature of northern Tanzania is much more widespread and less concentrated than 
in the northern and central Kenyan Rift. This may be the result of lack of off-rift sampling 
around the northern sections of the KRV. 

The R/Ra of the Kenyan rift rock samples is densely clustered around a SCLM-DMM 
signature as shown in Figure 22b. A lone rock sample is found showing plume-input. The 
fluid samples show more range in R/Ra, found between crustal values to DMM range R/Ra. 
The gas samples tend to show higher R/Ra than the waters, though the distinction is not large.  

4.2.2  Kenyan Rift: carbon isotopes (δ13C-CO2) 

The primary studies from which the data was taken include Darling, et al., (1992); Darling, 
et al., (1998) and Fischer, et al., (2009). The sampling spread of the carbon isotopes along 
the Kenyan rift (Figure A-6Error! Reference source not found.), like the R/Ra model, can 
be divided into 3 sections. One section being the northern KRV from Barrier volcano to Lake 
Baringo, where there is a large and evenly distributed spread of samples, both along the rift 
axis and at the rift perimeter. Gas and water samples are evenly distributed throughout this 
area, though the samples around Barrier volcano are only gas. The second section is a region 
of exclusively gas samples around Lake Naivasha and its surrounding volcanic centres. Most 
of these datapoints are focused around Olkaria. Samples around this section are not evenly 
distributed between the volcanoes. The third section is within northern Tanzania, between 
Lake Magadi and Ol’ Doinyo Lengai. Here, an almost gas exclusive concentration of 
samples is seen, predominantly around Lake Magadi and south of Lake Natron.
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The interpolated δ13C of the samples that passed the first filtering stage are shown in Figure 
23. From Barrier to Namurunu, a region of above MORB δ13C is seen (δ13C = -2 – 0). Though 
the Barrier complex itself has a lower, MORB-like δ13C (δ13C = -6 - -4). Between Namurunu 
and Emuruangogolok a wider range of δ13C is seen, from evaporite δ13C (δ13C = -2 – 0) to 
MORB δ13C (δ13C = -6 - -2) through the centre of the rift, and lower than MORB δ13C on 
the rift fringes (δ13C = -8 - -6). Around Silali, MORB δ13C can be seen across the entire rift 
cross section (δ13C = -6 - -2). 

Through Paka, Korosi and Ol’ Kokwe, a thin channel of MORB δ13C is seen (δ13C = -6 – -
2) surrounded both to the east and west by regions of much lower δ13C: within the 
groundwater recharge range (δ13C = -14 – -16). Around the volcanic centres, the δ13C shows 
mantle input (δ13C= -6 - -4). 

The Lake Naivasha region in the central KRV shows δ13C between MORB and evaporite 
(δ13C = -6 – -2), Though not much variation is shown across the region, aside from slightly 
lower mantle δ13C around Olkaria (δ13C = -6 - -4) and an above mantle δ13C around Longonot 
(δ13C = -4 – -2). 

The dense array of samples around Lake Magadi shows a small patch of MORB-input (δ13C 
= -6 – -4) north-west of the lake. This signature is circled by a region of below MORB δ13C 
(δ13C = -10 – -6).  

The similarly sample-rich region south of Lake Natron shows a section of below MORB 
δ13C (δ13C = -12 – -8), with Ol’Doinyo Lengai to the south producing a MORB δ13C (δ13C 
= -6 – -2). A cluster of samples to the west of Natron also produces MORB δ13C along the 
Natron basin border. 

The gas and water samples (Figure 24Error! Reference source not found.a and Figure 24b) 
show a clear trend towards a MORB δ13C at higher DIC. The large cluster of gas samples at 
lower CO2 concentrations represent a group of soil-gas samples taken from Lee (2016) 
around Lake Magadi and Lake Natron. Figure 24c shows the gas samples clustered around 
the MORB range, though some plot with CO2/3He suggesting slight mixing with evaporite 
or in-situ carbonate 

The interpolated δ13C of the samples that passed the second filtering stage are shown in 
Figure 25. This model shows an even and well distributed set of sampling points from the 
northern section of the KRV. Like Figure 23, a gap in data points is present between Lake 
Bogoria and Eburru. Furthermore, the southern section of the Kenyan rift, from Eburru to Ol 
Doinyo Lengai shows a region of low sampling density. The samples and δ13C signature of 
the central KRV around Lake Naivasha remains the same as that of Figure 23. Most of the 
samples around Lake Natron and Lake Magadi have been filtered out
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Figure 25 shows the Kenyan rift dominated by δ13C contours between MORB and evaporite 
δ13C (δ13C = -6 - 0). The Barrier area shows clear MORB δ13C (δ13C = -6 - -4). To the south, 
around Namurunu, a higher δ13C is found, with values showing a broad evaporitic component 
(δ13C = -2 – 0). At Emuruangogolok, MORB δ13C is seen (δ13C = -6 - -4), with the axial area 
to the north showing a higher, more evaporitic/in situ carbonate δ13C and the off-rift sections 
to the north showing a lower δ13C. A large region of MORB input (δ13C = -6 - 2) is seen at 
Silali, with a small section of higher δ13C at the rift flank. Paka, Korosi and Ol Kokwe all 
fall in the MORB-range (δ13C = -6 - -2). The δ13C to the west, on the rift flank shows an 
anomalously low δ13C (δ13C = -12 - -10). The regions of the KRV showing the lowest δ13C 
in Figure 23 are not seen.  

The sampling density of the southern region is much sparser than that of Figure 23. Lake 
Magadi, this time produces a small section of below MORB δ13C (δ13C = -10 - -8) to the 
north of the lake. Nearby, on the western shore of Lake Magadi, a clearer MORB δ13C (δ13C 
= -6 - -4) is present. Ol’ Doinyo Lengai at the southern tip of the map shows an isolated point 
of MORB δ13C (δ13C = -6 - -2). The samples from around lake Natron were filtered out. 

Figure 26d shows how the group of soil-gas samples from around Lake Magadi and Lake 
Natron were filtered out, barring only the highest carbon content samples. Only the highest 
δ13C waters remain, with a slight mixing trend visible. A decrease in δ13C with respect to 
CO2 is still evident in the gas samples, with the highest CO2 samples plotting around the 
MORB δ13C. 

4.2.3 Comparison between regions 

R/Ra of the Kenyan rift is much lower than the MER and Afar, with R/Ra below 8. Variation 
along the rift axis is not as large as it is along the MER, with the axial rift showing a very 
consistent helium signature. Off-rift helium samples are not available to show a contrast to 
the axial R/Ra, as provided by the Ethiopian plateau samples. δ13C along the Kenyan rift 
shows a similar range to the MER and Afar, with the rift axis showing below MORB to 
evaporitic δ13C (δ13C = -8 - 0), though predominantly mantle range δ13C. The section along 
the KRV around Korosi shows a channel of MORB δ13C (δ13C = -6 - -4) along the rift axis, 
surrounded to the east and west by lower δ13C values (δ13C = -10 - -16). This pattern is also 
seen in the MER around Lake Langano. The filtered carbon map of the Kenyan rift shows a 
similar range in δ13C to the MER, with contours of below MORB to MORB δ13C (δ13C = -8 
- -2) dominating the region. As seen in the MER, the volcanic centres tend to show MORB 
δ13C. 

4.2.4 Comparison between isotope tracers 

Variation in δ13C along the northern KRV (δ13C = -8 – 0) in Figure 23 is more apparent than 
variation in R/Ra (R/Ra = 6 – 8), though both generally show magmatic signatures around 
the volcanic centres. The filtered δ13C of the northern KRV shows less variation, with most 
of the rift axis showing upper MORB δ13C (δ13C= -6 - -2).  

Lake Naivasha and the surrounding volcanoes have an SCLM R/Ra (R/Ra = 6 – 8) and the 
δ13C of this region is consistently mantle-like. Longonot shows crustal R/Ra values (R/Ra = 
0 – 2) and evaporitic δ13C values (δ13C = -2 – 0). 
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The region surrounding Ol’Doinyo Lengai shows SCLM to DMM-like helium (R/Ra = 4 - 
8) that decreases north towards Lake Natron, which has crustal to air R/Ra (R/Ra = 0 – 2). 
The carbon profile of this region shows MORB δ13C (δ13C = -4 - -2) at Ol’ Doinyo Lengai, 
west of Natron, and lower than MORB δ13C (δ13C= -10 - -8) south of Natron. Few samples 
passed the second filtering process, but those that did show mantle δ13C around Ol’Doinyo 
Lengai (δ13C = -4 - -2).  

4.3  Kivu 

4.3.1 Kivu: helium isotopes (R/Ra) 

The primary studies from which the data was taken include Tedesco, et al., (2010) and 
Halldórsson, et al., (2014). Sampling distribution in Figure A-3 shows rock samples 
concentrated around the Virunga volcanic zone, gas samples clustered around the northern 
shore of Lake Kivu and dispersed into the volcanic zone, with a few water samples located 
throughout the different regions of the lake. 
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Figure 27 shows a zone of SCLM-DMM-like R/Ra (R/Ra = 6 - 8) along the north coast of 
Lake Kivu and up through the Virunga volcanic zone. Within this region of SCLM R/Ra, a 
lens of DMM-like helium (R/Ra = 8 - 10) is seen through the central axis of the Kivu rift, 
around Nyiragongo and Nyamuragira volcanoes. The lake region is covered by sub-SCLM, 
crustal helium (R/Ra = 2 - 6), as is the region west of the border fault and the region east of 
the mazukus. The two isolated samples south of the lake show large differences in R/Ra. 

Figure 28a shows a clear trend of R/Ra along the SCLM-DMM range of fluids, some lower 
R/Ra samples are seen, all of which are water. Figure 28b shows a similar trend, with many 
of the samples plotting around SCLM-DMM R/Ra, contrasted with the rock samples that 
generally show lower R/Ra values than the fluids, aside from the cluster water samples near 
crustal level R/Ra. 

4.3.2 Kivu: carbon isotopes (δ13C-CO2) 

The primary studies from which the data was taken are Tedesco, et al., (2010) and Vaselli, 
et at., (2003). Carbon isotope sample spread in the Kivu rift region Figure A-7 is most 
densely concentrated around the northern shore of Lake Kivu and the western edge of the 
Virunga volcanic zone. Samples are predominantly gas, though water samples are taken from 
within the lake. With similar zones of sampling to the helium map of the same region, this 
provides an effective comparison between the isotope maps. All the carbon samples taken 
from the Kivu region passed both the first and second filtering stage, so a second carbon 
interpolation of the Kivu rift is not necessary.
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The δ13C in Figure 29 shows a region of MORB δ13C (δ13C = -6 - -4) on the northern shore 
of Lake Kivu and along the central rift axis through Nyiragongo and Nyamuragira. The 
volcanic craters show mantle δ13C (δ13C = -4 - -2). Surrounding this region is a contour of 
lower δ13C (δ13C = -8 - -6) around the rift perimeter and dispersed within the mazukus. To 
the west of the mazukus along the border fault, there’s a region of low δ13C (δ13C = -10 - -8) 
as well as along the eastern flank of the rift by the lake shore. The lake itself is characterized 
by MORB δ13C (δ13C = -6 - -4), as seen north of the lake, with a section at the south of the 
lake around a single point producing an anomalously high δ13C (δ13C = -2 - 0). 

Figure 30b shows a wide range in δ13C of gas samples, with no noticeable trend between 
δ13C and CO2 content. Figure 30d shows a wide range in δ13C and CO2/3He across the whole 
array of gas samples. None plot particularly close to a carbonate or an organic signature. 

4.3.3  Comparison between regions 

Like the helium map of the Kenyan rift, most of the Kivu rift shows a range of R/Ra from 
crustal to SCLM-DMM helium (R/Ra = 0 – 8). A small section of DMM R/Ra is seen through 
the central Kivu rift axis (R/Ra = 8 – 10). These values are slightly higher than those seen in 
the Kenyan rift, though much lower than the Afar and MER. Like the Kenyan rift and MER, 
the zone of highest R/Ra is found along the central rift axis, nearby regions of faulting or 
volcanic centres. Likewise, the most consistent mantle δ13C signature is found through the 
rift axis and around the volcanoes as shown in the δ13C maps of the MER and KRV. The 
border fault shows a less magmatic δ13C, like the border faults of the MER and around Korosi 
in the KRV. 

4.3.4  Comparison between isotope tracers 

Both interpolated maps of R/Ra and δ13C show a region surrounding the mazukus producing 
a mantle signature. This zone of mantle δ13C and R/Ra stretches north through the central 
axis of the Kivu rift, around Nyiragongo and Nyagiramura. It is surrounded by a region 
stretching from the northern shore of Lake Kivu and into the Virunga volcanic zone showing 
slightly lower R/Ra (SCLM-DMM) and slightly lower δ13C, below the range of mantle 
carbon. The off-rift region, around the border fault and west of the mazukus, shows a low, 
near crustal R/Ra (R/Ra = 0 – 4). The δ13C also shows such a pattern (δ13C = -12 – -6). The 
R/Ra across the lake is consistently low (R/Ra = 2 – 4), showing near crustal values. In 
contrast, the carbon map shows the lake area as having a MORB-like δ13C (δ13C = -6 – -4). 
Thus, the R/Ra north of the lake differs from the R/Ra of the lake itself, despite both regions 
being at the axial centre of the rift. The δ13C map shows no such difference. This is likely 
the result of the helium volatility contrasted with the high solubility of carbon in water. 

4.4  Rungwe  

4.4.1  Rungwe: helium isotopes (R/Ra) 

The primary studies from which the data was taken include Hilton, et al, (2011) and Barry, 
et al., (2013). The samples plotted in the Rungwe region are most densely concentrated 
within the volcanic zone around Kyejo and Rungwe and to the north of Ngozi at the triple 
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junction of the Rukwa rift, Malawi rift and Usangu Basin. Figure A-4 shows most samples 
are from rocks, which are primarily distributed around the central volcanic region at the triple 
junction. The fluid samples are more widespread but are found interspersed with the rock 
samples around the Rungwe and Kyejo volcanic centres. Fluid samples taken from the 
Kyejo-Mbaka geothermal system greatly outnumber the fluid samples taken from the Ngozi-
Songwe system. 
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Like with the rest of the rift, the helium systematics shown by this model are consistent with 
the models presented by the aforementioned primary data sources and the past literature. 
Rungwe shows a large R/Ra range across the region, similar in range to the Afar (R/Ra = 0 – 
14+). A large region of DMM-like helium (R/Ra = 8 - 10) is found throughout the RVP. At 
the triple junction of the Usangu basin, Songwe basin and Karonga basin, the highest R/Ra 
is produced (R/Ra >14). This area covers the accommodation zone between the three 
adjoining basins, along which a clear DMM-plume R/Ra is seen (R/Ra = 8 – 14+). 

The Mbaka fault system shows large variation in R/Ra, with values from crustal to DMM 
R/Ra (R/Ra = 0 – 8). Reviewing the distribution of rock to fluid samples, the lower R/Ra 
samples from the fault zone come from fluids and the higher values come from rocks. Around 
the Rungwe and Kyejo volcanoes, DMM-like helium (R/Ra = 8 - 10) is seen. South of the 
Songwe basin and west of the RVP, the contours show clear crustal R/Ra (R/Ra = 0 – 2). 
North of the RVP, an isolated point shows clear plume-input (R/Ra = 14+), which turns to a 
lower, yet still present plume-like helium value (R/Ra = 10 – 12) at the mouth of the Usangu 
basin. 

The R/Ra decreases further south into the Malawi rift where lower R/Ra is seen, showing 
crustal-SCLM helium (R/Ra = 0 - 6). The fluid samples within and on the flank of the Songwe 
basin both produce crustal R/Ra (R/Ra = 0 - 2).  

The discrepancy between the R/Ra of the rock samples and the fluids is very distinguished 
in Figure 32a and Figure 32b. Most of the rock samples plot as DMM R/Ra, whereas the 
waters and gases plot only between crustal and DMM R/Ra with very little overlap.  

4.4.2 Rungwe: carbon isotopes (δ13C-CO2) 

Sample distribution for δ13C in the Rungwe region was sparse and limited. With a total of 12 
samples passing the initial filtering process, the lack of density and sampling locations meant 
that no informative interpolation of carbon isotope values could be made. 

4.4.3 Comparison between regions 

The R/Ra across Rungwe shows a similar range to the Afar and MER, ranging from crustal 
values (R/Ra = 0 – 2) to plume levels (R/Ra = 14+). Like the Afar, the region of highest R/Ra 
is found around a triple junction of the Usangu basin, Songwe basin and Karonga basin. 
Though the rock R/Ra does implicate the input of plume helium, the fluids do not, unlike the 
MER and Afar, where both rocks and fluids produce R/Ra values above 10. The R/Ra of this 
region is significantly higher and more varied than the Kenyan rift, though like the Kenyan 
rift, MER and Afar, higher R/Ra is found around volcanic centres.
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5 Discussion 
The geospatial analysis of helium and carbon isotopes tells us much about the behavior of 
mantle degassing along the EAR. This, in turn, gives insight into how mantle degassing 
varies across the different stages of the continental rifting process. Furthermore, it provides 
context to specific formations found along the EAR system, including an upwelling deep 
mantle plume, and how these features influence degassing throughout the rift. For the 
discussion, first, the effectiveness of the filtering methods and validity of the data will be 
discussed. This will provide context to the following discussion regarding models of mantle 
degassing along the rift. Then, the implications of degassing models will be addressed, 
starting from the large-scale observations, tectonic setting, then narrowing down to smaller-
scale, site-specific phenomena.  

5.1  Effectiveness of filtering criteria 

5.1.1  Helium isotope (R/Ra) filtering 

The first filtering method used for helium isotopes was designed to eliminate samples with 
significant air-contamination. This is most effectively achieved by measuring the X-value 
(see Equation 6Error! Reference source not found.). Since lower X values indicate greater 
air-contamination, it can be modelled in Figure 10, using an atmospheric endmember of R/Ra 
= 1 and X = 1, with samples trending towards  higher, mantle-type R/Ra values with 
increasing X. This trend is seen in Figure 10, detailing the decrease in R/Ra close to X = 1, 
and a cut-off point was decided at X = 5, which was the value also chosen by Harðardóttir 
(2018). This is an effective method in identifying and removing air contaminated samples. 
However, it does result in some samples of mantle range R/Ra being filtered out.  

The second criterion used for filtering helium was the concentration of 4He. This was used 
to filter out samples with low [4He] that may reflect uncertainty in the validity of R/Ra 
measurements and a clear lack of mantle input. The trend of decreasing R/Ra with lower 
[4He] is not as clear as the trend seen in Figure 10. At very low concentrations ([4He] < 0.1 
x 10-9 cm3/g STP), the samples show low R/Ra, and only 1 sample is filtered using this 
criterion. The effectiveness of this filtering method is questionable, and it must be considered 
that many of these samples did not provide X values. Thus, it would have been preferred to 
filter all the samples through a X filter, rather than [4He] as X provides a better measure of 
air contamination and a clearer trend.  

Another caveat of the helium isotope filtering process is the lack of filtering for crustal 
contamination. It can be seen in both Figure 10 and Figure 11 that a trend of low R/Ra 
samples can be seen even in samples with higher X values and [4He]. This is evidence of 
high radiogenic helium input, possible from contamination of continental crust/ country rock 
contamination. Thus, it is likely that samples between the high R/Ra mantle trends and the 
continental crustal trends may be the product of crustal contamination, rather than a lower 
R/Ra magmatic source.  
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5.1.2  Carbon isotope (δ13C-CO2) filtering 

The second stage of filtering adopted for measured carbon isotope values was designed to 
eliminate any amagmatic signature from the sampling base, by identifying trends within the 
δ13C vs DIC and CO2/3He vs δ13C plots. Figure 12a and Figure 12b show a drop in δ13C with 
decreasing DIC for both water and gas. This is believed to be the result of either secondary 
carbonate precipitation, mixing with groundwater recharge, mixing with biogenic soil carbon 
or phase separation (for waters). The trend is clearly visible in the gas phase in Figure 12b, 
and by filtering out the samples below DIC = 2000 ppm, the samples that remain will ideally 
be those that have not been altered or amagmatically contaminated. The trend is also clear 
with the water samples, where the decrease in δ13C with decreasing DIC is much more 
extreme as seen in Figure 12a. Samples below DIC = 850 were filtered out, leaving behind 
only the highest DIC samples. These remaining samples still show a wide range in δ13C and 
many plot above a magmatic δ13C range. The water samples also trend towards a higher δ13C 
signature than the gas, with the highest DIC samples tending to plot above MORB range. 
This suggests that the filtering of water samples may not be as valid as that of the gas 
samples, due to the more chaotic spread of the samples and less magmatically influenced 
trend. 

Figure 13 plots δ13C vs CO2/3He, commonly used to determine whether mantle-derived fluids 
are mixed with sedimentary carbonate (limestone) or organic sediments. Due to the lack of 
oceanic transgression across the EAR, the use of sedimentary carbonate as an endmember is 
not relevant, with the more appropriate end-member being the evaporite signature. Exact 
values for the endmember CO2/3He of this evaporite/in-situ carbonate signature is not 
available, though input from them can be recognized in Figure 13, and evaporite/in-situ 
carbonate input can be removed by removing higher CO2/3He values. The plot can also be 
used to filter out signs of phase separation: where CO2/3He of water samples increases and 
CO2/3He of gases decreases. As seen from the plot, most of the samples lie around mantle-
levels with some showing higher CO2/3He. By filtering out all those samples with CO2/3He 
> 100 x 109, this method proved as an effective filtering criterion for removing samples with 
the most amagmatic signatures. The high CO2/3He water samples represent samples that have 
undergone phase separation and are subsequently filtered out. This technique provides a 
more distinctive contrast between the magmatic signatures and the evaporite/in situ 
carbonate signatures than Figure 12, where the endmember signatures are less distinct. This 
filtering technique, though effective, is not applied to many of the samples that do not 
provide CO2/3He and therefore may have evaporite/in-situ carbonate signature - particularly 
in waters - that slipped through the secondary filtering stage. This can be seen with the 
samples around Lake Shala that show a clear amagmatic signature, though did not provide 
CO2/3He values.  

One limitation of this plot is the lack of data concerning an evaporite/in-situ carbonate 
endmember or groundwater CO2/3He value, meaning that any cut-off point chosen for high 
CO2/3He was decided relative to a limestone endmember. The more significant limitation of 
this plot is rooted in the reactivity of carbon, compared to the inate nature of helium. Because 
carbon can be subjected to many reactions and secondary processes that can greatly alter the 
δ13C, carbon samples can’t be treated as purely mixes of different endmembers like helium 
can. This plot can be ineffective in realizing the effect of secondary processes and as such, 
it must be used with great caution. 
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5.2  Limitations of Data 

5.2.1  Helium isotope (R/Ra) distribution between phases 

Figure 10 and Figure 11 show a difference in R/Ra ranges for the three different phases. Rock 
samples range from R/Ra = 0 – 20, with the majority centred around SCLM to DMM values 
at R/Ra = 5 - 9. Trends are seen showing lines of increasing [4He] at SCLM values and 
likewise for X. Water samples do not show the range of R/Ra seen in rocks, plotting between 
R/Ra = 0 – 14. Most water samples are centred below SCLM values between R/Ra = 0 – 5, 
notably lower than the rock samples. Gas samples show an identical range in R/Ra values to 
water (R/Ra = 0 – 14). They are clustered primarily around SCLM to DMM ranges (R/Ra = 
6 – 8), though show a narrower range around this trend than rocks. The discrepancy between 
the phases is likely the result of helium being trapped and isolated deep in the lithosphere for 
the phenocrysts and rocks, making them less likely to be air contaminated or crustally 
contaminated. Furthermore, isotopic fractionation during phase separation of gases and 
liquids would cause the discrepancy between these two phases (Barry, et al., 2013). 

From the sub-regional specific plots of R/Ra vs [4He] and R/Ra vs X, these differences 
between rock, water and gas R/Ra are also evident. This shows the difference in R/Ra between 
the phases is not the result of sampling bias (e.g. rocks sampled preferentially from the Afar 
and fluids sampled from lower R/Ra regions). Thus, the inconsistency in R/Ra between the 
phases must be either geochemical in nature or due to differences in behaviour of magmatism 
and fluid degassing. This inconsistency may lead to limitations in the interpolation of the 
samples. Consideration of the distribution of sample phases is crucial to understanding the 
interpolated maps. Furthermore, the details of the influence of phase distribution can be more 
appropriately examined on a regional level. This is seen in Rungwe in particular, where the 
difference in rock R/Ra and fluid R/Ra is significant. With a large proportion of Rungwe data 
points being taken from Barry, et al., (2013), this phase discrepancy is addressed in the study. 
It states that the higher R/Ra in gas compared to water is the result of phase separation. 
Likewise, the low R/Ra of fluids within the study was determined to be either spatially 
controlled - with rock and fluid samples being sampled in different locations – or perhaps 
the result of greater contamination of helium from country rock into the circulating fluids. 
Thus, with the need for more data, comes the need for more spatially correlated sample points 
to produce a more accurate model. 

5.2.2  Carbon isotope (δ13C-CO2) distribution between phases 

Like the R/Ra samples, Figure 12 shows a difference in δ13C ranges between the water and 
gas samples. This discrepancy is more apparent before the secondary filtering process, which 
removed the samples with lower DIC, subsequently removing many of the lower δ13C 
samples. The unfiltered δ13C samples show a range from δ13C = -20 – 2 for the water samples 
and δ13C = -17 – 1. These ranges, though similar, do not reflect the difference in δ13C 
distribution between the phases. The water samples are distributed uniformly between δ13C 
= -20 – 2, whereas the gas samples are densely clustered between δ13C= -10 - -1. 

The sub-regional plots of unfiltered δ13C vs DIC retain the difference in δ13C range and 
distribution between the phases. This shows that the phase difference in δ13C is not the result 
of sampling bias, but rather the result of the geochemical behavior of the isotopes in gases 
and liquids. Of the three sub-regions in which carbon was sampled, this difference in δ13C 
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between the phases is not visible in the Kivu samples. This is likely due to the lack water 
samples taken, with only four sampling points, all being lake water from Lake Kivu. This 
phase dependency on δ13C must be considered when examining the phase distribution of 
sampling locations. 

The second filtering stage, though designed to remove much of the lower DIC and lower 
δ13C samples, still produces inconsistencies in the range and distribution of water and gas 
samples. In the MER, the water samples plot higher in δ13C than the gas samples, with waters 
found between δ13C = -7 – 2 and gases between δ13C = -11 - -3. In the Kenyan rift, the filtered 
range of waters and gases are similar, though the gases cluster between δ13C = -4 - -2 and 
the waters are uniformly distributed. Thus, the geospatial distribution of sample phases must 
be considered for the filtered samples, just as it is for the unfiltered δ13C samples when 
critiquing the accuracy of the interpolated maps. 

5.2.3  Lack of sampling locations  

The most critical limitation to this study and the production of interpolated maps is the lack 
of samples available for analysis. Across the EAR, the geographic spread and density of 
sampling varies greatly. Small regions are subject to great investigative scrutiny, resulting in 
many densely clustered samples. Other areas are less studied, containing few and sparsely 
distributed sampling points. These areas of low sampling density will produce interpolated 
contours of questionable accuracy, as seen on the western flank of the NMER. Furthermore, 
in some regions, samples are aligned linearly along the rift axis (e.g. R/Ra in the northern 
KRV). This data point alignment shows magmatic signature variation along the rift across 
only one dimension and provides samples taken only from around volcanic centres. This 
creates a lack of detail regarding how degassing occurs across the rift axis and between the 
volcanoes. Thus, the lack of sampling points across the rift and off the rift axis provide a 
limitation to the results of the interpolation maps. This could be improved upon by using 
samples taken in a grid-like fashion, evenly distributed across the cross section of a rift and 
along the rift axis. 

5.2.4  Time dependency 

Around areas of active volcanism and geothermal activity, changes in activity of these 
systems will affect the geochemistry and fluid dynamics of the systems. Thus, the isotope 
signatures are time-dependent for recently active areas such as eruptive volcanoes and active 
fault systems. Past studies (eg. Hilton, 2010) have shown temporal variation in R/Ra and 
δ13C-CO2 around active volcanoes to be evident with R/Ra changing by up to 0.5 and δ13C-
CO2 up to 3. Samples collected throughout the EAR had sampling dates taken from 1977 to 
2017. This range in sampling dates means that the interpolation maps produced with these 
samples do not represent a snapshot in time, but rather a conglomerate of different dates. 
Furthermore, areas that have experienced volcanic activity or changes in geothermal activity 
between 1977 and present may not be accurately represented within these interpolations.  
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5.3  Large-scale observations and discussion 

5.3.1  Helium isotopes (R/Ra) along the rift system 

On the scale of the entire EAR, the R/Ra models produced in this study broadly reinforce the 
models proposed by Scarsi & Craig, (1996), Halldórsson, et at., (2014) and Pik, et al., (2006). 
These studies (along with others) impose a large plume beneath the Afar, lower primordial 
helium along the Western and Kenyan Rifts: the result of less plume input and mixing with 
DMM and SCLM reservoirs, as well as a higher primordial input beneath Rungwe. 
Halldórsson, et at., (2014) and Pik, et al., (2006) propose conflicting models regarding the 
number of plumes and the source beneath Rungwe, which this study does not have the 
required evidence to reconcile. However, the general trend of helium in relation to tectonic 
development and plume influence agrees with these past studies. 

The R/Ra of the Afar shows a clear mantle-plume input, noticeably around the rift axes and 
the axial volcanoes. The lack of fluid samples taken from across the Afar depression makes 
it difficult to determine whether this degassing is occurring to the same degree that is seen 
in the MER. However, with most of the samples from the Afar being taken from rocks, the 
lavas clearly contain significant plume-input.  

The R/Ra of the MER shows the highest primordial helium content in the rift system. With 
the Afar plume head assumed to be under the Afar depression (Schilling, 1992), it is 
unexpected to see the highest R/Ra values along the MER. This anomalously high R/Ra is 
likely the result of the concentrated volcanism, deep regional faulting (Wonji fault belt), and 
the transitional crustal structure between the southern Afar and MER (Bonini, et al., 2005). 
The high R/Ra is reflected both in the rock and fluid samples. This shows that not only is the 
lava preserving this endmember-like plume signature, but the Wonji fault belt, transition 
zone, and its associated volcanism allows for the active degassing of the mantle plume, more 
effectively than anywhere else along the rift system.    

The R/Ra of the Kenyan rift shows a stark contrast to that of the MER and Afar. The southern 
end of the MER shows a region of SCLM-like R/Ra at the northern rim of the Turkana 
depression. The KRV continues this SCLM-like R/Ra through the volcanic centres of Barrier 
down to Silali. This change in R/Ra from plume-DMM-like helium across the Ethiopian 
dome, down to the SCLM-like helium in the Turkana depression and Kenyan dome, indicates 
a compositionally different source of mantle volcanism. This isotopic difference suggests 
the magmatic influence of the Afar plume does not extend beyond the Turkana depression 
and the Kenyan rift is propagated by a separate driving force, with helium degassing from a 
DMM or SCLM source.  

The central KRV provides samples of R/Ra from fluids, with SCLM-like helium from 
geothermal waters around Olkaria. This shows the current mantle-degassing state of the 
central KRV, where the mantle-derived helium shows a SCLM-like origin. 

At the southern end of the Kenyan rift, we see another region of well-distributed samples 
throughout the northern Tanzanian volcanoes. The water samples produce crustal R/Ra and 
the rocks have SCLM-like R/Ra. This difference between the water and rocks suggest the 
magmatism derives from an upper-mantle source similar in R/Ra to SCLM-DMM, though 
active degassing is not as prominent. The gas samples from the Ol’Doinyo Lengai summit 
show SCLM R/Ra, implying the mantle helium signature is well-preserved in the gas phase 
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close to the volcanic centres and that these volcanoes can provide effective channels for the 
degassing of upper-mantle sourced volatiles, as is the case in Olkaria.  

The signature of Kivu is similar in primordial helium content to the Kenyan rift, dominated 
by SCLM-DMM R/Ra. With most of the samples across Kivu being fluid, the interpolation 
shows us that the mantle degassing is prominent and ongoing through the rift basin. Slightly 
higher R/Ra is found in Kivu than seen along the KRV, suggesting a possible difference in 
mantle composition beneath the Western rift than the Kenyan rift. This difference is not 
large, and the Kivu rift offers a much more concentrated sampling array than the Kenyan 
rift. Thus, the higher DMM signature may be present in the Kenyan rift on a smaller, basinal 
scale, as is seen in the Kivu basin.  

The R/Ra of Rungwe has more in common with the R/Ra map of the Afar and MER than it 
does with the maps of Kivu and the Kenyan rift. This region of DMM-plume helium is 
situated at the triple-junction between the Usangu basin, the Rukwa rift and the Malawi rift. 
The plume R/Ra of the region is shown solely in the rock samples, with no such plume-
influence recognised in the geothermal fluids or volcanic gases, as seen in the MER. 
Furthermore, the helium of the fluids show very low R/Ra, mostly below SCLM values. This 
is a phenomena discussed in Barry, et al., (2013), a primary source of data in the region. The 
paper suggests that the lower R/Ra in the fluids is the result of contamination from the 4He 
rich country rock, through which the fluids circulate. This would be typical of a degassing 
regime of a younger rift as shown in Figure 1a, where shallow crustal magma reservoirs are 
surrounded by older, country rocks. Though not many fluids are taken from the Ngozi-
Songwe field, the data taken from Rungwe suggests that although magmatism may imply a 
mantle plume component, the degassing of this underlying mantle is not as extensive as seen 
in the Afar and MER. This is in direct contrast to the active degassing seen in Kivu, where 
fluids containing DMM derived helium are emmited at a higher R/Ra value than the 
surrounding rocks. 

The helium model supports the findings of previous studies (e.g. Halldórsson, et al., 2014; 
Pik, et al., 2006) of a mantle plume beneath the Afar mixing with DMM and SCLM 
reservoirs, with decreasing plume influence in the Kenyan and western rifts. Although this 
model is well established, this study provides a higher resolution model, with a more 
extensive database to reinforce these findings. A more conclusive model could be achieved 
by further sampling along the Kenyan rift and Turkana depression. The isotope data shows 
a slightly higher R/Ra in Kivu than in the Kenyan rift and a much higher R/Ra in Rungwe. 
Ideally, a greater sampling array along both the Western rift (Between Kivu and Rungwe, as 
well as to the North of Kivu) and the Kenyan rift could provide better context to this 
discrepancy. 

5.3.2  Carbon isotopes (δ13C-CO2) along the rift system 

In direct contrast to the well-established helium models, no such carbon models have been 
produced on a rift-wide scale. The δ13C of the mantle underlying the rift does not show 
significant variation across the different branches of the rift system. A lack of sampling 
across the Afar makes it difficult to determine the general δ13C of the plume source, though 
the cluster of samples along the Manda-Inakir rift show a consistent δ13C (δ13C = -6 - -2). 
Through the MER, samples taken from around the transition zone, (modeled to be the most 
mantle volatile-rich region) do not show a particularly consistent δ13C. The carbon maps of 
the NMER and SMER show δ13C concurrent with that of the Manda Inakir rift (δ13C= -6 - -
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2). As seen in the magmatic δ13C maps, the filtering methods of the carbon samples may not 
be entirely effective: sometimes leaving behind amagmatic carbon and potentially 
eliminating MORB-enriched samples. This may explain the contradicting isotope data of the 
helium and carbon maps of the transition zone. The isotope plots of the Afar and MER 
suggest the main carbon sources are the mantle and shallow, in-situ carbonate. With lower 
DIC, lighter carbon is found, following a trend typical of secondary carbonate precipitation 
or potentially mixing with groundwater. 

The δ13C across the central volcanic systems of both Kenyan Rift carbon isotope plots show 
a fairly consistent range (δ13C = -6 - -4). This is particularly evident across the volcanoes in 
the northern KRV and central KRV around Lake Naivasha. These regions are shown by the 
R/Ra to provide effective conduits for magmatic degassing. This indicates that the mantle-
derived fluids from these areas likely represent the most accurate δ13C values of the Kenyan 
rift’s underlying mantle. The isotope plots of the Kenyan Rift show a similar story to the 
Afar and Ethiopian rift, with the primary sources of carbon being either mantle or in-situ 
carbonate and secondary processes of carbonate precipitation or groundwater mixing. The 
carbon signature around carbonatites of the around northern Tanzania, do not show any 
anomaly, consistent with the research of Fischer, et al., (2009) who determined no mantle-
carbon anomaly was responsible for the unique carbonatite volcanics of the region. 

The Kivu basin displays a similar pattern to the Kenyan rift. It is clear from the R/Ra map of 
the Kivu Basin that the most mantle-enriched fluids are degassing through the centre of the 
basin. It is within these central mazukus and volcanic vents in particular that the carbon 
shows the most MORB-like δ13C. The isotope plots of Kivu show lighter carbon signature, 
potentially more heavily affected by secondary processes. 

The carbon of the underlying mantle shows a consistent δ13C across the rift system (δ13C = -
6 - -2). MORB carbon values from other papers provide varying δ13C ranges, such as (Sano 
& Marty, 1995). The measured δ13C is more in line with the mantle δ13C values used by 
Bretzler, et al., (2011); Awaleh, (2017); and Darling, (2004), who’s studies focused along 
the EAR in particular. The consistency of the δ13C across the EAR contrasts with the large 
range in R/Ra. This likely doesn’t contradict the R/Ra profile’s inferred mantle heterogeneity, 
as helium is the more reliable tracer for identifying different mantle reservoirs. However, it 
does imply that carbon can’t currently be used as a tracer to support the helium data regarding 
mantle heterogeneity beneath the EAR and the helium mixing processes shown by 
Halldórsson, et al. (2014). Though it does indicate that degassing of carbon is seen 
effectively across the entire rift system and it provides an effective tracer for mantle-
degassing in conjunction with helium.  

The carbon found along the MER and Afar are primarily sourced by mantle or in-situ 
carbonate, with lower carbon flux samples being more affected by secondary processes such 
as carbon precipitation or groundwater mixing. The Kivu rift, however, shows carbon 
samples being much more affected by these secondary processes than on the ‘main’ rift 
segments. This is perhaps the result of the degree of carbon flux. With the greater flux of 
carbon being released through the Kenyan Rift, MER and Afar, it’s isotope signature is less 
susceptible to fractionation via secondary carbonate precipitation compared to the lower flux 
Kivu Rift. 
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5.3.3  Degassing focused along the rift axis in mature rift 
segments 

In the most mature rift segments, where samples are provided across the cross section of the 
rift, it is apparent that the most mantle volatile-rich fluids and plume-derived lavas are 
concentrated at the central axis of the rift as shown in Figure 1c. Though many of the rifts 
and rift basins have deep border faults on the rift flanks, the mantle fluids appear to be 
degassing through the axial volcanoes and axial fault systems, rather than the border fault 
systems. This is consistent with the rift-development model, where magmatism migrates 
from the edges of the rift towards a narrow zone of volcanism at the centre as the rift matures. 
This pattern is most evident within the MER, Kivu and northern KRV. 

The highest R/Ra in the rift system is focused along the rift axis of the MER. It is a region of 
dense and active volcanism, cross cut by the prominent Wonji fault belt. The plume-signature 
of the MER spikes around the volcanic complexes situated along the rift axis: Fantale, Kone, 
Gedemsa and Tullu-Moye in particular. With the low, crustal signatures of the Ethiopian 
plateau to show contrast to the rift axis, the MER provides a useful analogue to how the 
plume signature is concentrated within a narrow channel in the central rift axis. The samples 
found on the rift flanks and around the border faults do not show the same degree of 
primordial helium.  

This pattern is reflected in the δ13C-CO2 of the MER. The MORB signature is focused 
primarily within the central axis of the rift. This is visible along the NMER, where a clear 
mantle signature follows the trend of the axial volcanoes Fantale and Kone. The samples on 
the flanks of the rift show lower δ13C-CO2, indicative of groundwater recharge through the 
border faults as suggested by Allen & Darling (1992). Through the CMER, the MORB δ13C 
is concentrated through the central lake region, flanked on either side by low δ13C, likely the 
result of carbonate precipitation or mixing with groundwater. This is to be expected for 
regions of lower mantle carbon flux, whose carbon isotope ratio is more susceptible to 
secondary processes. 

Unlike the MER and Afar, the northern KRV does not show enough of a sample array to 
determine if the mantle degassing is concentrated within the central axis of the rift. The 
central KRV volcanics around lake Naivasha (Eburru, Olkaria, Longonot and Suswa), 
however do show such a pattern. The more axially centred volcanoes such as Olkaria and 
the western flanks of Eburru and Longonot show a higher R/Ra than the fluids sampled on 
the rift perimeters and flanks (East of Eburru and Longonot).  

The δ13C-CO2 of the Kenyan rift also shows a concentration of the mantle-derived fluids 
within the central axis of the rift. This is especially apparent through the sequence of 
volcanoes: Paka, Silali, Korosi and Ol Kokwe. Flanked to the east and west by fluids of much 
lower δ13C-CO2, it is likely that these fluids are groundwater recharge fed through the 
boundary faults of the rift basins (Allen & Darling, 1992). The central volcanoes between 
these low δ13C-CO2 regions therefore showcase how degassing is most prominent through 
the axial volcanoes and axial faults, rather than the basin boundary fault systems.  

The small scale of the Kivu rift map makes it an ideal figure to illustrate the concentration 
of the most primordial fluids through the central rift axis. Though the mazukus do all show 
a mantle-input, it is the most central of the mazukus that degas the most primordial helium. 
This mantle-rich isotope signature stretches up through the volcanic province of the Virunga, 
with only the most axially-centred volcanic gases producing the DMM-like R/Ra. 
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This pattern is well-mirrored in the δ13C-CO2 map of Kivu, where the clearest MORB δ13C 
is concentrated within the central axis along the Kivu rift, through the most axial volcanoes 
and among the most central mazukus. The δ13C-CO2 taken off the rift flanks is lower, 
potentially the result of mixing with ground-water recharge. This could be the border fault 
acting as a conduit for groundwater flow (as seen in the Kenyan rift). The carbon of Lake 
Kivu also corrects the lack of mantle-helium signature found in Lake Kivu. As speculated 
earlier, this discrepancy is likely the result of the solubility of carbon and volatility of helium, 
however it does enforce the notion that the axial lakes within these basins are subject to 
significant degassing. 

The smaller scale of the Rungwe interpolation also makes it an ideal model for showing 
changes in R/Ra across the cross section of the rift. However, the high R/Ra of the rift axis, 
compared to the rift flanks is not as clear in this case as it is in the other branches. The highest 
R/Ra of lavas clearly lies within the triple junction, where the accommodation zone for the 
adjoining three basins is found. The sample-rich section within the Karonga basin does not 
show a noticeably higher R/Ra around the central, Mbaka-fault system than it does on the rift 
flanks. When considering the fluid samples only, the fluids from around the central Mbaka 
fault system show higher R/Ra values than the more distal fluids. This may be comparable 
to the Wonji-fault belt. Rift fault systems provide effective channels for mantle-degassing, 
though the evidence is not as consistent in Rungwe. This inconsistency may be the result of 
the complex tectonic geometry of the region, being at the triple junction of three different 
rift basins. It may also be due to the earlier continental rifting stage of Rungwe. In the earlier 
stages of continental rifting, extension is primarily accommodated by border faulting and 
brittle deformation, rather than centralized axial volcanics. With Rungwe displaying a less 
mature stage of the continental rifting process, the mantle volatiles degassed are more 
dispersed and less abundant. 

Across the rift system, evidence is provided for the concentration of mantle-degassing 
through the central axis of the rift basins, particularly in the regions displaying a more mature 
rift-setting. The best regions to display this trend are the MER, Kivu and northern Kenyan 
Rift. Where appropriate sampling abundance and distribution is seen, the best results are 
found. Because of the lack of sampling around the rifts in the Afar depression (R/Ra and 
δ13C-CO2), northern KRV (R/Ra), central KRV (R/Ra and δ13C-CO2), northern Tanzania 
(R/Ra and δ13C-CO2), and Rungwe (δ13C-CO2), the pattern of axially concentrated degassing 
can’t be effectively modelled in these regions.  If these regions were to be sampled more 
effectively, a better contrast between younger rifts and more mature rifts could be seen.  

5.3.4  Mantle Plume(s) 

The number of plumes along the EAR system is a point of contention, with some models 
suggesting a singular super-plume (Halldórsson, et al., 2014) and others suggesting multiple 
plumes (Pik, et al., 2006) with a similar lower mantle source. The variation in R/Ra along the 
system and degree of mantle degassing can help to constrain the plume systematics.  

The regions of highest primordial helium are found at opposite ends of the rift system: the 
Afar and Rungwe. The R/Ra of the Afar and MER is more consistently high than the R/Ra of 
Rungwe, but the primordial helium from the Rungwe volcanics still necessitates the 
inclusion of a lower-mantle, plume-like component. The Afar and Rungwe are at different 
stages of continental breakup. The Afar and MER are more mature, akin to a spreading ridge, 
whereas Rungwe shows a much younger, less magmatic style of rifting. This has 
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implications on the channeling of magma and fluids through the crust, with the crust being 
thinner at the Afar and the volcanism of Rungwe being fed by shallow crustal magmatism 
as illustrated by Figure 1. This can be seen with the contrast in R/Ra of fluids, with the MER 
showing much higher fluid R/Ra than the fluids of Rungwe. The contrast between rocks and 
fluids in Rungwe, suggests the volcanism is derived from a plume-like source, but the 
degassing of this source is not as abundant or as unencumbered as in the MER. Barry, et al. 
(2013) puts forth that this discrepancy is the result of spatial discrepencies in the sampling, 
though also suggests the discrepancy could be due to plume-craton interaction affecting the 
fluids. The latter of these explanations is reinforce by the rifting model shown in Figure 1a, 
where volcanic systems in young rifts are fed by shallow magma chambers and surrounded 
by country rock. The fluids circulating within this region would therefore be fed through 
these magma chambers and exposed to the high 4He country rock, resulting in lower R/Ra. 

The similarity in R/Ra between the Kivu and Kenyan rift implies a lack of primordial input 
compared to the MER, Afar and Rungwe, in agreement with the models of Halldórsson, et 
al., (2014) and Pik, et al., (2006). The distribution of R/Ra between the rock and fluids 
samples varies between these two rift branches, with the Kenyan rift showing higher R/Ra 
rock samples and Kivu showing higher R/Ra fluid samples. This is possibly reflective of a 
more primordial mantle reservoir feeding the Kenyan rift, contrasted by a more stretched and 
thinned crust beneath Kivu, which may be more tectonically developed. The difference in 
scale and sampling density between the two models makes it difficult to make a meaninful 
comparison between the Kivu and Kenyan rift as a whole. Mantle signature in fluid phase is 
far more present in the Kivu rift than it is in Rungwe, likely the result of a more developed 
rift structure and less contamination of 4He from surrounding country rocks.  

The model proposed in this study suggests a single plume beneath Afar, with an additional 
primordial mantle anomaly beneath Rungwe. Without any trace of plume R/Ra in Kivu or 
along the Kenyan rift, a strong plume component driving these two rifts is not visible. The 
high R/Ra of Rungwe volcanics can’t be ignored, though the lack of mantle volatiles in the 
surface fluids sets the region apart from Afar. The discrepancy between the R/Ra of the rocks 
and fluids is likely the result of the immature structure of the rift. At the earlier stages of 
rifting, the channeling of mantle volatiles through the crust is not as prominent. This makes 
it difficult to compare the anomaly beneath Rungwe to the plume beneath Afar, because the 
structures of the rifts are not analogous. Thus, the head of the main plume lies beneath the 
Afar, producing volcanism, uplift and mantle-degassing. A smaller plume-like anomaly lies 
beneath Rungwe, though sufficient evidence is not provided to ascertain whether this 
anomaly is connected to the Afar plume, or a separate plume structure altogether.  

Due to the lack of data along the Western rift, Kenyan rift and Malawi rift, the context of the 
high Rungwe R/Ra is difficult to ascertain. Once again, further sampling around the Kenyan 
dome will help to pinpoint the root of this anomalously high primordial signature. Doing so 
could help to determine the legitimacy of any lower-mantle sourced anomaly beneath 
Rungwe.  
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5.4  Site-specific observations and discussion 

5.4.1  CMER-NMER Transition Zone  

The highest R/Ra found within the EAR system shows primordial helium levels around the 
Afar plume endmember. This signature is located at and around the junction between the 
CMER and NMER, named the Central-Northern MER Transition Zone. Tectonically 
speaking, the NMER can be considered a southwards extension of the Afar Rift (Bonini, et 
al., 2005). Thus, the transition zone represents the zone of accommodation separating the 
two rift segments of the MER and Afar. The asymmetric geometry of the high R/Ra region 
through the NMER-CMER transition zone reflects the asymmetry of the crustal structure 
and surface geology of the transition zone. This pattern is shown in Figure 33. The offset 
between the rift segments is not ideally portrayed by the interpolated map. The misaligned 
geometry of the CMER and NMER, combined with the dramatic decrease in MOHO depth 
(Bonini, et al., 2005) creates a structurally complex and heavily fractured crust. The helium 
of the transition zone implies that it provides an effective conduit for degassing of the plume 
and plume-rich volcanism. 

 

Figure 33: a) Fault patterns in transition zone. thick dark gray dashed line indicates trend 
of preexisting structures. Dashes lines indicate Moho contour lines (km). BTSH = Boru Toru 
structural high (Bonini, et al., 2005). b) velocity field along transect A-A' (Bonini, et al., 
2005). c) Line drawing of analogue model showing development of accommodation zone 
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trending at high angle to a weak zone in the lower crust (dashed gray box) (Bonini, et al., 
2005). d) Helium signature showing strongest mantle plume signature along the NMER-
CMER transition zone. 

The δ13C of the transition zone does not show this as clearly as the R/Ra map. Much of the 
region’s samples were filtered out for the second δ13C profile, as most of the samples from 
the region were waters taken from Bretzler et al. (2011), showing significant groundwater 
mixing.  

A greater understanding of the effect of the transition zone could be achieved with a more 
efficiently sampled Afar depression, particularly with fluids from along the active ridges. 
Due to the lack of fluid sampling in the Afar and the low sampling rate along the rift axes, 
the plume signature of the Afar may not be as efficiently displayed as it is in MER. This may 
result in the significance of the CNMER-NMER Transition Zone being overstated. Likewise, 
a more evenly distributed set of sample points around the transition zone could better display 
the effect that the tectonic structure has on mantle volatile degassing. 

5.4.2  Wonji fault belt 

With much of the mantle degassing centred though the rift axis of the MER, it is apparent 
that the Wonji fault belt and the associated axial volcanism plays a large role in the degassing 
mantle. The zone of high-plume input begins at the junction of the Afar and MER, where the 
Wonji fault belt begins. This zone follows the fault belt through the rift axis south into the 
transition zone. This pattern is shown in Figure 34. 

 

Figure 34: a) Helium profile of the MER, following the trend of the wonji fault belt. Based 
on Pizzi, et al., (2006). b) Carbon profile of the MER following the trend of the wonji fault 
belt. Based on Pizzi, et al., (2006). 
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In Figure 34a, the region of lower R/Ra to the south-west of Lake Ziway is heavily sampled 
and is contrasted by the high R/Ra to the north-east. This region, like the transition zone, is 
also rich in quaternary volcanism. What separates this region of low plume input from the 
plume-rich input to the south and north is the distinct lack of axial faulting. The Wonji fault 
belt cuts through the centre and eastern perimeter of the rift axis, but the western side of the 
rift hosts only border faults. This indicates the mantle degassing may be channeled through 
the Wonji fault belt, rather than the border fault system. 

South-west of Lake Shalla and trending southwards towards Corbetti, the DMM-plume 
signature is seen, following the trend of the Wonji fault belt through the CMER. The trend 
of the Wonji fault belt through the MER is mirrored particularly effectively through the 
helium map. With a fault belt as pervasive and structurally deep as Wonji, it provides an 
effective channel for both magmatism and mantle degassing. This can be contrasted with the 
sampled regions around the border faults, which do not show the same degree of mantle 
input.  

This trend can also be seen in the δ13C-CO2 in Figure 34b, particularly along the southern 
CMER and SMER. The carbon of the Aluto complex, situated along the fault belt, shows a 
clear mantle δ13C. This mantle-input is apparent in the NMER around Fantale. Further south, 
the faults stretch from the south-west shore of Lake Shala down to Corbetti, which shows a 
similar MORB signature. The samples taken north east of Duguna Fango also show a MORB 
δ13C, perhaps due to their proximity to the Wonji fault belt that cuts around the eastern side 
of Lake Abaya. 

Most samples taken along the Wonji fault belt are taken around the axial volcanoes situated 
along the fault belt. A better understanding of magmatic degassing with respect to the fault 
belt could be achieved if sampling was conducted in a more continuous manner across the 
strike of the fault system and between the volcanic complexes.  

5.4.3  Afar continental crust fragments 

The Manda Hararo volcanic centre produces a lower R/Ra than other axial volcanoes across 
the Afar depression and along the Manda Hararo rift, this could provide evidence for the 
fragments of stretched continental crust in the Afar depression proposed by Hammond et al 
(2011). With these fragments of pre-rifting crust, fluids and magmas ascending through and 
around them will likely be contaminated, resulting in lower R/Ra. The lenses of continental 
crust seismically modelled by Hammond (2011) underlie the region of crustal R/Ra to the 
east of the Manda Hararo volcano and the region south-west of Manda Hararo (though this 
area is not well sampled). The zone of crustal R/Ra is pronounced, well sampled, and 
contrasted by the nearby rift segments, providing strong isotopic evidence for the presence 
of stretched continental crust fragments within the Afar. 

The helium of the Manda Inakir rift shows heavy plume-input. North-east of the Manda-
Inakir volcano, lower R/Ra is seen, surrounded to the east and west by plume-rich R/Ra. This 
could be the result of the Danakil microplate, another fragment of pre-rift continental crust 
like the fragment beneath the Danakil depression. Much of the Danakil microplate region 
remains unsampled. 
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Figure 35: Proposed model for fragments of stretched continental crusts at a) 8Ma and b) 
present day (Hammond, et al., 2011). c) Proposed crust fragment superimposed on R/Ra 

Natural Neighbour model of Afar.
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6 Conclusions and future directions 
After gathering geochemical data containing R/Ra and δ13C-CO2 across the EAR system, the 
data was filtered to identify and remove samples contaminated by air, amagmatic carbon, 
and δ13C-altering fluid processes. This filtering process was divided into two different 
filtering stages, producing an array of R/Ra samples that passed the first stage, an array of 
δ13C-CO2 samples that passed the first stage and an array of δ13C-CO2 samples that passed 
the second stage. These three sample sets were then plotted into 4 distinct sub-regions and 
interpolated using the ‘Natural Neighbour’ geospatial analysis method. The R/Ra and δ13C-
CO2 were then used as tracers to delineate mantle degassing across the rift system. 

From the interpolated maps, the following large-scale, general inferences were made about 
the EAR and the rifting process: 

1. In concordance with the models put forth in the past literature, primordial helium 
content of lavas is highest in the Afar, MER and Rungwe, with decreasing primordial 
input along the Kivu and Kenyan rifts due to mixing with DMM and/or SCLM 
reservoirs. The novel use of carbon as a concurrent tracer to identify these different 
mantle reservoirs was largely ineffective. Mantle carbon is homogeneous across the 
rift, with no signs of plume anomalies or different mantle reservoirs. The younger rift 
setting of Rungwe makes it difficult discern the true extent of the anomalous helium 
signature, thus the isotope data is unable to provide meaningful evidence towards 
either the single or multiple plume hypotheses. 

2. In the regions of matured continental rifting, mantle degassing occurs primarily 
through the central axis of the rift and rift basins. It is usually concentrated around 
the axial volcanoes. Despite the presence of large offset boundary faults penetrating 
deep into the crust, these faults act foremost as conduits for groundwater recharge, 
rather than mantle degassing. Instead, the mantle volatiles are channeled through a 
narrow central system of faults or volcanoes, such as the Wonji fault belt. This is 
reflected both in the higher R/Ra values at the rift axes, as well as the MORB carbon 
signatures at the rift axes, compared to the off-rift signatures indicating a lower 
carbon flux. 

3. In the regions characterized by younger continental rifting such as Rungwe and 
northern Tanzania, the mantle degassing is not as focused. Without the narrow zones 
of centralized axial volcanics typical of mature rifts, mantle volatiles are not as 
prominent in the fluids, nor are they effectively channeled through the border faults. 
Volcanoes still act as effective conduits for mantle degassing. 

In addition, the following smaller-scale site-specific observations were made: 

4. The CMER-NMER transition zone provides an effective conduit for plume-enriched 
volcanism and mantle degassing. This section of the MER represents the junction 
between the MER and the Afar, where the different rifting types and crustal structures 
converge in accordance with the significant decrease in Moho depth. This junction 
emits the most primordial, plume-derived volatiles and produces the highest R/Ra 
lavas across the entire rift system. 

5. Like the CMER-NMER transition zone, the Wonji Fault Belt allows for the degassing 
of fluids effectively through the MER. It extends through the length of the MER and 
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is accompanied by consistent mantle volatile-input. Along the fault belt are 
individual volcanic systems, around which the strongest mantle signatures are found. 

6. R/Ra signatures of crustal-contaminated volcanics around the Danakil Depression 
show evidence of a lens of continental crust between the Manda Inakir Rift and 
Manda Hararo Rift. 

The lack of samples and the uneven distribution of data across the rift system is the most 
significant limitation of this study. Basin-scale degassing behavior can be modelled in detail 
as seen with the Kivu rift and MER. With these evenly distributed and abundant sampling 
arrays, the most informative models are produced. For future study, the most effective 
sampling methods for modelling the degassing through rift basins should involve an evenly 
distributed, grid-like array of samples across the rift. Likewise, for investigations into the 
degassing of volcanic systems, sampling should be conducted in a linearly distributed, cross-
sectional manner across the volcanoes.  

Discussion surrounding the influence of a mantle-plume like anomaly is speculative, due to 
the lack of appropriate data around Rungwe. To help understand the origin of the high R/Ra 
in the RVP, isotope investigations should be carried out along the rest of the Western rift to 
determine whether any other plume-influenced signatures can be found in the volcanics or 
fluids of nearby basins. A more substantial R/Ra investigation across both the Kenyan rift, 
Western rift and possibly the Malawi rift could help to characterize the nature and influence 
of any possible mantle anomaly beneath Rungwe.
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