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We report the first complete bulk gas chemistry and nitrogen isotope data for geothermal volatiles from the
Rungwe Volcanic Province, located in the western branch of the East African Rift north of Lake Malawi.
Temperatures of springs and gas emissions at Rungwe vary from 13 °C to 65 °C with the highest temperatures
observed at the springs in the northern and southern lowlands. The vigorously degassing cold CO, vents and
springs have temperatures between 13 °C and 36 °C and are located at higher elevation than the hot springs.
The gas compositions are ~99% CO,, 0.0008 to 0.0078 mmol/mol H,, 0.0004 to 0.062 mmol/mol He, 0.08 to
0.77 mmol/mol Ar, 3.1 to 28.5 mmol/mol Ny, 0.4 to 3.73 mmol/mol O,, <0.002 to 1.541 mmol/mol CH,4,
<0.001 to 0.009 mmol/mol CO, and are poor in H,S (0.045 to 0.201 mmol/mol). The CO, flux at a local gas
collection plant is estimated to be 1.6x 10° mol/year. Gas geothermometry indicates a range of equilibration
temperatures from >250 °C (from CO,-Ar) to ~60 °C (from H,-Ar), which is interpreted to reflect deep
equilibration with hot saline fluids and shallow re-equilibration of kinetically fast gas geothermometers with
cold meteoric recharge from the highlands. N,-He-Ar systematics show that the gases fall on a well-defined
mixing line between upper mantle or sub-continental lithospheric mantle and air saturated water
endmembers. Details of an improved method for analyzing nitrogen isotope compositions in gas samples
are presented. Nitrogen isotope compositions (6'°N values) range between + 2%, and — 5.9%., overlapping
with the upper mantle range, with only one sample location displaying 5'°N values greater than air (0%.). The
results emphasize the importance of the East African Rift as a potential, but poorly constrained, contributor of
sub-continental lithospheric mantle volatiles to the Earth's surface even in regions that are currently
volcanically dormant, but are seismically active.
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1. Introduction

Rungwe Volcanic Province (RVP) is located in southern Tanzania on
the western branch of the East African Rift (EAR) system and represents
the southernmost expression of rift-related volcanism (Fig. 1, inset).
Volcanism, topographic uplift, and extension along the 2000 km long
EAR are manifestations of deep mantle upwelling associated with the
African Superplume, which is a tilted low-velocity zone that impinges
on the base of the African continent beneath East Africa and may
originate at the core-mantle boundary beneath southern Affrica
(Nyblade and Robinson, 1994; Ritsema et al., 1999). The strongest
geochemical evidence for lower mantle contribution to EAR volcanism
comes from helium isotope compositions of volcanic rocks. Oligocene to
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Holocene lavas from Ethiopia indicate a significant lower mantle
contribution (Marty et al, 1996; Scarsi and Craig, 1996; Pik et al.,
2006). Recently, Hilton et al. (2011) reported lower mantle signatures
(elevated *He/*He compositions up to 15 Ry where R, refers to the He
isotope composition of the sample relative to the sHe/4He ratio of air) in
some RVP scoria and lavas, suggesting that upwelling lower mantle
drives volcanism along the entire EAR.

Carbon-rich volcanic emissions are common in Africa, yet studies of
gas geochemistry are sparse. The famous catastrophic gas eruptions
from Lakes Monoun and Nyos in Cameroon killed 37 and 1700 people in
1984 and 1986, respectively, due to magmatic CO, gas accumulation in
the lakes followed by limnic overturn and degassing in response to
depressurization (Kusakabe et al., 1989; Giggenbach, 1990). Diffuse
CO,-rich magmatic gas emissions in the Goma region (Democratic
Republic of Congo) present a continuous lethal hazard to the local
inhabitants (Vaselli et al., 2003; Smets et al., 2010; Tedesco et al., 2010),
and accumulation of associated CO, and CH, in Lake Kivu (Tassi et al.,
2009) presents a potentially catastrophic hazard similar to those at
Lakes Nyos and Monoun. Anecdotal evidence collected in the field
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Fig. 1. Map of the RVP with sample locations. Inset is a schematic map of the East African Rift system showing major regional structures, the location of the RVP in the western
branch of the rift of southern Tanzania, and major active volcanoes discussed in the text. The main map shows generalized geology and structure after Harkin (1960) and Ebinger et
al. (1989) over shaded topography, volcanic centers, and epicenter locations of the 2009 Karonga earthquakes from Biggs et al. (2010). The area enclosed by the dashed red line is a
gravity low (<— 160 MGal), which was interpreted by Ebinger et al. (1989) to reflect low density magma intrusions at depth. Volcanoes and geothermal features generally coincide
with the gravity low, and are aligned on major extensional faults. Arrows mark the location of the K and K’ cross section shown in Fig. 11.

during our sampling campaign in the RVP area suggests that incidents
of asphyxiation of people and animals due to CO, accumulation in low
lying areas are relatively common, however a thorough analysis of the
hazards associated with CO, degassing at RVP is needed.

Volatile fluxes from continental rifts and the EAR are not well
characterized, except for gas fluxes from persistently degassing
volcanoes in the region. Volatile emissions from Nyiragongo present
some of the most significant volcanic SO, and CO, contributions to the
atmosphere (~30kg/s SO, and ~100 kg/s CO,; Sawyer et al., 2008).
Oldoinyo Lengai Volcano in northern Tanzania is one of the largest
sources of volcanogenic CO; in the world (Koepenick et al.,, 1996) and is
the only active carbonatite volcano on Earth. Fischer et al. (2009) and de
Moor et al. (submitted for publication) show that the volatile and trace
element compositions of CO,-rich magmatic products from Oldoinyo
Lengai are consistent with a MORB-like mantle source that is not
unusually volatile-rich. Observations of extensive volatile degassing in a
rift setting provide important constraints on the nature of the
sublithospheric mantle and the efficiency of mass transfer from the
mantle to the atmosphere over a wide region. Here, we report the first
total gas and nitrogen isotope compositions of gas emissions from fault-
controlled cold CO, vents and bubbling springs of the RVP in order to
determine source characteristics and processes involved in volatile
transfer from mantle and crustal regions to surface reservoirs.

2. Background
2.1. Local geology

The RVP covers an area of ~1500 km? and occurs at the junction of
three half-graben basins (Karonga, Songwe, and Usangu basins; Fig. 1).

Rifting and volcanism at RVP began in the mid-Miocene (Ebinger et al,,
1989) and the most recent volcanic eruption occurred in ~1800 at Kiejo
Volcano (Fig. 1; Harkin, 1960). The uplifted highlands adjacent to the
basins are composed of pre-Cambrian to Tertiary metamorphic, intrusive
and sedimentary rocks. The recent basin fill includes lacustrine sedi-
ments from an ancestral Lake Malawi and alluvial fans shed from the
highland rift flanks.

Volcanic products range from highly silica-undersaturated mafic
lavas to trachytic and phonolitic Plinian deposits (Harkin, 1960;
Furman, 1995; Fontijn et al, 2010). Three main volcanic centers
dominate recent volcanism: Ngozi caldera, which last erupted <1 ka
before present (Plinian trachytic); Rungwe Volcano, which last erupted
<1.5 ka before present (explosive phonolitic); and Kiejo Volcano, which
last erupted basaltic lava and scoria in ~1800 (Ebinger et al., 1989;
Fontijn et al.,, 2010). Monogenetic volcanic centers are common in RVP,
including maar craters, which are indicative of phreatic eruptions due to
interaction between basaltic magmas and a shallow aquifer (Delalande
et al., 2008). The location of the major and minor volcanic centers is
strongly controlled by normal and transfer faults (Fig. 1; Ebinger et al.,
1989; Fontijn et al,, 2010), and is also correlated with a Bouger gravity
low (Fig. 1) that was interpreted by Ebinger et al. (1989) to correspond
to low density magmatic material at shallow crustal levels. Extensional
faults at RVP are dominantly oriented NW-SE, with an additional subset
oriented ENE-WSW (Fontijn et al, 2010). Ebinger et al. (1989)
suggested that volcanism at RVP preferentially occurs at the propagat-
ing tips of border and transfer faults.

The RVP area is seismically active as evidenced by the December
2009 Karonga earthquakes, which had Mw>5.5 (Biggs et al., 2010) and
caused the deaths of 5 local inhabitants. A magnitude 7.4 earthquake
occurred in the Rukwa Rift (north of the Songwe basin) in 1910
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(Ambraseys, 1991). Camelbeeck and Iranga (1996) reported earth-
quake epicenters for 200 earthquakes recorded between Lake Tangan-
yika and Lake Malawi between 1992 and 1994. These events show that
faults in the Songwe and Karonga basins are active while the Usangu
basin faults are aseismic.

2.2. The hydrothermal system

Fig. 1 shows the locations of hydrothermal features in the area
sampled for this study. The distribution of springs is associated with fault
locations. The Songwe bubbling springs in the north are located on the
NW trending border fault on the western margin of the Songwe basin,
the springs and gases of the central Karonga basin are located on the
faults associated with the NW trending Mbaka transfer fault system, and
the Kasimulo and Mampulo springs are located at intersections between
NNW trending faults and a major ENE trending structure. Numerous
maar crater lakes are found in the area, especially along the Mbaka fault
(Fig. 1) and the salinity of these lakes increases with proximity to faults,
suggesting hydrothermal fluid input (Delalande et al.,, 2008). The Ngozi
caldera hosts a large (2.5kmx1.5kmx75 m deep) crater later. The
location of these lakes on faults, which also provide conduits for volatiles,
in a seismically active area raises the possibility of CO, accumulation in
deep lake waters and, consequently, of limnic eruptions (e.g. Giggenbach,
1990). This potential hazard is in need of further assessment.

Temperatures of springs and gas emissions vary from 13 °C to 65 °C
with the highest temperatures observed in the low-lying areas to the
north and south of the central volcanic highlands (Fig. 1). The central
zone springs and CO, vents close to the volcanic highlands recharge zone
(Delalande et al., 2011) have lower temperatures between 13 °C and
36 °C. Local annual rainfall in the highlands is ~2 m/year. A CO, collection
plant, located on the slopes of Kiejo Volcano, compresses gas collected
directly from shallow (~60 m) boreholes. The plant has been operational
since 1982 and the compressed gas is used by the carbonated beverage
industry.

Pik et al. (2006) reported *He/*He ratios from Rungwe geothermal
fluids, and showed that helium isotope systematics indicate contribution
from MORB-like fluids with measured *He/*He compositions up to 7.8
Ra. Notably, new 3He/*He data from phenocrysts indicate a lower mantle
helium contribution with values up to 15 R, (Hilton et al, 2011).
Delalande et al. (2011) studied the chemistry and isotopic compositions
of water from the Rungwe region, and concluded that the chemistries are
consistent with mixing between deep hot saline waters (electric
conductivity 5000 to 10,000 pS cm™ !, Na-HCO5(Cl) type, pH 7.0 to 7.9;
Delalande et al., 2011) and cold meteoric water. According to water
chemistry geothermometers (Na-K-Mg geothermometer of Giggenbach
(1988)), the deep hot saline fluids originate from a hydrothermal
reservoir at >110°C (up to 185 °C), and the cold meteoric water is
derived from recharge at high elevation from the surrounding mountains
and large volcanoes (Delalande et al.,, 2011). Interestingly, the focus of
magmatic activity and edifice building around the intersection of the
three basins results in lower temperature hydrothermal features due to
higher rainfall and colder recharge, whereas the hottest surface
hydrothermal features are located on the periphery of the magmatic
focus. Delalande et al. (2011) report 8'3C for CO, gas and dissolved
inorganic carbon between — 20%. and — 2%, which they interpreted to
reflect contributions from magmatic CO, (with calculated source '*C
composition between —4.9%. and —8.6%.) as well as from isotopically
light biogenic carbon.

3. Sampling and analytical methods

Gas samples were collected using evacuated Giggenbach bottles
containing ~50 ml of 4 N NaOH solution using standard techniques
described by Giggenbach and Goguel (1989). Two sample types were
collected: 1. gas samples from bubbling springs and CO, vents, and 2.
water samples from springs that were not actively bubbling. Gas

samples from bubbling springs were collected by placing an inverted
funnel over the bubbling area in the bottom of the spring, with the
funnel connected to silicon tubing and the Giggenbach bottle. The
funnel was held as close to the bubbling outlet on the floor of the springs
as possible, and remained completely submerged during sampling to
minimize sampling-related air contamination. Gas samples from vents
were collected by inserting a titanium tube into the orifice or burying a
funnel over the excavated vent, with the funnel or tube connected to the
Giggenbach bottle with silicon tubing. In both cases, gas was slowly
allowed to pass into the Giggenbach bottle, after thoroughly flushing the
sampling system, and acid gases are absorbed by the NaOH solution
while the low solubility and inert gases fill the headspace. In the case of
water samples, a tube was inserted as deep as possible into the outflow
area, gas-rich water was then pulled (siphoned) through the silicon
tubing, which was in series with the Giggenbach bottle. The vacuum in
the Giggenbach bottle pulls the gas-rich hydrothermal water into the
sample bottle and low solubility/inert gases dissolved in the water
partition into the headspace while acid species remain in solution due
to the presence of NaOH solution in the bottle. Our samples are
complemented by the data of Barry et al. (2013-this issue) who
sampled for He and C in series with our sampling set-up.

Headspace gases were analyzed on a Gow-Mac Series 600 gas
chromatograph and on a Pfeiffer Quadrupole Mass Spectrometer at the
University of New Mexico. For the gas chromatography (GC) measure-
ments, gas separation was accomplished using a Hayes Sep precolumn
and 5 A molecular sieve columns. Argon, N,, He, H,, and O, were
analyzed on a thermal conductivity detector and CO and CH, were
analyzed on a flame ionization detector after conversion of CO to CH4 by
a methanizer, following the method of Giggenbach and Goguel (1989).
The analytical uncertainty of the GC measurements is estimated at 4 5%.
The presence of oxygen may be problematic in GC analyses because a
significant amount of O, in the sample interferes with the analysis of Ar
(Zimmer et al,, 2004; Elkins et al, 2006). Oxygen partial pressure is
determined by separation via a 4m 5A molecular sieve column
utilizing Ar carrier gas. Argon partial pressure is determined via
separation on a 1.5 m 5 A molecular sieve column with H, carrier gas,
followed by conversion of O, to H,0 by reaction with the carrier gas in a
0.5m 5A molecular sieve column at 200 °C. However, at high O,
concentration (above 4.5 wt.% in headspace gas; Elkins et al., 2006)
incomplete O, combustion can result in erroneous Ar determination. To
overcome this problem, the aliquots of headspace gas were analyzed for
N,/Ar and Ny/He on a Pfeiffer quadrupole mass spectrometer at the
University of New Mexico (QMS; mass range from 0 to 120 amu)
equipped with a Faraday detector and operated in dynamic mode.
Calibration of the QMS was performed with appropriate calibration gases
(Scott Specialty Gases; Mix 14: 1% Ar, 1% He, 1% O,, 1% CHy, 1% CO, 95% N»;
Mix 104: 99.995% Ar, 0.005% N,) and data processing using the Quadstar
software that allows for correction of potential mass interferences. The
QMS analyses have a precision of <0.1% (concentration), except for He in
samples with low partial pressures where the uncertainty is 4 1%. The
measured partial pressure of each gas species (from GC analysis), the total
pressure in the headspace, and the volume of the headspace were used to
calculate the total moles of Ny, O, H,, CH4 and CO. Argon and He
concentrations were calculated using the N, concentrations and the N,/Ar
and N,/He (respectively) from QMS measurements. The total headspace
pressures of all samples (average =98 mbar) were much lower than
atmospheric pressure suggesting that contamination due to leakage
during sample transport was minimal.

Carbon dioxide concentrations were determined by titration using
0.1 N HCL. Chloride and total S concentrations were measured by ion
chromatography on aliquots of caustic solution that were oxidized by
addition of hydrogen peroxide (to convert all S to sulfate), diluted by
a factor of ten, and filtered using Dionex OnGuard® Il H cartridges to
remove hydroxyl groups. Samples and a blank were analyzed on a
Dionex ion chromatograph following the techniques of Mitchell et al.
(2010). The concentrations measured in the blank were subtracted
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from those measured in the sample. Sample concentrations were only
slightly elevated above concentrations measured in the blank with
the blank HCl concentrations about half of that measured in the
sample (average) and sulfate concentration in the blank about 80% of
that measured in the sample, indicating that HCl and total sulfur
concentrations in the samples were barely above blank concentra-
tions indicating that the gases are poor in S and HCI.

3.1. Determination of 6'°N values of gas samples

Nitrogen isotope analysis was conducted by an improved method on
aliquots of headspace gas (prepared on a vacuum line) using a front-end
valve switching assembly connected to a Finnigan GasBench and a
MAT252 isotope ratio mass spectrometer at the University of New
Mexico. Fig. 2 provides details of the method developed in our lab for the
analysis of nitrogen isotope compositions in gas samples. The sealed glass
tube containing the gas aliquot is scored and loaded into a tube breaker
(Fig. 2a, 1), which is flushed with ultra high purity helium gas at very high
flow for 5 min. Blank analyses show that the N, background measured in
the mass spectrometer after this flush step is extremely low with
nitrogen peaks between 20 mV (equivalent to ~0.5 mbar headspace N;)
and 0 mV, (i.e. below detection limit, which is estimated to be ~10 mbar
N, in sample headspace for §'°N determination). Background levels are
checked at the beginning and end of each analytical session. Once the
cracker tube is flushed of any residual air, the six-way valve (Fig. 2a, 2) of
the injection system is switched to the load position (Fig. 2b, 2), the glass
sample tube is then broken, and the N, gas sample is carried by an ultra

a 1. tube breaker

Injection System
He flush

Finnigan MAT
252 IRMS
A A He

vent

N2 ref gas
5

(y31) Hids uado
dexn O%H uoleN

(aidwes) yjds usdo

vent 3 vent

Nafion H,0 trap

GasBench 30m x 0.53um

high purity helium stream through a NAFION water trap to the GasBench.
It is imperative that both stainless steel vent tubes running off the eight-
way valve at 3 in Fig. 2 are very long (>3 m) because when the sample is
cracked the rapid drop in pressure in the tube cracker can result in back
flushing through the vent, resulting in air contamination. Long vent tubes
and therefore a large reservoir of ultra high purity He after the vent ports
on the eight-way valve eliminate this problem because only He is
introduced back into the sample loop. For extra caution and in order to
monitor back flushing during analyses, we attach a wide diameter ~0.5 m
long clear plastic tube to the exit of the vent tubes and submerge the end
in water. Periodic switching of the eight-way valve injects 100 pl aliquots
of the sample gas (Fig. 2a and b, 3; fourteen aliquots per analysis) through
a 30mx053um 5A molecular sieve (Chrompack Varian) column
heated to 40 °C (Fig. 2a and b, 4). The sample aliquots are then passed
to the Finnigan MAT 252 mass spectrometer via an open split and
analyzed in continuous flow mode. Fig. 3 shows typical sample N, peaks
(sample from Kilambo springs, Fig. 1, 6!°N,;: — 5.0%.) measured on the
mass spectrometer with measured signal for masses 28, 29, and 30.
Known gas mixtures containing CO and CH, (Scott Specialty
Gases; Mix 218: 1% CO,, 1% CO, 1.03% O,, 1% H», 0.993% CH,4, 94.977%
N,) are analyzed to ensure that these species are efficiently separated
from N, because CO and hydrocarbon species can interfere with Ny
peaks and result in inaccurate §!°N values. Fig. 3 shows the clear
separation between a small peak from an unknown gas species and
the succeeding large N, peaks in a typical gas sample. Additional
aliquots of gas samples with problematic high CO or hydrocarbon
concentrations can be prepared for re-analysis with ~0.5 g of cupric
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Fig. 2. Schematic diagram of the laboratory method used for introduction of gas samples into the isotope ratio mass spectrometer for nitrogen isotope analysis. Panel a shows the
setup in load mode in which a high He flow purges the sample tube breaker to allow rapid flushing of the system after sample loading. Panel b shows the setup in injection mode
after the sample tube is cracked. The gas sample is carried to the gas bench and 100 pl aliquots of the gas are injected into the IRMS via a chromatographic column and sample loop
by the eight way valve switching between the load and inject positions. See text for details.
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Fig. 3. Typical results of nitrogen isotope analysis of geothermal gas samples, showing
signal voltages measured for masses 28, 29, and 30 versus retention time. The N, peaks
are clearly separated from CO by the GC column and signal voltage decays rapidly to
background levels after each sample injection. Each analysis (~15 min) consists of two
injections of reference gas followed by 14 injections of sample gas and one injection of
reference gas at the end.

oxide in the glass tubes and baked overnight in a furnace at 300 °C
(higher temperatures result in deformation of the Pyrex glass sample
tubes) to oxidize all C species to CO,, which is adsorbed by the mol
sieve GC column during analysis. The samples in this study did not
display high CO or methane concentration and peak separation was
efficient (Fig. 3), therefore no secondary preparation or re-analyses
were necessary.

Each analytical run consists of two injections of reference gas (Fig. 2a
and b, 5) at the beginning of the sequence, followed by fourteen
injections of sample gas (Fig. 3), and an injection of reference gas at the
end of the sequence. Some samples were run multiple times, depending
on the N, partial pressure in the glass sample tube. Air standards are
prepared on the same vacuum line and with similar N, partial pressures
to the samples. The standards are analyzed at the beginning, at the end,

815N value for air varied by <0.2%. (i.e. within analytical precision)
during three consecutive days of analysis, and showed no dependence
on N, partial pressure (ie. peak amplitude) and no drift outside of
analytical precision. The reported 5!°N sample values and analytical
uncertainties are the mean and 10 uncertainties, respectively, of be-
tween ten and sixteen measurements, normalized to the air standard.
Typically, after cracking the sample and starting the analysis, the peak
amplitudes rise rapidly from background after about 2-3 min and then
decay slowly over time. Peaks with amplitudes between 10 V (satura-
tion occurs at ~12V) and 500 mV (using peaks below this voltage
results in lower precision) on the mass 28 signal were used for
calculating the mean 6'°N and the uncertainty of the analysis, and peaks
from the rising signal portion of the analysis were ignored. The 1o
analytical precision is between +0.1%. and % 0.3%,, except for samples
with low N, partial pressure (<~30 mbar in sample headspace), which
have uncertainties of +0.4%. to 4-0.5%.. This is an improvement over
our previous method (Fischer et al,, 2002; Zimmer et al.,, 2004) where
analytical uncertainty was =+ 0.3%. to & 0.6%.. Reruns of multiple sample
aliquots were within analytical precision of one another. Fig. 4 shows
the results of N isotope measurements performed on the Finnegan 252
stable isotope mass spectrometer where the majority of samples are
clearly distinguishable from the air standards.

4. Results

Compositions of gas samples and gas+ water samples are
presented in Table 1. Gases are reported as dry (water-free) gas
compositions. Nitrogen isotope compositions are reported in stan-
dard delta notation relative to air. All gases are extremely CO,-rich,
with most samples containing ~99% CO, (dry gas). The gases contain
low concentrations of S (expressed as Sr, i.e. H,S +S05) and HC],
with an average S/Cl of 9. The HCl in the gas samples is due to
entrainment of small amounts of spring water or steam into the
gas sample as is commonly observed during sampling of bubbling
springs (e.g. Taran et al, 1998). Nitrogen is the second most
abundant constituent after CO, in gas samples, accounting for
between 3 and 28 mmol/mol. The gas samples contain between 0.4
and 3 mmol/mol O, whereas the gas + water phase samples contain
up to 19 mmol/mol O,. Argon contents vary between 0.08 and
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RVP gases have 6'°N values lower than air.
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Songwe spring 2 overlook
Songwe spring 3 mesa

Songwe spring 1 quarry

Kafwira Njuni/Place of Dead Birds
Ikama Village bubbling stream

Sample location

compositions are reported as mmol/mol dry gas. Hydrothermal fluid samples are reported as mmol/mol dissolved gas. Total sulfur (St) and HCl are not reported for hydrothermal fluid samples because SO3 ~ and Cl~ are present in the

Compositions of gas (G) and hydrothermal fluid (F) samples from the RVP. “Fluid” refers to gas-rich water samples (with or without a free gas phase) from springs. Samples are listed according to location from north to south. Gas
sampled hydrothermal water and analysis of the NaOH + liquid therefore gives misleading data irrelevant to the gas phase.

Table 1
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NN HNNM GO 2 mmol/mol in gas samples and reach up to 1 mmol/mol in gas + water
eeereceesee phase samples. The helium contents of all samples range from below
= oo w© the detection limit of QMS measurements (~100 ppm; which equates
TYw g T9 i T to 0.0004 to 0.003 mmol/mol in terms of bulk composition for this
dataset and is dependent on gas pressure in the sample headspace)
to 0.06 mmol/mol. Hydrogen is present at low concentrations (0.0008
23 9 = to 0.0277 mmol/mol) in all of the samples. Methane (<0.002 to
T23T2T7T7TTS 1.541 mmol/mol) contents are variable and typically higher than CO
(<0.001 to 0.009 mmol/mol).
Fig. 5 shows that the samples from RVP are extremely CO,-rich
2O R_883Ron compared to samples from volcano-hosted geothermal systems (Goff et
8357322238 al., 2000 and references therein) and fall within the range of travertine-
depositing springs from Italy (i.e. Chiodini, 1994) and those discharging
along fault systems in the western USA (Crossey et al., 2009), consistent
ISERERIILIBI with extensive travertine deposits in the Rungwe region.
aNemmeaaN© Fig. 6 shows a N,-He-Ar ternary plot (Giggenbach, 1991) with
compositions of RVP samples. Mantle-derived gases fall near the He
§ E g s § E E § § o 3pex of the plot because the accepted He/Ar and N,/Ar ratios of the
ge8s8g8888¢s pper mantle are on the order of 1 (Burnard et al., 1997) and 80 (Marty
Scccocssooo and Zimmermann, 1999), respectively. Gases associated with arc
volcanism typically have high N,/He ratios due to N, addition to
enY SNg 9@ magma source regions from subducted sediments (e.g. Fischer et
8 g § = § 835 § § al., 1998). Air has a N,/Ar ratio of 84, while air saturated water (ASW)
eesvVveccovool has a Ny/Ar ratio of ~40 (temperature dependent). Most of the samples

g from RVP fall on a well-defined trend between the mantle endmember
Nt - E and air—saturated. water, copsist'ent with magmatic contribution as
CenaRdnana|g sampled at Oldoinyo Lengai (Fischer et al, 2009) and Lake Nyos

- |z (Giggenbach, 1990).

e The nitrogen isotope (6'°Na;;) compositions of RVP samples vary
teocoan 3o b between — 5.2%. and — 0.1%., except for one sample (EAR6 from Ikama
CESERE827| % Village bubbling spring) that has a positive value of +2.0%.. The
SdocococsSo eSOl §g . . e . . .

< nitrogen isotope composition of air is by definition 0%.. The nitrogen

= isotope composition of MORB varies from —2 to —8%. (Marty and
oo o~ = Zimmermann, 1999), while arc-related gases typically have positive
§ § § g § g § g -‘; 615N values (Sano et al., 2001; Fischer et al,, 2002) due to addition of

g subducted slab derived sedimentary N,, which usually has positive 5'°N

g values (~+7 4 2%.; e.g. Peters et al., 1978; Sadofsky and Bebout, 2004;
oxQ @nn % Li and Bebout, 2005), to the mantle wedge. The nitrogen isotope
2S2285s2EE g compositions of eclogitic and peridotitic diamonds typically display a

= wide range of values; however, the mean falls within the range of MORB

§ (e.g. Cartigny, 2005). Similarly, the average nitrogen isotope composi-
. 4 tion of African diamonds falls within the range of MORB (e.g. Boyd et al.,
FEIRIIRISEF o 1992; Cartigny, 2005; Palot et al., 2009). Fischer et al. (2009) reported a

g mean nitrogen isotope composition of —4.4%. for three gas samples
D MM WWeENAN|S . B
BRS%o2RERE| A from Oldoinyo Lengai Volcano, located on the eastern branch of the EAR
RRERARARAR| g in northern Tanzania that have sub-continental lithospheric mantle
ENNEIoNNDD E (SCLM) or upper mantle-like noble gas isotope compositions and abun-
NNANMAnnnQn|'E dance ratios.

DD o
CERRRIRBEFA % 5. Discussion

=
00 g EiEE é S § 5.1. Shallow processes

= The RVP gas samples display No/Ar ratios that overlap with the
VOULUOU LW g MORB range, which is also within the range of air (80) to air saturated

El water (~40, temperature dependent). As can be seen from Fig. 6,

::: samples with significant He contents (discussed in Sections 5.1 and 5.2),

=] resulting in He/Ar>air (5x10~*), are the most likely candidates of

g being the least contaminated by atmosphere-derived gases. These

E samples also have He/Ne ratios that are well in excess of air, consistent
" r 50 B0 B0 6o b ; with a significant non-atmospheric helium input (Barry et al., 2013-this
SEEEEEEE £E E issue). Notably, our gas samples contain less than 0.3% O, and the
Zou 58252273 majority of the water samples contain less than 1% O, (dry gas). Fig. 7
S882882322 2| h that samples plotting far from the air and air-saturated water
ZScEEEEEEE|S shows that samples plotting . ;
ECUTE2SS3gE|F endmembers, due to high He contents, have N,/O, ratios that lie
TCOLCLOESSEEN]|. 8 i

between those of air (3.7) and air-saturated water (temperature
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dependent with N»/O, decreasing with increasing temperature: 1.9 at
25 °C; 1.6 at 100 °C). This is consistent with the fact that the helium
content of the atmosphere is low (5 ppm) and helium provides the
strongest signal of mantle volatile degassing compared to other noble
gases. Likewise CO,/0- ratios of the gas discharges (~50 to ~1000) are
several orders of magnitude higher than that of air (0.002). Nitrogen, on
the other hand, is the most abundant gas in air (78%) and therefore air
contamination can have a significant effect on the N,/He ratios and
nitrogen isotope composition of gas discharges. Despite the high
concentration of nitrogen in air, pristine mantle gases discharge in all
tectonic settings and samples from different types of gas emissions
(fumaroles, geothermal wells and bubbling springs) show &°N
signatures that deviate significantly from air (0%.) to both positive and
negative values (Fischer et al., 1998; Sano et al., 2001; Fischer et al,
2002; Snyder et al, 2003; Elkins et al., 2006; Fischer et al., 2009;
Inguaggiato et al., 2009).

Fig. 8 shows that a number of samples and particularly those from
the cold gas vents, plot close to the upper mantle 5'°N endmember of
—543%. of Marty and Zimmermann (1999) and have N,/He ratios
<1000. Four samples (one from Ikama Village, two from Mampulo
spring, and one water sample from Kasimulo spring) are shifted
towards the sediment endmember and lie on or below the mixing
line between mantle and sediment. Three samples out of 13 in Fig. 8
lie close to the air endmember with both high (>1 x 104) N,/He ratios
and §'°N values near 0%., consistent with a predominantly atmo-
spheric source for N,. These are Kasimulo spring duplicate (EAR21),
Songwe spring1 (EAR17) and Kafwira Njuni (EAR25).

It is noteworthy that a significant number of samples fall outside of
the polygon defined by simple mixing between the endmembers
shown in Fig. 8. Three samples that best exemplify this observation are
EART1 (gas) and EAR12 (fluid) from Songwe springs (“SO” in Fig. 8) and
EAR19 (gas) from Kilambo springs (“KI” in Fig. 8). These samples have
negative nitrogen isotope compositions overlapping with the mantle
range, but N,/He ratios up to an order of magnitude higher than that of
typical upper mantle (Marty and Zimmermann, 1999). The composi-
tions of these samples require either an additional N, source with high
N,/He (>1000) and negative '°N composition (<— 5.5%o), Or a process
by which N, and He experience elemental fractionation with or without
associated isotopic fractionation. Nitrogen gas and He have similar
solubilities in water and therefore a pure solubility/phase separation

C0,/10

<> Bubbling hot springs
@ Cold gas vents

TRAVERTINE
SPRINGS

OIL FIELDS
10H,S CH,4

Fig. 5. Ternary plot of CH,—CO,-H,S after Goff et al. (2000) showing fields for volcano-
hosted geothermal systems, sediment-hosted geothermal systems, oil field gases, and
travertine spring gases. The RVP gases are CO,-rich and plot in the travertine spring
field consistent with extensive travertine deposits in the region.

distillation process cannot easily account for an order of magnitude
elemental fractionation between N, and He, except perhaps for extreme
degrees of open system (Rayleigh) distillation. Nitrogen from thermal
decomposition of biogenic material, or biologically mediated processes
such as denitrification (N, gas production from nitrate) or nitrification
(nitrate production from ammonia) can have a wide range of 5'°N
values in the range of —20%. to +20%. (Sharp, 2007).

In contrast to the wide range in isotope compositions expected from
bacterial mediated processes such as nitrification and denitrification the
gas samples from RVP display a restricted range in '°N between — 5.9%.
and +2.0%., which is generally consistent with source controls on
nitrogen isotope compositions (i.e. mixing between mantle, sedimenta-
ry, and atmospheric N;). Considering the large isotopic fraction effects
associated with nitrification (nitrate production) and denitrification (N,
gas production), it is unlikely that these processes play a fundamental
control on the nitrogen isotope and N,/He systematics of the RVP gases
because a much larger range in the N isotope compositions would be
expected. Nevertheless, the samples that fall significantly outside of the
three-component mixing model in Fig. 8 may have been affected by a
relatively small amount of N, addition if the §!°N of the bacterially or
thermally produced N, was <— 5%.. Further assessment of fractionation
between ammonia, nitrate, and N, gas and bacterial nitrification/
denitrification as well as thermal decomposition of biogenic sources in
geothermal systems would be a productive avenue for future research in
gas geochemistry, but is beyond the scope of this study.

Three sampling localities show evidence of N, contribution from
sedimentary sources: Mampulo and Kasimulo springs in the south,
and Tkama Village bubbling stream in the central zone. Ikama Village
bubbling stream (EARG) has a 6'°N value of +2.0%., N,/He of 2980,
and N,/0, of 10.3. This sample was taken from a swampy area in the
central zone (Fig. 1) in shallow water with vegetation where gas was
bubbling through sediments. Mampulo spring 2 (EAR4) has a §'°N
value of —0.9%., with N,/He of 107, and N,/O, of 16.4. The second
sample from Mampulo spring 2 (EAR15) has a 8'°N value of —2.9%.
with Ny/He of 135 and N,/O, of 3.8. Mampulo spring 2 and Kasimulo
spring are located in the south of RVP where ancestral Lake Malawi
sediments are prominent (Fig. 1). Modern Lake Malawi sediments
have 5'°N compositions of ~+ 3%. (Filippi and Talbot, 2005), similar
to the §"°N value of the sample from Ikama Village bubbling stream.
All four of these samples plot close to the mixing line between mantle
and sediment endmembers in Fig. 8 and EAR6 (lkama Village) and
EAR4 (Mampulo spring 2) also have higher than air N,/O, ratios
(Fig. 9). We suggest that the sedimentary signature, identified
strongly only in one sample, from Ikama Village bubbling stream, is
probably a near-surface addition of N, from the local sedimentary
environment because sample localities nearby (e.g. Ikama Village cold
fumarole; EAR5) have some of the strongest mantle signatures in the
region. The high N,/O, ratio of the Ikama Village bubbling stream
sample is likely due to addition of N, from a shallow sedimentary
source, consistent with the high N,/He ratio. The high N,/O, ratio of
the one Mampulo spring 2 sample (EAR4) is likely the result of O,
consumption due to near surface oxidation processes, consistent with
the high total S content of this sample and mantle N,/He and N,/Ar
ratios. Fig. 9 shows no correlation between N,/O, and 6'°N indicating
that O, addition or removal in the spring systems is independent of
the processes that control the nitrogen isotope composition.

The location of hydrothermal features in the RVP is controlled by
faults (Fig. 1), which probably also control the hydrology of the deep
and shallow aquifers. Delalande et al. (2011) showed that the shallow,
cold aquifer is dominated by meteoric water which is underlain by a hot
(>110 °C) deep and saline hydrothermal system. Application of the Ho—
Ar gas geothermometer of Giggenbach (1991) results in calculated
equilibration temperatures of 62 4-17 °C (Table 2). These temperatures
probably reflect gas equilibration with moderate-temperature fluids
similar to the highest temperature springs observed in the RVP
geothermal system at the lower elevation sites in the north and south.
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Fig. 6. Ternary plot of N,-He-Ar with endmember fields for mantle/crustal gases, arc-related gases, as well as the values for air and air saturated water (ASW). The RVP samples plot
on a well-defined trend between ASW and the mantle/crustal He apex. Helium may be derived from mantle sources or from decay of radiogenic elements in the crust, however He
isotope compositions display an unambiguous upper mantle signature (Pik et al., 2006; Barry et al., 2013-this issue). Compositions of gases from Oldoinyo Lengai (northern
Tanzania; Fischer et al., 2009) and Lake Nyos (Cameroon; Giggenbach, 1990) are shown for comparison. SO = Songwe, MP = Mampulo, KI = Kilambo, KA = Kasimulo, KN =
Kafwira Njuni, IVB = Ikama Village bubbling stream, K = Kibila cold vent, K] = Kiejo cold vent.

The CO,-Ar geothermometer of Giggenbach (1991) suggests much
higher temperatures of 27948 °C (Table 2) and the CO,-CH4 gas
geothermometer of Taran (1986) results in maximum temperatures of
255459 °C. These calculated temperatures perhaps represent gas
equilibration (CO,-Ar and CO,-CH, equilibrate slowly relative to H,-Ar;
Giggenbach, 1991) with hotter hydrothermal fluids deeper in the system.
The observation that Hy/Ar, CO,/Ar and CO,-CH, geothermometry results

\P

© Gas Vents
<> Bubbling Springs Gas
O Springs Fluid (Gas + Water)
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500He 0.02 0.008 0.004

Fig. 7. Ternary plot of N,-He-0,. All of the RVP gases have N,/0, ratios similar to ASW
and extend towards the He apex, yet nitrogen isotope compositions are clearly distinct
from air (Fig. 3). SO = Songwe, MP = Mampulo, KI = Kilambo, KA = Kasimulo, KN =
Kafwira Njuni, [IVB = Tkama Village bubbling stream, K = Kibila cold vent, K] = Kiejo
cold vent.

in disparate temperatures is interpreted to reflect a process whereby
volatiles originate from the deep higher temperature hydrothermal zone
and migrate into the shallow aquifers where they re-equilibrate to lower
temperatures before discharging at the surface. The cold gas vents with
temperatures of 13-15 °C are found at higher elevations, closer to the
recharge zones (Rungwe is 3000 m in elevation) where cold meteoric
water infiltrates the hydrothermal system. Higher temperature springs
are located in the low-lying areas in the north and south where hot liquids
are not as affected by cold recharge. Based on stable isotope compositions
of spring discharges, Delalande et al. (2011) concluded that meteoric
recharge as sampled by the springs occurred at high elevation or during
colder than present climactic conditions. Degassing of dominantly
mantle-derived volatiles exsolved from the cold aquifer recharged at the
higher elevation central zone, possibly in conjunction with adiabatic
expansion and cooling during release to the surface, is the most
reasonable explanation for the below ambient temperature of the mantle
gases emitted at the cold gas vents (also see Barry et al., 2013-this issue).

5.2. Deep sources

Ratios of chemically non-reactive gas species such as He, Ar, and No,
as well as isotope compositions, can be used as tracers for volatile source
characteristics. Fig. 6 shows a well-defined mixing trend between gases
with high He/Ar and low N,/He and gases with low He/Ar and high
N,/He, which is consistent with mixing between He-rich mantle gases
and air saturated water (ASW) or air. Barry et al. (2013-this issue) show
that only three sample localities (Kibila cold vent, Ikama Village bubbling
stream, and the Kiejo cold vent) have upper mantle or SCLM >He/*He
ratios of 6-7 Ra and the rest of the hydrothermal system is characterized
by relatively low 3He/*He values (1 to 5 R,) as the result of mixing
between mantle-derived volatiles and “He produced by radioactive
decay of U- and Th-series radionuclides in the crust. This crustal
contribution reduces the initial >He/He ratios from sub-continental
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Fig. 8. Plot of N/He versus 6'°Ny;; values with endmembers for upper mantle (Marty
and Zimmermann, 1999), ASW, and Lake Malawi sediments (Filippi and Talbot, 2005),
after Fischer et al. (2002). Mixing lines between endmembers are also shown. The
samples with Np/He ratios most similar to upper mantle also have nitrogen isotope
compositions in the mantle range. The mantle-like samples are from the cold gas vents,
which also have He isotope compositions similar to upper mantle (Pik et al., 2006;
Barry et al,, 2013-this issue). SO = Songwe, MP = Mampulo, KI = Kilambo, KA =
Kasimulo, KN = Kafwira Njuni, IVB = Ikama Village bubbling stream, K = Kibila cold
vent, K] = Kiejo cold vent.

lithospheric (SCLM) mantle values (Barry et al., 2013-this issue). Gases
with strong crustal He contribution could therefore be expected to have
high He/Ar and low N,/He, though addition of crustal volatiles may also
contribute Ar and N, as is exemplified by the sample with positive 5'°N.
The RVP is located in a rift basin with deep crustal thickness (~42 km;
Camelbeeck and Iranga, 1996) set in Precambrian basement rocks
(dominantly the Proterozoic Ubendian gneiss, which overlies Archean
cratonic granites; Begg et al., 2009). The age and composition of this
thick crust therefore make for a potentially significant source of “He and
other crustal volatiles, and may contribute to the high He content of RVP
gases.

Fig. 10 shows that the majority of samples have CO,/N, ratios within
the upper mantle value of 85-190 (Marty and Zimmermann, 1999).
Three samples, one from Ikama Village bubbling stream and two water
samples (one from Kafwira Njuni and one from Songwe spring) have
COy/N, values below the mantle endmember. These samples have
experienced shallow level sedimentary nitrogen addition in the case of
Ikama Village bubbling stream, and/or removal of CO, due to calcite
precipitation, in the case of Kafwira Njuni and Songwe springs (also
see Barry et al,, 2013-this issue). Of the samples that plot within the
mantle CO,/N, ratio field, those collected from the cold CO, vents plot
closest to the gases from Oldoinyo Lengai Volcano (from Fischer et al.
2009), which are considered the most pristine representation of upper or
SCL mantle in the region. These samples also have 6'°N values ranging
from —3.4 to —5.2%., consistent with an upper mantle signature as
observed in Oldoinyo Lengai gases (Fig. 8). We consider these samples to
be most representative of the nitrogen isotope composition of the mantle
source below RVP. In Fig. 10 the majority of the RVP samples scatter
around a linear array between a low Ny/He component (Mampulo
springs: “MP” in Fig. 10) and a high N,/He component (Songwe springs:
“SO” in Fig. 10) at relatively constant CO,/N; (the average of the samples,
excluding the three low CO,/N, samples discussed above, is 160+ 63,
i.e. within the CO,/N; range for mantle). Secondary processes affecting
CO, and N, concentrations can be ruled out as the primary cause of the
variable N,/He and CO,/He observed in the samples with relatively
constant CO,/N; because: 1) liquid-vapor phase separation would cause

CO, and N, to fractionate due to their vastly different solubilities in
water (Ellis and Golding, 1963; Weiss, 1971; Taran, 2005), 2) calcite
precipitation would not affect N, and would therefore result in lower
than mantle CO,/N, ratios and 3) shallow CO, contribution from crustal
limestone alone would result in an increase of the CO,/N, ratio. This last
process cannot be completely ruled out in the case of Songwe spring gas
samples, due to their slightly higher than mantle CO,/N, ratios. Based
on these constraints, the most plausible process to explain the observed
variations in CO,/He and N,/He ratios at constant CO,/N, are variations
in the amount of He ([He]), which drives variability in No/He and CO,/
He but does not affect CO,/N,. Fig. 11a and b shows that samples with
low COy/He and Ny/He ratios have high [He], as represented by
Mampulo springs in the south. Mampulo springs also have the highest
calculated crustal He contribution (Barry et al., 2013-this issue) and fall
close to the mantle-sediment mixing line in Fig. 8, indicating that these
springs have the greatest crustal volatile contribution in the RVP. The
observation that these samples fall below the mantle-sediment mixing
is attributed to crustal He contribution from both old basement rocks
and shallow sedimentary N, addition. The cold CO, gas vents plot at
intermediate He contents and have mantle-like CO,/He, N,/He and He/
Ar ratios and 6'°N signatures. Helium isotope compositions also show
that the cold gas vents carry the most pristine mantle (SCLM) signature
(Pik et al., 2006; Barry et al., 2013-this issue). These vents occur within
the Bouger gravity low (Fig. 1) interpreted to reflect the presence of
magmatic material at shallow crustal depths by Ebinger et al. (1989)
and close to the most recently active volcanoes in the region (Kiejo and
Rungwe). Samples with high CO,/He and N,/He ratios have low helium
concentrations, best represented by Songwe springs in the north. Gas
and water samples from Songwe also exemplify the samples that fall
well outside of the mixing polygon in Fig. 8, perhaps indicating N,
addition and/or isotopic fractionation processes (Section 5.1) associated
with biological activity or thermal degradation of biogenic sources. The
Songwe springs gases also have the highest organic carbon contribution
(Barry et al.,, 2013-this issue), consistent with this interpretation.

In summary, gases collected from the center of Bouger gravity low
(i.e. the cold vents) have strong and consistent mantle signatures (5!°N,
N,/He, He/Ar, CO,/N,, this study; *He/*He, 8'3C, and CO,/5He; Barry et
al., 2013-this issue). Samples collected from locations outside of the
Bouger gravity low (Mampulo, Kasimulo, and Songwe springs, Fig. 1;
Ebinger et al, 1989) have highly variable He contents, N isotope
compositions, and tracer gas ratios. At Mampulo springs in the south, He
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Fig. 9. N,/O, versus 8'"Nai. The lack of correlation between nitrogen isotope
compositions and N,/0, suggests that the processes of O, addition are independent
of N, source. MP = Mampulo, IVB = lkama Village bubbling stream.
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Table 2

Results of gas geothermometry calculations for gas samples from RVP. All temperatures are reported in °C.

Sample location ID log (XHa/XAr) T (Hy-Ar)? log (XCO,/XAr) T (COy/Ar)? log (CO,/CH,4) T (CO,-CHy)?
Songwe spring mesa EAR1 —1.81 48.6 3.87 280 4.86 204
Songwe spring quarry EAR17 —1.47 72.0 4.10 290 5.68 174
Kibila cold vent EAR5 —1.66 58.7 3.78 276 3.60 273
Kiejo cold vent EAR3 —2.06 305 3.74 274 4.03 246
Kiejo cold vent EAR10 —1.31 83.3 4.10 291 3.92 252
Kilambo springs EAR19 —1.72 543 3.69 271 4.58 217
Mampulo spring 2 EAR4 —145 734 3.79 276 2.82 335
Mampulo spring 2 EAR15 —144 744 3.67 270 2.81 337
Average —1.62 61.9 3.84 279 4.04 255

@ Giggenbach (1991).
b Taran (1986).

isotopes indicate a strong crustal contribution (Barry et al., 2013-this
issue), and N,/He-56'°N systematics indicate that these gases also
contain a significant contribution from crustal (sedimentary) No.
Kasimulo spring (also located in the south) has strong sedimentary N,
contribution as well (Fig. 8), and both of these localities occur where
ancient Lake Malawi sediments are prevalent (Fig. 1). The hydrothermal
discharges in the far north of RVP (Songwe springs) represent samples
that have the strongest suggestion of elemental and/or isotopic
fractionation, perhaps coupled with biogenic volatile contribution.
These samples have the lowest He contents, elevated N,/He ratios
(i.e. outside of mixing polygon in Fig. 8), and high CO,/He.

We interpret the observation that the gases with the most pristine
mantle signatures (5!°N, N,/He, He/Ar, CO,/N,, this study; *He/*He, §13C,
and CO,/3He, Barty et al., 2013-this issue) occur close to the intersection
of the three structural basins to reflect structural control on mantle
volatile migration. These mantle gas emissions also occur near the center

C0,/100

contamination
8'°N ~0 to_-3%.

shallow N»o contamination

10 5'5N ~air to +2%o

of the Bouger gravity anomaly and in the vicinity of structurally
controlled voluminous magma extrusion (i.e. alignment of large volcanic
edifices of Ngozi, Rungwe, and Kiejo; Fig. 1), indicating that deep crustal
structures (fault zones) act as conduits for both mantle volatiles and
melts. The relatively high flux of mantle volatiles in the central zone
allows the mantle signatures to be maintained. Effects of secondary
processes such as crustal volatile contribution and elemental and/or
isotopic fractionation are observed at the springs in the northern and
southern extremities of the RVP. In the south, samples tend to show N/
He-6"°N systematics consistent with sedimentary N, addition, and high
He concentrations and low *He/*He ratios (Barry et al., 2013—this issue)
consistent with crustal He contribution. The volatile chemistry of the
distal northern springs (Songwe) display more complex or poorly
constrained secondary processes, indicated by high N,/He and CO,/He
ratios and N isotope systematics that may reflect N additional or
modification by biogenic sources and He loss during fluid migration.
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Fig. 10. Ternary plot of CO,-N,-He showing the composition of RVP gases and mantle-derived gases from Oldoinyo Lengai (OL) Volcano (Fischer et al., 2009). The majority of
samples fall within the mantle CO,/N; range of 80-190 based on MORB glasses (Marty and Zimmermann, 1999). MP is Mampulo springs and SO is Songwe springs. Shallow level N,
contamination results in lower than mantle CO,/N,. Samples from cold gas vents plot close to OL gases representing the RVP mantle abundance ratios. Deviations from the mantle
composition are the result of variations in He content of the gases due to crustal contamination with radiogenic He.
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Geothermal activity at Songwe springs may be driven by a magmatic
volatile and heat source at Ngozi Volcano, located ~40 km to the
southwest of the springs (Kraml et al,, 2010). The distance and time
involved in this long lateral fluid flow allow sufficient opportunity for
multiple shallow processes (such as crustal contribution, fluid degas-
sing, air contamination, and/or bacterial modification) to modify gas
compositions from pristine mantle compositions.

5.3. Model of the Rungwe Volcanic Province hydrothermal system

We envision a scenario in which deep hot (~250 °C) saline crustal
fluids receive continuous input of ultimately mantle-derived volatiles
(CO,, He and N,) with variable contribution from crustal-derived
volatiles, as described above. Deep geothermal fluids migrate along

fault conduits and degas into the shallow, neutral pH and low
temperature aquifer (Delalande et al, 2011) and are modified by
contributions from air and shallow sedimentary volatiles, the extent of
which is determined by local geology and hydrology. The most vigorous
degassing and most pristine mantle signatures are observed in the
central area, near the intersection of the three structural basins, which is
also the focus of magmatic activity and the location of the most direct
structural conduit to the mantle. Thus, structural conduits extending
through the crust drive mountain building through magmatism and
also provide mantle-derived volatiles access to the surface. The
observation that the degassing phenomena in the central region are
low temperature is attributed to two related processes 1) gases released
from the low-temperature (~62 °C), shallow level aquifer are further
cooled by interaction with high elevation meteoric recharge. This
process is evident at Ikama bubbling stream, located nearby the gas
vents where gases discharge through a stream of 23 °C; and 2) gases
released from the liquid phase are further cooled by migrating through
water saturated strata to the surface. The shallow infiltrating cold
meteoric waters do not introduce significant atmospheric CO,, N,, or
radiogenic He (based on isotopic compositions of the gases and the
arguments presented above in Sections 5.1 and 5.2) because they are
too young to dissolve significant amounts of these gases to affect
abundance or isotopic ratios. The gas content of the shallow aquifer is
dominated by mantle-derived CO,, N», and He which also dominate the
gas compositions sampled at the surface.

A schematic cross section of the Rungwe area is shown in Fig. 12.
Volatiles and heat from the SCLM enter the saline aquifer along deep
rift faults. As volatiles enter at depth, gases are released from the deep
hydrothermal zone into the shallow aquifer along faults located in the
central portion of the rift consistent with the location of the recent
volcanics and springs. Meteoric water and atmospheric gases enter
the shallow aquifer and mix with deep volatiles. The flux of deep CO,
into the shallow aquifer dominates the overall volatile budget. The
CO, factory at Kiejo collects approximately 1.6 x 10°>mol CO, per year
(~800 g CO,/h, as routinely measured at the plant during normal
operation). Using the CO,/N, ratio of the Kiejo gas samples and
assuming that all N, at this site is mantle derived (8'°N = —4.6%.) we
calculate that the mantle-derived N, flux is 6.8 x 102mol/year.
Currently, there are no estimates of volatile fluxes for the East African
Rift system as a whole and this topic should receive high priority in
future studies in order to better constrain global volatile transfer from
the mantle to the Earth’s surface at continental rifts.

6. Conclusions

We report here the first complete gas chemistry and nitrogen isotope
compositions of cold CO, vents and spring discharges in the Rungwe
region and one of the first in the entire East African Rift. The region is
characterized by extensional faulting and structurally controlled
volcanism. Springs and vigorously discharging cold CO, vents are mostly
located along major faults, which are efficient structural conduits of
mantle-derived volatiles to the surface. Our data show that shallow-
level processes (crustal contamination and atmospheric contamination
are the most clearly identified) have modified the compositions of a
number of samples, particularly those from springs located in the distal
northern and southern RVP. Relatively pristine mantle-derived gases (in
terms of CO,—-N,-Ar-He systematics and nitrogen isotope compositions)
are emitted at vigorous cold gas vents in the central, higher elevation
RVP area indicating that the focus of mantle-derived volatile degassing
is associated with the intersection of the three structural basins and
the center of a Bouger gravity anomaly, which is interpreted to reflect
structural control on both mantle degassing and magmatic activity.
Application of gas geothermometers shows a wide range in equilibrium
temperatures from ~70 °C to >250 °C, which are consistent with but
more variable than previous geothermometric estimations. The highest
equilibrium temperatures may represent conditions in a deep saline
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cold meteoric

Volatiles, heat, and magma from SCLM

Fig. 12. Schematic cross section of the RVP geothermal system along the K-K’ transect from Ebinger et al. (1989) shown in Fig. 1. Structural interpretation is taken directly from
Ebinger et al. (1989). Volcanic edifices located to the north of the cross section line are projected onto the section. Mantle-derived volatiles are channeled to the surface by fault
conduits. Cold meteoric recharge from the volcanic highlands creates a cold, fresh water lens resulting in low temperature gas emissions at the higher elevation springs and vents.
Hot springs occur on the edges of the hydrothermal system in lower elevation areas far from the meteoric recharge zone in the volcanic highlands.

fluid, whereas the regionally consistent temperatures of ~70 °C derived
from the H,-Ar geothermometer (Giggenbach, 1990) suggest that the
RVP gases last equilibrated with a shallow, relatively low temperature
geothermal reservoir. Naturally-occurring cold (13 °C) vents are
features where CO,-dominated gases discharge through fissures. Our
data show that mantle volatile discharges are prolific in this section of
the rift and that further study is needed to characterize the overall extent
of mantle degassing for hazard assessment and evaluation of the
geothermal potential of the region. Further work is also needed to
determine the gas fluxes from the entire East African Rift in order to
constrain this potentially significant pathway of mantle volatiles to the
Earth's surface.
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