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Evidence of a water §'30 negative shift driven by intensive deep CO,
upflow at Shiwaga gas field (Rungwe, Tanzania)

Laurent Bergonzini' - Manuélla Delalande-Le Mouéllic'
Amos Majule® - David Williamson®

Abstract

- Fabrizio Gherardi? - Pierre-Etienne Mathe® -

Located on the flank of Ngozi volcanoes (Tanzania), the Shiwaga gas field is a spot of intense CO,,) emanations. Physico-
chemical measurements on different types of waters (rivers, puddles, and springs) as water and gas sampling were discon-
tinuously performed over 10 years for equilibrated partial CO, pressure calculations and stable isotopic analyses. The most
striking result shows that meteoric H,O and deep originated CO,, exchanges are responsible for a negative 80-shift of the
studied waters in relation with waters electrical conductivity, pH, and pCO,eq changes. In spring waters, a maximum shift
of —11.2%o in 8'80 was observed and pCO,eq values up to 1196 mbar were computed. Although this trend has already been
reported around the world, such extended shift is rarely measured and requires an important amount of CO,,), with a CO,,/
H,O ratio up more than 0.5 mol/mol. This approach is useful to better understand the hydro-geochemical processes involved
in such environments. Moreover, this study evidences that an inventory as a monitoring of these gas fields are needed for the

management of natural hazards and local resources.

Introduction

Natural CO,, degassing from geological sources, is known
from active and dormant volcanoes, submarine volcanism,
major fault zones, geothermal systems, and thermal decom-
position of organic matter, and is an important source of
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non-anthropogenic CO, (Hards 2005). All along the East
African Rift System (EARS), many CO, gas emanations
have been recognized (Darling 1998). They can be associ-
ated with water in CO,-rich bubbling springs (either hot or
cold) or occur as dry gas vent. They are currently linked
with active and Quaternary volcanism and with active faults.
Dry gas vents can be identified if they are located in depres-
sion where CO,, invisible and denser than surrounding air,
accumulates and can sometimes reach lethal concentrations.
Usually CO, rapidly dissipates in the air especially under
windy weather. Nevertheless, when CO, in the atmosphere
is > 1 vol%, it becomes toxic for humans and animals. This
type of vents constitutes a natural hazard in many volcanic
areas (Sorey et al. 2000; Hards 2005) and often kills in East
Africa (Vaselli et al. 2002; de Moor et al. 2013). Such phe-
nomena had already been reported in the North of Lake Kivu
on the Nyiragongo flank of the Virunga Volcanic Province
(Vaselli et al. 2002; Smets et al. 2010), where they are
called “Mazuku”, which in Swahili means “Evil’s winds”.
Volcanic CO, vents were also recognized in the North of
Lake Nyasa in the Rungwe Volcanic Province (RVP) on the
Ngozi, Rungwe and Kiejo volcano flanks where CO, gas is
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conditioned and commercialized especially for soda indus-
tries (Delalande et al. 2011; Fontijn et al. 2012).

This paper outlines field measurements and water (5'%0
and §%H) as well as CO, gas (613C and 8'30) stable iso-
topic signatures from the Shiwaga gas field, located on the
South-West Ngozi flank of the RVP of Tanzania. The inves-
tigation was discontinuously carried out during the last 10
years, with the aim to better understanding (1) the nature
and degassing regime of this field, (2) waters and gas geo-
chemical interactions, and (3) the origin of the atypical water
isotopic composition.

Fig. 1 aLocation and b
schematic topographic profile
of the Shiwaga gas field. a The
black star marks the location of
Shiwaga gas field. White circles
indicate the main volcanoes

(K: Kiejo, R: Rungwe, and

N: Ngozi) and continuous
black lines trace the main fault
systems (LF Livingstone Fault
and MF Mbaka Fault). Lakes
Malawi (LM) and Ngozi (LN)
are figured with a gray shape
and their acronym. b “S”, “R”,
“P”, and “D” mean “Spring”,
“River”, “Puddle”, and “Dry
gas vent”, respectively
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The Shiwaga gas field

The Shiwaga gas field (33.50°E-9.05°S; 1710-1715 m
a.s.l.; Fig. 1) is located at the intersection of the Shi-
waga River and tectonic fault on the West lowland of the
Shiwaga Hill in the SW sector of Ngozi volcano. This
volcano and those of Rungwe and Kiejo are the largest
volcanoes of the RVP. Its position is strongly controlled
by the tectonic activity, as it is located at the junction of
the three rift branches of Malawi, Rukwa, and Usangu




grabens. It culminates around 2500 m a.s.l., and shows a
3 km in diameter caldera, occupied by Lake Ngozi (around
2060 m a.s.l.; Delalande-Le Mouéllic et al. 2015). The
Ngozi volcano had undergone at least two major eruptions
in the Holocene, responsible for both the caldera formation
and important ash deposition at regional scale (Fontijn
et al. 2010, 2012). In the RVP, the last eruptive activity
was characterized by the Sarabwe and Fiteko spatter sco-
ria cones on the Kiejo flank (dated at 1800 AD; Harkin
1960). A current expression of the RVP magmatic activity
at depth is the presence of numerous dry gas vents and
hot springs (Branchu et al. 2005; Delalande et al. 2011;
de Moor et al. 2013). The Shiwaga River drains an impor-
tant catchment of the Ngozi flank and originates at about
2300 m of altitude. The Shiwaga stream is around 1 m
large and less than 0.5 m deep in its center. Its flow rate
is a few dozen liter per second with a high water level at
the end of the rainy season (May—June) and low water
level at the end of the dry period (October—November). On
the riverbank, an important deposit of Ngozi ash outcrop
forms the Shiwaga Hill. The Shiwaga gas field is mainly
characterized by specific open scrubby vegetation and the
absence of any riparian forest.

Located at the bottom of the Shiwaga Valley, the Shi-
waga gas field corresponds to intense scattered gas ema-
nations. These activities are evidenced by (1) vigorous
bubbling across the Shiwaga River and (2) water and/or
gas emergences located on the riverbanks (Fig. 1b). These
emergences correspond to small springs (of few 1 h~! water
flows) of “moffeta” type during the rainy season and noxious
dry gas vents, of “mazuku” type during the dry season. This
gas activity makes Shiwaga River looking like a bubbling
Jacuzzi, producing important noise and foul fetid environ-
ment. An extremely high CO, flux emission of higher than
100 kg m™2 h™! was measured in the intensive bubbling
zone of the river (RESON, unpublished data). These gas
emanations are known to cause deaths of natives as well
as animals passing nearby. Numerous dead animals (birds,
rodents, reptiles) were indeed found on the ground during
our surveys. The hazardousness of the area is recognized
from local witnesses and is at the origin of many legends
and beliefs. The Shiwaga gas emanations, as many other
RVP sites, are mostly composed of CO, (more than 95% up
to 99%; Ebinger et al. 1993; Delalande et al. 2008, 2011;
Kraml et al. 2010; de Moor et al. 2013). High *He/*He ratios
measured in Lake Ngozi water (R/Ra=8.3; Delalande et al.
2008; Delalande-Le Mouéllic et al. 2015), RVP hydrother-
mal waters and gases (Barry et al. 2013), or volcanic RVP
rocks (Hilton et al. 2011) evidence a gas mantle source and
highlight plume-like ratios under the RVP. During the last
decade, the RVP had been explored, investigated, and rec-
ognized for its promising geothermal potential (Kraml et al.
2010, 2014; Kalerkamp et al. 2010; Kabaka et al. 2016). A

geophysical investigation located the hottest part (=230 °C)
of the geothermal reservoir at about 2200 m below the Ngozi
volcano surface (Kalerkamp et al. 2010) with a pCO, of
15 +4 bar (Kabaka et al. 2016).

Materials and methods

Shiwaga gas field was investigated during several field sur-
veys: September 2006, October 2007, April 2010, April and
December 2012, and November 2013, corresponding either
to dry and rainy seasons. Water (n=28) and gas (n=15)
from (1) Shiwaga River, (2) riversides puddles, (3) “mof-
feta” springs, and (4) dry gas vents both located on the banks
of the river were sampled (Fig. 1). Water samples were col-
lected for field and stable isotopic composition measure-
ments, while gases were sampled for stable isotopic analy-
ses. They were named (Table 1) as: R for River (n=11), P
for Puddle (n=12), S for Spring (n=5), and D for Dry gas
vent (n=2) samples, followed by the sample number and the
sampling dates (month/year).

Water temperature (7), electrical conductivity (EC
measured with a WTW, LF-330 electronic meter), pH
(measured with a WTW pH315j electronic meter) and
alkalinity (Alk, obtained by colorimetric titration) were
measured in situ (n=28; Table 1). Equilibrated partial CO,
pressure (pCO,eq expressed in mbar, Table 1) was calcu-
lated from 7, pH, and Alk using the equations of Plum-
mer and Busenberg (1982) and considering that Alk =
HCO; ]+ 2[CO32‘] +[OH™]. Water samples collected in
15 ml glass bottles were used for stable isotopic analyses
(6'"80-H,0 and 8’H-H,0). Gases were sampled directly
from the bubbling sites and the dry gas vents using a fun-
nel and small vacuum glass vial for analyzing CO,,) iso-
tope compositions (613C—C02(g) and SISO—COZ(g)). Isotope
analyses were performed at GEOPS laboratory (University
Paris-Saclay, France) by mass spectrometry with a Finni-
gan Deltaplus for 6180—H20 and 62H—H20 and a SIRA
10 for 8'"°C-CO,, and 5'*0-CO,,, (Table 1). Isotopic
compositions are expressed in delta notation per mil (6%o),
vs. V-SMOW for hydrogen as oxygen and vs. V-PDB for
carbon. The inter-laboratory analytical precision was 0.15,
1.5, and 0.2%o for 6'%0, §°H, and §'°C, respectively.

Results

Field measurements

The measured 7, EC, pH, and Alk showed large varia-
tions (Table 1; Fig. 2). The river water temperatures varied

from 17.5 to 22.3 °C, whereas those of the springs were
slightly lower between 11.7 and 16.5 °C. The puddle water
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Fig.2 Box plots [with: minimum, first-quartile, mean, median (open circle), third quartile and maximum] of temperature (°C), pH, electro-con-
ductivity (uS cm™ 1y, and equilibrated pCO, (mbar) for river (R), puddles (P), and spring (S) obtained at the Shiwaga gas field

temperatures were intermediate, between 15.0 and 22.9 °C.
The EC varied from 85 to 351 uS cm™!, these values being
similar to fresh low mineralized water. The lowest values
were systematically recorded in the river (< 100 uS cm™') at
the end of the rainy season (4/2010 and 4/2012) and slightly
higher (from 110 to 180 uS cm™!) at the end of the dry or at
the beginning of the rainy ones (9/2006, 10/2007, 12/2012,
and 11/2013). Puddles and springs showed EC values sys-
tematically higher (between 129 and 351 uS cm™!). The
pH was slightly acid (between 4.7 and 5.9). Eventually, the
alkalinity of waters ranged from 0.5 to 3.0 mmol 1! Field
measurements revealed a gradient distribution among the
river, puddle, and spring waters that showed a decrease of
temperature and pH and an increase of EC (Fig. 2).

Equilibrium CO, partial pressure

The equilibrium CO, partial pressure of water (pCO,eq;
Table 1; Fig. 2) was calculated from field measured tem-
peratures, pH, and alkalinities according to the relations of
Plummer and Busenberg (1982). These values were rang-
ing between 132 and 1196 mbar (n=18), and higher than
3 or 4 orders of magnitude than that of atmospheric pCO,,
testifying the intense CO,,, degassing that affects the area.
Overall, computed pCO,eq gradually increased from the
river (between 132 and 699 mbar) to puddle (between 507

and 1074 mbar) and to spring (between 730 and 1196 mbar)
waters.

Water isotopic signature

The water stable isotopic compositions showed a large vari-
ability since the §'%0 values were ranging from —17.9 to
—5.0%o and those of 8*°H from —31.8 and — 11.9%¢ (n=28;
Table 1). In the &°H vs. 8'%0 diagram (Fig. 3), all these
waters plot to the left of both Global and Regional Mete-
oric Water Lines (GMWL: 8"H=8.2 680+ 11.3; Rozanski
etal. 1993 and RMWL: 8*H = 8.6 5'%0 + 14.8; Nivet et al.
2018). They are aligned (Fig. 3) all along a pseudo-horizon-
tal line: 8°H=—0.8 §'%0 —32.9 (n=28; r=0.77), which is
noticed as the Shiwaga Water Line (SHI-WL) and does not
significantly differ from the “H,0-CO, exchange effect line”
proposed at regional RVP scale by Delalande et al. (2011).
Along the SHI-WL, two end members can be recognized: (1)
the river waters, which plot on or slightly above the MWLs,
and (2) the spring waters, which have extremely atypical
8'80 depletion and slightly enriched in 8°H. Most of the
puddle waters plot between these two end members (Fig. 3).

C0, gas isotopic signature
In the Shiwaga gas field, the isotopic composition of CO,,

(8'°C—CO,,, vs. PDB and 8'°0-CO,,, vs. V-SMOW;
n=15; Table 1) was relatively homogeneous with the
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613C—C02( ) values ranging from —4.1 to —3.6%¢ and
those of &' 0-COy, varying from 13.7 to 18.1%o. These
613C—C02(g) values (= — 3.8%o) are compatible with a man-
tle origin of CO,, as observed in many places along the
East African Rift (Darling 1998) and in the RVP (Delalande
et al. 2011). The 6180—C02(g) data (=~ 15%o) are subject to
caution due to the inherent difficulty in obtaining repre-
sentative samples especially because of the fast exchange
between H,O and CO,, (Panichi et al. 1977; Gemery et al.
1996). Nevertheless, these values are in the same order of
magnitude of deep originated volcanic 6180—C02(g) values
calculated in Karolyte et al. (2017). As a whole, the COz(g)
isotopic signature of 8'C and 6'30 seems to be compatible
with a deep magmatic origin and scarcely affected by iso-
topic exchanges with subsurface waters, testified by quanti-
tatively high and rapidly uprising CO,,, at the Shiwaga gas
field. Furthermore, the AISO(COz(g)—Hzo) values, between
19.3 and 32.3%o, are markedly different from those at equi-
librium: 40-44%o (calculated between 10 and 30°C; Bren-
ninkmeijer et al. 1983), suggesting an oxygen isotopic dis-
equilibrium between sampled H,O and CO,,).

Discussion

The isotopic composition measured on the studied waters
(Fig. 3) testifies an un-evaporated signature (Gonfiantini
1986). The Shiwaga River waters present a predominant
meteoric signature (Nivet et al. 2018) and the spring ones,
an atypical composition, characterized by relatively low 30
values. Either river or spring isotopic signatures appear to
be more or less stable over time, suggesting relatively stead-
ies state conditions. The puddle waters are aligned along
the SHI-WL defined by the two above end members. This
linear trend between the two end members is consistent with

-15 -10 -5 0

8180 vs. V-SMOW

observed field measurements or calculated pCO,eq gradients
(Fig. 2), suggesting different water sources and/or geochemi-
cal processes affecting rivers, puddles, and springs waters.
These observations are strongly supported by significant
negative correlations between 8'80 and EC (n=26; r=0.78)
and pCO,eq (n=18; r=0.75) or positive one with T (n =28;
r =0.65). The observed 0 disequilibrium between COy
and H,O is fairly unexpected as exchange between these
two phases is known to be fast (Epstein and Mayeda 1953)
and might indicate short interaction times. Lécuyer et al.
(2009) showed that the time needed to reach oxygen isotope
equilibrium between CO,,, and H,O, under ambient condi-
tions, varies between 4 and 12 h depending on water salinity.
Moreover, the observed CO,,—H,0 isotopic disequilibrium,
which appears higher in the river samples than that in the
springs, may correspond to different interaction times and/
or CO,,,/H,0 ratio and remind again the two end members
of the SHI-WL (Figs. 2, 3). To explain these observations,
a conceptual scheme is proposed and considers that water,
which flows by gravity, and gas, which flows up cross each
other with different flow rates and speeds, inducing different
times of interaction between the two phases. The different
types of waters are then explained as below:

1. The isotopic composition of spring waters shows an
unusual negative shift relative to meteoric waters. Sev-
eral scenarios may be proposed to clarify these depleted
880 signature. According to the 8'30 vs. §?°H diagram
(Fig. 3; D’Amore and Panichi 1987), the most likely
hypothesis is that the §'*0-~H,O values of the springs are
clearly affected by an isotopic exchange with important
amount of CO,, (Cartwright et al. 2002), in agreement
with previous regional study (Delalande et al. 2011).
Other mechanism such as precipitation—dissolution
reactions, bubble formation, exchange with atmosphere,



salinity effect, kinetic fractionation, which may affect
the 6180—H20 (Broecker and Siems 1984, Jihne et al.
1987; Chiodini et al. 2000), cannot likely be consid-
ered responsible for such large '30-shift (Karolyte et al.
2017). The assumption of CO,,—H,0 isotopic exchange
agrees with the observed low spring flow rates and the
conspicuous CO,,) up-flow. Numerical geochemical
simulations, based on a simplified zero dimensional
model and assuming steady state conditions and instan-
taneous isotopic equilibrium, show that an important
COy,/H,0 ratio upper than 0.5 mol/mol is required to
obtain such an '80-shift. Consequently, the springs are
supplied by infiltrated local precipitation with an initial
estimated of —4.1%o in §'*0 and —20.3%0 in §°H com-
position from springs deuterium values and the LMWL.
Values, which agree with those recorded eastward at
Kilasi (33.82°E, 9.12°S; 1690 m a.s.l.), —16.9%o in
8%H and —3.8%o in 8'0 (Nivet et al. 2015). Once local
rainfalls infiltrate, the interaction with the deep-seated
CO, modifies the original §'*0-H,O values, whereas the
pristine hydrogen isotopic composition is maintained.
Because of different directions and speeds between gas
and water flows, the duration of COz(g) interaction with
groundwater is short (some seconds or minutes) induc-
ing low 618O—CO2 variation, whereas water undergoes
flowing up CO,, during longer time (hours, days or
weeks) inducing a cumulative §'50-H,O depletions
down to 8'80 values of around — 15.3%o (correspond-
ing to a A'0-H,0 shift around — 11.2%0). At the
spring temperature (13.9 °C), the A0 (COy~H0) is
expected to be around 42.5%o (Bottinga 1968), whereas
a mean value of 30.5%o0 was measured (Table 1). This
suggests that either time interaction between groundwa-
ter and gas is too short to reach isotopic equilibration or
spring waters (8'30 &~ — 15%o) result from a mixing, in
45 and 55% proportions, between (1) CO,,) equilibrated
water (8'80 ~ —27%o0) and (2) rainfall water unaffected
by COy, (8'"80 &~ — 4%0), respectively.

The river is supplied by higher altitude rainfalls. Its com-
position at the Shiwaga gas field upstream is estimated,
from river water 8°H values (n=11) and LMWL, at
—5.1 and —28.9%0 in 8'%0 and 8°H, respectively. Then,
due to the rapid interaction time of river water with
uprising CO,,) (estimated from river flow at around
one minute) and lower CO,,)/H,0 ratio, river waters
undergo a small 8'%0 depletion: ca. —0.2%o.

The puddles (located nearby or in the riverbed) are fed
by either local rainfall, groundwater and/or river flood.
The water isotopic composition is then characterized by
large variations that are more or less between those of
the spring and river end members.

To summarize, the water deuterium variations between
river and spring end members (A’H-H,O of —8.6%o) are
induced by different waters origins, local, or higher rainfall
in agreement with potential altitudinal rainfall isotopic gra-
dient (Yurtsever and Gat 1981). The oxygen 18 variations
are explained by different interaction times and CO,,/H,0
ratio between waters and an up flowing deep CO,,). The lat-
ter means that CO,,—H,O interaction are being responsible
for high observed pCO,eq and EC values and relatively low
pH between river and spring waters.

Conclusions and perspectives

This study combines, with a spatiotemporal approach, field
observations and water and gas geochemical data from sev-
eral surveys (from 2006 to 2015) carried out at the Shiwaga
gas field (Fig. 1). Evidences of a relative stable system with
high geochemical spatial variability of water types were
highlighted; a result that cannot be shown by a single field
survey. Field observations and measurements show a large
amount of COZ(g) emanations, distributed among river, pud-
dle, and spring. The §'°C-CO,,) and 8'*0-CO,,, signa-
tures are stable and typical of a mantle source. The water
isotopic signatures revealed that river waters originated from
high elevation rainfalls, whereas spring and puddle waters
are clearly affected by isotopic exchange between H,O and
CO, as large deep CO,, amount induced a decrease of
8180—H20 and pH as well as an increase of EC and pCO,eq
up to 1196 mbar (Fig. 2). Consequently, on the 5°H vs. §'%0
diagram (Fig. 3), the spring and puddle waters plot to the
left of the meteoric water lines and a significant 5'%0 shift
(up to 11.2%o) is observed. Such a shift can only be reached
if involved mantle CO,,, fluxes are high enough (compat-
ible with the minimum of 100 kg m~2 h™! measured over
Shiwaga River) and if the original isotopic compositions
of subsurface waters are somewhat depleted as observed at
low latitudes. Nevertheless, comparable shift was already
highlighted in the RVP on the Kiejo volcano flank (Dela-
lande et al. 2011) and comparable flux in the East African
Rift System (Vaselli et al. 2002; Smets et al. 2010), as well
as in other geodynamic context (Chiodini et al. 2000, 2012;
Frondini et al. 2009). These CO,,, emanations represent an
environmental hazard but also constitute a regional resource
as, on both Rungwe and Kiejo volcanoes, this natural COz(g)
is conditions and commercializes, especially for soda indus-
tries (Delalande et al. 2011). Fortunately, the noise caused
by the river bubbling activity warns against the area and
its hazards, while silent dry gas fields do not. An inventory
and a monitoring of these sites, up to now poorly explored,
appear essential for policy security in regard to their impact
on the local flora, wildlife and population. Finally, this study



invites to investigate in detail the Shiwaga gas field and the
region with multidisciplinary approaches to (1) quantify
more precisely the involved flux and (2) to better define the
Poroto—Rungwe geothermal field potential as well as natural
hazards.
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