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Considered topics

1. Water classification
2. Water geothermometers

3. Gas geothermometers
How to approch these topics?
Which effective tools can be used?

1 - Water classification

From Henley and Ellis, 1983

The geochemical framework of geothermal systems situated along SUBDUCTION
ZONES has been established long ago through extensive exploration, at the surface
and at depth. MATURE chloride waters hosted in geothermal reservoir migrate
laterally and discharge at the surface at considerable distance from the geothermal
field. Fumarole activity and STEAM-HEATED acid-sulfate waters mark the upflow
zones. PERIPHERAL bicarbonate waters occur at relatively shallow depths at some
distance from the geothermal field. Acid chloride-sulfate VOLCANIC waters are
found in crater lakes.

Consequently, the
terms MATURE
chloride waters,
STEAM-HEATED
acid-sulfate waters,
PERIPHERAL
bicarbonate
waters, acid
chloride-sulfate
VOLCANIC waters
have been
suggested by
Giggenbach (1988).
Only the Giggenbach’s triangular diagram of major anions is often
used for water classification in geochemical investigations
performed in convergent-plate settings (although I prefer a more
comprehensive approach).

The high-temperature geothermal reservoirs of the Eastern branch of
the EARS (e.g., Olkaria and Menengai in Kenya, and Aluto-Langano in
Ethiopia) host not only MATURE chloride waters but also MATURE
bicarbonate-chloride and MATURE bicarbonate waters. Why?

In volcanic-magmatic regions,
deep geothermal liquids are
assumed to be produced through
neutralization of initially acidic
meteoric-magmatic aqueous
solutions (e.g., Giggenbach, 1988).
The few available data for volcanic
gases indicate that subductionzones volcanic gases are enriched
in Cl relative to hot-spot and
divergent-plate volcanic gases
(e.g., Symonds et al., 1994; Sawyer
et al., 2008).
Therefore, the comparatively small supply of Cl-bearing magmatic gas
species (chiefly HCl) in the root of the Eastern EARS geothermal
systems might be responsible of the comparatively low Cl contents of
related geothermal liquids (Marini and Pasqua, 2014).

Irrespective of the reasons controlling the presence not only of
MATURE chloride waters but also of MATURE bicarbonate-chloride
and MATURE bicarbonate waters in the Eastern EARS, it is evident
that the terminology of subduction-zone geothermal systems
cannot be used in other frameworks.
The situation might be even more complicated in the Western EARS.
Therefore, a more comprehensive approach to water classification is
needed to distinguish MATURE waters from IMMATURE waters.
Examples are given for Ngozi and Kibiro.

Water classification – Ngozi prospect
Lake Ngozi (and
HMW) are the only
Cl water.
Hot springs, warm
springs, cold
springs and rivers
(apart from
Igogwe), are all
HCO3 waters.
Hot springs have
SO4/HCO3 ratio
higher than warm
springs, cold
springs and rivers.
Hot springs have similar SO4/HCO3 ratio apart from that of Ibayi which has
slightly higher SO4/HCO3 ratio .

The relative cation chemistry of waters is compared with that of rocks
in this triangular plot.
Trachytes and
phonolites
pyroclastics are rich of
Na and K and poor of
Mg and Ca.
Alkali basalts,
basanites,
nephelinites, and
picrites lavas are rich
of Mg and Ca and
poor of Na and K.
Panda Hill carbonatites have variable chemistry, from the feldspathic
fenites and fenites rich in potassium to the calcium-rich typical
carbonatites.

The immature
waters of cold
springs and rivers
form a unique
trend partly
overlapping the
pyroclastic
deposits and
extending until
the mafic lavas.

The warm springs have a moderate enrichment in alkalies.
The mature waters of Lake Ngozi and of the hot springs are strongly
enriched in Na and K and depleted in Ca and Mg with respect to rocks,
due to prolonged water-rock interaction.

This plot is more powerful to compare cation compositions of rocks
and waters.
It shows that:
- immature waters of
cold springs and
rivers have negligible
to moderate
enrichment in Na
with respect to the
rock
- The warm springs
have a moderate
enrichment in Na.
The mature waters of Lake Ngozi and of the hot springs, and the warm
springs (apart from Swaya, Inyala and Iyela) are strongly enriched in Na
due to prolonged water-rock interaction.

Since triangular diagrams do
not provide any information
on salinity (TIS), it is useful to
inspect the correlation plot of
HCO3 vs. Cl + SO4.
In fact, this diagram allows
one to consider the salinity of
the samples interest, by
comparing their position with
the lines of slope -1 which are
iso-salinity lines.
The Ngozi hydrothermal-magmatic waters have the highest TIS,
ranging from 380 to 556 meq/L.
The Ngozi lake waters have significantly lower TIS, varying from 87 to
98 meq/L.

The hot springs have high and variable
salinity, from 40 to 170 meq/kg. Most
hot springs are positioned along the
same trend indicating that the
progressive acquisition of HCO3 is
accompanied by a gradual gain of Cl
and SO4 as well, that is that similar
mineralization processes occur in all
the thermal circuits.
The warm springs have low salinity (7
to 22 meq/kg), which is totally
explained by HCO3 and related cations.
Cold springs and rivers have low
salinity with median values of 2.8 and
3.5 meq/kg, respectively, apart from:
(i) the Mulagara cold spring, with salinity of 23 meq/kg due to anomalous supply of
CO2 which is converted to HCO3 during water-rock interaction
(ii) The Igogwe river, with salinity of 25 meq/kg due to addition of waters leaking
from the Ngozi lake.
Summing up, salinity is fundamental to distinguish the different types of
bicarbonate waters given their compositional similarity.

Water classification – Kibiro prospect
In the triangular diagram of major anions the Kibiro hot springs are
close to the Cl vertex
They are, therefore, Cl
waters.

All the boreholes, dug
wells, one cold spring,
streams, rivers and Lake
Albert (apart from the
Ndalagi1 borehole), are
in the HCO3 field and
are , therefore, HCO3
waters.
Most HCO3 waters are close to the HCO3 vertex, but some waters are
somewhat enriched in SO4, whereas relative Cl concentrations are
generally low apart from a few samples.

In the triangular diagram of major cations the Kibiro hot springs are
close to the Na + K vertex with Na prevailing over K and other major
cations.
Most of the other
waters are close to
the centre of the
triangular plot,
although a few
samples are enriched
in Na, other are
enriched in Ca, and
one is enriched in Mg.
These different cation
ratios are chiefly due
to the interaction
with rocks of different
composition.

Water have remarkable differences in
salinity: (i) The Kibiro hot springs have
high salinity, from 145 to 170 meq/L
(prolonged water-rock interaction).
(ii) Most boreholes, dug wells, rivers
and streams have very low TIS values, <
4 meq/kg (very short water-rock
interaction).

Only seven samples (5 boreholes, 1 dug
well and Lake Albert) have somewhat
higher salinity indicating a greater
extent of water-rock interaction,
although the possible influence of
anthropic pollution cannot be
excluded.

2 - Water geothermometers
Geothermometers give the apparent equilibrium temperatures
possibly present at depth.
However, geothermometers do not provide any indication on
the relevant depths.
Use of the boiling point vs. depth curve indicates minimum
depths.
In the absence of deep boreholes, comparison with drilled
geothermal systems with similar frameworks may be useful.
The geothermal systems of Northern Thailand (see Apollaro et
al., 2015) are a possible term of comparison.

All the thermal waters of
Northern Thailand have Na-HCO3
composition.
Most of these thermal waters are
more or less directly related to a
mainly granitic basement, from
which they rise up towards the
surface along active faults,
sometimes of regional
importance.

N Thailand thermal waters
plot in the fields of the
partially equilibrated
waters and of the
immature waters in the
Na-K-Mg0.5 triangular plot
of Giggenbach (1988,
modified).
In most cases there is also a
large Na-K/silica disequilibrium
that might be due to the
absence of albite and Kfeldspars as hydrothermal
minerals in the geothermal
reservoirs.

In some cases there is
also a considerable KMg/silica
disequilibrium.
Relying on the K-Mg
geothermometer,
apparent equilibrium
temperatures vary
from 128 to 153°C for
the boiling waters and
from 86 to 116°C for
the non-boiling
thermal waters.

These temperatures compare or are somewhat higher than those
found in boreholes drilled at maximum depths of 1.3 km in San
Kamphaeng and 250 m in Pai - Ban Muang Paeng (Singharajwarapan
et al., 2012).

Ngozi
prospect

A considerable Na-K/K-Mg
disequilibrium is clearly
evident for the hot springs of
the Ngozi prospect and
nearby areas and the Kibiro
hot springs.
Kibiro
prospect

A considerable Na-K/silica
disequilibrium is clearly
evident for most hot springs
of the Ngozi prospect and
nearby areas and the Kibiro
hot springs.

The hot springs of the Ngozi prospect
and the Kibiro hot springs have a
moderate K-Mg/silica disequilibrium.
By analogy with the N Thailand case
history, K-Mg and silica temperatures
are probably representative of the
portions of the geothermal aquifers
reachable through drilling.

The iso-chemical geothermometric
mixing model was applied at Kibiro
where there is evidence of mixing.
The approach was adapted to deal
with the peculiar Lake Ngozi case.
There is no evidence of mixing at
Songwe.

As pointed out by Armannsson (1994), the hot springs of Kibiro are
mixtures of a geothermal endmember and shallow brackish water.
The iso-chemical geothermometric mixing model assumes that:
(i) The geothermal endmember is a full equilibrium water (i.e.,
different geothermometers provide the same equilibrium
temperature).
(ii) There is neither loss nor gain of the solutes of geothermometric
interest (Na, K, Mg, and SiO2) upon mixing.
First, Na, K, Mg, and SiO2 were regressed against Cl

Second, the linear regression equation were inserted into the Na-K, KMg and SiO2 geothermometers and equilibrium temperatures were
calculated as a function of Cl concentrations.
Ideally, all the functions should converge, indicating the Cl
concentration and equilibrium temperature of the geothermal
endmember.
In practice, the geothermal endmember has T-KMg = T-silica = 153°C
at Cl = 2870 mg/L, but its Na-K Fournier’s temperature is 236°C and its
Na-K Giggenbach’s temperature is 250°C.

The iso-chemical geothermometric mixing model was adapted to the
Lake Ngozi case assuming:
(i) The water entering the lake is in full equilibrium (i.e., different
geothermometers provide the same equilibrium temperature).
(ii) There is neither loss nor gain of the solutes of geothermometric
interest (Na, K, Mg, and SiO2) upon mixing and evaporation.
Therefore, Na, K, Mg, and SiO2 were regressed against Cl …

Then, the linear regression equation were inserted into the Na-K, KMg and SiO2 geothermometers and equilibrium temperatures were
calculated as a function of Cl concentrations.
Ideally, if the full equilibrium condition is satisfied for the water
entering Lake Ngozi, all the functions should converge, indicating its
Cl concentration and equilibrium temperature.

In practice, the results summarized in this table were obtained
Survey

Na-K, F Quartz K-Mg
°C
°C
°C

Cl
mg/L

Na-K, G Silica K-Mg
°C
°C
°C

Cl
mg/L

March 2005

230

230

208

8050

245

245

210

8605

September 2006

232

232

212

7950

246

246

213

8455

October 2007

212

212

197

5840

227

227

200

6745

Extending the calculations to other solutes and stable H2O isotopes,
the following results are obtained for the water entering Lake Ngozi.

3- Gas geothermometers
(32)
According to de Moor et al. (2013), the H2-Ar geothermometer of
Giggenbach (1991) gives equilibration temperatures of 62  17 °C for
the gases of the Ngozi prospect and nearby areas.
These H2-Ar temperatures are considered too low because they are
lower than the K-Mg and silica temperatures of the hot springs (95155°C).
Hydrogen equilibration under an RH different from -2.82 (assumed in
the H2-Ar geothermometer of Giggenbach, 1991) might explain the
low H2-Ar temperatures.
.

Incidentally, the RH was defined as follows by Giggenbach (1987):







R H  log f H 2 f H 2O  log XH 2 XH 2O



According to Giggenbach (1987), the fayalite-hematite-quartz redox
buffer (FHQ or hydrothermal redox buffer) fixes the RH value at -2.82 
0.02, independent of temperature, in most geothermal systems.

Therefore, the RH of gas equilibration was computed based on the
concentrations of carbon gases.
First, the gas equilibrium temperature was calculated by means of
the CO-CO2-CH4 gas geothermometer of Bertrami et al. (1985):
TCCC, V (C) 

13606
 273.15
8.605  4  log( CO 2 )  3  log( CO)  log( CH 4 )

This function is a CO-geothermometer which does not require to
specify redox conditions. Note that full equilibrium among CO2, CO
and CH4 is unlikely (due to the slow rate of equilibration of CH4,
especially at relatively low temperatures) but CH4 has a small
influence on the computed equilibrium temperature.
Second, the RH of gas equilibration was calculated by inserting the
computed CO-CO2-CH4 temperatures in the following relation:
 H 2  2248
 CO 
 

log
 2.485  log
 H 2 O  T(K )
 CO 2 

This is obtained rearranging the log K of the water-gas shift reaction.

The RH values of the gases from the prospect area range from -3.53 to
-4.02 around a mean of -3.79  0.18 (1). This average RH value was
adopted to calibrate the H2-Ar, H2-N2, CO-CO2, and CH4-CO2
geothermometers for the gas samples of the prospect area, thus
obtaining the following equations:
H 
log 2   3.75
 Ar 
TH2  Ar, V (C) 
0.0160
H 
log 2   5.28
 N2 
TH2  N2 , V (C) 
0.0142

TCO  CO2 , V (C) 

TCH4  CO2 , V (C) 

 2248
 273.15
 CO 

1.305  log
 CO 2 

4725
 273.15
 CH 4 

13.805  log
 CO 2 

H 
log 2   3.50
 Ar 
TH2  Ar, L (C) 
0.0140

H 
log 2   5.07
 N2 
TH2  N2 , L (C) 
0.0140
TCO  CO2 , L (C) 

 3107
 273.15
 CO 

0.472  log
CO
2


TCH4  CO2 , L (C) 

3969
 273.15
 CH 4 

12.933  log
CO
2


Apart from Ikama and one
sample of Kiejo, all the other
gas samples from the
prospect area have:
- average H2-Ar temperature
of 144  12°C and average
H2-N2 temperature of 141 
11°C, assuming gas
equilibration in a liquid
phase,
- average H2-Ar temperature
of 142  11°C and average
H2-N2 temperature of 155 
11°C, assuming gas
equilibration in a vapor
phase.

These gas equilibrium temperatures are reasonable being close to
the highest K-Mg and silica temperatures computed for the hot
springs of the prospect area.

Assuming attainment of gas equilibrium
in a liquid phase, the low or relatively
low CH4-CO2 temperatures of Mampulo,
Kiejo and Kibila may be due to
entrainment of CH4 produced at shallow
depth. The CH4-CO2 temperatures of
other gases are higher than H2-Ar and
H2-N2 temperatures.

Again, assuming attainment of gas
equilibrium in a liquid phase, the COCO2 temperatures are significantly
higher than H2-Ar and H2-N2
temperatures and Na-K temperatures
of the hot springs.

Geothermometers based on H2 and CO are
very effective as H2 and CO are fast-reacting
gas species. However, CO must be measured
in dry gases, not in Giggenbach’s bottles, since
CO reacts with excess NaOH to give formate
(Giggenbach and Matsuo, 1991).
Geothermometers based on CH4 work at very
high temperatures, where the kinetics of CH4
re-equilibration is appreciable.

Geothermometers based on CO2 work only for the portions of the
geothermal systems flushed by small CO2 fluxes. Under these
conditions CO2 mineral buffers are effective. If the CO2 fluxes are too
high, CO2 mineral buffers cannot keep up and the geothermometers
involving CO2 do not work.
Geothermometers based on H2S may be affected by near-surface
oxidation of H2S.

