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EXECUTIVE SUMMARY

This report on the feasibility of applying chemical geothermometers for estimating
groundwater circulation depths in South African aquifers comprises three parts:

*  Section A: Theoretical aspects, introduces the concept of geothermometry, the links
between solute concentrations, temperature and depth in the earth’s crust and
describes a range of geothermometry tools identified from a literature review.

«  Section B: Trial applications, attempts to use these tools in South African aquifer
systems of simple mineralogy, namely the Table Mountain Group quartzites and the
Transvaal dolomites.

*  Section C: Feasibility assessment, reviews the assumplions and limitations behind
chemical geothermometry and provides recommendations on appropriate methods
and data collection.

The rationale behind this study rests on two central premises: 1) there is a relationship
between temperature and depth below the earth’'s surface and 2) there is a relationship
between the composition of a sclution in contact with a mineral assemblage and the
temperature of the chemical system. Quantification of these two relationships should allow
the estimation of depth to be made from measurements of the groundwater composition in a
suitable water-rock system. Decreasing equilibration rates with decreasing temperature
allows the groundwater compostion to “remember” the temperature at which it last
equilibrated with the minerals in the aquifer, even if the water cools ascending to the surface.

There are two commonly used types of solution geothermometers: 1) silica geothermometers
and 2) cation geothermometers. Silica geothermomelers are based on temperature-
dependent variations in the solubility of individual silica minerals such as quartz, chalcedony
and amorphous silica. Cation geothermometers make use of temperature-dependant
exchange reactions with hydrothermal minerals such as clays and feldspars which fix the
ratios of dissolved cations according to the equilibrium temperature. Other geothermometers
make use of isotopes, gas concentrations or temperature-dependent vanations in mineral
saturation indices, but these are not as widely applied.

The application of geothermometry in the context of flow depth estimation requires analytical
data for the dissolved chemical parameters in water samples and records of the local thermal
gradient. Information on the geological and hydrogeological sefting can also assist in




Chemical geothermometers Executve Summary

assessing the validity of the estimates. The application of geothermometry to South African
aquifer systems presents a considerable challenge, since geothermometers are not suitable
for all geclogical environments. A major limitation in the use of these techniques is their poor
performance in non-geothermal environments. South African groundwaters are, for the most
part, simply too cold to give reliable geothermometry results. All groundwaters in this study
were found to be unsuitable for cation geothermometry.

There are a number of uncertainties involved in the estimation of subsurface temperatures by
geothermometry equations, including calibration errors, poor accuracy of analytical data,
poor sensitivity in low temperature systems and inappropriate application in unsuitable
hydrogeologic settings. The lack of reliable data for local thermal gradients and average
surface air temperatures for the depth calculations also meant that depth estimates given for
all sites in the report are speculative at this stage.

Chemical analysis data for groundwater samples from the Table Mountain Group aquifer in
the Klein Karoo were used to test the applicability of chemical geothermometers in quartzite.
As expected, silica geothermometers, particularly the quartz geothermometer gives the most
plausidble gectemperatures for this environment. The silica geothermometers produced
higher temperature estimales for the Nardouw subgroup than for the Peninsula Formation.
This conforms to observations of groundwater flow in the two formations, but slight
differences in mineralogy, rather than deeper flow in the Nardouw may be responsible for the
higher lemperature estimates.

Hot springs in the Western and Eastern Cape are also best suited to silica geothermometry.
Saturation indices show that chalcedony, rather than quartz may be the controlling silica
phase in some of these waters, if it is present in the aquifer. The geothermometer
temperatures estimate flow cdepths which are considerably deeper than those calculated
using recharge and discharge temperatures for the Cape hot springs.

Chalcedony also provides the most suitable geothermometer for cold water springs in the
Transvaal Group dolomites. The precision of the geothermometers is not adequate 1o
calculate the small temperature increases in these shallow groundwater systems and all that
can be confidently determined is that there is unlikely to be very deep flow. Depth estimation
in dolomite aquifers using geothermometry techniques is not recommended because of the
carbonate mineralogy, possible pollution of some samples and complex flow and mixing
patterns. Applying the techniques in complex mineralogical environments such as Karoo
shales, dolerites or basalts would probably entail additional complications.

-ive
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Collecting good chemistry and temperature gradient data is essential and will overcome
some of the problems of this attempted application of geothermometry. But it will not enable
the successful application of geothermometers to inappropriate environments, nor will it
improve the poor precision of the geothermometer calibrations.

There is some promise that reasonable depth predictions could be made for aquifers of
simple quartz mineralogy if very accurate field and laboratory data were available, the
geological and flow environment well understood and a carefully calibrated quartz
geothermometer can be used. The quality of the predictions is not sufficient as a basis for
important aquifer management decisions, without an independent verification of the ocutcome.




Chemcal geothermometers Acknowfedgements

Acknowledgements

The idea for this project was originally suggested by John Weaver of the CSIR, who has also
been involved in useful discussions on the methods and the review of the report.

Chemical data sets for the calculations have been kindly supplied by Meris Smith of the
Geoscience Department, University of Cape Town and Siep Talma and Ricky Murray of the
CSIR. Johan De Beer gave advice on thermal gradients and lent us his copy of Mike Jones’
thesis. The help of Louisa van der Merwe, CSIR Information Services was invaluable in
tracking down many of the original geothermometry papers in our reference list.

We would also like to thank Dr Mark Pirlo, CSIRO Australia, for his review of a paper
presented at the Groundwater Division One-Day Symposium in Somerset West in
September 2002 and for sharing useful comments and advice on our common difficulties of
applying geothermometers in old, cold continental crust.

The work in this report was financially supported by the Water Research Commission and
the role of Kevin Pietersen, Research Manager in supporting the is project is gratefully
acknowledged.




SECTION A: Theoretical aspects

1 Introduction

The temperature dependence of chemical reactions has been widely used to trace the
thermal histories of rocks and waters. This practice of geothermometry is common in
metamorphic petrology, where geclogists use observed mineral assemblages and their
known thermodynamic stability fields to determine the maximum temperatures and pressures
of past metamorphic events. Similarly, the maximum temperatures of geothermal reservoirs
and hot springs have been established using specific solute concentrations, ionic ratios or
stable isotope ratios influenced by temperature-controlled equilibria between the water and
minerals in the host rock.

Geothermometers have been widely applied to studies of hot springs (e.g. Mimi ef al., 1998;
Xilai et al.; 2002) and have successfully been used for estimation of reservoir temperatures
for geothermal energy resources (e.g. Amorsson et al., 1983; Mutlu, 1998). The silica
gecthermometers have also been used for continental heat flow mapping using groundwater
silica data (e.g. Swanberg and Morgan, 1979, Pirlo, 2002).

Our investigations of chemical geothermometers are aimed al assessing whether these or
similar techniques can be used to determine groundwaler flow depths in South Africa.

2 Rationale

The application of chemical techniques for estimation of flow depth relies on two fundamental
observations:

1. there is a relationship between temperature and depth in the earth’s crust; and
2. there is a relationship between temperature and the chemical composition of the
solution in a water-rock system.

If both of these relationships can be quantified for a particular water-rock system, then it may
be possible to use observed chemical characteristics of the groundwater to estimate the
temperature, and hence the depth at which chemical equilibrium was established.
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For example, if
» we know that the subsurface temperature increases from a mean annual
temperature of 20°C at surface at a rate of 10°C per kilometre, and
»  we calculate from the chemical composition of the groundwater that it reached
equilibrium with a mineral in the aquifer at a maximum temperature of 80°C, then
. we can estimate that the water has travelled 10 a depth of at least 6 km below
surface.

Quantsfication of these relationships, the assumptions behind their use and the variations in
natural systems will be examined in detail in the following sections.

3 Geothermal gradients

There are various sources of heat in the Earth’s crust including heat flux from the mantie and
heat-producing decay of radicactive isotopes of uranium, thorium and potassium. In general,
subsurface temperatures increase with depth and can often be described by a linear
geothermal gradient for the upper regions of the crust. The temperature depth relationship is
described by the equation:

T.(°C)=Gxz+T,(“C)
(1)

where T, is the temperature at depth, z, below surface, G is the geothermal gradient, typically
expressed in units of °C/km, and T, is the temperature at surface (z = 0).

In a steacy state situation, where there is no change in heat generation over time, the crustal
heat flow per unit area (mW/m®) is given by:

q=KxG

@)
where K is the thermal conductivity of the rock material (W/m/K) and G is the geothermal
gradient. Typical heat flow in the continental crust is in the order of 30 to 70 mW/m?, which
corresponds to crustal temperature gradients that increase with depth at a rate of 10 to
23°C/km, assuming a typical thermal conductivity of crustal rock matenals of 3 Wim/K.
Thermal conductivity values range from about 7 W/m/K for poorly conductive quartzite to
2 W/m/K for amphibolite (De Beer, pers. comm.).

e2-
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Observed temperature gradients have a much wider range from <0 to >500°C/km, with most
of the larger departures from the typical values being attributable to the effects of rapid
groundwater flow (Ingebritsen and Sanford, 1998). Areas of high groundwater recharge may
have isothermal or even negative temperature gradients 1o substantial depth. Heat flow near
the surface is also perturbed by factors such as contrasting vegetation cover, cultural
activities or climatic changes. These are generally avoided by making measurements in deep
borehcles when determining crustal heat flow values (Jones, 1981).

Stable cratons have geothermal gradients towards the lower end of the heat flow range
(~10°C/km), while higher heat flow is found in areas of recent tectonic activity (Ingebritsen
and Sanford, 1998). In Southern Africa, heat flow measurements range from about 30 to 80
mW/m® and have shown that the Archaean tectonic provinces (Kaapvaal Craton, Zimbabwe
Craton, Limpopo Belt and Kheis Belt) have low heat flow, while higher heat flow regimes
occur in the Proterozoic provinces (Ghanzi-Chobe Belt, Namaqua-Natal Belt, Damara Belt
and Cape Fold Belt). Localised heat flow anomalies in the crust owe their origin lo variations
in the concentration of heat-producing radicactive elements, while regional ancmalies
depend on heat flux from the mantle (Jones, 2001).

Terrestrial heat flow observations in Scuthemn Africa now number over 200, but the
distnbution of measurements is not uniform and tends to be clustered around the Kaapvaal
craton (Jones, 2001). Table 1 summarises some typical thermal data for a stable craton area
(Kaapvaal Craton near Klerksdorp) and a metamorphic province (Namagqua Mobile Belt) in
Southern Africa. The fact that a substantial body of heat flow measurement data is
unpublished presents an obstacle to accurate flow depth estimations

Table 1. Temperature gradient and heat flow data from Jones (1981).

Location G (*C/km) T.(°C) q(mWim’) | K(W/m/K)
Namaqua Mobile Belt i 3 gneisses
| mean (n=22) 174 221 60 35
1 maximum 221 ; 264 85 49
| minimum ! 17 | 187 39 286
. Kaapvaal Craton (Klerksdorp) | } lavas
mean (n = 8) 29 201 32 33
maximum | 11 ’ 207 35 35
30 3.1

minemum i 86 | 19.7
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Also, much of the published data is available in the form of heat flow values, rather than
temperature gradient data. This complicates depth estimation, because of the uncertainty
involved in estimating the thermal conductivity, which is needed to convert heat data to
temperature data using equation (2). For example, heat flow measurements near the Cape
Fold Belt are around 60 mW/m’. Using a general thermal conductivity value of 3 W/nvK, the
temperature gradient would be about 20°C/km, but if the quartzite value of 7 W/m/K is used
instead, the temperature gradient would be around 8.5°C/km.

3.1 Estimation of circulation depth

Based on an understanding of regional tectonics and gecthermal gradients, the subsurface
temperature experienced by groundwalters can reflect the depth of circulation (Clark and
Fritz, 1998). If the geothermal gradient for an area is known, the depth of circulation may be
estimated from solution geothermometry using the equation (Mimi et al., 1998):

G (3)

where G is the mean regional geothermal gradeent (*C/km), z is the depth (km), T.. is the
temperature caiculated by a plausible geothermometer (°C), and T, is the yearly average
air temperature of the sampling locality (°C).

Depth estimates rely on the assumption that groundwater and the host rock are in local
thermal equilibrium. This is generally justified because of the relatively high thermal
conductivity of rock materials and slow, steady rates of subsurface fluid flow, but may be
inappropriate for zones of rapid flow, e.g. geysers or some fractured rock settings.

4 Temperature dependence of chemical reactions and geothermometry

Chemical gecthermometers in water generally rely on temperature-dependent chemical
reactions between the water and the host rocks. Chemical equilibria respond to changes in
temperature so that the equilibrium of a system will tend to shift in the endothermic direction
if the temperature is raised or in the exothermic direction if the temperature is lowered
(Atkins, 1998).
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In simple systems, the temperature dependence of the equilibrium constant is described by
the van't Hoff equation:

dlogK,, aH’r
d(1/T) 45758 (4)

where K is the equilibrium constant;
T is the absolute temperature (in Kelvin, Kelvin = °C + 273.15);
AH’; is the reaction enthalpy (standard heat of reaction) at the given temperature
(AH®; is negative for exothermic reactions and positive for endothermic reactions);

Equation (4) allows AHy to be determined graphically from experimental measurements of
K. s a function of T. Because AH"; of most reactions used in geothermometry itself varies
only slightly with T, a plot of log K, versus 1/T yields a straight line that can be extrapolated
or interpolated to find an unknown temperature from a given value of K. This is the basis on
which most common water geothermometers are dernved.

If a system is at chemical equilibrium, the equilibrium constant, K., can be derived from the
effective concentrations (activities) of the dissolved species in solution by the law of mass
action. This means that the concentrations or ratios of dissolved species in a groundwater
sample can be used to caiculate T, the temperature at which the solution was in chemical
equilibrium. In most cases, measured solute concentrations give a good approximation of the
activities of species in solution.

A modified form of the van't Hoff expression is used as a general geothermometer equation:

a8 ___27315

0= & i0ai) (5)

Geothermometers are calibrated by plotting the values for log (K) versus 1/T over a range of
temperatures for a particular chemical reaction. Linear regression is used to fit a straight line
through the data to derive the constants a and b in equation (5). The data used for the
calibration can be:

. experimental data from laboratory studies of mineral dissolution under temperature
controlled conditions; or
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*  measured temperature and solute concentrations from natural gecthermal systems.

Water geothermometers rely on the assumption that equilibrium with the chosen minerals is
achieved rapidly at high temperature, but reaction rates decrease as temperature decreases
when waters rise to the surface. This allows solutes to remain dissolved at metastable
concentrations, proportional to their originally higher aquifer temperatures (Calmbach, 1997).
In this way, the groundwater composition may effectively “remember” the maximum
temperature under which aquifer minerals reacted before the water underwent conductive
cooling while ascending to the surface.

5 Chemical geothermometers in waters
There are two main groups of solution geothermometers:

1. sikca geothermometers; and
2. cation geothermometers.

Silica geothermometers are based on variations in the solubility of individual silica minerals
such as quartz, chalcedony, and amorphous silica. These geothermometers are governed by
K = (Si0;), the dissolved silica concentration, and the constants a and b, derived for
equation (5) from experimental solubility data for the silica minerals.

Cation geothermometers that have been apphed to thermal waters include Na/K (Amorsson
ef al., 1983), Na-K-Ca (Foumier and Truesdell, 1973), Na-K-Ca-Mg (Fournier and Potter,
1979). Na/Li (Fouillac and Michard, 1981), Mg/Li (Kharaka and Mariner, 1989) and K’Mg
(Giggenbach, 1988). These equations are based on temperature dependent exchange
reactions with hydrothermal minerals, such as clay minerals and feldspars, which fix the
ratios of dissolved cations.

Other solution geothermometers have also been developed that exploit the temperature
dependent exchange of stable oxygen isctopes (3 *0) between water and dissolved SO.*
(Balderer et al., 1991), but the necessary isotope data is seildom available for general
application of this technique. Reed and Spycher (1984) have described a multimineralic
approach, which relies on using the compesition of a natural water to find a temperature
where a group of plausible alteration minerals in the geothermal system are computed to be
in equilibrium with each other and with the agueous phase.

-6-
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5.1 Silica geothermometers

White ef al. (1956) initiated the development of silica geothermometry through comparing the
silica content in geothermal waters with experimental temperature dependent silica solubility
data. Since then, the increased solubility of silica and its polymorphs at high temperatures
has been used extensively as indicators of geothermal temperature from the dissolved silica
concentration of borehole and spring waters,

The silica geothermometer equation is:

a
P o - [ O —, . §
s, ("C) b -10g[SiO, ] -

where Ts.; is the silica geotemperature in °C and [SiO;] is the concentration of dissolved
silica expressed in parts per million (ppm).

Silica is found in many stable phases in natural and engineered earth systems. These
include quartz, chalcedony, tridymite, moganite, cristobalite, coesite, stishovite, lechatelierite
(silica glass), opal and amorphous silica. The various phases of silica have a wide range of
solubilities, from amorphous silica (least stable, most soluble) to quantz (mest stable, least
soluble). The geothermometers based on individual silica minerals, therefore, give widely
different temperature estimates from the same dissolved silica content (Verma, 2000).

Fournier and collaborators made significant contributions in the collection of solubility data
and the development of empirical equations for the silica geothermometers including
amorphous silica (Foumnier and Rowe, 1966, Morey et al., 1964), cristobalite (Fournier and
Rowe, 1962) and chalcedony (Fournier and Rowe, 1966). Adjusted forms of the silica
geothermometers have also been developed to account for adiabatic and conductive cooling
processes and water-vapour phase changes in high temperature systems.

The experimentally derived solubility of silica minerals in water is affected by temperature,
pressure and the volume of water in the reaction vessel. Large discrepancies have been
found in the data collected by various experimenters for quartz dissolution above 170°C
because of different experimental metheds and vapour fractions in the vapour vessels. This
has led Verma (2000) to conclude that the low temperature expenmental solubility data along
the water-vapour saturation curve are probably reasonably accurate, but the high
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temperature data need revision and the silica geothermometers should be applied with
caution for high temperature systems.

To apply the appropriate chemical gecthermometer, it is important to know which silica
phase is most likely to control the chemical system. This can sometimes be achieved by
calculating mineral saturation indices for the varicus silica phases. Amorsson (1975) found
that cissclved silica concentrations are mere likely to be controlled by chalcedony below
110°C, while quartz solubility controls silica above 180°C in geothermal reservoirs in Iceland.
In other countries, where rocks are considerably older, well-crystallised quartz may control
the dissolved silica concentraticn at a temperature less than 100°C (D'Amore, 1991).
Fournier and Rowe (1966) emphasised that the residence times for waters in most high
temperature geothermal reservoirs is long enough to reach equilibrium with quartz.

5.1.1 Quartz geothermometer

Alternative equations have been derived for the quartz geothermometer based on the
general equation (6) and the constants a and b are summarised in Table 2. The variation in
these constants arises from using slightly different experimental datasets or different fitting
techniques for quartz dissolution data. The temperature ranges over which the cata was
collected and hence the range for which the equations are valid are also given in the table.
Equations for steam loss take account of the maximum adiabatic steam loss up to 100°C.

Table 2. Empirical constants used in the quartz geothermometer equation.

Geothermometer a b Temperature Reference
1 | Tenge (*C) | {
Quartz, conductive cooling | 1315 5.205 ? Truesdell, 1976 |
Quartz, no steam loss | 1309 5.19 0-250 Fournier, 1977
Quartz. max. steam loss 1522 575 0-250 Foumier, 1977
Quartz, no steam loss ’ 1164 1‘ 490 180 -300 Armorsson ef al., 1983 |
Quartz, adiabatic steam lcss | 1498 5.70 180 - 300 Arnorsson et al., 1983

Quanz _ 1175.7231.7 4882008 0-374 Verma, 2001

— ————— e eeeeeett—

Because the reaction enthalpy in the van't Hoff equation. AH’;, is not a true constant, but has
shght temperature dependence, the log K versus 1/T relationship in equation (6) deviates
slightly from a true straight line. Fournier and Potter (1982a) derived a polynomial equation

-8-
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for the quartz gecthermometer, using revised solubility data. This gives a slightly better fit for
the experimental data and is applicable up to 330°C.

The pelynomial quartz geothermometer is widely accepted in the geothermal energy
community:

Tso, (°C)=C, +C,[SiO, ]+ C,[SiO,]* + C, [SiO, I+ C, log[SiO, ]
7)

where Ty, is in the temperature range 20 to 330°C and the regression coefficients, C, have
been refined as follows (Verma and Santoyo, 1997):

C, =-42 1981 = 1.3454 C, =0.288313+1.337x107
C, =-36686x10*£3.152x 10" Ce =3.1665x 107 £2.421x 10"
Cs =77.034 £ 1.21637

Verma and Santoyo (1997) also reanalysed Fournier and Potter's (1982a) data and modified
the equation by recducing the number of terms and dividing the data into lower and higher
temperature regions. Their low temperature equation for the silica geothermometer is:

Tso,(°C) =C, + C,[Si0,]+ C,[Si0, ] + C, log|SiO; ]

(8)
where C. = -44.119: 0438 C; = (.24469 + 0.00573
C =-17414x 10" £ 1.365x 10™* Cs =79.305 + 0.427.

Equation (8) is valid for the temperature range 20 to 210°C and silica concentrations up to
295 ppm. For higher silica concentrations and temperature 210 to 330°C, a linear equation is
proposed (Verma and Santoyo, 1997) which shows considerably smaller propagated errors
(2 — 3%) than the onginal Fournier and Potter (1982a) equation (5 — 29%) in this temperature
range:
T (°C)=C, +C,[Si0,]

9

where C, =140.82 £ 0.00, and C; =0.23517 £ 0.00179.

The polynomial geothermometers are based on the heat capacity function of Maier and Kelly
(1932), which is used to describe the temperature dependence of reaction enthalpies.
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5.1.2 Chalcedony geothermometer

Amorsson et al. (1983) observed that geothermal waters of relatively low temperatures
equilibrate metastably with chalcedony and not with quartz, The chalcedony geothermometer
equation uses the same general formula (equation 6) as for the quartz equations in the
previous section, but different regression values have been obtained for the constants a and
b from chalcedony dissolution studies (Table 3).

Table 3. Empirical constants used in the chalcedony geothermometer equation.

rr——— T p— - ——————

Geothermometer | a b | Temperature Reference
. : range (°C)
fr Chalcedony I 1032 469 0-250 Foumier, 1977
Chalcedony, nc steam loss 1112 4m | 25 - 180 Amorsson et al., 1983
| Chalcedony. adiabatic steam loss | 1264 5.31 100 - 180 Amorsson ef al., 1983
Chalcedony, pH(20°C) >9 8’ | 1021 469 25- 180 Amorsson ef al . 1983

" Note: for the high oH chaicedony geothermometer, IoolSIO: wume] IS replaced by oglm_
_s‘_?a-v-A

-
"o UK o Kaimy =1

constant of sihcic acid and Ko the m /a,," rabo (Amorsson ef al., 1983).

. ] where
e,

.Themx. = the pH- and temperature dependant first dissociation

s$0,"

The first three geothermometers in Table 3 are used to calculate temperatures based on
measured concentrations of dissolved silica in concentration units of parts per million (ppm).
This relies on the assumption that all the silica measured in solution is present in the form of
undissociated silica (H.SiO.").

Most geothermometer equations of this type ignore any effect of complexation or dissociation
in solution and assume that analytical concentrations are equal to the activities of the
aqueous species. In dilute solutions near neutral pH, these assumptions are generally valid,
but in solutions above pH 9, the approximation that all analysed silica is present in solution
as H.Si0," is unsatisfactory.

A considerable quantity of H.SiO,” molecules may be deprotonated to H,SiO, ions in high
pH waters. To apply the chalcedony geothermometer in these cases, the amount of
undissociated H.SI0.” in solution should first be calculated using a geochemical speciation
model such as MINTEQAZ2 or PHREEQC or from the simplified approximation of the H.SiO.’
concentration (see footnote below Table 3). Amorsson ef al. (1983) found that the final
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equation in Table 3 gave a better data fit for waters approaching pH 10 or higher (pH
measured at 20°C) when using the calculated fraction of H,SiO.° instead of the total
analysed silica concentration. Groundwater this alkaline is very rarely found away from
hydrothermal systems and the equation is not expected to have widespread application in
groundwater depth estimation, but it is included in the table for completeness.

5.1.3 Amorphous silica geothermometer

If the dominant polymarph controlling silica in solution is amorphous silica, the concentrations
of dissolved sikica are generally high. Empirical equations have been developed from
measurements of the temperature dependant dissolution of amorphous silica. The
lemperature at which silica last equilibrated with a waler sample can be estimated from
measured concentrations of dissolved [SiO;] using equation (6) and the constants from
Table 4,

Table 4. Empirical constants used in the amorphous silica geothermometer equation.

Geothermometer I 4 b Temperature Reference

l range (°C)
Amorphous silca 720 452 | 0-2% Fournier. 1977
Amorphous silica | 724+£810 450:0.13 0-374 Verma, 2001

5.2 Cation geothermometers

Scdium, potassium, magnesium and calcium relationships in aqueous systems at elevated
temperatures suggest that cation concentrations are controlled by temperature dependant
equilibrium reactions with minerals such as feldspars, mica and calcite. Several semi-
empincal equations have been derived based on the cation ratios.

Cation gecthermometers have been applied for temperature estimation in geothermal
systems where the relative stabilities of hydrothermal mineral species have a dominant effect
on the proportions of these major cations in solution. They tend to produce estimated
subsurface lemperatures that are higher than those of the silica geothermometers for the
same groundwater samples. The main drawback in their usefulness is the tendency for re-
equilibration through exchange reactions at lower temperatures during ascent of the waters
to a surface discharge point (Clarke and Fritz, 1998).
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52.1 Na/K geothermometer

In heated systems, Na/K ratios in natural waters are controlled by equilibrium with Na- and K-
feldspars. The Na/K gecthermometer was developed for geothermal waters based on a
temperature-controlled exchange equilibrium between sodium feldspar (low albite) and
potassium feldspar:

K* + Na-feldspar «» K - feldspar - Na™
(10)
The general equation for the Na/K geothermometer is:

T O og e

-273.15

(11)
where Ty.« is the Na/K cation geotemperature in °C, [Na/K] is the ratio of the sodium to
potassium concentration in solution (in mg/kg or ppm) and a and b are empirical constants as

given in Table 5. (Note that the terms in the denominator are added, rather than subtracted
as in equation 6 if the ratio Na/K is used, but subtracted for K/Na).

Table 5. Empirical constants used in the Na/K cation geothermometer equation.

— — — -
' Geothermometer a b Temperature Reference
‘ range (°C)
: Na/K 777 0.70 ? Fournier & Truesdell, 1973
| Na/K gs6 | 0857 100-275 | Ellis, 1979
Na/K 1217 (£93.9) | 1.483 (20.2076) | 100-300 | Fournier, 1979
NarK 1180 | 1.31 | ? | Fourier & Potter, 1979
Low albite/K-'spar 233 0.293 . 25-2% Arncrsson et al., 1983
Low abbite/K-'spar 1319 1.699 250 - 350 Armcrsson ef al., 1983
Activity ratio® Na/K 908 0.692 25 - 250 Arncesson ef al., 1983
Na/K 1390 1.75 ? Giggentach, 1988

Na/K (improved fit) 1289 (£76) 1.615 (£0.179) | 80 - 350 Verma & Santoya, 1997

* using the computed activities of Na™ and K™ in moles/kg, rather than the measured concentrations in ppm

For dilute waters with temperatures greater than 250°C, the analysed concentration of Na“
and K™ can be used lo represent their activities. When temperatures approach 300°C,

-12 -




Chemical geothermometers Theory

especially for high salinity and sulphate waters, the approximation is poor. In high sulphate
waters, errors may be due to the higher stability of K-sulphate relative to Na-sulphate, while
for saline waters, the Na/K ratios tend to be higher than the corresponding activity ratios of
Na"/K". The temperature dependence of the reaction enthalpy also comes into play at high
temperatures.

For these situations, Arnorsson et al. (1983) recalibrated the Na/K geothermometer based on
activity ratics (see equation marked * in Table 5). They aiso developed a polynomial
expression for the temperature dependence of Na/K activities that extrapolates the function
into the higher temperature range (25 — 350°C):

log(a,, /8,)=-1.782-2775.5/T,,,, +558780/TZ , -0.00969-T,, . ~4.104 -log(T,,, )
(12)
where T..x is the temperature in Kelvin and a,, and a, are the activities of sodium and
potassium in solution. The polynomial equation (12) is based on the Maier-Kelly heat
capacity function (Maier and Kelly, 1932).

Fournier and Truesdell (1973) wamed that the Na/K geothermometer should be used with
extreme caution and should only be applied to waters showing other evidence of a high-
temperature history e.g. high silica and low caicium concentrations. The ratio of Na/K should
not be used to estimate temperature f /m_, /m,, >1. as this geothermometer tends to give
much higher temperature estimates than the actual temperature at which the water
interacted with the rock. Temperatures estimated by the Na/K geothermometer should also
be rejected if the Na-K-Ca geothermometer gives values less than 100° with § = 4/3 (see
section 5.2.4 below) for the same water sample.

522 K'Mg geothermometer

Magnesium is solubilised in hydrothermal systems during the alteration of muscovite and
clinochlore to feldspars. Giggenbach (1988) found that these alteration reactions are strongly
temperature dependant and concluded that the K-Mg contents of geothermal waters could be
highly suitable as the basis for a geothermometer. The ion ratio K*/Mg is reported to adjust to
equilibrium much faster than the ratio used in the Na/K geothermometer, particularly in low
temperature environments (<100°C). The equation for the K‘/Mg geothermometer is
(Giggenbach, 1988).
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4410 _2
14.0 + log[K* / Mg]

Tyi(°C) = 73.15

(13)

The Na/K and K/Mg geothermometers frequently indicate significantly different apparent
temperatures of equilibration for the same water sample. This can be explained by the rapid
response of the K-Mg reaction to changes in temperature, which causes it to estimate cooler
temperatures than the Na-K reaction. The K*/Mg geothermometer is very sensitive to cooling
and admixing of shallow waters (Mimi et al., 1997).

523 Na-K-Mg geoindicator diagram

Giggenbach (1988) combined the Na/K and K'/Mg relationships to produce a graphical
technique for the evaluation of fluids from geothermal wells and acid soda springs. His
trilinear diagram (Figure 1) is used for the classification of hydrothermal waters into immature
waters, partially equilibrated waters and fully equilibrated waters, where “equilibrated” refers
to equilibrium with an isochemically recrystallised, thermodynamically stable average crustal
rock, rather than equilibrium with a particular mineral.

Figure 1. Triangular diagram for the Na-K-Mg geothermometer (after Giggenbach, 1988).

s Tfa
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To accommodate the relative abundances of cations in typical hydrothermal environments,
this diagram is conventionally constructed with the solute concentrations scaled to Na/1000,
K/100 and Mg'? at the apices.

Isotherms for the K/Na and K°/Mg gecthermometers are plotted on the diagram to allow
temperature estimation for the samples. The K/Na isotherms converge on the Mg'“ (bottom
right) corner and the K/Mg isotherms converge on the Na (top) comer. Waters plotting on the
intersection of the K/Na and K*/Mg isotherms are assumed to be in equilibrium with both the
Na-/K-feldspar system (controlling K/Na ratios) and a hydrothermal mineral assemblage
represented by the end-members K-feldspar/muscovite/clinochicre (controlling K-Mg ratios).

Giggenbach's (1988) geothermometer diagram is most applicable to fluids from active
geothermal systems. These are typically high in salinity, close to neutral pH and dominated
by Na and K cations. They have very low magnesium and calcium content due to deposition
of Mg- and Ca-rich alteration products such as amphiboles, biotite, chlorite, anhydrite and
fluorite minerals.

Although the diagram s relatively simple to apply as a geothermometer, since temperatures
can simply be read off once the data points are plotted, the technique is subject to a series of
restrictions:

. It was developed from natural systems where rocks have undergone hydrothermal
alteration and should, ideally, only be applied to appropnate geothermal
environments;

. It is valid only for near-neutral, chloride-bicarbonate waters, but not for acid
sulphate, or chloride sulphate waters;

»  Data points that plot close to the far-from-equilibrium (i.e. the Mg'? comer, in the
area marked “immature waters”) are liable to have undergone admixing usually with
low temperature, high magnesium - bicarbonate waters. In this case, application of
both K/Na and K*/Mg gecthermometers becomes doubtful and great care should be
taken in interpreting the suggested temperatures.

The geothermometer diagram in Figure 1 allows a clear distinction to be made between
waters which are suitable or unsuitable for the application of ionic solute (cation)
geothermometers. These methods are not suited to shallow, relatively cool groundwater
systems where waters generally have not equilibrated with the required mineral compositions
and plot in the “immature waters” area of the triangle. The geothermometry results for such
samples are usually unreliable.
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5.2.4 Na-K-Ca geothermometer

The Na-K-Ca geothermometer is based on molar Na, K and Ca concentrations (not ppm) in
natural waters with temperature environments of 4 to 340°C. The application of this
geothermometer invclves the addition of two temperature-dependent ratics, Na/K and
JCa/Na. Fournier and Truesdell (1973) showed that for most geothermal waters, data points
cluster along a straight line if the data is plotted as F(x) vs 1/T with:

F(x) = log[Na/ K]+ flog[/Ca / Na] (14)

where B = 1/3 or 4/3, The coefficient, B is dependant on the equilibrium temperature, with B =
1/3 for temperatures greater than 100°C (typical in sodium dominant waters) or B = 4/3, f
temperatures are below 100°C (calcium dominant).

The straight line equation for the Na-K-Ca geothermometer is (Fournier and Truesdell, 1973):

)= 1647
log(Na/K) + Bllog(VCa/ Na) + 2.06) + 2.47

Toex.cal’C -273.15

(15)

where Ty, «.=, is the cation geolemperature in °C, and the measured values for Na, K and Ca
are in molar concentration units (mol/L).

The Na-K-Ca geothermometer differs from the silica and Na/K geothermometers in that it is
not related to equilibrium with a specific mineral, but rather the ratios of the cations are fixed
by overall chemical equilibium with the geothermal mineral assemblage. The Na-K-Ca
thermometer has been calibrated empincally using natural water samples rather than
laboratory measured dissolution data.

Amorsson el al. (1983) explain that empirical geothermometers such as this one work
because the free energy changes involved in changing from one geothermal mineral
assemblage to ancther are often very small. The calibration therefore involves “rounding off”
small variations in free energy between different geothermal mineral assemblages. When
there are good grounds for assuming specific sclute/mineral equilibria are active in the
system, geothermometers such as the Na/K geothermometer or silica geothermometers are
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more accurate than the Na-K-Ca geothermometer, which has a greater scatter of data points
in the calibration.

The rate of re-equilibration during cooling for ascending groundwaters varies for the different
cations. Arnorsson ef al. (1983) argue that the JCa / Na ratio would respond faster to cooling
than the NaK ratio. This implies that the Na-K-Ca geothermometer will give more
conservative temperature estimates than the Na/K geothermometer. The precipitation of
calcite during upflow, particularly in zones where boiling takes place, would also affect the
JCa/Na ratio. Precipitation of calcite or silica minerals could armour the country rock,
preventing further reaction of aqueous K™ or Na’ and yielding high temperature estimates.
Pope et al. (1887) found that the Na-K-Ca geothermometer worked well for dilute chloride
solutions, but not in the case of sodium bicarbonate type waters,

5.25 Mg correction for the Na-K-Ca geothermometer

At temperatures less than about 200°C, the solubility of magnesium silicates increases and
magnesium plays a role in the controlling reactions for the Na-K-Ca geothermometer
Fournier and Potter (1979) developed a magnesium correction factor to account for this,
using the expression:
R =[Mg /(Mg +Ca +~K)]x100
(16)
with the concentrations of the cations in solution expressed in equivalents per litre.

When the calculated Na-K-Ca temperature is less than 70°C, no correction is applied. If
R > 50, it can be said that the water comes from a shallow aquifer at a temperature similar to
that of the source, and the temperature calculated from the gecthermometer is generally
ignored, For T > 70°C and R < 50, Fournier and Potter (1979) developed 2 graphs for
estimating a temperature correction, At(Mg, °C) to be subtracted from the calculated Ty, « c..

5.2.6 CO, correction for the Na-K-Ca geothermometer

Many of the problems asscciated with the application of the Na-K-Ca geothermometer arise
from its sensitivity to variations in the CO; content of geothermal fluids, especially at lower
temperatures (Giggenbach, 1988). For hot waters issuing from granitic terrain, with surface
temperatures below 75°C and in the presence of CO; (pCO; > 10* atm), a systematic
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deviation in the Na-K-Ca geothermometer has been observed (Pales, 1975), which has
been ascribed to the fact that chemical equilibrium may not be obtained under such
conditions (DNEMT, 1999). Paces (1975) also proposed a correction factor based on the
CO; content of the water.

5.2.7 NalLi and Mg/Li geothermometers

In lower temperature (< 200°C) or high salinity systems, other cation relationships, including
sodium, magnesium and lithium are important. Fouillac and Michard (1981) developed a
Na/Li geothermometer from a statistical study of waters in granites and acid volcanic rocks.

The chemical geothermometers involving lithium are summarised in Table 6, where K, a and
b are substituted into the equation:

T(°C) = —— -273215
b -leg(K)

(17)

Table 6. Parameters for cation geothermometers involving lithium.

K a b !T Application range 1 Ro'mci _
Na/Li 1000 (247) 0.38 (20.11) ' Cl < 10 000 mg/L Fouillac & Michard (1981)
Na/Li 1195 (£75)  -0.19 (£0.25) I Cl > 10 000 mg/L Fouillac & Michard (1981)
Na/Li | 1048 (#44) | 0.44(20.10) | Ci<10650 ppm Verma & Santoyo (1997)
NalLi 1267 (+35) | 0.07(20.10) | CI> 10650 ppm Verma & Santoyo (1997)
NaLi 1590 { 0779 | 0 - 350°C Kharaka & Mariner (1289)
| JMgiLi | 2200 5.47 0 - 350°C Kharaka & Mariner (1589)

JMg I Li , 1900 467 0-350°C Kharaka & Mariner (1289)

SR

These are also empirical geothermometers which are not based on a single mineral
equilibrium. Although the solute ratio-temperature correlation is not as good as for the silica
and NaK gecthermometers and hence, the accuracy is also poorer, yet the Na/li
geothermometer still appears to be successful when applied in appropriate environments. It
gives better estimates for cold waters and is less prone to errors as a result of re-
equilibration than the silica and Na/K geothermometers (DNEMT, 1999).
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5.3 Reference temperatures from multicomponent equilibria

This geothermometer technique proposed by Reed and Spycher (1984) involves a large
number of constituents and is based on the inherent assumption that all these constituents
have been in equilibrium simultaneously at some stage. The method assumes that the final
water composition is still representative of the conditions in this deeper equilibration zone.

Diagrams of mineral saturation indices as a function of temperature are plotted for natural
water compositions. A saturation index is given by log(Q/K,,) where Q is the ion activity
product, from the law of mass action, and K, is the equilibrium constant at a particular
temperature. The value of the saturation index provides a measure of how far the solution
composition is away from equilibrium with a mineral, since at equilibrium Q = K, and
log(Q/K,..) = 0. These diagrams are now relatively simple to construct with the assistance of
geochemical modelling software that allows the rapid calculation of saturation indices for a
range of minerals under specified temperature conditions.

The log(Q/K,.) versus T plots are used to determine:
«  whether the water was in equilibrium with a host rock mineral assemblage;
*  the probable minerals in the equilibrium assemblage, and
*  the temperature of equilibrium.

In cases where the fluid departs from equilibrium with a host rock mineral assemblage, it is
possible to determine whether this results from boiling or dilution of the fluid and to estimate
the amount of gas lost or diluting water added.

Ideally,  a thermal water is rapidly quenched and the solutes do not have time to re-
equilibrate, the saturation index lines for a series of minerals in the host rock will converge on
the temperature axis to give a value for the reference temperature at which the water
equilibrated with the minerals (Figure 2). In practice, however, the saturation index lines for
natural waters seldom converge on a single temperature value and the attempted use of this
method as a gecthermometer rarely yields conclusive results.

The advantage of the multimineralic method is the ability to reveal whether the solution is
likely to have reached equilibrium with a wide variety of minerals. It makes no a prion
assumption that the system has equilibrated with a particular mineral as, for example, in the
silica or Na/K geothermometers. This approach also avoids the need to chose between
alternative calibrations of the geothermometers (e.g. Tables 2 to 6 show that there are often
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several calibrations for one geothermometer) or to decide on the value of the B factor or the
need for Mg or CO; corrections in the Na-K-Ca geothermometer (section 5.2.4). The
multimineralic approach avoids the problems of employing the wrong silica phase for
geothermometry as it allows a range of phases to be considered simultaneously (Reed and
Spycher, 1984).

. R — -
—o— 3lite
20 o —0- calcite
—a— Quarz
15 x —m— K-mica

Temperature (°C)

Figure 2. Log(Q/K,,) vs. T plot for theoretical equilibrium with the mineral assemblage albite-
calcite-quartz-K mica at a reference temperature of 180°C.

A disadvantage of the multicomponent technique, in comparison with the simpler cation or
silica geothermometers, is the dependence on virtually complete and representative
analyses of water samples rather than just data for one or two solutes. Many of the important
hydrothermal mineral phases are aluminosiicates, but aluminium analyses are very seldom
performed. The poor avaiability of reliable thermedynamic data for a large number of mineral
phases is another limitation. The method is also more time consuming than the simple
equations used for the previous geothermometers,

Application of this technique may be valid in the case of deep geothermal wells, where rapid
abstraction does not allow time for re-equilibration and discharge water is likely to be
representative of the deep equilibrium environment. The method is questionable in the case
of shallow boreholes and natural surface springs where the water is likely to be subject to

secondary processes including partial re-equilibration to lower temperatures, dilution or
steam loss (Giggenbach, 1988)
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5.4 Isotope geothermometers

Clark and Fritz (1998) describe several geothermomelers which are based on temperature-
controlled exchange of stable isotopes between species or phases in walter-rock systems.
The major drawback for the general application of these methods is the lack of readily
available data. Isotcpe analyses are often costly and data are rarely found in general
databases as they are usually collected for a specific purpose.

Isotope exchange is generally rapid at high temperature and very slow at low temperatures.
This has the advantage of preventing re-equilibration in shallower zones during ascent, but
kmits the successful application of these techniques in shallow environments where waters
do not have a high temperature history. Bacterial aclivity can cause isotope exchange in
some systems at low temperature and may interfere with the successful application of
isolope geothermometers.,

The isotope geothermometers include:
«  &"0in sulphate-water exchange

This is the most common isotope geothermometer for high temperature conditions,
because of rapid equilibration in geothermal reservoirs of temperature > 200°C and
pH < 7, which favour abiotic SO, = H,;0 exchange. Below 150 to 200°C, the abiotic
exchange half-life increases exponentially from several years to 10° years at 100°C
and pH 7. Exchange of O only takes place during bacterial sulphate reduction at low
temperatures. |If sulphate reduction does nol occur, geothermal reservoir
temperatures may be estimated using the equation:

10°Ina™0y,, ,, =3.251x10°T* -5.1
(18)

«  &"S in sulphate-hydrogen sulphide exchange

This geothermometer is used in geothermal systems where both sulphate and sulphide
are present in solution. Isotope exchange is rapid under acid conditions, but may take
hundreds of years at near-neutral pH, so ascending fluids can preserve their
temperalure record. The temperature dependence of this exchange reaction is
expressed as:
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10°Ina™S,q, s =5.07x10°T* +6.33
(19)

«  &"C in carbon dioxide-methane exchange

In groundwater systems where these two gases co-exist, the temperature dependence
of "°C exchange between CO; and CH, may be expressed by the equation;

10°In” C,, .., =-8.949-(10°T*)% +181.264 (10°T *)-90.888
(20)

«  &H in hydrogen-water exchange

Equilibration is faster for this exchange reaction than other geothermometers. This
means that calculated temperatures are often closer to the temperature at the
discharge point rather than a deeper reservoir, if one exists.

5.5 Gas geothermometers

Geothermal systems often contain significant concentrations of gases, typically derived from
a magmatic source. Giggenbach (1980) propcsed a gas geothermometer on the basis of
reactions involving the formation of methane and ammonia gas. D'Amore and Panichi (1980)
calibrated an empirical gas geothermometer which made use of the relative concentrations of
CO;, H;S, H; and CH, in geothermal steam. Amorsson et al. (1983) also developed a gas
geothermemeter based on the partial pressure of CO, in Icelandic gecthermal systems.
Darling (1998) proposed that the methane/ethane ratio in hydrothermal gases could also be
used as a geothermometer.

Gas geothermometry may be useful for the investigation of geothermal resources in semi-

arid environments where regional groundwater levels are low. They are not, however, likely
to find useful application in groundwater resource evaluation.
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SECTION B: Trial applications in South African aquifers

1 Table Mountain Group quartzite aquifer - Klein Karoo

Chemical data for groundwater samples from boreholes in the Klein Karoo area of the Table
Mountain Group (TMG) have been used 1o investigate the potential use of chemical
geothermometers in @ South African groundwater environment. The TMG was chosen for its
simple mineralogy, potential deep flow and likelihood of minimal re-equilibration of ascending
waters in the fractured rock aquifer. Weaver and Talma (2000) have previously used
measured temperatures in recharge and discharge zones in the TMG to estimate minimum
flow depths, but have not taken possible cooling of ascending groundwater into account.

1.1 Chemical data

A database of available chemical data for boreholes in the Klein Karoo area was compiled by
Smith et al. (2002) from published data and the National Groundwater Database. These data
(Table 1 in the Appendix) were kindly supphed by the author for the purposes of testing the
application of silica and cation geothermometers in the TMG.

The water samples derive from boreholes located in either the Peninsula Formation
(20 samples) or the Nardouw Subgroup (48 samples) of the TMG. The dominant lithology of
these formations is quartzite, which in the Peninsula Formation consists of virtually
monomineralic quartz with little possibility of reaction with other silicate minerals. The
Nardouw Subgroup underlies the Peninsula Formation in this area and contains feldspathic
sandstones and minor micacecus shale and siltstone packages in addition to quartzites
(Smith et al., 2002).

1.2 Geothermometer calculations

Calculated geotemperatures for the TMG groundwater samples were generated using some
of the more reliable geothermometer equations from Section A. The results are summarised
in Table 1 below, with the full data set presented in Table 2 in the Appendix.
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Table 1. Summary of calculated geotemperatures for groundwater samples from the Peninsula
Formation and Nardouw Subgroup of the TMG, Klein Karoo area.

;onlnsuu ' Silica geothermometers Cation geothermometers {
n=20) | QzVo1 |Qz VS97  Chalc AB3 |SIO; V01 Na/K VS97 K'Mg G88 Na-K-CaFT73
aveage | 25 | 2 | 7 | 70 | 18 s | M
Maximum 2 | 7 1 -66 252 75 €5
Mimum | 18 | 24 | 0 | 75 132 36 10
Nardouw | SIlcagooOnmomaonA Cation geothermometers '
(n=48) ‘ Qz V01 | QzVS97 Chalc A83 'SiO; V01 Na/K VS97 K'/MgG88 Na-K-CaFT73
aenge | @1 | 4 | = | & m | m | e
Maximum = B4 1 | 6 | -24 415 7 108
Minimum | 24 | 31 | 5 | T 120 L L
Gecthermometer key:

Qz V01 = Quartz gecthermomater (Verma 2001), Calibration range: 0 - 374°C

Qz VS97 = Polynomial quartz geothermometer (Verma & Santoyo, 1967), 20 - 210°C, SiO; < 295
mg/L.

Chalc A83 = Chalcedony geothermometer (Arnorsson ef al., 1983), no steam loss, 25 - 180°C.

S$I0; V01 = Amorphous silica gecthermometer (Verma, 2001), 0 - 374°C

Na/K VS97 = Na/K geothermometer (Verma and Santoyo, 1997), B0 - 350°C

K'/Mg G88 = K’ /Mg geothermometer (Giggenbach, 1988)

Na-K-Ca FT73 = Uncorrected Na-K-Ca geothermometer (Fournier & Truesdell, 1973), 4 - 100°C,
B=4/3

We have tried to use the most recently published geothermometers, since these are
generally based on the widest range of calibration data. No lithium data was included in the
database, so it was ncl possible to use the cation geothermometers involving lithium. The
same is true for the isclopic methods. No adjusted “steam loss” sdica geothermometers were
employed, since all predicted silica temperatures are well below the boiling point of water,

The Na-K-Ca geothermometer (Fournier and Truesdell, 1973) has been calculated with a 8
value of 4/3, based on the authors' recommendation for waters below 100°C (See Section A,
5.2.4). Three of the Nardouw Subgroup samples gave temperatures above 100°C, but these
were reported as i1s, since recalculation with B = 1/3 gives unrealistcally high
geotemperatures. Calculation of the molar proportion of Mg indicated that the Na-K-Ca
temperatures should be corrected, but the size of the adjustment, based on Fournier and
Potter's (1979) magnesium correction graphs, is negligible for these low temperature waters.
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The chemical database did not contain alkalinity information, so it is not known whether a
CO; correction is necessary.

The results in Table 1 demonstrate that a wide range of geotemperature values can be
calculated from the same solution composition using the various geothermometer equations.
This emphasizes the need to ensure that the assumptions behind the various chemical
gecthermometers are valid for the samples in question

1.2.1 Silica geothermometers

The quartz geothermometers give the most reasonable values for these groundwater
samples, being slightly above the near-surface water temperatures, which are typically
around 16 to 24°C. Both the amorphous silica and chalcedony calculations appear to be
inappropriate for the TMG. The amorphous silica geothermometers gives negative
temperature values for all these samples. Despite the claims of Arnorsson ef al. (1983) that
chalcedony is @ more appropriate controlling silica phase than quartz below 110°C, the
chalcedony geotemperatures are often below the measured water temperatures at the
borehole.

Temperatures predicted by the polynomial quartz geothermometer are marginally higher than
those from Verma's (2001) linear equation. The Qz VS97 data fall very close to the end of
the calibration range of this thermometer and therefore the Qz V01 data may be slightly more
reliable. The accuracy of the thermometers lends 1o be poor near the low end of the
calibration range.

As expected from the higher silica concentrations, samples from the Nardouw Subgroup tend
to give higher geotemperatures for the silica geothermometers than the Peninsula Formation
samples. While the higher temperatures agree with the generally accepted model that older,
deeper groundwater occurs in the Nardouw (Weaver and Talma, 1999), they may also be
attributed to the presence of more soluble silicate minerals in the hetercgeneous Nardouw
rocks than in the quartz-rich Peninsula. This means that higher silica concentrations may be
linked to different mineralogy, rather than increased dissclution of quartz during chemical
equilibrium with hotter solutions.

A central assumption behind the application of geothermometers is that the water and
minerals must react to chemical equilibrium. While this assumption may be valid for
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groundwaters with long residence times or for high temperature systems, it is nol necessarily
true for shallow groundwaters. Saturation indices (SI) for silica minerals showed that most
samples in this study were slightly supersaturated (SI > 0) with respect to quartz, but
undersaturated (S| < 0) with respect to the less crystalline silica phases, chalcedony and
amorphous silica (Table 3, Appendix). Some Nardouw samples were supersaturated with
respect to chalcedony and also gave reasonable chalcedony geotemperatures. The
saturation index values were calculated using PHREEQC (Parkhurst and Appelo, 1999).

Although there are uncertainties associated with the S| calculations, which are very sensitive
to errors in pH and silica concentrations, the saturation indices in Table 3 suggest that most
of the samples are suitable for quartz geothermometry. The observed S| values would be
expected if the walers had equilibrated with quartz at slightly higher temperatures than those
measured at the wellhead in an environment where quartz is the dominant silica phase. The
Sl values also show that amorphous silica cannot precipitate from cooling waters as they are
ascending to the surface, since the solutions remain undersaturated with respect to this
mineral phase.

Figure 1 shows silica saturation indices for selected water samples as a function of
temperature. These graphs provide an alternative means of determining the quartz
gectemperature, from the point where the quartz S| crosses the x-axis (S| = 0). The values
just above 25°C in the Peninsula Formation and between 30 to S0°C in the Nardouw are in
goed agreement with the range of results in Table 1.

The same saturation index patterns could, however, also arise from low-temperature
disequilibrium reactions with more soluble minerals than quartz (e.g. amorphous silica,
feldspars or clays). Minerals such as talc, sepiclite and chrysotile are highly undersaturated
in these waters. The lack of aluminium data means that saturation indices could not be
calculated for feldspars or aluminosilicate clay minerals, but the cold groundwaters are also
likely to be undersaturated with respect to alumnosilicates. Saturation indices alone do not
prove that the quanz geothermometer is applicable.
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Figure 1. Saturation indices for silica phases as a function of temperature in samples from
the Peninsula Formation and Nardouw Subgroup, Vermaaks River, Klein Karoo.

1.2.2 Cation geothermometers

The major problem with the use of cation geothermometers is their application to unsuitable
water samples (Mimi ef al, 1998). The Na/K geothermometer gives unreasonably high
temperatures for most of the TMG samples. The K'/Mg and Na-K-Ca geothermometers give
geotemperatures that seem more realistic and are closer 1o the quartz values, but there is a
much wider spread of temperatures for water samples from the same formation than for the
silica geothermometers. The K°/Mg ratios have been observed to equilibrate faster under
cold temperature conditions than Na’K ratios and they might have some value for
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temperature estimates in this area. Mimi ef al. (1998) also found that the Na-K, Na-K-Ca, Na-
K-Ca-Mg, Na/lli and Mg/Li gecthermometers all predicted too high temperatures when
applied to thermal springs in Maghreb, North Africa, while the K*/Mg and silica temperatures
were reasonable.

Giggenbach (1988) suggested the use of a trilinear diagram plotting relative values for
Na/1000, K/100 and Mg'? to evaluate whether water samples are fully equilibrated with the
requisite assemblage of potassium and sodium aluminosilicates that make up the
“isochemical recrystallisation of average crustal rock”™ on which the NaK and K/Mg
thermometers are based. Figure 2 shows that all the TMG samples are “immature waters”
from a hydrothermal perspective and should not be used for cation gecthermometry.

Na/ 1000

K100 80 60 40 20 Nig'2

Figure 2. Na-K-Mg geoindicator diagram showing unsuitability of cold TMG groundwater
samples for cation geothermometry (after Giggenbach, 1988).

It is unlikely that the TMG waters have equilibrated with the feldspars or clay mineral
assemblages used to derive the temperature dependence relationships for the cation
geothermometers. This is not only because the waters are too cold for these reactions to
reach equilibrium, but because the minerals involved are often absent in the TMG quartzites.
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1.3 Thermal gradients

The other input required for the depth estimation process is average surface temperatures
and temperature-depth profiles which are needed to estimate circulation depth from the
calculated aquifer temperatures using equation (3) from Section A. Unfortunately,
temperature profile data is not readily available for the study area.

Heat flow measurements were not available for the Cape Fold Belt. The closest
measurements are on the edge of the Karoo where surface heal flow values are in the order
of 57 - 66 mW/m* (DeBeer, 1976; Jones, 2001). This is a similar range to the Namagqua
Mobile Belt where the average heat flow is 80 mW/m? and temperature gradients between 12
and 22 °C/km have been measured (Jones, 1981).

If radicactive heat contribution is assumed to be negligible, the temperature gradient can be
calculated by dividing the surface heat flow by the thermal conductivity of the rock materials
(equation 2). Typical thermal conductivity values for rocks are around 3 W/m/K, which would
give a gradient of 19 - 22 °C/km. The conductivity of quartzite is, however, much higher than
average (in the region of 7 W/m/K, DeBeer, pers. comm.), so low temperalure gradients as
low as 8°C/km could be possible for the TMG quartzites.

Temperature profiles measured in the water column of two boreholes at Calitzdorp in the
Klein Karoo gave temperature gradients of 14 and 27°C/km, but these are not considered
rekable enough for the purposes of this project, because they were measured to very shallow
depths and are likely to be influenced by local groundwater flow,

1.4 Circulation depths

Because of all the uncertainties in the temperature gradients, circulation depths for the TMG
have been calculated using both a low gradient (10°C/km) and high gradient (20°C/km)
estimate, until the issue can be resolved with accurate measured temperature gradients for
the area. The high gradient estimates may be slightly closer to reality for the Cape Fold Belt.
The predicted minimum circulation depths using linear (Verma, 2001) and polynomial (Verma
and Sanloyo, 1997) quartz geothermometer temperatures are given in Table 4 in the
Appendix,
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The average surface air temperature for the Klein Karoo region was estimated to be 18°C
(Weaver and Talma, 1999). This agrees well with the minimum quartz geotemperature of
18°C for the Peninsula Formation groundwaters, which are expected to be close to the
recharge zone. A rounded off value of 20°C was used for these calculations. Circulation
depths were aiso calculated from chalcedony geotemperatures (Arncrsson ef al.,, 1983) for
the 16 Nardouw samples found to be supersaturated with respect to this mineral in Table 3
(Appendix). Undersaturated samples generally gave negative depth estimates. Summary
statistics for the calculations are presented in Table 2 below.

Table 2. Summary of minimum circulation depth estimates for groundwater samples from the
TMG in the Klein Karoo area using silica geothermometers.

‘Peninsula ' Linear quartz " Polynomial quartz

(20 samples) temperature , temperature

Gradient*CAkm) | 10 | 20 | 10 20

Average | 500 250 | 1200 600

‘Maximum | s00 | 450 1700 860

Minimum o | o | 400 200

iuudomv Linear quartz . Polynomial quartz Chalcedony

(48 samples) temperature I temperature temperature (n = 16)
\Gradient (°C/km) 10 20 | 10 20 10 20
Average 2000 1100 | 3000 | 1500 2000 | 1000
Maximum | 8400 3200 | 7000 3500 | 4200 | 2100
Minimam | 400 0 | 100 | 50 | 600 w0

The circulation depths predicted by the polynomial thermometer are possibly too high,
particularly for the Peninsula Formation boreholes which are near the mountain recharge
zone. The results for the Nardouw Subgroup are less sensitive to differences between the
gecthermometers, but groundwater circulation depths up to 7 km (using the low thermal
gradient) do not seem realistic.

Weaver and Talma (2000) estimated minimum flow depths of 360 m for the Kammanassie
area of the Klein Karoo, which agree with some of these estimated values. They used a
similar technique involving measured temperature differences between recharge and
discharge zones, but disregarding possible cooling of groundwaters during ascent.
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1.5 Conclusions

The quartz gecthermometer is probably the most accurate chemical geothermometry tool for
the TMG quartzite aquifers. Verma's (2001) linear quartz geothermometer equation
estimates that the groundwaters in the Peninsula Formation boreholes in the Klein Karoo
were warmed to an average minimum temperature of at least 25°C through subsurface
circulation while those in the Nardouw Subgroup may have been heated to an average of at
least 40°C and some as high as 60 or 70°C. If used in a geothermal context, most of these
water samples would simply be described as coming from a shallow source without
attempling to attach a subsurface temperature or depth.

Currently, the local geothermal gradient is a matter of some speculation and only rough
estimates of flow depth can be made for the Klein Karoo. Accurate measurements of the
geothermal gradient will be a prerequisite if the geothermometry technique is to be
successfully applied for flow depth estimation at this and other locations.

The indication is that the groundwater supplying the Peninsula Formation boreholes may
circulate from 0 to 500 m below surface, while the water feeding the Nardouw Subgroup
could circulate to depths of 200 m to 3000 m. These estimates are generally deeper than the
minimum depths previously given by Weaver and Talma (2000).

Although the application of the quartz thermometer might be successful in the TMG, there
are some uncertainties about whether the TMG groundwaters have sufficient residence time
to be truly in equilibrium with quarnz. Various other silica and cation geothermometers give a
wide range of temperature estimates for the same water samples, illustrating the dangers of
trusting model generated outputs without understanding the underlying assumptions. These
methods are generally inappropriate for the samples under consideration, because they do
not fulfil the assumptions behind the geothermometer equations, are derived for the incorrect
temperature range or the relevant minerals are not present in TMG aquifers.
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2 Dolomite springs

An attempt to apply the various chemical geothermometry methods to another geological
environment is demonstrated here, using the dolomite aquifers of the northemn provinces of
South Africa as a test case. The dolomite aquifers of the Pretoria, Bo-Molopo, West Rand,
Deimas and Ghaap Plateau areas provide a key groundwater resource for Southemn Africa.

Dolomite formations all form part of the Transvaal Supergroup and include:
. the Campbell Rand Subgroup of the Ghaap Group, which outcrops as an extensive
plateau south of Kuruman in the Northern Cape; and
- the Maimani Subgroup of the Chuniespoort Group in the Northwest Province and
Gauteng. The Malmani dolomites consist of the Frisco, Eccles, Lyttleton, Monte
Christo and Oaktree Formations.

The lithology of these regions is more complex than the TMG and factors such as ion
exchange and mixing play a large role in the final composition of the groundwater (Taima
and Vegel, 2001). The composition of the rocks is, however, still relatively simple, comprising
mainly calcium and magnesium carbonate material and the geochemistry of the waters is
generally well understood. Of interest in terms of the silica geothermometers is the fact that
the dolomites, particularly the Eccles and Monte Christo Formations contain appreciable
quantities of chert. Residence times up to 3000 years have been reported for some of the
dolomite compartments (Talma and Vogel, 2001), which could allow time for the waters to
equilibrate with silica minerals.

Dolomite aquifers are characterised by features such as karstic dissolution cavities and
sinkholes. The complex flow patterns and mixing in these features could be a major limitation
in using a temperature estimates to predict circulation depths for these environments.

2.1 Chemical data

The dolomite aquifers of Southern Africa produce many flowing springs controlled by faults or
dykes that prevent the normal drainage into streams and nvers (Talma and Vogel, 2001).
Chemical data for the dolomite springs have been collected by both the CSIR and DWAF on
an iregular basis since the 1960's and there have been recent efforts to collate all this
information. The database prepared by Talma and Voge! (2001) for the WRC provides over
2000 records of chemical analyses of samples from dolomite springs. Although the database
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includes cation and silica concentrations, field pH and temperature measurements were rare
and it was decided that more value would be gained for this project by working with a smaller
data set.

A database of field measurements and chemical analyses of 56 dolomite spring waters
sampled in 1997 and 1998 was kindly supplied by Siep Talma of the CSIR for the purposes
of testing chemical geothermometer techniques. The chemical data used for the calculations
are included as Table 5 in the Appendix. Where possible, field measurements of pH and
temperature were used for the saturation index calculations in Table 6 (Appendix).

2.2 Geothermometer calculations
Calculated gectemperatures for the dolomite spring water samples were generated using
some of the more reliable geothermometer equations from Section A. The results are

summarised in Table 3 below, with the full data set presented in Table 7 in the Appendix.

Table 3. Summary of calculated geotemperatures for spring water samples from dolomites.

Silica geothermometers l Cation geothermometers |

Qz V01 Qz VS97| Chalc AB3 SO, V01 Na/K VS97 K'MgG38 Na-K-Ca FT73 |

Average 53 | 60 | 2 49 | 252 81 |

Macmum =~ 97 | 103 | 74 14 376 115 43 i

Minimum 31 | 39 l 12 66 &1 35 -0 ’
Geothermometer key:

Qz V01 = Quartz geothermometer (Verma, 2001), Calibration range: 0 - 374°C

Qz VS97 = Polynomial quartz gecthermometer (Verma & Santoyo, 1997), 20 - 210°C, Si0; < 295
mg/L.

Chalc AB3 = Chalcedony gecthermometer (Arnorsson ef al., 1983), no steam loss, 25 - 180°C

Si0; V01 = Amorphous silica geothermometer (Verma, 2001), 0 - 374°C

Na/K VS97 = Na/K gecthermometer (Verma and Santoyo, 1997), 80 - 350°C

K’/Mg G88 = K*/Mg geothermometer (Giggenbach, 1988)

Na-K-Ca FT73 = Uncorrected Na-K-Ca geothermometer (Fournier & Truescell, 1973), 4 - 100°C,

B=4/3
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The solubility characteristics of calcite and dolomite do not make for good solution
geothermometers. Calcite solubility decreases with increasing temperature and re-
equilibration is rapid, so thermal histories of the water are not preserved. Changes in calcite
and dolomite solubility are alsc strongly affected by pH and partial pressure of CO; and less
so by temperature. Coudrain-Ribstein ef al (1998) reported a temperature-CO, partial
pressure relationship in confined aquifers which might be applicable to limestone and
dolomite aquifers, bul as far as we could ascertain, this has not been developed into a
reliable geothermometer.

In addition to the lack of hydrothermal activity, the presence of rapidly soluble carbonate
minerals adds an additional complicating factor, which renders most of the cation
geothermometers useless in this environment. Dolomite dissolution adds calcium and
magnesium to the waters in proporticns that are not controlled by the theoretical
temperature-dependent reactions with feldspars and aluminosilicates on which these
geothermometers are based. The data for the K/Mg and Na-K-Ca geothermometers should
therefore be disregarded. The Na/K geothermometer, as for the TMG case study, gives
unreasonably high temperature estimates, because it has been applied o an inappropriate
cold water environment. Fournier and Truesdell (1973) advised that the Na/K estimates

should be rejected if /m_, >m,, or if the Na-K-Ca estimates are < 100°C, both of which

are true for the dolomite walers.

Lithium is not a commonly recorded parameter and, once again, there was no data available
for calculating cation geotemperatures involving lithium. This data set did contain isotope
information for oxygen-18, deuterium, carbon-13 and radiocarbon, but the data could not be
used for geothermometry, because isotope ratios were not measured for incividual dissclived
species such as oxygen-18 in sulphate. The groundwaler system is also too cold for their
appropriate application.

221 Silica geothermometers

it would be surprising to find dissolved silica in appreciable concentrations in a pure
carbonate rock, but the dolomites of South Africa are not pure carbonates and also contain
some silicate minerals. The dolomite spring waters have concentrations of dissolved silica
which are higher than those in the Klein Karoo quartzites. This suggests that silica in the
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spring water may be controlled by a more soluble, less crystalline silica phase than quartz.
The chert in the dolomite formations seems a likely source.

Saturation indices in Table 6 of the Appendix show that the walers are supersalturated with
respect to quartz, but close to equilibrium or slightly supersaturated with respect to
chalcedony at the discharge temperatures. The quartz temperatures in Table 3 above seem
unrealistically high and the saturation indices provide good motivation that the silica
concentrations are not controlled by quartz. We propose that the chalcedony
geotemperatures provide a truer reflection of reality in the case of the dolomite spring waters.

2.3 Thermal gradients

Thermal gradients spectfically for the dolomite region were not available, but the rate of
increase of temperature with depth is likely to be low on the tectonically stable Kaapvaal
craton, The average thermal gradient of 10°C/km and surface temperature of 20°C measured
in the Klerksdorp area (Jones, 1981) has been used until more accurate thermal gradient
data can be sourced.

2.4 Circulation depths

Estimated circulation depths for groundwaters feeding delomite springs in the Northern Cape
(Ghaap Plateau), Delmas area and West Rand are summarised in Table 4. All the calculated
depths are shown in Table 8 of the Appendix. The minimum circulation depth estimates were
computed using equation 3 from Section A and values of G = 10°C/km and T,,, = 20°C.

Table 4. Summary of minimum circulation depth estimates (in metres) for water samples from
the dolomite springs using the chalcedony geothermometer.

"~ Delmas Northern Cape West Rand
— B __(Ssamples) @ | (24samples) | (26 samples)
| Average 1130 2300 , 400
| Maximum 3150 5360 2300
| Minimum l 0 20 0

. = e — =l

The results indicate that relative circulation depths are shallow in the West Rand. slightly
deeper at Delmas and relatively deep in the Kuruman areas (Northern Cape).
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2.5 Conclusions

The chalcedony geothermometer seemed the least flawed tool for geotemperature
calculations in the dolomite aquifers and has been used 1o estimate average flow depths of
400 m in the West Rand, 1 km in the Delmas area and 2 km for the Northern Cape
dolomites, assuming the thermal gradient is 10°C/km. These estimates appear 10 be too high
for the cold springs arising from the dolomite aquifers.

The precision of the geothermometry techniques is not good enough to calculate the small
temperature changes that are found in shallow systems, and all that can really be said about
these waters is that there is unlikely to be very deep flow. The mineralogy, possible pollution
of waters and the complex flow patterns make the application of geothermometry very
difficult in this carbonate environment and the use of gecthermcmeters for flow depth
estimates in carbonate aquifers would not be recommended.

3 Hot springs

Since geothermometers were developed for the characterisation of geothermal systems, it
was decided to apply them to hot spring environments. These systems are generally
assumed to be heated by deep flow and are more lixely to conform to the assumptions under
which chemical geothermometry tools were developed. Silica and cation geothermometers
were investigated using chemical data for the some of the hot springs in the Western and
Eastern Cape, most of which arise from the TMG.

3.1 Chemical data

Chemical data for the geothermometer calculations was extracted from the National
Groundwater Database (NGDB). Data was sorted by temperature and only those records
with a measured discharge temperature above 30°C were accepted. The data for 68 hot
spring samples is presented in Table 9 in the Appendix.

Silica mineral saturation indices were calculated for a representative water samples from
eight of the hot springs as a function of temperature (Figure 3). Unfortunately, aluminium is
seldom analysed and the saturation status with respect to alumincsilicate minerals, which
could be important phases controlling solutes in the hot springs, could not be established.
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Figure 3. Silica mineral saturation indices for water samples from hot springs as a function of
temperature,
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The lack of full chemical analysis data, particularly missing aluminium concentrations also
prevented the application of a multicomponent equilibrium approach as used by Reed and
Spycher (1984).

Brandviei, Calitzdorp and Citrusdal spring waters are close to saturation with respect to
quartz at the measured spring temperature (T, on the figure), while Caledon and
Warmwaterberg springs are close to saturation with respect to chalcedony.

3.2 Geothermometer calculations

Geothermometer temperatures for quartz, chalcedony and some of the cation
geothermometers are shown in Table 10 in the Appendix. Amorphous silica did not give
reasonable results for any of the samples and has been excluded from the table. Because
some of the quartz geotemperatures exceed 100°C, a steam-loss correction geothermometer
has also been applied for this mineral. This is not strictly appropriate, however, since the
calibration range for the steam loss equation is 180 to 300°C and the estimated values all fall
well below this value. The springs for which the temperatures above 100°C were calculated
are Caledon and Warmwalterberg, where saturation indices suggest that dissolved silica may
be controlled by chalcedony rather than quartz. The results for the individual hot springs are
summarised in Table 5.

Table 5. Silica and cation geothermometer temperature estimates (°C) for water samples from

Cape hot springs.
Silica geothermometers . Cation geothermometers

Spring . Qz Qz QzSL | Chalc | NaK | K'Mg | Na-K-Ca| Spring

Vo1 | vser | As8 | A83 | VST | G88 | FT73 | temp
‘Brandviei | 84 | 9 91 62 314 | 35 45 59
Caledon | 100 | 105 104 76 317 | 24 60 48
Calitzdorp | 83 | 80.1 90 81 | 415 | 14 80 50
Citruscal | 66 74 76 4 | 208 | 37 47 43
Cogmanskico! | 70 77.8 79 48 3l9 | 28 53 40
|Drupfontein | 87 | 94.1 a4 65 | 201 53 22 35
\Gemsbokfontein | 64 | 722 | 75 43 | 212 45 28 38
Goudini 67 s | ™ 8 | 212 | 48 17 35
Montagu 74 81 | 83 52 | 33 34 K} 42
Nooitgedacht 74 82 | 83 52 422 17 66 41
SomersetEast | 60 | 682 71 39 210 61 10 | 40
Warmbad 7 843 | 85 55 | 399 22 53 | 40
Warmwaterberg | 94 100 | 99 71 372 14 68 44
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Gecthermometer key for Table 5:

Qz V01 = Quartz geothermometer (Verma, 2001), Calibration range: 0 - 374°C

Qz VS97 = Polynomial quartz gecthermometer (Verma and Santoyo, 1997), 20 - 210°C, SiO; < 285
mg/L.

Qz SL AB3 = Quartz geothermometer corrected for aciabatic steam loss (Amorsson ef al, 1983), 180
- 300°C.

Chalc A83 = Chalcedony gecthermometer (Amorsson &f al., 1983), no steam loss, 25 - 180°C.

Na/K VS97 = Na/K geothermometer (Verma and Santoyo, 1997), 80 - 350°C

K’Mg G88 = K'/Mg geothermometer (Giggenbach, 1988)

Na-K-Ca FT73 = Uncorrected Na-K-Ca geothermometer (Fournier and Truescell, 1973), 4 - 100°C,

B=a/3

Spring temp = measured water temperature al the spring discharge point.

Quartz and chaicedony geothermometers both give plausible results, with equilibrium
temperatures estimated to be slightly higher than the measured spring temperatures. Quartz
values are higher than those for chalcedony. The steam loss and polynomial quartz
geothermometer equations give temperature estimates that are probably too high, as does
the Na/K geothermometer.

The K’/Mg and Na-K-Ca tools give a wider range of values for these samples than the silica
geothermometers, which for Na-K-Ca, in particular, are often invalid, since they are below
measured spring temperatures. The waters contain relatively high magnesium
concentrations and would be classified as “immature waters” in a geothermal context
(Giggenbach, 1988). Based on the molar proportions of the cations, magnesium correction of
the Na-K-Ca data would be advised, but is difficult to achieve using Fournier and Potter's
(1979) graphs, since the calculated temperatures are mostly out of range for the correction
factors. Despite the higher surface temperatures, it appears that the conditions for using
cation geothermometars are still not valid for the TMG hot spring samples and the resulls
unreliable.

3.3 Thermal gradients

Difficulties relating to the acquisition of accurate thermal gradient data in the Cape Fold Belt
have already been discussed in Section B, 1.3. We have taken the same approach for the
circulation depth estimates here as was done for the cold TMG waters, ie. repeated
calculations with thermal gradients of 10°C and 20°C/km in an attempt to bracket the range
of possible thermal gradients in the area.

-39.




Chemical geothermometers Trial application

3.4 Circulation depths

Using the estimated quartz and chaicedony geothermometer temperatures in Table 5, the
minimum depth of circulation of the groundwalers feeding each hot spring has been
calculated, assuming a thermal gradient of either 10°C or 20°C/km and an average surface
air temperature of 20°C (Table 6). The final columns represent the circulation depth, if the
groundwater does nol undergo any cooling during ascent and the temperature measured
where the spring discharges is the same as at its maximum circulation depth.

Table 6. Estimated minimum circulation depths (km) of groundwaters feeding the Cape hot
springs, based on silica geotemperature values and measured wellhead temperatures.

) Depth (km) from Qz VO1 | Depth (km) from Chalc | Depth (km) from

Spring . estimates AB3 estimates measured temperatures
| 10°C/km 20°C/km 10°C/km 20°C/km 10°C/km 20°C/km

Brandviei 6.4 32 42 21 l 25 13
Caledon 8.0 40 56 28 | 52 26
Calitzdorp ‘ 6.3 32 4.1 20 a3 1.7
Citrusdal . 46 23 25 13 23 12
Cogmanskloof 50 25 28 14 30 15
Drupfontein 87 34 ; 45 22 5.2 26
Gemsbokfontein 44 22 | 23 1.1 26 13
Goucini | 47 24 | 286 13 32 16
Montagu I 54 27 | 32 16 32 16
Nooitgedacht | 54 27 , 32 16 33 16
Somerset East 40 20 | 19 10 20 10
Warmbad 57 28 as 17 37 18
Warmwalerberg 74 37 | 51 26 50 25

3.5 Conclusions

Even in these relatively heated samples, silica geothermometry appears to be more refiable
than the cation geothermometers, which are formulated for mineral equilibria occurring at
higher temperatures than experienced by these samples. Saturation indices indicate that
quartz is a more appropriate geothermometer than chalcedony for most of the hot springs.
Using the quartz gectemperatures flow depths of 2 to 8 km are estimated depending on the
steepness of the thermal gradient in the flow path of the Cape hot springs. These estimates
are 1 to 2 km deeper than the conventional estimates from spring discharge temperatures.
Chaicedony geotemperatures give very similar depth estimates to those obtained from
uncorrected spring temperature dala.
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SECTION C: Feasibility assessment and recommendations

1 Introduction

The application of geothermometry to South African aquifer systems presents a considerable
challenge. Geothermometers are not suitable for all geological environments. A major
limitation in the use of these techniques is their poor performance in non-geothermal
environments. South African groundwaters are, for the most pant, simply too cold to give
reliable geothermometry results,

The Southern African subcontinent is located far from the active edges of the African tectonic
plate and is not affected by mantle hotspots. Large-scale active volcanism was last present
in the area about 200 million years ago during the break-up of the Gondwana
Supercontinent. Some heat is produced in the crust by radiocactive decay, but there are no
shallow magmatic heat sources that could produce geothermal energy resources. The high
temperature condition the chemical geothermometer equations have been formulated for
would not generally occur in the depth range within which groundwaters could reasonably be
expected to circulate in Southern Africa,

In the following sections, we discuss the assumptions behind some of the geothermometry
techniques, the restrictions these can place on the interpretation of calculated
geotemperatures and estimated circulation depths and some recommendations for the South
African situation.

2 Assumptions and limitations of chemical geothermometers

A geothermometer can only be as reliable as the assumptions on which ¢t is based (Villa,
2001). There are a number of uncertainties involved in the estimation of subsurface
temperatures by geothermometry equations. These include:

« data scatter and errors in the regression coefficients when calibrating the
thermometer equations;

. accuracy and precision of the analytical determinations;

. calibration errors of the thermometers for low temperature systems; and
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+ errors related to the geclogic and thermodynamic processes of the chemical
equilibria involved in the reactions (Verma and Santoya, 1997).

The last point includes the central assumption behind geothermomelry techniques, that the
sysiem reaches chemical equilibrium with the mineral system on which the geothermometer
is based.

2.1 Uncertainties in calibration

There are often differences in the geothermometer equations derived from dissolution data
for the same mineral phase, depending on the experimental data and the regression analysis
used to fit the geothermometer expression, The modification of the van't Hoff expression also
uses the approximation of a linear relationship between log K, and 1/T, but AH values are
nct strictly constant. There is a slight variation in AH with temperature that causes the
relationship to deviate from linearity. Some polynomial gecthermometer functions have been
developed to account for this and allow the temperature estimates o be extended into higher
temperature ranges. Slight changes in experimental setup can cause changes in the
measured dissolution values and affect the geothermometer calibration.

Data scatter tends to be higher for the geothermometers derived from natural systems (e.g.
K/Mg and Na-K-Ca) than for those using experimental measurements of temperature
dependent equilibrium constants. As such, the precision of the single equilibrium techniques
(e.g. silica and Na/K geothermometers) is better than that of the empirical cation
geothermometers.

The regression constants for the geothermometer equations have traditionally been reported
as single values which are then used to calculate a single value for the geotemperature
based on the water compesition. Verma (2001) re-analysed much of the onginal siica
mineral solubility data and included the errors in fitting the a and b constants for his
geothermometer. These can be used to demonstrate the poor precision of geotemperature
estimates.

For the TMG case study the average temperatures estimated for the quartz geothermometer
from Verma’'s (2001) equation were given as 25 and 41°C for the Peninsula and Nardouw
groundwaters, respectively. Using the ranges in @ and b reported by this author, however,
the temperatures should rather be reported as 25 ¢ 14°C and 41 ¢ 16°C. As can be seen, the
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errors associated with the calibration of the gecthermometer produce very large uncertainties
in the caiculated tlemperatures. The relative magnitude of the uncertainty is much higher for
low temperature estimates and for the cold TMG samples ranges from 40 to 60%.

2.2 Uncertainties in analytical data

The quality of the analytical data for the groundwater samples, including sampling errors,
analytical errors and data transfer errors, is @ major consideration.

Silica concentrations may be determined by several analytical techniques, each of which
detects shghtly different dissolved silicon compounds. Information on the analytical method is
seldom recorded in databases, but may have a significant impact on the temperature
estimates. Plasma techniques (ICP-AES, ICP-MS) atomise all silica in solution and tend to
give higher total silica concentrations than the colorimetric methods which measure the
absorbance of monomeric silica complexes. The difference between monomeric and
polymeric silica species in solution can give higher or lower temperature estimates, although
the magnitude of this difference is probably smaller than the errors in the calibration of the
geothermometer,

An additional problem, especially with silica data, is the units in which the data are reported.
Laboratories will either report silica concentrations in mg/L. or ppm as Si (atomic weight 28.09
g/mol) or as SiO; (60.09 g/mol), but it is not always clear which convention has been used.
Most silica geothermometers are derived from SiO; data which can lead to large under-
estimations if the Si data is accidentally used instead. For example, accidentally entering
8ppm Si into Amorsson et al's (1983) quartz geothermometer equation gives a
geotemperature of 18°C, instead of 44°C if the silica concentration is entered as its
equivalent of 17 ppm SIO,, instead.

Although mest geothermometers are calibrated using concentration units of parts per million
(used almost interchangeably with mg/L or mg/kg water), there are some, e.g. the Na-K-Ca
geothermometer which require the data in molar concentrations instead and errors can arise
from failure 10 use the correct data conversions before calculation.
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2.3 Calibration problems at low temperature

Most of the data used for geothermometer calibrations comes from relatively high
temperature laboratory experiments or from natural geothermal systems. Geothermometers
have generally been successfully applied in areas where there is active volcanism nearby,
but there has been no volcanic activity in the Southern African region for a very long time.
Even when calibrated over a wide temperature range from 0 to 200°C and above, the
geothermometers usually have very few data points within the temperature range that is
appropriate for South African groundwaters.

Although the log K. vs. 1/T relationship has been found to apply to a wide temperature
range, mineral solubility and exchange reaction gradients are not steep enough to use as an
accurate geothermometer at low temperatures (Verma, 2002). For example, although the
experimental log Si versus 1/T relationship applies to the whole temperature range between
0 and 374°C, some workers have argued that silica geothermometers should only be applied
above 100°C (Calmbach, 1997 Verma, 2000). The use of logarithmic functions and inversion
of the tlemperature in the calibration plot means that much of the data resolution is lost in the
low temperature ranges when calibrating gecthermometers from laboratory dissolution data.

Figure 1 shows quartz solubility data collected by several experimenters. The graph
illustrates not only the wide data scatter arising from different experimental conditions, but
also the very low sensitivity (flat slope) of silica concentrations to temperature changes below
423K (150°C) when the un-manipulated values are plotted.
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Figure 1. Experimental and theoretical quartz solubility data (Verma, 2000).
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2.4 Assumptions relating to the geologic environment

The quartz geothermometer works by recording and preserving the maximum temperature at
which thermodynamic equilibrium occurred between groundwater and quartz. Quartz
geothermometry therefore relies on the presence of guartz in most aquifer rocks and the
attainment of equilibrium between quartz and groundwater at depth. Similarly, the success of
the cation geothermometers depends, among other factors, on the presence of the required
mineral assemblages to set the temperature-controlled cation ratios used for
gecthermometry. Many cation thermometers have been found 1o give unreliable results when
apphed to chemical data, even from hot springs, because the underlying assumptions behind
the equations are disregarded.

One of the major drawbacks is the assumption that the composition of the discharge water
reflects chemical equilibrium with a particular mineral at a subsurface temperature. Natural
groundwater is very rarely in contact with only cne mineral and natural systems are more
than likely o be controlled by multimineralic equilibria. This can lead to a wide range of
estimated temperatures when applying different geothermometer equations to the same
water.

2.5 Assumptions relating to chemical equilibrium

Since geothermometer calculations are based on the temperature dependence of chemical
equilibria, one of the central assumptions behind their application is that the water and
minerals must react to chemical equilibrium. While this assumption may be valid for
groundwaters with long residence times or for high temperature systems, it is not necessarily
true for shallow grouncwaters. Water-rock equilibration is usually extremely slow at low
temperatures and the residence times of shallow waters may not be long enough for the
systems to reach equilibrium,

The kinetics of quartz dissolution are the slowest of all the rock-forming silicate minerals.
Experimental dissolution stucdies have indicated that it could take 34 000 000 years for a 1
mm sphere of quartz to dissolve completely in dilute solution of pH 5 at 25°C and dissolution
slows down as the solution approaches equilibrium (Lasaga et al., 1994). Quartz dissolution
rate constants increase linearly with reciprocal temperature as temperature increases from
25 to 300°C (Tester e! al, 1994) so the rate becomes faster in high temperature
environments.

willle
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Given sufficient time, or low water-rock ratios, natural systems will also often re-equilibrate
during ascent. Kinetic constraints usually prevent re-precipitation of the original mineral, but
solute or ion concentrations in the water can also be changed through precipitation of less
stable mineral phases or exchange reactions at lower temperatures. Reed and Spycher
(1984) argue that high temperature source waters are often subjected to low temperature re-
equilibrium, which is so prevalent and relatively rapid, that a chemical signature of once
higher temperatures is not always preserved. Mixing and dilution with cold surface waters
and loss or gain of steam may also cause the geothermometers to give false values (Verma,
2001).

3 Data requirements and limitations

Two sets of data are required for the application of geothermomelry in the context of flow
depth estimation:

. accurate analytical data for the dissolved chemical parameters necessary fo

perform the temperature calculation.

. accurate recerd of the thermal gradient, applicable to the local environment.
In addition to these data sets, information is also required on the geological and
hydrogeclogical setting e.g. aquifer mineralogy, stratigraphic thicknesses, relative location of
recharge and discharge areas, estimates of groundwater residence times, mineral saturation
indices, etc. which can help to assess the validity of the estimates.

Some of these data requirements are not met when using existing datasets for South African
aquifers. Missing or inaccurate chemical data and the lack of readily accessible geothermal
gradient data are two of the most serious limitations.

Some databases do not include silica concentrations which precludes their use for even the
most simple geothermometer calculations. In other cases, silica may be recorded, but the
concentration units not noted. lonic charge balance calculations can give an idea of the
accuracy of caticn data when full analyses of major ions has been performed and samples
rejected if the ion balance exceeds 10%. Dissolved silica is uncharged and this method
cannot be used to identify erronecus silica data.

Lithium is very seldom included as an analyte, so the lithium geothermometers have limited
application using existing data sets. Another problem is the general lack of reliable data for
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dissolved aluminium, a problem which is related to the very low solubility of most aluminium-
bearing phases near neutral pH. This means that saturation indices cannot be calculated for
feldspars and other aluminosilicates, which has poor implications for multicomponent
gecthermometer techniques and cation geothermometers based on feldspar equilibration.
Gas concentrations and isotope data for dissolved solutes are aimost never determined
unless required for a very specific purpose, but this is not a serious limitation in this context
since these geothermometers would not be applicable for the cold South African
groundwater environment.

The errors in solute concentration data are propagated through the temperature calculations
and may be compounded by poor estimates of the local thermal gradients and average
surface/recharge temperatures. Geothermal gradients have been measured in numerous
deep boreholes in Southern Africa, usually for the purposes of the mining industry. Although
there are published summaries of heat flow measurements for Southern Africa. we found it
very difficult to get hold of the onginal temperature gradient measurements. The large
uncertainty in converting heat flow measurements to thermal gradients without knowledge of
the surface thermal conductivity of the rock materials is another problem. For the preliminary
investigations in this report, we have used very rough estimates of thermal gradients which
are completely unsuitable for this type of application. Depth calculations are also sensitive to
inaccuracies in average air temperature, particularly when thermometer estimates are close
to the surface temperature.

The poor precision of the quartz geothermometer in cold environments was discussed
above, giving errors of 14 to 16°C in the temperature estimates for the TMG groundwaters
from the Klein Karoo. When translating these into circulation depths, the predictions could be
out by 700 m to 1.6 km depending on the temperature gradient. Since the error is sometimes
greater than the predicted circulation depth, especially in the Peninsula Fermation, the value
of the results must be questioned.

4 Feasibility of application in SA

We have investigated cold and hot groundwaters from the Table Mountain Group and
springs from the dolomites to see whether chemical geothermometry is a viable lechnique for
estimating groundwater circulation depths in South Africa. At this stage, we have
concentrated only on geological environments where there is considerable existing
knowledge of the groundwater chemistry and where the aquifer mineralogy is relatively
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simple. Applying the techniques in complex mineralogical environments such as Karoo
shales, dolerites or basalts would probably entail additional complications to those described
below. We have also avoided trying to use the methods in shallow primary aquifers or alluvial
environments where the possibility of deep flow is extremely remote.

4.1 Cold groundwaters in Table Mountain Group quartzites

The selection of the appropriate temperature gradient is one of the largest sources of
uncertainty in circulation depth estimates using geothermometers for the Cape Fold Belt. A
high temperature gradient of 20°C/km produces more conservative estimates of circulation
depths, which are possibly closer to reality than those at 10°C/&km.

The simple quartz mineralogy of the TMG aquifers, and particularly the Peninsula quartzites,
make this an attractive setting in which to apply the silica geothermometers. The rock
composition, water compositions and relatively cool temperatures are unsuitable for cation,
isotope or gas gecthermometry.

Results for the linear quartz geothermometer seem most realistic, but kinetic constraints
could be problematic. Most high-temperature geothermal reservoirs have sufficient residence
time to attain equilibrium with quartz, but it is possible that the residence time of the cold
TMG groundwater samples is too short 10 reach quartz equikbrium. Carbon-14 dating of
groundwater from the VR-group boreholes in the Klein Karoo gave mean residence times of
1200 to 1700 (Kotze et al. 2000), while CFC analyses showed the waters to be only 35 to 45
years old (Weaver and Talma, 1999).

In general, it may be possible to predict aquifer temperatures using the silica content of TMG
groundwater samples and assuming equilibrium with quartz, but the precision of the
geothermometer is poor and there is likely to be a relatively large error associated with the
answer. This makes it difficult to use the estimated circulation depths of quantification of
aquifer parameters.

4.2 Cold springs in dolomites

More information on the flow in the dolomite systems is needed to determine whether the
patterns of relative circulation depths in the various dolomite areas make hydrogeological
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sense. Detailed studies of chemistry, isotopes and time series records have yet 1o produce
definite models of flow and recharge for these systems (Vogel and Talma, 2001). The
differences between the estimates for the Delmas, West Rand and Northern Cape areas
could be related to different residence times and flow depths in the different areas, but it
could just as easily reflect a difference in the availability of silica (e.g. different proportions of
chert) in the formations.

Saturation indices seem lo indicate that the chalcedony geothermometer is the most
reasonable tool for this environment but saturation indices alone do nol provide conclusive
proof that this silica gecthermometer can be applied. The geotemperatures obtained from the
chalcedony geothermometer are, in most cases, slightly above the measured discharge
temperature, which is the expected result for a relatively shallow flow system. Some of the
temperature estimates are, however, well below the recorded temperature in the Delmas and
West Rand regions. This does not conform to the assumptions behind the circulation
calculations and illustrates how inaccurate gecthermometry can be at low temperatures. Part
of the problem could be rapid flow in the dolomite aquifers. Groundwalters with lower silica
concentrations may represent samples which have not had sufficient time to reach chemical
equilibrium with chalcedony, rather than waters that have equilibrated at temperatures below
20°C.

Geothermometers generally do not have the precision to measure the small changes in
temperature that would be expected in shallow flow systems (e.g. less than 500 m) in areas
where thermal gradients are low. The circulation depth estimates have also been hampered
by a lack of accurate thermal gradient data. The flow depth estimates obtained from
chalcedony geotemperatures for the dolomite aquifers appear to be unrealistically high and
geothermomelry does not appear to be a reliable technique for carbonate environments.

4.3 Hot springs in Table Mountain Group Quartzites

The gecthermometry tools applied to the TMG hot springs have similar limitations to those
for the cold TMG waters. In the case of these relatively hot water samples, quartz (and
sometimes chalcedony, if present) may have greater opportunity to reach equilibrium than in
the colder shallow environment.

Despite the obvious evidence of heating in the elevated temperatures measured at the
discharge pont, these waters still appear to be poorly evolved from a hydrothermal

-49.




Chemical geothermometers Feasibility assessment

perspective and do not give reliable temperature estimates for cation geothermometry. The
lack of feldspars and calcium and magnesium silicate minerals in the aquifer may contribute
to the unsuitability of the samples for cation geothermometry calculations.

The results oblained using quartz and chalicedony gecthermometers indicate that the hot
waters may circulate more than 1 km below the surface before ascending to feed the springs.
Some techniques predict that flow depths are several kilomeltres deep. Although the relative
error relating to the calibration of the quartz thermometer is not as great as for the cold TMG
groundwaters, the uncertainties reported by Verma (2001) can still give errors of up to 20°C
in the calculated quartz gectemperature. When taken together with the uncertainty in thermal
gradients for the Cape Fold Belt, this can cause a sizeable uncertainty in the prediction of
circulation depth.

If good silica analyses and thermal gradient data could be obtained, the silica
geothermometers may offer an improvement over the current circulation depth estimates
based solely on recharge and discharge temperatures for the hot springs.

5 Recommended methods

Our investigations have found that siica geothermometers give the most plausibie
temperature estimates for groundwaters in quartzite and dolomite aquifers. Quartz and
sometimes chalcedony gecthermometers have tended to estimate equilibration temperatures
slightly above the measured temperatures at the welhead. The amorphous silica
geothermometers have been unreliable in all our case studies, giving negative temperature
estimates. Saturation index calculations can be useful for predicting which silica phase is
likely to control the equilibrium.

Silica geothermometers are calibrated on experimental data which gives a straight line piot of
log Si versus 1/T. For many groundwater samples where both temperature and Si are
recorded in the National Groundwater Database, including the dolomite spring waters used in
this study, such a relationship does not exist (Figure 2a). When data for hot springs (above
35 °C) and the TMG groundwaters are plotted, however, there is a possible relationship
between the silica and temperature parameters (Figure 2b), which suggests that the samples
may be suitable for silica geocthermometry.
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Figure 2. Relationship between temperature and dissolved silica concentrations in
groundwater samples from the National Groundwater Database. a) All groundwater
samples <35°C and b) all hot spring samples >35°C and TMG samples from the
Kammanassie (Klein Karoo) area.

Al South African groundwaters examined in this study were too cold for cation
geothermometry. Giggenbach's (1988) trilinear diagram showed that the all the waters, even
those from hot springs are immature hydrothermal solutions and do not conform to the
requirements of cation geothermometry. Cation geothermometers are not recommended for
general application in South Africa. Other groundwater systems which might prove suitable
for trial application of silica gecthermometry in Southemn Africa include the Witwatersrand
quartzites and the Windhoek aquifer.

All geothermometry applications should include a thorcugh assessment of the assumptions
behind the formulation of the geothermometer and the appropriateness of applying the
technique in the chosen geolegical and hydrogeological environment.

The poor precision of the geothermometer calibrations is a serious disadvantage and the
question remains whether conventional geothermometers developed for geothermal
environments can be successfully applied for groundwaters in South Africa. Recalibration
using improved solubility measurements and new empincal constants might eventually give
more accurate geothermometers, but the sensitivity for the low temperature range s always
likely 1o be poor. Not only chemical equilibrium constants, but also reaction rates are
temperature dependent and more rigorous modelling of reaction kinetics may be useful in
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developing a suitable technique for cold groundwater. This would be an enormous task,
beyond the scope of an initial feasibility assessment,

Current geothermometry techniques lack the accuracy needed for confident depth
estimations, but they might still provide useful indications of relative depths and flow patterns.
If an independent method of estimating flow depth could be found, this might prove useful for
validating the results from geothermometry and thermal gradients.

6 Recommendations for data collection

The calculations attempted in this feasibility study were sometimes hampered by a lack of
appropriate data. Collection, recording and improving access to accurate data of the
following types may simplify any future attempts to apply gecthermometry in a suitable
environment:

. thermal gradients that are appropriate lo aguifer systems

* average air lemperatures in recharge zones for estimating recharge water
temperatures

. dissolved silica concentrations (including details of analytical methods, filtering of
samples and reporting concentration units)

. field temperature and pH measurements used to calculate species activities and
saturation indices.

« dissolved lithium concentrations, which together with calcium and magnesium data
would allow the lithium geothermometers to be tested since these are reported 1o be
more effective at low temperatures than the other cation geothermometers. Poor
analytical accuracy may be a limitation, since the concentrations are generally low.

«  aluminium concentrations (logether with the analytical method and detection limit)
which will allow aluminocsilicate saturation indices 1o be calculated and faciltate
application of the multicomponent equilibrium methods.

Silica, lithium and aluminium are useful data to collect for a number of geochemical purposes
and espedally aid in understanding waler rock interactions and we would recommend that
these be included in routine chemical analyses in addition to the typical major cations and
anions.
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7 Conclusions

Chemical geothermometers provide a simple tool for estimating temperatures experienced
by deeply circulating groundwaters. The calculations can be easily performed by calculator or
simple spreadsheet algorithms using solute concentration data for water samples. Chemical
geothermometry should, however be used with caution, It is very easy to calculate an answer
using the geothermometry equations and, unless that answer is completely illogical, it can
always be taken at face value. But it is 3 whole different matter to understand where the
answer comes from and to decipher whether it has any real meaning.

If intelligently applied and used with reliable, appropriate data geothermometers may be able
to give useful information about whether flow systems in aquifers of simple mineralogy. such
as the TMG quartzites, are deep or shallow. They can also be used to compare samples in
the same geological settings and draw conclusions about their relative depths and ages.
Geothermometers may also offer an improvement over current depth estimation techniques
based only on wellhead temperatures, which does not allow for conductive cooling of
ascending groundwalters.

Al present the calculation of flow depths from geothermometry is plagued by numerous
uncertainties. Access to appropriate and accurate data for solute concentrations is
sometimes difficult, but reliable thermal gradient measurements are even more of a problem,
Perhaps the greatest drawback is that the geothermometer equations themselves cannot
give very precise estimates because of the large data scatter and resulting errors in their
calibration.

Collecting good chemistry and temperature gradient data is essential and will overcome
some of the problems of this attempted application of geothermometry. But it will not enable
the successful application of geothermometers in inappropriate environments or improve the
poor precision of the geothermometer estimates.

There is some promise that reasonable predictions could be made for aquifers of simple
quartz mineralogy if very accurate field and laboratory data were available, the geological
and flow environment is well understood and a carefully calibrated quartz geothermometer
can be used. The quality of the predictions is not sufficient as a basis for important aquifer
management decisions, without an independent verification of the outcome.
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Chemical geothermometers Data tables

Appendix: Data tables

1. Table Mountain Group
Chemical analysis data for groundwater samples (Smith et &/, 2002; pers. comm.).

Table 1a. Chemical data for boreholes in the TMG aquifer, Peninsula Formation, Klein Karoo.

Sample ID EC pH Na Mg Ca K | Sio; Data
| mS/m mgl. mglL  mglL mgiL mg/L source
145177 14.1 7.18 136 16 54 1.7 89 1
145262 174 7.46 18.2 2 79 1.7 | 94 1
1145578 18.5 6.78 21.2 32 44 234 | 986 1
146684 136 €.59 14.3 21 a8 059 | 94 1
146685 13.3 6.45 15.6 23 25 0.74 94 1
146686 129 6.31 146 2 22 0.74 86 1
146687 13.2 €.18 136 24 24 099 88 1
146688 135 6.37 13.7 24 29 08 99 1
180473 88 €.49 8.7 16 1.7 0.69 6.9 1
VR111 95 5.9 1" 2 1 16 9.4 3
VR11-2 - 43 1 19 1 05 78 6
VR11-3 75 €.69 109 1 1.3 0.7 91 5
VRE-1 15 6 14 2 2 12 | 86 3
VR6-2 10.4 45 14 19 1.3 04 | 75 6
VR6-3 15 6 14 2 2 12 | 86 5
VRE-4 el 6.18 1.9 2 51 076 | 75 a
VR7-1 95 6.2 12 2 2 12 7.9 3
VR7-2 88 45 1" 18 1.2 03 7.7 6
VR7-3 B 55 t 2 2 0.3 08 5
VRE-1 89 59 - 2 2 12 8.1 3
VRS-2 86 5 10 18 1.2 05 8.1 3

Data sources for Table 1:

1. National Groundwater Database - DWAF (1999).
3. Kotze and Rosewame, P .N. (1996). 4 Miller (2000).
5. Kotze et al. (2000). 6. Weaver and Talma (1999).

s




Chemical geothermomelers

Data tables

Table 1b. Chemical data for boreholes in the TMG aquifer, Nardouw Subgroup. Klein Karoo.

Sample ID | EC pH Na Mg
L mSim moiL _'ﬂ_
87180 83 6.01 10.4

97161 20.8 6.38 245 a.a
97162 22 5.54 246 39
99772 9.2 5.53 10.1 15
99779 57.2 7.40 60.0 87
146322 20.3 5.37 26.7 286
146445 109.9 6.92 135.2 276
180474 17.7 6.36 207 29
180475 275 6.49 342 45
CSH1a 21 7.1 17 4
CSH1b 18.8 7 16 4
CSH1c 21.5 7.3 17 4
DG110-1 17 5.35 206 36
DG110-2 22 5.54 246 39
DL13-1 495 72 66 8
DL15-2 445 72 37 10
DL16-1 46.7 73 47 9
DL18-2 48 7.03 509 8.1
DL16-3 486 6.93 57.3 8.6
DL16-4 45.1 6.77 46 8.2
DL17 49 573 442 114
DL17-1 50.9 6.69 479 119
oL17-2 40.2 647 444 10.9
DP12 22.2 6.4 32 4
DP15-1 30.2 37 21 3
DP15-2 2% | a7 20 37
DP28-1 18 59 22 3
DP28-2 17.5 5.1 20 36
DP28-3 57 3.13 27 13.1
DP26-1 208 6.4 25 4
DP29-2 12 55 21 44
DR2 323 6.9 25.9 48
KG1 399 5.68 381 8.1
LAY 305 7 23 4
NM1 134 6 12 -
oK1 40.1 6.9 32 5
RF1 133 | 59 2 2
RF2 "ne | 57 17 2
SL2-1 544 | 7 49 1
sL2-2 837 823 549 19.9
VG2 a3 5.59 223 4.1
VG3-1 19.5 45 26 37
VG3-2 155 - 23 3
'WD1 17.2 7 12 4
WK4 26 547 313 44
WN2 25.9 6.2 35 5
WN3 25.1 5.76 30.1 46
YR2 18.1 56 19.4 3.1

Ca K
myL L mgil
035
415
' 1.31
1.3 ! 0.61
14 ’ 156
23 | 0.58
37 486
18 | 091
3 I 1.34
10 74
10 | 786
9 | 94
54 | 14
4 | 1n
12 | 162
12 | 142
12 | 143
108 | 129
132 | 15.18
11.3 13.91
274 | 148
157 1443
143 13.38
5 | 43
3 3.7
33 22
3 36
3.2 22
228 39
5 42
49 28
26.2 971
12 9.59
23 64
& 18
K} | 08
2 | 1.7
2 05
36 142
574 13.18
17 71
18 08
2 0.7
15 6.1
35 1.08
G 85
87 6.46
7 47

Sio;
mg/L

98
105
10.7
90
112
107
324
98
15
38.7
381
379
83
107
13
96
105
143
123
113
1.2
122
122
10.7
10.7
10.1
186
10.1
15.7
105
96
205
11
173
180
163
10.1
92
220
289
16.0
88
94
3.2
10.7
16.0
165
15.7

mmumnu-mhuuwuuuwmmmunmumuua-&--a-uuumbunn-a-a-a-—-a-o_...g




Chermcal geothermometers Data tables

Geothermometer calculations:

Table 2a. Calculated geotemperatures for water samples from the Peninsula Formation.

Sample 1D Stlﬁgeothommton . Cation geothermometers
Qz V01 | Qz VS97  Chalc AB3 SiO, V01 Na/K VS97 | K'/Mg GB8 | Na-K-Ca FT73

145177 | 26 | 33 | 7 69 | 238 | 3 | 38
145262 28 s | El 68 | 214 | 38 ' 34
145578 28 35 10 -67 | 228 i 37 54
146684 28 s | @ 68 | 157 | 60 . 19
146685 28 s | 9 68 | 11685 | s7 | 3
146686 25 32 7 70 | 170 | 55 f 33
146687 29 ar 1 67 | 195 51 38
146688 29 37 1 66 | 179 | 55 29
180473 18 24 0 75 i 202 | 54 . n
VR11-1 28 35 9 68 | 252 | 39 | 65
VR11-2 2 29 4 72 163 63 34
VR11-2 27 | 8 69 145 63 22
VRG-1 25 32 6 70 | 207 | 45 ; a8
VRE-2 20 27 2 73 | 135 | 68 ' 26
VRE-3 25 32 & -70 207 45 45
VRE-4 20 27 2 73 186 54 18
VR7-1 2 29 4 72 220 45 45
VR7-2 21 28 3 -73 | 132 74 ; 19
VR7-3 29 ar n 87 | 144 75 ! 10
VRE-1 23 30 5 71 245 | 45 42
VRE-2 23 | s 71 169 | €2 30
Gecothermometer key for Table 2:

Qz V01 = Quartz geothermemeter (Verma, 2001), Calidration range: 0 - 374°C

Qz VS97 = Polynomial quartz geothermometer (Verma and Santoyo, 1997), 20 - 210°C, SiO; < 295
mg/L.

Chalc A83 = Chalcedony geothermometer (Arnorsson ef al., 1983), no steam loss, 25 - 180°C.

SIO; V01 » Amorphous silica geothermometer (Verma, 2001), 0 - 374°C

Na/K VS97 = Na/K gecthermometer (Verma and Santoyo, 1997), 80 - 350°C

K’Mg G88 = K*/Mg gecthermometer (Giggenbach, 1988)

Na-K-Ca FT73 = Uncorrected Na-K-Ca gecthermometer (Fournier and Truesdell, 1973), 4 - 100°C,
g=4/3

A3 -




Chemical geothermormeters

Data tables

Table 2b. Calculated geotemperatures for water samples from the Nardouw Subgroup.

-

Sample ID Silica geothermomaters Cation geothermometers
Qz V01 Qz VS97 Chalc AB3 SiO; V01 Na/K VS97 K'/Mg G88 Na-K-Ca FT73

97160 | 29 | 37 10 87 144 Iz T
97161 | 3 39 13 -65 267 28 70
97162 Ph 40 13 -64 173 50 41
199772 | 28 34 8 69 182 <8 a3
99779 | 34 42 15 63 312 13 101
146322 32 40 12 -64 120 63 N
148445 76 83 | 4 -31 148 43 52
180474 | 29 37 10 67 161 55 44
180475 | 35 43 16 62 153 51 50
CSH1a | B4 91 | 62 -24 a7re 18 70
CSH1Ib | 83 0 | 61 -25 392 18 70
CSH1c 83 %0 | 61 -25 415 14 80
DG110-1 24 N 5 -7 190 48 36
DG110-2 32 40 13 64 173 50 41
DL13-1 34 42 15 63 | 308 1" 108
DL15-2 28 36 10 67 62 15 96
DL16-1 n a9 13 65 332 14 %9
DL16-2 42 51 23 -57 310 15 ]
DL18-3 37 45 18 81 | 315 13 102
DL16-4 34 42 15 €3 | 331 14 9%
DL17 34 42 15 63 | 344 15 81
oL17Z-1 | 3 | 45 18 61 330 16 93
oL17-2 | 37 | as 18 61 330 17 92
DP12 32 | 4 13 B84 | 245 28 74
DP15-1 32 | 4 13 64 | 271 28 75
DP15-2 30 | 38 1" €6 | 228 39 57
DP28-1 33 | 43 16 62 | 254 28 75
|DP28-2 30 a8 11 66 | 228 39 58
'DP28-3 46 55 26 54 | 268 40 39
DP28-1 3 39 13 65 | 268 28 70
DP28-2 28 | 36 10 87 245 36 57
DR2 56 | &5 36 -46 358 15 63
KG1 a3 a1 14 63 309 20 83
LAY 50 58 | 30 -51 a1 21 52
NM1 51 60 | 3 -50 255 a4 36
OK1 a7 56 | 27 -53 128 63 1
RF1 30 38 " 66 200 as €0
RF2 27 | 33 | B -68 137 64 26
SL2-1 s9 | 68 | 39 -44 326 16 74
SL2.2 | 19 | 49 35 304 22 €4
VG2 a7 ' 55 | 27 -53 337 19 61
VG3-1 26 33 | 7 -69 139 60 43
VG3-2 28 | 33 | 9 68 138 61 a7
wD1 7 | 84 | 85 -30 402 21 53
WKa 2 | & 14 .64 146 85 41
WN2 47 | 55 27 53 305 18 84
WN3 48 ’ 6 | 28 -52 291 22 74
YR2 46 | s54 | 26 | -54 305 24 64




Chemical geothermomelers Data tables

Silica mineral saturation indices:

Table 3a. Saturation indices for common silica minerals calculated for Klein Karoo TMG
groundwaters from the Peninsula Formation at an estimated near-surface temperature of 20°C.

‘Sample ID Quartz Chalcedony Am. SO,
145177 1 0.2 - w02 -1.08
1145262 { 0.23 -0.20 -1.05
[145578 ; 0.24 -0.19 -1.04
1146684 ; 0.23 -0.20 -1.05
1148625 ? 0.23 0.20 -1.05
1146686 , 0.19 -0.23 1.00
1146687 | 025 0.18 -1.03
1146688 ; 0.25 0.17 -1.03
1180473 ‘ 0.10 -0.33 -1.19
[VR11-1 ‘ 023 0.20 -1.05
(VR11.2 i 0.15 027 -1.13
VR11-3 0.22 0.21 -1.07
VRE-1 0.19 0.23 -1.09
VRG-2 0.13 -0.20 1.15
VRE-3 0.1 023 -1.08
\VRE-4 0.13 -0.29 -1.15
\VR7-1 ‘ 0.15 0.27 -1.13
|\VR7-2 ‘ 0.14 0.28 1.14
|VR7-3 ‘ 0.25 -0.18 -1.03
|VR8-1 , 0.17 -0.26 1.12
vR8-2 | 0.16 _ -0.26 -1.12 |

Note: Saturation indices

The saturation index of a mineral = log (Q/K,,), where Q is the ion activity product of the
individual species making up the mineral (in this case the concentration of dissolved SiO;)
and K, is the solubility product of the mineral in guestion at the particular temperature.

Negative saturation index values indicate that the water is undersaturated with respect to the
mineral (a tendency to dissolve more if it is present) and positive values, that the water is
supersaturated with respect to the mineral (a tendency to precipitate). At chemical
equilibrum, the saturation index is zero. Values which are shaded indicate supersaturation
with respect to the mineral,
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Data tables

Table 3b. Saturation Indices for common silica minerals calculated for Klein Karoo TMG
groundwaters from the Nardouw Subgroup at an estimated near-surface temperature of 20°C,

Sample ID_ _

47160
a7161
97162
99772
99779
146322
146445
180474
180475
CSH1a
CSH1b
CSH1c
DG110-1
DG110-2
DL131
DL15-2
DL16-1
DL16-2
DL16-3
DL16-4
OL17
DL
DL17-2
DP12
DP151
DP15-2
DP28-1
DP28-2
DP28-3
DP29-1
DP29-2
DR2
KG1
LA1
NM1
| OK1
RF1
RF2
SL21
SL2-2
VG2
vG3-1
VG3-2
| WD1
| WK4
WN2
WN3
| YR2

—

Quartz Chalcedony
0.25 018
0.28 0.15
0.29 -0.14
0.21 0.21
0.31 0.12
0.29 -0.14
0.77 0.34
0.25 -0.18
0.32 0.11
084 042
0.84 0.41
0.83 0.41
0.18 0.25
0.29 -0.14
0.31 0.12
0.24 -0.19
0.28 -0.15
0.41 -0.01
0.35 -0.08
0.3 «0.12
0.31 -0.12
0.34 -0.08
0.34 -0.08
0.29 0.14
0.29 -0.14
0.26 -0.18
0.32 -0.10
026 -0.18
0.45 0.03
0.28 0.15
0.24 -0.19
057 0.14
0.30 0.12
0.49 0.07
0.51 0.09
047 0.04
0.26 016
0.22 020
0.60 0.17
0.72 0.29
0.46 0.04
0.20 022
0.23 020
0.78 0.35
0.29 014
0.46 0.04
047 0.05
0.45 0.03

Am. SiO,
T
1.00
-0.99
-1.07
-0.98
099
0.51
-1.03
-0.96
-0.44
.0.44
045
1.1
-0.99
-0.97
-1.04
.1.00
-0.87
-0.94
-0.97
-0.98
094
-0.94
-0.99
-0.99
«1.02
-0.96
-1.02
-0.83
-1.00
-1.04
0.71
0,98
0.79
0.77
081
-1.02
-1.08
-0.68
-0.56
082
.1.08
-1.05
-0.50
-0.99
-0.82
-0.81
083




Chemical geothermometers Data tables

Circulation depth estimates

Table 4a. Estimated minimum circulation depths (m) for Peninsula Formation samples using
quartz geothermometer values and temperature gradients of 10 and 20°C/km .

Sample 1D Linear quartz geothermometer Polynomial quartz geothermometer
’ ~ G=10Ckm | G=20C/km  G=10°C/km  G=20°C/km
145177 600 300 1320 670
145262 800 400 1540 770
145578 800 400 1630 815
146684 800 400 1530 765
146685 800 400 1540 770
146686 500 250 1220 610
146687 900 450 1700 850
1146688 900 450 1730 860
(180473 0 0 400 200
VR11-1 800 400 1540 770
VR11-2 200 100 S10 450
VR11.3 700 350 1420 710
VR6-1 500 250 1190 585
VREG-2 0 0 700 350
VRE-3 500 250 1180 585
VRE6-4 0 0 700 350
VR7-1 200 100 910 450
VR7-2 100 50 810 400
VR7-3 900 | 450 700 850
VRE-1 300 | 150 1000 500

'VR8-2 300 | 150 1000 500




Chemical geothermomelers

Data tables

Table 4b. Estimated minimum circulation depths (m) for Nardouw Subgroup samples.
Sample ID Linear quartz (QzV01) Polynomial quartz (QzVS97) Chalcedony (Chalc A83)
G = 10°C/km G =20°C/km G = 10°C/km G = 20°C/km G = 10°C/km G = 20°C/km

87160
97181
a7162
09772
09779
146322
146445
180474
180475
CSH1a
CSH1b
CSH1c
DG110-1
DG110-2
DL13-1
DL15-2
DL16-1
DL16-2
DL16-3
DL16-4
DL17
DL17-1
DL17-2
DP12
DP15-1
DP15-2
DP28-1
DP28-2
DP28-3
DP29-1
DP29-2
DR2
KG1
LAY
NM1
CK1
RF1
RF2
SL2-1
SL2-2
VG2
VG3-1
vG3-2
{WD1
WK4
WN2
WN3
YR2

900
1100
1200
600
1400
1200
5800
900
1500
6400
6300
6300
400
1200
1400

1100
2200
1700
1400
1400
1700
1700
1200
1200
1000
1500
1000
2600
1100

3600
1300
3000
3100
2700
1000
700
3900
5100
2700
600
800
5700
1200
2700
2800

450
550
600
300
700
600
2800
450
750
3200
3150
3150

600
700
400
550
1100
as50
700
700
850
850

750
500
1300
550
400
1800
650
1500
1550
1350
500
350
1950
2550
1350
300
400
2850

1350
1400
1300

1670
1830
2010
1390
2180
2010
6350
1670
2290
7100
7030
7010
1070
2010
2230
1620
1935
3090
2530
2205
2170
2500
2497
2010
2010
1780
2300
1780
3460
1935
1620
4430
2130
3830
3970
3580
1780
1450
4770
5860
3530
1280
1540
6440
2025
3535
3630
3440

835
960
1005
700
1090
1008
3170
835
1140
3550
3515
3500
530
1005
1110
810
970
1550
1265
1100
1080
1250
1250
1005
1005

1150
890
1730
970
810
2240
1070
1915
1990
1790
890
730
2385
2930
1765
640
770
3220
1010
1770
1815
1720

3400

4160
4085

635

870
1105
750

1860
2920
700

3490

700

790
620

1700

2080
2040
2030

320

790

480
550
370

930
1460
350

1750

350

395
310

-A8 -




Chemcal geothermometers Data lables
2. Dolomite springs
Chemical analysis data from Talma (pers. comm.):
Table 5. Chemical data for springs in dolomite aquifers.

T EC Field Lab Ca Mg Na K Sio;
e Fenka— Date  oc mSim pH pH mgll mg/L mgl mg/L mgiL
DM 1 Delmas Munic. Bh C1 19980506 20.7 306 7.7 8.12 25 204 63 126 151
DM 2  Rietkol Bh 10080506 195 309 69 7064 295 162 87 218 209
DM 3  Rietvalley Bh 19980506 183 235 67 7.71 224 123 45 071 128
DM 4  Witklipbank Deep 19980506 24.7 280 816 122 3 402 248 198
DM 5  Hekpoort Deep 19980506 340 828 101 24 637 06 15
DM6&  Wolwefonten Spe 19980506 754 308 17 71 215 305
NC1  Tamaskwe-West 19980202 235 1101 72 85 74 939 161 085 225
NC2  Tamasikwe-Village 19980202 839 606 766 104 046 191
NC3  Viakfonten 19980202 199 646 77 842 737 405 34 051 143
NC4  Sishen, South Sw274 19980203 238 683 75 849 704 394 141 221 270
NCS5  Sishen North Swd12 19980203 260 738 79 853 842 421 155 184 351
NC 6 Sishen, West Sw307 19980203 254 774 75 86 802 424 168 214 353
NC7 Kathy, Mun Swé54 19980203 231 865 73 852 745 8505 257 273 283
NC8  Khai Appel Sw 371 19980203 808 73 B84 829 449 234 274 208
NC9  Tsansabane, Postma 19980204 215 677 73 839 724 367 15 232 281
NC10  Boitshoko, Postmasbg 19980204 229 1050 70 B43 954 72 158 198 306
NC11  Honibad, Postmasbur 19980204 228 12286 8.31 1104 747 336 393 36.1
NC12  Houtstraal, Postmasb 19980204 219 1120 72 8239 1065 52 562 36 303
NC13  Boplaas Eye 19980204 220 315 73 842 41 11 58 133 163
NC14  Kramasfontein 19980204 816 183 76 31 132 132
NC15  Klein Kono Boorgat 19980204 220 580 70 85 689 359 38 059 152
NC16  Macdetane Mad 5 19980205 196 439 74 833 387 236 179 1147 218
NC17  Groot Keno Oog 19980205 213 559 72 827 718 302 39 054 170
NC18  Kuruman Oog A 19980205 218 342 73 822 46 148 46 109 147
NC18  Kuruman Oog B 19980205 218 433 72 823 527 234 38 094 149
NC20 Manyeding Oog 19980205 §68 74 876 639 361 39 0863 162
NC21 Thomthwaite GI9665 19880206 235 1420 71 788 1285 741 332 136 455
NC22 Thomthwaite Ned 19980206 108.7 836 996 627 30 117 420
NC23  Grassy Bank 19080206 22.7 1100 73 797 1082 643 606 136 437
NC24  Kokomeng 19060206 228 1387 70 8682 1252 71 383 387 505
WRSE Germit Minnebron 16980508 196 699 73 798 677 41 166 12 152
WR 7F Boonste Oog Mcowriv. 19980508 197 437 73 821 472 281 35 09 138
WRBE Maloneys Eye 19980508 196 260 75 848 265 17 28 059 126
WR10G Pretoria Fountains L 19971012 208 472 73 7.75 461 264 88 073 172
WR13G Grootfontein Rietvie 19980504 195 221 77 804 23 135 26 05 138
WR14G Erasmus Rietviel 19980504 195 205 76 804 217 131 2 043 120
WR15G Sterkfontein Spring 19971011 197 425 72 786 435 267 61 142 176
WR40G Wendergat 19971001 219 614 76 81 714 396 31 059 1438
WR47E Rietgat Oog Ocs Bh 19971003 189 955 70 782 855 709 12 266 246
WRA4SF Molopo Oog Bosman 19971001 217 408 75 827 488 267 22 045 121
WRS1D Weligedachtoog 19971002 197 587 70 7.79 655 387 36 058 126
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Chemical geothermometers

Data tables

Sample

WRS2E
WRSJIF
WRS4F
WRSSE
WREOF
WRE3F
WREEE
WRESC
WRES8
WR70C
WRT72E
WR75D
WR778
WR788
WR838
WRS85

Table 5 (continued). Chemical data for springs in dolomite aquifers.
T EC Field Lab Ca

Spring name

Doornplaatocg
Buffelshoek Oog
Stinkhoutboomoog L
Tweefontein Lower
Rhenosterfontein
Grootfontein Oog
Olievendraai Cog
Kaaloocg Bridge
Kaaloog Upper
Tweefontein Upper
Pretoria Fountains U
Elandsfontein
Dinckane Upper
Dinckane Lower
Schoenspruit South
Malmani Upper

Date

19871001
19671002
19671002
19671002
19671002
19971003
19871001
19871003
19871003
19971002
19971012
19671011
19971002
19671002
19980508

19971001

*C mS/m
20.1 530
203 488
189 725
192 503
214 513
20.1 58.7
198 676
222 273
221 26.7
206 382
20.7 402
189 269
218 443
20.7 50.7
199 559
211 291
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pH
70
1
68
T2
7.2
71
7.0
7.2
7.2
69
73
7.2
7.2
7.0
74
7.5

pH mg/L

7.7
8.03
7.96
8.15
8.17
7.97
7.58
8.17

78

79
7.74
7.62
8.15
7.86
8.14
815

60.7
57.3
86
59
531
722
772
31.7
308
443
42
289
S04
5786
614
351

K

SiO;

mg/L mg/L mg/L mg/L

M1 27
24 27
463 38
NS5 22
272 1.7
331 36
455 41
17 18
163 19
233 21
24 46
158 3
219 22
326 27
356 4
177 19

042
045
0.59
027
0.72
085
054
025
04
04
0.56
1.01
042
0.57
105

035

142
145
133
116
13.0
216
175
103
105
105
142
171
11.7
136
16.7

120




Chemical geothermomelers

Data tables

Silica and carbonate mineral saturation indices:;

Table 6. Saturation indices for silica and carbonate minerals calculated for dolomite springs.

Sample | Sim. pH | Sim. T| Quartz [Chalcedony Am. SiO,| Calcite Dolomite Water type
DM 1 77 | 207 | 0.44 0.00 085 | 012 @ -004 |Mg-Ca-HCO3
DM 2 69 | 195 | 060 0.16 .70 084 | -167 |Ca-Mg-HCO3
DM 3 67 | 183 | 041 -0.04 -0.90 -1.38 | -277 |Ca-Mg-HCO3
DM 4 7 | 247 | 050 0.07 077 | 147 260 [Na-Ca-HCO3
DM 5 7 | 25 | 026 0.17 -1.01 | -1.15 -257 |Na-HCO3

DM 6 7 25 | 069 0.26 -0.58 067 | -1.26 |Ca-Mg-HCO3
NC 1 72 | 235 | o0s8 0.14 0.70 027 | 098 [Mg-Ca-HCO3
NC 2 7 25 | 048 0.05 .78 0.07 0.30 |Mg-Ca-HCO3
NC 3 7.7 199 | 043 -0.01 -0.87 0.56 1.15 [Ca-Mg-HCO3
NC 4 75 238 | 065 0.22 -0.63 0.40 0.89 |Ca-Mg-HCO3
NC 5 7 | 26 | 073 0.30 053 093 192 |Ca-Mg-HCO3
NC 6 75 | 254 | 074 0.32 -0.52 0.50 1.07 |Ca-Mg-HCO3
NC 7 73 | 231 | 068 0.25 -0.60 0.24 064 |Mg-Ca-HCO3
NC 8 73 | 25 | 082 0.09 075 | 030 068 |Ca-Mg-HCO3
NC 9 73 | 215 | 070 0.26 059 | 0.18 0.37 |Ca-Mg-HCO2
NC10 7 | 29| o072 0.28 056 | 0.12 043 |Mg-Ca-HCO3
NC11 7 | 28| 079 0.36 049 0.15 045 |Mg-Ca-HCO3
NC12 72 | 219 | 073 0.29 -0.56 027 | 054 [Ca-Mg-Na-HCO3
NC13 73 | 22 | 046 002 | -083 | -028 083 |Ca-Mg-HCO3
NC14 7 | 25 | 032 -0.11 085 | -112 | 227 |Ca-Mg-HCO3
NC15 7 | 22 | o043 -0.01 -0.86 015 | -027 [Ca-Mg-HCO3
NC16 74 | 196 | 062 0.17 -0.68 012 | 017 |Mg-Ca-HCO3
NC17 72 | 213 | 049 0.05 081 | 004 | 001 [Ca-Mg-HCO3
NC18 73 | 218 | 042 0.02 087 | 020 | -057 [Ca-Mg-HCO3
NC19 72 | 218 | 042 | -0.02 -0.87 0.15 -0.34 |Ca-Mg-HCO3
NC20 74 | 25 | 041 | -002 08 | 0286 | 062 [CaMgHCO3
NC21 71 235 | oes 0.45 -0.39 0.25 ’ 0.60 |Ca-Mg-HCO3-CI
NC22 7 25 | 083 0.40 044 | 011 | 038 |Mg-Ca-HCO3-CI
NC23 73 | 227 | 088 0.44 -0.41 0.44 0.97 |Ca-Mg-Na-HCO3
INC24 7 228 | 094 0.50 -0.34 0.18 044 |Ca-Mg-HCO3-ClI
'WR SE 7.3 196 | 046 0.02 -0.84 006 | -006 |Ca-Mg-HCO,SO,
WR 7F 7.3 197 | 042 -0.03 -0.88 010 | -0.15 |Ca-Mg-HCO3
'WR BE 75 196 | 038 0.06 0.92 034 | 060 [Mg-Ca-HCO3
WR10G | 73 208 | 050 | 008 | -080 -0.19 -0.33 |Ca-Mg-HCO3
WR13G | 77 195 | 042 | -0.02 -0.88 -0.25 -045 |Ca-Mg-HCO3
WR14G 76 195 | 036 | -009 | -0.94 -0.39 -0.73 |Ca-Mg-HCO3
WR1SG | 72 197 | 053 | 008 l 0.78 -0.31 056 |Mg-Ca-HCO3
WR40G 76 219 | 042 | 002 | -087 | 049 1.03 |Ca-Mg-HCO3
WR4TE | 7 189 | 069 | o024 | -062 | -002 0.14 |Mg-Ca-HCO3
WR49F | 75 217 033 | oM 096 0.13 0.30 |Ca-Mg-HCO3
WRS1D | 7 197 | 038 -0.06 0.92 017 030 |Ca-Mg-HCO3
WRS2E | 7 20.1 | 043 I 002 | -087 | 023 | -042 |Ca-Mg-HCO3
WRS3IF | 71 203 | 043 | 0.0 087 | 018 | 032 |Ca-Mg-HCO3
WRS4F | 68 | 189 | 042 | -003 089 | -035 | -070 |Ca-Mg-HCO+SO,
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Chemical geothermometers

Data tables

Table 6 (continued). Saturation indices for silica and carbonate minerals calculated for

dolomite springs.

] im. pN szm l’ Quartz Chalcodony Am Am. Si0; | | Calcite | Dolomite Water type |
|WR59 |72 |82 ] 0.35 009 | 085 | 007 | 015 |CaMgHCO3
WRE0F 72 | 214 | 037 007 | -082 -0.15 ‘ -0.30 |Ca-Mg-HCO3
|WR63= ‘ 71 | 201 | 0861 017 | -069 004 | -0.13 'C&-MQ-HCO3
WResE | 7 | 198 | 052 008 | -0.78 006 | -0.06 |Ca-Mg-HCO3
]wnesc | 72 | 22| 026 -0.18 -1.03 -0.48 . 092 |Ca-MgHCO3
WRees | 72 | 221 | 027 0.17 102 | 051 | 099 |CaMg-HCO3
WR70C | 69 | 206 | 029 0.15 -1.01 -0.57 l 112 |Ca-Mg-HCO3
WR726 | 73 | 207 | 042 -0.02 -0.88 019 | -034 [Ca-Mg-HCO3
'WR750 72 | 189 | 053 008 | -078 060 | -1.19 [Ca-Mg-HCO3
WR778 | 72 | 218 | 032 012 0987 | -0.15 ‘ 024 |Ca-Mg-HCO3
\WR788 | 7 207 | 0.40 -0.04 -0.80 -026 047 |[Ca-Mg-HCO3
'WR838 74 | 189 | 050 0.06 -0.80 018 | 042 |Ca-MgHCO3
|WR85 75 | 211 | 034 -0.10 -0.96 014 | -027 |Ca-MgHCO3
Notes:

Values which are shaded indicate supersaturation with respect to the mineral.

Sim. T and Sim. pH are the temperature and pH values used in the PHREEQC simulations.
Where possible field data has been used, otherwise the default values of 25°C and pH 7
have been substituted.
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Chemical geothermometers Data tables

Geothermometer calculations:

Table 7. Calculated geotemperatures for water samples from the dolomite springs.

Sample ID Silica geothermometers i Cation geothermomaeters

. | Qz V01 Qz VS97 Chalc AB3 SiO, V01 Na/K VS97 K'/Mg G388 Na-K-Ca FT73
DM 1 45 53 25 -55 284 69 2
oM 2 .87 66 37 46 | 309 54 14
DM 3 L3 | a7 19 -60 ’ 260 77 ‘ 10
DM 4 | 55 64 35 47 | 183 35 43
DM 5 .35 43 18 63 | 8 62 | 15
DM & 73 81 51 33 | 55 | 1"
NC 1 | 60 68 39 43 | 172 e -13
NC2 - 62 33 48 ' w1 12 | -24
NC 3 43 51 23 57 | 285 100 | -30
NC4 68 76 47 -37 260 64 5
INC 5 .19 | 87 57 28 | 239 67 | 1
INC 8 ' e | 87 58 28 | 240 6 | 4
INC 7 ' 70 78 48 36 | 225 62 13
NC 8 . 87 65 36 46 | 233 60 1"
NC 8 70 78 48 -36 258 62 6
NC10 .73 81 52 33 | 238 73 0
NC11 L8 88 59 2T | 233 58 | 17
[NC12 737 | 8 51 33 | 186 56 | 19
NC13 a7 | 56 28 53 | 299 61 | 4
NC14 a0 | 48 20 59 | 376 57 | 3
INC15 45 | 53 25 55 | 259 95 | 27
INC16 £q 67 38 44 | w87 72 2
NC17 49 58 29 52 | 248 85 -28
NC18 a4 52 24 -56 302 69 -10
NC18 a4 52 24 56 | 307 " 18
NC20 . 47 | 56 27 53 @ 262 9 | 24
INC21 | 92 ‘ a8 69 18 | 158 | 83 | 7
NC22 . 88 a5 65 21 153 84 7
NC23 e | o6 67 -20 122 81 -
INC24 97 | 103 74 -14 219 58 18
'WR SE 45 53 25 -55 195 78 3
'WR TF 4 a9 22 -58 an 81 -18
'WR 8E 38 a6 19 -60 289 85 -18
'WR10G 50 58 29 51 205 85 | 14
WR13G a1 | 49 22 58 | 280 i 86 | 19
WR14G 38 a4 17 62 22 | 90 -23
WR15G S0 59 30 51 30 | 69 3
WR40G a4 52 24 58 2719 | 98 -28
WRATE 64 72 43 -40 295 | 68 5
WRasF | 37 45 17 -61 26 | 98 -30
WRS51D 38 46 19 -60 %2 | % -27
WRS2E 42 51 23 -57 259 \ 103 | -32
WRS3F 43 51 23 | 56 | 265 101 -3




Chemical geothermomelers

Data tables

Table 7 (continued). Calculated geotemperatures for water samples from the dolomite springs.

B=4.

Qz V01 = Quartz geothermometer (Verma, 2001), Calibration range: 0 - 374°C
Qz VS97 = Polynomial quariz geothermometer (Verma and Santoyo, 1997), 20 - 210°C, SiO; < 295
mg/lL.

Chalc A83 » Chalcedony geothermometer (Armorsson ef al., 1983), no steam loss, 25 - 180°C.
Si0; VO1 = Amorphous silica geothermometer (Verma, 2001), 0 - 374°C
Na/K VS97 = Na/K geothermometer (Verma and Santoyo, 1997), 80 - 350°C
K'/Mg G88 = K'/Mg geothermometer (Giggenbach, 1988)

Na-K-Ca FT73 = Uncorrected Na-K-Ca geothermomeler (Fournier and Truesdell, 1873), 4 - 100°C,

Sample 1D Silica geothermometers Cation geothermometers
Qz V01 | Qz VS97 | Chalc A83 SiO; V01 | Na/K VS97 |K' /Mg G88| Na-K-Ca FT73

WRSF | 40 | 48 | 21 59 264 9 .29
WRS9E 35 43 16 62 237 115 40
WRE0F 39 47 20 -59 183 a6 14
WREIF 59 67 | 38 44 302 84 .21
WREGE 50 5 | 30 -51 243 100 -29
WRE8C 31 3’/ | 12 -66 243 108 -35
WRE98 32 0 | 13 65 289 a5 -28
WR70C 32 » | 13 -£5 279 99 -31
WR72E 42 51 23 -57 236 91 21
WR75D 49 58 29 52 344 71 3
WR778 35 423 | 16 62 279 101 -31
WR788 41 49 | 2 -58 290 94 27
WRE28 49 57 29 -52 314 80 15
WRSS 36 a4 | 17 62 275 99 -3
Geothermometer key for Table 7:




Chemical geothermometers

Data tables

Circulation depth estimates:

Table 8. Estimated minimum circulation depths (m) for dolomite spring samples using the

chalcedony geothermomaeter.

Sample G=10°C/km | G=15C/kkm |Sample G =10°C/km | G =15°C/km
DM 1 500 330 DM 4 1500 980
oM 2 1650 1100 DM 5 0 0
DM 3 0 0 DM 6 3150 2100
NC 1 1800 1290 NC13 750 500
NC 2 1300 890 NC14 20 10
NC 3 300 200 NC15 500 350
NC 4 1650 1770 NC16 1810 1210
NC 5 3730 2490 [NC17 900 610
NC 6 3760 2500 NC18 400 270
NC 7 2840 1900 NC19 440 290
NC 8 1640 1090 NC20 740 500
NC 9 2810 1875 NC21 4880 3250
INC10 3160 2110 NC22 4520 3010
NC11 3860 2570 NC23 4700 3130
NC12 3110 2080 NC24 5360 3580
WR 5E 500 340 WRSZE 0 0
WR 7F 170 110 WRE0F 0 0
WR BE 0 0 WRE3F 1790 1180
WR10G 850 630 WR66E 1000 670
WR13G 170 110 WR68C 0 0
WR14G 0 0 WRE0B 0 0
|WR15G 1030 690 WR70C 0 0
WR40G 410 270 WRT2E 290 190
WR4TE 2280 1520 WR75D 920 610
|WRA49F 0 0 WR778 0 0
WR51D 0 0 WR78B 140 95
WRS2E 280 190 'WR838 850 570
WRS3F 350 230 'WRBS 0 0
WRS4F 50 30 WRSBE 0 0




Chemical geothermomelers

Data tables

Cape hot springs

Chemical analysis data from the National Groundwater Database (DWAF).
Table 9. Chemical data for hot springs in Cape aquifers.

Temp. | EC pH Na Mg Ca K SiO,
oo ettt | msim mglL | mgiL | mgiL | mgi | mgiL
89923  |Branavies 58 5 7 7.3 21 37 165 | 385
89923  |Branaviei €0 12 541 78 22 27 | 323 | 373
89923  |Brandviei 58.8 6 5.74 74 2 25 1.7 374
89923  |Branaviei 62 108 | 7.62 74 2 63 176 | 378
89923  [Brandvie: 58 97 546 8 2 46 1.78 | 393
89923  |Branavies 58 84 552 75 19 27 1.73 | 408
89923  |Brandviei 58 26 54 78 2 33 196 | 415
89923  |Brandviei 57 15 7.37 79 2 34 188 | 416
172212  |Branavies 61 7.7 74 75 2 33 | 253 | 397
89942  |Calecon a8 226 | 642 | 182 34 6.7 596 | 50.7
89942  |Calecon a7 211 6.4 17.2 33 8.1 441 | 508
89942  |Calecon 50 19 7.18 | 178 33 76 | 488 | 515
89942  |Calecon 48 30 7.1 16.9 3 76 | 452 | 534
89942  |Caledon 49 211 | 553 | 179 a a 468 | 547
89942  |Caledon 50 21 55 184 33 77 | 497 | 549
89942  [Calecon 45 216 | 7.714 | 183 35 104 | 508 | 552
86942 Calecon 485 18 6.36 17 3.2 88 448 | 557 |
171911 |Caledon 50 20 724 | 157 29 92 | 385 | 525
176061 |CaMtzdorp 496 | 215 | 729 | 171 37 9.1 044 | 379
89953  [Citrusdal 43 85 | 679 79 19 26 166 | 235
89953  [Citruscal 42 04 7.08 78 18 27 191 | 239
89953  |Citrusdal 43 8.7 7.23 8 19 27 1.79 | 252
89953  [Citrusdal 42 o 686 | 8.1 18 29 | 314 | 255
89953  [Citrusdal 43 5.37 8 18 3 165 | 258
89953  [Citruscal 43 1 667 | 83 2 26 189 | 259
89953  |Caruscal 42 . 702 | 84 2 24 19 | 264
89953  [Citruscal 43 5 €.69 g 21 37 167 | 265
101638 |Citruscal 382 | 84 | 603 | 85 19 24 179 | 240
171808 |Catrusaal 445 | 9 713 | 82 2 29 | 031 | 237
172207 |Cogmanskicof 40 7.7 75 7 21 4 304 | 283
174350  Drupfontein 345 | 743 | 888 | 417 | 314 | 695 | 33 | 415
174400 Gemsbokfontein 376 609 | 883 425 20.2 584 388 247
90009 | Goudini 32 E 7.12 74 24 58 215 | 232
90009 | Goudin 30 1" 764 58 14 5.7 07 | 239
190009  |Gowdin 35 E 748 | 6.1 2 66 | 083 @247
[90009  |Goudini 35 93 5.76 57 1.7 85 | 059 250
90009  |Goudini 30 84 ™2 6 21 68 | 087 ' 251
90009  |Goudin 3 300 | 686 | 57 2 54 08 | 252
90009  |Gouani | 32 15 5.7 58 1.7 5 074 | 271
(90009  |Goudini o 6 6.91 59 22 7 107 | 279
172206 |Goudini | 49 79 | 718 | 54 18 6.2 158 | 326
172208 |Gouadini 415 | 71 712 | 54 1.7 57 141 ‘ 31.0 |
172210  |Goudini % 65 753 | 54 15 5.1 126 | 26.7




Chemical geothermometers Data tables
Table 9 (continued). Chemical data for hot springs in Cape aquifers.

Temp. EC | pH Na M Ca K Sio
R ey | mSim ? i mgiL. | mo?l- moit | mgn | mgiL
S0150  |Montagu 42 19 | 726 | 139 | 4 1869 | 372 | 287
$0150 Montagu a4 76 | 652 | 1.7 3.7 172 | 3356 | 291
20150  [Montagu 42 24 €14 | 111 34 19.7 35 | 305
$0150  [Montagu a1 25 544 | 124 34 17 356 | 308
0150  [Montagu 40 2 | 71 129 | 42 174 | 499 | 314
©0150  |Montagu 43 20 €87 | 98 a 19 353 | N8
90150  |Montagu 43 18 6.8 15 33 172 | 366 | 322
0150  |Montagu a8 17 682 | 129 | 4.1 17.9 36 | 325
171906  [Montagu 425 | 253 | 826 | 158 36 | 238 | 051 | 3086
172706 Nooitgedacht 40.3 193 6.88 116 34 101 695 2986
172706  |Nooitgedacht 423 | 165 7 14.4 s 109 | 793 | 323
171536 |Somerset East 40 ] 712 7 25 5.1 062 23
146039 |Warmbaa 40 172 | 699 | 122 | 44 146 | 606 | 331
89813 |Warmwaterberge | 43.5 24 €44 | 221 28 143 | 995 | 464
89813 Warmwaterberge a4 21 7.48 16.9 28 16 7.76 475
80813  |Warmwaterberge | 43 33 | 633 | 221 29 155 | 796 | 4950
289813  |Warmwaterberge | 44 30 | 608 | 199 | 27 23 798 | 482
89813  |wWarmwaterberge = 44 215 | 747 | 214 | 3 17 785 | 493
89813  |Warmwaterberge | 44 23 | 625 | 219 | 29 | 173 | 828 | 433
809813  |Warmmwaterberge | 44 307 | 811 | 197 as 27 769 | 494
80813  |Wammwaterberge | 44 244 72 213 27 144 | 841 | 504
101240 |Warmwaterberge | 52 223 | 766 | 152 5 10 844 | 408 |
171920 |Warmwaterberge | 425 | 239 @ 728 | 229 28 146 96 | 458 |
(171920 |Warmwaterberge | 44 226 | 796 | 189 | 27 164 | 901 | 488 |
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Chemucal geothermomelers Data tables

Geothermometer calculations:

Table 10. Calculated geotemperatures for water samples from the Cape hot springs.

Hot spring Silica geothermometers Cation geothermometers
Qz V01 Qz VS97 Qz SL A83| Chalc A83 |Na/K VS97 K2/Mg G838 Na-K-Ca

Brancvies 81 8385 89 59 297 39 38
Brancvies a2 89.4 90 €0 3rn2 27 &3
Brancviei 82 | 89s 90 60 299 38 46
Brancvies 83 | 900 %0 61 303 | 38 31
Brancvie: 8 | 916 92 62 208 | W a7
Brancvie: 86 93.3 a3 X} 299 37 a5
|Branaviei 87 94.0 a4 65 309 36 45
Brandviei 87 942 94 85 309 35 45
Brandvie: 85 821 92 63 345 3 52
Caledon 97 103.1 102 74 KX} 20 | 72
Caledon a7 103.1 102 74 n 25 59
Caledon 98 | 1038 102 75 315 24 62
Caledon 100 1054 104 76 316 24 )
Caledon 101 106.5 105 77 313 24 61
Caledon 101 1068 105 78 317 23 64
Caledon 102 107.0 105 78 320 23 | S8
Calecon 102 107.4 108 78 314 25 | 87
Caledon 9 | 1048 103 75 306 27 | 51
Caltzdorp 83 | 201 a0 61 415 14 a0
Citrusdal 62 70.3 73 a1 289 38 45
Citrusdal 63 71.0 74 42 304 35 48
Citrusdal 65 | 731 75 a4 296 7 | a7
Citrusdal 65 736 76 44 363 26 61
Citrusdal €6 74.0 76 a5 287 38 a3
Citrusdal 66 | 741 76 as 298 36 49
Carusdal 67 | 749 77 46 297 36 51
Carusdal 7 75.1 77 48 2 3 | 39
Citrusdal 63 71.2 74 42 289 a7 | 49
Catrusdal 62 70.6 73 aQ 151 s | 5

ICogmansklocf 70 778 79 48 e | 28 | &3
\Drupfontein 87 94.1 EX) 65 200 | 53 | 22
|Gemsbokfontein 64 722 75 43 212 4 | 28
‘Goudini 61 69.8 72 41 326 ¥ | 37
\Goudini 63 71.0 74 42 236 52 10
Goudini 64 722 75 43 246 | 53 12
Goudini 65 727 75 43 223 | S8 1

Goudini 65 729 75 44 252 | %2 12
Goudini 65 73.1 7B | 4 249 | 53 13
|Goudini oA 76.1 7 | 47 247 | 53 13
Goudini 69 772 9 | 48 274 | 48 16
Goudint 76 83.7 85 | 54 327 39 26
Goudini 74 815 83 | 52 313 40 25
Goudini 67 754 77 46 300 41 24




Chemical geothermomelers Data tables

Table 10 (continued). Calculated geotemperatures for water samples from Cape hot springs.

Hot spring Silica geothermometers Cation geothermometers
Qz V01 | Qz VS97 |Qz SL AB3  Chalc AB3 | Na/K VS97 |K2/Mg G88 Na-K-Ca

Montagu 70 78.3 80 49 316 30 39
Montagu 7 789 80 50 324 31 34
Montagu 73 808 82 51 336 30 a3
Montagu 74 814 83 52 324 29 38
Montagu 74 82.1 83 53 363 25 15
Montagu 75 824 84 53 353 29 32
Montagu 76 832 84 54 337 29 36
Montagu 76 835 84 X ] 321 3 36
Montagu 73 81.1 82 52 142 w8
Noolgedacht 72 79.7 81 50 428 18 | 64
Nooitgedacht 76 833 84 54 415 6 | &8
‘Somerset East 60 68.2 7 39 210 61 10
‘Warmbad 44 843 85 55 399 22 53
Warmwaterberge | 93 99.0 98 70 384 10 74
Warmwaterberge 94 100.1 a8 m 364 14 63
Warmwaterberge | 96 1016 | 100 72 353 14 68
Warmwaterberge 96 1016 | 100 72 368 14 57
Warmwaterberge | 96 101.7 | 101 72 355 15 63
Warmwaterberge | 96 1018 | 101 73 360 14 65
Warmwaterberge | 96 1019 | 101 73 364 % | 53
Warmwaterberge | 97 1028 102 74 365 13 | &8
Warmwaterberge | &7 933 a3 64 416 B | 73
Warmwaterberge | 92 984 | 98 69 a4 w | 73
Warmwaterberge | 95 1013 | w0 | 72 392 12 | 67

Geothermometer key for Table 10

Qz V01 = Quartz gecthermometer (Verma, 2001), Calbration range: 0 - 374°C

Qz VS97 = Polynomial quaniz geothermometer (Verma and Santoyo, 1897), 20 - 210°C, SiO; < 295
mglL.

Qz SL A83 = Quartz geothermometer corrected for amabatic steam loss (Arnorsson ef al, 1983), 180
- 300°C.

Chalc AB3 = Chaicedony gecthermometer (Armorsson ef al., 1983), no steam loss, 25 - 180°C.

Na/K VS97 = Na/K gecthermometer (Verma and Santoyo, 1997), 80 - 350°C

K'/Mg G88 = K*/Mg gecthermometer (Giggenbach, 1988)

Na-K-Ca = Uncorrected Na-K-Ca geothermometer (Fournier and Truescell, 1873), 4 - 100°C, B = 4/3.
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Other related WRC reports available:

A synthesis of the hydrogeology of the Table Mountain Group formation of
a research strategy
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