Geochemistry and subsurface
temperatures calculated fromthe Na/K/Ca
Geothermometer of some hot springs
Associated with theTertiary-Quaternary
volcanism of Southwestern Colombia
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— RESUMEN

Las concentraciones de sodio, potasio v caleio de 33 fuentes termales ssocindas con log voleanes
Puracé, Soterd, Arufral, Cumbal y Chiles, que forman parte de la zona volcdnica Terciaria - Cuaternaria
del Surpeste de Colombia han sido utilizadas para calcular temperaturas subterrineas, Estas fuontes ter-
males tienen temperaturas variables que van de 17°C a 73°C v su caudal varia de 1 /5. & 10-15 Us: su
pH generalmente es de 2.2, con la excepcibn de las fuentes termales de la mina de azufre “El Vinagre"
conun pHde 2322,

El geotermbmetra Na/K/Ca sugiere temperaturas subterrénsas minimas de 48°C-8E°C en cercanias
del volean Cumbal, y hasta 215°C-242"C en ol area de los volcanes Puracé - Sotard,

Todas las fuentes termales estudindas muestran una diferencia peneraimente de 150°C-180°C entre
la temperatura medida en superficie y la temperatura subterrinea calculada, Ls variedad de sguas terma-
les en un drea parficular s2 puede explicar come el resultado de la mezels de un componente caliente y
profundo con un componemte somero mis frio,

ABSTRACT —

The Na, K and Ca, concentrations of 33 hot springs associated with the volcanoes Puracé, Sotard,
Azufral, Cumbal and Chiles of the Tertiary - Quaternary volcanic zone of southwestern Colombia, have
been used to calculated subsurface temperatures, These hot springs have temperatures ranging from 17°
to 73°C and yields ranging from about 1 I/s to about 10-15 I/s. Their pH generally is 3-7 with the excep-
tion of springs from the sulphur mine “El Vinagre™ which have s pH of 20 - 2.1,

The Na, K, Ca geothermometer suggests minomun subsurface temperatures ranging from 48°C.-
86°C close to the Cumbal voleano to 2157 C-242°C in the are Puracé - Sotsrd volcanoes,

All the hot springs studies, show a difference of generally 150-180° C betereen spring temperature
and calculated subsurface temperature, This supgests that the various thermal springs in a particular area
result from a mixing of a deep hot component with s cooler shallower component.
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INTRODUCTION TO PRINCIPLES OF
CHEMICAL GEOTHERMOMETERS

For the estimation of surface temperatures in areas of
glevated geotharmal gradients water chemistry has proved
to be-a valuable tool, From the sodium, potassium and cal-
cium concentration on the one hand, and from the concen-
trations of dissolved silica on the other hand, the tempers-
ture at which the thermal fiuid has been in equilibrium
with the reservoir rocks, i3 estimated, MAHON {1870},
FOURNIER & ROWE (1968}, WHITE (1970} and
FOURNIER & TRUESDELL (1873) provided wvarious
techniques for this approach. The most promising and
widespread applicated temperature indicators have shown
to be:

11 The variation in solubility of quartz and chalcedony
as & function of temperature (Sillcs Thermoméater],

2)  The temperature dependent partitioning reactions
(base exchange) of slkalies between solutions and wolid-
phase like:

K- feldspars and Na-feldspars with a correction
applied for the Ca content of water (Ma / K / Ca
Thermometer],

There is some uncertainty in both methods, and
decisions about the applicability of either thermometer va-
rigs for any particular reglon. Information on subsurface
temperature conditions in @ specific area may be necessary
or can help considerably 1o choose the right method and
eitimate its accuracy,

Silica for example may be precipitated rapidly
enough from water with temperatures higher than 180°C
and thus gives erroneously low results in the temperature
estimation (WHITE, 1970),

ARNORSSON (1875) points out that mixing of the
hot water with cooler water also affects equilibrium with
quartz and may establish equilibrium with chalcedony
resulting in a supersaturation with respect to quartz if the
hot water had a temperature of 150°C or mare before
mixing. He also states that the pH ako can influence the
validity of the silica thermometer in the sense that low pH
values (7-8 st 20°C) may result from near surfsce chemical
reactions or mixing with eold groundwater,

Td

The Ma/K/Ca thermometer may be In error gither
because of continued reaction of the water with the rocks
at temperatures below the highest subsurfate temparaiure
calculated, or because of calcite procipitation. Continued
reaction may yield low caleulated temperatures dus to
increase in calcium content (FOURMNIER & TRUESDELL,
1973). Calcite precipitation may field erronsously high
subsurface temperatures because of decreases In Ca-content
of the water (FOURNIER & TRUESDELL, 1970). Generally
speaking, geothermometers of this kind should be applied
to thermal water only under the following conditions:

11 Temperature dependent partitioning reactions oocur
in the reservoir, and the elements involved in the
reactions are present at a sufficient concentration.

2]  Eguilibrium i attained betwesn the water and host
rock in the retervoir and no re-equilibration tokes
place during ascent of the water to the surface,
Lacking analytical resuits for silica subsurface tempe-

ratures have been calculated using Na-Ca-K concentrations.
The equation for temperatures above 100°C
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and for temperatures below 100°C the equation becomas:

Jﬂﬂlﬁme.Jmﬁ*]' « 43 logge( ‘-”'"m} 1"111"..]' =
1,647/ =2 240

f=4/3 for Ca/Na>> 1 and +< 100°C_ 8= 1/3 for

CafNa<<or ;5> 100°C
Where T = Temperatura in kelvin degrees
Mgs = Molality of sodium ions
My, = Molality of potassium lons

Med = = Malality of calcium ions

GEOLOGICAL SETTING OF THE HOT
SPRINGS STUDIED

Hor springs located in the areas of the stratovolcanoes
Puracé and Sotard (fig. 1) are related o the rock sequence
termed Popaydn Formation. According to ROSAS (1976)



this formation consists of Plio-Plelstocens conglomerates,
asglomarates, wolcankc wiffs and some lava flows of andesitic
to dacithc composition, accumulated betweesn the Central
and Western Cordilleras.

The Tertiary —Quaterngry Chiles, Cumbal, Azufral
volcanoes (fig. 1) located in the southwestern corner of
Colombis, constitute & belt of stratovalcanoes built up pre-
dominantly of andesitic and dacitic lava flows intercalated
with pyrociastic material (bombs, laplili, ashes snd breccias).

Younger basaltic lave flows showing typical columnar
jointing have been sbeorved in the Chiles-Cumbal area, Some
hot springs are related to a typical radial fracture pattern,

SAMPLING AND ANALYTICAL PROCEDURES

Water samples were collected as close as possible to
the opening of the hot-springs, usually showing the highest
water temperature, In some areas like San Juan geothermal
field and the geathermal field “Rio Verds”, samples were
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FIG. 1: Map showing sites of geothermal activity in southwestern Colombla,



recovered from several springs having different water tem-
paratures.

Hot water was collected in 2000 ml gliss bottles with
plastic’ caps. Cold water was collected and stored im B0 ml
plastic bottles. The sample were nof trested specifically
prior to analysls, Field determinations were made of pH
and water temperature, using Merck pH paper with pH ranga
from 1-14 and a calibrated mercury thermameter of 0.1°C
BCCLTACY.

Ma, K, Ca and Mg cations were determined directly
from water samples by using the 306 Perkin-Elmer Atomic
Absorption Spectrophometer with the Hollow Cathode
Lamp,

Nitrous oxide -scethylene flame was used for Ca and
My determinations,

lonization interferences for K and Ma were avodded
by using 1000 ppm C§ in solution for both samples and
riamdars,

RESULTS FROM TEMPERATURE DETERMINATIONS
APPLING THE Na/K/Ca GEOTHERMOMETER TO
SOME HOT SPRINGS OF COLOMBIA

in general the NafkK/Ca geothermometer for the hot
springs analyzed Indicares subsurface temperatures more
than 150°C above the measured spring temperatures, typ-
ical of hot springs issue mixed water (MARINER, R.H.
WILLEY, LM., 1876).

in figure 2, hot spring temperatures and estimatod
subsurface temperatures are platted. The graph shows a
genaral trend in that the subforfece berfperafure Eurve
follows the fpring tempersturs cune with ealuss some
180°C heigher than temperatures measured at the opening,

It is essumed that spring water is composed of a desp
hat companent that mrixes with coolar shadlower water to
produce the hot « spring water, The hot springs of Puracé
Vaolcano, especially those of the San Juan geothermal feld
show a good evidence for supporting that assumption,

PURACE VOLCAND

Hot spring temperatures of the Purscé Volcano vary
from 23°C to 52°C. The highest temperatures are recordad

from springs of the “El Vinagre™ Mine, Calculated sub-
gurface temperature indicate 8 very consistent temperature
of 210-216"C for most of these springs, the exception i
Guarguello [Chichiguara) (BE W5-27) with a temperature
af 177°C resulting from a low J Ca/Ma ratie and higher
Ma/K ratio, Generally the J Ta/Ma maolal ratio is wvery
consistent and aboutr 4.3 Ma/K ratios are equelly constany
and close to B.9. The pH of these springs varies from 2 - 2.1
(fig. 2, table 1},

The hot springs of San Juan geothermal fickd are
located some 10 km 1o the sast of Puracd Volcano, In an
graa of sbout 300 x 400 m, numeraus hot :-prirT- are found
with speing temperatures that range from 17.5°C to 35°C,
indicating & variable amount of mixing at depth, Thus a
minimum subsurface temperature of B3°C ks estimated,
some 150°C lower than calculated subsurface temperatures
af the “E| Vinagre Mine™ area,

The pH of the San Juan Hot Speings is typlcally 4.8,
tha exception being a spring with the lowest opening Lampe-
rature of 17°C which has a pH of 2.9.

The hot springs of Coconico, sbout 10 km to the
naorthwist of Purack Volcano comprite twd springs some
5 m apart with surface tempersturcs of 73°C and 19°C.

The hottest spring 5 conssdersbly anriched in MNa, K
and Ca. Due to the very high sodium content of 1,140 mg/i
& wvery high subsiurface temperature od 242°C is estimated,

The pH of these springs are 7.2 and 5.2, respectively,

Twa other hot spiings In the area upstream of the rio
Coconuco have spring temperatures of 30°C and 58°C. For
the cooler spring a subsurface temperature of 215°C i
estimated from the Na'E/Ca gecthermometer, The swater of
the hotter spring has a high sodium concentration for which
a temperature of 193°C was calculated; pH values are 6.5
and 7 respectively.

SOTARA VOLCANO

Hot water sampled from the Sotard Volcano has
spring temperatures ranging from 25°C 1 40°C. The
springs are located in the streambeds of the Rio Blanco 1.8
km ta the south of the crater and & tributary 2 km o the
saith of the walcana,

The hot spring in the streambed of the Rio Blanco




s 8 temperature of 30°C at the opening. From the Na/K/
£Ca thermometer a subsurface temperature of 72°C is
caiculated. The low temperaturs suggests a conssderable
dmixture of cold water underground,

In the streambead of & tributary to the Rio Blanco
pevaral hot springs. were found close together, Their
memperatures  varied from 25°C 1o 40°C, Subsurface
semperatures of 53 —TB°C are calculated for the cooler
sorings and 191-195°C for the springs with higher spring
temperatures. Thus in general, estimated subsurface
emperatures of hot springs of Sotard Volcano are some

130°C lower than those of Puracé Volcano, The pH of the
hat springs is 6.

AZUFRAL VOLCAND

One hot springs is found within the caldera of Azufral
Volcano, It emerges from the bottom of a wide creek at the
narthern end of the crater lake “Laguna Verde”. |ts water
is clear and has a temperature of 43°C, its pH being B, Con-
centrations of Ma, KandCa are very low and only slightly
higher than of meteoric surface water in the area. For this
reason an errongously low subsurface temperature of 42°c
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FIG. 2: Temperatures of some hot springs of southwestern Colombia compared to subsurface temperatures calculated from

the Na [ K [/ Ca geothermometar.
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i calculated which is unlikely to reflect the actual tempers.
uire conditions underground. The water is interpreted as
being local meteoric water percolating to shallow depths,

Duside the caldera, some 2.8 km to the northwest of
the crater & very small kow-temperature geothermal field is
located closs to the Rio Verde, The area is some 400 m* in
surface and samples have been recovered from six different
springs. Tho springs have volumes of about 0.5- 1 U (at
the masth. In all springs gas bubbies can be observed, Spring
wemperatures are in the range of 24.5°C to 47°C: pH s
constant and 6. From the Na/K/Ca geothermometer subsur-
face temperatures of 201-222°C are estimated, Mg-concen:
trations are unusually high and reach up 1o 600 mg/l.

CUMBAL VOLCANO

To the east of Cumbsal Volcano two hot springs are
located close to the Rio Blanco at altitudes of 3180 m and
3210 m:aboye soa level respoctively, Spring volumes are low
and do not excesd an estimated 1 s, The spring tempers-
tures are 270 and 33,5*(:, gas bubhbles are observed in the
hotter spring. Subsurface temperatures of BE'C and 48°C
are calculated from the MNa/K/Ca geothermometer, This
sugaests admixture of a considerable amount of cold metea-
ric water to the desp hot wiater,

CHILES VOLCANO

Two hot springs wera found located to the southeast
of Chiles Volcano, "Aguas Callentes Vereda' is the gite of
& hot spring in a relatively small area of about 300 m*, The
averall spring volume is an estimated 100- 15 1f5.

The comman sounce of thess sprim_is is indicated by
their consistent temperature which is 40°C. A subsurface
temparature of 207°C is calculated for this spring. The hot
spring “Aguas Cafientes Hediondas™ is located on the inpar-
national border Colombia / Ecuador, some 3 km to the
narthwest of the village of Tufifio (Ecuador), Its clear water
has a temperature of 52°C and pH of 6. The spring volume
i5 in the range of 1-2 I/ and minor smounts of native
sulphur is deposited from the water, Na/K and JCa/Ma
ratios are similar to those of hot spring “Aguas Clientes
Vereda Colera™ resulting in an estimated subsurface tempe-
rature of 200°C; This supggests that both sprengs have a
eomman deep hot water compansnt that mises with coaler
shallower watér in slightly different proportions to produce
the varistion in swrfaca water temporatiurs.

In brief, the various hot springt of southwestern Co-
lombia in-the deparimenis of Cauca and Narifio, can be
grouped as glven in Table 2,

Group ﬂp-ilu Temd Caleulated P Fhamnrbs
*C ﬁ.lh?Timp
I Cl

Purscs Low  soeing

(sGusrque- 3. 583 177218 2123  volume except

ol for hhcimien
0", Sulphur
depcnition,

Lpn Jumn Various  hat

Tharml 17 - 35 EB-E63 2560 springs with

Spring varying dh-
change rates.

Cocornusod 19. 73 183 . 243 H.I:':F._E Cliasr waber

Coturl 20 - 4 181 - 196 (i} Liw dischames

- rates.

Arufred 4. 4T 200 - 722 & Low spring
volume  with
gai.

Curmial 7338 a8 . 88 [-1.] Lowy apring
volume,

Low to med-
um spring

Chiles 40 - 52 207 . 09 B.0 vialuma gul
i

* Megured with [ndicsor papor. The mont canmbiopnt ERmMBAraiIra
iy under|ined,

TABLE 2: Groups of hot wmpeirgs m concluded from chemical and
temperature charscieriniio,

CONCLUDING REMARKS

- Varlows hot springs have been found associated with
the valcanoe: Puract, Sotard, Azufral, Cumdbal and
Chiles southwestern Colombia.

- The hot springs studied in gengral have spring tempe.
ratures ranging from 17°C 1o 73°C and generally
yhelds of 7 -2 /s, Few hot springs e.g. “Aguas Calien-
tes Vereda Calera™ have a spring wolume of an sitinmat-
ed 10-16'1f5.

—  From thie Na/K/Ca geothermometer minimum subsur-
fsce temperatures ranging from 48°C 1o 243°C are
calculated for the various geothermal areas,
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— The highest consistent subsurface termperatures of
207°C and 209°C are calculated for the Pusracé srea
grd the Chiles ares, The hot springs of the other argan
show wider variations in their caleulated subsurface
termpEratures,

— A difference of 150 to 180°C between measured
spring temperaiure and calculated $ubsurface fem.
perature suggests that the hot springs result from a
making of & deep hot component with & cooler sha.
llower companent, This can be particularly well ob-
served for the hot springs of the springs of the San
Juan geothermal field, the geothermal field north of
Azufral Volcano and the Cumbal and Sotard hot
5pTings.

—~  This study is far from being conclusive, Nevertheles
this kind of approach with a complementary work on
the silica geothermometer and isotopic analysis may
prove to be useful in the praliminary evaluation of
the geathermal potential of the country,
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