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ABSTRACT 

Graphs and equations have been devised t o  co r rec t  f o r  t he  adverse 

e f f e c t s  of magnesium upon the Na-K-Ca geothermometer. 

graphs or equations can be used t o  determine temperature co r rec t ions  

when given waters have Na-K-Ca ca lcu la ted  temperatures above 70 

and values of R less than 50, where R c {Mg/(Mg + Ca + IC)) x 100 i n  

equiva len ts .  Waters with values of R grea te r  than 50 probably come 

E i t h e r  &he 

0 C 

f rou  r e l a t i v e l y  cool aqu i f e r s  with temperatures about equal t o  t h e  

measured s p r i n g  temperature, i r r e s p e c t i v e  of much h igher  ca l cu la t ed  

Na-K-Ca temperatures. 

INTRODUCTION 

A L L - w e l l  documented high-temperature (>175O C )  waters, 

encountered i n  wells d r i l l e d  i n t o  a c t i v e  hydrothermal systems have 

low concent ra t ions  of magnesium r e l a t i v e  t o  the  o the r  dissolved 

ca t ions .  

r e a c t s  with b a s a l t  a t  about 270°-2850C, t h e  magnesium i n  t h e  

water decreases from 1,272 mg/kg t o  1.0 mg/kg (Arnorsson, 1978). 

A t  t h e  Reykjanes Peninsula,  Iceland, where ocean water 

I n  

the  highly s a l i n e  CaC12-rich b r ine  from the  llD2 Salton Sea d r i l l  

hole (White, 19681, 54 mg/kg big accounts f o r  less than 0.1 equiva len t  

percent of  the  t o t a l  ca t ions .  

c h l o r i t e ,  c a l c i t e ,  and quar tz  were e q u i l i b r a t e d  with water under 

carbon d ioxide  pressures  of 5 and 65 atm, E l l i s  (1971) found 

dissolved magnesium concentrations ranging from about 0.5 t o  1 ppm a t  

200' C and 0.02 t o  0.05 ppm a t  300' C, 

and the f a c t  t h a t  many apparently low-temperature, Mg-rich waters 

,In labora tory  experiments i n  which 

The above observations 
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yield Na-K-Ca estimated temperatures (Fournier and Truesdell, 1973) 

well above 150°C cast considerable doubt on the usefulness of the 

Na-K-Ca geothermometer for Mg-rich waters. 

water with an Na-K-Ca temperature of 173OC. This 

anomalously high estimated temperature for ocean water might be 

One example is ocean 

explained in various ways: 

4OC, (2 )  control of the cation ratios of ocean water by water-rock 

(1) lack of water-rock equilibrium at 

equilibrium at high temperature as ocean water circulates through hot 

rock near crustal spreading centers, or (3) water-rock equilibrium at 

4OC involving minerals not generally present in the continental 

systems used to formulate the original Na-K-Ca chemical 

geothcrmometer. The last explanation, a different mineral suite 

reacting with the water, appears to be the most plausible. 

Many different Mg-bearing minerals may be involved,in the 

water-rock reactions encountered in various hydrothermal systems. 

These include olivine, serpentine, montmorillenite, glauconite, 

chlorite, vermiculite, biotite, amphibole, pyroxene, dolomite, and 

Mg-bearing calcite. Furthermore, these minerals commonly occur in 

various structural states and/or as solid solutions. In order to 

apply thermodynamics rigorously to test for mineral-water equilibria 

at various temperatures, it is necessary to know the structural 

states of the solid phases and the nature of the solid solutions 

involved in the reactions. 

available in the early stages of a geochemical exploration program 

This information generally is not 

. f o r  geothermal energy. 

Fournier and Potter - 4 



r 'L 

Paces (1975) found t h a t  f o r  r e l a t i v e l y  low-temperature waters 

from f e l s i c  rocks Na-K-Ca calculated temperatures commonly were 

higher  than measured temperatures. 

an empirical  cor rec t ion  f o r  the  Na-K-Ca geothennometer based on the  

Based on t h a t  data he formulated 

p a r t i a l  pressure of CO 2' 

p a r t i a l  pressure of C02 deep i n  a hot spr ing system may not be 

poss ib le  from da ta  obtained a t  the  point  of water discharge a t  the  

sur face ,  

cor rec t ion  be used only f o r  waters a t t a i n i n g  a maximum temperature of 

75OC. The Paces CO 2 correc t ion  and o ther  types of cor rec t ions  

tha t  we have t r i e d  based j u s t  on C02 do not  appear t o  work wel l  f o r  

waters e q u i l i b r a t i n g  above 100°C. 

100°C we have found t h a t  the Mg-correction, which w i l l  be described 

later i n  t h i s  paper, general ly  works as w e l l  as the  cor rec t ion  based 

on p a r t i a l  pressure of C O P .  

Unfortunately,  a good est imate  of the  

Paces (1975) a l s o  recommended tha t  the empirical  COP 

For waters equ i l ib ra t ing  below 

CATION RATIOS INVOLVING MAGNESIUM 

F i f t y  waters with Mg concentrat ions ranging from about 1 t o  

0 3,920 mg/kg and aqui fe r  temperatures ranging from 3 

were se lec ted  from the  l i t e r a t u r e  ( t a b l e  1) t o  test the temperature 

dependence of various ca t ion  r a t i o s  involving Mg. 

of  Log (CalMg) r e l a t i v e  t o  the  rec iproca l  of absolu te  temperature. 

There i s  too much s c a t t e r  i n  the  data  f o r  the  Ca/Mg r a t i o  t o  

to 340°C 

Figure 1 i s  a p l o t  

be used as a r e l i a b l e  ca t ion  geothermometer. P l o t s  of the  rec iproca l  

of absolute  temperature r e l a t i v e  t o  Log ( JG/Na) ,  f igure  2, and t o  

Log ( JG/K ), f igure  3, show less s c a t t e r  than the Log (Ca/Mg) p l o t ,  
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but  s t i l l  have more s c a t t e r  than i s  des i rab le  for es tab l i sh ing  a 

ca t ion  geothermometer. Correlat ion coe f f i c i en t s  and equations for 

the  l e a s t  squares s t r a i g h t  l i n e s  through the  points  shown i n  f igures  

1, 2, and 3 a r e  given i n  Table 2. The logarithmic expressions of the  
c a t i o n  r a t i o s ,  Na/K, &/Na, &/K, &/Na, t&&C, and Ca/Mg were 

p lo t ted  in various combinations and proportions (25 p l o t s ) ,  as  was 

done i n  the  der iva t ion  of the  Na-K-Ca chemical geothemometer, 

without s i g n i f i c a n t l y  reducing the  s c a t t e r  below tha t  shown i n  f igu re  

3. The s c a t t e r  probably would be g rea t ly  diminished i f  the  p lo t ted  

poin ts  could be r e s t r i c t e d  t o  da ta  from systems i n  which the  same 

s o l i d  phases were involved i n  the  react ions.  

Fournier and Pot te r  - 6 
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, 
EMPIRICAL MAGNESIUM CORRECTION 

A method of applying a magnesium correc t ion  t o  Na-K-Ca 

estimated temperatures was discovered when the  da ta  were p lo t ted  a s  

shown i n  f igu re  4. For any given water the magnitude of  the  

temperature cor rec t ion  depends both on the Na-K-Ca estimated 

temperature and the amount of dissolved Mg r e l a t i v e  t o  the  t o t a l  

dissolved Mg, K, and Ca. 

can be used t o  obtain a temperature cor rec t ion  tha t  must be subtracted 

from the  Na-K-Ca estimated temperature i n  order  t o  a r r i v e  a t  the  

ac tua l  temperature of the  system. For instance,  point A with an 

Na-K-Ca temperature of 2OO0C and an equivalent  percent Mg/(K + Ca + 

Mg) of 25.0 requi res  a temperature cor rec t ion  of about 125OC. 

I n  f igu re  4 the  dashed temperature contours 

\ 

I n  f igu re  4 the  placement and curvatures of the  Oo, 2S0 

0 and 100 C correc t ion  curves are w e l l  constrained below 30 equivalent 

percent Mg. 

of lSOo, 200°, and 2SO°C correc t ion  curves a r e  cont ro l led  by the  

pos i t i on  of t h e  ocean water da ta  point  and the  requirement t h a t  the  

temperature cor rec t ion ,  A t  

estimated temperature. 

curvatures  and pos i t ions  of the  temperature cor rec t ion  curves may have 

t o  be changed6 

The upward pro jec t ions  of these curves and the  pos i t ions  

always be less than the Na-K-Ca 
mg ' 

As mote and b e t t e r  data  became available, the 

The following equation descr ibes  most of the  r e l a t i o n s  shown 

in f igure  4: 

Atmg = a1 - hlR + clLog R - dl(Log R)*/T - el(1og R12/T2 + fl(Log RI3/T2,  (1) 

0 where A t  i s  the temperature i n  C t o  be substracted from the 
mg 

Fournier and Pot t e r  - 11 



ca lcu la ted  Na-K-Ca temperature, T i s  the calculated Na-K-Ca 

temperature i n  degrees Kelvin, R i s  the  percent Mg/(Mg + Ca + K )  i n  

equiva len ts ,  a l  = 10.66, b l  = 4.7415, c1 = 325.867, 

leO321x10 el = 1.9683~10 , and f l  = 1.6053xlO . 
recaamend tha t  equat ion (1) be used only when Na-Kea estimated 

temperatures are above 7OoC and when values of R are between 5 and 

50. 

values above SO, the  magnesiun corrected temperatures of most spr ing  

waters were found t o  be loo t o  20°C below the  measured 

temperatures. 

complicated equation wi th  nine terms, but t he  addi t iona l  mathematical 

canpl ica t ions  do no t  seem t o  be warranted because any water with an R 

3: 

dl  
5 7 7 

We 

Although equation (1) appears t o  work well  f o r  sane waters wi th  R 

We corrected t h i s  d i f f i c u l t y  by using a more 

value above 50 probably e i t h e r  equi l ibra ted  with rock a t  about the  

measured temperature { i r r e spec t ive  of much higher  ca lcu la ted  Na-K-Ca 

temperature) or  represents  a nm-equi l ibr iun  condition. 

In  the  region where R values a r e  beluw 5 and A t  values a r e  
=g 

belw 10, the  A t r n g  values ca lcu la ted  using equation (1) diverge from 

our best guess of what t h e  value of A t  

i n  f i g u r e  5. 

obtained using pro jec t ions  of constant  Na-K-Ca temperature d a t a  on a 

p lo t  of R r e l a t i v e  t o  A t  

A t  values f o r  waters with R values below 5 :  

should be. This i s  shown 
m g  

Our best guess A t  values a t  low values of R were 
*g 

Equation 2 can be used to ca l cu la t e  
mg 

mg 
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Atmg = -82 + b2LogR + cp(Log R)* - d2(Log Rj2/T - e2Log R/T, 

where a 2  = 1.02995, b2 = 59.97116, c 2  = 145.049, dp = 36711.6, 

7 .  and e2 = 1.67516~10 . 

Figures 6 and 7, showing l i n e s  of constant R values superimposed on 

r e l a t i v e  t o  the  Na-IC-Ca temperature, present an p l o t s  of A t  

a l t e r n a t e  graphical  method of ca l cu la t ing  A t  mg . 
values of R ranging from 5 t o  50 and f igure  7 i s  f o r  R values from 0 t o  5 .  

mg 
Figure 6 i s  f o r  

When using f igu res  4,  6 ,  and 7 t o  cor rec t  Na-K-Ca calculated 

temperatures i t  should be kept  i n  mind t h a t  the  method i s  e n t i r e l y  

empir ical  and should not work equal ly  well  f o r  a l l  waters. There are 

problems i n  c a l i b r a t i n g  the  method: (1) the  s o l i d  reac tan ts  a r e  not 

spec i f i ed  or charac te r ized  s t r u c t u r a l l y ;  (2)  complexing of dissolved 

spec ies  i s  not considered (no a c t i v i t y  c o e f f i c i e n t s  are used because 

p r i o r  knowledge of temperature i s  required);  (3)  individual  well  waters 

may not have equ i l ib ra t ed  a t  the maximum measured or  estimated well 

temperature (water can enter a well  from a higher or lower temperature 

aqu i f e r ) ;  and (4) some well  waters may be mixtures  of two or more 

d i f f e r e n t  waters t ha t  e n t e r  a t  d i f f e r e n t  depths and do not e q u i l i b r a t e  

a f t e r  mixing. 

Fournier and Pot te r  - 13 
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Table 2. Equations for the l e a s t  squares bes t  f i t  s tra ight  

l i n e s  regressed through the data shown i n  f igures 1, 2, 

and 3. 

T i s  absolute temperature; and r2 is. the correlat ion 

Molal concentrations of Ca, Mg, Na, and K are used; 

c o e f f i c i e n t .  

1708 Log (Ca/Mg) = - 
T 

4 3.740 

Log ( G I N a )  = 1982 - 5.583 
T 

r2 e 0.525 

r* = 0.671 

r* 0.733 

Fournier and Potter - 14 
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Figure 5.-- Logarithmic p l o t  of R vs Na-K-Ca calculated temperature 
showing the b e s t  guess pos i t ions  of the 2O, 5 O ,  and 
100 C temperature correction curves ( s o l i d  l i n e s ) .  The 
dashed l i n e s  show curves calculated using equation ( 1 ) .  
The dashed and so l id  curves co inc ide  for  values of R 
greater than 5 or when A t  i s  greater than 100 C .  



No-K-Ca CALCULATED TEMPERATURE, OC 

Figure 6.-- Graph for estimating the magnesium temperature 
correction, A t r  using Na-K-Ca calculated temperatures 
and R values ranging from 5 to 50. 
using equation (1). 
Na-K-Ca temperature to the intersection (or interpolated 
value) of the line having the calculated R value. 
horizontally from the R value intersection and read 
the Atrng value on the ordinate. 

The curves were drawn 
Move directly up from the calculated 

Move 
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Figure 7.- Graph f o r  es t imat ing  the  magnesium temperature 
co r rec t ion ,  A t ,  us ing  Na-K-Ca ca lcu la ted  temperatures 
and R values ranging from 1.5 to 5 .  
drawn using equat ion (2).  
ca lcu la ted  Na-K-Ca temperature t o  the  in t e r sec t ion  (or 
in t e rpo la t ed  va lue)  of the l i n e  having the ca lcu la ted  R 
value,  Move ho r i zon ta l ly  from the R value i n t e r s e c t i o n  
and read the A t m g  value on the ord ina te .  

The curves were 
Move d i r e c t l y  up from the 

Fournier  and P o t t e r  - 18 
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The main i n t e n t  of t h i s  paper is  t o  provide an addi t iona l  t oo l  t o  

d i s t ingu i sh  waters t h a t  have equ i l ib ra t ed  with rock a t  high 

temperatures underground from waters tha t  r e s u l t  from low-temperature 

reac t ions  a t  less than SOo t o  70°C. As with a l l  chemical 

geothermometers, t he  Mg-corrected Na-K-Ca geothermometer i s  s e n s i t i v e  

t o  near sur face  water-rock r eac t ions  tha t  occur i n  response t o  

lowering temperatures o r  changing mineralogy of wall rocks. I f  a 

r i s i n g  water picks up magnesium, appl ica t ion  of a magnesium correc t ion  

t o  the  Na-K-Ca geothermometer probably w i l l  lead t o  a ca lcu la ted  

a q u i f e r  temperature t h a t  is  too  low, However, high magnesium 

concent ra t ions  do i n d i c a t e  t h a t  water-rock r eac t ions  have occurred a t  

r e l a t i v e l y  l o w  temperature, During the  low-temperature reac t ions  it  

i s  l i k e l y  t h a t  t he  concentrations of other  dissolved cons t i t uen t s  a l s o  

w i l l  change. Therefore, chemical geothermometer results i n  general  

should be used with g r e a t  cau t ion  when applied to  Mg-rich waters. 

SUGGESTED PROCEDURE 
/ 

1. Calcu la t e  the Na-K-Ca temperature as described by Fournier and 

Truesdell  (1973). Do not apply a magnesium cor rec t ion  i f  t h a t  

c a l c u l a t e d  temperature is below 7OoC. 

Calcula te  R, iHg/<;Mg + Ca + K)) x 100, using equiva len ts  as 2. 

t he  u n i t s  of concentration. 

3. I f  R i s  g rea t e r  than 50 assume tha t  the water comes from a 

r e l a t i v e l y  cool underground environment with a temperature about 

equal t o  the  measured water temperature, i r r e s p e c t i v e  o f  high 

ca l cu la t ed  Na-K-Ca temperatures. 

! 
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4. I f  the calculated Na-K-Ca temperature i s  g rea t e r  than 7OoC and 

R i s  less than SO, use f igure  4, 6 ,  or 7 t o  ca lcu la te  A t  

the  temperature i n  C t ha t  should be subtracted from the 

mg ' 
0 

Na-K-Ca ca lcu la ted  temperature. 

5 .  When using a computer t o  ca l cu la t e  4 t  

should be included i n  the program: 

(a) Check i f  the Na-K-Ca calculated temperature is l e s s  than 

the following tests 
mg 

7OoC. 

correct ion.  

Check- i f  the  value of R i s  g rea t e r  than $0. 

assume t h a t  the  water i n  the  aqu i f e r  i s  r e l a t i v e l y  cold 

and do not proceed fu r the r  with a Mg correct ion.  

I f  R is between 5 and SO use equation (1) t o  ca l cu la t e  

Do not apply a magnesium correc t ion  i f  A t  A t  

I f  yes,  do not proceed fu r the r  with a Mg 

(b) I f  yes,  

( c )  

is 
mg mg 

negative. 

mg' (d) I4 R is  l e s s  then 5 use equation (2 )  t o  ca lcu la te  A t  

Do not apply a magnesium correc t ion  i f  A t  is negative.  
mg 

( e )  Subtract the value of A t  OC from the ca lculated Na-K-Ca 
mg 

temperature. 
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