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GEOCHEMICAL IIMDICATORS OF SUBSURFACE TEMPERATURE-
PART 2, ESTIMATION OF TEMPERATURE AND FRACTION OF 

HOT WATER MIXED WITH COLD WATER 

By R. 0. FOURNIER and A. H. TRUESDELL, Menlo Park, Calif. 

.Aktlract.-—The »-atcr in many warm .':|iring.'! wilh large ral(.-.« of flow 
con.sists of mixlure? of liot water thai lia.'i come from depth and of 
ŝ hallnw cold water. Under favorable condition.'; llie oripnal lemperalure 
of the hot waler and the fraction of the cold water in the mixture can 
be tstimali'd by using the measured temperaiure and silira eonlcnl of 
the warm spring waler and the. lemperalurp and silica content of non
thermal water in the repon. The method ha:> been applied with appar
ent success at Yellowstone National Park. 

Warm (<nO°C) springs with large rates of discharge occur in 
in.iny places lliroiiglioiil the worlfl. Some of these warm 
springs originalr. through deep circulation of meteoric w.ntcr 
lhat is healed mainly by conductive heat transfer from the 
rock to the water. Other warm springs originate througii mix
ing of high-tcinpcralure (>100 C) waler with cold nielcoric 
water. 

As discussed in i)art 1 hy Fournier, White, and Tmesdell 
(companion article on p. 259 of this i.ssuc), water discharged 
from -springs with rales of flow greater than about 100—200 
I/miii can be assumed to have lost little Iieat to the w-ailrock 
per unit mass of water during tlie upw.-ird movement. For 
nonboiling springs, if mixing has not occurred, the tempera
ture of the spring is close to the highest temperature attained 
by lhat water. If mixing has occurred, however, water of very 
high tcmpRralure may be present at eoniparatively shallow 
depth. These possible differences in subsurface conditions may 
be differentiated in many places on chemical grounds. Speci
fically, the chemical composition of a water healed only to its 
eventual discharge temperature is likely to reflect walcr-rock 
eipiilibration at about that temperature, whereas the composi
tion of a mixed water is likely lo indicate marked nonequili-
br.-ition between the water and rock at the spring temperature. 

If the composition suggests that the warm spring water' is 
produced by the mixing of cold meteoric water wilh high-
lenipcraturc water, it is possible under certain conditions to 
calculate the temperature and fraction of tlic hot-water 
component. 

TEST FOR A MIXED WATER 

If .several springs arc prcsoni, variations in the temperature or 

in content of chloride, boron, or other relatively iionrcactivc 

con.stitucnt.s may indicate mixed water. Such water is parti
cularly indicated where there is a regular variation in water 
temperature .and chlorinity. 

Another approach is to test whether or not the composition 
of a large flowing spring indicates chemical equilibration at a 
temperature within aboul ±25 C of the spring water. Marked 
noiie<]uilibralion suggests a mixed water. 

The Na-K-Ca gr.olIicrmometcr(I''ournier and Truesdell, 1973) 
ajijiears to work well for testing chemical equilibration. Water 
composition, in molality, is related to temperature by the 
cm|iirically derived equation 

log (Na/K) -t- P log ( v / C ^ a ) = 
1647 

273+ f., 
- - 2 . 2 4 (1) 

in which (5=1/3 for water equilibrated above 100°C, and ^=4/3 
for water equilibrated below 100 C. First, test to sec if/3=4/3 
yields a temperaiure below 100 C; if it does nol, use (3=1/3 to 
estimate the equilibration temperature. 

A more sophisticated approach is to perform a complete 
chemical analy.sis of the water and then use a computer and 
appropriate program (Kharaka and Barnes, 1974; Truesdell 
and Jones, 1973) to test various possible equilibria at the 
temperature of the spring and selected higher temperatures. 

The silica geothermometer (Fournier and Rowe, 1966) has 
been the most reliable single chemical indicator of reservoir 
temperature in spring systems that arc high in silica and are 
ch.aracteri'/.ed by sinter deposits and boiling waters. There is an 
ambiguity, however, in using the silica content of a warm 
.spring to test for water-rock equilibration at the spring temper
ature: a high silica content in the spring water may be due to 
cither solution of quartz at a much higher temperature (with 
or withoutsubscquent mixing of hot and cold waters) or solu
tion of cristobalite or amorphous silica at the spring tempera
ture. Therefore, the silica geothermometer (Fournier' and 

.Rowe, 1966) should be used with great caution to test for 
walcr-rock equilibration at the spring temperature. Although 
supersaturated silica solutions may occur in nature over a wide 
r.ingc ill temperatures, they arc not likely to persist for long 
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periods of time above about IGO'C (Fournier, 1973). This is 
critical for the models that wc present in this paper. 

MIXING MODELS 

Two mixing models that allow calculation of the tempera
ture and fraction of the hot water component are shown 
schemalicaily in figure I. In model 1, figure 1/1, hot water 
ascends from depth along a permeable channel, possibly a fault 
or joint, nejicnding on the. initial temperature, the waler may 
boil (cool adi.nbatienlly) as il risi;s. In this event, the waler and 
newly forming steam rise together. At some ]ioiiit, M in figure 
.1.4, the hot water encounters cold waler from a permeable 
stratum. Al the depth of mixing the weight of a column of 
cold water extending up lo the surface is greater than the 
V4-cighl of the warm mixed waler. Thus, the pressure relations 
are such that cold water enters the hot-water ehaniH-i and the 
mixture flows to the surface and is discharged as a warm 
spring. Depending on the proportion of hot to cold water and 
the initial enthalpies of each, the spring may have a tempera
ture ranging from very low lo boiling. 

In model 2, figure }B wc as.'siimc Ihal boiling occurs in the 
rising hot waler and that some or all of the resulting steam 
escapes from that waler (point S) before, the hot water mixes 

with cold water. Wc show a fum.Trolc where the steam emerges 
and a warm sjiring where the hot waler mixed wilh cold water 
emerges. Allcnialivcly, the separated sleam might po.>sib!y 
condense and combine with shallow ground water and give ri.=.e 
to other warm springs that are not amenable to the methods 
suggested in this report. 

If the channel above S is filled with steam, boiling at S will 
be at atmospheric pressure, jtrovidcd ihere are few conElri<--
lioiis in the channel or iinj)cdinienls to the escape of steam (no 
throttling occurs). If ihrollling of the sleam occurs, or if llie 
channel 'la parlly or completely filled with water, boiling and 
escape of steam at S will be at greater tlian atmo.=;pheric 
pressure. 

In both models of figure 1 the calculations depend upon 
ones knowing the temperatures and silica content of the cold 
water before mixing' and those of the warm spring water after 
mixing. In addition, it must be assumed that the initial silica 
content of the deep hot water is controlled by the solubility of 
quartz and that no further solution or deposition of silica 
occurs before or after mixing. Numcrou.!; ob.ser\'ations have 
.shown that natural water deep in liot-sprJng systems generally 
is just saturated wilh quart'i (Mahon, 1966; Fournier and 
Truesdell, 1970; Ellis, 1970; Foumier, 1973). Furihcrmorc. 

Meteoric wcttor parCOiatOt 
into Qtouna 

F u m s r o l o W o r m spr ing 

i i 

Meteo r i c wa te r perco la tes 
i n t o Qround 

HOI » • « » — » • „ , „ f i 2 f „ , - « — Colo w . t o r . 

• B 

Figure l . -Scl i f inal ic model ( A ) i o t obtaining a mixed-wafor warm spring in whicii bolh the enthalpy and silica content of the hot-water content 
arc the same as in the original deep water (model 1) and schematic model (H) in whi ih the hol-water component has lost .steam before mi.\iiig 
wi lh cutd water (model 2). (See. text for discussion.) 

' If the average temperaiure and silica content of nonthermal ground 
waler in the region arc not known, we suggest estimating the mean 
aimual temperaiure. and ii.siiig 25 ing/1 of silica a.s a first approximation. 
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our nli.~rr\-alii)iis in Yrllow.'̂ lMnr- N.-iii">ii;il W'.rl (I'tiiii iii'-r .iii'l 
•Trursdell, 1970) and r.l.sewlirn- (Whit.:. I')?-!) .di-ii'-.-l lli.-il 
a?<-cndiiig boiling w-alcr griiiTallx dnrs nol (li.-.-olvi- ..r pi'i-ipi-
late i-ilica if the rate of upflow is fa.st. 

In the calculations that follow, riiodi.-l 1 pve? a prnlmMc 
maximum subsurface tcmpcralurf atlaiiu-i) \i\ lli.- Imi-w.-ilir 
component, and model 2, a prob.ibh; iiiiiiiiinMii :;iili.-iirf;><-r 
tt-iiiprraturc. On the basis of lli<: tdtal rli'inii-al iiinl phj.sir.-il 
eharaclrr of the warm spring, il.s rehilioii to olhrr hot spriii;;,s 
and fumaroles, and its geologic cnvironini-iil. il iii:iy 1": pos.-i-
ble to choose the temperature lhat i.s more likrK- to be correct. 
Even where this is not po.s.-̂ iblc, iiirorinalinn on ihr range of 
possible subsurface temperatures will be of gri-al interest. 

CALCULATIONS 

Model 1 

In this model the enthalpy ofthe hot water plus sleam lhat 
heats the cold water is the same as the initial cnllKil|iy of the 
deep hot water. Two equations can be written to solve for the 
two unknowns—the temperature of the hot water ami the pro
portions of the hot and cold water—because ihr silica content 
and temperature of the warm spring are different fiinelions of 
the original temperature of the hot-water componenl. The i'\rn 
equation relates the heat contents or cnthal|iics of the hot 
water, / / | ,Q,; cold water, 7/̂ .̂ ,1 ;̂ and spring wat<r, // : and 
the fractions of cold water. A', and of hot water, l-.V, as 
follows: 

(^^cold)( '̂) + (Whol)(l-^') = I ' M (2) 

Uclow 100 C the enthalpy of liquid water coexisting with 
steam (.saturated water) in calories per gram is essentially 
e(|uivaleiil in magnitude to the temperature of the water in 
degrees Celsius. Above 100°C the relation of teniperature and 
enlhalpy of saturated water can be found in steam tables 
(Keenan and Kcycs, 1936; Keenan and others, 1969). Selected 
ViJucs are given in table 1. 

Table 1 .^Ktilhatpics of liquid water and quartz sottiliilitir^i al SdJrclcd 
Irmpcralurcs and pressures appropriate for cocxistnit sleam and 
titftiid u'olcr 

lEnlhalpics from Keenan and other." (1909). O"--"-''- Knliiliililirs al and 
below 225"C from Morey nnd others (1902): above. 225"'C from 
unpiibli.shed data of R. 0. Foumier] 

Temperaiure 

CC) 

50 
75 

100 
125 
150 
175 

Enthalpy 
(ral/g) 

50.0 
75.0 

100.1 
125.4 
151.0 
177.0 

Silica 
(mg/l) 

13.5 
20.6 
40 
80 

U S ' 
1«5 

Temperature 

CC) 

200 
225 
250 
275 
300 

Enlhiilpy 
(cal/g) 

203.0 
2:t0.9 
259.2 
21)9.0 
321.0 

.Silica 
("•g/)) 

265 
365 . 
406 • 
0 1 4 ' 
092 ^ 

bl .-I ••-iinil.-ir niaiimr the second i:ipiation relates I he .'•'ilica 
c'liilciil," (ll hot waler, Sii,^,; cold waler, Si^^ij; and spring 
water, .'ji ,.,: 

(Sicold)(>Y) + (Si,,o,)(l-A-) = Si,p^ (3) 

riic rcl.nlioii of di.ssolvrd silica to the tcmjieratiire of the aqui
fer cu|.|i|yiiig the hot-water eomponent is given hy the solu-
liilily fif quart/, at ihe vapor pressure of the solution (Morey 
aii'l ollicf.-, 1962; Fournier, unpub. data, 1974). Selected 
values ar'.- given in table 1. 

Wr. \i'i- ;i compiiter prograin (Tmesdell and others, 1973) to 
solve eipia(ii)ns 2 and 3-ond obtain the temperature of the hot 
waler and ihe fraction of cold water in the mixture, using 
wciisiiriMiienls of the spring t('ni|>cralurc and silica content. 
lueasiireincnLs or estimates of thi: lowest temperature and 
avrriigc silica content of cold springs in the area, and tabular 
values of hi'ut conlenl of liquid water and quart/, solubilities. 
Allcriialivt-Iy, a graphical solution can be obtained as follow-s: 
1. A.'-siiinc a scries of values of enthalpy of hot water for the 

IcniperaUires listed in tabic 1 and calculated, for each, 
as follows: , , 

(I'^ntb.ilpy of hot water) - (Temperature of warm spring) 

' (f-^nthalpy of hot water) - (Temperature of cold spring) 

2. riot the calriilated values of .Y, in relation to the tempera
tures from which the assumed hot-water enlhalpy values 
were derived (sec fig. 2, curve A). 
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Figure 2.—Fraction of cold water relative lo temperature and chloride 
coiileiil of hol-water component in Terrace Spring. Triangles, ,V, 
values listed in table 2; circles, Xc: values. Tlic horizontal bars fhow 
Ihc po.«,«iblc error due to unecrlainty in the silica analysis of the 
spring waler. Points P and Q disciis-ved in text. Curve A, Fraction of 
eold v.air.r based on model 1 enthalpy considerations. Curve B, 
1 rai-liiiii of cold waler based on model 1 silica considerations. Cune 
C, l-r.iclion of cold water based on model 2 .silica considerations. 
CiJive U, Keqiiircd chloride contents of deep water. 
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3. Assume a series of silica contents of hot water .ippropriatc 
for the temperature listed in lable 1 and evaluate A'gj for 
each silica content, as follows: 

A-ci 
(Silica in hot water) - (Silica in warm spring) 

(Silica in hot water) - (Silica in cold .spring) 

4. On the graph previously used, plot the ealciilaled values of 
Xc•̂  in relation to the temperatures for which the silica 
contents were obtained (BCC fig. 2, curve B). 

5. The point of intersection gives the estimulcd U-inperalure 
of the hot-water componenl and the fraction of cold 
water. 

The two curves possibly may not inlerseet (fig. 3) or they 
may intersect at an unreasonably high temperature. These 
situations would arise' if the ascending hot water lost steam or 
heat before mixing wilh the cold water (model 2) or if tlu; 
mixed water dissolved additional silica owing lo contact with 
amorphous silica or rock containing glass. Therefore, wc 
recommend that the mixing model di.-.seiibed above be u.>i.-d 
with exlreme caution for warm spring water llial ha.5 .silica 
contents about equal lo the .solubility of ainorphoiis .silica at 
the temperature of the spring. For tompcratiircs below 2U0 C, 

.the approximate solubility of amorjjlioii.s .iiliea can be calcula
ted from the equation 

The actual temperature and silica content of the "cold" 
component at the point of mixing can seldom if ever be 
known with certainty. If either the temperature or silica con-
lent of the cold water were higher than the assumed value, the 
resulting estimated temperature of the hot-water component 
would be too high. 

Model 2 

The enlhalpy of the hot water in the /.one of ^nixing is les.s 
than the enlhalpy of the hot water at depth owing to escape of 
slc.-uii during ascent. The silica content of the hot-water 
component, however, is fixed by quartz solubility at depth 
and subsequent enrichment in the liquid water fraction a.s 
steam separates. At the point where steam escapes from the 
asceiuling hot water and steam mixture, S in figure IB, the 
residual silica concentration in the hot water increases and is 
given by the equation 

7^1 
- log C = - y - -4 .52 ((>) 

where C is r.ilica solubihty in milligrams per liter and T is 
absolute temperature. 
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Figure 3.—Fraction uf eold waler relative to lemperalure and chloride 

cpntent of hot-water eomponent in hilercliaiige Spring. I'uinl.s P, Q, 

and R (liseus.u-d in text. See figuie 2 for explanation of symlMjis and 

curves. 

Residual eilica = 
Original silica 

(7) 

where y is the fraction of steam formed during movement of 
waler from depth to S. 

If one assumes a temperature, t j , al which steam escapes, it 
is possible to calculate the residual silica for that condition 
and, using' lhat information, estimate the original hot-water 
temperature before steam separates. In general, wc set I, equal 
to the boiling temperature imposed by local atmospheric, 
conditions. This requires that escape of sleam at point S of 
figure IB occurs at atmospheric pressure, and our calculation 
yields a miniinum probable temperature for the hot-water 
aquifer. The calculation is carried out as follows: 

1. Use the atmospheric boiling temperature for the value of 
^hoi ' " equation 2 and calculate the corresjionding value 
ofA'. 

2. Use lhat value of A' in equation 3 to cslimate the residual 
silica content of the hot water al t^. 

3. Use the calculated residual silica content and curve A of 
Fournier and Rowe (1966, fig. 5) to estimate the original 
subsurface temperature before separation of steam. Curve 
A of Fournier and Rowe is roughly approximated by the 
equation 

•\ogC--
1522 

foe + 273 
-5.75. (8) 

If superheated steani emerges from nearbj- fumaroles or if . 
there are other reasons for believing that sleam escapes al 
greater than almos|iheric pressure, an alternate procedure' 
should bu used: 
1. As.sume a value of f, appropriate for the pres-sure at which 

sleam is thought to escape at point S of figure \H. 
2. U.SC. sleam tables (or table 1) lo delerniine the heal content 

of liquid waler in calories per gram al (̂  and substitute • 
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lli.-il value ill ci]ii.-iti(iii 2 111 estimate a c"rrcs|ioiidiiig v.-iluc 
V ..fA. 
0. I'sc thai value. <if A' in ci|iiation 3 lo estimate the residual 

silica ronloiit of the hot water al /,. 
4. Estimate the silica content, C, lhat would have been 

pp'siMil ill the lio|.water component if steam had escaped 
at atmospheric pressure using the relation 

C = 
l lrsidiinl filica 

(•J) 
1 

l-y 

w-hcrc .\ is the fraction of steam that would be frjrnied in 
going from f, lo the boiling temperature al atniospheric 
pressure (sec. fig. 4) aud_>- is the fraction of sleam formed 
ill going from the original temperature lo t . Bolh y and 
C are mikno>vn in rqualion 0. However, the value of j 
will generally range from 0 lo aboul 0.3, and as a first 
approximation it can be set equal lo 0.1. 

5. Use the value of C and Ciin-c A of Fournier and Kowc 
(1966, fig. 5) or rqualion 0 to cslimate the original 
siibsurfaee temperature before separation of steam. 

A more precise estimate is possible if an iterative process is 
used in which the value of y is adjusted to reflect successive, 
eslimalcs of the original temperature. In general, we do nol 
believe lhat the overall accuracy of the method warrants lhis 
additional effort. 

a 0.2 
O 

o 
Z 0 ' 

î . 
'- ~ / \ : i ' ' I • 

ir.O 1B0 200 220 240 2G0 280 
I, IN DEGREES CELSIUS 

Figure 4.—Fraction of steam thai would form by adiabatic cooling 
from t. lo 100°C. 

EXAMPLES OF APPLICATION 

Tlicsc iiiixiii(! models proposed have been applied to a few 
h!r;;c.n(iwiiig warm springs in Yellowslnne National Park. The 
rc.siilts arc j,'e<ilogicalIy reasonable but have been substantiated 
by shallow- ilrilling in the proximity of only one (Interchange 
•""pring) of the springs in question. 

The average silica content of the nonthermal ground water in 
the park was found to be 25±2 mg/I and ihc tcmjieralure of 
the coldest spring w-a.s 5 C, in good agreement wilh the mean 
annual lempi-ralurc of 4 C. 

Terrace Sjiring near Madison Junction fiows al aboul 5,500 
l/min, the water lemjieralurc is 62 C, and silica content is 140 
mg/l (Allen and Day, 1935. p. 353—354). The sodium, potas
sium, and calcium contents of the water yield an estimated 
aipiifer Icmperaturu of 200 C, using the method of Fournier 
and Truesdell (1973). As this temperature is far greater than 
ihe spring lemperalure of 62 C, the spring is assumed to be a 
mixed-waler tyjic. 

Calculated fractions of cold water, a.ssuming various lem-
|ioraliircs of hot water and using model 1 and equations 4 and 
5, are listed in lable 2, column 1, and are plotted in figure 2, 
curves A and B. The cun'cs intersect at 265 C and a cold water 
fraction of 0.79. This is a very high estimated aquifer tempera
ture and can he ihoiighl of as the maximum probable tempera
ture of the hol-water component. 

.Mlhoiigh there are no nearby fumaroles, boiling pools, or 
olher physical evidence that points to model 2 as a reasonable 
po.ssibilily. wc have applied lhat model to Terrace Spring in 
order lo eslablish a lower limit to the probable maximum 
subsurface temperature at that locality. 

Cur\'c C of figure 2 w.is generated by assuming various values 
bf Ig and using eipialions 7 and 9 and other relations as dis
cussed in the section on calculations. If steam escaped at 
atmospheric pressure from an ascending boiling waler, the 
hot-water component would have been at about 92 C at the 
time of mixing with cold water, and the original lemperalure 
of that hot water would have been 165°C (point Q, fig. 2). 
This is the minimum probable temperature of the aquifer 
supplying the hot-water componenL If higher pressures arc 
assumed for escape of steam, larger fractions of cold water are 
rci|uited and higher estimated aquifer temperatures result, as 
shown by curve C, figure 2. Again, the probable upjier tem
perature limit is about 265 C where curves A, B, and C inter
sect at a common point. 

For Terrace Spring the aquifer supplying the hot water is 
probably clo.ser to 265° than 165°C. The spring is located 
between Lower Geyser Basin (9 km to the south) and Norris 
Geyser Basin (14.5 km to the northeast) at a relatively low 
topograjihic jiosilion along the bounding fault of a large 
caldera (Keefer, 1971; Chri.stiansen and Blank, 1972). Recent 
drilling by the U.S. Geological Sun-cy has shown that sub
surface temperaUircs beneath parts of Lower Geyser Basin 
exceed 205''C; tho.sc bcnealh Norris Geyser Basin exceed 
240°C (White and others, 1968). Silica and Na-K-Ca geo-

http://tho.sc
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Table 2.—Values of X{ and Xgu' diffurimt assumed Iriiiperatiires of Ihe liotwatcr component for warm springs in Yellowstone A'nlionnl Pnrk 
I See text for details] 

Temperaiure 
(a.ssuiiied) 

of hot waler 
(°C) 

50 
75 

100 
125 
150 
175 
200 
225 
250 
275 
300 

Xt 
(«=62°C) 

0.186 
.401 
.527 
.610 
.669 
.713 
.748 
.776 
.799 
.820 

1 

(SiO: 
A'S 

,=140 mg/l) 

0.280 
.521 
.662 
.751 
.805 
.028 

X, 
{t=4<fC) 

0.022 
.371 
.537 
.035 
.699 
.744 
.770 
.805 
.027 
.845 
.861 

2 

(SiO; 
XSi 

, -100 mg/l) 

0.250 
.531 
.688 
.779 
.037 
.873 
.008 

X, 
(«=61°C) 

0.200 
.410 
.534 
.616 
.674 
.718 
.792 
.780 
.803 
.823 

3 

(SiO, 
XSi 

,=122 mg/l) 

0.030 
.394 
.596 
.715 
.790 
.835 
.855 

Xt 
(l=76°C) 

0.253 
.410 
.514 
.507 
.642 
.686 
.721 
.750 
.775 

4 

(SiO: 
•V'Si 

,=270m-/l) 

0.279 
.109 
.58-1 
.63;i 

1. Terrace Spring near Madison Junction. Flow approximately 5,550 
l/min. Data ifrom Allen and Day (1935). 

2. Spring 1.4 km N. of Uiseuile Basin, about 8 m E. uf road. Flow 
abuul 1901/inin. 

3. Spring 2.25 km N. of Biscuilc Basin, aboul 60 m E. of road. Flow 
about 100 l/min. 

4. Inlcrehangu Spring, Black Sand Basin. Flow about 2,300 l/min. 

Ihermomelers ajiplied to boiling hot-.spring water at Norris 
suggest subsurface temperatures of 250 to 270 C. 

The chloride content of Terrace Spring, 64 mg/I is consistent 
wilh the higher aquifer temperature and correspondingly large 
calculated fraction of cold water. Given the chloride concen
tration in the .spring and the average chloride in nontherinal 
w-atcr in the region (<1 nig/I), the chloride conlenl of the deep 
hot w-aler can be calculated, assuming any given proportion ol 
hot and cold water. Curve D, figure 2, shows the results of ihal 
calculation. For a cold-water fraction of 0.79, the chloride 
conlenl of the hot-water fraction would be aboul 300 mg/l 
(point P, fig. 2). This is close to the chloride content of 
thermal water (before sleam loss) found al Lower Geyser 
Ba.si n. 

The second example is one in which mixing model 1 fails, 
but niodel 2 gives cxcellenl results. Inlerchangi: .Spring in 
Black Sand Ba.sin came into being as a result oi an excavation 
for a highway interchange for diverting traffic around the Old 
Faithful area. The spring had a teinporalure of 76 C, a silica 
content of 270 ing/1, and a How rate of aboul 2,000 l/min. The 
Na-K-Ca content .suggests a temperature of 205 C. The calcula
ted fractions of cold waler al giveir temporalures of the hol-
waler component are listed in table 2, column 4. and plotted 
in figure 3. 

The mo.st nolablc feature of figure 3 is that curve A, based 
on enthalpy considerations, and cur\'e B, ba.sed on model 1 
silica ciiiisiderations, do nol inlerseet. Evidently cilher steam 
eseapeil from the hot-walcr componenl before mixing or the 
warm .sjiriiig water di.iisolved exlra silica afler mixing oeeurred. 
The warm water may be picking up extra silica, for it emerges 
from .sands and gravels composed mo.slly of fresii obsidian. 
The obsidian glass could dissolve and raise aqueous silica to 
s;iliir;(li(»n u-ilh respect lo amorphous silic.i. Al 76 C the 
soluliility of ainor|ihous .silica is 266 mg/I, which is wiihin the 

analytical error of the 270 mg/l silica found in the spring 
water. 

We favor the first alternative because the largo rale of flow-
makes equilibration with amorphous silica unlikely and 
because niodel 2 gives results in close agreement with »»-Iial i.̂  
known about subsurface tenqieratures m.'ar Inlerchangi: 
Sjiring. 

The variation of original hot water temperature relative lo 

, the fraction of eold water in the warm .sjiring, curve C, figure 
3, is based on model 2 silica considerations. If steam escaped 
al atmospheric pressure before mixing of hot and cold water, 
the remaining hot water would have been al 92 C (boiling 
tc.nijieralure at the altitude of the sjiring) and its original tem
perature would have been about 200''C (jioinl Q. fig. 3). 

About the same temperature is estimated from chloride 
considerations. The chloride content of Interchange Sjiring is 
224 mg/l, the calculated chloride contents of the hot-water 
component, assuming various fractions of mixed cold water, 
arc shown by curve D, figure 3. The highest concentration of 
chloride found in discharging boiling springs and gejsers in 
Black Sand Basin was 315 mg/l. Presumably lhis i.? the residual 
chloride concentration attained after.maximum sejiaralion of 
steam owing to adiabatic cooling of the ascending w-ater. 
Therefore, the maxiniiim chloride content of the liol-walcr 
conijionenl in Inlcrchange Spriiig is likely to have been 315 
ing/1; ihe corresjioiiding maximum fraction of cold water. 
0.285 (jioinl P, fig. 3). This reijuires lhat the hot-water coin-
jionent have a temperature of l lO 'C or less at the time of 
mixing. For a cold waler fraction of 0.285, curve C of figure .') 
shows an original hot-water lemjjeruluro of :ilic>ut 203*^0 
(jioint R). 

The silica contents of boiling springs and geysers in llic 

vieinity of Inlerehange Spring indicate an aquifer tom|H-niluri; 
of 190° lo 205°C. Ill addition, two .shallow lu.lcs drilU-tl neiir-
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l.\ iiiilicali- ..-iilisiirfacc lenipi.r.iliiri;.s cxccciHn^ 170° u, 180 C. 

IV'tli holes were Icriiiiiiatcd before a inaNimum or Icvcling-off 

icnijii-.raturc. was allaiiicil. One. hole is about 900 m t " the 

Foiillicasl. and had a bottom-hole, temperature of 180" C 

(Fenner, 1936). The other i s abou t 600 m to the west and had 

a Iioltoin-hole tcm]ie.r.-itiirc of 170°C(W'hite and others , 1968; 

Honda and .Muffler, 1970). 

.Apparently the hydrologic svslcm supplying waler l<i Iiilcr-

rhaiige Spring is very similar to model 2. Wc suggest thai the 

hol-w-aler fraction of the mixed water in Interchange Sjiring 

cnine.s from an aquifer at 200° to 2 0 8 C. That wali:r rnols 

ndi.-iliaticall), forming steam as it rises toward the surface. Al a 

shallow level, but before mixing with cold water occurs, the 

higli-i-nlhaljiy stc.am fraction esr.ajics from the remaining lower 

entlialjiy liipiid waler. This low-c.iithalpy water at 92 to 

110°C then encounters eold ground water and a mixed water 

at 76 C results. Tlic sftjiarated steam fraction jiriibably 

emerges 350 ni norlhwesl of Interchange Spring at the Tine 

Springs group, where violently boiling springs occur with little 

or no discharge. 

Ideally, large-flow warm sjirings in a given locality wilh dif

ferent tcm|ieralurt'.s and different composi t ions .should give ihc 

same estimated hot-water lemjicrature. Such is found for two 

large-How unnamed springs located between Biscuit Basin and 

Midway Gcyer Basin in Yellowstone National Park. The 

springs have temperatures of 49° and 61°C and silica contents 

of 1()0 and 122 mg/l respectively, ( table 2, cols. 2 and 3). 

.Apjilying model 1. the intersection of curves A.and B, figure 5, 

indicates a cold-water fraction of 0.82 for the 49°C siirinc and 

243 C as the maximum probable tempera ture of the hot-water 

eomjionent. The intcrseclion of curves C and D, figure 5, gives 

exactly the .same temiierature, 243°C,- for the bigh-temjicra-

luri; conijioncnt of the 61 C water. As expected, the fraction 

of cold water, 0 .77, is less in the 6 I ° C water than in the 49°C 

water. .Applying model 2, and as.suming t , = 100°C, a mini-

niiini jirobablc temperature of 166 C is obtained for the 

original temperature of the hot-water componen l in each 

sjiring, which indicates clearly that two waters arc mixing in 

different proport ions. Unfortunately, addit ional dala is insuffi-

ciciii ifi indicate whether the higher or lower estimated tem-

1'- i-.-iiiirc of hot-water component is more nearly correct . 

CONCLUSIONS 

•-.i: water in both boiling and nonboil ing springs may be 

• i:islurc of hot water coming from dep th and of cold, near-

• ice meteoric waler. Under favorable condit ions nonboiling 

rmal springs wilh large rates of flow may yield information 

-:-"iil the temperature or range in jirobablc temperatures of 

. •'• hdt-w.-itcr eomjionent nnd the fraction of cold water in Ihe 

Mixture. 

Tlie assumptions nccc.ss;iry for using the mixing models 

li'Seribcd in this jiaper jirobably will not be met in most 

places. However, even a 10-percent success rate would make 
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them valuable adjuncts of other methods for evaluating the 

geothermal potential of an area. 
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FEATURES OF SELECTED LAMPROPHYRES 
By R. C. EMMONS, C. D. RE-TNOLDS, AND D. F. SAUNDERS i 

INTRODUCTION AND CONCLUSIONS 

In Chapters 5 and 6 we have called attention to the mobile late alkaline solutions 
formed on the cooling of feldspar. In Chapter 6 we suggested their role in the formation 
of nepheline syenite, a leucocratic rock type, and here we outline their apparent 
influence in the formation of lamprophyre, a melanocratic rock type. Our conclu
sion is that lamprophyre dikes are derived from the immediate walls of their host 
rocks, as an accumulation of deuteric-type material composed prominently of these 
alkaline solutions, modiiied by selectively resorbed mafic material encountered 
enroute to centers of accumulation. The source areas of mafic material may be recog
nized. Whereas the syenites were described as forming at temperatures of normal 
granite crystallization, whatever that temperature may be, lamprophyres, we believe, 
form at the lower temperature of the deuteric solutions of granite, again an unknown 
value. 

We have studied the mafic-mineral content of some Wisconsin granites after ob
serving that most of the granite quarries of the area have one or more lamprophyre 
dikes and that those which do not have, such as the Athelstane quarry, are higher 
in mafic minerals. The study revealed a quantitative relationship. 

We have leamed, too, that some radioactive materials are closely associated with 
lamphrophyric accumulations. Lamprophyric materials, in contrast to radioactive 
materials, are highly pigmented and therefore readily recognized in the field. We 
suggest the value of lamprophyric accumulations to indicate potential radioactive 
concentrations. 

CURRENT OPINIONS 

Several writers have recognized unique features in the analyses of lamprophyres, 
such as the high content of iron and magnesium together with the high content of 
the alkalies. Barker (1935, p. ISO) says "Chemically they are characterized by con
taining with a medium or low silica percentage, a considerable relative quantity of 
alkalies (especially potash) while the oxides of the diatomic elements are also abun
dantly represented". Bowen (1928, p. 259) in discussing the alnoites says "The 
general character of the group is a richness in ferromagnesian constituents combined 
with a richness in alkalies, which combination of characters is indeed rather distinc
tive of lamprophyres in general." 

Lamprophyres, in their high iron and magnesiura content, resemble the early 
products of crystal fractionation, but in their high alkali content resemble the late 
products of crystal fractionation. The problem is to recbncile these two apparently 
incompatible aspects. Also, the highly varied composition of lamprophyres, reflected 
in their extensive classification, is quite as demanding of an explanation, though it 
is less commonly cited as a problem. Bowen (1928, p. 258) says, "Perhaps lampro
phyres are too broad and ill-defined a group to enable one to make a general state-
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ment concerning them, to which no exception might be taken." If we regard lampro
phyres as diaschistic dikes, their compositional range, mineralogically and chemicaUy, 
stands in baffling contrast to that of their leucocratic equivalents. 

To explain lamprophyres Bowen (1928, p. 259) pertinently developed a theory of 
reaction between an alkali liquid and augite and olivine with the production of new 
minerals. He speaks (p. 270) of the sinking of hornblende into a region of somewhat 
hotter liquid, not to be redissolved as such, and (p. 271) of the sinking of biotite 
either alone or with hornblende, and its reactive solution in "hot" liquid. He defines 
"hot" liquid as "not superheated liquid but merely liquid not yet saturated with 
hornblende." Of the resulting complex liquid with its crystal burden he says "The 
separation of liquid from crystals, say by a squeezing out process, would appear to 
be the most promising method of developing liquids that are strongly alkaline and 
at the same time rich in ferromagnesian constituents...." Smith (1936, p. 378) 
proposed a reaction between magma and xenolithic material to produce lampro
phyric liquid. Reynolds (1938) called on transfusion phenomena to explain the va
rieties of lamprophyric rocks in the Newbery district. 

THE PRESENT PROPOSAL 

Our studies of selected Wisconsin lamprophyres suggest that lamprophyre dikes 
and similar mafic-mineral segregations are (1) the products of very late reactions in
the cooling history of an igneous rock, (2) derived from the walls of a fracture under 
the influence of differential pressures created dilatantly, (3) commonly gathered from 
small tributary fractures into larger fractures, providing a gradation from small dark 
"deuteric veinlets" through dikelets to sizeable dikes. The lamprophyres of one 
group of four closely spaced quarries (NE|-^ SWjr^ Sec. 36, T. 30 N., R. 8 E.) indicate 
possible movement of lamprophyric material a quarter of a mile. Probably the move
ment is usually less than that e.xcept in large dikes. 

The inception of lamprophyric material appears to be attributable to a reaction 
between very late alkaline liquid and-already crystallized mafic minerals such as 
hornblende, biotite, and even chlorite, to bring about the selective resolution of 
their constituent oxides. Bowen has developed the chemistry of such reaction in 
his discussion of the sinking of ferromagnesian minerals in alkaline liquid. The 
alkaline liquid referred to in this discussion is the interstitial liquid formed on the 
cooling of feldspar. It is therefore dispersed throughout the rock and is in intimate 
contact with the crystallized mafic minerals from which it gathers its iron and 
magnesium. From this interstitial position it apparently migrates under differential 
pressures, created by the fracturing of the rock, to those fractures where it appears 
as deuteric veinlets. Here it may remain or with continued fracturing it may gather 
further to form dikes (PI. II, figs. 3, 4, 5, 6, 8). Near the source of the lamprophyric 
liquids the wall rocks are measurably robbed of mafic constituents, which is inter
preted as the result of the migration of solutions, with their newly acquired mafic 
content, to fractures and to dikes. 

One occurrence showed a reversal of the pressure in a dike of accumulated lampro
phyric material. The footwall of this nearly horizontal dike is dark but the hanging 
wall is not abnormally colored. Penetration of the wall must have been by gravity 
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in a manner similar to ground water percolation. The footwall color grades from very 
dark at the dike wall to that of the granite 3 feet away. Saunders found a radioactive 
maximum at the contact (see below). 

SELECTED OCCURRENCES 

We sampled three quarries across the strikes of their lamprophyres for the full 
widths of the quarry exposures. The mafic mineral content of the samples was deter-

T A B L E 10.—Mafic mineral content of granite adjacetit to lamprophyre 

Quarry 
See figure 
Footage from dike 
Mafic mineral per cent. 
Biotite per cent 
Chlorite per cent 
N, of biotite 

Lake Wausau 
24 

1 80 
3.5 
2.3 
1.2 
1.666 

0.5 
0.0 
0.5 
1.660 

Mt. Thom 
25 

100 
7.7 
6.7 
1.0 
1.663 

1 
3.5 
2.0 
1.3 
1.658 

Mundt 
• 26, 27 

SO I 
10-11 (^7 
9-10 2-5.5 

0.8-2.2 3.8 
1.645-1.653 1.640-1.645 

• Lake Wausau quarry—NEJ SVVi Sec. 36, R. 8 E., T. 30 N. 5 samples taken at footages 80, 
SO, 15, 6, 1 from the dike. 

Mt. Thorn quarry—NEi NEJ Sec. 30, R 30 E., T. 33 N. 3 samples taken at footages 100, 10, 
1 from the dike. Not included in the table is amphibole—0.4 per cent at 1 and 100 feet and 0.1 
per cent at 10 feet; also fluorite—1.5 per cent at 100 feet and 0 per cent at 1 foot. 

Mundt quarry—SEi NEJ Sec. 7, R. 21 E., T. 35 N. 6 samples taken, 3 on each side of the dike 
at (Dotages 50, 25, 1 from the dike. Biotite birefringence at 50 feet ranges from .060-.100 on one 
side, and .05O-.09O on the other. At 1 foot it is .010. 

mined by Rosiwal count in thin section and the birefringence of the mafic minerals 
was measured to learn changes in relationship to the dikes. Heavy liquid separations 
of mafic constituents were made in the laboratory; geiger-counter studies across the 
dikes were made in the field; and thermoluminescence and radiation studies were 
made on samples in the chemistry department radiation laboratory.' 

These studies show that the mafic mineral content in each quarry decreases toward 
the dikes. Also the refractive index (Nz) of the biotite decreases toward the dikes 
indicating a loss of iron. Many of the smaller lamprophyres studied in the field show 
a bleached zone on both sides of the dikelets, striking enough to be photographed. 
In one occurrence (PI. 12, fig. 6) a well formed half-inch wide lamprophyre dikelet 
fingers out into a group of deuteric veinlets around which the rock is distinctly 
bleached. The photograph is of a quarry block. 

Several illustrations of this general effect (Pl. 11; Pl. 12, figs. 1, 4, 6) show notice
able bleaching, resulting from the depletion of mafic minerals, and also show an 
apparent streaming effect of the mafic minerals toward the lamprophyre. We believe 
that all the lamprophyric materials studied can be attributed confidently to the col
lection of mafic material.from the walls of the dikes; The radioactivity studies to 
follow support this explanation. Detailed data are given in Table 10 and Figures 
24,25,26,27. 

• Rosiwal counts, heavy-liquid separations, and optical determinations were done by Reynolds. Thermoluminescence 
and radioactivity determinations were done by Saunders. 
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i/S:.̂ î l̂̂ '£.£.J:̂ 'j..'̂ Jiiili£!î .,lriC,.il-..̂ -î ^^^ 
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94 SELECTED PETROGENIC RELATIONSHIPS OF PLAGIOCLASE 

Fluorite is a prominent constituent of the wall rocks of some of the dikes but is 
usually limited to the areas somewhat remote from the dikes themselves or in them 
and their feeders. Fluorite and similar low-temperature constituents seem to behave 
as does the iron which colors the granite—it moves under pressure differentials to 
the area of lamprophyric accumulation. Fluorite is a prominent accessory in the large 
thin sections shown in the photomicrographs (Pl. 11, figs. 4, 8). It occurs only in 
association with the mafic minerals. 

ASSOCIATION OF LAMPROPHYRES WITH PITCHBLENDE 

On a highway traverse from Port Arthur to Kirkland Lake and the Soo, in com
pany with Farrington Daniels of the Department of Chemistry of the University of 
Wisconsin, we visited several pitchblende localities including the Camray Mine on 
Theano Point at the east end of Lake Superior. The consistent association of pitch
blende with lamprophyric materials was noticed but was recognized as outstandingly 
critical at the Camray Mine. Theano Point is areally transected by many reticulating 
lamprophyre dikes. All the pitchblende uncovered at that time was in the inunediate 
walls of the dikes, in fractures in the granite. In Plate 12, figure 3 the main working 
is shown, located in a topographic depression attributable to a weathered-out lam
prophyre. 

Quantilalive radioaclivily measurements. Impelled by these observations we revisited 
several Wisconsin lamprophyres to study the distribution of radioactive material. 
This study induded laboratory determinations of thermoluminescence and of radio
activity by new techniques developed by Daniels, and Geiger-counter measurements 
made in the field. 

The amount of radioactivity was determined by counting the alpha tracks made 
on Eastman nuclear track plates, exposed for a month on smooth rock sections of 
granite cut by lamprophyric materials. The counting was done on a microscope 
equipped with a mechanical stage to make several traverses across each plate. The. 
tracks within every fifth millimeter were counted, starting at the lamprophyre con
tact and measuring outward from it. 

In every rock section studied, a ma.^imum in the radioactivity distribution was 
found at the lamprophyre, and a concentration was found within some of the lam
prophyric veinlets (Fig. 28). Figure 29, representing one section of a veinlet with 
accompanying bleached zones (Pl. 11, fig; 1), shows low radioactivity within the 
bleached zones and a higher concentration in the vein and beyond the bleached 
zones. Another section (Fig. 30) shows two concentrations at 15 mm from the dikelet 
(Pl. 9, fig. 7) in addition to that of the lamprophyre, possibly due to a second dilatant 
action which caused the central concentration. The height of the curve at the central 
concentration depends on the part of the vein which'the section represents. It may 
be pitchblende as in Plate 11 figures 2, 4, 6 and 8. 

Thermoluminescence studies were also made on these lamprophyric materials by 
special techniques to be described elsewhere. The method yields photos of luminescent 
minerals in heated sections and curves of luminescence on heating, recorded photo-
electrically. We have termed these curves glow curves. Plate 10 figure 5 shows a 
heated section cut from the specimen shown in Plate 11 figure 3. The "hot spot" 
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is pitchblende. A radioautograph of this section on Eastman nuclear track plates 
shows a corresponding concentration of radioactivity. 

From this same specimen, sections parallel to the veinlet were cut at various dis
tances from it for thermoluminescence study. There is a marked concentration of 

28. Location SWJ SWi Sec. 14, R 7 E, 
T 30 N. Specimen shown in Plate 11, 
figure 3, and a polished section in 
Plate 11, figure 6. 
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29. Location NEi SWI Sec. 26, R 19 E, 
T 38 N. Specimen shown in Plate 11, 
figure 1 and in Plate 12, figure 4. 
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30. Location NWi NW} Sec. 28, R 7 E, 
T 29 N. Specimen shown in Plate 9, 
figure 7. 
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FiGtJBES 28-30. Distribution of radioactive material with respect to proximity lo lamprophyric dikelets 
{dettteric veirdets) 

intense luminescence at the veinlet (Fig. 31). Since pitchblende has been recognized 
in this veinlet the intense sjxits of thermoluminescence in this specimen were prob
ably activated by the alpha particles from pitchblende. The distribution of intense 
thermoluminescence shows the distribution of radioactivity. In other specimens of 
granite, similar intense spots correspond to the locations of inclusions of zircon, 
their activations presumably accomplished by thorium. 

In the field, analogous measurements were made with a Geiger-type field survey 
meter equipped with earphones. All the recorded values for gamma intensity rep
resent the averages of several counts of 1-minute duration. The count taken over the 
granite host at the greatest possible distance from the lamprophyre was considered 
a background count. 

The lamprophyre of the Lake Wausau Quarry is at the bottom of the workings 
and reveals only one contact. Counts (Table 11a) were made on freshly quarried 
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1 
granite blocks containing a lamprophyre contact, on an adjacent zone of granite 
rich in mafic minerals, and on the host granite where it is relatively free of mafic 
minerals. There are two radioactivity maxima, one at the contact and one near the 
border of the mafic-rich granite. 

Table lib gives the record of gamma counts on a 6-foot wide lamprophyre in 
granite of the Red Granite Quarry at Red Granite, Wisconsin. Again the concentra-

7 6 i 4 3 2 1 0 
DlSlaNU FROM lAMPI)OI>HVnC 

2 3 4 S 6 
I c t n l m i i t t f i ) 

FiGUEE 31.—Natural thermoluminescence near a lamprophyre dikelet 

Specimen shown in Plate 11, figure 3. 

tion of radioactivity is at the lamprophyre contact and is low both within and out
side the dike. The pattern holds too for an associated 1-inch dike. 

Pegmatitic material was studied in two contiguous gray syenite quarries (SW3^ 
SEJ^ Sec. 14 and NE^^ NW^ Sec. 23, R. 6 E., T. 29 N.) characterized especially 
by anorthoclase and arfvedsonite. Four quarried blocks were selected (Table lie). 
Minor maxima occur in the pegmatites but are related to the amount of associated 
arfvedsonite. Major maxima occur in arfvedsonite concentrations. 

In general the radioactivity has been concentrated at the lamprophyre-granite 
contacts and in deuteric veinlets—^probably feeders. The highest concentration found 
was in the syenite pegmatites and especially in the lamproph3rrelike lenses of arf
vedsonite in and associated with pegmatites. A low background count was found in 
the syenite wall rocks of the syenite pegmatites. 

INTERPRETATION OF THE GEOCHEMISTRY OF URANIUM 

In the light of these findings we propose an outline of a part of the geologic behavior 
of uranium.̂  It is most mobile as a halide and is a gas at slightly elevated tempera
tures as a fluoride (UFj). On contact with water the hexafluoride is probably con
verted to the more stable tetrafluoride (UF«) which is soluble, and therefore also 
mobile. Uranium halides which at most are a trace constituent of granite gather 
with the unmixed feldspathic, alkaline liquid discussed by Gates and drain deuteri-

' We are indebted to Professor Farrington Daniels of the Chemistiy Department, University of Wisconsin and to 
Dr. Josef Katz of the Argonne National Laboratory for helpful suggestions on the chemistry of uranium. 
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TABLE 11.—Radioactive measurements 

Dcicription 

a) Lake Waiuau Quarry: 
Background 
Lamprophyre-granite contact 
Center of mafic-rich granite (6* from 

contact) 
Border of mafic-rich granite (1 ' from 

contact) 
Mafic-free granite (2' from contact) 

b) Red Granite Quarry: 
Background 
Center of lamprophyre -
Lamprophyre-granite contact 
One foot from lamprophyre 
Six feet from lamprophyre 
One inch thick lamprophyre (100 feet from 

large dike) 
c) Gray Syenite Quarries: 

Block I 
Background (two feet from pegmatite 

wall) 
Center of pegmatite (\t-ith large crystals 

of arfvedsonite) 
Six inch wall zone concentration of 

medium-sized crystals of arfvedsonite. 
Block n 

Background (two feet from pegmatite 
wall) 

Center of pegmatite (with large crystals 
of arfvedsonite) 

Four inch wall rone concentration of 
medium sized crystals of arivesonite.... 

Block m 
Syenite, background (one foot from 

pegmatite wall) 
Syenite, six inches from pegmatite wall. 
Arfvedsonite-free pegmatite 
Arfvedsonite lens 

Block IV 
Syeitite, backgroimd (one foot from 

arfvedsonite lens) 
Arfvedsonite lens 

Count Range 
(e/m) 

17-22 
32-46 

18-20 

28-32 
20-24 

97 

Determinations | ^ ' ' " J ' / ; ^ ^ " " ' 

8 
7 

3 

3 
3 

3 
2 
2 
2 
2 

20 
36 

19 

29 
22 

20 
18 
28 
19 
20 

30 

3 

3 

3 

2 

3 

2 

2 
2 
2 
3 

2 
3 

11 

19 

23 

13 

28 

33 

19 
17 
19 
55 

15 
34 

cally into fractures along with accumulating lamprophyric materials. This liquid 
now consisting of alkaline materials derived from felspar, mafic materials derived 
from fractionally resorbed mafic minerals, and halides of such elements as iron and 
uranium is of very local origin but is fed into larger fractures. With mcreasing size 
of fracture it is less local in origin (Pl. 12, iigs. 3 and 6). The amount of lampro-
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phyre on Theano Point is so great it could scarcely be derived from the immediate 
walls. Some of the dikes are more than 20 feet wide, and they are numerous. On 
crystallization of the lamprophyre liquid the halides become a prominent constituent 
of its rest magma and are exuded at temperatures which for fluorite may be very 
low (Twenhofel, 1947). Observations indicate that the uranium halides may be pre
cipitated at the immediate walls of the dikes as the oxide pitchblende, presumably 
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FIGURE 32.—Distribution of radioactive 
material with respect lo proximity to a 

mafic {lamprophyric) segregation 

Location NWJ SE} Sec. 33, R 8 E 
T 30 N. Specimen shown in Plate 11, 
figure 7. 
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on contact with oxygen-bearing water, but may also move along shears and fault 
channels for some distance from the source. Iron halides behave similarly but are 
less sharply precipitated. They are carried farther to be dispersed as an oxide dust 
along the fractures of the granite or other host. This "iron stain" is a recognized 
uranium prospector's criterion. 

We view pitchblende as a very low-temperature mineral of hydrothermal origin 
equivalent in temperature to fluorite. In this it is contrasted with uraninite. The 
concentration of uranium in commercial quantities is contingent on the agency of 
halogens which may or may not play a part in the formation of lamprophyres. Hence 
some lamprophyres are potential agents for the deposition of uranium and some are 
not.8 

Some deuteric veinlet feeders to lamprophyres fail to convey their uranium con
tent to its economic destination but carry "hot spots" of pitchblende in the veinlets 
(Pl. 10, fig. 5; Pl. 11, figs. 2, 3, 4, 6, 8). Such paper-thin veinlets may give an 
entire outcrop of granite the capacity to register on a Geiger counter above back
ground. An interesting large-scale example of this type of occurrence is found on the 
property being developed at the west end of Jean Lake, north of Goldfields, Sas
katchewan. 

Thin sections were cut from specimens collected on the Camray property by 
Messrs. Kilgour and Heale at various places along the lamprophyre dikes, selected 
for proximity to or remoteness from spots of pitchblende concentration. Near such 
concentrations, the lamprophyre in section is paler and has mafic minerals of lower 
birefringence and less pleochroisni. We believe that the iron has been partly carried 
out along with the uranium through halogen influence, and has been dispersed in 
the granite host. Mr. Kilgour called our attention to the color contrast in the thin 

• Since this was written the following incomplete ejperiment was made: Pitchblende in the presence of gently moving 
chlorine gas below 20O*C transferred to a cooler part ot the containing chamber and deposited a translucent gelatinous 
and botryoidal encrustation on feldspar surfaces. The deposit is probably uranyl chloride. By introducing a very small 
amall amount of air the gelatinous encrustation was converted to a black hard botryoidal material which appears to 
b« pitchblende. 

• ^ ^ ^ ^ f f i m ^ 
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section seen merely by holding it to the light. This general observation may be a 
helpful prospecting guide. 

CONCLUDING REMARKS 

During the years of this study we have viewed the segregations of mafic materials 
so common in granite, usually explained as dispersed xenolithic material of chloritic 
or hornblendic character (PI. 12, fig. 5). This explanation militates against the very 
common observation of true xenoliths in all stages of ghost disappearance during 
which they retain their outlines undisturbed. One speciman (Pl. 11, fig. 7) (NW>^ 
SE)^ Sec. ZZ, R. 8 E., T. 30 N.) studied with Eastman nudear track plates showed 
a radioactivity distribution analogous to that of lamprophyres (Fig. 32). This strongly 
supports the view that such mafic segregations are truly segregated and not disper
sions—they are lamprophyric. 

Lamprophyric material ranges widely in degree of concentration and in size of 
body. In vienlets it is readily recognized as deuteric, but m dikes which appear to 
be fed by these veinlets its deuteric character is less apparent. A simple explanation 
of the highly varied composition of lamprophyres is the possible range in composition 
of the alkaline feldspathic liquid, which demands much further study, and the selec
tive resorption of mafic materials by this liquid. Not only is there a range in the com
position possible in the original liquid but there is also a range in the fractional re
sorption by such a liquid. 
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GEOCHEIVilCAL THERMOMETERS 

Young and Mitchell (1973) qave a brief review of the then available qeochcmical 
thermometers. Their summary is as .follows: 

"Summary of Geochemical 
Thermometers Available . 

In recent years the concentrations of 
certain chemical consliluenls dissolved in 
thermal waters have been iistnl to cslimalo 
water temperatutes in the ihcnnal aquifer. 
However, these geocheniical ihermonieters 
are useful only if tlie geoVhcrmal system is 
of the more common hot-waler type ralhcr 
than of the vapor-dominated or steam type, 
none of which is known to occur in Idaho. 

Geochemical thermometers thai are 
useful in describing and evniualing 
(li'olhfinial sysliMiis (excluding the 
.sndium-polassium-calcium Ihermomoler) 
have been sumrnarized by While (1970). 
Pait of his summary is as follows: 

'Chcinic.il indicators of subsurface temperatures 
in hot-wntcr systems.. 

Indicator 

1) S i02 conlenl 

2) Na/K 

3) Ca and HCO3 contents 

4) Mg.-r/lg/Ca 

51 ••• 

6) Nn.'Cn 

7) CI/HCO3 + CO3 

8) Cl/F 

r 

CommciUs 

l̂ i.>:;l o l iiiilii'..-itiits: :i<:'-.iiiiir!. i | i i : i i l / ci i i i i l i l i i ium ,il li i i|l i 

U:m|ici;iliii(:. w i th no i l i l i i t i i in 01 j i icc.i i i i l . i l ion'. i l lci (.ooliiKj. 

Gcnci.iHv ."Jiiinific-int lor i.ii ios lu-l\vt;fn ^O.'l lo M l .inil Itn 
,vme systems outside llicsc l imits; sci: lu.vi. 

Oiioli iatiucly useful loi ncarncu l ia l wii leis; soli ihil i iy of 
CaCO^ inversnlv rclatetl to suljsur(;\ce tcmticialurcs; see text 
and ELLIS (1970). 

Low values indicate li i i jh suljsurlsce lciii|.ieiature, and vice 
versa. 

ll i(|Ii i.ilios m.-iy i i i i l i iMli; l i inh t r m p n .ili i i rs (MAIUIN. l<17t)l 
l i i i t n r i l Itii lii(|li Cal i i ini's: li:ss ( l i i iTt ili.in ,'!•"• 

Hiiibcsl ratios in iid.Ttuil \v.iti;is indicate hiiiliesl siilisiirlnce 
loii iperatii ics (FOURNIER. TRUESDELL 1970)' and vice 
voisn. 

l-lir)!) I.ilios m.iv indic.iti; lii(|h I i-ni | ici ; i iui i ; (MAHON. Ii>7lll 
but Ca content (as contioi l(!d by pH and C O j ^ ' cuntonis) 
prevcnls quanl i tat iv i : api i l ical ion. 

35 

>f^MII I I M i l 



9) 

101 f.inti-i deposits 

11) Tr.-ivi.'ilinc deposils 

Rrl i . i l i l i ; iiidic.iUn ol siili'.ui l.ii^i' liMiippi.iluir;-. (now oi 

(oiiniMlyl 1»0"C. 

Siioii i) indicator <>( low sulisui l.ini; tcmpiM.-iliiies unless 

bicarbonate waters have contaclcti linicslonc niter coolint).' 

The general principles aiid assumptions 
on which the use of geochemical 
thermometers (While, 1970) is based are: 
(1) t l ie chemical reactions contro l l ing the 
amount of a chemical const i tuent taken 
if i to solul ion by hot vvalor am tein|iernti i t i^ 
dcpendenl ; (2) an adcqunlc supply o( these 
chemical constituents- is present in the 
aquifer; (3) chemical equi l ibr ium has been 
estabiished between the hot water and the 
specific aquifer niinerals which supply the 
chemical consti tuents; (4) hot water f rom 
the aquifer f lows rapidly to the surface; 
and (5) the chemical composi t ion of the 
hot waler does not cliange as it ascends 
f rom the ac|uHer lo the surface. 

T h e fact that these principles and 
assumptions more often than not cannot 
readily be verif ied in a f ie ld situation 
rt:quircs Ihal the concept of (ji!ochcmical 
Ihermomelers be applied w i th cau l ion and 
in ful l recognit ion of the uncertainties 
involved. Wi th that understanding, 
geochemical therniomelers provide a useful 
point of departure for reconnaissance 
screening and provisional evaluation of 
thermal areas. 

Silica Geochemical Thermometer 

The silica method of estimating aquifer 
lempcralures (Fournier and Rowe, .1966) 
aiipears ,to bp tb(^,iTiQ<;l"ncciir,iie'nnd l isc lu l 
ploi'inMYd lo' (l.nio. - Exptir imori lal nvidenco 
h;is esti ibl ishod-l l ial the solubi l i ty of silic.i 
in w.'ilcr is most common ly a f i /nct ion of 
temperaiure and the silica species .being 
dissolved,./•% 1). 

Practical use of the silica geochemical 
thermometer assumes that there is 

equi l ibrat ion of dissolved silica w i th quartz 
minerals in high-temperature aquifers and 
thai the equi l ibr ium composi t ion is largely 
preserved in the silica-becTing thermal 
vvatci's du i i i ig tlieir nsciNit to ihe sur (.ice. 
Whi le (1970) sl. i trdMh.it wh i l i ' i -qu i l ib r i i im 
is genet i i l iy altni iu;d nl high aqii i ler 
li.'mperalures, silica may precipitate rapidly 
as walers cool to about 180°C and, 
therefore, the silica method commonly fails 
to predict actual aquifer temperatures 
much above 180°C. The "rate of 
precipi tat ion of silica decreases rapidly as 
the lemperature cools below 1R0"C. 
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Whi le (1970) also c. iul ioncd ;i();iinsl 
using the silica geochemical Ihermdmcler ii-i 
acid waters wh ich have a l o w ch lo i i i le 
concei i l rn l ion, because . i l ' tem|ier i i l i i ies 
fiear or below 100"C lh(-;e walers ,ire 
actively decomposing r.ilic.ile miner'als ami 
l l ie i i ;by lelensiiu) highly soluble amorphous 
S\Oy- In this case, the basic ansumpi ion of 
equi l ibrat ion w i th quiirt? wn i i l t l hi; 
rendered inva l id . " 

The amorphous silica curve (f ig. 2) 
wou.ld give more accurate aqui ier 
temperature predict ions in acid vvateis. 

Arnorsson (1970', p. 537, 1975, p. 703) 
found that chalcedony generally controls 
silica conccnl rat ion in Iceland's thermal 
waters when aquifer temperatures are 
below 1 0 0 - n 0 ° C . The chalcedony curve 

d ig . 2) i.iiobably sluiuli l be given 
r.onsideralion when Ihe silica method using 
Ihe (111.II1.- curve inilic.ilc;: icmpci .i l i i i r;s 
aboul 1 0 ? 0 " C above Ariu'irssori's NO'T. 
upper l im i t . 

"The Sodium Potassium aiul 
SodiumPoLrss iumCalc ium 
Geochemical Thermometer s 

The sodium-potassiurn (Na/K) goo-
rhcmi ra l Ihcimii inetiM j i lo is the loi) n l the 
•lUimic lat ios o\ Na.'K ag.iinst the rci: ipiocal 
o l the absolute K^mperalur'e. White (1970) 
statcil that ratios aie of general significance 
only iti Ihe ral io rant|e between 8/1 and 
2 0 / 1 . He also reported thai Na/K 
temperatures are not significant for most 
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( 

Brook and others, 1978, reconiiii(?nd l:hat alkraline geothermal v;aters 

issuing froin granitic terrans that do not evolve CO2 gas probably should 

be corrected for tlie discretion of silicic acid (ll/iSin4) by hydroxide (Oil) 

to.H3Sr03 and H ^ . Mariner (personal communication) recommended care in 

applying this correction to the silica geochemical thermometers as Ihc pll 

involved in the correction is assumed to be reservoir or ntjuirer pll, and 

this may change as water ascends to. the surface. The method may, therefore, 

lack quantitative application. 

r 



acid '•••.Mleis, although a lew acid-sullale 
chlor ide waters yield reasonable 
temperatures. Fournier and Truesdell 
(1973) point oul that Ca enters into silicate 
reactions in conipelition wi lh Na and K 
and the amount of Ca in solution is greatly 
dependent upon carbonate etiiiilibria. 
Calciurn concentration Irom carbonates 
decreases as temperature increases, and 
may increase' or decrease as the partial 
pressure of carbon dioxide increases, 
depending on pH considerations. 
Therefore, the Na/K ratio should nol be 
used for purjioscs of goochemirnl 
thermoiTictry when partial pressures of 
carbon dioxide are large, as higher carbon 
dioxide partial pressures may permit more 
Ca to remain iri solution and consequently 
a smaller NalK ratio. Fournier and 
Truesdell (1973) stiggest- that this ratio 
should not be used when the -v^Ca^ '^Na 
(square root of molar concentration of 
calcium/mol.ar concentration of sodium) is 
greater than 1. 

T h e sod ium-po tass ium-ca l c i um 
(Na-K-Ca) geochemical thermometer 
devised by Fournier and Truesdell (1973) is 
a method of estimating aquifer 
temperatures based on the molar 
concentrations of Na, K, and Ca in natural 

Ihcimal waters. Accumulati;d eviilcru;i; 
suggests Ihal thermal, calciumrich waters 
do not give reasonable temi.icrnlure 
cstirnates using Na/K atomic ratios alone, 
and that the Ca concenliation must be 
given consideration. 

Fournier and Truesdell (1973) showed 
that molar concentrations of Na-K-Ca for 
most geotiiermal waters cluster near a 
straight line when plotted as the function 
log K* - log (Na/K) + (\ log (Vcii '/Na) 
versus the reciprocal of the absolute 
temper.iliire, where /! is eilhiM 1/3 oi - l / l l , 
depending upon whether ihe waleis 
equilibrated above or below about 100°C 
and where K' is an equilibrium constant. 
For most walers they tested, the Na-K-Ca 
method gave better results than the Na/K 
method. It is generally believed that the 
Na-K-Ca geochemical thermometer will give 
better results for calciumrich cnvironnienls 
lirovidcd calcium cnibonatc has not been 
deposited afti^r the water has lell Ihe 
aciuiler. Where calcium caibonaie has been 
deposited, the Na-K-Ca geochemical 
thermometer may give anomalously high 
aquifer temperatures. Fournier and 
Truesdell (1973) caulioii against using the 
Na-K^Ca geochemical thermomeler in acid 
walers that are low in chloride." 

Dilution Effects, the Use of the Geochemical Thermometers 

and Mixing Models 

Dilution effects caused by mixing ofthermal with nonthernial walers can be a cause of 
erroneous temperature'estimates. Cool groundwaters containing lovv silica concentrations 
that mix with thermal waters rich in silica would effectively lower the silica concentration 
of the thermal water, and a lower aquifer temperature would be indicated. Generally, the-
possible el feet of both di lut ion. £uid enrichment of thermal waters on the temperature 
calculated using any geocheinical lliermomeler must be considered. 

Fournier and others (1974) suggested several slarling assumptions to'apply lo the 
interprelalion of chemical data for hoi springs and wells where l i l l le information on 
hydrologic conditions is available. They emphasized that these assumptions are not hard, 
fast rules applicable to evijry situation. Their recommended procedures are based on: (1) the 
discharge of the spring or well, and (2) the recorded surface lemperature, as outlined below. 
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APPENDIX II 

Many apparently low-temperature, magnesium risk thermal v;aters give 

Na-K-Ca estimated temperatures above ISO^C and cast.doubt on the useful

ness of this geochemical thermometer. Fournier and Potter (1978) have 

devised a correction to be applied to the Na-K-Ca geochemical thermometers 

when Na-K-Ca estimated temperatures are above 70oc and when R values 

. [R = Mg/(mg + Ca •<- K) x 100] are between 5 and 50. If R (in equivalents 

is above 50 it is best to assume either rock-water equilibration at about 

measured surface temperature (irrespective of much higher calculated • 

- Na-K-Ca temperature) or that non-equilibrium conditions exist. Their 

correction,.in equation form, is 

A Tmg = a, - bl R -f Cl (log R) - di (log R) ̂ /T^ - ci (log R) ̂ /T^ •)• fi 

Oog^R) '/T' . (1) 

Where: AT^^Q is the temperature in oc to be subtracted from the 
. Na-K-Ca teiliperature in degrees Ke lv in , ai = 10.66, bi = 4.7^15, cj = 

325.867, dl = 1.0321 x IO5, e i = 1.9683 x 10 , and f i - 1.6053 x 10 . 

For R values less than 5, Fournier and Potter- recommended the fo l lowing 
equation be used. 

ATmg = -a^ + b2 log R + C2 ( log R) - d2 ( log R) V T - 62 l o t R / T \ (2) 

Where: 82 = 1.029Q5-, b2 = 59.97116, C2 = 145.049, ds = 36711.6, and 
e2 = 1.67516 X 10 . For solv ing for AT g raph ica l l y , Fournier and 
Potter recommended using Figure and _ . 

Paces (1978, p 34) thought that inaccuracies in Na-K-Ca geothermometer 

. fo r temperatures below 75°C in f e l s i c rocks were the resul t , of a chemical 

steady-state between water and f e l s i c rocks rather than chemical ec ju i l i -

brium i f par t ia l pressure of CO2 in -the aqui fer were above lO-'^ atm. The 

steady state is brought about by (1) fas t percolat ion ofvvater and (2) a f lux 

of an ac id i fy ing agent such as CO2. I f these are fast enough, the steady 

r~ state may be real ized in which case the chemical composition of the water 



deviates from the equ i l ibr iui i i state expresse.d b y log K. Paces, rocnmiiiendad 
u 

subt ract ing a t e m { I = -1.'36 - 0;.253 log PC()2} frtnii the r ig l i t side of the 

Tog K equation,. ' • - " • 

Log K = loq ^ + 4/3 v t a _ i_ 
- . - • K " Na 

f. 
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•correction, At, u.'sing Na-K-Ca calculated temperatures 

and R value.s ranging; from 1.5 to 5.- The curvc.s were 

drawn u.«:iiî:; oqualion (2). Move diroctly up from the 

calculated Na-K-Ca t cniiiorat ure Lo the i ii t or."5rc t i on (or 

interpolated value) of the line having the calculated R 

value. Move horizontally from the R value intersection 

and read the hK.^„ value on the ordinate. 
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Small Discharge Lnitje Discharge 

Assume mos t l y conductive cool ing. 
Boiling App l y chemical indicators assuniing 
Springs l i t t le or no steam loss (adiabatic 

cooling). 

Probably no cicarcul interpretat ion. 
. May be (1) waler that has never been 

Springs very hot , (2) mixed water f rom 
below di f ferent sources at di f ferent tempera-
boiling tures, (3). hot waler cooled by con

duc t ion . Indicatr?d l i ' inpoia lu ics mosl 
l ike ly, m i n i m u m . 

Assume sleam loss (.rdiahatic cool i i i i i ) . 
Assume maxin-ium sleam loss, apply 
geochemical Iheimomelers according 

ly. 

Assuine no conduct ive cooling. Geo-
chi:mical lhermomel i ! is , particularly 
Na K-Ca, if w i i h in i 25"C of 
nieasured surface lemperature may be 
suggestive of eciui l ibi ium condit ions. 
I l idher irul icati 'd temper,ituics 
gests a mixed waler. 

sug 

Small di.scharge was dotined lo be less than 200 l /m in for .single isolalt;d spring, and 20 
I/min for single spring vents of larger groups. 

Fournier and Truesdell (1974) havo developed a method of lesting thermal waters to 
determine if m ix ing may be taking place. They maintain that mix ing should be suspect 
where: (1) regular variations in surface temperatures w i th chlor ide, boron, or olher 
nonreactive chemical constituents f rom several springs of an area are observed, (2) the 
Na-K-Ca geochemical thermometer indicalt-s nontn iu i l ih i ium condi l ions (Na K Ca ind icuml 
temperatures varies f rom the observed surface temperature by more than 20"C) . 

Under ideal condi t ions, Fournier and .TruesdeU's mix ing models al low predict ion of ihe 
temperature of the hot water before mixir ig. The models assume that enthalpy (heal content -
He) of the cold water mul t ip l ied by the fract ion of cold water (X) plus Hie eri l l ial(iv of the 
hot waler (H^) mul t ip l ied by the fract ion of the hot waler (1-X) is equal to the ei i thnlpy of 
the emerging spring-water (Hjpg). Stated mathemat ical ly : • 

(Hc)(X)- i-(H,,)(1-X)=H spg 
Simi lar ly ; 

(Si)(X)-i-(Si,,)(1-X)--Si,p,, 

(11 

(:'?) 

Where Si^, is the silica content of co ld s|iring. Sij^,,,, is the silica content of the hot spiicig 
water and S i^ is the enlhalpy value for silica in h o i waler (table 1 - equation 5). Equations ,1 
and 2" are each solved for the unknown X by simple algebraic .rearrany.nenl to (live eiiuation's 
3 arid 4 . • > , . > • • 

Fournier and TruesdeU's suggested graphical method of solu l ion for mix ing model 1 in 
which the enthalpy of ihe hot water plus separated sleam which heals cold waler is the .same 
as the ini t ial enthalpy of hot waler be lo ie steam sepniaies (no sleam loss by system hence 
no evaporative concentrat ion), is as fo l lows: • . 
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' 1 . Assume a scries of values of 
temperature o l hot water and using 
this corresponding enthalpy values 
listed in table 1 calcijlate X^ for each 
one, using equation ^ .5 

lEnth.-ilDV o l hot w,- i ter l | tcni | i o l w.-mi) sogl , X _ ! (5) 
' (Enthal i iy o l hot w n t f i ) l i c i n | i o l cold snnl 

2. Plot the calculated values of X^ vs. the 
assumed temperatures from which the 
hot water enthalpy values were 
derived. (See f ig.5, curve A for sample 
plot.) 

3. Using a series of silica contents of liot 
water appropriate for the temperatures 
listed in table 1 evaluate Xgj for each 
silica content using equation ,4. ^ 

Xsi= 
ISilica in ho i waier l- lSi l ica in warm spfil 

(Silica in hot w.-iter).(Silica in colrl .sipl 
l i i 

Enlhaplics of 
solubilities at 

Table 1^ 

litiuid waler anr quartz 
selected temperatures 1 

nnd nt pressures appropriate for steam | 
and litjiiid water lo coexist. En 
from Keenan 
solubilities at 
Morey et al. 
from unpubl 
Fournier. 

Temperature 
OC _ 

50 
75 

. 100 
125 
150 
175 
200 • 
225 
250 
275 
300 

Table t ro in Foun 

el al. (19G9). 
and below 225' 
(1962); above 

ished data of 

Enthalpy 
cal/gm 

50.0 
75.0 

100.1 
125.4 
151.0 
177.0 
203.6 
230.9 
259.2 
289.0 

Ihalpies 
Oiiarlz 
C from 
225''C 
R. 0 . 

Silica 

.'.'.I"." 
13.5 
2C.6 
48 
80 

125 
185 
265 . 
365 
486 

• 614 
321 692 . 

l icf and Tiucsdcl l , 1974. 

4. On the same graph previously used, 
plot the calculated values of Xgj vs. 
the temperatures for which the silica 
contents were obtained (see fig. ,^.5 
curve B)." 

Table 2 gives the calculated X^ and Xg; values at selected temperatures and silica 
concentrations for this mixing model from sampled springs and wells in the norihern Cache 
Vailey area. 

The intersection of the two curves represent the percent of cold water mixing wilh the 
hot (read directly below intersection point on the horizontal axis of the graph) and the 
temperature of the hot water component before mixing (read on the vertical axis of the 
graph directly to the left o f the intersection point). 

Their solution for mixing model 2, in which the enthalpy of hot water in the zone of 
mixing is less than the enthalpy of the hot water at depth, due to escape of steam during 
ascent is as follows: 

V 
" 1 . Use the atmospheric boiling temperature for the value of H|., in er|unl ion^ and 

calculate the corresponding val.ue of X. 

2. Use that value of X in equation f) to estimate the residual silica content of hot 
water at t s-

Use the calculated residual silica content and curve A of Fournier and Rowe 
(1966, fig. 5) to estimate the original subsurface temperature before separation of 
steam. Curve A of Fournier and Rowe is roughly approximated by the equation 

• l o g C 
1522 

toe -2^3 
5.75 (?) 

where C is the silica concentration, and t is temperature in degrees Celsius.'! 
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Tab le 2 . X^ a n d X g j Values at Spec i f i ed Tempera tUres .and S i l i co C o n c e n t r a t i o n s - f o r T h e r m a l Waters o f t he Camas Pra i r ie A r e a 

( T e m p e r a t u r e .'^ei (Cp r t t i nbed ) ' 

S p r i n g N o . 1 S - l 3 E - 3 4 b c b r S 

Surface'temp'GraturB - 73° 
Silica = 83 mg/l 
Background sit'rca ^̂  35 mg/l 
BackgfD'urid temfjeratura = 15" 
Boiiing.iernperature.95'-' 

^Sl 

75 
100 
135 
150 
175 
200 
225 
25G 
275 
300 

,o:d33 -
,3 13 

. .475 
,574 
.S't2' 
;692 
731 
752 
7"33 
.810-

. 

. 
0.̂ 156 
. .573-
.787 
.'852 
,890 
:915 
;92S 

Tarn pe far ure of unmixed hot water 
Percent of cold water = S2, 

•1690. 

W e l l N o , 1,S-T7E-23aab1 

Surface temperature = 720 
Silica = 105 mg/l 
Background silica = 35 mg/l 
Background temperature = '15° 
Boiling temperature = 95° 

75 
100 
125 
ISO 
-175 
200 
225 
250 
275 
300 

0.050 
• .330 
.484 
.531 
;643> 

. .693 
.7,f6 
•.767 

. ,732 
.314 

• ,0,222 
.533 
.69'6-
,783: 
.343 
.879. 
.3g3' 

TempEi-3ture,of unrr i inedhPt. water = 200° . 
Percent of cold water = 69-

http://Boiiing.iernperature.95'-'
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ALFRED H. TRUESDELL 

U.S. Geolog ica l Survey, Men to Park, Cal i fornia 94025, USA 

I N T R O D U C T I O N 

Considerable advances have been made in the knowledge 
of the chemistry of geothermal fluids in the five years 
between the first and second United Nations Geothermal 
Symposia held in Pisa (1970) and San Francisco (1975). 
At the Pisa Symposium. Donald E. White reviewed the 
entire field of geothermal geochemistry. He emphasized the 
distinction between hot-water and vapor-dominated geother
mal systems and carefully reviewed the application of 
quantitative and qualitative geothermometers to each type 
of system. Geothermai chemistry was also recently reviewed 
bySigvaldason(l973), Ellis (1973. 1975). and Mahon (1973). 
1 n reporting on f luid chemistry papers from the San Francisco 
Symposium. I shall build on these earlier reports and include 
Symposium papers and abstracts with geochemical data, 
as well as some recent papers not submitted to the Sympo
sium. The literature in this field is expanding so rapidly 
that some worthy papers were probably missed. 

Geothermal f luid chemistry finds its widest application 
in exploration, and it is this aspect that wil l be stressed 
in this report. Recent exploration activities have resulted 
in new chemical data on thermal fluids from springs and 
wells in Afars and Issas, Canada, Chile, Columbia, Czecho
slovakia, El Salvador, Ethiopia, France, Greece, Guade
loupe, Hungary, Iceland, India, Indonesia, Israel, Italy, 
Japan. Kenya, Mexico, New Britain, New Zealand, the 
Philippines, Poland, the Red Sea, Rhodesia, Swaziland, 
Switzerland, Taiwan, Turkey, the United States, the USSR, 
and Yugoslavia. New methods for estimating subsurface 
temperatures have been proposed based on chemical and 
isotopic analyses of surface and well discharges. Chemical 
indices based on trace constituents of spring fluids and 
deposits, altered rocks, soils, and soil gases have been 
proposed as aids to geothermal exploration. Chemical models 
of interaction of geothermal fluids with reservoir rocks have 
been constructed. Studies of alteration in geothermal systems 
have aided exploration and exploitation. Finally, studies 
of geothermal rare gases suggest that although most are 
atmospheric in origin, excess 'He in some systems may 
come from the Earth's mantle. 

Although not covered in this report, chemical studies also 
assist in the exploitation of geothermal resources. Analyses 
of produced fluids indicate subsurface temperatures and 
production zones. Problems of scale deposition, corrosion 
of piping, and disposition of environmentally harmful chem
ical substances in geothermal fluids have been studied and 

solved in some applications. Plans continue for the recovery 
of valuable chemicals from geothermal fluids. 

CHEMICAL C O M P O S I T I O N OF FLUIDS 

Summaries of analytical data on selected thermal spring 
and well discharges, indicated geothermometer temperatures, 
and i-eferences to data sources are presented in Table I. 
Mosl data are from papers submitted to this Symposium. 
The classification of geothermal system type in Table I 
is based on the assumed genesis of their anomalous heat 
and fol lows, in a general way, classifications proposed by 
Mahon (p. 755), Arnorsson (1974), Ivanov (1967), Kononov 
and Polak (p. 767). and While (1970). Volcanic systems 
(where the heat sources are inferred to be recent igneous 
intrusions) dominated by hot water or steam are distinguished 
from nonvolcanic systems in which the heat source is normal 
or elevated regional heat f low and the waters are heated 
by deep circulation along faults or by their position in broad 
downwarped sedimentary basins. There are many chemical 
studies of volcanic geothermal systems because these are 
most easily exploited with current technology; fault-related 
and sedimentary systems are poorly understood chemically, 
although these may yield large quantities of heat for non
electrical uses. Additional data on nonvolcanic geothermal 
systems may be found in the Proceedings of the Symposium 
&ii.\^atecJioek Interactions held in Prague in 1974 (Cadek, 
1976). Because of their distinctive and relatively uniform 
chemistry, I have treated seawater systems separately and 
discussed them in a special section. 

Mahon's Classification 

Mahon (p. 775) characterizes geothermal fluids as origin
ating from volcanic and subvolcanic geothermal systems, 
which may be either water or steam systems, and from 
nonvolcanic geothermal systems. Volcanic water systems 
are usually characterized at depth by waters of the neutral 
sodium chloride type which may be altered during passage 
to the surface by addition of acid sulfate, calcium, or 
bicarbonate components. The concentration of chloride may 
range from tens to tens of thousands of ppm. The origin 
of the water itself is dominantly meteoric, and the con
centrations of readily soluble components such as C l , B, 
Br, L i , Cs, and As are related to their concentrations in 
the rock, to the subsurface temperature, and possibly to \ , 
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contributions from deep fluids related to the volcanic heal 
source. Other less soluble constituents such as SiO^, Ca, 
Mg, Rb, K, Na, SO^. HCO, , and CO3 are controlled by 
subsurface temperature, mineral solubility, mineral equili
bria, and pH. Gases in these systems normally include CO, , 
H,S, H , , CH4. N j , and inert gases, with COj predominant, 
and constitute 0 to 5% by weight of the deep f lu id. 

The near-surface fluids of volcanic steam (vapor-dominat
ed) systems are low in chloride (except for fundamentally 
unrelated high-temperature volcanic fumaroles with HCI). 
They contain only elements soluble in some form in low-
pressure steani (SO^ as H jS , HCO3 as CO,, B as HBO, , 
Hg, NH3) . The gases are similar to those in volcanic water 
systems. Because of their relative rarity and because vapor 
rather than liquid is produced (although liquid may predomi
nate at depth), the geochemistry of these systems is not 
well understood. 

Nonvolcanic geothermal systems have a wide range of 
waler compositions and concentrations, from dilute meteoric 
waters lo connate waters, metamorphic waters, and oil field 
brines. The controls on their compositions are less well 
known than those of volcanic waters. 

Arnorsson's Classification 

Arnorsson (1974) classifies Icelandic thermal fluids as 
related to (1) temperature. (2) r-6ck type, and (3) influx 
of seawater. Low-temperature waters (<l50°C)are the result 
of deep circulation in regions dominated by conductive heat 
f low (up to 4 to 5 hfu. which is above average for most 
of the world) and are characterized by low dissolved solids 
contents (200 to 400 ppm) and gases dominated by nitrogen. 
Higher temperature waters (>200°C) result from intrusions 
of igneous rocks and are characterized by higher dissolved 
solids contents (700 to 1400 ppm) and by gases with large 
amounts of CO,. H,S, and H,. Fluids in silicic rocks tend 
to be higher in Cl and olher dissolved solids than fluids 
of the same lemperalure in basaltic rocks if seawater is 
not involved. 

deserve more study. The occurrence of excess 'He in the 
hydrothermal fluids of Kamchatka (Gutsalo, p. 745), Lassen, 
and Hawaii (Craig, 1976) and of Yellowstone 8'^S values 
near zero (Schoen and Rye, 1970) suggests these fluids are 
" r i f togenic" when, in fact, they are far from present 
spreading centers. 

Classif ications of W h i t e 

Reviews by D. E. White of mineral and thermal waler 
chemistry (1957a, b, 1968,1970,1974) have greatly influenced 
most workers in this f ield. Space does not allow adequate 
descripiion of his waler classification schemes, which have 
evolved as more chemical and isotopic data became avail
able. In brief, meteoric waters dominate shallow crustal 
circulation and mix wi lh more saline deep waters of all 
types. Meteoric waters may also circulate deeply under the 
influence of magmalic heat and receive additions of NaCI, 
CO,, H,S, and other substances from rock leaching, thermal 
metamorphism, and possibly magmatic fluids. These moder
ately saline sodium chloride deep walers of wo/crinit-associa
tion undergo near-surface rock reactions and atmospheric 
oxidation lo form the range of observed surface volcanic 
walers. Oceanic water is incorporated in marine sediments 
and, by extended low-temperature reactions, becomes 
evolved-connate water. Deep burial and higher-temperature 
reactions cause expulsion of highly altered metamorphic 
waters from rocks undergoing regional metamorphism. 
Magmatic water has been dissolved in magma but may have 
various ultimate origins. The existence of juvenile water 
new to the hydrologic cycle is certain, but its recognition 
is doubtful. Recent work by While and his coworkers has 
elaborated the chemical distinctions between hol-waler and 
vapor-dominaled systems (White, Truesdell, and Muff ler, 
1971: Truesdell and While, 1973) and demonstrated the 
existence of thermal water of nonmeteoric origin in the 
California Coast Ranges (White, Barnes, and O'Nei l , 1973). 

V O L C A N I C HOT-WATER SYSTEMS 

Classif ications of Ivanov and Kononov and Polak 

Ivanov (1967) proposed a classification of thermal fluids 
based on gas contents, which has been expanded by Kononov 
and Polak (p. 767). Fluids directly relaled to volcanic 
processes are characterized either by H,S-CO, gases and 
acid sulfate or acid sulfate-chloride walers in the oxidizing 
zone, or by Nj-CO,gases and alkaline sodium chloride walers 
in the reducing zone. Fluids related to thermomelamorphic 
processes have highCO, gases and carbonated waters, which 
may in part be connate. Fluids of deep circulation but outside 
of volcanic and thermomelamorphic zories have N , gases 
and dilute sodium chloride-sulfate waters. Kononov and 
Polak further divide volcanic fluids into "geyseric" with 
H,-CO, gases and "riftogenic"" wilh H , gases, which occur 
in spreading centers and characterize the highest lemperalure 
(>300°C)geothermal systems. I l isonly in "riftogenic"" fluids 
that anomalous contents of 'He and H,S with 8'' 'S near 
zero are expected. Parts of this classification are applied 
in detail to Icelandic thermal fluids by Arnorsson, Kononov, 
and Polak (1974). 

Although this classification may need modification based 
on the chemistry of fluids in drilled systems, it has the 
advantage of focusing attention on geothermal gases, which 

Deep Fluids 

Hol-waler geolhermal systems with volcanic heal sources 
have been very thoroughly studied. The deep fluids of these 
systems are, in general, walers of dominantly meteoric origin 
with chloride contents of 50 lo 3000 ppm, unless seawater, 
connate water, or evaporites are involved. Components of 
these fluids, such as Na, K. Ca. Mg, and SiO,, that are 
present in major amounts in most volcanic reservoir rocks 
almost certainly originate from rock-water reactions. Other 
fluid components, such as C l . F, B, CO,, and H,S, are 
present in these rocks only in trace quantities and have 
been explained as magmalic contributions (Allen and Day. 
1935: Whi le, 1957a). Experimental rock-leaching studies 
(Ellis and Mahon, 1964. 1967) have shown, however, lhat 
these soluble components may be extracted f rom most rocks 
al moderate temperatures (200 to 300°C). and isotope studies 
(see below) have failed to detect magmalic water in geother
mal systems. Rock leaching as a sole source of chloride 
has been criticized by White (1970) because il appears lo 
require unreasonable rock volumes or unreasonable original 
rock chloride contents to maintain the chloride f lux of old 
geolhermal systems, such as Steamboat Springs, Nevada 
(age I to 3 m.y.: Silberman and While, 197.5), or Wairakei, 
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New Zealand (age 500 000 years: Banwell, 1963; Healy, 
p. 415, suggests half this figure). 

Recent isotope studies of fresh and allered Wairakei rocks 
suggest that the apparent water:rock mA%% ratio of drilled 
parts of this system is at least 4.3:1 (Clayton and Steiner, 
1975). Since the Cl contents of possible rocks at depth in 
this system are less than IOOO ppm (Ellis and Mahon, 1964), 
a mechanism other than simple leaching would appear 
necessary to produce the l400-ppm-CI Wairakei deep water. 
More probably, however, the rock leached of chloride was 
at much deeper levels as in the deep reservoir hypothesized 
by Hochstein (Abstract 1-16) and al those levels the 
water:rock ralio was much lower. However, a lower 
waier:rock ralio requires a larger volume or rock which, 
if the predrilling f lux of chloride (2.5 x I 0 ' " g / y e a r ; Ellis 
and Wilson. 1955) has been mainlained over the life of 
the system, requires more than 5 x 10' k m ' of leached rock; 
this is more than ten times the possible volume of the system 
estimated by Hochstein (Abstract 1-16).' To resolve this 
problem, Wilson (1966) and Ellis (1966) suggested that f low 
in geothermal systems is intermittent and that present activity 
is much greater than that of the past. Ellis (1970) suggests 
this cycle might have a period of 10'' years with the active 
part of the cycle complete in 10' years. Experimental and 
model studies of nonuniforrnly heated fluid in porous media 
by Home and O'Sullivan (1974) produced intermittent f low, 
which may support this suggestion. However, the numerous 
dormant geolhermal systems (99% of the total) required 
by this model would be easily recognizable by fossil sinter 
deposits and have not been found. . 

The efficacy of rock leaching as a source of dissolved 
consliluenls in geolhermal waters must depend on the 
availabilily of fresh rock surfaces. Heal transfer and leaching 
from established fraciures should be rapid, and solute 
concentrations and temperatures would be expected to 
decrease rapidly. This may nol occur because the growth 
of thermal stress fraciures (Harlow and Pracht, 1972; Smith 
et al . , 1973;'Lister, Abstract 11-27) would provide fresh 
rock surfaces and heat transfer at the same rate so lhat 
the chemical and thermal properlies of convecting fluids 
would be uniforni in time. Studies of f luid inclusions from 
Broadlands, New Zealand, suggest that changes of f luid 
concentration and temperature may have been small over 
the 10-''-year life of this system (Browne, Roedder, and 
Wodzicki, 1976). Careful chemical and physical modeling 
is needed lo further test the rock-leaching hypothesis. 

The opposite hypothesis, that small quantities of magmatic 
fluids of high salinity supply a significant part of geolhermal 
solutes, has been defended by White (1957a, 1970). Recent 
fluid inclusion and isotopic studies (reviewed by White. 
1974: see also later issues of Economic Geology) indicate 
lhat two fluids were involved in the generation of many 
ore deposils. Initial fluids of porphyry copper, epithermal 
base metal, and olher ore deposits were probably magmatic 
in origin, and later fluids were local meteoric waters. 
However, magmatic walers have not yet been positively 
identified in epithermal gold-silver deposits, which are most 
closely relaled to active geothermal systems. The presence 
of mantle-derived 'He in geothermal fluids (Kononov and 
Polak, p. 767; Gutsalo, p. 745; and Craig, 1976) may not 
indicate direct contribution of other juvenile or even 
magmatic components because of the possibility that helium 
may migrate independently of other fluids or may be con
tained in some volcanic rocks (Lupton and Craig, 1975) 

and enter geolhermal fluids from rock leaching. 
Perhaps the mosl persuasive evidence for the participation 

of al least small amounts of magmalic components in 
geothermal fluids is the close temporal and spatial relation 
and analogous geochemical behavior of certain volcanic and 
geothermal systems. The volcanic zone in Taupo, New 
Zealand, with numerous geothermal systems, has the active 
volcanoes of White Island at its norlh end and Ruapehu 
and Ngauruhoe at its south end. Chemical studies of White 
Island have shown that fumarole discharges alternate be
tween typical high-temperature (to 800°C) volcanic emana
tions wilh high sulfur:carbon ratios when flows of volcanic 
gases are nol impeded, and nearly typical geothermal steam 
at temperatures below 300°C with low sulfur:carbon ratios 
when the gases are forced to pass through surface waters 
(Giggenbach, 1976). Some fluids of geothermal systems 
associated wilh near-active volcanoes of the Tatun Shan, 
Taiwan (Chen and Chern, written commun., 1975) and of 
Tamagawa (Iwasaki et a l . , 1963) and Hakone (Noguchi et 
al. . 1970). Japan, may be similar to the drowned volcanic 
emanations of While Island. Hydrolysis of sulfur or near-
surface oxidation of H,S cannot produce the HCI acidity 
proven at Hakone and Tamagawa and indicated at Tatun 
(analysis Ta /, Table I , from New Zealand Depl. Sci. Ind. 
Res., quoted by Chen and Chern) which must originate 
from high-temperaluie, probably magmatic, processes 
(White and Truesdell, 1972: R. O. Fournier and J. M. 
Thompson, unpub. data). Magmatic f luid contributions to 
these geothermal systems appear probable, but proof is 
lacking. More work is needed on this problem, possibly 
through more extensive i.sotopic studies of elements dis
solved in geothermal waters. However, fractionation during 
crystallization and re-solution of trace constituents is 
expected to be small, so leached material may be indistin
guishable from direct magmatic contributions. 

Near-surface A l te ra t ion of Ho t Waters 

Near-surface processes producing the varied compositions 
of geolhermal walers of volcanic systems include sleam 
separation during adiabatic cooling, mixture wilh cold shal
low meteoric walers, and chemical reactions involving rock 
minerals, dis.solved gases, dissolved constituents of diluting 
waters, and atmospheric gases. Many indicators of subsui-
face flow (see below) depend on the effects of these 
processes on ascending geothermal fluids. Fluid componenl 
ratios that are nol affected by these processes, such as 
CI:B, are useful in indicating the homogeneity of subsurface 
fluids and thus the continuity and size of geothermal systems 
(Slefansson and Arnorsson. p. 1207; Cusicanqui, Mahon. 
and Ellis, p. 703). 

Subsurface reactions wi lh dissolved gases and rock miner
als coni iol the contents in the waler of mosl components 
present in excess in the rock or in the dissolved gas. Mosl 
of the bicarbonate and part df the sodium and potassium 
are produced by reaction of dissolved CO, with the rocks 
lo produce mica or clay minerals and bicarbonate and alkali 
ions (Fournier and Truesdell, 1970), 

CO, + H,0 + (Na.K) silicate = H C O j " + (Na-^,K+) 
-1- H silicate. 

The coupled increase in HC03:CI and decrease in CO,:olher 
gases during lateral f low through a near-surface aquifer has 
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been demonstrated for Shoshone Geyser Basin, Yellowstone 
(analysis US30), where near-surface rocks are glacial sedi
ments composed of rhyolitic glass (Truesdell, 1976a). Crys
tallized rhyolite and ash f low tuff are not as reactive as 
glassy rocks, .so CO2 is converted to HCO3 '^^^ rapidly, 
as at Norris Geyser Basin, Yellowstone, where waters 
f lowing in devitrified ash f low tuff are low in HCO3 (analysis 
USJ4), 

Mixture of deep hot water with cold meteoric waters 
produces variations in the concentrations (but not the ratios) 
of C l , B, and other components not involved in lower-
temperature rock reactions. The resulting temperatures in 
subsurface aquifers where mixture takes place (Truesdell 
and Fournier, p. 837) affect all temperature-sensitive equili
bria such as quartz solution and exchange of dissolved 
cations with aluminosilicate minerals. With sufficient dilu
t ion, subsurface boiling may be prevented and a high partial 
pressure of CO, retained in waters at temperatures well 
below 200°C. Under these conditions, the solubility of calcite 
is relatively high (Holland, 1967) and calcium can be leached 
from volcanic rocks. When these dilute high Pj,Q2-high Ca 
solutions emerge al the surface, they lose CO2 and deposit 
travertine as well as silica. 

Sleam separation produces changes in water chemistry 
because most salts are nearly insoluble in low-pressure steam 
(Krauskopf, 1964) and remain entirely in the liquid phase, 
while gases partition strongly into the vapor (Ellis and 
Golding, 1963: Kozinlseva. 1964). The result of these pro
cesses is an increase in nonvolatile salts and a decrease 
in dissolved gases (principally COj and HjS) in the liquid 
phase. The loss of gas produces an increase in pH from 
about 6 at depth to near 9 al the surface (Ell is. 1967; Truesdell 
and Singers, 1971) through the reaction 

(White, 1957b). The acid-sulfate-chloride waters at Waiman-
gu. New Zealand, and Norr is, Yellowstone, probably result 
from percolation of this acid sulfate water into near-surface 
reservoirs where it mixes wi lh chloride water from below. 
The change from deep, slightly acid chloride waters, to 
neutral CI-HCO3-SO4 waters, to acid sulfate waters with 
decreasing depth in the Onikobe caldera has been described 
by Yamada (p. 665). 

Roots of Volcanic Hot Water Systems 

Knowledge of the deepest parts of geolhermal systems 
must come chiefly from refined geophysical studies and 
from fossil geolhermal systems exposed by erosion; but 
experimental studies of the thermodynamic chemistry of 
waler and rock minerals provide important constraints for 
modeling. 

From chemical and isotopic compositions of surface fluids 
and the phase chemistry of water and silica, Truesdell el 
al. (Abstract 111-87) have proposed that a 3- to 6-km-deep 
reservoir of dilute (IOOO ppm NaCl) water at 340 to 370°C 
underlies much of Yellowstone. This reservoir may corre
spond to the deep (also 3 to 6 km) reservoir proposed by 
Hochstein (Abstract 1-16) on geophysical evidence to under
lie the Taupo volcanic zone. New Zealand. Fournier, White, 
and Truesdell (p. 731) proposed that the solubility maximum 
of quartz (at 340°C for dilute steam-saturated water; increas
ing with salinity and. to a lesser extent, pressure) acts as 
a thermostatic mechanism for deep waters because circula
tion to higher temperatures would cause rapid quartz deposi
tion and permeability decrease. Circulation of fluids through 
the zone of quartz solubility maximum should produce 
additional porosity by solution. 

HCO3- -F H+ = CO2 -F HjO. 

The effect of COj loss is greatest in waters with large contents 
of bicarbonate such as those from Shoshone Geyser Basin, 
Yellowstone (analysis US30) or Orakeikorako. New Zealand 
(analysis NZ7) , .so these waters become very alkaline 
whereas waters with little bicarbonate (for example Norris 
waters, analysis US34) remain near neutral. 

Sulfate can originate from oxidation of H2S by atmospheric 
oxygen dissolved in meteoric waler of deep or shallow 
circulation. The amount of sulfate ion lhat can be formed 
in this manner is 22 ppm from rain water percolating 
underground after equilibrating with air al 0°C (Truesdell, 
1976). This is close lo the observed sulfate contents in 
water nol affected by near-surface oxidation of HjS in 
volcanic rocks with low sulfate contents, such as those 
in the Yellowstone caldera (analyses US29-34) and the Taupo 
volcanic zone (analyses N Z / - / 0 ) . Higher contents of sulfate 
in volcanic hot water probably originate from leaching of 
sulfate contained in some volcanic rocks. Sulfate in low-
temperature waters in basalts probably has this source 
(analyses Ic 1-3). In high-temperature areas the self oxidation 
of SO j t o H j S a n d SO4 must also be considered. The sulfate 
contents of thermal walers in sedimenlary aquifers are 
usually much higher as a result of solution of sedimentary 
sulfate from the rock (for example Kizildere, Turkey, 
analyses T / -2 ) . 

Acid waters with very high sulfate contents are produced 
by direct superficial atmospheric oxidation of H2S to sulfuric 
acid in areas of drowned fumaroles or steaming ground 

STEAM (VAPOR-DOMINATED) SYSTEMS 

Certain geolhermal systems (Larderello and Monte Amia
ta. I taly: The Geysers, California; Matsukawa, Japan: Mud 
Volcano, Yellowstone; and others) are characterized by 
production of saturated or slightly superheated sleam without 
liquid water. Despite intensive search, few examples of this 
type of system have been found. Two new discoveries, 
the Kawah Kamojang and Salak fields of Indonesia, have 
been reported to this Symposium and another likely candi
date has been identified in Mt. Lassen National Park, 
California (Renner. White, and Williams, 1975). 

Allhough known systems have been intensively dri l led, 
the character of the reservoir f lu id , the mechanism of steam 
production, and the origin of these systems have been highly 
controversial and al least seven major models have been 
proposed. The latest of these models (White, Muff ler, and 
Truesdell, I971)has utilized the chemistry of superficial fluids 
and deep pressure and temperature measurements to con
clude that bolh sleam and water are present in these 
reservoirs. The model was elaborated and the mechanism 
of superheated steam production explained in a later paper 
(Truesdell and While, 1973). 

New data on the Kawah Kamojang, Indonesia, field 
(Hochstein, p. 1049; Kartokusumo, Mahon, and Seal, p. 
757) indicate that it is vapor dominated. Drillholes lo 600 
m showed the reservoir lemperature below 550 m (390 m 
below the waler table) to be 238°C, close to that of sleam 
of maximum enlhalpy (236°C), as predicted for these systems 
(James. 1968). Production initially was a steam-water mixture 
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that changed to saturated sleam and finally superheated 
steam. Surface drainage and borehold fluids are nearly 
chloride-free (<2 ppm in hot waters; 3 to 6 ppm in drainage 
walers), as expected in a system with only steam flow from 
depth. The resistivity to 500-m depth is 2 to 5 ohm meters, 
indicating a near-surface water-saturated zone above the 
reservoir. Deeper resistivity is > I 0 ohm-meters, probably 
indicating the presence of steam. This resistivity structure 
is similar to lhat found in the vapor-dominated Mud Volcano, 
Yellowstone, geothermal system (Zohdy, Anderson, and 
Muff ler, 1973). Deeper dril l ing is needed at Kawah Kamojang 
lo confirm the presence of the predicted low "vaposlat ic" 
pressure gradient. The Salak. Indonesia, field is also consid
ered to be vapor dominated, as indicated by surface fluid 
chemistry (Kartokusumo and Seal, Abstract 111-49). 

Isotope chemistry of Larderello, Italy, sleam has shown 
lhat increased production has drawn fluids from recent 
inflow at the sides of the reservoir and from deeper levels 
inthecenter(Celat ietal . , l973:Panichieial . , 1974). Marginal 
inflow was also indicated by a hydrologic balance (Petracco 
and Squarci, p. 521). Sleam from the central area has been 
shown to carry up to 60 ppm chloride associated with 
ammonia and boron (F. D'Amore, oral commun., 1975). 
which may indicate boiling fr-om a high-chloride brine water 
table. Reassessment of original pressures of this system 
has indicated that, in general, they conform to the vapor-
dominated model (Celati et a l . , p. 1583). 

N O N V O L C A N I C HOT-WATER SYSTEMS 

Earth temperatures increase generally with depth, and 
allhough mosl normal thermal gradients average 25°C/km, 
there are broad regions where thermal gradients are 40 to 
75°C/km or higher (While, 1973). In these regions, hot water 
may be exploited by dril l ing in sedimentary basins or along 
fault zones where deep circulation occurs. Chemical data 
on these walers are sparse, but thermal water in sedimentary 
basins appears similar to nonthermal walers in similar 
geologic situations. The fault-controlled walers are similar 
IO, but more dilute than, volcanic walers. The recent review 
of the chemistry of subsurface waler by Barnes and Hem 
(1973) may be useful. 

Examples of thermal systems lhat are considered nonvol
canic in Czechoslovakia, France, Iceland, India, Israel, 
Japan, Switzerland, Turkey, the United Slates, and Yu
goslavia are given in Table I. The walers of the Pannonian 
and relaled sedimentary basins of Czechoslovakia, Hungary, 
and Yugoslavia appear to be crudely zoned, with bicarbonate 
predominating near the lop of the aquifer and chloride at 
greaterdepths(forexampleanalysisCz/; Frankoand Mucha, 
p. 979: Boldizsar and Kor im. p. 297; Petrovic, p. 531). Waters 
in car-bonaie aquifers (analysis H ) , Y2?) have relatively 
high contents of bicarbonate, calcium, and magnesium as 
might be expected, and gases appear lo contain more CO, 
than in sandstone aquifers, which have more nitrogen. 
Methane is also present. Sedimenlary basins in Russia are 
reported to yield water al 40 lo I05°C with I to 10 g/1 
salinity at depths of 2500 lo 3000 m without further chemical 
data (Mavrilsky and Khelkvist, p. 179). More studies are 
needed on thermal waters of sedimenlary basins. 

Waters heated by deep circulation along faults may be 
very dilute wilh only atmospheric dissolved gases if their 
temperatures are low (analysis US4) and become much more 
concentrated wilh more CO, and H,S as their subsurface 

temperatures approach those of volcanic systems (analysis 
US26 for example). The water source is meteoric and salts 
are probably leached from rock, although evaporites may 
be associated with some fault-heated waters. Wollenberg 
(p. 1283) suggests that uranium may accumulate al depth 
in some of these systems owing to reducing conditions. 

SEAWATER GEOTHERMAL SYSTEMS 

Many geothermal systems in coastal areas have remark
ably similar thermal fluids which are mixtures of local 
meteoric waters and thermally altered seawater. The effect 
on seawater of high temperature reaction with rock is marked 
increase in calcium and smaller increase in potassium and 
occasionally chloride, with marked decreases in magnesium, 
sulfate, and bicarbonate, and often a smaller decrease in 
sodium. These changes are apparently due to formation 
of montmoril lonite, chlorite, and albite from calcic feldspars, 
which releases calcium and causes consequent precipitation 
of anhydrite and calcite (Mizutani and Hamasuna, 1972; 
Bischoff and Dickson, 1975). The salinity is affected by 
dilution and subsurface boiling. Chemical and isotopic stud
ies have shown the presence of allered seawater in coastal 
thermal areas of Fi j i (Healy, I960), Greece (analyses G/-7; 
Dominco and Papaslamaloki, p. 109; Stahl, Aust, and 
Dounas. 1974), Guadeloupe (analysis G u / ; Demians d'Ar-
chimbaud and Munier-Jolain, p. 101), Iceland (analyses 
\c7-IO: Bjornsson, Arnorsson, and Tomasson, 1972; Arnors
son, 1974; Arnorsson et a l . . p. 853), Israel (analysis I s / ; 
Eckstein, p. 713), Italy (analyses I t / -2 ; Baldi, Ferrara, and 
Panichi, p. 687), Japan (analyses J 1-2; Mizutani and Hama
suna. 1972; Matsubaya et a l . , 1973; Sakai and Matsubaya, 
1974), New Britain (analysis N B / ; Ferguson and Lambert, 
1972), New Zealand (Crafar, 1974; Skinner, 1974), and 
Turkey (analyses T J and T6; Kurtman and §amilgil, p. 447). 
The composition of normal seawater is given in Table I 
for comparison (analysis SW/) . 

The application of chemical and isotopic geothermometers 
lo seawater thermal fluids has some unusual features. Silica 
geothermometers apparently behave normally, but may 
reequilibrate more rapidly upon cooling because of the high 
salinity, thus indicating lower temperatures (Fournier, 1973). 
Cold seawater and partly allered seawater in low-to-
moderate-temperature thermal systems indicate anomalously 
high temperatures, near I00°C from Na:K and I70°C from 
NaKCa. The sulfate-water isotope geothermometer also 
indicates temperatures near I80°C for cold and partially 
altered seawater. These high-lemperalure indications may 
be relics of partial equilibration in submarine geothermal 
convection systems located along spreading centers (Lister, 
p. 459; Will iams, Abstract 1-40), wi lh the seawaters resisting 
reequilibralion in moderate-temperature coastal geothermal 
systems because of insufficient rock alleration to affect 
their high ion contents. Seawater-rock interaction experi
ments now in progress (Hajash, 1974; Mol t l , Corr, and 
Holland. 1974; Bischoff and Dickson, 1975) will provide 
more dala on this problem and may suggest new geother
mometers for these systems. Where thermal seawaters have 
higher chlorinities than local seawaters and there is no 
evidence of evaporite contribution, 1 have calculated the 
subsurface temperatures required lo produce the observed 
concentrations by boiling (analyses G7, Ic7, N B / , and T6). 
The indicated subsurface temperature of the Reykjanes, 
Iceland, seawater geothermal system agrees with that ob-
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served. Chloride leached from rocks and conductive heating 
would tend lo increase apparent temperatures and mixing 
wi lh dilute walers would lend to lower them. 

GEOTHERMOMETERS 

Where fluids from geolhermal convection systems reach 
the surface in springs or wells, the chemical and isotopic 
compositions of these fluids may indicate the subsurface 
temperature and f low patterns, as well as the recharge 
source, type of reservoir rock, and other important parame
ters of the system. Component concentrations or ratios that 
can be relaled to subsurface temperatures are called geo
thermometers. Chemical geothermometers may be quantita
tive, so that specific subsurface temperatures may be calcu
lated, or qualitative, so lhat only relative temperatures may 
be inferred. Imporiant advances in the application of quan
ti lalive and qualitative geothermometers have been made 
since the first UN Geolhermal Symposium in Pisa in 1970. 

Quantitative Chemical Geothermometers 

The theory of quantitative chemical geothermometers has 
been discussed by Fournier, While, and Truesdell (1974). 
These thermometers depend on the existence of tempera-
lure-dependent equilibria at depth which are quenched or 
frozen during passage to the surface. 

A l the time of the Pisa Symposium (1970). the quartz-satu
ration geothermometer (Mahon. 1966: Fournier and Rowe. 
1966). which depends on the near-universal equilibrium with 
quartz in geolhermal fluids above 100 lo 150°C, and on 
the relative reluctance of quartz lo precipitate from super
saturated solutions, was widely used in exploration and in 
monitoring well discharges. Temperatures above 200 to 230°C 
are seldom indicated by this geothermometer from spring 
analyses because reequilibratlon above 200°C is relatively 
rapid and solutions initially saturated with quartz al higher 
temperatures can precipitate amorphous silica during passage 
to the surface (Fournier, 1973; Truesdell and Fournier, p. 
837). Lower-temperature walers may be saturated with 
chalcedony rather than quartz (Fournier and Truesdell, 
1970), with some Icelandic walers suggesting chalcedony 
saturation al temperatures as high as I80°C and others 
suggesting quartz salutation as low as 1I0°C (Arnorsson, 
1970, 1974, 1975). Examples of many thermal walers with 
probable quartz or chalcedony saturation are given in Table 
I . and equations (data from Fournier. 1973. 1976) for quartz 
saturation wi lh conductive and adiabatic (maximum sleam 
loss) cooling and for chalcedony saturation are given in 
Table 2. Adiabatic cooling is probably most common in 
high-lemperalure geolhermal systems (M. Nathenson. 
unpub. calculations), but loss of silica from reequilibratlon 
during upward flow may make conductive quartz tempera
tures appear lo indicate reservoir temperatures more ac
curately (While, 1970). Systems wi lh bolh adiabatic and 
conductive cooling have been discussed by Fournier. Whi le, 
and Truesdell (p. 731). 

The olher geothermometer widely used 5 years ago was 
the Na:K ratio. The empirical calibration of this geother
mometer does not agree wi lh experimental studies of feldspar 
and mica equilibria, and in 1970 there was wide divergence 
between calibration scales. Syntheses of available dala 
(mostly from the Pisa Symposium) by White and Ellis (quoted 
in White. 1970) and by Fournier and Truesdell (1973) have 

produced two slightly different scales, which are approxi
mated by equations given in Tab I ' 2. Since the White-Ellis 
curve is more widely used, it has beeii -idopted for calcula
tions in Table I. 

Because the Na:K geothermometer fails at temperatures 
below IOO to I20°C and yields improbably high temperatures 
for solutions with high calcium contents, an empirical N.' KCa 
geothermometer was proposed by Fournier and TruesJell 
(1973). NaKCa temperatures have been found lo be close' 
lo quartz-saturation temperatures for thermal springs of 
Nevada by Hebert and Bowman (p. 751), bu tNa :K tempera
tures appear lo be equally accurate for 200 lo 300°C low-cal
cium well discharges (Table I ) , and may correctly indicate 
fluid temperatures and movement in drilled systems (Merca
do, p. 487). 

The cation (Na: K and NaKCa) geothermometers are useful 
in iniliai evaluations of the geothermal potential of large 
regions because they are less affected by reequilibralion 
and near-surface dilution than are the silica geothermome
ters. Cation geothermometers have been used in regional 
evaluations in Canada (Souther, p. 259), Iceland (Slefansson 
and Arnorsson. p. 1207), India (Krishnaswamy, p. 143; 
Gupta, Narain, and Gaur, p. 387), Israel (Eckstein, p. 713), 
Italy (Fancelli and Nut i , 1974), the Philippines (Glover. 
1974a, b. 1975), and the United States (Young and Mitchell , 
1973: Swanberg, 1974, 1975; Mariner et a l . , 1974a, b; Renner. 
While, and Will iams, 1975: Reed, 1975). 

Cation geothermometers. although empirical, apparently 
depend on equilibria between thermal walers and alumino
silicate minerals original lo the host rock or produced by 
alteration. If equilibrium is not achieved, or if the mineral 
suite is unusual, misleading temperatures may be indicated. 
Thus, cation geothermometers must be used with caution 
in geothermal systems involving seawater, because in many 
of these, equilibrium with rocks probably is not reached 
because of the resistance to chemical change of Ihe concen
trated solulion: and apparent temperatures are close to those 
indicated by cold seawater (analysis SW/—IN^ -K - iOO°C and 
'N:IKOI- 170°C) . However, in some high-temperature geolher
mal systems, seawater does appear to have nearly equilibrat
ed with rock and indicated temperatures are close to those 
observed in drillholes (analyses Ic7-9: analyses J/-2). Acid 
sulfate springs in which silica and cations are leached from 
surface rocks are nol suitable for chemical geothermometry, 
allhough acid sulfate chloride walers of deep origin give 
reasonable indicated temperatures (analyses J/2. Ta/-2). 
Cation (and silica) geothermometers may also give misleading 
results when applied lo waters in highly reactive volcanic 
rocks (Fournier and Truesdell, 1970; Baldi el al . , 1973; 
Arnorsson, 1975), especially those rocks wi lh high contents 
of potassium (Calainai el a l . , p. 305), or lo warm walers 
that emerge in peat-containing soils (Slefansson and Arnors
son. p. 1207). Paces (1975) has suggested a correction factor 
for the NaKCa geothermometer when applied to high-CO, 
walers. 

Allhough many olher high-temperature chemical equilibria 
exist, most of these equilibria are affected by subsurface 
condilions olher ihan lemperature, reequilibrate rapidly, or 
are affected by other reactions during ascent to the surface. 
These equilibria can. however, be used as qualitative geo
thermometers (see below) and. in specialized circumstances, 
as quantilalive geothermometers. 

The content of magnesium in thermal waters varies in
versely with lemperalure. but il is also affected by CO, 
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pressure. Experimental calibration by Ellis (1971) allows 
magnesium contents to be used as a quantitative geother
mometer if CO, pressures can be otherwise calculated. 

Waters wilh high calcium and sulfate and low bicarbonate 
contents, such as thermally altered seawater (see discussion 
above), may be saturated with anhydrite at depth and become 
undersaturated during ascent because of the inverse temper
ature dependence of anhydrite solubility (analyses J/-2; 
Sakai and Matsubaya, 1974). The contents of calcium and 
fluoride in geothermal waters are in part controlled by 
equilibrium with fluorite (Nordstrom and Jenne, Abstract 
111-70), but reequilibralion apparently is rapid. 

The i-eaction CO2 + 4H2 = CH^ -F 2 H , 0 may occur in 
geolhermal reservoirs (Craig, 1953; Hulston, 1964; but see 
Gunter arid Musgrave, 1966, 1971), and the amounts of these 
gases in surface discharges may indicate subsurface temper
atures. Temperatures calculated from Wairakei borehole 
gases (analysis N Z / ; Hulston and McCabe. 1962a; Lyon, 
1974) are reasonable, but Arnorsson el al. (p. 853) have 
applied this method lo fumarole discharges with somewhat 
ambiguous results. 

M i x i n g Models 

Although mixing of thermal waters wi lh cold near-surface 
walers limits the direel application of chemical geother
mometers, the dilution and cooling resulting from mixing 
may prevent reequilibralion or loss of steam and allow the 
calculation of deep temperatures and chemical conditions. 
The chloride contents and surface temperatures of springs 
were used to calculate minimum subsurface temperatures 
in early New Zealand geothermal surveys (Mahon, 1970). 
More recently, models have been proposed based on surface 
temperature and silica contents of cold and warm springs 
(the warm spring mixing models in: Truesdell, 1971; Fournier 
and Truesdell. 1974; Truesdell and Fournier, 1976), and on 
Ihe lemperalure, chloride, and silica concentrations of mixed 
boiling springs and the chloride concentrations and tempera
tures of cold springs and nonmixed boiling springs (the boiling 
spring mixing model in: Truesdell and Fournier, p. 837, 
Fournier, While and Truesdell, p. 731). A mixing model 
using chloride-enthalpy relations of cold, warm, and boiling 
springs was proposed by Glover (1974a) for Tongonan, 
Philippines, geothermal waters (analysis Ph/) . Relaled dia
grams of chloride and enthalpy (or lemperature) have been 
used to analyze subsurface processes in drilled systems 
(Giggenbach, 1971; Mahon and Finlayson, 1972; Cusicanqui, 
Mahon, and Ellis, p. 703). 

The warm spring mixing model depends on the assumption 
of conservation of enlhalpy and silica and on the nonlinear 
temperaiure dependence of quartz solubility. The boiling 
spring mixing model depends on assumed conservation of 
chloride and enthalpy and reequilibralion with quartz afler 
mixing. Proper application of these mixing models depends 
therefore on the fulf i l lment of a number of assumptions, 
the validity of which should be considered in each case. 
Mixing model temperatures have been calculated for appro
priate spring and well analyses in Table 1. The accuracy 
of mixing model calculations depends lo a greal degree on 
measurement or accurate estimation of the chemistry and 
temperature of local cold subsurface water. For these 
calculations, as well as for isotope hydrology (see below), 
collection and analysis of cold waters should be an important 
part of a geochemical exploralion program. The warm spring 

mixing model was applied by Gupta, Saxena, and Sukhija 
(p. 741) to the Manikaran, India, geothermal system and by 
Young and Whitehead (1975a,b) to Idaho thermal walers. 

Components other than silica and chloride may be used 
in mixing models. The lemperalure and salinity of a hypo
thetical concentr-aled high-lemperalure component have 
been calculated by Mazor. Kaufman, and Carmi (1973) from 
'''C contents and by Mizutani and Hamasuna (1972) from 
sulfate and water isotopes (analyses Is5 and J / ) . 

Qual i ta t ive Geothermometers 

Qualitative geothermometers were reviewed at the first 
UN Geolhermal Symposium by Mahon (1970). Tonani (1970), 
and While (1970). These geothermometers may be applied 
to spring walers and gases, fumarole gases, allered rock, 
soils, and soil gases. Ratios and contents of dissolved 
hot-spring constituents and gases resulting from high-
temperature reactions, but not susceptible to quantitative 
temperaiure calculation, are useful for indicating subsurface 
flow paths when siting wells (Mahon, p. 775). 

Substances carried in steam are important in the sludy 
of systems without hot springs and may indicate subsurface 
flow paths more effectively than liquid water discharges, 
which are more subject to lateral flow (Healy, p. 415; Healy 
and Hochstein, 1973). Gas discharges were used by Glover 
(1972) lo indicate upflow zones in Kenya geothermal sys
tems, where hot water discharges were lacking or grossly 
contaminated with surface walers. Gas ratios were also 
useful at El Tatio, Chile (Cusicanqui, Mahon, and Ellis, 
p. 703), where extensive lateral f low of hot waler occurs 
(see discussion below). Ammonia and boron have been used 
as indicators in thermal seawaters which are otherwise 
unresponsive to subsurface temperature (Dominco and 
Papaslamaloki, p. 109). 

New studies using sensitive analytical methods have 
shown that soil gases in geothermal areas have anomalous 
concentrations of mercury (Koga and Noda. p. 761) and 
helium (Roberts et a l . , 1975), and contain CO, with anoma
lously high "C: ' -C ratios (Rightmire and Truesdell, 1974). 
Volatile substances dispersed from geolhermal fluids may 
accumulate in soils and altered r-ocks, and patterns of soil 
mercury (Matlick and Buseck, p. 785) and of mercury, 
arsenic, and boron in altered rocks (Koga and Noda, p. 
761) may indicate subsurface fluid f low, as may alteration 
patterns (Sumi and Takashima, p. 625). 

The mosl important application of qualitative geother
mometers is in preliminary expioiaiion over large areas. 
" B l i n d " convection systems may exist or surface fluid flows 
may be inconspicuous or diff icult to distinguish from non
thermal sources. In these cases, i l may be possible to analyze 
surface fluids for distinctive "geothermal" components. 
Lithium in surface walers of central Italy has been tested 
as a geolhermal indicator by Brondi, Dall 'Agl io. and Vitrani 
(1973); and, in a sludy of the same area, crileria for 
distinguishing river sulfate of geolhermal origin (from H,S 
oxidation) from sulfate resulting from solution of evaporites 
or from oxidation of sulfide minerals have been developed 
by Dall 'Aglio and Tonani (1973). Much anomalous boron 
in surface walers (other than those in closed basins) is 
probably of geothermal origin (Morgan, 1976). and Larderello 
sleam has been shown lo contribute large quantities of boron 
10 surficial walers (Celati, Ferrara, and Panichi, Abstract 
H l - l l ) . Anomalous arsenic from natural and exploited geo-
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thermal systems has been found in the Waikato River, New 
Zealand (Rothbaum and Anderton, p. 1417), and in the 
Madison River, Montana (Stauffer and Jenne, Abstract 
lV-14). Fish in the Waikato River appear to accumulate 
mercury of geolhermal origin (Weissberg and Zobel, 1973), 
but Yellowstone fish do not (L . K. Luoma and E. A. Jenne, 
oral commun., 1976). 

Geolhermal walers of meteoric origin may exchange 
oxygen isotopes wi lh rock during deep circulation, and this 
"oxygen sh i f t " has been used as a positive or negative 
qualitative geothermometer (Fancelli, Nut i , and No lo , Ab
stract 111-23; Fouillac el a l . , p. 721). 

Although sampling is dif f icult , gases and solids can also 
be used in regional exploration. In a reconnaissance sludy 
of much of central and southern Italy, Panichi and Tongiorgi 
(p. 815) found carbon isotopes in CO2. and travertine 
associated with known and prospective geothermal areas, 
to be distinctly heavy compared with those from other 
sources. The use of other isotopes in regional exploration 
('^S in air gases for instance) should be investigated. Mercury 
vapor has been found in the atmosphere of the Beppu, 
Japan, geothermal system (Koga and Noda, p. 761) and 
might be detectable in a regional survey. 

ISOTOPE H Y D R O L O G Y A N D THERMOMETRY 

Isotope compositions and rare gas contents of geothermal 
fluids have been used to indicate sources of recharge, time 
of circulation, f luid mixing, and subsurface temperatures. 
Geothermal isotope and nuclear studies have been the subject 
of symposia al Spoleto, Italy (Tongiorgi, 1963), Dallas, Texas 
(Hal l , 1974), and Pisa, Italy (Gonfiantini and Tongiorgi, 
1976). and were extensively reviewed by White (1970, 1974). 
Many papers on nuclear hydrology wilh application lo 
geothermal studies were recently presented at Vienna (In
ternational Atomic Energy Agency, 1974). 

Hydrology 

A major discovery resulting from early measurements 
of the oxygen-18, deuterium, and trit ium contents of thermal 
fluids was that local meteoric water overwhelmingly domi
nates recharge of mosl geolhermal systems (Craig, Boalo. 
and White, 1956; Craig, 1963; Begemann. 1963). More recent 
studies (reviewed by White, 1970) agree with the early dala 
wi lh a few exceptions. New ' " 0 , deuterium and trit ium 
measuremenis of cold and thermal f luidsof Larderello, Italy, 
demonstrate local meteoric recharge with bolh long and 
short circulation limes (Celati et a l . , 1973; Panichi el a l . , 
1974). Meteoric water dominance has also been demonstrated 
for thermal fluids of El Tatio, Chile (Cusicanqui, Mahon, 
and Ellis, p. 703), Kawah Kamojang, Indonesia (Kartokusu
mo, Mahon, and Seal, p. 757), the Massif Central. France 
(Fouillac el a l . , p. 721), Iceland (Arnason, 1976; Tomasson, 
Fridleifsson. and Slefansson, p. 643), Lake Assal, Afars 
and Issas (Bosch et a l . , 1976), Broadlands, New Zealand 
(Giggenbach, 1971), Yellowstone, Wyoming (Truesdell et 
al . . Abstract 111-87). Long Valley, California (Mariner and 
Wil ley. 1976), and southwestern Idaho (Rightmire. Young, 
and Whitehead, 1976). In most of these systems (El Tatio, 
Yellowstone, Iceland, Idaho, and Long Valley), hot-spring 
waters are a mixture of a local cold meteoric component 
and a hot thermal water component, also of meteoric origin 
but from higher elevation and somewhat distant from the 
hot-spring area. 

Mixing of local cold water with hot seawater has been 
demonstrated by '"O and deuterium studies of coastal 
geolhermal systems of Greece (Stahl, Aust, and Dounas, 
1974), Italy (Baldi, Ferrara, and Panichi, p. 687), and Japan 
(Mizutani and Hamasuna, 1972; Matsubaya et a l . , 1973; 
Sakai and Matsubiya, 1974). Thermal connate and metamor
phic waters were shown to mix with meteoric water in the 
California Coast Ranges by White, Barnes, and O'Nei l 
(1973). Meteoric thermal waters are interpreted to mix with 
cold saline lake waters at Lake Assal, Afars and Issas, 
by Bosch et al. (1976), although the high salinity of borehole 
walers from this area (Gringarten and Stieltjes, 1976) sug
gests a more complicated system. 

Tri t ium measurements have been used to demonstrate 
mixing with young near-surface waters. Gupta, Saxena, and 
Sukhija (p. 741), using this approach, calculate hol-water 
fractions for spring waters of Manikaran, India, that agree 
with those calculated from the warm-spring mixing model. 

In general, radioactive isotopes have not been successful 
in indicating the circulation times of geolhermal systems. 
This results from the generally long circulation times in
volved (except for some Larderello steam discussed above), 
which are usually beyond the range of tr i t ium dating: f rom 
the large quantities of metamorphically produced old C O j , 
which prevent use of '''C measurements: and from the 
common admixture of young near-surface waters with old 
deep waters in surface thermal discharges. Recent improve
ments in low-level trit ium analysis may improve the situation. 
The radioactive " A r isotope has a half-life of 269 years, 
which allows a dating range of 50 lo IOOO years, and has 
been used successfully to estimate a <70-year age for water 
in a Swiss thermal spring (Oeschger el a l . , 1974). This 
analysis, allhough dif f icult , should also be possible for drilled 
high-lemperalure geolhermal systems. 

Geo thermomet ry 

Certain isotope geothermometers equilibrate more slowly 
than chemical geothermometers and are capable of indicating 
temperatures in the deeper parts of geothermal systems. 
By considering a number of chemical and isotopic geother
mometers with various rates of equilibration, it may be 
possible lo calculate the lemperature history of a thermal 
water. This calculation would depend on the existence of 
considerably more rate dala than are now available. 

At the time of the first U N Geothermal Symposium, only 
the distribution of carbon isotopes between CO2 and CH^, 
(A "C [C0 , .CH4 ] ) , had been tested as a geothermometer. 
Analyses of well discharges of Larderello (analysis ItS; 
Ferrara, Ferrara. and Gonfiantini. 1963) and Wairakei (anal
ysis N Z / ; Hulston and McCabe, 1962b) indicated tempera
tures in good agreement with measured reservoir tempera
tures. These indicated temperatures were based on frac
tionation factors calculated by Craig (1953) which have been 
shown to be somewhat in error by Botlinga (1969). Using 
the corrected fractionation factors, indicated temperatures 
are increased by 50 to 7.5°C and the new temperatures are 
higher Ihan those found in the reservoir. Experimental work 
is needed on this geothermometer lo confirm Ihe new 
fractionation factors, but the indicated temperatures may 
be real and exist in these systems below drilled depths. 
COj-CH^ temperatures al Broadlands, New Zealand (analy
sis NZ.1). range from 385 to 425°C (Lyon, 1974) considerably 
above Ihe reservoir temperatures (~270°C), although tem-
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peratures in a deep Broadlands drillhole reached 307°C. New 
measurements al Larderello (C. Panichi, oral commun., 1975) 
indicate subsurface temperatures that vary wi th, but are 
higher than, observed reservoir temperatures. Temperatures 
for A " C(C02 ,CH ̂ ) have also been calculated for geothermal 
fluids from Indonesia (analysis Ids / ) , Kenya (analyses 
K / -J ) . and the United States (analyses U S f a n d USJ6). 

Hydrogen isotope geothermometers, AD(H2,CH4) and 
AD(H,,H20), have been tested in a few systems in Kenya; 
New Zealand; the Imperial Valley, California; and Yellow
stone; but appear to reequilibrate rapidly and in most cases, 
indicate temperatures lhat approximale those of collection 
(analyses K2, NZ3, US5 and US36). Recently, Horibe and 
Craig (in Craig, 1976) have experimentally calibrated the 
H2-CH4 geothermometer, which should encourage more 
isotopic analyses of these gases. 

Although gas isotope geothermometers are the only ones 
available for vapor-dominated systems, they leave much 
to be desired as praclical exploralion tools for hot-water 
systems. Equilibrium may be achieved only below drillable 
depths (CO2-CH4) or continue up to the sampling point 
(Hj-CH^, H j -HjO) , and most geothermal gases (especially 
from hot springs) are so low in methane that collection 
and separation are dif f icult . 

For hol-waler systems the mosl useful proven isotope 
geothermometer may be the fractionation of oxygen isotopes 
between water and its dissolved sulfate, which appears to 
equilibrate in geothermal reservoirs at temperatures as low 
as 95°C. and to reequilibrate so slowly during f luid ascent 
to the surface lhat evidence of temperatures above 300''C 
is preserved in some hot-spring waters. Experimental equi
librium and kinetic data have been measured by Lloyd (1968), 
Mizutaniand Rafter (1969),and Mizutani (1972). Equilibrium 
has been demonstrated between dissolved sulfate and 
borehole water from Wairakei (analysis N Z / ; Mizunlani and 
Rafter, 1969: Kusakabe. 1974), Otake, Japan (analysis 36; 
Mizutani, 1972), Larderello (analysis H8; Cortecci, 1974), 
and Raft River and Bruneau-Grandview, Idaho (analyses 
US/5 and US/7 : Truesdell et a l . , unpub. data, 1975). The 
application of this geothermometer to boiling springs of 
Yellowstone, correcting for the effect of steam loss on '•'O 
content of the water, was made by McKenzie and Truesdell 
(Abstract 111-65). and unpublished measuremenis have been 
made on several other United Stales spring systems (analyses 
US7, US/0, US 18, US24, US26-27). Estimates of subsur
face temperatures in Japanese geothermal systems wi lhoul 
deep drillholes and uncorrected for sleam loss appear rea
sonable (analyses J1-5; Mizutani and Hamasuna, 1972; Sakai 
and Matsubaya, 1974). 

Two other geothermometers need more testing. The f irst, 
A'^S(S04,H,S), which has recently been calibrated experi
mentally by Robinson (1973), indicated unreasonably high 
temperatures for Wairakei bore fluids (analysis NZ2, Kusa
kabe, 1974) and for Mammoth, Yellowstone, water (analysis 
USJ5; Schoen and Rye, 1970). The second, A'-'C(C02,HC03) 
may indicate the lemperature of bicarbonate formation at 
Steamboat Springs, Nevada, and Yellowstone (analyses 
US24, US30, and US52), but experimental dala in this system 
need reevaluation (O'Nei l et a l . . Abstract I I I -7I ) . 

In the rather special circumstances where water and steam 
phases may be separately analyzed, or steam analyzed and 
waler isotopes estimated from olher samples, the l iquid-
vapor fractionation of deuterium or ' "0 may be used to 
estimate temperatures of phase separation. This has been 

done at Wairakei (Giggenbach, 1971), Campi Flegrei, Italy 
(Baldi, Ferrara, and Panichi, p. 687), Kawah Kamojang, 
Indonesia (Kartokusumo, Mahon, and Seal, p. 757), and 
White Island, New Zealand (Stewart and Hulston, 1976). 

Rare Gas Studies 

Rare gases (He, Ne, Ar , Kr , and Xe) have been analyzed 
in geothermal fluids and shown to indicate the source of 
water recharge and, less certainly, the mechanism of sleam 
loss (Mazor, p. 793). Ne, ' *A r , Kr , and Xe are nol produced 
in rocks and do not undergo chemical reactions. However, 
they are affected by phase changes and their distribution 
between liquid and vapor is temperature dependent. For 
this reason, their contents in geothermal waters that have 
not boiled indicate that recharge waters are meteoric and 
allow calculation of temperatures of last equilibration with 
the atmosphere. In systems with subsurface boiling, the 
water phase is depleted in gases and their concentration 
patterns may indicate dilution and boiling mechanisms. 

Other rare gases CHe and ' "Ar) are produced from 
radioactive decay of rock materials and their concentrations 
may indicate rate of waler movement through the system 
(Mazor, Verhagen, and Negreanv, 1974). High-lempevature 
thermal waters in young volcanic rocks of Yellowstone and 
New Zealand apparently do not contain anomalous '"'Ar 
(Mazor and Fournier, 1973; Hulston and McCabe, 1962b), 
although young volcanic rocks that have nol lost volatile 
elements have high """Ar contents (for example, Dalrymple 
and Moore, 1968). The origin and fate of ''"Ar in geothermal 
systems needs much closer study. 

Several recent studies have been made of excess 'He 
in ocean water (Craig, Clarke, and Beg, 1975), volcanic 
rocks (Lupton and Craig, 1975), and geolhermal fluids of 
Iceland (Kononov and Polak, p. 767), Kamchatka (Gutsalo, 
p. 745), and Imperial Valley, Lassen, and Kilauea in the 
United Stales (Craig, unpub. data, 1975). 'He has been 
depleted from the atmosphere and crust because it is lost 
into space at a greater rate than "He, and its enrichment 
in waters and rocks associated with spreading centers 
indicates contributions from the mantle. As noted earlier, 
mantle contribution of this isotope does nol necessarily 
indicate that other mantle-derived components are present 
in geothermal fluids. 

CHEMICAL M O D E L I N G A N D M E T H O D O L O G Y 

Modeling 

Geolhermal systems are chemically very active. Deep 
minerals are altered in response to the prevailing pressure, 
temperature, and chemical condilions, and ascending fluids 
change their physical and chemical properlies rapidly over 
relatively short distances and effect profound mineralogical 
changes in rocks traversed. Mineralogical changes in these 
processes were reported by Bird and Elders (p. 285) and 
Reed (p. 539). It would appear both challenging and reward
ing to model these changes, but disappointingly few attempts 
have been made. 

Pampura, Karpov, and Kazmin (p. 809) report a chemical 
model for the changing compositions of ascending fluids 
of the Pauzhetsk geolhermal system. Many of the changes 
described earlier as occurring during the near-surface altera
tion of volcanic waters are successfully modeled, but the 
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absence of potassium in the fluids and of aluminosilicate 
minerals is a severe limitation. A relatively simple model 
for computing Ihe downhole character of geothermal fluids 
(Truesdell and Singers, 1971) has been used to calculate 
deep pH values. 

Using established models for solution and mineral equi
libria, mineral alleration has been relaled to deep f luid 
Chemistry for Broadlands. New Zealand, by Browne and 
Ellis (1970) and for Cerro Prieto. Mexico, by Reed (p. 539). 
In bolh these systems, deep walers are in near equilibrium 
with rock minerals and produced their observed metamor
phism. Mass transfers in the Dunes, Imperial Valley, geo
thermal system were deduced from mineralogical changes 
by Bird and Elders (p. 285). 

Methodology and Data 

The geochemical investigaiions described in this report 
depend bolh on the accurate chemical and isotopic analysis 
of natural fluids and on laboratory measuremenis of the 
properties of chemical substances over a range of tempera
ture and pressure. Because analyses of many samples from 
a geolhermal system allow a more complete reconstruclion 
of chemical processes and deep condilions, analytical meth
ods that are rapid and inexpensive or lhat can be automated 
are useful. Bowman et al. (p. 699) and Hebert and Bowman 
(p. 751) describe automated instrumental methods of waler 
analysis that appear to be rapid and accurate and can provide 
analyses for trace constituents not normally measured. Some 
of these traces may provide geothermometers when their 
behavior is better understood. 

Geothermometer components are necessarily nol in equi
l ibrium under surface condilions. and special care must be 
taken lo preserve them for analysis by dilution (SiO,) or 
fi ltration and acidification (Ca). Thompson (1975) and 
Presser and Barnes (1974) report methods for collection 
and preservation or field analysis of geolhermal waters. 
Akeno(1973) describes methods for preservation and analy
sis of geolhermal gases. Downhole samplers for geolhermal 
wells have been described by Fournier and Morganstern 
(1971) and Klyen (1973). Collection of geothermal fluids 
was the subject of a recent workshop (Gilmore, 1976). 

Potter (p. 827) and Potter. Shaw, and Haas (1975) have 
compiled and assessed Ihe status of studies on the density 
and olher volumetric properlies of geothermal brine compo
nents, and, using critically evaluated dala, Haas (1971) has 
calculated boiling poini-to-deplh curves for sodium chloride 
solutions. Compilations of geochemical data are also being 
made by the Lawrence Berkeley Laboratory (Henderson, 
Phillips, and Trippe, Abstract I-15). 

It is impossible to review here the many experimental 
studies of solulion chemistry at high temperatures and 
pressures that are diiectly applicable lo geolhermal systems. 
These studies have been recently reviewed by Ellis (1967, 
1970), Fi-anck (1973), Helgeson (1969), Helgeson and Kirk
ham (1974), and Marshall (1968, 1972). When sophisticated 
chemical models are constructed for geothermal systems 
in their natural and disturbed states, these experimental 
studies will provide vital dala. 

A N EXAMPLE OF EXPLORATION GEOCHEMISTRY 

The role of chemistry in geolhermal exploration is well 
illustrated by investigations at El Tatio, Chile, reported by 

Cusicanqui. Mahon. and Ellis (p. 703), Lahsen and Truj i l lo 
(p. 157), and Armbrusl et al. (1974), that were made in 
conjunction with geological and geophysical studies (Healy 
and Hochstein, 1973; Hochstein, Abstract 111-39; Healy, 
p. 415) by New Zealand and Chilean scientists with United 
Nations support. EI Tatio lies at an altitude of 4250 m in 
the high Andes. There are over 200 hot springs, mosl of 
which boil (at 85.5°C at this altitude) and deposit sinter 
and halite. Many of these springs were analyzed for major 
and minor components and some, along wi lh cold springs 
and snow samples, were analyzed for ' " 0 and deuterium. 
Fumaroles were analyzed for gases. 

The analyzed spring waters showed narrow ranges of C1:B 
and Na:Li ratios, indicating homogeneous thermal water 
at depth. Waters of the northernmost spring group were 
rather uniform in composition, with 8000 ±200 ppm chloride, 
SiO, contents of 260± ppm. and Na:K weight ratios near 
8.2. To the south and west, spring waters have lower SiO, 
contents, higher Na:K ratios, and Cl contents of about 4000 
to 6000 ppm, indicating mixing with near-surface waters. 

Direct application of chemical geothermometers to high-
chloride spring waters indicated minimum subsurface tem
peratures averaging I60°C from quartz saturation, I67°C 
from Na:K ratios, and 205°C from NaKCa relations. Maxi
mum indicated temper-alures were 189°C (quartz saturation), 
210°C (Na:K). and 23 l°C (NaKCa). The boiling-spring mixing 
model of Truesdell and Fournier (p. 837), not yet developed 
al the time of the original investigations, can be applied 
to these spring waters assuming that those to the north 
were nol diluted and lhat those to the south and west were 
mixtures with cold dilute water (I = 4°C, Cl = 2 ppm). 
Average calculated subsurface temperatures are 208°C, but 
the maximum indicated temperature of 274°C is considered 
to be a better indication of the maximum aquifer temperature. 
Some of the high-chloride El Tatio springs issue at tempera
tures below boiling, and warm-spring mixing calculations, 
assuming cold walers of 4°C and 25 ppm Si02, indicate 
an average subsurface temperaiure of 269°C (standard de
viation I3°C). 

The patterns of Cl contents. SiO, contents, Na:K ratios, 
and Na:Ca ratios were interpreted to indicate that cold 
near-surface drainage from the east was entering a shallow 
aquifer in the western and southern areas, and diluting 
high-chloride waler rising from greater depths. 

Deuterium analyses of the thermal waters agreed wi lh 
the general picture of near-surface mixing, but suggested 
that the deep recharge was from higher elevation precipi
tation with lower deuterium values. Cold-water samples from 
the higher mountains lo the east also tended lo have lower 
deuterium values than local precipitation and were consid
ered possible recharge waters. 

Fumarole gas analyses also suggested movement from 
east to west, but at shallower depths. Eastern fumaroles 
had much higher contents of CO, and H,S than olher gases, 
and higher ratios of H2S:C0,. Quantitative interpretation 
of gas concentrations is diff icult because of the effects of 
rock reaction and fractional separation into sleam. In general, 
gases lend lo decrease in CO, and H,S content and in 
H,S:CO, ratio with lateral f low (Mahon, 1970; Truesdell, 
1976a). In retrospect, more weight should have been given 
to the fumarole chemistry in siting exploratory wells. 

On the basis of resistivity surveys and spring chemistry, 
six slim holes were drilled lo aboul 600-m depth. In the 
west and norlhwesl. holes 1, 2, and 4 encountered maximum 
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temperatures of 212 lo 230°C, with temperature inversions 
toward the bottoms of the wells. In wells 3 and 6, in the 
southwest, temperaiure inversions were nol found and 254°C 
was measured in well 3. Seven production wells were located 
near No. 3, and the best of these (No. 7) tapped fluids 
of 263°C. A shallow (about 170-m) aquifer at I60°C was 
encountered in the Trucle dacite, which is probably where 
mixing with near-surface water occurs to produce Ihe lower 
chloride waters of the western and soulhern springs. Deeper 
aquifers in the Puripicar ignimbrite (500 lo 600 m) and the 
Penaliri (Salado) luffs and breccias (700 to 900 m) were 
at about 230 and 200 to 260°C, respectively. 

Comparison of drillhole and spring analyses indicates that 
the mosl concentrated spring waters are undiluted samples 
of the deep thermal fluids. The quartz saturation, Na:K, 
and NaKCa geothermometer temperatures are low, indicat
ing considerable subsurface reequilibralion. The mixing 
calculation temperatures are. however, surprisingly ac
curate. 

Lateral subsurface f low from east to west, indicated by 
water isotopes and fumarole gases, was confirmed by 
drillhole measurements. Tr i t ium contents of drillhole fluids 
suggested that the subsurface transit time was 15 years 
(unusually short for geothermal waters), but small additions 
o f young near-surface water would also explain the results. 
The early resistivity survey did nol indicate lateral f low, 
and a resurvey was made after the exploratory holes were 

dril led. This showed a much larger anomaly that could be 
interpreted as due to deep lateral f low. 

Two chloride inventories were made lo estimate the total 
heat f low from the heat:chloride ratio of the thermal walers, 
which was established from drillhole f luid temperatures and 
chloride contents. These were not very accurate because 
of salt accumulation al the surface, but indicated a heat 
f low of 30 to 50 X 10* cal/sec. 

El Tatio is very favorable for the application of geochemi
cal methods because there are a large number of springs 
wi lh rapid f low from the thermal aquifer, and the surface 
chemistry indicated subsurface conditions wilh reasonable 
accuracy. Gas and isotope analyses correctly suggested 
subsurface flow patterns, and chemical geothermometers 
and mixing models predicted temperatures at increasing 
depths in the system. 
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Table 1. Chemical summaries and geothermometer temperatures for selected thermal fluids. (See end of table for explanatory notes.) 

System 
Type 

^ o Sampling 
§• >; Icinp Analyses 

Water 
Type 

"!A'i X"^^ ̂ "VK t„3KC. 
•c "c '̂  ^ 

Other 
Ceothonnoraetors 

Observed Temp 
•c 

(depth) 
References 

Afars and Issas 

A£l Lake Assal, Spr 6 Na>Ca»x»M9 
Cl»S0it>>HC03 

'̂ '165 Na-Ca-SiO^ 
272 WSMM 

253 tlOSO m) Bosch ct al. (1976); Gringarte 
TDS = 190000 and Stieltjes (1976) 

Ca3 

Ca2 

Ca3 

Canada 

British Colurabia 

Tawah Creek (#40) 

Meager Croek (»52) 

Hot Springs Isl. (»S7) 

VW 

VW 

VW 

s 

5 

S 

43 

55 

76 

" 

w 

pw 

Na>Mg>K>Ca 
HC03»Cl»SOi. 

Na>K=Co>Mg 
Cl>HC03>S0i, 

Na>Ctt»K 

2400 

2000 

162 

171 

13B 

177 

187 

145 

210 

197 

161 

227 

211 

190 205 WSKM 

Souther (p. 259); Hevin and 
Stauder (p. 1161) 

Chile 

El Tatio 

Chl Spr 181 

Ch2 Spr 226 

Ch3 Well 7 

Ch4 Average of 26 springs 
with st:andard devia
tion (o) and maximum 

84.5 

93 

85.5 

!-85.5 

w.tr, 

w 

".g 

,i Na>>K>Ca»>Mg 
Cl»>HC03>>S0t, 

Na>K>Ca 
Cl»S0i,>HC03 

Na>>K»Ca»>Mg 
Cl»>HC035S0i, 

7060 

14000 

15600 C02»>H2S 

142 

184 

257 

160 ave 
15 0 

1S9 max 

149 

199 

205 avQ 208 ave BSMM, 269 ave WSMM 140-170, 
20 a 27 0 , 13 0 190-235, 

231 max 274 max , 283 max 236-263 

Cusicanqui , Mahon and E l l i s (p. 703)) 
lAhsen and T r u j i l l o (p. 157); Armbrust 
e t a l . (1974) 

Truesde l l and Fournier (p. 837) 

CoJ 

Cz; 

Cz2 

Cz3 

C24 

Columbia 

Ruiz. Spr Al 

Czechoslovakia 

Danube lowland 

stranka 

Karlovy Vary 

Jachymov 

C e n t r a l depress ion 
(Danube lowland) 

CzS 

CiS 

Cl? 

CzS 

ES2 

ES2 

Chorvotsky 

Topolniky 

Levlce block. 
Podhijska 

Liptov deprea 
Besenova 

El Salvador 

Ahuachapfin 

Salitre 

Ah-1 

Grob 

sion. 

KVS 

HVS 

WVS 

NVS 

VW 

w 

w 

w 

w 

a 

w 

46 

90 

80 

34 

63 

-vge 

pw.i Na>>K»Ca»Mg 
Cl»HC03>SOi, 

pu 

pw 

1570 CO2.H2S 

inc depth HCOj-Na <1000 N2.CHi,,iC02 
J HC03-Cl-Na S5C0O 

Cl-HC03-Ha 510000 

Cl-HC03-Ua 

HCOj-Cl-Na 

Cl-Na 

S0^-HCO3-Ca• -Mg 

1900 

3900 

19600 

3200 

w.tr.g.i Na>>Ca>K>>>Mg 
C1>»S0^ 

w Na»K>Ca>»Mg 
C1»>SOL 

36 115 

154 188 

137 92 

1330 C02»>N2>>>CHi, 162 175 230 207 

19300 249 259 256 

20 Ha-K-Ca-C02 
73 Chalc 

44 Na-K-Ca-C02 
91 Chalc 

21 Na-K-Ca-C02 
66 Chalc 

Arango et al. (1970) 

38 1000 m Franko and Mucha (p. 979) 
gradient 

40 (1005 n) PaCes and Sarmlk (p. 803) 

72 (6 m) 

30 (493 m) 

46 (970-1210m) Franko and RaCickf (p. 131) 

90(2040-2490m) 

90(1160-1900m) 

34 (420±iii) 

Sigvaldason and Cuellar (1970) i 
Glover and Cuellar (1970)) 
Caealdi et al. (11-43) 



System 
Type 

Sampling 
Temp Analyses Water 

Type 
Gases i A ^ i 7 ^ ^ i ^ ' / ^ '•'t?̂ '' 

o- ._ C C 

Other 
(̂ o thermometers 

°C 

Observed Temp 
V 

(depth) 
References 

Ethiopia 

E3 East of AwBsa (Spr 6-4) VW 

E2 Aluto Spr 10 VW 

E3 Tendaho Spr 15 VW 

E4 Lake Afrora Spr 31 VW 

s 

« 
s 

s 

87 

96.5 

100 

57.5 

w , t r 

w , t r 

w . t r 

w . t r 

Sa»K»Ca>Mg 
HC03»SOn»Cl 

Ha>>>K»>Ca>Mg 
HC03>Cl>S0i, 

Na»K>Ca»>Mg 
Cli>S0^»HC03 

Na>ca»K»Mg 
C1»>S0^»>HC03 

1640 

2510 

1950 

19100 

1 5 1 

1 5 9 

206 

124 

1 5 8 

1 6 9 

224 

1 3 0 

1 9 6 

1 5 8 

1 9 3 

150 

207 

2 1 1 

204 

179 

225 «S«M 

208 WSKH 

UHDP (1971); Demissio and 
Kahsai (I-IO); Gonfiantini, Borsa, 
Ferrara and Panichi, 1973, Earth 
and Planetary Sci. Letters, v. 18, 
p. 13-21. 

France 

Massif Central 

Chateauneuf, 
bain temperd 

Chatelguyon, 
Alice 

Ste. Marguerite, 
Rive d'Allier 

Royat, EugSnie 

KVF 6 37 pw Na»Ca>K 

NVF 8 35.5 pw,i Na>Ca»K 

HVF 8 29 pw Na»Ca2K 

NVF s 33 pw Na»Ca>K 

1 4 3 

139 

137 

126 

1 5 5 

1 5 0 

1 4 8 

1 3 6 

154 

199 

2 1 5 

2 1 5 

1 7 8 

1 9 3 

203 

1 9 5 

-kSO Ka-K-Ca-C02 
130 Chalc 

•V.50 Na-K-Ca-C02 
124 Chalc 

•V.50 Na-K-Ca-COj 
122 Chalc 

•̂ .50 Na-K-Ca-C02 
108 Chalc 

Fouillac et al. (p. 721) 

GI 

G2 

as 

G i 

cs 

G8 

G? 

Kamena Vor la , 

Thermopylae, 
P s o r o n i r i a 

Edipsos , Damaria 

Lesbos. Arginos 

N i s i r o s , 
DemotijM Loutra 

Milos, 
Mavroa Gremos 

Sousaki , borehole 

VSw 

VSw 

VSw 

VSw 

VSw 

VSw 

VSw 

w 

S 

9 

8 

S 

w 

w 

47.9 

32.5 

78.5 

8 1 

48.5 

45 

73 

w 

w . i 

w 

w 

w 

s 

pw 

lia»Ca>Mg>K 
Cl»S0u>HC03 

Na»Ca>Mg>K 
Cl>>S0i,»HC03 

Ha»Ca>>K>Hg 
C1»>S0^>HC03 

Na»Ca>K>Mg 
C1»S0,,»KC03 

Na>>Ca>«g>K 
Cl>»>S0^»HCO3 

Na»co-K»Mg 
C1»>S0,,>HC03 

Na»K>Ca>Mg 
c i » > s O t 

16900 

27800 

33400 

11800 

32000 

33800 

45100 COj.HjS 

9 6 

4 5 

110 

1 3 5 

1 6 0 

172 

9 9 

45 

112 

1 4 1 

174 

1 9 5 

1 2 1 

119 

120 

1 7 1 

114 

232 

249 

1 6 9 

1 7 3 

174 

1 9 1 

167 

2 0 5 

2 6 5 

67 Chalc 

11 Chalo 

81 Chalo 

113 Chalc 
198 WSHH 

>120 b o l l i l 

Dominco and Papastamatoki (p. 109)i 
Stahl, Aust and Dounas (1974) 

138 (70 m) 

73 (145 m) 

Guadeloupe 

Oal B o u i l l a n t e 2 

Gu2 Spr GS2.4 

^-99 pw, t r . g r4a>>Ca>K»>Mg 

59 w Ka>Ca>>K>>Mg 
Cl»>S0i,>HC03 

>24600 C02»>H2S 

3020 

242 232 

199 189 200 WSKM2 

(338 m) Demians d'Archimlaaud and Munier-
J o l a i n (p. 101)t Cormy, Demians 
d'Archinibaud and Surcin (1970) 

Hungary 

Pannonian Basin 

H7 Triassic dolomite 

H2 0-Plio. sandstone 

1007 

997 

NaiCa»Hg>K 
HC03>S0^iCl 

Na>»K»Ca 
HC03>>>SO^•Cl 

1410 

1560 CH|,,C02,K2 

103 

107 

191 75 

119 164 

1507 (9501III) Bold i i sSr and Korim (p. 297) 

100-150 
(2250»i) 



Table 1, Chemical summaries and geothermometer temperatures for selected thermal fluids (continued). 

System 
Type 

^ Sampling 
' g; Temp Analyses 
^ *C 

Water 
Type 

•Si02 ^ i O , 
adia coniT 

"c "c 

%a/K tjjaKCa 
Other 

Geothermometers 
Observed Temp 

"C 
(depth) 

References 

I c 2 

I c 2 

I c 3 

I c 4 

I c S 

I c S 

I c 7 

I c 3 

I c S 

I c J O 

I c H 

I o J 2 

S e l f o s s 

D e i l d a r t u n g a 

S e l t j a r n a r n c B 

L i i s u h f i l l 

T o r f a j o k u l l , 
E y r a r h v e r 

G o y a i r 

R e y k j a n e s 

R e y k j a n e s W e l l 8 

S v a r t s e n g i W e l l 3 

K r i s u v i k W e l l 6 

H t o a f j a l l W e l ! 4 

H v e r a g e r d I W e l l 4 

NVF 

NVF 

79 

99 

9 3 

4 0 

9 5 

84 

9 9 

2 7 0 

236 

2 5 8 

2 5 8 

1 9 8 

w . i 

w , i 

w , i 

w . i 

w , i 

w . i 

w . t r . g 

w . i 

w , i 

w 

w . g . i 

w . g . i 

I I a » C a > > K » > M g 
C 1 » S 0 ^ > C 0 2 

N a » > C a > K » M g 
S0u>Cl>C02 

Ha>>Ca>>K»>Mg 
C 1 » S 0 ^ » > C 0 2 

Na»Ca>K>Hg 
C 0 2 > » C l » S 0 i , 

N a » > K > > > C a » M g 
C l » S 0 ^ i C 0 2 

N a » K > » C a > > M g 
C02>C1>SO^ 

K a » C a > K » > H g 
C l » > S 0 i . > > > C 0 2 

N a » C a i K » > M g 
C l » > C 0 2 » > S 0 i ^ 

N a » K > C a » > M g 
C 1 » > C 0 2 » S 0 ^ 

H a » > K > C a » > M g 
C l » > H C 0 2 > S 0 t 

H a » K » > C a > » M g 
C02>S0„>C1 

N a » > K > > C a » M g 
C02>C1>S0|, 

667 

358 

1 1 1 0 

1 6 7 0 

1 3 5 0 

1 1 3 0 

4 8 3 0 0 

3 3 6 5 0 

2 2 4 6 0 

2600 

9 5 6 

6 8 1 

S 2 » C 0 2 

C 0 2 » M l 2 

C 0 2 > » N 2 > H 2 S 
> 0 2 » C H ^ 

H2>C02>H2S 
> N 2 » C H ^ 

C 0 2 » > H , = 

122 

145 

137 

160 

194 

227 

234 

126 

1 5 0 

1 4 3 

176 

209 

2 5 6 

262 

2 7 0 

2 4 1 

257 

2 6 1 

2 0 0 

87 

8 6 

6 8 

162 

1 4 8 

200 

210 

234 

2 5 1 

260 

262 

169 

120 

1 2 3 

109 

174 

199 

2 2 0 

2 3 1 

2 4 0 

2 4 5 

234 

237 

187 

96 C h a l c 

124 C h a l c 

1 1 5 C h a l c 

153 C h a l c 

193 C h a l c 

262 b o l l i l 

2 1 5 - 2 4 0 K 

182 C h a l c 

A r n o r s s o n ( 1 9 7 4 ) ; A r n a s o n ( 1 9 7 6 ) ; 
T o m a s s o n , F r i d l e i f s s o n a n d 
S t e f a n S E o n ( p . 6 4 3 ) ; B j a r n s s o n , 
A r n 6 r 3 s o n a n d TSinasson ( 1 9 7 2 ) ; 
A r n o r s s o n o t a l . ( p . 8 5 3 ) 

2 7 0 

236 

2 5 8 ( 5 0 0 m) 

258 

199 

H 2 S » C H , , 

I d a J 

I d a 2 

P u g a , L a d a k h (KW 
H i m a l a y a s u b p r o v . 

S p r 101 

W e l l GW5 

I ) 

I d a 3 

I d a ^ 

C h u m a t h a n g , L a d a k h 
(rrw H i m a l a y a i ) 

S p r 4 0 

W e l l CGWl 

M a n i k a r a n , H i c i a c h a l 
P d . (tJW Him. I I ) 

3 8 3 

w 1 0 0 

4 9 

6 5 

I d a .5 

I d a s 

I d a 7 

I d n S 

I d a s 

I d a J O 

I d a J i 

I d a 3 2 

I d a J 3 

S p r 4 

s p r 1 1 

K a s o l (NW Him. I I ) 

T a t w a n i 
(NW Him. I l l ) 

K o p i l i , H a g a - L u s l m i 

T u r a l R a t n i g i r i , 
W e s t C o a s t 

T u w a , Cambay 

B a k r e s h w a r , w . B e n g a l 
( E . I . p r o v i n c e ) 

Dug w e l l , s o h n a 

VW 

VW 

VW 

VW7 

VW? 

NVS 

VW7 

HVS? 

s 

9 

S 

S 

s 

s 

5 

S 

s 

8 1 

92 

42 

57 

57 

6 1 

63 

8 1 

42 

N a » K » > C a = M g 
HC03>C1»SO^ 

Ha»K>>Ca>>>Mg 
H C 0 3 > C l » S 0 u 

N a » K > C a » H g 
H C 0 3 > S 0 t , » C l 

H a > » K " C a » M g 
HCO3>S0^>Cl 

Ka»Ca>K>Mg 
HC03>C1>>S0,. 

Ca>Na>Mg>K 
H C 0 3 » C l » S 0 i . 

Ca>Na>Mg>K 
H C 0 3 » S 0 ^ = C 1 

Ma»>Ca>K>.Mg 
C1>HC03>»S0 | , 

Na»>Ca>>K>Mg 
HC03=S0tt>Cl 

Na>Ca>K>»Mg 
C 1 » S 0 ^ > H C 0 3 

C a » N a + K » M g 
C l » S O i , 

Na>»K>Ca=Hg 
Cl=HC03>S0i. 

IJa>Ca>>Mg>K 
H C 0 3 > C 1 » S 0 ^ 

2850 

2 4 2 0 

1 2 5 0 

1 4 9 0 

5 9 5 

5 5 0 

5 3 1 

6 1 1 

449 

9 2 2 

3527 

4 6 8 

7 0 1 

149 

163 

157 

1 7 1 

2 5 8 

248 

247 

234 

2 2 1 WSMM 

2 3 1 WSKM 

153 

1 6 1 

1 6 6 

1 7 1 

1 4 8 170 

1 5 1 1 7 1 

141 

127 

1 0 5 

90 

116 

119 

119 

120 

94 

148 

131 

1 1 1 

93 

122 

125 

124 

124 

97 

298 

2 6 8 

322 

117 

109 

279 

5 0 

192 

204 

194 

1 9 5 

1 4 6 

1 2 9 

207 

114 

1 6 1 

209 WSMM 

1 7 0 WSMM 

224 WSMM 

1 1 3 WSMM 

2 0 3 WSHH 

1 6 5 wsaM 

1 0 0 ( 5 1 m) 
max 1 3 5 ( 4 2 m) 

102 ( 2 0 ra) 
max 109 ( 3 0 m) 

S h a n k e r e t a l . ( p . 2 4 5 ) ; 
C h a t u r v e d i a n d Raymahashay ( p . 3 2 9 ) ; 
G u p t a , S a x e n a a n d S u i c h i j a ( p . 7 4 1 ) ; 
J a n g i e t a l . ( p . 1 0 8 5 ) ; K r i s h n a s w a m y 
( p . 1 4 3 ) ; G u p t a , N a r a i n a n d G a u r 
( p . 387) 

1 1 0 - 1 5 1 (2700m) 
1 7 0 ( > 3 4 0 0 m ) 



syatem f ^ ' T J ^ ^ Temp Analyses 
'c "c 

other 
(̂ o the rmomo te r s 

Observed Temp 

*C 
(depth) 

References 

Ids2 

Ids 2 

Kawah Komojang, 
Well 6 

Dieng, 

Pulosari Spr 

2 3 8 w . p i , p g N a » K > » C a 
S O i , » > C l 

55 w Na2ca>K2Mg 
Cl>S0i,=HC03 

7 3 0 C 0 2 » H 2 S 

1 3 4 0 

2 4 0 232 217 

1 5 3 4 3 6 250 

2 2 0 - 2 3 0 " I s o t o p e " 
260 a l 3 c ( C 0 2 , C H u ) 

( 6 2 0 ta) X a r t o k u s a n i D , Hahon a n d S e a l ( p . 7 5 7 ) ; 
E l l i s ( p e r s . c o m m u n . , 1 9 7 5 ) 

( 1 3 9 n) T r u e s d e l l ( 1 9 7 1 ) ; R a d j a ( p . 233) q u o t e d 
f r o m D a n i l c h i k ( 1 9 7 3 ) 

I s r a e l 

Z s i Kamam E l P a r u n 

I s S R i f t V a l l e y S p r 

Xa3 Hammat G a d c r 

NVSw? s 72 pw N a > > C a » K 

NVF? s p g 

HVF s 52± p w , i , g , Na>Ca»Mg>K K'̂  Cl>HC03>SO,j 

r a r e g a s e s 

1 4 9 0 N2>02>CHit, 
r a r e g a s e s 

6 8 l'*C m i x i n 

E c k s t e i n ( p . 713) 

M a z o r ( p . 793) 

M a z o r , Kaufman a n d C a r m i (1973) 

ItJ 

It2 

It3 

It4 

Its 

Its 

It7 

Its 

Its 

31 

J2 

J3 

34 

35 

36 

37 

3S 

Italy 

Campi Flegrei 

Spr 6D 

Spr 5 

Stufe d'Nerono 

Tuscany, Romana, 
Spr 50 (group C) 

Cesano Well 1 

Tuscany Spr 12836 

Acqua Borra 

Larderello 

Wells 

B.S. Hichele 

Japan 

Coastal Waters 

Shimogamo 20 

Ibusuki 4 

Arima Type 

Yashio 

Greentuff Type 

Tottori 

Volcanic Typo 

Beppu 

Otaki 8 

Otaki spr 

Matsukawa 

Well MR3 

97 

w . t r . i Ma>>CaiK»Mg 
Cl»>S0i.>HC03 

w . t r . i Na»>Ca>K 
C1>»S0,,»HC03 

56 w . t r . g 

w . t r 

38 w 

37 p w , i 

i , T 

47 p w . i 

C a » H g > > K " N a 
S O ^ > H C 0 3 » > C 1 

Na>K»>Ca>>Mg 
S 0 | , » C 1 » H C 0 3 

CaiKa>Mg>>K 
H C 0 3 » S 0 i . > C l 

Na>>>Ca>K 

Na>Mg>Ca»K 
C1>HC03>S0;, 

pw, i , c a ^ l a » > K > » M g 
i ( S O u ) C1»>SO; .>HC03 

p w . i , Na>>Ca>K>>Mg 
i ( S O ^ ) C 1 » > S 0 ^ 

p w . i , N a » K 2 C a » M g 
i ( S O ^ ) C1>HC03>SO^ 

4 8 p w . i , N a » C a > > K > H g 
K s O u ) S O I , K : I > H C 0 3 

100 p w , i , Na»K>Ca>Mg 
i ( S 0 i , ) Cl>>S04>>>HC03 

w , t r , i , H a » K » C a > » M g 
K S O n ) C l » S 0 i , » H C 0 3 

Na»K>>Ca2Mg 
C l » > S 0 t t > H C 0 3 

Na>K>Ca»>Mg 
S 0 i , > » H C 0 3 > C l 

3 6 0 0 

2 5 5 0 0 

1 1 6 

1 6 1 

2 3 9 0 C 0 2 » > N 2 » > 0 2 1 0 8 

3 5 6 0 0 0 1 4 8 

6 4 0 0 74 

> 1 0 6 0 0 

•V380O 

3190 

3 6 8 0 

1 2 3 252 217 

1 7 1 97 167 

> 3 0 0 

113 7 6 0 2 6 0 

153 5 4 8 5 2 1 

77 1 9 0 79 

169 199 

76 130 

1 3 0 - 1 9 0 i ' ^ O - D 
( s t e a m - w a t e r ) 

82 C h a l c 
1 6 3 WSMM 

2 2 0 - 3 9 0 ^ ' ^ ^ ( c O j . C H i ) 
1 5 2 - 3 2 9 4 ' 8 o ( s O ^ , H 2 0 ) 

2 0 0 4 ' * 0 ( S 0 u - H 2 0 ) 
150 CasOi, s a t . 
2 2 1 - 3 3 5 i s o t o p e m i x i n g 

2 0 0 I ' ^ o j s O u - H j O ) 
'>.200 CaSOt, s a t . 

183 2 3 1 1 7 0 i l 8 o ( S 0 ^ - H 2 0 ) 

102 i " ' 0 ( S 0 ^ - H 2 0 ) 

232 239 193 4 ' 9 o ( S O i , - H 2 0 ) 

222 229 2 2 0 4 ' ^ 0 ( S O i . - H 2 0 ) 

210 223 

> 3 0 0 ( 1 8 0 0 m) B a l d i , F e r r a r a a n d P a n i c h i ( p . 6 8 7 ) ; 
C a m o l l c t a l . ( p . 315) 

M e i d a v a n d T o n a n i ( p . 1 1 4 3 ) 

B a l d i o t a l . ( 1 9 7 3 ) 

210 ( 1 4 0 0 m) C a l a m a l e t a l . ( p . 305) 

B r o n d i , D a l l ' A g l i o a n d v i t r a n i 
( 1 9 7 3 ) 

F a n c e l l i a n d H u c i ( 1 9 7 4 ) 

P a n i c h i e t a l . ( 1 9 7 4 ) ; F e r r a r a , 
F e r r a r a a n d ( S o n f i a n t i n i ( 1 9 6 3 ) ; 
C o r t e c c i (1974) 

n . a . ( 1 7 9 m) M i z u t a n i a n d Hamasuna ( 1 9 7 2 ) ; 
S a k a i a n d M a t s u b a y a ( 1 9 7 4 ) 

S a k a i a n d M a t s u b a y a ( 1 9 7 4 ) ; 
M a t s u b a y a o t a l . ( 1 9 7 3 ) 

1 9 5 (SOO m) M i z u t a n i ( 1 9 7 2 ) ; Koga ( 1 9 7 0 ) 

N a k a m u r a ( 1 9 6 9 ) 

Sumi a n d Maeda ( 1 9 7 3 ) 



Table 1. Chemical summaries and geothermometer temperatures for selected thermal fluids {continued). 

System 
Type 

Sampling 
Temp Analyses 

water 
Type 

'^iOa 
adia 

tsiO, 
contf ^ a / K *^HaKCa 

Other 

Geothermometers 
^C 

Observed Temp 

*C 
(depth) 

JS 

J30 

J i i 

J i 2 

K; 

K2 

K3 

MJ 

M^ 

m i 

NZJ 

Japan (continued) 

Volcanic Type 

Matsukawa 

A]cagawa 

Matsukawa 

Onikobe 

Mitaki 

Katayama GO-10 

Kenya 

Olkar ia ^2 

Eburru 

Hannington 

Mexico 

Corro P r i e t o 

Well M5 

Well M9 

Hew B r i t a i n 

Matupt-Rabalankaia 

New Zealand 

Wairakei 

Well 44 

ms 

NZff 

Broadlands 

Well 8 

Springs 

Kawerau 

W e l l 9 

S p r i n g s 

VW 

VW? 

5 4 . 5 pw 

99 w , p g 

99 w , p g 

Na»KeCa>>K<j 
S 0 ^ » > C 1 

NH J > >HBO 2 >F » H g > >A3 

Ha>>Ca>K>»Mg 
C 1 » H C 0 , » S 0 , . 

Na>caaK>>tlg 
C 1 > > > S 0 , . > » H C 0 , 

6 0 0 0 -
1 4 5 0 0 

N a » K > C a > » L i » > M g 2 7 6 0 0 C02>>H2S 

cl»>nco,>>so. 
N a > > K > c a » > L i » M g 
C 1 » > H C 0 3 > S 0 ; , 

Ha»Mg>Ca>K 
C 1 » S 0 ^ 

w , i , g Na>>K>»Ca>>>Mg 
Cl>>>S0i,>HC03 

•^.99 w , i , g , t r N a » K > » C a > > > M g 
C1>»HC03>>>S0[ , 

1 7 5 0 0 C02»>H2S 

3 4 2 0 0 C O , J . » H , S 

4 6 0 0 C02>>>N2>H2 
» 0 2 > C H ^ > A r 

^.99 w , g Na>>K»>Ca>Mg 
C 1 » H C 0 3 » S O ^ 

3070 C 0 2 > » H 2 S 
2 H C > M 2 > H 2 

278 

228 

4 1 2 0 C02>>>CHi,>C.'2 278 
> > H 2 » > A r > 0 2 

179 a v e 
1 1 o 

202 max 

198 a v e 
7 0 

199 max 

252 2 0 8 

3 6 1 270 

360 4 ' ^ C ( C 0 2 . C H i . ) 
>300 K ( C 0 2 . H : H S ) 

4 9 0 a ' 2 c ( C 0 2 , C H ^ ) 
•\.130 a D ( H j , C H 4 ) 

240-500 i"c(C02,CH^) 

319 292 2 8 8 BSMM 

249 250 292 BSMM 

143 189 >150 b o i l i n g c a l c . 

360 i ' J C ( C 0 2 , C H ^ ) 
200 K ( C C 2 - « : H I , ) 

' • l>Ar/35Ar=290 

305 i i ' 6 o ( S O , , , H 2 0 ) 
4 0 0 431.5 ( s o ^ , H 2 S ) 

395 4 l 5 c ( C 0 2 . C H ^ ) 
275 AD(CHr,,H2) 
265 4D(H2,H20) 
3 2 5 K ( C 0 2 - < H J 
' ' < 'Ar /36Ar=270 

183 ave 
17 0 

218 max 

270 avo BSMM 
23 0 

306 max 

227 a v e 2 2 5 a v e BSM.̂  
8 0 24 0 

239 max 267 max 

2 5 0 ( 1 1 0 0 m) F u j i i a n d Akeno ( 1 9 7 0 ) ; Bataa e t a l . 
( 1 9 7 0 ) 

Koga a n d fioda ( p . 761J 

Yamada ( p . 6 6 5 ) j H i t o s u g i a n d 
Y o n e t a n i (1972) 

2 9 5 ( 1 3 0 0 m) 

( 1 3 0 0 m) N o b l e a n d O j i a n t i o ( p . 1 8 9 ) ; r e c a l c . 
f rom L y o n , Cox a n d H u l s t o n ( 1 9 7 3 
a , b ) ; G l o v e r ( 1 9 7 2 , 1 9 7 3 ) 

289 ( 1 3 0 0 ra) Reed ( p . 5 3 9 ) ; M e r c a d o ( p . 4 8 7 ) 

2 2 8 ( 1 4 0 0 m) 

F e r g u s o n a n d L a m b e r t ( 1 9 7 2 ) 

Mahon ( 1 9 7 3 ) ; Lyon a n d H u l s t o n 
(1970) ; Lyon ( 1 9 7 4 ) 

K u s a k a b e ( 1 9 7 4 ) 

2 7 3 ( 7 7 1 m) Hahon a n d F i n l a y s o n ( 1 9 7 2 ) ; 
307 ( 2 1 6 0 m ) G i g g e n b a c h ( 1 9 7 1 ) ; S e w a r d ( 1 9 7 4 ) ; 

i n r e s e a r c h R i t c h i e ( 1 9 7 3 ) ; r e c a l c . f r o m Lyon 
w e l l ( 1 9 7 4 ) ; M a c d o n a l d ( p . 1 1 1 3 ) 

2 6 0 . 2 6 5 . 2 7 2 

1 8 5 , 2 1 8 , 2 3 5 
2 6 0 , 2 6 5 , 2 8 1 

T r u e s d e l l a n d F o u r n i e r ( p . 8 3 7 ) j 
Mahon ( 1 9 7 3 , 1972) 



/ system ° " S " ^ l i " 9 
i . ! l i - a Temp Analyses 
Type I f . J 

Water 
Type 

'^5102 
ad ia i a ° i 'Na/K <=NaKCa 

"C '̂  ''^ 

Other 
Geothermometers 

°C 

ObBCrved Temp 
°C 

(depth) 
References 

NZ? 

New Zealand (continued] 

Orakeikorako 

Well 3 

NZS Spr 179 (Area 2) 

NZS Springs (Area 2) 

mio 

m i l 

NZJ2 

Phi 

Ph2 

Waiotapu 

Well 6 

Springs 

Ngawha Well 1 

Philippines 

Tongonan 222 

Okoy R. PA6 

9 8 . 5 w 

Na»K>>>Ca>Mg 
C l > > H C 0 3 i S 0 ^ 

N a » K » > C a 
HCO3«»Cl>>S0u 

N a > > K » > C a » > H g 
C l > » H C 0 3 2 S O i , 

1290 

1230 

3370 CO2 
H2 
»H2S>» 
>N2>HC 

234 

192 

188 
6 

197 

257 

187 
22 
210 

ave 
0 
max 

ave 
0 
max 

250 

220 

269 

249 

245 

232 
7 
245 

260 

185 
46 
236 

avo 
0 
max 

ave 
a 
max 

252 BSMM 

246 avo BSMM 
7 0 

252 max 

293 BSMM 

Na>>>K>Ca 
C1>B>HC03»>S0^ 

Na>>K>Ca>»Hg 
Cl»>HC03»S0u 

Na»KiCa>»Mg 
C1>»HC03>S0^ 

4700 

3170 

5400 

1 6 3 

182 

2 4 3 BSMM 
2 4 6 C l - E 

2 6 0 

2 1 0 , 2 6 0 , 2 9 5 

2 2 0 - 2 2 5 

196 (305 m) Glover (1974a,b; 1975) 
well TGE 4 

West Carpathians and 
Sudetles 

P7 Koszuty NVS 

P2 Zakopane NVS 

4 0 . 5 

36 p w , i 

Na>?'>Ca>>Mg>K 
C l » S 0 i t > > H C 0 3 

9540 

328 

75 WSMM 40.5 (1020 m> Dowgiailo (p. 123) 

37-47 fll8o(sO,^,H20) 36 (1560 ra) Cortecci and Dowgialio (1975) 

Red Sea Brine 

Atlantis II deep Na>>>Ca>K>Mg 
Cl»>SOi, 

62 159 210 heat Isalance 
211 WSMM 
261 A^^0(S0i.,H20) 

Schoell (p. 583); Brewer and 
Spencer (1969); Longinelli and 
Craig (1967) 

Rhodesia 

Rl Binga Spr 100 pg 

4-30+ w Na>>Mg>>Ca-K 
Cl»S0t(>»HC03 

>boiling rare gas 

101 173 laot al8o(so^-H20) 

Mazor (p. 793) 

Hood (1972); Longinelli and 
Craig (1967) 

Swaziland 

Swal Mkoba Sprs 51.5 pw,pg,i Na>>>Ca>>K 
HC03>>Cl»S0u 

190 rare gases Mazor, Verhagen and Negreanv (1974) 

SwU 

TaJ 

Ta2 

Ta3 

Switzerland 

Lavey los Bains 

Taiwan 

Tatun Shan 

Ksinpeitou 

Matsao £205 

Ilan Tuchung IT-1 

rare gases 

Na>K>Ca»Hg 
C1>S0;, 

Na»K>Ca-Hg 
C1»>S0^ 

Na>>>K 
HC03»>S0i,>Cl 

8180 

15000 C02>H2S 

3640 C02»H2S 

168 

251 

178 

177 405 276 263 WSMM 

264 246 

1B9 45 1.160 187 4'9o(SOi„H20) 

Mazor (p. 793) 

White and Truesdell (1972); Chen and 
Chern (written conmun., 1975) 

240 
(293 in E208) 

164 Fournier, Nehring and MRSO 
max 173 (240 m) (unpub. data, 1976) 



Table 1. Chemical summaries and geothermometer temperatures for selected thermal fluicds {continued). 

o Sampling 
system ^ Analyses 
Type § ^ 

Temp 
°C 

Water 
Type °C 

^r^ '"' i^ 
Other 

Coothormome t e r s 
"C 

Observed Temp 
"C 

(depth) 
References 

Tl 

T2 

T3 

Tt 

IS 

TS 

T7 

USJ 

US2 

US 3 

US< 

USS 

uss 

US 7 

usS 

US9 

Turkey 

Kizildere 

Domireas 

Well KD-16 

Seferihisar, 
Cuma 

Afyon, 
Gecek H. 

An)tara, 
Kizilcahomam 

Canakkale, 
Tuzla 

Aydin, 
GeanencLk 

United States 

Alaska 

Pilgrira 

Umnak Island 

Arizona 

Casa Grande 

Arkansas 

Hot Springs Hat. 
Park, Spr 42 

California 

Imperial valley 

IID »2 

Mesa 

Long valley 

Magma US 

Little Hot Creek 
Spr 

Surprise valley. 
Lake City 

VSIO 

USlJ 

US22 

USJ 3 

US14 

Morgan Springs 

<lear Lake 

Wilbur Spr 

Elgin Spr 

Soigler Spr 

Thermal waters 

VW s 

VSw s 

VW w 

VW s 

NVF? s 

VW S 

NVS? w 

HVF E 

100 w,pg 

99 w 

82 w 

96 w 

557 w 

102 w 

87? w,pg 

55 w.i 

100 w 

pw 

ISO w,i 

79 w.i.g 

96.5 w,i 

95.4 w 

Na»>K»>Ca>Mg 
HC03»S0^>C1 

Ha>»K»>Ca>Hg 
HC03>S0u>>Cl 

Na»K>ca>>Mg 
Cl»>HC03>S0u 

Na»Ca>K»Mg 
C1>HC03>S0^ 

Na»K>Ca»Mg 
HC03>>Cl>S0i. 

Ma>>Ca>K»>Mg 
C1>»SO£,>HC03 

Na>>>K>Ca>>>Mg 
HC03>Cl>»S0u 

Na>Ca»K>»Mg 
Cl>»HC03>S0i, 

Ha>»K>Mg>»Ca 
Cl»SOi, 

Na»Ca>>>K>>>Mg 
Cl>>S0i.>»HC03 

Ca>>Mg*Na>K 
HC03>»E0n>>Cl 

Na>Ca>K>»Mg 
C1»>S0;, 

Ma>>K»>Ca>>Hg 
HC0 3>C1>S04 

Na»Ca>K>»Mg 
HC03>>Cl>S0t 

Na»>K>Ca»>Mg 
S0u>Cl»HC03 

Ha»K»Ca»>Mg 
Cl»>S0i,>HC03 

3780 C03>>>H2S 156 

4210 166 

19500 175 

5490 147 

2480 114 

58700 107 

4930 C02.H2S,S02 178 

5550 

1610 

270 H2>C02>02 

129 

194 

1660 C02>>>H2» 153 
02+Ar»>CH;, 

1210 

4590 

163 

175 

188 

153 

120 

107 

199 

177 

172 

223 

166 

195 

220 

158 

231 

226 

238 

197 

201 

242 

193 

225 BSMM 

198 WSMM 

176 WSMM 

285 boiling calc 

137 110 146 

209 158 236 

112 39 66 

6 3 . 5 394 4 

153 

170 

179 

372? 

219 

143 

180 

190 

354 

2071-

203 

156 

118 

227 

309 

2301 

239 

171 

160 

229 

380 
220 
255 

240 

220 

213 

&13C(C02.CH;,) 
4D(H2.H20) 
iD(CH^,H2) 

iil6o(SOi„H20) 

BSMM 

i'8o(S04,H20) 

55 

68.5 

52 

w,cr,g,i 

w.i 

w.i.g 

Na»>K>NHu>>Mg 
Cl>HC03>>>SOt, 

Na»>K>NHi,»Mg>>Ca 
C1>HC03>»SO^ 

Ha>Mg»K>Ca 
HC03>>C1 

27200 

2890O 

1130 

C02»>CHi. 

C02»>CHj>N2> 
02 

166 

179 

160 

180 

194 

168 

126 

132 

211, 
257 

240 

238 

169, 
215 

205 WSMH2 

195 WSMM2 

Dominco and §^nu.lgil (1970) 

207 (666 m) AJpan Cp- 25) 

137 (70 m) Kurtman and j S m i l g i l (p. 447) ; 

Egder and gimjek (p. 349); Tan 
106 (905 m) (P- 1=23); ongilr (11-36) 

Mi l le r (1973); M i l l e r , Barnes and 
Pat ton (1975) 

rare gases 

102 (2500 m) Dollcchoie (p. 339) 

Bedinger et al. (1974) 

300 (1110 m) White (1958); Craig (1975) 
340 (IID »1) 

200 (2400tm) Swanberg (1974) 

Mariner and w i l l ey (1976); Sorey and 
Lewis (1976); Truesde l l (unpub. 
da t a , 1975) 

wh i t e . Hem and Waring (1963); 
T r u e s d e l l , Bowen and Nehring 
(unpub. d a t a , 1976) 

Be rks t r e s se r (1968); whi te , Barnes and 
O'Neil (1973); Barnes, Hinkle e t a l . 
(1973); Barnes, O'Neil o t a l . (1973); 
Goff, Donnelly and Thompson (unpub. 
data , 1976) 

Mazor (p. 793) 



USI6 

US7S 

0Si7 

USJS 

US] 9 

US20 

US 2 J 

US22 

US23 

US24 

US25 

0S26 

US27 

USSS 

US29 

Area 

United States (continued) 

Idaho 

Raft River 

Crank Well 

Well 11S25E-11 

Bruneau-Grandview, 
Well 5S3E-23 

Weiser, 

Well 11N6W-10 

Montana 

Marysville 

Big Creek 

Nevada 

Beowane 

Buffalo Valley 

Kyle 

Steamboat 

New Mexico 

Jemez Mtn., 

Jemez Spr 

Oregon 

Alvord 

Klamath Falls. 

Olone Gap 

Utah 

Roosevelt Hot spr 

Wyoming 

Yellowstone Park 

Shoshone Basin 

Area I Sprs 

System 

Type 

HVF 

NVS? 

NVF? 

NVF? 

7 

NVF? 

NVF? 

NVF? 

VW? 

VW 

NVF? 

HVF? 

VW? 

VW 

y Sampling 

' g; Temp Analyses Water 

Type 

•̂ 3102 

adia 

°C 

ooW '",?/'' HlaKCa 

Other 

Geothermometers 

°C 

Observed Temp 

"C 
( d e p t h ) 

IIS3J 

US 32 

US3.3 

US3^ 

S p r 35 

U p p e r B a s i n 

S p r i n g s 

N o r r i s B a s i n 

S p r i n g s 

P o r c e l a i n T e r r a c e 

w , i , g 90 

6 0 w 

6 5 w , g , i 

76 w , t 

9 8 

93 w 

98 w 

49 w , t r 

77 w . t r 

94 w 

76 w 

74 w 

N a » C a » K » > M g 
C 1 » > S 0 ^ > H C 0 3 

N a » x : a > K » N g 
HC03>S0 ;^C1 

H a > » K > C a 
H C 0 3 » C 1 > S O ^ 

N a » > K > C a 
S0;,>HC03>C1 

N a > » K > C a > » M g 
HC03>SOt>>Cl 

N a » > K > C a » > M g 

H C 0 3 » S O ^ > C 1 

N a » > K > » C a » > M g 
HC03>S0t>Cl 

Na»Ca>K>Mg 
K C 0 3 » S 0 i , > > C l 

Na>>Ca>K>Mg 
C l > H C 0 3 > » S 0 u 

N a > » K » C a » > M g 
C l > H C 0 3 » S O a 

N a » c a > K » > M g 
C 1 > H C 0 , > > > S 0 L 

N o > > > K » C a » M g 
H C 0 3 > C l » S 0 i , 

H a » c a » K » > H g 
S0 i>>Cl>HC03 

N a » K > » C a 
C 1 » > H C 0 3 > S 0 ^ 

N a > » K > » C a > M g 
H C 0 3 > C 1 » S 0 ^ 

N a » > K » > C a > » M g 
C 1 > > H C 0 3 » S 0 ; , 

N a > > K > » C a > » M g 
C l » > H C O 3 > S 0 i , 

3 3 6 0 N 2 » C 0 2 » 0 2 » R 1 3 1 

372 107 

324 N2>>02>CH^ 129 

566 1 4 9 

6 9 0 

9 7 5 

1140 

1370 

2270 

2370 

3400 

850 

125 

154 

140 

130 

1250 C02>»R>>>H2S 185 

136 

111 

136 

157 

128 

161 

90 

98 

40 

95 

124 

143 

139 

131 

105 

141 

158 

173 

142 

145 

115 

108 

229 
234 

98 

223 

4l80(SO,,H20) 

WSMM 

4lBo(sO„,H20) 

Chalc 

WSMM 
4'80(S0^,H20) 

Chalc 

WSMM 

198 

119 

152 

189 

214 

125 

161 

201 

151 

223 

234 

184 

194 

197 

211 

207 

215 WSMM 

257 WSKM 

2201 A1^0(S0;.,H20) 

1901 4>=C(C02,HC03) 

12S 215 202 

146 198 

136 102 130 

202 273 284 

190 ave 

10 0 

203 max 

195 ave 

11 0 

210 max 

210 ave 

22 0 

255 max 

217 WSKM 

209 filSO(SOij,H20) 

192 WSMM 

196 &lfi0(S0:̂ ,H20) 

175 ave 267 ave BSMM 

16 o 5 0 

223 max 272 max 

110 171 272 BSMM 

260 A130(S0I,, H2O) 

190± al3c(C02,HC03) 

186 ave 230 ave BSMM 

20 o 18 o 
221 max 280 max 

122 186 314 A'S0{S04,H20) 

201 fi^3c(C02,HC03) 

2 5 1 a v o 2 7 6 a v e BSMM 

32 0 32 0 
294 max 374 max 

RRGEl 147 Young a n d M i t c h e l l ( 1 9 7 3 ) ; Young a n d 
( 1 5 2 6 m) W h i t e h e a d ( 1 9 7 5 a , b ) : W i l l i a s s eC a l . 

( p . 1 2 7 3 ) ; R i g h t m i r e , Young a n d 
W h i t e h e a d ( 1 9 7 6 ) ; T r u e s d e l l , N e h r i n g 
a n d Thompson ( u n p u b . d a t a , 1975} 

9 8 ( 1 0 0 0 ra) B l a c k w e l l a n d Morgan ( p . 8 9 5 ) ; Morgan 
( w r i t t e n commun. , 1 9 7 6 ) 

R o b e r t s o n , F o u m i e r a n d S t r o n g 
( p . 5 5 3 ) 

( 4 0 0 m) M a r i n e r e t a l . ( 1 9 7 4 a ) ; Bowman eC a l . 
( p . 6 9 9 ) ; W o l l e n b e r g ( p . 1 2 8 3 ) ; W h i t e 
( 1 9 6 8 ) ; T r u e s d e l l a n d N e h r i n g ( u n p u b . 
d a t a , 1 9 7 5 ) 

T r a i n e r (1974) 

M a r i n e r e t a l . ( 1 9 7 4 b ) ; L u n d , C u l v e r 
a n d S v a n e v i k ( p . 2 1 4 7 ) ; T r u e s d e l l , 
S a m m e l , M a r i n e r a n d N e h r i n g ( u n p u b . 
d a t a , 1975) 

M u n d o r f f ( 1 9 7 0 ) ; S w a n b e r g ( 1 9 7 4 ) ; 
B e a v e r C o u n t y News (1976) 

T r u e s d e l l a n d F o u m i e r ( p . 8 3 7 , 0 <* 
s t d . d e v . ) J McKenz ie a n d T r u e s d e l l 
( I I I - 6 5 ) ; ITiompson o t a l . ( 1 9 7 5 ) ; 

W h i t e e t a l . ( 1 9 7 5 ) ; T r u e s d e l l 
a n d F o u m i e r ( 1 9 7 6 b ) ; T r u e s d e l l 
( u n p u b . d a t a , 1 9 7 5 ) 

( 1 5 2 a ) 

2 3 7 . 5 ( 3 3 2 m) 

309 ai^otsoj^^HjO) 



Table 1. Chemical summaries and geothermometer temperatures tor selected thermal fluids (continued). 

US 35 

US36 

USS? 

URi 

UR2 

UR3 

URiJ 

YJ 

V2 

Y3 

Area 

United States (continued) 

Wyoming 

Yellowstone Park 

Mammoth 

New Highland 

Washburn Spr 

Research Wells 

USSR 

Kamchatka 

Panzhctka 

Well 4 

Paryaschy 

Bolshe Banny 

Well 35 

Spr 4 

Yugoslavia 

Pannonian Basin 

Middle Serbia 

Crystalline and young 

tectonic areas 

System 

Type 

VW 

VS 

VW 

VW 

VW 

MVS 

NVS 

KVF? 

II 

s 

E 

" 

w 

s 

w 

s 

Sampling 

Temp 

"c 

73.5 

82 

? 

99 

? 

99 

80-90 

Analyses 

w.i.g 

w.trg.i 

w 

w 

w 

w 

Water 

Type 

^SiOz 
adia cond 

*C 

'^Na^K *^HaKCa 
«C 

Other 

Geothe rmome tors 

*C 

Observed Temp 

"C 
(depth) 

References 

Ca>Na>K>Mg 
HC03>SOi4»Cl 

2270 C02»>H2S>>R 103 

C02»CH(j>>H2> 
H 2 » > 0 2 

r a r e gases 

Na»K>Ca>»Mg 

C1»>S0,,>HC0 3 

Na»>K>ca>>Kg 

Cl»>S0i,>HC03 

Na»>K^Ca 

S0i»Cl>HC03 

na>»K>Ca 

S0u»Cl>HC03 

3180 

3110 

1330 

1200 

HC03-Na,Cl-BC03-Na, <35000 N2,CH^ 
Cl-Na 

HC03-Na-Ca-Hg 

HC03-S04-Na-Ca-Mg 

CO2 

<1000 N2,02,tRn 

193? 

160 

177? 

160 

209 

168 

188 

168 

194 

156 

161 

167 

209 

186 

177 

183 

300 4^'S(S0i,,H2S) 
74 Chalo 

380 t"c(C02,CHi,) 
115 1D(H2,H20) 

70 AD(CHi,H2) 
>boi l ing r a r e gases 

73 (15-113 m) Schoen and Rye (1970); Robinson (1973) 

Recalc . from Gunter and Musgrave 
(1966, 1971) 

Mazor (p. 793) 

Vakin e t a l . (1970): ManuJchin (11-29) 

Pe t rov i c (p. 531) 

Note: The fol lowing abbreviations are used in Table 1 

System Type 
V W 
VS 
VSw 
NVSw 
NVS 
NVF 

Sample Type 
s 
( 

volcanic hoi water system 
volcanic steam (vapor-dominatecl) system 
volcnnic system involving seawater 
nonvolcanic system involving seawater 
nonvolcanic sedimentary basin with thermal water 
nonvolcanic system wi th heal (rom deep circulation along faults 

spring 
fumarole 
well 

Sampling Temperature is the surface lemperature for a spring or a nonboil ing well discharge, the temperature 
of steam separation for wel l discharges above boil ing, or the downhole lemperalure if a downhole sampler 
was used or if the analysis was recalculated to downhole conditions. 

Analyses 

pw 

PS 

water analysis wi th all major ions and SiOj 
partial water analysis 
partial gas analysis 

i5i02 adia is tlie quartz saturation temperature {°C) assuming ma.ximum .steam loss during cool ing (adiabatic cooling) 
calculated by the computer program CEOTERM (Truesdell, p. 831), along wi th tsi„, cond, tK;,KCa. V\'SMM, 
and BSMM, which are defined below. No al lowance has been made for dissociation of dissolved silica. Some 
spring systems have data indicated as ave. (average), max. (ma.ximum), and u (standard deviation). 

'sioj cond is the quartz saturation temperature assuming no steam loss during cooling (conductive cooling). 

l.Ni/K 15 the temperature calculated from the ratio of Na lo K using the While-Ellis curve of Table 2. 

'NJXCJ '* ''^s i-v'aKCa lemperalure calculated using the equation of Table 2. 

O lher Geothermometers 
Na-K-Ca-COj: The i-VaKCa geothermometer wi th correction applied for high CO^ contenis (Paces, 1975). 
Chalc: The chalcedony saturation g(X)lhermometer wi th conductive cooling (Table 2). 
CaSOjSat,: Temperaiure calculated for saturation of anhydrite (see text). 
WSiMM: The warm spring mixing model described in the text with no steam loss before mixing. Where no 

oihef data were available, the cold water component temperature was estimated as equal to the mean 
annual temperature and the SiO, content vras assumed to be 25 ppm. 

W S M M 2 : The warm spring mixing model, assuming steam separation at 100°C before mixing. Same assumed 
cold water component as above. 

BSMM: The boi l ing spring mixing model descriljed in the text. The cold spring temperature was estimated 
as above and the Cl contents estimated (in the absence of data) as 2 to 15 ppm according to the distance 
from the ocean. 



tr trace water analysis 
Irg trace gas analysis 
g gas analysis 
i water ('»0,D) or other isotopes 
T,"C tritium, carbon-14 

Water Type is calculated on a weight basis. The symbols mean: 
A = B A approximately equals B in concentration 
A a B A is 1 to 1.2 times the concentration of B 
A > B A is 1.2 to 3 times the concentration of B 
A » 8 A is 3 to 10 times the concentration of B 
A » > B A is more than 10 times the concentration of B 

TDS is the sum of the reported constituents of the analysis in ppm (mg/kg). 

Cases are in order of molar or volume abundance with the same symbols as for water type. 

A"C(C02,CH<): Temperatures indicated by the fractionation of "C between CO, and CH,. The notation for 
this and other isotope geothermometers is self-evident (see text). 

KfCOj - • CH4): Temperature calculated from chemical equilibrium constants for the reaction COj + 4H2 = CH4 
+ 2H2O. 

Boiling calculation; Temperature calculated from the apparent increase in concentration of seawater due to 
boiling. 

Na-Ca-SiOj, isotope mixing, "C mixing, "isotope", heat balance, Cl-E; Special methods explained in the original 
references. 

Observed Temperature is aquiier temperature rather than maximum temperature where aquifers are identified; 
otherwise, maximum recorded temperature. 

References in many cases are grouped where data for a well, spring, or geothermal system are from more 
than one source, "recalc. from" means that temperatures were calculated from a calibration curve other than 
that used by the author. 

Table 2. Equations for geothermometers. 

Quartz, aiJiabatic cooling (± 2°C from 125-275°C) 

Quartz, conductive cooling ( t 0.5°C from 125-250°C) 

Chalcedony, conductive cooling 

Silica Geothermometers (SiOj in ppm)* 

1533.5 
t°C = 

t°C = 

t°C = 

5.768 - log SIOj 

1315 

5.205 - log SiOj 

1015.1 

4.655 - log SIO2 

White and Ellis (see text) {± 2°C from 100-275°C) 

Fournier and Truesdell (1973) 

Na/K Geothermometers (Na, K in ppm) 

855.6 
t°C = 

t°C 

log(Na/K) -i- 0.8573 

777 

• - 273.15 

- - 273.15 

- 273.15 

- - 273.15 

log(Na/K)-l- 0.70 
• - 273.15 

Fournier and Truesdell (1973, 1974) 

P = 4/3 for vTa " /Na > 1 and t < 100°C 

P = l /3 fo r V T F / N A < 1 orl,,^3> 100°C 

NaKCa Geothermometer (Na, K, Ca in moles/liter) 

1647 
t°C = 

log (Na/K) + 3 log ( V c T / N a ) + 2.24 
273.15 

"Data from Fournier (written commun., 1973) 
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HELIUM: AN EXPLORATION TOOL FOR CEOTHERMAL SITES 

Lyie E. Berqfiuist 

Western Systeras, Inc. 
Eve ro reen, Colo rado 

ABSTRACT 

Helium anomalies near oeothenr.al sites are 
an effective auidc in detentiininq the extent of 
the aoothennal reserves. Arivancefi 3.imnlina and 
analytical techniaue.s for tneasurino helium con
centrations in water, soils, and soil nases 
permit the exploration team to quickly collect 
the samples, store them in leak-free containers, 
and send them to the laboratory For analvsis. 
Precise analytical methods in the laboratorv 
rae<3Sure the helium in a naseous sample to 10 ppb. 
With these accurate results the exnlorer can de
termine potential locations for drlllino and u.so. 

INTRODUCTION 

Helium anomalies have been detected near 
qeothermal sites throunhout the world. Tho exact 
reason for the helium anomalv is unknown, but 
theories have been expressed. First, most qeo-
tharmal waters are believed to come from deep 
sources below the nartf.'s mantle where the mixinq 
with atmospheric air is nearlv impossible. 
Secondly, there mav be uranium-thorium decavinq 
in the vicinity of the qeothermal source, which 
nroduces helium from the alpha particles in the 
process of uranium decay. 

Pressurized hot water will entrap larqe 
amounts of helium and release the helium as it 
cools, and since helium i n hiqhlv mobile it will 
find faults and minute fractures and paths to 
rise to the surface. Some helium mav be en- ; 
trapped in the rocks and sands, but because its > 
atomic structure ia nearlv spherical, the entrap
ment is difficult. 

Thus, in soils and waters near qeothermal 
sites one finds helium anomalies that are qreater 
than 5.24 npm which is the nominal amount found 
in the atraosphere. 

Durinq the past few-years several re
searchers have published papers on helium 
anoraalies near qeothermal sites. Mazor (1972) 
published his findings at sites in Israel. He 
reports that larqe anott\alies of Hg, Ng, and A^ 
exist in these waters. Craiq et al. (1978) re
ported similar results from research in Yellow
stone Park. Nauqhton et al. (1973) reported 
Eindinq high helium concentrations in the 

qeothermal sites around the Kilauea Volcano in 
Hawaii. Welhan et al. (1979) reports hiqh helium 
concentrations in Cerro Prieto qeothermal field 
in Mexico. Roberts et al. (1975) reported helium 
anomalies at Indian Sprinqs near Idaho Sprinqs, 
Colorado. Hinkle et al. 01978) found larcre anoma
lies at Roosevelt Hot Springs in Utah. 

The sampling and analytical techniques of 
helium detection are now well enough developed 
that the helium exploration program is useful to 
qeothermal explorers. I 

TECHNICAL APPROACH 

Helium detection instrumentation has im
proved durinq the past few vears so that precise 
and meaninqful results can be provided. Also, 
sampling devices are now available so that samples 
can be collected in the field, sealed and sent 
back to the laboratory without sample dilution. 
Samples of spring or well water and soils or gasos 
are used for a typical survey. Sampling devices 
and methods vary but the techniques related in 
this report have been found to be effective even 
under adverse conditions. 

Water siunples give the largest anomalies and 
frequently will have many times the level of 
helium found in the atjnosphere. Quantities as 
great as 1000 times larger are not unusual In 
India water samples are taken to see if helium is 
present and, if so, in larqe enouqh quantities so 
that helium can be removed and used for commer
cial applications. ^ 

Helium in soils and soil gases around qeo
thermal sites nrovides anomalies that aid in 
exploration. Soils need to be undisturbed and, 
if sandv, the sample must- be taken below the sand. 
If one cannot qo below this level, then in regions 
where sand is present the anomaly will be much 

needs to keep records less. The exploration team 
of soil conditions,' so when the data are plotted 
the chanqe in helium concentration levels from 
sandv sites will be considered. 

SAMPLING TECIINICJUES 

The three types of samples; water, soil 
soil gases are collected in 'different manners. 
Water is collected directly from the source 

and 
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either from a well, sprina, neothermal artesian 
well, or from a closed system which has not 
aerated. Helium in water exposed to air will 
leave almost immediatelv, makinq that sample 
meaninnless. 

|The approach we use in collectinq water sam
ples i's to fill a 500 ml plastic bottle to a 
predetermined level, which leaves an air space of 
30 ml. The bottle cap is immediatelv screwed on 
tightly. The cap has a septum on it so a qas 
saunule can be removed. The bottle is shaken for 
about one minute, then let stand for one minute 
so the qas can come to equilibrium. A hypodermic 
syringe is uaed to reraove at least 20 ml of gas 
from the bottle. This qas is immediately trans-
ferroii into an evacuated 10 ml cylinder through 

a septum in the ononlng end. The end is then 
y -

se.-iled with a raetal cap which contains a lead 
seal.j The leak rate through the lead is less 
than 10"^^ atmospheric ml/sec and the enclosed 
sample will last indefinitely without atmospheric 
dilution. The cylinder is then marked and sent 
to the laboratory for analysis. 

I To collect a soil gas sample a probe is 
driven 30 inches into the ground. The probe 
which is a tube has an inside diameter of .065 
inches. On the toij of the probe a septum is held 
tightly by a tube fitting to Isolate the atmos
pheric air. A hypodermic syringe is used to 
collect the sample. The first sample collected 
is expelled into the atmosphere to empty the tube 
of atmospheric air. The second sample is then 
taken and stored in a metal cylinder in the same 
manner as the qas from the water samole. 

, In soil sampling a hole Is dug in the 
ground, with an auger, to a depth of at least 
30 inches. The soil in the bottom of the hole 
is then removed and placed In a 500 ml metal 
container and sealed Immediately. The metal 
container has an Inner surface of thin plastic 
film to prevent leakage and minimizes atmos
pheric dilution to less than 1% in 60 days. After 
sealinq, the container is labeled and ready to be 
sent to the laboratory for analysis. 

I 
ANALYTICAL TECHNIQUE 

The analysis is made on a IXipont Heliura 
Nass Spectrometer. This mass spectrometer when 
received frora the manufacturer has a basic sensi
tivity for detectinq 1 part of helium in 10 
million parts of the atmosphere. In our Instru
ment we have added a precise pressure-measuring 
system for the inlet qases. The active gases are 
reinoved and only the noble qases remain. This 
allows one to use a sample that Is 100 times 
larger than normal, thus enhancinq the helium 
concentration by 100. In our system the fluctua
tion normally caused by instability on a 
diffusion pump has been eliminated. 

I 
I The output of the mass spectrometer is 

measured by a diqital electrometer, and the 
sional usually reads 1.945 for a known calibrated 
air sample which contains 5.24 parts oer million 

of helium. The qas sample was calibrated by the 
U.S. Bureau of Mines. The gas in the inlet syatem 
is Inserted Into a 3 ml manifold through a septum. 
A hypodermic syringe is used to remove the gas 
sanple from the sample cylinder and Insert it into 
the previously evacuated manifold. The pressure 
in the manifold is measured to a precision of 
better than .05%. The temperature of the manifold 
Is held to within .1°C between sample and refer
ence qases. A metered portion of this gas is then 
admitted Into the active gas filter and later Into 
the analvzer for measurement. 

A known sample Is annlyzed, then an unknown, 
then another known samjile. The repeatability of 
the known samples Is within t 1 digit on the 
digital electrometer, with this system we are 
able to raeasure the concentration In a known 
sample to a precision better than 10 parts per 
billion, which Is necessary to provide precise 
data. 

In the analvsis the Inlet pressure Is always 
recorded and also the output frora the electro
meter. Using these data, the unknown sample 
results are always compared with the known sample 
just previously run and the one following the 
unknown. The measureraent is given in parts per 
million of hellun In the sample. 

CONCLUSION 

The samplInq and helium analysis of water, 
soils, and soil gases provide an excellent guide 
for locating the potential of geothennal sites. 
Advanced instrumentation and sampling techniques 
are now developed so precise results are available 
to the geothermal explorer. 
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HELIUM SURVEY, .A POSSIBLE TECHNIQUE FOR LOCATING GEOTHERMAL RESERVOIRS 

Alan A. Roberts, Irving Friedman, Terrence J. Donovan, and Edward H. Denton 

U.S. Geological Survey, Denver, Colorado 80225 

Abstract:. Measurements were made of t;he 
heltuin concentration in the soil gases 
surrounding the Indian Hot Springs, Idaho 
Springs, Colorado. The helium concentration 
was shown to vary in a regular manner from the 
background level of 5.2 ppm to a high of more 
than 100 ppm near a warm (26°C) water seep, and 
more than 1,000 ppm near a hot (40°C) water 
seep. Such an association of helium in the 
soil gas with these hot waters near the earth's 
surface suggests the possible utility of helium 
surveys In locating hidden geothermal reservoirs. 

It Is becoming increasingly apparent that 
geothermal energy may one day be a significant 
contributor to our energy supply. (See for 
example Anderson and Axtell, 1972; Armstead, 
1973; Hlckel, 1972.) However, exploration 
capability is in the Infant stage. To quote 
Walter Hlckel, (1972, p. 22) "At the present 
time, the most reliable exploration technique 
for new geothennal reservoirs is to find areas 
containing hot springs, a situation similar to 
that In the petroleum industry in the early 
1900's when petroleum exploration consisted of 

• finding areas of surface oil seeps." 
Preliminary work by Margaret Hinkle and co

workers at the U.S. Geological Survey (oral 
coiranunication, 1975) has shown a high concentra-

"tToiTljf helium (>10tr-ppm-) In the gases^dirsso-tved 
in the water from seven widely scattered hot 
springs in the western United States. These 
investigators also found anomalously high helium 
levels In the soil gases near a hot spring In 
Yellowstone National Park. 

We attempted therefore to apply a portable 
helium detector that we have been developing for 
oil and gas exploration to the problem of 
locating geothermal resource areas. We present 
here our work on the concentration of helium In 
the soil gases around the Indian Hot Springs 
Resort, Idaho Springs, Clear Creek County, 
Colorado (Long. 105° 30'; Lat. 39° 45'). 

Sample Collection and Analysis 

Measurements of helium In soil gases were 
made with a commercial helium leak detector 
mounted In a small truck. This Instrument 
consists of a small (1 cm radius) mass spectro
meter set to collect helium (mass 4) Ions. 
These Ions are distinguishable from triply-
charged carbon, the only Ions at nominal mass 
4 that we might expect to Interfere. The 
electron accelerating voltage can be adjusted 
to Ionize helium without producing triply-charged 
carbon lona. The power to the leak detector was 
supplied by a propane-fueled generator which was 

Copyright 1975 by the American Geophysical Union. 

electronically stabilized in voltage, frequency 
and wave form. High source pressure and high 
filament temperature maximized sensitivity of 
the mass spectrometer to helium. > 

The sample probes (steel tubing) were driven-' 
into the soil to -a depth of about 0.5 m». Gas 
was slowly pumped out of the probe. A sniall 
amount of this gas was allowed to leak Inito the**. 
mass spectrometer source. Periodically the mass 
spectrometer was switched Co a sample of helium 
in compressed air staridardized chromatographi-
cally by the U.S. Bureau of Mines, Helium 
Division at 5.26 + 0.05 ppm as well as to a 
sample contalnlng~7.60 + 0,b5 ppm helium for 
calibration of sensitivity. With this 
comparison technique our instrumentation de
tects changes in helium abundance in the gas 

I 

CONTOUR INTERVAL 
0 5 LOO UNITS 

Figure 1. Map showing isopleths of the 
logarithm of the helium concentrations (ppra) 
soil gases around a hot spring south of the 

in 

Incian Hot Springs Resort, 
Colorado. 

Idaho Springs, 
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Map showing isopleths of the 
logarithm of the helium concentrations (ppm) in 
soil gases around a hot spring north of the 
Indian Hot Springs Resort, Idaho Springs, 
Colorado. 

stream of about 0.05 ppm (50 parts per billion). 
A single measurement takes about—3—to 4 minutes. 
Including the time to insert and extract the 
probe. 

Results 

The results of the helium survey involving 63 
stations taken near the Indian Hot Springs 
Resort are shown In Figures 1 and 2. Figure 1 
shows that the conceiitratlon of helium In the 
soil gases varies in a regular manner from a low 
of J5.4 ppm (0.73 log units) in front of the cold 
(18°C) water seep to a high of more than 1,000 
ppin (3.19 log units) in front of the hot (40°C) 
watier seep. In contrast, numerous readings taken 
in I the surrounding few square kilometres of 
coiintryside showed only the 5.2 ppm concentration 
of helium that Is typical of the atmosphere. 

Figure 2 illustrates a similar increase In helium 
concentration to a peak greater than 100 ppm (2.1 
log units) located near a warm (26<>C) water seep 
about 100 metres north of the hot seep. Sub
sequent replicate readings taken under different 
weather conditions showed that temperature, wind 
velocity, and barometric pressure have no 
observable effect on the concentration of helium 
in soil gas at Indian Hot Springs Resort. 

Discussion 

The above results demonstrated dramatically a 
definite association of helium in soil gases 
wit;h near-surface hot waters. Preliminary work 
done ih several other hot-spring areas by us and 
at Yellowstone National Park by Margaret Hinkle 
(oral communication, 1975) suggests that this 
association Is a common occurrence. 

The solubility of helium in water is unusual., 
in that it does not continually decrease with 
increasing temperature. It decreases up to 30°C 
and increases above that (Mazor, 1972). We 
believe that hot water under pressure can act as 
an excellent scavenger of the helium being pro
duced from the readioactive decay of uranium and 
thorium in rocks and soil. As this water nears 
the surface it will be both cooler and under less 
pressure, thereby allowing the helium to excape 
from solution and diffuse up through the soil to 
the surface where it can .be measured.. 
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A GASEOUS GEOCHEMICAL GUIDE TO ORE DEPOSITS 

David E. Kahler 

ABSTRACT 

The ability of explorationists to locate hidden fracture zones iprovides a significant step 
towards identifying favorable ore deposit targets. One convenient method used to define 
these fracture zones is the gaseous geochemical survey. Helium, (due to its ability to migrate 
from great depths along faults and minute fractures, is an excellent trace element to use in 
such surveys. Western Systems Incorporated provides sampling equipment and precision 
analyses for helium surveys. I 

INTRODUCTION 

Well conceived, integrated, geological/geochemical/geophysicali programs are essential for 
successful exploration projects. The use of noble gases as trace elements for the discovery 
of deeply-buried mineral deposits is increasing and should be considered for early stage 
reconnaissance geochemical investigations. The application of helium surveys is a time and 
cost effective method for locating fracture zones through which gases easily migrate and 
thus, indirectly, mineral deposits can be located. 

HELIUM SURVEYS AND ORE DEPOSIT FORECASTING 

It is reasonable to say that the discovery of ore deposits is becoming increasingly difficult. 
The modern explorationist must now commonly use methods that only a few years ago were 
considered esoteric at best. Geochemical investigations are standard for regional evaluations 
and geochemists are working closely with geologists and geophysicists to devise techniques 
that will rapidly highlight potential ore bearing areas. The expense of drilling for ore deposits 
almost demands that such research efforts be utilized to the fullest extent possible. 

The use of gaseous geochemical surveys (including helium) has been increasing and is now 
routinely applied in the search for highly-permeable fissured' zones. These fractured areas 
are associated with not only intrusives that create arching, I but also with major tectonic 
features inherent with subsidence structures and thrusting. Helium bearing anomalies will be 
associated with these fractures, since helium migrates through the most permeable route to 
the surface. Obviously the geologist who can easily define deeply-buried fracture zones will 
have a significant advantage over the competition. ' 

Continued 



HELIUM: ITS SOURCE AND MIGRATION CHARACTERISTICS 

Helium is formed in the Earth's crust, mantle and core by alpha decay of uranium and 
thorium. The quantity of helium produced is approximately 5,000 tons annually of which 
perhaps only 10% escapes to the atmosphere. Since helium is light, stable and inert, it is 
quite mobile and migrates readily from its source rock and into natural gas and ground 
water. Helium loss from great depths occurs along faults and the greatest loss is fronn deep 
horizons in extensively jointed and faulted rock units. Such rock units are also customarily 
mineralized and are more porous than the enclosing rocks. If in addition there is associated 
radioactive mineralization, then there will be a significant increase in helium flow from the 
faults! 

It appears that maximum helium concentrations occur below sediments near the basement 
crystalline rocks. Therefore, gas surveying (i.e., helium and others) can provide a guide to 
large Intrusive masses and indirectly assist the geologist in locating ore deposits. 

HELIUM IN ORE DEPOSITS 

From the foregoing it is apparent that helium produced at great depths will migrate prefer
entially within the geothermal/hydrothermal system. Although it hardly seems possible to 
definel specific mineral assemblages based on helium anomalies, a regionally high level of 
helium in the subsurface soil and/or water can point to common feeder channels. Such 
discoveries will provide geologists with favorable exploration targets and additional geo
chemical and geophysical data should refine these targets. 

'i 

Heliumj anomalies are known to occur with carbonatites, lead-zinc, iron, gold, mercury, 
kimberlite pipes, etc. In fact there are gold, copper and polymetallic mines in South Africa, 
Russia jand Sweden that produce so much gas (including helium) that mining is difficult. 
However, such extreme cases are uncommon, but nevertheless demonstrate the significance 
of gaseous geochemistry for exploration. 

I 
In general then it can be stated that abnormal helium flow is to be expected in zones of 
tectonic weakness. Since ore deposition is similarly expected in such zones, the appearance 
of anonrialous helium in the subsurface will signal favorable exploration sites. 

HELIUM SURVEYS 

Regional] surveys can be carried out by means of soil, soil-gas or water sampling or by any 
combination of these methods. Each method is simple and provides a rapid and inexpensive, 
preliminary reconnaissance technique in untested areas. One to five samples are usually 
collected! P "̂" square mile for regional surveys, with detailed and follow-up sampling conducted 
on a O.lil mile grid. As with any geochemical method, orientation surveys are desirable and 
should be used to modify grids to fit known trends defined by geological or geophysical 
surveying! The samples can be analyzed in the laboratory for helium concentrations to better 
than 10 ppb in the gaseous sample, with reference to normal atmospheric helium concen
tration of 5240 ppb. 

WESTERN SYSTEMS INCORPORATED 

Western Systems Incorporated has been providing precise helium measurements for the 
exploration Industry since 1978. As a leader in helium geochemical analysis. Western Systems 
has been jactive in domestic and international projects in mineral and energy resource eval
uation. Western Systems is available to discuss your particular exploration project and to 
set-up a sampling program to fit your requirements. 
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A GEOCHEMICAL GUIDE TO PETROLEUM RESERVOIRS 

ABSTRACT David E. Kahler 

Helium is produced during alpha decay of radioisotopes of uranium and thorium in sedimentary 
reservoir formations and from radioactive elements in basement rocks. Due to its relative insolubility, 
light weight, extremely small molecular size and chemical inertness, helium can easily migrate from its 
source to the surface. Since helium is often a component of oil and gas deposits, the delineation of 
near surface helium anomalies will provide a significant guide to petroleum reservoirs. Helium geo
chemical surveys can be carried out rapidly and inexpensively in all types of terrain with water, soil 
and. soil-gas sampling. Western Systems Incorporated provides complete sampling equipment and 
precision analyses for these surveys. 

INTRODUCTION 

Hydrocarbon geochemistry is a direct, remote sensing exploration technique, which is based upon 
vertical seepage of hydrocarbon components from petroleum reservoirs. The interpretation of these 
geochemical survey results may be complicated by hydrocarbons generated by near surface decaying 
organic matter. Helium, however, is never biogenically produced and thus helium geochemical anomalies 
will normally be associated with deeper sources. Helium movement through the geologic column is a 
highly complex combination of fluid transport and gaseous diffusion. With regard to migration from 
petroleum reservoirs, helium's extremely small molecular size (half the size of a methane molecule) 
and spherical shape permit it to easily migrate through microfractures in the caprock. The helium will 
continue to move upwards where it eventually reaches the surface, escapes to the atmosphere and is 
finally lost to outer space. This long distance migration capability provides a unique basis for helium 
geochemistry applications in oil and gas exploration. 

This paper examines characteristics and sources of helium, migration theories and reservoir occurrences, 
helium geochemical survey techniques, and sample density and analysis. In addition a number of case 
histories are referenced in a comprehensive bibliography of helium exploration for petroleum reservoirs. 

CHARACTERISTICS AND SOURCES OF HELIUM 

Helium is the second lightest known element with a specific gravity of 0.1381 (hydrogen is 0.0695 
and air is 1). It has a molecular and atomic weight of 4 and is a colorless, odorless, inert, elemental 
gas with no known chemical compounds. Helium's low solubility in water, monatomic molecular struc
ture, low cross-section capture coefficient, extremely light weight, chemical inertness and high diffusivity 
make it a valuable commodity for scientific and commercial applications. These same properties give 
helium a unique advantage over other geochemical trace elements in that helium will always migrate 
from its source to the surface of the earth. 

Helium is steadily generated by radioactive elements in rocks and minerals. This occurs when alpha 
particles (released by decay in the uranium and thorium isotope series) ultimately capture two electrons 
to form atoms of inert helium. Other, sources of helium on earth, such as those due to primordial 
accumulations, cosmic radiation, meteorites, radioactive tritium decay, etc., do not contribute significantly 
to the total annual production. 

According to Yakutseni et al (1969), helium yield differs considerably with respect to rocks, regions 
and geospheres due to variable, radioactive element content. They report that helium production from 
alpha decay in the earth's core, mantle and crust is 5,200 tons or 2.94 x 10''3cm3 per year. Helium 
loss to the atmosphere is only one tenth of its rate of production and sedimentation occurs more 
rapidly than helium is lost. 



MIGRATION THEORIES AND RESERVOIR OCCURRENCES 

Newton and Round (1960) suggest that helium can migrate in three ways: as bubbles, in solution and 
by molecular diffusion. They state that helium, which is in constant motion, will transfer from regions 
of high concentration to regions of low concentration. Both bubble and solution transfer mechanisms 
are rejected for various reasons, and through complex mathematical equations they develop plausible 
theories for relationships between sedimentation rates and helium diffusion rates. Colubev et al (1970) 
pn the other hand develop an equally logical case for migration of helium on the basis of a fluid 
transport model. They conclude that the distance helium moves by diffusion is several orders of 
magnitude smaller than the distance moved in equal time by fluid transport. 

A statistical approach to helium occurrences was used by Tongish (1980) in a detailed study of 10,086 
gas samples in 6,455 reservoirs in 35 states (U.S.A.). While he makes no direct statements concerning 
helium migration per se, the interrelationships of helium with geographic location, geologic age and 
reservoir depth, are thoroughly examined. The results of his study suggest that helium migrates through
out the geologic system and is concentrated in reservoirs of all ages and depths. There is considerable 
evidence that richer helium occurs in reservoirs at depths less than 9,000 feet and that the most 
favorable depths for high helium concentrations appear to be less than 5,000 feet. These conclusions 
relate strictly to samples from U.S.A. reservoirs and may not have worldwide validity. 

Based upon the concept of helium generation from alpha decay of radioactive minerals in basement 
rocks, significant quantities of helium should be found at the sedimentary/basement contacts. This 
then would lead to migration of large volumes of helium into traps in geologic systems closest to base
ment rocks. There is some evidence for this according to Pierce (1960), who noted an increase of 
helium content with increasing geologic age of the reservoir rocks. Tongish (1980) confirmed this when 
speaking of erathems (i.e. Cenozoic, Mesozoic and Paleozoic), but noted several discrepencies when 
considering individual geologic systems. 

Another approach to the problem of helium migration, and thus the effective use of helium as a guide 
to petroleum exploration, is covered by Tiratsoo (1967). He observed that in Canada helium in natural 
gases occurs in greater concentrations in regions of structural tension and fracturing, such as the Sweet-
grass Arch, Peace River Arch and Alberta basin hinge belt. Tiratsoo reasoned that such fracturing would 
accelerate the release of occluded helium. This conclusion is consistant with more recent reports 
concerning helium loss from: deep crustal faults (Bulashevich and Bashorin, 1970; Rosier et al, 1977); 
volcanoes (Naughton et al, 1973; Thomas and Naughton, 1979); and geothermal systems (Gutsalo, 
1976; Mazor, 1977; and Roberts, 1975). 

In an early treatise on helium use as a geochemical index for petroleum prospecting, Gutsalo (1966) 
considers hydrochemical zoning and concludes that helium accumulates in the strata waters of older 
water-containing rocks. He also observed that helium concentratiori is a function of the degree of 
mineralization in these waters. From this he concluded that helium content in groundwater is governed 
mainly by the concentration of soluble radium salts in the groundwater. 

Thus it appears that migration through the geologic system by helium is definitely a complex matter. 
Nevertheless, it can be reasonably stated that helium is a component of most oil and gas reservoir 
systems, and helium's migration characteristics can generally be correlated with those of the associated 
hydrocarbons. It follows then that measurements of helium concentrations near the earth's surface and 
in water adjacent to petroleum deposits will provide a significant guide to the discovery of these 
reservoirs. 

HELIUM GEOCHEMICAL SURVEY TECHNIQUES 

Water: Water sampling from various depths and formations may provide a near-source, helium anomaly 
to identify petroleum reservoirs adjacent to "dry holes". Gutsalo (1966) concluded that there 
are positive helium anomalies in groundwaters around petroleum and gas deposits; and also 
that a helium determination should be included among the gas and hydrochemical tests used 
in searching for petroleum and gas deposits. Since helium readily degasses from water, only 
those samples that have not aerated can be considered. Thus surface lake samples and stream 
samples are of little value, but wells, springs, lakes below the thermocline and water near the 
ocean floor can be used. Because helium will migrate through the water system from formation-
to-formation, helium in groundwater sampling is an excellent tool. Of course this, type of 
sampling is subject to the availability of sampling points. 

Soil gas: This is a direct sampling technique whereby a near-surface gas sample is collected through a 
hollow probe driven into the ground to a depth of approximately 75 cm. The steel probe has 
a small opening at the tip and a rubber septum on top. By evacuating the probe with a syringe, 
a small gas sample will be collected from an area near the tip and will represent soil-gas 



Soil: 

conditions at that point. The gas sample thus obtained is then transferred to a steel tube which 
has a rubber septum and is seajed with a lead lined cap. Soil-gas sampling is rapid, environ
mentally non-destructive and inexpensive. One or two persons can collect 50 to 100 samples 
per day with light-weight, hand carried! equipment. 

I 

Soil surveys are essentially ttmc-integrat'ed, soil-gas samples where helium has accumulated In 
moisture and in soil micropores. An auger is used to collect a small sample, which is then 
canned and sealed, and allowed to equilibrate with air in the container. After the soil is de
gassed, a gaseous sample is withdrawn for analysis. Soil surveys generally provide somewhat 
higher anomalies than the soil-gas method, but do take longer to carry out. When running helium 
surveys in frozen or extremely wet soil, the soil survey must be used since collecting a gas 
sample with a probe is often impossible under such conditions. 

SAMPLE DENSITY AND ANALYSIS 

I 
Water, soil or soil-gas samples can be collected at spacings ranging from one sample per 100 square 
miles (kms.) to 100 or more samples per square mile (km.). A customary spacing of one to five samples 
per square mile (km.) will give sufficient data' to reduce a regional area of interest for more detailed 
surveys. As with any exploration technique, sample density must be determined on the basis of geo
logical, geochemical and geophysical knowledge of the area. 

The gaseous samples are analyzed with a modified, helium leak detector mass spectrometer in the 
laboratory. The modifications result in the removal of active gases from the measurement samples, thus 
permitting a 100 times larger sample to be injected into the mass spectrometer. In addition highly 
sensitive pressure and temperature indicators, it he rmal insulation and other changes provide instrument 
accuracy in the range of ± 10 ppb with reference to atmospheric helium concentration of 5,240 ppb. 

WESTERN SYSTEMS INCORPORATED 

Western Systems has been providing precise 
1978. As a leader in helium geochemical ana 

helium measurements for the exploration industry since 
,^,L^. ,.^ « .^a^^ CL.,., 6 ' ' "^"^" ' "-" i c.,,L.lysis, Western Systems has been active in domestic and 
international projects in mineral and energy resources evaluation. Western Systems is available to discuss 
your particular exploration projects and to set up a sampling program to fit your requirements. 
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A PREMONITOR OF SEISMIC (EARTHQUAKE) ACTIVITY 

By David E. Kahler 

ABSTRACT 

Helium, which is produced in basement crystalline rocks during alpha decay of uranium-238 
and other radioactive nuclides, migrates readily to the surface along deep-seated faults and 
fractures. Considerable research has indicated that gradual or abrupt changes in the helium 
flux from faults may signal pending seismic (earthquake) activity. Western Systems provides 
sampling equipment and precision analyses for helium measurements to identify these flux 
variations. 

INTRODUCTION 

The use of helium geochemical surveys in the search for petroleum, uranium and geothermal 
sources, and for fracture mapping as a guide to ore deposits is well known. The basis for 
such surveys is the constant generation of helium from radioactive decay of uranium, thorium 
and their daughter products. During these transformations a number of alpha particles are 
emitted, which readily pick up free electrons to form helium atoms. Helium is stable, inert, 
lightweight and will „. migrate through the geologic column to the atmosphere where it is 
eventually lost to outer space. The detection of anomalous helium values near the earth's 
surface provides a geochemical tracer for energy resources and ore deposits. 

Many factors influence the movement of helium, but most importantly helium tends to migrate 
along faults as pathways of least resistance. With regard to earthquake prediction, helium can 
be used as a premonitor, since its rate of movement along fault systems is governed by 
pressure and temperature changes. These changes are characteristics of pre-seismic events 
and thus variations in helium flux will occur in conjunction with earthquakes. With adequate 
monitoring of helium lievels along fault zones, any significant increases or decreases in the 
helium flux can be viewed as precursors to earthquakes. 

EARTHQUAKE FORECASTING METHODS 

Much of course is yet to be discovered in this important science of earthquake prediction. 
Ultimately it will be possible to minimize the disastrous effects of earthquakes - but first the 
tools of prediction must be perfected. One area of major research for earthquake forecasting 
has been in the use of groundwater composition variance. This research centers on changes 
in: isotope ratios, trace elements, ions, gases, temperature, pH, conductivity, water level, etc. 



With regard to gases in water, helium is an outstanding element to monitor because it is 
present everywhere in the earth where measurements can be carried out. Earth movements 
will cause immediate gas displacement to occur and helium will migrate along fault/fracture 
systems. This movement of helium is not confined to a local area, but in fact may be observed 
tens or even hundreds of kilometers from the epicenter. 

HELIUM SURVEY APPLICATIONS 

Scientists engaged in local or regional monitoring of precursory effects must maintain obser
vation stations or collection sites during time periods adequate to bracket a seismic event. 
This implies the use of continuous monitoring instrumentation or measurements taken at 
regular intervals. In the specific case of helium monitoring, remote-unit/telemetered-data type 
installations are not too practical due to frequent calibration requirements. However, it is rela
tively simple to establish a standardized system of water collection from wells and springs 
throughout a regional area. A gaseous sample is extracted from the water sample and this 
gas is then analyzed for helium content. It is essential to utilize considerable data from broad 
regions and over prolonged periods of time; this is a procedure that cannot be accelerated. 

The monitoring of seismic event precursors is not generally regarded as a "commercial" activity, 
as is the case of energy and mineral resource exploration. Earthquake prediction projects 
have been functions of universities and governments, whereas the private sector has not been 
involved on a funding basis. However, there is an increasing awareness by private companies 
of the need to conduct adequate investigations for siting studies for power plants, multi-story 
residential and commercial buildings, mines, underground storage facilities, etc. For those 
geoscientists who have responsibilities in the area of siting studies, helium monitoring will 
provide a high-technology tool to use in conjunction with geology and geophysics. For govern
ment and academic research into earthquake prediction, helium surveys provide a cost-effective 
and valuable addition to other geochemical, geophysical, geological and biological investigations. 

WESTERN SYSTEMS INCORPORATED 

As can be seen in the list of selected references, helium geochemistry has taken a significant 
place in the field of earthquake forecasting. Western Systems has the equipment and precise 
analytic capability to conduct helium studies for this type of research. VVestern Systems is 
available to discuss your particular project and to set up a sampling program to fit your 
requirements. 
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LIGHT STABLE ISOTOPES, L Friedman, U.S. Geological Survey, Branch of Isotope 
Ge<dogy, Box 25046, Denver Federal Center, Denver, Colorado 80225, (303) 234-3876. 
Goal: To (Explore the possibility of using helium and hydrogen in earthquake prediction. 
Investigetions: Helium appears to be the most likely element to pursue in the prediction 
of earthquakes. Eight atoms of helium are formed for every decay of U-238 and six 
atoms for every decay of Th-232. Unlike radon, which decays away with a half-life of 
3.8 days, helium is stable. We are currently monitoring helium in wells and in soil and 
natural gases. Dafly samples are collected from two networks. One well sampling 
network extends along the Brawley-Salton Sea area and another is located in Montana 
adjacent (100 km radius) of Hebgen Lake. An automated helium sniffer has operated, 
continuously near Gardiner, Montana, for over 1-1/2 years. This instrument makes 
hourly analysis erf a nearby water well that is highly enriched in helium. The data is 
recorded on the spot and also telem^etered via GOES satellite. 

INVESTIGATION OF RADON AND HELIUM AS POSSIBLE FLUID-PHASE PRECURSORS 
TO EARTHQUAKES, H. Craig, University of California, San Diego, Geological Research 
Division, Scripps Institute of Oceanography, La JoUa, California 92093, (714) 452-3260. 
Goals: To measure radon, helium, dissolved gas, and stable isotope relationships in 
thermal waters and their correlatiore with seismic activity. 
Investigations; We are measuring dissolved radon, helium, nitrogen, argon, and methane 
.in 16 thermal wells and springs along the Elsinore, San Jacinto, and San Andreas faults 
(fig. 1^. Helium-3/helium-4 and stable isotope ratios in water are also measured, as well 
as lead-210 and radium-226. Based pn linear arrays of dissolved gas concentrations, we 
developed a two-component model for the origin of these gases. Pre-seismic event 
fiuctuations in radon and helium are being s tuded in terms of variations in these gaseous 
components. We are also installing and collecting film strips at sites on the Imperial 
Fault and at our radon monitoring sites for soil radon stu(Ses being carried out at Menlo 
Park. • ,-
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FIGURE 16.—Radon and helium monitoring sites in southern California. 
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Natural ilmenile (Fe.Mg)Ti03 has been found to transform to the perovskite structure and Ihen'to disproportion
ate into its componenl o.xidcs, (re,Mg)0 plus a cubic phase of TiO^, at loading pressures of 140 and 250 kbar respec
tively, and at temperatures of 1,400 to 1,800°C. Samples were compressed in a diamond-anvil press and heated by irra
diation with a YAG laser. The lattice parameters of the perovskite phase of (re,Mg)Ti03 at room temperature and 
1 bar arc ao= 4.471 t 0.004,6o = 5.753 ± 0.005, and CQ = 7.429 ± 0.006 A with 4 molecules per cell. The zero-pressure 
volume change is 8.0% for the ilmenite-perovskite transition, 13.3% for the pcrovskite-mi.xed-oxidcs transition, and 
20.2% for tho ilmenite-mi.\cd-oxidcs transition. The cubic phase of TiOj can be indexed on the basis of space group 
Fm3m wilh Z = 4 and OQ ~ 4.455 ± 0.008 A at room teniperature and 1 bar, which corresponds to a decrease in zero-
pressure volume of 29.2% for the rutile-cubtc-phase transition. An isentropic bulk modulus at zero pressure of 
5.75 ± 0.30 Mbar and a pressure derivative greater than 8 were calculated for the high-pressure cubic phase. The cal
culated bulk modulus for the mixture of (Fe,Mg)Oand cubic TiOj is 2.48 ± 0.25 Mbar. All the phase transformalions, 
the calculated lattice parameters, and Ihe bulk moduli observed in this sludy are in good agreement with published shock-
Hugoniot data for ilmcnite.and rutile. 
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1. Introduction 

The ilmenite structure has been suggested as a suc
cessor to pyroxene (e.g., Birch, 1952; Ringwood and 
Seabrook, 1962) and garnet (e.g., Ringwood, 1962; 
Clark Jr. et al., 1962; Boyd, 1964; Ringwood and 
Major, 1967) in the earth's transition zone. Pyroxene— 
ilmenite transformation was strongly indicated by 
studies of the MgGe03-MgSi0.3 solid solution by 
Ringwood and Major (1968). The higli-pressure 
hexagonal form of MgSi03 reported by Kawai et al. 
(1974) is probably ofthe ilmenite structure. The 
garnet—ilmenite transformation was supported from 
studies of Mg3 A]2(Ge,Si)30i2 garnets in the range 
from pure germanate to 50 mole% of silicate by 
Ringwood and Major (1967). Subsequently, it has 
been claimed to have been observed in recovery 
shock experimental studies of iron-silicate garnets by 
AJirens and Graham (1972), althougli their limited 
X-ray data cannot yield an unambiguous determina
tion of the crystal structure of the higli-pressure phase. 

Studies of further phase transformations of ilmenite 
may therefore contribute to the understanding of the 
earth's interior. 

2. Samples and experimental 

The ilmenite sample employed in this study is the 
same material used by the author in his early study of 
its compressional behaviour (Liu et al., 1974). It was 
separated from a kimberlite pipe in Elliott County, 
Kentucky, and was provided by Prof. J.F. Lovering of 
the University of Melbourne. Microprobe analyses of 
the sample (by N. Ware, Australian National University) 
indicate that the chemical composition varies from 
grain to grain but is fairly homogeneous for a single 
grain. The average composition from six analyses is 
listed in Table I, along with that provided by Lovering 
(personal communication, 1967). The FeO and FC2O3 
concentrations were also analysed using the spectro-
photometric method (by E. Kiss, Australian National 
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University). These results have also been sliown in 
Table I. It is noted that the FeO'and Fe203 concen
trations are quite uncertain, but the specimen does 
contain a liigh concentration of MgO. All the evi
dence suggests that the sample is a solid solution of 
three major end-members, FeTi03—MgTi03-Fe203, 
with lattice parameters OQ = 5.075 ± 0.002 and Cg = 
13.972 ±0.005 A (Liu etal., 1974). 

Details of the e.xperimental procedure have been 
described earlier (Liu, 1975a). A diamond-anvil press 
with a levcr-and-spring type assembly was employed 
for llic L-.spcriiiiCMlal sliulics. A sample in line (loly-
crystatlinc form was compressed between two flat 
anvil faces and heated by acontinuous YAG laser. 
The loading pressures at the central portion of the 
sample were estimated froio the length pf the spring, 
which was calibrated according to the NaCl pressure 
scale at room temperature. Pressures thus estimated 
are probably accurate to ±10%. The real pressure 

TABLE 1 

Chemical composition of the ilmenile specimen from Elliott 
Co., Kentucky 

Microprobe analyses (wt.7o) 

Lovering Ware 
(6 analyses) 

Spcctroplioto-
metry (wt.%) 

Kiss 

TiOj 
1-eO 
FejOa 
MgO 
AljOj 
CrjOj 
MnO 
CaO 

Total 

FcTiOs 
MgTiOj 
MnTiOj 
FcjOa 
A h O j 
CrjOj 

48.41 

39.90 
11.47 
0.42 

<0.1 

100.30 

Molc% 
45.9 
40.7 

12.8 
0.6 

Total 100.0 

52.94 
35.38* 

10.69 
0.51 
0.21 
0.26 

<0.1 

100.09 

54.8 
36.9 
0.5 
6.9 
0.7 
0.2 

100.0 

25.67 
10.37 

* Total Fc is expressed as FeO and FcjOs, respectively. 

attained by the samples is probably 50 kbar higher 
al a nominal load pressure of about 140 kbar, due 
to transient increase of pressure during the local and 
rapid laser heating process (Liu, 1975a). The sample 
teinperature could be estimated using an optical 
pyrometer, but the uncertainties would be rather 
large. The temperatures are probably between 1,400 
and 1,800°C. 

3. Ilnienite—perovskite phase transformation 

Ilmenite displays two steps oC phase Iraiisrorma-
tions in the loading pressure range 120-250 kbar. 
The first high-pressure phase is a perovskite-like struc
ture. Listed in Table II are the X-ray diffraction data 
for a sample quenched froin a loading pressure of 
about 140 kbar and a temperature of about 1,400-
1,800 C (see also Fig. J). The observed J-spacings 
can be indexed as a two-phase mixture of ilmenite 
and an orthorhombic cell with the perovskite-like 
structure. Tlte perovskite cell dimensions are QQ = 
4.471 ± 0.004, Z>o = 5.753 ± 0.005 and Cg = 7.429 • 
± 0.006 A with 4 molecules per cell. This corresponds 
to an idealized cubic perovskite sub-cell with OQ = 
3.628 ± 0.003 A. It is noted in Table 11 that there 
are three reflections, 3.303, 2.712, and 2.155 A, 
which are not observed in ilmenite and cannot be 
indexed on the usual orthorhombic cell configuration. 
However, all of these reflections can be indexed on a 
cell with the a- and i-axes doubled. In an earlier 
study ofthe perovskite phase of MgSi03, the author 
(Liu, 1974) has pointed out that a doubling of o- or 
6-axis indicates that the symmetry of the structure, 
while still orthorhombic, is lower than that of the 
usual orthorhombic perovskites, Pbnm, for example 
SCAIO3 (Reid and Ringwood, 1975) and MnV03 
(Syono et al., 1971). The lowered symmetry can be 
ascribed to a distortion of the ideal cubic perovskite 
structure, PmSm, which is even greater than that 
shown by the usual orthorhombic perovskite struc
ture. The degree of distortion in (Fe,Mg)Ti03 '̂  prob
ably even greater than that in (Mg,Fe)Si03 which is 
further frpm the usual orthorhombic perovskite. The 
large distortion may be associated with the tolerance 
factor / = (''A + '•o)/v'2(''B •*" '"o^ derived by Gold-
Schmidt (1926), wliere r^, r,j, and TQ are Ihe ionic 
radii for atoms in the formula ABO3. The ideal value 
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TABLE II 

Room teniperature and 1 liar pressure X-ray diffraction dala for ilmenite guenchcd from a loading pressure of about 140 kbar and 
temperature of 1,400-1 .SOCC (Co-K^) 

Observed 

/ / / loo l • 

60 
30 
25b 
30 

100 
20 
90 

5 • 
90 

5 
70 

5 

so 
10 

5 

5 

30 
30 

5 
5 • 

10 

10 

d(K) 

3.716 
3.525 
3.303 

• 2.877 
2.738 
2.712 
2.547 
2.476 
2.230 
2.155 
1.859 
1.717 
1.701 
1.662 

1.619 

1.594 

1.503 
1.469 
1.306 
1.266 

1.149 

1.112 

Ilmenite 

/ / / too 

60 

100 

80 

70 

• 70 
80 

40 

50 • 
50 

15 

50 

40 • 

d(k) 

3.718 

2.736 

2.539 

2.228 

1.860 
1.715 

1.622 

1.500 
1.463 

1.269 

1.151 

1.113 

IM' 

102 

104 

110 

113 

204 
116 

108 

214 
300 

220 

314 

226 

Perovskite 

rf(A) 

3.715 
3.530 
3.287 
2.877 

•2.738 
2.710 
2.558 
2.476 
2.236 

. 2.155 
1.857 
1.715 
1.704 
1.659 

rl.621 
^•1.611 
r 1.594 
*• 1.592 

1.466 
1.303 

r l . l 51 
M.143 

1.118 . 

hkl 

002 
110 

(112) 
020 

(140) 
(231) 
112 
003 
200 

(322) 
004 

• 131 , 
032 
203 

(530) 
(502) 
213 
132 

(105) 
321 

(355) 
(505) 
400 

Estimated visually; the letter b denotes broad line. 

Calculated from-co =4.471, SQ = 5.753, and CQ = 7.429 A; indexes in parentheses correspond to reflections for cell with j-and 
h- axes doubled. 

of r is unity, but the observed values range from 0.77 
to 0.97 (Reid and Ringwood, 1975). For FeTiOj and 
MgTi03, t equals 0.77 and 0.75 respectively, using the 
values of effective ionic radii reported by Shannon 
and Prewitt (1969). 

The zero-pressure volume for the high-pressure 
perovskite phase is 28.77 ± 0.08 cm-'/mole, which is 
8.0% smaller than that of the starting material, ilmen
ite. This volume change.is comparable to those found 
in the similar ilmenite-perovskite transformation in 
MnV03 (6.6%) by Syono et al.:(1971) and in CdTi03 
(6.9%) and CdSn03 (5.4%) by Liebertz and Rooymans 
(1955). If the hexagonal MgSi03 reported by Kawai 

et al. (1974) is ofthe ilmenite structure, the perovs
kite phase of MgSiOj found by Liu (1974) indicates a 
volume change of 7.4% for the ilmenite-perovskite 
transition in MgSi03. 

A shock Hugoniot for ilmenite in the range 100— 
550 kbar has been reported by King (1973), who 
found that the data indicate the onset of a phase 
transformation at about 300 kbar which accompanies 
an increase in zero-pressure density of about 10-15%, 
corresponding to a decrease in volume of 9—13%. 
The lower bound is very close to that found in the 
present study. Shock-Hugoniot data for ilmenite to 
about 1,100 kbar have been obtained by McQueen 
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Fig. 1. Tlic photograph .shows the sample of ilmenite after 
it has been quenched from a loading pressure of about 140 
kbar and laser heated lo about l,400-l,800°C;o indicates 
the edge of the sample whicii was comprcs.scd in the diamond-
anvil, and A denotes Ihc phase boundary between ilmenite 
and perovskite due to different reflectivity (under reflected 
lighO. 

300 

Fig. 2A. Shock velocity (U )̂ vs. particle velocity (Up) for 
ilmenite from McQueen and Marsh (unpublished, 1965). • 
The straight lines are arbitrary. B. The same data of Fig. 2A 
plotted in the pressure-volume plane together wilh the 
25°C-isothcrmal compression curve of ilmenile reported by 
Liu el al. (1974); the discontinuity between the isotherm 
and the shock data is apparent; temperature corrections for 
the shock data would enhance the discrepancy; this figure 
indicates a first-order phase transformation of ilmenite at a 
pressure near 200 kbar. 

and Marsh (unpublished, 1965). Values of the shock 
velocity, U ,̂ vs. particle velocity, t/p, reproduced in 
Fig. 2A show that the data for U-̂  less than 7.2 km/ 
sec are quite scattered. However, the same data in a 
pressure-volume plot (Fig. 2B), which are compared 
with the isothermal compression curve reported by 
Liu et al. (1974), indicate an apparent First-order 
phase transformation in the vicinity of 200 kbar. 
Temperature corrections for the shock data would 
strengthen the foregoing conclusion. The chemical 
composition for the shock sample, which is not 
known, may differ from that of the present study, 
but it is believed that any minor discrepancy result
ing from composition will not significantly affect our 
conclusion. 

4. Further phase transformation in the perovskite phase 

From Figs. 2A, B, it is apparent that the perovskite 
phase of (Fe,Mg)Ti03 fuft'ier transforms to a still 
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TABLE III 

Room temperature and 1 bar pressure X-ray diffraction data for ilmenite quenched from a loading pressure of about 250 kbar and 
temperature of 1,400-1,800°.C 

Observed 

///.oo' 

iCo-K„):, 
25 
30 
30 
80 

IOO 
50 

(Mo-K^y. 
20 
30 
30 

100 
70 
50 
40 

80 

5 
20 
20 

5 

d(k) 

2.733 
2.604 
2.464 
2.223 
2.129 
1.508 

2.73 
2.58 
2.46 
2.221 
2.129 
1.568 
1.505 

1.284 

1.235 
1.1106 
0.9954. 
0.9549 

Ilmenite' 

///too 

100 

70 

50 

100 

70 

50 

40 

</(A) 

2.736 

2.228 

1.500 

2.736 

2.228 

1.500 

I.M 33 

hkl 

104 . 

113 

214 

104 

113 

214 

226 

Mixed oxides 

d(k) 

2.572 
2.460 
2.228 
2.130 
1.506 

2.572 
2.460 
2.228 
2.130 
1,575 
1.506 

r l .286 
'•I.284 

1.230 
1.1138 
0.9962 
0.9526 

hkl 

C ( l l l ) 
R ( I l l ) 
C(200) 
R(200) 
R(220) 

C ( l l l ) 
R(ni) 
C(200) 
R(200) 
C(220) 
R(220) 
C(222) 
R(3II) 
R(222) 
C(400) 
C(420) 
R(420) 

Refer to Tabic II. 
Calculated from ag = 4.260 A for the rocksalt structure and ag = 4.455 A for the cubic phase. 

phase 

••kite 

denser phase or phase assemblage at Û  greater than 
7.4 km/sec or at pressures greater than 650 kbar. 
This second phase transformation in.(Fe,Mg)Ti03 has 
been confirmed in the present sludy. 

Tlie X-ray difffaetion data for the starting material, 
ilmenite, which was laser heated at about 250 kbar, are 
shown in Table III. The Co—K^ radiation gives belter 
information .for the low-angle reflections and the Mo— 
K^ radiation provides the higli-angle reflections. It is 
seen that the relative intensities depend on the X-ray 
source. The products are mainly a mixture of rock-
salt structure, (Fe,Mg)0, and another cubic form to
gether with some ilmenite. The cubic form(Ti02) 
can be indexed on the same space group as that of 
the fluorite structure, Fm3m, but its relative intensi
ties do not show a strong resemblance to the usual 
fluorite crystals, for example CaF2 and UO2. The 
intensities for (111) and (200) reflections are reversed 

and reflection (311) is missing but refection (200) was 
interfered by a reflection line of ilmenile. No detailed 
intensity calculations for the fluorite Ti02 have been made. 

The lattice parameter for the rocksalt structure 
is QQ = 4.260 ± 0.005 A. Assuming thai the lattice 
parameters for a solid solution of MgO—FeO are a 
linear function of mole'fractibn, the lattice param
eter obtained above indicates a composition of 
(Feo.48^^So.49)0 and (Fcg 43Mgo3,7)0, corresponding • 
to a lattice parameter of 4.306 A for a nonsloichio-
metric Feg 95O and to 4.323 A for a stoichiometric 
FeO (Katsura et al., 1967). These Fe/Mg ratios are in 
fairly good agreement with that of the starting ilmen
ite, especially when account is taken of other con
stituents of the specimen. The lattice parameter for 
fhe possible fluorite structure is Og = 4.455 ± 0.008 A. 
If, as appears to be quite definite, the idealized phase 
transformations of ilmenite at increasingly high pres-
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sures can be represented as follows: 

(Fe,Mg)Ti03 ^ (Fe,Mg)Ti03 ^ (Fe,Mg)0 + TiOj 

ilmenite perovskite mixed oxides 

the values of the lattice parameter found for the rock-
salt and the cubic phase indicate a decrease of 13.3% 
in the zero-pressure volume from the perovskite to the 
mixture. This corresponds to a 20.2% volume decrease 
from ilmenite to the mixture. These arc in excellent 
agreement with the apparent change of volume in Ihe 
shock-llugoniot data shown in Fig.'2B. 

5. High-pre.ssure phase transformations of TiO^ 

There are three naturally occurring polymorphs of 
titanium dioxide. Rutile is the one that will be of in- ' 
terest in this study. Rutile has been reported to trans
form to an orthorhombic a-Pb02 structure at a static 
pressure range from 40 to 120 kbar by Bendeliani et 
al. (1966) and in a diamond-anvil press at approximate
ly 133 kbar by Liu (1975b), and also in a shock-re
covery experiment by McQueen et al. (1967). How
ever, it was pointed out by Liu (1975b) that the niajor 
phase transformation in the shock-Hugoniot data up 
to 1.25 Mbar reported by McQueen et al. (1967) does 
not correspond to the rutile-orthorhombic transition. 
From fig. 3 ofthe work of McQueen et al. (1967), the 
metastable Hugoniot implies a decrease of about 26% 
in the zero-pressure volume for the high-pressure 
phase. This finding has also been confirmed in a recent 
shock experiment study of rutile up to 3 Mbar by 
Al'tshuler et al. (1973). From fig. 2 of the work of 
Al'tshuler et al. (1973), the apparent zero-pressure 
volume for the high-pressure phase is approximately 
70—72% of that for rutile. There have been some 
suggestions for that the shock-induced phase in rutile 
is probably a fluorite-like phase (McQueen et al., 
1967; Alirens et al., 1969; Al'tshuler et al., 1973). 

If Z = 4 is assurned, the lattice parameter for the 
cubic phase of Ti02 reported in Ihe previous section 
gives a molar volume of 13.31 ± 0.07 cm-'/molc, 
which corresponds to a decrease in volume of 29.2%. 
This is, in turn, almost what was found by Al'tshuler 
et al. (1973) in their shock-experimental study. 
Hence, the shock-induced higli-pressure phase in Ti02 
may well have the same structure. 

The lattice parameter of 4.455 A for the cubic 
phase of Ti02 would imply a T i -0 distance of 
1.929 A in eight-fold coordination if the structure is 
of the fluorite type. This is less than the normal octa
hedral Ti—0 distance of 1.985 A (Shannon and Prewitt, 
1969) and 1.952 A (Brown and Shannon, 1973), and 
compares with an average T i -0 distance of 2.0676 A 
for eight-coordinated Ti in Ti(N03)4 observed by 
Garner and Wallwork (1966). The last value gives flg = 
4.775 A and the molar volume of 16.39 ciii-'/inolc for 
the fluorite structure of Ti02. Hence, the calculated 
zero-pressure volume change for Ti02 from Ihc rutile 
to the fluorite structure would be 12.8%, which is less • 
than 50% of the shock observed volume chaiige in Ti02 
and fails to account for the observed volume changes in 
the shock data for both Ti02 and ilmenite. 

This discrepancy between the measured lattice 
parameter for the "fluorite" phase of Ti02 and that 
predicted from ionic radius considerations cannot be 
resolved at the present time. It may be that the observ
ed cubic form of Ti02 is a distorted fluorite structure 
or a distinctly different structure such as o;-PbCl2, 
which is commonly observed for MF2 fluorides at 
high pressures (e.g., Dandekar and Jamieson, 1969). 
This ambiguity can only be clarified in a future study 
of pureTi02. 

6. Compression of the cubic phase of T1O2 

If the shock-Hugoniot data for Ti02 reported by 
McQueen et al. (1967) and by Al'tshuler et al. (1973) 
in the pressure regime between 1 and 3 Mbar represent 
a single homogeneous phase ofthe cubic phase of 
Ti02 found in this study, it is possible to derive the 
bulk modulus and its first pressure derivative from 
these data. On the basis of the bulk modulus and 
its pressure derivative, using an appropriate equation • • 
of state, the isentrope and the isotherms of the cubic 
phase of Ti02 can be calculated. 

Tliis has been done by reducing the experimental 
pressure—volume Hugoniot data for the high-pressure 
phase to a metastable Hugoniot, which represents the 
shock-wave data centered on the zero-pressure volume 
ofthe high-pressure phase (McQueen et al.,, 1963). 
The metastable pressure-volume Hugoniot data thus 
obtained were then converted to its corresponding 
shock-velocity-particle-velocity (t / j ,- / / ) data using: 
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73) 
•sent: 

where P"^ aiid V^ are, the nietastable Hugoniot pres
sure and vpluine jespectively, V'̂  the initial volume 
of tlie higii-pressure pliasei.and.yV/ the molecular weight. 
It has been .shown by Ruqff (1967) that if data in the 
Uj~(/p plane can be represented by: 

and if an equation of stafeiis assumed to havevthe 
following forni: 

then: 

and 

• • P Q 4 

where KQ is the isentropic bulk modulus at zero-pres
sure Ki is its first pressure derivative evaluated at zerp-
pressure.arid pg is the iiijfial deiisity. 

The method of convertirig the experimental Hiigoiiiot 
to a new Hugoniot centered at a different initial condi-
'tion was demonstrated by McQueen et aL (19.63). In 
doing so, they obtained: 

2 \V' /J •^ly) 

2 \y^ / 

where .F, V, E, and'y are the pressure, voltmie, specie 
Fid internal energy, and thfiCriJneise/i parameter, super: 
sbripts e and m denote the experimental and nietastable' 
Hugoniots, and subscript zero represents-the initial con-

lie 

dition. Two quantitie.s liayeto be evaluated before cai-
culatioiis from the foregoing equation Can be perform
ed. First is the changeoftheiiS'pecific internal eriergy 
between the starting: material and the higli-pressure 
phase^at zero pressure: 

MU-EQ --Ef^Piiv^-n+iVQ - m n 
assuming that the temperature effect is negligible-. 
Using a value of P ~ 0.33 Mbat for tlie phase change in 
TiOj, as indicated in fig. 3 of McQueen et al. (1967), 
rougli estimates of K"̂  and V̂  from their figure yield 
AÊ ^ ~ —1.48 Mbar • cm^ • mole~*. Second is the 
dependence of the Gruneisen parameter on'volume. An 
accurate relation for computing the volunVe depen
dence of the quasi-harni.pnic Grlineiscn parameter pf 
solidshas been reported by Pastine and Forbes(1968). 
However, the,\iise;pf their relation for cojnputing the 
volume-dependent Gruneisen parameter of the cubic 
phase of Ti02 requires evaluation pf ail parameters 
of specifjc heat at constant pressure, Cp, tfiVrnial ex
pansivity, iijinitialGriineisen parameter, 7g, and the 
AnElerson-Griincisen parameter, 6. Even thougirit has 
been shown.that the caieuiated biilk moduli are insen
sitive to the chpice.s of these: parameters for fhe "high-
pressure phase" of garnet by (jraham and Ahrens 
(1973), it is rather difl'iciilt tQ estimate values of tlie 
specific heat and the thenrial ."expansivity within +50% 
for the cubic.phase orTi02- A simple sclieme was 
adopted for co.niputing'the'volume-dependent Griin-
eisen paraineter as: 

where ,;1 is a constant normally between 0.5 and 1.5 
for many solicls (Bassett ct al., 1968),,TQ was chosen 
to.be between I and "2. From Table IV-il is seen that 
tlie calculated isentropic bulk moduli are not sensitive 
to tlievalues pf JQ and A, but values of {^K Î'dP)̂ {^ = f̂  

l l • 

ire 

.1110. 

TABLE IV 

Calculated iseriiropic buJk./noduJi and tJicir first pre.ssure'dcrivativcsby using varJou's,aKsumed value,'; of % and A for the cubic 
' t i b j . • •• 

Case 

1 
2 
3 

fo (cm 

!3.3i 
13:31 
13.31 

,̂/mo 0 I'O 

1,5 
•2,0 
1.5 

A 

. I 
I 
1.5 

}f<i(mm 

5.75 
5.93 
5.67 

(ik^lm^ 

l.O.l 
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• • -

http://to.be


Tr'--r-f 'iiM-tr-wiMrm 

174 LIN-GUN litU 

arc sensitive tPTo'Tlie metastable (/̂ —[/ data calcu
lated from ^g - 1.5 arid/4 = 1 (case-1 of Tabic IV) are 
displayed in Fig. 3, The scaltor ofthe data is similar 
to that of stishovite.presentcd by Graham (1973). 
The,linearity has been assiimed in Fig. 3. In conclusion, 
Table IV showsjr| - 5.75,+O^SO Mbar sM^pK^j 
dP\\p = Q > 8 for the cubic phase of Ti02. It was 
noted tl{at:the latter value is anomalously large, but it 
is anomalPusly targe for the.rutile.(Ti02) as well 
(Manghnani, 1969). 

The calculated metastable pressure—volume" Hugo
niot data of TiOj from case 1 of Table IV have been 
normalized to an initial vplume of'the ciibjc phase of' 
13.31 cm^/mdle,<aiid are shown in Fig. 4. Since all 
the values'of bulk modulusvand the first pressure de-^ 
rivative listed in Table IV are calculated froi-n the rela
tions which were used to derive the Murhaghaii equa
tion pf-statc (Murnaghan, 1944), it would be cpnsistent 

•to employ the Murnaghan equation for computing 
the pressure—volurne relationship for the cUbic°pha'se 
of Ti02. Isentropic pres'sure—volume relationships 
thus calculated on the three set's of data listed in 
Table ly are displayed in Fig. 4, which indicates that 
at V/VQ =0,86 the.calGulated pressures of case, 1 and 
case 3 differ by 2%, whereas between case 1 'and 

Al't'itijci • t . i iBTaj 

Fig. 3. Ttic nielastable U^-Up plot fur the data of TiOj at 
pressures in excess of 1 Mbar reported by McQueen etal; 
(1967) and Arfshuler ct al. (1973). l l ic catculaled meta, 
stable Hugoniot was centered ot an initial condition of KQ = 
1-3.31 cni /mole, 7^.= 1.5.and 4 = 1, where f is the volurne, 
7 is thc,Griinciscn-parameter,;andyl'a^onstant, F^or-'details 
refer to •the.text. 

Fig. 4. Comparison between.the metastable pressure-volume 
Hugoniot dala of'Fig. 3 with the iscnlropcs ealciilaled from 
three sets of values df bulk inodulus and pressure, derivative 
of .Tabic IV by the Murnaghan equation of state. For com
parison, the data of case 1 oTTablelV were al.so uisecl.to 
compute the isentrope by means of the Bitch equation. 

case 2 the difference-is-about 1-3%. For comparison, 
case I has also been calculated by means of the Birch 
(1952) equation of state, and is shown in Fig, 4, 

7. GonipreKion df the higli-pressure phases' of ilmenite 

it has previously been shown that ilmenite first 
transforms tp the perovskite structure and then dis-
propprtiotiates into a mixture pf oxides-: The b.qlk 
rnPdulus Pf the mixture can be calciilated by using 
equations proposed by Liu (1973). Taking/^g -5.75 
Mbar for the cubie;Ti02 calculated in the previous 
section and/fg = 1.50 Mbar for the' rocksalt phase; the 
calculated KQ value for the niixture is 2.48 ± 0.25 
Mbar. Here the small difference between the isentrppe 
and the isotherm has bee;n neglected. The pressure-
volume, relafibnsliip for the mixture calculated "by 
rneans of th'e Birch (1952) equation of state is slfown 
in Fig. 5, (Little difference is obtained by using other 
forms of equation of state at pressures less than'l. 
Mbar.) Two curves are shown; each corresponds to 
different values ofXg = 4 and 5.Taking the scattering 
ofthe data and the temperature, correction into 
account, it is concluded that the calculated curves 
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lig. 5. Comparison of Ihc c.vpcrimcntal shock dala of 
ilmenile reported by McQueen and Marsh (unpublished, 
1965) with the measured or calculated compression curves for 
ilmenite, perovskite, and the mixture of (Fc,Mg)0 plus TiO^ 
(fluorite). 

are in excellent agreement with the experimental data 
in the pressure range 600 to 1,100 kbar. 

No attempts were made to evaluate the compres
sional behaviour of the perovskite phase on theoretical 
basis. However, a simple construclion, on the assump
tion that the compression curve ofthe perovskite 
phase is proportional to curves of both the ilmenite 
and the mixture, is sliown in Fig. 5. This rough ap
proach suggests that the Hugoniot data between 200 
and 300 kbar may correspond to the perovskite phase. 

8. Conclusions 

(1) Natural ilmenite with composition of (Fe,Mg)Ti03 
from a kimberlite pipe was found to transform 
to the perovskite structure at a loading pressure of 
aboul 140 kbar and temperatures between 1,400 and 
1 .SOO^C. The perovskite phase of (Fe,Mg)Ti03 ^^^ 
fiirthcr observed lo disproportionate into a mixture 
of oxides at a loading pressure of about 250 kbar and 
temperatures between 1,400 and 1 .SOCC. To the 
author's knowledge, the breakdown ofthe perovskite 
phase of (Fe,Mg)Ti03 observed in the present study 
is the first reported example of phase transformation 

ofthe crystal group of perovskite at higli pressures.. 
(2) One of the products (perhaps of the fluorite 

structure) of the high-pressure phase of the perovs
kite (Fe,Mg)Ti03 is a new polymorph of TiOj. It has 
long been expected that rutile (TlOj) would.eventu-
ally transform to the fluorite phase at ullra-higli 
pressures (McQueen el al., 1967; Al'tshuler et al., 
1973). Althougli the density change observed in the 
shock-experimental studies of rutile at pressures 
greater than 1 Mbar is strongly indicative of formation 
of the cubic phase (McQueen ct al., 1967; Ahrens et 
al.. 1969; Al'tshuler et al., 1973), Ihc.shock-recovcry 
experiment (McQueen et al., 1967) at pressures in 
excess of 0.75 Mbar (the exact pressure was not re-

, ported) showed that the high-pressure phase has the 
'' orthorhombic structure, and the density change for 

this transformation is not consistent with that in
dicated by the data. The observed lattice parameter of 
fhe cubic phase of TiOj in this study is Og = 4.455 
± 0.008 A, which corresponds to a decrease of volume 
from rutile of 29.2%. This value is in close .agreement 
with those found in the shock experimental studies 
by McQueen el al., (1967) and Al'tshuler el al. (1973). 

(3) On the basis of the shock data of Ti02 at pres
sures greater than 1 Mbar by McQueen et al. (1967) 
and Al'tshuler et al. (1973) and the initial volume of 
the cubic phase of Ti02 found in this study, an isen
tropic zero-pressure bulk modulus of 5.75 ± 0.30 Mbar 
and a first pressure derivative of greater than 8 were 
found for the cubic phase. 

(4) From the equations proposed by Liu (1973) 
for a mixture, the zero-pressure bulk modulus for the 
high-pressure mixture of (Fe,Mg)0 plus TiOj, with 
the rocksalt and the cubic phases respectively, was cal
culated to be 2.48 ± 0.25 Mbar. The pressure-volume 
relations calculated from the Birch equation of state, 
on the assumption that the first pressure derivative of 
bulk modulus is in the range 4--5, compare well with 
the shock data of ilmenite in the pressure regime'of 
600 to 1,100 kbar obtained by McQueen and Marsh 
(unpublished, 1965). 

Acknowledgement 

The author thanks A.E. Ringwood and J.R. Cleary 
for reading and commenting on the manuscript. He is 
also grateful to J.C. Jamieson and the anonymous re-. 



176 

viewer of this paper.'for itheir comments on the diseus-
sioii ofthe liigli-pressure;phase:of Ti02. The.support 
by NSF •(;t):S.) Grant GA-38056X'for the,laser work 
while he was at the I3eparf ment of Geological Sciences, 
University of Rpehester, Rochester, N.Y:, U.S.A., is 
arsblgriitefully acknowledged. 

References 

1969. Ahrens, T.J,, Anderson, D.L, and Rini;wo6ti, A',E, 
Rev, Geophys,; 7: 667. 

Ahrohs, T.J, and Gtaham,,E.K., 1972, Earth Planet. Sci. Lett , 
14:87,. 

Al'tshuler, L.V., Podurets, M.A., Simakov, G.V. and Trunin, 
R.F., 1973. Soy. Phys. Solid State, I S ' 9 6 9 . ' \ 

Bassett, W.A., Takahashi, T.,-Mao, 11. arid Weavcr„.J.S., 1968, 
J, Appl,, I'll ys., 39: 31;?. " ' • 

Bendeliani, N,A,, Popova, S,V, and VefcshchVgin, L,F,, 1966. 
Geokiiiniiya, 5: 499, 

Birch,;F:, 1-952. J. Geophys. Res,, 57: 22.7. 
Brown, LD. and Shannon; R.D.j 1973;. Acta Qryst., A29'; 2.66. 
Boyd, F,, 1964. Science, 145 ;• 13. 
Clark Jr., S.P., Schaircr, J.F. and De Neufville, J,, 1962. 

Carnegie Insti Washiiigtoii, Yearb,, 61 : 59, 
Daridckai, D.P. and Jamieson,,!.C, 1969. Trans..Am. Crystallogr. 

Assoc, S; 19 
Garner, CD. arid Wallw6rk,S.C:, 196.6. J. Chem. Soc:, A: 1496. 
Goldschmidt, V.M., i'926, Haturwis.scnscHaffcn'. 14: ,477. -"•' 
Graham, E.K. and Ahrens, T.J., 1973. J. Geophys. Res., 78: 

•375. 
Graham, E.K,,J973. I^eophys, J., 32; 15. 
katsura, T., Iwasaki, B,, Kimura,,S.^and Akimptq, S., 1967. 

J. Chem. Phys,, 47; 4559. 

LlNrGUN LIU 

.Kawai, N., Tachimpri, M.aml Ito, E,, 1974. Proc.'Jpn. Acad., 
50:378. 

King, D.A., 197.3, Eos (Trans:,Am, Geophys, Union), Fall Pro-
gcam 54: 35 (abstract)'. 

Liebertz.'J, and Rooymans, C.J'.M,, 1965.;'Z. Phys. Chem. Neue-
FolgG;44; 242, 

Liu, L., 1973. J. Geophys; Res., 78: 3501. 
Liu, L. 1974. Geophys. Res. Lett.,,l:i'277. 
Liu, L., Bassett', W.A, and Takahashi, T„ 1974. J. Geophys. 

Res., 79: 1171. ' •. 
Liu, L,, 1975a. Earth Plpiict. Sci. Lett,, 24: -357. 
Liu, Li 197Sb. Phys. Iviir 111 i'l a net. Inter,, ?: 338, 
McQueen, R.G., PritK, J.N- and Marsh, S.P., 1963. J. Geophys, 

Res.,6'8:-2319,-. 
McQueen, R,G,, Jamieson, J,C, and Marsili, S,P.i 1967. Science, 

155: 1401, '• " ' " • 
Manghnani, M.H,, 1969. j ; Geophys: Res., 74: 4317, 
Munia'glian, F,D,, 1944,,Proc. Nal. Acad..Sci. U.S,A,, 30: 244, 
Pastihc, D,J>aJid Forbes, J,'W,, 196B: I'hys, Rev. Lett., 21: 

1582. 
Reid, A.F. and Ringwood, A.E,, 1975. J. Geophys; Res., 80 

(in press). 
Ringwood, A.E., 1952;, J. Geophys. Res:,-,67; 4005. 
Ririgwood, A.E. and Seabrook, M.J., 1962. J. Geophys: Res,, • 

67:1690. 
Ringwood, A.E. and Major,,A., 1967. Earth Planel. Sci. Lett., 

1: 331. 
Ringwood, A.E. and Major, A., 1-968. Eartli Planet. Sci. Lett., 

5 :76 . •. ,> " 
Riioff. A:L., 1967.1. Appl. Phys., 38: 4976.. 
Shannon, R.D. and Prewitt, G.T., 1969. ActaCrystaJlogr:, 

S'ec. 8 ,25: 9-25. 
• Syono, Y; , Akimoto, S. and Endoh, Y., 1971, j . Phys. Ciiem. 

Solids-, 32:''243. 

S'l 

; i : 

V 



SUBJ 
GCHM 
HTA 

American Mineralogist, Volume 58, pages 457-465, 1973 

iHsm OF m m 
EARTH SCIENCE CAB. 

High-Temperature Activity-Composition Relations of 
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Abstract 

Sufficient high-lemperalure data delineating the equilibrium compositions of coexisting 
phases in the Mg-Fe-0-SiOa system have become available to permit calculation of activity-
composition relations of the important spinels, olivines, and pyroxenes. Three methods of 
calculation involving (1) the thermodynamic properties of equilibrium magnesiowiistites, (2) 
spinel-hematite equilibria, and (3) magnesiowiistite defect data are employed. Within estimated 
uncertainties, the spinels generally exhibit negative deviations from ideality at SSO'C and 
1300°C, whereas the activity-composition relations at 1160°C are less well defined due to 
greater uncertainties in phase composition data. Spinel data calculated by methods 1 and 3, 
and 2 and 3, agree within the uncertainties inherent ih the calculations at 1300°C. These 
uncertainties in the calculated data preclude meaningful correlations with lemperature. At 
1160°C, olivines and pyroxenes in equilibrium with spinels exhibit positive deviations from 
ideality, with olivines showing a more significantly pronounced deviation and pyroxenes 
showing near-ideality. This is similar to previous determinations at 1200-1250°C at lower 
oxygen fugacities where the silicate phases are in equilibrium with metallic iron. At 1300°C, 
olivines and pyroxenes in equilibrium with spinels show nearly ideal or slightly negative 
deviations from ideality in their activity-composition relations. Internal consistency of the data 
calculated from different equilibrium phase assemblages is demonstrated for the olivines. 

Introduction 

The spinel phase in the system Mg-Fe-0 is rec
ognized as an important constituent in many basic 
igneous rock-forming systems (see, for example, 
Muan and Osborn, 1956; Osborn, 1959, 1962). It 
is also the major stable phase in the Fe-0 system 
at oxygen fugacities associated with such rocks 
(Nafziger, 1970). Osborn (1956) has pointed out 
the effect of this phase in the steel industry with 
respect to refractory brick. In addition, ferrites are 
finding increased applications in electronics, com
puter technology, and communication systems. How
ever, little attention has been directed toward the 
thermodynamic properties fo aid in understanding 
fhe behavior of this important phase. On the basis 
of thermal balance experiments in a controlled at
mosphere, Schmahl et al (1961) concluded that 
the spinel phase is nearly ideal af 800-1000°C. 
Using emf methods, Gordeev and Tretyakov (1963) 
observed small positive deviations from ideality for 
fhe spinel solid solution af 900-1200°C. However, 
no activity values were presented. Additional ex
perimental equilibrium phase composition data have 
become available in the past few years to permit 

calculations of component activities in the spinel 
phase at high temperatures in fhe Mg-Fe-0 system. 

Methods for Calculation of Spinel Activities 

Inasmuch as there is a considerable area of spinel 
solid solution in fhe system Mg-Fe-O af tempera
tures above approximately 850°C (see, for example, 
Katsura and Kimura, 1965; Speidel, 1967), and be
cause wiistite exhibits a cation-deficient structure 
(Darken and Gurry, 1945), relatively simple ther
modynamic calculations cannot be applied. Figure 1 
shows a schematic subsolidus isothermal secfion of a 
portion of this system derived from data presented 
by the aforementioned authors. Af temperatures in 
the range 850°-1300°C, complete solid solution 
exists along the spinel join (Phillips and Muan, 
1962; Alcock and Iyengar, 1967; Katsura and Ki
mura, 1965; Speidel, 1967). Three different meth
ods were used to calculate activity-composition re
lations of fhese spinels. 

Calculation from magnesiowiistite thermodynamic 
properties (method 1) 

High-femperafure activity-composition relations of 
magnesiowiistites in equilibrium wifh metallic iron 

457 
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data presented by Williams (1971). The free energies 
of formation for FeSiOs used in the present study 
were interpolated and extrapolated from data pre
sented by Schwerdtfeger and Muan (1966) and 
Nafziger and Muan (1967). These values were -1.26 
kcal at 1160°C and -0 .7 kcal at ISOCC Com
positions of the coexisting pyroxene and spinel phases 
were obtained from Speidel and Osborn (1967). 
Calculated activity values for FeSiO, and MgSiO., 
in pyroxenes at 1160° and 1300°C are shown in 
Figure 6. At I160°C, a slight positive deviation 
from ideality is indicated, whereas af 1300°C, a 
slight negative deviation is shown. However, the 
uncertainties derived from the data and calculations, 
as represented in the figure, show that the activity-
composition relations for fhe FeSiO^-MgSiOs py
roxenes in equilibrium with spinels may be considered 
nearly ideal. This is essentially the same result obtained 
by Nafziger and Muan (1967) at 1200-1250°C for 
pyroxenes in equilibrium with metallic iron at lower 
oxygen fugacities. 

Olivine activity-composition relations from olrvine-
silica-spinel equilibrium data 

For the olivine-silica-spinel equilibria in the Mg-
Fe-O-SiO^ system, fhe reaction 

I/6O2 + FeSi,.,A = Fe04/.3 + h Si02 (14) 

applies. Hence, 

l o g OFoSi . .>0 , 

2.303RT 
+ log aF.,(j,„ — 1/6 log fo. (15) 

Spinel activity, oxygen fugacity, and condensed 
phase equilibrium compositional data were obtained 
from previously cited sources. The value for AG°,ui 
(see Table 1) were derived from calculations using 
data presented by Stull et al. (1971) for the free 
energies of formation of FeO.i/:, and FeSio.r.O-j. Data 
for the latter compound were also obtained from the 
work of Schwerdtfeger and Muan (1966), and in
terpolated from Kelley (1962). Comparisons of 
resulting AG°ini values with those calculated from 
Williams' (1971) data are shown in Table 1. The 
calculated olivine activity-composition relations are 
shown in Figure 6 for 1160°C and 1300°C. The 
relations with respect fo the two temperatures are 
similar to those obtained for the pyroxenes, although 
greater deviations from ideality at 1160°C are indi
cated. This also conforms wifh the results obtained 

for lower oxygen fugacities at 1200°C (Nafziger and 
Muan, 1967). Uncertainties preclude precise com
parisons between olivines and pyroxenes, however. 
Correlations of activity data wifh temperature are 
also not possible, although a closer approach to 
ideality wifh increasing temperature seems plausible. 

Activity-composition calculations from olivine-
pyroxene-spinel equilibrium data 

As a check for internal consistency with fhe pre
vious calculations, additional literature data for fhe 
olivine-pyroxene-spinel equilibrium in fhe Mg-Fe-0-
Si02 system may be used (Speidel and Osborn, 
1967). In this region, the reaction 

2FeSio..Oo + 1/6 O2 = ¥ t O , n + FeSiO,, (16) 

is of interest. Either pyroxene or olivine activities 
may in principle be calculated using previously cited 
data and the activity-composition relations shown in 
Figure 6 of fhe equilibrium olivines or pyroxenes, 
respectively, together with olivine-pyroxene-spinel 
equilibrium composition data. Olivine results are 
plotted in Figure 6 and agree well with values de
rived from fhe olivine-silica-spinel calculations. How
ever, not enough data are available to permit this 
type of calculation for fhe pyroxenes. 
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Abstract 

ISOTOPE HYDROLOGV OF THF VAL CORSAGLIA, MARITIME ALPS, PIEDMONT, ITALY. 
Environmental isotopes and geocheniislry were used in a hydrogeological sludy of the 

Val Corsaglia (norihern Italy). The small catchment area (110 km') is located on the northern 
side of the Maritime Alps and formed by a variety of different rock types. The air masses 
entering the basin originate in the Mediterranean Sea as well as the Atlantic Ocean. Therefore, 
the chemical load and isotopic composition of the respective precipitations change with the 
season as a consequence of different wind patterns. Fifty-two sampling sites were established 
throughout the basin and sampling was carried out during the two "extreme" periods -
April, 1976 and October, 1974. The problems considered in this investigation are: ( I )Alt i tude 
effect in isotopic compositions of rain-walcrs for oxygen and deuterium, which were found to 
be close to 0 .3W100 m for '"O and 2.57oo/IOO m for deuterium; (2) the relation between 
5 H and 6 ' "0 as a function of geographic locations and climatic conditions: the deuterium 
excess varies between d = I 2.08 ± 1.29 and 1 3.43 ± 2.57; (3) the altitude of recharge as deter
mined from isolope dala. Bolh the altitude effect and the deuterium excess can be used as 
label.s which characlerize different water masses and permil the identification of specific 
recharge areas; (4) water flow in reservoir rocks and fluctuations of chemical and isotopic 
contents. Two principle flow systems can be recogni'^ed: the first, deep, isotopically and 
chemically homogeneous, representing the base flow; the second, shallow and faster, with 
sensitive Lsolopic variation and a low conlenl of dissolved salts. 

INTRODUCTION 

The alpine basins in the Piedmontese mountains flanking the Po Valley are 
largely impermeable and surface runoff is dominant. Where infiltration occurs 
in different typesof rock subsurface circulations can be established. Ground
water flows can occur through faults and fractures in crystalline rocks or through 
karstificd carbonates and other sedimentary rocks. Since aquifers underlying 
the Po Valley carry "alpine water", it is interesting to study fhe surface and sub
surface circulation originating in these alpine basins. 

This study deals with groundwater movements in karst terrain in a small 
basin (110 km^) located on the northern side of fhe Maritime Alps, Val Corsaglia 
(Fig.l). Its location is rather |)articular, since if borders on France and is"^ -

• At present with the International Atomic Energy Agency, Vienna. 
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characterized by "mixed weather condifions". It receives Atlantic precipitation 
during fhe summer months and winter precipitation originates in the Mediterranean 
basin. Because of their dissimilar origin, they have a different chemical load and 
isotopic composition which can be used as a natural tracer in hydrogeological 
investigations. 

1. HYDROGEOLOGICAL SETTING 

The basin of the Val Corsaglia can be divided into three different zones 
characterized by dissimilar geo-Iithologic formations with various infiltration 
and groundwater flow patterns (Fig.2): 

(1) The highest side of fhe valley consists of Mesozoic carbonate rocks (lime
stones and dolomitic limestones) which are karstified to a considerable 
degree. 

(2) Crystalline rocks dominate in a small area at mean altitude and are composed 
of Permian metaporphyries ("Porfiroidi", i.e. low green-schists facies rocks 
deriving from rhyodacific volcanic deposits) and of Eofriassic quartzites 
which include several large tectonic slices of Mesozoic carbonate rocks. 
One of fhese hosts fhe karst system of Bossea. 

(3) An area in fhe northern part of fhe basin af low altitude consisting essentially 
of Mesozoic calc-schists ("Formazione dei Calcescisf i", i.e. Schistes lustres). 

• 
The hydrogeological setting depends obviously on the geolithology. It is 

thus possible to find zones with important karst systems adjacent to very 
impermeable rocks in which local groundwater flow occurs along fractures. 
Because ofthe complex geology, all karst systems are independent of one another 
and are located in different catchment areas. 

METHODOLOGY 

The chemical and isotopic composition of rain-waters show a regular 
seasonal variation and provide us wifh an important tool to solve problems related 
to recharge areas, direction and velocity ofthe groundwater flow. 

Fifty-two sites were sampled in the Val Corsaglia for the chemistry and 
isotopic study during two different months - October 1974 and April 1976 [1]. 
These two sampling periods were chosen because they coincide with the maximum 
runoff during snow melt and minimum discharge during late summer and autumn. 
In this study, the IS springs most characteristic for a hydrological regime and 
geological setting are presented. During the same periods precipitation was sampled 
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monthly af seven pluviometric stations located at different elevations from 
400 fo 2000 m. To reduce fhe evaporation effect during fhe month, liquid paraffin 
was added to the pluviometer. 

The isotopic analyses (deuterium and '*0) were performed by Susella and 
Zuppi af fhe Laborafoire de Geologic Dynainique, Paris: the results are given 
in the usual units, i.e. SD'/oc, 5'*0%o(bofh versus SMOW, wifh a standard deviation 
of 0.3%oand 0.07%o, respectively) [2]. 

Chemical analyses were routinely performed by fhe Hydrogeochemistry 
Laboratory attached to the Istituto dl Geologia dell'-Universifi di Torino. The 
results show a statistical error ranging from 3% in sodium and potassium deter
mination by the emission method to 6% for sulphates done by colorimetry (3]; 
all chemical data have been treated by the computer program WATEQ of fhe 
US Geol. Survey [4]. For this reason, some of the results of groundwaters obtained 
in this study are given as ion activities; the same expression has been used for the 
precipitation samples, but it is obvious that, in this case, fhe ion activity is very 
close fo the molar concentration [5]. 

The following problems have been studied through chemical analyses and 
determination ofthe abundances of environmentarisofopes in precipitation and 
springs: 

(a) 
(b) 

; (c) 
(d) 

Altitude effect in isotopic composition of rain-water 
Relation of 6D/6'*0 as a function of geographic and climatic conditions 
"Isotopic altitude" of recharge 
Hydrogeochemical evolution in reservoir rocks and variation of isotopic 
content in spring wafers. 

This isotope study is a part of a complete hydrogeological and hydrogeo
chemical investigation in which the major and minor elements are related to fhe 
seasonal variations in precipitation and the local change of lithology and tectonics. 

FIG. 2. Geological sketch and locations of sampling sites in the Corsaglia Valley. 
1. Tills and Puvial deposits: high to medium inlergranular permeability. 
2. Scree deposits: high intergranular permeabilily 
3. Mesozoic limestones: very high karst permeability 
4. Mesozoic calc-schists and Permian metaporphyries: generally impermeable 
5. Mesozoic calc-schists and Permian metaporphyries: low fracture permeability 
6. Most important karst caves 
7. Shallow hole (doline) 
8. Springs with an average flow greater Ihan SUi/s: (a) Bossea Cave; (bj filotlera Cave; 
(c) Stalla Buorch: (d) Ponte Murao; (ej Captazione Burello 
9. Underground flow directions discovered by colorimetric method 
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TABLE I. ISOTOPIC AND SELECTED CHEMICAL DATA IN VAL CORSAGLIA 
PRECIPITATION WATERS 

1 Pluviometer 

Mondovi 

Corsagliola 

Prea 

Distretti 

Case Momo 

M.Malanotte 

R. Garelli 

Mondovi 

I Corsagliola 

1 Prea 

] Distretti 

M.Malanotte 

R. Garelli 

Elevation 
above sea level 
(m) 

400 

620 

830 

1080 

1380 

1780 

2000 

400 

620 

830 

1080 

1780 

2000 

Conduct. pH 
UiS 

28 

23 

21 

18 

19 

17 

16 

56 

46 

47 

35 

18 

17 

cm- ' ) 
acr 
X 10"' 

October 1974 

5.6 

5.7 

5.8 

6.0 

5.8 

5.5 

5.8 

AprU 1976 

5.4 

5.7 

5.8 

6.0 

6.1 

6.2 

2.4 

2.8 

0.7 

3.0 

3.8 

3.1 

0.6 

6.7 

5.2 

5.1 

8.0 

6.1 

6.3 

6D%o 
SMOW 

-60.0 

-66 .3 

-72 .5 

-79 .9 

-84.9 

-95.7 

-101.2 

-60.1 

-67 .2 

-71 .8 

-79.1 

-96.2 

-99 .3 

6"'0%o 
SMOW 

-9 .00 

-9.81 

-10.49 

-11.52 

-12.20 

-13 .50 

-14.08 

-9 .36 

-10 .10 

-10.66 

-11.88 

-13.81 

-14.23 

d%o 

-1-12.0 

•1-12.2 

-(•11.4 

•H2.3 

-1-12.7 

-1-12.3 

•H1.4 

-(-14.8 

-(-13.6 

•(-13.5 

•H5.9 

-(-14.3 

•1-14.5 

Note; a Cl" = activity of chloride ion. 

3. RESULTS AND DISCUSSION 

3.1. Altitude effect in isotopic coniposition of rain-water 

An average isotopic gradient with altitude (d5'*0/dh) can be determined 
directly by collecting samples in an integrating pluviometer located in various 
stations at different altitudes. Indirect determination can be made if the variation 
in isotopic contents of rain-waters as a function of temperature (6'^0/dt) is 
known for one or more stations, and by subsequent transformation with temperature/ 
temperature/altitude gradients (dt/dh [6]). 

Only the direct measurement method has been used here and the monthly 
mean isotopic composition is well correlated with altitudes (Table 1). The 
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FIG.3. '^0/altiiude gradient. The determination coefficients (r^) for October 1974 and 
April 1976 are 0.98 and 0.99, respectively, whereas the standard errors are 0.13 (October) 
and 0.15 (April). 
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FIG.4. Deuterium (altitude gradient. The determination coefficient (r^) for both months 
is 0.98, whereas the estimated standard error is 0.6. 
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FIG.5. Conductivity (altitude gradient. The coefficients of determination (r^) are 0.99 and 
0.98. respectively, for October 1974 and April 1976. The estimated standard errors are 
0.32 (October) and 0.28 (April). 

relation (d6'*0/dh) changes somewhat between April and October, both in fhe 
slope, i.e. fhe gradient, and in the intercept (Fig.3) and one finds for April: 

h'^0%0 = -(3.10 ± 0.14) 10'^h - (8.24 ± 0.18) 

and for October: 

6"*0%o = -(3.l7 + 0.08)10-3h-(7.85 + 0.14) 

( la) 

(lb) 

where h (the altitude) is expressed in m. By using the same isotopic composition 
in the two equations, a calculated difference of IOO m would result. 

Generally, the mean temperatures for April and October are quite near the 
annual mean temperature. Therefore, the combination of these two equations 
closely describes fhe average annual isotopic gradient as a function of the altitude: 

6"'O%o = -(3.12±0.10)10-3h-(8.03 + 0.I3) (Ic) 

An altitude gradient has also been obtained for 6D (Fig.4). In this case, 
all the data for both months are distributed along the following correlation line; 
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FIG.6. Deuterium and ' O variation in precipitation. The local meteoric water line in 
October 1974 (line 2) is close to the world meteoric line (a) (SJ. whereas in April 1976 (line I j 
Mediterranean characteristics appear (h] [9]. The coefficients of determination (r^j far 
October and April meteoric waters are 0.99 and 0.98, respectively. The estimated standard 
errors are 0.51 and 0.99, respectively, for October and April. 

A similar relationship has been determined on samples of fresh snow on the 
French side (northern side) of Mont Blanc |7 | , where a deuterium gradient equal 
to 4.0%' ± 1%6 per 100 m was found. This is somesvhat larger than our values, 
which we believe to be more representative since they are based on monthly 
weighted averages. 

An interesting observation is also that the chemical load of precipitation 
is related to altitude and origin of vapour masses. Figure 5 shows that for 
Atlantic rains which arrive in October, the conductivity decreases fast up to 
1200 metres and an exponential relationship of the form 

conductivity = 37.2 exp(-0.34 X lO'^h) (3a) 

is observed; h is the altitude and is expressed in metres. 
In April, on the other hand, the vapour masses originate primarily from the 

west Mediterranean Sea and up fo an altitude of 1800 metres one observes the 
following relationship: 

conductivity = 80.1 cxp(-0.79 X lO^^h) (3h) 
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FIG. 7. Deuterium excess plotted versus chloride activity. Circles indicate the spring samples, 
squares the precipitation samples. The coefficient of determination (r^j for this correlation 
is 0.98 and the estimated standard error is 0.03. 

3.2. Deuterium and '*0 relationships depending on geographic and climatic 
conditions (Fig.6) 

In precipitation, the '*0 and D contents show a good correlation wifh 
temperature of condensation. Therefore, it is normal that the heavy isotope 
contents of precipitations are interdependent, and on a world-wide basis pre
cipitations which did not undergo evaporation obey fhe relation: 

6D = 8 6 ' '0 - f d 18) (4) 

It is believed that the constancy of slope ~8 during most meteoric events is due 
to the fact that the condensation is always a phenomenon of equilibrium because 
it takes place during conditions of saturation 16). The "d" quantity designated 
as "deuterium excess" is usually close to -l-10%o, especially at oceanic stations | 8 | . 
However, if a significant part of the vapour mass has originated in a closed basin, 
the "d" parameter changes. For example, in the eastern Mediterranean basin, 
the isotopic composition of precipitation obeys fhe relation: 

In this context, t 
in fhe area studied are 
Nir(Eq.(5)) 
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In this context, fhe two correlation lines obtained from S'^O and 5D values 
in the area studied are placed between the line of Craig (Eq.(4)), and that of 
Nir(Eq.(5)) 

April 5D = (8.00 +0.11)6'*0-I-(12.08+ 1.29) 

October 6D = (7.91 ± 0.22)5'»O + (13.43 + 2.57) 

(6a) 

(6b) 

This intermediate position is due fo the meteoric contributions which can 
be defined as "mixed". Also chloride contents in rain-waters show seasonal 
variations (Table I). Plotting fhe deuterium excess "d" versus chloride activity 
(Fig.7), the best correlation between these two parameters is obtained by a 
second-order polinomial function, i.e. an asymptotic line. The points representing 
summer and autumn are closely grouped at fhe lower end of fhe line, whereas 
fhe points of winter and spring show a larger spread at fhe upper part of fhe line. 
In general, low chloride activity corresponds fo a constant value of deuterium 
excess: +11.2%o. If is known that the chloride contents at a certain distance 
from fhe coast become rather low and constant [10]; in our case the constant 
deuterium excess characterizes the maximum oceanic component in the rainfall 
in a region with mixed precipitations. The increasing chloride activity in rain
waters is paralleled by increases in deuterium excess. This substantiated the 
observations that air masses from the western Mediterranean arrive during winter. 

3.3. "Isotopic altitude" of recharge 

The isotopic composition of spring samples was compared with that of 
precipitation in altitude in order to determine the average altitudes of the 
recharge areas [11-12]. This assumes that in the recharge area the meteoric 
waters infiltrate into the subsurface without having been subject to the evaporation 
or subsequent modification of their isotopic ratios. This assumption can be 
considered quite valid here since, particularly in karst regions, a rapid infiltration 
of rain-water is allowed. 

On fhe basis of a comparison of the isotopic data of the different springs 
with variations in isotopic content of precipitation af different altitudes, one can 
introduce the concept of "phase displacements" between a meteoric event and 
its "reappearance" af the point of discharge whicii depends on the residence time 
in the underground system, provided no mixing with base How from the reservoir 
has taken place. In this case, samples were taken during two different periods 
coinciding wifh the monthly sampling of meteoric wafers - October 1974 and 
April 1976. 
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FIC.8. Seasonal evolution of discharge, conductivity, pH, chloride activity, calcite saturation 
index, deuterium, " O and deuterium excess in Bossea Cave during spring 1976. Of all Ihe 
caves and springs of this basin only Bossea has a discharge gauge. 
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The regression equations of the altitude versus the isotopic content are only 
slightly different for April and October: 

April h = - (320 ± 15)6 '*0-(2616 ± 173) 

h = -(40.5 ± I.4)5D - (2075 ± 108) 

October h = -(315 ± 9)6'*0 - (2474 + 105) 

h = -(39.4± 1.1)6D-(1977±89) 

(7a) 

(8a) 

(7b) 

(8b) 

However, there are two cases for which fhe altitudes of recharge calculated 
from these equations do not agree with the topography: 

(1) The calculated recharge altitude is lower or close fo the spring topographic 
elevation (Gias Brona, Bossea, 13 October, Captazione Borello, Mottera, 
Ponte Murao, Stalla Buorch); 

(2) The calculated recharge altitude is higher than the highest altitude of the 
catchment area watershed (Ante Murao, Bossea, 18 and 25 April). 

Therefore, only one alfitude/6%orelationship is valid: in fhe first case, the 
spring isotopic composition must be referred fo a gradient of the meteoric event 
preceding the sampling, in which the isotopic content of rain-waters was more 
enriched in heavy isotopes than the monthly mean rainfall (Gias Brona); or they 
must be referred to a summer gradient because the underground systems discharge 
wafers related fo fhe precipitation from the months preceding October. In the 
second case, the isotopic content must be referred fo a winter gradient because 
fhe water results from fhe melting of snow stored throughout the winter. 

Rain-water conductivity gradients (Fig.5) similarly permit the calculation of 
the average recharge altitudes for springs such as Case Bertoni, Case Torno and 
Navonera, which have a very low salinity. Their conductivity is close to that of 
precipitation and suggests that fhe subterranean flow paths are very short and 
similar to a subterranean runoff of snow melt. The elevations of recharge areas 
computed from conductivity gradients are very close to fhe elevation computed 
from isotope gradients and agree wifh hydrogeological observations. The statistical 
errors on the average altitude of recharge are about 70 and 40 m respectively for 
the '"0 and deuterium gradients, and 30 m for fhe conductivity gradients. 

3.4. Hydrogeochemical evolution and isotopic composition of springs 

If no geochemical processes affect the waters during underground passage, 
an input "signal" may occur with some delay at fhe spring. 

$ 
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TABLE II. ISOTOPIC AND SELECTED CHEMICAL DATA IN VAL CORSAGLIA KARST SPRINGS O 

Spring 

Bossea 
13-10-74 

07-03-76 
09-04-76 
18-04-76 
25-04-76 
01-05-76 
14-05-76 
23-05-76 
30-05-76 
06-06-76 

Captazione 
Borello 
08-10-74 

09-04-76 

Case Bertoni 
14-05-76 

Case Lard ini 
10-10-74 

18-04-76 

Case Torno 
15-10-74 

14-05-76 

Elevation 
above sea level 
(m) 

810 

945 

1108 

645 

1060 

Flow 
(litres-s"') 

72 
132 
368 
238 
446 
316 
464 
291 
225 
243 

2300 

<1 

<1 
<1 

<I 
<1 

Conductivity 
( ^ S c m ' ' ) 

137 
180 
212 
200 
204 
170 
195 
190 
185 
185 

124 
184 

27 

420 
360 

17.5 
20.0 

pH 

8.3 
7.6 
7.8 
7.9 
7.9 
7.8 
8.0 
8.0 
7.9 
8.0 

7.9 
7.5 

6.8 

7.7 

7.8 

6.8 
6.5 

acr 
X 10" ' 

3.2 

6.6 
4.9 
4.8 
4.4 
4.5 
4.0 
4.6 
3.8 
3.4 

2.0 
5.8 

4.7 

2.9 
5.4 

3.0 
5.5 

IS 
Calcite 

-(-0.30 
- 0 . 6 0 
- 0 . 2 0 
-0 .10 
-0 .10 

0.00 
0.00 
0.00 

•(0.10 
-(0.15 

-(0.25 
-0 .40 

-(O.20 
-0 .10 

6D%o 
SMOW 

-81 .4 
-88 .4 
-89 .4 
-97 .3 
-97 .6 
-90 .2 
-85 .8 
-89 .6 
-87 .6 
-87 .5 

-74 .7 
-86 .0 

-84 .0 

6"0%o 
SMOW 

-11 .70 
-12 .86 
-12.86 
-13 .83 
-13.85 
-12.91 
-12.34 
-12 .83 
-12.54 

-12.51 

-10.87 
-12 .50 

-12 .08 

-11 .33 
-12.15 

-11 .63 
• -12.22 

d%o 

-(-12.2 
-(•14.5 
-(•13.5 
•fI3.3 
•H3.2 
-(•13.1 
-1-12.9 
+ 13.0 
-(•12.8 
•(-12.6 

•(-12.3 
-(•14.0 

-(-13,8 

h& he 
above sea level 

(m) 

1210 
1500 
1530 
1840 
1850 
1550 
1570 
1530 
1440 
1440 

950 
1400 

1250 

1200 
1270 

1240 
1290 

1210 

1280 

w 
O 
73 
H 
O r > 

Spring 

Costa Lumenda 
10-10-74 

Elevation 
above sea level 
(m) 

730 

Flow 
(Utress" ') 

< I 

Conductivity 
(;/S-cm"') 

279 

pH 

7.9 

acr 
X 10-5 

3.7 

IS 
Calcite 

-(0.20 

6D%o 
SMOW 

-79.4 

S'^Oroo 
SMOW 

-11.48 

d%o 

+ 12.5 

above sea level 
(m) 

1240 



•f-y 

15-10-74 
14-05-76 

<1 
<I 

17.5 
20.0 

6.8 
6.5 

3.0 
5.5 -84.0 -12.22 + 13.8 1290 1280 

Spring 

Costa Lumenda 
10-10-74 
18-04-76 

Gias Brana 
01-05-76 

Molline 
27-10-74 

Mottera 
01-05-76 

Murao (Ante) 
08-10-74 

Murao (Ponte) 
12-11-74 
09-04-76 

Navonera 
15-05-76 

Piano 
25-04-76 

Presa Mondini 
17-11-74 

Elevation 
above sea level 
(m) 

730 

1270 

495 

1350 

960 

966 

1145 

500 

910 

Flow 

Oitress"') 

<1 
<1 

1 

3 3 0 0 

2 

S80 
S90 

4 

1 

SIOO 

Conductivity 

(MScm- ' ) 

279 
320 

44 

375 

165 

215 

160 
100 

19.0 

160 

92 

pH 

7.9 
7.3 

7.6 

7.9 

8.4 

8.1 

8.0 
7.7 

6.0 

7.7 

8.3 

acr 
X 10- ' 

3.7 
5.8 

4.9 

3.5 

2.5 

4.8 

2.4 
5.1 

5.5 

5.3 

4.0 

IS 
Calcite 

•+0.20 
-0 .30 

-K).50 

-(0.40 

-0 .10 

-tO.55 
-0 .20 

-0 .30 

+0.15 

60%,, 
SMOW 

-79 .4 
-84 .0 

-82 .6 

-78 .9 

-90 .3 

-98 .5 

-74 .4 
-85 .8 

-85 .0 

-83 .0 

6"0%o 
SMOW 

-11.48 
• - I 2 . 2 1 

-11.98 

-11,40 

-12.82 

-13.97 

-10.95 
-12.41 

-12.37 

-12 .10 

-12.20 

d%o 

+ 12.5 
+ 13.8 

+ 13.3 

+ 12.30 

+ 12.3 

+ 13.3 

+ 12.3 

+ 13.5 

+ 14.0 

+ 13.8 

h6 \ 
above sea level 

(m) 

1240 
1310 

1250 

1120 

1535 

1890 

980 

1380 

1360 1320 

1270 

1370 

> 
> 
CO 

*• 
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TABLE II. (cont.) 

Spring 

Presa Mondini 
(Ante) 
14-05-76 

Stalla Buorch 
20-10-74 
02-05-76 

Stalla Rossa 
01-05-76 

Valloni 
27-10-74 

Elevation 
above sea level 
(m) 

910 

1056 

1050 

580 

Flow 
(l i t ress" ' ) 

3ElO 

SSO 
SIOO 

> 

1 

Conductivity 
( p S c m " ' ) 

126 

180 
204 

213 

290 

pH 

7.6 

7.6 
8.1 

7,9 

7,8 

acr 
X I 0 - ' 

5,3 

3,7 
4.5 

5.1 

3.2 

IS 
Calcite 

-0 .15 

-(0.20 
-0 .05 

-0 .20 

-(0.20 

6D%o 
SMOW 

-83 .9 

-78 .6 
-92.1 

-86 .2 

6"0%o 
SMOW 

-12.17 

-11 .39 
-13 .16 

-12 .46 

-11.61 

dfoo 

+ 13.5 

+ 12.5 
+ 13.2 

+ 13.5 

above sea level 
(m) 

1310 

I I IO 
1630 

1500 

1200 

ea 
O 
58 
H 
O 
r 
> 
2 

Note: a C\' = activity of chloride ions. 
IS calcite = Sat. index for calcite; IS = log lAP-log Kj with lAP = a Ca''''.a CO5" and Kj = sol. product. 
d = deuterium excess d = 6D-86"0 
hj = "isot. alt." of recharge (average of calculated altitude values according to Eqs (7) and (8)) 
\ = "cond. alt." of recharge (Eq.(3)). 
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IAEA-SM-228/19 343 

60%. 

- 7 0 -

- 8 0 -

. 9 0 -

. 1 0 0 -

I - • 

« 0 % o = 138.1; 5.61 51 c . l - (90.8 i l 21 

SPRING RUNOPF 

1 D ^ - ^ 1 
^ o ^ r l ' 

• ' - ^ 

/ ' 

,f. °/ 
"c 
[ / > ^ 

/ 

/ a 

/ 

) 

• 

-̂  

-

- 0 5 

UNDER SATURATED 

00 .05 

OVER SATURATED 

FIG.9. Deuterium content versus calcite saturation index. Circles indicate samples from the 
Bossea Cave, squares samples from other springs. The points wiihin the circle show the 
arrival in spring of waters from snow melt occurring at an average altitude of 1500 metres 
or less. They represent the non-homogenous and non-dispersive underground circulation. 
The points close to the correlation line (the coefficient of determination is 0.90 and the 
estimated standard error is 0.8) represent a homogeneous and dispersive circulation. The 
filled square corresponds to a sample from Mottera Cave in which the water at ihe end of 
spring has still a composition characteristic of base flow. 

Chemical and isotopic characteristics important for fhese karst circuits 
which can best be used to describe origin and underground history are: chloride 
and deuterium excess reflecting seasonal variations of meteoric wafers (i.e. 
differentiation between direct contributions as rainfall and indirect as snow melt 
in spring); deuterium and '^O as indicators for mean altitude of recharge and 
seasonal variations; conductivity and calcite saturation indexes which describe 
the water/rock interactions (i.e. indirect length of the circuit). 

Variations in time for all these parameters are reported for Bossea Spring 
(Fig.8) since this is fhe only spring for which continuous discharge measurements 
are made. Figure 8 pennifs two important hydrological observations: first, a 
piu-allel variation between discharge, conductivity and isotopic composition which 
tends to constant values thereafter; second, variation of pH, calcite saturation 
index, chloride activity, deuterium excess, which are independent of discharge 
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but which tend to change in an exponential manner approaching constant values 
during the summer. However, these differences in behaviour are caused by fhe 
existence of both dispersive and non-dispersive flow in these karst systems. 

(1) For non-dispersive and non-homogeneous circulation fhe following are 
observed: the precipitation "signal" is not masked and the chemical 
composition of the water indicates low rock/water interaction: pH and 
calcite saturation indexes are far from the wafer carbonate equilibrium; 
fhe input variations are maintained and non-homogenized wafer appears 
af fhe beginning of the spring season (March and April). During this time 
conductivity, deuterium and '*0 follow the discharge variations in time -
chloride activity and deuterium excess show the values close to fhe pre
cipitations fallen (snow melt) or falling during that time in the catchment 
area. The meteoric signal is also preserved. 

(2) During fhe later part of the spring season and the summer the subsurface 
flows become homogeneous and dispersive and meteoric input variations 
are not recognized. The conductivity, deuterium and '*0 become rather 
constant and independent of discharge variations; chloride activity and 
D excess move away from spring values and during October reach values 
corresponding to a weighted annual mean (minimum discharge occurs at 
this time); pH and SIcai. indicate that the equilibrium with carbonate rocks 
is reached. 
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FIG. 10. "O versus calcite Si 
squares other springs wilh th 
between '"O and calcite has t 
error is 0.14. 

Thus, in fhe annual cycle of the geochemical evolution of these karst 
waters, one observes a transition from non-dispersive (piston) flow with maximum 
discharge fo a dispersive low flow condition. The latter homogenizes input 
variations and permits prolonged contact between water and aquifer rocks. Similar 
behaviour is noted in other karst systems of Val Corsaglia, if the deuterium content is 
plotted versus the calcite saturation index (Table 11). 

One notes that the snow meltwaters (left side of Fig.9) are different from 
those coming from base flow (right side of fhe same Figure). In fhe first case 
waters do not reach the equilibrium wifh carbonate rocks and deuterium changes 
according to fhe increasing altitude at which snow melt occurs. Therefore, it is 
clear that precipitations during the spring season can infiltrate only in those 
areas in which snow melt has already occurred. 

After spring runoff, saturation with respect to calcite is gradually approached 
in the different karst systems. This is due fo an increasing contribution of 
isotopically and geochemically homogeneous base flow to fhe springs. These 
base-flow dominated wafers fall close fo a line described by: 

6D%o=38.1 SIcai.-90.8 (9) 
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FIG. 10. 0 versus calcite saturation index. Circles indicate Bossea Cave samples, the open 
squares olher springs with Ihe exception of Mottera Cave (filled square). The correlation 
between " O and calcite has a coefficient of determination of 0.91 and the estimated standard 
error is 0.14. 
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A sample from the karst system of Mottera collected during the spring shows 
considerable oversafuration with respect to calcite (Fig.9, filled square) and a 
higher deuterium content. This is explained as a "phase displacement" if compared 
with the other springs, since at fhe moment of sampling the conditions were such 
that spring runoff wafers had not yet arrived. The catchment area was still frozen 
because it is located at a higher altitude. 

Similarly, the plot of 6'*0 versus calcite saturation index (Fig. 10) describes 
the same hydrological regime: a shallow, fast and non-dispersive groundwater 
circulation following spring runoff and later, deeper subsurface flow dominated 
by isotopically and chemically homogeneous base flow. For base-flow condifions 
the following relationship exists: 

d'^O'U = 4.89 SIcai.-12.98 (10) 

The mixing, or at least the contribution of spring runoff wifh a base-flow 
component, is thus identifiable by the parallel, seasonal variation of the isotopic 
and chemical composition of waters. This is shown in Fig.l 1, where the deuterium 
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FlG.l I. Deuterium excess '•d " in per mille versus calcite saturation index. The constant 
values d = -^•l2.2%o represent the weighted annual mean of deuterium excess in the springs of 
Corsaglia Valley. The coefficient of determination is 0.98 and the estimated standard error 
is 0.25. 

excess is plotted versus calcite saturation index for water samples of springs 
collected at different times. The following equation 

d%c = + 1 3 - 2 . 1 7 (SIj,3i)+ 1.01 (Slcai.)^ (11) 

shows that, with increasing deuterium excess, the dilution of waters increases. 
On the other hand, more oversaturafed waters are those in which a smaller "d" 
occurs. The deuterium excess tends to a constant value which coincides with one 
characteristic for base flow. This "d" value is equal or very close to the weighted 
mean value of deuterium excess during the year: +I2.2%o, indicating that it has 
components of all precipitations falling on the basin. The base flow is further 
characterized by a very high saturation index. 

Similar conclusions are reached if deuterium excess is plotted versus chloride 
activity where then two different meteoric "signals" are compared. The behaviour 
of these two parameters during fhe season proves that during summer and autumn 
fhe circuits are fhe most dispersive and a complete homogenization of fhe different 
components is reached; during spring, deuterium excess and chloride activity 
indicate that fhe underground flow is essentially non-dispersive. 

Unfortunately, the data do not yet suffice fo separate quantitatively the 
spring discharge into snow melt and base-flow component. However, there is a 
strong indication that the snow melt dominates the systems during the spring 
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runoffpin agreement with the observations in the Baget karst system (Pyrefiees) [6|, 
where base, flow was an insignificant component of the spring discharge follow'ing 
the spring,runoff. This does'not signify that all karst systems respond in the 
same mariner. 

An.important observation in the study is that the deuterium excess can be 
iised-in this area to differentiate between different karst circulations. This has 
been possible because of the increased precision of deuterium and '^0 analyses 
where the calculated standard deviation of deuterium excess at 1 a is ±0.64%o, 
compared with 4—5%o annual variation. 

4. CONCLUSIONS 

The,examples (Quoted here demonstrate the complementary nature of 
envirbrimental isotope ahd geochernical analyses in hydrological studiesof a karst 
basin. 

The information that stable isotopes can .provide about the origin qf water -
such as altitude of recharge and seasonal vafiation of the input — can be cpmbined 
with geochemical parameters to help interpret the history of karst groundwaters. 

Generally the groundwater flow patterns are'short and:fast. At the,end of 
winter the snow melt occurs at progressively increasing altitude. Therefore, the 
isotopic corhpbsition of water in,springs-changes parallel to that of snow melt, 
which in this season is a major component of spring discharge. There are, in fact, 
two different typesof groundwater circulation: 

(1) A dcfip one, isotbpieallyjand chemieally homogeneous, representing the 
base flow; 

(2) A shallow and fastcrpne, isojopically variable according.fp the increasing-
altitude at which,snow fiielt occurs'and with a low cpntent of dissolved salts. 

The mixing, oraf least the confribufiohof the superficial circulation, is thus 
identifiable by the..para|lel, seasonal, variation of the isotopic^and chemical 
composition of water. 
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DISCUSSION 

E: ERIKSSON (Gfiairman): This paper is.of.great value in demonsfratini: 
the comprehensive use of hydrochemical and environmental isotope appliGatipns 
for difficult problems of karst hydrology. 

J.P. MOLINARI: The Bossea spring has a discharge gauge (see caption to 
Figi'8). Gan you say something about the type and exterit of variations in flow 
observed and about how yoit took these variafioris info acepurit in collectirig 
representative weekly samples? 

G.M. ZUPPI: As shown in Table II, the Bossea spring's disdharg^ shows a 
constarit variation*with time during the spring, If one cprisiders the niorithly 
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averages of data from 1974 onwards, when the limnigraph was started, one notes 
a characteristic minimal discharge during the'winter months (100 litres/s on 
•average) and a maximum discharie at the erid Pf the spring (700 litres/s Ori 
average), a low summer discharge caii also be detected, as can a.certain increase 
during the autumn. During the spririg, the increase in flow becomes more and 
more regular as th^ catchment area affected by snow melt becpmes smaller. 
So I thirik thatihe weekly samples are in fact highly represeritative. 

J.P. MOLINARI: I was referfirig'tp the large arid rapid fluctuafions in flow 
which are generally found to occur within a day or a few days when show is. 
melting, in high Alpine, karst regions: 

G.M. ZUPPI: Karst systems.show large and rap id. flucfiiatipns in flow 
during snow melt orilyif the feeding basin is irregularly oriented and if it is 
subject to pronounced climatic or microclimatic variafions. This js riot true oT 
the Bossea karst basin, which has an area of only sorne 15 km^, Hpwever, what 
you have iri mind occurs in the Maritime Alps, especially at the Beiriette spring, 
which is the largest spring of the whole Marguareiz-Mbrigioie-MondGleriiassif, 
with ari average discharge of about 2 m^/s, 1 have no data at present about the 
hydraulic regime*Pf Bossea, but such data have been pubhshed, af least in part 
(see Ref.[ 1 j); I believe a more compiete^descrjption is to be pirblished in the near 
fvifure by my colleagues at the Uriiversity pf Turin. 

H. ZOJER: Your paper shows hpw important it is tp investigate the D/'^O 
relation in precipitation of'diffe rent origins. Simjlarresults were bbtajned by us 
in,the;squtherri Alps in an area, on the border betweeri Austria and Italy, The 
longer the mean residence: time of the spririg water, the greater becomes the 
disadvantage bf'havirig rnixed water of different, origiris, as the altifude.effect 
is overridden, arid so iri such ca^es if is very difficult or even impossible to fix 
the meari al titud e of the recharge -area. 

G.M, ZUPPI: 1.agree with yisu. The seasonal charige iri.deuterium excess 
is very useful for studyirig small karst systems, in large karet systems where the 
mean residence time is longer the'meteoric "signal" is completely masked by 
the large base-flow component, and iri fact the nature of the mixing — or at least 
the contribution of superficial circulation —is not identifiable. Goncemirig the 
seasonal variation iri deuterium excess (d), I havefound that in the Latium 
Apennines the ranEe of d valiies in precipitatiori is between +!5.9%ain summer 
and +11.1,%D; in winter (G.M. Zuppi, unpublished data). I have-observed the 
same effect in the Venice region and in the Dolomites, too (GG, Bortolami, 
J, Ch, Forifes, G.M, Zuppi, uripub!ished.data), where the range-is +14%o during 
summer and +i0,2%o during wiriter. 

J. MARTINEC: Have you found any difference in the isotopic altifiide effect 
between snow and rain? 
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G M ZUPPI- No, we have not, Unfofturiately, we sampled the precipitation 
over two months durmg which everi at the highest altitude all meteonc events 
wereiiY liquid :phase. sihce Jariuary 1977 my colleagues in Tunnhave been 
^Im^hng the precipttation at dtffererit elevations,,bttt at preserit rio stable isotope 
data are available. 
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interpretation of Metamorphic Assemblages 
Containing Fibrolitic Sillimanite 

R.H. Vernon and R.H. Flood 
School of Earlh Sciences, Macquarie University, Norlh Ryde (Sydney), N.S.W. 2113, Australia 

Abstract. Microstructuial criteria distinguish two types of fibrolitic silliina-
nite-bearing aggregates, namely: (1) those with fibrolitic sillimanite in clear 
microstructural equilibrium with the other minerals, and (2) those with fibro
litic sillimanite that appears to have grown without evident modirication 
of pre-existing grain boundaries of the other minerals. However, micro-
structural criteria rarely permit unambiguous inferences of the relative 
•'timing" of metamorphic reactions producing fibrolitic siliinnanite. 

I Introduction 

Fibrolitic sillimanite in many metapelitic rocks has been inferred to have grown 
•5licr the other, coarser-grained minerals, which has led lo interpretations involv
ing relatively late prograde sillinianitc-formiiig reactions and even multiple nieta
inorphic episodes. On the other hand, nbrolitic sillimanite in certain other 
focks has been shown to have grown in metamorphic compatibility with the 
iMhcr minerals [1, 2]. 

In this paper, microslrucuiial relationships between fibrolitic sillimanite an l̂ 
•itijaceni or enclosing minerals are examined in detail first, applying the principle 
|'':u grain boundaries tend towards low-energy arrangements [1-3], and then 
••he metamorphic implications are discussed. Microstructural relationships can 
'"dicate whether fibrolitic sillimanite grew before or after the Jhial posiiioiiiii<i: 
"f botindaries between the other mineral grains, allhough care must be taken 
'•'using such inferences lo propose metamorphic reactions. 

The term "harmonious" is used where the boundaries of other minerals 
Appear (o have adjusted to the nbrolitic sillimanite, and the term "disharmo-
"'oiis" is used where no such adjusimcnt is evident. Photomicrograpiis of "hai--
l '̂onious" lelalionships have been published elsewhere [2], so lhat phologniphic 
•̂ idence in this paper concentrates on ••disharmonious" relationships. 
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Criteria for "Harmonious" Fibrolitic Sillimanite 

R.II. Vernon and R.H. Flood 

The following microstructural relationships favour an interpretation that fibroli
tic sillimanite grains were in position before the final positioning of boundaries 
between the other minerals of the aggregate: 

(1) Grain boundaries of minerals without strongly anisotropic atomic struc
tures (e.g., framework silicates) meet prismatic faces of fibrolitic sillimaniic 
at appro.ximately 90°, or are attached to the conieis of tlie elongate sillimanite 
grains [I, 2]. 

(2) Low-energy shapes of inclusions [1, 3] (e.g. quartz in feldspar) are modi
fied where their boundaries intersect grains or aggieaates of fibrolitic sillimanite 
[2]. 

(3) Grain boundaries of coarser-grajned minerals are defiected by grains 
or aggregates of fibrolitic sillimanite. This can cause irregular grain shapes 
where fibrolitic sillimanite is present, compared witii simple polygonal grain 
shapes where fibrolitic sillimanite is absent, even in the same thin section [2]. 
The fibrolitic sillimanite can also prevent an increase in the grain size of associat
ed minerals, owing to restriction of grain growth by small fibrous or tabular 
grains [4]. 

(4) Twin boundaries, and possibly growth zones, are defiected where they 
intersect fibrolitic sillimanite. In particular, growth twins [5, 6] might be expected 
to change thickness at intersections with the sillimanite, and deformations twins 
[5, 6] might be expected to taper into pre-existing barriers [6], such as sillimanite 
aggregates. If the twins are of growth origin, the fibrolitic sillimanite grew 
before the growth of the enclosing mineral, but if the twins are of deformation 
origin, the fibrolitic sillimanite grew only before the deformation ofthe enclosing 
mineral, and so may still post-date its growth. 

(5) Fibrolitic sillimanite occurs as trails of inclusions in larger grains of 
other miiierals, especially where (i) the orientations of the frails are unrelated 
to the crystallographic orientation of the host mineral (e.g. [7], p. 315; [S]. 
p. 316]; (ii) the frails have curved or intricately folded shapes, whereas tho 
host mineral shows no optical evidence of deformation; (iii) the trails pass 
continuously from one mineral grain to another of different orientation, withoul 
defiecfion of fhe frails; and (iv) the trails can be traced across many adjacent 
or separated, diversely oriented grains of fhe same or different minerals. 

Criteria for "Disharmonious" Fibrolitic Sillimanite 

The following microstructural relationships favour an interpretation that fibroli
tic sillimanite grew after fhe final positioning of boundaries between the other 
minerals of the aggregate: 

(1) Grain boundaries of other minerals meet prismatic faces of fibrolitic 
sillimanite at random angles and orientations. 

(2) Low-energy shapes of inclusions arc unaffected by the presence of fibroli
tic sillimanite (Fig. la). 

(3) Grain boundaries of other minerals are not defiected by fibrolitic sillim:'-
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Fig. 1. a Aggregates of fibrolitic sillimanite causing no change of shape of rounded inclusions' 
»''andalusite (high reliel") and quartz. Quarlz-plagioclase-andaUisitc-sillinKiniie hornfels. Kentucky, 
'̂ •S.W. Plane-polarized light; base of photo O.S mm, b Polygonal grains of quartz and feldspar, 
'Uf .shapes of which are unaffected by radiating aggregates of fibrolitic sillimanite. Same rock 
'••in Figure la . Incompletely crossed polars; base of photo 0.3 mm. c Aggregate of l^ibrolitic 
Siiinianiie Iranscclingparallel-sided lamellar twins in plagioclase. No deflection or change in thickness 
•I the iwins occurs where they intersect the fibrolitic sillimanite. Same rock as in Figure la. 
"•'̂ 'sscd polars: base of photo 0.8 mm. d. PrcfcrL-ntial concentration of fibrolitic sillimanite in 
-t boundaries of polygonal grains of quartz and plagioclase. Same rock as in Figure 1 a. Flanc-

••-sJlarized-lighl: base of pholo 0.8 mm ' 
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Fig. 2. a Aggreaaics of parallel and sub-parallel fibres of fibrolitic sillimanite projecting into gi.u'-' 
from a cordicrUe/cordieritc grain boundary. Sillimaniic-cordieriic-bioiitc-quartz gneiss, Rc.>n>'i>.-
Range, central Australia, Plane-polarized light; base of photo 0.3 mm. b Radiating agi:rci:,tif> 
of fibrolitic sillimanite that nuclealed on pre-existing planar garnet/quartz and garnel/reldspar ni.̂ ^ 
faces. Hornfels, Fongen area, Norway. Planc-polarizcd light; ha.se of pholo 0.3 mm. c Rcl.nî  ̂ ^ 
large prismatic grains of sillimanite with terminal fringes of fibrolitic sillimanite. Same roc .i> 
in Figure 7b Planc-polari-zed liuht; base of photo 0.8 mm. d Fibrolitic sihimanilc occumiii; • 
aggregates lhat arc mainly parallel to -;001} of larger biotite grains, some being parallel lo -
rock's foliation (vcriical in the photograph) and others lying oblique to the foliation, "^'l'^'"'•;; 
on the orientation of the host biotite. Biotile-sillimanite schist, Pyrenees. Plane-polari/.iu . • 
base of photo 0.8 mm 
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,iite (Fig. 1 b), so that original low-energy, polygonal grain shapes are preserved 
,Fig. 1 b) even where fibrolitic sillimanite is relatively abundant. Furthermore, 

! jhe size of these polygonal grains in sillimanite-rich areas is the same as or 
I .>ven larger than that in sillimanite-free areas. 
I (4) Twin boundaries arc not defiected v/hcre they intersect fibrolitic sillima-
I nite (Fig. Ic), suggesting lhat the twins (and hence the growth of the twinned 

niineral itselQ pre-date the sillimanite, regardless of whether the twins are of 
growth or deforrnation origin. 

j (5) Fibrolitic sillimanile is concentrated at grain boundaries of.enclosing 
[ minerals (Fig. Id), commonly projecting into the grains at a high angle to 
•(he boundaries (Fig. 2a), radiating from the boundaries (Fig. 2b), or, less com
monly, in parallel orientation to another aluminium silicate mineral (Fig. 2c). 
For example, Watson ([9], pp. 156, 158), Pitcher ([10], p. 421) and Sturt ([11], 
p. 818-820) described fibrolitic sillimanile tending to concentrate in quartz or 
feldspar boundaries, with some projecting into the grains themselves. Watson 

.([9], p. 153), Tozer ([7], p. 312), and Pitcher ([10], p. 422) described fibrolitic 
sillimanite fringing biotite. Chinner ([8], p. 314).and Sturt ([11], p. 820) described 
sillimanite fringing garnet, as in Figure 2 b. This is an especially strong criterion 
svhere the original grain shapes are of low-energy (e.g. polygonal or rational 
crystal) configurations [1, 3], because such shapes develop by mutual adjustment 
of adjacent grains, which would not occur in the presence of fine-grained impu
rities in the grain boundaries. So, the occurrence of sillimanite is controlled 
by pre-existing grain boundaries, not i;/c'e.yer.s-c/. 

(6) Fibrolitic sillimanite occurs in markedly radiating aggregates (e.g., [12], 
p. 290) occurring (i) cutting across the schislosity in foliated rocks (indicating 
random nucieation and/or growth of sillimanite, in contrast lo strongly direction
al nucieation and/or growth of the other minerals), or (ii) in'massive rocks 
consisting of predominantly polygonal or other low-energy grain shapes. The 
radiaUng aggregates cross a number of grains of different minerals and/or differ
ent orientations, without defiection. 

(7) Fibrolitic sillimanite occurs in aggregates demonstrably pseudomorphing 
minerals with low-energy grain shapes. For example, Guidotti ([13], p. 476) 
described aggregates of biotite and sillimanite that preserve original dodecahe-
dral shapes of the garnet crystals they replaced. 

(8) Fibrolitic sillimanite is intergrown with muscovite or quartz in such 
a way that the two minerals appear to have grown siiiniltaneously as a result 
of prograde metamorphic reactions ofthe type discussed by Carmichael ([14], 
p. 251-253}.' - • • 

(9) Fibrolitic sillimatiite is concentrated in zones of i;elatively high strain, 
for example in kink bands in other minerals, in fractures within, one grain 
or crossing several grains ([11], p. 822), and at "boundaries between marked 
.strain shadow zones" ([11]. p. 822). ' 

-Ambiguous Criteria . . 

The following microstructural relationships have been used to make inferences 
'ibout the relative timing of fibrolitic sillimanile and the other minerals present, 
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but they are more ambiguous than the foregoing criteria, and so arc considered 
separately: 

(1) Fibrolitic sillimanite occurs as thin veinlets and knots Cfaserkiesel'"). 
This is generally interpreted as implying growtli of sillimanite afier the other 
minerals, provided that (i) the veinlets transgress the foliation of the rock., 
with pr without side-branches projecting-from the tiansgressive veinlets aloin; 
the folia ([9], p. 152, 154; [8], p. 313; [10]"̂  p. 421); (ii) radiating ••sprays" e.\tcnd 
out from the veinlets into adjaceni minerals; (iii) the foliation ends abrupiiv 
against the fibrolitic knots and is not defiected around them ([9], p. 152; [10). 
p. 422); and (iv) the veinlets cul acro.ss individual grains of other minerals, 
so that parts of grains on each side of the veinlet have matching orientations. 
In the absence of these specific criteria, it may be impossible to distinguish 
late-formed veinlets from sillimanite folia or lenses developed in the axial plane 
of folds. 

(2) Fibrolitic sillimanite occurs in bundles of parallel needles, the orientation 
of which is controlled by ihe crystallographic orientation ofthe enclosing miner
al. Generally this relationship is taken to imply growth of fibrojilic sillimanile 
after, the enclosing mineral, but simultaneous growth is a possibility. Specific 
examples are: 

(i) Fibrolitic sillimanite is aligned in {001} planes of biotite, regardless of 
the orientation ofthe biotite in the rock. For example. Figure 2d shows fibrolitic 
sillimanite parallel to -{001} of biotite grains lying both parallel and perpendicular 
lo the rock's schistosity. 

(ii) Fibrolitic sillimanite needles are arranged at angles of 60° or 120° to 
one another in the cleavage planes of biotite (e.g. [8], p. 313; [ 15], p. 72), although 
the arrangement is commonly also irregular to random in the saine grain or 
thin section. The regular arrangement is generally interpreted as resulting from 
epitaxial nucieation ofthe sillimanite in the bioiite [8], allhough an interpretation 
involving simultaneous grovvth of the two minerals has also been suggested 
([14], p. 254). Many writers have interpreted '•colour-bleached" biotite as.havint: 
resulted from advanced stages of replacement of biotite by fibrolitic sillimanile 
([7], p. 313; [9], p. 153; [12], p. 267, 268; [16], p. 359, 367; [17], p. 106). However, 
this appearance of reduced colour absorption may be due merely to a large 
ratio of sillimanite to bioiite, and hence thinner fiakes of biotite, rather than 
to a chemical "bleaching" reaction. 

(iii) Watson ([9], p. 156-159) described fibrolitic sillimanile needles arranged 
at angles of 60° or 90° to one another in feldspar, and also as parallel groups 
of needles in vein quartz and feldspar, the oricnlation of the groups being 
controlled partly by fhe orientation of the enclosing grains and partly by tin-
local attitude of the wall of the vein. 

(iv) Sturt ([II], p. 821) described sillimanite needles arranged parallel to 
(010), (110) and (001) of enclosing plagioclase. 

(3) Fibrolitic sillimanite occurs in "pressure-shadows" or "tails" about 
augen or porphyroblasts (e.g. [12], p. 288), most interpretations favouring :' 
later growth of the minerals of the "shadows" relative to the porphyroblast-
although synchronous growth appears possible, at least in some instances. 

(4) Isolated aggregates of fibrolitic sillimanite are intricately folded, whereas 
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adjacent or enclosing grains shov/ no optical evidence of deformation, suggesting 
ilic sillimanite grew before the final growth of the other minerals. If the sillima
nite was formed later than the surrounding or enclosing minerals, the implica-
ijons are that (i) sillimanite underwent apparent intense folding while the other 
minerals in the rock escaped deformation ([12], p. 288), (ii) the folding is due 
loan unknown growth phenomenon ([15], p. 72, 73), (iii) the fibrolitic sillimanite 
Iiielasomatically replaced previously folded folia of biotite. Therefore, this criter
ion is ambiguous, although the interpretations involving late-formed sillimanite 
are intuitively less likely than that involving pre-existing sillimanite. 

I Metamorphic Implications 

! 

The relatively unambiguous criteria discussed above can indicate only whether 
fibrolitic sillimanite grew before-or afier ihe f nal ;}Osilioning of bpiindaries be
tween the other mineral grains. Evidently some fibrolite-forming reactions result 
in low-energy grain shapes, whereas others do not involve significant modifica
tion of pre-existing grain boundaries. 

Low-energy grain shapes imply that the fibrolitic sillimanite must have existed 
k/orethey?/;fl/adjustment of boundaries ofthe olher minerals. However, several 
metamorphic explanations are possible, namely: 

(1) The fibrolitic sillimanite grains were stable or metastable relics of an 
earlier metamorphic assemblage. 

(2) The fibrolitic sillimanite and the other minerals grew simultaneously 
as products of the same reaction. The relatively stable, rational (low-energy) 
boijiidaries ofthe fibrolitic sillimanite grains [2] did not move during the final 
adjustment ofthe more mobile, irrational (high-energy) boundaries of the other 
minerals. 

(3) The fibrolitic sillimanite grew afier the other minerals, which nevertheless 
underwent recrystallization and consequent adjustment of their boundaries with 
the sillitriaiiite. These.mincrals could have been (i) pre-existing unreactive miner
als that were slable or metastable under the conditions of growth of th'e sillima
nite, or (ii) reactants present in e.xcess of the amounts required to participate 
in the sillimanile-forming reaction. The boundary adjustment of these niinerals 
conceivably could have been promoted by (i) deformation occurring at the 
same time -as growth of the fibrolitic sillimanite and causing recrystallization 
of the other minerals, (ii) the formation of the sillimanile iii' a dehydration 
reaction lhat released water or hydroxyl lo assist grain boundary movement. 

Even where the fibrolitic sillimanite occurs as inclusions in other minerals, 
in such a way that criterion (5) for " harmonious" fibrolitic sillimanite is satisfied, 
the sillimanite could have belonged to the same assemblage of chemically com
patible minerals as th.e enclosing minerals. Although it may have finished gi-ow-
ing before the enclosing minerals completed the adjustment of their boundaries, 
il may well have grown mimelically in former folded micaceous folia at the 
same time as the other mineials vvere growing, eventually to be enclosed by 
them. 
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On the other hand, where the microstructuies indicate that fibrolitic sillini;i. 
nite grew afier the final positioning of grain boundaries between the oiher 
minerals, the metamorphic implication is that the other minerals were noi 
produced in the sillimanile-forming reaction. However, the other minerals were 
not necessarily unstable with respect to sillimanite. They coiiki have been stable 
or metastable relics of an earlier metamorphic assemblage" there being insulTi. 
cient time fpr them to adjust their boundaries lo the fibrolitic sillimanite under 
the prevailing metamorphic. conditions. 

Conciiision 

Though careful interpretation of microstructural relationships can indicate tlie 
time of growth of fibrolitic sillimanite relative to the final adjustment of boun
daries of other minerals present, several alternative metamorphic explanations 
are generally possible. Therefore, caution should be used, first, in making micro-
structural interpretations (concentrating on relatively unambiguous relationship.\) 
and, second, in inferring metamorphic reactions on the basis of microstructural 
interpretations. 

Unless all "harmonious" fibrolitic sillimanite represents pre-existing stable 
or metastable material, we can say that some fibi-olitic sillimanite-forming rcaĉ  
tions result in microstructurally well-adjusted aggregates that obliterate pre
existing microstructures, whereas other fibrolitic sillimanite reactions do mii 
involve significant microstructural modification of pre-existing- aggregates. The 
full explanation of this dicholomy of microstructures involving fibrolitic sillini;i-
nite is not yet available, but we suggest that microstructurally well-adjusted 
("harmonious") aggregates are favoured by one or more of the follow-ing condi
tions, whereas microstructurally non-adjusted ("disharmonious") aggregates are 
favoured by the absence of one or more of these conditions: 

(1) The fibrolitic sillimanite is formed in any reaction other than a polymor
phic change from andalusite or kyanite -to sillimatiite, since other reactions 
involve other minerals in the rock, and so would promote motion of grain 
boundaries of these mineials. Even a local inetasomatic introduction of alumi
nium to form sillimanite would involve removal of part of another mincnil, 
although the volume of rock involved might be so small and the replacement 
so local that most of the grain boundaries between other minerals might iiiH 
be involved. 

(2) The fibrolitic sillimanite is fonned in a dehydration reaction, releasing 
waler to assist movement of grain boundaries between other minerafs. 

(3) Deformation accompanies the growth of ihe fibrolitic sillimanile, pronu'i-
ing recrystallization of the other minerals. 

We hope that our distinction between different types of aggregates invob'iiV 
fibrolitic sillimanite may promote furiher detailed description and lead to " 
clearer understanding of the metamorphic significance of the dichotomy «>! 
microstructures discussed herein. 
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VI.5. LIQUID FRACIIONATION 

L. N. Kogarko, L D. Ryabchikov and H. Sorensen 
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VI.5.1. Introduction 

In a number of igneous provinces differentiation 
processes, such as fractional crystallization, 
filter pressing or assimilation, fail to explain the 
observed serial relationships. Instead the investi
gators refer to processes involving enrichment 
in fugitive components, such as gaseous transfer, 
pneumafolytic, filtrational or diffusional dif
ferentiation and thermodiffusion (the Soret 
effect), or to liquid immiscibility. 

Hamilton (1965) has coined the term 'liquid 
fractionation' in order to describe the processes 
by which a magma is differentiated into parts of 
graded or contrasted compositions without 
involving crystallization of anhydrous minerals. 
This migration and separation of the com
ponents take place in the liquid state by diffusion 
of mobile components in response to tempera
ture-pressure gradients, by gaseous transfer of 
volatile material, or by liquid immiscibility 
(liquation). 

These processes may be described under two 
main headings, pneumatolytic differentiation, 
resulting in upward migration of volatile con
stituents towards the apical parts of magma 
reservoirs, and liquid immiscibility, resulting in 
a splitting up of the magma during or prior to 
crystallization. 

In cases it may be difficult to distinguish a 
build-up of volatiles in residual melts due to 
crystallization of anhydrous minerals from 
concentralion of volatiles brought about by 
migration of material in the liquid magma. 

Vl.S.2. Examples of the Application of the 
Pnetimatolytic Differentiation Hypothesis 

VI.5.2.1. Volcanic Provinces 

In Chapter 11.5 pneumatolytic differentiation 
is invoked to explain the petrology of the 

Fitzroy Basin, Western Australia, the Nyira
gongo volcanic field, Kivu; and fhe Roman 
volcanic province. In Chapter 1V.4 this process 
is considered in order to explain the relations at 
Mont Dore, and in Cantal, Eifel and Bohemia. 

In the Roman volcanic region fhe first emitted 
portion of a magma, the most superficial part, is 
richest in pneumatolytic elements (Locardi and 
Milfempergher, 1969, p. 10). This is demonstra
ted very clearly in the distribution of U and Th 
and it appears that this effect is besl developed 
in volcanoes fed by magma reservoirs of great 
vertical extension, as for instance the Vico 
volcano, while magma chambers of slight 
vertical extension do not display this phenome
non. 

In the Vico complex there is a progressive 
enrichment in potassium but when pneumato
lytic differentiation dominates in fhe apical part 
of the magma there is a sharp decrease in 
potassium which is not balanced by an increase 
in sodium (Locardi and Mittemperghcr, 1967, 
p. 330). This may.be due to a loss of K from the 
pyromagma and is displayed in low K/Rb ratios 
and high U/K and Th/K. ratios indicating that 
there is no simultaneous enrichment in K, Rb, U 
and Th. 

Upton (1969, p. 5) has pointed out that in the 
Midland Valley of Scotland the uprising magma 
bodies have experienced some form of differen
tiation such that their upper portions were 
enriched in silica and alkalis. This process was 
minimal in the fast rising magmas, which 
foimed the plateau lavas, but more important in 
slower rising or stagnant magma columns. 

VI.5.2.2. Differentiated Sills and Oilier Intrusions 
In differentiated sills and laccoliths there often 

is a silicified (in tholeiitic intrusions, cf. 
Hamilton, 1965) or a zcolitized (in alkali 
basaltic intrusions, cf. Wilshire, 1967) zone 

1 
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immediately beneath the upper chilled zone. 
This volatile enrichment is partly caused by a 
build-up of volatiles in the residual melt, but 
also by liquid fractionation (Hamilton, 1965; 
Wilshire, 1967). A famous example is the 
Shonkin Sag laccolith (Hurlbul and Griggs, 
1939; Nash and Wilkinson, 1970) in which the 
upward increase in the content of volatiles is 
seen in increasing grain size and zeolite content, 
and in the change of mafic minerals from 
olivine-augite to sodic pyroxenes and amphiboles. 

In the Gardar province (IV.3)* syenitic and 
gabbroic rocks are commonly associated within 
the same dyke fissure. In the giant dykes gabbro 
is intruded by syenite, in thin dykes the opposite 
relation is seen. Fractional crystallization cannot 
alone account for this evolution, but it is 
suggested that the parent alkali gabbroic magma 
was split into an upper syenitic and a lower 
gabbroic part (Bridgwater and Harry, 1968) by 
means of diffusion of alkalis etc. in the liquid. 
This differentiation may have taken place during 
a slow ascend of the magma in the dyke fissure. 

The order of succession of the phases of the 
composite KGngnat intrusion, the Gardar 
province (IV.3) suggests an emplacement of 
magma from an underlying graded magma 
reservoir consisting of a syenitic top and 
gabbroic bottom. Each body of syenite in this 
intrusion displays enrichment in alkalis and 
volatiles in its upper parts. 

This enrichment of volatiles in the uppermost 
parts of magma bodies has a pronounced 
influence on the mineralogy and petrochemistry 
of the intrusions, and also on their internal 
structures. The density gradients established in 
this way create stagnant conditions and pro
mote crystallization in the lower parts of the 
magma body, while crystallization is retarded in 
the upper parts. 

VI.5.3. Mechanism of Pneumatolytic 
Differentiation 

In Chapters 1.2.7. and Vl.4.1. reference is 
made to some of the more important papers 

• Readers are referred to the relevant Chapters of this 
book where similarly cited. 

discussing the role of pneumatolytic differentia
tion. 

As discussed in Chapter VI.4.1, the different 
authors have reached no unanimous opinion 
concerning the aggregate state of the volatile 
components migrating towards the apical parts 
of magma chambers. 

Saether (1948) and Kennedy (1955) empha
sized the role of diffusion along pressure and 
temperature gradients resulting in a concentra-
fen ot gases in the upger parts of magma 
cHampers, cnaracterized by the lower tempera
tures and pressures, in order to maintain the 
physico-chemical equilibrium in the magma. 
Alkalis accompany the volatiles towards the 
apical parts. The Soret effect is thus not the 
only cause of differentiation buf_£ressure 
gradients also provoke diffusion (cf. Wilshire, 
1967, p. I53T"^ 

The importance of diffusion of volatiles in 
granitic and granite pegmatitic magmas has 
been contested byjurnham (19671 and Jahns 
and Burnham (1969) who point out that the 
equiliBrium wafer pressure gradients are much 
smaller than considered by Kennedy (1955) and 
that this driving force for diffusion of water to 
cstablish_o':mf̂ tic equilibrium is thus fairly small. 
They favflmjransportation of volatiles in vapour \ 
bubbles rising through the magma. The im
portance of transportation ofjtiaterial in such 
KigH t̂emperature fluid phaseslias be^n demon-
strated experimentally, for instance by Orville 
(1963) and Burnham (1967). 

-MOWfeVer, Kogarko' (Chapter VI.4.i) RaT 
pointed out that water is more soluble in sye
nitic than in granitic magmas and that most 
volatiles are easily soluble in alkaline or per-
alkaline melts. Also granitic melts may dissolve 
larger quantities of water when they, as demon
strated by Tuttle and Bowen (1958) and Luth 
and Tuttle 0969), are enrichedinsodk 
PQ t̂assium.̂ In these cases crystaiTization of a' 
granitic melt may fake place without separation 
of a water-rich phase and there may be a/ 
^ntinuous passage from granitic melts into 
^ater-rich low^emperaturc liquids. 

The authors therefore mainhain that liquid 
fractionation by difi'usion of volatile components 

J 
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in very fluid alkaline and peralkaline melts is an 
important process in the genesis of alkaline 
rocks and that a water-rich vapour phase 
mainly separates from alkaline melts by boiling 
at near-surface conditions (cf. McCall, 1964 and 
Locardi and Milfempergher, 1967), or by filter 
pressing, cf. the Ilimaussaq lujavrites (Sorensen, 
1962). 

VI.5.4. Examples ofthe Application ofthe 
Liquation Hypothesis 

Liquid immiscibility has by a number of 
geologists (e.g. Loewinson-Lessing, 1884, 1935; 
Fenner, 1948; Holgate, 1954) been recognized 
as a possible mechanism in the origin of diverse 
magma types. These investigators suggested that 
an initially homogeneous silicate melt at a 
certain stage prior to crystallization splits info 
tsvo immiscible melts: one approaching rhyolites 
in composition and the other close to basalts. A 
number of workers (Afanasiev, ed., 1963) 
considered some structural features of acid 
lavas as the results of immiscibility in the 
liquid state. 

Marshall (1914) explained fhe sequential 
extrusion of basic, acid and alkaline lavas 
(including trachytes, phonolites and basaniles) 
wiihin the Cenozoic petrographic provinces of 
New Zealand by liquation in the essexitic magma 
of the source reservoir. 

The splitting up of alkali basaltic magma info 
two melts, one of which markedly enriched in 
water, has been proposed to account for the 
origin of rounded bodies of analcime trachy-
basall in phonolite (Tomkeieff, 1952), for 
natrolite bearing globules in a picrific sheet at 
Igdlorssuit, West Greenland (Drever, 1960), and 
for analcime syenitic ocelli in lamprophyres from 
the Montcregian alkaline province, Canada 
(Philpotts and Hodgson, 1968). The relations in 
the last named example correspond to the 
common association of nepheline syenite and 
essexite in this province. 

Liquid immiscibility may therefore have 
played an important pctrogenetic role in this 
province (IV.6). 

•Vugs of primary calcite, analcime and zeolite 

in ngurumanite (melteigite with iron-rich 
mesostasis) may be products of liquid immisci
bility (Saggerson and Williams, 1964). 

The separation of aqueous-saline liquid 
solutions immiscible wifh silicate melts may also 
take place at fhe latest stages of crystallization 
of alkali granites (Roedder and Coombs, 1967). 

The formation of immiscible silicate and 
chloride melts is likely to take place when 
silicate magma intrudes strata of evaporites 
(Pavlov and Ryabchikov, 1968). The formation 
of'anatectic' salf melts immiscible with alkaline 
magma at the time of intrusion may be expected 
at such contacts (cf. Jones and Madsen, 1959). 

Analcime-rich spheroids in lujavrites, and 
'dense' analcime rocks in naujaiies from the 
Ilimaussaq massif may have originated by 
separation of two immiscible liquids, one of 
which extremely rich in water (Sorensen, 1962). 
An aqueous-saline liquid immiscible with the 
silicate magma could be separated during the 
crystallization of agpaitic nepheline syenites. 
This second liquid phase, depending on the 
relative enrichment in fluorine, chlorine, or 
water, could form segregations of respectively 
villiaumite, sodalite or analcime rocks. 
Viltiaumite is distributed rather irregularly in the 
Lovozero foyaites forming separate patches, 
occasionally its content rises to 2-3%. Studies 
of thin sections suggest that this mineral could 
crystallize from separate liquids enriched in 
fluorine, chlorine and water. This is corrobo
rated by the close paragenesis of villiaumite with 
sodalite and analcime (Fig. 1). 

Another possible example of liquid immisci
bility in alkaline magma is the formation of 
carbonatites, which may be correlated with two-
liquid equilibria in alkali carbonate-silicate 
systems. This problem is discussed in detail 
elsewhere (VI.3; Koster van Groos and Wyllie, 
^lS63^-ia66ijai:itUierB66)^ • 
] The origin of magnetite (titanomagnetite)-
lapatitc deposits associated with alkali gabbro 

/intrusions is often ascribed to the process of 
I separation of an immiscible liquid. The ore body I 

of magnetite-apatite at Kiruna, Sweden (Geijer, I 
1931; Asklund, 1949) is made up of magnetiteJ 
with an admixture of apatite and negligible 
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Fig. 1 Villiaumite dark and sodalite (network around villiaumite grains showing 
'relief') aggregates in the mesostasis df foyaitc from the Lovozero 

Massif. x30, 1 nicol 

amounts of hornblende. The wall-rocks are 
porphyries of syenitic and quartz-syenific 
composition. • Fischer (1950), analyzing' the 
phase-diagram of fhe system 

FeiOj,-Ca5(PO 4)3F-Si02-Na,0 

concluded that experimentally obtained im
miscible melts correspond respectively to the 
ores and wall-rocks (cf. Vl.5.5.3). Bogatikov 
(1966) also demonstrated that the compositions 
of gabbro-syenites from the Sayans containing 
apatite-titanomagnetife ores correspond to the 
two-liquid field. 

The Khibina apatite deposits (see IV.2 and 
VII) may be products of immiscibiUty in an 
alkaline magma with the formation of two 
liquids: silicate and phosphate melts (Ivanova, 
1968). The rich apatite deposits form sheet-like 
bodies along the hanging wall of an apalite-
nepheline intrusion. These bodies are underlain 
by massive urtites. The majority of investigators 
consider the apatite ores and the underlying 
urtites to be syngenetic formations (Dudkin et 
al., 1964; Minakov et a i , 1967). 

VI.5.5. Experimental Data on Liquid Immisci
bility 

Liquid immiscibility in silicate-oxide systems 
(i.e. containing 0 - " as the only simple anion) 
was demonstrated experimentally in the classical 
work of Greig (1927). However, Greig has 
shown that two liquids may be in equilibrium 
in these systems only in a rather narrow com
positional range, characterized by extremely 
high concentrations of silica and low amounts 
of alkalis and alumina. According to Greig 
(1927) even the most acid of the natural igneous 
rocks are located outside the immiscibility gap. 
The compositions of alkaline rocks rich in 
alkalis and alumina are situated still farther 

the twaJ; 
iThe addition of volatile components (F, Cl, 

P, etc.) leads to the expansion of 
[liquid regions in silicate system<tKogarko and 

-1969).- T-hif^relatcd to the fact 
tl^at the dissolution of fugijjyg-eeft&tituents in 

results in the replacement of O-
anions by salt-forming anions such as F", CIV, 

,aga«<»Bg^?^fe^a^t^^g/iiPffg^ 
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Fig. 2 Tentative diagram of the two liquid region in the system Na, Al, Si|0, F after Kogarko (1967) 
and Kogarko and Ryabchikov (1969) 
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, f: I 

S^', and S04^", which in turn leads to the 
appearance of exchange equilibria of the type 

2NajO + S i C U ^ 4NaCI + SiOj. 

These equilibria are shifted in such a way that 
salt-forming anions are bound with basic 
cations—Na, K, Ca, Mg, etc., while silicon is 
surrounded by the polarizable oxygen. This 
leads to a microheterogeneity of the silicate 
melt, and in the case of strong displacement of 
equilibria (when AG of these reactions is large, 
see Blander and Topol, 1966) it causes a hetero
geneity in a megascopic scale—i.e. two separate 
melts are formed—one rich in salt components 
(ionic) and the other rich in silicates (poly
merized). 

VI.5.5.1. Systems Containing Fluorine 

Ol'shansky (1957); Ershova (1957, 1962); 
Ershova and Ol'shansky (1958) have demon
strated significant increases in the dimensions of 
the immiscibility gaps in the systeins CaO-CaF,-
SiOj, MgO-MgFa-SiO,, CaO-CaFj-ALOa-
AlFg-SiO,, etc., as a result ofthe substitution of 
oxygen by fluorine. Later it was shown 
(Kogarko, 1967; Kogarko and Ryabchikov, 
1969) that immiscibility exists in fhe system 
Na-Al-Si|0-F (Fig. 2). This field of liquid 
immiscibility includes fhe petrologically im
portant joins NaAISiO^-NaF, 
NaAlSiO,,, NaaAIFg-NaAlSiaOg, 
SiOa- The join NaAISi^Oa-NaF is probably not 
far from the critical point of the immiscibility 
field. 

NagAIFs-
Na,AlFe-
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NoAISiO,. , , , , r 
50 

Weight % 
Fig. 3 Phase diagram for the join nepheline-NaF (Kogarko and Krigman, 1970) 

nepheline or carnegicite and silicate melt; 
silicate melt; 
liquid immiscibility in microscopic scale; 

IV. two liquids; 
V. two liquids and nepheline; 

fluoride-rich liquid; 
nepheline and fluoride-rich liquid; 
nepheline and viltiaumite; 
field of unknown crystalline phase. 

(1) homogeneous melt; (2) one crystalline phase -F liquid; (3) microliquation; (4) macroliquation; 
(5) one crystalline phase -I- two immiscible liquids; (6) below solidus. 

I. 
n. 

III. 

VI. 
VIL 

VIII. 

In the system NaAlSi04-NaF (Fig. 3) there is, 
besides the field of stability of two liquid phases, 
a field in which nepheline coexists with the two 
immiscible liquids. This indicates a slightly non-
binary behaviour of fhe join nepheline-NaF. 

VI.5.5.2. Systems Coniaining NaCl 

Koflova ct al. (I960) established an almost 

complete immiscibility of liq-.iids in the system 
SiOo-NaCl. The immiscibility gap in fhe molten 
state was shown to extend from this boundary 
join into the region of considerably more alkalic 
compositions in the system NaCI-Na.iO-ALO:,-
SiOs (Ryabchikov, 1963). With increasing 
alkalinity fhe mutual miscibility of silicate and 
chloride melts rises, but the addition of even 

r^^ss 
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NaAISiO^ 

Na/ljSijO^jC) 

Sod+ l 

Ab+L 

NaAIS^O, NaCl HaCI 

Fig. 4 Tentative phase diagram for the system NaAlSiOii-NaAlSijOs-NaCl. (a) Semi-quantitative dia
gram drawn in scale (the composition of the cldride-rich melt coincides with the NaCl corner); (b) 
Qualitative diagram for the convenience of discussion. The transition nepheline ^carnegicite is, not 

shown 

Legend: Cg,= carnegieite;; Ne — nephelirie; Sod = sodalite; Ab = albite; Li = silicate-rich melt; 
L, = chloride-rich rnelt. 
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small amounts of NaCl to silicate> riierts which 
are close in compo.sition to alkaline magmas 
leads to the appearance of two ininiiscible melts. 
In particular, in the presence of as little, as V% 
chlorine by weight a melt of natural lujavrite 
(from the Lovozero massif) splits into two 
liquids (Pavlov and Ryabchik'ov, i'968). 

The solubility of NaGl in silicate melts in 
equilibrium with sodium chloride melts in the 
joins albite-NaCI and the albite -f nepheh'ne 
eutectic-NaCl is within 2-3 wt. ;% at various 
temperatures (RyaUchikov, 1963; Koster van 
Groos and Wyllie, 1969). Evert-at 1550'C the 
solubility of NaCl in nepheline melts sattirated 
with respect to sodium chloride melt is only 
2-2 wt ,% (Kogarko and Ryabehikoy, 1969). 

VI.S.S.3. Systems Contaiiiing Phosphorus, Sulphur 
or COi 

Wide fields of immiscibility between melts bf 
almost, pure Si02 and silicate-phosphate,liquids 
in the system CaO-p305-SiQ.2 were demon
strated by the experiments of Tromel (1943). The 
immiscibility of fused calcium phosphate and 

ferrous oxide in the system CaO-FeO-PaOs was 
reported by Olsen and Metz (1945-46), Fischer 
(1950) continued the investigation of iron oxide-
phosphate systems. He foutid an extensive two-
liquid field in the system Fe3;02/-Caii(P04)jF5 
which is closer to natural compositions. 

Ill the systern Na3p-SiQa-Ga3(PO,,)2-Ai203 
investigated hy Meicntiev.and Ol'shansky .(,1952) 
the vliqutd • immiscibility- -field" includes the 
petfo logically important joins i- Caa(PO ̂ ^a-albite, 
the albite -(- silica eutecttc-Caa(P0,)2, apd 
nepheline -(- albite eutectic-ea3(P04)2. With 
increase in the contents of alumina and sodium 
oxide the immiscibih'ty gap contracts (Fig, 5). 

Numeroiis silicate-sulphide mixtures give 
two, liqiiida after melting. These .systems are 
reviewed by Ol'shansky (1950), Smith (1961) and 
MacLean (1969). 

The equilibrium,of two liquid phases (silicate 
and carbonate) was also observed at elevatisd 
pressures and teniperatures in the system 
NasO - CaO - AUQ5 - SiO, - CO. - H^O (VL3 ; 
Koster van Groos and Wyllie, 1963, 1965, 1966; 
Koster van Groos, 1966), 

y L-l̂  •^••j^.L^.^L^J - Ml^fcjfa^lJ g^^.-UJjj l^Fg^g|^ g;H^T^»^ST!^5^53S^^^^S%«c 
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Fig. 5 The two-liquid field in the system NaaO-
Al203-Si02-Ca3(PO,)2 (after Melcntiev and 
Ol'shansky, 1952) with the plotted compositions 
of various rocks from the Khibina apatite deposit 

after Dudkin e/a/., 1964) 
I—one liquid; II—two melts; (I) ijolite-urtite; 

(2) apatite ijolite; (3) reticular apatite-nepheline 
rocks; (4) lensc-likeand banded apatite-nepheline 
rocks; (5) spotted nepheline-apatite rocks; (6) 
lense-like and banded apalite-titanite-nepheline 
rocks; (7) spotted apatite-nepheline rock from 
the Poach-Vumchorr deposit; (8) banded rock 

from the same deposit. 

VL5.5.4. Systems Containing Aqueous Salt 
Solutions 

Tuttle and Friedman (1948) and Friedman 
(1951) described equilibria of two immiscible 
liquids (silicate-rich and wafer-rich) and vapour 
in the systems Na20-Si02-H20 and NaoO-
AljOj-SiOa-HjO. The appearance of such 
equilibria in these systems is due fo the con
siderable decrease of silicate liquidus tempera
tures caused by fhe addition of water. Above 
certain critical temperatures (c. 390 °C in the 
experiments of Tuttle and Friedman) aqueous 
liquid and gas phases become identical. 

An analogous situation arises in systems con
taining silicates, salts and water af much higher 
temperatures and pressures, because in the 
presence of salts the region of coexistence of 
gaseous and liquid aqueous phases extends to 
higher parameters than for pure water (i.e. 
addition of salt results in the rise of critical 
temperatures and pressures, Sourirajan and 
Kennedy, 1962; Ravich, 1966). With decreas
ing water content the equilibrium silicate 

melt -F aqueous saline solution may gradually 
merge into equilibria of silicate melt -J- salt melt 
in boundary systems of silicates-salts. 

Due to the immiscibility between silicate melts 
and concentrated aqueous saline solutions the 
systems silicate-salt-water must below certain 
pressures be characterized by the presence of 
univariant phase assemblages including crystal
line silicates, silicate melt, aqueous saline liquid, 
and gas. This problem is discussed in detail 
elsewhere (Koster van Groos and Wyllie, 1969; 
Ryabchikov, 1967). 

VI.5.6. Discussion of the Petrological 
Importance of Liquid Immiscibility 

From the brief survey of experimental data 
for silicate systems displaying immiscibility in 
the molten state one may conclude that fhe 
substitution of the 0^~ of the silicate melt by 
such acid anions as F", Cl", PO/" , COa^", 
SOi^^ etc. may lead to the formation of 
immiscible liquids. As has been pointed out in 
Chapter VI.4, alkaline rocks are characterized 
by maximum abundances of F, Cl, S and other 
volatiles. However, the concentrations of vola
tiles are not sufficient for the separation of liquid 
phases prior to crystallization. During the 
crystallization of alkaline magmas the con
centrations of volatile components are con
tinuously increasing and the condifions of the 
separation of immiscible liquid may be realized. 

VI.5.6.1. Sodalite Rocks 

Among silicate-salt systems the most exten
sive two-liquid fields are characteristic for the 
silicate-chloride systems. 

The maximum abundance of chlorine is 
reached in certain varieties of peralkaline 
nepheline syenites: fawites and poikilitic soda
lite syenites from the Lovozero massif. Kola 
Peninsula (IV.2; Gerasimovsky et a i , 1966), 
naujaifes from fhe Ilimaussaq massif, Greenland 
(IV.3; Gerasimovsky, 1969). They contain in 
average about 2-3% of chlorine and sometimes 
up to 5%. These compositions fall into the two-
liquid regions of the experimentally examined 
systems. 

ni^KitK:>ii-iaAiat§^aKLiM.<^^.\'s,s.9fsK gB,V4*i>. l t f tJIJ tJJ iUlL*B.I—_IU.»»lJP^J.IBJt .a-" ' .y-^ 
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Polyakpv and Kostetskaya (1965) suggested on 
the basis of geologieal data that the sbdalite-rich 
rocks and the lujavrites bf the Lovozero massif 
were products of "two immiscible liquids (cf, 
IV.2). We shall consider this hypothesis in the. 
light of physico-chemical and. geochemical 
evidence. 

For this purpose we construefed the semi
quantitative meiting diagram (Fig, 4) for the 
system NaAlSiOji-NaAlSigOs-NaCl based upon 
the experimental data of Koster vaii Groos 
(1966), Wellman (1968) aiid Kogarko and 
Ryabchikbv (1969), The topology of the mpre 
complicated phase diagram (Na, KjAISiO^-
(K, Na)A[Si,iOs-(Na, K)Cl, more closely corres
ponding to- natural magmas, must be similar. 
According to this diagramcrystalljzation of cer
tain compositions situated in the field of primary-
carnegieife (or nepheline under hydrous con-

. ditions) will result in the separation of the second 
chloride-rich.liquid phase before .-any sddaiite 
crystals appear. This liquid is in equilibrium with 
silicate melt and-nepheline crysfals-. The chloride-
rich liquid will either be disseminated in. the 
mixture Pf silicate melt and crystals or ascend 
and accumulate, in structurally favourable parts 
of the magma chamber. With further cooling 
the primary nepheline will react With the 
chlPridc-rich liquid under the formation of 
sodalite. This results in the consumptipn of the 
chloride-rich liquid in the majbr part of the 
intrusion, while near the places where the 
chloride-rich liquid is accumulated the-crystals 
of nepheline will disappear. The crystairtzation 
of this system is discussed in more, detail else^ 
where (Ktigarko and Ryabchikov, 1,969). The 
residual chloride-rich liquid (if it is preserved) 
has an extremely low viscosity, it may migrate to 
places where nepheline is- present' and be res
ponsible for the mctasoniatic sodalitizatipn of 
the latter. 

This scheme based upon a tentative phase 
diagram fits many features of .the natural sys
tems; the presence of, both primary arid meta-
,somatic sodalite and the occurrence of irregularly 
shaped bodies of sbdalite-rich rocks surrounded 
by lujavrites with lesser amounts of sodalite in 
the Lovozero massjf. These,sodalitcrrtch bodies 

.ihay be products pf the interaction" of Nad-rich 
liquid with nepheline and silicate melt near sppts 
of- accumulatiPn bf the chloride-rich liquid 
(Kogarko and Ryabchikov, 19,69). The data on 
the distribution of Cl and Br among the poiki
litic sodalite<,syertite and the surrounding lujav
rite of the Lovozero massif cbrrdborates the 
hypothesis on the leadirigrole of liquid immis
cibility in the origin pf the sodalite-rieh bodies 
(Kogai'ko and Gulyaeva, 1965), 

The poikilitic sodalite syenites of the Ih'-
mauss'aq iritrusipn (naujaites, cf. 11.2.2.5) are 
rieariy identicaUo thpse of Lovozero. It should, 
however, be pointed out that all investigators of 
the Ilimaussaq infrusibn favour the view that the 
naujaites, which forrii a zone several hundred 
:iTietres :thick in the upper part of this intrusion, 
are fibtation cumulates formed by flotation of 
sodalite crystals in a= very fluid gas-rich magma. 
This interpretation is in iagreemerit with field, as 
well as experimental evidence (Sorensen, 1969). 
It may for instance be pointed put that the 
naujaite upwards grades into sodalite foyaite 
having interstitial sodalite and that itJs intruded 
by the.clearly younger lujavrite, Ssrensen (1970) 
has therefore-pointed at the ppssibility that the 
Lovozero naujaites similarly may, originally, 
have formed a continuous upper zone which is 
now partly engulfed by lujavrites. 

Sulphide deppsits, whose genesis is ascribed to 
the formation of immiscible sulphide melts, are 
not related to alkaline magmas-; they occur with 
basic-ultrabasic complexes. However, the pres
ence of S-~ alongside with Cl" in' agpaitic 
nepheline; syenites may contribute to the forirta-
tion of a second immiseibSe; liquid in the case of 
sodatite-rich rocks which contain signilicant 
concentrat'ions of S"" (0.-16.vvt, %) as contrasted 
with -the surrounding lujavrites (0-08 wt: %) 
(Gerasimovsky ei al,, 196^), 

VI.5.6.2. Fluorine-Rich Nepheline Syenites' 

Experimental factual kriowledge shows that: 
fluorine expands the two-liquid fields in silicate 
systems, thoiigh to a lesser degree than chlorine. 
Agpaitic nepheline syenites (Lovozero, Ili
maussaq, Islands pf Los) contain exceptional 
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high concentrations of fluorine, which con
tinuously rise to the end of crystallization. 
According to our estimates the residual melt 
(taken as mesostasis among euhedral nepheline 
and feldspar) may have contained above 30 wt. 
% of NaF. 

When comparing this value with the data from 
the system NaaO-ALOj-SiOo-NaF and in par
ticular the join nepheline-NaF (cf. VI.5.5.1), one 
may deduce that under dry conditions the com
position of the residual melt is close to the 
immiscibility gap. (Unfortunately, a detailed 
knowledge of this system under hydrous con
ditions is still absent.) 

VI.5.6.3. The Apalite-Nepheline Ores of Khibina 

Dudkin et al. (1964) have plotted fhe com
positions of the apatite-nepheline ores of 
Khibina (cf. VI.5.4) and the underlying urtites 
on the melting diagram of fhe system NaoO-
Si02-Al203-Ca3(POj), (cf. VI.5.5.3). The bulk 

.compositions of numerous ores (silicate -{-
phosphate components) fall info the two-liquid 
region (Fig. 5). The compositions of the very 
rich ores and the underlying urtites fall beyond 
the limits of the experimentally determined 
immiscibility gap. Hence Dudkin el al., con
cluded, that the major process in the formation 
of ores was the separation of an immiscible 
second liquid. However, the extraordinary high 
melting points of F-apatite—1650 °C (rich ores 
are almost monomineralic apatite)—makes this 
hypothesis less plausible. 

Our data on the system apafite-nepheline-
HoO (Kogarko and Lebedev, 1968) show neg
ligible lowering of the apatite liquidus by the 

addition of nepheline and by increase in water 
vapour pressure. There is no basis for assuming 
that the melting temperatures of the apatite-
nepheline rocks were significantly suppressed by 
the presence of sodium chloride or sodium fluo
ride, because villiaumite and sodalite arc scarce 
in these rocks. Due to the very extensive field of 
crystallization of primary apatite (Kogarko and 
Lebedev, 1968; Kogarko, 1971) only rather high 
concentrations of NaF and NaCl may noticeably 
lower the liquidus temperature of apatite. 

VI.5.6.4. Conclusions 

The students of alkaline igneous provinces 
often have to invoke pneumatolytic differentia
tion in order to explain the geological relations 
observed in the field, and the geochemical 
trends observed in fhe laboratory. As most vola
tiles, including water, are easily soluble in alka
line and peralkaline melts, processes involving 
migration of volatiles along pressure and tem
perature gradients in alkaline magmas are 
likely to be of petrological importance. 

The separation by liquation is, however, not 
likely to be an important factor in the genesis of 
alkaline magmas. However, at the late stages 
of crystallization of alkaline magmas the 
separation of a second immiscible liquid is pos
sible, which consists predominantly of salts and 
volatile components. This liquid phase differs 
profoundly in its chemistry from silicate melts, 
and its crystallization or metasomatic action on 
the earlier solidified minerals will consequently 
lead to the appearance of exotic rocks, such as 
carbonatites, apatite-magnetite ores, sodalite 
and analcime rocks, and agpaitic nepheline 
syenites strongly enriched in villiaumite. 
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VL6. RESORPTION OF SILICATE MINERALS 

W. C. Luth 

VI.6.1. Basic Principles 

When attempting to evaluate the role of resorp
tion of silicate minerals by a magma the overall 
mass, energy and volume relations in the system 
must be considered. A key factor is related to the 
thermal energy, or heat, balance in the resorp
tion process. As Bowen (1928) pointed out, in 
general the heat of mixing in the liquid term will 
be small in comparison wifh the heat of melting. 
This feature, in combination with the increase of 
solubility of silicates with temperature, led him 
to conclude that the solution of a (crystalline) 
silicate results in absorption of heat, an endo-
thermic process. However, if as a consequence of 
the solution of a crystalline silicate in a saturated 
magma, crystallization ensues then some heat (of 
crystallization) will be liberated, an exothermic 
reaction. 

In the analysis of resorption processes we will 
be concerned with the interdependence of several 
thermodynamic variables. Rather than treat the 
relationships in terms of energy we shall examine 
these phenomena in terms of the more familiar, 
and at least potentially measurable, parameters 
pressure {P, units of bars, = 10" dynes/cm'-), 
temperature (7, units of °C, or °K), Volume 
{V, units of cm^), and mass (units of grammes). 
In this sense P and Tare intensive parameters. V 
and mass are extensive parameters. It is often 
useful to represent mass reduced parameters 
derived from the extensive parameters such as 

specific volume (1^ = l/p) and mass fraction (or 
wt. %) in order to evaluate the behaviour of the 
system in terms of intensive parameters. 

A pertinent question relating to an analysis of 
resorption could be formulated as follows. What 
are the consequences of adding X g of 
crystalline material, or mineral, to K g of a 
liquid, or silicate melt? Intuitively we would 
believe this to be dependent on the condition of 
the crystalline material, as well as on the value of 
X relative to / , and whether or not the silicate 
melt is saturated wifh respect fo the same, or a 
different, crystalline phase as the one which is 
being added. Thus we see that the relatively 
simple question, as stated above, is not capable 
of a straightforward simple answer, other fhan 
to say that changes will, in general, be the result. 
In order to express the question in an answer
able form it must be modified. It is, I think, 
obvious that the nature and mass of both 
crystalline material and liquid must be stated. 

A modified question would then be: What are 
the effects on P, T, V, V. mass, relative propor
tions and composition of the phases if 10 g 
of diopside are added to 100 g of a liquid 
of the composition 60% Ca,MgSi,,0, 40% 
CaMgSijOg at 1405 "C and I bar which is 
just saturated (at the liquidus) with akcrmanite? 
(Fig. I a). A portion of the question can be 
answered directly in that the total mass of the 
system is now 110 g and fhe bulk com
position is composed of 50 g CaMgSiaOg and 
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THE LEVER RULE WITH FRACTIONAL 
CRYSTALLIZATION AND FUSION 

S. A. MORSE 

Department of Geology and Geography, University of Massachusettj, 
Amherst, Massachusetts 01002 

ABSTRACT. The lever rule can be used in fractional crystallization and fusion p; 
Icms with phase diagrams to evaluate the relative proportions of liquids and soln! 
any stage, -llic problera in crystallization is to find the total solid composition (I-, 
which is a trivial exercise with eutectic systems, but one requiring either a nimir. 
(Rayleigh) solution or a graphical one \ehen solid sohilions occur. In either appi,u 
to the problem, the ratio of some coraponent in the crystals to that componcni in ., 
liquid must be cstiinatcd. In the numerical case the crystals have the instamai.r. 
solid composition (ISC), and the ratio is the Nernst distribution coeflicient. In ... 
graphical case, the crystals have the total solid composition, and the ratio is assuinrv . 
vai7 linearly between known initial and final states. ^Vhen the total solid comprK .• 
is know-n, tlie fraction of liquid is found by a lever connecting the liquid ami i., 
solid compositions, using the bulk composition as a fulcrum. An analogous proca'n-
is used w-ith fractional fusion, c.\cept in this case it is the total liquid compoM:.. 
(TLC) that must be found, either numerically or graphically. A few systems pcitiit-r 
to common basic rocks serve to illustrate the method. 

INTOODUCnON 

Phase diagrams are quantitative models of natural geologic sysirni 
We tend to take the quantitative aspect more or less seriously, depeiu'..;.: 
on the complexity of the natural system compared to the synthetic (Ke 
However, there are times when one would like to explore the quam.;.-
tive implications of a phase diagrara to the hilt, either for their predii: > 
value or for testing the relevance of a synthetic model to a particub • 
well-known natural system. For example, how much rhyolite, in the li:: • 
can be produced by the fractional crystallization of basaltic ni:it-" 
Although KjO is the component that usually provides the limitini; '•< 
swer, it would be nice to know the restrictions implied by, say, the ]i\>:' 
clase system alone. 

The lever rule is the graphical device that yields the crystahliij 
ratio when the compositions of the crystals, the liquid, and the SN»'" 
(that is the bulk composition) are known. This rule can be used in i" 
tional crystallizarion provided the composition taken for the QTMJ!' • 
that of all the crystals so far produced by the liquid; this conipi^!;' 
may be called the total solid composition, or TSC. By contrast ilif 
stanlaneous solid composition is tire solidus composition, which aN-" 
sweeps ahead of the total solid composition in fractional crystalli/J"" 
but which is identical with the total sohd composition in equilil'---
crystallization! Please refer to figure 1. The total solid compositi<'» ' 
lows a continuous path (TSC path) in compositional space throu.i;li"-' 
fractional crystallization process, and this path always terminates »'• 
bulk composition (BC).' The total solid composition also always H" 
toward the instantaneous solid composition (ISC), which lies on ilf ' 

'Bulk composition is used here as the composition of the system chosen fo' '"' _, 
ticular exercise. It does not vary during the exercise, contrary to the unforii""" " i 
of some authors. 
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. tangent to the liquid path. The instantaneous solid composition, 
.\cfore, lies on the leading tangent to the TSC path. The total solid 
•ijosition ahvays lies on the extension of a line (a lever) connecting 
, („ilk coraposition and the liquid. 

The purpose of this note is to call attention to various means of 
..jing the total solid coraposition corresponding to any liquid, so that 
,. lever rule raay be applied. The TSC raay be found rigorously in many 

,̂llllstances anti may be closely approximated in others. 
The lever rule may be used equally well in fractional fusion. In this 

< the total solid composition is known, and the total liquid composi-
,,ii (TLC) is found, using the same principles as for finding the TSC in 
-M.rllization. 

The lever rule may be supplanted by a Rayleigh distillation equa-
n with a variable exponent. The variation of this exponent can be 
.-.iiiated from phase diagrams, a procedure closely related to the linear 

FL = / / ( 4 . + ^ = . 0 7 /c' 
/ " Liquid path 

^ Path of the instantoneous 
'^^ solid composition 

— . Path of the total 
ŜC solid composition 

Tangent 
Tie line 

BCOBulk composition 
i , l Levers 

*'S. 1. Portions of fractional crystal and liquid paths in an imaginary X-X phase 
•«'3m. The early stages of crystallization arc not sliown; neither arc the final stages. 
'̂ ""S^ '̂̂ s 10 the liquid paths ab and be yield the instantaneous solid composition 
•' (ISC 1 and ISC 2). The total solid coniposition (TSC) continually moves toward 

• ''*C along path AB. When the liquid changes its course abruptly to be, a new ISC 
-•> results (ISC 2), and the TSC path changes accordingly to BC Two sample levers 

_'"S'i the bulk composition yield the fractions of liquid remaining (Fi) 0.15 and 0.07. 

wsriii.wy.wiwr'rrw-t̂ iy--- « - ? < « * * * * • • - ' • 
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approxiraation used in the giaphical metliod for finding die total v 
coraposition or totnl liquid composition. 

The principles for fractional crystallization and fusion will be li 
tratecl with three familiar systeras: anortlute-albite, diopside-aiiori! . 
albite, nnd forsterite-diopside-silica, all at atmospheric pressure. .•\ i,-, 
exaraple concerning fractional fusion will be given for forsteri(e-<! 
side-siiica-H.O at 20 kb. 

NOTA-nON 

The weight fraction of albite in, respectivelv, • 
liquid, the total solid coraposition, and the iiwi-
neously-formed crystals. 
Bulk composition, always the composition of the , 
tera. 
Fraction of system present as liquid. 
Instantaneous liquid composition (melting). 
Instantaneous solid composition (aystallization). 
Nernst distribution coefficient; ratio of the ur. 
fraction of a component in the ISC to that in liquii! 
Liquid. 
Ratio of the weight fraction of a component in ^ 
TSC to that in liquid. 
Ratio of the weight fraction of a component in •• 
TLC to that in the TSC. 
Total liquid composition (fractional fusion). 
Total solid composition. 

ANORTHITE-ALBITE 

Crystallization.—A few qualitative considerations may serve to iii.' 
trate the problem. For a liquid with bulk composition (BC) Aii„„ in r 
plagioclase system (fig. 2), the first crystals produced on cooling lia»t 
coraposition Ansr,.5. A continuum of crystal compositions (ISCs) '.' •-
here down to Ano is produced on fractional crystallization. The in-
and final total solid compositions (TSC's) are obviously Angs.s am' '̂ 
(= BC) respectively; the proportions and corapositions of crystals in 
continuum produced over all crystallization history must sum to thr '• 
composition. Applying the lever rule, the fraction of liquid F|. i» '̂  
when the total solid composition equals Angs.s and is zero when thr '•' 
solid composi^tion equals An„o. The problem is to find the pai!> "• 
total solid coraposition between the initial and final states. This nw 
done by a graphical approxiraation. 

For simplicity in the following discussion, let 
Ab ^ X,vh (tlie wt fraction). 

Let the ratio of Ab in the total solid composition to Ab in the liqt''<''" 
R = AbTsc/AbL (= K =AbxyAbi' for Fj, = 1). 

An independent solution for R will give the total solid compos"'"' 
sociated with any liquid. 

Ab^ Ab-fsc Ab'^i 

BC 

ILC 
ISC 
K 

L 
R 

R' 

TLC 
TSC 

The lever rule with fractional cr̂ j 

Kor the initial and final states, assumi 
• iiave 

Initial 
Final 

0.145 
0.40 

V j,< .n.ssumed constant at its mean value 
;iic TSC path is obtained; errors reach 
.,!• with some other bulk corapositioi 
..nly with Ab^ however, as plotted in 
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f -.Phase diagram of the plagioclase feic 
• iir ),„(..., are shown for the fractional crys 

•• "lid -I'SC (total solid composition) paths 
'•̂ '.•••ii- for these initial tie lines. The TSC 
••"11' Ihc upper graph. A single lever is she 

^K.iirsponding to the fourth line of tabl 
0.'.il. Fractional fusion of BC An«, is 

•'̂  ii'liiid. Alia,.,. This padi is plotted from 
--'U are given in table 2. 
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f-jjr the init ial and final states, assuming a bu lk composit ion of Anoo, 

,4ve 

Initial 
Final 

0.145 
0.40 

0.40 
1.00 

R^ 
0.363 
0.400 

(is .issumed constant at its mean value, 0.382, a crude approximation 
:< TSC path is obtained; errors reach 2 percent An (they get much 
...c with some other bulk corapositions). If R is assumed to vary 
idv with Ab^ however, as plotted in figure 2, a very close approxi-
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'"•2. Phase diagram ot the plagioclase feldspars, modified after Bowen (1913). 
'' lie lines are shown for the fractional crystallization of bulk compositions AUio 
'"v. and TSC (total solid coniposition) paths are shown originating at the solidus 
•'"iiions for these initial tic lines. The TSC paths are plotted from the values of 
"'•;'i in the upper graph. A single lever is shoivn for the bulk composition Aii^ at 
'-•corresponding to the fourth line of table 1; this lever yicltis the fraction of 

'- V- ~ 0.31. Fractional fusion of BC Aii.u is show-n by a TLC path originating at 
•itial liquid, Aoa,.,. This path is plotted fiom the curve for R' in the upper graph. 

-*' Jata are given in table 2. 
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mation of the TSC path is obtained, using a Rayleigh calculation 
below) as the criterion. Table 1 illustrates the results of this prore 
for arbitrarily chosen values of Ab^. The values of the fraction of ij,, 
FL are calculated from the relation 

F^ = ijs-i-l = AbBC-AbTsc/Abt-AbTsc. 

The total solid coniposition path, plotted frora the third columr 
table 1, is shown in figure 2. It is of interest to note from table I tb-
one seeks the amount of "rhyolitic" (An ^ 10) liquid to be deriviV. 
fractional crystallization of a bulk coraposition AUao. the answer is 8 :r 
cent of the initial mass. 

A similar treatraent for the bulk coraposition An^o yields the <»•, 
total solid composition path shown in figure 2. In this case, the vicK' 
"rhyolitic" liquid is 24 percent. One further test of the validity of av -
ing linear R is provided by this bulk composition: the first few ii 
points (not plotted in fig. 2) fall slightly within the loop. This is a . 
bidden region for TSC's, since the total solid composition cannot ad\:-. 
more rapidly than the instantaneous solid composition that lies on 
solidus. The points in question lie up to 0.6 percent An inside the soli 
whereas they should lie very slightly outside of iL The slight amoin.' 
the deviation suggests that the assumption of linear R is close enoiiijli • 
the kind of raodelling we seek to do with phase diagrams. 

A formal calculation of the relation between the total solid com;.-
tion and the fraction of liquid may be raade via the Rayleigh (189tii 
tillation equation, which may be written for present purposes 

Ab-rsc = Abpi- ( 1 - F ^ ' ^ ) / ( 1 - F L ) , 

where Abo'' is the initial weight fraction of Ab in the liquid, and ihf 
ponent K is the Nernst distribution coefficient Ab^'/Abi-; see for exn-
Neunian, Mead, and Vitaliano (1954) and Gast (1968). The distrihi. • 
coefficient K, however, is not constant but variable (in the pla,!;i'>̂  
systera and undoubtedly in natural systems as well), and its variaiio" 
be plotted and expressed analytically frora the phase diagram in tlu • 
lowing way. 

TABLE 1 

Values of R, Ab^sc, and F^ for selected values of AbH fraction.-i1 
crystallization of bulk coraposition Anjo 

Initial 

Final 

Ab"-

0.4 
OS 
0.6 
0.7 
0.8 
0.9 
1.0 

R 

0.363 
0.369 
0.375 
0.S81 
0.388 
0.394 
0.400 

Ab"" 

0.145 
0.185 
0525 
0.267 
0.310 
0.355 
0.400 

F.. 

1.0 
0.68 
0.47 
0.31 
0.18 
0.08 
0 

The lever rule with fractional aystall 

llic initial values of K and R are equal 
.liiiiic the total solid composition. In any 
•iiH-lase system, the final value of K is 1, ar 
r.il composition is nearly linear. In order to 
-•.neial utility, it is necessary to express K as 
iiiiiiid Fî . Since K spans the range 1 to /?„ ai 
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., for its variation have not been compile 
-i>i. Because K must be evaluated before t 
„t-(l. the graphical method is quicker. 
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! moves along the solidus, and its path is th 
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•.'um .\nao are posted in table 2, and the T l 
-.11 above the liquidus in figure 2. 
l! is interesting to compaie the volumes ai 
:i!icd by fractional crystallization and fusi 
:iiin in An-Ab; this is done in figure 3. All 
not produced at all by the fusion proc< 
-illi/.ation process yields a larger amount 
•; amounts of basic liquid. Identical amoui 

! 1)111 at a teraperature 20° higher for the 
<-iatiires of the fusion process constitute t l 
.i'lix'sses. For most of the intermediate and 
Mtkis are similar, and if the batch produc 
•! loniext, there would be little basis for d 

• -lUs of crustal fusion or crystallization. J 

TABLE 2 

X'alues of R', An^i-c and F^ for selecte 
fractional melting of bulk comp 

Final 

An"<: 

lial O.60O 
0.650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 

al 1.0 

R 

0.342 
0.374 . 
0.407 
0.439 
0.471 
0303 
0336 
0368 
0.600 • 
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'ABLE 1. 

r selected values of Ab^ fractional 
b.ulk.coniposition Auoo 

« 
~ 

0.36S 
Ti.369" 
0.375 
0.3SI 
O.SSS 
D.394 
0.400 

Ab^^<= 

' -
0.145 
0.185 
0.225 

. 0.267 
0.310 
0.355 

• 0.400 

F,. 

1.0 
0.68 
0.47 

-.. 0.31 
0.18 
0.08 
0 

The lever rule with fractional crystallization and fusion 

llie initial values of K and R are equal, because the first crystals 
,.;iiute the total solid coraposition. In any complete loop such as the 
..ulase system, the final value of AT is 1, and the variation of K with 
,1 composition is nearly linear. In order to make the equation above 

,„eral utility, it is necessary to express iif as a function of the fraction 
.iiiid FL- Since K spans the range 1 to J?o and F^ spans the range 1 to 

, . . I —(Fi,(l—i?o)). Using this relationship, the total solid composition 
«̂̂  calculated for chosen values of F^ or vice versa. Greenland (1970) 
[ivciissed the Rayleigh equation for variable iî , but analytic expres-

,, for its variation have not been corapiled for systems of geologic 
rnt. Because K must be evaluated before the Rayleigh equation can 
.Mil, the graphical method is quicker. 
fusion.—Fraction fusion (Presnall, 1969) in An-Ab may be treated 
(iically in a similar raanner to crystallization. In this case, it is the 

.: liquid coraposition (TLC) that is sought; the total solid coraposi-
• moves along the solidus, and its path is therefore known. The TLC 
.iiid by calculating R' = An''"'-^/An'rsc for the known initial and final 
^ and applying the linearly -derived interraediate values of R' to 
tttl values of the solidus coraposition (An'''̂ '̂ ) to find An""̂ *̂̂ . The 

;!is of such a calculation for the fractional melting of the bulk com-
:ion Auco are posted in table 2, and the TLC path for this process is 
vn above the liquidus in figure 2. 
!i is interesting to compare the volumes and compositions of liquids 
'need by fractional crystallization and fusion of the sarae bulk com-

•tioii in An-Ab; this is done in figure 3. Albite-rich liquids (An =̂  20) 
not produced at all by the fusion process, and consequently the 
• illization process yields a larger amount of albite-rich liquid and 
<-r amounts of basic liquid. Identical amounts of An^j liquid are pro-
•'! but at a temperature 20° higher for the fusion process. The higher 
'iCiatures of the fusion process constitute the main difference between 
•wocesses. For most of the intermediate and basic liquid corapositions, 
•iclils are similar, and if the batch products of the liquids were seen 
-if context, there would be little basis for deciding whether they were 
•nets of crustal fusion or crystallization. It is to be noted tliat the 

TABLE 2 

Values of R', An'̂ ^c^ and F,̂  for selected values of An'^^c, 
fractional melting of bulk composition Auoo 

An^so AnTi-c F., 

Initial 

Final 

0.600 
0.650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 
1.0 

0.342 
0.374 
0.407 
0.439 
0.471 
0503 
0336 
0368 
0.600 

0.205 
0.243 
0.285 
0.329 
0.377 
0.428 
0.482 
0340 
0.600 

0 
0.12 
0.24 
0.36 
0.47 
039 
0.72 
0.85 
1.0 
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An 

Fig. 3. Comparison of liquid volumes and compositions produced on fur... 
crystallization and fusion of BC = Anoo in the plagioclase system. The crysialli:. 
curve is also reproduced in figure 6 for comparison with Di-An-Ab. Abbrcxun' 
TLC, total liquid composition;. L, liquid. 

total liquid composition path is a curaulative curve, and as Bowtr. • 
often wrote, it would require "selective fusion oft-repeated" to |m« 
the continuum of crystalline products achieved in fractional n->̂  
lization. 

DIOPSIDE-ANOR-rHITE-ALBITE 

Crystallization.—A portion of the system is shown in figure I ' 
a bulk composition BC composed of (Anoo) 85 percent, Di 15 pci**-
the plagioclase -f liquid field. It is assumed for convenience tliai il" 
tem is ternary. A segment of a liquidus fractionation line^ BC-F î  >•'• 
dotted. "While the liquid moves from the bulk composition BC n> ^ 
instantaneous solid composition spans the range Ang, to Aucs- As J-* 
the total solid composition remains on the plagioclase sideline, i''" 
no problem in rigorously determining F^; for example when thr •' 
has just reached F in tlie figure, a line frora the liquid through il"- ' 
composition to the plagioclase sideline defines the total solid K"!-
tion, and the lever rule yields Fĵ  = 0.49. 

Now the trouble starts. As diopside (Di) d-ystallizes, die i<><-'' ' 
composition raust rise into the triangle along some such path ^*' 
in figure 4. As in the plagioclase systera, we have the initial an 
states corresponding to Fĵ  = 0.49 and F^ = Q (we ignore all «'•' " 

"Fractionation curve of Bowen; the term "liquidus fractionation lin'-
gesied by Presnall (1969). 
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Dl 

—Liquid poth 

- T S C poth 

-Tie line (to L) or 
construction line 
(to TSC) 

Lever 

ISC range, F,.' 1.0 to .49 
t,'. 4. Portion of the phase diagram Di-An-Ab, modified after Bowen (1915) 
• iiiig to data of Osborn (1942) and particularly Schairer and -Voder (1960), as 
•«1 in Morse (1973). The system is treated as ternary here, although it is not. 
lulk composition BC is (Auo,,) 85 percent, Di 15 percent. Truncated lines radial 

-. ;hc Di apex are like the legs of three-phase triangles, but the Di-l'lag legs meet 
!J1 solid composition of the plagioclase. not the solidus composition. The L (Plag) 
•iiiiion path is shown dotted. The remaining L (Plag, Di) path follows the field 
':iry .The Ab̂ **- values for the Di-Plag legs are found from a graph (not shown) 
H-rsus liquid composition. The positions of TSC's on these legs arc found from 
lussing through BC from the liquids. These levers yield the fractions of liquid 
•iticaied. The TSC path connects the derived TSC points. The point labelled ISC 

- iiisiantaneous solid composition for the liquid at F,, ~ 0.-19; it is located by the 
-'I to the liquid path and the (Di-.-̂ noj) leg of a three-phase triangle. 

iry effects). The corresponding values' for R are 0.328 and 0.400, 
"ing out smaller than in the plagioclase systera, since the component 
•rrows as well as flattens the projected plagioclase loop (Wyllie, 1963). 
'"timption of linear R between the initial and final states yields the 
^ of Ab'̂ sc and Fi_ in table 3. For each value of AbH the calculated 
•'•• of Ab'̂ ''*'' is used to plot the Di-plagi's<^ leg of a construction tri-
<̂- -V lever that defines the position of the total solid composition on 
''"S is then found by connecting the composition of the liquid with 
'tie values of Ab"-, Ab'''^'', and R are taken relative only to plagioclase component, 
'• 'hey are projected from diopside. 

I r 
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the bulk compositon. The lever rule may be applied to each such Ir 
to yield Fj .̂ These levers are not tie lines in the usual sense. The arij. 
total solid coraposition points found in this way raay be connctip 
form the TSC path, as shown in figure 4. The Di -I- Plag instant,-)!,, 
solid coniposition path is not shown in figure 4, but it lies just bcKn, 
cotectic curve, being in turn pioduced by tangents to that curve. A > 
ISC, the instantaneous solid composition produced when Fĵ  = 0.'-
plotted in the figure. A cruder solution for the total solid comix-
path in this system may be found in Morse (1973), where ISC pnil;. 
also discussed. 

Fusion.—Fractional fusion of the same bulk composition, illmi:. 
in figure 5, begins with the generation of liquid at 1213°C on thr • 
boundary. Extraction of this and succeeding liquids (insfantaneotrs 1 
compositions, ILC's) drives the total solid coraposition away fro::-
bulk composition along the TSC path (crystal path of Presnall. 1 • 
shown in the figure. The first instantaneous liquid coraposition p.. 
confined to the cotectic. The melting process is arrested at 1229''(.". i 
the loss of all Di from the total solids. Up to and including this mn::. 
the total liquid composition is given simply by the intersection «••. 
cotectic with a line through the bulk composition frora any clicsen ;. 
on the TSC path. Henceforward, after a large rise in temperature (IV 
the total liquid coraposition accrues plagioclase components only, I.. 
ing the dotted path in the figure. The value of R' = An'̂ ^̂ /̂An''̂ -'*'" w 
from 0.493 to 0.600 during this melting of residual plagioclase, ami !••• 
variation of R' is assuraed in order to estimate interraediate val.'-
AnTi-o for chosen values of AnTSc. The TLC path is then plottt^l. i>' 
An^Lc lines radial frora diopside, intersected by TSC-BC lines wlu'! • 
also levers from which F ,̂ may be determined. Two levers are sl"'* 
figure 5, at f̂  = 0.52 and 0.59. 

About half the mass of this bulk coraposition can be extrat" 
the lirait, as haplodioritic liquid before diopside is used up. Tl'f • 
increase needed to produce further melting of plagioclase is |>t̂ ''' 
adequate insurance ag^ainst sucli an event in nature. 

TABLE 3 

Values of R, AbTSc, and FL for selected values of Ab'-. 
bulk composition (Anoo) 85 percent, Di 15 percent 

Ab"- R AbT8C 

Initial 

Final 

0.4 
03 
0.67 
0.70 
0.75 
0.85 
0.95 
1.0 • 

0.400 • 
0.350 
0.328 
0.334 
0.346 
0.366 
0.389 
0.400 

0:160 
0.175 
0.220 
0.234 
0260 
0.310 
0.370 
0.400 

1,0 
0.7 < 

O.if 
0.M 
o, i : 
O.ii'' 
0 
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[, is of interest to compare the voluraes and compositions of liquids 
,̂ fcd by fractional crystallization and fusion in Di-An-Ab, as done 
, she two solid curves in figure 6. As with the plagioclase system, 
• are large differences in the amounts of albite-rich liquids produced 
j,,all differences in the amounts of more basic liquids. However, as 
•loted, there is a large thermal impediraent to the generation of the 

fihositic liquids required in fractional fusion, whereas the ternary 
,U produced by fractional crystallization of plagioclase in this sys-

. have much lower temperatures. 
.Also shown in figure 6 is the albite enrichment trend of the liquid 
''ractional crystallization in the An-Ab system, for comparison with 
•imilar trend in Di-An-Ab. Albite enrichment proceeds more rapidly 
.t ternary system, and an inflection occurs when Di joins the crystal-

(issemblage. 

Tie line 

Construction line 

Lever 

'"">— TSC path 

...;.... TLC poth 

G BC 

R 

0.400 
0.350 
0,328 
0.334 
0.346 
0.366 
0.389 
0.400 

Ab^sc 

0.160 
0.175 
0.220 
0^134 
0.260 
0.310 
0.370 
0.400 

Fy 

1.0 
• 0.74 

0.49 
0.4.̂  
0.33 
0.17 
0.05 
0 

fig. 5. Fractional fusion in Di-An-Ab, using the same bulk composition as in 
••••c4. The dotted line is the total liquid composition (TLC) path. Two instantaneous 

-1! composition (ILC) paths are shoivn, one on the field boundary and one on the 
••:>x:lase sideline. The TSC is driven au-ay from BC. by tangents to ILC's. The TLC 
•• is constructed from the ralio R', which yields An'"''=, and from intersections -iviih 
"' through the bulk composition from the total solid composition. Sample levers 

• "hown at fl, = 032 and 039. 
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FORSTERITE-DIOPSIDE-SILICA 

Crystallization.—The fractional crystallization of a bulk composiii. 
FOo5Dij.,(Si02)no is illustrated in figure 7. The phase diagram is redi.r.. 
frora Kushiro, 1972. Relations along die Di„8-Tr boundary are unccri., • 
but the liquid is assumed to leave the system. The liquid path is slim 
as a dotted line. The phases and assemblages produced are, in order, 1 
(assumed invariant for graphical convenience), Prgs. Prss -F Tr, Pig J. | 
and Diss + Tr. The liquid path L (Fo^s) is treated as though straight;,; 
path L (Piss) is very slightly curved, and the remaining liquid paths ,. 
confined to field boundaries, which are nearly straight. "The instantaiit> 
equilibrium for liquid G is L (Pig, Digs, Tr), and the reaction is odd, i). 
is, Pig -I- L = Digs -f Tr under continuous equilibriura conditions. I 
liquid will not stop here in fractional ci7stallization. 

The discontinuous instantaneous solid conip'osition (ISC) paths. 
as follows. The first ISC is FOs,, assuraed invariant for convenience. 1 
second is Pigg, var)'ing slightly toward Di; it is difficult to show this i.i 
rectly at the scale of the drawing, but it must start at a coraposition al-
the Fo-SiO, sideline and end at a slightly more Di-rich composition. I 
third is Prgg -f- Tr, on the extended tangent to the path of the liij 
toward S. The fourth is Pig -f- Tr, on the extended tangent to the liij. 
path from S to G. The fifth is Dî g -I- Tr, again difficult to draw witlh'.i 
introducing unwanted confusion; however, the ISC has a fleeting c» • 
tence on the tie line X-SiO, and thereafter follows closely behind 
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An 

Fig. 6. Comparison of liquid volumes and compositions produced on " * ' ' , 
crystallization and fusion of bulk composition (An„) 85 percent, Di 15 perff' ' ^ 
An-Ab. The curve for crystallization in An-Ab is reproduced.from figure 3 " ' 
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.-jl through G to places unknown. The final ISC path is not shown in 
( 7, because it overlies the liquid path until the latter becomes 

-Cl l . . . -
The total solid composition moves, after FL = 0.74, from FOg, toward 
ilien toward Pr̂ g -\- Tr, then toward Pig -f- Tr, where the TSC path 

., llie corner, then toward G and the field boundary passing through 
Ihe ranges of solid solutions are so small that calculations of R are 
,jrranted. Instead, the TSC path is constructed by tangents to ISC 
,, and the lengths of TSC path segraents are determined by lines 
xA\ the bulk composition from the appropriate liquids. The TSC 
; is shown in figure 5 as a medium-weight line, and a sample lever 
•1 L tlirough the bulk coraposition to the TSC path illustrates the 
lication of the lever rule at FL = 0.40. At this stage, the solids consist 
1 mass of dunite and a raass of enstatite rock in the ratio 43:57, given 
i solid-solid lever with fulcrum at the end of the tie line and ends 
,; lie at Fog, and Prgg. 

Ill this analysis it is assuraed that the araount of liquid leaving the 
Di-SiOj triangle is trivial, and that the liquid path terminates as 

Di , CoMgSijOg 

FDS 
BC 65-15-20 
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X Diss ond Pig(Liq.=G) 

;T:^~Liquid path 

/ ISC path 

TSC path 

— Tie l ine or lever 

F,_ Fraction of l iquid 

*|g- 7. The system forsteritc(Fo)-diopside(Di)-silica, after Kushiro, 1972. The liquid 
i< dotted, and a sample lever is shown for fr. = 0.40. .\bbreviations: Pr, proto-

"uie; Piĝ  pigeonite; Cr, cristobalite; Tr, tridymite. 
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^^^ • . ' ^ , x ^ r m t h tor the time after the liquid has Id-
shownin figure 7. The TSC P ^ ^ f ^ ^ ^ ^ ^ . m , shown at the scale of i -

^ ! ^ i ^ ' ^ : ^ ^ 2 X ^ i-p^^o- '̂ ^ "-̂ ^ °̂̂ ^ ^̂ ^̂ -drawing. Under the simplifying 
by the proce'ss are: 

dunite 
enstatite.-rock 
tfidymite-enstatiterock 
triaymite-pigeoniteroek 
tridyniite-diopside rock 

Fo-Di-Si0.-H,OAT2OKB 

^ ' - 5 = 1 % ! ? : ^ " ' \ . t n 1 Z . . i . figure 8. T.,e li,-
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Fia 8, The system forsterite XFo)^p^i^!J^;Hi^^'tSlS^ . Hg, s.. • ! - ^ ' f : ; -K"hi„, (1969): The constiuctron ^hP^*-*"™0,5^ uiul <" , 
20 kb pressuie, after Kusti.iro 41 wp; ,vith. sample levers at FL - " ^ ^ ^ '• 
sffid (IsC) paths in f ^ ? ^ " ? ^ l ^ t ' ^ ^ | r ^ t e / t o r iU^strauve p u ^ „ „ ,„.-
curvature of the cotectic line ->;)^^L.f^Sb^„,^ i-̂  tWo straighi-hne segn'^.i,,, .-' 
out experimental s 
a curved segment. 

cur-vature of the cotectic line .XY is exaggL-iiitu *«. —._. 
out experitnental vsignificahce. The TLC moves i'h two straighi-liiie scgnwi"-
a curveii segment. Dashed lines show the assumed liinits of pyioxcnc »<"'' 
after Yoder (1973). • : , ' •"-•'-
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d for illustrative purposes anil i> '-
in two straight-line scgnicnis i<>i»'' 
med limits of pyroxene solid .«''"•' 

The lever rule with fractional crystallization and fusion 343 

.. ired have the compositions Y, X, XW, and Fo. Of interest here is 
.nil of the total liquid coraposition, the TLC path, raarking the 

j„( summed composition of all liquids produced. The TLC path 
„»5 at first a straight raixing line, the line YX, dashed in the figure. 
. iiiiectic curve XY in the figure is given an exaggerated curvature to 
, iiiat the TLC path has nothing to do with the cotectic. 
llie extraction of the invariant liquids Y and X moves the total 

• foniposition first from the bulk composition to C, then from C to 
iilien the total solid composition has reached D, diopside is used up, 
:!ie liquids move along XW, the peritectic boundary. The total liquid 

.,;x)sition moves toward this collection of liquids, but its direction is 
•:;nated by the end of the boundary line near W as will be seen 
• ;lv. Point D is so close to the Fo-SiO: sideline that a ternary treat-
:t is difiicult. A close approximation can be achieved by projecting 
it D and the curve XW onto the Fo-SiO, sideline from Di and solv-

. [lie problem in the "binary" system. This procedure yields liquid of 
:j»sition (XW) 76 percent, crystals of forsterite 24 percent. When 
•iialized to the mass of the entire system, which has 62 percent solid 
lijjosition D, these figures become 47 and 15 percent respectively. Re-
iiiiig to the ternary diagram with this result of 15 percent solid 
tcrite remaining, a lever can be drawn from Fo through the bulk 
ijwsition and terminated at E so as to give Fj. = 0.85, FS(^FO) = 0.15, 
lh is the position of the last TLC before pure forsterite begins to 
,1. The TLC path from FL = 0.38 to 0.85 may now be constructed with 
.•lonstraint that it must lie everywhere below the extension of the line 
•t, which is the leading tangent to point E. It quickly becomes ap-
rnt that the TLC vector toward X and related liquids is micro-
t'ically short, and that the liquids sweep rapidly toward W. This is 
Ated in the TSC path, which quickly approaches the sideline Fo-En. 

Liquids Y and X correspond to raodel rhyolite and basaltic andesite, 
;«ciively, in the exaraple used by Yoder (1973). They amount to 20 
•cat (Y) and 18 percent (X) of the system. It is of importance to note 
•t the correct yield of liquid X is found only by a stepwise analysis 
•;i as by subtracting the amount of Y from the total yield of liquids 
- Y. The array DCX is not the desired lever; instead, it gives the 

"lint of liquid X generated from solid composition C which amounts 
•') percent of the system after extraction of liquid Y. Multiplication of 
- lever DCX by 0.8 gives the correct result, 18 percent, for the yield of 
'id X. 
h may be usefuL in such an exercise as Yoder's, to find explicitly a 

^ coniposition that will yield a specified ratio (such as equal amounts) 
••'liiids Y and X on fractional fusion. A siraple graphical solution of 
' a problera is now offered. Lines of constant yield of liquid Y are 
•uiisly parallel to the En-Di join as can easily be shown by similar 

'•'>:;les. Such a line for a yield of 20 percent liquid Y is plotted in 
-•<-' 9 and marked 0.20Y. The desired bulk composition, supposing an 

i 

) 
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Metal accumula t ion rates over the East Pacific Rise and Bauer Deep rule ou l normal authigenic precipi ta t ion of 
iron and manganese as the major mechanism of enr ichment to the metall iferous sediments , A h y d r o t h e n n a l source 
located along the East Pacific Rise is compat ib le wilh the transit ion metal and a luminum accumula t ion rales, l-'or the 
Bauer Deep the accumula t ion rule data suggest ei ther that metal-bearing phases arc being lran.sported from the rise to 
the pro tec ted basins of the deep or that a second hydro the rmal source exists within the Bauer Deep. A major por t ion 
of the minor e lements being deposi ted in the Bauer Deep could result from authigenic prec ip i ta t ion , thus account ing 
for their dist inctive chemical compos i t ion . 

% 

? 

.rJ3 

1 

1. Introduction 

The enrichment of transition and other metals at 
the crests of mid-ocean ridges has been well docu
mented [1-6] . The unusual chemical coniposition 
[5], distinctive isotopic composition [3,6,7], and 
close association with submarine volcanism has led to 
the conclusion that these sediments form by precipi
tation from submarine hydrothennal solutions re
sulting from the reaction of seawater with cooling 
basalt lava [8]. 

Although these types of deposits are typically as
sociated wifh active spreading centers, at least one 
deposit has been described which is adjacent to but 
not on the ridge crest - the Bauer Deep [7,9,10], The 
l̂ auer Deep [10], which lies between the Galapagos 
Rise, an extinct spreading center to the cast, and the 
East Pacific Rise (EPR) lo the v.-es' (Fig. 1), is one of 
the niajor basins within the Nazca Plate. The 4000-m 
t'ontour roughly outlines the basin which appears to 

consist of several deep, morc-or-lcss parallel valleys. 
The deepest valleys are in the western portion of the 
deep, in a region of great local relief that marks the 
contact between the older crust generated at the 

• Galapagos Rise and the crust formed by spreading at 
the EPR [11 [.The Y7I-7-36 MG2 core used in this study 
(Table 1) was recovered from one of these valleys. 

In this paper we compare metal accuinulatioii rate 
data for the Bauer Deep, the EPR and the flanks of 
the EPR, in order to evaluate the origin of these un
usual deposits. 

2. Data and procedures 

Three sediment cores representing the EPR crest, 
the EPR Hank, and the Bauer Deep were selected for 
dating by fhe '^"Th method (Fig. 1). Uranium and 
thorium concentrations and isotope activities (Table 1) 
were measured by alpha spectrometry using procedures 

. X 
• : ; S 
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lABLL 1 

Uranium and iliDriiiin 

Depth 
(cm) 

Y7I-7-45P 
10-15 
50-55 
92-97 

142-147 
192-197 
260-265 
300-305 
343-348 

KK71-106 GCIO 
10-15 
42-47 
72-77 

112-116 

Y71-7-36MC2 
0-5 

15-20 
35-40 
50-55 

81 

l\. 
l\ 
91 
8y 

85 

91 
86 
90 
91 

All values on total wcii;!-
" O T h , " ' ' U , " 8 u i n d i 3 
U(~3%);Th(S-10%);--l 
• " < ^ h , " " T h -

- I — . — I — I — r — T — 

Y 7 I - 7 - 4 5 P 

i 
0 IOO JCO 300 .It-O, 

Fig. 1. Physiography of region studied and location of samples used for metal accumulation rates. 

P>S, 2, Sedimcnuilion r;ii< 
" "Th dating in this simly 
in Table 1, 

.l^f.imi.,l,J»fl/,.s^!i;J!!n,\;f^f.fi^i^,.^y,.^;'jfi •'~.^'^)'-..^,',.^H,^J^,;i^^l«^...^^^«J,.,»,feJ^J»»!^^•»u^^,'^ll^.» ^BJW' ' ' - - ' ^ ' > , r t I ' M * < | . m , ^ , W B - ' • ' - ' . ' M ^ P ^ P ^ 
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f -fABLE 1 
i' Uranium and thorium isotopic 
'r 
r 
I IJcpth 
1 (cm) 

. )7l.7-45P 
10-15 
50-55 
92-97 

i 142-147 
1 192-197 

260-265 
300-305 

' 343-348 

KK7I106 GCIO 
10-15 
42-47 
72-77 

112-116 

Y71-7-36MG2 
0-5 

15-20 
35-40 
50-55 

CaCOj 

87 
89 
91 
86 
91 
90 
89 
85 

91 
86 
90 
91 

1.2 

1.6 
1.3 

data for sediments from the East Pacific Rise and Bauer Deep 

U 
(ppm) 

0.29 
0.32 
0.49 
0.39 
0.35 • 
0.69 
0.71 
0.66 

0.18 
0.17 
0.19 
0.15 

1.48 
1.53 
1.45 
2.14 

Th 
(ppm) 

0.14 
0.25 
0.12 
0.20 
0.53 
0.20 
0.28 
0.11 

0.25 
0.25 
0.38 
0.31 

1.48 
4.57 
3.57 
2.95 

2^U/"«U 

1.10 t 0.03 
1.06 ± 0.03 
1.09 ±0.03 
1.09 ±0.03 
1.09 ±0.03 
1.16 ±0.03 
I.I3±0.03 
1.08 ±0.03 

1.10 ±0.04 
1.03 ±0.03 
0.94 ± 0.04 
1.00 ± 0.04 

1.04 ±0.02 
1.04 ±0.02 
1.02 ±0.02 
1.00 ±0.02 

"OTh 
(d/m/g) 

7.18 
8.02 
5.50 
3.75 
3.38 
1.75 
0.94 
0.89 

12.5 
8.57 
4.59 
1.57 

102 
78.2 
24.3 
4.38 

" -^ rh j . 
Id/m/g) 

6.97 
7.75 
5.11 
3.33 
3.08 
I.I6 
0.35 
0.36 

12.4 
8.44 
4.46 
1.46 

101 
76.9 
23.2 

2.80 

3 0 ° -

4 0 ° -

All values on total weight basis. 
'^"Th, ^^''U, ^̂ *U in disinlegrations min "' p" (d/m/g). l-̂ rrors quoted are ba.sed on counting statistics (±lo). Other errors are: 
U(~3%);Th(5-10'-,f-);"°Th(~37'). 

230 Tli„ 230 'Th- 234 U. 

—I—I—r—I—r-

Y 7 I - 7 - 4 5 P KK7I-IO6GCI0 

—1—I—I—r—I—r 

Y7I-7-36MG2 

0 IOO zoo 300 400 0 40 60 120 0 

D E P T H ( c m ) 

20 40 60 

tes 

l-ig. 2. Sedimentation rales for each of the cores analyzed for 
fh dating in this sludy. ^'°Th is taken from the last column 

in Table 1. 

previously discussed [12]. Sedimentation rates were 
derived from the exponential decrease of excess ^'"Th 
(uranium tinstipporlcd ^'*'Tli) with depth in the sedi
ment (Fig. 3) by dividing the half-life of "°Th (7.S,200 
years) into the depth interval over which ^'"'Thgj; de
creases to one-half of its value (Fig. 2). 

In addition, following a procedure suggested by 
Sackett [13], the inventory of ^^"Th on the western 
Na-/.ca Plate was determined by comparing the mea
sured accumulation rate of ^ "̂Thj.̂ ^ in the sediments 
("°Th^) with the expected production rate of ""Th 
from uranium in the seawater column directly above 
each core location (^•'°Thj,), using an uranium concen
tration of 3.3 pg/l in seawater and a ^^'*\jf^^-[j activity 
ratio of 1.15 [14,1.5]. 

In order to apply the sedimentation rate data to the 
problem of inctallifcrous sediment origin, wc have cal
culated inclal accumulation rates (Tabic 3) using chcm-

.fl!MfttiJ5>u«M5}^W^ ^^;4f4^iW^^W^y*!^^J^W'W-!^-^•|«'J'J•M•^.^^l^,^^.,..•^|^l-•»l^';^^^^a^^^'.^^ 
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MODEL I 
Transport of hydrothefmal sedimenis to Bouor Deep 

l\/IODEL 2 
Variable metol/aluminum deposition 

MODEL 3 
EPR and Bauer Deep Hydrolhermol Sources 

MODEL 4 
EPR hydrolhermol, Bouer Deep Authigenic 

Rise 
Crest 

f?ise Bouer 
Flonk Deep 

rig. 3. Four models accounting for the origin of Ihc high 
transition metal lo aluminum ratios ob,s-crved on the Cast 
Pacific Ri.sc and the Bauer Deep |20). 

ical analyses determined by atomic absorption spec
troscopy (Tabic 2). See Dymond ct al. (3) for analytical 
details. Metal accunuilalion rate data for the three cores 
analyzed in this study and data from seven other cores 

TABLE 2 

Bulk sediment compositions 

analyzed by Bender cl al. [6], McMurtry and Burncu 
[16], and Dymond ct al. [17] are listed in Table 3. 
These ten cores were recovered between 10°S and 
17''S and can be considered a traverse from 800 km 
west of the rise to 1300 km cast of the rise. Wc have 
recalculated the metal accumulation rates reported by 
Bender et al. [6] and McMurtry and Burnett [ 16], by 
using values of bulk sediment density and water con
tent estimated from the relationship of these variables 
to the carbonate content, as developed by Lyle and 
Dymond [19]. This procedure appears accurate to 
within 25%', whereas the constant dry bulk density 
used previously can produce errors of >300% in the 
metal accumulation rates. For example, our estimate 
for the Fc accumulation rate of sample KK71-84-FFC 
115 is 3.3 times lower than the previously published 
value [16] which assumed a dry bulk density 010.75. 
For the higher carbonate samples, the density correc
tion is relatively minor, but has been used for con
sistency. Also we have not used the accumulation rate 
data for one of McMurtry and Btiinctt's [16] rise 
crest cores (core 109) because ii displays an anoni:ilous 
composition. The Fc/Al value for this core is 0.18. 
This compares to an average Fe/AI for 30 rise crest 
cores from between 10°S and 17°S that wc have ana
lyzed of 52.4 (Fc/Al range in these 30 cores between 
5.3 and 165). 

Sample 

y71-7-45 P 
5-10 cm 

97-102 cm 
205-210 cm* 
305-310 cm* 

KK71-106GC1Q 
5-10 cm 

Y7I-7-36MG2 
5-10 cm 

28-35 cm 
53-60 cm 

Fe 
(%) 

1.26 
1.66 
1.53 
2.07 

0.42 

14.1 
12.9 
15.2 

Mn 
(%) 

1.97 
0.55 
0.39 
0.67 

0.14 

3.04 
2.99 
3.59 

Si 
(%) 

0.56 
0.90 

-
-

0.71 

16.1 
15.9 
15.0 

Al 
(%) 

0.0780 
0.1020 
0.1170 
0.1800 

0.0890 

2.18 
2.07 
1.87 

Cu 
(ppm) 

67 
89 

-
-

45 

781 
749 
857 

Ni 
(ppm) 

146 
26 

-
-

13 

498 
430 
587 

Zn 
(ppm) 

31 
31 
29 
38 

12 

308 
286 
433 

i 

i 
< 

I 
-1 

n 

^ 

si 
i> 

ll 

>>: 
c l 
11) 

* Analyses from Kcndrick (18] 
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Murtry and Burnett 
• listed in Table 3. 
:tween 10°S and 
•erse from 800 km 
»f the rise. We have 
on rates reported by 
nd Burnett [16], by 
sity and water con-
lip of these vanablcs 
oped by Lyle and 
jears accurate to 
dry bulk density 
5of>300%in the 
mple, our estimate 
mplcKK71-84-FFC 
;viously published 
jlk density of 0.75. 
the density corrcc-
cri used for con-
:; accumulation rate 
nett's [16] rise 
splays an anomalous 
his core is 0.18. 
for 30 rise crest 
> that we have ana-
30 cores between 

Zn 
(ppm) 

31 
31 
29 
38 

12 

308 
286 
433 

3. Discussion 

From a consideration of the metal/aluminum pat
terns observed over the Nazca Plate, Heath et al. [20] 
Slickest four possible origins for the high mefal/alumi-
niini values observed in sediments from fhe Bauer 
Deep and EPR: (1) the sediments with higli metal/ 
uluniinum values originate along the EPR by hydro-
thermal processes, with some fraction subsequently 
transported across the flank of the rise to the Bauer 
Deep, (2) metalliferous sediments are deposited at a 
rate that decreases away from the rise crest, whereas 
aluminum-bearing volcanic debris is deposited more 
or less uniformly over the crest and upper flanks of 
the rise, (3) the metalliferous sediments from the two 
regions could be formed by separate hydrotlicrmal 
systems operating in the two icgions, and (4) the rise 
crest sediments could be hydrothermal, whereas the 
Bauer Deep deposits could largely be authigenic. hy-
drogeneous phases accumulating in an area of very 
slow sediment acciimulation. 

Fig. 3 is a diagrammatic representation of how 
transition metals and aluminum would accumulate 
according to the four models. The pattern of alumi
num accumulation in these models is qiiile uncertain 
since its geochemical behavior in the marine aqueous 
environments is poorly understood. In models in
volving hydrothermal activity, either at the rise crest 
or the Bauer Deep, wc expect enhanced Al contribu
tion since it seems likely that Al would be released in 
hydrothermal rcactiuns involving albilization ofplagio-
clases. Also, particulate volcanic debris should be com
mon in those areas of relatively recent volcanism. 

The observed transition metal and aluminum ac
cumulation rates (Fig. 4) appear to rule out model 2, 
variable metal/aluminum deposition rates, as means 
of producing the high iransiiion metal/aluminum values 
observed on the EPR and in the Bauer Deep [1,4,20], 
Aluminum accumulation rates drop off rapidly away 
from rise and Fe, Mn, and Al all exhibit a slight max
imuin in accumulation rate in the Bauer Deep. This 
pattern contrasts sharply with that predicted by model 
2 (Fig. 3). 

Since the deposition rate of Fe and Mn is clearly 
greatest over the EPR and appears to be enhanced in 
the Bauer Deep relative to the Hanks of the EPR, 
^"thigenic metal accumulation (model 4) cannot be 
fhe dominant process of metal deposition. Based upon 

eoo 400 0 400 800 
KM FROM RISE CREST 

1200 1400 

l-'ig. 4. Metal -jceumulalion rales taken from Table 3 vs. distance 
from llie crest of l-;PR. 

the manganese accumulation rates measured in nodules 
and sediments over all parts of the sea lloor, a uniform 
and slow precipitation of manganese over the ocean is 
not an unreasonable assumption. Rates of manganese 
accumulation in 13 nodules range from 0.2 to 1.0 mg 
cm"' 10"-' yr"' with most nodules having rates less 
than 0.6 mg cm"' 10"^ yr"' [21]. Manganese accumu
lation rates measured in 38 sediment cores h-avc a median 
value of 0.8 mg cm"' 10"'yr"' [211, not greatly dif-
fcrcnf from the nodules. For purposes of discussion, wc 
will assume the authigenic Mn accumulation rate in our 
region is 0.6 mgem"' 10"^ yr"'. Some variability in 
this rate is probable, due to transport to the bottom 
by biological vectors and sorption onto clays, but this 
variability is undoubtedly minor compared lo the vari
ability exhibited in Fig. 4. Thus, as discussed previously 
[6], the rate of manganese accumulation on the rise 
crest is 10-50 tinies greater than values foiind in nod
ules or sediments from non-volcanic regions ofthe sea 
floor. This same line of reasoning suggests that for the 
Bauer Deep the manganese accumulation rate is 2—3 
times our assumed authigenic value. 

Moreover, since Mn/Fc equals approximately 3 in 
nodules from the Nazca Plate [22], the authigenic Fe 
accumulation rate in the region can be assuined to be 
approximately 0.2 mg cm"' 10"^ yr"'. Thus, the rate 

w,r.'"i"'"'-S J« . "^ i ;*m-'rtUtji*fJa»mJj'.w.v .i-,'-^-.. • > m - . . ^ ^ I M 'JJ^•^l!Wl<m!Wll^.yj^ai^|M^l^silla^wJl^.^gwlJlBg 
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TABLE 3 

Metal accumulation rates and ^^°Th inventory 

Sample name 
and location 

Water 
depth 
(m) 

Sedimentation 
ratc(cm/IO-'yr) 

Bulk 
density 
(g/cm^) 

Water 
content 
(%) Id 

I I . Y71-7-45 P 
11°05'S, 110°06W 3096 0.93 1.40 50 

KK7I-106GCI0 
9°59'S, I06°02'W 3447 0.43 1.57 45 

¥71-7-36 MG2 
10°08'S, I02°5rw 4541 0.14 1.11 80 

4< 

KK71-82-l-FCI09^ 
12°05'S, ll°37'W 3069 1.08 1.48' 51^ 

KK71-84-I-FCI15^ 
1I°58'S, I03°23'W 

KK71-87-1-I-C132'' 
11°33'S, 97°27'W 

4548 

3996 

0.19 

0.20 

1.15' 

1.40' 

80' 

56' 

59 

17. 

VI9-54=' 
17°02'S, 1I3°54W 

V19-61' 
I6°57'S, !I6°I8'W 

V19-64^ 
16°56'S, 121° I2W 

2830 

3407 

3540 

I.SO 

0.70 

0.45 

1.34" 

.48' 

1.47' 

61^ 

51' 

51^ 

.'SJ.tK 

It).Oil 

380 

DSDP 8110 319° 
0-8 m 
13°0I'S, io i °3rw 4290 O.ll 1.16 79' 

Bulk density calculated from the expression; p = 0.88 - 0.20A'c - 0.03A''. 
Water eonlcnl calculated from the expression; W = 0.83 - 0.36/V<.. 
Accumulation rate calculated from the expre.ssion: A = C • 5 • p( 100 - w), where C = concentration of clement, 5 = sedimenta
tion rate, p = bulk density, and ic = water. 
Scdinicntiition rules -and element concentration data used to crikiilatc metal aeeunnilalion rates from McMurtry and Burnett 116] 
Sedimentation rates. Ix, Mn, Ni, U and Th concentrations used to calculate accumulation rates from Bender et al. 116). Al 
accumulation rale determined from concentration data of Dymond (unpublished data, 1975). 
Sedimentation rate t'rom microfauiul determinations (DSDP Leg 34, Hole Summaries), clement concentralion dala used lo 
calculate metal accumulation rates from Dymond et al. 117]. 

riiA = accumulation rate of '""'Thcx. Calculated like metal accumulalion rales, except lhat exirapolated surface values of 
' "Thex (<lp'n/g) from .sediineniation rate plots arc u.sed in lieu of average metal concentration data. 
^ °̂Thi> = production rate of '-"^It in ocean waler column al core location. Calculalcd from water depths shown, and the aver-jui.' 
seawater values of 3.3 pg U/l and'•'''u/'-'^U-^ 1.15. 

of iron accumulation is more than 500 times greater 
on the East Pacific Rise and 20-30 times greater within 
the Bauer Deep (Tabic 3, Fig. 4) than this value. Some 
of the iron accumulation in these scdiiiients could be 

detrital iron from land-derived clays and volcanic, sili
cate debris. The low Al content (Table 2) and lack ol 
X-ray identifiable minerals in metallircroiis sediments 
[3], ho-svcvcr, limit detrital iron to very low percent:'!;' 
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Accumulation rates (pg cm" 10" yr" ' ) ' 

Fe Mn Al Ni U Th 

'^°Th inventory (dpm cm'^ 10"' y r ' ' ) 

""ThA^ "°Thp« ""B.A/"°Thp 

11,000 5800 780 56 0.31 0.1 

1600 SOO 330 5 0.06 0.1 

8.3 

7.0 

«r^ 

8.9 

1.0 

0.79 

4400 1100 620 16 0.05 0.07 5.6 11.8 0.47 

710 860 4000 70 8.6 8.0 1.1 

5900 

1700 

2100 1300 46 

950 1900 46 

2.0 

6.1 

11.6 

10.6 

0.17 

0.58 

' 82,000 28,000 610 160 4.0 <0.2 11.8 
\ 
t 

' 10,000 2030 410 27 0.27 <0.1 10.8 

7.4 

8.9 

1.6 

1.2 

3800 620 410 17 0.11 0.08 7.8 9.2 0.85 

3500 1000 640 19 

;mcnt , S = scdimcnta-

lur t ry and Burnett 116], 
ler e t a l . | I 6 | . Al 

tion data used to 

ed surface values of 

sliown, and the average 

/s and volcanic, sili-
able 2) and lack of 
illifcrous sediments 
very low pcrcentagi.'̂  

Clearly, authigenic precipitation (model 4) cannot ex
plain the pattern of Fe deposition in tliis region and 
other processes must be examined. 

For other elements, however, authigenic precipita
tion in the Bauer Deep is not negligible. As calculated 
above, the Mn accumulation rate in tlie Bauer Deep is 
2-3 times our assumed average ocean value; thus, 30-
50% of Uie manganese in tlie Bauer Deep could be de
posited by authigenic processes. Similarly, assuming an 
authigenic Mn/Ni value of 30 which is typical lor 
Nazca Plate nodules [22], the observed Ni accumula
tion rate in tlie Bauer Deep (Table 3) is approximately 
equal to the autliigenic rate. In fact. Heath et al. [23] 
have measured a Ni accumulation rate in equatorial 

Pacific sediments approximately four times our deter
mination in tlie Bauer Deep. Consequently, most of 
the ininor transition metals deposited in the Bauer 
Deep could precipitate from normal seawater ratlier 
than hydrothermal sources. 

Althougli the metal accumulation rate pattern for 
the region differs markedly from that predicted by 
models 2 and 4 (Fig. 3), fhe aluminum and iron rates 
exiiibifed by Fig. 4 resemble model 1 (mechanical by
passing of EPR flanks and model 3 - Bauer Deep and 
EPR hydrothermal sources). The distinction between 
these two.models (Fig. 3) is that enhanced Al ac
cumulation in the Bauer Deep due to particulate vol
canic debris and hydrotlicrmal Al in the Bauer Deep 

.. w t ' ; ' . ' m u m m , v y ^ , ^ ' 
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region would be expected if model 3 is correct. Mechan
ical bypassing of aluminous phases from the EPR 
and ponding in the Bauer Deep, however, could pro
duce the same effect. Thus, it may not be possible to 
distinguish model 1 from model 3 on the basis of the 
Fe and Al accumulalion rale data. 

If a portion of metalliferous components is wafted 
away from the rise and reaches a final depositional site 
in the deeper regions away from the crest, a maximum 
in metal deposition rate miglit be expected to the west 
of tlic EPR as well as in the Bauer Deep. A maximum 
in metal accumulation rates west of fhe EPR is not in
dicated by the single measurement in this region (Fig. 
4). Could bottom currents transport preferentially 
metalliferous phases to the Bauer Deep and nol to the 
west? We lack deep-current measurements which would 
directly bear on this question; however, Lonsdale [24], 
on the basis of hydrographic data suggests that water 
enters the Bauer Deep by channeled fiow througii trans
form faults on ihc EPR. He further speculates that this 
bottom water movement can be a means for transporting 
fine-grained precipitates away from the EPR. On the 
other hand, the maximum Fc and Mn accumulation 
appears to be slightly west of the rise crest, and the ac
cumulation rates of these metals drops off less rapidly 
toward the west than towards the east (Fig. 4). Whether 
this apparent pattern rcllects merely the scatters in 
metal accumulation rates over the length of the EPR 
represented by Fig. 4 or the true deep current patterns 
cannot be determined from the available data. 
- The general geophysical setting of the Bauer Deep 

would argue against an off-rise hydrothermal source. 
Core Y71-7-36 MC2 is from a part of the Nazca Plate 
generated by the Galapagos spreading center [25] and 
should be approximately 20 m.y. in age. Persistent hy
drothermal activity to the present seems improbable. 
Anderson and Malunen [26], however, have shown that 
heat flow measurements in the Bauer Deep exhibit a 
biomodal distribution, which they suggest results from 
hydrothermal processes. They conclude that the major 
reorientation of the spreading region which occurred 
when spreading jumped from the Galapagos Rise to the 
EPR approximately 6.5 m.y. ago [27] could have 
initiated mid-plate volcanism and hydrothermal activ
ity. The biomodal hcal-fiow distribution they point to, 
however, is open to question, since it is indicated only 
by the presence of two or three heat-flow measurements 
in the Bauer Deep with values between 3 and 5 HFU. In 

addition, the basalt recovered from the Bauer Dceph.. 
the Deep Sea Drilling Project (site 319), whicii Andort 
and Malunen [26] suggested represented recent mid. 
plate volcanism because of Ihe fresh nature of the sair 
pie, has been dated at 16 m.y. and appears to be crnsi 
emplaeed al the Galapagos Rise [28]. 

Neither tnodels 1 or 3 alone can explain some of 
the chemical distinctions between the Bauer Dccpaiiil 
EPR sediments [29]. A relatively greater proportion u 
hydrogcneous phases in the very slowly accumulating 
Bauer Deep sediments could account for the higlier 
Ni/Fe and Th/U values observed. Olher dislinclions 
such as the relatively higli Si and Al concentrations in 
the Bauer Deep are more difficult to explain. More
over, the Th and U data suggest that the mechanisms o 
deposition of these species differ in the Bauer Deep ai; 
the rise crest. The U accumulation rales arc significam 
liigher along the crest of the EPR, than on the fianks 
of the rise, or in the Bauer Deep. Inasmuch as "' 'U/ 
"*U ratios of continental detritus in dccp-sca sedi
ments arc equal to or less than unity [30], the "''U/ 
"^U ratios a I all core locations considered here reveal 
some input of uranium with excess " ' 'U tu tlic sedi
ments in this area. A likely source for this additional 
uranium is seawater, where the ""U/'-'^U ratio has a 
constant value of 1.15. The proportion of uranium 
derived from this source appears to be higher in sedi
ments on the ridge crest than in the Bauer Deep, which 
is consistent with the higher U accumulation rates theii 

Since ' ' °Th is a known scawatcr-dcrivcd nuclide, iis 
inventory in our cores (Tabic 3) may indicate the origi: 
and pathways of olher metals as well. If all of the ' " 1 
observed in the sediments is formed by decay of'^''U'r 
the overlying water, the ' ' °Th production ('^°Thp) 
should equal the '^°Th accumulation (Thy^). From 
Table 3 it is apparent that cores from the crest of the 
EPR have '^^Thp > '^"ThA while '^OTh^ <"°Thp 
for cores from the Bauer Deep and other off-rise areas. 
It has been demonstrated elsewhere [31] that sediineni 
transport and redeposition on the deep-ocean floor can 
significantly alter the Tlip/Th^ values in an area such 
diat "°Th A < '^°Thp on topographic highs, and 
"°ThA > ""Thj, in basins whicii may act as scdinioiU 
traps. Thus, following this reasoning for model I (Iran? 
port of rise-formed precipitates to the Bauer Deep) wc 
would expect the pattern or'^°Thp/''°ThA exactly 
opposite that observed. The observed pattoin could be 
explained by transport of Bauer Deep sediments lo 

I 

Nil 

• It 

1 . 5 ' 
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Ihe rise crest. Upslopc transport of sediment, however, 
ĉenis sufficiently unlikely that an alternative explana-

ii.in for fhe paaern of'^"Th^^ accuinulation in the 
liie rc'-ion must be souglil. It seems probable that 
.Sackett's model of "°Th production and removal in 
die overlying water column [13] is too simplistic for 
this region and that some accounting for bottom-water 
inovcmcnt and iron hydroxide scavenging must be made. 
Even with fhe slow movement of bottom water, hydro-
ihoinial precipitates forming on the rise crest would be 
efloctively bathed by hundreds to thousands of tinies 
more wafer than that in the overlying water column, 
ll is possible that the removal of'^"Th from moving 
botioni wafer by Fc and Mn Iiydroxyoxides fornied 
Iroiii hydrothermal solutions is the explanation for the 
surplus'^°Thgjj deposition observed in the rise crest. 
Such an explanation necessarily requires that some 
areas "downstream" of the bottom fiow have '^°Th^\ 
<' ' ' 'Thp. Thus, both the higher '^''U/'^^U and 
••"'Th^/'^°Thp for rise crest sediments compared 
U) Bauer Deep sediments indicate different removal 
processes for these nuclides in the two areas. Neither 
models 1 or 3 offer clear explanations for these dif
ferences. 

4. Summary 

Metal accumulation rate data for the Nazca Plate 
indicate that authigenic precipitation of metals (model 
4) and variable aluminum deposition (model 2) cannot 
account for the anomalous metal/aluminum ratios ob
served on the EPR and the Bauer Deep. Authigenic 
deposition of ferromangancse phases, however, appears 
to be important in determining some of the distinctive 
compositional differences between metalliferous sedi
ments deposited on the Bauer Deep and the rise crest. 
With the existing data wc cannot unequivocally dis
tinguish between either transport of hydrothermally 
produced precipitates from the rise crest (model 1) or 
the presence of hydrothermal sources of metals at both 
the EPR and the Bauer Deep (niodel 3). The distinction 
is perhaps important only in that with the transport 
model, the area of scdinicntological infiuence of a mid-
ocean ridge hydrothermal system would be of con
siderable areal extent. In any case wc have demonstrated 
that the accumulation of metalliferous components in 
the Bauer Deep is approximately an order of magnitude 
lower than on the crest of tlic EPR. 
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Abstract--Equations and graphs have heen devi.scd to correct for the adverse effects of magnesium 
upon the Na-K-Ca chemical gcolhermometer. Either the equations or graphs can he u.sed to determine 
appropriate temperature corrections for given waters wilh calculalcd Na-K-Ca lempcralurcs >70C 
and R < 50. where R = ;Mg'(Mg -1- Ca -(- K); x IOO wilh cation conccniralions expressed in equival
ents. Waters with R > 50 are probably derived from relatively cool aquifers wilh temperatures approxi
mately equal to the measured spring lemperalure. irrespective of much higher calculated Na-K-Ca 
lempcralurcs. 

INTRODUCITON 

ALL wF.LL-documcnled high-iempcrature (>I75'C) 
waters encountered in wells drilled into active hy
drothermal systems have low concentrations of Mg''* 
relative to the other dissolved cations. At the Reyk
janes Peninsula. Iceland, where ocean waler reacts 
vs'ith basalt al about 270-285''C. the dissolved magne
sium dccrca.ses from 1272 to 1.0 mg/kg (ARNORSSON. 
1978). In the highly saline, CaClj-rich brine from the 
Salton Sea. Calif., drill hole I1D2 (WHI-TE. 1968), 
54.mg/kg'Mg'* accounis for less than 0.1 equivalent 
% of the total cations. In laboratory experiments in 
which chlorite, calcite. and quartz were equilibrated 
wilh water under CO; pressures of 5 and 65 atm. 
ELLIS (1971) found Mg'* conccniralions ranging 
from •- 0.5 to 1 mg/kg at 200-C. and from 0.02 to 
0.05 mg/kg at 300^C. The above ob.servations and the 
fact that many apparently low temperature, Mg-rich 
waters yield estimated Na-K-Ca temperatures 
(FouRNMER and TRUESDELL, 1973) well above ISC^C 
cast considerable doubt on the usefulness of the Na-
K-Ca geothermometer for Mg-rich waters. One 
example is ocean water (-4' 'C), with an Na-K-Ca 
estimated temperature of 173°C. 

SELECTION OF DATA 

A search of the literature was made to find chemi
cal analyses of well waters lhat issued from a single 
aquifer at known temperature and which contained 
more than 1 mg/'kg Mg^*. Only a few well waters 
from geothermal energy producing .systems were 
found that satisfied these criteria. Most ofthe Mg-rich 
thermal waters from known temperature environ
ments are connate brines found in petroleum explor
ation. The connate brines chosen for inclusion in this 
study were selected to show a wide range in reservoir 
temperatures, salinities, and Na-K-Ca-Mg propor
tions. 

Fifty well waters with Mg''^ concentrations rang
ing from I to 3920 mg/kg and with aquifer tempera
tures ranging from 3 to 340"C w-crc used to test the 
lemperalure dependence of various cation ratios in
volving Mg'"*. Only one water w.as selected from 
these localities where all the wells appear to produce 
from the same aquifer at about the same temperature. 
No well walers were added to or subtracted from 
the list (Table 1) once the correlation process was 
started. 

CATION RATIOS INVOLVING MAGNESIUM 

Using molal concentration units, a plot of log 
(Ca/Mg) vs the reciprocal of absolute temperature is 
shown in Fig. 1. The data on the Ca/Mg ratio are 
too scattered to be used as a reliable cation geother
mometer. Plots of the reciprocal of absolute tempera
ture vs log (^''Mg/Na) (Fig. 2) and vs log (^'Mg/K) 
(Fig. 3) show less scatter than the log (Ca/Mg) plot, 
but still have more scatter than is desirable for use 
as a cation geothermometer. Correlation coeflicients 
and equations for least squares-fitted straight lines 
through the points shown in Figs I. 2, and 3 are 
given in Table 2. 

The logarithmic expressions for the cation ratios 
Na/K. ^Ca/Na, ^/Ca/K. /M'g/Na. ^/Mg/K. and 
Ca/Mg were plotted in various combinations and 
proportions (25 plots), as was done in the derivation 
of Ihe Na-K-Ca chemical geothermomeler, withoul 
significantly reducing the scatter below lhat shown 
in Fig. 3. Scatter would probably be greatly 
diminished if the plotted points could be restricted 
to data from systems in which the same solid phases 
were involved in the reactions. However, at this time 
there is insufficient data to test this idea. 

EMPIRICAL MAGNESIUM CORRECTION 

A method of applying a magnesium correction to 
the Na-K-Ca estimated temperatures was discovered 
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Fig. 1. Log (Ca/Mg). using molal units, vs reciprocal of absolute lemperature for well walers from 
known temperature environments and wilh Mg'" concentration > I mg/kg. 

when the data were plotted as shown in Fig. 4. For 
any given water the magnitude of this correction 
depends on bolh the Na-K-Ca estimated tempera
ture and the Mg'''^ concentration relative to the sum 
of dis.solved Mg'"*. K*, and Ca^"*, with concen

trations expressed in equivalents. In Fig. 4 the Af tem
perature contours (dashed lines) were graphically in
terpolated. They can he used lo obtain a temperature 
correction that must be subtracted from the Na-
K-Ca estimated lemperature lo arrive at the actual 
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Fig. 2. Log (^/Mg/Na), using molal units, vs reciprocal of absolute temperature for well waters from 
known temperature environments and with Mĝ -* concentration > 1 mg/'kg. 
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Fig. 3. Log (,,^/Mg/K). using molal units, vs reciprocal of ab.soluic lemperalure for well 
known lemperalure environments and wilh Mg'"* conceniration > 1 mg'kg. 
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Table 1. Chemical data for waters wilh magnesium concentrations greaier than I mg/kg from 
environments. Conccniralions are in mg/kg or in mg/L depending upon the units given in iho 

known lemperature 
lisicd references 

from 

Czechoslovakia 
Marklin 1 . 
Lokel 2 

Chili 
El Tatio I 
El Tatio 6 

Hungary 
Budapest-

Varosliget 
Iceland 

Krisuvik 3 
Krisuvik 7 
Krisuvik 7 
Lysuholl I 
Reykjanes 8 
Svartsengi 3 

New Zealand 
Ngawha 1 

Turkey 
Kizildere 15 

United States 
Cen. Miss. 1 
Cen. Miss. 6 
Cen. Miss. 9 
Cen. Miss. 10 
Cen. Miss. 15 
Cen. Miss. 16 
Cen. Miss. 20 

- Cen. Miss. 21 
Cen. Miss. 22 
Cen. Miss. 23 
Cen. Miss. 25 
Cen. Miss. 26 

Ref 
Well. 

Temp. ° 
Na-K-Ca 
lemp. °C Na Ca 

3.2 
3.2 

211 
180 

100 

105 
30 
139 
40 
270 
236 

230 

207 

132 
102 
141 
109 
129 
137 
116 
116 
120 
131 
86 
109 

31 
28 

205 
181 

74.6 

5.5 
10.5 

44X0 
1900 

170 

2.5 
4.0 

420 
III 

16 

IS.O 
62.5 

740 
99 

160 

36 
148 
174 
241 
245 

201 

232 

222 
113 
207 
109 
124 
158 
120 
105 
115 
140 
109 
125 

136 
30.6 
160 
414 

9854 
6322 

900 

1173 

79,000 
52.400 
53,800 
52.100 
54.200 
58.300 
49,900 
50,100 
48,800 
59.700 
40.100 
53.70P 

10.8 
1.7 
8.2 
31.1 

1391 
1012 

78 

117 

7080 
551 

4430 
519 
863 
2030 
461 
474 
625 
1340 
333 
750 

24.6 
18.4 
I.S.3 
46.0 

1531 
906 

29 

60 

34.000 
16.S()0 
39.200 
22.200 
41,200 
55.600 
29.500 
.30.700 
37.200 
45.000 
4140 

16.800 

Mg 

35.5 

1.4 

1.19 

..M!;* 

.I.ft 
0 7 

l.l 
1.3 

23 5 
1- .. 

0.2 
1.4 

25.8 

1.4 
10.4 
1.4 

26.6 
1.15 
1.27 

7.1 
47.1 
10.6 
41.5 
0.1 
0.1 

3920 
1.160. 
.1610 
1660 
2550 
3740 
2290 
2510 
2550 
32.10 
582 
1640 

14.7 
11.6 
12.6 
10,9 
9,2 
9,8 
11.3 
11.8 
10.1 
10.4 
18.2 
13.6 

—conlimied 
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i l 

I 
IP 
m 
l i s . 

H 

•fiihle I CDnliniu'il 

/ • • l i i . 

M 

Cen. 
Cen. 
Cen. 
Cen. 
Cen. 
Cen, 
Cen. 
Cen, 
Cen, 
Cen, 
Cen, 
Cen, 
Cen. 
Cen. 
Cen. 

Miss. 2'J 
Mi.ss. yu 
Miss. 31 
Mi.ss. 32 
Miss. 33 
Miss. 34 
Miss. 3K 
Mis.s, 39 
Mi.ss. 42 
Miss. 43 
Penn. 10 
Pcnn. 91 
Penn. 257 
Pcnn. 285 
Penn. 1040 

Kcillcman Hills 
32.3-21 J 
47-28J 
.-̂ 21-201 
31 -18Q 
66-70 
61 -3.1J 

Sal ion Sea 
IIDI 

•ydlowstone Park 
Y-

USSR 
10 • 

Pauzhetka 4 
OCEAN WATER 

Ref 

>; 
y 
y 
9 
'9 
9 
9 
9 
9 
9 

10 
10 
10 
10 
10 

II 
12 
1) 
12 
12 
12 

13 

• 14 

15 
16 

Well. 
Temp. C 

125 
127 
I.S4 
154 
154 
I.S4 
127 
129 
158 
114 

10.5 
11.2 
11.5 
13 
10.6 

1.34 
101 
l.-̂ 4 
82 
97 
99 

.140 

70 

195 
4 

Na-K-Ca 
lemp. (• 

i : s 
nx 
244 
227 
266 
229 
133 
123 
214 
115 

2 
35 

-9.x 
- 1 6 

0.25 

1.19 
107 
165 
98 

112 
102 

317 

100 

20y 
173 

' Na 

53.you 
53.600 
46..SIX) 
52.41)0 
29.200 
52.000 
54.000 
61.100 
29.000 
53.200 

2.5 
13 
4.3 
0.3 
5.3 

3090 
6240 
30S0 

1.1.200 
13.8tX) 

7780 

50.400 

161 

9X6 
10.560 

K 

XSS 
649 

6StX) 
5yxo 
38.30 
60S0 

979 
8.54 

.30.10 
635 

1.8 
6.3 
O.S 
1.4 
1.3 

59.4 
79.4 
75.1 
8S.4 

149 
97 

17.500 

69 

105 
380 

Ca 

2K.yiKI 
iy..iiK) 
30.61)0 
37,400 
25.700 
37.700 
26.500 
28.SOO 
25.lX)n 
27..100 

55 
92 
.S4 
56 
56 

53.x 
1780 

8.6 
797 

1700 
5030 

28.000 

455 

52 
400 

Mg 

2150 
22IX) 
2y70 
.1010 
24S0 
.1410 
16.10 
1830 
1470 
18X0 

15 
15 
54 
55 
59 

3.31 
X.O 
2.05 

206 
88 
1X.4 

54 

80 

3.5 
1270 

"..MK* 

10.8 
I.S.6 
12.6 
ID.y 
12.9 
12.1 
9.1 
9.4 
8,4 

10.1 
.10.7 
20.6 
62.1 
61.5 
63.2 

6.1 
0.7 
6.7 

2X.7 
7.6 
0.6 

0.2 

21,2 

5.2 
77.9 

Rercrcnees 
PACES (1972). 
CusiCAUoui ei ul. 11976). 
BoLOiZAR and KORI.M (1976). 
ARNOKSSON ('/ al. (1976). 
ARNORSSON (1975). 
LiNOAL (1976). 
MAHON (1970). 

8. KURT.\IAN (1977). 
9. CAR.PENTI;R ei ul. 11974). 

10. LANCMUIR (1971). 
11. KHARAKA and BI-RRY (1976). 

KHARAKA and BURRV (1974). 

WHITI: (1965). 
R. O. FOURNIER and R. D. BARNES (unpublished data). 
VAKIN ei al. (1970). 

16. WHITE (1965). 
* Equivalent perceni Mg/(Mg -l- Ca -1- K). 

1. 
2. 

3. 
4. 
5. 
6. 
7. 

12. 
1.1. 
14. 
15. 

s 
l^ 

temperature of the system. For example, point A, with 
a N a - K - C a temperature of 2(X)X and R = 25.0, 
requires a correction of - 125''C that must be sub
tracted from the 200 ' N a - K - C a temperature, where 
R = !Mg/(K -f Ca -1- Mg)! x IOO, with cation con
centrations expressed in equivalents. 

In Fig. 4 the placement and curvatures of the 0, 
25, and lOO'C temperature correction curves are well 
constrained below R = 30. The upward projections 
of these curves and the positions of the 150, 200. and 
250°G correction curves are controlled by the ocean-
water data point and the requirement that the tem
perature correction. Af^^. be always less than the N a -
K-Ca estimated temperature. As more and better 
data become available, the curvatures and positions 

of these temperature correction curves will require 
revision. 

The following equation describes mosl of the rela

tions shown in Fig. 4: 

A/.M, = 10.66 - 4.7415R -f 325.87(log « ) ' 

- 1 . 0 3 2 X lO'dog R f f T - 1.968 x I0''(log / ? ) ' / T ' 

-H .605 X 10''(loei?)-VT', (I) 

where AfM„ is the lemperalure in °C to be substracted 

from the calculated N a - K - C a temperature, and, 

where 

T = the calculalcd N a - K - C a temperature (K), 

R = ;Mg/(K -h Ca 4- Mg)l x IOO. 

with concentrations expressed in equivalents. 

? ;^5^ \p | rF^ 
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XMg* 

10.8 
15.6 
12.6 
10.9 
12.9 
12.1 
9.1 
9.4 
8.4 

10.1 
30.7 
20.6 
62.1 
61.5 
63.2 

6.1 
0.7 
6.7 

28.7 
7.6 
0.6 

•fable 2. Equations for Ihe least sqiiaies best lii straight 
lines icgres.scd through the dala shown in Figs. I. 2. and 3. 
Molal concentrations of Ca. Mg. Na. and K are used: T is 
ahsolulc lemperalure: and r' is the correlation coellicieni 

I7()K , , 
log(Ca/Mg) = - y - -I- 3.740 

1982 
log (v 'Mg/Na)=-^ -5 .583 

, — 1598 
log(^/Mg/K) = — - 3-06I 

r' = 0.525 

r ' = 0.671 

r= = 0.733 

Do not apply a Mg'"^ corrcciion to the Na-K-Ca 
geothermometer if &î ,̂  is negative. 

We recommend that eqn (I) be used only when 
Na-K-Ca estimated temperatures are >70''C and 
when R is in the range 5-50. Although eqn (I) appears 
to work well for some waters with R > 50. the Mg-

correclcd Icmpcr.-ilures of most spring waters were 
found lo be I0-20"C below the measured lempcra
lurcs. Wc have corrected for this dilliciilty by using 
;i more coinplicalcd equation with nine terms, but 
these complications do not seem warranted because 
any water with R > 50 probably cither has equili
brated with rock at about the measured temperature 
(irrespective of a much higher calculated Na-K-Ca 
lemperature) or represents a nonequilibrium condi
tion. 

In the region where R < 5 and At.s,„ < 10, the 
values for Ai^,, calculalcd from eqn (1) diverge from 
our best guess for A/v,, (see Fig. 5). Our best guess 
values for Af.s,, al small R were obtained by projecting 
constant Na-K-Ca-tcmpcraiure daia onto a plot of 
R vs Af.Mp. Eqn (2) can be used to calculate Afnj for 
waters with 0.5 < R < 5: 

A;.M, = -1.03 4- 59.971log R 4- 145.05(log « ) ' 

- 3671 l(log « ) ' /T - 1.67 X IO''log «/T ' . (2) 

0.2 

21.2 

• 5.2 
77.9 

too 

S 50 

S 

II 

0£ 

OCEAN WATER 

\ \ 
s \ 

\ 

\ 

>rl6 
• 0 

\ 10 . a * 
0 * o » • « i „ * ' • • 7 5 • 9 0 • -

, 5 6 ' 7 3 

- • 5 »3(r • • ! i 
^ —- 0 0 #25 ~ 

' • 0 U « | I I I I I I ° f I l ° « • I .0 f I • 1 I I 
IOO 200 300 

No-K-Co CAICULATED TEMPERATURE ("C) 

Fig. 4. Plot of /? = ;Mg/(Mg -l- Ca -)- K)] x 1(X), with conccniralions expressed in equivalent units, 
vs Na-K-Ca calculated temperature. Dashed curves show temperaiure correction. At,̂ ,̂ , to be subtracted 
from calculated NA-K-Ca temperature to correct for dissolved magnesium. Dots are dala from well 
walers lisicd in Table 1. Numbers near data points show difference ('O between Na-K-Ca calculated 

and probable aquifer temperatures. 

U,(-,«. 4 ) . N - J 
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100 I— 

Scale (oi M „ , s i 'C 
100 ' * » moo 

£ 10 — 

J'C 

J I I I l l l J 1 I 1.1 1 I) 
10 

NoK-Co CAICUIATED TEMPERATURE °C 

IOO 

Scole lor a f . . = io*C 
Mg 

IOOO 

Fig. 5. Logarithmic plot of R vs Na-K-Ca calculalcd lemperalure. showing best gue.ss positions of 
2. 5. and lO'C temperature corrcciion curves (solid lines). Dashed lines show curves calculated from 

eqn (1), Dashed and solid curves coincide for values of R > 5 and for Al > 10 C. 

Again, do not apply a Mg'* correction to the Na-
K-Ca geothermometer if Af^, 's negative, or if 
R < 0.5. 

Figures 6 and 7, show lines of constant R superim- ' 
posed on plots of Af.\,̂ . vs Na-K-Ca temperature and 
present an alternative graphical method of calculating 
Atsij. Figure 6 is for /? = 5 to 50, and Fig. 7 for 
R = 0-5. 

When using Figs 4, 6, and 7 to correct Na-K-Ca 
calculated temperatures, it should be kept in mind 
thai our method is entirely empirical and may not 
work equally well for all waters. Problems in calibra
ting the method are: (i) solid reactants arc nol speci
fied or structurally characterized; (ii) complexing of 
dissolved species is not considered (when temperature 
is the unknov\'n, activity coefficients must be calcu
lated assuming successive approximations of that 
temperature; a tedious process that isn't warranted 
given the precision of the result and practical pur
pose); (iii) individual well waters may not have equili
brated at the maximum measured or estimated lem
perature (water may be entering a well from a higher 
or lower temperature aquifer); and (iv)' some well 
waters may be mixtures of two or more waters enter
ing at various depths and not equilibrating after 
mixing. 

This paper provides an additional tool to dis
tinguish waters in equilibrium wilh rock at high tem
peratures underground from waters that result from 
low-icmperalure (<70°C) water-rock reactions. As 
with all chemical geothermometers, our Mg-corrccted 

Na-K-Ca geothermomeler is sensitive to near-surface 
water-rock reactions thai occur in respon.sc to lower
ing temperatures or changing mineralogy of wall-
rocks. If a rising water acquires magnesium, appli
cation of a magnesium correction to the Na-K-Ca 
geothermometer will probably lead to a calculated 
aquifer temperature that is too low. However, high 
Mg'"^ conccniralions indicate lhat walcr-rock reac
tion.*; have occurred al relatively low lempcralurcs. 
During these low-temperature reactions the concen
trations of other dissQived consliluenls will also likely 
chtinge. Therefore, in general, chemical geother
momeler results should be used with great caution 
when applied lo Mg-rich walers. 

SUGGESTED CORRECriQN PROCEDURE 

1. Calculate Ihe Na-K-Ca lemperature as de
scribed by FOURNIER and TRUESDELL (1973). Do not 
apply a magnesium correction if this calculated lem
perature is below 70°C. 

2. Calculate R = ;Mg/(Mg -f Ca -I- Kjl x IOO, 
using equivalent units of concentration. 

3. U R > 50. assume that the water comes from 
a relatively cool underground environment at a tem
perature approximately equal to the measured waler 
temperature, irrespcciive of high calculated Na-K-Ca 
temperature. 

4. If the calculated Na-K-Ca temperature is greaier 
than 70°C and R < 50, use Figs 4, 6, or 7 to calculate 



:-.1.i|;m'>.iiiiii l o i i c t l i H i i 111 tiie N.'i K t ' .i (.liei.ta.il i;ct'lii'.-'.-,-i.'iiu-.i'i 

I I I I I 

1000 100 200 300 
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Fig, 6. Graph for estimating magnesium lemperalure correction. A/.v,,. using Na-K-Ca calculated lem
perature and R = 5-50. Curves were drawn from eqn (I). Move directly up from ihc calculated Na-
K-Ca temperature to the intersection (or interpolated value) of the line having the calculated R value: 

move horizontally from the R-value intersection, and read the value of Atw, on the ordinate. 
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AIM^. which is the tcmpcriiiurc correction (in C) lo 
be sublraclcd from the N:i-K-C:i calculated Icnipcrii-
lurc. 

5. When using a compulcr i<i calculate At^,, the 

following tests should be iiicliulcd in the program: 

(a) Check if the N a - K - C a calculated temperature 

is < 7 0 ' C . If yes. do not proceed further wilh a mag

nesium correction. 

(b) Check if « > 50. If yes. assume that the water 
in the aquifer is relatively cold and do nol proceed 
further with a magnesium correction. 

(c) If R = 5-50. use eqn (I) to calculate At^^. Do 
not apply a magnesium correction if A/̂ ,̂  is negative. 

(d) If 0.5 < R < 5. use eqn (2) to calculate Ar„,.. Do 
nol apply a magnesium correction if At^, is negative, 
or if i? < 0.5. 

(e) Subtract Ai„p from the calculated N a - K - C a 
lemperalure. 
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Abstract—The equilibrium activities and concentrations of N chemical species in a multicomponent 
system may be calculated given .W independent equilibrium constants relating these species and N-M 
mass balances. These A' equations arc solved by Newton-Kaphson iteration. Where iniliai conccnlration 
estimates are poor or Ihc number of species large, an additional curve crawler technique introduces 
components by stepwise infinitesimal increments. 

INTRODUCrrON 

MANY AVAILABLE techniques lor the computation of 
chemical cc|ui!ibria in complex systems have been 
reviewed by VAN ZEGGEKEN and SroREY (1970), who 
recognized two inain methods: (I) the solution of a 
generalized set of siiriullaneous non-linear equations 
which usually incorporate equilibrium constants (e.g, 
Fi-LD.MAN et III., 1969), .ind (2) optimiziition tecii
niques, which normally minimize llie total Gibbs hee 
enci-gy function (e.g, RL-ISE, 1973; KARPOV and 
KA-/,'MIN, 1972), Such techniques are typically general
ized and apply lo arbitrary systems for which suitable 
thermodynamic dala are available. 

Two additional methods often used wiihin the 
geosciences, could be added to this list. Method (.3), 
developed by HELGESON (1968, 1970), determines com
positional changes, mass transfers, and the order of 
appearance of stable and metastable phases in tracing 
irreversible reaction paths from an initial set of non-
equilibrium condilions to a final state of equilibrium. 
. The fourih method entails specific, as opposed to 
gencializcd, calculations. Here, a set of equations de
scribing ;i given s}-s"tcni is reduced to one or more 
equations amenable lo simple numerical solution. 
Typical procedures arc tlescribcd by BUTU:K (1964), 
BLACKUUUN (1969), and FKELSER and FEIINANIX) 

(1966). Various gcochernictil examples arc given by 
HELGI-:SON (1964, p. 56), who calculates galena solu
bility in the system NaCl-HCl-HiO, and by CREUAR 
and ANOEU-SON (1971), who calculate quartz solubility 
in the systems H ,0 -NaOH and H,0-NaOH-NaHS. 
On il larger .scale, TKUISDI-:LL and JONiis (1974) have 
now developed the prognim WATEQ, which coin-
putcs the equilibrium distribution of inorganic species 

.1375 

in natural waters, given total eleinent concentrations, 
pH, and Eh. 

This paper introduces a method of the first type 
for computing generalized chemical equilibria. Equi
librium concentrations or activities are derived from 
simple mass and charge balances and arbitrary inde
pendent equilibrium constants. Non-ideality correc
tions may be included in the computation. The resul
tant non-linear equations are solved by combining 
Newton-Raphson iteration and supportive curve 
crawler techniques. Because ii uses arbitrary equilib
rium constants, tiie method can be particularly appro
priate to gcochcmiai! systerns lacking complete free 
energy data. 

Br 

C 

f: 

hi 

I 
K< 
/ll,-

mi 

GLOSSARY OF SYMBOLS 

number of atoms of the /lh element in 1 
molecule of ihc^ih componenl. 
number of atoms of element e in I molecule 
of species I. 
(otal molal conceniration of the ctli element 
in the system. 
total number of independent chemical com
ponents in the system, 
molarity of the /th species corrected for as
sociation and hydration, 
mole-fractional specific ion activity coeffi
cient correcting for cleetiostalic interaction. 
Gibbs free energy of formation of ihc ilh .spe
cies. 
average moles of solvent hydraling I mole 
of solute species i. 
true ionic streiigtii. 
Ith .equilibrium constant, 
molal concentration of the ith species, 
molality of the ilh species conected for as
sociation. 
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M 

n 

N 

' l j 

Q, 

R 
S 

Z i 

Vl 

Vrt 

p 

molality of the ilh species corrected for as
sociation and hydration, 
total luimber of iiidcpcndcnt equilibrium 
coiLslanls. 
total number of moles of all componenis in 
the system. 
lolal number of chemical species in -ihc sys
tem. 
total numlx:r of moles of the jlh component 
in the system, 
total number of moles of the /lh element in 
the system. 
lolal numlicr of components in the system. 
total number of consliluent .species formed 
from 2 or more componenis. 
mole-fiaclion of the Jlh componcni iii the 
system, 
jth component species, 
mole-fraction of the ilh constituent in tho 
system, 
I'lh constituent species formed from 2 or 
more components, 
signed valence of the I'th species. 
true molal activity coeflicient of the ilh spe
cies, 
niolal activity cocdicicnt of the I'lh species 
correcting for electrostatic interaction, 
niolal activity coctricicnt of the ith species 
correcting for hydration, 
molal activity coedicicnl of the ilh species 
correcting for electrostatic interaction arid 
hydration. 
number of moles of ihc jth coinponcnt in 
1 mole of the ilh constituent species, 
signed stoichiometric coetricicnt rcpresciiling 
the number of forinulac of the ilh species 
wriilen in the A-tli reaction; sign is negative 
for reactants and positive for products, 
solution density (g/nil). 
ilh mass balance, charge balance, or equilib
rium constant equation. 

STATEMENT OF THE PROBLEM 

Most simpler geocheinical applications arc sati.sficd 
by the foiirih, or specific, type of equilibrium calcula
tion cited above. In other words, a system-defining 
set of specific charge and mass balances and mass 
action expressions is solved by algebraic manipula
tion. However, as the number of componenis or spe
cies increases, the defining equations more frequently 
reduce to dilFicult non-linear expressions, Wilh ihc 
simpler s)'slenis. Ihe alternative generalized routines 
can be time-saving; for tnore complex problems, they 
may often provide the only pnictical solution. 

As a ciise in point, generalized routines have now-
been applied to geochemical systems so complex that 
they could not be .solved by .simple algebraic manipu
lation. For example, HOLLOWAY ;ind REESE (1974) 
have used free-energy mininii-/,;ition programs lo solve 
for the equilibrium fugacities of over 40 species in 

the system C—O—H—N at elevated temperatures. 
Similarly, KARI'OV and KA>C'MIN (1972) have detcr-
|-nincc! ilic equilibrium activities of 21 species in sea
water using an altcrnMtivc minimization algoriilmi. 
Where Gibbs free energies of all chemical species are 
available, opiiiniziition methods are convenient and 
reliable. 

Unfortunately, free-energy data are often frustrat-
ingly incomplete for systenis of pracliciil interest. This 
is particularly true, for example, with the high tem
peraiure mineral-water systems crucial to the current 
demand for alternative geolhermal power (BARNES, 
in press). Note, however, that equilibrium constants may 
be available for such systems even when free-energy 
data arc not—sec, for example, SILLHN and MAR-n-LL 
(1964), BARNES et a i (1966), HELGESON (1969), and 
TRUE-SDI-;LL and .IONES (1974). Although any equilib
rium constants can be calculated given formation 
free-energies of all reacting species, the converse is 
nol necessaiily true. Accordingly, there is a growing 
demand for coinputalional inethods based exclusively 
on equilibrium constants, which represent a minimal 
set of free-energy information. 

Using one such method, FELOMAN et al. (1969) have 
now computed equilibrium compositions of high tem-
per-dturc coal eombu.slion mixtures containing up to 
65 species including gases, liquids, free electrons, and 
ions. Their basic meihod was originally described by 
BRINKLEY (1947) and KANOINER and BRINKLEY (1950) 
(see also VAN ZEGGERBN and STOREY, 1970, Chap. 4). 
Typically, all A' chemical species of a given system 
are divided into R components, and S constituents, 
defined by Ihe following set of formation reactions: 

Y, {i = 1, ,S), .(1) 

where each v,,j is a stoichiometric coefficient represent
ing formation of the /th constituenL Yj, from the ;th 
componenl. Xj. For example, choosing H^O as a con
stituent foimed from Ihc components Hj and Oj, 
then reaction (I) would be written: 

Hj 4- 1/2 0 2 : ^ H 2 0 

iind the sloichidmetric coefficients v̂ ,̂  and VQ, would 
be I ;ind 1/2, respectively. Reactions (I) can be de
scribed by S ma.ss aclion expressions; 

( /= 1 , . . . , 5 ) , (2) 

where y, and Xj represent mole-fractional composi
tions of consliluenls Yj and components Xj, respect
ively, and each K, is a conventional equilibrium con
stant. 
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.(1) 

(2) 

Assume now that the total number of moles. Q,, 
of ciich element in the system is known, and Ihal 
the number of components equals the number of ele
ments (/ = I, . . . .R). Then ma.ss balances on each com
ponent give 

& = I "ij'lj ( / = I , . . . , ^ ) , (3) 
y = 1 

where r/j is the total moles of jth component in the 
system, and each a,j represents the sloichiometry. or 
number of atoms of element / in coinponcnt J. Thus, 
with the component CO,, a,; is I for the clement 
carbon, 2 for oxygen, and 0 for any olher element. 

Constituent mass bahinces now may be expressed 
in terms of the concentrations of each pure com
ponent, and of those components tied up in each con
stituent species of the system: 

s 

qj = xjn -f Y. ".-;)'.-" 0' == 1. - • •. /^). (4) 
1=1 

where n represents the total moles of all components 
in fhe system 

" = I 'Ij 

Finally, the mole fraction identity condition may be 
expressed by the single equation 

j = 1 .-= I 
(•'5) 

expressions (1) and (2) requires lhat equilibrium con
stants be known for Ihc formation of all .5 consli
luenls from all R components. Tlie.se specific con-
stanis ni.iy not be available unless free energies are 
known for all N species. For example, llie equilibrium 
eonsiaiils A.',- would usually be obtained from the 
relationship 

-AG%+ i SUJ&CIJ In X, = 
RT ; = i 

(6) 

whcic AG'IJ and AG"., 

Thc above equations (l)-(5) may be solved for the 
equilibrium concentrations .Vj and j',- by numerical 
methods such as the following: (i) estimate an initial 
or kih set of all R component concentrations .x'-". 
(ii) Using these xJ-*' and equations (2). calculate the for which 
corresponding S constituent concentrations )'[-*'. 
(iii) With these j'S '̂ estimates, solve the /\ mass balance 
equations (4) [possibly substituting expiession (5) for 
one of these] for new estimates, xf^'K of all R com
ponent compositions. The tjj term in equations (4) 
is given by expression (3), and is constant tliioughout. 
(iv) Return to step (I) and repeat to convergence, each 

.time setting xf"-" = .xf. 

The revised Brinkley method used by FELIJ.VUN et 
al. (1969) includes terms for multiple phases. While 
omitted here for clarity, the mass balances (4) then 
become non-linear in Xj. y,-. and /i'*', where n '̂'" is and 
the total moles of all components in the r/illi phase. 
The mass balances must then be solved by Newton-
Raphson iteration, rather than by simple matrix alge
bra. 

The Brinkley method has proven elfective in hand
ling multicomponent, miiltipliasc problems of con
siderable complexity. However, the use of mass action 

aie the standard Gibbs free 
energies of formation from the elements of the /lh 
con.slilucnt and /lh component, respectively. Becau.sc 
the meihod typically requires prior knowledge of for
mation fiee-cncrgies for all R -i-S= N species wiihin 
the system, fiee energy minimi-zation techniques apply 
equally well in such cases; thus, the goal of a genera
lized method using arbitrary equilibrium constants is 
no closer at hand. Therefore, in order to permit the 
u,se of arbitrary equilibrium constants relating any 
two or more species of the system, th.e method out
lined below does not distinguish .so-aillcd component 
species from constituents. 

COMPUTING ROUTINE 

Consider an arbitrary system of C components con
taining A' chemical species. Assume that equilibrium 
constants are known for M independent reactions 
relating some or all of these species. 

If ihe system is ionic, a cliargo balance may be written; 

f, = 0 = Y. Z,nii, 
1=1 

d1\ 
dni: 

= Z,- ( i = l , . . , ,AO, 

(7) 

(8) 

Z; is the signed valence of the ith species, and in, is its 
concentration (here arbitrarily considcied as molality). 

Assume ncxi that the louil molal conccniralions /i,. of 
iV-A-/-l elcmcnls or atomic species are specified for the 
system. Simple mass balances on these elements give. 

V̂ j = 0 = - B „ -)- X b^nii (/ = 2 , 3 , , , . , N - M , a s e = J -

5iii,-

( /= 1, . . , 
0' = 2,.3, 

,'V) 
.., N-M) 

• 1 ) 

(9) 

(10) 

Here li,. is the total molal concentration of the cth clement 
in the system, and /),.,• describes the elemental compo.silion 
of the ith species according lo llie formula vector /)',• = 
[/lj, /';, ''r.N-M-i.]'- For example, if the elements 
H, C. O. and N arc assigned the row positions I, 2, 3, 

^^fw^.-: v ^ T - ^ ^ ^ ' : : -"'*?*'""-'>:^'^'fr'V'''-:''^'T-*V,'. i"y;'M''.".^.:.';w j,p>j^>«.yTy ^.','ii^v.;";i,'.i 'TTB. 
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and 4 in /?,-, respectively, then the formula veclor lor the 
species HjCGj is [2 I 3 0] ' , If the lolal number of ele
ments in the system is E. then the swilar quantities /i,., 
define an F x .̂ ' system composilion matrix of rank C 
(sec VAN ZI:GC;I-:KI;N nnd SIOREV, 1971), p. 16). 

Finally, the M mass aclion expressions may be written in 
the form; 

- K " 
V ' j = 0 = - j ; — ^ - t - n " ' ? " {k = N - M + \, . . . ,N) (11) 

lions(8), (10), aiid(l2); 

and 

8m, ( = 1 
• !»( 

( /=1„ , , , /V) (12) 

= I'l, ni," ' n '";" l.li==N - M + \,...,N). 

Fe'-* -1-2 C r ?± FeClj 

I'i, is —I, —2, and 1 for the species Fc*-*, Cl", and FeCK, 
respectively, and is 0 for any other species. •/,• is an adivity 
coefTicient correcting the ilh species concentration for non-
idcality. 

Equations (7), (9). and (II) constitute a system of A' non
linear cqualions in A- unknowns (in,-, or -iVii,-). Note tliat 
the charge Ixilancc (7) docs nol apply to nonionic systems 
where the number of mass balance or mass action expres
sions must be increased by one. The above system of equa
tions may be solved by combining the Newton-Raphson-
method with so-called curve crawler techniques. 

For a complete description of the Newton-Raphson 
inethod, the reader is leferrcd to CAR.NAIIAN and WILKES 
(1973, p. 36S). AcioN (1970, p. 367) or HILDEBRANDE (1956. 
p. 447). First, cqualions (7), (9), and (11) are approximated 
by the linear system: 

'/' = 
• m 

5('P, •''A) 

f7(ii i,,.,,,«i.v) 

f ' is the righl-hand side vector in (13), 

•P'f' 'I'sY 

and S is the solution vector, 

5 = [i5ii i|,,,,, Aii.v]'^. 

Note that all Y',- scalars are conccntraiion-dcpcndeni: thus, 
ifiTi = [HI, iii.v]''', then V = '/'(/Ti) and '!'„ = y'',„(/Ti). 

In practice, the linear system of equations (13) is solved 
for the vector 5 using an iniliai, or k\\\ cslimate of the 
concentrations in!-''. At this stage, nclivily coeflicients, 7,-, are 
sel equal to unity. An improved estimate of the concen
trations is given by 

Here, K̂  is the Alh equilibrium constant. Each I't, is a or 
signed stoichiometric coefficient representing the number 
of formulae of the ilh species involved in ihe /(lh reaction; 
il is negative for reactants, and positive for products. Thus, 
for the reaction 

iTi"'-'-'> = iri'^'-f S 

111!'*" = ml" -I- bm; (1 = I iV). (15) 

Wilh iTi'*"'̂ " as a new initial guess, the process is repealed 
to satisfactory convergence in all m,. 

Note that system (13) will not possess a unique solulion 
when the Jacobian determinant 

J s 
f7{V',[mi'"],...,'/',vtmn! 

(i(»! ,m,v) 

of I he coeflicient matrix V*,, approaches zero. For this reason, 
il is advisiible lo write all ma.ss aclion expressions (11) wilh 
the least concentrated .species ns reaclunts. Because vj,- < 0 
for reactants, the purlials (12) arc thereby maximized (see 
the following example). A lest on the magnitude of i is 
recommended at each iteration. 

As a rule of thumb, when initial guesses are accu
rate to a rough order of magnitude, successful conver
gence may usually be expected for A' < 10. For sys
tems containing 10 or more species, the .following 

' ' .V - .W- l . l 

v,,iiif' f l 111,:-' 
1= I 

Ziv 

^l . ,v 

" N - M - I.N 

f l '".'•" 

? ' r i">;" 

VJUN-'"N ' n ' " i " 

'<5m, 

^ i i i j 

^ " ' .V -M 

SniN-si+i 

<5iii.v 

L J 

— 

r-'/'i 1 
- ' i ' l 

~ '1 N-H 

— ' I 'N-M + I 

- V'.v 
L J 

(1-^) , 

Equation (13)can be expressed more succinctly by, , , . . , , , . 
curve crawler technique is recommended (sec ACTON, 

1'„-A=-f, (14) 1970, pp. .379-3S6): 
where V',„ is the Jacobian cocnicicnt matrix given by equn- (i) Choose a subset of the total chemiatl system con-

^•i.'i^^i_'ii-.yvV¥,Ji'[ii'..''';--i::^^j^i.^.^w.».;^vv'^, •^r-rXi-'tm-^: ?);' '.''JVi.^'-'-^-' ".-^•'•*'} rt-^.J'ii"i",iil'.a •^j;^'.i*;..ijy-'V'-^^J!^^-*^J^w^t,*A';^i^T''iijm.''..'^.p;' g-. if^-m , J 
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taining fewer than C components and fewer than 10 
chemical species. Solve for the equilibrium con
centrations of these species using the Newton-
Raph.son method. 
(ii) Consider an increment of one omitted component 
so small that concentrations of the above species are 
not significantly changed. Compute the con
centrations of any new species appearing with this 
increment of new component, 
(iii) With these new concentrations as iniliai guesses, 
solve the expanded system by the Newton-Raphson 
method. 

(iv) Repeat step (iii), each time adding an increment 
of the new component, up to the desired eon
centration of this component 
(v) Repeat steps (ii)-{iv), each time adding a new com
ponent, until all C components are present at their 
specified concentrations. 

Up to this point in the calculation, all activity coeffi
cients have been set equal to unity. If required, these 
may now be computed from empirical or a priori 
functions relating each •/,- to species concentrations: 

y, =/{'"i,--'".v) ( / = I , . . . , A ' ) . (16) 

Various approaches to this problem have been consi
dered, for example, by THOMPSON (1967), HELGESON 
(1969), HELGE.SON and JAMIS (1968), TRUESDELL and 
JONis (1969), and CREILAR and BARNES (in prepa
ration). Important uncertainties currently inherent in 
the a (niori estimation of single ion activity coeffi
cients are discussed in the latter two papers. 

For the present purposes, functions (16) predict in
itial •/j*' estimates, given a first set of concentrations 
mf\ System (13) is then solved by Newton-Raphson 
iteration [using these initial yf\ mf values] for an 
improved set of concentrations iiit''^''. Functions (16) 
then predict corresponding yf* ", and the process is 
repeated to satisfactory convergence in all y,-, in,-. In 
practice, the change in various y,- from one iteration 
to the next may be so large that the process diverges. 
Ill such eases, successive y,- are changed by some small 
fraction 5, of this step by step difi'ereiice: 

yfl = y f - " 4- {f\pif\. , < . ' ] - y r " l < 5 , (17) 

where/, is the function (16). 
While molal units have been used in the above dis

cussion, the method applies equally well to other con
centration scales. Note that when mole-fiaclional 
units are used, the identity condition (5) may be sub
stituted for any of the charge and mass balances, or 
mass aclion expressions (7). (9), and (11), 

While the Newton-Raphson method with suppor
tive curve crawlers has been applied exclusively in 
the foiegoing, it should be mentioned that the original 

eqiialions (7), (9), and (11) may also be solved by stan
dard false position, seaiiil. and interval halving pro
cedures (eg, CARNAIIAN ;ind WILKES, 1973, Chap. 5; 
AciON. 1970, Chap. 2, 14). Additional numerical 
methods specific to the Brinkley approach ai-e cited 
in VAN ZEGGERI-N and S'IORI-Y (1970, Chap. 4). The 
simple method of successive substitution is not 
recommended here for general use because of its 
overly restrictive convergence criteria (CAKNAIIAN and 
WiLKiis, 1973, p. 368). 

Of all applicable root-.so I vers, the Newton-Kaphson 
approach olTcrs fastest (qiiadralic) convergence. 
The false position, interval halving, and secant 
methods can be somewhat unwieldy for the present 
purpo.ses, and converge at a slower (first order) late 
All four procedures requite initial estimates, and all 
four can hang up on undcsired multiple roots. In 
addition, the false position and interval halving pio-
cedures require a second sei of input points straddling 
the desired root. 

Because the Newton~Raph.son inethod projects 
derivatives in its search for roots, there is always a 
danger that it might be led astray along functional 
slopes and extrema; under such circumstances, it will 
tj'pically diverge or oscillafe indefinitely. For this rea
son, initial estimates can be ciucial wilh this method, 
and should always lie as close as possible to the true 
roots. Fortunately, the simple Newton-Raphson pro
cedure can be enhanced considerably by th;-. addition 
of so-called fine tuners or curve crawlers of the type 
introduced above. These have the general effect of 
improving initial estimates to any desired degree of 
precision. 

Should the Newton-Raphson method fail to con
verge, even with the addition of supportive curve 
crawlers, several options remain. As a first approach, 
initial estimates can be adjusted and the method tried 
again. Alternatively, the curve crawler step interval 
may be decrea.sed. Should the method still fail, then 
a less sensitive algorithm such as interval halving or 
false position am be invoked. Under some circum
stances, the modified, more rapidly converging 
Newton's methods derived by BROWN (1969) or Bocc;s 
(1971) may impiovc both computation time and the 
prospects of convergence. Brown's method is now 
available in FOKTOAN fV liiiough the IiMSL Library, 
Houston, Texas. 

NUMERICAL EXAMPLE 

As an example.-consider a problem requiring equilib
rium activities or conccniralions of all sigiiinc;inl species 
in the system 0-25 m NH.iCl-0-25 m N;iCI-()-25 m KCI-
0-25 m NaHSOj-H.Q at 3()0''C and at vapor s;ilui-aied 
pressure. The aqueous species Nli j , NHjGI-l. H ', I-ICI, 

i ^ ; ^ ^ ? . . ^^•^'''•WT:'-^ 
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NH4CI, C r , N a ' , NaCl. K", KCl, WSO;. KSO; . 
NaSO;, NII4SO;. KI-ISO.,, NallSOa, and NM4M.SO4 are 
considered. Relalivc aclivilics of the species l-KSC? .̂ SOj" , 
O H ' , NaOH, and KOI I are a.ssumed lo be negligible, 

•fhe complete system is described by ihe following equa
tions, analogous to (7), (9). and (11) above: • 

[ N H ; ] -f [H*] 4- [Na-*] 4- [K*] = [ C P ] 

-I- [ H S O ; ] -)- [ K S O : ] -f [Na.SO:] 

+ [NH4SO4M (18) 

^ N H j = 0-25 = [ N H : ] -I- [NH4OH] -(- [NH4CI] 

-1- [NH4SO; ] -E [NH4 HSO4] (19) 

5;;ci = 0-75 = [HCI] -E [NH^CI] H- [cr] 

-E [NaCl] -E [KCl] (20) 

J^Na = 0-50 = [Na*] -I- [NaCl] 4- [ N a S O ; ] 

4 - [NaHS04] (21) 

£ K = 0-25 = [K-*] + [KCl] 4- [ K S O ; ] -I- [KHSO4] 

(22) 

^ S = 0-25 = [ H S O ; ] -»- [ K S O ; ] -t- [NaSOJ] 

+ [NH4SO;] -E [KHSO4] + [NaHSOj] 

+ [NH4HSO4] 

^'iici = 

/^KCI = 

"-11SOJ-

(HCI) 

(H^)(C|-) 

(K^)(C|-) 

(KCl) 

(K^)(H.S04" 

(KS04-)(H" 

= 10' 

^ ' .N . so , . , (Na ' ) (HS04- )_ . ,4 .o , 

/v'iBo.- (N.->SO:)(H* 

KNII.SO.- _. ( N H : > ( H S 0 4 - ) 

^'iisoT ( N H 4 S 0 4 - ) ( H - ) 

(K.*)(HS04-) 

(KHSO4) 

(Na^)(HSO;) 

' (NaHS04) 

( N H : ) ( H S 0 4 - ) 

= 10-"-'' 

= IO"-"" 

= 10*'° 

= IO-'-"'* 

I Q - 0 . 3 

^NlUllSO, — 

= 10-"-' 

= 10" 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

^N1I ,0 (NHX) 
(NH40H)(H*) 

( N H : ) ( C 1 - ) 

= 10"-' 

K, 

(NH4CI) 

{Na*)(C|-) 

= 10-

10" 

(23) 

(24) 

(25) 

(2ti) 

(NH4HSO4) 

In cqualions (!S)-(34), .square brackets denote molal 
conccniralions (in,) and parentheses denote aclivilics (y,-in,). 
Note lhat all mass aclion equations (24)-(34) arc wriilen 
wilh smallest expected aclivilics in the denominator, as 
previously discussed. 

Table I lists appropriate values of ihe conslanls Z,-. />,,, 
li,.. Vji, and K^ used in matrix equations (13). In this lable, 
the rows labeled ipi-ij/n represent equations (18)-(34), 
arranged in the same order as in the text. Numerical values 
of the equilibrium constants /CH.O- '^NH.OII- and K K S O ; 

were obtained from SWI-ETON ei al. (1974). FisiiER and 
IURNI-S (1972), and OHMOTO (1972), respectively; K,v,,ci, 
/\,ici, ^KCi- '^iisor. and K^f^so. were taken from Hi-i.taf.soN 
(1969), For present purposes, kf̂ n^ci was approximated by (NaCl) 

Table I. Data for the system 0-25 m NH4CI-O-25 m Naa-0-25 m KCI-()-25 m Nal lSOj-HjO at 300°C 

1 z a t 5 C T 8 9 10 11 12 13 Ik 15 16 

BHJ mî OH H* HCI im^et Cl" na* nact K* KCt 1IS0J| K,W^ IIOEOĴ  IIH, 00. KKSO,, 
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h 
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" c i . i 

"na . l 

"K.I 

"s. i 
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" s . i 

"3.1 

" ' . l 

"5.1 

"6.1 

"r.i 

"8.1 

"9,1 

"10,1 

" u , i 

0 

1 

0 

0 

0 

0 

-1 

I 

0 

0 

0 

0 

0 

-1 0 

0 0 

0 0 

- 1 1 

0 0 

0 

0 

1 

0 

1 

0 

0 

0 

0 

0 

-1 

0 

0 

0 

0 

0 

0 

-X 

n 

0 

0 

1 

1 

0 

0 , 

0 

0 

0 

-1 

0 , 

0 

0 

0 

0 

-1 

0 

0 

1 

0 

1 

0 

0 

0 

0 

0 

0 

-1 

0 

0 

0 

0 

1 

0 

0 

0 

1 

a 

0 

0 

0 

0 

0 

0 

-1 

0 

0 

0 

0 

0 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

-X 

0 

0 

0 

0 
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0 

0 

0 

0 

-1 

0 

17 

0 

1 =o.Z5 

• »-,n''-5T 

„-0.82 

IC^'ll 

0 Kjo-lO -0.3 
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(27) 

(28) 

' (29) 

(30) 

(31) 

(32) 

(33) 

(34) 

Table 2. Computed equilibria in the system NI-ljCI-NaCI-KCI-
N a l l S 0 4 - H , 0 al 30()C 

IIH, 

HH,|011 

11* 

HCI 

IIH^CJ 

C l " 

Ka* 

BaCl 

K* 

KCl 

HBO^ 

KSC^ 

~ "ll 

llaHSO, 

0.105 

1.61x10'^ 

i . rCxio"^ 

6.1.0x10"^ 

0.11.5 

0.210 

0.105 

0.116 

0,105 

0 , H 6 

... 
— 
~ 
~ 
... 
... 
— 

a.itdxio'^ 

3.TOxlO"^ 

6.1-1x1,0"'' 

3.09x10'^ 

l . f i lx io '* 

2.88x10--^ 

8.61x10'^ 

1.61x10--^ 

1.16x10"'^ 

1.33x10"^ 

... 
~ 
_. 
~ 
... 
... 

— 
._ 
— 
— 
— 
... 
— 
... 
— 

6.20x10-

1.02x10-5 

7.51'xlO-'' 

7.1.2x10"' 

LlikxlQ-

1.06x10"'' 

1.05x10"'' 

8.75x10"^ 

2.01x10"' 

1.17x10"' 

t .76x10" ' 

1.35x10"^ 

2.33x10"^ 

1.76x10"^ 

2.72x10"' 

1.13x10" 

1.05x10" 

1. liOxlO" 

1.17x10"' 

1.81ixl0"' 

9.13x10" 

3.16x10"^ 

li.95x10"^ 

2.l i5xl0" ' 

1.83x10"' 

1.29x10"' 

3.18x10"' 

2.60x10"' 

5.72x10"^ 

5.37x10"' 

3.69x10"' 

1.15x10"' 

2.03x10"' 

3.81x10"^ 

2.17x10"' 

1.21x10"' 

2.19x10"' 

1.09x10"' 

7.71x10"' 

l.liOxlo"^ 

6.97x10"' 

0.326 

1.21 

0.326 

1.21 

1.21 

0.326 

0.326 

1,21 

0.326 

1.21 

0.326 

0.326 

0.326 

0.326 

1.21 

1.21 

1.21 

A and B: Iniliai estimates and equilibrium molalities respectively, in 
the system 0-25 m NH4CI-0-25 m NaCI-0-25 m KCI-H2O al 300°C, 
assuming all y,- = ''0-

C; Equilibrium molalities of sulfur species in the system 0-25 m 
NH4CI-0-25m NaCI-0-25m KCI-O-OOl m N a H S 0 4 - H , 0 at 300°C 
assuming all •/,- -- 10, 

D; Equilibrium molalities in the svslcm 0-25 m NH4CI-O-25 m 
NaCI-0-25 in KCI-0-25 m NaHSOj-H,© al 300°C, assuming all >•,• = 
10, 

E and F; Equilibrium molalities and molal activity coeflicients. re-
spcclively. in the system 0-25 m NH4CI-O-25 m NaCI-0-25 m KCI-
0-25 m N a H S 0 4 - H , 0 ai 300'C. 

'̂ .N^ci; Ktiusoi and K.vn^so.- by KKSO.-; and '̂ Nniiso^ and 
' ^ .Ml^l l .SO. o y / ^ K H S O j -

It is unlikely lhat initial eslimalcs of all 17 species con
centrations would be suflicieiiily accurate to permil a sim
ple Newton-Raphson solulion lo this problem. Sclccliiig 
instead the subsystem 0-25 m NH4CI-0-25 m NaCi-0-25 lii 
KCI-H,0 eliminates equations (23). (29)-(34). and all 
sulfur-bearing terms from the remaining 10 equations. Noie 
lhat the ir.;iss balance on lolal sodium fails 10 lis ,̂ = 
0-25 m. The resultant 10 equations can now be solved by 
Newton-Rapli.soii ileraiion and a reasonable iniliai guess. 
Initial guesses and calculated equilibrium concentrations 
arc listed in Table 2. columns A and B. respectively. Con
vergence lo Ol'/f, precision required 6 iterations. For this 
calculation, all activity coeflicients, y,, were set equal to 
unity. 

The next slep uses the curve crawler technique to .solve 
for all concentrations in the lull 5-coinpoiient .system. Fiisl, 
conccniralions of all sulfur species in the sysleni 0-25 in 
NH4CI-0-25 m NaCI-0-25 m KCI-O-OOl m N a H S 0 4 - H , 0 
arc cstiinatcd from equilibrium molalities in the reduced 

il.r.A, .Wi l l I. 

4-componenl system (Table 2. column B): 

(K^)(HS04-) 
(KSO4-) = 

(NaSO;) = 

(NH4SO4") = 

,0406 (H+) 

(Na^XHSOj) 
,Q4-06(|.J+J 

(NHJ)(HS04-) 
|Q4,0(,(,.pj 

(KHSO4) = • 

(NaHSO;) 

(K-)(HS04-) 
10-0-3 

(Na^KHSOl) 

(NH4HSO4) = 

,0-0,3 

( N H : ) ( H S 0 4 - ) 

10-"-' 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

I 
I 

M 

i 

? * 

••)' 
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[HSO4-] = 0-001 - [K.SO:] - [NaSO.r] -

[NH4SO4-] - [KHSO4] - [Nal-IS04] 
- [NH4HSO4]. (41) 

Again, activities are set equal to conccniralions. Equa
tions (35)-(4l) may be solved by Gauss-Seidel ileraiion 
on (I-I.SO4), Rcsulls lor the 7 sulfur species considered are 
li.slcd in Table 2. column C; conccniralions of the other 
original species (Table 2, column B) remain essentially un
changed. 

The next slep adds successive 0-(X)l m increments of the 
NaHSOi component to ilic system. All 17 cqualions (18)-
(34) m;iy now be solved by Newton-Raphson ileraiion, 
using calculated molalities at one increment as iniliai 
guesses for Ihe next. Thus, conccniralions in Table 2, 
columns B and C. are used 10 compute a new set of molali
ties al [NallSOj] = 0-002 m. These, in turn, predict new 
concentrations of all species at [Nal lSOj] = 0-(X)3 m, and 
so on to [NaHSGj] = 0-25 m. Activity coefl'icienls are 
again set equal to unity. Final concentrations are listed 
in Table 2, column D. 

The final step in the calculation imposes an activity coef
ficient corrcciion on the computed molalities. The subject 
of (I priori activity corrections for ciccli-olyle .Solutions is 
treated al length in CRIIRAK and BARNES (in preparation). 

The model introduced for illustrative purposes here is de
rived and tested by Crcrar and Barnes, and represents 
one among many possible approaches lo ihe problem. 
Because of the assumptions required in its present appli-
ailion, it should he considered only a first approximation. 

First, the uncori-ceted molalities in Table 2. column C, 
are used 10 csiimaic specific ion activity coellicienls. These 
molalities may first be conected for the loss of free solvent 
molecules lo ion hydration spheres: 

55-51 mi 

55-51 - ^ / i , i . 
(42) 

where m'„ is the molality of tlte ith species corrected for ion 
as.socialion as lisicd in Table 2. column D: in,',,, is the mola-
lily of Ihc same species correcled for bolh hydralion and 
ion association; nnd /i, icpiesents the average moles of 
solvent hydraling one mole of solute species i. Next, each 
nil, is converted to an association- and liydration-conectcd 
molarity, C'i),; 

CL = mi 
IOOO 

OOOp 1 

+ lG*m*\ -
(43) 

Here, /) is solution density (g/ml), and 'ZC*m* is the 
summed products of gram molecular weights and stoichio
metric molalities for all solute componeni.s. 

A mole-fraction specific-ion activity coeflicient may now 
be coinpuled from the complcle Debye-Hiickel equation; 

log/!. = 
-ccz,)\/i 

(DT) • i 1 -)-
l-iijl 

( D r ) " \ 

(44) 

where Z, is species valence. D is the dielectric constant 
of water at Icmpeialure (AKERLOE and (Jsiiitv. 1950); li 
is Ihe empirical Dcbve-Hiickel 'distance of closest 
approach'; E = 50-29158. and C = 1-8248 x 10'' (HAMER. 

1968). / is the conventional ionic strength, 

i=\l(z,)'cu. 
— i 

The mole-fractional activity coeflicient fj. corrects for 
long-range elcclrostalic ion-ion inlcraclions. It is con
verted to molal units by the relation 

log yi = log / i - riooo4-c„,„5:'"i» 
log - -1000 

(44a) 

where G„,o 'S ihe gram molecular weight of the solvent, 
waler, and vi is the molal specific ion activity coeflicient 
correcting for electrostatic interaction. It may be converted 
to a complete molal activity coelTicicnt, yi,,, correcting for 
bolh hydration and electrostatic interaction by the rela
tion. 

y',„ 
•/r"'il. 

mi • 

The corresponding coeiTicienL v 
for hydralion alone is given by 

y'h '• 
y j h 

vi-

(45) 

, correcting the ilh species 

(46) 

With uncharged molecular species, it is assumed lhat elec
trostatic interactions are negligible (yi = 10), and that the 
complcle activity coeflicient is given by yj, alone. 

For illustrative purposes, the system density p and 
Debye-Hiickel a parameter arc here approximated by the 
corresponding values for lOm NaCl al SOO'C (0772 g/ml, 
HAA.S, 1970; and 30A, Liu and LINBSAV, 1972, respecti

vely). The hydralion number, /i,-, of neutral molecules is 
approximated by the value 2-0 for NaCl" (QuisT and 
MARSHALL, 1968), and the hydralion number of cations and 

.anions, grouped as pairs, is approximated by 10-0—Ihe 
'total hydralion of Na"" 4- Cl" at 300°C (YEATTS and 

MAILSHALL, 1972), 

The molalities in Table 2. column D, were calculated 
on the assumption that all y, = l-O. These concentrations 
may now be used in equations (42)-(46) for first estimates 
of-/"ift and y'l,—the activity coeflicients of ions and-neulral 
species, respectively. Using these y,- and m, as initial esli
malcs. the complete system of equations (l8)-(34) may be 
solved by Newlon-Raplison iteration for a new set of con
centrations. A corresponding sel of new activity coefficients 
is then calculated from equations (42)-(46) and the process 
is repeated to satisfactory convergence in all y, and m,-. 
Because successive Vi change considerably during the first 
few iterations, and might otherwise diverge, each y,, is 
changed by stcpwi.se increments using relationship (17), 
and setting (5 = 0 1 ; in other words, only 10'% of the pre
dicted change in y,- is used at each step. 

Final molalilies, nij, and molal activity coeflicients, y,, 
are lisicd in Table 2, column E, for the full 5-componenl 
system. Activities of tho less important species HiSOi, 
SO.^-. Ol-P, NaOH, and KOH may be computed using 
the above y,, m, values and appropriate equilibrium con-
stanLs. The inclusion of these additional species has neglig
ible clfcci on the iniliai charge and majjs balances (18)-(23), 
justifying the original assumption. 

SUMMARY 

The equilibrium aclivilics and concentrations of 

species in multicomponent systems may be ailculated 
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tr 
1-

given (I) lolal conccniralions of each component or 
of selected elements, and (2) the tippiopriate mini
mum number of independent equilibrium constants. 
Because the method does not require complete free-
energy dala for all species, it may often apply where 
optimization techniques cannot. Although free-energy 
data are currently incomplete for many rock-water 
systems of geochemical interest, equilibrium constants 
are oflen either known, or may be estimated for im
portant reactions wiihin many such systems. Indeed, 
much of modern experiment;il geocheniislry has been 
concerned, cilher directly or indirectly, wilh the com
pilation and measurement of such equilibrium con
slanls. As interest turns toward multicomponent equi
libria of ever increasing complexity, computer-based 
techniques such as those considered here should find 
important applications wiihin the geosciences, 
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S. MACRAE. P . MALIN. R. PHINNHV, and R. SiRHLirz for 
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The sedimentary dislribuiions of carbon, sulfur, uranium, and ferric iind ferrous iron depend 
greatly upon ambient oxygen pressuie and should reflect any major change in proportion of 
oxygen in the almospheie or hydiosplierc. The similar dislribuiions of ihcse elements in sedimen
tary rocks of all ages are liere inieiprclcd to indicate the existence of a Precambrian atmosphere 
coniaining much oxygen. 

Organic carbon contents and dislribuiions arc simil:ir in Precambrian and Quaternary seJinien-
Uiry rocks and sedimcnis. although dislribuiions in both would have been sensitive lo variations 
in rates of oi-ganic produciiviiy and atmospheric oxygen pressure. Sedimenlary pyrite is almost 
invariably closely associated wilh organic carbon, suggestive of formation by sulfate rctiaciion. 
in sedimcnlai-y rocks of any age. .Archean and Middle Precambrian cherly iron formations and 
uranium ores resemble Phanerozoi'..- ores and probably lormcd similarly by diagcnelit concentra
lion. la general, we find no cvideiice in ihe sedimenlary (lislribiilions of carbon, siilfiir. uranium, 
or iron, ihal an oxyyen-liee atmosphere h;is existed al any lime during the span of geological 
history recorded in well preserved sedimentary rocks. 

La distribution dans les sedimcnis du caibonc. du soufre. dc ruranium. du fcr ferreux. el 
ferriqiic depend largemeni dela pression ambientedc roxygencculevrait refietertouie variiiiion 
majeure dans la proportion d'oxygcne de raimospheie et de rhydrospliere. Des Uisiributions 
sembkibles de ces elemenis dans des roclies se-dimenl;iii-es de tons les ages sont ici inlerprctccs 
comme indiquanl i'cxisieiiee d'uiie almospiicic prec-inibiiciAne conlciv.uU tx-.aico'.ip d'oxygcne, 

Les lencurs en carhone organique el leiir distribution soni semblables d.ins les roches 
.scdimenlaircscl iesmalei-iaux niciiblesaii I'rt-eamt-irien cl an Qualornaire.qiioiqiic la disiribulion 
dans chaque eas ail pu eire sensible aux variations de riiclivite oi-ganic|iic e! dc la pression 
atmospheriqiie de foxygene. L.i pyrile sediineiii:iiic esi presqii'invariablcmen! associecdc pres. 
dans k̂ s rochet .•icdimcniaires de lout age. au caibone organique. siiggcianl une originc p:ir 
reduclion de siiirales. Les roimalions de fcrct dc chert dc r.-\ichcen et du Prccambrion moyon ei 
les minerais d"iii-,iiiiuin i-csscniblenl aux gilcs phanei-..i-/.o'iquos el se .soni pi-ob;iblemeiil formes de 
favon sembl-.ibic p.ir toncenlvation en eoiivs de diagencse. En general, r.oiis ne u-oiivons aucuitc 
picuvo d:ins la disliibulion sedimcnLiiie du carbone. du soufie. de riiraniiim. e: Uii i'crqu'une 
atmosphci-e s;ins oxygcneail cxisle en auciiii moment au couis dc I'histaire gcologiiiiie !oi-.siiu"on 
consiiloie les loclies scdimenlaires bien eonservccs. 

fTiadiiit parlejournall 
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Introduction 

Current concepts of atniospheric evolution 
through the Precan-ibrian are based partly on the 
model of progressive accumulation of exhaled 
gases (Rubey 1955) and partly on genetic models 
of cherty iron formations and uraniferous con
glomerates (Cloud 1973). Atmospheric oxygen 
pressure is popuhirly presumed fo have in
creased ' steadily through the Precambrian 
(Berkner and Marshall 1965). Pyrite and 
uianinite of Middle Precambrian uranium ores 
are generally interpi-efed to be detrital com
ponents (Ramdohr 1958) and are considered 
to be evidence of low atmospheric oxygen pres
sure. Cherty iron formations are commonly 
thought to be precipitates onto the sea floor of 
iron transported in the ferrous state from a 
continent (Lepp.and Goldich 1964) or from a 
deep oceanic reservoir (Holland 1973c), the 
precipitation possibly linked fo a specific stage 
of biologic evolution (Cloud 1973). 

However, the fundamental differences between 
Precambrian and Phanerozoic chemical sedi-
i-nentation implied by these interrelalcd models 
are not apparent in the rock record, and dif
ferences that do exist between Precambrian and 
Phanerozoic sedimentary rocks are nol readily 
atti-ibulable to a progressive increase in propor
tion of atmospheric oxygen. Nol only do we note 
fundamental similarities among iron- and ura
nium-rich sedimenlary rocks of all ages but, 
more significantly, we find similar distributions 
of organic carbon, sulfide sulfur, and iron in 
the ordinary sedimentary rocks that constitute 
the great bulk of the sedimentary rock record, 
although all three distributions are presently 
strongly influenced by the ainbienl partial 
pressure of oxygen. The similarities in distribu
tions are interpreted to indicate that process-
response effects, i.e. negative feedback, have 
been similarly effective throughout lecorded 
geologic history. Differences that do exist 
between Precambrian and Phanerozoic sedi
mentary suites, other fhan those caused by fhe 
generally higher degree of metamorphism in 
Precambrian terrains, are more readily at
tributable fo tectonic and biologic evolution 
than to major compositional changes in the 
atmosphere and hydrosphere. 

Although vvt; will stress fhe evidence con
tained in ordinary sedimentary rocks, we do 
not exclude sedimentary uranium and iron 
ores from consideration. The models of diagnefic 

ore concentration favored herein require the 
presence of an oxygen-rich atmosphere. We will 
not discu.ss complex details of ore dejjo.sit 
geology or possible modes of origin, because 
work on these aspects is in progress, and oniv 
an outline is required lo demonstrate com
patibility with the concept of an oxygen-rich 
Precambrian atmosphere. 

Hypotheses concerning the oxidation state 
of the Precambrian atmosphere have greai 
economic importance because redox leactions 
can determine the geochemical behavior of 
many heavy metals. Prospecting for heavy metal 
deposits in Precambrian terrains has been cor
respondingly influenced by current concepts of 
atmospheric evolution. However, the inadequacy 
of present concepts has become obvious in 
prospecting for uranium ore in Quebec. The con
cept that the Middle Precambrian uraninite 
deposits are placers is too restrictive, as shown 
by the fact that much of the uraninite in the 
Witwatersrand deposits occurs not in the form 
of detrifal-looking grains af fhe base of fining-
upward cycles, but af their fops, where it locally 
replaced and encrusted organic matter (Pre-
torius 1974). Prospecting for placer uraninite 
in Middle Precambrian conglomerates of north
ern Quebec has been a failure because the gravels 
examined to date apparently experienced oxida
tive diagenesis, and the localities of possible 
uranium ores concentrated by groundwater 
have nol been prospected. By contrast, prospect
ing ("or Archean Cu-Zn ores has been highly 
successful because these were interpreted as 
analogues of Phanerozoic deposits, despite the 
fact that fhe geochemistry of both metal.-; 
depends on redox reactions and that deposits 
formed in an oxygen-free ocean should be 
different from those formed in the Phanerozoic. 

Sedimentary Carbon Distribution 

Introclitclion 
Carbon occurs in Iwo associations in un-

metamorphosed and low-grade metamorphic 
rocks: (1) vvithin Ihe carbonate radical of car
bonate minerals, and (2) in a myriad of organic 
compounds. In fhe latter association, it is 
generally called organic carbon, even if the 
organic molecules are presumed to have been 
abiologically synthesized from inorganic mol
ecules. Organic carbon compounds, found in 
virtually all well preserved mudrocks of any age. 
typically become enriched in carbon with time 
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and with degree of metamorphism until the 
hydrogen/carbon and oxygen/carbon ratios ap
proach zero and fhe material is termed graphite 
(Degens 1965, p. 304). However, locally, even 
in the Archean, as in the well preserved Rouyn -
Val d'Or area of Quebec, fhe organic carbon of 
mudrocks is generally not pure graphite but is 
dense bitumen, termed shungite (Easdon 1969, 
p. 20). 

The distribution of carbon in Recent marine, 
sediments (Richards and Redfield 1954; Emery 
1960; Rao 1960; Van Andel 1964; Emery and 
Uchupi 1972) is determined by biologic, sedi
mentary, and diagenefic processes. All sedi
mentary organic carbon is presently of biogenic 
origin; hence, the total mass of organic carbon 
available for deposition is determined by 
biologic productivity. Primary biologic produc
tivity fs lai-gely controlled by the supply of 
inorganic nutrients, particularly phosphate and 
nitrate. Productivity is great in areas of pro-
grading terrigenous coastlines, where nutrients 
are derived from fine grained terrigenous mud, 
and in areas of upwelling ocean currents. There 
is no reason to believe that this was difterent in 
the Precambrian, since even the most primitive 
organisms depend on phosphate-bearing co
enzymes, e.g. ATP, for their metabolism. 

Concentralion of Organic, Carbon in Mudrocks .-
Most marine organic sediment originates as 

minute, low density plankton. Plankton, like 
other non-lagoonal detritus, is commonly 
laterally transported before final deposition, and 
concomitant hydrodynamic separation is par
tially responsible for the enrichment of organic 
matter in fine grained sediments. All oiganic 
matter is readily" oxidizable, and less than 1% 
presently survives oxidation (,Emci-y 1960). 
Partial degradation produces dissolved organic 
carbon, which presently amounts to about 
7 X 10'"* kg in fhe world ocean (Wangersky 
1965), as contrasted with about 3.5 x 10"^ kg 
of inorganic carbon (Turekian 1968). Pai-fial 
diagenefic oxidation rales depend upon .sedi
ment permeability,, which controls dilTusivify 
and rates of pore fluid exchange. For this reason, 
diagenefic oxidation rates generally increase 
with increasing grain size of the sediment, and 
tbe sedimentary enrichment of organic carbon 
in fine grained sediments is furiher enhanced 
during diagenesis. 

The resulting organic carbon distribution in 

marine sediments is fairly simple. Organic 
carbon contents statistically increase wilh the 
clay content of the sediment in all large-scale 
geologic units (Richards and Redfield 1954; 
Emery 1960; Rao 1960; Van Andel 1964). 
DifTerences in average oiganic carbon content 
among sediments deposited in different en
vironments are quite large, fn particular, 
lagoonal and estuarine muds are rich in organic 
carbon because of Ihe exceptionally high 
productivities in such environments (Emei-y 
and Uchupi 1972). A second organic carbon 
maximum exists at about 800 m depth, because 
less ofthe deposited organic detritus is oxidized 
diagenetically in fhe zone of minimum con
centration of oxygen in fhe ocean between 200 
and 2000 m depth (Richaids and Redfield 1954). 
Virtually all organic carbon in sandstones is 
diagenetically destroyed, except where the 
sandstones contain a clayey matrix. However, 
later introduction of hv-drocarbons is locally 
common. Organic carbon is destroyed in 
permeable organogenic rocks such as reef rock 
or stromatolitic limestone, despite the relatively 
high organic carbon content of living reefs 
and stromatolites. The organic matter of fresh 
aragonitic oolite {ca. 1%; Milliman 1974, 
table 12) is also rapidly destroyed during 
diagenesis. Meadows of sea-grasses growing on 
sand-banks, and similar accumulations of 
organic matter on very shallow sands, have an 
extremely low preservation potential. They are 
destroyed by oxidation in nearly all cases. 

The distribution of organic carbon deposited 
from life-sustaining seas under an oxygen-
deficient atmosphere would difi'er markedly 
from the present distribution. Plankfonic matter 
would, of course, accumulate preferentially with 
the clay fraction of the sediment However, 
some plankfonic matter does accumulate in 
sands, and this would largely not be oxidized. 
Consequently, all marine sandstones deposited 
from life-sustaining seas under an anoxygenic 
atmosphere should contain considerable organic 
carbon. The l7o or more of organic carbon, 
•presumably like that present in Recent cal
careous oolite (Milliman 197-4, fable 12), should 
have survived diagenesis, as should have 
stromatolitic oiganic carbon. Living stromato
lites may be composed of over 80% organic 
matter (Hofmann 1973). Of course, this is 
mostly water but there are several percent of 
organic carbon. Stromatolites lifhified under 
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anoxygenic condifions should contain this 
amount of organic carbon, and algal mats 
developed on shallow-marine quartzose sand 
banks should also be preserved. 

It may be theoretically possible that, the 
organic compounds found in Archean mudrocks 
have formed from organic molecules abio
logically synthesized in the Early Precambrian 
by radiative ionization-pr'afmospheric methane 
or other hydrocarbons "and "complex reconstifu-
fion (Lasaga cl al. 1971). Organic compounds so 
synthesized in a primordial ocean would have 
contained a high proportion of hydrocarbons 
because fhese are among the most stable 
organic substances. These hydrocarbons would 
have accumulated on the ocean as a 'primordial 
oil slick' lhat would have behaved sedimento-
logically like modern oil slicks. The modern 
ocean is highly polluted by petroleum and is an 
excellent laboratory where the aging and sedi
mentation of hydrocarbons may be studied. 
Light hydrocarbons form thin films on the sur
face of the sea. They age rapidly and poly
merize to heavy bitumen, which-drifts as lumps 
a centimetre across or larger. These bituminous 
lumps eventually are deposited on beaches in the 
iiiterlidal and supralidal zones. Here they are 
slowly .destroyed under present conditions,, but 
would have been better preserved in the absence 
of atmospheric oxygen. Thus, abiologically 
synthesized organic carbon compounds would 
have been concentrated in littoral deposits, 
mainly sandstones and calcaienites, but also 
in pelites deposited in the intertidal and suprali
dal zones. They should have given rise to littoral 
sandstones and calcarenites containing bitumi
nous grains or a bituminous matrix, and inter
tidal and supralidal pelites (easily recognized by 
their sedimentary structures) also should con-
fain bituminous grains or their deformed 
equivalents. 

Presently available analytical data on the 
organic carbon distribution in Precambrian 
sedimentary rocks are rather sketchy (Table 1; 
Fig. 5). However, the distribution observed 
in the field is nol lhat expected from such 
anactualistic models but is quite consist
ently similar to the present distribution. For 
example, we know of no littoral sediments 
containing the bituminous grains or deformed 
equivalents that would have formed from de
position of hydrocarbons. Middle Precambrian 
littoral sandstones of fhe Labrador trough arc 

generally cither stained red by fine grained 
hematite or are gray but devoid of micro
scopically recognizable organic carbon; littoral 
calcarenites and stromatolitic dolostones, as
sociated with intraformational fiat-pebble con
glomerates typical of the intertidal and supra
lidal zones, are devoid of visible organic carbon 
as are the sandstones deposited in deltaic en
vironments (Dimroth 1973). Archean sand
stones of a coastal sequence south of the 
Rouyn-Noranda area, Quebec (M. Rocheleau. 
in Dimroth et al. 1975) contain no recognizable 
organic carbon, whereas the pelitic rocks are 
richly carbonaceous. Precambrian sedimentary 
rocks studied by others are generally siinilar 
(Pettijohn 1943; Roscoe 1969). However, con
glomerates and sandstones rich in uranium 
and/or gold ai'c characteristically also rich in 
organic carbon, which appears fo be at least 
paitly the remains of algal mats, or of mats of 
other organisms, that grew on the sediments 
covered by fhe coarse elastics (Hallbauerand Van 
Warmelo 1974). • 

Extensive microscopic and field observations 
have confirmed a generally negative correlation 
between organic carbon contents and grain size 
in Precambrian sedimentary rocks. Where Pre
cambrian pelite and arenite are interbedded, 
organic carbon is invariably eiiriched in the 
pelite (Figs. 1, 2). Where coarse and fine pelite 
are interlaminated, organic carbon is con
centrated in the filier-grained pelitic laminae. 
Highly carbonaceous rocks invariably are mud
rocks. iVlafrix-fiee sandstones, cemented oolitic 
and stromatolitic limestones, dolostones, and 
oolitic and intiaclastic' cherts of Archean and 
Lower Proterozoic age (Figs. 6,7, 8) are gcncrally 
frec of microscopically identifiable organic 
carbon, like Phanerozoic rocks of comparable 
lithologies. Sandstones and other psammites 
(calcarenites, coarse grained volcaniclastlc rocks) 
containing some organic carbon are rare (Fig. -1). 
and in these cases organic carbon is nearly 
always concentrated in a pelitic matrix (Fig. -̂ '1 
regardless of the age of fhe rock. 

The negative correlation of grain size with 
organic carbon content is found in nearly :ill 
Precambrian mudrocks, regardless ofthe source 
of" the sediment or the environment of deposi
tion. In terrigenous suites, organic carbon is con
centrated in terrigenous pelite; in volcanouenic 
suites, it occurs in fine grained Uifl'or lun"aceoii.s 
sediment; and in carbonate rocks, it is con-
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TABLE 1. Correlation coeflicients for organic carbon conccniralions and estimates of pyrite coni.cnls 
in Archean mudrocks 

II6.S 

Cameron a 

Areas 

Red Lake, Ontario 
Alikokan, Ontario 
Lac des lies, Quebec 
JBeardmorc, Ontario 
Gcralton, Ontario 
Michipieotcn, Ontario 
Oba, Ontario 
Timmins, Ontario 
Maiachcwan, Ontario 
Larder Lake, Ontario 
Kinojevis Riv., Quebec 
Desmeloizes, Quebec 
Amos-Barrauic, Quebec 
Chapais, Quebec 

nd Jonasson (1972) 

No. of 
samples . 

12 
27 
48 

7 
48 
7 
5 

141 
9 

47 
II 
6 
9 

29 

Unweighted grand means 

Correlation coeflicient = 

Correlation coeflicient is 

I(X, - X)(Yi 
(Z(X,-X)=I(Yi 

0.83 

defined to be 

- Y) 
- Y)=)> 

Mean 
%C 

1.73 
0.20 
0.21 
0.10 
0.10 
1.76 
7.6 
1.27 
0.48 
0.19 
0.16 
0.12 
0.39 
0.30 

1.04 

Note; Pyrile content is closely represented by 

Mean 

%s 
4.6 
0.22 
0.35 
0.10 
0.15 

10.3 
10.9 
1.93 
0.74 
0.17 
0.14 
0.28 
0.10 
0.16 

2.15 

percent 
sulfur in data from Cameron and Jonasson (1972) and 
is roughly approximated by percent iron 
Easdon (1969). Each an; 
Easdon's data. 

in data from 
lysis is of one sample only in 

Easdon 

Township 
(NW Quebec) 

Surimau 
Desboues 
Desboues 
Desboues 
Desboues 
Desboues 
Desboues 
Desboues 
Desboues 
Desboues 
Desboues 
Desboues 
Desboues 
Desboues 
Desboues 
Desboues . 
Desboues 
Desboues 
Launay 
Langucdoc 
Berry 
Langucdoc 
Guyeniie 
Guycnne 
Barrauie 
Barrauie 
Pascal is 
l-icdmoni 
La Sarre 

Means 

(1969) 

%c 
8.27 

15.01 
10.39 
0.53 
6.18 
0.61 

16.74 
0.57 

10.01 
0.33 
9.85 
0.59 
9.79 
4.30 
3.84 

13.69 
13.22 
3.71 
5.79 

11.83 
4.29 
5,45 
5,35 
2,70 
0,71 
4,17 
2.56 

17.60 
3.90 
6.62 

Corrclaiion Coeflicient = 

%Fc 

9.56 
31.61 
15.17 
3.13 
5.92 
2.38 

23.38 
2.09 

14.81 
2.68 
7.31 
1.74 
5.16 
2.44 
4.67 
7.76 
6.10 
1.73 
4.80 
6.67 
3.57 
5.42 

14.21 
4.95 
4.22 
6.71 
6.15 

33.76 
4.95 
8.38 

0,81 

cenfrated in micrile. The psammitic and 
psephitic equivalents of these fine grained sedi
mentary rocks, e.g. sandstones, conglomerates, 
lapilli luffs, tufi" breccias, and calcarenites, 
generally are free ofmicioscopically recognizable 
organic carbon unless they contain a mud matrix. 
In the Proterozoic sequence of the Labrador 
trough (Dimroth 1973), such carbon enrich
ment is found in pelites deposited in fluvial, 
deltaic, coastal, and deep marine environ
ments. Relative organic carbon enrichment in 
mudrocks independent of environment is also 
i'lund in fhe Archean suites of the Rouyn-
^'oranda area, 'where i-i-iudrocks containing 
'Organic carbon have been deposited in lacustrine, 
^"'̂ astal. and deep marine environments 
••"̂ l. Rocheleau. //; Dimroth ct al. 1974, 1975). 
However, average carbon contents of mudrocks 

deposited in different environments are not the 
same. 

Conccnlration of Organic Carbon in Shallow-
Waicr Sedinientary Rocks 

Organic carbon content is not a simple func
tion of grain size. Just as lagoonal and estuarine 
mudrocks arc much more carbonaceous than 
other mudrocks in the Phanerozoic, so they also 
appear to be in Precambrian suites. Recently 
di.scovered, excellently preserved, Archean oolitic 
limestone and iron fornKition in fhe upper Back 
River area, Northwest Territories, Canada, is 
stratigraphically correlative with highly car
bonaceous and pyritic mudrock that is inter
preted to be of lagoonal origin (M. M. Kim-
berley, unpublished data 1975). Similar mudrock 
is interbedded wijh a lean, sideritic iron forma-
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FIG. 6. Oolitic dolareniic. The ooids and pisolites for algal oncolitcs) are carbon-poor, as is the 
sandy matrix. Section VV 38-7, Alder l-ormation. Lace Lake area, Labrador trough. Scale = I cm. 

FIG. 7. Stromatolitic dolosionc from the Alder Formation, Lace Lake area. Central Labrador trough. 
The dolostone is free of microscopically recognizable carbonaceous matter despite the probable high 
original organic content. Note the fenesiial textures. Section P 39-5. Scale = I cm. 

FIG. 8. Stromatolitic dolostone from the Alder Formation, Lace Lake area. Central Labrador 
trough. Note fcnestral textures. These dolostones are virtually carbon-free despite the high organic 
content of living stromatolites. Section A 10-6. Scale = I cm. 
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depends upon the presence of readily metaboliz-
able organic compounds (Berner 1971), it is 
clear that this organic carbon -was in organic 
matter not long dead. 

Organic Carbon ahd Atmospheric Oxvgen Trans-
fer 

Oxygen is presently added to fhe atmosphere 
principally through the burial of organic carbon 
photosynthesized from carbon dioxide. The ap
proximate rale of oxygen production may be 
estimated from the rate of sedimentation and fhe 
average carbon content of that sediment 
(Holland, in preparation). Only marine sedi
mentation- need be considered because of the 
more ephemeral nature of non-marine sediment. 
Estimates ofthe annual marine influx of detrital 
scdimefnt range from 0.93 x 10'"* kg to 3.25 x 
10'-̂  kg (Kuenen 1950). The value accepted by 
Garrels and Mackenzie (1971) and by us is 1.83 x 
10'-̂  kg. Assuming lhat the annual fluvial supply 
to the oceans of dissolved calcium, silica, and 
sulfate (Gibbs 1972) results in equivalent 
amounts of limestone, chert, and gypsum,' the 
total marine sedimentation rate is roughly 
2 X lO'^kg/y. 

The average Phanerozoic sedimentary propor
tion of organic carbon has been variously 
estimated af 0.8 to 1.1% for North America 
(Trask and Patnode 1942, p. 25) and 0.4% or 
higher for the Russian Platform (Ronov and 
Migdisov 1971;. Ronov cl al. 1965). Accepting 
an intermediate value of 0.75%, the annual 
organic carbon burial would amount to 1.5 x 
10" kg. Af this rate, the 1.2 x 10'^ kg of oxygen 
presently in the atmosphere (Goody and Walker 
1972) could be generated within 3 x 10''y. 

The current consumption of atmospheric 
oxygen is also geologically rapid. Holland 
(I973rt) has estimated the annual loss due to 
rock weathering to be presently about 4 x 
10" kg and the loss due to oxidation of volcanic 
hydrogen gas to be only 2(±1) x 10" kg. At 
these i-afes, all atmospheric oxygen could be 
consumed wifhin 3 x 10^ y. 

The general similarity of Proterozoic to 
Ph.anerozoic supracrustal rocks is too close for 
the production or consumption rates of carbon 
and o.̂ ;ygen to have dilTered radically. Even 
Middle to Late Archean volcanism is unlikely 
to have been greaier ih;in prescnl volcanism by 
two orders of magnitude, or the weaiherinc rate ' 

less by an order of magnitude, given that 
Archean mudrocks in northwestern Quebec 
(Easdon 1969) and in South Africa (Visser 1956) 
are compositionally- distinct from luffs, the 
Canadian mudrocks containing very little cal
cium. There is no evidence that such weathering 
of Precambrian sediments was caused by carbon 
dioxide instead of oxygen since biotite, which 
is susceptible to oxidation, apparently survived 
no better than in the Phanerozoic and feldspar, 
susceptible to carbonation, survived as well. 
The 2250 lo 2450 m.y. old Huronian sequence 
of Ontario is rich in detrital feldspar but con
tains no reported detrital biotite (Young 1973). 
Moreover, we know of no evidence to support 
the proposal by Cloud (1973) that all or a large 
part of Archean organic carbon is the residue 
of photoautrophic bacteria. On the contrary, 
all evidence presented in this paper appears to 
be inconsislent with such a proposal. 

.The concept of a gradual increase in at
niospheric oxygen through the Precambrian 
(Berkner and Marshall 1965) is difiicult to 
reconcile with consumption-production rates 
even an order of magnitude less than current 
rates. The negative feedback processes that 
presently seem to conti"ol the amount of atmo
spheric oxygen could have been just as effective 
as they are today in any part of the Archean 
when there weie photosynthesizing algae. The.se 
processes include- oxidation of variable pro
portions of organic matter depending upon 
atmospheric oxygen level (Broeckcr 1970), 
inhibition of photosynthesis by overly abundant 
oxygen, oxidation of variable proportions of 
hydrogen produced by photodissociation of 
water (Van Valen 1971), and coupling, during 
periods of increased erosion and weathering, 
of increased oxygen consumption to increased 
photosynihelic activity through increased supply 
of dissolved phosphate (Holland I973«). Initia
tion of an oxygenic.atmosphere could have oc
curred a few million years after the initiation of 
aerobic phorosynlhesis. The occurrence of blue-
gieen algal remains in the appi-oximately 2600 
m.y. old Vaal Reef Carbon Seam of the Wit-
waiei'srand Sequence (Nagy 1975) offers a 
probable minimum age for our oxygenic type of 
atmosphere. However, the petrographic sim-
ihtrity of the Isua Complex iron formation and 
associated sedimentary roeks (Bridgwater et 
al. 1973), dated at about ,3750 m.y. (Moorbath 
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Cl al. 1973), to younger rocks suggests that this 
earlier date is a better minimum. 

What the proportion of atmospheric oxygen 
may have been befoie photosynthesis depends 
largely upon the EaHy Archean rates of photo-
dissociation of water and escape of hydrogen 
from the earth's upper atmosphere. Brinkmaiin 
(1969) has estimated that, under current condi
tions, this process alone could, produce one-
quarter or niore ofthe present atmospheric level 
of oxygen. Van Valeii's (1971) objection that 
Brinkmann (1969) should have eii-iphasized 
oxidation of volcanic gases relative to rock 
weathering as an oxygen-consumptive process 
is not substantiated by Holland (\913a), who 
showed weathering of sulfide-bearing rock to be 
more important. 

Carbon Isotopic Ratios and A(nwspheric Oxygen 
Transfer 

Not only is fhe mass distribution of carbon 
between organic molecules and carbonate 
minerals relevant lo atmospheric oxygen levels 
but also isotopic fractionation of carbon between 
these two reservoirs (Broecker 1970; Holland 
19736). In a hydrosphere-atmosphere system 
of constant' carbon content, supplied with 
carbon of unchanging isotopic ratio, and wifh 
continual high degree of fractionation- by 
organisms, comparable oi-ganic and carbonate 
carbon isotopic ratios in sedimentary rocks of all 
ages would indicate a constant tate of separation 
of carbon between the two reservoirs, and 
hence an unchanging rate of free oxygen 
pioduction. 

Available analyses indeed indicate constancy 
with time for the isotopic ratios of sedimentary 
carbonate and organic carbon (Becker and 
Clayton 1972; Schidlowski et al. 1975), provided 
organic carbon is relatively unmetamorphdsed. 
There is no reason tosuspect that the carbon sup
plied volcanically has varied isotopically, nor is 
any significant variation in organic fractionation 
apparent (Oehler et al. 1972). However, fhe mass 
of carbon in fhe hydrosphere-atmosphere may 
have changed. Using Holland's (1973r/) as
sumption for fhe rate of volcanic degassing and 
measurement of carbon in volcanic gasses 
(Eaton and Murafa I960), integration over all 
of earth history gives an exhaled mass po
tentially greater than Rubey's (1951) estimate of 
total carbon in the crust. Although the basis for 
this calculation is doubtful, it clearly indicates, 

its suggested by Becker and Clayton (1972), 
that volcanic carbon contribution must be 
considered. The major evidence against ihcir 
contention, that volcanic contributions ma\ 
have increased the mass of carbon in the 
hydrosphere-atmosphere with time, is the liiah 
proportion of oi-ganic carbon found iiv Ai-chean 
miidrocks, including those associated with lime-
stones as.in the Miehipicoten (Goodwin l%2i 
and upper Back River (M. M. 'Kimberlev, 
unpublished data) areas pi-eviously mentioned. 
It is concluded that the constancy of carbon 
isotopic fractionation in sedimentary rocks i.';. 
in fact, an indication of relative constancy ol" 
free-oxygen production. 

Sedimcntaiy Sulfur Oi.stribufion 

Introduction 
The distribution of sulfur in Recent sediments, 

like that of organic carbon, is lai-gely a function 
of primary and diagenetic redox reactions 
(Berner 1971) and is correspondingly sensitive to 
variations in atmospheric oxygen piessui-e. There 
are two major sources of sulfide sulfur in presciu-
day sediments, i.e. seawater sulfate reduced 
bactcrially and organic sulfur released duriny 
decay; and two minor sources, i.e. volcanically-
exhaled sulfur and detrital pyrite. 

.Detrital Pyrite 
Detrital pyrite is present in some fluvial 

placers (Ramdohr I960, p. 741) and is common 
in eskers and in some glaciofluvial sands of 
Quebec (P. LaSalle and J. Radziminiska-
LaSalle, personal communication 1974). How
ever, its preservation potential is low. In a leu 
cases, detrital pyrite may survive diagenesis. 
provided deposition is rapid and reducini: 
diagenetic conditions are established rapidly 
after deposition. One; may expect to find detrii;il 
pyrite locally in biaidecl stream and alluvial VM 
environments, particularly in cold climaies. 
Preservation of pyrite in deposits of meanderint: 
streams and in shallow-marine or beach icdi-
ments of fhe temperate and warm climatic zone 
is unlikely (Davidson 1964), although sonic 
pyrite is known to occur in Recent alluvium m 
Central Europe (Miiller and'Negendank 1974). 

By contrast, pyrite should have been a con
sistent and important component of all flu\i:n 
and shallow-marine sandstones deposited undet 
a hypothetical oxygen-deficient atino.spherc 
Pyrite is common in all source rocks and is 
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relatively resistant to abrasion (Kocn 1958). At 
present, pyrile does not appear to be rounded 
mechanically because oxidative corrosion of 
crystal edges is a more efiicient process (P. 
LaSalle and J. Radziminska-LaSalle, personal 
communication 1974) and pyrite is eliminated 
largely by biochemical oxidation. 

No detrital pyrite has been found in any 
thin sections of the Lower Proterozoic fluvial 
or shallow-marine sandstones of the Labrador 
trough of Quebec (Dimroth 1973), and pyrile 
is no more than a mineralogical rarity in the 
basal phase of the Archean pieclmont fan con
glomerates of the Rouyn-Noranda area of 
Quebec (as described by Rocheleau, //; Dimroth 
et al. 1975), In the laiter case, detrital-appearing 
pyrile pebbles occur only in several outcrops of 
a basa'l conglomerate of local provenance, and 
some concentrically laminated pyrite nodules, 
obviously diagenetic, are present with the 

' detrital-appearing pyrite. Similar detrital-ap
pearing pyrite occurs in the Cambrian La 
Pocatiere member (Hubert 1973) of fhe St.. 
Damase Formation at La Pocatiere, Quebec, 
although this is as unusual for fhe Phanerozoic 
as for the Precambrian. Absence of pyrite from 
most Proterozoic and Archean sandstones in 
the Labrador trough and Rouyn-Noranda areas, 
despite the common presence of the mineral 
in the soui-ce rocks, is evidence for oxidation 
during li'ansport and/or diagenesis. The pyrite 
ofthe gold- and uraninite-bcciring conglomerates 
ofthe Witwatcrsraiid, the Sena de Jacobina, and 
Elliot Lake areas is found in polished thin 
sections to be parfi:illy replacing quartz grains, 
filling cracks in clasts, or occurring inlerstitially 
like a cement, as illustrated by Du Toil (1953, 
plate IV), and so is not consideied to display 
detrital lextures. 

Baclerially-Rediiccd Sulfate 
Most sulfide- sulfur in Recent sediments has 

formed by the action of suirate-rcdticing bacteria 
and is closely associated with bituminous-shales 
(Bei-ncr 1970). As for organic carbon, the as
sociation of pyrite with clayey sediment is 
equally characteristic of the Lower Proteiozoic 
sequence in the Labrador trough, Quebec 
(Dimroth 197.3). of 2700 m.y. old Late Archean 
sediineiijary rocks in the Abitibi belt of Ontario 
and Quebec (Goodwin 1973; Dimroth ct al. 
1974). and of iVliddle Archean metasedimentary 
rocks, about 3750 m.v. old, in Greenland 

(D. Bridgwater, personal communication 1975). 
Some Precambrian pyrite occurs as laminae 
like some of the Recent diagenetic pyrite 
(Berner 1971), but much ' is nodular, more 
obviously diagenefic. Nodules in the Miehipico
ten area of Ontario (Goodwin 1962) are 
delicately concentrically layered. Easdon (1969, 
p. 30) found a linear increase in pyrite content 
wilh increase in organic carbon content iii 27 
Archean carboiiaceous mudrocks ofthe Rouyn -
Val d'Orarea of Quebec and adjacent Ontario. A 
similar relationship can be seen in the carbon 
and sulfur contents reported by Cameron and 
Jonasson (1972, p. 991) for several Archean 
greenstone belts in the Superior Province of the 
Canadian Shield. This consistency of the sulfide 
sulfur - carbonaceous mudrock association, 
which is so characteristic pf Precambrian 
(Table 1) as well as Phanerozoic rock associa
tions, is evidence for(l) the continually abundant 
presence of sulfate in the oceans and (2) the 
continual diagenetic bacterial reduction of that 
sulfate, at least since deposition of the earliest 
known Precambrian sediment. 

Volcanically-Exhaled Sulfur 
Volcanic exhalations generally include hydro

gen sulfide. Under present conditions, most 
of fhe exhaled hydrogen sulfide is rapidly 
oxidized and precipitation of exhalative heavy 
metal sulfides occurs only under exceptional 
conditions. In the absence of atmospheric 
oxygen, the products of volcanic exhalation 
would have differed, particularly if mosl of the 
primordial ocean had been saturated with re
spect to siderite, as is assumed by Cloud (1973), 
Holland (1973c), and Drever (1974). All hydro
gen sulfide exhaled by submarine volcanoes 
would have precipitated as iron sulfide close to 
the volcanic venls. Volcanogenic sulfide deposils 
should be many orders of magnitude more 
voluminous in Precambrian volcanic sequences 
than in Phanei-ozoic volcanic sequences, and 
they should-occur around all Aichean submarine 
volcanic centers. Archean copper and zinc oies 
would have been more diluted than Phanerozoic 
ores by the marine ferrous iron presumed to have 
been abundant and reactive with exhaled 
chemicals. Proximal pyroclastic rocks would 
have been cemented by pyrile. 

In fact, none of these inferred differences 
between volcanogenic sulfide deposits of Pre
cambrian and Phanerozoic age arc consistently 
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found. Massive sulfide .deposits certainly did 
not form around every Aichean volcanic center. 
On the contrary, the special conditions for their 
formation were realized only under peculiar 
volcanologic and stratigraphic conditions (Sang-
ster 1972; Spence and de Rosen-Spence 1975). 
Base metal contents, base meta! zonation, and 
geologic,setting of the Archean ore deposits of 
the Rouyn-Noranda aiea, Quebec, ate com
parable to Miocene deposits in Japan (Sangster 
1972; Simmons et al. 1973; Horikoshi and Sato 
1970; Sato 1971, 1972). Archean sulfide deposils 
in the Abitibi belt (Dugas 1967) dp nol appear 
to be more voluminous than sulfide deposits in 
comparable Phanci-ozoic volcanic belts, e.g. the 
Paleozoic belt of soulhern Portugal and Spain 
(Strauss and Madel 1974) and the Green Tuff 
belt of Japan (Mafsukuma and Horikoshi 1970). 
Moreover, pyrite cement is absent from even the 
most proximal pyroclastic roeks of the Rouyn -
Noranda area. The distribution of volcanic 
exhalative sulfide deposits in Archean terrains 
does not appear fo differ substantially from the 
Phanerozoic distribution, and the hypothesis , 

..that the, Early Precambrian primordial ocean 
was satu'fafetj vyith respect to siderite is similarly 
unsubstantiated. 

Precambrian Evaporites 
Scarcity of Precambrian evaporites has been 

cited as evidence against substantial sulfate 
concentrations in sea water. However, most 
Archean sedimentary rocks are deep-water 
lurbidiles. There aie some fluvial deposils 
(Turner and Walker 1973; Rocheleau, /// Dim
roth el al. 1975), but Archean shallpw-marine 
and littoral deposits are virtually unknown 
except for a few probable eroded-volcanic-
island coverings, largely of iron formation. 
Most Archean sedimentation apparently oc
curred on tectonically active, steep slopes sur
rounding volcanic piles. Such a setting is not 
conducive to evaporite deposition or preserva
tion. On the Olher hand, theie is evidence that 
evaporites vvere present in all Lower Proterozoic 
miogeosynclinal sequences of the Canadian-
Shield deposited under appropriate climatic and 
paleogeographic conditions. Evidence for evap
orites is provided by gypsum and anhydrite 
nodules as in the Cordon Lake Formation ofthe 
Huronian Supergroup (Wood 1973), gypsum and 
halite casts in the east arm of Great Slave Lake 
(Hoflman 1968, 1973) and on the Belcher 

Islands (Bell and Jackson 1974), length-slow 
clKilccdony in the Labrador trough (Chauvcl 
and Dimroth 1974), and by probable evaporitc-
solution-collapse breccias. Survival ofthe actual 
evaporite minerals cannot be expected to be 
common in Precambrian Shields because pres
ently-exposed rocks have been fairly close to the 
surface since the end of Precambrian time and 
have experienced prolonged, albeit slow, ground
water fiow. 

The relationship of sulfur geochemistry to 
atmospheric oxygen production is much like 
thai of carbon (Holland 19736). Volcanically-
exhaled sulfur dioxide dissolves lo form sulfate 
ions that, upon bacterial reduction and forma
tion of pyrite, release free ox)'gen. Bactei-ially-
fractionated sulfur varies considetably in isotopic 
i-atio and is generally light. Conversely, highly 
variable or light isotopic concentrations of sulfur 
in unmelamorphosed and low meiamorphic-
grade sedimentary rocks are an indication of 
bacterial fi-actioiiation dui'ing sedimentation 
because inorganic fractionation is probably too 
slow to be significant at such lovv tempeiaturcs. 
The discovery by Goodwin el al. (1976) of a wide 
spread of sulfur isotopic values in pyrite of the 
Aichean iMichipicoten and Woman River iron 
formations east of Lake Superior, Ontario, 
coupled with very isotopically light carbon in 
associated carbonaceous mudrocks, is intcr-
preted--by them to indicate Archean aut'otropic 
organisms and reducing bacteria. 

Sedimentary Uranium Distribution 

Uranium is generally concentrated in sedi
mentary rocks relatively rich in carbonaceous 
matter. Certain extensive carbonaceous mud
rocks and lignites contain several tens of tiine.> 
fhe mean crustal abundance of uranium, which 
is aboul 3.4 ppm (Swanson I960, 1961; Wriglu 
1972). Stratiform ores of uranium, largely 
sandstones and conglomerates with over 3^0 
limes mean crustal abundance, are also generally 
richer in carbonaceous matter than un
mineralized sandstones and conglomerates. I h^ 
relationship is well documented for the Ceno-z.oic 
(Rackley 1972) and Mesozoic (Petersen 19601 
deposits of the U.S.A., in which t-eduction ol 
groundwater sulfate and uranyl ions by org:inn.̂  
oxidalion is generally taken to be the cause ol 
pyrilc-iiraninite piccipitation. The abundiuice 
of dense, isotopically light hydrocarbon in lh'" 
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Soutli Africari Witwatersrand goid-uranium 
ores (Prashnowskyarid Schidrowski^ 1967) and 
its pccurrcnGe in rich psJrtibns of the Caiiadlan 
Elliot Lake tiranium ore's (Roscot; 1969) is 
suggestive of a siifiilar diagenetic- cortfi-ol .on 
Middle 'Pfeean'ibriah pyi-ite-iffanimte. mjrieral-
iziUton (Derry- f960). 

There are *a number of other cliaraGteristiCs 
common to the;Middle Precknibrian Witwaters
rand (Pretoi-ius f974) and -Elliot L'ake (Roscoe" 
1969) deposits, whicH are foiJiKl jii Phaneroz'oi'c 
sand sfofier-eongiome rate uraninite deposits 
(Kimberley l'9,t4a)-, iii'eludin'g;,; lateral extent 6F 
stratiform u'ranihite- iiiirieralization of several 
kilometres, as iti tlie Perniolriassic of tli'e 
.•\ustrian Tyrol (Sehulz and LuKas 1970}; con-
Ccnfratidn of pyrite and uraninite along. Gross-
bedding planes, as iri the Shirley Basin of 
Wyoming (Harshiiiaii 1972); pai-fial t-eplacetiieirt 
of quartz, by pyrite, and Toundiiess, of pyrite 
and uraninite; as, jii tKe Shinarunip cori glome rate 
of Arizona (Petei-seri I960),; p:ti-tiai replacement 
of fossil plants (Finch 1967); and preferential 
concenfration Of uraninite at- the' b'sise of the 
host ore bed, as" iii tht; Perriiotriassic of th'e 
I ta;ii;vn Tyrol -(iiipplifa., 195 S). " 

Differences'bet weBh MidcHe PreGambrian and 
Phanerozoic uraninite deposits do exjst, the 
iwo'tnajor ones being the high thorium content 
G! .Middle/Precambrian unaniiiite;a-nd the narrow 
rairge pf. sulfur- isotopic yalucs, in associated 

-• re^rite (Rpseoe ]'969'; Schidlowski- 1958). 
j'hoi-iuni js-virtu ally ;insplu bie in pure water,, but 
tan be transported "by .certain dissolved organic 
solvents (Galkin ei al. f963) that could have 
been-more ab.und.ant within,.„MJ'ddIc Precainbri,a.ii 
itlan in Phanerozoic sediments. 

The M;iddle Precam'brian pyri'ti;., ,\viih narrow 
-Siiliur isotopic range, is much coar-ser grained 
iiiiin Icss^striitiform .Pliaiierozoic pyrite, wl'iidh 
has a widc'rangeorjsdfopitf ratios (Fifich 1967^ 
Tlii| could Ue related to •pi'ecipitatiGir ^f all 
siili.ur. leached from, overlying weathering pyro-
flastics and h0nrogenizati,"bii .upon .recrysklliza-
lion.. 

Direct cvidenGe of dingerietic uraiiium mO-
"̂ 'lity has- been rqund' in iirhivi'iiife-re'place'd 
organisms within WItwatersVnnd ores (HalliDatier 
î̂ iid Van.'Wannelp'lft74), Although ilMs thermo-

|i>namically ppssiblc that .this mobihty. could. 
nave. occurred at cxcecdinsly low oxygen pres^ 
^̂ "•es (Holland 19(̂ 2), it is-.nipi-e likely'that the 
•"-irbbnaccoLis replacemcnfs indicate an .oxygenic 

groundwater-atmosphere systenr more like that 
at present, However, the concept of an oxygen-
rich Middle Precambrian atimdsfihere, is in-
consisterit with the.concept'of ,physica.l S'tSrting, 
having piGducecl the bulk of Middle Pre
cambrian uraninite GOnGcntfation' (Pretorius 
•19,74; Rsfscoe 1'969). M, M, -Kimberley (un-
publi'shed mattei;) proposes an alternate genetic 
naodel, ih wliieh grdundwater leachate of ovei"-
lyifig weathered' Voleanie ash is reduce'd by 
oxid ati o'n bf remains of organisms along dis-
cdnformltjes, ,Ain6ng'the eVideiiGe for this'modei 
is the 'oeeuFreiice of iiiafic to felsic Huron ian 

"voleanics with weakly tirahircrdiisc-onglomerates 
'directly beiieath the ore-bearing M'atinc'hda 
Formatidn ;in: the Elliot Lake area (Robertsdii 
1973), the similar abuirdahce of vblcaiiicsiii the 
,base (Ddmjhidh Reef) of the Witwatersrand 
(Pretdrius i:974), 'and ^the Securfeuee of vbl-
"canies throug1-i the eiitiic Witwatersrand se-
.quence,- which has a'much ;gi-eater sti-at['graphic 
rat-ige of viehly nfiineraiized 'htdi than does the 
Fl uron j ah sequ'en ce. 

Sedimentary Iron Bistributioti 

• Rt̂ ceiit Iroii Sed.im&italiori aiul Ancient Red Beds 
ReGenL; sedimentation df ferriferous; minerals 

at'sedi ment-wafer interfaces and diagenesis of 
these minerals are- lai-gely contrblled by reddx 
reaction,s and, like sulfur and organic carbon 
•scdimcntatiQii,-should be,se,n,sitive io varialioiis 
in atmosphcnc oxygen pressure. At prcseiil, 
iron in tropj'caj weathering^ products is trans
ported prii-icipally in the; ferric state, in clay-
sized parti.el.es (Van Houter) r972). .This- ferric 
iron .is readiiy-.redLi.cible to aqueous rcrrou.S-h',pm--
in the -pi-eseiice of decaying p'rsaiiic inatter' 
within shallowly buried, anoxygenic sediment 
('Bemcr 1970)̂  and dissolved ferrous iron may 
be trahspOrted in ajioxygcniG-^subsui-fece waters. 
Subsequent precipit'ation as liydi-oxide, oxide, 
siljcafe, carbonate,.6r;suHicie-minerals ma"y occur ' 
nivd'er a. variety bfcohditidhs'characferifed by 
certain' ranges' of- oxygen fugacity ;"ai,id- pH. -
Recent iron cyiicentratioii .'bcciii-.s iii a liumber 
'of fdrm-s, including jroii-rich eiicrfistatioiis Si 
the se'dintein-w-^ater iiiterface (James 1969), 
iron-rich cements and concretions withiii detrital 

'Sed i meiif, an d fe,i:ri fci-oli s ' pai-f i'a I replaGcni ents 
bf 'calcai-eous se'diincut-(Kimb'erley l,975ff), 

Present-day fdrmatid'ii of pri>sumed rcdTbed 
precursors is- dependeht iipdii, the ctirrcnfly 
high level dI"-atmospheric dxy.gen, despite tl'-ic 

'^^iSii&':!;tmi^.^"!fi j^.^^.-:¥.i^A'>^V-fll*:l ',- ' ia^ '^^K^.1^i.«\r-^:tn-Jjl.iH!IV-'lliS»i,^.'^.l!h\!h-^-M\.m-.'^i--!' '••Sr1S!n-r!^j^ \-.i.. I '-,.«.Wi.lMa-
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fact that hematite is stable'with respect to* any 
prcdoniinantly Ten-ous niirierals at cx'ce'edingly 
low oxygen i'LigaGities (Garrels and Christ 1.965). 
Red-bed formafion is believed to' i-eqiiire that 
er-ga ni c "m after' rea d i ly metabohzab le bad tei-ja ll y 
ei_the'r not be cd-sediiriented vvith the detritus, 
or that it be oxidized before -se'dimeht bjiriai 
below tlic zdn'e.-'of-subs tan tial 'grbu nti water 'flow. 
Generally, tlie latter appeai-s tb be the case: 'N'p 
predoifi'inahtly ferric , minefials, are therfiio-
dyiiai'iiiGally stable in the, presefiee df aiiyqfganic 
compounds (Stiinim, aiicf Mbrgan ,1.970), but 
cd-ex is tence with- relatively um-eactjve car
boiiaceous - com pounds is fairly cbhin-iorily 
foiind, Jn eo'ntineiifal rcti-be'ds, jgiicpns and 
metamorphic ferriferous minerals niay be dia-
gehetically oxidized a'rid detrital grains coated 
by heinatite iinder the inlluence df a strongly 
vai-iaBle watier table, especially in- arid areas 
where b'tgariic .pi'bdLicti.vity ;and organic .sedi-
iiierftiftion ai-e liiinimal-(Walker. .1;967-; 'Glennie 
1.97GJ. S'onie sliallow-niarhie i-ed-beds may form 
by a siiiiilar pj-bcc.S-5 duriiig periods of regression 
and su.baei-ial exjadstii'e: of thtf sediniejit. ,H:0vv-
ever, sdiiie thick red-beci sequ'euGes seem to have 
been- deposited in deep> water, like part .ofthe" 
Cambro-Ordovician- se'q.uence in, the iqwer St., 
Lawrence River area, of" Qiiebe^p (L;a,jpie ei al. 
1974), ih this.'case, o,Kidati,o'n of the sediment is 
be'ljevccl- to have :takeii place by diffusipn of 
Oxygen into -the seciiiiien-t, -aided by .low 'Sedi-
.liieiitation; Tates- and bipturbation, Weatliered 
.basalts on the-.-presenf deep.pceaii flQ,o)*., partic
ularly 'tli'eir fragmeiittti (liyalpcias.tic) varieties, 
;arc eomnionly also heavily oxidized due to 
i-eaction between Terroiis iron; in basaltic glass 
and oxygen-i-ieh sea water. 

Well -doGumented i-.ed-beds, more than 1900 
,ni,y., old. (.Fryer "1972), occur in. the. .ba-bi-addr 
trough of Quebec and he \vell beneath one of 
the largest.clierty iron formations in'the world 

(Dimrbth 1968), These red-beds, are of t\vo 
types, fluvial arkose and .feldspathi'e congloiiic. 
rate; an'd sha!lo»'-marine shale; dolostone, .atid 
s.̂ ndsto'ivc. The ;feld.spathic.eonglgmerate- con-
taiiis :iiidesite .pebbles-bearing.oxidized \vcatlier-
ing crusts (Fig; 9), Tliese pebbles provide ua-
anrbigtious e-vidcnce. for,pxidatipn during wcattv-
eriiig in a sti.baerial envir.omnent. W-jthin the 
weatlieriiig: crusts, niajjc-minerais have been .re
placed by hematite, -anti grain .boundaries-atui 
cracks- li"av,e bjen coated with liepiatitc ,(Fiss. 
16, 11). Iji therass^ociated-arkpses, grain bound-
arie.s are-coated by hnp grained, hematite, and 
hematite-r-JGh'clay bî rids: the._CQiTi.ppnenf grain.";.. 
Tlie^ .sedjmenf was:, clearly deppsi.ted under 
oxid'izing co.ndjtipns, and oxidizing Gonditiqns 
were maintained-rintil. the final cl'osure of pore 
space, burhig- niefaniprphisin, the red arkoscs 
and shallpw-marine red-beds have been sonic-
-what dis.Gpigred due to C(>nversipn of heniaiite 
to magn,eiite and reerystalhzation of hematite, 
coarse., grai ned .hemafi.te ..being g.eiierally.gray. 

T-he' Ilu.vial red-.ljed,s are- overlain by shales, 
siltstones,-doipstpnes, and sand.sjoi)es that were 
deposited near a coastline-in a zone of mixed 
(errigenpus and cliemicai sedimentation. Ah 
the marginal facies of the pelitic units as well as 
the intercalated thin Jnterbeds of dolostone and 
dploinjtiG sandsipne are red or- variegated red-
green (Figs. i'*2, 13, 14, 15). The thick uiiits of 
dolostone-and dolomitic sandstone gen era I ly arc 
not red, with the exeeption Qf the du Portage 
and Dunphy Forinatidris, but any detiii:il 
grains are geherally hematite-coated (Fig. 12). 
Reddening of the sedi merits rnay have occurred 
during early diagenesis; but green concretions 
less cbmpa'cted.- 'than- surrdunding rijd pelite 
provide evicleiicefo'r'subseqiic'rit reduction (Fig. 
15), It- is utik'nown whetlier .hematite in the 
inarine i-ed-beds Formed during brief intervals 
of subaerial exposure' or by submarijic di:i-

FiG. 9. R.e,d .ai-.kbsic .cp.ngt.bmerate,. Ghajtwnipau Formation; -Chakgnipau "Lake ,area. Central 
L-abra'dor Iro'iigfi.'PebliJlcs bf';i"riaesiic.,(a)'aiici-!|iiciss' (gn),;iri,ariVKosic matVi.Si No.iCthc red weatherini; 
criists'(arrgws)''of andc^iie-p.ebbles, indJcalingjO.xidizingconditionsdiiringdeposition, Set-iion,A I3-9A; 
Scale ,= Icni. 

Fi,p. 10, '[>et]iils pr Fig, 9. Biotite:(bi) of a gneiss pebble, has been oxidized-dtscolored, aml-i-cpl:iced 
-by -hci-ii'afit'e'. Bioii'tc pr-uirvand'csitc p'cbb|e' (ipp,'left).h;is-als"o been rc)?laccd!by-hema!iie. Fine grained 
hematiiejcpat-^ the clastic grains. Scale = I mm, 

•FI'G, l j , DctaiLdf Fig. 9', I3ib,tiic of un andesite pebble (an) lias been tcplacctl by hemiiljtc, Clasiie 
fipains ate hcmaiite^eoaicd. Scale = I mm, 

Fio,'12, Gray,-'sliallow"rnaVine 'or, liii.ora! oi-lhoquariz'ite. Organic nialicr i"s";absciit, G!a,stic.grain.s 
•a,re .coated by';.hemalilc-. Gray color of sample is-diie-to relalively coarse grain.sizc orncm.itil'c, VYisliari 
Formation, de la Ufeche'Lakc area„Scciid)i VV 21-6: Scale; = Ininr. 
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FIG, 14, Red (r) and green fg) shale, Lac le Fcr Formation, Central Labrador trough. Note that 

the green discoloration appears, in pan, to proceed from the (lighi gray; sandstone laminae. Section 
LF-3-20, Lae Ic Fer, Scale = I em. 
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FIG, 15. Red shale, Lac Ic Fcr Formation. Note the 
green (here lighi gi-:iy) reduced spoi in upper left, Dif-
lerciiiial compaction aioiind ihc icdiiced S|xn indicaics 
an early diagciictie age ot eploratioii. Section 9-1-7, 
Lac le Fcr, Scale = 1 cm. 

We feel that most cm-rent discirssions of iron 
tormation sulTer from flii-ec major shortcomings. 
First, Precambrian iron formations are dif
ferentiated too sharply from Phanerozoic iron 
formation (James 1966. 1969), whereas most 
Precan-ibrian iron formations so closely le-

0 1mm 

FIG. 16. O.vidizcd shards of iiliiamafie hyaloclasiite. 
.Shards are .stained l-iioun by (Inely divided Fc-"'' and 
Ti''*' oxides. Iron o.vides eoal shards and cracks. .'\|-cltean 
iiliramalie llou-s of iVIiiiiro lownship, Ontario. Section 
Mii-5. Scale = 1 mm. 
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replaced by dark green chlorite (gray.) and ihe outer parts by colorless quartz and chlorite stained 
dark brown by finely divided Fe^* and Ti-"- oxides. Note the Licsegaiig-like rings at the margins of 
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seinble typical Phanerozoic iron formations 
(Cayeux 191 \a,b) that processes of origin must 
have been closely related. Second, available 
microscopic texfural evidence (e.g. Dimroth and 
Chauvel 1973) is insufficiently considered relative . 
to bulk chemistry (e.g. Drever 1974). Third, it is 
commonly assumed a priori that other sedi
mentary rocks, particularly uranium ores, 
clearly indicate a contemporaneous lack of 
atmospheric oxygen (Cloud 1973). 

Precambrian and Phanerozoic iron fortnations 
generally differ in that the former are more 
cherty, less aluminous, less oolitic, commonly 
banded, and thicker. These are, however, dif
ferences in degree rather fhan kind. Portions of 
certain Archean and Proterozoic iron formations 
closely resemble typical Phanerozoic iron forma
tions. For example, the extensive Lower 
Proterozoic Clayband bed of the Transvaal, 
South Africa (Wagner 1928) is largely chamositic 

oolite, much like the Upper Pliocene iron forma
tion at Kerch, Sea of Azov, Soviet Union, 
which is less than 5 m.y. old (Sokolova 1964), 
The basal portion of Archean iron formation 
in the upper Back River area ofthe Northwest 
Territories of Canada (M. M. Kimberley. 
unpublished data 1975) is locally ferriferous and 
calcitic oolite, like the Jurassic Marlstone Rock 
Bed near Edge Flill, England (Edmonds el "'• 
1965). 

Phanerozoic iron formations contain a sub
stantial component of silica precipitated //( sim 
(James 1966; Einecke 1950). However, this 
silica is mostly within authigenic clay minerals 
and relatively little occurs as chert. The dominant 
clay mineral is aluminum-rich iron serpentiiH". 
chamosite, whereas the dominant clay mineral in 
little-metamorphosed Precambrian iron form:i-
tions is aluminum-poor iron serpentine, grcena-
lite (Floran and Papike 1975). 
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The microscopic textures of iron formations 
•are typically among the best preserved of any 
sedimentary rocks of comparable ages. The 
many textural types of iron formation, e.g. 
oolitic, pisolitic, intraclastic, pclletal, and micri-
tic, have been shown by Diinroth and Chauvel 
(1973) to be closely similar to fho.'̂ e of liir.e-
stones. Most ofthe dilferences can be attributed 
to recrystallization and to difl"erent effects of 
compaction and dewatering on the physically 
different materials. However, iron formations 
generally do have a higher proportion of ooids 
that were broken and regrew before burial 
than do oolitic limestones, except where the 
limestones formed in highly saline environ
ments (Flalley 1974). 

The Upper Pliocene Kerch-Azov iron forma
tion must have formed under an atmosphere 
similar to that at present. The mass.of pre
cipitated iron and aluminum in this extensive 
deposit (Markevich 1960) is too great for lhis 
very-shallow-water sedimenlary rock to have 
formed in a reasonable length of time except 
by leaching of soils and replacement of under
lying calcareous sediment (Kimberley 1974a,6).' 
A Quaternary analogue of this general process 
has recently been found on northern Andros 
Island, Bahamas, where aragonitic Pleistocene 
oolite has been covered by volcanic ash, which, 
weathered to a soil and soil leachate, has 
partially ferruginized the underlying oolite 
(Kimberley l9T5a,b). Nearly all of this soil has 
been subsequently eroded off Andros and 
remnants are only found in depressions, mostly 
in sink-holes. 

The texfural similarities among Andros fer
ruginized oolite, Cenozoic iron formations, por
tions of nearly all Lower Proterozoic iron 
formations, and even some Archean iron 
formations are sulhciently great that subaerial 
and submarine weathering of volcanic ash, and 
possibly of some terrigenous, mud. above 
aragonitic sediment, leaching, and subsequent 
erosion of the leached ash and mud, have been 
proposed to be fhe key processes of iron forma
tion origin (Kimberley 1975/)). Presently avail
able oxygen and hydrogen isotopic analyses of 
the Gunllint iron formalion of Ontario (Knauth 
1973) are consistent with a soil lc;ichate-cal
careous replacement origin. Some ofthe internal 
structures of Lower Prolerozoic Labnidor trough 
iron formjition (Figs. IS. 19. 20. 21) are com
parable to those of silicilled limestones. 

Composition, thickness, and banding dif
ferences between typical Precambrian and 
Phanerozoic iron formations have been at
tributed by Kimberley (!975i)-to-biochemically 
different leaching processes, diflerences in 
tectonic setting and carbonate sedimentation, 
and lack of metazoan burrowing, respectively. 
The dominant sedimentary environment of 
iron formations has also changed with time, 
the change having occurred al the end of the 
Archean when co-nfinental platform sedimenta
tion generally superseded volcanic pile sedi
mentation (Bridgwater and Fyfe 1974). A large 
proportion of Archean iron formations occur-
as beds a few centimetres thick near or at the 
tops of Bouma sequences. Submarine ferriferous 
mud leaching and replacement of thin beds of 
closely underlying aragonife mud is a possible 
mode of origin for this type of iron formation 
(Kimberley and Diniroth 1976). Aragonife mud 
could have been eroded from shallow-marine 
areas along with accompanying non-chemical 
sediment or, possibly, could have continually 
settled from the photic zone of theocean. 

The similarity in mode of iron formalion 
origin through earth history suggested by the 
carbonate-replacement model would not be 
expected if there had been major changes in 
atmospheric oxygen content. Under an anoxy
genic atmosphere, all algal communities pro
ducing free oxygen locally (Fischer .1965j 
should have caused local oxidation and pre
cipitation of iron. However, most Ai-chcan and 
Middle Precambrian algal stromatolites are 
iron-poor limestones and dolostones (Henderson 
1975: HolTman 1973: Hofmann 1974). The sug
gestion by Cloud (1973), that the thick Middle 
Prec:imbiian iron formations predate led-bed 
sedimentation and mark the initiation of an 
oxygenic atmosphere, is demonstrably incorrect 
for the Early Proterozoic iron formations ofthe 
Labrador trough (Dimroth 1971) and Belcher 
Islands, Northwest Territories (Bell and Jackson 
1974;.Dimroth cl al. 1970), which are strati
graphically well above red-beds: and, of course, 
for the cherty iron formations of Laic Pre
cambrian and Phanerozoic age. 

Conclusions 

The distributions of carbon, sulfur, uranium, 
ami iion in Precambrian sedimentary rocks are 
similai- to those in Ph;inerozoic sedimentaiy 
rocks. Enrichment ol" oraanic carbon in fine 
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grained sedimentary rocks, irrespective of the 
source and the sedimenlary environment, sug
gests that planktonic matter has always been 
a major sediment contributor. Average oi-ganic 
carbon contents of mudrocks and carbon 
isotopic ratios have remained i-emarkably con
stant thi-ough geologic time. Organic mailer of 
IVcsh oolite and of oi-ganogenic sediments has 
largely beeri destroyed during diagenesis, and 
algal mats have rarely been preserved except 
whci-e silicifii^d shortly after death. These ob
servations indicate considerable continuity in 
organic productivity and free oxygen pi-oduction, 
and fhe existence, of a large reservoir of molec
ular oxygen in the atmosphere. 

Most Precambrian sulfide sulfur in sedimen
tary rocks occurs as pyrite within carbonaceous 
inudrOcks, just as does niost Phanerozoic sulfide 
sulfur, and seems to have been similarly pro
duced, by early diagenetic sulfate reduction. The 
distribution of volcanogenic sulfide deposits is 
restricted to specific volcanologic environments 
and fo a few stratigraphic levels much like 
Phanerozoic volcanogenic sulfide deposits. There 
is evidence, mostly from crystal casts, for wide
spread evaporative sulfate sedimentation having 
occurred in Middle Precambrian plalform 
sequences. The lack of reported Ai-chean sul
fates is attributed fo the general lack of Archean 
continental platform sedimentation. 

Many Middle Precambrian and some Archean 
rock sequences contain evidence for diagenetic 
oxidation. Continental and shallow-n-iarine red 
beds are known from a number of Proterozoic 
sequences and at least one suite of shallow-
marine ted beds has been reported from the 

Archean. However, the tectonic environment of 
Archean sedimentation was not favorable for 
red-bed formation, and the generally higher 
grade of metamoiphisn-i of Archean rocks has 
been unfavorable for pi-e'servalion of red colora
tion. Evidence for oxidation of volcanic gla.ss 
shards during sea fioor alteration is common in 
Archean hyaloclastiles, where their metamorphic 
grade has been low enough to permit preserva
tion of the delicate iron oxide stains. 

Precambrian and Phaneiozoic iron formations 
are generally similar fexturally and litho-
stratigraphically. Chronological diflerences in 
degree of development of certain features are 
more readily attributable to chronological 
changes in tectonic setting and organic activitv 
than to compositional changes in the atmosphere 
or' hydi-o.sphei-e. Iron formations are inter-
prefed on the basis of fextuies and stratigraphic 
relationships to be early diagenefic replacement.'̂  
of dominantly aragonitic sediment, much like 
the local replacement of Quaternary Bahaman 
aragonife. Stratiform concentrations of uraniuin 
within Precambrian sedimentary. rocks are 
similarly attributed to diagenetic processes com
parable to Phanerozoic ore-forming processes. 

We conclude that uniformitarian models of 
chemical sedimentation may be apphed lo the 
Precambrian, and that there is no evidence of 
orders-of-magnitude changes in average atmo
spheric or hydrospheric abundances of chem
ically reactive inorganic species. However, die 
proportions of distinct sedimentary environ
ments and the forms and compositions of liie 
have profoundly changed. Archean topography 
was dominantly controlled by volcanism, where-

FiG. 18. Solution porosity in cherty carbonate iron formalion. Note vugs filled with rini-cemcnt 
of chjileedony and columnar quartz. The thin section reveals about 15% solulion porosity. Such 
solulion'porosity is characicrisiic of many carbonate rocks, but would not be expected in primary 
cherts. Sokonian Formation, de la Concession Lake area, Ccniral Labrador trough. Section C2-II , 
Scale = I mm. 

FIG, 19, l-lalf-moon ooid as defined by Carozzi (I960). Sokoman Formation, W of Lae Ic Fcr, 
Central Labrador trough. Scale = 1 mm. 

FIG. 20. Same as Fig. 19, under crossed nicols. Rim cemcni of quartz with columnar texture 
filling ihc inlergranular porosity and half-moon-shapcd space bciween core and rim of an ooid, 
Inierpiciaiion of the texture is ambiguous. Either there was shrinkage of the core of the ooid and 
filling of the resulting pore space by quanz or tlissolution of a layer in the ooid and subsequent 
infilling of the solution porosity. Half-moon ooids are common in limestone-replacement cherts. 
Scale = 1 mm. 

FIG, 21, Interior of a hemalitic iron formalion ooid cilher replaced by coarse grained quartz or 
dissolved and Infilled by coarse grained quartz. Filling by quartz of moldic porosity is common in 
oolitic limcslonc-rcplaccmcnt cherts. Sokonian Formation, NVV of Atiikamagcn Lake, Central 
Labrador trough. Section 13-3-9. Scale = I mm. 
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as Middle Precambrian continental shelf se
quences are among the most extensive and 
thickest preserved. The lack of metazoan bur
rowing through most of the Pi-ecambrian per
mitted better preservation of carbonaceous 
laminae. 
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Permeability Changes During the Flow of Water Through Westerly Granite 
at Temperatures of 100''-400''C 

R. S U M M E R S , K . W I N K L E R , AND J. BYERLEE 

U.S. Geological Survey, Menlo Park, Colifornia 94025 

UNIVERSITY OF UTAH 
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Changes in permeability have been studied during the flow of water through granite for periods of time 
up to 17 days at temperatures of ItX)*, 200°, 300°, and 400°C with a constant confining pressure of 500 
bars, differcrlial s l r a x i of 0-35(X) bars, inlet pore pressure or275 bars, and outlet pressure of I bar. In all 
cases the initial permeability at elevated temperatures was found to be higher by 1-2 orders of magnitude 
Ihan the permeability al room temperature, perhaps because ofthermal stress cracking. The high initial 
permeability did not persist with time and in nearly all cases decreased significantly during the first) day 
of water flow. Dissolution of plagioclase and quartz was concentrated near the inlet, where the pore 
pressure was highest. Precipitation occurred throughout the samples because ofoversaturation as the pore 
pressure dropped, causing significant reduction in permeability. The final permeability after 10 days was 
less at 300°C than at lower temperatures, and measurable flow stopped in most of tfie 4(X)°C samples. 
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INTRODUCTION 

Natural geothermal steam is currently being harnessed Tor 
energy in several places throughout the world. Unfortunately, 
these natural steam sources occur only in limited areas. There 
arc, however, many more places where hot, dry rock is acces
sible. Current proposals for producing energy from these dry 
geothermal sources suggest lhat energy can be extracted by 
drilling into the hoi igneous rocks, injecting water to produce a 
large hydraulic fracture, and circulating waler through the 
fracture [Smith et a l . 1975; Kruger. 1975]. The fracture would 
provide a large heat transfer area from which steam or hot 
water could be drawn off through a recovery well. 

A viable plan for circulating water through a fracture system 
in the hot rock is fundamental lo carrying oul this geothermal 
energy extraction plan. It is important to know how per
meability in large and small fracture systems will change with 
time. Measuremenis of the permeability of intact samples of 
Westerly granite at room temperature have been made by 
Brace el al. (I968J, and changes in permeability due to dilatant 
cracking in Westerly granite have been investigated by Zoback 
and Byerlee [1915]. . 

M. L. Batzle and G. Simmons (unpublished manuscript, 
J975) speculated that in natural hydrothermal systems, frac
turing would tend to increase the permeability and deposition 
of secondary minerals would tend to decrease it, but to date, 
there are no data in the published literature that would allow 
us to determine whether the permeabilily of rock would de
crease or increase with time as water circulated through the 
hot rock. 

In this paper we report the results of some experiments 
designed to study how the permeability of initially intact sam
ples of granite changes with time as water is pumped through 
the rock at temperatures up lo 400°C. 

EXPERIMENTAL PROCEDURE 

The samples used were Westerly granite cylinders 1.59 cm in 
diameter and 3.81 cm in length (Figure I). They were placed 
under a confining pressure (Pc) of 500 ± 5 bars and subjected 
to an axial differential stress (ao) of 0-3500 ± 15 bars. The 
inlet pore pressure was 275tL bars, and the outlet pore pres
sure I bar. The nominal values given for the experimental 
temperatures arc correct within 5% for the top and bottom 

ends of the samples. Temperatures at the centers of the sam
ples are higher than those at the ends by 5°, 7°, 9°. and IB'C 
for 100°, 200°, 300°, and 400°C. respectively. All samples 
except one were solid cylinders. The remaining sample (run al 
300°C and 0-bar ao) had a saw-cut joint along the length of 
the cylinder. All samples were enclosed in an inner gold sleeve 
(1.59-mm wall) and sealed in a copper jacket (0.25-mm wall). 

The mass flow rate of water into the sample was measured 
on the basis of the input pumping rate. The mass flow rale 
(din/dt) is proportional to the permeability (k), where 

k = dm/dt C, 

and 

Equation (2) was rearranged to fhe form 

(1) 

(2) 

(3) 

Copyright ® 1978 by the American Geophysical Union. 

Paper number 7B0748. 

which allows us to deal with the variable viscosity over the 
length ofthe sample. The constant Ci was calculated by using 
a Fortran computer program. The kinematic viscosity (v) of 
water as a function of temperatiire and pressure was entered in 
the program in tabular form from steam tables [Keenan el at., 
1969]. The integral in (3) was evaluated by the trapezoidal 
method by using the inlet and outlet pressures as limits. 

In an attempt to keep the calculations simple wc assumed 
uniform permeability throughout the sample. Since we know, 
however, that the permeability was not uniform, this sim
plifying assumption introduced a significant error into our 
estimates. In all experiments the effective pressure varied from 
224 bars at the top ofthe sample to 500 bars at the bottom. 
This effective pressure gradient was sufficient to cause the 
permeability at the top of the sample to be about twice lhat al 
the bottom [Brace et al.. 1968]. In addition, temperature grad
ients in the samples produced small local variations in per
meability. Thus the calculation of permeability at the begin
ning of each experiment has an uncertainty of about 50%. 
Since the alteration of minerals during each experiment is not 
uniform throughout the sample, permeability should become 
less uniform with time. Because ofthe remarkable decrease in 
flow rate observed in all experiments this means that the 
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Fig. 1. Sample arrangement used in this study. 

permeabilily that we calculated using ( I ) is exactly ah upper 
limit for the permeability in the blocked regions of the sam
ples. Because of the limited number of parameters that could 
be measured in these experiments this is the best estimate that 
could be made ofthe true local permeability. The outstanding 
result is nol the precise value of the permeability but is rather 
the fact that permeabilities decrease significantly with time. 

EXPERIMENTAL RESULTS 

For the six samples run at I00°C (Figure 2), each curve is 
marked with the value of the differential stress to w>hich the 
individual sample was subjected. For this set of tests, there was 
a wide spread in the mass flow rale. Those samples lhat were 
run under higher difi'erential stress tended to have higher fiow 
rates during the first day. However, this tendency is nol solidly 
established, since lines for different stress levels cross, and the 
sample run at a 5(X>-bar differential stress does nol fit the trend 
for higher difl^erenlial stress fo produce a greater flow rate. 

The seven tests run at 200°C (Figure 3) exhibited behavior 
similar to that ofthe 100°C tests in terms of having high initial 
flow rates which decreased rapidly during the first | day of 
testing and more slowly thereafter. The applied differcnfial 
stress did not have a regular effect on the flow rate at 200°C. 
although for part ofthe time the tests under higher diflfcrential 

stress did exhibit lower flow rates than those under lower 
stress. Two of the samples, one af 0-bar differential slress and 
one at 500-bar diR"erenlial stress, showed temporary increases 
in flow rate. These increases did not persist, and the final 
values were near those of the other 200°C samples, in which 
the flow rate had decreased steadily. 

The six tests run at 300°C (Figure 4) had initial flow rates 
that tended to be lower than those of tests run at 100°C and 
200°C. All these tests exhibited a rapid decrease in flow rate 
during the first J day. The changes in flow rate with time 
observed in these samples were by far the most uniform of any 
of the groups of tests. The test run at 3500-bar differential 
stress and 300°C deviated from the uniform behavior of the 
other samples at 300°C. Its initial flow rate was similar but 
then decreased more slowly than the others until the point at 
which it failed in compression and the test was slopped. In this 
one sample the higher flow rate may result from dilatancy. 

The results ofthe flow rate measurements for the six tests at 
400°C (Figure 5) were significantly different from the results 
for the tests run at I00°-300°C. In addition, the behavior of 
the diflferent samples within this 400°C group was erratic. In 
five tests, all measurable fiow stopped in less than 2 day's. Two 
of these samples had relativeiy'Tiigh flow rates which dropped 
to zero, no indication being given that this was about.to occur. 
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A single sample continued to have a low flow rate until day 11, 
when the test was stopped. 

In order to investigate further the phenomenon of per
meability decKase, one lest was conducted by using a sample 
with a sawcut (Figure 6) at 300°C with a hydrostatic confining 
pressure of'500 bars. This artificial clean joint plane was made 
parallel to the long axis of the cylinder. The initial flow rate of 
about 22 mg/s was similar lo the highest flow rates observed 
wilh the intact samples. For H days the flow rate varied 
between 7 and 33 mg/s, large increases occurring abruptly and 
decreases occurring gradually. After 2J days the flow rate 
abruptly decreased from 10 m^/s and did not increase again. 
The final value at the end of the 6-day test was O.OI mg/s. 

ALTERATION WITHIN SAMPLES 

The samples were examined for alteration by.the use ofthe 
optical microscope, scanning electron microscope (SEM), X 
ray diffraction, and X ray emission spectroscopy. On the inlet 
face of many samples, feldspar grains were dissolved at points 
where the water had best access to the surface. Within the 
samples, plagioclase, orthoclase, and quartz showed evidence 
of dissolution. Some ofthe plagioclase was partially altered to 
sericite, and albite twin structures were blurred or absent over 
portions of many plagioclase crystals.-Deposits of aluminum 
silicates (identified by X ray spectroscopy) were observed bolh 

on the faces of the saw-cut sample and within a grain bound
ary crack in an intact sample. In approximately half of the 
samples, deposits formed on the outlet end in quantity suf
ficient (up to 0.2 g) to be collected for X ray diffraction. These 
deposits contained quartz, orthoclase, plagioclase, sericite, 
cristobalite, and calcite. Several ofthe I00°C and 200°C tests 
yielded amorphous deposits, and the deposit from one test run 
at 400°C was nearly amorphous (two very small peaks). The 
cristobalite appeared in deposits from several ofthe 300-C and 
400°C tests. Flow rate decrease did not correlate with the 
amount of material deposited on the outlet end ofthe sample. 

DISCUSSION 

Our study has produced data showing that permeability is 
clearly time and temperature dependent. There appears to be 
no comparably traceable flow rate stress dependence. 

This lack of clear stress dependence agrees with the con
clusion of Sprunt and Nur [1976] lhat the rale of porosity 
decrease is not related to stress on the rock matrix. The extent 
of time and temperature dependence was unforeseen. 

The high initial flow rate of our samples was in marked 
contrast lo fhe results of work done with Westerly granite'al 
room temperature [Brace et al.. 1968; Zoback and Byerlee, 
1975]. This initial high permeability at elevated temperatures 
was probably caused by cracks produced in the samples by 
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difl'ereritial thermal expansion .of the minerals. This cracking The dramatic decrease of flow rate wifh time exhibited by all 
could be detc<;ted by monitoring the acoustic emission during our tesls, without exception, is noteworthy, particularly since 
heating of the rock samples, A detailed sludy of thispherioriie- the greatest part of the decrease in intact samples oc.currcd 
non was carried out and will be reported on elsewhere. quite rapidly. • 
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These results may be of particular relevance to the design 
and operation of artificial geothermal systems. It has been 
theorized that hydrofracting and then injecting waler into a 
hot batholith will produce a hydrothermal crack system which 
will remain open and energy productive for an undetermined 
but economically profitable length of time. However, the ex

tent of mineral alteration and deposition wiihin the crack 
systems of our samples run al high temperatures indicates thai 
geothermal power developers may want lo investigate the na
ture and extent of mineralogical alteration likely to occur at 
any chosen site and include if as an important consideration at 
all stages of planning. 
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Fig. 6. Flow rate for ihe saw-cut sample run at 300°C plotted as a function of time. 
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