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GEOCHEMI(SAL INDICATORS 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.

4brlracl ~The water in many warm springs with large rates of flow
consists of mixtures of hot water that ‘has cowne from depth and of
shallow cold water. Under favorable conditions the original temperature
of the hot water and the fraction of the cold water in thic mixture can
be estimated by using the measured temperature and silica content of
the warm spring water and the, temperature and silica content of non-
thermal water in the region. The method has been applied with appar-
ent success at Yellowstone National Park,

Warm (<80°C) springs with large rates of discharge occur in
many places throughout the world. Some of these warm
springs originate through decp circulation of metcoric water
that is heated mainly by conductive heat transfer from the
rock to the water. Other warm springs originate through mix-
ing of high-tenperature (>100°C) water with cold metcoric
water.

As discussed in part 1 by Fournier, White, and Truesdell

" (companion article on p. 259 of this issuc), water discharged

from springs with rates of flow greater than about 100200
Ymin can be assumed to have lost little heat to the wallrock
per unit mass of water during the upward movement. For
nonboiling spnngs, if mixing has not occurred, the tempera-
ture of the spring is close to the highest temperature attained
by that water. If mixing has occurred, however, water of very
high temperature may be present at comparatively shallow
dupth.-These possible differences in subsurface conditions may
le differentiated in many places on chemical grounds. Speci-
fically, the chemical composition of a water heated only to its
eventual discharge temperature is likely to reflect water-rock
eguilibration at about that temperature, whercas the composi-
tion of a mixed water is hikely to indicate marked noncquili-
bration hetween 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 with high-
temperaturc water, it is possible under cerlain conditions to
caleulate the temperature and fraction of the hot-watcr
componcent.

TEST FOR A MIXED WATER

H several springs arc present, variations in the tcmperature or
in content of chiloride, boron, or other relatively nonreactive

-

constituents may indicale mixed water. Such waler 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 cquilibration at a
temperature within about 225°C of the spring water. Marked
nonequilibration suggests a mixed water.

The Na-K-Ca geothermometer (Fournier and Trucsdell, 1973)
appears to work well for testing chemical cquilibration. Water
composition, in molality, is related to temperaturc by the
cmpirically derived cquation

1047

log (Na/K) + B log (\/ Ca/Na) = CTEET ~2.24

M

in which B=1/3 for water cquilibrated above 100°C, and =4/3
for water cquilibrated below 100°C. First, test to sce if 8=4/3
viclds a temperature below 100°C; if it does not, use f=1/3 to
cstimate the equilibration temperature. ‘

A more sophisticated approach is to perform a complete
chemical analysis of the water and then use a computer and
appropriate program (Kharaka and Barnes, 1974; Truesdcll
and Joncs, 1973) to test various possible cquilibria at the
temperature of the spring and sclected higher temperatures.

The silica geothermometer (Fournicr and Rowe, 1966) has
been the most reliable single chemical indicator of rescrvoir
temperature in spring systeins that are high in silica and are
characterized by sinter deposits and boiling waters. There is an
ambiguity, however, in using the silica content of a warm
spring 1o test for watcr-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 without subscquent mixing of hot and cold waters) or solu-
tion of cristohalite or amorphous silica at the spring tempera-
turc. Thereforc, the silica geothermometer (Fournier and

.Rowe, 1966) should be used with great caution to test for

water-rock equilibration at the spring temperature. Although
supcrsaturated silica solutions may occur in nature over a wide
range in temperatures, they arc not likely to persist for long
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264 GEOCHEMICAL INDICATORS OF SUBSURFACE TEMPERATURE-PART 2
periods of time above about 150°C‘(Fournicr, 1973). This is with cold water. We show a fumarole where the steam emerges
critical for the models that we present in this paper. and a warm spring where the hot water mixed with cold water
emerges. Alternatively, the scparated stcam might possibly
MIXING MODELS ) condense and combine with shallow ground water and give rise
Two mixing models that allow calculation of the tempera- (o other warm springs that are not amenable to the methods
ture_and fraction of the hot water component are shown  guwgested in this report.
schematically in figure 1. In model 1, fignre 14, hot water  1f the channel above S is filled with stcam, boiling at S will
ascends from depth along a permeable channel, possibly a fault e at atmospheric pressure, pmvi(icd there are few conetric-
or joint. Depending on the initial temperature, the water may  tions in the channd or impediments to the escape of steam (no
boil (cool adiabatically) as it rises. In this cvent, the water and throttl.ing occurs). If throttling of the steam occurs, or if the
newly forming steam rise together. At some point, Min figure  channel is partly or completely filled with water, boiling and
1A, the hot water encounters cold water from a permeable  escape of stcam at S will be at greater than atmospheric
stratum. Al the depth of mixing the weight of a column of pressure. ) .
cold water extending up to the surface is greater than the 1y Loth models of figurc 1 the calculations depend upon
weight of the warm mixed water. Thus, the pressure relations  gpes knowing the temperatures and silica content of the cold
are such that cold water enters the hot-water channel and the  yater bLefore mixing' and those of the warm spring water after
mixture flows to the surface and is discharged as a warm mixing. In addition, it must be assumed that the initial silica
spring. Depending on the proportion of hot to cold water and  content of the deep hot water is controlled by the solubility of
the initial enthalpics of each, the spring may have a teinpera-  quartz and that no further solution or deposition of silica
ture ranging from very low to boiling. occurs before or after mixing. Numerous obscrvatious have
In model 2, figure 1B we assume that hoiling occurs in the  shown that natural water deep in hot-spring systems generally
rising hot water and that some or all of the resulting stcam  is just saturated with quartz (Mahon, 1966; Fournjer and
escapes from that water (point S) before the hot water mixes  Truesdell, 1970; Ellis, 1970; Fournier, 1973). Furthermore,

M. ic watar par . Metooric wator percolates
into ground into ground
Warm spring \ 4 / ~ Fumarole Waerm spring \ ; / -
J J )72

«— Cola waver
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Hot wmnrJ
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Figure 1.—Schematic model (A) for obtaining a mixed-water warm spring in which both the enthalpy and silica content of the hot-water content
arc the same as in the original deep water (model 1) and schematic model () in which the hot-water component has lost steamn before inixing
with cold water (inodcel 2). (See text for discussion,)

—————

*If the average temperature and silica content of nonthermal ground
water in the region are not known, we suggest estimating the mean

annual tamperature and osing 25 mgfl of silics as a first approximation.
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our ohservations in Yellowstone National Parl (Fowrnier and

'~?l'rul~dc|| 1970) and clsewhere (White, 1974) supeest 1yt
azcending hoiling water generally does not dissobve or pice i
late klll(‘a if the rate of upflow is fast.

In the calenlations that follow, model T gives a prohalile
maximum subsurface temperature attained In the hol-water
component, and model 2, a probable minimnm subsorface
temperature. On the basis of the total chemical and phy sieal
character of the warm spring, its relation to other hot springs
and fumaroles, and its geologic environment, it may be possi-
bie to choose the temperature that is more likely to be correct.
Even where this is not possible, information on the range of
possible subsurface temperatures will be of great interest.

CALCULATIONS
Model 1

In this model the enthalpy of the hot water plus steam that
heats the cold water is the same as the initial enthalpy of the
deep hot water. Two equations can be written to solve: for the
two unknowns—the temperature of the hot water and the pro-
portions of the hot and cold watcr—becanse the siliea eontent
and temperature of the warm spring are different functions of
the original temperature of the hot-water component. The first
cquation rclates the heat contents or enthalpies of the hot
water, Iy ..:cold water, H,14; and spring water, JJ cpt and

the fractions of cold water, X, and of hot \\ulcr,l X, as
follows:
Heqra)(X) + (H,o)(1-X) = 1 4 @

Below 100°C the enthalpy of liquid water cocxisting with
stcamt (saturated water) in calories per yram is cssentially
equivalent in magnitude to the temperature of the water in
degrees Celsivs. Above 100°C the relation of temperature and
enthalpy of saturated water can be found in steam tables
(Kcenan and Keyes, 1936; Keenan and others, 1969). Sclected
values are given in table 1.

‘'able 1.—Enthalpics of liquid watcr and quartz solubilities at selected
temperatures and pressurcs appropriate for coexistent steam and
tiguid water

{Enthalpies from Keenan and others (1969). Quartz soluhilitics at and
below 225°C from Morey and others (1962): above 225°C from
unpublished data of R. O. Foumier]

Temperature  Enthalpy  Silica | Temperature  Enthalpy  Siliea
o) (caljg)  (mgfl) (9] (ealfg)  (mg/1)
50 50.0 13.5 200 203.6 265
75 75.0 26.6 223 2109 365 .
100 100.1 48 250 259.2 486 -
125 1254 80 275 289.0 614" /
150 5107 T125° 300 321.0 092
175 177.0 185 .

I . . i
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In a sinilar manner the scecond equation relates the silica
comtents of hot water, Siy 5 cold water, Siigg: and spring
waler, .‘:lﬂ,;;‘

(Sicor)(X) + (Si hol)(l'x) = Sis;g\( (3)
The relation of dissolved silica to the temperature of the agui-
fer suppldyving the hot-water component is given by the solu-
hility of quartz at the vapor pressure of the solution (Morey
aund others, 1962; Fournicr, unpub. data, 1974). Sclected
vahues are given in table 1,

We nse o computer program (Trnesdell and others, 1973) 10
solve eqnations 2 and 3 and obtain the temperature of the hot
water and the fraction of cold water in the mixture, using
measuremunts of the spring temperature and silica content,
measuroments or estimates of thi lowest temperature and
average silica content of cold springs in the area, and tabular
values of heat content of liquid water and quartz solubilities.
Alteruatively, a graphical solution can be ohtained as follows:
1. Assume a scries of values of enthalpy of hot water for the

temperatures listed in table 1 and calculate X, for cach,

as fullows: _—
[} @) = H W

_ (Enthalpy of hot water) = (Teinperature of warm spring)
- ' -

(Enthalpy of hot water) - (Tempcrature of cold spring)
Te= HQ

2. Plot the calculated values of X, in rclation to the tempera-
tures from which the assumed hot-watcr enthalpy values
were derived (sce fig. 2, curve A).
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X, FRACTION OF COLD WATER

Figure 2.~ ¥Fraction of cold watcr relative to temperature and chloride
cantent of hot-water component in Terrace Spring. Triangles, X,
values listed in table 2; circles, Xg; values. The horizontal bars show
the possible crror duce to unrcrhmty in the silica analysis of the
spring: water, Points P and Q discussed in text. Curve A, Fraction of
coldl water based on model 1 enthalpy considerations. Curve B,
Fraction of cold water based on model 1 silica considerations. Curve
C. Fraction of cold water based on model 2 silica considerations.
Curve D, Required chloride contents of decep water.
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3. Assume a serics of silica conlents of hot water appropriate
for the temperature listed in table 1 and evaluate Xg; for
cach silica content, as follows:

. _ (Silica in hot water) - (Silica in warin spring)
Si” (Silica in hot water) - (Silica in cold spring)

4. On the graph previously uscd, plot the calculated values of
Xg; in relation to the temperatures for which the silica
contents were obtained (see fiy. 2, curve B).

5. The point of intersection gives the estimated temperature
of the hot-water component and the fraction of cold
water.

The two curves possibly may- not interscet (fig. 3) or they
may intersect at an unreasonably high temperatvre. These
situations would arise if the ascending hot water lost steam or
heat before mixing with the cold water (model 2) or if the
mixed water dissolved additional siliea owing 1o contact with
amorphous silica or rock containing plass. Therefore, we
recommend that the mixing modcl described shove be used
with extreme caution for warm spring water that has siliva
contents about equal 1o the solubility of wmarphous silica at
the temperature of the spring. For temperatures below 200°C,

.the approximate solubility of amorphous silica can be caleula.

ted fromn the equation 4

731

~log C =4 - 4.52 (0)

where C is zilica solubility in millizrams per fiter and T is
absolute temperature.
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X, FRACTION OF COLD WATER

Figure 3.-Fraction of cold water relative to temperature and chloride
content of hol-water vomponent in Interchange Spring. Pointa P, Q,
and R discussed in text. See figuie 2 for explanation of symbols and
curves.

GEOQCHFMICAL INDICATORS OF SUBSURFACE TEMPERATURE~PART 2

The actual temperature and silica content of the “cold™
component at the point of mixing can scldom if ever he
known with certainty. If cither the tempcerature or silica con-
tent of the cold water were higher than the assumned value, the
resulting estimated temperature of the hot-water component
would be too high.

Model 2

The enthalpy of the hot water in the zone of mixing is less
than the enthalpy of the hot water at depth owing to escape of
steam 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 as
stcam separates. At the point where steam escapes from the
ascending hot water and steam mixture, S in figure 1B, the
residual silica concentration in the hot water increases and is
given by the equation

Original silica

Residual gilica =
l"_}' =

)

<\

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

If onc assumes a temperature, t,, al which stcam escapes, it
is possible to calculate the residual silica for that condition
and, using that information, estimate the original hot-water
temperatire before stcam separates. In general, we set ¢y equal
to the hoiling temperature imposed by local atmospheric.
conditions. This requires that cscape of steam at point S of
figure 1B occurs at atmospheric pressure, and our calculation
yiclds a minimum probable temperature for the hot-water
ayuifer. The calculation is carried out as follows:

1. Use the atmospheric boiling temperature for the value of
Hj ot in equation 2 and calculate the corresponding value
of X. '

2. Use that value of X in equation 3 to estimate the residual
silica content of the hot walter at ¢,

3. Use the caleulated residual silica content and curve A of
Fournier and Rowe (1960, fig. 5) to estimalte the original
subsurface temperature before scparation of steam. Carve
A of Fournier and Rowe is roughly approximated by the

equation
S.VUe
L 22
“log €= —12__575, ®)
tee + 273

If superheated steam cmerges from nearby fumaroles or if . -
there are other reasons for believing that steam escapes at
greater  than atmospheric pressure, an alternate procedure ™™
should be used: . o
1. Assume a value of t, appropriate for the pressure at which

steam is thought to escape at point S of figure 18. )
2. Use steam tables (or table 1) to determine the heat content
of liquid water in calories per gram at {; and substitute .

.

B A
S

Bty
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that value in equation 2 1o estimate o t:nrrcspnmling value
of X,
Use that value of X in equation 3 to estimate the residual
silica content of the hot water at (.
4. Estimate the silica content, C, that would have heen
present in the hot-water component if stecam had escaped

L

€3

al atmospheric pressure using the relation

Residual silica

v
Cz——"7— “
1~y

where X is the fraction of steam that would be formed in
going from 1 to the hoiling temperature at atmospheric
pressure (see fig, 4) and y is the fraction of steam formed
in going from the original temperature to ¢ Both y and
C arc unknown in equation 8. However, the value of y
will generally range from 0 to about 0.3, and as a first
approximation it can be set equal to 0.1.

5. Use the value of C and Curve A of Fournicr and Rowe
(1960, fiz. 5) or rquation 8 to estimate the original
subsurface temperatare before separation of steam.

A more precise estimate is possible if an itcrative process is

used in which the value of y is adjusted to reflect suceessive

cstimates of the original temperature. In general, we do not
helieve that the overall accuracy of the method warrants this
additional cffort.
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Figure 4.~Fraction of steam that would form by adiabatic cooling
from 1, to 100°C.

EXAMFPLES OF APPLICATION

These mixing models propased have heen applied to a few
large-flowing warm springs in Yellowstone National Park. The
results are zeologically reasonable but have heen substantiated
by shallow drilling in the proximity of only onc (Interchange
Spring) of the springs in question.

The average: silica content of the nonthermal ground water in
the park was found to be 25£2 mg/l and the temperature of
the coldest spring was 5°C, in good agrcement wilh the mean
annual temperature of 4°C.

Terrace Spring near Madison Junction flows at about 5,500
Vmin, the water temperature is 62°C, and silica content is 140
mgf/t (Allen and Day, 1935, p. 353—-354). The sodium, potas-
sium, and calcium contents of the water yield an estimated
aquifer temperature of 200°C, using the method of Fournicr
and Truesdell (1973). As this temperature s far greater than
the spring temperature of 62°C, the spring is assumed to be a
mixed-water type.

Calculated [ractions of cold walcr, assuming various tem-
peratures of hot water and using model 1 and equations 4 and
5, arc listed in table 2, column 1, and are plotted in figure 2,
cuirves A and B. The curves intersect at 265°C and a cold water
fraction of 0.79. This is a very high estimated aquifer tempera-
ture and can he thought of as the maximum probable tempera-
turc of the hot-water component.

Although there are no ncarby fumaroles, boiling pools, or
other physical cvidence that points to model 2 as a reasonalle
jossibility. we have applicd that model to Terrace Spring in
order to establish a lower limit to the probable maximum
subsurface temperature at that locality.

Curve C of figure 2 was generated by assuming various valucs
of t; and using equations 7 and 9 and other relations as dis-
cussed in the scclion on calculations. If stecam escaped at
atmospheric pressure from an ascending boiling water, the
hot-water component would have been at about 92°C at the
time of mixing with cold water, and the original temperature
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 component. If higher pressurcs are
assumed for cscape of steam, larger fractions of cold water are
required and higler estimated aquifer temperatures result, as
shown by curve C, figure 2. Again, the probable upper tem-
perature limit is about 265°C where curves A, B, and C inter-
sccl al a common point.

For Terrace Spring the aquifer supplying the hot water is
probably closer to 265° than 165°C. The spring is located
between Lower Geyser Basin (9 km to the south) and Norris
Geyser Basin (4.5 km to the northeast) at a relatively low
topographic position along the bounding fault of a large
caldera (Keefer, 1971; Christiansen and Blank, 1972). Rcccnl
drilling by the U.S. Geological Survey has shown that sul-
surface temperatures beneath parts of Lower Geyser Basin
exceed 205°C; those beneath Norris (chscr Basin exceed

240°C (White and others, 1968). Silica and NaK-Ca geo-

cmae——— - %
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Table 2.— Volues of Xy and Xg; at different assumed tempesatures of the hot-waler component for warm springs in Yellowstone Nutional Park
| See text for details)

Temprrature 1 ) 2 3 4
(assumed)
of hot water Xy Xs; Xi Xgi X Xs;i Xt Xg;
0 (t=62°C)  (Si0,=140 mg/l)  (1=49°C)  (Si0,=100 mg/l) (£=61°C)  (Si0,=122 mg/l) (1=76°C)  (Si0,=270 /1)

50 ... L. oLl 0.022 ... Lo el e e
75 ... 0J86 ... 471 L 0200 ..., ... Ll
100 ....... 400 L. R N 410 L. 0.253 ...
125 ....... 527 ... 035 ... K 410 L.l
150 ....... 610 L, 699 0.250 .616 0.030 S Ll
175 ..., .669 0.280 744 .531 674 394 S8 L.
200 ....... 713 .521 778 688 718 .596 642 Ll
225 ....... 748 662 .805 779 792 715 .086 0.279
250 ....... 776 .751 827 837 .780 .790 721 1069
275 ....... 799 .805 845 873 .803 835 750 584
300 ....... .820 .828 .861 .888 823 .855 775 .633

1. Terrace Sprin(fv near Madison Junction. Flow approximately 5,550
Hmin. Dita from Allen and Day (1935).

2. Spring 1.4 km N. of Biscuite Busin, about 8 m E. of road. Flow
about 190 1/min.

thermometers applied to boiling hot-spring water at Norris
suggest subsurface temperatures of 250° to 270°C.

The chloride content of Terrace Spring, 64 mg/l is consistent
with the higher aguifer temperature and correspondingly large
caleulated fraction of cold water. Given the chluride concen-
tration in the spring and the average chloride in nonthermal
water in the region (<1 mg/l), the ehloride content of the deep
hot water can be calculated, assuming any given proportion of
hot and cold water. Curve D, figure 2, shows the results of that
calculation. For a cold-water fraction of 0.79, the chloride
content of the hot-water fraction would be about 300 ing/l
(point P, fig. 2). This is close to the chloride content of
thermal water (before steam loss) found at Lower Geyser
Basin.

The second example is onc in which mixing model 1 fails,
but model 2 gives excellent results. Interchange Spring in
Black Sand Basin came into being as a result of an excavation
for a highway interchange for diverting traflic around the Old
Faithful area. The spring had a temperature of 76°C, a silica
content of 270 mg/l, and a flow rate of about 2,000 I/min. The
Nu-K-Ca content suggests a temperature of 205°C. The caleula-
ted fractions of cold water at giverr temperatures of the hot-
water component are listed in table 2, column 4, and plotted
in figure 3. '

The most notable feature of figure 3 is that curve A, based
on enthalpy considerations, and curve B, based on wmodel 1
silica considerations, do not interscet. Evidently cither steam
escaped from the hot-water component before mixing or the
waem spring water dissolved extra silica after mixing occurred.
The warm water may be picking up extea silica, for it emerges
from sands and gravels composed mostly of fresiv obsidian.
The obsidian glass could dissolve and raise ayucous silica to
saturation with respeet o amorphous silica. At 76°C the
solubility of amorphous silica is 266 my/l, which is within the

3. Spring 2.25 km N. of Biscuite Basin, about 60 m E. of road. Flow
about 100 1/min.
4. Interchange Spring, Black Sand Basin. Flow about 2,300 }/min.

analytical error of the 270 mg/l silica found in the spring
waler. - ’

We favor the first alternative because the large rate of flow
makes cquilibration  with amorphous silica unlikely  and
because model 2 gives results in close agreement with what is
known about subsurface temperatures near Interchange
Spring. ’ ' '

The variation of original hot water temperature relative lo

. the fraction of cold water in the warin spring, curve C, figure

3, is based on moddl 2 silica considerations. 1f steam escaped
at atmospheric pressure before mixing of hot and cold water,
the remaining hot water would have been at 92°C (boiling
temperature at the altitude of the spring) and its original tem-
perature would have been about 200°C (point Q, fig. 3).
About the same temperature is cstimated from chloride
considerations. The chloride content of Interchange Spring is
224 myfl, the caleulated 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 geysers in
Black Sand Basin was 315 mg/L. Presumably this is the residual
chloride concentration attained after.maximum separation of
stein owing to adiahatic cooling of the ascending water.
Therefore, the maximum chloride content of the hot-water
component in Interchange Spring is likcly to have been 315
mg/l; the corresponding maximum fraction of cold water.
0.285 (point P, fig. 3). This requires that the hot-water com-
ponent have a temperature of 110°C or less at the time of
mixing. For a cold water fraction of 0.285, curve C of figure 3
shows an original hol-water temperature of ahout 208°C
(point B). .
The silica contents of boiling springs and peysers in the
vicinity of luterchange Sprinyg indicate an aquiler temperature:
of 190° to 205°C. In addition, two shallow holes dritled near-



r
.

(o 180°C.
Breth holes were terminated hefore a maximum or levelingoff
One hole is about 900 m to the
southeast . and had a hottom-hole temperature of 180°C
(Fenner, 19306). The other is ahout 600 m Lo the west and had
a bottom-haole temperature of 170°C (White and others, 1968;
Honda and Muffler, 1970).

Apparently the hydralogic svstem supplying water to luter-
change Spring is very similar to model 2. We sugeest that the
hot-water fraction of the mixed water in lnterchange Spring
comes from an aquifer at 200° to 208°C. That water cools
adiabatically, forming steam as it rises toward the surfuce. Ata
shallow level, but hefore mixing with cold water oceurs. the
high-enthalpy steam fraction escapes from the remaming lower
enthalpy liquid water. This low-enthalpy water at 92° to
110°C then encounters cold ground water and a mixed water
at 76°C results. The separated steam fraction probably
emerges 350 m northwest of Interchange Spring at the Pine
Springs group, where violently boiling springs occur with little
or no discharge.

ldcally, large-flow warm springs in a given locality with dif-
ferent temperatures and different compositions should give the
same cstimated hol-water temperature. Such is found for twn
large-flow unnamed springs located between Biscuit Basin and
Midway Geyer Basin in Ycllowstone National Park. The
springs have teinperatnres of 49° and 61°C and silica contents
of 100 and 122 mg/l respectively, (table 2, cols. 2 and 3).
Applving model 1, the mlcrsccuon of curves A and B, figure §,
indicates a cold-water fraction of 0.82 for the 49°C spring and
243°C as the maximum probable temperature of the hot-water
component. The interseetion of curves C and D, figure 5, gives
exactly the samne temperature, 243°C; for the high-tempera-
turi: component of the 61°C water. As expected, the fraction
of cold water, 0.77, is less in the 61°C water than in the 49°C
water. Applying model 2, and assuming t, = 100°C, a mini-
mum probable temperature of 166°C is obtained for the
original temperature of the hot-water component in each
sring, which indicates clearly that two watcrs are mixing in
different proportions. Unfortunately, additional data is insuffi-
vient to indicate whether the higher or lower estimated tem-
j» ruture of hot-water component is more nearly correet.

b indicate subsurface tempe r"lllrtst\ur‘cluwl T0°

temperature was altained.

CONCLUSIONS

“ water in both boiling and nonboiling springs may be
sicture of hot water coming from depth and of cold, near-
-are: meteoric waler. Under favorable conditions nonhoiling
rmal springs with large rates of flow may yicld information
uut the temperaturé or range in probable temperatures of
.~ hot-water component and the fraction of cold water in the
taixture. )
The assumptions nccessary for using the mixing models
deseribed in this paper probably will not be met in maost
places. However, even a 10-percent success rate would make
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them valuable adjuncts of other methods for cvaluating the
grothermal potential of an arca.
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° By R. C. Emuons, C. D. Reynorns, aNp D. F. SAUNDERS

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, modified by selgrtively 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 2 quantitative relationship.

We have learned, 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. Harker (1935, p. 150) 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 magnesium 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 reconcile 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 chemically,
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 (NEl{ SW1{ 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 except in large dikes.

The inception of lamprophyric material appears to be attnbutable to a reaction
between very late alkaline liquid and-already crystallized mafic minerals such as
hornblende, biotite, and even chiorite, 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
magﬁesium. 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 (Pl 11, figs. 3, 4, 3, 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 theu' 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 radiocactive
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-

TABLE 10.—Mafic mineral content of granile adjacent to lamprophyre

Quarty........oiiiiii i Lake Wausau Mt. Thom Mundt
Seefigure................. ... 24 25 26, 27

Footage from dike............. 80 1 100 1 50 t

Mafic mineral per cent......... 3.5 0.5 7.7 3.5 10-11 6~7
Biotite percent................ 23 0.0 6.7 2.0 9-10 2-5.5
Chlorite per cent....... e 1.2 05 1.0 1.3 0.8-2.2 3.8

N,of biotite.................. 1.666 1.660 1.663 1.658 }1.645-1.653 1.640-1.645

" Lake Wausau quarry—NE} SW1 Sec. 36, R. 8 E., T. 30 N. 5 samples taken at footages 80,

50, 15, 6, 1 from the dike.

Mt. Thom quarry—NE} NE} 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 fcet and O per cent at 1 foot.

Mundt quarry—SE} NE§ Sec. 7, R. 21 E,, T, 35 N. 6 samples taken, 3 on each side of the dike
at footages 50, 25, 1 from the dike. Biotite birefringence at 50 feet ranges from .060~.100 on one
side, and .050~.090 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 (N;) 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 (Pl. 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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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 immediate
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. e

Quantilative radioactivily measurements. Impelled by these observauons we revxsnted
several Wisconsin lamprophyres to study the distribution of radioactive material.
This study included 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, startmg at the lamprophyre con-
tact and measuring outward from it.

In every rock section studied, a maximum 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”

SR AT ARG s T LA T
akatin ~4‘_4(’v4_ !"‘E", i

is pitchb]
ShOWS ac

From t|
tances fro

30. Loca
T29

figure

Ficures 28-30.

intense lumint
in this veinlet
ably activated
thermolumines
granite, simila
their activatio
In the field,
meter equippec
resent the aver:
granite host at
a background ¢
The lamprop
and reveals onl




\SE

the dikes but is
selves or in them
s seem to behave
e differentials to
ssory in the large
[t occurs only in

{DE

the Soo, in com-
‘he University of
~amray Mine on
xciation of pitch-
as outstandingly
1any reticulating
in the immediate
he main working
ithered-out lam-

ions we revisited
)active material,
1ce and of radio-
er measurements

sha tracks made
rock sections of
»n a microscope
each plate. The
improphyre con-

distribution was
some of the lam-
f a veinlet with
ivity within the
nd the bleached
from the dikelet
1 second dilatant
ve at the central
oresents. It may

ric materials by
ss of luminescent
recorded photo-
igure 5 shows a
The “hot spot”

et st e miir ez s

FEATURES OF SELECTED LAMPROPHYRES 95

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
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intense luminescence at the veinlet (Fig. 31). Since pitchblende has been recognized
in this veinlet the intense spots 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 112) were made on freshly quarried
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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 11b 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-

SPECIMEN E-20

RELATIVE AMOUNT OF NATURAL
TRERMOLUMINE SCENCE

0 - A ' - )] A L. 1 1 ] 1 L. 1
8

1
T 6 5 4 3 2 1 0 12 3 4 5 6 7
DISTANCE  FROM LAMPROPMYRE = |centumeless)

FiGure 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 (SW34
SEl4 Sec. 14 and NEV{ NW){ Sec. 23, R. 6 E., T. 29 N.) characterized especially
by anorthoclase and arfvedsonite. Four quarried blocks were selected (Table 11c).
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 lamprophyrelike 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 (UFg). 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 indcbted to Professor Farrington Daniels of the Chemistry Department, University of Wisconsin and to
Dr. Josef Katz of the Argonne National Laboratory for belpful suggestions on the chemistry of uranium.
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TABLE 11.—Radioactive measurements

Description a“?:/g‘)m" Determinations l A"‘?’s‘m?“"

a) Lake Wausau Quarry:
Background..................ooonn.... 17-22 8 20 %
Lamprophyre-granite contact............ 3246 7 36 "
Center of mafic-rich granite (6" from 3

L T 3 Y 18-20 3 19 -
Border of mafic-rich granite (1’ from h
CODACE) . ...ttt e 28-32 3 29 3
Mafic-free granite (2’ from contact)....... 20-24 3 22 3

b) Red Granite Quarry: g >
Background.................. ... ...l 3 20 ,
Center of lamprophyre.................. 2 18 9
Lamprophyre-granite contact............ 2 28 A
One foot from lamprophyre.............. 2 19 .

Six feet from lamprophyre............... 2 20 L
One inch thick lamprophyre (100 feet from N k
largedike)...................oll, 2 30 -

¢) Groy Syenste Quarries: ;

Block I -
Background (two feet from pegmatite v
wall)....oo 3 11 4
Center of pegmatite (with large crystals i
of arfvedsonite).................... 3 19 . p:
®  Six inch wall zone concentration of s
medium-sized crystals of arfvedsonite.. 3 23 ;.
Block IT )
Background (two feet from pegmatite '
wall).. 2 13 ’
Center of pegmatite (with large crystals -
of arfvedsonite).................... 3 28 ¥
Four inch wall zone concentration of 1
medium sized crystals of arfvesonite.....| 2 3 A
Block ITI . 3
Syenite, background (one foot from >
pegmatitewall).................... 2 19 k’g
Syenite, six inches from pegmatite wall. 2 17 &
Arfvedsonite-free pegmatite........... 2 19 3
Arfvedsonitelens..................... 3 55
Block IV
Syenite, background (one foot from ;.
arfvedsonite lens)................... 2 15 ;-
Arfvedsonitelens................. e 3 34 1
;.

cally into fractures along with accumulating lamprophyric materials. This liquid C

now consisting of alka!ine materials derived from felspar, mafic materials derived 1 X5

from fractionally resorbed mafic minerals, and halides of such elements as iron and APRERE

uranium is of very local origin but is fed into larger fractures. With increasing size g - A

of fracture it is less local in origin (Pl. 12, {igs. 3 and 6). The amount of lampro- B 5

g
o
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phyre on Theano Point is so great it could scarcely be derived from the immediate ! section
walls. Some of the dikes are more than 20 feet wide, and they are numerous. On helpful
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

:I
! low (Twenhofel, 1947). Observations indicate that the uranium halides may be pre- solzum
i cipitated at the immediate walls of the dikes as the oxide pitchblende, presumably or h(;m"
A rni
i . commoy
h 5 ] ‘ which
i E | wors ; Fioure 32.—Distribution of rodioactive ich L
i 2 | TRavesses i malerial with respect to proximity lo o SE}4 Se
I f or { mafic (lamprophyric) scgregation : a radioa:
y ¥ : Location NW4 SE} Sec. 33, R 8 E supports
{ g or ! T 30 N. Specimen shown in Plate 11, : sions—tj
| ) fi 7. :
‘ " oL+ | % 3’0 1 410 L L J_EI.TJ gure . La‘mp
: ‘0 10

i © Nstunce Frow LerT sDE oF PLATE body. Ir
Wity be fed b:
] . of the hj;
on contact with oxygen-bearing water, but may also move along shears and fault of the al!

‘.l , channels for some distance from the source. Iron halides behave similarly but are tive reso:
: less sharply precipitated. They are carried farther to. be .disperse.d as an oxide c.lust position
k along the fractures of the granite or other host. This “iron stain” is a recognized sorption

i 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 Jamprophyres are potential agents for the deposition of uranium and some are
not.®

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
i (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-
<X 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-
g katchewan. ’
; Thin sections were cut from specimens collected on the Camray property by
2y Messrs. Kilgour and Heale at various places along the lamprophyre dikes, selected
% B 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 pleochroism. 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

.|

7 - S —— o bpttee—, oy A Y
v T e - o J .

8 Since this was written the following incomplete experiment was made: Pitchblende in the presence of gently moving
chlorine gas below 200°C transferred to a cooler part of 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
small amount of air the gelatinous encrustation was converted to a black hard botryoidal material which appears to
f be pitchblende. .
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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 (Pl. 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 (P). 11, fig. 7) (NW}4
SEl4 Sec. 33, R. 8 E,, T. 30 N.) studied with Eastman nuclear 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 in 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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GEOCHEMICAL THERMOMETERS

Young and Mitchell {1973) gave a briel review of the then available qeochcmncal

thermometers. Their summary is as follows:

“Summary of Geochemical
Thermometers Available .

In recent vyears the concentrations of

" certain chemical constituents dissolved in

thermal waters have been used to estimate
water temperatures in the thermal aquifer.
However, these geochemical thermometers
are useful only if the geothermal system is
of the more common hot-water type rather
than of the vapor-dominated or steam type,
none of which is known to occur in Idaho.

sadium-potassium-calcium

Geochemical thermometers that are
useful  in describing and  evaluating
grothernmal systems  {excluding  the
thermometer)
have been summarized by White (1970).
Pait of his summary is as follows:

‘Chemical indicators of subsurface 1empcraturcs
in hot-water systems.

Indicator

1) SiO5 content Rusl  of
temperatine, with no ditition o precipitation alter cooling.

2} Na/K

Conunents

indicators: assomes vz equilibinm at high

Generally sinnificant for ratios between 2001 1o 871 and Lor

some systems outside these imits; see text,

3) Caand HCOj3 contents

Oualilativcfy

uscful for near-neutral waters; solubility of

CaCOy inversely related to subsurface temperatures; see text
and ELLIS (1970).

4) Mg; Mg/Ca
) versa.

G) Na/Ca

Low values indicate high subsurfzce temperature, and vice

High ratios may imdicate hinh tempeiatares {(MAHON, 1970}

but not for high Ca'lwines; less direet than 37

7) CIMCO3+CO53 Mighest

versn.

8) CWF

Fatios in related waters indicate ghest subsinlace
woperatines (FOURNIER, TRUESDELL 19700 and vice

High ratios may m(h(‘llv high temperatine (H/\HON 19700

but Ca content {as controiled by pH and CO3 © contents)
prevents uunnlllauw nnnllrallon
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bicatbonate waters have contacted limestone after cooling.’

The general principles and assumptions
geochemical
thermometers (White, 1970) is- based are:
(1) the chemical reactions controlling the
amount of a chemical constituent taken
into solution by hot water are temperatura
dependent; (2) an adequate supply of these
chemical constituents- is present in  the
aquifer; ({3) chemical equilibrium has been
established between the hot water and the
specific aquifer minerals which supply the
chemical constituents; (4) hot water from
the aquifer flows rapidly to the surface;
and (5) the chemical composition of the
hot water does not change as it ascends
from the aquifer to the surface.

The fact that these principles and
assumptions more often than not cannot
readily be verified in a field situation
requires that the concept ol geochemical
thermometers be applied with caution and
in  full recognition of the uncertainties
involved.  With  that  understanding,
geochemical thermometers provide a useful
point of departure for reconnaissance
screening and provisional evaluation of
thermal areas.

Silica Geochemical Thermometer

The silica method of estimating aquifer
temperatures (Fournier_and Rowe, .1966)
appears 10 l)(‘ tl e, mocl ‘accurne-and Useiul
piofhnded 1o date. I-xpvrnmr‘nml evidence
has established-that the solubility of silica
in water is most commonly a function of
temperature and the silica species being
dissolved,.(fig. 1).

Practical use of the silica geochemical
thermometer assumes that there s

36

T Aot

preserved in the

equilibration of dissolved silica with quartz
minerals in high-temperature aquifers and
that the equilibrium composition is largely
silica-bearing  thermal
waters during their ascent to the surface.
White {1970} stated that while equaliboiom
is generally  attained  at high aqguiter
temperatures, silica may precipitate rapidly
as waters cool to about 180°C and,
therefpre, the silica method commonly fails
to predict actual aquifer temperatures
much above 180°C. The ‘rate of
precipitation of silica decreases rapidly as
the temperature cools below 180°C.

700 B A
/

600 ' ; /"

400| ' / /

300. . / ’

SILICA PPM

200 o/

100 /

(4] = R
0 50 100 150 200 250 300

TEMPERATURE ©C

Cigwee 1. Silica concentration <in gqeothermal
watdr vs. estimated tempaerataie of Lasg
ecquilibiation. Cuarve A applies to walters
cooled entitely by heat conduction. Curve
B applies to waters cooled entirely by
adiabatic expansion at constant enthatpy.
(From Fournier and Rowe, 1966.)
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White (1970) also  cautioned  agamst
using the silica geochemical thermometer in
acid waters which have a low: chilonde
concentration, because M “tompetatin es
near or below 100°C these waters e
actively decompaosing sibeate minerals sind
thereby teleasing highly soluble amorphous
Si0,. In this case, the basic aasumption of
equilibration  with  quartz  would  he
rendered invalid.”

The amorphous silica curve (fig. 2)
would give more accurate aquiler
temperaturc predictions in acid waters.

Arndrsson {1970, pn. 537, 1975, p. 763)
found that chalcedony qenceralty controls
silica concentration in lceland’s thermal

~waters when aquifer temperatures are

below 100-110°C. The chalcedony curve

(g, 2) wobably  should  be  given
consideration when the silica method using
the quarts cove  imlicates  temperatunes
about 10 20°C above Arndisson's 1100°C
tpper Tt

“The Sodinm-Potassivm and
Sodium-Potassium-Calcium
Geochemical Thermometers

The sodium-potassium  (Na/K) qeo-
chemical thermometer plots the log of the.
alomic ratios of Na'K against the reciprocal

ol the absolute temperatude, White (1970)

stated that ratios are of general signilicance
only in the ratio range between 8/1 and
20/1. He also reported that Na/K
temperatures are not significant for most

2000 -
1600
E L - e
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TEMPERATURE °C

Figure 2. Fournier, R.0., 1973, Silica in thermal waters: labaratory and ficld investigations, in
Proceedings of Internat. Symp. on Hyvdiogeochemistry anl Biogeochemistry, Japan 1970, v, 1,
. Hydrogeochemistry: Wash,, D.C.; J. W. Clurk, p. 122-139.
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Brook and others, 1978, recommend that alkaline geothermal waters
issuing from granitic terrans that do noﬁ evolve C02 gas probably should
be corrected for the discretion of silicic acid (1145104) by hydroxide (0N)
to.H35103 and Hﬁ?. Mariner (personal communication) recommended care in
applying this correction to the silica geochemical thormométers_as Lhe phi
involved in the correction is asgumod,to be rcénrvdjr or aguifer pll, and
this may change as water ascends to the surface. The method may, therefore,

lack quantitative application.



. INa-K-Ca)

acid waaters, although -a lew acid-sutlote
chloride walers yield reasonable

temperatures.  Fouwrnier  and  Truesdell -

(1973) point out that Ca enters into silicate
reactions in competition with Na and K
and the amount of Cain solution is greatly
dependent  upon  carbonate cquilibria.
Calcium concentration f{rom carbonates
decreases as temperature incredses, and
may increase’ or decrease as the partial
pressure of carbon dioxide increases,
depending on pH considerations.
Therefore, the Na/K ratio should not be
used for purposes of  geochemical
thermometry when partidl pressures of
carbon dioxide are large, as higher carbon
dioxide partial pressures may permit more
Ca to remain in solution and consequently
a smaller Na/K ratio. Fournier and
Truesdell (1973) suggest- that this ratio
should not be used when the \/Mca/Mp;,
(square root of molar concentration of
calcium/molar concentration of sodium} is
greater than 1.

The ‘ sodium-potassium-calcium
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

thamal - waters. Accumulated  evidence
suggests that thermal, calcivme-rich waters
do not give reasonable temperature

- estimates using Na/K atomic ratios alone,

and that the Ca concentration must be
given consideration.

Fournier and Truesdell (1973} showed
that molar concentrations of Na-K-Ca for
most  geothermal waters cluster near a
straight line when plotted as the function
log K* = tog (Na/K) + g log (r/Ca/Na)
versus  the reciprocal of the absolute
temipecatine, whee s either 1/3 o 4/3,
depending  upon  whether  the  walers
equilibrated above or below about 100°C
and where K* is an equilibrium constant.
For most waters 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 calctum-rich environments

Cprovided calcium carbonate has not been

deposited  after the water has left the
aguifer. Where calcium carbonate has been
deposited, the Na-K-Ca geochemical
thermometler may give anomalously high
aquifer  temperatures. Fournier and
Truesdell {1973) caution against using the
Na-K:Ca geochemical thermometer in acid
waters that are low in chloride.”

b ! v

Dilution Effects, the Use of the Geochemical Thermometers

and Mixing Models

Dilution eifects caused by mixing of.thermal with nonthermal waters can be a cause of
erroneous temperature estimates. Cool groundwaters containing low siltica 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 elfect of both dilution.and enrichment of thermal waters on the temperature
calculated using any geochemical thermometer must be considered.

Fournier and others (1974} suggested several starting assumptions 1o apply to the
interpretation of chemical data for hot springs and wells where little information on
hydrologic conditions is available. They emphasized that these assumptions are nat hard,
fast rules applicable to every situation. Their recommended procedures are based on: (1) the
discharge of the spring or well, and (2) the recorded surface temperature, as outlined below.
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APPENDIX 1T

Many apparently 1ow—temperature, magnestum risk thermal waters give
Na-K-Ca estimated temperatures above 1500C 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 taermometers
when Na-K-Ca estimated temperatures are above 700C 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 eqﬁi]ibration at about
measured surface temperature (irrespective of much higher ca]cu]atea-
..Na—K-Ca temperature) or that non-equilibrium conditions exist. Their

correction,  in equation form, is

;

2 2 2 ' 2
b Tng =3, = b1 R+ 1 (log R)” - d1 (Tog R) /T, - c1 (Tog ®) 2t e f
(Tog R) . (1)
Where: aTy, is the temperature in OC to be subtracted from the
. Na-K-Ca temperature in degrees Kelvin, a; = 10.66, by = 4.7415, c, 5

325.867, d1 = 1.0321 x 105, e; = 1.9683 x 10, and f; = 1.6053 x 10°.

" For R values less than 5, Fournier and Potter recommended the following
equation be used :

ATpg = -az + b2 log R + ¢z (log R)2 - dp (1og Rj T - e, lot RIT, (2)

Where: ap = 1.02995, b, = 59.97116, c, = 145.049, d, = 36711.6, and

e, = 1.67516 x 10 . For solving for AT, q graph1ca11y, Fourn1er and

Potter recommended using Figure __ and ~ )

Paces‘(1978, p 34) thought that inaccuracies'in Na-K-Ca geothermometer
.for temperatures below 75°C in felsic rocks were the result. of a chemical
steady-state between water and fe]sie rocks rather tﬁan chemical equili-
briqm if partia1 pressure of C02 in -the aquifer were above,10—4 atm. The
steady state is brought about by (1) fast percolation of water and (2) a flux

of an acidifying agent such as COé. If these are fast enough, the steady

state may be realized in vhich Case the chemical compositton of the water



deviates from the equilibrium state expressed by ‘log K. Paces recommended
subtracting a t‘?-‘”"_(l = -1.36 - 0.253 log PCO>)} frem the right side of the
log K equation.

log K = log Na + a/3vCa _ .
: K Na
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Graph for estimating the magnesium tcwmperature

-correction, At, using Na-K-Ca calcilated temperatures

and R values ranging from 1.5 to 5.- The curves were
drawn using erquation (2). Move directly up from the
calculated Na-K-Ca trmprrature to the intersecction {(or

_interpolated value) of the line having the calculated R

value. Move horizontally from the R value intersection
and read the Aty . value on’the ordinate.
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Graph f{or estimating the magnesium temperature

correction, At, using Na-K-Ca calculated tewmperatures

and R values ranging from 5 te S0. The curves werve drawn
using, r‘qlmlimi (1).  Move «Hl«'(‘ll)' up frem the calenlated
Na-K-Ca temperature to the intersection (o1 interpalated
value) of the line having the-ealculated R value,  Move
horizontally {rom the R value intersection and read

the Atp, value on the ordinate.
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“Small Discharge”

Boiling
Springs

Assume mostly conductive cooling.
Apply chemical indicators assuming
little or no steam loss ‘{adiabatic

cooling).

Probably no clearcut interpretation.

)

Large Discharge

Assume steam loss {adiabatic cooling).
Assume maximum steam loss, apply
geochemical thermometers according.
Iy, :

Assume no conductive cooling. Geo-

, . May be {1} water that has never heen

Springs very hot, (2) mixed water from

below different sources at different tempera-

boiling tures, {3}, hot water cooled by con-
duction. Indicated temperatures most
likely, minimum.

chemical  thermometas, particularly
Na K-Ca, if  within 1 25°C  of
measured surface temperature may be
suggestive of equilibritum conditions.
Higher indicated

gests a mixed water.

temperatues St

Small discharge was delined to be less than 200 1/min for single isolated spring, and 20
I/min for single spring vents of larger groups. : .

Fournier and Truesdell {1974) have developed a method of testing thermal waters to
determine if mixing may be taking place. They maintain that mixing should be suspect
where: (1) regular variations in surface temperatures with chloride, horon, or other
nonreactive chemical constituents from scveral springs of an area arc obscrved, {2) the
Na-K-Ca geochemical thermomeater indicates nonequilibeitm conditions {(Na K Ca indicoted
temperatures varies from the observed surface temperature by more than 200C).

Under ideal conditions, Fournier and Truesdell’s mixing models allow prediction of the
temperature of the hot water before mixing. The models assume that enthalpy (heat content -
Hc) of the cold water multiplied by the fraction of cold water (X} plus the enthalpy of the
. hot water (Hp) multiplied by the fraction of the hot water (1-X) is equal to the enhthaipy ol
the emerging spring-water (Hspg)- Stated mathematically:

, (H)XMHHL ) (1 X)=Hgpg (1)
Similarly;

(S (X)+(Sif) (1-X)=Sig,y © - 3 )

Where Si¢ is the silica content of cold spring, Sigyy is the silica content of the hot spring

water and Siy, is the enthalpy value for silica in hot water (table 1- equation 5). Equations 1 -

and 2 are each solved for the unknown X by simple algebraic fearrangment to give equations
3 andl 4. ' :

~ Fournier and Truesdell’s suggested graphical method of solution for mixing model 1, in
which the enthalpy of the hot water plus separated steam which heats cold water is the samie
as the initial enthalpy of hot water before stcam separates (no steam loss by system, hence,
no evaporative concentration), is as follows: ' ;

39



“1. Assume a series of values of
temperature of hot water and using
this corresponding enthalpy values
listed in table 1 calculate Xy for each
one, using equatuon;l

{Enthalpy of hol wnlcr)-(lcmn of wum g) 5)

t '(E nthalpy of hot water}-{temyp of cold spg)

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

3. Using a series of silica contents of hot
water appropriate for the temperatures
listed in table 1 evaluate Xg; for each
silica content using equation 4

{Silica in hot water)-(Silica in warin spa) §
Si {4

{Silica in hot water)-(Sifica in cold spa)

4. On the same graph previously used,
plot the calculated values of Xg; vs.
the temperatures for which the 5|||ca
contents were obtained (see fig. 3.9
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 wclls in the northern Cache

Valley area.

The intersection of the two curves represent the percent of cold water mixing with 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

T.ll)le 1

Enthaplies of liquid water and quartz
solubilities at selected temperatures
and at pressures appropriate for steam
and ligquid waler to coexist. Enthalpies
from Keenan et al. {(1969). Quartz
solubilitics at and below 225"C from
Morey et al. (1962); above 225°C
from unpublished data of R. O.
Fournier.

Temperature Enthalpy Silica
oc cal/gm ppm
50 50.0 13.%
75 75.0 ' 26. 6
100 100.1 48
125 125.4 80
150 151.0 125
175 177.0 . 185
200 ’ 203.6 265
225 " 2309 365
250 259.2 486
275 289.0 " 614
300 321 692 .

1T:\blc from Fournier and Truesdell, 1974,

graph directly to the left of'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:

. 1. Use the atmospheric boiling temperature for the value of Hp, in equationl and

J

calculate the corresponding value of >}

2. Use that value of X in equatlon ,’6 to estimate the residual silica content of hot

water at tS

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 -

log C =

1522

tog 273

-5.75

where C is the silica concentration, and t is temperature in degrees Celsius.”’
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TEMPE&ATURE OF HOT WATER COMPONENT {0C}
8

g el oy

wWailkss.

o X, valups estculated using: equation 3, enthalpy valves from
table 1, measured surface témperature of well 15-77E-23aab1,
and aversge temiperatyre of cold ground water,

B8 Xgjvalues calculated using: equation.4, silica cancentration
at'selected temperatuces from table 1, sitica concenteation in well
18-17E.23aah1, and average silica cancentration of cold ground

P

i -
X-FRACTION OF COLD WATER

70

FIGURE 3. Fraction of cold water relative to temperature for well 1S-17E-23zab 1.
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Table 2. X, and Xg; Vatues at Specified Temperatures.and Silica Concéntrations-for Thermal Waters of the Camas Prairie Area

(Temperature 2C] (Continded)

Spring No. 18:13E-34bcb1S

. Surface temperature = 739
Silica ='84 myg/|
Background sifica = 35 mg/|
Background tempecature = 159
Boilingtemperature 959

L % Agi
75 0033
1wy o 318
125 . 875 -
150 574 0.456
175 B42 . B
. 200 B2 787
225 731 /852
250 7162 850
2715 ¢ 753 915
' 300 810~ 828

Témperature of Unmixed, hot water = 1699,
Percent of cold water = B2,

Well No. 15-17E-23aab1

Surface temperature = 727
Silica = 105 mg/|

Background silica = 35 mg/l
Background temperatuse = 158

Bailing temperature = 95°

T A si

75 0.050

100 ©.320

125 434 .
150 531 0.222
175 643 533
200 . 1898 696
225 736" 783,
250 -.767 342
275 . 392 879,
300 8y 293

Temperatire.of unmiix2d hot water = 2000,
Percent af cold water = 69.
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INTRODUCTION

Considerable advances have been made in the knowledge
of the chemistry of geothermal fiuids in the five years
between the first and second United Nations Geothermal
Symposia heid 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. Geothermal chemistry was also recently reviewed
by Sigvaldason (1973), Ellis (1973, 1975). and Mahon (1973).
In reporting on fluid 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 fluid chemistry finds its widest application
in exploration, and it is this aspect that will be stressed
in this report. Recent exploration activities have resulted
in new chemical data on thermal fluids from springs and
wells in Afars and lIssas, Canada, Chile, Columbia, Czecho-
slovakia, El Salvador, Ethiopia, France, Greece, Guade-
loupe, Hungary. Iceland, India, Indonesia, Israel, ltaly,
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 COMPOSITION OF FLUIDS

Summaries of analytical data on sclected thermal spring
and well discharges. indicated geothermometer temperatures,
and references to data sources are presented in Table 1.
Most data are from papers submitted to this Symposium.
The classification of geothermal system type in Table 1
is based on the assumed genesis of their anomalous heat
and follows. in a general way, classifications proposed by
Mahon (p. 755), Arndrsson (1974), Ivanov (1967), Kononov
and Polak (p. 767). and White (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 flow 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
oq Water-Rock Interactions held in Prague in 1974 (Cadek,
1976). Because of their distinctive and relatively uniform
chemistry, | 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 Cl, B
Br. Li. Cs, and As are related to their concentrations in
the rock, to the subsurface temperature, and possibly to

e
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contributions from deep fluids related to the volcanic heat
source. Other less soluble constituents such as SiO,, Ca,
Mg, Rb, K. Na. SO,. HCO,, and CO, are controlled by
subsurface temperature, mineral solubility, mineral equili-
bria, and pH. Gases in these systems normally include CO,,
H,S. H,, CH,. N,. and inert gases, with CO, predominant,
and constitute 0 to 5% by weight of the deep fluid.

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 steam (SO, as H,S. HCO, as CO,. B as HBO,,
Hg. NH;). The gases are similar to those in volcanic water
systems. Because of their relative rarity and because vapor
rather than liquid is produced (aithough liquid may predomi-
nate at depth). the geochemistry of these systems is not
well understood.

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

Arndrsson’s Classification

Arndrsson (1974) classifies lcelandic thermal fluids as
related to (1) temperature. (2) rock type, and (3) influx
of seawater. Low-temperature waters (< 150°C) are the result
of deep circulation in regions dominated by conductive heat
flow (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 other dissolved solids than fluids
of the same temperature in basaltic rocks if seawater is
not involved.

Classifications of lvanov 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 related to volcanic
processes are characterized either by H,S-CO, gases and
acid sulfate or acid sulfate-chloride waters in the oxidizing
zone. or by N,-CO, gases and alkaline sodium chloride waters
in the reducing zone. Fluids related to thermometamorphic
processes have high CO, gases and carbonated waters, which
may in part be connate. Fluids of deep circulation but outside
of volcanic and thermometamorphic zones have N, gases
and dilute sodium chloride-sulfate waters. Kononov and
Polak further divide volcanic fluids into “‘geyseric'’ with
H,-CO, gases and "‘riftogenic™ with H, gases, which occur
in spreading centers and characterize the highest temperature
(>300°C) geothermal systems. Itisonly in *“‘riftogenic™” fluids
that anomalous contents of *He and H,S with %S near
zero are expected. Parts of this classification are applied
in detail to Icelandic thermal fluids by Arnérsson, 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 attentton on geothermal gases. which

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 §3S values
near zero {(Schoen and Rye, 1970) suggests these fluids are
“riftogenic’’ when. in fact, they are far from present
spreading centers.

Classifications of White

Reviews by D. E. White of mineral and thermal water
chemistry (1957a, b, 1968. 1970, 1974) have greatly influenced
most workers in this field. Space does not allow adequate
description of his water classification schemes, which have
evolved as more chemical and isotopic data became avail-
able. In brief, meteoric waters dominate shallow crustal
circulation and mix with more salinc deep waters of all
types. Meteoric waters may also circulate deeply under the
influence of magmatic heat and receive additions of NaCl,
CO,. H,S, and other substances from rock leaching, thermal
metamorphism, and possibly magmatic fluids. These moder-
ately saline sodium chloride deep waters of volcanic associa-
tion undergo near-surface rock reactions and atmospheric
oxidation to form the range of observed surface volcanic
waters. Oceanic water is incorporated in marine sediments
and, by cxtended 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 10 the hydrologic cycle is certain, but its recognition
is doubtful. Recent work by White and his coworkers has
elaborated the chemical distinctions between hot-water and
vapor-dominated systems (White. Truesdell, and Muffler,
1971 Truesdell and White. 1973) and demonstrated the
existence of thermal water of nonmeteoric origin in the
California Coast Ranges (White, Barnes, and O'Neil, 1973).

VOLCANIC HOT-WATER SYSTEMS

Deep Fluids

Hot-water geothermal systems with volcanic heat sources
have been very thoroughly studied. The deep fluids of these
systems are, in géneral, waters of dominantly meteoric origin
with chloride contents of 50 to 3000 ppm. unless seawater,
connate water, or evaporites are involved. Components of
these fluids. such as Na. K. Ca. Mg. and Si0,, that are
present in major amounts in most volcanic reservoir rocks
almost certainly originate from rock-water reactions. Other
fluid components, such as Cl. F, B, CO,. and H,S, are
present in these rocks only in trace quantities and have
been explained as magmatic contributions (Allen and Day.
1935, White, 1957a). Experimental rock-leaching studies
(Ellis and Mahon, 1964, 1967) have shown, however, that
these soluble components may be extracted from most rocks
at moderate temperatures (200 to 300°C). and isotope studies
(see below) have failed to detect magmatic water in geother-
mal systems. Rock leaching as a sole source of chloride
has been criticized by White {(1970) because it appears to
require unreasonable rock volumes or unreasonable original
rock chloride contents (o maintain the chioride fiux of old
geothermal systems, such as Steamboat Springs. Nevada
(age | to 3 m.y.; Silberman and White, 1975), 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 altered Wairakei rocks
suggest that the apparent water:rock mass 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 1000 ppm (Elis and Mahon, 1964),
a mechanism other than simple leaching would appear
necessary to produce the 1400-ppm-Cl Wairakei deep water.
More probably. however, the rock leached of chloride was
at much deeper levels as in the deep reservoir hypothesized
by Hoachstein (Abstract 1-16) and at those levels the
water:rock ratio was much tower. However. a lower
water:rock ratio requires a larger volume or rock which,
if the predrilling flux of chloride (2.5 x 10'® g/year; Ellis
and Wilson. 1955) has been maintained over the life of
the system. requires more than 5 x 10# km? 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 Elhlis (1966) suggested that flow
ingeothermal 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 nonuniformly heated fluid in porous media
by Horne and O'Sullivan (1974) produced intermittent flow,
which may support this suggestion. However, the numerous
dormant geothermal 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
constituents in geothermal waters must depend on the
availability of fresh rock surfaces. Heat transfer and ieaching
from established fractures should be rapid. and solute
concentrations and temperatures would be expected to
decreasc rapidly. This may not occur because the growth
of thermal stress fractures (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 that
the chemical and thermal properties of convecting fluids
would be uniform in time. Studies of fluid inclusions from
Broadlands, New Zealand, suggest that changes of fluid

concentration and temperaturc may have been small over -

the 105-year life of this system (Browne, Roedder, and
Wodzicki. 1976). Careful chemical and physical modeling
is needed to further test the rock-leaching hypothesis.

The opposite hypothesis, that small quantities of magmatic
fluids of high salinity supply a significant part of geothermal
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
that two fluids were involved in the generation of many
ore deposits. Initial fluids of porphyry copper, epithermal
base metal. and other ore deposits were probably magmatic
in origin, and later fluids were local meteoric waters.
However, magmatic waters have not yet been posiuvely
identified in epithermal gold-silver deposits, which are most
closely related to active geothermal systems. The presence
of mantle-derived 3He 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 geothermal fluids from rock leaching.

Perhaps the most persuasive evidence for the participation
of at least small amounts of magmatic 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 north 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 with high sulfur:carbon ratios when flows of volcanic
gases are not 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 with near-active volcanoes of the Tatun Shan,
Taiwan (Chen and Chern. written commun., 1975) and of
Tamagawa (Iwasaki et al.. 1963) and Hakone (Noguchi et
al.. 1970). Japan, may be similar to the drowned volcanic
emanations of White Island. Hydrolysis of suifur or near-
surface oxidation of H,S cannot produce the HCI acidity
proven at Hakone and Tamagawa and indicated at Tatun
(analysis Ta I, Table 1, from New Zealand Dept. Sci. Ind.
Res.. quoted by Chen and Chern) which must originate
from high-temperature. probably magmatic, processes
(White and Truesdell, 1972: R. O. Fournier and J. M.
Thompson, unpub. data). Magmatic fluid contributions to
these geothermal systems appear probable, but proof is
lacking. More work is needed on this problem, possibly
through more extensive isotopic 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 Alteration of Hot Waters

Near-surface processes producing the varied compositions
of geothermal waters of volcanic systems include steam
separation during adiabatic cooling, mixture with cold shal-
low meteoric waters, and chemical reactions involving rock
minerals, dissolved gases, dissolved constituents of diluting
walters, and atmospheric gases. Many indicators of subsur-
face flow (see below) depend on the effects of these
processes on ascending geothermal fluids. Fluid component
ratios that are not affected by these processes, such as
Cl:B. are useful in indicating the homogeneity of subsurface
fluids and thus the continuity and size of geothermal systems
(Stefansson and Arndrsson. p. 1207: Cusicanqui, Mahon.
and Ellis, p. 703).

Subsurface reactions with dissolved gases and rock miner-
als control the contents in the water of most components
present in excess in the rock or in the dissolved gas. Most
of the bicarbonate and part of the sodium and potassium
are produced by reaction of dissolved CO, with the rocks
to produce mica or clay minerals and bicarbonate and alkali
tons (Fournier and Truesdell, 1970),

CO, + H,0 + (Na.K) silicate = HCO,~ + (Na*,K*)
+ H silicate.

The coupled increase in HCO,:Cl and decrease in CO,:other
gases during lateral flow 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 flow tuff are not as reactive as
glassy rocks. so CO, is converted to HCO, less rapidly,
as at Norris Geyser Basin, Yellowstone, where waters
flowing in devitrified ash flow tuff are low in HCO, (analysis
US34).

Mixture of deep hot water with cold meteoric waters
produces variations in the concentrations (but not the ratios)
of Cl. 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-
tion, 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 P.q,-high Ca
solutions emerge at the surface. they lose CO, and deposit
travertine as well as silica.

Steam separation produces changes in water chemistry
because most saltsare 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: Kozintseva. 1964). The result of these pro-
cesses is an increase in nonvolatile salts and a decrease
in dissolved gases (principally CO, and H,S) in the liquid
phase. The loss of gas produces an increase in pH from
about 6 at depth to near 9 at the surface (Ellis, 1967; Truesdell
and Singers. 1971) through the reaction

HCO,~ + H* = CO, + H,0.

The effect of CO, 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.

Suifate can originate from oxidation of H,S by atmospheric
oxygen dissolved in meteoric water of deep or shallow
circulation. The amount of sulfate ion that can be formed
in this manner is 22 ppm from rain water percolating
underground after equilibrating with air at 0°C (Truesdell,
1976). This is close to the observed sulfate contents in
water not affected by near-surface oxidation of H,S in
volcanic rocks with low suifate contents, such as those
in the Yellowstone caldera (analyses US29-34) and the Taupo
volcanic zone (analyses NZ /-10). Higher contents of sulfate
in volcanic hot water probably originate from leaching of
sulfate contained in some volcanic rocks. Suifate in low-
temperature waters in basalts probably has this source
(analyses Ic I-3). In high-temperature areas the self oxidation
of SO, 10 H, S and SO, must also be considered. The sulfate
contents of thermal waters in sedimentary aquifers are
usually much higher as a result of solution of sedimentary
sulfate from the rock (for example Kizildere, Turkey,
analyses T1-2).

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

(White, 1957b). The acid-sulfate-chloride waters at Waiman-
gu, New Zealand, and Norris. Yellowstone, probably result
from percolation of this acid sulfate water into near-surface
reservoirs where it mixes with chloride water from below.
The change from deep, slightly acid chloride waters, to
neutral CI-HCO,-SO, 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 geothermal systems
must come chiefly from refined geophysical studies and
from fossil geothermal systems exposed by erosion; but
experimental studies of the thermodynamic chemistry of
water 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 et
al. (Abstract 111-87) have proposed that a 3- to 6-km-deep
reservoir of dilute (1000 ppm NaCl) water at 340 to 370°C
underlies much of Yetlowstone. This reservoir may corre-
spond to the deep (also 3 to 6 km) reservoir proposed by
Hochstein (Abstract I-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.

STEAM (VAPOR-DOMINATED) SYSTEMS

Certain geothermal systems (Larderello and Monte Amia-
ta. Italy: The Geysers, California; Matsukawa, Japan; Mud
Volcano. Yellowstone; and others) are characterized by
production of saturated or slightly superheated steam 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).

Although known systems have been intensively drilled.
the character of the reservoir fluid, the mechanism of steam
production, and the origin of these systems have been highly
controversial and at least seven major models have been
proposed. The latest of these models (White. Muffler, and
Truesdell. 1971) has utilized the chemistry of superficial fluids
and deep pressure and temperature measurements to con-
clude that both steam 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 White, 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 to 600
m showed the reservoir temperature below 550 m (390 m
below the water table) to be 238°C, close to that of steam
of maximum enthalpy (236°C), as predicted for these systems
(James. 1968). Production initially was a steam-water mixture



that changed to saturated steam and finally superheated
steam. Surface drainage and borehold fluids are nearly
chloride-free (<2 ppm in hot waters: 3 to 6 ppm in drainage
waters), 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 >10 ohm-meters, probably
indicating the presence of steam. This resistivity structure
issimilar to that found in the vapor-dominated Mud Volcano,
Yellowstone. geothermal system (Zohdy, Anderson, and
Muffler, 1973). Deeper drilling is needed at Kawah Kamojang
to confirm the presence of the predicted low *‘vapostatic™
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, steam has shown
that increased production has drawn fluids from recent
inflow at the sides of the reservoir and from deeper levels
inthe center (Celatietal., 1973: Panichietal., 1974). Marginal
inflow was also indicated by a hydrologic balance (Petracco
and Squarci, p. 521). Steam 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 from 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 al., p. 1583).

NONVOLCANIC HOT-WATER SYSTEMS

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

Examples of thermal systems that are considered nonvol-

canic in Czechoslovakia. France. Iceland, India, Israel, '

Japan. Switzerland. Turkey. the United States, and Yu-
goslavia are given in Table 1. The waters of the Pannonian
and related sedimentary basins of Czechoslovakia, Hungary,
and Yugoslavia appear to be crudely zoned, with bicarbonate
predominating near the top of the aquifer and chloride at
greater depths (for example analysis Cz I; Franko and Mucha,
p.979: Boldizsar and Korim. p. 297; Petrovi¢, p. 531). Waters
in carbonate aquifers (analysis H1, Y2?) have relatively
high contents of bicarbonate. calcium, and magnesium as
might be expected. and gases appear to contain more CO,
than in sandstone aquifers, which have more nitrogen.
Methane is also present. Sedimentary basins in Russia are
reported to yield water at 40 to 105°C with 1 to 10 g/I
salinity at depths of 2500 to 3000 m without further chemical
data (Mavritsky and Khelkvist. p. 179). More studies are
needed on thermal waters of sedimentary basins.

Waters heated by deep circulation along faults may be
very dilute with only atmospheric dissolved gases if their
temperatures are low {analysis US4) and become much more
concentrated with more CO, and H,S as their subsurface
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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 at 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 montmorillonite, 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 altered seawater in coastal
thermal areas of Fiji (Healy, 1960), Greece (analyses Gi-7;
Dominco and Papastamatoki. p. 109; Stahl, Aust, and
Dounas, 1974), Guadeloupe (analysis Gul; Demians d’Ar-
chimbaud and Munier-Jolain, p. 101), Iceland (analyses
Ic7-10: Bjornsson. Arndrsson, and Témasson, 1972; Arnors-
son, 1974: Arnérsson et al.. p. 853), Israel (analysis Is/;
Eckstein, p. 713), Italy (analyses ItI-2; Baldi, Ferrara, and
Panichi, p. 687). Japan (analyses J I-2; Mizutani and Hama-
suna. 1972; Matsubaya et al.. 1973; Sakai and Matsubaya,
1974), New Britain (analysis NB[; Ferguson and Lambert,
1972), New Zealand (Crafar, 1974: Skinner, 1974), and
Turkey (analyses T3 and Té6; Kurtman and Samilgil, p. 447).
The composition of normal seawater is given in Table 1
for comparison (analysis SW ).

The application of chemical and isotopic geothermometers
to 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 altered seawater in low-to-
moderate-temperature thermal systems indicate anomalously
high temperatures, near 100°C from Na:K and 170°C from
NuKCa. The sulfate-water isotope geothermometer also
indicates temperatures near 180°C for cold and partially
altered seawater. These high-temperature indications may
be relics of partial equilibration in submarine geothermal
convection systems focated along spreading centers (Lister,
p. 459; Williams, Abstract 1-40), with the seawaters resisting
reequilibration in moderate-temperature coastal geothermal
systems because of insufficient rock alteration to affect
their high ion contents. Seawater-rock interaction experi-
ments now in progress (Hajash, 1974; Mottl, Corr, and
Holland. 1974; Bischoff and Dickson, 1975) will provide
more data 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 to produce the observed
concentrations by boiling (analyses G7, Ic7, NB I, 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 to increase apparent temperatures and mixing
with dilute waters would tend to lower them.

GEOTHERMOMETERS

Where fluids from geothermal convection systems reach
the surface in springs or wells, the chemical and isotopic
compositions of these fluids may indicate the subsurface
temperature and flow 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 related 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 that only relative temperatures may
be inferred. Important advances in the application of quan-
titative and qualitative geothermometers have been made
since the first UN Geothermal Symposium in Pisa in 1970.

Quantitative Chemical Geothermometers

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

At 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 geothermal fluids above 100 to 150°C, and on
the relative reluctance of quariz to 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 reequilibration above 200°C is relatively
rapid and solutions initially saturated with quartz at higher
temperatures can precipitate amorphous silica during passage
to the surface (Fournier, 1973; Truesdell and Fournier. p.
837). Lower-temperature waters may be saturated with
chalcedony rather than quartz (Fournier and Truesdell.
1970), with some Icelandic waters suggesting chalcedony
saturation at temperatures as high as 180°C and others
suggesting quartz saturation as low as 110°C (Arndrsson,
1970, 1974, 1975). Examples of many thermal waters with
probable quartz or chalcedony saturation are given in Table
1. and equations (data from Fournier. 1973, 1976) for quartz
saturation with conductive and adiabatic (maximum steam
loss) cooling and for chalcedony saturation are given in
Table 2. Adiabatic cooling is probably most common in
high-temperature geothermal systems (M. Nathenson.
unpub. calculations), but loss of silica from reequilibration
during upward flow may make conductive quartz tempera-
tures appear to indicate reservoir temperatures more ac-
curately (White, 1970). Systems with both adiabatic and
conductive cooling have been discussed by Fournier, White,
and Truesdell (p. 731).

The other geothermometer widely used 5 years ago was
the Na:K ratio. The empirical calibration of this geother-
mometer does not agree with experimenital studies of feldspar
and mica equilibria, and in 1970 there was wide divergence
between calibration scales. Syntheses of available data
(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!~ 2. Since the White-Ellis
curve is more widely used, it has beei, adopted for calcula-
tions in Table 1.

Because the Na:K geothermometer fails at icmperatures
below 100 to 120°C and yields improbably high temperatures
for solutions with high calcium contents, an empirical NoKCa
geothermometer was proposed by Fournier and Truesdell
(1973). NaKCa temperatures have been found to be closer
to quartz-saturation temperatures for thermal springs of
Nevada by Hebert and Bowman (p. 751), but Na:K tempera-
tures appear to be equally accurate for 200 to 300°C low-cal-
cium weli discharges (Table 1), 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 initial evaluations of the geothermal potential of large
regions because they are less affected by reequilibration
and ncar-surface dilution than are the silica geothermome-
ters. Cation geothermometers have been used in regional
evaluations in Canada (Souther, p. 259), Iceland (Stefansson
and Arndrsson. p. 1207), India (Krishnaswamy, p. 143;
Gupta, Narain, and Gaur, p. 387). Israel (Eckstein, p. 713),
Italy (Fancelli and Nuti, 1974), the Philippines (Glover,
19744, b. 1975). and the United States (Young and Mitchell,
1973: Swanberg, 1974, 1975 Mariner et al., 1974a, b; Renner.
White, and Williams, 1975: Reed. 1975).

Cation geothermometers, although empirical. apparently
depend on equilibria between thermal waters and alumino-
silicate minerals original 1o 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 the concen-
trated solution; and apparent temperatures are close to those
indicated by cold seawater (analysis SW [—1 ... 100°C and
takess 170°C). However. in some high-temperature geother-
mal systems, seawater does appear to have nearly equilibrat-
ed with rock and indicated temperatures are close to those
observed in driltholes (analyses Ic7-9: analyses JI-2). Acid
sulfate springs in which silica and cations are leached from
surface rocks are not suitable for chemical geothermometry,
although acid sulfate chloride waters of deep origin give
reasonable indicated temperatures (analyses J12. Tal-2).
Cation (and silica) geothermometers may also give misleading
results when applied 1o waters in highly reactive volcanic
rocks (Fournier and Truesdell, 1970; Baldi et al.., 1973;
Arndrsson, 1975). especially those rocks with high contents
of potassium (Calamai et al.. p. 305). or to warm waters
that emerge in peat-containing soils (Stefansson and Arnérs-
son. p. 1207). Paces (1975) has suggested a correction factor
for the NaKCa geothermometer when applied to high-CO,
waters.

Although many other high-temperature chemical equilibria
exist. most of these equilibria are affected by subsurface
conditions other than temperature, 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 quantitative geothermometers.

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

Waters with high calcium and sulfate and low bicarbonate
contents, such as thermally altered seawater (sce 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 JI-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
[11-70), but reequilibration apparently is rapid.

The reaction CO, + 4H, = CH, + 2H,0 may occur in
geothermal reservoirs (Craig, 1953; Hulston, 1964; but see
Gunter and Musgrave, 1966, 1971), and the amounts of these
gases in surface discharges may indicate subsurface temper-
atures. Temperatures calculated from Wairakei borehole
gases (analysis NZ/; Hulston and McCabe. 1962a; Lyon,
1974) are reasonable. but Arndrsson et al. (p. 853) have
applied this method to fumarole discharges with somewhat
ambiguous results.

Mixing Models

Although mixing of thermal waters with cold near-surface
waters limits the direct application of chemical geother-
mometers, the dilution and cooling resulting from mixing
may prevent reequilibration 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 carly 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
the temperature, 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, White 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 Phl). Related dia-
grams of chloride and enthalpy (or temperature) 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 enthalpy and silica and on the nonlinear
temperature dependence of quartz solubility. The boiling
spring mixing model depends. on assumed conservation of
chloride and enthalpy and reequilibration with quartz after
mixing. Proper application of these mixing models depends
therefore on the fulfillment 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 to a great 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 exploration 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 waters.

Components other than silica and chloride may be used
in mixing models. The temperature and salinity of a hypo-
thetical concentrated high-temperature. component have
been calculated by Mazor. Kaufman, and Carmi (1973) from
14C contents and by Mizutani and Hamasuna (1972) from
sulfate and water isotopes (analyses Is3 and J1).

Qualitative Geothermometers

Qualitative geothermometers were reviewed at the first
UN Geothermal Symposium by Mahon (1970). Tonani (1970),
and White (1970). These geothermometers may be applied
to spring waters and gases, fumarole gases, altered 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
temperature calculation. are useful for indicating subsurface
flow paths when siting wells (Mahon, p. 775).

Substances carried in steam are important in the study
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, [973). Gas discharges were used by Glover
(1972) to indicate upflow zones in Kenya geothermal sys-
tems. where hot water discharges were lacking or grossly
contaminated with surface waters. Gas ratios were also
useful at El Tatio, Chile (Cusicanqui. Mahon, and Ellis,
p. 703), where extensive lateral flow of hot water occurs
(see discussion below). Ammonia and boron have been used
as indicators in thermal seawaters which are otherwise
unresponsive to subsurface temperature (Dominco and
Papastamatoki, 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 al., 1975), and contain CO, with anoma-
lously high C:'2C ratios (Rightmire and Truesdell, 1974).
Volatile substances dispersed from geothermal fluids may
accumulate in soils and altered rocks. 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 flow, as may alteration
patterns (Sumi and Takashima, p. 625).

The most important application of qualitative geother-
mometers is in preliminary exploration over large areas.
**Blind™’ convection systems may exist or surface fluid flows
may be inconspicuous or difficult to distinguish from non-
thermal sources. [n these cases, it may be possible to analyze
surface fluids for distinctive ‘‘geothermal’” components.
Lithium in surface waters of central Italy has been tested
as a geothermal indicator by Brondi, Dall’Aglio, and Vitrani
(1973); and, in a study of the same area, criteria for
distinguishing river sulfate of geothermal 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 waters (other than those in closed basins) is
probably of geothermal origin (Morgan, 1976). and Larderello
steam has been shown to contribute large quantitics of boron
10 surficial waters (Celati, Ferrara, and Panichi, Abstract
HI-11). 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
IV-14). Fish in the Waikato River appear to accumulate
mercury of geothermal origin (Weissberg and Zobel, 1973).
but Yetlowstone fish do not (L. K. Luoma and E. A. Jenne,
oral commun., 1976).

Geothermal waters of meteoric origin may exchange
oxygen isotopes with rock during deep circulation, and this
“‘oxygen shift’’ has been used as a positive or negative
qualitative geothermometer (Fancelli, Nuti, and Noto, Ab-
stract 111-23; Fouillac et al., p. 721).

Although sampling is difficult, gases and solids can also
be used in regional exploration. In a reconnaissance study
of much of central and southern Italy, Panichi and Tongiorgi
(p. 815) found carbon isotopes in CO,, 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
(3#Sinair 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 HYDROLOGY AND THERMOMETRY

Isotope compositions and rare gas contents of geothermal
fluids have been used to indicate sources of recharge, time
of circulation, fluid mixing, and subsurface temperatures.
Geothermal isotope and nuclear studies have been the subject
of symposia at Spoleto, Italy (Tongiorgi, 1963). Dallas, Texas
(Hall, 1974). and Pisa, Italy (Gonfiantini and Tongiorgi.
1976). and were extensively reviewed by White (1970, 1974).
Many papers on nuclear hydrology with application to
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 tritium contents of thermal
fluids was that local meteoric water overwhelmingly domi-
nates recharge of most geothermal systems (Craig, Boato.
and White. 1956: Craig, 1963; Begemann. 1963). More recent
studies (reviewed by White, 1970) agree with the early data
with a few exceptions. New '80, deuterium and tritium
measurements of cold and thermal fluids of Larderelio, ttaly,
demonstrate local meteoric recharge with both long and
short circulation times (Celati et al., 1973; Panichi et al.,
1974). Meteoric water dominance has also been demonstrated
for thermal fluids of E! Tatio, Chile (Cusicanqui, Mahon,
and Ellis, p. 703), Kawah Kamojang, Indonesia (Kartokusu-
mo. Mahon, and Seal, p. 757). the Massif Central, France
(Fouillac et al., p. 721). Iceland (Arnason. 1976; Tomasson,
Fridleifsson. and Stefansson. p. 643), Lake Assal, Afars
and lssas (Bosch et al., 1976), Broadlands. New Zealand
(Giggenbach, 1971). Yeliowstone, Wyoming (Truesdell et
al.. Abstract 111-87). Long Valley, California (Mariner and
Willey. 1976), and southwestern ldaho (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
geothermal systems of Greece (Stahl, Aust, and Dounas,
1974), ltaly (Baldi, Ferrara, and Panichi, p. 687), and Japan
(Mizutani and Hamasuna, 1972; Matsubaya et al., 1973;
Sakai and Matsubdya, 1974). Thermal connate and metamor-
phic waters were shown to mix with meteoric water in the
California Coast Ranges by White, Barnes, and O’Neil
(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
waters from this area (Gringarten and Stieltjes, 1976) sug-
gests a more complicated system.

Tritium measurements have been used to demonstrate
mixing with young near-surface waters. Gupta, Saxena, and
Sukhija {p. 741), using this approach, calculate hot-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 geothermal 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 tritium dating: from
the large quantities of metamorphically produced old CO,,
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 tritium analysis may improve the situation.
The radioactive Ar isotope has a half-life of 269 years,
which allows a dating range of 50 to 1000 years. and has
been used successfully to estimate a <70-year age for water
in a Swiss thermal spring (Oeschger et al., 1974). This
analysis. although difficult. should also be possible for drilled
high-temperature geothermal systems.

Geothermometry

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 to calculate the temperature history of a thermal
water. This calculation would depend on the existence of
considerably more rate data than are now available.

At the time of the first UN Geothermal Symposium, only
the distribution of carbon isotopes between CO, and CH,,
(A’C[CO,.CH,]). had been tested as a geothermometer.
Analyses of well discharges of Larderello (analysis ItS§;
Ferrara, Ferrara. and Gonfiantini. 1963) and Wairakei (anal-
ysis NZ/; 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 Bottinga (1969). Using
the corrected fractionation factors, indicated temperatures
are increased by 50 to 75°C and the new temperatures are
higher than those found in the reservoir. Experimental work
is needed on this geothermometer to confirm the new
fractionation factors. but the indicated temperatures may
be real and exist in these systems below drilled depths.
CO,-CH, temperatures at Broadlands, New Zealand (analy-
sis NZ3). range from 385 to 425°C (Lyon, 1974) considerably
above the reservoir temperatures (~270°C). although tem-



peratures in a deep Broadlands drillhole reached 307°C. New
measurements at Larderello (C. Panichi, oral commun., 1975)
indicate subsurface temperatures that vary with, but are
higher than. observed reservoir temperatures. Temperatures
for A C(CO,,CH ,) havealso been calculated for geothermal
fluids from Indonesia (analysis 1ds 1), Kenya (analyses
K 1-3). and the United States (analyses US5 and US36).

Hydrogen isotope geothermometers, AD(H,,CH,) and
AD(H,.H,0). have been tested in a few systems in Kenya;
New Zealand; the Imperial Valley, California; and Yeliow-
stone; but appear to reequilibrate rapidly and in most cases,
indicate temperatures that approximate those of collection
(analyses K2, NZ3, US5 and US36). Recently, Horibe and
Craig (in Craig, 1976) have experimentally calibrated the
H,-CH, 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 practical exploration tools for hot-water
systems. Equilibrium may be achieved only below drillable
depths (CO,-CH,) or continue up to the sampling point
(H,-CH,. H,-H;0), and most geothermal gases (especially
from hot springs) are so low in methane that collection
and separation are difficult.

For hot-water systems the most 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 fluid ascent
to the surface that 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),
Mizutani and Rafter (1969), and Mizutani (1972). Equilibrium
has been demonstrated between dissolved sulfate and
borehole water from Wairakei (analysis NZ I; Mizuntani and
Rafter, -1969: Kusakabe, 1974), Otake, Japan (analysis J6;
Mizutani, 1972), Lardereilo (analysis It8; Cortecci, 1974),
and Raft River and Bruneau-Grandview, ldaho (analyses
USI5 and USI7; Truesdell et al., 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 measurements have been
made on several other United States spring systems (analyses
US7, US10, US18, US24, US26-27). Estimates of subsur-
face temperatures in Japanese geothermal systems without
deep drillholes and uncorrected for steam loss appear rea-
sonable (analyses J I-5; Mizutani and Hamasuna, 1972; Sakati
and Matsubaya, 1974).

Two other geothermometers need more testing. The first,
AMS(SO,.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
US35; Schoen and Rye, 1970). The second. A'*C(CO,.HCO,)
may indicate the temperature of bicarbonate formation at
Steamboat Springs, Nevada, and Yellowstone (analyses
US24, US30, and US32), but experimental data in this system
need reevaluation (O’Neil et al., Abstract [11-71).

In the rather special circumstances where water and steam
phases may be separately analyzed. or steam analyzed and
water isotopes estimated from other samples, the liquid-
vapor fractionation of deuterium or 'O may be used to
estimate temperatures of phase separation. This has been
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done at Wairakei (Giggenbach, 1971), Campi Flegrei, lItaly
(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 steam
loss (Mazor, p. 793). Ne, *Ar, Kr, and Xe are not 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 (*He and “CAr) are produced from
radioactive decay of rock materials and their concentrations
may indicate rate of water movement through the system
(Mazor, Verhagen, and Negreanv, 1974). High-temperature
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 not 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 geothermal fluids of
Iceland (Kononov and Polak, p. 767), Kamchatka (Gutsalo,
p. 745), and Imperial Valley, Lassen, and Kilauea in the
United States (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 not necessarily
indicate that other mantle-derived components are present
in geothermal fluids.

CHEMICAL MODELING AND METHODOLOGY

Modeling

Geothermal systems are chemically very active. Deep
minerals are altered in response to the prevailing pressure,
temperature, and chemical conditions, and ascending fluids
change their physical and chemical properties 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 geothermal 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 the 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 alteration has been related to deep fluid
chemistry for Broadlands. New Zealand, by Browne and
Ellis (1970) and for Cerro Prieto. Mexico, by Reed (p. 539).
In both these systems. deep waters 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 mineralogica! changes
by Bird and Elders (p. 285).

Methodology and Data

The geochemical investigations described in this report
depend both on the accurate chemical and isotopic analysis
of natural fluids and on laboratory measurements of the
properties of chemical substances over a range of tempera-
ture and pressure. Because analyses of many samples from
a geothermal system allow a more complete reconstruction
of chemical processes and deep conditions, analytical meth-
ods that are rapid and inexpensive or that can be automated
are useful. Bowman et al. (p. 699) and Hebert and Bowman
(p. 751) describe automated instrumental methods of water
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 componenis are necessarily not in equi-
librium under surface conditions, and special care must be
laken 1o preserve them for analysis by dilution (SiO,) or
filtration and acidification (Ca). Thompson (1975) and
Presser and Barnes (1974) report methods for collection
and preservation or field analysis of geothermal waters.
Akeno (1973) describes methods for preservation and analy-
sis of geothermal gases. Downhole samplers for geothermal
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 the status of studies on the density
and other volumetric properties of geothermal brine compo-
nents. and, using critically evaluated data, Haas (1971) has
calculated boiling point-to-depth curves for sodium chloride
solutions. Compilations of geochemical data are also being
made by the Lawrence Berkeley Laboratory (Henderson,
Phillips. and Trippe, Abstract 1-15).

It is impossible to review here the many experimental
studies of solution chemistry at high temperatures and
pressures that are directly applicable to geothermal systems.
These studies have been recently reviewed by Ellis (1967,
1970), Franck (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 data.

AN EXAMPLE OF EXPLORATION GEOCHEMISTRY

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

Cusicanqui. Mahon, and Ellis (p. 703), Lahsen and Trujillo
(p. 157), and Armbrust 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. El Tatio lies at an altitude of 4250 m in
the high Andes. There are over 200 hot springs, most 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 with cold springs
and snow samples. were analyzed for 0O and deuterium.
Fumaroles were analyzed for gases.

The analyzed spring waters showed narrow ranges of Cl: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-
chioride spring waters indicated minimum subsurface tem-
peratures averaging 160°C from quartz saturation, 167°C
from Na:K ratios. and 205°C from NaKCa relations. Maxi-
mum indicated temperatures were 189°C (quartz saturation),
210°C (Na:K). and 231°C (NaKCa). The boiling-spring mixing
model of Truesdell and Fournier (p. 837), not yet developed
at the time of the original investigations, can be applied
to these spring waters assuming that those to the north
were not diluted and that those to the south and west were
mixtures with cold dilute water (t = 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 waters of 4°C and 25 ppm SiO,, indicate
an average subsurface temperature of 269°C (standard de-
viation 13°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 water rising from greater depths.

Deuterium analyses of the thermal waters agreed with
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 to the east also tended to 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 other gases,
and higher ratios of H,S:CO,. Quantitative interpretation
of gas concentrations is difficult because of the effects of
rock reaction and fractional separation into steam. In general,
gases tend to decrease in CO, and H,S content and in
H,S:CO, ratio with lateral flow (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 to about 600-m depth. In the
west and northwest, holes 1. 2, and 4 encountered maximum
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temperatures of 212 to 230°C. with temperature inversions
toward the bottoms of the wells. In wells 3 and 6, in the
southwest, temperature inversions were not 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 160°C was
encountered in the Trucle dacite, which is probably where
mixing with near-surface water occurs to produce the lower
chloride waters of the western and southern springs. Deeper
aquifers in the Puripicar ignimbrite (500 to 600 m) and the
Penaliri (Salado) tuffs 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 most 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 reequilibration. The mixing
calculation temperatures are. however, surprisingly ac-
curate.

Lateral subsurface flow from east to west, indicated by
water isotopes and fumarole gases, was confirmed by
drillhole measurements. Tritium contents of drillhole fluids
suggested that the subsurface transit time was 15 years
(unusually short for geothermal waters), but small additions
of young near-surface water would also explain the results.
The early resistivity survey did not indicate lateral flow,
and a resurvey was made after the exploratory holes were

drilled. This showed a much larger anomaly that could be
interpreted as due to deep lateral flow.

Two chloride inventories were made to estimate the total
heat flow from the heat:chloride ratio of the thermal waters,
which was established from drillhole fluid temperatures and
chloride contents. These were not very accurate because
of salt accumulation at the surface, but indicated a heat
flow 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
with rapid flow from the thermal aquifer, and the surface
chemistry indicated subsurface conditions with 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.

ACKNOWLEDGMENTS

I wish to thank Carolyn Kriet, Nancy Nehring, and Lane
Tanner for help in the preparation of this paper, and Robert
Fournier, Donald White, Patrick Muffler, Everett Jenne,
Manuel Nathenson, and Stefan Arndrsson for reviews and
continuing useful discussions. 1 also wish 10 thank those
colleagues whose unpublished data or calculations have been
used in this paper.



Table 1. Chemical summaries and geothermometer temperatures for selected thermal fluids. (See end of table for explanatory notes.)

Y Sampling tsio tsi0 Other Observed Tem
- i02 1 £, P
area System %‘& Temp  Analyses v;ace: DS Gases adia co t*{,aL/K Nakca Geothermometers °c References
° o
Type F& o0 YP! c c °c (depth)
Afars and Issas N
Af? Lake Assal, Spr & vw s 83 w,i Na>Ca>>K>>Mg 66000 156 166 174 202 165 Na-Ca-$i0p 253 (1050 m) Bosch et al. (1976); Gringarten
C1>>S0,,>>HC03 272 wWsMM TDS = 190000 and Stieltjes (1976)
Canada
British Columbia
cal Tawah Creek (#40) v s 43 w Na>Mg>K>Ca 2400 162 177 210 227 Souther (p. 259); Nevin and
HCO3>>C1>>50; Stauder (p. 1161)
cad Meager Creoek (#52) v s SS w Na>K=Ca>Mg 2000 171 187 197 211 63" (347 m)
C1>HC03>S0,
cal Hot Springs Is). (#57) W s 76 pw Na>Ca>>K 138 145 161 190 205 WSMM
Chile
El Tatio
chi spr 181 ww s 84.5 wotr, i Na>>K»>Ca>>>Mg 7060 142 149 195 211 229 8sMM Cusicanqui, Mahon and Ellis (p. 703);
C1>5>HC03>>S0y Lahsen and Trujille (p. 157); Armbrust
che Spr 226 s 83 w Na>K>Ca 14000 184 199 210 230 et al. (1974)
C€1>>§0,>HCO;
ch3 Well 7 w 85.5 w,q Na>>K>>Ca>>>Mg 15600 COy>>>H3S 257 261 261 262 BSMM 253 (800 m)
C1>>>HC03250,
Ch4 Average of 26 springs s 52-85.5 160 ave 205 ave 208 ave BSMM, 269 ave WSMM 140-170, Truesdell and Fournier (p. 837)
with standard devia- 15 g 20a 270 , 130 190-235,
tion (g) and maximum 189 max 231 max 274 max , 283 max 236-263
Columbia
Col Ruiz, Spr Al wi s 90 pu.i Na>>K>>Ca>>Mg 1570 €05,H,S 255 234 Arango et al. (1970)
C1>>HC0y>50,
Czechoslovakia
czl Danube lowland NVS w inc depth HCO3-Na <1000 N2,CHy,1COp 38 1000 m Franko and Mucha {p. 979)
M HCO3-Cl-Na 25C00 gradient
C1-HCO3-Na £10000
cz3 Stranka NVF w v 36 115 20 Na-K-Ca-COp 40 (1005 m) Pafes and fermfk (p. 803)
73 Chale
cz3 Karlovy Vary NVF w 72 pw 154  1ee 44 Na~-K~Ca-CO; 72 (6 m)
91 Chalc
c2¢ Jachymov NVF w pw 137 92 21 Na-K-Ca-C0j 30 (493 m)
66 Chalc
Central depression
{Danube lowland}
cz$§ Chorvotsky Grob NVS w 46 Cl-HCO3~Na 1800 46 (970-1210m) Franko and Ra¥ick§ (p. 131)
cz6 Topolniky NVS w 90 HCO3-Cl-Na 3900 90(2040-2490m)
cz? Levice block,
Podhijska NvVs w 80 Cl-Na 19600 80(1160-1900m)
cz8 Liptov depression,
Besenova NVS w 34 §04,-HCO3-Ca-Mg 3200 34 {4202m)
El Salvador
Ahuachapén
ES1 Salitre w 5 63 w,tr,g,1 Na>>Ca>K>>>Mg 1330 COp>>>Np>>>CH, 162 175 230 207 sigvaldason and Cuéllar (1970);
€1>>>50, Glover and Cuéllar (1970);
ES2 Ah-1 w A9 w Na>>K>Ca>>>Mg 19300 249 259 256 231 Cataldl at al. (11-43)

Ci>>>50,



9 Sampling t, t Other observed Temp
- S10. 510
Area SYBt:m g‘ E; Temp Analyses ‘;_Bte: TDS Gases adif coné t“,"c/x tNg!éCa Geothermometers °c Refarences
YRS & ¢ ¥e °c °c °c (dcpth)
Ethiopia
El East of Awasa (Spr 6-4) VW Y 87 w,tr Har>Ks>>CasMg 1640 151 158 196 207 225 WSMM UNDP (1971): Demissie and
HCO3>>50,,>>Cl Kahgai (I-10); Gonfiantini, Borsa,
Perrara and Panichi, 1973, Earth
E2 Alute Spr 10 VW 8 96.5 w,tr x;tg;»gpng 2510 159 168 158 211 and planetary Sci. Lotters, v. 18,
3>C1>S0, p. 13-21.
B3 Tendaho Spr 15 W 8 100 w,tr Na>>K>Cas>>Mg 1950 206 224 193 204
Cls>50,>>HCO 4
E4 Lake Afrera Spr 31 W 8 57.5 w,tr Na>Ca>>K>>Mg 19100 124 130 150 178 208 WSMM
C1>>>50,,>>>HC0y
France
Massif Central
F1 Chateauneuf, NVP s 1?7 pw Na>>Ca>K 143 155 154 178 ~50 Na~-K-Ca-COj Fouillac et al. {p. 721)
bain tempdré 130 Chalc
F2 Chatelquyon, NVF [ 35.5 pw,i Na>Ca»>K 139 150 198 183 50 Na-K-Ca-CO;
Alice 124 cChalc
F3 Ste. Marguerite, NVF 8 29 pw Na>>Ca2K 137 148 215 203 ~50 Na-K-Ca-COp
Rive d'allier 122 Chale
P4 Royat, Bugénie RVFP 8 33 pw Nas>>Ca>K 126 136 215 195 V50 Na-K-Ca~COp
108 Chalc
Greece
Gl Kamena Vorla, vSw w 47.9 w Ha>>Ca>Mg>K 18300 96 93 121 169 67 Chalc Dominco and Papastamatoki (p. 109):
Gamma 9 C1>>850,>HCO; Stahl, Aust and Dounas {1974)
G2 Thermepylae, vSw s 32.5 w,i Na>>Ca>Mg>K 27800 45 45 119 173 11 Chale
Psoroniria C1>>80,>>HCO;
G3 Bdipsos, Damaria vSw E] 78.5 w Na>>Ca>>K>Mg 33400 110 112 120 174 81 Chalc
' C1>>>50,>HCO .
[ Lesbos, Arginos Vsw s 81 w Nas>Ca>X>Mg 11800 135 141 171 191 113 chale
C1>>S0,>>HCO, 198 WsMM
G5 Nisiros, VSw ] 48.5 w Na>>Ca>Mg>K 32000 160 174 114 167
Demotika Loutra Cl>>>50,>>HCO3
G8 Milos, VSw w 45 B Na>>CamK>>Mg 33800 172 185 232 205 138 (70 m)
Mavros Gremos Cl>>>50,2HCO;
G? Sousaki, borehole VSw w 73 v Na>>K>Ca>Mg 45100 €O0,,H,S 249 265 120 boiling calc. 73 {145 m)
Cle>>S50y
Guadeloupe
Gu? Bouillante 2 vSw w 99 pw,tr.g Na>>Ca>K>>>Mg >24600 CO02>>>H3S 242 232 242 {338 m} Demiang d'Archimbaud and Munier-
2 Jolain {p. 101); Cormy, Demians
Gu2 Spr G52.4 L] 59 w Na>Ca>>K>>Mg 3020 152 164 199 189 200 WSMM: &' Archimbaud and Surcin (1970)
C1>>>50,>HCO3
Hungary
Pannonian Basin
H1 Triassic dolomite NVS w 100? w Na2Ca>>Mg>K 1410 103 181 75 1507 (9504m) Boldizsfix and Korim (p. 297)
HCO03>50,2C1
H2 U-Plio. sandstone NVS w 99?7 o Na>>>K>>Ca 1560 CHy,COz,Np 107 119 164 100-150
HCO3>>>S0y=Cl (22502m)



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

9 Sampling tsio tsio Other Observed Temp
Area System % é Temp Analyses Water ™8 Gasas adid cont t*‘La/K t“i‘écl‘ Geothermometers °c Refarences
TYPe 4 & °c Type °c °c < °c (depth)
Iceland
Icl Selfoss NVF 8 79 wel Na>>Ca>>K>>>My 867 N,>>CO, 122 126 87 120 96 Chalc 9N ArnGrsson (1974); Arnason (1976);
C1>>50,>C0, Tomagson, Fridleifsson and
R Stefinsson (p. 643); Bjdrnsson,
1c2 Deildartunga NVF 8 99 w,i ::>:c>(;:€:>>ug 358 145 150 86 123 124 Chale Arndrsson and Témasson (1972);
L 2 Arndrsson ot al. (p. 853)
1c3 Seltjarnarnes NVF s a1 w,i Na>>Ca>>K>>>Mg 1110 137 143 68 109 115 Chalc (21
C1>>80,>>>C0,
Icd L§suhéil NVF 8 40 w,i Na>>Ca>K2Mg 1670 CO,>>>H, 160 176 162 174 153 Chalc
C0,>>>C1>>80,
1c Torfajokull, VW s 95 w,i Na>>>K>>>Ca>>Mg 1350 194 209 148 199 193 Chalc
Eyrarhver €1>>50,2C0,
Icé Geysir v ] 84 Wwol Na>>K»>>>Ca>>Mg 1130 227 256 200 220
£0,2C1250,,
Ie? Reykjanes VSw s 29 w,tr,g Na>>Ca>K»>>Mg 48300 COp>>>Ny>Hp5 234 262 210 231 262 boiling cale.
C1>>>504,>>>C0; >0,>>CH,,
Ic8 Reykjanes Well 8 VSw w 270 w,i RNa>>Ca2K>>>Mg 33650 270 234 240 270
C1>>>C0,>>>80,,
Ic§ Svartsengi Well 3 Vsw w 236 w,i Na»>K>Ca>>>Mg 22460 241 251 245 236
C1>>>C0,>>50,
Icid Kriguvik Well 6 VSw? w 258 w Na>>>K>Ca>>>Mg 2600 257 260 234 215-240 K{CQ-CH,) 258 (500 m)
Cl>>>HC0,>50,
Icll Ndmafjall well 4 W w 258 wog, i %a>>K>>>Ca»>>Mg 956 Hp>COy>H,S 261 262 237 258
€0,>50,>CL >N >>CHy,
1e72 Hveragerdi well 4 v w 198 wed, i Na>>>K»>>Ca>>Mg 681 CO,>>>Hy= 200 189 187 182 Chalc 198
C0,>C1>50, HyS>>CHy,
India
Puga, Ladakh (MW
Himalaya subprov. I)
Idal Spr 101 w 8 83 w Na>>K>>>Ca=Mg 2850 149 157 258 247 221 WSMM Shanker at al. (p. 245):
HCO3>C1>>S0, Chaturvedi and Raymahashay (p. 329);
Gupta, Saxena and Sukhija (p. 741);
1da2 Well GWS W w 100 w Ha>>K>>Ca>>>Mg 2420 163 171 248 234 231 wsHM m:golas :; :; Jangi et al. (p. 1085); Krishnaswamy
HCO3>C1>>50y (p. 143); Gupta, Narain and Gaur
Chumathang, Ladakh (p. 387)
(MW Himalaya I}
ida3 Spr 40 A s 49 w Na>>K2Ca>>Mg 1250 153 166 48 170
HC03>50>>C1
Ida¢ Well CGWL W w 85 Na>>>KmCa>>Mg 1480 161 171 151 171 102 (20 m)
HCO3>S0,4>C1 max 109 (30 m)
Manikaran, Himachal
Pd. (NW Him. II)
Ida$ Spr 4 W E} 81 w,T Na>>Ca>K>Ng 595 141 148 288 204 209 wSMM
HCO3>C1>>50,
1da§ Spr 11 s a2 w Ca>Na>Mg>K 550 127 131 268 194 170 wWsMM
HCO3>>C1>>S0,
Ida7? Kasol (NW Him. IT) W s 42 v Ca>Na>Mg>K 531 105 111 322 195 224 WSMM
HCO3>>S0,=C1
1da8 Tatwani v s 57 w Ha>>>Ca>K>Mg 611 a0 93 7 146 113 WsMM
{NW Him. III) C1>HCO3>>>S0y
1dag Kopili, Naga-Lushai vw? s 57 w Na>>>Ca>>K>Mg 449 116 122 108 129
HCO3=50,,>CL
1dal¢0  Tural Ratnigird, vW? s 61 v Na>Ca>K>>>Mg 922 119 125 279 207 203 WSMM
West Coast C1>>S0,>HCO3
1dall Tuwa, Cambay NVS s 63 w Ca>>Na+K>>Ng 3527 119 124 110-151 {2700m)
Cl>>S0y 170(>3400m)
1dalZ Bakreshwar, W. Bengal vw? s 81 w Na>>>K>Ca=NMg 468 120 124 S0 114
(E.T. province) C1=HCO03>S0;
1dal3 Dug well, Sohna BVS? s 42 w wa>Ca>>Mg>K 701 94 97 192 161 165 WsMM .

HCO3>C1>>80,



4 Samplin: i Other Observed Tem
1 ampling tsio ts5i0, P
Area Sysc:m g'§ Temp Analyses Water DS Gases adid con t“,,ﬂc/K c“ﬁéca Geothermonoters °c References
Tvee 4& e Type °c °¢ °¢ (depth)
Indonesia
Ids? Kawah Komojang, vs w 238 w,pi,pg Na>>K>>>Ca 730 COp>>HaS 240 232 217 220~230 “Isotope” 238 {620 m) XartoXusumo, Mahon and Seal (p. 757);
Well 6 50,>>>C1 260 alic(co,,chy) Ellis (pers. cotmun., 1975)
1482 Dieng, w 8 55 w Na2Ca>K2Mg 1340 143 153 436 250 203 wsMM2 173 (139 m) Truesdell (1971);: Radja (p. 233) quoted
Pulosari Spr C1>50y,=HCO4 from Danilchik (1973)
1srael
1s1 Hamam E1 Farun NVSw? s 72 pv Na>>Ca>>K 12900 93 143 Eckstein (p. 713)
182 Rift valley Spr NVF? 8 P9 rare gases Mazor (p. 793)
183 Hammat Gader NVF 8 52% gw,i,g, Na>Ca>>Mg>K 1490 Ny>0p>CHy, 175 90 68 l% mixing Mazor, Kaufman and Carmi (1973)
‘o C1>HCO3>50y, rare gases
Italy
Campi Flegrei
1el sSpr & VSw 8 34 w,tr, i Ha>>CaZK>d>Mg 3600 116 123 252 217 271 WSMM >300 (1800 m) Baldi, Ferrara and Panichi (p. 687);
C1>>>S0,>HCO3 Cameli ¢t al. {p. 315)
1t2 spr 5 vsw s 88 w,tr,i  Na>>>Ca2K 25500 161 172 97 167 130-190 5!80-p
C13>>580,>>HCO; (steam-water)
13 Stufe d’Nerone s >300 Meidav and Tonani (p. 1143)
icd Tuscany, Romana, v 8 56 w,tr,g Ca>>Mg>>KeNa 2390 CO3>>>Np>>>0; 108 113 760 260 82 Chalc Baldi et al. (1973)
Spr 50 (group C) S0,>HCO3>>>C1 163 WSMM
Its Cesano Well 1 W w w, tr Na>K>>>Ca>>Mg 356000 148 153 548 521 210 {1400 m) Calamai et al. (p. 3035)
$04>>C1>>HCO3
Ité Tuscany Spr 12836 W s 38 w Ca2Na>Mg>>K 6400 74 77 190 78 Brondi, Dall'Aglio and vitrani
HCO3>>50,>C1 (1973}
1t7 Acqua Borra w s 37 pw, i Na>>>Ca>K >10600 169 198 Fancelli and Nuci (1974)
Larderello
1t8 Wells vs w i7 220-390 al3c(CO,,CH,)  ~240 Panichi et al. (1974); Ferrara,
152-329 4180(s0,,H,0) Ferrara and Gonfiantini (1963);
i 7
Itd B.S. Michele vs s 47 v, i Na2Mg>Ca>>K 357 iz 84 Cortecet (1974)
C1>HC03>50,
Japan
Coastal Waters
31 Shimogamo 20 vSw w 100" pw,i, Ca2Na>>>K>>>Mg %18000 154 174 200 al80(s0,-8,0) n.a. (179 m) Mizutani and Hamasuna (1972);
1(S04) C1>>>80,>HCO3 150 casoy sat. Sakai and Matsubaya (1974)
221-335 isotope mixing
32 Ibusuki 4 vsw s 97 ow, i, Na>>Ca>K»>>Mg ~19000 167 200 200 8'80(50,-H,0) Sakai and Matsubaya (1974);
1(504) C1l>>>50, ~200 CasS0y sat. Matsubaya et al. (1973)
Arima Type
a3 Yashio NVs? s 1 pw, i, Na>>K2Ca>>Mg 234000 183 231 170 a180(50,-H;0)
1(s0y) C1>HC03>S0y
Greentuff Type
34 Tottori NVS? s 48 pw, i, Na>>Ca>>K>Mg 4700 76 130 102 41%0(504-H,0)
1(s04) 50,>C1>HCOy
Volcanic Type
a5 Beppu W s 100 pw.i. Na»>K>CasMg 3800 232 239 193 4!80(504-1,0)
i(504) C1>>S0y>>>HCO3
36 otaki 8 ww w w,tr,i, Ra>>K>>Ca>>>Mg 1190 227 222 229 220 4!80(50,-H0) 195 (500 m) Mizutani (1972); Koga (1970}
1(s0,)  CL>>SO,>>HCO3
J7 Otaki Spr s a7 w Na>>K>>Ca2Mg 3680 236 210 223 Nakamura (1969)
C1>>>504>HCO3
Matsukawa
38 Well MR3 vs w ~99 w Na>K>Ca>>>Mg 2760 429 273 Sumi and Maeda (1973)

$04,>>>HC03>C1



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

o Sampling t5i0p tsio £ Other Observed Temp
Area Sf"“‘ a Temp  Analyses ‘;?y':: TDS Gases adid cond t‘i,"c/x ”?éca Geothermometers °c References
ype E & °c °c °c °c {depth)
Japan (continued)
Volcanic Type
Matsukawa
J39 Akagawa s 42 - Na >>KeCa > > 800 239 358 232 250 {1100 m} Pujii and Akeno (1970); Baba et al.
§0.,3>>C1 {1970}
J1g0 Matsukawa w < NH{ >>HBO 5>F >5Hg > A5 20 Koga and Noda (p. 761)
Onikobe
J11 Miraki W s 54.5 pw Na>>Ca>K>»>>Mg 1540 252 208 yYamada (p. 665); Hitosugi and
C1>>HCO 35550, Yonetani (1972)
Jiz Katayama GO-10 s v w Na>Ca2K>>Mg 10800 361 270 295 {1300 m}
Cl>5580,,>>>HC0 5
Kenya
K} Olkaria #2 W w CL>HCO 240 250 360 A”C(COZ‘CH“) 286 {1300 m) Noble and Ojiambo (p. 189); recalc.
>300 K(COz~CHy) from Lyon, Cox and Hulston (1873
K2 Eburry w? ¢ 490 A13C(COZ,CH|,) a,b}: Glover (1972, 1973)
~130 AD(H3,CHL)
K3 Hannington vw? s 6000- 170 4768 240~500 813C(C0,,CHy)
14500
Mexico
Corro Prieto
M1 Well MS W w 99 w,pg Na>>K>Ca»>>Lis>>oMg 27600 COy>>H,S 278 319 292 288 BSMM 289 {1300 m) Reed (p. 539); Mercado (p. 487)
C1>>>HC04>>50,,
M2 Well M9 Vv w 99 w,pg Na>>K>Cas>>>Li>>Mg 17500 CO,5>H,S 228 249 250 292 BSMM 228 (1400 m)
Cl>>>HC04>50,
New Britain
NBJ Matupi-Rabalankaia V5w 8 a5 v, pg Ha>>Mg>CasX 34200 CO»>>>H,S 143 189 >150 boiling calc. Perguson and Lambert {1972)
C1>>80y,
New Zealand
wairakei
nz1 well 44 v w 99 w,i,g Na>>K»>>Cad>>>Mg 4600 COp>>>Np>Hp 248 255 259 360 413¢(CO,,CHy) 248 Mahon (1973); Lyon and Hulston
C1>>>50,>HCO3 >>0>CHy, >Ar 200 K(CO,+CH,} (1970} ; Lyon (1974}
40ar/36ar=290
nz2 well 28 w 99 i 305 a180(S0,,H,0) Kusakabe (1974)
400 2345(50,,H,8)
Broadlands
Nz3 well B i w ~99 w,1,g,tr  Na>>K>>>Ca>>>Mg 4120 COp>>>CHL>Hy 278 311 302 385 alictco,,cny) 273 {771 m) Mahon and Finlayson (1972);
C1>>>HC03>>>50;, >>Hp>>>Ar>0y 275 AD(CHy,Hjp) 307 {2160 m) Giggenbach (1971); Soward (1974);
265 AD({Hz,Ha0) in research Ritchie (1973); recalc. from Lyon
325 K{COp+CH ¢} well {1974} ; Macdonald (p. 1113)
40nr/36pr=270
Nz Springs g 179 ave 183 ave 270 ave BSMM 260,265,272 Truesdall and Fournier (p. 837);
11 ¢ 17 o 23 g Mahon (1973, 1972)
202 max 218 max 306 max
Kawerau
NzS well 8 i w 299 w,g Na»>K>>>Ca>Ng 3070 C0,>>>R,S 263 265 283 260
CL>>HCO3>>50, 2HC>Np>Hy
Nz§ springs s 188 ave 227 ave 225 ave BSMM 185,218,235
70 8o 24 ¢ 260, 265,281

199 max 239 max 267 max



Sampling 530 tgig Other Chserved Temp
Area ¢ System Temp  Analyses wate: DS Gases adis con t","C/K ‘NgCKCn Geothermometers °c References
Type °c TYP °c *c °c (depth)
New 2Zealand (continued)
Orakeikorako
Nz7 Well 3 w 99 w Na>>K>>>Ca>Mg 1290 234 250 249 237¢
C1>>HC0 3250,
nNZ8 Spr 179 (Area 2) 28.5 w Na>>K>>>Ca 1230 192 220 245 252 BSMM
HCO 3=C1>>50),
Nz§- Springs (Area 2) 188 ave 232 ave 246 ave BSMM 232-241
60 7 7a
197 max 245 max 252 max
Waiotapu
NZ10 Well 6 vd 99 “,q Na>>K>>»»Ca>>>Mg 3370 CO,>>H8>>> 257 269 260 260
CL>>>HC03280, Hp>Np>HC
NzZ11 Springs 187 ave 185 ave 293 BSMM 210,260,295
22 g 46 o
210 max 236 max
N212 Ngawha Well 1 W 99 w Na>>>K>Ca 4700 220 157 193 220-225
C1>B>HCO3>>>S0y
Philippines
Phl Tongonan 222 VW 85.6 w,i Na>>K>Ca>>>Hg 3170 154 163 224 216 243 BSMM 196 {305 m) Glover (1974a,b; 1975)
Cl>>>HC03>>S0y, 246 Cl-E well TGE 4
Ph2 Ckoy R. PA6 v 94 w,i Na>>K2Ca>>>Mg 5400 171 182 190 207 198 8SMM
C1>>>HC03>50y
Poland
West Carpathians and
Sudeties
Pl Koszuty wVS 40.5 w Na>»>Ca»>Mg>K 9540 57 18 98 75 WSMM 40.5 (1020 m) Dowgiailo (p. 123}
C1>»S0,,>>HCO3
r2 Zakopane VS 36 pw,i 328 37~-47 AwO(SO;,,HZO) 36 {1560 m) Cortecci and Dowgiatto (1975)
Red Sea Brine
RS Atlantis II deep vSw 56 w,tr,i  Na>>>Ca>K>Mg 257000 108 62 159 210 heat balance Schoell (p. 583); Brewer and
C1>»>80y, 211 wsMM Spencer (1969); Longinelli and
261 4180(50,,H,0) Craig (1967
Rhodesia
R1 Binga Spr 100 P9 rare gases >boiling rare gas Mazor (p. 793)
1 Sea Water 4-30+ w Na>>Mg>>Ca=K 34500 <25 101 173 180t 4180 (50,-H,0) Hood (1972);: Longinelli and
C1>>S0;,>>>HCO3 Craig (1967)
Swaziland
Swal Mkoba Sprs 51.5 pw,pg.i Na>>>Ca>>K 190 rare gases 53 54 Mazor, Verhagen and Negreanv (1974)
HCO3>>C1>>80,
Switzerland
swil Lavey las Bains NVP? 63 rare gases Mazor (p. 793)
Taiwan
Tatun Shan
Tal Hainpeitou w 98 w Na>K>Ca>>Mg 8180 168 177 405 278 263 WsMM White and Truasdell (1972); Chen and
C1>s0, Chern (written commun., 1975)
Ta2 Matsao E205 ~99 w.g Na>>K>CamMy 15000 CO7>H;5 251 264 246 240
Cl1>>>30y (293 in E208)
Ta3 lan Tuchung IT-1 w2 98 wog,d Na>>>K 3640 COp>>H,S 178 189 45 2160 187 a180(s0,,H,0) 164 Fournier, Nehring and MRSO

HC03>>>504,>C1

max 173 (240 m)

{unpub. data, 1976)



Table 1. Chemical summaries and geothermometer temperatures for selected thermal fluids (continued).
< Sampling "Si()z tsio. & + Other Observed Temp
Area system 4 8 " oamp  Analyses Water ™S Gases adia cond N,,°C/K NgéCa Goothermometers °c References
Type E o °c Type °c °c oe (depth)
Turkey.
Kizildero
T1 Demirtas ‘i s 100 w.pg Na>>>K>>>Ca>Mg 3780 CO3>>>H3S 156 163 177 231 Dominco and §amilgil (1970)
HCO3>>50,,>C1
T2 Woll Kp-16 w 9 w Na>»>>K>>>Ca>Mg 4210 166 175 172 226 225 BSMM 207 (666 m) Alpan (p. 25)
HCO3>50,>>CL
T3 Seferihisar, VSw s 82 w Na>>K>Ca>>Ng 19500 175 188 223 218 137 (70 m) Kurtman and §Sm11gi1 {p. 447);
Cuma C1l>>>HCO3>S0y, Egder and §§m§ek {p. 349); Tan
5 R -
4 atyon, v w 9% w Na»>>Ca>K>dHg 5490 147 153 166 187 198 wsm 106 (905 m (Pr 1523); Onglir (11-36)
Gecek H. C1>HCO03>S0y,
TS Ankara, VW s 557 w Na>>K>Ca>>Mg 2480 114 120 195 201 176 wsMM
Kizilcahamam HCO3>>C1>S0,
6 Canakkale, vSw? 8 102 w Na>>Ca>K>>>Mg 58700 107 107 220 242 285 boiling calc 145 (49 m)
Tuzla C1>>>50,4>HCO3
T7 Aydin, NVS 877 w,pg Na>>>K>Ca>>>Mg 4930 C0,.H35,50; irg i89 158 193
Germencik HCO3>Cl>>>80,,
United States
Alaska -
usl Pilgrim NVF? -] 55 w, i Na>Ca>>K>>>Mg 5550 129 137 110 146 Miller (1973); Miller, Barnes and
C1>>>HCO3>S0y Patton (1975)
us2 Umnak Island il s 100 w Na>>>K>Mg>>>Ca 1610 194 209 158 236
C1>>S0,
Arizona
us3 Casa Granda nvs? w 82 w Ma>>Ca>>>K>>>Mg 2600 109 112 39 66 81 Chalc 102 {2500 m} Dellechaie {p. 339)
C1>>50,>>>HC03
Arkansas
usé Hot Springs Nat. NVF s 61.3  w,i,l% Ca>>Mg2Na>K 270 N3>C05>0, 63.5 394 4 Bedinger et al. (1974)
Park, Spr 42 HCO3>>>50¢>>C1
California
Imperial valley
uss IXD #2 \4 w 211 w, i Na>Ca>K>>>Mg 259000 3727 354 308 380 AHC(COZ.CHQ) 300 (1110 m) White (1968); Craig (1976)
Cl>>>80y 220 AD(HZ,Hzo) 340 {IID #1)
255 AD(CHy.Hp)
usé Mesa v w W Ra>>CazK 28000% 207%° 2302 200 (24002m} Swanberg (1974)
Long Valley
us? Magma #5 i w 180 wii Na>>K>>>Ca>>Mg 1700 219 203 238 240 8180(s0 4, H,0) 180 Mariner and Willay (1976): Sorcy and
HCO3>C1>50, ) Lewis (1976); Truesdell (unpub.
usé Little Hot Creek 3 79 w,i,q Na>>Ca>K>>>Mg 1660 CO,>»>Ny>> 153 143 156 17N 220 BSMM data, 1975)
Spr HCO3>>C1>80y Oy +Ar>>>CH,
us§ Surprise valley, NVF? 6 96.5 w,i Na>>>K>Ca>»>>Mg 1210 170 180 118 160 160 Reed (1975)
Lake City 50, >C1>HCO,
us10 Morgan Springs W s 95.4 w Na>>K>>Ca»>>Mg 4590 179 190 227 229 213 4180(s0,,H,0) White, Hem and Waring {1963);
C1>>>504>HCO3 Truesdell, Bowen and Nehring
{unpub. data, 1976}
Clear Lake
usii Wilbur Spr W 5 55 w,tr,g,i Na>>>K>NH,>>Mg 27200 CO0;>>>CHy, 166 180 126 240 205 WSMM2 Berkstresser (1968); vwhite, Barnes and
C1>HCO3>>3>50, O'Neil (1973); Barnes, Hinkle et al.
p B 132 2 (1973); Barnes, O'Neil et al. (1973);
vs12 Flgin Sex b ° 688 i gizségﬂjsgstg»c‘a 28900 179 194 8 Goff, Donnelly and Thompson (unpub,
3 4 data, 1976)
usld Scigler Spr VW s 52 w,i,9 Na>Mg>>K>Ca 1130 CO,>>>CH,>Np> 160 168 211, 169, 195 W5MM2
S8 HCO3>>C1 0y 257 25
usld Thermal waters rare gases Mazor {p. 793} .



° Sampling £, tay Other Observed Temp
- 540 Si0;
Area System &8 Temp Analyses Watex ™S Gages adie cond tNo(s('/K "Ngkﬂﬂ Geothermometers °c References -
Type °c Type o °c [4 °c (depth)
United states (continued)
Idaho
Raft River i
usis Crank Well NVP w 90 w,i,9 Na>>Cas>>K>>>Mg 3360 Np>>C0,>>0,>>R 131 1386 90 139 142 A‘BO(SOQ.HZO) RRGE1 147 Young and Mitchell (1%73); Young and
Cl>>>50,>HCO3 {1526 m) wWhitehead (197Sa,b): Williams et al.
{p. 1273); Rightmire, Young and
us18 Well 11s25e-11 w 60 v Na>>>Ca>k>>g 372 107 11 98 13 145 WSMM Whitehead (1976); Truesdell, Nehring
HC03>80 2C1 and Thompson (unpub. data, 1975)
usi7 Bruneau-Grandview, NVS? w 65 w,g,i Na>>>K>Ca 324 Np>>0,>CH,, 129 136 40 105 115 Al80(S0,,H,0)
Well 583E-28 HCO3>>C1550, 108 Chalc
us18 Weiger, NVF? 5 76 w, i Ra>>>K>Ca 566 149 157 95 141 228 wWSMM
Well 11MGW-10 50,>HCO3>CL 234 7180(50,,.H,0)
Montana
us19 Marysville NVF? w 98 Na>>>K>Ca>>>Mg 690 125 128 124 158 98 Chalc 98 (1000 m) Blackwell and Morgan (p. 895); Moxgan
HC03>50,,>>C1 {written commun., 1976}
us20 Big Creek ? s 93 w Na>>>K>Ca>>>Mg 975 154 161 143 173 223 WSMM Robertson, Fournier and Strong
HCO3>>$0,>C1 {p. 553)
Nevada
us2z1 Beowane NVE? s 98 w Na»>>K>>>Ca>>>Mg 1140 198 214 151 194 212 (400 m} Mariner et al. (1974a); Bowman et al.
HCO3>50,>CL (p. 699); wWollenberg (p. 1283); White
Us22 Buffalo Valley NF? s a9 w,tr Na>>Ca>K>Mg 1370 118 125 223 197 215 wsMM {1968); Truesdell and Nehring (unpub.
data, 1975)
HCO3>>50,,3>CL
us23 Kyle NVP? 8 77 w,tr Na>>Ca>K>Mg 2270 152 161 234 211 257 wWsMM
Cl>HC03>>>50,
us24 Steamboat vw? 8 94 w Na»>>K>>Ca>>>Mg 2370 188 201 184 207 220% A'90(50,,H,0) 186 (222 m)
CL>HC03>>50,, 190+ a'8c(co,,HC0;)
New Mexico
usas Jemez Mtn., W s 75 w Na>>Ca>K>>>Mg 3500 122 125 215 202 165 wsMM Trainer {1974)
Jemez Spr C1>HCO3>>>50,
Oregon .
us26 Alvord NVF? s 76 w Na>>>K>>Ca>>Mg 3400 140 148 198 217 WSMM Mariner et al. (1974b); Lund, Culver
HCO3>C1>>S0y, 209 4180(50,,H,0) and Svanevik (p. 2147); Truesdell,
us2? Klamath Falls, NVF? s 73 w Na>>Ca>>K>>>Mg 850 130 136 102 130 192 WsMM 3:::u1i9¥§;xne: and Nehring {unpub.
Olene Gap 504,>>C12HCO 196 4180(s0,,4,0) '
Utah
us2g Roosavelt Hot Spr vW? s 85 w Na>>K>>>Ca 7850 196 202 273 284 260+ Mundorff (1970}; Swanberg (1974);
Cl>>>HC03>S04 Beaver County News (1976)
Wyoming
Yallowstone Park
Shoshone Basin
us29 Area I Sprs vy s 190 ave 175 ave 267 ave BSMM Truesdell and Fournier (p. 837, 0 =
10 0 16 ¢ 5S¢ std. dev.); McKenzie and Truesdell
203 max 223 max 272 max {I11-65); Thompson et al. (1975);
us30 spr 35 s 93 w Na>>>k>>>Ca>Mg 1250 COp>>>R>>>HpS 185 199 10 11 272 Bsum ¥hite et al. (1975); Truesdell
18 and Fournier (1976b): Truesdell
HCO5>C1>>50,, 260 8 10(S0,, Hy0) (unpub. data, 1975)
1902 413c(coy,KC04) pud. data,
Upper Basin
usd1 springs W s 195 ave 186 ave 230 ave BSMM 181 (152 m)
1l o 20 g 18 o
210 max 221 max 280 max
us32 Ear Spr s 95 w Na>>>K>>>Ca>>>Mg 1370 206 224 122 186 314 al80¢(s0,,H,;0)
C1>>HCO3>>S04 201 at3c(co,,HC03)
Norris Basin
Us33 springs i 5 210 ave 251 ave 276 ave BSMM 237.5 (332 m)
22 ¢ 320 32 ¢
255 max 294 max 374 max
us34 Porcelain Terrace 8 Na>>K>»>>Ca>>>Mg 2000 250 291 289 272 309 A'%0(s0y,,H,0)

C1>>>HC03>S0y



Table 1.

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

] Sampling t5i0, tgi0. Other Observed Temp
Area s:acfm E§ Temp b;‘aw: adia con tN,aL[K tNggCa Geothermometors °c References
vpe de ° e °c °c °c (depth)
United States (continued)
Wyoming
Yellowstone Park
Mammoth
us3s New Highland v s 73.5 Ca>Na>KoMg 2270 €0,>>>H;S>>R 105 421 96 300 43%S(50,,HsS) 73 (15~113 m) Schoen and Rye (1970); Robinson (1973)
HCO3>50,>>C1 74 Chale
us3é Washburn Spr vs £ 82 380 A”C(COZ JCHy) Recalc. from Gunter and Musgrave
115 AD(Hj,H0) {1966, 1971)
. 70 AD(CHy,H3)
us3? Research Wells VW w >boiling rare gases Mazor {p. 793)
USSR
Kamchatka
Panzhetka
(19 well 4 v w ? Na>>K>Ca>>>Mg 1932 209 194 209 219 Vakin et al. (1970): Manukhin (11-29)
€1>>>80,>HCO0
URZ Paryaschy s 99 Na>>>K>Ca>>Mg 160 168 156 186
C1>>250,>HCD3
Bolsha Banny
UR3 Well 35 W w ? Na>>>K2Ca 1772 188 161 177 171
$0¢,>>CL>HCO;
URY Spr 4 s 29 Na>>>K>Ca 168 167 183
80,>>C1>HCOy
Yugoslavia
Y1 Pannonian Basin NVS 80-90 HCO3-Na,C1-HCO3-Na, Petrovié (p. 531)
Cli-Na
e Middle Serbia NVS RCO3-Na-Ca-Mg .
Y3 Crystallino and young
tectonic areas KNVF? HCO3-50y-Na-Ca=Mg <l00C Np,03,%Rn

Note: The following abbreviations are used in Table 1.

System Type

vw volcanic hot water system

VS volcanic steam (vapor-dominated) system

VSw volcanic syslem involving seawater

NVSw nonvolcanic system involving seawater

NVS nonvolcanic sedimentary basin with thermal water

NVF nonvolcanic system with heat from deep circulation along faults
Sample Type

s spring

f fumarole

w weli

Sampling Temperature is the surface temperature for a spring or a nonboiling well discharge, the temperature
of steam separation for well discharges above boiling, or the downhole temperaiure ii a downhole sampler

was used or if the analysis was recalculated 10 downhoie conditions.

Analyses
w waler analysis with all major ions and SiQ,
pw partial water analysis

Pg partial gas analysis

tsiop adia is the quartz saturation temperature (°C) assuming maximum steam loss during cooling (adiabatic cooling)
calculated by the computer program GEOTERM (Truesdell, p. 831), along with tg,, cond, tyec,, WSMM,
and BSMM, which are defined below. No allowance has been made for dissociation of dissolved silica. Some
spring systems have data indicated as ave. {average), max. {maximum), and o (standard deviation).

t50, €ONd is the quartz saturation temperature assuming no steam loss during cooling (conductive cooling).
taask 15 the temperature calculated from the ratio of Na to K using the White-Eltis curve of Table 2.
taaxcs 15 the NaKCa temperature calculated using the equation of Table 2.

Other Geothermometers

Na-K-Ca-CO,: The NaKCa geothermometer with correction applied for high CO, contents {Paces, 1975).

Chalc: The chalcedony saturation geothermometer with conductive cooling (Table 2).

CaSO, sat,: Temperature calculated for saturation of anhydrite (see text).

WSMM: The warm spring mixing mode! described in the text with no steam loss before mixing. Where no
other data were available, the cold water component temperature was estimated as equal to the mean
annual temperature and the SiO, content was assumed to be 25 ppm.

WSMM2: The warm spring mixing model, assuming steam separation at 100°C before mixing. Same assumed
cold water component as above.

BSMM: The boiling spring mixing model described in the text. The cold spring temperature was estimaled
as above and the Cl contents estimated (in the absence of data) as 2 to 15 ppm according to the distance
from the ocean. .
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Water Type is calculated on a weight basis, The symbols mean:

A approximately equals B in concentration

A is 1 to 1.2 times the concentration of B

A is 1.2 10 3 times the concentration of B

A is 3 to 10 times the concentration of B

A is more than 10 times the concentration of 8

A=8
A=B
A>B
A>>8
A>>>8

trace water analysis
trace gas analysis

ABC(CO,,CH,): Temperatures indicated by the fractionation of 3C between CO, and CH,. The notation for
this and other isotope geothermometers is self-evident (see text).

K(CO, = CH,): Temperature calculated from chemical equilibrium constants for the reaction CO, + 4H, = CH4

water ('80,D) or other isotopes +2H,0.

tritium, carbon-14 Boiling calculation: Temperature calculated from the apparent increase in concentration of seawater due to

boiling.

references.

that used by the author.

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

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

Table 2. Equations for geothermometers.

Na-Ca-Si0O,, isotope mixing, “C mixing, “isotope”, heat balance, CI-E: Special methods explained in the original

Observed Temperature is aquifer 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

Silica Geothermometers (SiO, in ppm)*

1533.5
Quartz, adiabatic cooling (+ 2°C from 125-275°C) t’C= ———— = 273.15
5.768 — log SiO,
1315
Quartz, conductive cooling & 0.5°C from 125-250°C) t°'C= ——— - 273.15
5.205 - log SiQ,
10151
Chalcedony, conductive cooling tC= ——————— - 273,15
4.655 — log SiO,
Na/ K Geothermometers (Na, K in ppm)
855.6
White and Ellis (see text) (= 2°C from 100-275°C) t°C = - 273.15
log(Na/K) + 0.8573
777
Fournier and Truesdell (1973) t°C = ————— — — 273.15

log(Na/K) + 0.70

NaKCa Geothermometer (Na, K, Ca in moles /liter)
1647

Fournier and Truesdell (1973, 1974) t°'C =

log (Na/K) + B log {V Ca /Na) + 2.24

B=4/3forVCa/Na>1andt < 100°C
B=1/3forVCa/NA< tort,,;> 100°C

~ 273.15

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

Lyle E. Bergauist

Western Systems, Inc.
Colorado ;

Everareen,

ABSTRACT

Helium anomalies near ceothermal sites are
an effective auide in determining the extent of
the ceothermal reserves. Advanced samplina and
analvtical techniaues for measurina helium con-
centrations in water, soils, and soil cases
permit the exploration team to aquickly collect
the samples, store them in leak-free containers,
and send them to the laboratory For analysis.
Precise analytical methods in the laboratorv
measure the helium in a acaseous sample to 10 ppb.
with these accurate results the exnlorer can de-
termine potential locations for Arillinae and use.

INTRONDUCTION

Helium anomalies have been detected near
qeothermal "sites throuaghout the world. The exact
reason for the helium anomalv is unknown, but
theories have been expressed. First, most geo-
thermal waters are believed to come from deep
sources below the carth's mantle where the mixing
with atmosoheric air is nearlv impossible.
Sacondlv, there mav be uranium-thorium decaving
in the vicinity of the geothermal source, which
nroduces helium from the alpha particles in the
process of uranium decav.

Pressurized hot water will entrap large
amounts of helium and release the helium as it
cools, and since helium is hiqhlv mobile it will
find faults and minute fractures and paths to
rise to the surface. Some helium mavy be en- ¢
trapped in the rocks and sands, but because its »
atomic structure is nearly spherical, the entrap-
ment is difficult.

Thus, in soils and waters necar qeothermal
sites one finds helium anomalies that are qreater

than 5.24 npm which is the nominal amount found
in the atmosphere. Y .

During the past few-years several re-
searchers have published papers on helium
anomalies near geothermal sites. Mazor (1972)
published his findinas at sites in Israel. He
reports that. large anomalies of H,, N_, and A,
exist in these waters. Craig et al. (1978) re-
ported similar results from research in Yellow-
stone Park. Naughton et al. (1973) reported
finding high helium concentrations in the
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geothermal sites around the Kilauea Volcano in
Hawaii. Welhan et al. (1979) remorts high helium
concentrations in Cerro Prieto geothermal field
in Mexico. Roberts et al.l (1975) reported helium
anomalies at Indian Springs near Idaho Springs,
Colorado. Hinkle et al. (9978) found larce 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
geothermal explorers.

TECHNICAL APPROACH
¥
ltelium detection instrumentation has im-
nroved durina the past few|vears so that precise
and meaninaful results can|be provided. Alsg.
sampling devices are now available so that samples
can be collected in the fidld, sealed and sent
back to the laboratory witHout sample dilution.
Samples of spring or well water and soils or gases
are used for a typical survey. Sampling devices
and methods vary but the tqchniques related in
this report have been found to be effective even

- under adverse conditions.

vlater samples give the largest anomalies and
freauently will have many éimes the lavel of
helium found in the atmosphere. Ouantities 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 large enough ruantities so
that helium can be removed Lnd used for commer-
cial applications. .

+

Helium in soils and soil gases around geo-
thermal sites nrovides anomélies that aid in
exploration. Soils need to|be undisturbed and,
if sandv, the sample must. b¢e taken below the sand.
If one cannot go below this|level, then in reqions
where sand is present the anomalv will be much
less. The exploration teamineeds to kcep records
of soil conditions, so when|the data are plotted
the change in helium concentration levels from
sandv sites will be considered.

SAMPLING TECHNIQUES
The three typés of samples; water, soil and
soil gases are collected in different manners.
Water is collected directly from the source
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either| from a well, sprina, aeothermal artesian
well, or from a closed system which has not
aerated. Helium in water exposed to air will
leave almost immediatelv, making that sample
meaningless.

Fhe approach we use in collecting water sam-
ples is to fill a 500 ml plastic bottle to a
predetermined level, which leaves an air space of
30 mlJ The bottle cap is immediately screwed on
tightly. The cap has a septum on it so a gas
samplé can be removed. The bottle is shaken for
about jone minute, then let stand for one minute
S0 th$ gas can come to equilibrium. A hypodermic
syringe is used to remove at least 20 ml of gas
from #he bottle. This gas is immediately trans-
ferred into an evacuated 10 ml cylinder throuah
a sentum in the onening end. The end is then
senled with a metal cap which contains a lead
seal.! The leak rate through the lead is less
than }0’15 atmospheric ml/sec and the enclosed
sample will last indefinitely without atmospheric
dilutlion. The cylinder is then marked and sent
to tﬁe laboratory for analysis.

| To collect a soil gas sample a orobe {is
drivén 30 inches into the ground. The probe
which is a tube has an inside diameter of .065
inchés. On the top of the probe a septum is held
tightlv by a tube fitting to isolate the atmos-
pher%c air. A hypodermic syringe is used to
collect the sample. The firast sample collected
is e*pelled 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 gas from the water samnle.

. In soil sampling a hole is dug in the
grourd, with an auger, to a depth of at least
30 ipches. The soil in the bottom of the hole
is then removed and placed in a 500 ml metal
container and sealed immediatelv. 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
sea}inq. the container is labeled and ready to be
senT to the laboratory for analysis.

! ANALYTTCAL TECHNIQUE

!

! The analysis is made on a Dupont Helium
Mas’s Spectrometer. This mass spectrometer when
received from the manufacturer has a basic sensi-
tivitv for detecting 1 part of helium in 10
milllion parts of the atmosphere. 1In our instru-
ment we have added a precise pressure-measuring
system for the inlet agases. The active gqases are

_removed and only the noble gases remain. This
allows one to use a sample that is 100 times
1a¥qer than normal, thus enhancing the helium
concentration by 100. In our system the fluctua-
tign normally caused by instability on a
diffusion pump has been eliminated.

The output of the mass spectrometer is
measured by a digital electrometer, and the
sianal usually reads 1.945 for a known calibrated
air sample which contains 5.24 parts per million

!
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of helium. The gas sample was calibrated by the
U.S. Bureau of Mines. The gas in the inlet svstem
is ingerted into a 3 ml manifold through a sentum.
A hypodermic syrinqe is used to remove the qas
sample 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 nas is then
admitted into the active qas-filteé and later into
the analvzer for measurement.

. A known sample is analyzed, then an unknown,
then another known sample. The repeatability of
the known samples is within ! 1 digit on the
diqgital electrometer. With this system we are
able to measure the concentration in a known
samnle 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 from 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 measurement is aiven in parts per
million of helium in the sample.

CONCLUSION

The sampling and helium analysis of water,
soils, and soil gases provide an excellent guide
for locating the potential of geothermal sites.
Advanced ingtrumentation and sampling technicques
are now developed so precise results are available
to the geothermal explorer.
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Abstract., Measurements were made of the
helium 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; Hickel, 1972.) However, exploration
capability is in the infant stage. To quote
Walter Hickel, (1972, p. 22) "At the present
time, the most reliable exploration technique
for new geothermal 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
communication, 1975) has shown a high concentra-

~ETén of helium (>L00~ppm) in the gases~dissolved
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 Nstional Park.

We attempted therefore to apply a portable
helium detector that we have been developing for
oll and gas exploration to the problem of
locating geothermal resource areas. We present
here our work on the concentration of helium in
the sofl 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

ence J, Donovan, and Edward H., Denton

electronically stabillzed }n voltage, frequency
and wave form. High source pressure and high
filament temperature maximized sensitivity of
the mass spectrometer to helium, i

The sample probes (steel tubing) were drivenv
into the soil to-a depth °¥ about 0.5 mi Gas
was slowly pumped out of the probe, A small

amount of this gas was allowed to leak inmto thet A

mass spectrometer source. l Periodically ‘the mass
spectrometer was switched to a sample of helium
in compressed air standardiized chromatographi-
cally by the U,S. Bureau of Mines, Helium
Division at 5.26 + 0.05 ppm as well as to a
sample containing ~7.60 + 0. 05 ppm helium for
calibration of sensitivity. With this
comparison technique our instrumentation de-
tects changes in helium abundance in the gas’

NN
t& Resort5§i

| wall

Creet

Hov spring--40°C

S004  SPRINGS ROAD
Soda

Cotd spring--18°C

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 {onize helium without producing triply-charged
carbon {ons. The power to the leak detector was
supplied by a propane-fueled generator which was

Copyright 1975 by the American Geophysical Union.
209

o] ] \zoresr

0 SMETALS
CONTOUR INTERVAL
0.3°L0G uNITS

Figure 1. Map showing isopleths of the
logarithm of the helium concentrations (ppm) in
s0il gases around a hot spring south of the
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Figure 2. 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, ldaho Springs,
Colérado

stream of about 0.05 ppm (50 parts per billion).
A sihgle measurement takes about-3-to.4 minutes,
inclhding the time to insert and extract the
probe,

Results

The results of the helium survey involving 63
stations taken near the Indian Hot Springs
Resbrt are shown in Figures 1 and 2. Figure 1
sho#s that the concentration of helium in the
sofl gases varies in a regular manner from a low
of 5.4 ppm (0.73 log units) in front of the cold
(18°C) water seep to a high of more than 1,000
pﬂ (3.19 log units) in front of the hot (A0°C)
water seep. In contrast, numerous readings taken
in|the surrounding few square kilometres of
countryside showed only the 5.2 ppm concentration
of lhelium that is typical of the atmosphere.

\ i

Helium Survey

Figure 2 {llustrates 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 soll gases
with near-surface hot waters. Preliminary work
done in several other hot-spring areas by us and
at Yellowstone National Park by Margaret Hinkle
(oral communication, 1973) 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,

_' e T s 2NN,
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A GASEOUS GEOCHEMICAL GUIDE TO ORE DEPOSITS
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!

ABSTRACT
i

The ability of explorationists to locate hidden  fracture zones ,provides 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 excelll‘ent trace element to use in
such surveys. Western Systems Incorporated provides sampling equipment and precision

analyses for helium surveys. l

INTRODUCTION

Well conceived, integrated, geological/geochemical/geophysical, 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 becommg increasingly difficult.
The modern explorationist must now commonly use methods tlpat 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 geop[hyswlsts 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, |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 mést permeable route to
the surface. Obviously the geologlst who can easily define dc[eeply-buned 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
qunte 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 from 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
radlo“actlve 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
crystallme rocks. Therefore, gas surveying (i.e.,, helium and. others) can provide a guide to
large mtruswe 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-
entlally within the geothermal/hydrothermal system. Although it hardly seems possible to
defme‘ 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-
chemlcal and geophysical data should refine these targets.

Hellumr1 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 land Sweden that produce so much gas .(including helium) that mining is difficult.
However such extreme cases are uncommon, but nevertheless demonstrate the significance
of gase‘ous geochemlstry for exploration,

In gene‘ral 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 anomalous helium in the subsurface will signal favorable exploration sites.

HELIUM SURVEYS
M

Regional surveys can be carried out by means of soil, soil-gas or water sampling or by any
combina"!tion 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\ per square mile for regional surveys, with detailed and follow-up sampling conducted
on a 0.1 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
surveymg\ 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
exploratlon mdustry since 1978. As a leader in helium geochem:cal analysis, Western Systems
has been \actlve 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.




HELIUM EXPLORATION FOR FAULTS, FRACTURES AND ORE DEPOSITS
SELECTED REFERENCES

(Some of these articles appear also in the publication Chemical Abstracts [CA]
and are so noted with volume and item number)
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ADDENDUM TO SELECTED REFERENCES

The following articles, which relate to helium applications in the search for faults, fractures and ore deposits, have
been abstracted in English and appear in the publication Chemical Abstracts as noted:

Volume-Number Title

80-39377 Helium-Bearing Capacity of Betpak-Dala Structures (W, Mo, Cu and other ores))

81-52499 Geochemical Methods for the Exploration and Prospecting of Sulfide Ore
Deposits.

81-108692 Possible Use of Gas Surveys for Nickel Prospecting in the Kola Peninsula.
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89-27819 Anomalies of Helium Distribution During the Study of Ore Field Structure.

89-46477 Possibility of a Helium Survey for Predicting Endogenic Mineralization (Fe, Au,
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92-166632 Gas Mapping in Chalcopyrite Deposits of the Molodezhnoe Ore Region.
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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 smaII 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 appllcatlons 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 icrust is 5,200 tons or 2.94 x 1013cm3 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. Golubev et al (1970)
on 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; Rosler 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 concentration 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
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conditions at that point. The gas sample thus obtained is then transferred to a. steel tube whlch
has a rubber septum and is sealed W|th 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 carriedl equipment,

- Soil: Soil surveys areessentially trme-mtegrated 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 equnllbrate 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 |'
|

Water, soil or soil-gas samples can be collected at spacings ranging from one sample per 100 sguare

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 modlfled 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 lnjected into the mass spectrometer. In addition highly
sensitive pressure and temperature indicators, ithermal 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 |helium measurements for the exploration industry since
1978. As a leader in helium geochemical analysis, 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 levels 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. Western 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
Geology, Box 25046, Denver F ederal Center, Denver, Colorado 80225, (303) 234-3876.
Goal: To explore the possibility of using hehum and hydrogen in earthquake prediction,
Investigations: Belium appears to be the most likely element to pursue in the predactxon
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. Daily 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 of a nearby water well that is highly enriched in helium. The data is
recorded on the spot and also telemetered 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 Jolla, California 92093, (714) 452-3260.
Goals: To measure radon, helium, dissolved gas, and stable 1sot0pe relationships in
thermal waters and their correlations with seismic activity.

Investigations: We are measunng dissolved radon, helium, nitrogen, arg'on, and methane
in 16 thermal wells and springs along the Elsinore, San Jacinto, and San Andreas faults
(fig.19. Helium-3/helium-4 and stable isotope ratios in water are also measured, as well
as lead-210 and radium-226. Based on linear arrays of dissolved gas concentrations, we .
developed a two-component model for the origin of these gases. Pre-seismic event
fluctuations in radon and helium are being studied 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 studies being carried out at Menlo
Park. k2

-



e Thermal spring  Son Diego -
4 Hot well

FIGURE 16.—Radon and helium monitoring sites in southern California.
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HIGH-PRESSURE PHASE TRANSFORMATIONS AND COMPRESSIONS OF
ILMENITE AND RUTILE, [. EXPERIMENTAL RESULTS

LIN-GUN LIU

Research School of Earth Sciences, Australian National University, Canberra, A.C.T. (Australia)

(Reccived January 2, 1975; revised and accepted March 11, 1975)

Natural ilmenite (Fe,Mg)TiO3 has been found to transform to the perovskite structure and then'to disproportion-
ate into its component oxides, (FFe,Mg)O plus a cubic phase of TiQ,, 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 (IFe Mg)TiO4 at room temperature and
1 bar are @g= 4.471 £ 0.004, bg = 5.753 £ 0.005, and co = 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 perovskite—mixed-oxides transition, and
20.2% for the ilmenite—mixed-oxides transition. The cubic phase of TiO; can be indexed on the basis of space group
Fm3m with Z =4 and 29 =4.455 + 0.008 A at room temperaturc and | bar, which corresponds to a decrease in zero-
pressure volume of 29.2% for the rutile—cubic-phase transition. An isentropic butk 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)O-and cubic TiO, is 2.48 + 0.25 Mbar. All the phase transformations,
the calculated lattice parameters, and the bulk moduli observed in this study are in good agreement with published shock-

Hugoniot data for ilmenite.and rutile,

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—-MgSiQj; solid solution by
Ringwood and Major (1968). The high-pressure

_ hexagonal -form of MgSiO5 reported by Kawai et al.
{1974) is probably of the ilmenite structure. The

garnet—ilmenite transformation was supported from
studies of Mg3 Al,(Ge,Si)307 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
Ahrens and Graham (1972), although their limited
X-ray data cannot yield an unambiguous determina-
tion of the crystal structure of the high-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 homogencous 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 Fe,04
concentrations were also analysed using the spectro-
photometric method (by E. Kiss, Australian National
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University). These results have also been shown in
Table I. It is noted that the FeOrand Fe, 04 concen-
trations are quite uncertain, but the specimen does
contain a high concentration of MgO. All the evi-
dence suggests that the sample is a solid solution of
three major end-members, FeTiO;-MgTiO;—Fe,03,
with lattice parameters ag = 5.075 £ 0.002 and ¢y =
13.972 £ 0.005 A (Liu ct al., 1974).

Details of the experimental procedure have been
described carlier (Liu, 1975a). A diamond-unvil press
with a lever-and-spring type assembly was employed
for the experimental studies. A sample in fine poly-
crystalline form was compressed between two {lat
anvil faces and heated by a'continuous YAG laser.
The loading pressures at the central portion of the
sample were estimated from the length of 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 !

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

Spectrophoto-
metry (wt.%)

Microprobe analyses (w;\.%) '

Lovering Ware .
(6 analyscs) Kiss

TiOy 48.41 52.94
IFeQ 35.38% 25.67
Fe 03 39.90* 10.37
MgO 11.47 10.69 -
Al, 03 0.42 ' 0.51
Cr,03 0.21
MnO ' 0.26
Ca0 <0.1 <0.1
Total 100.30 100.09
Molce% .
FeTiO; 45.9 : 54.8
MgTiO4 40.7 36.9
MnTiO; . 0.5
FC;O; 12.8 6.9
Al,03 . 0.6 0.7
Cr,03 R 0.2
Total 100.0 100.0

* Total Fe is expressed as FeO and e, O3, respectively.

" LIN-GUN LIU

attained by the samples is probably 50 kbar higher
at 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 .
temperature 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. lmenite—perovskite phase transformation

llmenite displays two steps of phase (ransforma-
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 from a loading pressure of
about 140 kbar and a temperature of about ],400—
1,800°C (see also Fig. 1). The observed d-spacings
can be indexed as a two-phase mixture of ilmenite

" and an orthorhombic cell with the perovskite-like

structure. The perovskite cell dimensions are ag = -
4.471 £0.004, by =5.753 £ 0.005 and ¢ = 7.429

£ 0.006 A with 4 molecules per cell. This corresponds
to an idealized cubic perovskite sub-cell with ag =
3.628 £ 0.003 A, It is noted in Table [ 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 b-axes doubled. In an earlier
study of the perovskite phase of MgSiO5, the author
{(Liu, 1974) has pointed out that a doubling of a- or
b-axis indicates that the symmetry of the structure,
while still orthorhombic, is lower than that of the
usual orthorhombic perovskites, Pbnm, for example
ScAlO; (Reid and Ringwood, 1975) and MnVO,
(Syono et al., 1971). The lowered symmetry can be
ascribed to a distortion of the ideal cubic perovskite
structure, Pm3m, which is even greater than that
shown by the usual orthorhombic perovskite struc-
ture. The degree of distortion in (Fe,Mg)TiOj5 is prob-
ably even greater than that in (Mg,Fe)SiO5 which is
further from the usual orthorhombic perovskite. The
large distortion may be associated with the tolerance
factor 1 = (ry + rg)N/2rg + rg) derived by Gold-
schmidt (1926), where ry , ry, and ro are the ionic
radii for atoms in the formula ABO;. The ideal value
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Room temperatuse and 1 bar pressure X-ray diffraction data for ilmenite quenched from a loading pressure of about 140 kbar and

temperature of 1,400-1 ,800°C (Co-K )

Observed - . Hmenite? P,crovskitc3
oo - d (A) o0 d (A) hikl d (A) hkl
60 3.716 60 3.718 102 3.715 002
30 3.525 3.530 110
25b 3.303 "3.287 .1
30 " 2.871 2877 - 020
100 2.738 100 2.736 104 2,738 (140)
20 2.712 2.710 231y
90 2.547 80 2.539 110 2.558 12
5 - 2476 . . 2476 ' 003
90 2.230 70 2.228 113 2.236 200
5 2.155 : . 2.155 (322)
70 1.859 -7 70 1.860 204 1.857 004
5 1.717 80 1.715 116 1.715 . 131
50 1.701 1.704 032
10 1.662 1.659 203
1.621 (530)
5 1.619 40 1.622 108 {1.6” (502)
1.594 213
3 1.594 {592 132
30 1.503 50 ° 1.500 214
30 1.469 50 1.463 300 1466 . (105)
5 1.306 1.303 321
5 - 1.266 15 1.269 220 :
: 1.151 (355)
10 1.149 50 1.151 314 {1.143 (505)
10 1.112 40 1.113 226 1.118 400

! Estimated visually ; the letter b denotes broad line.
2 Measurcd from standard power method (Fe—-Ky).

Calculalcd fromag =4.471,bp = 5.753,and cg = 7.429 A; indexes in parentheses corrcspond to reflections for cell with g--and

b- axes doubled.

of ¢ is unity, but the observed values range from 0.77
to 0.97 (Reid and Ringwood, 1975). For FeTiO5 and
MgTiO4, 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 cm3/mole, which is
8.0% smaller than that of the starting material, itmen-
ite. This volume change.is comparable to those found
in the similar ilmenite—perovskite transformation in
MnVO3 (6.6%) by Syono et al. (1971) and in CdTiO,
(6.9%) and CdSnO; (5.4%) by Liebertz and Rooymans
(1955). If the hexagonal MgSiO4 reported by Kawai

et al. (1974) is of the ilmenite structure, the perovs-
kite phase of MgSiO, found by Liu (1974) indicates a

-volume change of 7.4% for the ilmenite—perovskite

transition in MgSiO5.

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 b}' McQueen
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Fig. 1. The photograph shows the sample of ilmenite after . Pressre . Lbor . 2
‘ it has been quenched from a loading pressure of about 140 . . . . ’ : { H
] kbar and laser heated to about 1,400-1,800°C; ¢ indicates I & 2.A' Shack velocity (US) vs. particle vcl'ocxty (Up) for R
3 . o . ilmenite from McQucen and Marsh (unpublished, 1965). - n
A the edge of the sample which was compressed in the diamond- . . . . I 0
g ‘ . . . The straight lines are arbitrary. B. The same data of Fig. 2A T
g | anvil, and b denotes the phase boundary between ilmenite . R : - :
. [ . plotted in the pressurc—volume plane together with the g
i and perovskite due to different reflectivity (under reflected © s ; . . by
} ‘ . tight) 25° C-isothermal compression curve of ilmenite reported by g1
‘ | L. Liu et al. (1974); the discontinuity between the isotherm
M | . and the shock data is apparent; temperature corrections for Bt
:v, i 9 — T T T T } the shock data would enhance the discrepancy ; this figure
“ ‘ - Y indicates a {irst-order phase transformation of ilmenite at a 2
,:‘ ) Imenite : U B pressure near 200 kbar. . 2
J ‘ ) Y
1 - and Marsh (unpublished, 1965). Values of the shock ' 2
. o - 7 velocity, Uy, vs. particle velocity, U, reproduced in
[ B ' Fig. 2A show that the data for U less than 7.2 km/
¥ sec are quite scattered. However, the same dataina’ des
(q 3 - . . .
; . . pressure—volume plot (Fig. 2B), which are compared . 7.4
3 with the isothermal compression curve reported by Th:
‘) Liu et al. (1974), indicate an apparent first-order bes
y T hase transformation in the vicinity of 200 kbar.
: p y
. Temperature corrections for the shock data would 4 ilm
. strengthen the foregoing conclusion. The chemical sho
4 composition for the shock sample, which is not .inf
known, may differ from that of the present study, K
R/ . . - . . @
-.? but it is believed that any minor discrepancy result- ) see
) ing from composition will not significantly affect our SO
p conclusion. ' sali
4 . ) getl
5 can
4. Further phase transformation in the perovskite phase the
E, A - . .
. st . | . L . L ) . ties
1 7o 1 2 3 From Figs. 2A, B, it is apparent that the perovskite fluc
3 . Up . km/sec phase of (Fe,Mg)TiO4 further transforms to a still inte
6" ‘
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TABLE Il

Room temperature and 1 bar prcssﬁre’ X-ray diffraction data for ilmenite quenched from a loading pressure of about 250 kbar and

temperature of 1,400-1,800°C

Observed limenite" .Mixed»oxidcsz
oo d (A) o0 d (A) ki d (A) hkl
(Co-Ko)
35 2.733 100 2.736 104 .
30 2.604 2.572 cat)
30 2.464 2.460 R(I11)
80 2.223 70 2.228 113 2.228 C(200)
100 2.129 2.130 R(200)
50 1.508 ) 1.500 214 1.506 R(220)
(My~Kgy):
20 ] 2.73 100 2.736 104
30 2.58 : 2.572 can
30 2.46 2460 R(111)
100 2.221 70 . 2.228 113 2.228 C(200)
70 2.129 ' 2.130 R(200)
50 1.568 1.575 C(220)
40 1.505 50 1.500 214 1.506 R(220)
1.286 C(222)
80 1.284 {1284 RG311)
5 1.235 1.230 R(222)
20 1.1106 40 1.1133 226 1.1138 C(400)
20 0.9954 . 0.9962 C(420)
5 0.9549 0.9526 R(420)

! Refer to Table 1.

2 Calculated from ap =4.260 A for the rocksalt structure and ag = 4.455 A for the cubic phase.

denser phase or phase assemblage at U greater than
7.4 km/sec or at pressures greater than 650 kbar.
This second phase transformation in.(Fe,Mg)TiO5 has
been confirmed in the presept study.

The X-ray difff#ction data for the starting material,
ilmenite, which was laser heated at about 250 kbar, are
shown in Table I11. The Co—K_, radiation gives better
information for the low-angle reflections and the Mo—
K, radiation provides the high-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)O, and ancther cubic form to-
gether with some ilmenite. The cubic form (TiO;)
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 CaF, and UO,. The

_intensities for (111) and (200) reflections are reversed

and reflection (311) is missing but refection (200) was
interfered by a reflection line of ilmenite. No detailed

intensity calculations for the fluorite TiO, have been made.

The lattice parameter {or the rocksalt structure
is ap = 4.260 £ 0.005 A. Assuming that 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
(Feq.48Mgg.49)0 and (Feg 43Mg 57)0, corresponding -
to a lattice parameter of 4.306 A for a nonstoichio-
metric Feq 950 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 stating ilmen-
ite, especially when account is taken of other con-
stituents of the specimen. The lattice parameter for
the possible fluorite structure is ap = 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)TiO, — (Fe,Mg)TiO5 > (Fe,Mg)O + TiOy

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 ihmenite to the mixture. These are in excellent

agreement with the apparent change of volume in the

shock-Hugoniot data shown in Fig.2B.

5. High-pressure phase transformations of TiO,

There arc 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-PbO, 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 major
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 of the work of McQueen et al. (1967), the
metastable Hugoniot implies a decrease of about 26%
in the zero-pressure volume for the high-pressure
phasé. 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 zerg-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; Ahrens et al., 1969; Al’tshuler et al., 1973).

If Z = 4 is assumed, the lattice parameter for the

- -cubic phase of TiO, reported in the previous section

gives a molar volume of 13.31 + 0.07 cm3/mole,
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 high-pressure phase in TiO,
may well have the same structure.

" The metastable pressure—volume Hugoniot data thus

LIN-GUN LIU

The lattice parameter of 4.455 A for the cubic
phase of TiO, would imply a Ti—O 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—O distance of 1.985 A (Shannon and Prewitt,
1969) and 1.952 A (Brown and Shannon, 1973), and
compares with an average Ti—O distance of 2.0676 A
for eight-coordinated Ti in Ti(NO,), observed by
Garner and Wallwork (1966). The last value gives ag =
4.775 A and the molar volume of 16.39 cm?/mole for
the fluorite structure of TiO,. Hence, the calculated
zero-pressurc volume change for TiO, from the rutile
to the fluorite structure would be 12.8%, which is less -
than 50% of the shock observed volume change in TiO,
and fails to account for the observed volume changes in
the shock data for both TiO, and ilmenite.

This discrepancy between the measured lattice
parameter for the “fluorite” phase of TiO; and that
predicted from ionic radius considerations cannot be
resolved at the present time. It may be that the observ-

‘ed cubic form of TiO, is a distorted fluorite structure

or a distinctly different structure such as a-PbCl,,
which is commonly observed for MF, fluorides at
high pressures (e.g., Dandekar and Jamieson, 1969).
This ambiguity can only be clarified in a future study
of pure TiO,.

6. Compression of the cubic phase of TiO,

If the shock-Hugoniot data for TiO, 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 of the cubic phase of
TiO, 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 TiO, can be calculated.

This 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
of the high-pressure phase (McQueen et al., 1963).

obtained were then converted to its corresponding
shock-velocity—particle-velocity (US—Up) data using:
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U, = Vo [P™ IOV V'")]%
= [PV - VM)

- ’where pm and V™ afe the metastable Hugoniot pres-

sure,and volume. réspectively, Vi’ the initial volume

‘of the high-pressure phase,.ang, M the molecular weight.

It has been shown by Ruoff"(l%?) that if ‘data in the
U~U ?plane can bg.reprg§cnled by:

U= Co +sU, +8'Up%+ .

and if an equation of state.is ‘assumed te have.the
follgwing form;

R g’ ] ) .
K =K mg)‘mgxg P2

‘then:

K§ = poCh
and
KY =d5 -1

where Kg is the isentropic bulk modulus at zero-pres-
sure KS 15 its first pressure derivative eviluated at zero-
pressure and pg is the iritial densny

‘The method of converting the. expcnmental Hugéniot
to a new Hugoniot cenitered at a different initial condi-
tion was demonstrated by McQueen et-al. {1963). In
doing so, they ebtained:

_. 7 (V5 Yore o
*’{‘ "i(}z‘ ‘}] ~ ko —Eo

Y i U
Iﬂ?(’ye l)

where P, ¥, £, and"y are the pressurg, volume, speci-

fic internal energy, and the Gritnéisen pdrameter -super:
Scripts'e and m denote the expenmental and metastabie
Hugoniots, arid subscript zero represents the iniitial con-

dition."l‘lwo quantities have-to be evaluated before cal-
culations from the foregoing equation can be perform-
ed. First is the change of the:specific internal energy
between the starting material and the high-pressure

phase-at zero pressure:

Ay, = EE — EF = PI(V™ = Vo) +(V] — V5 12

assuming that the temperatute effect is negligible:
Using a vilue of P-= 0.33 Mbar for thie phase change in
TiOy, as indicated in fig. 3 of MéQugen et al. (1967),
rough estimates of ¥™ aid ¥¢ from their figure yield
AFE,, =~1.48 Mbar - em?3 - male~1. Second is the
dependence of the Griineisen parameter on'volume. An
accuraterelation for computing the volunie depen-
dence of the guasiharmonic Griingisen parameter of
solidshas-been reported by, Pastine and Forbes (1968).
However, the:usc-of theif relation for computing the
volume-dependent Griicisen parameter of the cubic
phase of TiO, requires evaluation of all parameters

of specific heat at constant pressyre, Ca , thiermal ex-
panstvity, &; initial-Griineisen: parameter Yo and the
Andersofi-Griincisen parameter, 6. Even though:it has

‘been shown.that the calevlated bulk moduli are insen:

sitive to the choices of these: paiameters for the “high-

vprcssure phase of gamet by Graham and Ahrens

{1973), it.is rather difficult ta estimate values of the
specific heatand the thermialiexpansivity within +50%
for the cubic phase of 1102 A simple schieme was
adopted far computing'the’ volumc -dependent Griin-
eisen parameter as:

7= 1(V/V )

wheré A is-aconstant normally betwéen 0.5 and 1.5
for many solids (Basselt ¢t al., 1968). Yo was chosen
to.be between [ and 2. From Table [V it is scen that

the calculated isentrapic¢ bilk moduli are not sensitive
to the values.of ¥y and 4, but values of (a‘m;ap)s(p:‘n

3 13.31 1.5 1.5 5,67

TABLEIV
Laleulated iScnlIClpJC bulk. modu]z and théir first pressuce derivatives-by using various.assumed values of g and 4 Tor the Lubn
T‘g'z .
Gase  Valem¥imole)  rg A Ka(dtbaty (2K%8P)gyp = o
[ 13.31 _ 1.5 L 575 10.1
2 13031 2.0 t 5.9 2.
- 105
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are sensitive to yg. The metastable Us'—‘Up—" data calcu-
lated from 4y = 1.5.and 4= | (case-1 of Table [V) are
displayed in Fig. 3. The scatior of the data is similar

to that of stishovite. presentcd by Graham (1973).
'Thejlmeamy has been-assumed in Fig, 3. In conclusion,
Table IV shows. Kf} = §.75+0.30 Mbar and’ (ast
3F)s1p= o > § for the cubic phase of TiQ,. It was
noted that.the latter value is anomalously large, but it
is anomalously large for the rutile [Tl@'z) as well
(Manghnani, 1969).

The calculated metastable pressuré—volumé Hiigo-
niat data of TiQ; from case 1 of Table IV have been
normalmed to an initial volume of the cubu. phase of "
13.31 .cm3;‘mole,\and gre shown in Fig. 4. Since all
the values'of bulk modulusiand the first pressure de-*
rivative listed in Table IV dre calculdted from the rela-
tions which. were used to derive. the Murbaghan equa-
tion of state (Murnaghan 1944), it would be consistent

‘to émploy the Murnaghan equation for computing
the pressure—volurie relationiship for the cubic-phase

. of TiQ,, lsentrop:c pressure—velume rélitionships
thus calculated on the thrée'sets of data listed in
Table IV are: displayed in Fig. 4, which indicates that
“at ViV, = 0.86 the calculated pressures of cdse. 1 -and
case 3 differ by 2%, whereas between case- 1 .and

T 1] T T
o i@, {Ruorite)

. MeChmm w o {965
- 2 ahhie wod, (973

S E
\ . _
E
e
-
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,Ut-Ce H™ q
co-érvlnn o foe
B-nreiae B
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1] L3 20
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Fig. 3. The metastable Lig— U’p plot fur the data of TiOz at
pressures in excess of 1 Mbar repmtcd by McQuéen et al;
{1967) ind Alishuler et al. (19?3) The cateulated meta;
- stable I[uécmot was centered at an initial:condition of Vg =
13,31 emy frnoiz, vo.= 1.5.and 4 = 1, whtie ¥ is tlie volume,
. s the, Griincisen-parameter, gnd: -2 constant, Fur*det.u]s
refer to.the:text,
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YO0 T - T T T T =T T T
TiO, i

: P McQuesn et d. (P67]
= Al'fhider ool [972]

w5

v/'vn

T {3)
\‘ (D Burch’s """"‘>{\A
i ' 1 1 1 i
g 15

Pressurn | Mbar

- .
1] 5.

Fig.. 4. Comparison between. the metastable pressure—volume
Jiugoniot dala of Tig. 3 with the isentropis calenilited from
three sets of valoes of bulk modulus-and pressure, derivative
af Table IV by the Murnaglmnchuatiun'of state. For com-
parison, the'dati of case 1 of Tablé [V wereali used to
compute thc isentrope by means.of the Birch equation:.

case 2 lhe difference.is-about 13%. For-¢omparison,
case I has also been calculated by means of the Birch
(1952) equation of state. and is shown in Fig, 4.

7. ‘Eon‘ipréssi(m df the high-preéssure phases of ilmenite

It has previously been shown that ilmenite first
transforms to the perovskzte structure and then dis-
proportionates into a mixture of oxides: The bulk
imiodulus of the mixture can be calculated by using
equations propbsed by Liu (19?3) Taking Ky =575 . ,
Mbar for the Cubll’: Ti0O, ‘calculated in the previdus
section and Ky = 1.50 Mbar for the rocksalt phise; the i
calculated KU value for the mixture is 2.48 * 0.25
Mbar. Here the small dlfference between the: 1sentrope i
and the isotherm has been neglected. The pressure— !
volume; relationship for the mixture calculated by |
means of thié Birch (1952) equation of state is shown f
in Fig. 5. (Little difference is obtained by using other !
forms of equation of state at pressures less than'l. '

4 Mbar ) Twa_curves are shown; each corresponds lo l
different values of KO“ 4 and 5. Taking the scattering
of the data and the temperature correction into
account, it is coneluded-that thé’calculated curvés
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¥ig. 5. Comparison of the experimental shock data of
ilmenite reported by McQueen and Marsh (unpublished,

- 1965) with the measured or calculated compression curves for

ilmenite, perovskite, and the mixture of (Fe,Mg)O plus TiO,
(fluorite). .

are in excellent agreement with the experimentat data
in the pressure range 600-to 1,100 kbar.
No attempts were made to evajuate the compres-

sional behaviour of the perovskite phase on theoretical

basis. However, a simple construction, on the assump-
tion that the compression curve of the perovskite
phasc is proportional to curves of both the ilmenite
and the mixture, is shown 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)TiO4
from a kimberlite pipe was found to transform
to the perdvskite structure at a loading pressure of
about 140 kbar and temperatures between 1,400 and
1,800°C. The perovskite phase of (Fe,Mg)TiO; was
further observed to disproportionate into a mixture
of oxides at a loading pressure of about 250 kbar and
temperatures between 1,400 and 1,800°C. To the
author’s knowledge, the breakdown of the perovskite
phase of (Fe,Mg)TiO, observed in the present study .
is the {irst reported example of phase transformation

of the crystal group of perovskite at high pressures..
(2) One of the products (perhaps of the fluorite
structure) of the high-pressure phase of the perovs-
kite (Fe,Mg)TiOj5 is a new polymorph of TiO,. It has
long been expected that rutile (TIO,) would_eventu-
ally transform to the fluorite phase at ultra-high
pressures (McQueen ct al., 1967; Al'tshuler et al.,
1973). Although 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 (McQucen et al., 1967; Ahrens ct
al.. T969; Al'tshuler et al., 1973), the.shock-recovery
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
the cubic phase of TiO, in this study is ag = 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 et al., (1967) and Al'tshuler et al. (1973).

(3) On the basis of the shock data of TiO, at pres-
sures greater than 1 Mbar by McQueen et al. (1967)
and Al'tshuler et al. (1973) aad the initial volume of
the cubic phase of TiO, 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 proposcd by Liu (1973)
for a mixture, the zero-pressure bulk modulus for the
high-pressure mixture of (Fe,Mg)O plus TiO,, 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 45, 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).
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Abstract

Sufficient high-temperature data delineating the equilibrium compositions of coexisting
phases in the Mg-Fe-O-SiO. 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 850°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 in the calculations at 1300°C. These
uncertainties in the calculated data preclude meaningful correlations with temperature. 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.

TE

Introduction

The spinel phase in the system Mg-Fe-O 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-O 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 to aid in understanding
the behavior of this important phase. On the basis
of thermal balance experiments in a controlled at-
mosphere, Schmahl er al (1961) concluded that
the spinel phase is nearly ideal at 800-1000°C.
Using emf methods, Gordeev and Tretyakov (1963)
observed small positive deviations from ideality for
the spinel solid solution at 900-1200°C. However,
no activity values were presentcd. 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 the Mg-Fe-O system.

Methods for Calculation of Spinel Activities

Inasmuch as there is a considerable area of spinel
solid solution in the system Mg-Fe-O at 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 section of a
portion of this system derived from data presented
by the aforementioned authors. At 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 these spinels.

Calculation from magnesiowiistite thermodynamic
properties (method 1)

High-temperature activity-composition relations of
magnesiowiistites in equilibrium with metallic iron

457
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data presented by Williams {1971). The free energies
of formation for FeSiO, 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
keal at 1160°C and —0.7 kcal at 1300°C. 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 1160°C, a slight positive deviation
from ideality is indicated, whereas at 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 the FeSiO,-MgSiO; 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 olivine-
silica-spinel equilibrium data

For the olivine-silica-spinel equilibria in the Mg-
Fe-0-SiO. system, the reaction

1/6 O, + FeSi, ;0, = FeOyys + 1 SiO, (14)
applies. Hence,
log ar.si.. 0
AG® 14 :
= — . — 1/61 . 15
2.303RT + IOg aFt,()./, / og !OA ( )

Spinel activity, oxygen fugacity, and condensed
phase equilibrium compositional data were obtained
from previously cited sources. The value for AG® .y,
(see Table 1) were derived from calculations using
data presented by Stull et al. (1971) for the free
energies of formation of FeO,,: and FeSi, 0. 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®,y,, values with those calculated from
Williams’ (1971) data are shown in Table 1. The
calculated olivine activity-composition relations arc
shown in Figure 6 for 1160°C and 1300°C. The
relations with respect to 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 with the results obtained

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

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

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

2FeSi; ;0. + 1/6 0, = FeO,/5 + 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 the 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 the olivine-silica-spinel calculations. How-
ever, not enough data are available to permit this
type of calculation for the pyroxenes.
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Abstract

ISOTOPE HYDROLOGY OF THE VAL CORSAGLIA, MARITIME ALPS, PIEDMONT, ITALY.
Environmental isotopes and geochemistry were used in a hydrogeological study of the
Val Corsaglia (northern ltaly). The small catchment arca (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 Mediterrancan Seua 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: (1) Altitude
effect in jsotopic compositions of rain-waters for oxygen and deuterium, which were found to
be close to 0.3%of/100 m for 180 and 2.5%0/100 m for deuterium; (2) the relation between
5*H and 5'%0 as u function of geographic locations and climatic conditions: the deuterium
excess varics between d = 12.08 £ 1.29 and 13.43 £ 2.57; (3) the altitude of recharge as deter-
mined from isotope duta. Both the altitude effect and the deuterium excess can be used as
labels which characterize different water masses and permit the identification of specific
recharge arcas; (4) water flow in reservoir rocks and fluctuations of chemical and isotopic
contents. Two principle flow systems can be recognized: the first, deep, isotopically and
chemically homogencous, representing the base flow; the second, shallow and faster, with
sensitive isotopic variation and a low content 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 types of rock subsurface circulations can be established. Ground-
water flows can occur through faults and fractures in crystalline rocks or through
karstified carbonates and other sedimentary rocks. Since aquifers underlying
the Po Valley carry “alpine water”, it is interesting to study the 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 the Maritime Alps, Val Corsaglia
(Fig.1). Its location is rather particular, since it borders on France and is™ -

* At present with the International Atomic Energy Agency, Vienna.
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characterized by “mixed weather conditions”. It receives Atlantic precipitation
during the 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-lithologic formations with various infiltration
and groundwater flow patterns (Fig.2):

(1) The highest side of the 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 rhyodacitic volcanic deposits) and of Eotriassic quartzites
which include several large tectonic slices of Mesozoic carbonate rocks.

One of these hosts the karst system of Bossea.

(3) An area in the northern part of the basin at low altitude consisting essentially

of Mesozoic calc-schists (“Formazione dei Calcescisti”, i.e. Schistes lustrés).

The hydrogeological setting depends obviously on the geolithology. Itis
thus possible to find zones with important karst systems adjacent to very
impermeable rocks in which local groundwater flow occurs along fractures.
Because of the complex geology, all karst systems are independent of one another
and are located in different catchment areas.

2. METHODOLOGY

The chemical and isotopic composition of rain-waters show a regular
seasonal variation and provide us with an important tool to solve problems related
to recharge areas, direction and velocity of the 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 18 springs most characteristic for a hydrological regime and
geological setting arc presented. During the same periods precipitation was sampled
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monthly at seven pluviometric stations located at different elevations from
400 to 2000 m. To reduce the evaporation effect during the month, liquid paraffin
was added to the pluviometer.

The isotopic analyses (deuterium and '80) were performed by Susella and
Zuppi at the Laboratoire de Géologie Dynamique, Paris: the results are given
in the usual units, i.e. 8D%¢, §'80%0 (both versus SMOW, with a standard deviation
of 0.3%oc and 0.07%s., respectively) [2].

Chemical analyses were routinely performed by the Hydrogeochemistry
Laboratory attached to the Istituto di Geologia dell’-Universitd di Torino. The
results show a statistical error ranging from 37 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 the
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, the ion activity is very
close to the molar concentration [5].

The following problems have been studied through chemical analyses and
determination of the abundances of environmental isotopes in precipitation and
springs:

(a) Altitude effect in isotopic composition of rain-water

(b) Relation of 8D/8'80 as a function of geographic and climatic conditions

(c) “Isotopic altitude” of recharge

(d) Hydrogeochemical evolution in reservoir rocks and variation of isotopic
content in spring waters.

This isotope study is a part of a complete hydrogeological and hydrogeo-
chemical investigation in which the major and minor elements are related to the
seasonal variations in precipitation and the local change of lithology and tectonics.

FIG.2. Geological skeich and locations of sampling sites in the Corsaglia Valley.
. Tills and fluvial deposits: high to mediwm intergranular permeability.

. Scree deposits: high intergranular perneability

. Mesozoic limestones: very high karst permeability

. Mesozoic calc-schists and Permian metaporphyries: generally impermeable

. Mesozoic calc-schists and Permian metaporphyries: low fracture permeability
. Most important karst caves

. Shallow hole (doline)

. Springs with an average flow greater than 50%/s: (a) Bossea Cave; (b) Mottera Cave;
{c) Stalla Buorch; (d} Ponte Murao; (e) Captazione Burello

9. Underground flow directions discovered by colorimetric method
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TABLE 1. ISOTOPIC AND SELECTED CHEMICAL DATA IN VAL CORSAGLIA
PRECIPITATION WATERS

Pluviometer Elevation Conduct. pH aCI’ 8D %o 5'80%o d%0
above sea level (uS-cm™') X 1075 SMOW SMOW
(m)

October 1974

Mondovi 400 28 5.6 24 -60.0 -9.00  +12.0
Corsagliola 620 23 5.7 2.8 -66.3 -9.81 +12.2
Prea 830 21 58 0.7 -72.5  -10.49  +11.4
Distretti 1080 18 6.0 3.0 =799  —-i1.52 +123
Case Momo 1380 19 58 3.8 -849  ~12.20  +12.7
M.Malanotte 1780 17 5.5 3. -95.7  -13.50  +12.3
R.Garelli 2000 16 58 0.6 -101.2  -14.08  +11.4
April 1976
Mondovi 400 56 54 6.7 ~60.1 -9.36  +14.8
Corsagliola 620 46 57 5.2 -67.2  -10.10  +13.6
Prea 830 47 58 5.1 -71.8  -10.66  +13.5
Distretti 1080 35 6.0 8.0 -79.1  -11.88  +15.9
M.Malanotte 1780 18 6.1 6.1 ~96.2 -13.81 +14.3
R. Garelli 2000 17 62 63 -993  -14.23  +14.5

Note: a Cl™ = activity of chloride ion.

3. RESULTS AND DISCUSSION
3.1. Altitude effect in isotopic composition of rain-water

An average isotopic gradient with altitude (d6'%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 (§'30/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 ). The
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FIG.3. ‘®0laltitude 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 faltitude gradient. The i'oefﬁ'cienrs of determination (r®) are 0.99 and
0.98, respectively, for Octaber 1974 and April 1976. The estimated standard errors are
0.32 (October) and 0.28 (April).

relation (d6'80/dh) changes somewhat between April and October, both in the
slope, i.c. the gradient, and in the intercept (Fig.3) and one finds for April:

8'*0%n=—~3.10£0.14)1073h ~ (8.24 £ 0.18) (la)
and for October:

§'80%0=~(3.17 + 0.08)107>h — (7.85 £ 0.14) (1)
where h (the altitude) is expressed in m. By using the same isotopic composition
in the two equations, a calculated difference of 100 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 the average annual isotopic gradient as a function of the altitude:

8'%0%0=—~(3.12+ 0.10)107*h — (8.03 £ 0.13) (1¢0)

An altitude gradient has also been obtained for 8D (Fig.4). In this case,
all the data for both months are distributed along the following correlation line:

6D%0=—~24.9 £ 0.8)107h ~(51.1 + 0.6) (2
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FIG.6. Deuterium and ‘20 variation in precipitation. The local meteoric water line in
October 1974 (line 2) is close to the world meteoric tine (a) (8], whereas in April 1976 (line 1)
Mediterranean characteristics appear (b) {9). The coefficients of determination (r*) far
October and April meteoric waters are 0.99 and .98, respectivelv. The estimated standard
errorsare 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% per 100 m was found. This is somewhat 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 1073h) (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 to an altitude of 1800 metres one observes the
following relationship:

conductivity = 80.1 exp(—0.79 X 1073h) (30
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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?) for this correlation
is 0.98 and the estimated standard error is 0.03.

3.2. Deuterium and '80 relationships depending on geographic and climatic
conditions (Fig.6)

In precipitation, the 80 and D contents show a good correlation with
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 the relation:

5D=868'0+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 {6]). The “d” quantity designated

as “deuterium excess” is usually close to +10%s., 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 the relation:

8D =88'""0 + 22 (9] (5)
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In this context, the two correlation lines obtained from &'80 and 8D values
in the area studied are placed between the line of Craig (Eq.(4)). and that of
Nir (Eq.(5))

April 6D =(8.00£0.11)5'%0 + (12.08 £ 1.29) (6a)
October 8D =(7.91%0.22)6'80 + (13.43 £ 2.57) (6b)

This intermediate position is due to the meteoric contributions which can
be defined as “mixed”. Also chloride contents in rain-waters show seasonal
variations (Table 1). Plotting the 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 the lower end of the line, whereas
the points of winter and spring show a larger spread at the upper part of the line.
In general, low chloride activity corresponds to a constant value of deuterium
excess: +11.2%o. It is known that the chloride contents at 2 certain distance
from the 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 the basis of a comparison of the isotopic data of the different springs
with variations in isotopic content of precipitation at different altitudes, one can
introduce the concept of “phase displacements™ between a meteoric event and
its “reappearance” at the point of discharge which depends on the residence time
in the underground system, provided no mixing with base flow from the reservoir
has taken place. In this case, samples were taken during two different periods
coinciding with the monthly sampling of meteoric waters — October 1974 and
April 1976.
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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)5'80 - (2616 * 173) (7a)
h = «40.5 + 1.4)5D — (2075 + 108) (8a)
October h =—(315 £ 9)6'80 — (2474 + 105) (7b)
h=—39.4+1.1)5D - (1977 * 89) (8b)

However. there are two cases for which the altitudes of recharge calculated
from these equations do not agree with the topography:

(1) The calculated recharge altitude is lower or close to 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 altitude/§%o relationship is valid: in the first case, the
spring isotopic composition must be referred to 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
waters related to the precipitation from the months preceding October. In the
second case, the isotopic content must be referred to a winter gradient because
the water results from the 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 the 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 the elevation computed
from isotope gradients and agree with 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 the 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 the spring.

UNIVERSITY OF UTAH
RESEARGCH INSTITUTE
EARTH SCIENCE LAB.
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TABLE Il. ISOTOPIC AND SELECTED CHEMICAL DATA IN VAL CORSAGLIA KARST SPRINGS

Spring Elevation Flow Conductivity | pH [aCl” IS 5D%o §'30%o d%o hg h,
above sea level | (litres-s™") (pS-cm") X 1075 Calcite SMOW SMOW above sea level
(m) (m)
Bossea 810
13-10-74 72 137 83 13.2 +0.30 -81.4 -11.70 +12.2 1210
07-03-76 132 180 7.6 | 6.6 -0.60 -88.4 ~12.86 +14.5 1500
09-04-76 368 212 7.8 14.9 -0.20 -89.4 -12.86 +13.5 1530
18-04-76 238 200 7.9 | 4.8 -0.10 -97.3 -13.83 +13.3 1840
25-04-76 446 204 7.9 |44 -0.10 -97.6 -13.85 +13.2 1850
01-05-76 316 170 7.8 |4.5 0.00 -90.2 -12.91 +13.1 1550
14-05-76 464 195 8.0 |4.0 0.00 -85.8 -12.34 +12.9 1570
23-05-76 291 190 8.0 (4.6 0.00 -89.6 -12.83 +13.0 1530
30-05-76 225 185 79 {38 +0.10 -87.6 -12.54 +12.8 1440
06-06-76 243 185 8.0 |34 +0.15 -87.5 —-12.51 +12.6 1440
Captazione
Borello 945
08-10-74 2300 124 79 |20 +0.25 -74.7 -10.87 +12.3 950
09-04-76 184 7.5 15.8 -0.40 -86.0 -12.50 +14.0 1400
Case Bertoni 1108
14-05-76 <1 27 6.8 |14.7 -12.08 1250 1210
Case Lardini 645
10-10-74 <1 420 7.7 129 +0.20 -11.33 1200
18-04-76 <1 360 7.8 |54 -0.10 -12.15 1270
Case Torno 1060
15-10-74 <1 17.5 6.8 |3.0 -11.63 1240
14-05-76 <i 20.0 6.5 |5.5 -84.0 -12.22 +13.8 1290 1280
Spring Elevation Flow Conductivity| pH | a CI” 1S 6D%o 8'30%. d%o hy h
. - - <
above sea level | (litres-s™")} (uS-em™) X 1078 Calcite SMOW SMOwW above sea level
(m) (m)
Costa Lumenda | 730
10-10-74 <1 279 7.9 3.7 40.20 -79.4 -11.48 | +12.5 1240

ove

‘182 INVTIOLHO8




15-10-74 <i 17.5 6.8 13.0 —11.02 1iwv
14-05-76 <1 20.0 6.5 5.5 -84.0 J *—-12.22 +13.8 l 1290 1280
P R
Spring Elevation Flow Conductivity| pH | a CI” IS 8D%o 8'%0%0 | d%o hg h,
above sea level | (litres-s™")| (uS-cm™) X 1078 Calcite SMOW SMOW above sea level
(m) (m)
Costa Lumenda | 730
10-10-74 <1 279 7.91{ 3.7 +0.20 -~79.4 ~11.48 +12.5 1240
18-04-76 <1 320 73158 -0.30 -84.0 +=-12.21 +13.8 1310
Gias Brana 1270
01-05-76 44 7.6 149 -82.6 ~11.98 +13.3 1250
Molline 495 —
27-10-74 1 375 7.9 ) 3.5 +0.50 -78.9 ~-11.40 +12.30 1120 :,
Mottera 1350 :
01-05-76 =300 165 84 (25 +3.40 ~90.3 -12.82 +12.3 1535 E
Murao (Ante) 960 5
08-10-74 2 215 8.1 |48 -0.10 -98.5 -13.97 +13.3 1890 °
Murao (Ponte) 966
12-11-74 =80 160 80124 +0.55 ~74.4 -10.95 +12.3 980
09-04-76 =90 100 7.7 15.1 -0.20 -85.8 -12.41 +13.5 1380
Navonera 1145
15-05-76 4 19.0 6.01(5.5 -85.0 -12.37 +14.0 1360 1320
Piano 500
25-04-76 1 160 7.7 153 -0.30 -83.0 -12.10 +13.8 1270
Presa Mondini 910
17-11-74 =100 92 8.3 14.0 +0.15 -12.20 1370

849




[4%)

TABLE Il. (cont.)

Spring Elevation Flow Conductivity] pH | aCl” IS 8D%o 8'%0%0 | d%eo hg h,
above sea level | (litres-s™") uS-cm™) X 1075 Calcite SMOW SMOwW above sea level
(m) (m)

Presa Mondini 910

(Ante)

14-05-76 =10 126 76| 5.3 -0.15 -83.9 -12.17 | +135 1310 3
Stalla Buorch | 1056 2

20-10-74 =50 180 7.6 | 3.7 +0.20 -78.6 -11.39 | +12.5 1110 e

02-05-76 =100 204 8.1 | a.s -0.05 -92.1 1306 | +13.2 1630 2
Stalla Rossa 1050 Y

01-05-76 1 213 7.9 {5.1 -0.20 -86.2 -12.46 | +13.5 1500 5
Valloni 580

27-10-74 1 290 7.8 | 3.2 40.20 -11.61 1200

Note: a Cl™ = activity of chloride icns.
IS calcite = Sat. index for calcite; 1S = log lAP-log K with IAP = a Ca’t.a C0§' and K, = sol. product.
d = deuterium excess d = §D—86§'20
h; = “isot. alt.” of recharge (average of calculated altitude values according to Eqs (7) and (8))

h, = “cond. alt.” of recharge (Eq.(3)).
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FIG.9. Deuterium content versus calcite saturation index. Circles indicate samples from the
Bossea Cave, squares samples from other springs. The points within 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 the end of
spring has still a composition characteristic of base flow.

Chemical and isotopic characteristics important for these karst circuits
which can best be used to describe origin and underground history are: chloride
and deuterium excess reflecting seasonal variations of meteoric waters (i.e.
differentiation between direct contributions as rainfall and indirect as snow melt
in spring); deuterium and '20 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 the only spring for which continuous discharge measurements
are made. Figure 8 permits two important hydrological observations: first, a
parallel 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

UNIVERSITY OF UTAH
RESEARCH INSTITUT!
EARTH SCIENGE LAB.



344 BORTOLAMI et al.

but which tend to change in an exponential manner approaching constant values
during the summer. However, these differences in behaviour are caused by the
existence of both dispersive and non-dispersive flow in these karst systems.

(1) For non-dispersive and non-homogeneous circulation the 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 water carbonate equilibrium;
the input variations are maintained and non-homogenized water appears
at the beginning of the spring season (March and April). During this time
conductivity, deuterium and 20 follow the discharge variations in time —
chloride activity and deuterium excess show the values close to the pre-
cipitations fallen (snow melt) or falling during that time in the catchment
area. The meteoric signal is also preserved.

(2) During the 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 180 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 Sl.,. indicate that the equilibrium with carbonate rocks
is reached.

Thus, in the annual cycle of the geochemical evolution of these karst
waters, one observes a transition from non-dispersive (piston) flow with maximum
discharge to 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 the same Figure). In the first case
waters do not reach the equilibrium with carbonate rocks and deuterium changes
according to the 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 to an increasing contribution of
isotopically and geochemically homogeneous base flow to the springs. These
base-flow dominated waters fall close to a line described by:

§D%o = 38.1 Sl —90.8 (9)
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FIG.10. '®0 versus calcite saturation index. Circles indicate Bossea Cave samples, the open
squares other springs with the exception of Mottera Cave (filled square). The correlation
between ‘80 and calcite has a coefficient of determination of 0.91 and the estimated standard
erroris 0.14.

A sample from the karst system of Mottera collected during the spring shows
considerable oversaturation 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 the moment of sampling the conditions were such
that spring runoff waters had not yet arrived. The catchment area was still frozen
because it is located at a higher altitude.

Similarly, the plot of 820 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 conditions
the following relationship exists:

8'8 0% = 4.89 Sl ~12.98 (10)
The mixing, or at least the contribution of spring runoff with 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.11, where the deuterium
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FIG.11. Deuterium excess "d” in per mille versus calcite saturation index. The constant
values d = +12.2%o0 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 = +13=2.17 (Sl ) + 1.01 (Sl y)? (1)

shows that, with increasing deuterium excess, the dilution of waters increases.

On the other hand, more oversaturated 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: +12.2%e,, 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 the season proves that during summer and autumn
the circuits are the most dispersive and a complete homogenization of the different
components is reached; during spring, deuterium excess and chloride activity
indicate that the underground flow is essentially non-dispersive.

Unfortunately, the data do not yet suffice to 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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runoff, in agreement: with the observations’in the Baget Karst system (Pyrefiees) |6],
where base flow was an insignificant component of the spring discharge following
the spring.runoff. This does not signify that all karst systems respond in the
same manner.

An important observation in the study is that the deuterium excess can be
used .in-this area to diif‘fe're,ntiat’e«rbtheen different karst circulations. This has
béen possible because of the increased precision of deuteriun and %0 analyses
where the calculated standard deviation of deuterium excessat | o is £0.64%%o,
compared with 4—5%s annual variation.

4. CONCLUSIONS

The examples quoted here demonstrate the complementary nature of
environniental isotope ahd gedchemical a’ﬂa‘lysés in hydrological studies of a karst
basin.

The information that stable isotopes can provide about the origin of water —
such as altitude of recharge and seasonal-variation of the input — can be combined
with geochemical parameters to help interpret the history of karst-groundwaters.

Generally the groundwater flow patterns aré short and.fast. At the end of
winter the snow melt occurs at progressively increasing altitude. Therefore, the
isatopic cornposition 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 types of groundwater circulation: ‘

(1) A deep one, isotopically:and chemicdlly homogeneous, répresenting the
base flow; '

(2} A shallow and f‘aster_,qnc, isotapically variable according.te the increasing-
altitude at which.snow felt. occursand with a low content of disselved salts.

The mixing, or at least the contribution of the sitperficial circulation, is. thiis

identifiable by the, parallel, seasonal, varial‘ion of the isotopic-and chemical
compasition of water.
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DISCUSSION

E. }'ERIKSSON‘(Ghairman): This paper is of:great value in demenstrating.
the: comprehensive use of hydrochemical and environmental isotope applications
for difficult problems of karst hiydrology.

J.P.MOLINARI: The Bossea spring has a discharge gauge (see caption to
Fig:8). Can you say sométhing about the type and éxtent of variztions in Tlow
observed and about how you took these variations into account in colleting
fepresentative weekly simplés?

G.M. ZUPPL: As shown in Table 11, the Bossea spring’s discharge shows 4
constant variation-with time during the spring. 1f one considers the morithly

e s

vy

averages of data from 197
a characteristic minimal d
average) and & maximum «
average), alow summer dis
during the autumn. Durir
more fegular as'the catchr,
So I think that the weeKly

J.P. MOLINARI: I v
whith are generally found
melting in high Alpine kar

G.M.ZUPPI: Karsts
during snow melt only if t
subject te pronounced clir
the Bossea karst basin, wh
you have.in mind occurs it

- which is the largest spring

with an average discharge
hydraulic régime of Bosses
(see Ref.[1]). Ibelieve.an
future by my colleagues at
H. ZOJER: Your pag
refation in precipitation of
in the southern Alps in an
longer the mean residence
disadvantage of having mix
is overriddén, and so in suc
the mean altitude of the re
G.M., ZUPPIL; | agree
is very useful for studying :
mean residence time is lons
the large base-flow compor
the contribution of superfi
Seasonal variation in deutes
Apennines the range of d v

‘% and +11:1%¢ in winter (G.
% same-effect in the Venice r
i J. Ch. Fontes, G.M. Zuppi,
iy Sumimer and +10.2%. duri

J.MARTINEC: Have

;. between snow and rain?




IAEA-SM-228/19 349

averages of data. from 1974 onwards, when the limnigraph was started, one notes
acharacteristic minimal discharge during the winter months (100 litres/s on
average} and a maximum discharge at the end of the spring (700 litres/s on
average), a low summer discharge can aiso be detected, as can a.certain increase
during" the autumn. During the spring, thé increase in flow:becomes more and
fore régular as the catchment area .affé(;t,ed by-snow melt becomes-smaller.

So [ think that_the weekly samples are in fact lighty representative.

J.P. MOLINARI; I wasreferringto the large and rapid fluctuations in flow
which are generally found to octur within a day or a féw days when show is,
melting.in high Alpine karst regions:

G.M. ZUPPL: Karst systems show large and rapid.fluctuatipns in flow
during snow melt only-if the feéding basin is irregularly oriented and if it'is
subject to pronounced climatic or microclimatic variations. This i$ not true 6f
‘the Bossea karst basin, which has an area of only some 15 km?. However, what
you havé in mind occurs in thé Maritime Alps, éspecially at the Beingtte spring,
which is the largest spring of the whole Marguareiz-Mongioie-Mond6ié miassif;
with an average discharge of about 2 m?/s. 1 have no data at present about thé
hydraulic régimesof Bosséa, but such data have been published, at If:ast in part
(see Ref.[1]). I believe a more complete:description is to bé published in the near
future by my colleagues-at the University Q‘F'Tui‘in.

H. ZOJER: Your paper shows how important it is to investigate the D/'®0
relation in precipitation of différént-origins. Similarresults were obtained by us
in.the southern Alps.in anarea on the border between Austria and Italy. The
longer the medn residence: time of the spring water, the greater becomes the
disadvantage of having mixed water of different, origins, as the altitude effect
is overridden, and so in such casés it is very difficult or even impossible to fix:
the mean altitude of the-recharge-area.

G.M. ZUPPI: l.agree with you. THe seasonal change in.deuterium excess

s very useful for studying small karst systems. In large karst.systems where the

mean residernce time is longer the meteoric ‘Esignal” is completely masked by
the large base-flow comiponent, and in fact the nature of the mixing — or at least.
the contribution of superficial circulation — s not identiftable. Conceming the
seasonal variation in deuterium excess (d), | have'found that in the Latiutm
Apénnines the range of d valués in‘precipitation is between +15.9%.in summer
and +11.1%¢ in winter (G.M. Zuppi, unpublished data). I have.observed the
same effect in the Venice region and in the Dolomites, too (G:C. Bortolami,
1. Ch. Fontes, G.M. Zuppi, unpublished_data), where the range'is +14% during
summer and +10.2%so during wintér,

J. MARTINEC: Have you found any difference in the isotopic dltitude effect
between snow and rain?
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G.M. ZUPP]: No, we have not. Unfortusdtely, we sampled the precipitation
OVET tlwo months during which even:at the highest altitude all meteoric events
we}e in".]iqxﬁ'ﬂ ,-phas,je._ Since January 1977 my cqj]gagucs in Tunn hal\?bée?
sampling the precipitation at different elevations, but at present no stable isotope

duta are available.
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Interpretation of Metamorphic Assemblages -

Containing Fibrolitic Sillimanite

R.H. Vernon and R.H. Flood

School of Earth Sciences, Macquarie University, North Ryde (Sydnéy), N.S.W. 2113, Ausiralia

Abstract. Microstructural criteria distinguish two types of fibrolitic sillima-
nite-bearing aggregates, namely: (1) those with fibrolitic sillimanite in clear
microstructural equilibrium with the other minerals, and (2) those with fibro-
litic sillimanitc that appears to have grown without evident modificition
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 sillimanite.

{ntroduction

Fibrolitic sillimanite in many metapelitic rocks has becn inferred to have grown
ifter the other, coarser-grained minerals, which has led to interpretations involv-
g relatively late prograde sillimanite-forming reactions and even multiple meta-
worphic episodes. On the other hand, fibrolitic sillimanite in certain other
focks has been shown ro have grown in metamorphic compatibility with the
other minerals [1, 2],

In this paper, microstructural relationships between fibrolitic sillimanite and
sdjacent or enclosing minerals are examined in detail first. applying the principle
ihat grain boundaries tend towards low-encrgy arrangements [1-3), and then
the metamorphic implications arce discussed. Microstructural relationships can
tndicate whether fibrolitic sillimanite grew before or after the final positioning
of boundaries between the other mineral grains, although care must be taken
W using such inferences 1o propose metamorphic reactions.

The term ““harmonious™ is used where the boundarics of other minerals
ippear to have adjusted to the fibrolitic sillimanite, and the term * disharmo-
Mous ™ is used where ro such adjusument is cvident, Photomicrograpihs of **har-
m_onious“ relationships have been publisbed elsewhere [2], so that photographic
™idence in this paper concentrates on *disharmonious ™ relationships.
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Criteria for “ Harmonious” Fibrolitic Sillimanite

The following microstructural relationships favour an interpretation that fibrol;-
tic sillimanite grains wére in position before the final positioning ot 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 sillimanite
at applo\umncly 90°, or are attached to the corners of lle. elongate mlhm.mm
grains [1, 2]. '

(2) Low-cnergy shapes of inclusions {1, 3] (e.g. quariz in feldspar) are modi-
fied where their boundaries intersect grains or aggregates of fibrolitic sillimanite
[2].

(3) Grain boundaries of coarser-grained minerals are deflected by grains
or aggregates of fibrolitic sillimanite. This can causc irregular grain shapu
where fibrolitic sillimanite is present, compared with 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 deflected 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 [0], such as sillimanite
aggregates. If the twins arc 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 of the enclosing
mineral, and so may still post-date its growth. ‘

(5) Fibrolitic sillimanite occurs as trails of inclusions in larger grains of
other minerals, especially where (i) the orientations of the trails are unrelated
to the crystallographic orientation of the host mineral (e.g. [7], p. 315; [8).
p. 316]; (ii) the trails have curved or intricately folded shapes, whereas the
host mineral shows no optical evidence of deformation; (iii) the trails puss
continuously from one mineral grain to another of different orientation, withoul
deflection of the trails; and (iv) the trails can be traced across many adjacemt
or separated, diversely oriented grains of the same or different minerals.

Criteria for ““Disharmonious” Fibrolitic Sillimanite

The following microstructural relationships favour an interpretation that fibroli-
tic sillimanite grew after the final posmonmg 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-cnergy shapes of inclusions arc unaffected by the presence of fibroli-
tic sillimanite (Fig. 1a).

(3) Grain boundaries of other minerals are not deflected by fibrolitic sillima:
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Fig. 2. a Aggregates of parallel and sub-parailel fibres of fibrotlitic sillimanite projecting into gr4®:
from a cordicrite/cordierite grain “boundary. Sitlimanite-cordierite-biotite-quartz gneiss, Reynekd
Range, central Australia. Plane-polarized light; base of photo 0.3 mm. b Radiating aggroegaisd

- of fibrolitic sitlimanite that nuclcated on pre-existing planar garnetfquartz and garnet/fetdspur et

faces. Hornfels, Fongen area, Norway. Planc-polarized light; base of photo 0.3 mm. ¢ Rekitiveh
large, prismatic grains of sillimanite with terminal fringes of fibrolitic sillimanite. Same rack
in Figurc 2b. Plunc-polarized light: base of photo 0.8 mm. d Fibrolitic sillimanite occurring 1F
aggregates that are mainly parallel to {001} of larger biotite grains, some being parallel 10 the
rock’s foliation (vertical in the photograph) and others lying oblique to the foliation. deprnidds
on the orientation of the host biotite. Biotite-sillimunite schist, Pyrences. Plane-polurized Hebt
base of photo 0.8 mm :
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site (Fig. 1b), so that original low-encrgy, polygonal grain shapes are preserved
Fig. 1b) even where fibrolitic sillimanite is relatively abundant. Furthermore,
e size of these polygonal grains in sillimanite-rich areas is the same as or
«en larger-than that in sillimanite-free areas.

(4) Twin boundaries arc not deflected where they intersect Fbrolmc silhma-
aite (Fig. 1¢), suggesting that the twins (and hence the growth of the twinned
mineral itself) pre-date the sillimanite, regardless of whether the twins are of
srowth or deformation origin.

" (5) Fibrolitic sillimanite is concentrated at grain boundaries of enclosing
minerals (Fig. 1d), commonly projecting into the grains at a high angle to

“the boundaries (Fig. 2a), radiating from the boundaries (Fig. 2b), or, less com-

monly, in parallel origntation to another aluminium silicate mineral (Fig. 2¢).
For example, Watson ([9], pp. 156, 158), Pitcher ({10}, p. 421) and Sturt ([11},
p. 818-820) described fibrolitic sillimanite tendma to concentrate in quartz or
feldspar boundaries, with some projecting into the grains themselves. Watson
422) described fibrolitic
silimanite fringing biotite. Chinner ({8], p. 314).and Sturi ({117, p. 820) described
sillimanite fringing garnet, a$ in Figure 2b. This is an especially strong criterion
where the original grain shapes are of low-energy (e.g. polygonal or rational
crystal) configurations {1, 3}, becausc 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 1s controlled
by pre-existing grain boundaries, not. vice.versa.

(6) Fibrolitic sillimanite occurs in markedly radiating aggregatiés (c.g., [12],
p- 290) occurring (i) cutting across the schistosity in foliated rocks (indicating
random nucleation andfor growth of sillimanite, in contrast to suongly direction-
al nucleation andfor growth of the other minerals), or (ii) in massive rocks
ronsisting of predominantly polygonal or other low-energy grain shapes. The
radiating aggregates cross a number of grains of different minerals and/or differ-
ent orientations, without deflection.

(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 (o have grown simultaneously as a result
of prograde metamorphic reactions of the type chscussed by Carmichael ({14],
p. 251-253); -

(9) Fibrolitic sillimanite is concentrated in zones of relatively hwh strain,
for example in kink bands. in other minerals, in fractures within. one grain
or crossing several grains ({11}, p 822), and at “boundancs between marked
Stiain shadow zones’ ({11]. p. 8

Ambiguous Criteria ' . .

The following microstructural relationships have been used to make inferences
about the relative timing of fibrolitic sillimanite and the other minerals present,
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but they arc more ambiguous than the foregoing criteria, and so arc considereyd
separately:

(1) Fibrolitic snlhm.\mle occurs as thin veinlets and knots (" faserkiesel” ).
This is generally interpreted as implying growth of sillimanite after the other

minerals, provided that (i) the veinlets transgress the foliation of the rock..

with or without side-branches projecting -from the transgressive vemlels along
the folia ([9), p. 152, 154; {8}, p. 313; {10}, p. 421); (ii) radiating “*sprays’ ’ extend
out {rom the veinlets into adjacent mincrals; (iii) the foliation cnds abrupily
against the fibrolitic knots and is not deflected around them ({91, p. 152; {i0),

22); and (iv) the veinlets cut across individual grains of other minerals,
so that parts of grains on each sidé of the veinlet have matching oricntations,
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 the crystallographic origntation of the enclosing miner.
al. Generally this relationship is taken to imply growth of fibrolitic sillimanite
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 of the biotite in the rock. For example, Figure 2d shows fibrolitic
sillimanite parallel to {001} of biotite grains tying both parallel and perpendiculur
to the rock’s SChlSIOSHy

(i) Fibrolitic sillimanite needles are arranged at angles of 60° or 120° 1
one another in the cleavage planes of biotite (e.g. {8], p. 313; [15], p. 72), a)though
the arrangement is commonly also irregular to random in the same grain or
thin section. The regular arrangement is generally interpreted as resulting from
epitaxial nucleation of the sillimanite in the biotite {8], although an interpretation
involving simultaneous growth of the two minerals has also been suggestcd
([14], p. 254). Many writers have interpreted “ colour-bleached ™ biotite as having
resulted from advanced stages of replacement of biotite by fibrolitic sillimanite
(7). p- 313; (91, 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 biotite, and hence thinner flakes of biotite, rather than
to a chemical ““bleaching™ reaction.

(i1i) Watson ([9], p. 156-159) described fibrolitic sillimanite needles arranged
at angles of 60° or 90° 10 one another in feldspar, and also as_parallel groups
of necdles in vein quartz and feldspar, the oricnation of the groups being

controlled partly by the orientation of the enclosing grains and partly by the

local attitude of the wall of the vein.

(iv) Sturt ([11], p. 821) described sillimanite needles arranged parallel 10
(010), (110) and (001) of enclosing plagioclase.

(3) Fibrolitic sillimanite occurs in * pressurc-shadows™ or “tails™ abou!
augen or porphyroblasts (e.g. [12], p. 288), most interpretations favouring o
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, wherea
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ria, and so are considerey g adjacent or enclosing grains show no optical evidence of deformation, suggesting
. * (he sillimanite grew before the final growth of the other minerals. If the sillima-
nd knots (“faserkicse]® ). ; pite was formed later than the surrounding or cr.\c]osing mir_werals, vthe implica-
sillimanite after the other } iions are that (i) sillimanite underwent gppurcm miense fo‘}.dmg wlnle. lhe.othcr
he foliation of the rock, | mincrals in the rock escaped deformation ({12], p. 288), (1) the t?o.ldn.]g' is d_ue
ansgressive veinlets alony i 10 an unknown growth phenomenon ([15], p. 72, 73), (iii) the fibrolitic snlhma.mte
radiating “sprays™ exienqy | metasomatically replaced previously folded folia of biotite. Therefore, this criter-
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jon is ambiguous, although the interpretations involving late-formed sillimanite
are intuitively less likely than that involving pre-existing sillimanite. :

Metamorphic Implications

The relatively unambiguous criteria discussed above can indicate only whether
fibrolitic sillimanite gtew before-or after the final positioning of boundaries be-
tween the other mincral 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 emstcd
> befo;ethcfnaladjuslmem of boundaries of the other minerals. However, several
metamorphic explanations are possible, namely:

(1) The fibrolitic sillimanite grains were stable or metastable rchcs 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)
boundaries of the fibrolitic sillimanite grains [2] did not move during the final
adjustment of the more mobile, irrational (high-energy) boundaries of the other
minerals.

(3) The fibrolitic sillimanite grew after the other minerals, which nevertheless
underwent recrystallization and consequent adjustment of their boundaries with
the sillimanite. These minerals could have been (i) pre-existing unreactive miner-
als that werc stable or metastable under the conditiéns of growth of the sillima-
nite, or (ii) reactants present in excess of the amounts required to participate
; 0 the sillimanite-forming reaction. The boundary adjustment of these minerals
}  conceivably could have been promoted by (i) deformation occurring at the
sime time -as growth of the fibrolitic sillimanite and cqusmg, recrystallization
of the other minerals, (i) the formation of the sillimanite i a dehydration
reaction that released water or hydroxyl to 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 bave belonged to the same assembl: 1ge of chemically com-
patible minerals as the enclosing minerals. Although it mayv have finished grow-
ing before the enclosing mmcmlﬁ complcled the adjustment of their boundaries,
it may well have grown mimetically in former folded micaceous folia at the
§ samc time as the other minerals were growing, eventually to be enclosed by

them.
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On the other hand, where the microstructures indicate that fibrolitic silliny,.
nite grew after the final positioning of grain boundaries between the othe
mincrals, the metamorphic implication is that the other minerals were po,
produced in the sillimanite-forming reaction. However, the other minerals were
not nccessarily unstable with respect to sillimanite. They could have been stabie

“or metastable relics of an earlier metamorphic assemblage] there being .insult.
cient time for them to adjust their boundaries to xhe fibrolitic sillimanite undes

the prevailing metamorphic_conditions. ' .

Conclusion

Though careful interpretation of microstructural relationships can indicate the
time of growth of fibrolitic sillimanite rclative to the final adjustment of boun.
dariés of other mincrals present, several alternative metamorphic explanations
are generally possible. Therclore, caution should be used, first, in making micro-
structural interpretations (concentrating on relatively unambiguous relationships)
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 fibrolitic silimanite-forming reac-
tions result in microstructurally well-adjusted aggregates that obliterate pre-
existing microstructures, whereas other fibrolitic sillimanite reactions do nui
involve significant microstructurdl modification: of pre-existing. aggregates. The
full explanation of this dichotomy of microstructures involving fibrolitic sillima-
nite is not yet available, but we suggest that microstructurally well-adjusted
(“‘harmonious ") aggregates are favoured by one or more of the following condi-
tions, whereas microstructurally non-adjusted (** disharmonious”’) aggregates are
favoured by the absence of one or more of these conditions:

(1) The fibrolitic silfimanite is formed in any reaction other than a polymor-
phic change from andalusite or kyanite ‘to sillimanite, since other reactions
involve other minerals in the rock, and so would promote motion of graip
boundaries of these minerals. Even a local metasomatic introduction of alumi:
nium to form sillimanite would involve removal of part of another mincril.
although the volume of rock involved might be so small and the replacenent
so local that most of the grain boundanes between other minerals might ool
be involved.

(2) The fibrolitic sillimanite is formed in a dehydration reaction, releasing
water to assist movement of grain boundarics between other minerals.

(3) Deformation accompanies the growth of the fibrolitic sillimanite, promot:
ing recrystailization of the other minerals.

We hope that our distinction between different types of aggregates involving
fibrolitic sillimanite may promote further detailed description and lead o ¥
clearer understanding of the metamorphic significance of the dichotomy ¢
microstructures discussed herein.

Acknowledgements. We thank Dr, D.W. Durney for critically reading the typescript.
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: g.t VLS. LIQUID FRACTIONATION ,
S ' .
o) ;,{‘ L. N. Kogarko, I. D. Ryabchikov and H. Serensen .
@ c] . V15.1. Introduction Fitzroy Basin, Western Australia, the Nyira- !
i , - u: !
PR In a number of igneous provinces differentiation sg:li?licvm:sx,:c hellrc]i,cllf;ﬂ:,r e;r\1ld4 ttl;: R:;rr\l;r;
i processes, such as fractional crystallization, . ¢ province. pter V. s proc
. " . o . L is considered in order to explain the relations at
Lo filter pressing or assimilation, fail to explain the . . .
; . . . ) Mont Dore, and in Cantal, Eifel and Bohemia.
3 ( observed serial relationships. Instead the investi- In the Roman volcanic region the first emitted
' N gators refer to processes involving enrichment ortion ofan;a a u:“ m glt U °rﬁc'sl art. is
cl in fugitive components, such as gaseous transfer, ficheqt 0 pneuf\]:to'lytif: el:xsnentzw(Lol:ar%i z;nd |
) neumatolytic, filtrational or diffusional dif- L . ‘
L pneur t Y v ; usi S Mittempergher, 1969, p. 10). This is demonstra-
“ ferentiation and thermodiffusion (the Soret . S §
o e ted very clearly in the distribution of U and Th
J o effect), or to liquid immiscibility. . . . ' '
D Hamilton (1965) has coined the term “fiquid and it appears that this effect is best developed i :
2 o fractionation’ in order to describe the processes :/r;r\t/ic;laclan;ets nf:'id by ama%n;a ';esstervconsﬂf f g\;?:; . '
i 1] by which a magma is differentiated into parts of xterision, as for instance the -2 ‘ :
: 1 graded or contrasted compositions without yoleano, while magma chambers of slight i i
i : . - g L i i isplay thi - ;
¢ i involving crystallization of anhydrous mincrals, :zrntlcal extension do not display this phenome ! ;
: ; j This migration and separation of thg com- In' the Vico complex there is a progressive :
N B ponents take place in the liquid state by diffusion enrichment in potassium bot when DRedmato. ‘ j
b 3 of mobile components in response to tempera- Ivtic diff . ‘d . in tl pn | i
. qi ture-pressure gradients, by gaseous transfer of ytic diiterentiation dominaies in the apical part | .
* 1=} . .
T ! P & y gascous lransier of the magma there is a sharp decrease in .‘
N ;:% volatile material, or by liquid immiscibility botassium which is not balanced by an increase . ;
A . . chi a i :
- (liquation). : . . . :
:‘} These processes may be described under two in sodium _(Locardn and Mxttempe\r gher, 1967, .
s 0 headi atolvtic differentiati P- 330). This may be due to a loss of K from the |
= H main headings, pneumatolytic differentiation, o d is displayed in low K/Rb ratio !
] i esulting in upward migration of volatile con- pyromagma and is displayed in low ratios !
s ; f g P g and high U/K and Th/K ratios indicating that !
: i stituents towards the apical parts of magma there is no simultaneous enrichment in}& Rb, U ;
‘. reservoirs, and tiquid immiscibility, resulting in and Tl P '
;. a splitting up of the magma during or prior to nUpt;.n (1969, p. 5) has pointed out that in the :
P v crystallization. . iy . ! .
%l In cases it may be difficult to distinguish a g:)lddilein:a\v,a"iy Of‘ S::t(lia:: thcr:,pnr:s;r}gdrix;fz;gr:: i
o {' build-up of volatiles in residual melts due to tiatio uehe‘tie;lct] cd some for . were ; :
“‘ F‘ I crystallization  of anhydrous minerals from cnric!?edsi:f Si]icj am;e;:k:l?spe;"hgor :2::1:35 ;;s ;
, concentration of volatiles brought about by minimal in the fast L 7p hich :
> HB . . . - . . H
; l migration of material in the liquid magma. folrrrlnm: hm | ¢ las ' n:ng rhagmas, whic i
i ed the plateau lavas, but more important in ‘i
= o slower rising or stagnant magma columns. ;
Y VI.5.2. Examples of the Application of the ) _ ) ) i
. ; Preumetolytic Differentiation Hypothesis V1.5.2.2. Differentiated Sills and Other Intrusions i
- . ) ‘ In differentiated sills and laccoliths there often ¢ i
L B V1.5.2.1. Volcanic Provinces is a silicified (in tholeiitic intrusions. cf. '
In Chapter LL5 pneunntolytic differentiztion Hamilton, 1965) or a zcolitized (in alkali
o . is invoked to explain the petrology of the basaltic intrusions, cf. Wilshire, 1967) zone
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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 (Hurlbut 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 tosodic pyroxenesand 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 Kingnat intrusion, the Gardar
province ([V.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.

V1.5.3. Mechanism of Pneumatolytic
Differentiation

In Chapters 1.2.7. and VL4.1. 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 VL4.1, 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-
snzed the role of diffusion alon ng pressure 7 and
temperature gradients resulting in a concentra-

{ionof gases in the upper parts_of magma
chambers, characterized by the lower tempera-
mwmm%me
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 but pressure

gradients also provoke diffusion (cf. Wilshire,
1967, p. 153). .

The importance of diffusion of volatiles in
granitic and granite pegmatitic magmas has
been contested by_Burnham (1967} and Jahns
and Burnham (1969) who point out that the
equilibrium water pressure gradients are much
smaller than considered by Kennedy (1955} and
that this dnvmg force for dlffusmn of water to
establish
They f favour transportation of volatiles in vapour
bubbles rising through the magma. The im-
portance of transportation of material in such
high-temperature fluid phases has been demon-
strated experimentally, for instance by Orville
(1963) and Burnham (1967).
, KOgarko apter VI4.
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 quantitics of water when they, as demon-
strated by Tuttle and Bowen (1958) and Luth
iriched in sodiu

granitic melt may take place without separation
of a water-rich phase and there may be a
from granitic melts int

The authors therefore maintain that liquid
fractionation by diffusion of volatile components
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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 Mittempergher, 1967), or by filter
pressing, cf. the [limaussaq lujavrites (Serensen,
1962).

V1.54. Examples of the Application of the
Liguation Hypothesis

Liquid immiscibility has by a number of
geologists (e.g. Loewinson-Lessing, 1884, 1935,
Fenner, 194%; 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 into
two tmmiscible 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 the sequential
extrusion of basic, acid and alkaline lavas
(including trachytes, phonolites and basanites)
within the Cenozoic petrographic provinces of
New Zealand by liquation in the essexitic magma
of the source reservoir.

The splitting up of alkali basaltic magma into
two melts, one of which markedly enriched in
water, has been proposed to account for the
origin of rounded bodies of analcime trachy-
basalt in phonolite (Tomkeieff, 1952), for
natrolite bearing globules in a picritic 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 petrogenetic role in this
province (LV.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 with silicate melts may also
take place at the 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 Ryab:hikov, 1968). The formation
of ‘anatectic’ salt 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 naujaites from the
llimaussaq massif may have originated by
separation of two immiscible liquids, one of
which extremely rich in water (Serensen, 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.
Villiaumite is distributed rather irregularly in the
Lovozero foyaites forming separate patches,
occastonally 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,

The origin of magnetite (titanomagnetite)-
apatite deposits associated with alkali gabbro
intrusions is often ascribed to the process of
separation of an immiscible liquid. The ore body
of magnetite-apatite at Kiruna, Sweden (Geijer,
1931; Asklund, 1949) is made up of magnetite
with an admixture of apatite and ncgligible
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Fig. 1 Villiaumite dark and sodalite (network around villiaumite grains showing

‘relief’) aggregates in the mesostasis

of foyaite from the Lovozero

Massif. x 30, 1 nicol

amounts of hornblende. The wall-rocks are
porphyries of syenitic and quartz-syenitic
composition. - Fischer (1950), analyzing’ the
phase-diagram of the system

Fe,0,-Ca,(PO,);F-Si0,-Na,0

concluded that experimentally obtained im-
miscible melts correspond respectively to the
ores and wall-rocks (cf. VI.5.5.3). Bogatikov
(1966) also demonstrated that the compositions
of gabbro-syenites from the Sayans containing
apatite-titanomagnetite ores correspond to the
two-liquid field.

The Khibina apatite deposits (see IV.2 and
VI[) may be products of immiscibility 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 apatite-
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 er
al., 1964; Minakov et al., 1957).

V1.5.5. Experimental Data on Liguid Immisci-
bility

Liquid immiscibility in silicate-oxide systems
(i.e. containing O%> 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

liquid regions in silicate syste Kogarko and
Ryahchiko 969)—Fhis is related to the fact
tl}at the dissolution of fugiti ituents in

i €lts results in the replacement of O
anions by salt-forming anions such as F~, CI,

At o

YT




g

£

R < L ch

‘x;r‘u‘f W

2
&

e

'G‘Eﬂ‘ &'}‘ ey

g e T
[
o thiz

t
e

‘.-&é‘,l

)

Nozo
N°3A'Fs ‘ NoAIO2
5102
NoAISnSOB
NuI\ISiO4
NoF
NaF - NaAlO2

V1. Petrogenesis

Si0

Fig. 2 Tentative diagram of the two liquid region in the system Na, Al, Si|O, F after Kogarko (1967)
’ : and Kogarko and Ryabchikov (1969)

S$2-, and SO,%, which in turn leads to the
appearance of exchange equilibria of the type

2Na,0 + SiCl,— 4NaCl + SiO,.

These equilibria are shifted in such a way that
salt-forming anions are bound with basic
cations—Na, K, Ca, Mg, ctc., 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 4G 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). S

V1.5.5.1. Systems Containing Fluorine

Ofl'shansky (1957); Ershova (1957, 1962);
Ershova and Ol'shansky (1958) have demon-
strated significant increases in the dimensions of
the immiscibility gaps in the systems CaO-CaF,-
Si0,, MgO-MgF,-Si0,, CaO-CaF,-Al,0,-
AIF;-Si0,, etc., as a result of the substitution of
oxygen by fluorine. Later it was shown
(Kogarko, 1967, Kogarko and Ryabchikov,
1969) that immiscibility exists in the system
Na-Al-Si|O-F (Fig. 2). This field of liquid
immiscibility includes the petrologically im-
portant joins NaAlSiO,-NaF, NajAlFs
NaAlSiO,, Na,AlF.-NaAlSi,0,, Na,AlFs
Si0,. The join NaAlSi,O4-NaF is probably not
far from the critical point of the immiscibility
field.
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Fig. 3 Phase diagram for the join nepheline-NaF (Kogarko and Krigman, 1970)

1. nepheline or carnegicite and silicate melt;
I1. silicate melt;
TI1. liquid immiscibility in microscopic scale;
IV. two liquids;
V. two liquids and nepheline;
VI. fluoride-rich liquid;
VII. nepheline and fluoride-rich liquid;
VIIL. nepheline and villiaumite;
~  field of unknown crystalline phase.

(1) homogeneous melt; (2) one crystalline phase + liquid; (3) microliquation; (4) macroliquation;
(5) one crystalline phase - two immiscible liquids; (6) below solidus. .

In the system NaAISiO ,~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 the join nepheline-NaF.

V1.5.5.2. Systems Containing NaCl
Kotlova et al. (1960) cstablished an almost

complete immiscibility of liquids in the system
SiO,—-NaCl. The immiscibility gap in the molten
state was shown to extend from this boundary
join into the region of considerably more alkalic
compositions in the system NaCl-Na,0-Al,O,~
SiO, (Ryabchikov, 1963). With increasing
alkalinity the mutual miscibility of silicate and
chloride melt$ riscs, but the addition of even
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shown i

Legend: Cg = carnégiéife; Ne = nepheline; Sod = sodalite; Ab = albite; L, = silicate-rich melt; ;

L, = chlaride-rich melt. ;
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small amourts of NaCl to silicate: melts which ferrous oxide in the system CaO-FeO-P,0, was i
are close in composition to alkaline magmas reported by Olsen and Metz (1945-46). Fischer |78
leads to the appearance of two immiscible mélts. (1950) continued the investigation of iron oxide- Se
In particular, in the presence of as little.as I'3{ _ phosphiate systems. He found an extensive two- "
¢chlorine by weight a melt of natural lujavrite: liquid field in the system Fe,0,-Cay(PO,)F, (1
{from the Loveiero massif) splits into two which is closer to natural compositions. fig
liquids (Pavlov and Ryabchikov, 1968). In the systein NajO-8i0,-Cay(PO,),-ALO, in
The solubility of NaCl in silicate melts in investigated by Melentiev.and Ol'shansky. {(1952) Al
equilibrium with sodium chloride melts in the -the liguid - 1mm15cab:hty field” mcludes the eq
joins albite=NaCl and the albite 4+ nepheline petrologically important JOlﬂS.Ca APQ,)-albite, sic
eutectic-NaCl is within 2-3 wt. "% at various the albite + silica eutectic-Cag(PO,),, and ut
temperaiures (Ryabchikov, 1963 Kostcr van nepheline -+ albite eutecuc*Caa(PO o With cel
Groos and Wyllie, 1969). Even. at 1550 °C the increase in the contents of alumina and sodium e?q
solubility of NaCl in neplicline melts satirated oxide the immiscibility gap contracts (Fig. 5). lig
with respect to soditim chloride mielt is only Numerou$ silicate-sulphide mixtures give o
2:2 wt. % (Kogarko and Ryabchikoy, 1969). two, liquids after melting. These systems are iai.
) reviewed by Ol'shansky (1950), Smith (1961) and ten

¥1.5.5.3. Systems Contaising Phosphorus, Sulpluir MacLean (1969), ' pre
or COy The equilibrium . of two liquid phases (s:hcatc ga
Wide Gelds of immiscibility between melts of and -carbonate) was also observed. at elevated hig
almost pure SiQ; and silicate-phosphate liquids pressures and temperatures in the system adt
in the system CaQ-P,0,-SiQ, were demon- Na,0 - Ca0 — AL,0; - 8iQ, - CO, - H,O (VL3 tent
strated by the experiments of Tromel (1943). The Koster van Groos and Wyllie, 1963, 1965, 1966; Ke
immiscibility of fused calcium phosphate and Koster van Groos, 1966). ing
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Fig. 5 The two-liquid field in the system Na,O-
Al,0,-Si0,-Ca,(PO,), (after Melentiev and
Ol'shansky, 1952) with the plotted compositions
of various rocks from the Khibina apatite deposit
after Dudkin e al., 1964) ’

I—one liquid; II—two melts; (1) ijolite-urtite;
(2) apatite ijolite; (3) reticular apatite-nepheline
rocks; (4) lensc-like and banded apatite-nepheline
rocks; (5) spotted nepheline~apatite rocks; (6)
lense-like and banded apatite-titanite-nepheline
rocks; (7) spotted apatitc-nepheline rock from
the Poach-Vumchorr deposit; (8) banded rock

from the same deposit.

Vi15.54. Systems Containing Aqueous Salt
Solutions

Tuttle and Fricdman (1948) and Friedman
(1951) described equilibria of two immiscible
liquids (silicate-rich and water-rich) and vapour
in the systems Na,0-Si0,-H,0 and Na,0-
AL O;-Si0,-H,0. The appearance of such
equilibria in these systems is due to the con-
siderable decrease of silicate liquidus tempera-
tures caused by the addition of water. Above
certain critical temperatures (¢. 390°C in the
experiments of Tuttle and Friedman) aquecous
liquid and gas phases become identical.

An analogous situation arises in systems con-
taining silicates, salts and water at 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.c.
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 4 aqueous saline solution may gradually
merge into equilibria of silicate melt - 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 the
substitution of the O2- of the silicate melt by
such acid anions as F-, Cl-, PO, CO,%,
SO,%, etc. may lead to the formation of
immiscible liquids. As has been pointed out in
Chapter VL4, 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 conditions of the
separatiop of immiscible liquid may be realized.

V1.5.6.1. 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: tawites and poikilitic soda-
lite syenites from the Lovozero massif, Kola
Peninsula (IV.2; Gerasimovsky et al., 1966),
naujaites from the llimaussaq massif, Greenland
(IV.3; Gerasimovsky, 1969). They contain in
average about 2:3% of chlorine and sometimes
up to 5%, These compositioas fall into the two-
liquid regions of the experimentally examined
systems.
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Polyakov and Kostetskaya (1965) suggésted on
~ the basis of geological data that the sodalite-rich

rocks and the lujavrites of the Lovozero massif:

were. products of two immiscible liquids (cf.

IV.2). We shall consider this hypothes;s in the.

light of physico- chemlcal and. geochemical
evidence.

For this purpose we constructed the semi-
quantitative melting diagram (Fig. 4) for ‘the
system NaAlSiQ ~NaAlSi;O4NaCl based upon
the experimental data of Koster van Groos
(1966), Wellman. (1968) and Kogdarko and
Ryabchikov (1969). The' topology of the more
complicated phase diagram (Na, I()A[SIQl
(K, Na)AISi,O4(Na, K)Cl, more closely corres-
. ponding to: natural magmas, must be similar.

Accordmg to this diagram trystallization of cer-
tain compositions situated in the field of primary-
carnegieite (or néphelineé under hydrgus con-
. dltlons) will résult in the separation of the second
chloride-rich ‘liquid phase before Any sodalite
crystals appear. This liguid is inequilibfium with
silicate melt and:nepheline crystals. The chloride-
rich liquid will eitfier be disseminated in-the
mixture of silicate melt and crystals or ascend
and accumulate. in structurally favourable parts
of the magma. chamber, With further cooling
the primary nepheline wilt react with the
chloride-rich liquid under the formation of
sodalite. This results in the consumption of the
chloride-rich liquid in the major ‘part of the
intrusion, while near the p!zices’ where - the
chloride-rich liquid is accumulated the.crystals
of nephétine will disappear. The crystallization
of this system is discussed in more detail else-
where (Kogarko -and Ryabchikov, 1969). The
tesidual chloride-rich liquid (if it is presecved)
has an extremely low viscosity, it may migrite to
places where nepheline is- present and be res-
ponsible for the mctasomatic sodalitization of
the latter.

This scheme based upon a tentative phase
diagram fits many features of the natural sys-
tems: the presence of both primary and meta-
somatic sodalife and the occurrence of irregularly
shaped bedies ‘of sodalite-rich rocks surrounded
by lujavrites with lesser amounts of sodalite in
the Lovozero massifl. These sodalite-rich. bodies

ihay be products of the interaction of NaCl-rich
liquid with nepheline and silicaté melt near spots
of- accumulation of the chloride-rich liquid
(Kogatko and Ryabchikov, 1969). The data on
the distribution of Cl and Br among the poiki-
litic sodalitesyenite and the surroundmw lujav-
tite. of the Lovozero massif corrobiofates the
hypothesis on the leading role of liquid immis-
cibility in the origin of the sodalite-rich bodies
(Kogarko and Gulyagva, 1965),

Thie poikilitic sodalite syenites of the Ili.
.aussaq intrusion (naujaites, cf. [[.2.2.5) are
nearly identicdl to those of Lovozero. It should,
however, be pointed out that all investigators of
‘the llimaussaq intrusion favour the view that the
naujaites, which form a zone several hundred
‘mietres.thick in the upper-part of this intrusion,
are. flotation cumulates -formed by flotation of
sodalite crystals in'a very fluid gas-rich magma.
Ths interpretation is in agreement with field, as
well ‘as experimental evidence {Sgrensen, 1969).
It miay for instance be pointed out that the
naujdite upwards grades into sodalite fovaite
having interstitial sodalite and that it.is intruded
by the clearly younger lujavrite; Serensen (1970)
has therefore- pointed at the pOSSlbl]lt}f that the
Lovozero naujaites similarly may, originally,
have formed.a continuous upper zone which is
now partly engulled by lujavrités.

Sulphide deposits, whose genesis is-ascribed to
the formation of immiscible. su[pinde melts, are
not related to atkaline magmas: they occur with
basic-ultrabasic complexes. However, the pres-
ence of $%- alongside with Cl- in' agpaitic.
hepheline: §yenites may conmbute to the forma-
tion 6f.a second immiscible: hquxd in the case of
sodalite-rich rocks -which contain signifi¢ant
concentrations of §*- (0-16,wt. 7{) as ¢ontrasted
with the surrounding lujavrites (0-08 wt: %)
(Gerasimovsky ¢t al., 1966).

Vi.5.6.2. Fluorine-Rich Nepi‘re!me Syenites

Experimental” factual knawiedge shows that
fluorine expdnds the two-liquid fields in silicate

systems, ‘thiough fo a lesser degree than chlorine.
Agpaitic nepheline syenites (Lovozero, Iii-
maussaq, Islands of 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 frem
the system Na,0-Al,0,-SiO.-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.)

V1.5.6.3. The Apatite-Nepheline Ores of Khibina

Dudkin et al. (1964) have plotted the com-
positions of the apatite-nepheline ores of
Khibina (cf. VI.5.4) and the underlying urtites
on the melting diagram of the system Na,O-
Si0,-Al,0,-Cay(PO,), (cf. VI.5.5.3). The bulk

.compositions of numerous ores (silicate --

phosphate components) fall into 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 et 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 apatite-nepheline-
H.O (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 are 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.

V1.5.6.4. 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 the 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
sycnites strongly enriched in villiaumite.
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VI.6. RESORPTION OF SILICATE MINERALS

W. C. Luth

V1.6.1. Basic Principles

When attempting to evaluate the réle 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 with 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 libcrated, 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 T are 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/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 Y 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 with respect to 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 than
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, [ 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 609 Ca,MgSi,O, 40%
CaMgSi,Oq at 1405 °C and | bar which is
just saturated (at the liquidus) with akermanite?
(Fig. 1a). A portion of the question can be
answered directly in that the total mass of the
system is now 110 g and the bulk com-
position is composed of 50 g CaMgSi,O4 and
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THE LEVER RULE WITH FRACTIONAL
CRYSTALLIZATION AND FUSION

S. A. MORSE

Department of Geology and Geography, University of Massachuser,
Ambherst, Massachusetts 01002

ABSTRACT. The lever rule can be used in fractional crystallization and fusion g

lems with phase diagrams to evaluate the relative proportions of liquids and soj.:.

any stage. The problem in crystallization is to find the total solid composition (-
which is a trivial excrcise with cutectic systems, but one requiring either a nume,

(Rayleigh) solution or a graphical one when solid solutions occur. In either app,..
to the problem, the ratio of some component in the crystals to that component in -,
liquid must be cstimated. In the numerical case the crystals have the instantan:.
solid composition (ISC), and the ratio is the Nernst distribution coefficient. In :.
graphical case, the crystals have the total solid composition, and the ratio is assumn .
vary linearly between known initial and final states. When the total solid compa. ..
is known, the fraction of liquid is found by a lever connccting the liquid and ;..

solid compositions, using the bulk composition as a fulcrum. An analogous proce s
is used with fractional fusion, except in this case it is the total liquid compm:..
(TLC) that must be found, either numerically or graphically. A few systems perues
to common basic rocks serve to illustrate the method.

INTRODUCTION

Phase diagrams are quantitative models of natural geologic systes=
We tend to take the quantitative aspect more or less seriously, depend.:.
on the complexity of the natural system compared to the synthetic «r
However, there are times when one would like to explore the quam:
tive implications of a phase diagram to the hil, either for their predic:»
value or for testing the relevance of a synthetic model to a particul:
well-known natural system. For example, how much rhyolite, in the liz:-

.can be produced by the fractional crystallization of basaltic mac:

Although K,O is the component that usually provides the limiting
swer, it would be nice to know the restrictions implied by, say, the ple:
clase system alone.

The lever rule is the graphical device that yields the crystal:li; -
ratio when the compositions of the crystals, the liquid, and the wv
(that is the bulk composition) are known. This rule can be used in !+
tional crystallization provided the composition taken for the cystb
that of all the crystals so far produced by the liquid; this compov
may be called the total solid composition, or TSC. By contrast the *

- stantaneous solid composition is the solidus composition, which ale

sweeps ahead of the total solid composition in fractional crystallizs*
but which is identical with the total solid composition in equilib: -
crystallization. Please refer to figure 1. The total solid compositiun *
lows a continuous path (TSC path) in compositional space throughv-
fractional crystallization process, and this path always terminates ¥
bulk composition (BC).! The total solid composition also always *
toward the instantaneous solid composition (ISC), which lies on the

. &
* Bulk composition is used here as the composition of the system chosen for ”f‘vf ¥
ticular exercise. It does not vary during the exercise, contrary to the unfortun3! § .

of some authors.
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.« the total solid composition is knc
1 (TLC) is found, using the same P
wtallization.
The lever rule may be supplante
a with a variable exponent. The v
.mated from phase diagrams, a proc
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Y12, 1. Portions of fractional crystal and ligy

*iam. The carly stages of crystallization are r
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"“‘;lur.:ms to the liquid paths ab and be yiel
DC 1 and ISC 2). The total solid compos

'+ ""Calong path AB. When the liquid change

| 1mulis (ISC 2), and the TSC path changes
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. angent to the liquid path. The instantaneous solid composition,
lies on the leading tangent to the TSC path. The total solid

.pulk composition and the liquid.
‘The purpose of this note is to call attention to various means of

Jing the total solid composition corresponding to any liquid, so that
be applied. The TSC may be found rigorously in many
.mstances and 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-

. (TLC) is found, using the same principles as for finding the TSC in

auallization.
The lever rule may be supplanted by a Rayleigh distillation equa-

o with a variable exponent. The variation of this exponent can be
.mated from phase diagrams, a procedure closely related to the linear

seeesee Liguid path

“sT Path of the instantaneous
! solid composition

= Path of the total
solid composition

———Tangent ,
—— Tie line

BC © Bulk composition

:t,l Levers

FL =l/(4+l)~=.07 C

(<]

o
‘ZJ
~ AN
b - ~<a so\“\“’“
/ \50\\6
\:) oC \//
. ! /
[ /-
Iy
i Is/
/

.- ’ A
Fig. 1. Portions of fractional crystal and liquid paths in an imaginary X-X phase

«étam. The carly stages of crystallization are not shown; neither arce the final stagces.

. lang ab and bc yield the instantancous solid composition
% (ISC 1 and 1SC 2). The total solid composition (TSC) continually moves toward
*INC along path AB. When the liquid changes its course abruptly to bc, a new ISC
A results (ISC 2), and the TSC path changes accordingly to BC. Two sample levers
1zl the bulk composition yield the fractions of liquid remaining (Fu) 0.15 and 0.07.
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approximation used in the graphical method for finding the tota]
composition or total liquid composition.

The principles for {ractional crystallization and fusion will be j;
trated with three {amiliar systems: anorthite-albite, diopside~anory
albite, and forsterite-diopside-silica, all at atmospheric pressure, A ).,
example concerning fractional fusion will be given for forsterite-¢
side-silica-H,O at 20 kb. :

NOTATION
AbTL, AbTSC, Ab™ The weight fraction of albite in, respectively, .
liquid, the total solid composition, and the inu,-
neously-formed crystals. '

BC Bulk composition, always the composition of the ,
) tem.

F, Fraction of system present as liquid.

1LC Instantaneous liguid composition (melting).

IsC Instantaneous solid composition (crystallization).

K Nernst distribution coefficient; ratio of the we,
fraction of a component in the ISC to that in liquid

L Liquid.

R Ratio of the weight fraction of a component in -
TSC to that in liquid.

R’ Ratio of the weight fraction of a component in
TLC to that in the TSC.

TLC Total liquid composition (fractional fusion).

’ TSC Total solid composition, .

ANORTHITE~ALBITE

Crystallization.—A few qualitative considerations may serve to i
“trate the problem. For a liquid with bulk composition (BC) An;, i ¢
plagioclase system (fig. 2), the first crystals produced on cooling hae
composition Ang; ;. A continuum of crystal compositions (ISC's) t -
here down to An, is produced on fractional crystallization. The in-
and final total solid compositions (TSC’s) are obviously Ang; and b
(= BC) respectively; the proportions and compositions of crystals i
continuum produced over all crystallization history must sum to the i
composition. Applying the lever rule, the fraction of liquid Fi »
when the total solid composition equals Ang; ; and is zero when the *
solid composition equals Ang, The problem is to find the path o
total solid composition between the initial and final states. This ms'
done by a graphical approximation.

For simplicity in the following discussion, let

Ab = X,;, (the wt fraction).
Let the ratio of Ab in the total solid composition to Ab in the liquid I
R = AbTSC/AbL (= K =ADbX/ADbL for F;, = 1).

An independent solution for R will give the total solid composit:* °
sociated with any liguid. '

The lever rule with fractional cr:

For the initial and final states, assumi

have
AbTSC
Initial 0145
Final 0.40

v i5 assumed constant at its mean value

ae TSC path

15 obtained; errors reach

o with some other bulk compositio
-uly with AbY, however, as plotted in

4 =T
.60 R vs Liquid Compo
- -
g 58 BC=An,y
o 50t o
(1]
o a5l
2 .
n
@« ‘40 \
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.R'vs Solid
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o
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® 1400
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o
-
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g
= 3
ev
1200 08
(4
s
| |00L - 1
Y 20 40 (
Ab An, wt. '

't 2 Phase diagram of the plagioclase felc
_“f.’mcx are shown for the fractional crys
e 2ud TSC (total solid composition) paths

“=Uons for these initial tie lines. The

sC

n " the upper graph. A single lever is she
i“""‘*!’Oll(lll]g to the fourth line of tabl
U.31. Fractional fusion of BC Any, is

ot liquid, Ang,
® Loy are gi\.en

s This path is plotted from
in table 2.




{. Morse The lever rule with fractional crystallization and. fusion 333
ical method for finding the tqry ,, yur the initial and final states, assuming a bulk composition of Ang,
sition, e ' :

crystallization and fusion wij| e ..____Ab“c é—b—ri— -Ii-

s: anorthite-albite, diopside-ay.,,- Initial 0.145 0.40 0.363
ica, all at atmospheric pressure, | ‘. Final : 0.40 1.00 0.400

usion will be given for forsteritc .

IOTATION
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tal solid composition, and the T
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'stem present as liquid.
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olid composition to Ab in the liquid ¢

= K =AbNI/AbE for F, = 1),

will give the total solid compositie® *
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¢is assumed constant at its mean value, 0.382, a crude approximation
«« TSC path is obtained; errors reach 2 percent An (they get much

¢ with some other bulk compositions). If R is assumed to vary

ilv with AbY, however, as plotted in figure 2, a very close approxi-

L L T T
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b 2, i m of the plagioclase feldspars, modified after Bowen (1913).
<t iie lill)llz‘:sirglzg(“)?\'n ?or the };m%(ional crysta‘l)lization of bulk compositions Any,
. and TSC (total solid composition) paths are shown originating at the solxduz
“~itions for these juitial tie lines. The TSC paths are plotted from the values o
““ilin the upper graph. A single lever is shown for. the btalk‘coxllpnsxtx({|1 Anm a;
- ¢orresponding to the fourth line of table I; this lever yields the fraction o
‘P = 0.31. Fractional fusion of BC An, is shown by a TLg‘pzuh nngm:'luug ;1(
“dial liquid, Ang,. This path is plotted from the curve for R’ in the upper graph.

“€t data are given in table 2.
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mation of the TSC path is obtained, using a Rayleigh calculatioy |
below) as the criterion. Table 1 illustrates the results of this prore
for arbitrarily chosen values of AbL The values of the fraction of T E
Fy, are calculated from the relation g

§

Ty = [/s+] = AbBC—AbTSC/AbL—ADTSC,

The total solid composition path, plotted from the third colum:
table 1, is shown in figure 2. It is of interest to note from table 1 i}...
one seeks the amount of “rhyolitic” (An = 10) liquid to be derivy!
fractional crystallization of a bulk composition Ang, the answer is 3 .,
cent of the initial mass. '

A similar treatment for the bulk composition An,, yields the o
total solid composition path shown in figure 2. In this case, the viel! . 5
“rhyolitic” liquid is 24 percent. One further test of the validity of a -
ing linear R is provided by this bulk composition: the first few i~ %
points (not plotted in fig. 2) fall slightly within the loop. This is 5.
bidden region for TSC’s, since the total solid composition cannot adv;+ &
more rapidly than the instantaneous solid composition that lies on
solidus. The points in question lie up to 0.6 percent An inside the sol:
whereas they should lie very slightly outside of it. The slight amour.:
the deviation suggests that the assumption of linear R is close enough -
the kind of modelling 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 made via the Rayleigh (18%:
tillation equation, which may be written for present purposes

g_
¢
AbTSC = AbL (1-FF) [(1-Fy), %
%

where Ab, is the initial weight fraction of Ab in the liquid, and the
ponent X is the Nernst distribution coefficient Ab¥!/AbY; see for exa-
Neuman, Mead, and Vitaliano (1954) and Gast (1968). The distribz:
coefficient K, however, is not constant but variable (in the plagis
system and undoubtedly in natural systems as well), and its variation
be plotted and expressed analytically from the phase diagram in the -
lowing way.
o TasLE 1

Values of R, AbTSC, and F, for selected values of AbY, fractional

crystallization of bulk composition Ang,

Ab® R AbTsC Fi
Initial 0.4 0.363 0.145 1.0
05 0.369 0.185 0.68
0.6 0.375 0225 047
0.7 0.381 < 0.267 0.31
0.8 0.388 0.310 0.18
' 09 0.394 0.355 0.08
Final 10 0.400 0.400 0

O S e O ¥

The lever rule with fractional crystall

The initial values of X and R are equal
aitute the total solid composition. In any
soclase system, the final value of K is 1, ar
w1 composition is nearly linear. In order tc
~neral utility, it is necessary to express K as
aquid F. Since K spans the range 1 to R, a
o 1 =(FL(1=R,)). Using this relationship, 1
twe calculated for chosen values of Fy, or vi
- discussed the Rayleigh equation for variab
~ for its variation have not been compile
-est. Because K must be evaluated before t
»ed. the graphical method is quicker.

Fusion—Fraction fusion (Presnall, 1969) |
ically in a similar manner to crystallizati
A liquid composition (TLC) that is sought
smoves along the solidus, and its path is th
wnd by calculating R’ = AnTLC/AnTSC for ¢
~ and applying the linearly derived inte

iwd values of the solidus composition (A
its of such a calculation for the fractional
on Ang, are posted in table 2, and the TI
~nabove the liquidus in figure 2.

It is interesting to compare the volumes ai
meed by fractional crystallization and fusi
o in An-Ab; this is done in figure 3. Al
mt produced at all by the fusion proce
allization process yields a larger amount

-+ umounts of basic liquid. Identical amou;

thut at a temperature 20° higher for the
<ratures of the fusion process constitute tk
-incesses. For most of the intermediate and
wwelds are similar, and if the batch produc
1 tontext, there would be little basis for d
wts of crustal fusion or crystallization. ]

TaBLE 2
Values of R’, AnTLC, and F,, for selecte
fractional melting of bulk comp

AnTs¢ R

Initjal 0.600 0.342
.0.650 0374 .
0.700 0407
0.750 0439
0.800 0.471
0.850 0508
0.900 0536

. 0.950 0.568

Final 1.0 . 0.600
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R -~ Ab™C . F,
0.365 0.145 1.0
0.369 0.185 0.68
0.375 - 0.225 047
0381 . 0267 - 031
0.588 0.310 0.18
0.304 0.355 0.08
0400 - - 0400 0
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rhe initial values of K and R are equal, because the first crystals
.atute the total solid composition. In any complete loop such as the
~xlase system, the final value of K is 1, and the variation of X with
" composition is nearly linear. In order to make the equation above
.ueral utility, it is necessary to express K as a function of the fraction
quid F.. Since K spans the range 1 to R, and Fy, spans the range 1_ to
, - 1 =(Fr,(1—=R,)). Using this relationship, the total solid composition
te calculated for chosen values of Fy, or vice versa. Greenland (1970)
liscussed the Rayleigh equation for variable K, but analytic expres-
~ for its variation have not been compiled for systems of geologic
rost. Because K must be evaluated before the Rayleigh equation can
~al, the graphical method is quicker.

Fusion.—Fraction fusion (Presnall, 1969) in An-Ab may be treated
hically in a similar manner to crystallization. In this case, it is the
+liquid composition (TLC) that is sought; the total solid composi-
-moves along the solidus, and its path is therefore known. The TLC
and by calculating R’ = AnTLC/AnTSC for the known initial and final
~ and applying the linearly ‘derived intermediate values of R’ to
ted values of the solidus composition (AnTSC) to find AnTLC. The
s of such a calculation for the fractional melting of the bulk com-
<ion Ang, are posted in table 2, and the TLC path for this process is
~nabove the liquidus in figure 2.

itis interesting to compare the volumes and compositions of liquids
'uced by fractional crystallization and fusion of the same bulk com-
~tion 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
rllization process yields a larger amount of albite-rich liquid and
«r amounts of basic liquid. Identical amounts of An,, liquid are pro-
~«lbut at a temperature 20° higher for the fusion process. The higher
.cratures of the fusion process constitute the main difference between
“wocesses. For most of the intermediate and basic liquid compositions,
“iclds are similar, and if the batch products of the liquids were seen
-+f context, there would be little basis for deciding whether they were
“ucts of crustal fusion or crystallization. It is to be noted that the

TABLE 2
Values of R’, AnT:C, and Iy, for selected values of AnTSC,
fractional melting of bulk composition Ang,

AnTse R AnTLC F.,

Initial 0.600 0.342 0.205 0
0.650 0.374 0.243 0.12
0.700 0.407 0.285 0.24
0.750 0.439 0.329 0.36
0.800 0.471 0.377 047
0.850 0.503 0.428 0.59
0.900 0536 0.482 0.72
0.950 0.568 0540 0.85

Final 1.0 0.600 - 0.600 1.0
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Composition of liquid, weight per cent

Fig. 3. Comparison of liquid volumes and compositions produced on fra.

crysiallization and fusion of BC = An, in the plagioclase system. The crystall -
curve is also reproduced in figure 6 for comparison with Di-An-Ab. Abbrevai~

TLC, total liguid composition; L, liquid.

’/

total liquid composition path is a cumulative curve, and as Bowen v
often wrote, it would require “selective fusion oft-repeated” to pro -

the continuum of crystalline products achieved in fractional a»
lization.

DIOPSIDE-ANORTHITE-ALBITE

Crystallization.—A portion of the system is shown in figurc 1
a bulk composition BC composed of (Ang,) 85 percent, Di 15 peiie
the plagioclase + liquid field. It is assumed for convenience that i
tem is ternary. A segment of a liquidus fractionation line? BC-F i+
dotted. While the liquid moves from the bulk composition BC v}

instantaneous solid composition spans the range Ang, to Ang. As Joars

the total solid composition remains on the plagioclase sideline. '
no problem in rigorously determining Fy; for example when the
has just reached F in the figure, a line from the liquid through the ~
composition to the plagioclase sideline defines the total solid ¥
tion, and the lever rule yields Fy, = 0.49. )
Now the trouble starts. As diopside (Di) crystallizes, the tot:'*
composition must rise into the triangle along some such path ‘.
in figure 4. As in the plagioclase system, we have the initial an- _
states corresponding to Fy, = 0.49 and Fy, = 0 (we ignore all vi# *

.

2 Fractionation curve of Bowen; the term “liquidus fractionation linc”
gested by Presnall (1969).

e
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Weight per cent

"¢ b Portion of the phase dia i
i data of Osborrll) (1942) gﬁlmpglri;
'.".' ;\lorsp. (1973). The system is treate
! ,c'fu'nposmon BC is (An,) 85 percent
! ;‘ apex are like the legs of thrce-ph:a<
- Rid tomposition of the plagioclase, not

'-'-u."rf‘ [?alh i shown dotted. The ren;aim'
" '1}. AbB™C values for the Di-Plag leg:

m‘”wm’m'd composition. The positions o
s l'll‘;lough BC from the liquids. The

. ¢ TSC path connccts the derive
i cous solid composition for the 1

‘¢ Hquid path and the (Di-An) leg?

"“ clicets), The corresponding valu
Uit smaller than in the plagiocl:
“wvis well as fattens the projectec
"'!\"l';?:l_' of linear R between the i
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el iquid poth
. TSC poth

— —Tie line (toL) or
construction line
1274 (to TSC)

- Lever

$
-]
&
s
&L
g

10°fusion, 13907 crys!.

i e

60 80 100
An

liquid, weight per cent

s and compositions produced on fis:..
in the plagioclase system. The crystal;. .-
comparison with Di-An~Ab. Abbreva. .. B

e .
[ —
. S S

. R e e
) &0 An
i cumulative curve, and as Bowc: o ) 65 78 84

Weight per cent

ective fusion oft-repeated” to pro . 1SC range, F,s 1.0 10 49

xdu i 1 ional ¢ ~
cts achieved in fractionl « t.2. 4. Portion of the phase diagram Di-An~Ab, modified after Bowen (1915)
vug to data of Osborn (1942) and particularly Schairer and Yoder (1960), as
v ~od in Morse (1978). The system is treated as ternary here, although it is not.
ORTHITE-ALBITE wik composition BC is (An,) 85 percent, Di 15 percent. Truncated lines radial
f the system is shown in ﬁgure SN +she Di apex are like the legs of three-phase triangles, but the Di-Plag legs meet
f(A 85 i Di 15 e ul solid composition of the plagioclase, not the solidus composition. The L (Plag)
of (Ang,) 85 percent, Di 15 percen -nation path is shown dotted. The remaining L (Plag, Di) path follows the Reld
s assumed for convenience that the*  § <y The Ab™SC values for the Di-Plag lcgsf are Cfound from a graph (not shown)
i i ; ine? B TR T sersus liquid composition. The positions of TSC's on these legs are found from
‘"dus fractionation 1".“:: BC-Fis . I ' passing (Ehrough EC from the lipquids. These levers yield the fractions of liquid
om the bulk composition BC to F. 8 ficated. The TSC path connects the derived TSC points. The point labelled 1SC
»ans the range Ang, to Ang, As lon. ~mstantaneous solid composition for the liquid at F, = 0.49; it is located by the
ns on the plagioclase sideline, thre- "t 10 the liquid path and the (Di-Ane) leg of a three-phase triangle.

ni.ng Fy; for exflmple when the By § v effects). The corresponding values’ for R are 0.328 and 0.400,
line from the liquid through the! ' ing out smaller than in the plagioclase system, since the component

Jeline defines the total solid comy urows as well as flattens the projected plagioclase loop (Wyllie, 1963).
0.49. ssumption of linear R between the initial and final states yields the
iopside (Di) crystallizes, the total ~ ~of AbTSC and Fy, in table 3. For each valie of AbY, the calculated
angle along some such path as slt” § . of ABTSC js used to plot the Di~plag'® leg of a construction tri-
system, we have the initial and * § c A lever that defines the position of the total solid composition on

) and Fy, = 0 (we ignore all the ¥~ § kg is then found by connecting the composition of the liquid with

the values of Ab®, AbTSC, and R are taken relative only to plagicclase component,
* they are projected from diopside. -

- term “liquidus fractionation line” w4 *

T ————

e me v A s AT B - e twapiee e W
= T Ces

- e e

e v e vy

——s -
I SN P

PRy

YT s mvap W e Seia—— EUEYY




338 S S. 4. Morse,

the bulk compositon. The lever rule may be applied to each suc) ). .

to vield Fy,. These levers are not tie lines in the usual sense. The ar;s.
total solid composition points found in this way may be connecic
form the TSC path, as shown in figure 4. The Di + Plag instanta,.
solid composition path is not shown in figure 4, but it lies just belus
cotectic curve, being in turn produced by tangents to that curve. A .

ISC, the instantaneous solid composition produced when Fy =

plotted in the figure. A cruder solution for the total solid compn

path in this system may be found in Morse (1973), where 1SC parl.
also discussed.

Fusion.—Fractional fusion of the same bulk composition, illu;.
in figure 5, begins with the generation of liquid at 1213°C on th¢ -
boundary. Extraction of this and succeeding liquids (instantaneous |
compositions, JLC’s) drives the total solid composition away fro:
bulk composition along the TSC path (crystal path of Presnall, .
shown in the figure. The first instantaneous liquid composition .
confined to the cotectic. The melting process is arrested at 1229°C,
the loss of all Di from the total solids. Up to and including this me:s
the total liquid composition is given simply by the intersection
cotectic with a line through the bulk composition from any chosen ;.
on the TSC path. Henceforward, after a large rise in temperature (13-

the total liquid composition accrues plagioclase components only, . |

ing the dotted path in the figure. The value of R’ = AnTLC/AnT< \.
from 0.493 to 0.600 during this melting of residual plagioclase, and i.s
variation of R’ is assumed in order to estimate intermediate val.r

AnTLC for chosen values of AnTSC, The TLC path is then plotted. -
AnTLC lines radial from diopside, intersected by TSC-BC lines whu: -

also levers from which F;, may be determined. Two levers are shwv-
figure 5, at F;, = 0.52 and 0.59.

About half the mass of this bulk composition can be extrac:
the limit, as haplodioritic liquid before diopside is used up. The
increase needed to produce further melting of plagioclase is vt
adequate insurance against such an event in nature.

TABLE 8
Values of R, AbTSC, and Fy, for selected values of Ab%
bulk composition (Ang) 85 percent, Di 15 percent
; DA

) Ab | R AbTSES &
Initial YR 0400 - 0:160 10
05 0.850, 0175 , - Ot

0.67 0.328 0220 - 04

© . 070 0.334 " 02%4 048

. i 075 0346  © 0260 0.8
v 0585 0.366 0.310 0./
et 0.95 0.389 0.870 st
Final w10 - -, 0400 0400 - 0
Tinal .
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The lever rule with fractional crystallization and fusion 339

i« is of interest to compare the volumes and compositions of liquids
yced by fractional crystallization and fusion in Di-An-Ab, as done
_ihe two solid curves in figure 6. As with the plagioclase system,
| ire large differences in the amounts of albite-rich liquids produced
«all differences in the amounts of more basic liquids. However, as
soted, there is a large thermal impediment to the generation of the
«hositic liquids required in fractional fusion, whereas the ternary
ks produced by fractional crystallization of plagioclase in this sys-
.nave much lower temperatures. )
Also shown in figure 6 is the albite enrichment trend of the liquid
actional crystallization in the An-Ab system, for comparison with
;milar trend in Di-An-Ab. Albite enrichment proceeds more rapidly
« ternary system, and an inflection occurs when Di joins the crystal-

§ casemblage.

i
— —Tie line
—-=== Construction line
—— Lever
“— TSC path
eerpeses TLC poth
© BC

TABLE 3 6;-.

1 Fy, for selected values of AbY, G

155) 85 percent, Di 15 percent ; !
R AbTec F !
— ) ﬁ —_— ] V. |
0.400 0.160 1.0 1 : (a08°c. +———ILC (2) —- An
0.350 0.175 - 074 h
0.323 220 049 Fig. 5. Fractional fusion in Di-An-Ab, using the same bulk composition as in
0.334 0234 043 “<t 4. The dotted line is the total liquid composition (TLC) path. Two instantaneous
0.316 0250 0.33 - composition (ILC) paths are shoin, one on the field boundary and one on the
0.366 0.310 0.11 “uoclase sideline. The TSC is driven away from BC by tangents to ILC’s. The TLC
0.389 0.370 1 0.05 % is constructed from the ratio R’, which yields An*¢, and h'om'imcrscclions with

- 0400 . 0400 0 ¥ through the bulk composition from the total solid composition. Sample levers

“shown at F = 052 and 0.59. . e
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340 S. A. Morse

FORSTERITE-DIOPSIDE-SILICA
Crystallization.—The fractional crystallization of a bulk composi;; .

Foy3Di,5(S10,)4, is illustrated in figure 7. The phase diagram is red,.,.

from Kushiro, 1972. Relations along the Di~Tr boupda.ry are uncery; -
but the liquid is assumed to leave the system. The liquid Rath 18 shn
as a dotted line. The phases and assemblages produced are, in order, }

(assumed invariant for graphical convenience), Prg, Prg, + Tr, Pig + 4

and Di,, + Tr. The liquid path L (Fo,,) is treated as .thou.gh §traighl: i
path L (Pry) is very slightly curved, and the remaining lxq}ud paths ;-
confined to field boundaries, which are nearly straight. Th_e Instantan
equilibrium for liquid G is L (Pig, Dl:ss, Tr), zmd_ t.he.reacuon 1's.0dd. :3‘,
is, Pig + L = Di, + Tr under_ continuous .equilhbrlum conditions, |-
liquid will not stop here in fractional cwstalhzauo-n.. .

The discontinuous instantaneous solid composition (ISC). paths .
as follows. The first 1SC is Fog, assumed inva.riax‘lt for convemencq, b
second is Prg, varying slightly toward Di; it is difficult to sho'w: this .
rectly at the scale of the drawing, but it must start at a composition .11...
the Fo-Si0, sideline and end at a slightly more Di-rich composition. 'l
third is Pr,, + Tr, on the extended tangent to the path of the l!q.
toward S. The fourth is Pig + Tr, on the extende'd tangent to the lig.
path from S to G. The fifth 1s Di,, + Tr, again difficult to draw withe.

introducing unwanted confusion; however, the ISC has a fleeting o1 - _

tence on the tie line X-SiO, and thereafter follows closely behind :

/ : ' *
<10 T

¥ \ L]
fusion 1553°C 7/~ 1407°C cryst.

O
8 & A .
R ud
—~ /
/ 13
_—3 /— An-Ab crystallizetion
6F / / o T
K3 /___1408°C
F. 7 12187 ,,’ 1229°C

4 0
4 220 1213°C
o Lousz’e [0 L
o 20’ 40 60 80 100

An
Composition of liquid, weight per cent

g . - - ed on s
Fig. 6. Comparison of liquid volumes and compositions produc !
crysta;ﬁzation anpd fusion of bulk composition (Ane,) 85 percent, Di lﬁs p:crc;n;“ -
An-Ab. The curve for crystallization in An-Ab is reproduced.from figy
parison with the ternary curve.
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The lever rule with fractional crystallization and fusion 341

;1 through G to places unknown. The final ISC path is not shown in
¢ 7, because it overlies the liquid path until the latter. becomes
el .
§ The total solid composition moves, after Fy, = 0.74, from Fo,, toward
§ _ien toward Pr,, + Tr, then toward Pig + Tr, where the TSC path
. the corner, then toward G and the field boundary passing through
the ranges of solid solutions are so'small that calculations of R are
.srranted. Instead, the TSC path is constructed by tangents to ISC
. and the lengths of TSC path segments are determined by lines
wh the bulk composition from the appropriate liquids. The TSC
+is shown in figure 5 as a medium-weight line, and a sample lever
4 L through the bulk composition to the TSC path illustrates the
tication of the lever rule at F, = 0.40. At this stage, the solids consist
1mass of dunite and a mass of enstatite rock in the ratio 43:57, given
: solid-solid lever with fulcrum at the end of the tie line and ends
.1lie at Fogg and Pr,,.

In this analysis it is assumed that the amount of liquid leaving the
Di-Si0, triangle is trivial, and that the liquid path terminates as

:

g Di, CoMgSi,0f
x Digg ond Pig(Liq.=G)
; FDS —_— 0.0 — “riquid path
BC 65-15-20 { 15C path
FRACTIONAL =~ TSC path
CRYSTALIZATION —— Tie tine or lever

F. Fraction of liquid

A

.

,\.ﬂ:
———

¥4,8i0, Si0,

Hg. 7. The system forsterite(Fo)-diopside(Di)-silica, after Kushiro, 1972. The liquid
. u dOl_ied, and a sample lever is shown for F, = 0.40. Abbreviations: Pr, proto-
‘te; Pig, pigeonite; Cr, cristobalite; Tr, tridymite. .
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shown in
is.in reality an § curve,
drawing. Under the simp
by the process are:

figure 7. The TSC path for the u
but this is not readily

lifying assumptions,

me after the liquid has lef;
shown at the scale of 5 .
the lmp‘lo rocks Pi‘0t111..

(Fy, 1.0 -0.74)

dunite 26 percent

ehstatite:rock _ 47 percent (F1, 0.74-0.23)

ti‘id}'ﬁ\itﬁ-—el’lstafité YoC 4 percent (F L 0.27-0.28)

tridyinite-pigeonite rock 4 percent (Fr, 0.23-0.19)
~19 percent (Fy, 0.19-~0)

tridyfnlite—diopside ‘rock!

Fo-Di-5i0,~H,0 AT 20-xB
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.ced have the compositions Y, X, XW, and Fo. Of interest here is

_ath of the total liquid composition, the TLC path, marking the
. summed composition of all liquids produced. The TLC path
.ws at first a straight mixing line, the line YX, dashed in the figure.
..otectic curve XY in the figure is given an exaggerated curvature to
, that the TLC path has nothing to do with the cotectic.

Ihe extraction of the invariant liquids Y and X moves the total
: composition first from the bulk composition to C, then from C to
when the total solid composition has reached D, diopside is used up,
:he liquids move along XW, the peritectic boundary. The total liquid
«wsition moves toward this collection of liquids, but its direction is
.nated by the end of the boundary line near W as will be seen
«ly. Point D is so close to the Fo-SiO; sideline that a ternary treat-
+is difficult. A close approximation can be achieved by projecting

-1 D and the curve XW onto the Fo~-SiO, sideline from Di and solv-
.the problem in the “binary” system. This procedure yields liquid of

sposition (XW) 76 percent, crystals of forsterite 24 percent. When
-nalized to the mass of the entire system, which has 62 percent solid
sposition D, these figures become 47 and 15 percent respectively. Re-
aing to the ternary diagram with this result of 15 percent solid
werite remaining, a lever can be drawn from Fo through the buik
sposition and terminated at E so as to give Iy, = 0.85, Fg(_po = 0.15,
«h is the position of the last TLC before pure forsterite begins to
4 The TLC path from F;, = 0.38 to 0.85 may now be constructed with
«¢onstraint that it must lie everywhere below the extension of the line
+-t, which is the leading tangent to point E. It quickly becomes ap-
nt that the TLC vector toward X and related liquids is micro-
wcally short, and that the liquids sweep rapidly toward W. This is
wcted in the TSC path, which quickly approaches the sideline Fo-En.

Liquids Y and X correspond to model rhyolite and basaltic andesite,
wctively, in the example used by Yoder (1973). They amount to 20
‘et (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
~1as 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
sunt of liquid X generated from solid composition C which amounts
") percent of the system after extraction of liquid Y. Multiplication of
l:l“e(l DCX by 0.8 gives the correct result, 18 percent, for the yield of
ud X,

It may be useful, in such an exercise as Yoder's, to find explicitly a
k«{mposition that will yield a specified ratio (such as equal amounts)
“uids Y and X on fractional fusion. A simple graphical solution of
"'a problem is now offered. Lines of constant yield of liquid Y are
“ously parallel to the En-Di join as can easily be shown by similar

g “dles. 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

-
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Metal accumulation rates over the East Pacific Rise and Bauer Deep rule out normal authigenic precipitation of

iron and manganesc as the major mechanism of enrichment to the metalliferous sediments. A hydrothermal source
located along the East Pacific Rise is compatible with the transition metal and aluminum accumulation rates. IFor the
Bauer Decp the accumulation rate data suggest either that metal-bearing phases are being transported from the rise to
the protected basins of the deep or that a second hydrothermal source exists within the Bauer Decp. A major portion
of the minor clements being deposited in the Bauer Deep could result from authigenic precipitation, thus accounting
for their distinctive chemical composition.
:
‘ 1. Introduction consist of several deep, morc-or-less parallel valieys.
The decepest valleys are in the western portion of the
' The enrichment of transition and other metals at decp, in a region of great local relief that marks the
! the crests of mid-ocean ridges has been well docu- contact between the older crust generated at the
mented [1-6]. The unusual chemical composition “Galapagos Rise and the crust formed by spreading at
[5], distinctive isotopic composition [3,6,7], and the EPR [11]. The Y71-7-36 MG2 core used in this study
. close association with submarine volcanism has led to (Table 1) was recovered from onc of these valleys.
i the conclusion that these sediments form by precipi- In this paper we compare metal accumulation rate
“z tation from submarine hydrothermal solutions re- data for the Bauer Decp, the EPR and the flanks of
¢ sulting from the reaction of scawater with cooling the EPR, in order to evaluate the origin of these un-
. basalt lava [8]. usual deposits.
,: Although these types of deposits are typically as-
Il sociated with active spreading centers, at least one
F', deposit has been described which is adjacent to but 2. Data and procedures
" noton the ridge crest — the Bauer Deep {7,9,10]. The :
Bauer Deep [10], which lies between the Galapagos Three sediment cores representing the EPR crest, g
Rise, an extinct spreading center 1o the cast, and the the EPR flank, and the Baucr Deep were sclected for
East Pucific Rise (EPR) to the vest (Fig. 1), is one of dating by the 2*°Th method (Fig. 1). Uranium and :
the major basins within the Nazca Plate. The 4000-m thorium concentrations and isotope activities (Tablc 1) 3
contour roughly outlines the basin which appears to were measured by alpha spectrometry using procedures -f
! g
P i
| 3
g
.1;
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Fig. 1. Physiography of region studicd and location of samples used for metal accumulation rates.
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TABLE 1

Uranium and thorium

P

Depth
(cm)

Q3

——

Y71-745 P
10-15
50-55
92-97
142-147
192-197
260-265
300-305
343-348

KK71-106 GC10
10-15

42--47

72-77
112-116

Y71-7.36 MG2
0-5
1520
35--40
50--55

8
84
9

8G

91
Bl
89
8

91
86
90
91

1
1.

All values on total weipl
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Uranium and thorium isotopic data for sediments from the East Pacific Risc and Bauer Decp

Depth CaC03 ] ©Th B3y 238y 2307y S~
(cmy) (ppm) (ppm) {d/m/g) d/m/g)
y71-7:45 P

10-15 87 0.29 0.14 1.10 £ 0.03 7.8 6.97
50-55 89 0.32 0.25 1.06 £ 0.03 8.02 1.75
92-97 9 049 0.12 1.09 + 0.03 5.50 5.11
(42147 86 0.39 0.20 1.09 £ 0.03 3.75 333
192-197 91 035 - 0.53 1.09 = 0.03 3.38 3.08
160-265 90 0.69 0.20 1.16 + 0.03 1.75 1.16
300-305 89 0.7 0.28 1.13 £ 0.03 0.94 0.35
343-348 85 0.66 0.11 1.08 £ 0.03 0.89 0.36
KK71-106 GC10

10-15 91 0.18 0.25 1.10 £ 0.04 12.5 12.4

42-47 86 0.17 0.25 1.03  0.03 8.57 8.44

12-77 90 0.19 0.38 0.94 £ 0.04 4.59 4.46
i12-116 9l 0.15 0.31 1.00 £ 0.04 1.57 1.46
Y71-7-36 MG2

0-5 1.2 1.48 1.48 1.04 1 0.02 102 101

15--20 1.53 4.57 1.04 ¢ 0.02 78.2 76.9

35-40 16 1.45 3.57 1.02 £ 0.02 24.3 232

50--55 C3 2.14 2.95 1.00 £ 0.02 4.38 2.80

All values on total weight basis.

1307h, 234y 238y in disintegrations min ! g_l (d/m/g). Errors quoted are based on counting statistics (£ o). Other crrors are:

U(~3%); Th(5 - 10%); 230Th(~3%).
* 230Thex = 230’“1’234[).

r—r—r71—} 000 —r—1—r—7
FY71-7-36 MG2 3

Y00 - ———y—y—r—— 100~
I Y7i-7-a5pP

]
F KK71-106 GCIO}

t{dpom/sg)

230
ex

93 mm/10%yr
1o

Th

[ 14 mm/I0* yr

VR R Y St

A Al SOV S SR —
0 100 200 300 400 ©O 40 80 120 0 20 40 60,

DEPTH (cm)

g;% 2. Sedimentation rates for cach of the cores analyzed for
“UTh dating in this study. 230TY is taken from the last column
in Tabie §.

previously discussed [12]. Sedimentation rates were
derived from the exponential decrease of excess 2*°Th
(uranium unsupported 2*°Th) with depth in the sedi-
ment (Fig. 3) by dividing the half-life of 22°Th (75,200
years) into the depth interval over which ”°Thcx de-
creases to one-half of its value (Fig. 2).

In addition, following a procedure suggested by
Sackett {13], the inventory of 2*°Th on the western
Nazca Plate was determined by comparing the mca-
sured accumulation rate of 23°Th, in the sediments
(**°Th,) with the expected production rate of 23°Th
from uranium in the seawater column directly above
each core location (* 30Thp), using an uranium concen-
tration of 3.3 pg/l in scawater and a 22*U/2*8U activity
ratio of 1.15 [14,15].

In order to apply the sedimentation rate data to the
problem of metalliferous sediment origin, we have cal
culated metal accumulation rates (Table 3) using chem-
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MODEL | )
r\l’rcnspo(l of hydrothermal sediments to Bouer Deep
o /\

\/
MODEL 2

Varioble metal/aluminum deposition
P

-,
-
-
~——

MODEL 3
EPR ond Bauer Deep Hydrothermal Sources
- A :

— —~

MODEL 4
EPR hydrothermol, Bauer Deep Authigenic

Aluminium Accumulation Rate =----

‘‘‘‘‘

Tronsition metal Accumulation Rote ——

T T T
Rise Rise Bauer
Crest Flonk Deep

Fig. 3. Four modcls accounting for the origin of the high
transition metal to aluminum ratios observed on the East
Pacific Rise and the Bauer Deep {20].

ical analyscs determined by atomic absorption spec-
troscopy (Table 2). See Dymond et al. {3} for analytical
details. Metal accumulation rate data for the three cores
analyzed in this study and data from seven other cores

TABLE 2

Bulk sediment compositions

analyzed by Bender et al. [6], McMurtry and Burne
[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 kmy
west of the rise to 1300 km cast of the risc. We have

. recalculated the metal accumulation rates reporied by

Bender et al. [6] and McMurtry and Burnett [16], by
using values of bulk sediment density and water con-
tent estimatcd from the relationship of these variables
to the carbonate content, as developed by Lyle and
Dymond [19]. This procedure appears accurate 1o
within 25%, whereas the constant dry bulk density
used previously can produce errors of >300% in the
metal accunulation rates. For example, our estimate
for the Fe accumulation rate of sample KK71-84-FF(C
115 is 3.3 times lower than the previously published
value {16] which assumed a dry bulk density of 0.75,
For the higher carbonate simmples, the density correc-
tion is relatively minor, but hus been used tor con-
sistency. Also we have not used the accumulation rate
data for one of McMurtry and Burnett’s {16] rise
crest cores (core 109) because it displays an anomalous
composition. The Fe/Al value for this core is 0.18.
This compares to an average Fe/Al for 30 rise crest
cores from between 10°S and 17°S that we have ana-
lyzed of 52.4 (Fe/Al range in these 30 cores between
5.3 and 165).

Sample Fe Mn Si Al Cu Ni Zn
(%) (%) (%) (%) (ppm) (ppm) (ppm)
Y71-7-45 P
5-10cm 1.26 1.97 0.56 0.0780 67 146 31
97-102 cm 1.66 0.55 0.90 0.1020 89 26 31
205-210 cm* 1.53 0.39 - 0.1170 - ~ - 29
305310 cm* 2.07 0.67 - 0.1800 - - 38
KK71-106 GC10
5-~10cm 0.42 0.14 0.71 '0.0890 45 13 12
Y71-7-36 MG2 '
5-10cm 14.1 3.04 16.1 2.18 781 498 308
28-35cm 12.9 2.99 15.9 2.07 749 430 286
5360 cm 15.2 - 3.59 15.0 1.87 857 587 433

* Analyses from Kendrick {18].

Lb el Gl a2 ni ndia S e

]
vl
of
ob
Al
f1¢
un
Pl

vl
the
Al
the



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-
iip of these variables
oped by Lyle and
sears accurate o
dry bulk density
s of >300% in the
mple, our estimate
mple KK71-84-FFC
>viously published
ulk density of 0.75.
the density correc-
en used for con-
¢ accumulation rate
nett’s [16] rise
splays an anomalous
his core is 0.18.
for 30 risc crest
» that we have ana-
30 cores between

Zn
(ppm)

31
31
29
38

12

308
286
433

o

3. Discussion

From a consideration of the metal/aluminum pat-
werns obscrved over the Nazca Plate, Heath et al. [20]
suggest four possible origins for the high metal/alumi-
num values observed in sediments from the Bauer
Deep and EPR: (1) the sediments with high metal/
sluminum values originate along the EPR by hydro-
thermal processes, with some fraction subsequently
ransported 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 hydrothermal
systems operating in the two regions, and (4) the rise
crest sediments could be hydrotheninal, whercas the
Bauer Deep deposits could largely be authigenic. hy-
drogeneous phuses accumulating in an area of very
slow sediment accumulation.

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 quite 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, we expect enhanced Al contribu-
tion since it scems likely that Al would be relessed in
hydrothermal reactions involving albitization of plagio-
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 mode! 2,
variable metal/aluminum deposition rates, as means
of producing the high transition 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-
imum 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 Decp relative to the flanks of the EPR,
authigenic metal accumulation (model 4) cannot be
the dominant process of metal deposition. Based upon
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Fig. 4. Metal accumulation rates taken from Tuble 3 vs. distance
from the crest of EPR.

the manganese accumulation rates measured in nodules
and sediments over all parts of the sea floor, a uniform
and slow precipitation of mangancse over the oceun is
not an unreasonable assumption. Rates of manganesc
accumulation in 13 nodules range from 0.2 to 1.0 wmg
cm™2 1072 yr™! with most nodules having rates less
than 0.6 mgem™2 1072 yr™' [21]. Manganese accumu-
lation rates measurcd in 38 sediment cores have a median
value of 0.8 mgem™2 1072 yr™! [21], not greatly dil-
ferent from the nodules. For purposes of discussion, we
will assume the authigenic Mn accumulation rate in our
region is 0.6 mg em™2 107 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 to the vari-
ability exhibited in Fig. 4. Thus, as discussed previously
[6], the rate of manganese accumulation on the rise
crest is 10—50 times greater than values found in nod-
tles or sediments from non-volcanic regions of the 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/Fe cquals approximately 3 in
nodules from the Nazca Plate [22], the authigenic Fe
accumulation rate in the region can be assumed to be
approximately 0.2 mg cm™ 107 yr='. Thus, the rate
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TABLE 3

Metal accumulation rates and 230y inventory

[3], however, limit detrital iron to very tow percentag®

TN e P PR SR -

> 2Dy

Sample name Water Sedimcentation Bulk Water A

and location depth rate (em/102 yr) density content . .

(m) (g/cm?) (%) fo
Y71-745 P 1.
11°05°S, 110°06'W 3096 0.93 1.40 50

KK71-106 GC10 f:

9°59'S, 106°02'W 3447 0.43 1.57 45

Y71-7-36 MG2 m

10°08°S, 102°51'W 4541 0.14 1.11 80
KK71-82-FFC109° . ?
12°05°S, 11°37'W 3069 1.08 1.48" 512
KK71-84-FEC115% ' 59
11°58'S, 103°23'W 4548 0.19 11s’ 8o?
KK71-87-1FC132° "
11°33'S,97°27'W 3996 0.20 1.40" 562

V19-54° 82

17°02'S, 113°54'W 2830 1.50 1.34! 61°

V19613 10,00

16°57'S, 116°18'W 3407 0.70 148" 512

V19-64° 380

16°56'S, 121°12'W 3540 045 147 512

DSDP sitc 319° st

0-8m

13°01°S, 101°31'W 4290 0.11 1.16 792

1 Bulk density calculated from the expression: p = 0.88 ~ 0.20X — 0.03,\’3:.
Water content caleulated from the expression: = 0.83 — 0.36.X.

3 Accumulation rate calewlated from the expression: 4 =C - 8§+ p(100 - w), where C = concentration of clement, § = sedimenta- (‘!":“‘:
tion rate, p = bulk density, and w = water. plain
Scdimentation rates und element concentration data used to caleulate metal accumulation rates from MeMurtry and Burnett {16 ather |

5 Sedimentation rates. Fe, Mn. Ni, Uand Th concentrations used to caleulate accumulation rates from Bender et al. {16]. Al Fot

6 accumulation rate determined from concentration data of Dymond (unpublished data, 1975). . .
Scedimentation rate from _micmf:luuul determinations (DSDP Leg 34, Hole Summaries), element concentration data used to tion i
caleulate metal accumulation rates from Dymond et al. [17], above,

7230y, 4 = yecumulation rate of ZJO'I'hQS. Calculated like metal accumulation rutes, except that extrapolated surface values of 2-3

s 23°1hcx (dpm/g) from sedimentation rate plots are used in lieu of average metal concentration data. SO o
~23°Thp = production rate of 2307 in ocean water column at core location. Caleulated from water depths shown, and the average pus'iw\
seawater values of 3.3 up U/t and 23“U/sz = 1.15.

autlug
of iron accumulation is more than 500 times greater detrital iron from land-derived clays and volcanic, sili- Nazca

on the Last Pacific Rise and 20-30 times greater within cate debris. The low Al content (Table 2) and lack ol fon 1.

the Buuer Deep (Tuble 3, Fig. 4) than this value. Some X-ray identifiable minerals in metalliferous sediments ;‘l“"‘ |

of the iron accumulation in these sediments could be wve
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Accumulation rates (ug em™? 1073 yr )3

2301, inventory (dpm em 2103 yr7Y

e Mn Al Ni U Th 230qy, ,7 2307y, .8 230gy, , /2%0Thp
11,000 5800 780 56 0.31 0.1 8.3 N 1.0
1600 500 330 S 0.06 0.1 70 89 0.79
4400 1100 620 16 0.05 0.07 56 11.8 047
710 860 4000 70 - - 8.6 8.0 1.1
5900 2100 1300 46 - - 20 116 0.17
1700 950 1900 46 - ~ 6.1 10.6 0.58
82,000 28,000 610 160 4.0 <0.2 11.8 14 1.6
10,000 2030 410 27 027 <0. 10.8 8.9 1.2
3800 620 410 17 0.11 0.08 78 9.2 0.85
3500 1000 640 19 - - - - -

Clearly, authigenic precipitation (mode! 4) cannot ex-
Plain the pattern of Fe deposition in this 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 the Bauer Deep is
2-3 times our assumed average ocean value; thus, 30-
50% of the manganese in the Bauer Decp could be de-
posited by authigenic processes. Similarly, assuming an
authigenic Mn/Ni value of 30 which is typical tor
Nazca Plate nodules [22], the obscrved Ni accumula-
ton rate in the Bauer Deep (Table 3) is approximately
equal to the authigenic rate. In fact, Heath et al. [23]
have measured a Ni accumulation rate in equatorial

Pacific sediments approximately four times our deter-
mination in the Bauer Deep. Consequently, most of
the ininor transition metals deposited in the Bauer
Deep could precipitate from normal seawater rather
than hydrothermal sources.

Although the metal accumulation rate pattern for
the region differs markedly from that predicted by
models 2 and 4 (Fig. 3), the aluminum and iron rates
exhibited 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 hydrothermal Al in the Bauer Deep
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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 cffect. Thus, it may not be possible to

distinguish modcl I from model 3 on the basis of the

Fe and Al accumulation rate data.

If a portion of metalliferous components is wafted
away from the rise and reaches a final depositional site
in the deeper regions away {rom the crest, a maximum
in metal deposition rate might be expected to the west
of the EPR as well as in the Bauer Deep. A maximum
in metal accumulation rates west of the 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 not 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 Baucr Deep by channeled flow through trans-
form faults on the 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 Fe and Mn accumulation
appears to be slightly west of the rise crest, and the ac-
cumulation rates of thesc metals drops off less rapidly
toward the west than towards the cast (Fig. 4). Whether
this apparent pattern reflects merely the scatters in
metal accumulation rates over the length of the FPR
represented by Fig. 4 or the true deep current patterns
cannot be determined from the available data.

* The general geophysical setting of the Bauer Decp
would argue against an off-rise hydrothermal source.
Core Y71-7-36 MG2 is from a part of the Nazca Plate
gencrated 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 Halunen [26], however, have shown that
heat flow measurements in the Baucr 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 heat-flow 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 S HFU. In

addition, the basalt recovered from the Bauer Deepy,
the Deep Sea Drilling Project (site 319), which Andey
and Halunen [26] suggested represented recent mig.
plate volcanism because of the fresh nature of the sy
ple, has been dated at 16 m.y. and appears to be cryg
emplaced at the Galapagos Rise {28].

Neither models 1 or 3 alone can explain some of
the chemical distinctions between the Bauer Deep ang
EPR sediments [29]. A relatively greater proportion g
hydrogencous phascs in the very slowly accumulating
Bauer Deep sediments could account for the higher
Ni/Fe and Th/U values observed. Other distinctions
such as the relatively high 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 specics differ in the Buuer Deep ax
the rise crest. The U accumulation rates are significan
higher along the crest of the EPR, than on the flanks
of the risc, or in the Baucr Decp. Inasmuch as 22U/
238 ratios of continental detritus in deep-sea sedi-
ments arce cqual to or less than unity [30], the 234y
2381 ratios at all core locations considered here reveal
some input of uranium with excess 23U to the sedi-
ments in this arca. A likely source for this additional
uranium is scawater, where the 23*U/223U ratio has a
constant value of 1.15. The proportion ol uranium
derived from this source appears to be higher in sedi-
ments on the ridge crest than in the Bauer Decp, whick
is consistent with the higher U accumulation rutes thec

Since 23°Th is a known scawater-derived nuclide, iis
inventory in our cores (Table 3) may indicate the origt
and pathways of other metals as well. If all of the 2%°1
observed in the sediments is formed by decay of 23Ut
the overlying water, the 23°Th production (**°Thy)
should equal the 23Th accumulation (Th,). From
Table 3 it is apparent that cores from the crest of the
EPR have #3%Thp > 23Th, while 239Th,, <23°Thy
for cores from the Bauer Deep and other off-rise areas.
It has been demonstrated elsewhere [31] that sediment
transport and redeposition on the deep-ocean floor can
significantly alter the Thp/Th, values in an area such
that 2*°Th,, < ?3°Th,, on topographic highs, and
23oThA > 3°Thp in basins which may act as sediment
traps. Thus, following this rcasoning for model | (trans
port of rise-formed precipitales to the Bauer Decp) we
would expect the pattern of 22%Th,/2*%Th, exactly
opposite that observed. The observed pattern could be
explained by transport of Bauer Deep sediments 1o
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the risc crest. Upslope transport of sediment, however,
«coms sufficiently unlikely that an alternative explana-
yon for the pactern of 23°Th, accumulation in the
the region must be sought. It scems probable that
sackett’s model of 22°Th production and removal in
ihe overlying water column [13] is too simplistic for
this region and that some accounting for bottom-water

muvement and iron hydroxide scavenging must be made.

fven with the slow movement of bottom water, hydro-
thermal precipitates forming on the rise crest would be
efTectively bathed by hundreds to thousands of times
more water than that in the overlying water column.

i is possible that the removal of 2*°Th from moving
noattom water by Fe and Mn hydroxyoxides formed
yrom hydrothermal solutions is the explanation for the
surphus 23%Th, deposition observed in the rise crest.
Such an explanation necessarily requires that some
arcas “downstream” of the bottom flow have 2*°Th ,
<?*3°Th,,. Thus, both the higher 234U/?*8U and
30T}, /23%Thp, for rise crest sediments compared

t Bauer Deep sediments indicate different removal
processes for these nuclides in the two areas. Neither
models | 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 (imodel 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
10 be important in determining some of the distinciive
compositional differences between metalliferous sedi-
ments deposited on the Bauer Deep and the rise crest.
With the existing data we cannot uncquivocally 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 (model 3). The distinction
is perhaps important only in that with the transport
model, the area of sedimentological influence of a mid-
ocean ridge hydrothermal system would be of con-
siderable arcal extent. In any case we have demonstrated
that the accumulation of metalliferous components in
the Bauer Deep is approximately an order of magnitude
lower than on the crest of the EPR.
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Magnesium correction to the Na—-K-Ca chemical geothermometer

R. O. Fournier and R. W, Pormer 1]

Branch of Experimental Geochemistry and Mincralogy, .S, Geological Survey,
345 Middlcficld Rouad, Mcnlo Park, CA 94025, USA.
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EARTH SCIENCE LAB,

(Ruc‘cin':l 4 January 1979; accepted in revised form 1S May 1979)

Abstract-- Equations and graphs hitve heen devised 10 correct for the adverse cffects of magnesium
upon the Nu-K-Ca chemical geothermometer, Either the cquations or graphs can be used to determine
appropriste temperature corrections for given waters with caleulated Na- K--Ca temperatures >70 C
and R < 50, where R = }Mgi(Mp + Ca + K} x 100 with cation concentrations expressed in Cqui\'u!-
ents. Waters with R > 50 are probably derived from relatively cool aquifers with temperatures approni-
mately cqual to the measured spring temperature, irrespective of much higher calculated Na-K-Ca

temperatures.

INTRODUCTION

ALL wrLL-documented high-temperature (> 175°C)
walers cncountered in wells drilled into active hy-
drothermal systems have low concentrations of Mg?*
relative 10 the other dissolved cations. At the Reyk-
janes Peninsula, lceland, where ocean water reacts
with basalt at about 270-285°C, the dissolved magne-
sium decreases from 1272 10 1.0 mg/kg (ARNORSSON.
1978). In the highly saline, CaCl,-rich brine from the
Salton Sea. Calil, drill hole 11D2 (WiTE, 1968),
S4.mg/kg Mg?* accounts for less than 0.1 equivalent
% of the total cations. In laboratory experiments in
which chlorite, calcite. and quartz were equilibrated
with water under CO, pressures of 5 and 65 atm.
Eruis (1971) found Mg?* concenirations 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 observations and the
fact that many apparently low tcmperature, Mg-rich
waters yield estimated Na-K-Ca temperatures
(FourniER and TRUESDELL, 1973} well above 150°C
cast considerable doubt on the uscfulness of the Na-
K-Ca geothermometer for Mg-rich waters. One
example is ocean water (~4°C), with an Na-K-Ca
eslimated temperature of 173°C.

SELECTION OF DATA

A search of the literature was made to find chemi-
cal analyses of well waters that issued from a single
aquifer at known temperature and which contained
more than 1 mg/kg Mg?2*. Only a few well waters
from geothermal cnergy producing systems were
found that satisfied these criteria. Most of the Mg-rich
thermal waters from known temperature cnviron-
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 | to 3920 mg/kg and with aquifer tempcera-
wres ranging from 3 10 340°C were used to test the
temperature dependence of various cation ratios in-
volving Mg?*. Only onc waler was selected from
those loculities where all the wells appeuar to produce
from the sume aquifer at about the same temperature.
No well waters were added to or subtracted from
the list (Table 1) once the correlation process was
started.

CATION RATIOS INVOLYING MAGK’\fESlUM

Using molal concentration units. a plot of fog
{Ca/Mg) vs the reciprocal of absolute temperature is
shown in Fig. 1. The data on the Ca/Mg ratio are
100 scatiered 10 be used as a reliable cation geother-
momcter. Plots of the reciprocal of absolute tempera-
wre 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. Corrclation coefficients
and cquations for least squares-fitted straight lines
through the points shown in Figs 1. 2, and 3 are
given in Table 2.

The logarithmic expressions for the cation ratios
Na/K. /Ca/Na, JCa/K. /Mg/Na. /Mg/K. and
Ca/Mg were plotted in various combinations and
proportions (25 plots), as was done in the derivation
of the Na-K-Ca chemical geothermomelter, without
significantly reducing the scatter below that shown
in Fig. 3. Scatter would probably be greatly
diminished if the plotied points could be restricied
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 cstimated temperatures was discovered

1543
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Fig. 1. Log (Ca/Mg) using molal units, vs reciprocal of absolute temperature for well waters from
known temperature environments and with Mg?* concentration > 1 mg/kg.

when the data were ploited as shown in Fig. 4. For
any given water the magnitude of this correction
depends on both the Nu-K-Ca estimated tempera-
ture and the Mg?* concentration relative to the sum
of dissolved Mg**, K*, and Ca?*, with concen-

Log (¥Mg/Na)
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trations expressed in cquivalents. In Fig. 4 the Ar tem-
perature contours (dashed lines) were graphically in-
terpolated. They can be used to obtain a iemperalure
correction that must be subtracted from the Na-
K~Ca estimated temperature to arrive at the actual

N
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Fig. 2. Log (/Mg/Na), using molal units, vs reciprocal of absolute temperature for well waters from
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Table 1. Chemical data for walers with magnesium concentrations greater than 1 mg/kg from known temperature
environments. Concentrations are in mg/kg or in mg/L depending upon the units given in the listed references

Well. Na-K-Ca
Refl.  Temp. °C temp. °C Na K Ca Mg Mgt
Czechoslovakia
Marklin 1 1 3.2 3 5.5 25 18.0 36 238
Loket 2 I 3.2 28 10.5 62.5 207 LR
Chili
El Tatio | 2 211 205 4480 420 740 1.1 0.2
El Tatio 6 2 180 181 1900 1 99 1.3 1.4
Hungary .
Budapest-
Varosliget 3 100 74.6 170 16 160 355 258
lceland
Krisuvik 3 4 105 136 10.8 246 14 7.1
Krisuvik 7 4 30 36 30.6 1.7 18.4 10.4 471
Krisuvik 7 4 139 148 160 8.2 15.3 1.4 10.6
Lysuhotl 1 5 40 174 414 KIS 6.0 26.6 41.5
Reykjancs 8 4 270 241 9854 1391 1531 1.15 0.1
Svarisengi 3 6 236 245 6322 1012 906 1.27 0.1
Ncw Zcaland
Ngawha 1 7 230 201 900 78 19 1.4 2
Turkey
Kizildere 15 8 207 232 1173 117 6.0 1.19 29
United States . .
Cen. Miss. | 9 132 222 79.000 7080 34,000 3920 14,7
Cen. Miss. 6 9 102 113 52400 551 16.800 1360 11.6
Cen. Miss. 9 9 141 207 53,800 4430 39.200 3610 12.6
Cen. Miss. 10 9 109 109 52,100 519 22,200 1660 10.9
Cen. Miss. 15 9 129 124 54,200 863 41,200 2550 9.2
Cen. Miss. 16 9 137 158 58,300 2030 55.600 3740 9.8
Cen. Miss. 20 9 116 120 49,900 461 29,500 2290 11.3
Cen. Miss. 21 9 1§14 105 50,100 474 30.700 2510 11X
Cen. Miss. 22 9 120 115 48,800 615 37,200 2550 10.1
Cen. Miss. 23 9 131 140 59.700 1340 45.000 3230 10.4
Cen. Miss. 25 9 86 109 40,100 333 4140 582 18.2
Miss. 26 9 109 125 53,700 750 16.800 1640 13.6

Cen.

—continued
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Well. Na-K-Ca
Ref.  Temp, C temp. ¢ ' Na K Ca Mg LS Fiag
Cen, Miss, 2V Y 128 128 S3900 B8N 28,900 2150 10.8
Cen, Miss. 30 9 127 118 53.600 649 19.300 2200 15.6
Cen. Miss. 3t Y 154 244 46,500) (18] 30.600 2970 12.6
Cen. Miss, 32 9 1534 227 52,400 SYR0 37400 010 109
Cen, Miss. 33 Y 154 206 29,200 3830 25.700 2480 12.9
Cen, Miss, 34 9 154 229 52,000 6080 37.700 3410 121
Cen. Miss. 38 9 127 133 54.000 979 26.500 1630 9.1
Cen, Miss. 19 9 129 123 61,100 8§54 28.800 1830 9.4
Cen, Miss. 42 9 158 214 29.000 3030 25.000 1470 8.4
Cen, Miss. 43 9 114 115 53.200 635 27.300 1880 10.1
Cen, Penn. 10 10 10.5 2 25 1.8 55 18 anag
Cen. Penn. 91 10 1.2 38 13 6.3 92 15 20.6
Cen. Penn, 257 10 - 11.5 -98 43 0.8 sS4 54 62.1
Cen. Penn, 285§ 10 13 —16 0.3 1.4 56 S5 61.5
Cen. Penn. 1040 10 10.6 0.25 5.3 1.3 56 59 63.2
Kettleman Hills
3123-213 1 134 139 3090 59.4 538 33 6.1
47-281 12 101 107 6240 794 1780 8.0 0.7
321-203 i 124 165 3080 754 8.6 205 6.7
31-18Q 12 82 98 13.200 88.4 797 206 28.7
66-7Q 12 97 112 13.800 149 1700 88 7.6
61-33) 12 99 . 102 7780 97 5030 18.4 0.6
Salion Sea
11D1 13 340 317 50.400 17.500 28.000 54 0.2
Yecllowstone Park
Y-10 * - 14 70 100 161 69 455 80 21.2
USSR
Pauzhctka 4 15 195 209 986 105 52 35 5.2
OCEAN WATER 16 4 173 10,560 380 400 1270 719
Refercnces
1. Paces (1972).
2, CusicauQul et al. (1976).
3. BoLpizar and Korim (1976).
4. ARNORSSON ¢t al. (1976).
5. ARNORSSON (1975).
6. LiNDAL (1976). =
7. MaHox {1970).
8. KURTMAN (1977).
9. CARPENTER c1 al. (1974),

10. LaNGMUIR (1974).

11. KHARAKA and BERRY (1976).
12. Knaraka and Berry (1974).
13. WHITE (1965).

14. R. O. Four~ikr and R. D. BarnEs (unpublished data).

15. VAKIN et al. (1970).
16. WHITE (1965).
* Equivalent percent Mg/{Mg + Ca + K).

temperature of the system. For example, point A, with
a Na-K-Ca tempcrature of 200°C and R = 250,
requires a correction of ~125°C that must be sub-
tracted from the 200° Na-K-Ca temperature, where

R = Mg/K + Ca + Mg}l x 100, with cation con-

centrations expressed in equivalents.

In Fig. 4 the placement and curvatures of the O,
25, and 100°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°C correction curves are controlled by the ocean-
water data point and the requirement that the tem-
perature correction, Ay, be always less than the Na-
K-Ca estimated temperature. As more and better
dala become available, the curvatures and positions

of these temperature correction curves will require
revision.

The following equation describes most of the rela-
tions shown in Fig. 4.

Aty = 10.66 — 4.7415R + 325.87(log R) .
—1.032 x 10%(log R)¥}/T — 1.968 x 107(log R)*/T?

+ 1.605 x 107(log R)*/T2, (H
where Aty is the temperature in °C to be substracted
[rom the calculated Na-K-Ca temperature, and,
where

T = the calculated Na-K-Ca temperature (K),
R = |Mg/(K + Ca + Mg)} x 100,

with concentrations expressed in equivalents,
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Table 2. Equations for the feast squares best fit straight
lines regressed through the dita shown in Figs. 1, 2, and 3,
Molsl concentrations of Ca. Mg, Ni, and K are used: Tis
absolute temperature ; and r? s the correlation cocthcient

708
log(Ca/Mp) = -'—;l_~ + 3.740 r = .52
— 1982 -
log(\s Mg/Na) = - - 5.583 12 = 0.671
— 1598
log(/Mg/K) = —— = 3.061 r? = 0.733

Do not apply a Mg?* correction to the Na-K-Ca
geothermometer il Asy,, is negative.

We recommend that egn (1) be used only when
Na-K-Ca estimated temperatures are >70"C and
when R is in the range 5-50. Although eqn (1) appears
to work well for some waters with R > 50. the Mg-

corrected temperitures of most spring walers were
found to be 10-20"C below the measured tempera-
tures, We have corrected for this dilliculty by using
a more complicated cquation 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

* temperature) or represents a noncquilibrium condi-

tion,

In the region where R <5 and At < 10, the
values for At,, calculated from egn (1) diverge from
our best guess for Ay, (see Fig. 5). Our best guess
values for Aty, at small R were obtained by projecting
constant Na-K-Ca-temperature daia onto a plot of
R vs Aty Eqn (2) can be used to calculate Ary, for
waters with 0.5 < R < S

Aty, = —103 + $9971log R + 145.05(log R)?
- 36711{log R)?}/T — 1.67 x 107log R/T*. (2)
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Wi Again, do not apply u Mg?* correction to the Na~-  Na-K-Ca geothermometer is sensitive to neur-surface
; % K-Ca geothcrmomcier if Ar,, is negative, or if water-rock rcactions thal occur in response 10 lower-
: . . . M
A R < 05. ing temperatures or changing mincralogy of wall-
P . N . . - . . . .
-" Figures 6 and 7, show lines of constant R superim- ~ rocks. If a rising walter acquires magnesium, appli-
1'» posed on plots of Aty vs Na~K-Ca temperature and  cation of a magnesium correction 1o the Na-K-Ca
k present an alternative graphical method of calculating  geothermometer will probably lead to a calculated
f Ay, Figure 6 is for R =5 to 50, and Fig. 7 for aquifer temperature that is (oo low. However, high

T A R NI e

R =0-§,

When using Figs 4. 6, and 7 to correct Na-K-Ca
calculated temperatures, it should be kept in mind
that our method is entirely empirical and may not
work cqually well for all waters. Problems in calibra-
ting the method are: (i) solid reactants are not speci-
fied or structurally characterized; (i) complexing of
dissolved species is not considered (when temperature
is the unknown, activity coefficients must be calcu-
lated assuming succcssive approximations of that
temperature; a tedious process that isn't warranted
given the precision of the result and practical pur-
pose); (iif) individual well waters may not have equili-
brated at the maximum measured or estimated tem-
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 equilibraling after
mixing.

This paper provides an additional tool to dis-
tinguish waters in equilibrium with rock at high tem-
_ peratures underground from waters that result from
low-temperature {<70°C) water-rock reactions. As
with all chemical geothcrmometers, our Mg-corrected

S e B

Mg?* concentrations indicate that water-rock reac-
tions have occurred at rclatively low tempcratures.
During these low-temperature reactions the concen-
trations of other dissalved constituents will also tikely
change. Therefore. in genecral. chemical geother-
momelcr results should be used with great caution
when applied 1o Mg-rich waters.

SUGGESTED CORRECTION PROCEDURE

1. Calculate the Na-K-Ca temperature as de-
scribed by FOURNIER and TRUESDELL (1973). Do not
apply a magnesium correction if this calculated tem-
perature is below 70°C.

2. Calculate R = {Mg/Mg + Ca + K)} x 100,
using equivalent units of concentration.

3. § R > 50, assume that the water comes from
a relatively cool underground environment at a tem-
perature approximately equal to the measured water
temperature, irrespective of high calculated Na-K~Ca
tempcrature.

4. If the calculated Na-K-Ca tcmperature is greater
than 70°C and R < 50, use Figs 4, 6, or 7 10 calculate
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Aty which is the temperature correction (in "C) to
be subtracted from the Na-K-Ca cateulated tempera-
ture. ’

5. When using a computer 10 caleulate Aty the
following tests should be included in the program:

{a) Cheek if the Na-K-Ca calculated temperature
is <70°C. If yes, do not proceed further with a mag-
nesiim correetion.

(b) Check if R > 50. If yes. assume that the water
in the aquifer is relutively cold and do not proceed
further with a magnesium correction.

(¢) If R = 5-50. use eqn (1) 10 caleulate Aty,,. Do
not apply a magnesium correction if Aty is negative.

{d) If 0.5 < R < 5. usc egn (2} to calculate Aty Do
not apply a magnesium correction il Aty is negative,
orif R <05.

(¢) Subtract At,, from the calculated Na-K-Ca
icmperature.
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j A method for computing multicomponent chemical equilibria
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Abstract—The equitibrium activitics and concentrations of N chemical species in a multicomponent
system may be calcufated given M independent equilibrium constants relating these species and N-M
mass balances. These N cquations are solved by Newton~Raphson iteration. Where initial concentration
estimates are poor or the number of species large, an additional curve crawler technique introduces

components by stepwise infinitesimal increments.

INTRODUCTION

MANY AvAILABLE techniques for the computation of
chemical cquilibria in complex systems have been
reviewed by VAN ZEGGEREN and STOREY (1970), who
recognized two main methods: (1) the solution of a
generalized set of simultancous non-lincar cquations
which usually incorporate cquilibrium constants {e.g.
FeLoman et al, 1969). and {2) optimization tech-
niques, which normally minimize the total Gibbs free
encrgy function (ecg. Rusg 1973; Karpov and
Kazmin, 1972). Such techniques are typically general-
ized and apply to arbitrary systems for which suitable
thermodynamic data are available. ‘
Two additional methods often used within the
geoscicncees, could be added to this list. Mcthod (3),
developed by HELGESON (1968, 1970), determines com-
positional changes, mass transfers, and the order of
appearance of stuble and metastable phases in tracing
irreversible reaction paths from an initial set of non-
cquilibrium conditions 1o a final state of equilibrium.
The fourth method entails specific. as opposed (o
generalized, calculations. Here, a set of cquations de-
scribing a given system is reduced to cne or more
cquations amenable 1o simple numerical solution.
Typical procedures arc described by BuTLEr (1964),
BrLackpurnN (1969), and Freser and  FERNANDO
(1966). Various geochemical cxamples arc given by

in natural waters, given total element concentrations,
pH, and Eh.

This paper introduces a method of the first type
for computing generalized chemical equilibria. Equi-
librium concentrations or activitics arc derived from
simple mass and charge balances and arbitrary inde-
pendent cquilibrium constants. Non-ideality correc-
tions may be included in the computation. The resul-
tant non-lincar equations are solved by combining
Newton-Raphson iteration and supportive curve
crawler techniques. Because it uses arbitrary equilib-
rium constants, the method can be particularly appro-
priate to geochenucal systems lacking complete free
cnergy data.

GLOSSARY OF SYMBOLS

a; number of atoms of the lth element in |
molecule of the jth component.

b number of atoms of element ¢ in 1 molecule
of species i,

B, total molal concentration of the ¢th element
in the system.

C total number of independent chemical com-
poneats in the system,

Ciy molarity of the ith species corrected for as-

sociation and hydration.
Ji mole-fructional specific ion activity coefii-
cient correcting for clectrostalic interaction.

AGY, Gibos free energy of formation of the ith spe-
HELGESON (1964, p. 56), who culculuies galena solu- . cipst = b
bility in the system NaCl-HCI-H,0, and by CRERAR average moles of solvent hydmlmg 1 mole
and ANDERSON (1971), who caleulate quartz solubility of solute species .
in the systems H,O-NaOH and H,0-NaOH-NaHS. | true ionic strength.
On a larger scale, TrursprLL and JONES (1974) have Ki ith cquilibrium constant.

N a farger scalc, SDELL A A m; molal concentration of the ith species.
now developed the program WATEQ. which com- ¢ molality of the ith specics corrected for as-
putes the cquifibrivim distribution of inorganic specics sociation.
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1376 D. A. Crirar
mhy, molality of the ith species corrected for as- the system C—O—H—N at clevated temperatures.
sociation and hydration. I Similarly, Karvov and Kaz'sin (1972) have deter-
M totul number of independent cquilibrium I o . " S
constants mined the cquilibrium activitics of 21 species in sca-
" total number of moles of all components in Waler using-an alternative minimization algorithm.
the system. Wihere Gibbs free energics of all chemicul species are
N total number of chemical species inthe sys- jyajlable, optimization methods are convenient and
tem. . relinble. :
q; total number of moles of the jth component Unfortunately. data 4 f frust
in the system. _ Unfortunately, free-energy data ate often frustrat-
(o} total number of moles of the ith clement in  ingly incomplete for systems of practical interest. This
the system. ) is particlarly true, for example, with the high tem-
R total number of components in the system. e mincral-water systems crucial to the current
S total number of constituent species formed ) d for alternati rcothermal power (BARNES
from 2 or more components. ‘ demand for alicrnative geothermal powe ,
X; mole-fraction of the jth componenl in the  Mpress). Note, however, thatequilibrium constants may
system, be available for such systems even when free-cnergy
X Jjth lco.mPO'nC"l SfPCIClCS; " _ _— data are not—sec, for example, SiLLEN and MARTELL
i ;‘;gl;]‘j““"" of the ith constituent v the 1964y Barnis et al. (1966), HeLGESON (1969), and
Y, ith constituent specics formed from 2 or TRUFSDI;’LL and JONES (1974). Alt’houg_h any equ:l_xb-
more components. rium constants can be calculated given formation
Z; signed valcncc' qf the ith species. free-energies of all reacting species, the converse is
% true molal activity coeflicient of the ith spe- o1 pecessarily true. Accordingly, there is a growing
CICS. x o, 1
” molal activity cocllicient of the ith specics dcmanq .for. computational me;thods based cxcl\fsn.vcly
correcting for clectrostatic interaction, on equilibrium constants, which represent a minimal
7h molal activity coeflicient of the ith species  set of free-energy information.
; COrrelclmg for h)'d,r{i‘l_llpﬂ.  the il . Using one such method, FELDMAN et al. (1969) have
Yen molal activity cocflicient of the ith species . 60y 5uted cquilibrium compositions of high tem-
correcting for clectrostatic interaction and . . .
hydration. perature coal combustion mixtures containing up to
vy number of moles of the jth component in 65 speeies including gases, liquids, free electrons, and
1 molc of the ith constituent species. ions. Their basic method was originally described by
Y signed stoichiometric coctlicient representing gy gy ey (1947) and Kanpingr and BRINKLEY (1950)
the number of formulac of the ith species (scc also VAn ZEGGEREN and Storey, 1970, Chap. 4)
writlen in the kth reaction; sign is negative . (‘"l SO VAN LEGGEI '.N and ; : A wp. 4).
for reactants and positive for products. Typically, all N chemical specics of a given system
p solution density (g/ml). are divided into R components, and S constituents,
¥ ith mass balince, churge balance. or equilib-  defined by the following set of formation reactions:

rium constant equation.

STATEMENT OF THE PROBLEM

Most simpler geochemical applications are satisfied
by the fourth, or specific, type of cquilibrium calcula-
tion cited above. In other words, a system-defining
set of specific charge and muass balances and mass
action expressions is solved by algebraic manipula-
tion. However, as the number of components or spe-
cics increascs, the defining cquations more frequently
reduce to difficult non-lincar expressions. With the
simpler systems, the alternative gencralized routines
can be time-saving; for more complex problems, they
may often provide the anly practical solution.

As a case in point, gencralized routines have now
been applicd to geochemical systems so complex that
they could not be solved by simple algebraic manipu-
lation. For example. HouLoway and Rusg (1974)
have used frec-cnergy minimization programs (o solve
for the cquilibrium fugacitics of over 40 specics in

R -
Z "l‘j"‘(j: Y; (I = 1,...,8), ' (1)
i=1
where cach v is a stoichiometric coefficient represent-
ing formation of the ith constituent, Y; from the jth
component, X ;. For example, choosing H,0 as a con-
stituent formed [rom the components H, and O,,
then reaction (1) would be written:

H, + 1120, = H,0

and the stoichiometric coefficients vy, and vg, would
be 1 and 1/2, respectively. Reactions (1) can be de-
scribed by § mass action expressions:,

R .
w=KTlx» (i=1...,9) )
=1

where y; and x; represent mole-fractional composi-
tions of constituents ¥; and components X ;, respect-
ively, and cach K; is a conventional cquilibrium con-
stant.
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Computing multicomponent chemical equilibria 1377

Assume now that the total number of moles. g,

cxpressions (1) and (2) requires that equilibrium con-
stants be known for the formation of all § consti-
tuents from all R components. These specific con-
stants nuy not be available unless frec energics are
known for all N specics. For example, the equilibrium
constants K; would usually be obtained from the
relationship
1 R
K, = m.l:—-AG},- + 'Zx \',-,-AG?_J-:I. (6)
j=

where AGY, and AGY; arc the standard Gibbs free
encrgies of formation from the elements of the ith
constituent and jth component, respectively, Because
the method typically requires prior knowledge of for-
mation free-cnergics for all R 4+ S= N species within
the system, free energy minimization techniques apply
cqually well in such cases; thus, the goal of a gencra-
lized method using arbitrary cquilibrium constants is
no closer at hand. Thercfore. in order to permit the
use of arbitrary equilibrium constants relating any
two or more species of the system, the method out-
lined below does not distinguish so-called component
specics from constituents.

COMPUTING ROUTINE
Consider an arbitrary system of C components con-

taining N chemical specics. Assume that equilibrium

constants are known for M independent reactions
relating some or alt of these species.

If the system is tonic, a charge balance may be written:

N
¥, =0=Y Zm, O]
=1
for which
av
—l=Zg (i:]'...,N). (8)
om;

Z; is the signed valence of the jth species, and m; is its.

concentration (here arbitrarily considered as molality).
Assume next that the total molal concentrations B, of

N=AM-~1 clements or atomic species are specified for the

system. Stmple mass balances on these clements give,

‘ N
Y, =0=—B,+ Y bgm (i=23,....N-M,ase=j—1)

)

and

¥, i=1..N)
om, " (=23...,N-M) (10)

Here B, is the total molal concentration of the eth clement
in the system, and h,; describes the elemental composition
of the ith specics according to the formula vector f; =

[hireees by hrxonar 3" For example, f the clements

H, C. O, and N arc assigned the row positions 1, 2, 3,

peratures, . .
ve deter of cach clement in the system is known. and that
55 in sea- the number of components equals the number of cle-
lgorithm ments (! = 1, .. .,R). Then mass balances on each com-
yecies are ; poncnt give
tient and i R
Q=Y a;q; (I=1...,R) (3)
j=1
frustrat- .
rest. This where ¢, is the total moles of jth component in the
igh tem- i system, and each ay; represents the stoichiometry. or
+ current number of atoms of clement [ in component j. Thus,
(BARNES with the component CO,, a;; is | for the clement
mtsmay, carbon, 2 for oxygen, and 0 for any other element.
c-cnergy ‘ Constituent mass balinces now may he expressed
AARTELL in terms of the concentrations of each purc com-
59), and ponent, and of those components ticd up in cach con-
Yoh . .
equilib- stituent specics of the system:
rmation S .
verse iS (]J = Xj" + i; "’('jyi" (J = 11 cey R)) (4)
growin
‘lusivcl§ where n represents the total moles of all components
minimal in the system
R
. n= il
39) have (' ,-;1 q,)
h tem- . . . -
5 up to Finally, the mole fraction identity condition may be
g .
ns, and expressed by the single cquation
ibed by X o
« (1950) J= ;L, xj + ZZ' Yie )
hap. 4). . :
syitc n)] The above equations (1)-(5) may be solved for the
ituents equilibrium concentrations x; and y; by numerical
tclions: methods such as the following: (i) estimate an initial
' or kth sct of all R component concentrations x5,
(i) Using these X% and cquations (2). calculate the
M corresponding S constituent concentrations y.
’ (i) With these yi¥ cstimates, solve the R mass balance
‘r}c]:scr.n- equations (4) [possibly substituting expression (3) for
the jth one of these] for new estimates, X4, of all R com-
‘c'icg"' ponent compositions. The ¢; term in cquations (4)
: 2 is given by expression (3), and is constant throughout.
(iv) Return to step (1) and repeat to convergence, cach
. time setting x{*+1 = x40,

The revised Brinkley method used by FELDMAN er
would al. (1969) includes terms for multiple phascs. While
e de- omitled herc for clarity, the mass balances (4) then

become non-lincar in x;. v, and u*, where ' is
the total moles of all components in the ¢th phasc.
Q) The mass balances must then be solved by Newton—
. Raphson iteration, rather than by simple malrix alge-
1pOsi- bra. . o
spect- The Brinklcy method has proven effective in hand-
con- ling multicomponent, multiphasc problems of con-
siderable complexity. However, the use of mass action
Rar | i bg S0 S o R O A * 2 o g 7 . g Gata
facRSat AR {?.?‘ T &’S-lh:f’gx’-‘;?‘. N,.f ¢W¢ 2E St {W__, O A D
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1378 D. A. Crerar

and 4 in fi;, respectively, then the formula vector for the
species H,COy is {2130]7 If the total number of cle-
ments in the system is £, then the scalar quantitics by,
define an £ x N system composition matrix of rank C
{sce VAN ZeGGerEN and STorEy, 1970, p. 16).

Finally, the M mass action expressions may be writien in
the form:
=K 5 .
5 +[Imy (k=N~-~M=+1..N) (1)

[T =

i=1 !

¥, =0=

and

av N

k ! v,
—_— = vy ] ] mY
omy

i=]
N"*‘ (=1,..,N) (12)
=vm [l m k=N-M+1,....N)
P=1

Here, K, is the kth cquilibrium constant. Each v is a
signed stoichiometric coefficient representing the number
of formulac of the ith species involved in the kth reaction:
it is negative for reactants, and positive for products. Thus,
for the reaction '

Fe?* + 2CI~ = Fe(l,

v is —1, =2, and | for the species Fe**, C17, and FeCl,,
respectively, and is O for any other species. 3, is an activity
coefficient correcting the ith species concentration for non-
ideality.

Equations (7), (9). and (1) constitute a system of N non-
linear cquations in N unknowns (m, or 7). Note that
the charge balance (7) does not apply to nonionic systems
where the number of mass balance or mass action expres-
sions must be increascd 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
method, the reader is referred to CARNAHAN and WILKES
(1973, p. 368). AcTon (1970, p. 367) or HILDEBRANDY (1956,
p. 447). Firsy, equations (7), (9), and (11) are approximated
by the fincar system:

re
A .. 2y
by, .o byy
by-s-1.1 byop-
N N
vympt [T me viwmg T mpw
i =3

N
Vg iy ! ﬂ m

i=| i=1

Equation (13) can be expressed more succinctly by,
' § K= -7, (14)
where ‘T’,,, is the Jucobian cocllicient matrix given by equa-

N
vaniiy ' H mj

tions {8), {10), and {12):

A W)
T gy my) _

¥ is the right-hand side vector in (13),
T

and & is the solution vector,
A={[dm,...,émy]"

Note that all ¥; scalars are concentration-dependent; thus,
ifm = [m;,...,my]%, then ¥ = Pim) and ¥, = ¥,.(7).

In practice, the lincar systemn of equations (13) is sotved
for the vector A using an initial, or kth, estimate of the
concentrations mi*, At this stage, activity coeflicients, y;, are
set equal to unity, An improved estimate of the concen-
trations is given by

AT = 4 X
or .
mE =g smy (i=1,...,N). (15)

With m** " as a new initial gucss. the process is repeated
to sauisfactory convergence in all m;.

Note that system (13) will not possess a unique solution
when the Jacobian determinant

P LA N
- I d(my, ..., my) I

of the cocilicient matrix ¥,, approaches zera. For this rcason,
it is advisabic to wrile all mass action expressions (11) with
the lcast concentrated species as reactants, Because vy, < 0
for reactants, the partials (12) arc thercby maximized (see
the following example). A test on the magnitude of J 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 N < 10. Tor sys-
tems containing 10 or more specics, the following

J

["om, T [-v, 7]
Sy -,
My Sk Y
Imyoyar = = ¥a-mer | (13,
dmy, -,
- - . =

curve crawler technigue is recommended (see ACTON,
1970, pp. 379-386):
(i) Choosc a subset of the total chemical system con-
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taining fewer than C components and f{ewer than 10
chemical species. Solve for the cquilibrium con-
centrations of these species using the Newton-
Raphson mcthod.

(i) Consider an increment of onc omitted component
so small that concentrations of the above spccies are
not significantly changed. Compute the con-
centrations of any ncw species appearing with this
increment of new component.

(ii) With these new concentrations as initial guesses.
solve the expanded system by the Newton-Raphson
method.

(1v) Repeat step (iii), cach time adding an increment
of the new component, up to the desired con-
centration of this component.

(v) Repeat steps {ii)}iv}, cach time adding a new com-
ponent, until all C components are present at their
specificd concentrations,

Up to this point in the calculation, all activity coeffi-
cicnts have been set equal to unity. If required, these
may now be computed from cmpirical or a priori
functions relating each y; to species concentrations:

Yi = S, iy (i=1,...,N) (16)

Various approaches to this problem have been consi-
dered, for cxample, by Trompson (1967), HELGESON
(1969), HeLgeson and James (1968), TrukspELL and
Jonrs (1969), and Crerar and BArNES (in prepa-
ration). Important uncertaintics currently inhcrent in
the « priori cstimation of single ion activity cocfh-
cients arc discussed in the latter two papers.

For the present purposes, functions (16) predict in-
itial y* estimatcs, given a first sct of concentrations
m®. System (13) is then solved by Newton-Raphson
iteration [using these initial ¥, m* valucs) for an
improved sct of concentrations nf** 1. TFunctions (16)
then predict corresponding 7 * Y, and the process is
repeated to satisfactory convergence in all y, ny. In
practice, the change in various y; from one iteration
to the next may be so large that the process diverges.
In such cases, successive ; are changed by some small
fraction 6, of this step by step differcnce:

YR = g ] = S, (17)

where f; is the function (16).

While molal units have been used in the above dis-
cussion, the method applics equally well 1o other con-
centration scales. Note that when mole-fractional
units are used, the identity condition (5) may be sub-
stituted for any ol the charge and mass balances, or
mass action expressions (7). {9). and (11).

While the Newton-Raphson method with suppor-
tive curve crawlers has been applied exclusively in
the loregoing, 1t should be mentioned that the original

cquations (7)., (9}, and (1 1) may also be solved by stan-
dard false position, secant, and interval halving pro-
cedures (c.g. CArRNAIAN and WILKES, 1973, Chap. 3;
Acron, 1970, Chup. 2, 14). Additional numerical
methods specific to the Brinkley approuch are cited
in Van ZeGGrren and Storey (1970, Chap. 4). The
simple method of successive substitution is not
reccommended here for general use because of its
overly restrictive convergence criteria (CARNARAN and
WiLkEs, 1973, p. 368).

Of all applicable root-solvers. the Newton-Raphson
approach offers fastest  (quadratic) convergence.
The falsc position, interval halving, and secant
methods can be somewhat unwieldy for the present
purposcs, and converge at a stower (first order) rate.
All four procedures require initial estimates, and all
four can hang up on undcsired ‘multiple roots. In
addition, the false position and interval halving pro-
cedures require a second set of input points siraddling
the desired root.

Because the Newton-Raphson method projects
derivatives in its scarch for roots, there is always a
danger that it might be led astray along functional
slopes and cxtrema; under such circumstances, it will
typically diverge or oscillate indefinitely. For this rea-
son, initial estimates can be crucial with this method,
and should always lie as close as possible to the truc
roots. Fortunately, the simple Newton-Raphson pro-
cedure can be enbanced considerably by the addition
of so-called fine tuncrs 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, cven 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 decreased. Should the method still fail, then
a less sensitive algorithm such as interval halving or
falsc position can be invoked. Under some circum-
stances, the modificd, more rapidly converging
Newton's methods derived by Brown (1969) or BoGas
(1971) may improve both compultation time and the
prospects of convergence. Brown's method is now
available in FOrRTRAN IV through the IMSL Library,
Houston, Texas.

NUMERICAL EXAMPLE

As an cxample,- consider a problem requiving equilib-
rium activitics or concentrations of all significint specics
in the system 0:25 m NH,Cl-0:23 m NaCl-0-25 m K(i-
0-25 m NaHSO,-H.0 at 300°C and at vapor saturated
pressure. The aqueous specics NHY, NH,OH, H*, HCI,
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NH,Cl, CI7, Na*, NaCl K*, K, HSO;. XSOj. - (HCh 1o y
NaSO7. NH,SO7 . KHSO,, NuHSQ,, and NH,LHSO, are Kiig = (H")(Cﬁ = @n
considered. Relative activities of the species H,50,. SO37,
OH™, NaOH, and KOH arc assumed to be nepligible, Koo o= (K")yCrry (-0 )
The complete system is described by the following cqua- NG| m(K'CI) = 14
i tions, analogous to (7). (). and (11) above: . N ~
,; " 4 . + ;i oy AKSO«‘ . (K« )(HSO.x) _ |04~00 29
] [NHIJ+ [H' T+ [Na* ]+ [KT] = [C17] Kisos  (KSOJ)MH®) 29)
; KSO; NaSO; , " -
§ + [HSOZ 1+ [KSO:] + [NaSO;:] K xuso. ~ {(Na*) (HSO3) _ s 0
; + [NH,S05) (18) Kisos  (NaSOZ)(H)
. N 1AL . _
3 ENH; = 025 = [NHJ] -+ [NH,OH] + [NH,Cl] Knisos _ {NF)(HSOY) = {008 (1)
E + [NH,;SO7 ] + [NH4HSO, ] (19) Kuo:  (NHSOZ)(HT)
3 S'Cl = 075 = [HCI} + [NH,CIJ + [C1"] < _(KIHSO) o, (2
‘ + [NaCI] + [KCN 20) K150« = T(KHS0,)
= (50 = [Na* NaCl NaSO; . Na*)(HSOZ o
Y Na = 050 = [Na*] + [NaCl] + [NaSO;] ,\Mm=< N)}:SOA)=!0°3 33)
+ [NaHSO,) , 1) (NaHSQ,)
+ -
TK =025 = [K*] + [KCI] + [KSO;] + [KHSO,] Ko, = NHHS0L) _5-0s (34)
22) e (NH.HSO,)
- . _ ~ B In cquations (18)~(34), squarc brackets denote molal
¥S =025 = [HSO;] + [KSO7] + [NasSO;] concentrations {nz) and parentheses denote activities (ym,).
+ [NH,SO;] + [KHSO,] + [NaHSO,] Nple that all mass action .eq'u.nlio.ns (24)-(34) are writien
) with smallest expected activitics in the denominator, as
+ [NH,H50,] (23)  previously discussed.
. Table | lists appropriate values of the constants Z,, h,;,
Kuion _ (NHs)  _ 10457 24) B,. v, and K, uscd in matrix equations (13). [n this table,

the rows labeled =5 represent cquations (18)~(34),
. - arranged in the same order as in the text. Numerical values
(NHICIT) s (25) of the cquilibrium canstants Ky.0. Kuu,on. and Kgsa:

Kyo  (NH,OH)(H?)

Kuaner = (NH,Cl) werc obtained from SwiEToN ¢f al. (1974). Fisner and
(Na“}(CI7) Barnis (1972), and Onnoro (1972), respectively; Knoen

C ot = _____L___ = 10082 (25) Kucr Kior Kusos. and Kypso, were taken from HELGESON

’ (NaCl) (1969). For present purposes, Kuyi,q Was approximated by

Table 1. Data for the system 025 m NHC-0-25 m NuCl-025 m KC-0-25 m NaHSO,-H,0 at 300°C

¥ 2 3 8 5 6 T 8 ¢ 10 1 12 213 b 15 16 17

+ + + . - - - ~
HH,, RMOH H  HCL H L €L na nact K KCt HSOh %50, RaB0, NN 5O, KHSOy Naligo, M!I‘HSOtl

v oz 1 06 1 6 © -1 1 0 1 ©0 - - A -1 0 0 0
', b"“3" 1 1 0 0 1 [ ] [} [ [ 0 [ 4] 1 0 (/] 1 By, =0.25 )
Y, obylo o 0 1 1 1 0 2 0 1 0 o o0 0 o o 0 B,=0.T5 Kyt
! Kana
WYy} 0 © 0 0 o 0o 1 2 0 ©o o o 1 o o 1 8 By,=0.50 Wi
Y, b, l® © 0o °o © ©° 5 © 1 1 0. 1 o ° 1 0 0 B,0.25 CceMfi
R 3 v
Y b, {0 © e ©o o o 0 ©o 0 O 1 1 1 1 1 1 1 Bgm0.25 !‘l" !
R 1NSEED
7,’ \J!‘i 1 -1 =1 [+] [+] [/} 0 0 0 0 o 0 o 0 a )] ) Kl 10-0 6 KC1~‘
Y vy |1 © 0 0o - 1 0 0o 0o 0 o 0.0 o o 0 0 Ky10 sulfure
oo ¢ o o0 © ©o 1 1 -1 0 o a o 0 0 0 0 0 x3-10'0‘82 that 1
[ 2 W Lo 025 n
Y W, |© 0 11 o -0 0 o o o o o 0 ° 0 o gt Newhe
™ Yy [ 6 o o© o 1 0 o6 1 -0 0 0 0 o 0 o Ke20706 Tnitial
. M
Y %y |©® o 10 o 0 0 0o 1 0 a0 0 0 o o 1(6-101“06 . are list
' .06 vergen
"ty vy o 0 a0 0 0 1 0 0o 0o 1 o, a4 o 0 ° 0 x.,-}oh caluld
Ty vy |2 0 10 0 0o o o o o 1 0o o Y o 0 0 Kgd0 06 unity.
R Y
e v e © o o0 @ o o0 e 1 o 1 a o ) a1 o 0 g e10703 The
15 79 L for all
Y16 Y01 o o o o© ° o ¥ 0o 0o LU § ° o o ° -1 0 K10 coneent
. 0.3 i
YooV | 2 o o © [ o o o o© [ 0 0 0 [ [ -1 Ky, =10 NH.,
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. 1 Table 2. Compuled cquilibrin in the system NH Cl-NaCl-KCl-
" g ;
@n Nal1SO-H,0 at 300°C
. A B [ D E F
(28)
. § wy 0.105 84821072 e 8.75x1072 183007} 0.326
(29) i Ot 1.6x03  3.70x1072 - 200 e aam
n* 1760073 6.a70™ - 1.17x1073 3.18x1073 0.326
(30) HCl 6.50x20"3  3.09x1073 -— b.76x1073 2.60m073 1.21
1K, C) 0.145 1.61007" -— 1.35x107} 5.72x107% 1.21
@1 . a” 0.210 2.88x107% — 2330t 530l 0.3
a* 0.105 8.61y1072 — 1.76x2072 3.6900  o.326
(32) : NaCl 0.146 16107 —— 2.72x107} 1.25q07% 1.21
x* 0.105 1.26x07t — 10207 20307 0,326
(33) . Kc1 0.116 1.33071 - rosxw0”t 38107 1m
80, — - 6.20m0"  1omo  2ama0t .32
(34) XSO, -— —— 1.02007° 11702073 1.21x073 0.326
- HaSo} — — 756076 180 2903 0.326
molal 1,50, - -— 7.k2x1078 9.13110™ 1.09x2073 0.326
§ (i), ) KESO, — - L0 360077 e ra
written =" -2 -2
tor. as [LEE -—- -— 1.06x10 %.95x10 1.10x10 1.21
s
1H, RS0, .- —- 1.05x107 2.45x1077 6.97x107? 1.21
Zl' heiv
i lable, A and B: Initial estimates and equilibrium molalities respectively, in
3)-(34), the system 0-25 m NH,CI-025 m NaCl-0-25 m KCI-H,0 at 300°C,
values " assuming all 3, = 10,
Nkso; C: Equilibrium molalitics of sulfur specics in the system 025 m
R and NH,C-025m NaCl-0-25m KCI-0-001 m NaHSO,-H,0 at 300°C
Knucn assuming all 3, = 10,
-GESON D: Equilibrium molalitics in the system 025 m NH,CI-0-25 m
ted by NaCl-0-25 m KCI-0-25 m NaHSO,~H,0 at 300°C, assuming all 3; =
10.

E and F: Equilibrium molalitics and molal activity cocflicients,. re-
spectively, in the system (-25 m NH,CI-025 m NaCl-025 m KCi-
025 m NaHSO,—H,0 a1 300°C.

Kac Knuso; and Knisor by Kgsops and Kyuso, and  4-component system (Table 2. columin B):

Kuso, bY Kinsos - -
It is unlikely that initial estimates of all 17 species con- (KSO;) = (_K )(HSO; ) (35)
centrations would be sufliciently accurate to permit a sim- 10%%¢ (H")
ple Newton-Raphson solution to this problem. Sclecting
instead the subsystem 0:25 m NH,C1-0-25 m NaCl-0:25 m ~_. (Na*)(HSO;)
KCi-H,O climinates cquations (23). (29)-(34). and ail (NaSOZ) = W (36)
sulfur-bearing terms from the remaining 10 cquations. Note
that the mass balance on total sodium fulls 10 By, = (NH})(HSO; )
0-25 m. The resuliant 10 equations citn now he solved by (NH,S0;) = :.U( : - 4 37
Newton-Raphson iteration and i reasonable initial guess. 1072 (H™)
Initial guesses and caleulated cquilibrium concentrations
are listed in Table 2, columns A and B, respectively. Con- . (K")Y(HSOY) 3
vergence to 0-1%, precision required 6 iterations. For this (KHSO,) = - 10-03 (38)
calculation, all activity coellicients, y;, were set equal to
unity. Na*) (HSO7
The next siep uses the curve crawler technique to solve (NaHSOy7) = LT)E(.—O‘J*Q (39
for all concentrations in the full S-component system. First,
concentrations of all sulfur species in the system 023 m (NH)(HSO;)
NH,Cl-0-25 m NaCl-0:25 m KC-0:001 m NaHSO,~-H,0  (NH,HSO,) = s il (40)
arc cstimated from equilibrium melalitics in the reduced 1079
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[HSO;] = 0:001 — [KSO;] ~ [NaSO;] —
[NH,SO; ] — [KHSO,] — [NaHSO,]
— [NHHSO,). @1)

Again, activities are set equal to concentrations. Equa-

tions (35)-(41) may be solved by Gauss-Scidel iteration
on (MSO7). Results lor the 7 sullur species considered are
listed in Table 2. column C; concentrations of the other
original species (Table 2, column B) remain cssentially un-
changed.

The next step adds successive 0-001 m increments of the
NaHSO, compenent to the system. All 17 equations (18)-
(34) may now be solved by Newton-Raphson iteration,
using calculated molalities at one increment as initial
guesses for the next. Thus, concentrations in Table 2,
columns B and C. are used to compute a new sei of molali-
tics at [NaHSO,] = 0:002 m. These, in turn, predict new
concentrations of all specics at [NaHSO,] = 0003 m, and
so on to [NaHSO,] = 025 m. Activity cocflicients are
again set equal to unity. Final concentrations are listed
in Table 2, column D.

The final step in the caleulation imposes an activity coef-
ficicnt correction on the computed molalitics. The subject
of a priori activity corrections for clectrolyle Solutions is
treated at length in Crerar and BARNES (in preparation).
The model introduced for illustrative purposes here is de-
rived and tesied by Crerar and Barnes, and represents
onc among many possible approaches to the problem.
Because of the assumptions reguired in its present appli-
cation, it should be considered only a first approximation.

First. the uncorrected molalities in Table 2, column C,
are uscd to estimate specific fon activity cocllicicnts. These
molalitics may first be corrected for the loss of free solvent
molecules to ion hydration spheres:

5551 m

——— e, 2
5551 = 3 il (42)

-
my, =

where mi is the molality of the fth species corrected for ion
association as listed in Table 2, column D ni, is the mola-
ity of the same species corrected for both hydration und
jon association: and hi; represents the average moles of
solvent hydratig one mole of solute species i. Next. cach
m' is converted to an associstion- and hydration-corrected

molarity, Ci,:
G 1000 p
o= 1000 + Y G*m*

Here, p s solution density (g/ml), and TG*m* is the
summed products of gram molecular weights and stoichio-
metric molalitics for all solute components.

A mole-fraction specific-ion activity coeflicient may now
be computed from the complete Debye-Hiickel equation:

(43

~CZ* I
Eajl ]

372 N
(DTY [I + —————(DT),,ZJ

where Z; is species valence, D is the diclectric constant
of water at temperature (AKERLOF and Osnry, 1930); a
is the cmpirical Debye-Hiickel “distance  of  closest
approach’; £ = 5029158, and C = 1-8248 x 10" (HAMER,

lng:, = (44)

D. A. CrErar

1968). [ is the convcnlionul ionic strength,
=3 T(PCa,

The mole-fractional activity coeflicient f¥ corrects for

long-range clectrostatic ion-ion interactions. It is con-
veried to molal units by the relation
. . 1000 + G mt
log ¥, = log /¢ — oy [—~——-—1 e DLy

where Gy, is the gram molecular weight of the solvent,
water, and ¥4 is the molal specific ion activity coefficient
correcting for electrostatic interaction. It may be converted
to a complete molal activity coefficient, %, correcting for
both hydration and electrostatic interaction by the rela-

tion,
i /tmuh

Yen =
m,,

(4s)

The corresponding cocilicient, y}, correcting the ith specics
for hydration alonc is given by

(46)

With uncharged molecular species, it is assumed that elec-
trostatic interactions arc negligible (. = 1:0), and that the
complete activity cocflicient is given by v} alone.

For ilustrative purposcs, the system density p and
Debye-Hiickel G parameter are here approximated by the
corresponding values for 1-0m NaCl at 300°C (0-772 g/ml,
Haas, 1970; and 3-0A, Liu and Linpsay, 1972, respecti-
vely), The hydration number, I, of ncutral molccules is
approximated by the value 20 for NaCl® (Quist and
MaRsiALL, 1968), and the hydration number of cations and

L anions, grouped as pairs, is approximated by 10-0—ithe

total hydration of Na® + CI™ at 300°C (YEATTS and
MaARsHALL, 1972).

The molalitics in Table 2, column D, were calculated
on the assumption that all y; = 1-0. These concentrations
may now be used in cquations (42)-(46) for first estimates
of 7, and yi—the activity coefficients of jons and- neutral
species, respectively. Using these y; and my; as initial esti-
mates, the complete system of equations (18)-(34) may be
solved by Newton-Raphson iteration for a new set of con-
centrations. A corrcsponding set of new activity coefficicnts
is then calculated from cquations (42)~{46) and the process
is repeated 1o satisfactory convergence in all y; and m;
Because successive y; change considerably during the first
few iterations, and might otherwisc diverge, each y; is
changed by stepwise increments using relationship (17),
and setting § = 015 in other words, only 10% of the pre-
dicted change in y; is used at cach step.

Final molalities, m;, and molal activity cocflicients, y,,
are listed in Table 2, column E, for the full 5-component
system. Activitics of the less important species H,S0,,
SO;~. OH~, NaOH, and KOH may be computed using
the above y;, my; values and appropriate equilibrium con-
stants. The inclusion of these additional species has neglig-
ible cfiect on the initial charge and mass balances (18)—(23)
Jjustifying the original assumption.

SUMMARY

The equilibrium  activities and concentrations of
species in multicomponent systems may be calculated
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given (1) total concentrations of cach component or
of sclected clements. and (2) the appropriatc mini-
mum vumber of independent equilibrium constnts.
Because the method does not require complete free-
encrgy data for all species, it may often apply where
optimization techniques cannot. Afthough (ree-cnergy
data arc currently incomplete for many rock-water
Y systems of geochemical interest, equilibrium constants
are often cither known, or may be estimated for im-
L portant rcactions within many such systems. Indeed,
much of modern experimental geochemistry has been
concerned, either directly or indirectly, with the com-
- ' pilation and measurement of such equilibrivm con-
. stants. As interest turns toward multicomponent cqui-
) libria of ever increasing complexity, computer-based
technigues such as those considered here should find
important applications within the geosciences.

o,
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‘The sedimentary distributions of carben. sulfur, uranium. und ferric and ferrous iron depend
greatly upon ambient oxygen pressure and should reflect any major change in proportion of
oxygenin the atmosphere or hvdrosphere. The similar distributions of these elements in sedimen-
tary rocks of ull ages are here interpreted to indicate the existence of o Precambrian atmosphere
containing much oxyveen.

Organic carbon contents and distributions are similar in Precambrian and Quaternary sedimen-
tary rocks and sediments. although distributions in both would have been sensitive o variations
in rates of organic productivity and atimospheric oxygen pressure. Sedimentary pyrite is atmost
invariably closely associated with organic carbon, suggestive of furmation by sulfate reduction.
in sedimentary rocks of any sge. Archean and Middle Precambrian cherty iron formations and
uranium ores resemble Phanerozoic ores and probubly formed similarly by diagenetic concentra-
tion. In general. we find no evidence in the sedimentary distributions of carbon. sulfur, uranium,
of iron. that an oxygen-free atmosphere has existed at any time during the span of geological
history recorded in well preserved sedimentary rocks.

La distribution dans les sédiments du carbone. du sotfve, de Puranitim. du for ferreuy. et
ferrigue dépend largement de by pression ambicnte de I'oxygene et devrait reféter toute varisiion
majeure dans la proportion d’oxygene de Faunosphere et de "hydrosphere. Des disiributions
semblibles de ces éléments dans des roches sédimentaires de tous les dges sont ici interprétées
comme indiguant l'existence 4 une wmosphicre précambricane contenant beaucoup d'oxygéne.

Los tencurs en carhone organique ot leur distribution sont seinblables dans les roches
sédimentaires et fes matérinux meubles i Frécumbrien et au Quaterneire, queique kudistribution
dans chaque cas ait pu Ctre sensible aux variations de Pactivité organique et de la pressien
atmaosphérique de Foxygénce. La pyrite sédimentaire est presquinvariublemens associée de pros.
dans fes roches sédimentaires de tout fige, su carbone organigue. suggdrant une origine par
réduction de sulfiates, Les formations de fer et de chert de ' Archéen et du Précambrion moyen el
les minerais d"tiranium ressemblent aux gites phandrozoiques ot se sont probablement formés de
fagon semblable pur concentration en cours de diagenese. Bn pénéral. nous ne Wouvons aucune
preuve dans b distrihation sédimentaire du carbone. du soafre, de MNirasium., ¢t du for quune
atmosphere sans oxygena ait evisté en aucun moment au cours de §histoire géologigue lorsquon
considre les roches sédimentaires bien conservées.,

{ Tradnit par le journal]
Can. J. Eanth Sci. 13, 1HG1-1185(1976)

—— .
‘Publishied with the permission of the Minister of Nawral Resosvees of Quiebec.
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Introduction ore concentration favored herein require the 5
Current concepts of atmospheric evolution ~Presence ot an oxygen-rich atmosphere. We wijj
through the Precambrian are bascd partly on the "Otl discuss combpllex dgtmlsfof. ore  deposit ;
=~ . . T\ o Q > o ]
model of progressive accumulation of exhaleg 008y Or possible modes ol ongin, because  §
gases (Rubey 1955) and partly on genetic models WOk orf these aspects 1'5 n E'Og'eb‘s’ and oniy a
of cherty iron formations and uraniferous con- @0 outline 1s requirce to demonstrate com- ¢
! glomerates (Cloud 1973). Atmospheric oxygen Patibility with the concept of an oxygen-rich ;
pressure is popularly presumed to have in.  Frecambrian atmosph.cn.e. L }
creased steadily through the Precambrian ‘[-lypolhescs concerning the “oxidation state ;
(Berkner and Marshall 1963). Pyrite and ©! the Precambrian atmosphere have grear }
uraninite of Middle Precambrian uranium ores economlc.m.lportuncc because redox reactions g
' are generally interpreted to be detrital com. €an determine the geochemical behavior of
; ponents (Ramdohr 1958) and are considered ~Many heavy metals. Prospecting for heavy metal ¢
¢ to be evidence of low atmospheric oxygen pres- deposnls. mn Pr.ccambrlan terrains has been cor- 5
: sure. Cherty iron formations are commonly respondingly influenced by current concepts of
thought to be precipitates onto the sea floor of atmospheric evolution. However, the inadequacy ¢
e . 7 : sent s has become dous in T
: iron transported in the ferrous state from a ©! Present concepts h“s. become obvious in ;
continent (Lepp.and Goldich 1964) or from a prospecting for uranium ore in Qthbec. Thecon- *
deep oceanic reservoir (Holland 1973¢), the C¢CPt that the Middle Precambrian uraninitc :
-/ . . JUTI N B
, precipitation possibly linked to a specific stage  d€POSits are placers is too restrictive, as shown :
i of biologic evolution (Cloud 1973) by the fact that much of the uraninite in the ¢
& : 4 . . . . ;
However, the fundamental differences between V\p;\vm‘elslrlzmdl\'dcposn's OCCUFIS “gt n t:}‘;‘ form :
i : : ; fital-looking grains g a -
! Precambrian and Phanerozoic chemical sedi- © c"d'l“ I°° {)ng :rulns' 1t the l15e o l"‘”ﬁ“ {
s . . . . . ar cle ar g rhor R . 3
: mentation implied by these interrelated models UPWarc cycles, but at their tops, where it focally ¢
: are not apparent in the rock record, and dif- rep_laccd and encrustc_d organic matter (.P(c‘ :
* ferences that do exist between Precambrian and  10rius 1974). Prospecting for placer uraniite i
Phanerozoic sedimentary rocks are not readily " Middle Precambrian conglomerates of north-  §
iy ¢ o e hac » o i
v attributable to a progressive increase in propor- 1 Quebec has been a failure because the gravels 5
; tion of atmospheric oxygen. Not only do we note  €Xamined to date apparently experienced oxida- 4
! fundamental similarities among iron- and ura- ti¥¢ diagenesis, and the lO;:altl)llCS of pgssd:lc i
. \ ) ' entrs v :
! nium-rich sedimentary rocks of all ages but, L‘m“'“ml boxes concc?tcll"ltgc' yt giou': “i(f: i
} more significantly, we find similar distributions 1aV€ O Aee;: prosgcc; - BY CO}? raz, p O;pui v
. ~ . . a ” - cres - g 1
i of organic carbon, sulfide sulfur, and iron in !M8 fOf Arcnean LU-cn ores has been Mighiy ¢
‘ the ordinary sedimentary rocks that constitute successful - because thesg: were 'mtelplct‘ed B
the great bulk of the sedimentary rock record, ?nalogllle§ of Phaner}ozon; deposrnsi) dfspnte. [~h|(~‘ L
. although all three distributions are presently act that the geochemistry o 0“_ m“‘."? :
' strongly influenced by the ambient partial depends on redox reactions and that deposits
' pressure of oxygen. The similarities in distribu- formed in an oxygen-frec ocean should b‘
i tions are interpreted to indicate that process different from those formed in the Phanerozoic.
! response effects, i.e. negative feedback, have Sedi bon Distributi
: been similarly effective throughout recorded edimentary Carbon Distribution
L geologic history. Differences that do exist [urroduction . '
: between Precambrian and Phanerozoic sedi- Carbon occurs in two associations in un- |
; mentary suites, other than those caused by the metamorphosed and low-grade mectamorphic ’
‘ gencrally higher degree of metamorphism in  rocks: (1) within the carbonate radical of car- ;
: Precambrian terrains, are more readily at- bonate minerals, and (2) in a myriad ol organic  ;
‘ tributable to tectonic and biologic evolution compounds. In the latter association, it is 1}
: than to major compositional changes in the generally called organic carbon, even if the
j generally 2
; atmosphere and hydrosphere. organic molecules are presumed to have been
; Although we will stress the evidence con- abiologically synthesized from inorganic mqf' i
; tained in ordinary sedimentary rocks, we do ecules. Organic carbon compounds, found m !
: .) . . . b p ~
L not exclude sedimentary uranium and iron  virtually all well preserved mudrocks of any age.
: sedimentary ¢ 1o : prese ! 1Y L
« ores from consideration. The models of diagnetic  typically become enriched in carbon with ume
§
'
| e R D RO K e . “‘"‘"ﬁ
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and with degrée of metamorphism until the
hvdrogen/carbon and oxygen/carbon ratios ap-
proach zero and the 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, the 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 diagenetic 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 is largely controlled by the supply of
inorganic nutrients, particularly phosphate and
nitrate. Productivity is great in areas of pro-
grading terrigenous coastlincs, where nutrients
are derived from fine grained terrigenous mud,

" and in arcas of upwelling ocean currents. There

is no reason to believe that this was different in
the Precambrian, since even the most primitive
organisms depend on phosphate-bearing co-
enzymes, e.g. ATP, for their metabolism.

Concentration 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 organic
matter is readily oxidizable, and less than 1%
presently  survives oxidation (Emery 1960).
Partial degradation produces dissolved organic
carbon, which presently amounts to about
7 x 10" ke in the world ocean (Wangersky
1965), as contrasted with about 3.5 x 10'® kg
of inorganic carbon (Turekian 1968). Partial
diagenetic oxidation rates depend upon sedi-
ment permeability, . which controls diffusivity
and rates of pore fluid exchange. For this reason,
diagenetic oxidation rates generally increase
with increasing grain sizc of the sediment, and
the sedimentary enrichment of organic carbon
in fine grained sediments is further enhanced
during diagenesis.

The resulting organic carbon distribution in

marinc sediments is fairly simple. Organic
carbon contents statistically increasc with the
clay content of the sediment in all large-scale
geologic units (Richards and Redficld 1954;
Emery 1960; Rao 1960; Van Andel 1964).
Differences in average organic carbon content
among sediments deposited in different en-
vironments are quite large. In particular,
lagoonal and estuaring muds are rich in organic
carbon becausc of the exceptionally high
productivities in such environments (Emery
and Uchupi 1972). A second organic carbon
maximum exists at about 800 m depth, because
less of the deposited organic detritus is oxidized
diagenetically in the zone of minimum con-
centration of oxygen in the ocean between 200
and 2000 m depth (Richards and Redficld 1954).
Virtually all organic carbon in sandstones is
diagenctically destroyed, except where the
sandstones contain a clayey matrix. However,
later introduction of hydrocarbons is locally
common. Organic carbon is destroyed in
permeable organogenic rocks such as reef rock

oor stromatolitic limestone, despite the relatively
high organic carbon content of living reefs

and stromatolites. The organic matter of fresh
aragonitic oolite (ca. 19; Milliman 1974,
table 12) is also rapidly destroyed during
diagenesis. Meadows of sea-grasses growing on
sand-banks, and smmilar accumulations of
organic matter on very shallow sands, have an
extremely low preservation potential. They arc
destroycd by oxidation in nearly all cascs.

The distribution of organic carbon deposited
from life-sustaining seas under an oxygen-
deficient atmosphere would differ markedly
from the present distribution. Planktonic matter
would, of coursc, accumulate preferentially with
the clay fraction of the sediment. However,
some planktonic maiter 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 19, or more of organic carbon,

‘presumably like that present in Recent cal-

carcous oolite (Milliman 1974, table 12), should
have survived diagenesis, as should have
stromatolitic organic carbon. Living stromato-
lites may be composed of over 80%, organic
matter (Holfmann 1973). Of course, this is
mostly water but there are several percent of
organic carbon. Stromatolites lithified under

er vy
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anoxygenic  conditions should contain  this
amount of organic carbon, and algal mats
developed on shallow-marine quartzose sand
banks should also be preserved.

It may be theorctically possibic that, the
organic compounds found in Archean mudrocks
have formed from organic molecules abio-
logically synthesized in the Early Precambrian
by radiative ionization-of ‘gtmospheric methane
or other hydrocarbons-and compléx reconstitu-
tion (Lasaga e/ «l. 1971). Organic compounds so
synthesized in a primordial ocean would have
contained a high proportion of hydrocarbons
becausc these are among the most stable
organic substances. These hydrocarbons would
have accumulated on the ocean as a “primordial
oil slick” that 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
imtertidal and supratidal 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 calcarenites, but also
in pelites deposited in the intertidal and suprati-
dal zones. They should have given risc to littoral
sandstones and calcarenites containing bitumi-
nous grains or a bituminous matrix, ‘and inter-
tidal and supratidal pelites (easily recognized by
their sedimentary structures) also should con-
tain  bituminous grains or their deformed
equivalents. .

Presently available analytical data on the
organic carbon distribution in Preccambrian
sedimentary rocks are rather sketchy (Table 1;
Fig. 5). However, the distribution observed
in the field is not that 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
cquivalents that would have formed from de-
position of hydrocarbons. Middle Precambrian
littoral sandstones of the Labrador trough arc

CAN. J. EARTH SCL VOL. 13, 1976

gencrally éither stained red by fine arained
hematitc or are gray but devoid of micro-
scopically recognizable organic carbon; littora]
calcarenites and stromatolitic dolostones, as-
sociated with intraformational flat-pebble con-
glomerates typical of the intertidal and supra-
tidal zones, are devoid of visible organic carbon
as arc the sandstones deposited n deltaic cn-
vironments (Dimroth 1973). Archean sand-
stones of a coastal sequence south of the
Rouvn-Noranda area, Quebec (M. Rocheleau,
in Dimroth er al. 1975) contain no recognizable
organic carbon, whereas the pelitic rocks are
richly carbonaceous. Precambrian sedimentary
rocks studied by others are generally similar
(Pettijohn 1943; Roscoe 1969). However, con-
glomerates and sandstoncs rich in uranium
andfor gold arc characteristically also rich in
organic carbon, which appears to be at least
partly the remains of algal mats, or of mats of
other organisms, that grew on the sediments
covered by the coarse clastics (Hallbauer and Van
Warmelo 1974). :

Extensive microscopic and ficld observations
have confirmed a generally negative corrclation
between organic carbon contents and grain size
in Precambrian sedimentary rocks. Where Pre-
cambrian pelite. and arenite are interbedded.
organic carbon is invariably erriched in the
pelite (Figs. 1, 2). Where coarse and fine pelite
are interlaminated, organic carbon is con-
centraled in the fider-grained pelitic laminae.
Highly carbonaceous rocks invariably are mud-
rocks. Matrix-free sandstones, cemented oolitic
and stromatolitic limestones, dolostones, and
oolitic and intraclastic’ cherts of Archean and
Lower Proterozoic age (Figs. 6,7, 8) are generally
free of microscopically identifiable organic
carbon, like Phancrozoic rocks of comparable
lithologies. Sandstones and' other psammites
(calcarenites, coarse grained volcaniclastic rocks)
containing some organic carbon are rare (Fig. 4).
and in these cases organic carbon is ncarly
always concentrated in a pelitic matrix (Fig. 3
regardless of the age of the rock.

The negative correlation of grain size with
organic carbon content is found in nearly all
Precambrian mudrocks, regardless of the source
ol the sediment or the environment of depos:
tion. In terrigenous suites, organic carbon is con-
centrated in terrigenous pelite; in volcanogemt
suites, it occurs in fine grained tufl or tufTaccous
sediment; and in carbonate rocks, it is con-
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Tasee 1. Corrclation coefficients for organic carbon concentrations and estimates of pyrite contents

in Archean mudrocks

Cameron and Jonasson (1972)

Easdon (1969)

No. of Mean  Mecan Township
Arcas samples . %, C A (NW Quebec) % C 9 Fe
Red Lake, Ontario 12 1.73 4.6 Surimau 8.27 9.56
Atikokan, Ontario 27 0.20 0.22 Desboues 15.01 31.61
Lac des les, Quebec 48 0.21 0.35 Desboues 10.39 15.17
Beardmore, Ontario 7 0.10 0.10 Desboucs 0.53 3.13
Geralton, Ontario 48 0.10 0.15 Desboues 6.18 5.92
Michipicoten, Ontario 7 1.76 10.3 Desboues 0.61 2.38
Oba, Ontario 5 7.6 10.9 Desboues  * 16.74  23.38
Timmins, Ontario 141 1.27 1.93 Desboucs 0.57 2.09
Matachewan, Ontario 9 0.48 0.74 Desboucs 10.01 14,81
Larder Lake, Oniario 47 0.19 0.17 Deshoucs 0.33 2.68
Kinojevis Riv., Quebec -1 0.16 0.14 Desboues 9.85 7.31
Desmeloizes, Quebcec 6 0.12 0.28 Desboues 0.59 1.74
Amos-Barraute, Quebec 9 0.39 0.10 Desboues 9.79 5.16
Chapais, Quebec 29 0.30 0.16 Desboues 4.30 2.44
: . . Desboucs 3.84 4.67
Unweighted grand means 1.04 2.15 Desbougs. . 13,69 7.6
Desboues 13.22 6.10
Desboues 3.7 1.73
Correlation coeflicient = .83 Launay 5.79 4.80
: Languedoc 11.83 6.67
Berry 4.29 3.57
Correlation coefficient is defined to be l.anguedoc 5.45 5.42
_ . Guyenne 5.35 14.21
Z(X; — XY, — Y) Guyenne 2.70 4.95
(Z(X; — X)P (Y, — V)t Barraute 0.71 4.22
. Barraute 4.17 6.71
Note: Pyrite content is closcly represented by percent Pascalis 2.56 6.15
sulfur in data from Cameron and Jonasson (1972) and Fiedmont 17.60  33.76
is roughly approximated by percent iron in data from La Sarre 3.90 4.95
Easdon (1969). Each analysis is of onc samplé only in Means 6.62 8.318

Easdon’s data.

Correlation CocfTicient = 0.8!

centrated in micrite.  The psammitic and
psephitic equivalents of these fine grained sedi-
mentary rocks, e.g. ‘sandstones, conglomerates,

lapilli tuffs, tufl breccias, and calcarenites,

generally are free of microscopically recognizable .

arganic carbon unless they contain a mud matrix,
In the Proterozoic sequence of the Labrador
trough (Dimroth 1973), such carbon enrich-
ment s found in pelites deposited in -fluvial,
deltaic, coastal, and ‘decp marine environ-
ments. Relative organic carbon enrichment in
mudrocks independent of environment is also
iound in the Archean suvites of the Rouyn-
Noranda area. "where mudrocks containing
organic carbon have been deposited in lacustrine,
coastal.  and  deep  marine  environments
(M. Rocheleau. in Dimroth er al. 1974, 1973).
However, average carbon contents of mudrocks

deposited in different environments are not the
same. : ) )

Concentration of Organic Carbon in Shallow-
Water Sedimentary Rocks

Organic carbon content is not a simple func-
tion of grain size. Just as lagoonal and estuarine
mudrocks are much more carbonaceous than
other mudrocks in the Phanerozoic, so they also
appear to be in Precambrian suites. Recently
discovered, excellently preserved, Archean oolitic
limestone and iron formation in the upper Back
River area, Northwest Territories, Canada, is
stratigraphically correlative with  highly car-
bonaccous and pyritic mudrock that is inter-
preted to be of lagoonal origin (M. M. Kim-
berley, unpublished data 1973). Similar mudrock
15 interbedded with a lean, sideritic iron forma-
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FiG. 6. Oolitic dolarenite. The ooids and pisolites (or algal oncolites) are carbon-poor, as is the
sandy matrix. Section W 38-7, Alder Formation, Lace Lake area, Labrador trough. Scale = | ecm.
F1G. 7. Stromatolitic dolostone from the Alder Formation, Lace Lake arca, Central Labrador lrou;lh
The dolostone is frec of microscopically recognizable carbonaceous matter despite the probable high
original organic content, Note thé fenestral tektures. Section P 39-5, Scale = 1 cm.
Fic. 8. Stromatolitic dolostone from the Alder Formation, Lace Lake area, Central Labmdc_)r
trough. Note fenestral 1extures. These dolostones are virtually carbon-free despite the high organc

content of living stromatolites. Section A 10-6. Scale = 1 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 aihd Atmospheric Oxygen Trans-
Jer

Oxygen is presently added to the atmosphere
principally through the burial of organic carbon
photosynthesized {rom carbon dioxide. The ap-
proximate rate of oxygen production may be
estimated from thé rate of sedimentation and the
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 of the annual marinc influx of detrital
sediment range from 0.93 x 10" kg to 3.25 x
10'3 kg (Kuenen 1950). The value accepted by
Garrels and Mackenzie (1971)and by usis 1.83 x
10'* kg. Assuming that 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 10'3 kg/y. '

The average Phanetozoic sedimentary propor-
tion of organic carbon has been variously
estimated at 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 ¢r al. 1965). Accepting
an intermediate value of 0.75%. the annual
organic carbon burial would amount to 1.5 x
10'" kg. At this rate, the 1.2 x 10'® kg of oxveen
presently in the atmosphere (Goody and Walker
1972) could be generated within 3 x 10%v.

The cwrrent consumption of atmospheric
oxygen is- also geologically rapid. Holland
(1973¢) has estimated the annual loss due to
rock weathering to be presently about 4 x
10" ke and the loss due to oxidation of volcanic
hydrogen gas to be only 2(+1) x 107 kg, At
these rates, all atmospheric oxyvgen .could be
consumed within 3 x 10%y.

The general similarity of Proterozoic to
Phancrozoic supracrustal rocks is too close for
the production or consumption rates of carbon
and oxygen to have diflered radically. Even
Middle to Late Archean volcanism is unlikely
W have been greater than present volcanism by

two orders of magnitude, or the weathering rate

it o It gty

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 tufls, 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 [eldspar,
susceptible to carbonation, survived as well.
The 2250 to 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 cvidence 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 inconsistent with such a proposal.

The concept of a gradual increase in at-
mospheric oxygen through the Precambrian
(Berkner and Marshall 1965) is difficult to
reconcile with consumption—-production rates
even an order of magnitude less than current
rates. The negalive feedback processes that
presently seem (o control the amount of atmo-
spheric oxygen could have been just as cflective
as they are today in any part of the Archean
when there were photosynthesizing algac. These
processes include’ oxidation ol variable pro-
portions of organic matter depending upon
atmospheric  oxygen level (Broecker 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 crosion and sweathering,
of increased oxygen consumption to increased
photosynthetic activity through increased supply
of dissolved phosphate (Holland 19734). Initia-
ton of an oxveenic atmosphere could have oc-
curred a few million years afier the initiation of
acrobic photosynthesis. The occurrence of blue-
green algal remains in the approximately 2600
m.y. old Vaal Reel Carbon Seam of the Wit-
walersrand  Sequence (Nagy 1975) offers a

probable minimum age for ouwr oxygenic type of

atmosphere. However, the petrographic sim-
tlarity of the lsua Complex iron formation and
associated  sedimentary rocks (Bridgwater et
al. 1973), dated at about 3750 m.v. (l\f!OO:'buth
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et al. 1973), 1o younger rocks suggests that this  as suggested b.y Becker and’ Clayton (1972,

cartier date is a better minimum.

What the proportion of atmospheric oxygen
may have been before photosynthesis depends
largely upon the Early Archean rates of photo-
dissociation of" water and escape of hvdrogen
from the earth's upper atmosphere. Brinkmann
(1969) has estimated that, under current cendi-

tions, this process alonc could produce one-

quarter or more ol the present atmospheric level
of oxygen. Van Valen's (1971) objection that
Brinkmann  (1969) should have cmphasized
oxidation of volcanic gases rclative to rock
weathering as an oxygen-consumplive process
is not substantiated by Holland (19734), who
showed weathering of sulfide-bearing rock to be
more important.

Carbon Isotopic Ratios and Atmospheric Oxygen

Transfer
Not only is the mass distribution of carbon
between organic molecules and carbonate

minerals relevant to atmospheric oxygen levels
but aiso isotopic fractionation of carbon between
these two reservoirs (Broecker 1970; Holland
1973b). In a hydrosphere-atmosphere system
of constant” carbon content, supplicd with
carbon of unchanging isotopic ratio, and with
continual high dcgree of fractionation' by
organisms, comparable organic and carbonate
carbon isotopic ratios in sedimentary rocks of all
ages would indicate a constant rate of separation
of carbon between the two reservoirs, and
hence an unchanging rate of free oxygen
production. .

Available analyses indeed indicate constancy
with time for the isotopic ratios of sedimentary
carbonate and organic carbon (Becker and
Clayton 1972; Schidlowski er af. 1975), provided
organic carbon is relatively unmetamorphosed.
There is no reason to suspect that the carbon sup-
plied volcanically has varied isotopically, nor is
any significant variation in organic fractionation
apparent (Oehler er al. 1972). However, the mass
of carbon in the hydrospherc-atmosphere may
have changed. Using Holland's (1973a) as-
sumption for the rate of volcanic degassing and
measurement of carbon in volcanic gasses
(Eaton and Murata 1960), integration over all
of carth 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,

2RI,
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that volcanic carbon contribution must b
cansiderced. The major evidence against thej
contention, that volcanic contributions myy
have incrcased the mass of carbon “in (e
hydrosphere-atmosphere with time, is the high
proportion of organic carbon found i Archeap
mudrocks, including those associated with lime.

and upper Back River (M. M. "Kimberley,
unpublished data) areas previously mentioned,
It is concluded that the constancy of carbon
isotopic fractionation in sedimentary rocks is.
in fact, an indication of relative constancy of
free-oxygen production.

Scdimcnmry Sulfur Distribution

Introduction

The distribution of sulfur in Recent sediments.
like that of organic carbon, is largely a function
of primary and diagenctic redox reactions
(Beraer 1971) and is correspondingly sensitive to
variations in atimospheric oxygen pressure. There
are two major sources of sulfide sulfur in present-

day sediments, i.e. seawater sulfate reduced

bacterially and organic sulfur released during
decay; and two minor sources, i.e. volcanicaily-
exhaled sulfur and detrital pyrite.

Detrital Pyrite

Detrital pyrite is present in some fluvial
placers (Ramdohr 1960, p. 741) and is commen
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 few
cases, detrital pyrite may survive diagenesis.
provided deposition is rapid and reducing
diagenetic conditions are establishcd rapidy
after deposition. On¢ may expect to find detrital
pyrite locally in braided stream and alluvial fan
environments, particularly in cold climates.
Preservation of pyrite in deposits of meandering
streams and in shallow-marine or beach scidt-
ments. of the temperate and warm climatic zoi¢
is unlikely (Davidson 1964), although som¢
pyrite is known to occur in Recent altuviuny i
Central Europe (Miiller and Negendank 1974).

By contrast, pyrite should have been a con
sistent and important component of all flusia!
and shallow-marine sandstones deposited undet
a hypothetical oxygen-deficient atmosphef¢
Pyrite is common in all source rocks and 18

-
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relatively resistant to abrasion (Koen 1958). At
present, pyrite does not appear to be rounded
mechanically because oxidative corrosion of
crystal edges is a more efficient process (P.
LaSalle and J. Radziminska-LaSalle, personal
communication 1974) and pyrite is ehiminated
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 pyrite
is no more than a mineralogical rarity in the
basal phase of the Archean piedmont fan con-
glomerates of the Rouyn-Noranda arca of
Quebec (as described by Rocheleau, m Dimroth
et al. 1975). In the latter case, detrital-appearing
pyrite pebbles occur only in several outcrops of
a basal conglomerate of local provenance, and
some concentrically laminated pyrite nodules,
obviously diagenetic, are present with the

* detrital-appearing  pyrite.  Simiilar  detrital-ap-

pearing pyrite occurs in the Cambrian La
Pocatiére member (Hubert 1973) of the St
Damase Formation at La Pocatiére, Quebec,
although this is as unusual for the Phancrozoic
as for the Precambrian. Absence of pyrite from
most Proterozoic and Archean sundstones in
the Labrador trough and Rouyn-Noranda areas,
despite the common presence of the mineral
in the source rocks, is evidence for oxidation

" during transport andfor diagenesis. The pyrite

of the gold- and uraninite-bearing conglomerates
of the Witwatersrand, the Serra de Jacobina, and
Elliot Lake areas is found in polished thin
sections to be partially replacing quartz grains,
filling cracks in clasts, or occurring interstitiatly
like a cement, as illustrated by Du Toit (1953,
plate 1V), and so is not considered to display
detrital textures.

Bacterially- Reduced Sulfate ]

Most sulfide sulfur in Recent sediments has
formed by the action ol sulfate-reducing bacteria
and is closely associated with bituminous-shales
{Berner 1970). As for organic carbon. the as-
sociation of pyrite with clayvey sediment is
equally characteristic of the Lower Proterozoic
sequence in the  Labrador trough, Quebec
(Dimroth 1973). of 2700 m.y. old Late Archean
sedimentary rocks in the Abitibi belt of Ontario
and Quebec (Goodwin 1973: Dimroth ¢ al.
1974). and of Middle Archean metasedimentary,
rocks, about 3730 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 diagenetic. Nodules in the Michipico-
ten area of Ontario (Goodwin 1962) arc
delicately concentrically layered. Easdon (1909,
p. 30) found a linear increase in pyrite content
with increase in organic carbon content in 27
Archean carbonaceous mudrocks of the Rouyn —
Val d'Or arca 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 Archcan
greenstone belts in the Superior Province of the
Canadian Shield. This consistency of the sulfide
sulfur — carbonaceous mudrock  association,
which is so characteristic of Precambrian
(Table 1) as well as Phanerozoic rock associa-
tions, is evidence for (1) the continually abundant
presence of sulfate in the occans and (2) ihe
continual diagenetic bacterial reduction of that
sulfate, at least since deposition ol the carliest
known Precambrian sediment.

Volcanically-Exhaled Su/f[u'
Volcanic exhalations generally include hydro-

gen sulfide. Under present conditions, most

of the 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-diflered, particularly if most of the
primordial ocean had been saturated with re-
spect to siderite, as is assumed by Cloud (1973).
Holland (1973¢), and Drever (1974). All hvdro-
gen sulfide exhaled by submarine volcanoes
would have precipitated as iron sulfide close to
the volcanic vents. Volcanogenic sulfide deposits
should be many orders of magnitude more
voluminous in Precambrian volcanic sequences
than in Phanerozoic volcanic sequences, and
they should-occur around all Archean submarine
volcanic cenlers. Archean copper and zinc orcs
would have been more diluted than Phanerozoic
ores by the marine ferrous iron presumed to have
been abundant and réactive with exhaled
chemicals. Proximal pyroclastic rocks would
have been cemented by pyrite.

In fact, none of these inferred differences
between volcanogenic sulfide deposits of Pre-
cumbrian and Phancrozoic age arc consistently
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found. Massive sulfide deposits certainly did
not form around cvery Archean voleanic center,
On the contrary, the special conditions for their
formation were realized only under peculiar
voleanologic and stratigraphic conditions (Sang-
ster 1972; Spence and de Rosen-Spence 1973).
Base metal contents, base metal zonation, and

" geologic sctting of the Archean ore deposits of

the Rouyn-Noranda area, Quebec, are com-
parable to Miocene deposits in Japan (Sangster
1972 .Simmons er al. 1973; Horikoshi and Sato
1970: Sato 1971, 1972). Archean sulfide deposits
in the Abitibi belt (Dugas 1967) do not appear
to be more voluminous than sulfide deposits in
comparable Phanerozoic volcanic belts, e.g. the
Paleozoic belt of southern Portugal and Spain
(Strauss and Madel 1974) and the Green Tuff
belt of Japan (Matsukuma and Horikoshi 1970).
Moreover, pyrite cement is absent from even the
most proximal pyroclastic rocks of the Rouyn ~
Noranda area. The distribution of volcanic
exhalative sulfide deposits in Archean terrains
does not appear to differ substantially from the
Phanerozoic distribution,

was saturdted with 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,
Archean sedimentary rocks are deep-water
turbidites. There are some fluvial deposits
(Turner and Walker 1973; Rocheleau, in Dim-
roth et al. 1975), but Archean shallow-marine
and httoral 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 other hand, there is evidence that
evaporites were present in all Lower Proterozoic
miogeosynclinal

paleageographic conditions. Evidence for evap-
orites is provided by gypsum and anhydrite
nodules as in the Gordon Lake Formation of the
Huronian Supergroup {Wood 1973), gypsum and

Jhalite casts in the east arm of Great Slave Lake

(Hoffman 1968, 1973) and on the Belcher

and the hypothesis .
_that the Early . Precambrian primordial ocean

mos} |

sequences of the Canadian.
- Shield deposited under appropriate climatic and
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slands (Bell and Jackson 1974), length-siow
chalcedony in the Labrador trough (Chauve
and Dimroth 1974), and by probable evaporite-
solution-collapse breccias. Survival of the actug]
evaporite minerals cannot be expected to be
common in Precambrian Shiclds because pres-
ently-exposed rocks have been [airly closc to the
surface since the end of Precambrian time ang
have experienced prolonvcd albeit slow, ground-
water flow.

The relationship of sulfur geochemistry to
atmospheric oxygen production is much like
that of carbon (Holland 1973b). Volcanically-
exhaled sulfur dioxide dissolves to form sulfate
ions that, upon bacterial reduction and forma-
tion ol pyrite, relcase free oxygen. Bacterially-
fractionated sulfur varies considerably in isotopic
ratio and is generally light. Conversely, highly
variable or light isotopic concenfrations of sulfur
in unmetamorphosed and low metamorphic-
grade sedimentary rocks are an indication of
bacterial fractionation during sedimentation
because inorganic fractionation is probably too
slow to be significant at such low temperatures.
The discovery by Goodwin er al. (1976) of a wide
spread of sulfur isotopic values in pyrite of the
Archean Michipicoten and Woman River iron
formations east of Lake Superior, Ontario,
coupled with very isotopically light carbon in

. associated carbonaceous mudrocks, is inter-

preted-by them to indicate Archean autotropic
organisms and reducing bacteria.

Sedimentary Uranium Distribution

Uranium is generally concentrated in sedi-
mentary rocks relatively rich in carbonaccous
matter. Certain cxtensive carbonaceous mud-
rocks and lignites contain several tens of times
the mean crustal abundance of uranium, which
is about 3.4 ppm (Swanson 1960, 1961; Wright
1972). Stratiform ores of uranium, largely
sandstones and conglomerates with over 300
times mean crustat abundance, are also generally
richer in carbonaceous matter than un
mineralized sandstones and conglomerates. This
relationship is well documented for the Cenozoic
(Rackley 1972) and Mesozoic (Pctersen 1960)
deposits of the U.S.A., in which reduction of
gloundwatu sulfate and urany! ions by org: v
oxidation is generally taken to be the cause of
pyrite~uraninite precipitation. The abundance
of dense, isotopically light hydrocarbon in the
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South  African  Witwaterstand nold—ummum
ores (Prashnmwsky and Sch]d]owﬁu 967) and
its pceurrence in rich pértions of the. Canadun
Effiot Lake drafiiuin ores (Rosco¢ 1969) i
suggestive of & similar dlagemhc conirdl .on
\Iuldle Precambrian pyrite~utanirite ineral-
ization (Derry (960}

There are a number of other clizracteristics
comuiion to the Middlé-Prétambrian Witwaters:

rand (Prétorius 1974) and Ellist Lake (Roseot’

1969) deposits, which dré féiirnd in Phanerozdic
sandstotie-congiomerate  uraninite  deposits
(Kiniberley 19?4{‘:), teluding;
stratiform draninite mideralization of several
kilométres, as in the Permoltriassic of the
Ausitian Tyrol (Schulz and Lukas 1 9?0), con-
céatration of pyrite and wvraninite along ¢risss-
bédding planes, as in the Shirley Basin of
Wyaniitg (Harshiian 1972); pattial feplacement
of qu:utz by pvntc, and “roundness. of pPyrife
and uraninife; as in the Shinarunip conglomerate
of ;\rmona (Petérsen 1960); partial repiacement
of fossil plants {Finch 1967); and preferential
concentraiion of urammtc At the base of the
host ore bed, as i thie Pcrmotnassm of the
Itaiian Tyrol- (Ippohro 1958} 2
Differences between Middle Precambrian and
Phanerozoic uraninite deposils do exisf, the

(wo major ones being the high thorium content -

ol Middle Preca mbrian uraniniteand the narrow
range of sulfug 15@t0p1c values, in associated
pyrite (ROSLOC 1969; Schldlowskl 1968).
‘[ horium is virtually:inseluble in pure water, but
can be fransported by certain dissolved orgattic
solvents (Galkin er af. [963) that could have
been-more abundant within. Middle Precambrian
than i Ph’mcnomlc sediments.

The Middfe Precambrian pyrite, with murnw

~sulfuf isdtopic range, is much coarser: Qr']med

than less- st:dtllmm Phanérézoic pyrite, wh I(,h
has a wide Fange of isctopid ritios (Finch 1967).
This could bBe rélated to "precipitation f all
suliur feactied from. ovellymg weatherine pyro-

Hun

DIFLC{ CVIdCI]CC of d!"’l"CﬂC!lC uEaiiim mo-

Bility has been found  In urininite- -replaced

Organisms within Witwatersrand ores {(Hallbaver
angd Van. Warmelo: 1974). Although it is thermo-
um.mum]ly possible that .this mobility . éonld
huve. occureed at ﬂxcccdmr*ly low oxygén pres-
dres ([lolhmd 1962), it is' more likely that the
.!rb(m'icmu‘» replacements indicate an OXyEenic

o

latérdl extent of
“volednics with weakly uranifergus donglGmerdtes

" Regent Iron Sedimeitation amtl Ancient Red Beds .

clagtics angd hmnoucnmtlmn upon ILCI)sthza-

sediment, and ferrifevous partidl replacements

e

3
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proundwater-atmosphere system more like that
at present, However, the ¢onéspt of ani oxygen-
rich Middlé Précambrian atinospheré. s in--
consistent with the chneept of physical sorting, ¥
having preducedd the bulk of Middle Pre-
cambrian  uraninite concentration (Pretorius
1974, Rakcoe 1969). M. M. Kimber! ley (un-
pubhshed maticr) proposes an alternaté genetic
model, ii which groundwater [eachate of ovet-
lyifig weathered voleanic ash is reduced by
oxidation of rémains of organisms along dis- b
gonforniities. Amiong the evidence for this model
is the Gc€urrénte. of mafic & felsic Huronidn

directly benéath thé ore-bedring Matinerida
Formation ;in thée Elliot Lake dtea (Robertsén
3973), the-similar abundaiicé of volcdnics in the

base (Dominion Reef) of the Witwatersrand
(Prctonus 1974), ‘and “the becurrence of vol-
canics through the entitc Witwdtérsrand se- :
quence; which has a nyuch.gicater Stidgtigraphie ‘
range of vichly mineralized beds than does the
Humman qequcnce

Sedmleutary Iron. Dlstnhutmn

Recent: sedimentation of ferriferous minérals
at-sediment—water interfaces and ‘diagenesis of
these mingrals are }arae]y controlled by redox
reactions and, like sulfur and organic carbon
sed;mcnml«cn should be sensitive to variations
in, atmosphcnc oxygen pressure. At present,
iron in trop;ca] wmlhcrmg products is trans-
ported principally in the fcruc state, in ¢lay-
sized particles - (Van Houten 1972). This ferrig
Iron is readily- redumb e to aqueous ferrous irgn:
in the presence OF decaying oy ganic matter
within shallowly buried, ancxygenic sediment
(Berner 19?(}), and dmsolvcd fertous iron may
be trdlmporlcd n glnox}mcmesubsmﬁlce walers,
Subséquent précipitition as hydroxide, oxide,
silicate, carbonate, orsulfide minerals may oceur
undet & variety ol conditions ‘chardéterized by
certan anncs of - oXygen fugacity wid pH.
Recent iron caricentiation 'Securs il a number
of forms, including ‘ireii-rich encrustanom &
the sediment-water intefface (James 1969),
iron-fich tements and concietions within detrital

T Pra mutia s iy e g e fm smc——

of talcareous sediment. (KimbLIIL}’ 197 5¢r).
Present-day formation 6f presumed red-bed

precutsers s dependent npon, the curreritly

high Jevel afatmospheric -oxygen, ‘despité ‘the
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fact that hematite is stible with respedt to any
pra‘:dommdnli\.f"u:ous minerals at v\Ludley
low oxygen Fagacities (Garrels and Christ 1963).
Red- bed I‘orm,d.hon_ 15 beligved @ require that
erganic matter readily nietabolizable bacterially
eitheir not be co-s;.dunenlLd with the déiritus,
or that it be oxidizéd before $ediment burial
below the zone of substantial groundwater fow,
Generally, the latter appears to be the case: No,
predofinantly ferric  mingsals, are  thefo-
dynamically stable in thé presence of any-ofganic
compounds (Stunim. and. Morgan 1970), but

co-cxistence  with. relatively unreactive car-
bonacéous~ compdunds 1§ fairly Edmmonly
fouad. In continentd] red-beds, Jimicous and

etamorphic ferrifeiolis minerals may be dia-
'g'ef]clié"ill‘y oXidized and detrital grains coated
by heinatité under thé infuence of a strongly
vaiidble water table, especidlly in arid areas
wheré Orgianie productivity and erganic sedi-
mertition dre Mminimal. (Walker 1967 tGLc_nnie,
1970). Sofe shallow-marine ved-beds may form
by a-similar process during periods of. regression
and subiierial exposure’ of the sedimient, How-
ever, soine thick réd-béd sequendes seeim to have

been- deposited in deep water, like part of the’

Cambro-Ordovician séquence in the lower St.
Lawréiice River area of Quebec (Lajoie er wl.
1974, Ia this case, oxidation of the sediment is
belicvedl to have ‘taken plage by diffuston of
oxygen into the sediment, aided by low sedi-
meiitation «wgtes: and bioturbation. Wenthered
basalts on the-present deep-ocean floor, partic-
ularty ‘their fragmental (hyaloclastic) varieties,
are eommonly also hea\f[ly oxidized due to
reactian between ferrous iromr in basaltic 2|dSS
and gxygen-rich sea water,

Well :documented :ed bcds more. than 1900
my.. ofd (Fwer 972), occm n ihc ]_}dblad()f

-the Izil;gcst chert){ irgn !ormdtlons in’ the \\or.id

GAN, L. EARTH SCL.
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(Dinrath 1968). These rcd-beds are of two
types, fluvial arkese and feldspathic conglome.
ratg, and shallow-marine shale; dolostone, ang
sandstone. The reldspdlhu. conglgmerate: o,

faing andesite pebbh:; hearing oxidized wmther_

ing crusts (Fig, 9). These ,pcb,b!;:_s provide up.
ambiguous evidence for oxidation during weath:
ering i a subaerial environment. Wilhm the

wedtherilg crusts, mafic. mmcmls havc been re-

placed by hematite, and grain bounchnea aid

cracks have been couted \\1111 ht.nmtm {Figs,

10 10). In thesassociated. arkoses, graia bound-
aries are-coated by fine aramed. hcm'ltlrc, and
hematite-rich clay ands the component grains,
The sediment was L!Cﬂl‘]\" deposited under
omdmn" conditions, and 0x1d1zmg conditions
were mamtained. until the final closure of poge
space. During metammphism the red arkoses
and shallow-marine red-beds have been some-
what discolored due (o conversion of hemalite
tg magneglite and reerystallization of hematite,
coarse, grained hematite being generally gray.
Fhe' Auvial red-beds are. overlain by shales,
siltstones, |dalostones, and swands“tozges that were
deposited near a cpa,st'line--in a zone of mixed
{errigenous and chemical sedimentation. All
the marginal facies of the pelitic units as wellas
the intercalated thin mlubeds of dolostone and
(Iolomltlc sandstone are red or variegated red-
green {ru 7S, 12 13, 14, 15). The thick ity of
dolostenc and dololmtlc sandstone ﬂLnem!Iy are
not red, with the éxception of thé du Portage
and Dunphy Formations, but any detiitl
grains are generally hematité-coatéd (Fig. 12).

:Reddenina‘of the sediments mdy have eccurred

during carly diagenesis; buf green coricretions
léss compacted ‘than surrounding red pdlit
brovide gvidenge: forsubsequent. reduction (Fig.
15). It 13 uaknown whéther hematite in the
marine red-bedls formed during briel intervals
of “subaerid]l exposure’ or by submarine dis-

et

FiG. 9. Red arkpsic congtomerate, Chdkcmpau l—orm.mon
s (gm MR arkosu: matrix: Notc'the red wearthering

Labrador lmugh ‘Pebbles of andésiiefa): indl. H]

-Chakonipau Lake area, Central

crusts (arrows)of dﬂdub[[c pebbles, |11(ircall:15,,0\|d|ztng, condilions. durmg, deposition, Section A 13-9A:

Scale = lcm,

Fic. 10, Di.l'uls ol' Fig, 9. Biotite:(bi) of & gneiss pebble has been oxidized, discolored, andrepliced
by hénatie! Biotte ofanfandesiie pebble (top Teft) has also Bgen. replaced. by hematile. Fing grained

hematitgzcouts the clastic grains, Scale = | mm.

prains are hematite-coated, Scale = 1 mm.

iG. 11. Detail 60 Fig. 97 Biotitc 6fan andesite pebbic an) his beci replaced by hemalite. Clastic

Fic. I2 Griy, shallow marine o litioral onthuarth Organic malter 5 -absert, Clastic gruins
are LO'ItC(.l by hLdeJlL‘ Gray color of sample is due-to relatively coarse grainesize of hematile. Wishart
‘Furmalmn dc ] Bru;.hu. Lake dl’Cd Sg(.non W 21-6. Saale = 1 mn, ’
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gefiesis, but minor dlswnlormltlca do suggu;t
rcpc'ucd emergence of 'the sequence (Dimrmn
1968), The :mularmes petweeil thesé  Pre-
cambrian red beds and their ﬂmntr@mlc
counterparts &€ suﬂmemw obvigus' that we
Jave np TEASOR. 10, doubt ‘that they hdve had.coms:
puab ¢ origing.

Evidence for dmu,nct\c oxidation duringsub-
maring weatheringd, “of basalts and andesites 18
\Vldc&pudd in Archedn voteaic SEGUENEEs, ke
{hose the Rouyn—Nomnda aréa of Quebce.
In these rocks, iron of the Jolcanic gluss Has.
been pmtmliy m\ducd to.goethite and hematite,
just 48 in Recent sybmaring weuthered plass.
Omdazed |mrﬂms of axdcmmehne shards and of
pmow Tims {Figs. l’f) aré: wcn presewed

O 1cm

Eii. 3. ‘Bualmlehltc and mtmcldmc sod dolostone.
Dark arcds ure mtr\ddsh and stmxmmhuc oFusts,
sained 160, by- fing,, evenly disteibuted hematie pag,mcm
Light gray arcs arg sparcy. | comient. Note the fcncmat
fextyres dues {Q pas’ Blisters. ‘kuxon W3-l du Péoriage
Formduon “Cenmial L'xlu'ndor wrough. Seale = Ligm

awhitre rocks are £ of pumpcllynemprchmtc meta-
moerplic g eraide. Howcvcr iron m\dcs\hfwc heen
Feduced and ron mcoxporatcd mto silicate
minetils where ﬁn.cnat.hn:.t metaﬂmrphm con-

-ditigns have been amumd The obscwatmm,

indicate that 0\!d1t10n took lhu pefore the
humr‘m m«.mnorplusm, 'bout 2600 m.y. 8g0.
1. Rochaleau {in Dimi® oth ¢f al. 1975) has also
obsuvcd omdmcd mmon hzﬂos in \pcbbkes of
an Archean fluvial cmm\omu ate. These: oxidized
alieration 20083 pm.ent!y beind studied by
Rachelean, Were ovmprmted by @ strdng, e

[
ducing dingenesis ¢ and enly pare. Telicts dre now -

prenened
Red-beds W ould & gencrally pot be axpocted ¢ and
have not ¥el been Foumi among Canadian
. Archean eﬂedmmenmy 5&:11\61“:@:: since these.are
domnmndv turb1d1tes and the few fuvial dé-
posits (Tuner cmd walker 19734 Dlmrath‘ et al.
1974; 1975: R.S. Hyde, pcrsonal C?mmumm-
tion 1914‘; tormed on grivall voleame istands.
Mmeuver the vast m‘uoutv of f\mhmn Tocks
have c\pemnu:d at least Ereensdmt—hcm
lmmmocphmn at which mt hmorphlc grade.
fine grained hematite of Middle Prcmmbnan
red- peds in the Labrador teough 1c<¥rysta\hf_nd
with comequcm toss of red-f‘momum
Red-beds are by no meanse 11)5uﬂ\fmm mhcr
Middle Prcmmbrmn %cquean,es dt‘ld Archean
yeds heds, have: peen reported | frat \he Fig Tree
“Group. of gouth Afried by M. Muir (pusumi
communn,auon {973). 1a Canada, red-beds
oceur-in the upper pmt of the pie: 22200 m.y- -l
‘Huroniai Superﬂmup i the Lormm and Bay
River Formations (Rmcoc 1069 ; Ymmw 1973
Middle precambrian South A fncm ped beds
have been repot ted fronithe W nwmersx and and
Trans Al \upcrmoups (Beukes.! 1973 ).

\

ximmspheu
This soction 15 intended fieithier L@ b @ con’
p\ehensne critique Of existing Les‘muc hype
theses NOT a detaitcd dwcnpnon of an qliernye

nopul ar Precaimbyian |rij!\

\vmch rely Onaf|e anoxygen®
bﬂLh

with. the currently
formation modcls
atmosphete for ferrous iron srabibtys and

putline & possab\(. Ecncsv& under ml ox\unlt

gtmosphre. We. défihe 1ron fornmlmm w W
compmtd of E\auconnc poor chc\mxca St'giw
mentary rock of any 4ge ghiat Contdin> el

Fe. tron formations <o, defined arc nol poced

sarily panded.

Of:frm U! fromn Fuumumn Upeler ant Oxugen Rirh

genem model. We will only note md“‘n proplem
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F1G. 14, Red (r) and green (g) shale, Lac le Fer Formation, Central Labrador trough. Note that
the green discoloration appcars, in part, 10 proceed from the (light gray) sandstone laminac. Section
LF-3-20, Lac le Fer. Scale = 1 cm.

T R
o

.- L

TR T T IS L
IR O TR T

IR

! ¥
t jﬁ' ]
! . B
“ P4

R N et i rem Y
B O S 7L M T

—

0 cm

R e sad it St

Fig. 15. Red shale, Lac le Fer Formatioi. Note the
green (here light gray) reduced spot in upper feft, Dif-
ferential compaction around the reduced spot indicates
an carly diagenetic age of cdoloration. Scection 9-1-7,
Lac le Fer. Scale = | em.

't
),

v S T
PET SRS ) NE./JROT d 3

We feel that most current discussions of ivon 0
formation suffer from three major shortcomings.
First, Precambrian iron formations are dif-
ferentiated too sharply from Phanerozoic iron

Fig. 16. Oxidized shards of ultramafic hyaloclastite.
Shards are stained brown by fincly divided Fe** and
Ti** oxides. Tron oxides coat shards and cracks, Archean

formation (James 1966. 1969), whereas most
Precambrian iron formations so closely re-

ultramafic fows of Munro township, Ontario. Section
Mu-5. Scale = 1 o,




———

B T T o e

v o mmoe e e

L

o

E

Lad

Pt T I S e L W

el R T et AR A kg e AN T e S

o gl

7R

ENR AT X,

CAN. J. EARTH SCL. VOL. 13. 1976

AT T ] SRR AT
i "-",f( PRI B TRET
" g ep .

ER N

A
i .
N e

Al

H ] 3
G VA

[

S P et
7 K‘f » f\{! \‘p.-}:f.:d‘: %,, m‘}&:ig;‘

‘-u. »
I
P

g @) 1mm

3 I
i ) B e, i S e R G

Y A b e SRS G E
AR
“ b

iy .;f/;?“"’v? 1

FiG. 17. Shards of basaltic hyaloclastite with oxidized surface crusts. Centers of shards have been
replaced by dark green chlorite (gray) and the outer parts by colorless quartz and chlorite stained
dark brown by fincly divided Fe** and Ti** oxides. Notc the Licsegang-like rings at the margins of
the hyaloclastic shards. Archean basaltic flows cast of Matheson, Ontario. Scction ONT-2, Scale =

I mm.

semble typical Phanerozoic iron formations

(Caycux 1911a,b) that processes of origin must

have been closely related. Second, available

microscopic textural 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 Phanerozoeic iron formations
generally differ in that the former are more
cherty, less aluminous, less oolitic, commonly
banded, and thicker. These are, however, dif-
ferences in degrec rather than kind. Portions of
certain Archcan 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

’

v A R R T I MR Y T S e — -

oolite, much like the Upper Pliocene iron forma-
tion at Kerch, Sea of Azov, Soviet Union.
which is lIess than 5-m.y. old (Sokolova 1964).
The basal portion of Archean iron formation
in the upper Back River.area of the Northwest
Territories of Canada (M. M. Kimberley.
unpublished data 1975) is locally ferriferous and
calcitic oolite, like the Jurassic Marlstone Rock
Bed near Edge Hill, England (Edmonds et al.
1965).

Phanerozoic iron formations contain a sub-
stantial component of silica precipitated in sifit
(James 1966; Einccke 1950). However, thi
silica is mostly within authigenic clay minerals
and relatively little occurs as chert. The dominant
clay mincral is aluminum-rich iron serpentinc.
chamosite, whercas the dominant clay mineral i
little-metamorphosed Precambrian iron forma-
tions is aluminum-poor iron serpentine, greenits
lite (Floran and Papike 1975). ‘
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The microscopic textures of iron formations
-are typically among the best preserved of any
scdimentary rocks of comparable ages. The

many textural types of iron formation, e.g.

oolitic, pisolitic, intraclastic; pelletal, and micri-
tic, have becen shown by Dimroth and Chauvel
(1973) to be closely similar to those of lime-
stones. Most of the difterences can be attributed
to recrystallization and to different effects of
compaction and dewatering on the physically
different materials. However, iron formations
gencrally 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 (Halley 1974).

The IUpper 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 this
very-shallow-water sedimentary rock to have
formed in a rcasonable length of time except
by leaching of soils and replacement of under-

-lying calcareous sediment (Kimberley 1974a,b). -

A Quaternary analogue of this gencral 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 1975a,0). Nearly all of this soil has
been subsequently eroded off Andros and
remnants are only found in depressions, mostly
in sink-holes.

The textural similaritics among Andros fer-
ruginized oolite, Cenozoic iron formations, por-
tions of nearly all Lower Proterozoic iron
formations, and even some Archean iron
formations are sulliciently great that subaerial
and submarine weathering of volcanic ash, and
possibly of some terrizenous. mud., above
aragonitic sediment, leaching. and subsequent
crosion of the leached ash and mud, have been

" proposed to be the key processes of iron forma-

tion origin (Kimberley 1973b). Presently avail-
able oxvaen and hydrogen isotopic analvses of
the Gunflint iron formation of Ontario (Knauth
1973) arc consistent with a soil leachate - cal-
careous replacement origin. Some of the internal
Structures of Lower Proterozoic Labrador trough
iron formation (Figs. 18, 19, 20. 21) are com-
parable to those of silicificd limestones.

Composition, thickness, and banding dif-

ferences  between typical Precambrian  and
Phancrozoic iron formations have been at-
tributed by Kimberley (1975b)- to -biochemically
different leaching processes, differences in
tectonic setting and carbonate sedimentation,
and lack of metazoan burrowing, respectively.
The dominant sedimentary cnvironment of
iron formations has also changed with time,
the change having occurred at the end of the
Archcan when continental 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 aragonite mud is a possible
mode of origin for this type -of iron formation

(Kimberley and Dimroth 1976). Aragonite mud -

could have been croded from shallow-marine
areas-along with accompanying non-chemical
sediment or, possibly, could have continually
settled from the photic zone of the-occan.

The similarity in mode of iron formation
origin ‘through earth history suggested by the
carbonate-replacement model would not be
expected il there had been major changes in
atmospheric oxygen content. Under an anoxy-
genic atmosphere, all algal communities pro-
ducing free oxygen locally (Fischer .1965)
should have caused local oxidation and pre-
cipitation of iron. However, most Archean and
Middle Precambrian algal stromatolites are
iron-poor limestones and dolostones (Henderson
1975: Hoffman 1973; Hofmann 1974). The sug-
gestion by Cloud (1973), that the thick Middle
Precambrian iron formations predate red-bed
sedimentation and mark the initiation of an
axyeenic atmosphere. is demonstrably incorrect
for the Early Proterozoic iron formations of the
Labrador tréugh (Dimroth 1971) and Belcher
Islands, Northwest Territories (Bell and Jackson
1974 Dimroth ¢r «f. 1970), which are strati-
graphically well above red-beds: and, of course,
for the cherty iron formations of Late Pre-
cambrian and Phanerozoic age.

Conclusions

The distributions of carbon, sulfur, uranium,
and iron in Precambrian sedimentary rocks are
similar to those in Phunerozoic sedimentary
rocks. Enrichiment of organic carbon in fine
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grained sedimentary rocks, irrespective of the
source and the sedimentary environment, sug-
gests that planktonic matter has abways been
a major sediment contributor. Average organic
carbon contents of mudrocks and carbon
isotopic ratios have remained remarkably con-
stant through geologic time. Organic matter of
fresh oolitc and of organogenic sediments has
largely been destroyed during diagenesis, and
algal mats have rarcly been preserved except
where silicified shortly after death. These ob-
servations indicate considerable continuity in
organic productivity and free oxygen production,
and the existence.of a large reservoir of molec-
ular oxygen in the atmosphere.

Most Precambrian sulfide sulfur in sedimen-
tary rocks occurs as pyrite within carbonaccous

mudrocks, just a5 does niost Phancrozoic sulfide

sulfur, and scems to have been similarly pro-
duced by early diagenetic sulfate reduction. The
distrtbution of volcanogenic sulfide deposits is
restricted to specific volcanologic environments
and to a lew stratigraphic -levels much like
Phanerozoic volcanogenic sulfide deposits. There
is evidence, mostly from crystal casts, for wide-
spread evaporative sulfate sediméntation having
occurred in Middle Precambrian  platiorm
sequences. The lack of reported Archean sul-
fales is attributed to the general lack of Archean
continental platform sedimentation,

Many Middle Precambrian and soime Archean
rock sequences contain evidence for diagenetic
oxidation. Continental and shallow-marine red
beds arc known from a number- of Protcrozoic
sequences and at least one suite of shallow-
marinc red beds has been reported from the

CAN. ). EARTH SCL. VOL. 13, 1976

Archean. However, the tectonic environment of
Archcan sedimentation was not favorable for
red-bed Tormation, and the generally higher
grade of metamorphism of Archean rocks has
been unlavorable for preservation of red colora-
tion. Evidence for oxidation of volcanic glass
shards during sca floor alteration is common in
Archean hyaloclastites, where their metamorphic
grade has been low enough to permit preserva-
tion of the delicate iron oxide stains.
Precambrian and Phanerozoic iron formations
are generally similar  texturally and litho-
stratigraphically. Chronological differences in
degree of development of certain features are
more readily attributable to chronologicul
changes in tectonic setting and organic activity
than to compositional changes in the atmosphere
or” hydrosphere. Iron formations are inter-
preted on the basis of textures and stratigraphic
relationships to be early diagenetic replacements
of dominantly aragonitic sediment, much like
the local replacement of Quaternary Bahaman
aragonite. Stratiform concentrations of uranium
within  Precambrian sedimentary . rocks are
similarly attributed to diagenetic processes com-
parable to Phancrozoic ore-forming processes.
We conclude that uniformitarian models of
chemical sedimentation may be applied to the
Precambrian, and that there is no evidence of
orders-of-magnitude changes in average atme-
spheric or hydrospheric abundances of chem-
ically reactive inorganic species. However, the
proportions of distinct sedimentary environ-
ments and the forms and compositions of lile
have profoundly changed. Archean topography
was dominantly controlled by volcanism, where-
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Fic. 18. Solution porosity in cherty carbonate iron formation. Note vugs filled with rim-cement
of chalcedony and columnar quartz, The thin scction reveals about 15% solwtion porosity. Such
solution porosity is characicristic of many carbonate rocks, but would not be expected in primary
cherts. Sokoman Formation, de la Concession Lake area, Central Labrador trough. Section C2-11.
Scale = 1 mm.

Fig. 19. Half-moon ooid as dcfined by Carozzi (1960). Sokoman Formation, W of Lac l¢ Fer,
Central Labrador trough. Scale = 1 mm.

FiG. 20. Same as Fig. 19, under crossed nicols. Rim cement of quartz with columnar texture
filling the intergranular porosity and hali-moon-shaped Space between core and rim of an ooid.
Interpretation of the texture is ambiguous. Either there was shrinkage of the core of the ooid and
filling of the resulting pore space by quartz or dissolution of a layer in the ooid and subsequent
infitling of the solution porosity. Half-moon ooids are common in limestone-replaccment cherts.
Scale = | mm.

Fic. 21. Interior of a hematitic iron formation ooid either replaced by coarse grained quartz or
dissolved and infilled by coarse grained quartz. Filling by quartz of moldic porosity is common in
oolitic limestone-replacement cherts. Sokoman Formation, NW of Atutikamagen Lake, Central

§
]
§
:
4

Labrador trough. Scction 13-3-9. Scale = | mm.
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Permeability Changes During the Flow of Water Through Westerly Granite
at Temperatures of 100°-400°C
UNIVERSITY OF UTAH
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R. SUMMERS, K. WINKLER, AND J. BYERLEE

U.S. Geological Survey, Menlo Park, California 94025

Changes in permeability have been studied during the flow of water through granite for periods of time

up to 17 days at temperatures of 100°, 200°, 300°, and 400°C with a constant confining pressure of 500 SUBJ
bars, differential stresses of 03500 bars, inlet pore pressure of 275 bars, and outlet pressure of 1 bar. Inall GCH¥
cases the initial permeability at elevated temperatures was found to be higher by 1-2 orders of magnitude ‘ PCD .

than the permeability at room temperature, perhaps because of thermal stress cracking. The high initial
permeability did not persist with time and in nearly all cases decreased significantly during the first § day i
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 of oversaturation 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 the 400°C samples.

INTRODUCTION

Natural geothermal steam is currently being harnessed for
energy in several places throughout the world. Unfortunately,
these natural steam sources occur only in limited areas. There
are, however, many more places where hot, dry rock is acces-
sible. Current proposals for producing energy from these dry
geothermal sources suggest that energy can be extracted by
drilling into the hot igneous rocks, injecting water to produce a
large hydraulic fracture, and circulating water through the
fracture [Smith et al., 1975; Kruger, 1975]. The fracture would

ends of the samples. Temperatures at the centers of the sam-
ples are higher than those at the ends by 5°, 7°, 9°, and 13°C
for 100°, 200°, 300°, and 400°C, respectively. All samples
except one were solid cylinders. The remaining sample (run at
300°C and O-bar ¢,) 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 rate
(dm/dr) is proportional to the permeability (k), where

provide a large heat transfer area from which steam or hot k = dm/dt C, 1)

water could be drawn off through a recovery well. .
A viable plan for circulating water through a fracture system and

in the hot rock is fundamental to carrying out this geothermal 1 (dp \

energy extraction plan. It is important to know how per- G = Vid (d—) )

meability in large and small fracture systems will change with ) X

time. Measurc_menls of the permeability of intact samples of Equation (2) was rearranged to the form

Westerly granite at room temperature have been made by .

Brace et al. [1968], and changes in permeability due to dilatant C. = L ([‘ dp )"' )

cracking in Westerly granite have been investigated by Zoback YA\, dx

and Byerlee [1975]. - .

M. L. Batzle and G. Simmons (unpublished manuscript,
1975) 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 permeability 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 to 400°C.

EXPERIMENTAL PROCEDURE

The samples used were Westerly granite cylinders 1.59 em in
diameter and 3.8] cm in length (Figure 1). They were placed
under a confining pressure (P.) of 500 & 5 bars and subjected
to an axial differential stress (o) of 0-3500 £ 5 bars. The
inlet pore pressure was 275%%, bars, and the outlet pore pres-
sure 1 bar. The nominal values given for the experimental
temperatures are correct within 5% for the top and bottom

Copyright © 1978 by the American Geophysical Union,
Paper numbcr 7B0748.

which allows us to deal with the variable viscosity over the
length of the sample. The constant C, was calculated by using
a Fortran computer program. The kinematic viscosity (v) of
waler as a function of temperature and pressure was entered in

- 'the program in tabular form from steam tables [Keenan et al.,

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 we 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 of the 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 that at
the bottom [Brace e1 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 of the 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.

permeability that we calculated using (1) is exactly an upper
limit for the permeability in the blocked regions of the sam-
ples. Because of the limited number of paramelters that could
be measured in these experiments this is the best estimate that
could be made of the true local permeability. The outstanding
result is not 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 100°C (Figure 2), each curve is
marked with the value of the differential stress to which the
individual sample was subjected. For this set of tests, there was
a wide spread in the mass flow rate. Those samples that were
run under higher differential stress tended to have higher flow
rates during the first day. However, this tendency is not solidly
established, since lines for different stress levels cross, and the
sample run at a 500-bar differential stress does not fit the trend
for higher differential stress to produce a greater flow rate.

The seven tests run at 200°C (Figure 3) exhibited behavior
similar to that of the 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 differential
stress did not have a regular effect on the flow rate at 200°C,
although for part of the time the tests under higher differential

stress did exhibit lower flow rates than those under lower
stress. Two of the samples, one at 0-bar differential stress and
one at 500-bar differential stress, showed temporary increascs
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 § day. The changes in flow rate with time
observed in these samples were by far the most uniform of any
of the groups of lests. The test run at 3500-bar differential
stress and 300°C deviated from the uniform behavior of the
other samples at 300°C. Its initia} 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 stopped. In this
one sample the higher flow rate may result from dilatancy.

The results of the flow rate measurements for the six tests at
400°C (Figure 5) were significantly different from the results
for the tests run at 100°-300°C. In addition, the behavior of
the different samples within this 400°C group was crratic. In
five tests, all measurable flow stopped in less than 2 days. Two
of these samples had relatively high flow rates which dropped
to zero, no indication being given that this was about to occur.
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A single samplé continued to have a low flow rate until day 11,
when the test was stopped.

In order to investigate further the phcnomenon of per-
meability decrease, one test 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 to the highest flow rates observed
with the intact samples. For 2} days the flow rate varied
between 7 and 33 mg/s, large increases occurring abruptly and
decreases occurring gradually. After 2} days the flow rate
abruptly decreased from 10 mg/s and did not increase again.
The final value at the end of the 6-day test was 0.01 mg/s.

ALTERATION WITHIN SAMPLES

The samples were examined for alteration by the use of the
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 of the 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 both
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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 of the 100°C and 200°C tests
yielded amorphous deposits, and the deposit from one test run
at 400°C was necarly amorphous (two very small peaks). The
cristobalite appeared in deposits from several of the 3002C and
400°C tests. Flow rate decrease did not corrclate with the
amount of material deposited on the outlet end of the 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] that the rate 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 to the results of work done with Westerly granite’ at
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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Fig. 2. Flow rates at 100°C plotted as a function of time.
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differential thermal expansion of the-minerals. This cracking The dramatic decrease of flow rate with time exhibited by all

could be detected by monitoring the acoustic emission during  our tests, without exception, is noteworthy, particularly since
heating of the rock samples. A detailed study of this pheriome:  the greatest part of the decréase in intact samples occurred
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non was carried out and will be reported on elsewhere. quite rapidly.
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Fig. 5. Flow rates at 400°C plotted as a function of time.

These results may be of particular relevance to the design  tent of mineral alteration and deposition within the crack
and operation of artificial geothermal systems. It has been  systems of our samples run at high temperatures indicates that
theorized that hydrofracting and then injecting water into a  geothermal power developers may want o investigate the na-
hot batholith will produce a hydrothermal crack system which  ture and extent of mineralogical alteration likely to occur at
will remain open and energy productive for an undetermined  any chosen site and include it as an important consideration at
but economically profitable length of time. However, the ex-  all stages of planning.
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Fig. 6. Flow rate for the saw-cut sample run at 300°C plotted as a function of time.
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