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I. Summary and Recommendations 

The possibility of forming borehole plugs by hydrothermal trans-

port was examined with respect to five systems, utilizing available l itera-

ture data. These are arranged in tabular form on the following page. 

In general, it -would appear possible to create plugs with hydrother-

mal cements, with hydrothermally transported quartz, and with carbonates 

precipitated in situ using carbon dioxide or carbon dioxide and water as re -

acting fluids. 

Hydrothermal cements appear to be most feasible from an engineer-
ing and economic point of view. This approach proposes a slurry with a 
l ime-alumina-si l ica composition carried into the hole in a single pipe at tem-
peratures in the range of 200°C requiring only enough pressure to drive the 
mixture into the hole. 

Quartz or chalcedony plugs would be the most impervious, have the 
lowest chemical reactivity with ground water, the lowest thermal expansion, 
and be most compatible with the wall rock. Deposition is likely to be slow, 
and there are severe engineering problems associated with a single pipe s y s -
tem carrying s i l ica-r ich solutions at temperatures in exces s of 500°C at 
pressure of 2000 bars (30, 000 psi). 

Calcite plugs could be formed as compatible plug materials in contact 
with a limestone or dolomite wall rock. It is not known whether nor.-porous 
plugs can be readily formed and there i s also a problem of chemical reaction 
with percolating ground water. 

The clay-water and sulfur-water systems do not appear to be viable 
plug systems. In situ reconstitution of the wall rock does not appear to be an 
economically feasible possibility. 
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II, Introduction 

A. Background 

1. Outline and Statement of Problem 

This feasibility report i s in response to an ORNL Program Plan for 
the "Development of Borehole Plugs and the Study of Salt Dissolution" dated 
April 1, 1974. It addresses itself specifically to the problems of borehole 
plugging by hydrothermal reactions with the wall rock materials or by reac-
tion between tbo wall rock material and added silicate materials. By "hydro-
thermal" i s meant reactions in the temperature range of a few hundred de-
grees centigrade, at elevated pressures , and in the presence of .an aqueous 
medium that acts as a transport agent. 

The wall rock material above the salt beds through which the boreholes 
pass i s expected to consist of the common constituents of sedimentary rocks: 
quartz, clay minerals, micas, and other minor mineral phases. The chemi-
cal reactions among these phases in the presence of water at moderate tem-
peratures and pressures are known in the literature. Available data are based 
on laboratory experiments under equilibrium conditions. 

We have made a comprehensive study of the available data to determine 
the temperature and pressure conditions under which hydrothermal plugs might 
be emplaced. The study entailed the steps: 

(i) Consideration of the different wall rock compositions that might oc-
cur at different depths in the borehole. 

(ii) Consideration of a complete in situ reaction using only mineral 
phases that occur naturally in the rock formation. 

(iii) Consideration of possible hydrothermal reactions between the wall 
rock materials and other silicate phases to be added in the bore 
hole. 

Most of the available literature data are based on experiments with small 

samples held in homogeneous pressure and temperature fields. Preparation of 
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borehole plugs will require the transport of materials in temperature or pres-

sure gradients or in a moving fluid. Problems of heat and mass transport 

therefore become of importance. 

We have also conducted a search of the available literature to deter-

mine the present state of knowledge on transport properties of si l icate ma-

terials. As expected, this aspect of the problem has not been adequately 

studied. 

2. Model for a Borehole 

We use as a model a borehole of indeterminate diameter but of speci-
fied depths up to 30, 000 feet km). We further assume that the hole will be 
filled with fluid since nearly all transport reactions require an exces s of water 
to be pumped into the hole and discharged back to the surface. 

The pressure at the bottom of the hole is assumed to be simply the load 

pressure of the overburden. In badly mixed units this can be expressed as 

P (bars) = 0.02989 ph 

where p is the specif ic gravity of the overburden medium and h i s the depth in 
feet. Two pressure curves are shown in Fig. II. A. 1. The lower curve as -
sumes that the pressure is generated only by the static pressure of the column 
of fluid standing in the hole. The upper curve is the pressure in the surround-
ing bedrock assuming a mean rock specific gravity of 2. 5. 

The temperature at the bottom of the hole will depend on the thermal gra-
dient at the location where the hole is drilled. Examining world data on near-
surface thermal gradients, one finds (Howell, 1959) a bimodal distribution with 
one set of values clustering about a meaii of 15°C/km and a second set clustering 
about a mean of 30°C/km. The maximum gradient observed frequently (there 
are some extreme values considerably higher) is 45°C/km. The 30°C/km is con-
sidered a typical continental value. Temperature-depth profiles for all three 
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TEMPERATURE (°C) 

PRESSURE (bars) 
Fig. II. A. 1. Estimated temperature and pressure profiles of borehole as 

function of depth. Linear temperature gradients assumed. 
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gradients are shown in Fig. II. A. 1 assuming a linear gradient to the bottom 

of the hole. 

The pressure at the maximum depth considered will be on the order of 
1 kilobar if only the fluid pressure is considered. The temperature will be in 
the range of 200 to 300°C, depending on the thermal gradient of the region. 
Under these conditions, water stil l exists as liquid since the critical pressure 
is exceeded but the temperature is still below the 373°C critical temperature. 
It i s valid to speak of hydrotherrn.al processes at these temperatures and pres-
sures but not supercritical processes . 

3. Rock Types 

For simplicity we consider only a sedimentary section. The wall rock 
of the hole may then consist of sandstone, shale, l imestone or dolomite. The 
mineral species which may be considered candidates for chemical reaction with 
the emplacing solutions or with the plug materials are: 

Sandstone: Mainly quartz. Coarse grains with a finer grained 
matrix also of quartz or possibly carbonate. 

Shale: Very fine grained quartz, clay minerals, and 10A 
layer si l icates, micas, illite. 

Limestone: Mainly calcite with minor dolomite, quartz, and per-
haps oxides, hydroxides and clays. 

Dolomite: Mainly dolomite with calcite, some quartz, and per-
haps oxides, hydroxides, and clays. 

We list these here to provide chemical restraints on possible reaction s e -
quences. Obviously other mineral assemblages could be considered. 

The situation for a borehole in igneous or metamorphic rocks would pos-
sibly be diffei'ent in kind, particularly with respect to reaction of the wall rock 
with the transporting fluids. These rocks, particularly those rich in ferromag-
nesian minerals are much l e s s stable and are more reactive than those found in 
sedimentary rock suites. The transport of superheated steam or hydrothermal 
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water through the hole would almost certainly cause extensive alteration of 
ferromagnesian minerals in the wall rock even in the short time that the 
plugging operation would require. Likewise feldspars and other alkali-
containing minerals could be leached by alkali exchange. Breakdown of the 
framework s i l icates to clays would be greatly accelerated. 

B. Strategies 

There are two ways that boreholes could be plugged by hydrothermal 
transport. One is to replace the wall rock and the other is to simply trans-
port sealing materials down the hole from the surface. 

1. Mobilization and Replacement of the Wall Rock 

The implication here is that the appropriate beds of the wall rock will 
be reconstituted so that the rock layers will be restored to pre-drilling condi-
tions. This implies either reconstitution of the whole rock, which in the case 
of rocks of complex mineralogies such as the shales, means transporting and 
depositing a mineral suite to match that of the rock and then repeating the 
process for every bed of differing lithology. An alternative, more feasible, is 
to deposit a single phase that matches much of the wall rock. The component 
eas ies t to mobilize and the s implest chemically i s si l ica. 

2. Transport of Sealing Materials from the Surface 

The requirement is for a material that can be dissolved and transported 
or transported in a slurry in high temperature water or in supercritical steam. 
There must be some available mechanism by which the material can be de-
posited in the hole where it must form a non-porous, stable, and non-reactive 
plug. A good sea l between the plug material and the wall rock is essential. 

The following sys tems were selected for detailed evaluation: 

S i 0 2 - H 2 0 

Clay-HgO 
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Cement Systems 

Carbonate Systems 

Sulfur - Sulfide - HgO Systems 

The s i l ica-water and clay-water s y s t e m s are obvious choices because their 

chemistry is so s imi lar to the sedimentary rocks in which the holes are 

drilled. The Cement sys tems mentioned here are high temperature cements 

and form a logical extension of the alternate technology of conventional c e -

ments as plug materials . Carbonate sys tems are considered because of the 

special problems in plugging holes in l imestones or dolomites. Finally, the 

sulfur-water sys tem is an interesting possibility because it represents the in-

.verse of the Frasch process used for extracting sulfur from wel ls . 

3, Needed Knowledge 

An accurate evaluation of any of the possible s trategies for borehole 

plugging requires a rather detailed knowledge of the chemistry of the candidate 

sys tems at high pressure and temperatures. In general, the folJowing cate-

gor ies of information would be necessary or at least useful: 

(a) Equilibria (P -T-X) 

(b) Kinetics 
(i) Interface Kinetics of Soluvion 

(ii) Kinetics of Deposition 

(c) Mass Transport 
(i) Fluid Flow 

(ii) Heat Balance 

(d) Propert ies of final plug material 
(i) Phases Present 

(ii) Density and Porosity 
(iii) Compatibility with Wall Rock 
(iv) Susceptibility to Groundwater Attack 

Equilibria data underlie all other aspects of the problem. It i s necessary 

to know whether the plug material can be dissolved in the transport medium, 

how it can be induced to deposit into the hole, and whether it will react with the 
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wall rock. Equilibria data will determine the final phase assemblages pre-
sent and the P-T range over which they are stable. 

It is necessary for any practical process that the uptake and deposition 
of material take place on a time scale that is reasonable with respect to 
economic and equipment constraints. It will turn out that fairly good equilib-
ria data exist in the literature for all systems under consideration and require 
only consolidation and interpretation. Kinetic data are much more sparse. 



III. Silica - Water Systems 

A. The System SiOg-HgO 

Low Temperature Solubility 

The low temperature solubility of quartz has been of interest in ex-
plaining such geological phenomena as low temperature quartz veins, s i l ica 
cement in sediments, and the precipitation of si l ica in hot springs and in sedi-
mentary environments. Many papers have been published of which the most 
pertinent are those of Krauskopf (1956), Morey et al. (1962), Siever (1962), 
and Morey et al. (1964). 

Many of the pertinent data have been compiled in Fig. III. A. 1. The 
solubility of crystalline quartz i s quite low, on the order of 10 ppm in pure 
water at room temperature. The equilibration of quartz with water is very 
slow and there has been some disagreement about the exact concentration but 
it is certainly somewhere in that range. At higher temperature the agreement 
with various workers* data is better and can be fitted with the straight line re -
lation shown. The functional fit is due to Siever (1962) whose data points are 
shown and labeled "S". It can be seen that the solubility is greater than 300 
ppm at 200°C and that solutions at this temperature could effectively transport 
a significant amount of si l ica. 

Amorphous si l ica is much more soluble than quartz. Because of the 
diversity of amorphous structures, solubility data are much more scattered. 
A compilation of many earl ier investigations by Krauskopf (1956) is shown as 
the dashed line in Fig. III. A. 1. More recent measurements by Siever (1962) 
and Morey et al. (1962) are in moderately good agreement. Solubilities of 
amorphous s i l ica are in excess of 100 ppm at room temperature and rise to 
above 400 ppm at 100°C. Z 

Silica gel is also a highly soluble form of S i 0 2 as shown in Fig. III. A. 2, 
taken from Morey et al. (1964). Silica gel solutions tend to saturate easily and 
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Fig. in. A. 1. Solubility curves for quartz and for amorphous s i l ica compiled 
from various sources . S = Siever (1962); K » Krauskopf (1956); 
MFB = Morey et al. (1962). 
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remain supersaturated for long periods of time. Precipitation of s i l ica is 
slow. A kinetic curve for the solution and precipitation of sil ica is shown in 
Fig. III. A. 3. It can be seen that the precipitation of s i l ica from gels takes 
times on the order of months. However, the solubility of silica glass ap-
proaches a limit only after two years of tumbling in water and a cristobalite 
starting material did not reach saturation after more than three years. 

Clearly, transport of s i l ica to form a plug is not practicable in low 

temperature (low = less than 200°C) pure water solutions. 

2 . P - T - X E q u i l i b r i a 

The system S i O g - ^ O has been extensively investigated at high tem-
peratures and pressures because of its importance as a model system for hy-
drothermal mineral transport, formation of pegmatites and genesis of granitic 
rocks. Papers describing the solution of si l ica in the intermediate to high 
pressure - temperature range include the work of Anderson and Burriham (1965), 
Kennedy (1950), Kennedy et al. (1962), Kitahara (19S0), Laudise and Ballman 
(1961), Morey and Hesse lgesser (1951), Morey et al. (1962), Moseback (1957), 
Siever (1962), Smith (1958), Wasserburg (1958), Wasserburg and Wood (1958), 
Weill and Fyfe (1964) and Wood(1958). 

The P-T-X diagram for the SiOg-HgO system is shown schematically 
in Fig. III. A. 4. The system is a classic example of a phase diagram in which 
the SLV equilibrium curve is intersected and cut by critical end line so that 
there are two critical end points in the SLV equilibria. Of greatest importance 
to the borehole plug problem is the first critical end point, K^, which is very 
c lose to the critical point of water. The solubility of S i0 2 at pressures and tem-
peratures near the critical end point have been measured and will be discussed 
in detail. The second critical end point, K^, occurs at 9. 7 kbars and 1060°C 
(Kennedy et al. 1962), rather too high to be of much interest. At the second 
critical end point, the composition is 25 wt. percent water; 75 wt. percent silica. 
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Fig. III. A. 4. Schematic P - T - X diagram for the system SiOg-H^O showing 

the location of invariant points and critical end points. 
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Also superimposed on the P-T projection of Fig. III. A. 4 are the equilibria 
among the various polymorphic phases of s i l ica, shown as light lines. The 
T-X and P-X projections show that the binary system is quite simple - -
there are no compounds between si l ica and water in this temperature and pres-
sure range. There is an interesting intermediate temperature range between 
373 and 1060°C where only a silica-containing aqueous fluid coexists with 
quartz or tridymite. 

The P - T equilibria for the one-component system SiOg i s shown in 
some detail in Fig. III. A. 5 compiled from various sources. Pressure is 
drawn on a logarithmic scale to span the 15 orders of magnitude of interest. 
The SV curve i s calculated from the thermochemical properties of SiO^. Clearly 
at the temperatures of the borehole the vapor pressure of s i l ica itself is 
negligibly small . The conventional transition temperatures for the atmos-
pheric pressure polymorphs of s i l ica are shown along the horizontal dashed 
line at P = 1. The invariant points showing the co-existence of tridymite, 
jS -quartz and cristobalite and of cristobalite, /3 -quartz and liquid are taken 
from Tuttle and England's (1955) c lass ic work. At pressures above 10 kbars, 
two new phases of s i l i ca are known, coesite and stishovite. Invariant points 
involving these phases are more schematic and are represented merely by the 
intersections of the extrapolated univariant curves. P-T univariant curves for 
the co-existence of solid phases are straight lines on a linear pressure-
temperature plot as described by the Clapyron equation. Introduction of the 
logarithmic pressure sca le results in the rather extreme curvature seen on 
the diagram. 

The data of Kennedy et al. (1962) for the upper three-phase region are 
shown in Fig. III. A. 6. It can be seen that the addition of water to the system 
greatly lowers the melting point from 1723°C (the melting point of cristobalite) 
until the water pressure reaches about 1500 bars. Raising the pressure still 
higher has relatively little effect on the melting point. Although these pressures 
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Fig . III. A. 5. P-T diagram for the system S i 0 o . 
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Fig. III. A. 6. Three phase (solid-liquid-vapor) equilibrium from the 

melting point of SiO^ to the second critical end point. From 
Kennedy et al. (1962). 



correspond to those found in the deepest boreholes,- the temperatures of 

all s i l ica-r ich liquids are above 1100°C. 

The compositions of the liquids that exist along the upper three-phase 
boundary are shown in Figs. III. A. 7 and III. A. 8 in P-X and T-X projection 
respectively. At temperatures higher than Kg there coexist, a vapor phase, 
a liquid phase, and a crystalline solid phase. The liquid phase is very s i l ica 
rich and the vapor phase is mainly water. Temperature has relatively little 
effect on the compositions of either liquid or vapor phase from the melting 
point of SiOg down to 1100° although as noted above the introduction of even 
small amounts of water lowers the melting point substantially. Between 1100 
and 1060°C the SLV projection c loses and in the region of the critical tempera-
ture a very wide variation in both liquid and vapor composition over a narrow 
temperature interval is possible. The influence of pressure on water solu-
bility in the si l ica liquid and on si l ica solubility in the aqueous vapor is rather 
more gradual. The concentration of SiOg in the vapor increases substantially 
a s the pressure is Increased from one to ten kilobars. 

Sil ica solubility determinations in the lower three-phase region have 
been carried out by Kennedy (1950) and by Morey et al. (1962). Kennedy's 
data are the most complete and were extended to pressures above one kilobar 
and to temperatures of nearly 600°C. Morey et al. overlap Kennedy to some 
extent and extend their measurements to lower temperatures to overlap the low 
temperature solubility curve given previously. 

A selection of Kennedy's data are plotted in Fig. III. A. 9. The three-
phase curve that bounds the bottom of the diagram shows the concentration of 
s i l ica in the liquid phase (mainly water) that co-ex is t s with a vapor phase. The 
pressure along this curve is variable and i s given by the P -T projection of the 
S-L-V equilibrium which for practical purposes nearly coincides with the criti-
cal curve for pure water. The solubility decreases rapidly near the critical 
end point. 
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Pressure has very little effect on solubility in the sub-critical re-
gion of the curve and the solubility of si l ica in water at one kilobar pres-
sure i s only slightly higher than the solubility in water at. its vapor pressure. 
Above the critical temperature, however, solubility increases rapidly with 
pressure. The decrease in solubility above the critical temperature grad-
ually disappears as the pressure is raised above the critical pressures until 
at pressures at 1000 bars and above there is essentially a monotonic in-
crease in s i l ica solubility with increasing temperature. 

The data of Morey et al. (1962)(Fig. III. A. 10) show the low tempera-
ture portion of the curve and also the good agreement between their data and 
Kennedy's data. 

Silica solubility in the high pressure region is shown in Fig. III. A. 11, 
taken from Anderson and Burnham (1965). The solubility increases mono-
tonically with both temperature and pressure over the range of 500 to 900"C 
and 1 to 10 kbar. The maximum solubilities observed are in the range of 8 wt. 
percent at 900° and roughly 8 kbar. This data spans essentially the entire 
P - T - X two-phase region between the critical end points and the highest solu-
bility values obtained are approaching solubilities at K^. 

B. Alkal i -Si0 2 -Water Systems 

It has long been known that the introduction of alkali such as N a 2 0 to 
si l ica-water sys tems greatly increases the solubility of s i l ica. This i s the 
underlying principal used in the commercial growth of single crystal quartz 
where the growth medium is an alkaline aqueous solution operating in the sub-
critical region of a few hundred bars pressure and on the order of 300°C 
(Walker, 1953; Laudise and Nielsen, 1961; Ballman and Laudise, 1963). 

1. Equilibria 

The condensed phase diagram for the binary system Na 2 0~Si0 2 (Morey, 

1964) i s shown in Fig. III. B. 1. The introduction of only 25 wt. percent soda 
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Fig. III. A. 10. The solubility of quartz in water. The upper curve is solu-
bility at a constant pressure of 1000 bars. The lower curve 
is the three-phase equilibrium quartz + liquid + vapor. The 
pressure along this curve varies with temperature. Open 
points are from Morey et al. (1962). Closed points from 
Kennedy (1950). Figure from Morey et al. (1962). 
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lowers the liquidus from the 1713°C melting point of cristobalite to a eutectic 

at 789°C. The spectacular 1000° lowering of melting temperatures ar i ses 

because introduction of the alkali into the s i l ica structure breaks up the 

three-dimensional framework with the creation of non-bridging oxygens on 

some s i l ica tetrahedra. 

P - T - X equilibria in the ternary NagO-SiOg-HgO system are quite 
complex and are not known in complete detail. A review of earl ier work may 
be found in the paper by Rowe et al. (1967). They give a partially schematic 
P - T - X diagram which i s reproduced as Fig. III. B. 2. The invariant points 
are numbered and correspond to the phase assemblages listed below. Phase 
relations in the Invariant areas are described by the compatibility triangles. 

No. Invariant assemblage 

1 GQDLH11 Stable 
2 GQDLH6 Metastable 
3 GQDLH5 Metastable 
4 GQDHnHe Stable 
5 G Q H u H 5 Metastable 
6 GQDH6H5 Stable 
7 GQLHuHg Stable 
8 GQLH11H5 Metastable 
9 GQLH6H5 Stable 

10 GDLH11H6 Stable 
11 GDLHj^Hg Metastable 

No. Invariant assemblage 

12 GDLH6H5 Stable 
13 GQH11H6H5 Metastable 
14 GDHhH6H5 Metastable 
15 GLHj iH6H5 Metastable 
16 Q D L H n H 6 Stable 
17 QDLHnH 5 Metastable 
18 QDLHg H5 Stable 
19 GDHUHQHS Metastable 
20 QLH 1 3H 6H 5 Metastable 
21 DLHijHg Hg Metastable 

G = gas, Q = Quartz, D = N a 2 0 - 2 S i 0 2 , L = liquid, H n = 
N a 2 0 - 3 S i 0 2 - 11H20, Hg = N a 2 0 - 3 S i 0 2 • 6H 2 0 , and H5 = 
N a 2 0 • 3Si0 2 • 5H 2 0 . 

There s eems little point in a detailed discussion of the main parts of the s y s -
tem here. Deposition of quartz borehole plugs will depend on solubility rela-
tions of quartz in alkaline aqueous solutions and these are found only in the low 
soda part of the ternary (Fig. III.B. 3). 

The solubility of quartz in alkaline solution i s illustrated in Fig. III. B. 4. 

The- solubilit ies are in the range of 2. 3 wt. percent near the critical point com-
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Fig. III. B. 2. Partly schematic but topological^ correct P-T projection for 
the system NagO-SiOg-HgO. The invariant points are num-

bered and listed in the text. Co-existing phases in each bi-
variant region are shown by compatibility triangles. 



Na 20 

Fig. III. B. 3. Low soda side of the NagO-SiC^ - H 2 0 system at three tempera-
tures. The region of interest is the narrow wedge at the bottom 
of the diagram. In this wedge quartz coexists with an aqueous 
solution whose composition l ies on the curve H^O - A. Diagram 
from Phase Diagrams for Ceramists. Original data from Tuttle 
and Friedman (1948). 
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Fig. III. B. 4. The solubility of quartz in 0. 5 m NaOH in a closed auto-

clave with 80% fill . From Laudise (1959). 
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pared with about half a percent for the s i l ica-water system without alkali. 

The solubility curve is linear, obeying a Van't Hoff type relation 

dlnS _ AH 
dT ~ RT2" 

in which the heat of solution, AH is found to be 1300 ca l /mole and nearly in-

dependent of temperature between 300 and 400°C\ 

Most of the solubility of s i l ica in alkaline solutions has been deter-
mined in conjunction with crystal growth experiments. The hydrothermal 
growth of quartz uti l izes closed autoclaves with no independent control of 
pressure. The crystal growth workers simply report "percent fill", refer-
ring to the amount of solution in the autoclave which is then held at constant • 
temperature. Pressure must be derived from the P-V-T data for the solu-
tion which is assumed to be the same as that of pure water (and it must be 
further assumed that the system does not leak!). The pressures for the solu-
bility curve in Fig. III. B. 4 measured at 80% fill in 0. 5 m NaOH range from 
800 bars at 300°C and 2100 bars at 400°C. 

It is apparent iron, the alkali solution data and fi'om the pure water 
solution data that practical transport of silica would require hydrothermal 
solutions above 300°C (preferably 400°C and above) in a system operating in 
the pressure range of 1 to 2 kilobars. 

2. Kinetics 

The reaction kinetics of quartz both in solution and deposition is slug-
gish below 1000 bars and 500°C, as is true of many other hydrothermal reac-
tions in sil icate systems. A part of the reason is that dissolution requires 
breaking many silicon-oxygen bonds, disintegration of the framework struc-
ture, and formation of a ser ie s of weakly ionized hydrated species. Seward 
(1974) has examined the solubility of quartz in borate buffer solutions al tem-
peratures up to 350°C and argues that the following species appear in solution: 
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H 4 Si04, HgSiO^, and NaHgSiC^. The hitter two are related by a simple 
ionization reaction for which the equilibrium constant for 

Na+ + HgSiO" NaH3Si04 

ranges from log K = 1.18 to log K = 1.40 over the temperature range of 
135 to 300°C. 

The solution of quartz spheres in pure supercritical water by Heilmann 
et al. (1969) was shown to follow an empirical rate law as a function of pres-
sure and temperature 

log V o = 2 . 1 log P - 4. 1 x 10 3 /T + 2. 76 D 
2 

where V is the solution rate in mg/mm h, P is pressure in kilobars, and T is 
temperature in degrees Kelvin. Their data are shown in Fig. III. B. 5. These 
experiments refer to massive quartz. Uptake of s i l ica into solution as a feed 
material for plugs could be accelerated considerably by using finely ground 
s i l ica glass , for example, as a starting material. In effect the Heilmann et al. 
experiments provide a lower rather than an upper limit on the solution rate. 

Information on depositional kinetics has been mainly made by those in-
terested in the growth of high quality single crystals and have therefore been 
made on alkaline solutions. Depositional rates for crystal growth ai'e at the 
lower eud of the kinetic scale since crystals should be single, lack grain boun-
daries, flaws, vei ls , and have a minimum dislocation density. Much faster 
growth rates should be possible if only a dense polycrystal product was required. 

Laudise (1959) has shown the rate of quartz growth to follow first order 
(unimolecular) reaction kinetics so that it can be described by the rate law 

a r - * * . 
where k is the velocity constant in units of sec , Hnd AS is the supersatura-
tion. From this follows a simple empirical relation 
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Fig. III. B. 5 Solution rate of quartz spheres as a function of temperature 
at various pressures. From Heilmann, Franke and Willgallis 
(1969). 
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R = kaAS 

where R i s the rate of growth in a linear direction in units of length time"*, 
and a is a proportionality constant specific to the units of the equation. The 
inter-relationships of the variables appears in Fig. III. B. 6 in which it can 
be seen that rate of deposition increases with both increasing temperature and 
with increasing pressure as measured by the percent fill. 

The growth rate of single crystals varies depending on the orientation 
of the growing face (Fig. in. B. 7). The details depend also on the nature of 
the nutrient solution but overall it appears that the basal section [OOOlj is the 
fast growth direction in quartz. This is supported by the observation that 
basal faces are never observed on synthetic or natural quartz crystals. 
Naturally occurring faces are always the slow growth directions. 

The growth of quartz has been shown to follow an Arrhenius relation 
(Fig. III. B.8) . Growth rates therefore go up exponentially with increasing 
temperatures. There is evidence from a study (Sommerfeld, 1967) of solu-
tion kinetics of quartz at 400 and 500°C and one kilobar, as a function of 
water fugacity, that the species in solution change between 400 and 500°. This 
may account for the high rate values often observed qualitatively in hydro-
thermal reactions although quantitative data seem to be lacking. 

C. Deposition of Quartz Plugs 

1. Vein Quartz and Chalcedony 

It i s clear from the previous discussion that the uptake of silica into 
solution is kinetics limited and rapid solution of a feed material can only be 
realized in the range of 400 to 500°C. Solution rates could be enhanced .some-
what by using an amorphous starting material such as silica glass, but a prac-
tical plugging procedure would require a more readily available source such 
as quartz sand. 
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Fig. III. B. 6. Growth rate of quartz from alkaline solution as a function 
of pressure and temperature. From Ballman and Laudise 
(1963). 
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Fig. III. B. 7. Growth rate of quartz on differently oriented seeds in 

Na2COg and in NaOH solutions. From Ballman and Laudise 
(1963). 
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Fig. III. B. 8. Arrhenius plots for quartz growth in three different pres -
sure temperature regimes. From Ballman and Laudise 
(1963). 
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The amount of quartz that can be carried in solution is limited by 

the equilibrium solubility. Assume an uptake pressure and temperature of 

2000 bars and 500°C. From Anderson and Burnham's data, the saturation 

solubility will be 0. 4 wt percent. If this solution is carried down the hole 

in a single pipe arrangement and discharged into the bottom of the hole at an 

ambient of perhaps 200°C or lower, the equilibrium solubility at the ambient 

will be on the order of 0. 03 wt percent and more than 90% of the transported 

s i l ica will be deposited. The pressure i s important in the source and in the 

transport pipe because of the great effect of pressure on solubility at high 

temperature. At temperatures in the range of 200° pressure has little in-

fluence on solubility (see Fig. III. A. 9). 

Depositional kinetics will control the type of material formed. Al -

though depositional rates must be slow if one wants to obtain a high quality 

single crystal it would appear that they could be much faster if polycrystalline 

chalcedony-like material was satisfactory. A final product with the qualities 

of vein quartz would be desirable but a somewhat more porous but equally mas-

sive chalcedony would be of interest. 

The only solubility data on alkali-containing sys tems (Fig. III. B .4 ) 

spans about the same pressure range, 2000 bars at 400°C to 800 bars at 300°C. 

Although the solubilities at the high temperature end of the diagram are 
larger (estimated at 3 wt percent extrapolated to 500°C), the solubility at the 
200°C expected ambient temperature of deposition at the bottom of the hole is 
on the order of 2, wt percent. The effective amount of transport is therefore 
only about 1 wt percent. Use of alkali solutions would lead to a factor of 6 or 
so increase in equilibrium solubility but the increase in amount of si l ica ac-
tually transported is much l e s s . 

Because of the higher solubility at low temperatures, deposition in the 
wal ls of the bore from ascending spent solution might well be a more serious 
problem with alkali solutions than with pure s i l ica solutions. 



In all cases It is clear that a very large quantity of fluid must be 

moved to transport enough s i l ica to form a plug. Even with effective de-

position, something like 0 .3 wt percent can be carried into the hole for 

each unit weight of fluid. This implies that the total weight of fluid to be 

heated to hydrothermal temperatures and pressures , reacted with feed ma-

terial , and piped down the hole and circulated back out again i s roughly 300 

t imes the weight of the plug under the most optimistic conditions. 

2. Sand Plugs 

It might not be necessary to transport all s i l ica into the hole in solu-
tion. If the si l ica-saturated hydrothermal solution could transport a slurry 
of small quartz particles, the chemically-deposited si l ica would be needed only 
as a cement for the solid grains. It would be, in effect, the creation of a 
synthetic quartzite. 

Some experiments (for example by Maxwell in the early f i f t ies) have 
been done on s i l i ca cementation of sand, usually with a view to understanding 
loss of permeability in oil sands. In none of these was the sand itself trans-
ported by the nutrient solution and in no case was a mechanically sound plug 
devised. 

3. Some Advantages of Quartz Plugs 

Of all the plugging materials considered in this report, quartz, as typi-
fied by vein quartz, comes closest to being a completely impervious material. 

3 
The observed density of quartz, 2. 65 g m / c m very close to the theoretical 
density. The density of chalcedony varies from 2. 59 to 2. 63 (Frondel, 1962) 
depending on the microstructure, uptake of impurities, and included water of 
particular spiecimens. 

Quartz is chemically inert. The solubility in circulating ground water 
would be very small , particularly since ground waters are likely to be already 
saturated with respect to sil ica. 
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Quartz is compatible with the wall rock. The most common mineral 
phase in the wall rocks is quartz and thus one mineral constituent at least 
would be matched. 

There would be reaction and exchange between the solution depositing 

quartz and the existing quartz in the walls. As a result deposition would 

likely take'place some distance into the wall of the hole along joints and 

bedding planes resulting in a much better sea] between the plug and the walL 

Quartz has a very low thermal expansion. The cooling and readjust-
ment of the hole following completion of the plugging operation would be l e s s 
likely to result in contraction, fracturing or breaking of the seal between the 
plug and the wall. 

4. Disadvantages and, Problems 

Deposition of quartz as a massively crystalline material and transport 
at acceptably rapid rates likely requires the highest temperatures and pres-
sures of any material examined. The values of 2000 bars and 500°C-have been 
used. Although temperatures and pressures might not have to be quite that 
high, it is clear from the solubility curves alone, that a substantial tempera-
ture gradient between the nutrient source and the depositional ambient is neces-
sary if transport rates are to reach acceptable values. 

The low ovex-all solubility implies the generation and pumping of very 
lai'ge quantities of fluid, more than 300 times that mass of the plug, in order to 
transport the material. 

Since deposition i s achieved primarily by temperature lowering (rather 
than by pressure drop which is not very effective), there may well be a prob-
lem of continuous deposition of s i l ica on the walls of the hole from the ascend-
ing fluid. This is particularly true under the sluggish depositional kinetics ex-
pected at lower temperatures. Wall deposits will possibly jam the pipe and 
prevent the formation of a uniform plug. 
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In spite of the great advantages of quartz plugs both . • the physi-

cal properties of the material and from the geological compatibility, the 

engineering problems in design of a functional plugging system will hi; vory 

great. 
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IV. Clay-water Systems 

A. The System AlgOg-HgO 

1. Introduction 

Due to the economic value of aluminum, the system AlgO^-H^O has 
been widely studied. From a geologic point of view, much work has also 
been done at low temperatures and pressures, similar to those needed for 
the present study, in the hope of explaining the origin of minerals of lateritic 
deposits. 

2. Equilibria 

Two papers stand out as the main contributors to knowledge in the hy-: 
drothermal temperature and pressure range necessary for the present pro-
ject. These are the papers by Ervin and Osborn (1951) and Kennedy (1959). 
Ervin and Osborn (1951) worked from —100 - 500°C and ~ 1 - 1000 atms. pres-
sure. Kennedy (1959) worked from 100 - 600°C and HgO pressures ranging from 
500 - 40, 000 atms. Both parties substantially agree upon the low-temperature 
gibbsite-boehmite inversion occurring at approximately 100°C, the slope of the 
inversion curve falling somewhere between oo (Ervin and Osborn, 1951) and 
50 atm./°C (Kennedy, 1959). Equilibrium diagrams of both authors are included 
and are reproduced as Figs. IV. A. 1 and 2 which follow. If we assume a geo-
thermal gradient of 20 - 40°C/km in a six km hole, the only phase boundary 
which would presently concern us would be the gibbsite-boehmite boundary. 

Other systems in which alumina hydrates play important roles: 

Fe^Og-Al^Og-HgO. The data are contained in the single significant paper by 
Wefers (1967). The addition of iron oxide to the system AlgOg-HgO does not 
alter the composition of the alumina hydrates encountered in the binary system 
AlgOg-Itg0 to any great extent (see Fig. IV. A. 3). We obtain instead a two-
phase field at each temperature consisting of hematite and diaspore from 330" 
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"T E M P E R A T U R E "C 

Fig. IV. A. 1. Equilibrium diagram for the system AlgOg-HgO. Circles 
refer to runs. Heavy lines delineate regions of stability of 
the crystalline phases. Light line is the vaporization curve 
for water; and, in view of the low solubility of alumina in 
water, this curve approximates the vaporization curve for 
solutions in this system. 
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to ~-100°C, at which point the diaspore converts to gibbsite with no inter-

vening boehmite phase. Below 50°C the hematite is replaced by goethite 

which coexists with gibbsite. 

3. Solubility 

Solubility of phases in pure water at 25°C is very low (Handbook of 
Chemistry and Physics), with the exception of gibbsite which is readily soluble 
in strong mineral acids and alkalis (Newson, et a l . , 1960). Other than geologic 
evidence of low solubilit ies, present day existence of alumina hydrates (gibbsite -
boehmite-diaspore) as a result of ancient desilication of feldspars, igneous 
rocks, and clays (Allen, 1952), we have found no other readily available sources 
of solubility data in this simple system. However, we will present solubility 
data for gibbsite in solutions containing CaO when we discuss the system CaO-
AlgOg-HgO in sect ion V. 

4. Reaction t ime/kinet ics 

Both Ervin and Osborn (1951) and Kennedy (1959) agi'ee on the sluggish 
nature of the reactions in the alumina-water system. Both parties use highly 
"active" starting materials for their experiments (alumina gel and/or Y -AlgO^) 
and in addition both used "seeds" to encourage growth oi a given phase, especially 
diaspore. The reaction t imes at 100°C were 2-4 weeks and even then homo-
geneous phases were not obtained (Ervin and Osborn, 1951). "The gibbsite-
boehmite trans i t ion . . . [ is] exceedingly sluggish. "(Kennedy, 1959). Kennedy 
f ee l s that laboratory and field evidence indicate that all boehmile is mctastablc 
eventually converting to d.iaspore given geologic time. The absence of bochmite 
in Fig. IV. A. 3 would seem to strengthen Kennedy's argument. However, it is 
often hard to dispute the observed fact that natural laterite deposits in Pennsyl-
vania and elsewhere somet imes consist of mixtures of boehmite and diaspore 
which have lasted through geologic time (Weitz 1954, Allen 1952). We suspect that, 
in this case , the distinction of stability verses metastability in the laboratory 
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might be purely academic arid not affect this project one way or the other. 

5. Stability of solid solutions/non-reactivity 

The phases have no significant solid solubility and are generally non-
reactive (Ervin and Osborn, 1951; Kennedy, 1959; Allen, 1952; Wefers, 
1967; Majumdar and Roy, 1956). 

6. Permeabil i ty/porosity 

While we were able to find no specif ic permeability and porosity data 

on hydrothermal boehmite, e t c . , the layer structure nature of the materials 

and natural laterite deposits suggest that permeability and porosity will be low 

if such materials can be properly fabricated. The uncertainties remain be-

cause we do not know much about material transport properties. 

7. Mechanical properties, bonding characteristics, miscellaneous 

No available data, but again inferences may be made from the soi ls 

literature that the materials would be highly compactible and deformable. 

8. Volumetric stability 

Two possible inversions are present which should be taken into 

account in evaluating these phases as possible plug candidates. The gibbsite 

to boehmite inversion i s compressive, the densities changing from 2. 42 g / c c 

to 3 .01 g / c c respectively. The second inversion is also compressive , as 

boehmite converts to diaspore the densities change from 3. 01 to 3. 35 g / c c . 

9. Comments 

If we assume a geothermal gradient falling somewhere between 10 and 

40°C/km the assumed geothermal gradient in the bore hole will, at some 

point, c ros s the gibbsite-boehmite boundary curve (Figs. rv. A. 1, 2). A plug 

composed entirely of hydrothermally grown boehmite or a booh mite aggre-

gate(rrown in place at 1-2 kb and a constant temperature of ~ 2 0 0 ° C ) would be 

stable at the higher pressures and temperatures found near the bottom of the 
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borehole. However, as we approach the surface the geothermal gradient 
would cross the gibbsite-boehmite boundary and boehmite would convert to 
gibbsite with an accompanying expansion. In this instance the expansion is 
desirable since it would lead to a better, more compact near-surface seal. 

B. The System A l 2 0 3 - S i 0 2 - H 2 0 

1. Introduction 

The available data are mainly concentrated in the geologic literature, 
since the system AlgOg-SiOg-HgO is often used, at least in part, to explain 
the genesis of metamorphic facies . Unfortunately, to overcome the effects of 
sluggish reaction rates, much of the work was done at considerably higher 
temperatures and pressures and consequently do not fall within the range of 
the present investigations. 

2. Equilibria 

The best source of data in the, "hydrothermal" range with which we 
are concerned is the paper by Roy and' Osborn (1954). These authors have 
investigated equilibria in the system A l „ 0 o - S i 0 _ - H o 0 at various tempera-

£ o £ £ 
tures and pressure^ a.nd present the bulk of their data as compatibility tr i -
angles which illustrate the various stable divariant equilibria for various 
temperature ranges at approximately 650 atm. water pressure. The compata-
bility triangles are reproduced as Fig. IV. B. 1. The triangles which primarily 

i 

concern us are the two initial diagrams for the temperatures: <130 and 130-

175°C. 

Stable phases in equilibrium with a liquid phase below 130°C are: 
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0 0 o 

o o 

Fig. IV. B. 1. Triangles showing compatible phases in the system A^O^-
SiOg-H^O for various temperature ranges, illustrated for a 
pressure of about 10, 000 psi. Triangles bounded by solid 
l ines have been experimentally determined. Dashed lines in-
dicate probable relationships. A = andalusite, B = boehmite, 
C = corundum, D = diaspore, E = endellite, G = gibbsite, 
H = hydralsite, K = kaolinite, nacrite, dickite, or halloysite, 
M = Al-montmorillonite, Mu = mullite, P = pyrophyllite, 
Q = quartz, W = water. 
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quartz, Al-montmorillonite, gibbsite and either "kaolinite"* or endcllite. 

Due to the sluggish nature of low-temperature reactions it is unclear whothor 

"kaolinite" or endellite is actually the more stable phase at higher wator pres-

sures comparable to those of the present study. Nevertheless, the pairs of 

crystalline phases coexisting with liquid are quartz + Al-montmorillonite, 

montmorillonite+endellite or kaolinite and gibbsite + endellite or kaolinite. 

If insufficient water is present to be stable as a separate phase the stable 3-

phase assemblages are: quartz + montmorillonite + kaolinite and gibbsite + 

kaolinite + boehmite. 

Stable phases in equilibrium with a liquid phase for the temperature 

range 130-175°C are as follows: quartz, Al-montmorillonite, boehmite and 

either kaolinite or endellite. Except for the conversion of gibbsite to boehmite, 

equilibrium relations are identical with those above and need not be re-

peated here. 

3. Solubility 

The solubilities of s i l ica and the hydrated aluminates have already been 
covered. Data concerning the solubilities of kaolinite or Al-montmorillonite 
are far and few between, coming mainly from the geologic literature as an ob-
served fact that the clay minerals are residual deposits having lasted throMgh 
geologic time. The kaolinite minerals being considered end products of acid 
or neutral water weathering, while montmorillonite is considered the end 
product of alkaline weathering (Deer, et al. , 1966). Furthermore, synthetic 
clays are generally formed by co-precipitating two solutions, one acid and 

•Phases having the same compositions as kaolinite but different structure arc 
dickite and racrite. These phases seem to be of hydrothermal origin (Weaver 
and Pollard, 1973). Halloysite has the same SiC>2/Al203 ratio as icaolinite, 
but contains more water. It s e e m s to be the end result of a weathering process 
which i s dependent upon the presence of an acid solution containing SOf ions 
as in supergene processes or in occasional hot springs (Weaver and Pollard, 
1973). At low temperatures and pressures all these phases are poly crystalline 
so that it i s often difficult to determine the presence of any one given phase. 
For this reason Roy and Osborn (1954) labeled all these phases "kaolinite". 
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one alkaline in which the species are rendered soluble. Otherwise they arc 

considered highly insoluble. 

4. Reaction t ime/kinetics 

Roy and Osborn (1954) used silica-alumina gels as their starting ma-
terials and even so failed to get complete x-eaction at low temperatures and 
pressures. Matsushima, et al. (1967) had . . extreme difficulty.. . nucleating 
and growing kaolin" never demonstrating equilibrium even at the higher pres-
sures obtained in their piston-cylinder apparatus. 

5. Stability of solid solutions/non-re activity 

Al-montmorillonite (the naturally occuring end member verified by 
Weir and Green-Kelly, 1962) is able to accept various cations forming a large 
solid solution ser ies (Roy and Roy, 1955), while kaolinite is essentially of 
fixed composition (Deer, et al. 1966). The montmorillonites have the ability to 
exchange cations with surrounding solutions, while the cation exchange capacity 
of kaolinite is low, decreasing with decreasing surface area (Weaver and 
Pollard, 1973). 

6. Permeability/porosity / 

Permeability of vax-ious sand/clay mixtures are given in Grim (1962) 
and are here reproduced as Table IV. B- l . From it one can see that the 
permeability of kaolinite is intermediate between quartz sand which is highly 
permeable and Na-montmorillonite which is impermeable. Presumably, 
since the clays are platy, they will also have relatively low porosities. 

7. Mechanical properties, bonding characteristics, miscellaneous 

Mechanical properties of kaolinite-sand and Na-montmorillonite sand 
mixtui'es are given in Table IV. B-2 as reproduced from Grim (1862). 
Although the compressive strengths are not very large, this factor must be 
weighed against the more desirable "plastic" nature of the clays in gen-
eral. 
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Table TV. B - l 
Permeability of Clays and Sand-clay Mixtures. 

Clay and mixture 
Permeability 
k in cm/min 

at 65 kg/sq cm 

Quartz 
Quartz 

Quartz 

Quartz 

Quartz 

sand 1 x 10 
sand: mica 

9:1 4 . 6 X 10 
1:3 4 . 2 X 10 
1:1 5. 8 X 10 
0:1 4. 9 X 10 

sand: kaolin 
9:1 9. 5 X 10 
7:3 8 .9 X 10 
1:1 2. 5 X 10 
0:1 3. 0 X 10 

sand: Ca-Mont. 
9:1 4. 3 X 10 
7:3 2. 1 X 10 
1:1 5. 5 X 10 
0:1 2. 0 X 10 

sand: Na-Mont. 
9:1 1.6 X 10 
7:3 3. 0 X 10 
1:1 
0:1 

-3 

-4 
-4 
-4 
-4 

-5 
- 6 

- 6 

- 6 

-5 
- 6 

-7 
-7 

-7 
- 8 

Impermeaole 
Impermeable 

8. Volumetric stability 

Volumetrically, kaolinite is relatively stable, to a large extent un-
affected by its chemical environment. Montmorillonite, on the other hand, 
is given to large changes in volume due to its characteristic cation exchange 
properties. We might envision changes in the unit cell volume with time due 
to changes in the chemical composition of the ground water. 

9. Comments 

One might view this section as an extension of the MIT "compacted 
earth materials" project. Rather than concern ourselves with the mechanical 
and engineering properties of clays and clay aggregates we are dealing with 
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Table IV.B-2 

Compressive Strength of Synthetic Sand and Clay Mixtures. 

M i x t u r e , % by we igh t Moist s\K*cimcns 

Sod ium 
m o n i m o -

K a o l i n -
ite' ' S a n d 

W a t e r 
contcr . t , ' 

Com-
pressive 

strength, 
psi 

W a t e r content , r'o 1 C o m -
pressive 

s t rength, 
psi rilloniic0 

K a o l i n -
ite' ' 

% 

Com-
pressive 

strength, 
psi Initial 

I 
Final | 

i 

C o m -
pressive 

s t rength, 
psi 

100 
M 

17.1 55.5 20 7.0 j i 95.2 

25 7 5 14.4 42.0 18.1 
i 

541.0 

25 50 11.9 85.8 19.6 2.6 | 513.5 

25 13.6 9.1 17.8 o.i ; "0.5 

100 14.2 1UIU P . 8 0.4 65.6 

Air-dried specimens 

* S o d i u m mon tmor i l l on i i e f r o m Osage , W'yo. 
* Kaol ini ic f r o m Ba th , S .C. (well crystallized and tine grained) . 
' O p t i m u m mois tu re c o n t e n t for s t rength , 

data related to higher temperature reactions which might affect the stability 

of such materials, lead to a means of synthesis, or shed light on their re-

activities. 

For example, if one could overcome the problem of sluggish reactions 
and corresponding long equilibration t imes the emplacement of a kaolinite-
quartz plug might be desirable. The plug would be very stable, insoluble in 
ground water and highly plastic in nature, bending and deforming rather 
than cracking. The ability to "self seal" would in part compensate for the 
low compressive strengths of the plug. 
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C. Systems containing montmorillonite as a major phase 

1. Introduction 

The system MgO-Al CL-SiO -H O is probably the best choice of a 
c o Z £ 

model system for understanding the genesis of the clay minerals. It con-

tains all of the common clay minerals, and is basic to the understanding of 

clays and clay mineralogy. 

2. Equilibria 

Two papers stand out as being the major contributors to our knowledge 
of phase equilibria at the hydrothermal temperatures and pressures antici-
pated in the present study. These are the papers by Roy and Roy (1955) and 
Schreyer (1970). Whereas Roy and Roy present original experimental data, 
the Schreyer paper is mainly a review of the stability relations observed in 
natural rock systems. For this reason the equilibrium relations presented 
in the two papers do not always agree. The appropriate figures from Roy and 
Roy (1955) and Schreyer (1970) have been reproduced as Figs. IV. C. 1 and 2. 
Of the numerous ternary diagrams given in each figure only the first three in 
Fig. IV. C. 1 and the f irst in Fig. IV. C. 2 presently concern us. What is im-
mediately evident from each set of figures is the large stability field of 
montmorillonite minerals, the coexistence of the montmorillonites with a 
fairly extensive chlorite solid solution series , and the coexistence of the mont-
morillonite minerals with free quartz or kaolinite. The only phase change one 
observes in going from <130° to <250° (Fig. IV. C. 1) is the alteration of 
gibbsite to boehmit^. This phase transition has been discussed previously 
(Section IV-A), and therefore will not again be discussed here. 

Figure IV. C. 3 is a composite figure based upon data given in Mumpton 
and Roy (1956, 1958) and Nelson and Roy (1958). This figure implies the 
presence of a miscibility gap in the montmorillonite minerals at 400°C. 
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Fig. rv. C. 1. The System MgO-AlgC^-SiC^-H^O Showing Compatibility 
Triangles at a Water Pressure of ~-650 atm. Abbreviations 
used: Br = brucite ; Gib = gibbsite; S = serpentine; Mg-M 
= magnesium montmorillonite; M = montmorillonite; K = 
kaolinite; Al-M = aluminum montmorillonite; Q = quartz; 
Bo = boehmite; Am = amesite; T = talc; Di = diaspore; 
As = aluminian serpentine; Sp = spinel; H = hydralsite; 
A = andalusite; P = pyrophyllite; F = forsterite; CI = clino-
chlore; Mu = mullite; Cor = corundum; C = cordierite; 
E = enstatite; Per = periclase; P -E = protoenstatite; Tr = 
tridymite; Sa = sapphirine. 
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Fig. IV. C. 2. Compatibility Relations in the System MgO-AlgOg-SiOg in 
order of rising metamorphic Grade. Abbreviations used: 
BRU = brucite; Chi = chlorite; Dia = diasporc; Fo = 
forstcrite; Hyd = hydrated aluminum oxide; Kao - kaolinite; 
Kor = corundum; Mont = montmorillonite; Q = quartz; Pal 
= palygorskite; Se = serpentine; Sep = sepiolite; Tk = talc. 
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Fig. IV. C. 3. System MgO-AlgOg-SiOg-^O; Lsobaric (1000 atm.) com-
patibility triangles. Round quaternary solid solution areas 
are the various montmorillonoids. Am = amesite, B = 
bruc' ite, CI = clinochlore, Co = cordierite, Cor = corun-
dum, D = diaspore, E = enstatite, F = forsterite, H = 
hydralsite, K = kaolinite, M = montmorillonoid, Mu = 
mull ite, P = pyrope, Py = pyrophyllite, Q = quartz, S = 
chrysotile, Sp = spinel, T - talc. 
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These data comprise an update of the original data of Roy and Roy (1955) 
given in Fig. IV. C. 1. Unfortunately, these data are for significantly 
higher temperatures than those anticipated in the present study and are still 
in disagreement with the "natural" data of Schreyer (1970). The question of 
whether the miscibility gap extends to lower temperatures (100-200°C) has 
not been resolved and we suspect that it never will be resolved due to the; 
extremely sluggish reaction rates and resulting difficulty of demonstrating 
true equilibrium. 

3. Solubility 

The montmorillonite minerals are fairly insoluble. In general, de-
posits of montmorillonite are end products of weathering of magnesium con-
taining rocks such as volcanic tuff and ash (Grim, 1962). Chlorites, on the 
other hand, are fairly soluble, being easily weathered under moderate acid 
leaching conditions (Weaver and Pollard, 1973). 

4. Reaction Time/kinetics 

Reactions at low hydrothermal temperatures and pressures (<300°C) 
are once more very sluggish. Often the use of "activated" starting materials 
will produce metastable products which, given geologic time, should convert 
to the stable equilibrium products (Roy and Roy, 1955). 

5. Stability of Solid Solutions 

The montmorillonites and chlorites consist of fairly stable solid solu-

tion ser ies able to easily accept foreign ions into their lattices. 

6. Permeability-Porosity 

As discussed previously relative to Table IV. B - l , the montmorillonites 
are relatively impermeable when compared with kaoliiules. An interesting fea-
ture, however, is that the amount of permeability depends upon the exchangeable 
cation present in the structure. Figure IV. C.4 from Grim (1962) illustrates 
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this property very well. Whereas the effect is minor in the case of kao-
linite, it becomes quite important when dealing with the montmorillonites. 
This property of variable permeability due to the exchangeable cation present 
might be a problem if a highly impermeable Na-montmorillonite were slowly 
converted to a more permeable clay such as .an Al-montmorillonite by the 
effects of ground water. 

7. Mechanical Properties, Bonding Characteristics, Miscellaneous 

High montmorillonite containing soi ls have low permeability, slow 
compression, relatively large secondary compression under load application, 
high rebound when load is removed, and loss of strength in the presence of 
moisture (Grim, 1962). However, the properties described vary widely with 
exchangeable cation present. Referring back to Table IV. B-2, the strengths 
of Na-montmorillonite-sand mixtures are relatively low (see for example 
25 wt % Na-montmorillonite = 75 wt. % sand) when compared to pure kaolinite, 
but they are stronger than the identical kaolinite-sand mixtures. Once again, 
if we are to consider a borehole plug of a montmorillonite or a montmorillonite 
aggregate we would be trading structural strength for plastic behavior. 

8. Volumetric Stability 

Montmorillonites are not very stable volumetrically. They are known 
to swell and shrink depending upon the water and cations available to the clay. 
Table IV. C - l , which is reproduced from Grim (1962), illustrates that the most 
impermeable of the montmorillonites, the Na species, is also the spccios which 
swells to the largest degree. This feature might be of importance if we-were 
plugging strata above and in salt deposits where one would employ saturated 
solutions of NaCl as the liquid medium. Figure IV. C. 5, also from Grim 
(1962) demonstrates the relative expansion of various sand-clay mixtures, 
kaolinite and Na-montmorillonite. 



58. 

Fig. IV. C. 4. Effect of Exchangeable 
Cations on Permea-
bility of Kaolinite and 
Montmorillonite under 
Load, after 
Samuels (1950). 

Table IV. C - l 

rm-.I.-svvr.I.I.iNr; DATA IOU CI.AV MINERALS 
( i n h i- Cen t ) 

(Afl t r MicJcnz a n d K i n g , 1955) 

Crt-Munt.: 
l- 'urrsl, Mississippi 
Wilson CiTfk l");ini, Colo 95 
Davi s Di l in . A r i z o n a 4 5 - 8 5 
O s a g e , ' t ' yoo i ing 

iprrparrd from Xa-Motii.) 125 

. \ ' a - M o n l , Osafii1. WywmuiR 1 ,400-1 ,000 
Ka-1 I rc io r iu ' , H IT tor , C a l i f o r n i a 1 ,000-2 ,000 

i l l in- : 
F i t l i i an . Illinois 1 1 5 - 1 2 0 
M o r r i s . I l l inois 60 
T a z c w r l l , V i r g i n i a 15 

Ki»>lin»tc: 
M e s a A l i a , N e w Mcxicci 5 
M a c o n , < li-or^in 60 
I.ani;l<-y, X. C-'aioliiiji 20 

H.iDoy.siic, S.IIIIU J t i i a , JsViv M i x i c j . . 70 
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Fig. IV. C. 5. Volume Changes of Sodium Montmorillonite, Kaolinite, 

and Sand Mixtures, after Mielenz and King (1955). 

9. Comments '' 

Sinee the chlorites were relatively easily weathered, a montmoriilonite-
sand plug grown in place hydro therm ally might be the most feasible plug choice 
for the present system. However, we do not see any great advantage to this 
process , versus a mechanical process of stuffing a slurry of low sodium mont-
morillonite and sand into the borehole, letting the natural expansion of the clay 
as a result of water uptake and possible exchange reactions between cations in 
solution (Na in saturated NaCl solutions) and in the emplaced clay, seal the 
borehole. Again this area of study is being covered by the MIT group; our in-
terests mainly being in the hydrothermal emplacement of a plug and the pos-
sible effects of geothermal temperatures and pressures upon the plug. 
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D. Mica and mica-like Systems 

1. Introduction 

As a group, the micas exhibit a great deal of variety as well as 
similarity. They form chemically complex solid-solution ser ies and yet, 
each has a characteristic platy morphology and perfect basal cleavage. 
Although the micas are important rock forming minerals, relatively little is 
known about their equilibria. This is due, in part, to their chemical com-
plexity, and in part to the sluggish reaction rales encountered at low tem-
peratures and pressures . 

2. Equilibria 

The micas can be divided into two large structural groups (di-
octahedral and tri-octahedral) depending upon whether or not the mica has 
four or s ix cations in octahedral coordination. 

The di-octahedral group contains the common micas, muscovite, para-
gonite, glauconite and margarite. These micas can be represented by the 
model systems: K2<>A12C>3-Si02-H20 (muscovite), N a 2 0 - A l 2 0 3 - S i 0 2 - H 2 0 
(paragonite), KgO-NagO-Fe O x i d e - M g 0 - A l 2 0 3 - S i 0 2 - H r 0 or variations there-
to (glauconite) and C a 0 - A l 2 0 3 - S i 0 2 - H 2 O (margarite). 

The system KgO-AlgOg-SiOg-HgO has been the basis of the greatest 
amount of experimental work. Yoder and Eugster (1955) and Velde(l965a) have 
established the temperature-pressure relations of the muscovite polymorphs. 
Figure IV. D. 1 which follows has been reproduced from Velde (1965a) and de-
tails these relations for the reaction of kaolinite + KOH solutions to produce 
2Mj muscovite. Velde(1965a) has found the polymorph to be stable at 12!3°C 

and 4 .5 kbar. Furthermore, the equilibrium s e e m s to be controlled by the + / + 
K / H ratio of the solution in contact with the original kaolinite starting ma-
terial. 
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Days 

Fig. IV. D. 1 Formation of 2M. polymorph at various pressures for 
^iven times and temperatures. The sequence indicates 
that is probably stable at all temperatures and pres-
sures. Crosses , 1M only; squares, 1M + 2Mp plus sign, 
1M starting material converting to 2 M r 
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Zharikov et al. (1968)and Velde (1969) have investigated the 
muscovite-pyrophyllite join. The dataofVelde (1969) are presented in 
Fig. IV. D. 2. Velde's work was mainly at higher temperatures than those 
which are anticipated in the present study, and, for the most part, his 
data were extrapolated to lower temperatures on the bas is of the oc -
currence of a complete low-temperature solid solution between mica and 
montmorillonite in nature. Velde also states that his equilibrium rela-
tions below 300°C are probably only approximate due to sluggish reaction 
rates. 

However, both sets of authors agree on the absence of any solid 

solubility of potassium in the pyrophyllite lattice. 

Figure IV. D. 3 i s taken from a paper representing the general c lass 
of dioctahedral potassic micas (Velde, 1965b). This figure summarizes 
Velde's data for the limits of solid solution between muscovite and celadonite; 
the intermediate members of which are the phengite micas and the glauconitic 
celadonites. This study indicates that the phengite micas have a greater 
solid-solubility at low-temperatures and high-pressures. . 

Crowley and Roy (1964), on the other hand, are in disagreement with 
Velde (1965b). They find that the solid solubility of muscovite extends halfway 
from muscovite to celadonite ending at KAlMgQ ^(AlSig s ^ j ^ O H ^ . F u r ^ e r 

more, Crowley and Roy (1964) find that the solid solubility limit is temperatu 
independent. 

Regardless of the source of the data, it has been demonstrated that 
muscovite solid solubility extends to at least 30 mole % celadonite at low-
temperatures. 

The common tri-octahedral micas are phlogopite, biotite, 
zinnwaldite, lepidolite and clintonite (xanthophyllite). These micas can be 
represented by the model systems: K O-Li O-Al O -SiCL-H O (lepidolite), 
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Fig. IV. D. 2. The deduced phase relations for the study are shown in the 
figures for 1 and 2 kilobar pressures. Arrows represent 
the direction in which a reaction was observed to proceed. 
The heavy black lines at the pyrophyllite composition are the 
reaction intervals deduced from the experiments. The num-
bers between Mu (muscovite) and Py (pyrophyllite) indicate 
the composition studied as a function of their pyrophyllite 
content. 
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KgO-MgO-Iron Oxide-AlgO^-SiOg-HgO or variations thereto (phlogopite, 

biotite), KgO-Iron Oxide-LigO-AlgOg-SLOg-^O (zinnwaldite), and Ca O-MgO 

A l 2 0 3 - S i 0 2 - H 2 0 [clintonite (xanthophyllitc) j. 

Generally speaking, there are very littl3 phase equilibrium data 
available for the tri-octahedral micas. We suspect that their chemical com-
plexity and nearly universal incorporation of f trrous iron has discouraged 
attempts at describing their phase relations. Most of the data for the tri-
octahedral micas Is observational, coming from the writings of field geologists. 

Eugster and Wones (1962) have written a rather lengthy paper on the 
stability relations of Annite, the iron analoge of phlogopite. Figure IV. D. 4 
which follows, summarizes the results of their experiments with annite and 
quartz. Annite seems as if it would be stable at the relatively low tempera-
tures anticipated in the borehole under extremely reducing conditions. Figure 
IV. D. 5, also from Eugster and Wones (1962), depicts various mica stabilities 
as a function of pressure and temperature. 

A final paper worth mentioning is by Seifert and Schreyer (1971). It 
bridges the gap between the mica groups -- dealing with the mica solid solu-
tion ser ies : K 2 0 - 5 M g 0 - 8 S i 0 2 - 2 H 2 0 - K O-7MgO-7Si0 2 • 2H 20. The s i l ica-
rich end member is intermediate between a tr i - and di-octahedral mica. A 
temperature-composition section is reproduced as Fig. IV. D. 6. These micas 
are "synthetic", but do have complete miscibility with natural phlogopite. The 
aluminum-free micas tended to form easily at 300°C and 1 kbar, but at 200°C, 
the reaction was sluggish resulting in poorly crystalline products. 

3. Solubility 

The solubilities of the micas are generally unknown. However, we 
feel that they are fairly significant, especially as the malic content of the 
mica increases. 
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Fig. IV.D.4. Phase relations of annite + 3 quartz (+ vapor) bulk composi-
tion as a function of oxygen fugacity and temperature at con-
stant total pressure of 2, 070 bars. H, D, N, E are experi-
mentally determined points. QFI, WI. MI, MW, QFM, NNO, 
HM are oxygen buffer curves. 
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IV. D. 5. Comparison of mica stabilities as functions of vapor pres-
sure and temperature. (I) annite ~ sanidine + magnesite + 
hematite + vapor; (II) paragonite = albite + corundum + 
vapor; (III) muscovite - sanidine + corundum + vapor; (IV) 
annite + quartz sanidine + fayalite + vapor; (V) annite = 
kalsilite + leucite + fayalite + iron + vapor; (VI) annite 
kalsilite + leucite + fayalite + magnetite + vapor; (VIII) 
phlogopite ~ kalsilite + leucite + forsterite + vapor. 
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Fig. IV. D. 6. T section of the pseudobinary join K 0 • 5MgO • 8SiO_-X £ 
KgO- 7MgO• 7Si02 at 1 kb fluid pressure. If not otherwise 
indicated the individual phase assemblages coexist with a 
HLO-rich gas phase. 
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4. Reaction time/kinetics 

It is fair to say that the general consensus of all the authors mentioned 
in Part 1 of this section dealing with mica and mica-like systems is that the 
reaction rates of the micas below 200°C are extremely sluggish resulting in 
poorly crystallized products. We feel that this factor, more than any other, 
might disqualify the micas as candidates for borehole sealing. 

5. Stability of solid solutions/non-reactivity 

Another generality which is apparent from the data in the literature is 

that the range of solid solubility of the micas generally increases with lower 

temperatures and/or higher pressures. This factor is a favorable one, since 

the mica lattice should be quite accommodating to ions in solution in the bore-

hole. 

6. Permeability porosity 

These factors are generally unknown, but they are expected to be low, 
since the platy nature of the micas is much like that of the clay minerals, 
which normally have both low permeability and porosity. The existing per-
meability would arise from boundaries between coarse crystals. 

7. Mechanical properties of bonding characteristics, miscellaneous 

No available data. 

8. Volumetric stability 

No available data. 

9. Comments 

As a whole the micas seem to be stable at the low temperatures and 
pressures anticipated in the borehole project. However, the generally sluggish 
reaction rate and poorly crystalline end product of reaction, would tend to dis -
courage us from favoring a mica plug over a more reactive plug type. 



V. llydrothermal Comont Systems 

A. The System CaO-SiOg-IIgO (especially tobermorite and xonotlite phases) 

1. Introduction 

This system has been studied extensively, having a substantial num-
ber of data available, from both theoretical and laboratory studies, studies 
related to autoclaved calcium silicate technology (or autoclaved concrete 
block technology) and inferences from natural contact metamorphie mineral 
associations. This system (or one slightly more complex) appears to contain 
the best candidate materials for borehole plugging, from a combination of 
characteristics: possibility of controlling reactions to produce desired ma-
terials, their stability, and overall properties. 

2. Equilibria (stability) 

The phase equilibria in the system CaO-SiOg-HgO were summarized 
by Roy and Harker (1962) in the temperature range 100-1100°C at saturated 
steam pressure (for the lower temperature range) and at 1 kilobar pressure. 
This paper attempted to summarize available phase equilibrium data, including 
studies of the two authors. Roy and Johnson (1965) extended the experimental 
study to higher pressures , presented additional data on reactions carried out 
for longer periods of time, and also included data for compositions containing 
minor amounts of alumina. Taylor (1964, 1965, 1974) further summarized in-
formation on calcium silicate hydrate and autoclaved calcium silicate material 
phase stability. In this summary we are especially interested in the stabilities 
of tobermorite and xonotlite. 

Compatibility triangles are reproduced in the following figure (V. A. la, 
b) which illustrate the equilibrium phases present, to the best of the avail-
able knowledge, at the given set of conditions. From these let us consider 
three representative temperatures (at pressures well above the saturated steam 
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Fig. V. A. la. Equilibria in CaO-SiOf. -Hr O at i kbar pressure. (Dottea 

lines represent saturated steam pressure equilibria.) 
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Fig. V. A. ib. Equilibria in C a 0 - 3 i C 2 - H 2 0 at 2 kiiobars pressuro. 
Abbreviations: G = gyrolite, T = tobermorite, X » 

o 
xonotlite, A = afwillite, Z = kilchoanite, H = lilllo-
brandite, Fo = foshagite, A = Reyerite, Y = dellaiU\ 
Other abbreviations: C = CaO, S = S i0 9 , H = H«C. 
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curve) at three ranges of compositions: 

Table V.A-1* 

Temperature High-silica 5:6 - 1. 0CaO:SiO2 High CaO 

110°C okenite 
nekoite 
(occur as 
natural 
minerals) 

plombierite (14A 

poorly crystallized CSH) 

afwillite (nat-
ural mineral) 
+ Ca(OH)2 

200°C gyrolite tobermorite, xonotlite hillebrandite, 
C3SH1. 5 

300°C truscottite 
(or reye rite) 

xonotlite hillebrandite, 
c 3SHi . 5 

•Data are primarily from Roy and Johnson (1965), Roy (1958), Roy and 
Harker (1962) and Taylor (1964, 1965) and Long and McConnell (1959). 

The data in the following figures show the pressure-temperatuz-e sta-
bility curves for the reactions tobermorite = xonotlite + HgO, xonotlite = 
wollastonite + HgO (V. A. 2) and other relevant reactions in the system CaO-
SiC>2-H20 (V-A-3) as a function of pressure (Buckner, Roy and Roy, 1960; 
Roy, 1958). The data show clearly why one must define the pressure range 
in citing temperature stability limits. 

The vast majority of data for compositions restricted to the 3-component 
system CaO-SiOg-HgO suggest that starting material compositions in the range 
5:6 to 1:1 Ca0:Si02 , kinetics of reaction and general experimental conditions 
are favorable to the production of products (tobermorite and xonolite) which 
are stable in the geologic time frame with which we are concerned, are very 
stable to ground water in the pH range (ca. 8-12.5) , and, if technology which 
has been developed for autoclaved calcium silicate building materials can be ap-
plied in the field situation, would enable synthesis of a stable mineral formation 
having many of the desired characteristics of borehole plugging material. (For reasoi 
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T E M P E R A T U R E 

Fig. V. A. 2. Univariant p-t curves for the reactions tobermorite = 
xonotlite + HgO (or = xonotlite + truscottite + HgO) and 
xonotlite = jS-CaSiOg + H 2 0 determined from data in tables 
1 and 2. Open circles = tobermorite, solid dots = xonotlite, 
triangles = £-CaSiO„. 
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PRESSURE (PSI x IC"3) 

>"•. h r, • 1 « 
Arw'.LUtE • o DECOMPOSED' • 

XG'O'LITE 
Wi.LASTCfj.Tt + MjC * f Ca'Ci.'j • MjO* 

V2
m 

_ 0 o O O o o O--,- • 8 
C„SH ̂  
-O-

C vs„O 
RiNKiUlTe • • 

CjS? - HjC -m~ a 

- * " j O o — • - h -

i 1- i 

0< l g i c ; S * C j O - • 1 

1 

Fig. V .A .3 . Pres.sure-temperature equilibrium curves for reactions in 
the system C a 0 - S i 0 2 - H 2 u . Xonotlite'r'-wolJastonitc HgO 
is from B uckner and Roy (1955). 



77. 

which will be discussed in a later section, based on.our existing knowledge, 
plus additional experimental information which can be reasonably cxpectod 
within a period of months to 2-3 years, the most feasible technology may re-
quire quaternary compositions in the system CaO-AlgOg-SiOg <JV ni(J,'(-
complex compositions. The greater the complexity, of course, the lesser the 
degree of certainty of the available data. 

Calcium silicate hydrates other than tobermorite and xonolite 

3CaO • 2S1O2 (Roy, 1958, Z-phase or kilchoanite). This phase, contain-
ing possibly a small concentration of water at lower temperatures exists as the 
natural mineral kilchoanite (Agrell and Gay, 1961) and is apparently formed 
throughout a wide temperature range (ca 220~800°C) at elevated HgO pressures 
(Roy, 1958). At pi-essures of 2 kbars or greater, it is, however, apparently motn-
stable with respect to other phases (Roy and Johnson, 19G5), and despite many 
recent data suggesting that it i s mechanically strong, stable during processes 
involved in autoclaving to produce calcium silicate building pr:ducts, and 
stable on heating to high temperature (Speakman and Taylor, 1965; Jemejcic 
and Jelenic, 1974) other factors, not only the slight uncertainties concerning 
its long range stability - - related to the conditions of it? synthesis suggest that 
it is l e ss favorable than tobermorite-xonotlite compositions. These include the 
nature of the reactants, volume change on reaction to produce the product, and 
alternative reaction products. 

Gyrolite, truscottite and royertte. High-silica compositions of course 
yield one of these phases at elevated temperatures and pressures under apparent 
equilibrium conditions, but if the composition is kept near the 5:6-1:1 CaOiSiO^ 
ratio such phases may be avoided for the most part. 

Thermodyna-nic data 
• • - • • — 1 * 

Changes in free energy for hydrothermal reactions at elevated tempera-
tures to produce calcium hydrosilicates were calculated by Mchedlov-Petrosyan 
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and Babushkin (1962, 1974) using a temperature dependent heat capacity func-
tion for extrapolation above 298°K. The thermodynamically favored stable 
phases for three selected compositions, us shown in figure V. A. 4, compare 
favorably with the equilibrium phases as represented by Roy and Harker (1962) 
at elevated temperatures and saturated steam pressures. In this figure Kondo 
(1967) has added calculations using s i l ica glass instead of quartz as one starting 
material, which changes the positions of the curves. The important feature is 
the affirmation of the most negative AF for formation of xonotlite above — 100°C 
from 6Ca(OH)2:6SiC>2 compositions; while a variety of tobermorite was favored 
from the 5Ca(OH)2 • 6Si0 2 composition; and gyrolite from the 3Ca(OH)2 • 6SiC>2 

ratio. 

3. Solubility 

Solubilities of quartz as a function of p and T have been determined by 
Kennedy (1950) and are given in the SiOg-HgO section in the report, whil3 solu-
bilities of Ca(OH)2 at elevated temperatures and pressures were determined by 
Bassett (1934), Peppier and Wells (1954) and Bates et al. (1956) and are shown 
in Fig. V. A. 5. Relative solubilities of Ca(OH)2 and S i0 2 are shown together in 
Fig. V.A. 6, which contrasts the retrograde solubility o<" Ca(OH)2 with the 
normal solubility of SiOg. Equal molar solubilities of the two phases are reached 
at ~ 1 7 0 ° C , at saturated steam pressure. 

Limited data are available on direct solubility determination of Ca(OH)2" 
quartz mixtures at elevated temperatures (300°C) which, with the mixture ratios 
used, in effect gives the solubility of xonotlite at 300°C and 83 atm. pressure 
(Krzheminskii e t a l . , 1967). It is noted that the CaO and SiC2 contents of the solution 
in apparent equilibrium with xonotlite (4 hrs. treatment) are lower than either 
Ca(OH)n or SiOo individually (Table V.A-2); i . e . , xonotlite is more insoluble. 
This i s , of course, the sort of system for which we are looking: one in which 
the component species are sufficiently soluble for transport, but result in an in-
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A//'" kcsl/inole kcal,molc CP = f(T) 
Silica glass —202-5 -190-9 I3-.i8 r 3 68 • I0T - JMS • WT -
Low-quavu -205-4 — 192-4 - 8 ;o • to-1/- - :o • io:r-' 

75 I2S 
T£MPt>!*Tl/OE,°c 

Fig . V. A. 4, Diagrams of AF = f(T) for direct reactions in the system CaO-

SiO^-H^O, with siLica glass (-—) and quartz ( - - ) as the reactants. 

(a) 6Ca(OH)2 + 6SiC>2 + nH20. (b) 5Ca(OH)2 + 6Si0 2 + ,nH 2 0 . 

(c) 3Ca(OH)2 + 6 S i 0 2 + nHgO. 1 - hillebrandite, C^SHj 1 7 ; 

2 - afwillite, CgSgH^; 3 - foshagite, C^SgHj 5 ; 4 - xonotlite, 
C„S„H: 5 - riversideite, C_S„H„; 6 - tobermorite, Cj-H^Hj. o 6 o b o o o o . o 

7 - plombierite, C
5

S
6 H 1 0 5; 8 - gyrolite, C ^ H g 9 - okenite, 

C 2 S 2 H 2 ' 
Table V- A-2 

Results of analysis of liquid phase in suspension of lime and quartz at 300°. 

Duration of CaO, SiC>2, 
treatment, h g/1 g /1 Solid phase 

0 
1 
2 
4 

0 .018 
0. 011 
0. 010 
0 .006 

0 .016 
0 .037 
0 .057 
0 . 2 0 0 

Ca(OH^+ quartz 
xonotlite + quartz 
xonotlite + quartz 
xonotlite + traces of quartz 

0 .033 0 . 6 
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Fig. V. A. 5. The solubility of Ca(OH)2. Open circles represent data of 
Bassett (1934), full c ircles those of Peppier and Wells (1954), 
and open squares those of Bates, Bower and Smith (1956). 

Fig. V. A. 6. Solubility of s i l ica and calcium hydroxide in water. X - X 

quartz (Kennedy, 1950); 0 - 0 Ca.(0H)o (International Critical 
u 

Tables, published by McGraw-Hill). 
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soluble end product. Hochstetter (1973) presented new data on solubility of 

lime and quartz up to 225 °C. 

Reaction time (kinetics) 

Kondo (1967) determined the rate of reaction of CaO and S i 0 2 (quartz 
and s i l ica glass) molar ratio 1:1 at saturated oteam pressures, at temperatures 
from 80-216°C, data for which are given in Figs. V. A. 7 and V. A. 8. Silica 
glass is more reactive than quartz at low temperatures and in the early stage, 
but above 100° quartz is more reactive; the reaction rate also increases rapidly 
with temperature. Temperature dependence of the reaction rate constant K, 
and activation energy E from the Arrhenius equation were also calculated. 
The degree of reaction completion is 50% in ~ 2 4 hrs. at 180°, while at 216° 
only about 5 hours are required for the same reaction. Tobermorite (increasing 
in crystallinity with temperature) was the dominant reaction product at 152, 181 
and 216 °C; xonotlite also being present at 216°C. 

Krzheminskii et al. (1967) studied the effect of temperature and composi-
tion on the reaction rate of Ca(OH)2 and quartz to form calcium hydrosilicate. 
Typical data are shown in Fig. V. A. 9 and V. A. 10; it is seen that the later stage 
of reaction is diffusion controlled. Krzheminskii and Sudin (1969) further ex-
amined the effect of particle s ize (specific surface) of reactants (particularly 
quartz) on the hydrothermal reaction kinetics, and found that at I75°C doubling 
the specific surface from 1000 to 2000 cm / g reduces the reaction time to l e s s 
than half the time ( e . g . , shortening autoclaving time from ~ 10 to 5 hours). 
Hochstetter (1973) studied the effect of quartz particle s i ze (0. 1 - 0 . 4 mm) and 
percent Ca(OH)2 on reaction rate at 173,202 and 223°C. Moorehead and 
McCartney (1967) studied the mechanism of reaction of single crystals of quartz 
with Ca(OH)2 solution in an autoclave at temperatures up to 500°C. The reac-
tion rate at 235 and 335°C, shown in Fig. V. A. 11, is a linear function of t 1 / / 2 . 
Temperature increase obviously greatly increased the reaction rate. The pro-

*For 5-10/i radius s i l ica particles. 



82. 
a sa 
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( P R O C E S S I N G TIME, n y > 

2 S IZ 
PROCESSING T I M E . h 

Fig. V. A. 7. Relation between reaction 

conversion (o<) and 

processing time. 

KO WO 

I lME.mtn 

2 6 12 
REACTION TIME th 

Fig. V . A . 8 . Relation between 
conversion (oO and 
time of reaction. 
— si l ica glass; 
- - quartz. 

= Kt 

(numerals'on curves 
are processing tem-
peratures). 

Fig. V. A. 9. Influence of temperature and composition of specimens on the 
kinetics of formation of the hydrosilicates. 1 - C/S = 1. 55-2. 0. 
2 - C/S = 1. 00 - 1. 1. 3 - C/S = 0. 80 - 0 .4 . (a) 150°; (b) 175°; 
(c) 200°. 

duct formed at 235, 335 and even 500°C apparently was dominantly xonotltle; 
and the mechanism suggested silicon transport (as a hydrous silicate anion) as 
the major factor. Moorhcad (1973) reacted lime-quartz compacts at 260-300°C 
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Fig. V. A. 10. Influence of tern 
perature on speed 
of formation of 
hydrosilicates in 
mixtures. 
(1) 50% quartz + 
50% Ca(OH)2. 

(2) 40?c quartz + 
60% Ca(OH)2. 

( A B S O L U T E T c M f - E H A T l W E ) ' 

Fig. V. A. 11. Weight increase 
of quartz crystal 
and product layer 
at (a) 235° and 
(b) 335° plotted 
against time (O) 
and square root 
of time (X). 

and showed that reaction rates are up to 100 t imes greater than at 180°C. Stable 

strong compacts containing CSH(I) could be synthesized in as little as 5 minutes 

at 300°C (after 8 minutes time heating up to temperature). Sauman (1967) re-
2 

acted /a-C2S (2940 cm / g surface area) and quartz (<40m - 0. 5mm size) mix-
tures at 175°C and 8 atm. , for which maximum reaction was achieved, in 16 
hours, with 0 .09-0 . 12mm size quartz. Reaction was accelerated by adding 
1% Ca(OH)2 or 3*ic C^S to the mixture, and also by using finer particle siEe 
C0S (6450 and 8200 cm 2 /g ) . 

JO 0 

TW£,.fTrT 
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5. Crystalline solutions and reactivity 

Tobermorite has been shown to take several ions into crystalline solu-
tion in its structure (Roy and Johnson, 1967; Diamond, White and Dolch, 1966; 

3 + 
Mitsuda, 1970). The solubility of Al , particularly, in the tobermorite struc-
ture both accelerates the synthesis reaction and raises the upper temperature 
stability limit, giving it a broader range of usefulness. This would also en-
hance its bonding with wall rocks containing Al-rich and other components. 2+ 3 + Mg and Fe also were established as substituents. 

6. Permeability (and porosity) of polycrystalline material 

While porosity is still substantial in autoclaved calcium sil icates gen-
erally, permeability is moderately low to low. Oppermann (1965) quotes values 
of porosity from 36 to 20%, and comparable water permeabilities ranging 
from 59 to 1. 7 mil l i -darcies, and has related this to corrosion in acidic solu-
tions. Danyushevsky and Rataychek (1974) determined the permeability and 
porosity of pure hydrosilicates formed under prolonged hydrothermal treatment, 
and found that those formed at a ratio of water:solid = 0.5 (wt.) and had values 
as follows (it was not stated exactly how long the particular samples were auto-
claved, but the whole experimental study involved samples treated hydrother-
mally for 1 to 365 days): 

Table V. A-3 

Median radius 
of pores, y. 

Water permeability 
coefficient, darcy 

C-S-H (4-8)-10" 3 (5-10)- 10"8 

Tobermorite (1-2)-10~ 2 (5-10)- 10"7 

Xonotlite (4-8)- 10"2 (3-6) • 10~6 

a-hydrate of CgS 0. 05-1 (0.1-10)- 10"3 

^-hydrate of CgS 0. 1 -3 (0.5-50)- 10~3 

The top three materials are all of course, relatively impermeable. 
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Gas pei'me abilities (and porosities) of autoclaved calcium silicate ma-
terials (reacted for up to 32 hours at elevated temperatures, at pressures 
from 4 to 16 atm.) were reported by Oppermann (1969) and related to original 
densification of the samples. Permeabilities ranged from 10 to 2000 milli-
darcys. It should be noted that in the latter there are a large percentage of 
unreacted sand grains, while the data given in Table V. A-3 are for pure cal-
cium hydrosilicates. Moorehead (1973) determined porosity of Ca(OH)2-quartz 
mixtures reacted at 260-300°C: porosity was ~35%, and the pore size distr i -
bution in the finest s ize range <100A was much greater for short than long time 
reaction. 

7. Mechanical properties, bonding characteristics, miscellaneous 

Compressive strength. Abundant data are available on the compressive 
strength of such materials, which is the usual property measured. The com-
pressive strengths of normal autoclaved lime-quartz sand mixtures varies 
from about 1000 to 7000 psi, depending on the materials and experimental 
parameters [Bozhenov, et al. (1960); Taylor (1965); Kryzheminskii, et al. (1965); 
Jatii|!"i (1968); Purton and Coldrey (1969); Danyushevsky and Rataychek (1974); 
Pui luu (1974)1. The compressive strength is generally considered to be more 
than adequate, although data show that prolonged curing may reerystnllize the 
high surface arou rull'llim sil icate hydrates into larcer crystal s ize materials, 
iHprousltig !!l||i|ti If ij|i: I'nrnnH v Di'il permeability, and decreasingthe compres-
sive strengil' * 1 ̂ i n Ht s A. 11*, particularly curve 6, show that at a. 
hlghnr iHiMprilllU'!', IMP U llhijier iMjhipositionally adjusted material, 

a !!![4ui'P ||| /i: l.'ll̂ fcljD^ (j)r|||u) U)K| s i l ica there Is little drop in strength even 
nflttr 3GB clilys oil rliUii I'llKillI lllid L.Vi|(|lH'y (l(iUU) IlilVu liliilwu ||lMi Mll^r prolonged 
curing lllitlfcU' ciil'tiiju uuiK|Uioiis hinro ul l||u Ulind (silica) reacts to produce gyroiito 
ratiiur t||iiii loberinorite ay the reaction product; It seems, therefore, desirable 
to contain sufficient amount of high surface area s i l ica as reactant so that the 
desired product will be formed in a reasonably short time (the remainder fi l ler 
being coarser, relatively inert sand grains). Bessey and Purton (1965) have 
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Fig. V. A. 12. Hardening under long exposure to hydrothermal effects: 
1-4:Portland cement at 75, 160, 200 and 300°C; 5 and 6: 
sandy Portland cement (60:40) and bel i te-s i l ica cement 
(60:40) respectively, at 300°C; 7-10: CgS, respectively, 
at 75, 160, 200 and 300°C; 11: CgS + CgA + gypsum 
(6:2:1) at 75°C. From Danyuschevsky and Ratayak (1974). 

indeed found that very high strengths (~17, 000 psi) could be obtained from 
l ime mixed with only finely ground si l ica (having a specif ic surface of 2000 
cm /g ) , v/hile Taylor et al. (1964) had previously shown that it was pos-
sible to achieve strengths as high as 30, 000 psi. 

Strengths up to 11, 000 psi were obtained on materials which were largely 
kilchoanite (Speakman and Taylor, 1965) instead of the usual phases tobermorite. 
xonotlite, CSH-I or gyrolite. Jernejcic and Jelenic (1974) have found gen-
erally the highest strengths with gyrolite, then with xonotlite mixed with kil-
choanite, in some cases as high as 28,000 psi. Clearly, then, the strength 
of such materials in itself i s not a limiting factor. 

Bonding c h a r a c t e r i s t i c . Autoclaved calcium si l icates , if reacted in situ 
at elevated temperatures and pressures would react slightly with si l iceous wall 
rock (or with clay-bearing formations as will be discussed in the next section), 
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inasmuch as good bonding to sand grains in the commercial product takes 
place. Generally, the tensile strength is not high, rarely being greater 
than 1/10 the compressive strength. 

8. Volumetric stability 

Because they contain hydrous si l icates, and also are porous to a 
variable degree, polycrystalline hydrothermal calcium sil icates synthesized 
in the vicinity of 200°C are subject to some of the same instabilities as hy-
drated cement pastes but to a much smaller degree. Drying shrinkage usually 
fal ls within the range 0. 01 - 0. 05 percent, and may be reduced to the lowest 
level by addition of alumina (this i s discussed in more detail later in the s e c -
tion on CaO-Al 0 „ - S i 0 „ - H O). 
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S. The System CaC-AlgOg-SLC^-HgO (including hydrogarnet) 

1. Introduction (contrast with CaO-SiO -H o 0) 

Although the hydrothermal system CaO-SiOg-HgO provides materials 
having generally favorable properties, and the reaction kinetics are feasible 
(providing the temperatures of ~175°C can be maintained for a few hours), for 
a combination of reasons the use of quaternary (or more complex) composi-
tions, as in the system C-A-S-H seems slightly preferable. It is desirable to 
obtain a dense, relatively impermeable, strong reaction product. In order to 
achieve such with CaO-SiOg-HgO compositions, the usual technology involves 
compacting mixtures of quartz and lime at high pressures, pre-curing for a 
few hours to produce preliminary bonding, and then autoclaving. Although in 
one of the cases which we will describe in this section, we are interested in 
the same hydrothermal reaction product, tobermorite (or xonotlite) as the 
principal phase, the technology of producing it appears more feasible with 
C-A-S-H compositions. 

Solutions could possibly be used for transport of material and deposition 
in the borehole, but if material can be transported as a slurry and hardened 
hydro therm ally the process should be more straightforward. For consideration 
of hardening from a slurry, volumetric changes are important (it is desirable 
to have a volume increase of reaction product to produce a low porosity material). 
This is illustrated by treatment of data listed in Table V. B - l . This table lists 
density values of conceivable reactants or products in the system C-A-S-H in 
the temperature range up to ~-500°C, and in addition a few phases containing 
SO or CO„ (common additives or contaminants). 

<3 a 
Considering a typical reaction in the system CaO-Si02~H20 to produce 

tobermorite, the volumetric changes taking place may be calculated as follows: 
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Table V. B - l 

Densit ies of Calcium Sil icates and Calcium Aluminosilicates 
(carbonates, sulfates) (hydrated, anhydrous). 

Low Moderate-High High 

Ca(OH)2 

Gibbsite 
Bayerite 

CSH(I) 

C4AH13 

CAH10 
C2AH8 

C3AH6 

C-A-S-H 
(zeolites) 
CaCOs 
(vaterite) 

2 .24 

2 . 4 0 
2 .53 

2 . 0 - 2 . 2 

C3A-3CS-32H 1 .79 

C3 A • CSH 1. 95 

2.02 

low 
1.95 

2 .52 

2 

2 . 6 5 

C3SH1. 5 

AC 2SH 
/3C2SH 
C 6S 3H 
C5S2H 
C8S5 

C3S2 
C3S2 
C3S2H3 
C4S3H 

c s 

C 6S 6H 
C5S6H5 

hillebrandite 
dellaite 
calciochond. 

rankinite 
kilchoanite 
afwillite 
foshagite 

wollasonite 
p-woll, Para-
xonotlite 
t n h e r r a o r i t e 

CSH + carbonate 
(scawtite) 

C 2 S 3 H 2 gyrolite 
CsSsHi, ^reyeritfe 
CS2Ho, 5 truscottite 
Si02 quartz 

.C3ASH2 hydrogarnet-
C3AS2H hibschite 
C2ASH bicchulite 

CaC03 calcite 

2 . 6 1 

2 . 8 
2 .69 
2 .94 
2 .84 
2 .97 
2 .96 
2 . 9 
2 .63 
2 . 7 0 

2 . 9 

2. 75 
2 .44 

2 . 7 1 
2. 
2 . 4 0 
2 . 4 8 
2 . 4 8 
2 . 6 6 

3 . 0 5 
2 . 7 5 

2 . 7 1 

CaO 

Boehmite 
Diaspore 

C3S 
/3C2S 
>C 2S 

C3 A 

3 .34 

2 . 9 7 
3 . 4 1 

3 .2 
3 .28 
2. 97 

3. 03 

C3AS3 3 .53 
(grossularite) 
gehlenite 

CaC03 
(aragonite) 

2 .93 

Abbreviations: C = CaO; S = SiOgj H = HgO; A = A l ^ ; S = S 0 3 

(1) 5Ca(OH)2 + 6S i0 2 5CaO- 6S i0 2 • 5HzO 
(quartz) (tobermorite) 

gm: 300 360 730 
g m / c c : 2. 24 + 2 .66 ' 2 . 4 4 
cc: 134 136 —>300 
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There is about 11% volume increase on reaction. 

For a comparable reaction in the C-A-S-H system: 
1 

(2) 2Ca 2 Si0 4 + ICagSiOg +l /3Ca 3 Al 2 Og + 5 .4S i0 0 + 9H 2 0 — 
(quartz) 

| { 5 C a 0 - 6 S i 0 2 - 5K20l 

+ f tCa 3Al 2(OH) 1 2] 

gm: 344 228 90 324 162 1022 1 378 
gm/cc: 3.28 172 3 . 03 2.66 1 2.44 3 2.52 
cc: 105 71.2 29.'7 122 + 162 —* 500 + 50 

(490) (550) 

An approximate 12%volume increase is observed, which would appear not to 
be very different. However, in the first case all the hydroxyl is supplied 
through the solid state [Ca(OH)2], while in the latter it is by liquid which, 
practically,allows workability. The H,,0 content of about 33% by volume for 
theoretical 100% reaction could be increased further to enhance workability 
of a slurry and still produce a desirable hardened product with theoretical 
low porosity; while the same H 0 0 added to the-former would result in much 

Ck 
higher porosity. 

It is , of course, possible to produce the desired tobermorite or 
xonotlite type product (without aluminate) by hydrothermal reaction of ^CgS 
and/or CgS + S i 0 2 (usually quartz). Commercial availability and practi-
cality suggest that it is much simpler to use a cement composition containing 
AlgOg (and probably Fe2G3); if the aluminate content is low, the differences 
in the nature of the product will not be great. It is noted in a later section 
that practical experience shows that it is best to use at least ~ 3 5 wt % quartz 
added to cement for hydrothermal reaction: our hypothetical reaction above 
shows ~ 33 wt % quartz is necessary, if the reaction products are as designated. 



91. 

,2. Equilibria 

CaO-Al„Qg-HoQ. Phase equilibria in the system O a O - A l ^ - H ^ O 
were determined at elevated temperatures and pressures by Peppier and 
Wells (1954), and later by Majumdar and Roy (1956). The equilibria are sum-
marized by the latter in Figs. V. B. 1 and V. B. 2. The major calcium aluminate 
phase stable in the hydrothermal range in equilibrium with Ca(OH)2 and/or an 
alumina hydrate is CgAHg, the calcium aluminate end member hydrogarnet, 
which is in equilibrium with either Ca(OH)2 or AlO- OH (boehmite). C^AHg 
is also the stable hydration product at room temperature and atmospheric 
pressure, and although other hydrates are formed metastably, they gradually 
convert to the hydrogarnet (usually at a very slow rate). 

CaO-Al^Og-HnO plus sil ica. The hydrogarnet phase forms a solid solu-
tion ser ies in which two moles of HgO are replaced by 1 mole of SiOg- Garnet -
hydrogarnet solid solutions were studied by Flint et al. (1941), and more com-
pletely by Roy and Roy (1960). In effect, the substitution of (Si04)4" for (OH)4

4~ 
in CgAHg is responsible for increasing the upper stability temperature of the 
hydrogarnet solid solution, as shown in Fig, V. B. 3, taken from Roy and Roy 
(1960). It has been sugges'ed that there is probably also some solid solution 
of sulfate in the hydrogarnet structure (Kalousek, 1968), but this has not been 
established. Ruiz et al. (1974) however, present evidence of solubility of COg 
in the structure, presumably replacing H_0. It is, of course, well known that 

3+ " 
Fe -rich hydrogarnets exist (Greene, 1960). 

CaO-SiOg-H^O plus Al„Og. Hydrothermal phase equilibria in the system 

CaO-ALO„-SiO„-HnO in the portion adjacent to tobermorite compositions were 
investigated by Roy and Johnson (1965) and are illustrated in the triangles of 
Fig. V. B. 4. These data may be compared with Fig. V.A. 1(b) for the system 
C-S-H. With the addition of quantities of Al0O„ up to ~ 14 wt %, crystalline 

3+ solutions of tobermorite containing Al are formed, which also increase the 
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Fig. V . B . 3 . 
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upper stability temperature of tobermorite from about 285°C (pure C-S-H) 
to about 330°C. Hydrogarnet was found to be present as a second phase from 
both 7 and 14% - AlgO^ compositions at temperatures above 250°C. The 
broadened stability limits for tobermorite are, of course, useful if one wants 
to form a stable phase and prevent phase change with time. Diamond et al. 
(1966) confirmed this Al substitution, and increased stability temperature of 
tobermorite. They also indicated a composition limiting r a t t o ^ l / 3 i + Al = 
0.15) in tobermorite before hydrogarnet appeared as a second phase. Kalousek 
(1968) has discussed the effect of various components in portland cement on 
the products of autoclave cured concrete in general. 

Additional observations of Roy and Johnson (1965) included the ap-
parently stable coexistence of tobermorite and xonotlite over a temperature 
range 250-330°C (xonotlite has the composition 5CaO- 5S i0 2 ' HgO; tobermorite 
= 5CaO- 6Si0 2 • 5H20; hence such coexistence in equilibrium with HgO is al-
lowed by the phase rule). 

\ 

Royak (1974) summarized research (mostly Russian) during the past 
dozen years on the influence of pressure and temperature on cement hydration, 
with compositional adjustments sought to maintain workability, generate high 
strength and low permeability. Among those believed to be the most promising 
were "Belite alumina cements", actually a cement consisting largely of (3 -C2S 
(belite) produced as an industrial waste by processing of nepheiine concentrate 
into sodium aluminate. The "belite alumina cement" is, of course, mixed with 
quartz, and either an accelerator (Nc^CO^) or retarder (sodium monochromite) 
depending on the reaction temperature (Royak and Dmitryev, 1960). Bozhenov 
and Kavalerova (1958, 1959, 1960) have shown that high strengths maybe ob-
tained with so-called nepheiine slurries (80% /SCgS) having excess lime or 
powdered quartz added, and autoclaved at 174 °C and 8 atm pressure. 

Addition of SiO„ to portland cement in insufficient quantity will result in 
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apparently stable crystallization of xonotlite at the same temperature and 
pressure at which higher percentages of s i l ica result in tobermorite (Patchen, 
1960). Imlach and Taylor (1972) have shown that even long-time (3 mo.) auto-
clavlng of cement-s i l ica mixtures (after room temperature pre-curing ~ 3 mo,) 
results in similar products. Danyushevsky and Rataychek (1974) autoclayed 
samples for as long as 2 years at temperatures from 75 to 300°C. Their con-
clusion was that CSH(I), tobermorite, xonotiite, or hydrogarnet all form 
strong structural materials; but that it i s desirable for them not to undergo a 
later structural conversion. 

Thermodynamic data: CaO-SiOg-HgO compared with CaO-AlgOg-SiOr,-
HgO; Using thermodynamic data from Mchedlov-Petrosyan and Babushkin 
(1£'62,1974) and Kondo (1967), it is possible to calculate and compare the free 
energies of the two reactions on V-23 and V-24, at 200°C. For the first: 
AF = -35 kcal/mole tobermorite: 

(1) 5Ca(OH) + 6SiO„ 5CaO- 6S i0 0 • 5H 0 0 
£ b i U 1 

quartz' tobe rmorite 

For the second; AF = -47. 72 kcal/total reaction: 

(2) 2Ca 2 Si0 4 + l C a 3 S i 0 5 + l / 3 C a 3 A l 2 0 6 + 5 . 4 S i 0 2 + 9 H 2 0 ^ 

7/5 [5CaO' 6S102 • 5H 2 0] + 1/3 [Ca3Al2(OH)1 2] 
For a reaction with only 0 -C S (at 200°C): 

u 

(3) ^Ca 2 Si0 4 + 12 /5H 2 0 + 42 /30Si0 2 1/6 [ 5CaO • 6S i0 2 • 5H 2 0] 

AF = -5. 91 kcal /mole C2S. 

For a reaction with only CgS (at 2000°C): 

(4) Ca 3 Si0 5 + mHgO + 13/5Si0 2 -> 18/30 [5CaO • 6 S i 0 2 • 5H 9 0] 

AF = -27. lkcal for 3 /5 mol. tobermorite (1 mole C„S). 
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Compared on a basis per mole Ca, they are 

(1) AF -7 , (2) AF = _ 5. 97 kcal, (3) AF = - 2 . 9 6 and 

(4) AF = - 9 . 1 kcal /mole Ca. 

Therefore, the thermodynamically most favorable reaction at 200°C to pro-

duce tobermorite is (4) involving C^S + quartz; the next most (1) Ca(OH)2 + 

quartz, and the least (3) j3CgS + quartz. Various cement mixtures with 

quartz l ie in between, as in (2); although ones high in C„S would have a larger 

negative AF than reaction (i) . 

3. Solubility 

The solubility of phases in the system CaO-A^Og-HgO at 200°C is 

given in Fig. V. B. 5(a) as represented by Peppier and Wells (1954) and in (b) by 

Majumdar and Roy (1956). Essential ly, solutions containing 0. 085 g A ^ O g / l and 

varying between 0. 1 - 0 . 2 3 g CaO/l are in equilibrium with CQAH , the stable 
o O 

hydrogarnet phase, which is slightly more soluble than either end member com-
3+ 

ponent This, of course, affords a means for transport of Al , if such is de-

sired. No quantitative data on solubility of silicon-containing hydrogarnets 

were found, but the implications of the literature are that Si solid solution in 

the hydrogarnet structure makes the phase l e s s soluble. Similarly, no data 

were available on solubilit ies of Al-containing tobermorite vs. the pure ca l -3+ 
cium silicate phase. However, the increased solubility of Al in solutions 

containing Ca(OH)2 suggests a mechanism for transport and reaction to produce 

a relatively insoluble Al-containing tobermorite phase. It is cautioned by 

some that material is transported through colloidal solution at room tempera-

ture; but this effect should be relatively minor at elevated temperatures and 

pressures . 
4. Reaction kinetics 

Relatively few data are available concerning reaction kinetics in the 
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Fig. V» B. 5. Correlation of different methods of presenting data. In (a) is 
shown Wells' representation in terms of solubility of two com-
ponents. In (b) the same points are transferred from recti-
linear to 60° axes. 

pure CaO-AlgOg-SiOg-HgO system. It i s well known that reacting at elevated 
temperatures and pressures in itself accelerates reaction. This has been 
shown by researchers such as Zasadat.slev and Mamedov (1970) to be primarily 
the effect of temperature increase (the role of pressure primarily to maintain 
liquid phase water, pressure equal to or exceeding that along the saturated 
steam curve, as shown in Fig. V. B. 6). Of course, for borehole plugging at 
any great depth, pressure will exceed that of the steam curve. Roy and Johnson 
(1965) and Diamond et al. (1966) showed that addition of the fourth component 
AlgOg to the C-S-H system accelerates the reaction, but rate equations were 
not developed. Most quantitative kinetic data arp limited to the C-S-H system, 
discussed previously. 

Some data are available on mixtures of cement plus sil ica or other com-
binations of materials which result in compositions lying primarily within the 



98. 
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C-A-S-H system; these involve factors relating to the form, in addition to com-

positions of the materials used. Mironov and Malinina (1958) showed that in 

cement-quartz mixtures decreasing the particle s ize of cement and quartz (sur-

face area 2000 —*5000 cm / g ) doublec' the compressive strength obtained in 3 hrs. 

at 187°C. Slag-cements (as long as .ley have a large content of soluble com-

ponents, rather than insoluble ones such as merwinite) react quite rapidly hy-

drothermally (Bozhenov et a l . , 1960; Bulatov, 1974). Kondo and Daimon (1974) 

have presented reaction kinetic data on the s lag- l ime water sys tem at 210°C and 

20 atm. pressure, a lso indicating very rapid reaction (Fig. V .B . 7). Slag com-

positions containing much V-CgS, however, are much slower-reacting (Jernejcic 

and Jelenic, 1974; Danyushevsky, 1972). Petrovic and Stevula (1972) studied the 

reaction of alumina-si l ica g lasses with lime, showing that reaction was generally 

slower than quartz- l ime mixtures, and that only low-alumina g la s se s were very re-

active. Sauman(1973) studied the hydrothermal reaction of fly ashes with Ca(OH)2 

(most of the fly ash is g lass) , and indeed found that the reactivity was strongly de -

pendent on the reactivity of the glass phase of the fly ash, irrespective of the total 

composition. Danyushevsky and Rataychek (1974) have shown in extended experi-

ments that use of amorphous s i l ic ic acid instead of quartz (mixed with CgS, CgS, 

CgA) accelerates hydrosil icate synthesis. 

Further inferences on kinetics (combined with stability of products) of re -
action in the sys tem C-A-S-H are given as compared with the system C-S-H. 

Aitken and Taylor (1960) indicate that in C-A-S-H tobermorite (with the addition 
3+ 

of Al ) i s formed at a lower temperature (more favorable reaction kinetics) as 
well as a higher temperature (enhanced s t a b i l i t y - - s e e equilibria section). Gyro-
lite was not found (stability). Xonotlite was formed less readily (tobermorite 
stable to a higher temperature). Reaction seemed to be generally slower (this is 
presumably limited by the solubility of cement compounds, of lime and quartz). 
Hillebrandite was not formed with cement (stability). 

Characteristically, additional components are admixed with cement-s i l ica 

materials in an attempt to control the reaction rate. Gypsum is usually added to 

cement compositions in grinding: under certain conditions it acts as a 
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retarder, and othei's as an accelerator. With room temperature hydration it 
prevents flash set; and at elevated temperatures although the role is not clear 
it seems to act favorably overall when present in up to about 3% SO^. Sauman 
(1972) showed that addition of calcium and aluminum sulfates to l ime-si l ica 
(quartz) mixtures accelerated the reaction, producing a tobermorite phase 

2 _ 
containing aluminum as well as sulfate (up to 4% SO^ ions). 

Beaudoin and Sereda (1974) found that sulfur apparently acts as an ad-
mixture when mixed in quantities of ^ 2 wt % (of cement) in materials auto-
claved at 216°C. Its exact role is uncertain, but bears further exploration. 

Sugars, sulfite-cellulose liquor, lignin sulfonic acid and its salts, 
tartaric acid, and citric acid are among the organic substances used as re-
tarders. The effect is believed usually to form a protective coating on cement 
grains, slowing their hydration. An example of the effect of sulfite-cellulose 
liquor as retarder is shown in Table V. B-2. It has been reported that most 
oi'ganic retarders are, however, not effective above ~ 150°C (Royak, 1974). 
Sodium carbonate also is used as accelerator, and sodium monochromitc as a 

Table V. B-2 
Influence of Sulphite Cellulose Liquor on Setting Times of 

Oil Well Portland Cement. 

Experimental Conditions Setting 
hr/ min Additions 

per cent T ° C 
prp&stiro 

Initial Durat ion 

1 2 3 4 5 

0.8 

0.4 

1.00 

75 
75 

120 
120 
140 
140 

300 
300 
450 
450 

1 
1 

1 : 4 5 0 : 40 
4 : 20 2 : 30 
0 : 25 0 : 30 
2 : 05 . 2 : 15 
0 : 20 0 : 25 
0 : 55 1 : 15 
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retarder, both presumably effective at higher temperatures (Royak and 
Dmitryev, 1960). Modification of calcium iignosulfonate retarder with 
carboxy methyl hydroxyethyl cel lulose is reported to function well at t em-
peratures up to 210°C (Ostroot and Walker, 1961). 

5. Stability of solid solutions/reactivity 

We have already discussed the fact that two of the major phases con-

cerned accept additional components in solid solution: Hydrogarnet and, to 
a l e s s e r extent, tobermorite. Natural tobermorite has been shown to contain 

3+ 
varying amounts of Al in its structure, and presumably is stable (Taylor, 

1974). Thus, some reaction of alumino-silicate wail rocks with high tempera-

ture calcium (alumino) s i l icate s lurries would be expected. The limiting ratio 

of acceptance of Al in the structure, Al/Si + Al = 0. 15, of course, l imits the 

reactivity by this mechanism for tobermorite; this amount of solid solution 

would probably be sufficient to enhance bonding but smal l enough to prevent 

gross instability. 

Scawtite [Ca7(Si601 8)(CC>3) . 2H 2 0] (Harker, 1965) is a naturally oc -

curring mineral, also formed hydrothermally in the p, T range overlapping 

that of tobermorite and xonotlite^from carbonate containing solutions, which 

are a frequent contaminant both naturally and synthetically. But it is a 

crystallographically distinct structure, and not a solid solution of another 
calcium sil icate hydrate, in contrast to what was previously suspected (Pluth 

4 + and Smith, 1973). Hydrogarnet accommodates, in addition to Si in its 
3+ = = structure,Fe , and apparently CO^ and SO^. This phase is obviously more 

reactive than tobermorite bvit if it exists only as a relatively small percentage 

of the total composition, should not produce undue instability. Also, it has a 

fairly broad temperature stability range. Volumetric considerations are d i s -

cussed e lsewhere. From calcium aluminate-rich phases contaminated with 

carbonate, one might wel l expect a carboaluminate of the type 
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3CaO' AlgOg • CaCOg • llHgO. It was shown by Petrovic (1972) that this 
phase is apparently stable hydrothermally up to 180°C, in equilibrium with 
CgAHg. (At 200°C, only CgAHg and the starting carbonates were stable.) 

Some SO^ apparently substitutes in the tobermorite structure (Kalousek, 
1968) and has been confirmed by Sauman (1972), but only a very little at 
elevated temperatures. Hydroxyl ellestadite Ca10(SiO4)3(SO4)3(OH)2 pre-
sumably forms in the temperature range 120-200°C when SOg is present in 
excess of about 1. 6% (Kalousek, 1968; Takemoto and Kato, 1968). 

6. Permeability and porosity 

Permeability is not a usual property measured of autoclaved or hydro-
thermally reacted calcium aluminosilicates. The general indication is that 
for high pressure steam cured materials permeability is higher than for room 
temperature reacted materials (Washa, 1965). Figure V. B. 8 shows permea-
bility as a function of % SiO„ (quartz) added to cement (API class A) with 0. 5Sr St 
carboxymethyl hydroxyethyl cellulose (Patchen, 1960) cured for 30 days at 
160PC. The data show the necessity of balancing its composition to produce 

tobermorite or xonotlite, phases having relatively low permeability. X-ray 
diffraction patterns indicated that xonotlite was formed irom the 35% silica com-
position, while tobermorite was formed from much higher percentages (e.g. 
100%). Both Class A and Class E cements were studied. 

Jambor (1968) studied mixes of CgA, CgS and Ca(OH)2 + ground siliceous 
materials, and related the strength and porosity to the phase composition of 
the reactants. He measured porosity, not permeability, and showed that for 
comparable conditions, CgA-containing mixtures reacted to produce more 
porous, less strong hydrogarnet-containing materials. This comparison is no 
doubt time when hydrogarnet is formed under normal conditions or, as in 
aluminous cements when it forms on conversion from a less dense metastable 
low temperature hydrate. The limitations suggested by Jambor, of composi-
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Fig. V. B. 8. Effect of the Con-
centration of Silica 
on the Permea-
bility of Cement 
Cured for 30 Days 
at 320°F. 
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tions based on CaO-AlgOg-HgO (with sil ica added) do not necessarily appiy 
at high pressures, however. When hydrogarnet is formed directly from 
calcium aluminate cements at elevated temperatures, where it is simultan-
eously densified under pressure during hydration, very low porosity materi-
als are the result (Roy and Gouda, 1975,1974, 1973). The pressures used 
were higher than those anticipated for use here (25-50, 000 psi at 150-250°C, 
in contrast to maximum ~ 10, 000 psi); however, the principle remains the same. 

COg reaction. Comparatively little information is available on the e f -
fect of carbonation at elevated temperatures and pressures on the permeability 
and porosity of calcium (alumino) silicate hydrates. Scawtite could be 
formed on the reaction of tobermorite or xonotlite with lime solutions and CC^; 
probably to cause volume increase. 

From calcium aluminate-rich compositions an increase in volume of 

solid phases may take place by reaction with C0 9 : 
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CgAHg + 3C0 2 —> 3CaCG3 + Al(OH)g + 3H 2 0 

resulting in 116% volume increase if the reaction goes to completion (Schwieto 
et a l . , 1965). The above reaction would be somewhat different hydrothennally 
however, since boehmite AlO- OH, a more dense phase, is a product instead 
of gibbsite. Both types of reaction suggest that an overall densification can 
take place if C0 2 enters as a gas or percolates as a solution (i. e . , the pores 
should become more thoroughly filled with the products of carbonation). 

7. Mechanical Properties, Bonding Characteristics, Miscellaneous 

Compressive strength is the usual strength measurement made. It is 
possible to obtain strengths ranging from about 2, 000 psi to 16, 000 psi or 
greater in autoclaved compositions in the system C-A-S-H (Nishi, et al. , 1971; 
Jambor, 1969; Washa, 1965; Venuat, 1974; Royak, 1974; Kondo et al. , 1973; 
Verbeck and Copeland, 1972). Strength and porosity are related by a complex in-
verse relation: one form (Roy and Gouda, 1975) is shown in Fig. V. B. 9: P = P 
exp (-KS) (where P = porosity where strength is zero; S = strength). Jambor 

0 3 2 (1968) has given a formula P = aG + bQ + c9, where P = compressive strength; 
9 = volume of new binding formation; he changes the constants a, b and c with 
composition of material. Composition is only one of the controls on the final 
properties of the material: the other factors (in addition to pressure and tem-
perature) relate to the form of the starting materials and various, other experi-
mental parameters. Ludwig and Pence (1956) used the following expression to 
define the interrelation of strength, permeability and porosity of hydrated cement 
pastes, applicable between 68-205°C: 

c c h S = V K ( T ^ ) 2 

S = strength, K = permeability, £= porosity. Data on long time hydrothermal 
reaction of cement-sil ica mixtures show relatively small losses in strength at 
periods up to 365 days (Danyuschevsky and Rataychek, 1974). Patchen (1960) 
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Fig. V. B. 9. Strength-
po rosity 
relation of 
a large 
variety of 
ce ment 
pastes, hot 
pressed, 
densified, 
and normal. 
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showed similar data for API c lass E cements mixed with quartz hydrother-

mally treated up to 182°C for as long as 60 days. 

Bonding. It has been the hypothesis of many, also borne out by con-
siderable data, that recrystallization of calcium silicate hydrates into larger 
crystals takes place with longer reaction time, resulting also in larger inter-
particle pores, poorer bonding and therefore lower strength. The effect of 
coarsening of pores, and its relation to composition, is shown in Fig. V. B. 10 
(Danyuschevsky and Rataychek, 1974). It is heartening, therefore, that some 
long term hydrothermal data are available for these materials, showing re la-
tively small strength loss with time. 

One of the most favorable additions to enhance bonding appears to be 
asbestos. A considerable technology has been developed for hydrothermal 
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Fig. V. B. 10. Distribution of pores (V) in accordance with pore radius 
(R). 1, 2 - /3-C2S, 200°, 2 and 360 days; 3, 4 - CgS, 300°, 
7 and 360 days; 5, 6, 7 - CgS + S i0 2 , C/S = 1, 160, 7, 180 
and 360 days. 

asbestos-cement products; such materials are known for their superior tensile 
strength (up to 5000 psi flexural strength), imperviousness and dimensional 
stability (Washa, 1965; Yang, 1972), as well as their resistance to sulfate and 
other aggressive agents. Wet slurry filtration, dry process and extrusion 
techniques are all used commercially to produce such products (Yang, 1972, 
1974). Generally, 10 to 35 wt % of the fiber is used in the mix, along with 
portland cement, fine-grained quartz (flour) and possible other fine grained 
filler plus water-regulating agents. The fiber may be either chrysotile or 
amphibole (tremolite-actinoiite; anthophyllite) type asbestos, which correspond 
to compositions in the MgO-SiOg-HgO or CaO-MgO-SiOg-HgO systems, re-
spectively. [As discussed separately, there are some unknowns yet in phase 
equilibria, particularly in the low temperature range of the relevant systems: 
but information obtained on autoclaved materials suggests that the asbestos 
minerals are compatible with tobermorite, xonotlite, gyrolite, etc.: if there 
is reaction it only serves to enhance bonding,] Some recent work suggests re-
placement of asbestos fiber by fiber glass, but it is thought by the author to be 
highly unfavorable for use as a natural plug material because of the mctastable 
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character of glass. Royak (1974) describes use of fiber cements in oil wells, 
where the asbestos fiber has been used in amounts up to ~-2-3% for this 
specific purpose, to enhance bonding. Data of Petrovic (1973) for tempera-
tures of 150-350°C arcl (CaO + Mg0)/Si0 2 ratios of 0. 5-2. 5, autoclaved for 
2, 7 and 30 days indicated mutual compatibility of a serpentine phase and a 
calcium hydrosilicate. At 350°C, however, anhydrous monticellite, CaMgSiO,,, 
becomes stable instead. Roy (1956) has previously reported hydrothermal syn-
thesis of monticellite as low as 475°C. Although other fibrous materials have 
been used in oil well cements in the U. S . , it appears that asbestos fibers 
should have by far the highest compatibility and best stability under hydro-
thermal conditions, and through extended geologic time. Bozhenov et al. (1900) 
have also described some of the properties of hydrothermal magnesium (cal-
cium) hydrosilicates. Slaughter, Kerrick and Wall (1975) have placed the reac-
tion 5 talc + 6 calcite + 4 quartz = 3 tre mottle + 6C0 2 + 2H 2 0 at 440°C (at 2kb, 

X C 0 2 = 5>-

8. Volumetric stability 

Figure V. B. 11 shows a comparison of drying shrinkage of cement + 
si l ica autoclaved at 182°C and 160°C, compared with the lower curve of normally 
hydrated cement (Menzel, 1934). It is seen that hydrothermal materials have 
considerably lower shrinkage, because the latter have higher crystallinity. 
Noorlander (1965) showed that addition of AlgOg to C-S-H compositions (pre-
sumably reacting more rapidly to form Al-substituted tobermorite) reduced 
shrinkage of the reacted material. In any event, most data show that shrinkage 
is l e ss than with room temperature hydrated cements, so this should not be a 
problem. The larger concern is overall stability combined with the volumetric 
effects on hydration, to result in a relatively strong impermeable product. 
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Fig. V. B. 11. Length change of 
autoclavcd and moist 
cured bars of cement 
paste with various 
amounts of reactive 
sil iceous replacements 
of cement (data from 
Menzel, 1934). 
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C. The System MgO-SiOg-HgO 

1. Introduction 

Serpentine is often thought to be an end product of metamorphic reac-
tions in which ferromagnesian minerals are combined with water to form 
serpentine. However, to a large extent, these reactions are uninvestigated 
and stil l very speculative. 

2. Equilibria 

Phase equilibria for the system MgO-SiC^-H^O are relatively abundant, 
the most meaningful work appearing in: Bowen and Tuttle (1949), Kitahara 
et al. (1966), Scarfe and Wyllie (1967) and Johannes (1968). All of these in-
vestigations deal, at least in part, with the reaction: 

3Mg0-2Si0 2 -2H 2 C) + Mg(OH)2 = 2Mg2Si04 + 3H 2 0 
serpentine + brucite = forsterite + water. 

Figure V. C. 1 is taken from Johannes (1968) and has been subsequently modified 
to include the data of Scarfe and Wyllie (1967). This figure summarizes the 
work done on the above reaction and illustrates a general trend, wherein the in-
variant curves for the reaction move toward lower temperatures with the advent 
of more recent data. This shift is due to an ever increasing awareness by in-
vestigators of the kinetic problems associated with hydrothermal reactions at 
relatively low pressures and temperatures. Regardless of the spread in the data, 
this figure clearly indicates that, for the present feasibility study, the antici-
pated temperatures and pressures should fall well within the serpentine + brucite 
stability field. 

Figure V. C. 2 is taken from Bowsn and Tuttle (1949) as compiled by 
Roy and Roy (1954). Stable phases in equilibrium with a fluid phase are: bru-
cite, serpentine, talc and silica. Two possible plug candidates which have not 
been previously discussed are: serpentine and talc with or without additives. 
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Fig. V. C. 1 Position of 
the phase 
boundary 2 
forsterite + 
3H 2 0 = 1 
serpentine 
+ 1 brucite 
and results 
of several 
other inves-
tigations on 
the system 
MgO-SiOg-

H 2O. 

At 
10 
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Fig. V. C. 2 These data are taken from Bowen and Tuttle (1949) and subse-
quently compiled by Roy and Roy (1954). The equilibrium tem-
perature for the reaction, brucite = periclase + HgO has been 
lowered to 635°C from the original 890°C as reported by Bowen 
and Tuttle. Symbols used are: Br = brucite, E = enstatite, 
F = forsterite, S = serpentine, and T = talc. 
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Of the two plug typos, wo fuel that talc Is generally too soft to withstand 
any length of exposure to surface conditions. If we were to recommend a 

> 

plug it would consist of serpentine with or without brucite. Recent work by 
Yamai and Saito (1974) have shown that chrysotile bundles up to 1. 6 mm could 
be obtained by hydrothermal reaction of seed fibers with NaCl-siiicate solu-
tions. 

3. Solubility 

No available data. However, due to the residual nature of its geologic 
occurrence one might speculate that the solubility of serpentine would be 
relatively low. 

4. Reaction t ime/kinetics 

Johannes (1988) found that serpentine and brucite could be formed 
metastably in the stability field of forsterite if oxides were used as starting 
materials. Given enough time, these phases would slowly convert to forsterite. 
Again, the reaction rate is sluggish at the low-temperatures and pressures 
anticipated in the borehole. 

t 

5. Stability of solid solutions/non-reactivity 

No available data. 

6. Permeability/porosity 

Bowen and Tuttle (1949) found that they could produce a chrysoti le-l ike 
serpentine, but it never formed good crystals, always appearing as minute 
fibers. A crystalline mush might well have a relatively high permeability and 
porosity. 

7. Mechanical properties, bonding characteristics, miscellaneous 

Serpentine is ductile below its dehydration temperature (Scarfe and 
Wyllie, 1967). This would tend to lead to deformation, rather than cracking 
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under load. 

8. Volumetric stability 

No available data. 

9. Comments 

The possibility of a serpentine-type plug is a relatively feasible one. 
Serpentine seems to have certain desirable characteristics such as its duc-
tility, which warrant its inclusion in a final testing of possible plug types. 
Perhaps serpentine grown in place with a brucite aggregate might prove suit-
able. However, further testing and experimental work seems necessary to 
evaluate the magnitude of serpentine's sluggish reaction rate as well as evalu-
ate its stability, permeability, porosity and wall-rock bonding characteristics. 
Hydrothermal calcium si l icate-asbestos composites are suggested under the 
system Ca0-S i0 9 -H 9 0 . 



VI. CARBONATE SYSTEMS 

Deposition of carbonate materials to form plugs for holes drilled 
through limestone or dolomite rock is somewhat more complex chemically 
because of the introduction of a second volatile component. It will be neces-
sary to consider reactions with C0 2 taken alone and with C0 2 -water mixtures. 

A. Direct Carbonatlon Reactions 

Phase Equilibria in Binary Systems 

A schematic P-T projection for the binary system C a 0 - C 0 2 (Wyllie and 
Tuttle, 1960) Is shown in Fig. VI. A. 1. The main features of the diagram are 
the SSV curve which denotes the solid state decomposition of CaCO^ to lime plus 
carbon dioxide gas, the SSL curve (nearly vertical) showing the pressure de-
pendence of the eutectic melting between lime, calcite, and liquid, and an SLV 
curve where calcite, liquid, and vapor (mainly COg) co-exist. The point M on 
the diagram denotes the lowest pressure at which calcite will melt congruently. 
The vertical line CC = L Is the pressure dependence of the congruent melting 
point of calcite. As in the case of the system SiOg-HgO, the SLV curve must 
eventually terminate in a critical end point, K2 because critical phenomena are 
observed for CO^ at low temperatures and moderate pressures. No research 
reported to date has attempted to measux'e the P-T conditions for the second 
critical end point in this system. The SLV curve also extends to high tempera-
tures where it eventually meets the triple point of CaO near 2600°C. 

The SSV curve has received a great deal of attention (Harker and Tuttle, 
1955; Baker, 1962; Goldsmith and Heard, 1961). It can also be calculated from 
thermochemical data for the co-existing phases. In this case it is necessary to 
correct for the fugacity of carbon dioxide since this gas is non-ideal at high 
pressures. A compilation of several workers' data i s shown in Fig. VI. A. 2. 

The SSV curve terminates at an invariant pcint Q", where calcite, lime, 
liquid, and vapor (nearly pure CO„) coexist. Baker (1962) extended his mea-
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the CaO-COg system (from Tuttle and Wyllie, 1960). C = 
CaO, CC = CaCOg, L = liquid, V = vapor. Q" is the invar-
iant point where calcite, lime, liquid and vapor co-exis t . The 
point M represents the lowest pressure at which calcite melts 
congruently. 
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surements into this region and set the invariant point at 1240°C and 39. 5 atm. 

pressure (Fig. VI. A. 3). More recent measurements in this pressure-

temperature region by Wyllie and Boettcher (1969), and Irving and Wyllie (1975) 

are in general agreement with this conclusion. 

The singular point, M, where the melting of calcite becomes congruent 
has not been determined experimentally. From the high pressure data of 
Irving and Wyllie (1975) it is apparent that this point must exist somewhere be-
tween 1 and 10 kilobars. At pressures of 1 kilobar, calcite melts incongruently 
near 1300°C (Wyllie and Tuttle, 1960) (Fig. VI. A. 4). 

Irving and Wyllie (1975) have extended the melting curve of calcite to 
30 kilobars (Fig. VI. A. 5). No other phase reactions occur in this pressure 
interval. 

At lower temperatures the CaO-COg system contains the carbonate 
phases, aragonite and calcite-II. Literally dozens of papers have been written 
concerning the relative stability of aragonite. It is of importance to this study 
because it often appears as a metastable phase out of the field of thermodynamic 
stability. Aragonite is a stable phase only at pressures near 5 kilobars. The 
stability region of aragonite and of the high pressure polymorph of calcite ap-
pears in Fig. VI. A. 6. 

The phase diagram for the system MgO-COg LS rather similar to that 
for calcite except that there is no aragonite phase, no Calcite-II phase, and the 
other equilibria are shifted to considerably higher pressures. The SSV equi-
librium for the decomposition of magnesite from Harker and Tuttle (1955) and 
Goldsmith and Heald (1961) is shown in Fig. VI. A. 7. It extends smoothly to 
meet the data collected by Irving and Wyllie at high pressure (Fig. VI. A. 8). 
The invariant point where magnesite, liquid, periclase, and vapor coexist is at 
roughly 26 kbar and 1550°C. Above 30 kbar, magnesite appears to melt con-
gruently whereas the melting is incongruent near the invariant point. Therefore 
there exists a singular point on the SLV curve somewhere between 26 and 30 
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TEMPERATURE (°C) 

Fig. VI. A. 3. P -T curve for the system C a 0 - C 0 2 in the vicinity of the in-
variant point and showing the melting relations of calcite. From 
Baker (1962). See also Wyllie and Boettcher (1969). 
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Fig. VI. A. 4. Isobaric section at 1000 bars through the system C a 0 - C 0 2 

showing the melting relations of calcite. From Wyllie and 
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Fig. VI. A. 6. Two similar ver-
sions of the phase 
diagram for the 
polymorphism of 
CaCOg. The up-
per diagram is due 
to Boettcher and 
Wyllie (1968). C&F 
is the calcite-
aragonite transition 
of Crawford and 
Fyfe; Br is the 
metastable 
calcite I - II 
transition of 
Bridgman; 
B is the cal-
cite I - II 
transition of 
Boeke in 
1912. The 
lower dia-
gram is due 
to Gold-
smith and 
Newton 
(1969). 
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Pig. VI. A. 7. Decomposi-
tion curve 
for magne-
site from 
the data of 
Harker and 
Tuttle (1955) 
and 

Goldsmith 
and Heald 
(1961). 
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Fig. VI. A. 8. P-T curve show-
ing the melting 
relations of mag-
nesite. Data 
from Irving and 
Wyllie (1975). 
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kbar analogous to the singular point M shown on the CaO-COg diagram. 

2. Phase Equilibria in the Ternary System CaO-MgO-CO„ 

The ternary system contains an ordered double carbonate, dolomite, 
CaMg(CO^)2 stable to temperatures comparable to calcite and magnesite. 
There is a second mixed carbonate, huntite, CaMg^COg)^ but it is apparently 
stable only at low temperatures. Huntite is found in evaporite deposits, in 
caves, and in a few marine carbonate deposition sites. It has not been found in 
any of the experimental phase equilibria work so far reported. The CaO-MgO-
COg system has attracted a good deal of attention because of the perennial prob-
lem of the origin of dolomite rocks, discussed for generations but still not ab-
solved. As a result,, excellent phase equilibria data from ambient conditions to 
tens of kilobars are available in the papers of Harker and Tuttle (1955), Graf 
and Goldsmith (1955), Goldsmith and Heard (l'36l), Goldsmith and Newton (1969), 
Wyllie and Boettcher (1969) and Irving and Wyllie (1975). 

At lower pressures, dolomite dissociates into a magnesian calcite plus 
MgO and COg. The dissociation curve in the low pressure range is shown in 
Fig. VI. A. 9. Dolomite permits only a small amount of either calcium or mag-
nesium in solid solution in excess of the 1:1 stoichiometi y. Thus the small solid 
solution range of dolomite on the calc ite-magnesite join is bounded on both sides 
by two-phase regions. The calcite + dolomite region takes the form of a solvus 
which c loses at about 1100°C. At higher temperatures there is a continuous 
solid solution between calcite and dolomite. The two phase regions on the mag-
nesite side extends all the way up to theliquidus. The amount of magnesium in 
solid solution in calcite at low temperatures i s shown in Fig. VI. A. 10. A more 
complete picture of the dolomite stoichiometry and the two solvi appears in 
Fig. VI. A. 11. 

Irving and Wyllie have examined the phase relations in this ternary s y s -
tem at high pressures and have found the melting points for all compositions to be 
in the range of 1300 to 1600°C at pressures of 30 kilobars (Fig. VI. A. 12). The 



Fig. VI. A. 9. Dissociation curves for dolomite. Curve on left is from Graf and Goldsmith (1955). 

Note that pressure scale is in p> s. i. Curve on right is from Goldsmith and Keald (1961). 
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Mote Pcrcenl MgCÔ  in Colcile 

Fig. VI. A. 10. Solubility of magnesium in calcite and the low tempera-
ture boundary of the dolomite solvus. From Goldsmith 
and Newton (1969). Crosses are data of Harker and Tuttle 
(1955). 

chemical reactions involved in borehole plugging, therefore, will involve only 
solid-vapor equilibria. All liquids in the pure CaO-MgO-COg ternary system 
lie at pressures and temperatures far above any encountered in the holes. 

3. Reaction Kinetics 

The rate of decomposition of calcite and the recombination of lime and 
COg to form calcite have been subject to many studies because of the importance 
of these reactions in the refractories industry in the formation of lime from 
limestone, and in the fluxing processes in the steel industry. Hyatt, Cutler, and 
Wadsworth (1958) summarize much of the previous literature. Not surprisingly, 
most of the work has been on the decomposition reaction. 



taCO, Mo! % Mg CO- N^C 03 

VI. A. 11. T-X section for the system CaCO^ - MgCOg. C = calcite, D = dolomite, and M = 

magnesite. The dashed curve in the center of the diagram represents the presently 

"unknown disordering reaction of near-stoichiometric dolomite. From Goldsmith 

and Hcald (1961). 
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Fig. VI. A. 12. Isobaric section at 30 
kbar for system CaCOg 
MgCOg showing melting 
relations. From Irving 
and Wyllie (1975). 
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Hyatt, Cutler, and Wadsworth (1958) find that the rate of decomposition 
is a function of carbon dioxide pressure (Fig. Vl.A. 13) and of temperature. 
The rate increases at higher temperatures but decreases at higher CC>2 pres-
sures, exactly the expected result. They express the reaction rate by 

P , 

1 -
CO, 

P~o 

R = 
B P CO, R O 

where R is the rate of weight loss per unit area, PCO2 m e a s u r e d carbon 

dioxide pressure, PCO2 i s equilibrium carbon dioxide pressure at the tem-
perature of the reaction (given by the curve in Fig. VI. A, 2), Rq is the weight 
loss per unit area of the surface in nitrogen, and B is an experimentally de-
termined parameter that contains the temperature dependence of the reaction 
rate. The decomposition is described as a surface reaction where original layers 
of CaCOg lose COg and immediately become CaO of an active type with a meta-
stable structure similar to that of the original rhombohedral CaCO^. The ac-
tive CaO quickly transforms to stable CaO (rocksalt structure). 

Rate curves for single crystal calcite and for precipitated CaCO^ are 

shown in Fig. VI. A. 14. The decomposition reaction goes to completion in a 

matter of hours at the temperatures, of the experiment. Since the decomposition 
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Fig. Vl.A. 13. The decom-
position of 
CaCOg in a CO, 
atmosphere. 
From Hyatt, 
Cutler and 
Wadsworth 
(1958). 
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Fig. Vl.A. 14. Decomposition-
recombination 
curves for single 
crystal calcite 
(upper curve) and 
fine grained pre-
cipitated calcite 
(lower curve). Re-
action temperature 
constant at 700°C. 
From Hyatt, Culler 
and Wadsworth 
(1958). 
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reaction re leases gas , it is necessary that the layer of CaO forming on the 

surface remain porous so that gas formed from decomposition of the deeper 

layers can escape. The recombination reaction does not go readily to com-

pletion. The curves of Fig. Vl .A. 14 show that recombination proceeds rapidly 

at f irst and then knees over to an almost steady state situation with 50 to 80 

percent of the CaO recombined. 

Barker (1973, 1974) has investigated the cyclical decomposition-

recombination of calcium carbonate as a possible thermal storage medium. 

He finds that the lime formed on decomposition is very porous (Fig. Vl .A. 15) 

but that the CaCOg that forms on recombination i s considerably more dense. 

The high density product i s desirable as a plug material but its presence will 

definitely inhibit the direct carbonation reaction. Since Barker was interested 

in thermal storage, he cycled the reaction a large number of l imes . Fig. IV. A. 16 

shows the results for a large number of 24 hour cycles . In each c a s e there was 

no problem in obtaining nearly 100 percent decomposition but in each cycle only 

about 40 percent CaCOg was formed. The explanation is doubtless the forma-

tion of an impervious layer of CaCOg over the CaO particles which prevents C 0 2 

from reaching the reacting interface. 
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Fig. VI. A. 15. Pore volume of reaction products: (a) CaO, (b) CaCOg. Left: 
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B. Aqueous Systems 

The solubility and transport of calcite and dolomite in aqueous solutions is 
more complex than the reactions discussed earlier in this report. The reason is 
the importance of ionic species in transport. These in turn are dependent on exter -
nal variables, primarily pH and COg partial pressure. One can eithertreat the 
systems as closed (in the thermodynamic sense this means that mass is conserved; 
there is no exchange of matter across the boundaries of the system) in which case 
activities of all species are determined internally or as open in which case acti\ ities 
of solid and dissolved species is determined in part by the magnitudes of external var iables . 

Measurements on carbonate systems at high pressures and temperatures 
have been made by investigators interested in the origin of carbonatites and 
other high temperature carbonates arid has been done in closed systems. In-
vestigations at lower temperatures have been made almost exclusively in open 
systems because the applications of interest, carbonate ground water, deposi-
tional processes on the ocean floor, formation of carbonate minerals in ore de-
posits are all open to one or more mobile species. For this reason we discuss 
the high temperature systems f irst and then direct our attention to the more com-
plicated low temperature systems. 

1. Calcium-magnesium Carbonate Systems at High Temperatures 

Phase equilibria in the system Ca0-Mg0-C02~H20 appeal's in a ser ies 
of papers (Wyllie and Tuttle, 1960; Walter, Wyllie and Tuttle, 1962; Wyllie, 
1965) in the early sixties and in a later summary paper (Wyllie, 1967). All 
measurements were carried out in closed systems, small gold capsules, at 
fixed temperature and pressure. The main thrust was to establish the sequence 
of univariant reaction lines as a function of temperature and pressure. Acti-
vities of individual species were unknown but were fixed by the conditions of the 
experiments. Solubilities of the carbonate minerals were not determined. The 
pressure variable was the total pressure on the system, not the partial pres-
sures of individual volatile species. These results are summarized rather 
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Fig. VI. B. 1. P-T projection for the system CaO-COg-HgO from Wyllie and 
Tuttle (1960). Definitions of symbols: C = CaO (lime), CC = 
CaCOg (calcite), CH = Ca(OH)2 (portlandite), L = liquid, and 
V = vapor. The diagram is based on measurements at 1 kilo-
bar and literature data at lower pressures. High pressure re-
gion is largely schematic. 

quickly below because the temperatures arc outside the range of relevance to the 
borehole plugging problem. The equilibria do provide some upper limits. 

The high pressure region of the system CaO-COg-HgO (Fig. VI.B. 1) ex-
hibits three invariant points each of which corresponds to the intersection of five 
univariant curves. The lowest temperature is above 600°C, point Q, where lime, 
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Fig. VI. B. 2. Isobaric sections at 1000 bars pressure for the binary s y s -
tems CaCO„ - H O and CaCO - Ca(OH) from Wyllie and 

O Ct O Lt 

Tuttle (1960). 

calcite, portlandite, liquid and vapor coexist. Near 800° \s the point Q' which 
relates to the eutectic melting of calcite and portlandite. The high temperature 
invariant point, Q", was discussed previously. The lowest temperature at which 
carbonate-? i-.h liquids form in this system is 600°C. The range of composition 
for liquid formation is wider along the CaCOg-HgO binary (see Fig. VI. B. 2) and 
in the eutectic liquid formation between CaCOg and Ca(OH)2 than it was in the 
CaCOg-COg binary (Fig. VI. A. 4). 

The system M g 0 - C 0 9 - H 9 0 is less complicated in the range of pressure 
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and temperature so far achieved by experiment. Recalling from Fig. Vl.A. 8 
that the temperatures at which liquids appear are much higher in the magnesium -
containing systems, it is not surprising to find that there are no magnesium-
rich liquids in the experimental range of 4 kilobars and 1000°C. The P-T pro-
jection therefore contains no invariant points and we are dealing entirely with 
solid-vapor equilibria. Isobars along the joins Mg'OII)2 - MgCOg and MgCOg -
HgO are shown in Fig. VI. B. 3. 

When the two systems discussed thus far are combined to form the 
quaternary system CaO-MgO-COg-HgO, the phase diagram becomes rather 
complicated. The isobaric, isothermal tetrahedron shown in Fig. VI. B. 4 
gives the possible phases. Dolomite appears as a phase in addition to those 
previously discussed. The P-T projection (Fig. VI. B. 5) exhibits three qua-
ternary invariant points where s ix phases, four solids + liquid + vapor, co-
exist. For present purposes, the most important result is that metal-rich 
(calcium or magnesium) liquids are constrained to the region above 600°C. 
Further discussion may be found in Wyllie's (1965) original paper. 

2. Solution of Carbonates at Low Temperatures 

Calcite and dolomite are ionic salts and in pure water will dissociate 
into their constituent ions 

CaCOg ^ Ca++ + COg= 

CaMg(C03)2 Ca+ + + Mg+ + + 2COg = 

These reactions are described by the solubility product constants 

a C a + + a C 0 3 = 
K c = a CaC0 3

 = a C a + + a C 0 3 = 

a C a + + V + a C 0 3 = 

K d aCaMg(COg)2 = a Ca + + a Mg h + aCOg; 
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Fig. VI. B. 3. T -^ sections for the system MgO-COg-HgO. From Walter, 
Wyllie and Tuttle (1962). 



134. 

MgO(P) 

Fig. VI. B. 4. Isobaric, isothermal tetrahedron for the quaternary system 
C a 0 - M g 0 - C 0 2 - H 2 0 at 1 kbar and 770°C. From Wyllie (1965). 
Definition of symbols: CH = Ca(OH)2, CC = CaCOg, MC = 
MgCOg (magnesite), and Do - CaMg(COg)2 (dolomite). MH = 
Mg(OH)2 (brucite) does not appear at this pressure and tem-
perature. 

The solubility product constants are functions of temperature. Values for the 
range of 0° to 50°C are listed in Table VI. B. 1. It i s apparent that the solu-
bility of carbonate minerals in pure water is very small, on the order of a few 
parts per million at 10°C, and is actually on the same order as the solubility ol 
quartz. The solubility increases somewhat at higher static pressures, perhaps 
by a factor of 5 up to 1 kilobar (Fig. VI. B. 6). 

The solubility of the carbonate minerals is greatly increased by the 
presence of excess carbon dioxide. 

The solution of carbon dioxide from the gas phase takes place in two 
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from Wyllie (1965). Q^, Qg, and Q^ are quaternary invariant 

points. Lines labeled Rj, - R3 , S^, and E 1 to E 1 3 arc univar -

iant reaction curves connecting the phases shown in the key be-

low. 
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Fig. VI.B. 6. Change in pK for the solubility product of calcite as a function 

of static load pressure. Taken from MacDonald and North 

(1974). 
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steps. The first is the transport of CC>9 Crom the gas phase across the in-
terface to form C 0 2 (aqueous) in solution. The dissolved C0 2 then reacts 
•with water to form neutral carbonic acid. Since there is no convenient ex-
perimental way of separating the two reactions they are usually considered 
together. 

C 0 2 (gas) ^ CC>2 (aq) 
C0 2 (aq) + H 2 0 H2CC>3 

We use a bulk equilibrium constant that describes all neutral carbon-bearing 
species (Table VI. B. 1). 

K -
C 0 2 P C 0 2 

The concentration of dissolved C0 o increases with increasing carbon dioxide 
pressure in the gas phase that co-exists with the aqueous solution. Dissolved 
C02 > however, decreases with increasing temperature (Fig. VI.B. 7). 

The neutral carbonic acid species dissociate in solution to form the bi-
carbonate ion which in turn dissociates to fonrrthe carbonate ion. At the pH 
and ionic strength range of most carbonate-bearing waters the bicarbonate ion 
is the dominant species. 

H 2 C 0 3 HC03~ + H+ 

HCOg" ^ C0 3= + H+ 
The equilibrium constants are 

^ C O " a H + 

K. = i 

V ° 3 

a C 0 3
= aH + 

Numerical values at various temperatures are listed in Table VI.B. 1. Those 
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arc homogeneous reactions in solution and all activities must be equal for 

each specioH. The activity of the carbonate ion links these reactions to the 

solubility of calcite and dolomite. The activity of H+ is just the pH which m^y 

be controlled by other reactions in the system. The activity of carbonic acid 

t ies the system to the external carbon dioxide pressure. 

Table VI. B - l 

Equilibrium Constants for Carbonate Reactions at Low Temperatures. 

T ° C K w K C O 2 
K 1 K 2 

K c Kd 

0 . 0 1 4 . 9 4 1 . 1 1 6 . 5 8 1 0 . 6 3 8 . 3 9 1 6 . 5 6 

5 . 0 1 4 . 7 3 1 . 1 9 6 . 5 2 1 0 . 5 5 8 , 4 0 1 6 . 6 3 

1 0 . 0 1 4 . 5 3 1 . 2 7 6 . 4 7 1 0 . 4 9 8 . 4 1 1 6 . 7 1 

1 5 . 0 1 4 . 3 5 1 . 3 4 6 . 4 2 1 0 . 4 3 8 . 4 2 1 6 . 7 9 

2 0 . 0 1 4 . 1 7 1 . 4 0 6 . 3 8 1 0 . 3 8 8 . 4 5 1 6 . 8 9 

2 5 . 0 1 4 . 0 0 1 . 4 6 6 . 3 5 1 0 . 3 3 8 . 4 7 1 7 . 0 0 

3 0 . 0 1 3 . 8 3 1 . 5 2 6 . 3 3 1 0 . 2 9 8 . 5 1 1 7 . 1 2 

3 5 . 0 1 3 . 6 8 1 . 5 7 6 . 3 1 1 0 . 2 5 8 . 5 5 1 7 . 2 5 

4 0 . 0 1 3 . 5 3 1 . 6 2 6 . 3 0 1 0 . 2 2 8 . 5 9 1 7 . 3 9 

4 5 . 0 1 3 . 4 0 1 . 6 6 6 . 2 9 1 0 . 1 9 8 . 6 4 1 7 . 5 3 ' 

5 0 . 0 1 3 . 2 6 1 . 7 1 6 . 2 9 1 0 . 1 7 8 . 7 0 1 7 . 6 8 

All data are expressed as negative logarithms, pK's. Table i s from an un-
published compilation by D. Langmuir, to appear as a chapter in "Guide to 
the Hydrology of Carbonate Rocks" to be published by the Committee for the 
International Hydrologic Decade. 

The constraints acting on chemical reactions between calcium and mag-

nesium carbonates and an interacting aqueous phase can be treated in the fol-

lowing ways: 

(1) Closed Systems restricted to compositions in the system CaCOg-
MgCOg-COg-HgO. The system is entirely self-determined from the equilibrium 
constants for the reactions 

CaCOg ^ Ca + + + COg" 
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Fig. VI. B. 7. Solubility of CO^ in water as a function of applied CO^ pres-
sure. 
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C 0 3
= + H+ ^ HCOg" 

HCO3-+ H+ H 2 C 0 3 

H 2 0 ^ H+ + OH" 
CaMg(C03)2 = Ca+ + + Mg+ + + 2COg= 

All concentrations, both for the homogeneous reactions in solution and the hetero-
geneous reactions between solution and solid carbonate minerals are fixed if thi* 
temperature and initial compositions are fixed. 

(2) Open systems with respect to protons. The hydrogen ion can be re-
garded as a mobile species whose concentration is determined by other, un-
specified, reactions. The availability of H+ is measured by the pH which may 

or may not be buffered. This case is applicable to systems with external sources 
of acid. The concentration of dissolved species can be calculated from the pH and 
are shown in Fig. VI. B. 8. 

(3) Systems open to COg. If we imagine an external reservoir of C0 2 , 

then the acidity of the solution and the amount of carbonate that can be dissolved 

will be determined by the C0 2 pressure as described by the reaction 
C0 2 (gas) ^ C02(aq) 

The increase in solubility 01 CaCOg with increasing C 0 2 pressure is shown in 

Fig. VI. B. 9. 

The low temperature solubility of MgCOg is complicated by the existence 
of a stable hydrate, MgCOg' 3H2C, the mineral nesquehonite, which i s apparently 
the solid phase in equilibrium with aqueous solutions at low temperatures. The 
stability of nesquehonite, and other basic and hydrated carbonates of magnesium 
have been calculated by Langmuir (1965) as a function of temperature, and COg 
partial px-essure. In general magnesium carbonates are more soluble than the 
calcium carbonates. 

3. Solubility of Carbonate Minerals at Intermediate Temperatures 

Of greatest interest in transport reactions of carbonate minerals is the 
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Fig. VI. B. 8. Concentration-pH relations for saturated aqueous solutions of 
CaCOg. The diagram is from Trombe (1952) who based it on 
earl ier curves of Tillmann. The newer values of the equilib-
rium constants listed in Table VL B - l would change the curves 
somewhat. 
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Fig. VI. B. 9. Solubility of calcite in water in equilibrium with a gas phase 
containing CC>2 at various pressures. These curves are the 
most useful guidelines to calcite or limestone solubility in c i r -
culating groundwater. 
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temperature range of a few hundred degrees centigrade. The solubility of 
carbonates in hot and supercritical water i s substantial if the carbon dioxide 
pressures are kept high. Solubility, however, is retrograde so that somewhat 
unusual transport systems can be devised. Solubility data have been reported 
by Miller (1952), Ell is (1959) and Segnit, Holland and Biscardi (1962) in the 
range up to a few hundred degrees (i. e. solubilities in sub-critical water). 
Solubilities in supercritical water are provided by Sharp and Kennedy (1964). 

Solubility in "carbon dioxide-free" water (on the order of 3 ppm COg) of 
the three carbonate minerals calcite, magnesite and dolomite are given in 
Fig. VI. B. 10. Solubilities in the absence of COg remain low throughout the 
temperature range. The maxima in the solubility curves are related to the ap-
proach to the critical point of water and is similar to the maximum in the solu-
bility curve for sil ica (Fig. III. A. 10). 

Ellis' (1959) data are shown in Fig. VI. B. 11. The solubilities are 
plotted as isobars of CO2 as a function of temperature. Concentrations are 
plotted as molality. Since the molecular weight of CaCOg is 100, a simple shift 
in decimal point gives the concentration in grams/ l i ter . The retrograde solu-
bility is very pronounced but the temperature and pressure range is convenient 
for the borehole environment. 

The solubility of calcite in the lower critical region is difficult to plot 
because solubilities are a function of temperature, total pressure, and composi-
tion of the fluid phase. The Ell is curves permit an evaluation of the retrograde 
solubility at low total pressure with the concentration of COg in the liquid ex-
pressed as a partial pressure. Data from Segnit, Holland, and Biscardi (1962) 
show the change in solubility at total pressures on the order of a few hundred bars 
as a function of carbon dioxide pressure (Fig. VI. B; 12). The maximum tempera-
ture reached is 200°C so that the liquids are subcritical. The liquid phase is 
mainly water with some dissolved CO£ (on the order of a few weight percent) and 
dissolved calcite co-existing with a vapor phase of mixed CO0 and H 0 0 . 
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Fig. VI. B. 10. Solubility of calcite, magnesite, and dolomite in "COg-free" 
water. From Morey, 1962. High temperature curves show 
decomposition of magnesite to brucite and the incongruent 
breakdown of dolomite to calcite and brucite. 
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Fig. VI. B. 11. Solubility of calcite in intermediate temperature (sub-

critical) aqueous solution (Ellis, 1959). 

Solubility of calcite in the critical region is provided by Sharp and 
Kennedy (1964). Sharp and Kennedy are concerned with the total pressure 
on the system which they vary up to 1400 bars. The amount of COg in the 
liquid, vapor, and fluid phases is given as a bulk concentration of COg. Solu-
bility in the three phase region (solid calcite + water-rich liquid + COg-rich 
vapor) is given in Fig. VI. B. 13. The solubility follows a pattern similar to 
many other substances, going through a maximum and decreasing to very low 
values in the vicinity of the critical point of the fluid. Isobaric solubility 
curves for fixed concentrations of C 0 2 as a function of temperature are shown 
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Fig. VI. B. 12. Solubility of calcite in CO^-containing aqueous solutions at 

various temperatures as a function of the effective carbon 

dioxide pressure. Data replotted from data of Segnit, 

Holland and Biscardi (1962). 



Fig. VI. T3. 13. SoiubllLty of calcite 
in the three-phase 
region along the 
saturation curve of 
the system COg-HgO. 
From Sharp and 
Kennedy (1964). 

Fig. VI. B. 14. Isobaric solubility 
curves for calcite 
at a constant CO, 2 
content of 0. 4 wt. 'COL 
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in Fig. VI. B. 14. Solubility decreases monotonically to the critical point of 
the fluid (very close to that of water, 373°C), at which point there is an ab-
rupt additional decrease in solubility, followed by more gradual decrease at 
stil l higher temperatures. Isobaric and isothermal solubility curves as a 
function of CO^ content are shown in Fig. VI. B. 15. It can be seen that the 
solubility of calcite in the aqueous phase increases very rapidly with the in-
troduction of small amounts of COg, then flattens out, and actually decreases 
at COg contents in excess of 5 wt. percent. This part of the curve i s related 
to the critical behavior of the liquids. 

Fugacity data for COg -water mixtures are now available over the pres-
sure and temperature range of interest (Ellis, 1959; Greenwood, 1969) and a 
more elaborate thermodynamic analysis would be possible if transport of cal-
cite by these' reactions were adapted as a practical plugging mechanism. Raw 
solubility data seemed ail that was necessary for this feasibility evaluation. 

It should be noted that solubilities are not high even for the'most opti-
mum conditions. About 1 gram/kilogram of solvent (0. i wt.%, approximately) 
is the maximum solubility. Large quantities o£ liquid would be required to 
transport enough calcite by Lhese reactions to act as borehole plugs. 

Data for the solubility of dolomite in the intermediate pressure-
temperature range are sparse. However, it seems clear (Rosenberg and Holland, 
1964) that dolomite dissolves incongruently with the concurrent precipitation of 
calcite in this temperature range. Transport of dolomite would require careful 
control of the Ca/Mg ratio of the solutions because only over a narrov concen-
tration range is dolomite the primary phase precipitated. 

4. Reaction Kinetics 

Of all the systems considered in this report, most is known about the 
kinetics of low to moderate temperature carbonate reactions in aqueous systems. 
This unusually good state of knowledge has arisen because of the importance of 
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Fig. VI. B. 15. Isobaric solubility of calcite as a function of CO^ content. 
Left: 200°C isotherm. Right: 300°C isotherm. Individual 
solubility curves are drawn at 200 bar intervals. From 
Sharp and Kennedy (1964). 

carbonate reactions in ocean bottom processes, of diagenesis of carbonate 
sediments, of groundwater behavior in carbonate aquifiers, and of the impor-
tance of carbonate rocks as petroleum reservoirs. The reaction kinetics of 
carbonates illustrate the detail and complexity that might be expected of the 
borehole plugging systems. 

The studies of the rate processes of the solution and redeposition of car-
bonate rocks have the following relevance to the borehole plugging program: 

(i) Possibility of transport of carbonate minerals into the hole as a 

plug for holes drilled in limestone or dolomite. 

(ii) Stability of carbonate plugs in the presence of circulating ground 
water. 
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(iii) Possible use of solution mining techniques for preparing stox-age 
cavities in carbonate rock. 

Recalling the equilibria involved in the solution and redeposition of 
calcite, it is apparent that a number of transport steps are involved. CO2 in 
aqueous solution must react with water to form carbonic acid which must in 
turn ionize. There i s evidence that this is a moderately slow process. The 
proton formed by the ionization must move to the solid interface where it can 
react with CaCOg to form the bicarbonate ion. Both Ca+ + and HCOg" must 
diffuse away from the reaction interface. We assume that in any real situation 
the reacting fluid would be in motion and thus the hydrodynamics of fluid mo-
tion enter into consideration. Between the moving fluid and the solid will be a 
laminar boundary layer which i s generally considered to be stationary. The 
boundary layer acts as a barrier to chemical reaction because both attacking 
and product species must cros s it by diffusive processes . Any one of this 
ser ies of steps can be the slowest and thus be rate controlling. However, these 
divide into two bi'oad categories. If the chemical reactions at the reacting interface 
are slow compared to the rate at which materials diffuse across the boundary 
layer, the kinetics are said to be reaction controlled. If reaction rates are 
rapid compared to transport processes , the kinetics are said to be transport 
or diffusion controlled. 

The first model proposed is that of P. K. Weyl (1958) who assumed a 
\ 

single diffusive transport control. He conducted a s er i e s of experiments with 
jets of carbonic acid impinging on limestone blocks, and of C02-containing water 
circulating through a pack of caicite chips. In a rather elegant theoretical analy-
s i s , he showed that the solution moving past an interface became progressively 
l e s s saturated as the velocity of flow increased. His data for the calcite chip 
packs, treated as capil laries, is shown in Fig. VI. B. 10. The quantity C1 i s the 
fractional deviation from saturation: C' = (C -C) /C where C is the actual molar s s 
concentration of CaCOg in solution and C g i s the saturation value at the tempera-
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Fig. VI. B. 16. Experimental rate data for the solution of chips of l ime-
stone by circulating water. C' is the fractional saturation 

- 2 

of the solution. In the dimensionless parameter Dz /va , 
D i s the diffusivity for transport of ions across the boundary 
layer, z i s travel distance through a capillary of radius a 
at mean velocity v. From Weyl (1958). 

ture and carbon dioxide pressure of the experiment. The good agreement 
with the theoretical model is, to some extent, an artifact obtained by treating 
the diffusivity, D, as an adjustable parameter. 

Curl (1965) proposed an elaboration on Weyl's model by taking into ac-
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count the fact that two diffusion processes are operating: the diffusion of reac-
tants to the reacting interface and the diffusion of the product species away 
from the reacting interface. Curl was able to account for many of the previous 
experiments in the literature including Weyl's and reached the conclusion that 
the reactions were diffusion controlled but that the rate was essentially inde-
pendent. of fluid flow velocity. 

The most interesting results of recent years have come from the ocean-
ographers who have had to turn to kinetic explanations for the lack of carbonate 
sediments in the deep ocean off the continental shelf. The key experimental 
work has been by R. A. Berner and his colleagues (Berner, 1967; Berner and 
Wilde, 1972; Morse and Berner, 1972; Berner and Morse, 1975). Berner shows 
that the critical parameter is the degree of undersaturation (or acidity) of the 
aqueous solution. This is measured by ApH where ApH = pH (saturation) - pH 
(solution). The kinetic regime is quite different depending on the degree of un-
dersaturation. We can do no, better here than to simply quote the conclusions of 
Berner's most recent paper (Berner and Morse, 1974). 

"The type of process whereby calcite, in the form of small rhombo-
hedral crystals, dissolves in sea water and similar salt solutions varies as a 
function of the degree of undersaturation, ApH. With increasing undersaturation 
the following sequence i s proposed: 

1. Very near equilibrium, ApH < 0 .10 (S2 = IAP/K > 0. 67) dissolution 

% is extremely slow and takes place via poorly defined mechanisms. 

2. Upon reaching a critical degree of undersaturation, ApH = 0 .10-0 . 25 
(£2 = 0 .31-0 .67) , the rate of dissolution suddenly increases as a result of mono-
molecular steps on the crystal surface becoming able to penetrate between adsorbed 
inhibitor ions such as phosphate. The critical undersaturation Is dependent upon 
the distance between adsorbed inhibitors which is In turn a function of the concen-
tration of inhibitor in solution. The presence of the chemical lysocline in the ocean 
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is believed to be due to this mechanism. 

3. With further increase in ApH, dissolution rate continues to accelerate, 
possibly due to hole nucleation but more likely to an increased rate of step 
spreading, and then abruptly decelerates due to a new surface mechanism. The 
new mechanism is believed to involve the adsorption of hydrogen ions so that the 

+ 
rate of dissolution i s directly proportional to the surface excess of H , which is 
in turn directly proportional to the pH of the solution. 

4. Upon further increase in ApH (decrease in pH) to pH < 4, surface de-
tachment of calcium and carbonate ions becomes so fast, due to the abundance of 
H+ at the surface, that concentrations in the solution layer adjacent to the crystal 
build up to saturation, and diffusion of H+ to the crystal surface and Ca + + , HCOg , 
and CO- away from the crystal surface become rate controlling. This diffusion-o 
controlled rate i s not affected by changes in PcOg* s o that dissolution is inde-
pendent of the diffusion toward the crystal of dissolved COg and/or ^ C O ^ . " 

The regimes referred to are illustrated schematically in Fig. VI. B. 17. 

It is of interest that Berner finds diffusion-controlled kinetics only at very 
high undersaturations in contrast to the models of Weyl and Curl who assumed 
that diffusion control would be obtained over all levels of undersaturation. New 
experiments by Plummer and Wigley (in press) bear out Berner's findings. 

The first shift of regime that occurs for ApH = 0. 15 is of importance in 
establishing the integrity of carbonate plugs since circulating ground waters will 
likely be near saturation. The actual shift in rate at this level of undersaturation 
is shown in Fig. VI. B. 18. 

Deposition of carbonate plugs, on the other hand, will involve solutions 
at high levels of supersaturation and moving at considerable velocities. The 
closest experimental approach to this regime is some results from this labora-
tory (H, W. Rauch and W. B. White, to be published) in which aqueous solutions 
at a carbon dioxide pressure of about 1 atmosphere were pumped through circular 
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ApH 

Fig. VI. B. 17. Schematic diagram showing different solution rate regimes 
depending on the degree of undersaturation of the solution as 
measured by ApH. 
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Fig. VI. B. 18. Measured solution rates 
on CaCOg powder as a 
function of undersatura-
tion. The calcite powder 

was dissolved at ~Prn = 
-2 5 2 10 ' and the carbonate 

COr sediment at P 
-3 5 -10 . From Berner 

and Morse (1974). 
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holes in limestone blocks. Results of a typical run are shown in Fig. VI. B. 19. 
It can be seen that t imes of several days are required to approach equilibrium 
in this experimental set up. These, of course, are dissolution kinetics. D e -
positional kinetics may not be subject to the same controls. 

Fig. VI. B. 19. Rate of change 
of chemical 
parameters in 
an aqueous 
solution pumped 
through a 5 mm 
bore in a block 
of limestone. 
From unpub-
lished data of 
Rauch and 
White. GO 8 0 

TIMC IN HOURS 
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C. Alkali and Alkaline Earth Carbonate Systems 

1. Introduction 

The introduction of the more soluble alkali metal carbonates into 
aqueous solutions enhances, the solubility of calcite. Experimental data are 
available from Soviet workers (Malinin and Dernov-Pegarev, 1974) and from 
experiments on the hydrothermal crystal growth of calcite (Balascio and White, 
1972). Few phase equilibrium data are available but some solubility measure-
ments have been made. 

2. Solubility of Calcite in Alkali Carbonates 

At low pressures and temperatures phase equilibria in the systems 
CaCOg-Alk^COg are complicated by the formation of double salts. The sodium 
carbonate system contains two such: pirssonite NagCOg • CaCOg • 2 1 ^ 0 and 
gaylusstte, Na2COg • CaCOg • SHgO. The potassium carbonate system contains 
an anhydrous double salt, KgCOg • CaCOg which occurs in two polymorphic forms, 
buetschleiite at low temperatures and fairchildite at high temperatures. The 
transition temperature is 704°C. Beutschleiite is a curious phase that i s stable 
over a wide temperature range below 1 kbar pressure and decomposes at higher 
pressures. 

Solubility data for calcite in two alkali carbonates at 1. 67 kbars pres-
sure are shown in Fig. VI. C. 1. No excess carbon dioxide was added in these 
experiments. The solvent i s an aqueous solution of the alkali carbonate. The 
solubility of calctte i s on the order of 1 gm/l i ter or l e s s , about in the same 
range as the solubility observed for calcite in aqueous solutions containing high 
pressures of carbon dioxide gas. 

The Soviet work shows that the particular alkali used Is not important. 
The solubility data in Fig. VI. C. 2 is plotted as a function of total carbonate. 
Some of the solutions are potassium carbonate, some sodium carbonate, some 
mixed, and some have added KC1. It is apparent that all points fit the same 
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Fig. VI. C. 1. Solubility of 
calcite in 
two alkali 
carbonate 
solvents at 
a system 
pressure of 
1.67 kbar. 
From 
Balascio 
and White 
(1972). 
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curve. Malinin draws from this the conclusion that there exists a complex 
_2 

Ca(CC>3)2 which is responsible for the enhanced solubility and that the role 
of the alkali is merely to allow a higher carbonate activity in solution. The 
maximum solubility observed was in a 19 molar solution of KgCOg in which 
the solubility of calcite at 200°C was on the order of 2 wt. percent. 

3. Kinetics 

Few kinetic data are available for the transport of calcite by alkali 

carbonates. Phase equilibrium experiments of Balascio and White (1972) were 

on the order of 24 hours duration but it i s probable that most of the reaction 

was complete sooner. Crystal growth experiments are of necessity of long 
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Fig. VI. C. 2. Solubility of calcite in mixed alkali carbonate solutions. 
Data replotted from Malinin and Dernov-Pegarev (1974). 
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duration. The probable mechanism of calcite deposition in these solutions 
i s by the breakdown of the complex which is expected to be a fairly rapid 
process. 
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D. Carbonate-Silicate Systems 

1. Introduction 

An investigation was made of the possibility of combining carbonate 
precipitation with silicate reactions. The idea is that one might be able to 
infuse a mass of silicate material with carbon dioxide, produce mixed 
carbonate-silicate mineral phases and thus achieve a plug. Several such re -
actions are known and it i s also observed that both quartz and calcite are pre-
cipitated from hydrothermal solutions in mineral veins (Sharp, 1965). As it 
turns out, excessively high temperatures are involved in these reactions, in 
the range of 600 to 900°C, and the engineering analog of metamorphism does 
not seem feasible. 

2. Chemical Reactions 

One of the lowest temperature carbonate= silicate reactions is that of 
the reaction of quartz + calcite to form wollastonite (CaSiOg) and COg. The 
univariant curve for this reaction is shown in Fig. VI. D. 1. At temperatures 
below 600°C a calcium silicate feed material could be reacted with COg gas to 
form a mixture of calcite and quartz. 

Sharp's (1965) data for mixed calcite and quartz reactions at pressures 
and temperatures in the hydrothermal range show that quartz would be expected 
as the dominant phase at ttemperatures above 300°C whereas calcite could 
dominate at temperatures l e s s than 150°C. The two phases do not interact 
and there is no intermediate compounds so the solubility data previously d i s -
cussed for the individual systems also apply here. Effective quartz deposi-
tion would require the same P and T conditions when formed with calcite as it 
does when formed alone. 

At higher temperatures wollastonite will react with CO2 to form spurrlte, 
a mixed silicate carbonate with formula 2Ca2Si04 • CaCOg. The reaction curve 
is shown in Fig. VI. D. 2. Temperatures here are on the order of 800 to 900° 
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and are above the range considered. 

Good data are available for the complex equilibria that occur at still 
higher pressures and temperatures in the system CaQ-SiO2-CO2~H20 
(Wyllie and Haas, 1965, 1966) and the system CaO-MgO-SiC^-COg-HgO 
(Walter, 1963; Slaughter, Kerrick and Wall, 1975). These are the reactions 
appropriate to the metamorphism of limestones. 

3. Kinetics 

The main drawback in using the mixed silicate-carbonate reactions 
other than the high temperatures required are the sluggish reaction kinetics 
common to most silicate reactions. No actual kinetic data are available but 
Tuttle and Harker speak of times on the order of one to s ix days being re -
quired for "almost complete" reaction in the systems shown in the figures at 
temperatures as high as 950° C. We conclude that these reactions hold little 
potential for borehole plugging technology. 
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VII. SULFUR - WATER SYSTEMS 

A. . Concepts 

Sulfur is a remarkably inert substance. A very brief examination was 
made of the possibility of producing borehole plugs of elemental sulfur using 
an Inverse of the Frascft process for implanting it. 

The Frasch process is the commonly used technique for extracting sulfur 
from sulfur veins and sulfur-bearing limestones at depths of some hundreds of 
feet. The basic technique consists of using three concentric pipes in a bore-
hole which reaches into the sulfur-bearing beds. Superheated steam Is pumped 
down the intermediate pipe. Contact of the steam with the bed rock melts the 
sulfur. Supercritical water and liquid sulfur are immiscible and the molten su l -
fur collects in a pool near the bottom of the hole. Then compressed air i s forced 
down the central pipe. It aerates the liquid sulfur mass generating a froth which 
i s forced by the air pressure up the outer pipe. The mass Is drained Into bins 
where the water evaporates and the resulting frozen mass is broken up for 
further processing. 

B. Chemical Reactions 

1. The One-component System Sulfur 

Sulfur exists in two common crystalline polymorphs, a stable orthor-
hombic form and a metastable monocllnic form. The melting point at atmos-
pheric pressure i s 112. 8°C for the orthorhombic form and 119. 0 for the mono-
clinic form. Liquid sulfur is complex consisting of both Sg rings and of linear 
chains. 

The melting point of sulfur Increases with increasing pressure. A 
melting curve to 31 kbar is shown in Fig. VII. B. 1 from the work of Vezzoli, 
Dachtlle and Roy, who also review and compare other measurements. At 10 
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Pressure (kb) 

kilobars the maximum expected in any borehole, the melting point has in-
creased to about 270°C. The melting curve contains at least three inflection 
points. These are associated with changes in the liquid structure. Sulfur 
may, in fact, be a rare system in which there are distinct liquid phases. 

2. The System Sulfur-water 

In spite of some intensive searching no phase diagram for this system 
could be found. Molten sulfur and supercritical water appear to be immiscible 
and solid sulfur is insoluble in cold water. It i s apparent that the transport of 
sulfur in the Frasch process is as droplets in suspension or emulsion. 

C. Sulfur as a Plug Material 

Investigation revealed rather quickly that sulfur is unlikely to make a 
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satisfactory plug material Transport by suspension in water requires a 
mechanism for boiling off the water and leaving the solid sulfur behind. This 
is easy enough when the material is pumped out of the well into the open air 
but more difficult under the pressure and temperature conditions at the bottom 
of the hole. However, the main problem is that the solidified sulfur, although 
massive and fairly dense, is somewhat porous because of the vapor pockets 
formerly occupied by water. Furthermore, it contracts when it cools so that 
it would be likely to pull away from the walls of the hole. We do not recom-
mend any further work on the sulfur systems. 
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v m . DISCUSSION, SUMMARY AND CONCLUSIONS 

A. Hydrothermal Calcium Silicates and Calcium Aluminosilicates: 
Recommendations 

1. Introduction 

Our current assessment is that hydrothermal calcium (alumino) s i l i -
cate reactions provide one of the best possibilities for plugging bore-holes, 
considering the total picture of: 1) Feasible technology, 2) evaluation based 
on phase equilibrium, thermodynamic, kinetic, e t c . , data available on these 
phases, 3) stability of materials in geologic time frame, 4) compatibility with 
typical rock formations, 5) cost and availability of materials, 6) total available 
information and experience, and assessment of reliability. It is this combina-
tion of factors, most of all, that recommends such hydrothermal materials / 
processing as prime candidates. These factors are summarized in 
Chapter I, Summary and Recommendations. 

From the standpoint of overall stability (including mechanical), con-
siderable advantage is to be gained by reacting materials at a sufficiently high 
temperature, higher than they are ever likely to reach again in situ within the 
period for which a stable plug configuration is necessary. The plug would be 
emplaced under conditions in which thermodynamically stable phases are 
formed, i. e . , sufficiently elevated temperature and pressure for favorable 
reaction kinetics. "Hydrothermal" calcium silicate phases mixed with calcite 
have been found in ancient mortars ca. 2000 years old suggesting that these 
are the thermodynamically stable phases even under ambient conditions: the 
semi-amorphous phases characteristically formed from portland cement hy-
dration in normal mortars and concrete are therefore assumed to be meta-
stable, and gradually with time will convert to the more dense hydrothermal 
minerals. The volume decrease of the solid phase is likely to result in develop-
ment of higher porosity, accompanied by shrinkage and fracture depending on 
conditions of loading. Material transformed in this manner would not provide as 
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adequate a plug, both because the bonding would be disrupted, and also the 
increased porosity could permit permeation of water. The current recom-
mendations are based on phase equilibrium, thermodynamic and kinetic data 
(which are even now incomplete), mechanical properties, densities, some 
permeability, porosity, and solubility data, plus very limited information r e -
lated to heat transfer, on the types of polycrystalline materials concerned. 
In some instances the data are for very idealized systems, in others they are 
for commercial type hydrothermal materials, and in neither case do they re -
present exactly the conditions under which they would be used. The latter are 
of course not yet fully known. The recommendations are l ess certain, the 
more complex the compositions both of plug material and wall rock. It i s a s -
sumed that one alternative is to use a technology modified from oil well ce -
menting practice: i . e . , pumping as a (hot) slurry. Obviously, there are 
sub-categories of recommendations for different conditions. The most de-
sirable reaction product overall appears to be the crystalline phase tober-
morite (5CaO» eSiOg* 5H20), which has more favorable properties when some 
AlgOg i s present in its structure, and probably when incorporating a fibrous 
additive in the hardened composite structure. Therefore, the preferred goal 
i s to generate as much tobermorite as possible as rapidly as possible, a l -
lowing a certain minimum reaction (working) time necessary to avoid setting 
problems during the material transfer. 

2. Compatibility with Other Rock-forming Phases 

Although the complexities of the phase equilibria in the relevant 5 -
component systems have not been worked out in detail, i. e . , C a O - A l g O g - S ^ 
HgO with 1) COg or 2) MgO added, long term compatibility studies give per-
tinent information concerning possible reaction with wall rock. 1) Calcite co -
exists apparently with tobermorite for long periods of time at hydrothermal 
temperatures, so that a tobermorite-based plug is probably stable next to a 
calcitic limestone. Also, 2) from long time hydrothermal studies of slag c e -
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ments it appears that montmorillonite and tobermorite coexist for a very long 

time, so that shales or clays dominated by montmorillonite are likely to be 

stable adjacent to a tobermorite plug. (There is l e s s information on the pos-

sible stable coexistence of tobermorite and kaolinite; usual length hydrothermal 

experiments show rather low reactivity of l ime-r ich phases with kaolinite — 

but it is probable that long time and elevated T and P exposure would induce 

reaction to form intermediate composition phases such as hydrogarnets or 

gehlenite hydrate. This should not necessari ly be destructive, however, as it 

does not appear that a substantial volume change would be involved in such a 

reaction.) There may even be an advantage for some reaction to take place at 

the slag-wall rock interface in terms of enhancing bonding. Long term com-

patibility studies suggest that tobermorite also is stable in equilibrium with 

chrysotile, so that this fibrous mineral, or possibly amphibole asbestos min-

erals could be added in small quantity as fibrous reinforcement to improve 

tensi le strength, and to enhance bonding. 

Tobermorite should be highly successful for bonding to quartzite sand-

stones; although intermediate composition phases are apparently stable, their 

formation should do little damage to existing bonds, e . g . , should tobermorite 

begin to react with e x c e s s quartz to form gyrolite, reyerite or truscottite; 

since these reaction products have about the same densities as tobermorite: 

in fact, the overall effect of reaction of tobermorite + quartz to form one of 

the above phases would be a volume increase of solid material, producing lower 

porosity, and probably forming an even better bond. 

Detailed information on compatibility between tobermorite and various 

salt deposits is not available, for reactions at temperatures in the vicinity of 

200°C. The major work of which we are aware, studying reactions of various 

salt media, Na, K, Mg, CI, S 0 4 is that of Bulatov, who treated s lag-sand-sulfate 

cements with such solutions: they remained strong after hardening at 250°C, 

7500 psi for 1 year, suggesting that it would be possible to use hydrothermal 
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type slag cement (+ quartz) compositions in contact with salt deposits in-

volving these ions. Not much detail is available on these studies, however, 

and one might proceed with caution. 

3. Specific Recommendations 

Hydrothermal reactions are quite different in characteristics from 
room temperature reactions and, although the compositions for hydrothermal 
calcium sil icate monolith formation are within the same broad compositional 
regime as for portland cement hydration, there are distinct and important dif -
ferences. What is recommended ^elow is based on high temperature/pressure 
silicate science, but its implementation would necessitate a hybridization of 
normal concrete technology, oil well cementing practice and specialized chem-
ical engineering procedures at elevated temperatures. 

a. Reacted at elevated temperature and then cooled. (~200°C for about 
1-2 days, pressure equal to hydrostatic load, 1000-20,000 psi; then cooled to 
static temperature of borehole, possibly as high as~-40°C-125°C). 

A composition modified from 2) p. 95 may be considered for such condi-
tions. This recommendation is based on the following assumptions: 

i) Tobermorite is the desired reaction product; other calcium s i l i -
cate hydrates are feasible, but tobermorite is the most desirable 
overall. 

3 + 
ii) The tobermorite preferentially should contain Al in solid solu-

tion (broader stability range than pure tobermorite). 
iii) The reaction kinetics for formation of such Al-solid solutions are 

more favorable than for "pure" Ca-Si compositions. 

iv) These solid solutions are stable and are readily formed in the hy-
drothermal temperature range (rather than separate calcium 
aluminate hydrates. 

v ) It is desirable from the standpoint of rheological considerations to 
use as reactants calcium silicate-quartz mixtures, rather than 
Ca(OH)2-quartz mixtures,as stated on pp. 89-90. 

vi) To allow sufficient handling time, it is desirable to use pre-
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dominantly the s lower-reacting phase, /3-CgS, rather than 
C„S as reactant. 

3+ 
Some Al i s required for formation of tobermorite having opti-
mal mechanical properties — this is supplied by C^A. 
Reaction of quartz + C2S alone is extremely sluggish (a smal l 
amount of l ime must be provided in fairly soluble form to ini-
tiate reaction); the addition of l ime a s C 3S rather than Ca(OH)2 is 
favored for rheological considerations, and to achieve maximum 
density, minimum permeability of product; thermodynamic con-
siderations for the two reactions are about equivalent, even 
slightly more favorable for C^S. 

Mechanical properties of the materials , especial ly compress ive 
strength, appear to be more than adequate. Possibility of im-
proving tensi le strength and bonding through asbestos fiber addi-
tion is mentioned separately. 

Technology for use could involve pumping the calcium s i l i ca te -
water s lurry , at about 100°C, into the borehole, with the addi-
tional heating provided by the exothermic heat of reaction of the 
"cement" plus the heat supplied by the elevated temperature at 
the bottom of the borehole itself. At great depths, room tem-
perature s lurr i e s could be used; heat flow calculations may show 
that the initial heat of the pre-heated slurry would be dissipated 
before reaching great depths, in which c a s e heat would have to be 
supplied by other means, or e l s e the reaction carried out at low-
er temperature. 

Bas ic Compositions 

(1) (Molar) (Molar) wt. % (2) (Molar) wt.% 

2C2S 7 - l / 2 C a O 68. ICaO 2C2S 63.6CaO 
1C3S 3SiOo 2 9 . 2 S i 0 2 1 /2C 3 S 3 2 . 7 S i 0 2 
I/6C3A 1 / 6 A 1 2 0 3 2 . 8 A 1 2 0 3 I /6C3A 3 .7A1 2 03 

To both (1) and (2) compositions, 35% or greater amounts of finely ground quartz 

would be added, i . e . enough to balance the composition for synthesis of tobcr-

morite [35% quartz + 100% calcium (alumino) s i l i ca tes ] . Rate of reaction can 

be controlled by varying particle s i ze of quartz, the calcium s i l icates or both. 

Additional quantities, up to about 40%, of relatively unreactive coarse grained 

quartz may be included, essent ial ly to serve a s "aggregate". It i s not we'll 

established, however, that the latter would work wel l . The amount of water 

vii) 

viii) 

ix) 

x) 
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used should be required for pumpability, and certain additives may diminish 

the amount required. 

b. Reacted at Elevated Temperature (200° or higher), Temperature 

Remains High. 

For very deep bore holes , 15,000-20, 000 ft. this is the expected 

case. Compositions would be modified to contain mostly CgS (only a few % 

CgS). The slurry need not be initially heated. CgA or some alumina is st i l l 

required for reaction to produce aluminous tobermorite, which is stable up to 

250-300°C. 

c. Reacted at Moderate Temperature (100-150°C), then Cooled. 

For higher leve ls in bore holes, slurry would be pumped at as high t e m -

perature as possible (~100°C) . Calcium s i l i cates should be present in a reac-

tive, high surface area form; mixed with both fine and coarse-grained quartz as 

in (a). A higher proportion of CgS to CgS would also be used for more rapid 

reaction. 

d. Reacted at Elevated Temperatures (up to 200°C), Temperature Re -

mains High, Adjacent to Salt Deposits (at great depth). 

Slag-quartz and slag-quartz-sulfate hydrothermal cements. Complete 

detai ls on these are not available, but Bulatov (1974) has described their proper-

t ies and u s e s . This follows the general principal of salt-saturated cements, 

used for lower temperature cementing in contact with salt beds, but with a d i f -

ferent total chemistry and system of reaction. 

e. Transport of Solutions and Co-precipitating. 

It may be possible to synthesize a hydrous calcium si l icate phase by in-

dependently transporting two superheated solutions, co-precipitating a solid, 

and presumably pumping out the remaining salt solution, e . g . : 
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N a 2 S i 2 ° 5 
Na2SL03 

Na.SiO. 4 4 

However, little is known about the consolidation process involved under these 
elevated temperatures and pressures, whether the precipitate could be solidi-
fied, etc. Much experimental work would need to be carried out before one 
could as se s s feasibility with any confidence. 

4. Uncertainties 

Of course the major uncertainties center around the technological prob-
lems, but also involve certain factors related to long range stability. Solubili-
ties of tobermorite and xonotlite equilibria are quite well known, for compositions 
in the Ca0-Si0 2 system at elevated temperatures and pressures; but Al-
containing tobermorite has not been studied. Yet, phase equilibrium data, reac-
tion kinetics and properties recommend Al-containing tobermorite, and the 
natural mineral occurrences of Al-rich tobermorite suggest that it is relatively 
insoluble. 

For maximum density and impermeability (and minimum possibility of 
shrinkage) of the plug formed, the solid material should be transported in a 
slurry having as low a water content as possible: studies should be made to de-
termine minimum limits. It is only because there are uncertainties regarding 
the maximum densification possible by this method, that alternatives such as 
solution transport methods are even mentioned for hydrothermal calcium s i l i -
cate formation. 

Uncertainties of course remain concerning long range chemical compati-
bilities of hydrothermal calcium aluminosilicate plugs with certain wall rock 
compositions, especially of soluble salts. The more nearly thermodynamic 
equilibrium can be approached during emplacement of a plug, the more likely it 
i s that it will remain durable. 

< H 2 0 ) 

CaCl2 — » Ca 5 Si 6 0 1 8 H 2 • 4H 2 0 + ' NaCl^ 



Thermal conductivities for wall rocks such as quartzites are rela-

tively high, and heat loss into the wall rock for a pumped slurry adjacent 

to such formations would be a greater problem during plug emplacement than 

would the presence of other strata such as clays and limestones. Fortunately, 

the thermal conductivity of water is relatively low, so that heat loss through 

the slurry itself should not be excessive. Some uncertainties concern the re -

action kinetics of jS-CagSiC^, a major reactant. 
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B. Quartz Plugs 

1. Introduction 

Plug materials of pure s i l ica have several advantages over any other 
material considered in this report — and several of the most extreme disad-
vantages. The advantages are chemical inertness, high strength and imper-
meability, and compatibility with borehole wall rock. The disadvantages are 
the extreme conditions of temperature and pressure necessary to transport 
bulk quantities of silica on a time scale short enough for engineering feasibility. 
The advantages in the chemistry are likely outweighed by the disadvantages in 
the engineering. 

2. Chemical Advantages of Quartz Plugs 

Quartz is compatible with most wall rocks. The most common mineral 
in sandstones and shales and in many igneous and metamorphic rocks i s quartz. 
Likewise quartz is chemically inert in contact with micas, clays, and other 
mineral constituents of sedimentary rocks. There would be reaction and ex-
change between the solution depositing quartz and the existing quartz in the 
walls. As a result deposition would likely take place some distance into the 
wall of the hole resulting in a much better seal between plug and wall. 

Quartz is nearly inert. In particular there would be little reaction and 
removal of the plug by circulating groundwater partly because of the intrinsically 
low solubility, partly because of the extremely sluggish reaction kinetics at low 
temperatures, and partly because most groundwaters are saturated with si l ica 
and are thus in equilibrium with quartz. 

Quartz has a high mechanical strength and (especially if in the form of 
vein quartz) is almost completely impermeable. It has a low thermal expansion 
and is thus less subject to fracturing as the plug cools from the temperature of 
emplacement to thermal equilibrium with the bedrock. 
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3. Requirements for Quartz Deposition 

Solubility and kinetic data both indicate that transport of sil ica would 
require temperatures in the range of 500cC and pressures on the order of 
2000 bars (30, 000 psi). While these are not necessarily minimum values it 
is clear from the solubility data that lowering the temperature or pressure 
will decrease the solubility to unacceptibly low levels. Furthermore, the up-
take of s i l ica into the feed solution must be rapid and dissolution kinetics slow 
down rapidly at lower temperatures. 

The maximum solubilities under optimum conditions is only on the 
order of a few grams per liter (few tenths of a weight percent). Therefore 
large volumes of fluid will have to be transported down the hole and back out 
again in order to build up a s i l ica plug. 

It is recognized that a single pipe transport system that'will carry a 
fluid at 500°C and 30, 000 psi is a difficult engineering undertaking. It is 
further recognized that the discharge of fluid into the lower temperature and 
pressure at the bottom of the hole may generate so much mechanical erosion 
that no deposition will take place. 

4. Recommendations 

Before s i l ica plugs could be seriously considered the following investi-

gations would be necessary: 

(i) A study of s i l ica transport under temperatures and pressures near 
500°C and 30, 000 psi. It would have to be designed so that rate of 
solution in a feed chamber and rate of deposition could both be 
measured. 

(ii) An attempt on a laboratory scale to actually form a solid plug so 
that the mechanical integrity, permeability, and micrestructure 
of the plug material could be investigated. At pz-esent the only 
such materials are naturally occurring quartz veins whose deposi-
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tlonal characteristics are not known in detail, and synthetic 
quartz crystals grown under far more stringent conditions than 
would be necessary or possible in the borehole situation. 

(iii) An investigation of the fluid dynamics. This might be either a 
laboratory or small pilot plant scale operation because it would 

necessary to determine whether a pipe string and nozzle could 
be designed that would transmit the fluids under the necessary 
temperature and pressure conditions and would discharge them 
across the pressure and temperature discontinuity at the bottom 
of the hole in such a way that a solid plug would be formed. 

Overall, it does not appear that quartz plugs would be technically 
feasible without an extensive preliminary investigation of the transport 
processes. These would be costly since they would involve high pressure 
systems on large laboratory or small pilot plant scale, and they would be 
time-consuming since both equipment design and process optimization would 
be required. 
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C, Carbonate Plugs 

1. Introduction 

Boreholes in limestone or dolomite rock pose a special case because 
the mineralogy of these rocks is different from the dominent silicate min-
eralogy of most other rocks. The most compatible plugs for these rocks would 
be the same carbonate minerals that make up the rock: calcite and dolomite. 

Our assessment is that plugs of calcite are chemically feasible. 
There are several different chemical reactions both in dry and aqueous s y s -
tems that should lead to the deposition of calcite at a rate suitable for practical 
application. The deposition of dolomite would be more difficult because of its 
limited stability in aqueous environments and because of the difficulty in for-
mation of ordered dolomite at lower temperatures. However, calcite and dolo-
mite are so similar chemically and crystallographically that a calcite plug in 
dolomite rock would seem a reasonable compromise. 

2. Stability of Carbonate Plugs 

Carbonate rocks have a unique problem not shared with other rock 
types. They are highly susceptible to groundwater attack with concurrent 
formation of solution cavities that provide leakage routes, allow Introduction 
of more ground water into the storage site, and in general increase permeability. 
The chemical reactions that lead to the formation of solution cavities are the 
same or are limiting cases of those that may be used for formation of plugs. 

The plug itself is susceptible to solution attack by ground -vater c i r -
culating nearby. The solution chemistry involved in the solution of calcite and 
dolomite under conditions of varying pH, varying Pc02> v a r y i n £ temperature, 
and mixing of waters of different initial chemistries is moderate'y well under-
stood. There would be no need for further research on the equilibrium chem-
istry of CaCOg-MgCOg-COg-water systems to support a borehole plugging tech-
nology. The kinetics of both plugging and solutional damage reactions is l e s s 
well known. In one sense, the situation is better here than with other rock-
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forming reactions because several specific models have been proposed and 
there is a quantity of experimental evidence against which to test them. How-
ever, most of the kinetics experiments have been done in sea water (since 
they were carried out by chemical oceanographers interested in carbonate de-
position and cementation processes) and they have been carried out at low 
temperatures. Since the chemical composition of ground water and of the 
circulating water used to form plugs will be different from sea water and 
since the plug-forming reactions will be carried out at high temperatures, 
kinetics experiments are needed under these conditions. 

As expected, little is known about the mechanical behavior of the plug 
materials. Calcite has not been deposited experimentally in such a way as to 
form a compact mass whose strength, porosity, and microstructure could be 
examined. The most important information that must be accumulated is the 
technique for precipitating calcite as a solid, impermeable mass. 

3. Specific Recommendations for Calcite Plug Deposition 

The following four chemical reactions have the possibility of leading 

to a plugging technology. 

(a) Dry reaction of COp with lime: Powdered CaO and C0 2 gas could 
be driven into the hole through a double pipe system and allowed to react at the 
bottom. Needed research is for ways to form a compact plug rather than a 
loose powder. The reaction, as was shown in the section on kinetics will pro-
ceed at modest temperatures. There is a difficulty with the build-up of a bar-
rier layer of CaCOg on the unreacted grains of CaO thus inhibiting further re -
action. Reactions should be carried out under nominal hydrothermal pressures 
and temperatures to investigate this reaction further. Available data was ob-
tained at an atmospheric pressure of COg. 

(b) Wet reaction of CO^ with slaked lime: Ca(OH)2 reacts readily with 
CO0 to form calcite. There has been one investigation using this reaction as 
a bonding technique for highway materials. Taconite tailings were mixed with 
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water and calcium hydroxide and the entire mass reacted with carbon dioxide. 
It formed into a coherent structure bonded by a matrix of calcite crystals. 
The compressive strength of the carbonate-bonded taconite increased with in-
creasing CaCOHjg content, reaction time, and COg concentration in the re-
acting gas. The air and water permeability, freeze-thaw resistance, and 
flexural strength of carbonate-bonded taconite tailings were found to be com-
parable to concrete. It i s also possible that the wet reaction especially car-
ried out at the temperature and pressure of the bottom of the borehole would 
overcome the problem of barrier layer buildup. A set of feasibility experi-
ments should be carried out under hydrothermal conditions with varying tem-
perature, pressure and degree of compaction in a sample billet to test the de-
gree to which a solid calcite plug can be made. 

(c) Calcite deposition by CO,, degassing: The solubility data show that 
substantial amounts of calcite can be carried in solution at modest temperatures, 
say on the order of 100°C, if C 0 2 pressures in the range of a few hundred bars 
can be maintained. This could form the basis of a unique depositional process 
making use of the retrograde solubility of calcite. One imagines a source of 
calcite (crushed limestone for example) on the surface. A solution is saturated 
with calcite at temperatures between 50 and 100°C and at high COg pressure. 
This solution is passed down the hole where it both heats up and discharges COg. 
Calcite will be deposited. Since the solubilities are low, large volumes of fluid 
would need to be circulated but the fluid to solid ratio is not impossibly high, 
perhaps 1000:1. 

Experiments should be s e t u p to test this method of calcite transport, 
particularly the temperature-pressure regime that provides the most efficient 
transport and to determine the amount of fluid necessary to transport the de-
sired quantity of calcite. Again it would be necessary to determine whether a 
solid plug can be formed in this manner. Temperature regimes are particularly 
important because there will be a trade-off between solubility and kinetics. The 
maximum amount of calcite in solution would be obtained by using the lower tem-
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peratures, a few degrees centigrade, at the source end. However, the re -
action rates are likely to be sluggish and so effective transport would not be 
obtained. From available data, the expected trade-off temperature is likely 
to be in the vicinity of 100°C. 

(d) Calctte deposition by precipitation reactions: It would be possible 
to precipitate calcite by direct reaction of a calcium-bearing soluble salt (e. g. 
CaCl ) with an alkali carbonate (e .g. Na CO„) in the hole using a double pipe i £ <3 
system to bring in the solutions and allowing the waste fluid to carry the e f -
fluent from the reaction (NaCl brine in the example gi'ven here) back up the 
hole. These are obviously well known laboratory reactions at atmospheric 
pressure and temperature but they have not been investigated under hydro-
thermal conditions. Reaction rates would be rapid and again the question is 
whether a solid plug could be formed. This should be tested under laboratory 
conditions. 

In all cases described above, a successful experiment would form a 
compact on the laboratory scale. These compacts should be tested for 
mechanical stability, hardness, crushing strength, permeability, and micro-
structure. 

As a general conclusion, It may be said that the present state of chemi-
cal knowledge Is good and predicts that calcite could be deposited under bore-
hole conditions. The research should be focussed on the rates of these reac-
tions and the conditions needed for the formation of mechanically sound plugs. 
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D. Clay-water Systems 

Because of the generally extreme sluggishness of reactions to syn-
thesize those materials which we are broadly categorizing as "clay minerals", 
even at elevated temperatures and pressures, the feasibility of using hydro-
thermal transport and reaction mechanisms for their synthesis in place in 
boreholes is not considered high. Solubilities of alumina hydrates such as 
gibbsite and boehmite are extremely low, as are clays such as kaolinite; 
hence one would not consider it very feasible to transport the minerals di-
rectly in aqueous solution. Boehmite (AlO- OH) could no doubt be synthesized 
by transporting two independent solutions such as aluminum chloride and am-
monium hydroxide, and mixing at depth; but the kinetics of crystallization are 
not favorable. Furthermore, consclidation characteristics, in addition to 
such important problems as possibility of pumping out the solution (after the 
alumina hydrate is precipitated) would need much study before a serious r e -
commendation could be made. 

Kaoiinite could be emplaced by transporting two independent colloidal 
sols , one positively and one negatively charged, and co-precipitating in the 
borehole under elevated temperatures and pressures. But in addition to the 
same limitations as above, unknowns include the relative stabilities or con-
contrnlinus of suitable so l s at such elevated temperatures and pressures. For 
Mil!!)!Ill0)1 llj'HU.ilL3 micas the complexities are further increased because of 
I lit' 'M!i||ili.i» PlIllitiriRititliis; cer til inly one of the simpler "clays" would be con-
M jiiuriiij |li :ili 
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E. The Sulfur-water System 

Although elemental sulfur is fairly inert to circulating ground water 
and could be transported in liquid form, more careful consideration e l imi-
nates it as a potential plug material. The transport in super-heated steam 
utilized in the Frasch process for sulfur recovery depends on foaming the im-
miscible liquid sulfur-water mixture with compressed air. Transport and 
deposition of such mixtures down the hole, while perhaps technically feasible 
would almost certainly lead to a permeable plug material. The porosity would 
occur from the water vapor pockets in the congealed liquid. 

The only reservation is that phase equilibria data for the system sulfur-
water were not discovered in the literature. The possibility that an appropriate 
fluid for hydrothermal transport may occur at higher temperatures and pres-
sures cannot be definitely ruled out but all evidence in hand suggests that this 
system would not lead to a favorable plug technology. 
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Bibliography of Selected Phase Equilibrium Data 
Applicable to Hydrothcrmal Sealing of Bore-Holes 

The partially annotated bibliography which follows is divided into 
five broad c lasses , each dealing with a possible avenue of approach to the 
hydrothermal sealing of bore holes. The references given for each of the 
five c lasses are listed chronologically under separate subheadings de-
pending upon the oxide system being investigated. Only those articles which 
are directly applicable to the present study are annotated. Other articles 
are listed as an aid to the reader in obtaining a clearer picture of the direc-
tion and nature of the work that has been carried out on a particular system 
over the years. 
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SILICA-WATER SYSTEMS 

S i 0 2 Z H 2 0 

Kennedy, G. , 1950, A portion of the system si l ica-water, Econ. Geol„ 
45, 629-653. 

The solubility of quartz plates in water has been measured at 
temperatures ranging to 610°C and at pressures ranging to 1, 750 
bars. Rate of solution of the quartz plates depends on temperature, 
orientation of the quartz plate and on minute compositional dif fer-
ences in quartz. The solubility determinations have been made along 
the three-phase boundary, quartz-gas-liquid; and in two two-phase 
f ields, quartz-liquid and quartz-gas. No break is encountered in the 
solubility curves as they cross the boundary between the quartz-gas 
and quartz-liquid f ields, provided that the specific volume of the 
fluid phase is held constant. 

The solubility of quartz in water is much lower than is the solu-
bility of quartz g lass or colloidal s i l ica in water. (Author's Abstract) 

Morey, G. W. and Hesse lges ser , 1951, The solubility of some minerals 
in superheated steam at high pressures , Econ. Geol. 821-835. 

This paper descr ibes an apparatus and a method for determining 
the solubility of quartz and si l ica glass in superheated steam. Solu-
bility data are presented for temperatures and pressures ranging from 
300-600°C and 100-2000bars, respectively. These data generally dupli-
cate the findings of Kennedy (1950). 

Kennedy, G. , Wasserburg, G. , Heard, H. and Newton, R. , 1962, The 
upper three-phase region in the system SiO„-HoO, Am. J. Sci. 260, 
501-521. " z 

KgO-SiOp-HgO 

Morey, J . , 1917, The ternary system H0O-K„SiO^-SiO9, J. Am. Chem. 
Soc. 39, 1173-1229. ^ ^ 

The ternary system H20-K2Si03-St02 has been studied over the 
temperature range from 200° to over 1000°. The work comprised a 
determination of the composition and properties of the various stable 
solid phases which can co-ex i s t with solution and vapor within the above 
temperature range; of the composition of the solutions in equilibrium 
with the solid phases; of the change in composition of these solutions 
with temperature; and the approximate determination of the cor -
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responding 3-phase pressures. 

In addition to quartz and the compounds K2Si2Qt> and KHSi2Og, 
the following new compounds occur as solid phases: Potassium ai -
silicate monohydrate, K 2Si 20g *H20; potassium meta.'Uicate, K2SiC>3; 
potassium metasilicate hemihydrate, K2SiOg • 0. 5H20; and potassium 
metasilicate monohydrate, K2Si03 " ^ O -

The data obtained are presented by means of tables, and graphically 
by means of curves and solid models. Curves are given showing the 
solubility relations in the bindary systems H 2 0-K 2 Si03 and H 2 0 - K 2 S i 2 0 g , 
the isothermal polybaric saturation curves, the variation of pressure 
with S i 0 2 / K 2 0 ratio along the isotherms, the isobaric polythermal 
saturation curves, the P-T curves of the various monovariant systems, 
and the boundary curves of the different solid phases in the ternary s y s -
tem. In addition, photographs are given of the solid models showing 
the variation in the composition of the saturated solutions with tempera-
ture, under the corresponding 3-phase pressure, and the variation of 
the composition of the saturated solutions with pressure, at the cor-
responding 3-phase temperatures. 

Brief mention is made of some of the theoretical relations governing 
the equilibrium in binary and ternary systems containing a volatile com-
ponent, and a short discussion of the proper application of the term 
"solubility" is given. (Author's Summary) 

Na 2 Q-Si0 2 -H 2 Q 

Rowe, J . , Fournier, R. and Morey, G. , 1967, The system water-sodium 
oxide-sil icon dioxide at 200, 250 and 300°, Inorg. Chem. 6, 1183-1188. 

Studies were made of the H20-Na20-Si02 system at its vapor pres-
sure at 200, 250, and 300°. Three different sod-um trisilicate hydrates 
were encountered in the investigation. At 300°, Na2Si307' 5H2O is found: 
at 250°, N a 2 S i 3 0 7 • 6H 2 0; and at 200°, N a 2 S i 3 0 7 - 11H20. The liquid im-
miscibility previously reported to exist in the system was found to be a 
quenching phenomenon caused by the decomposition of the hydrates to 
unstable, supersaturated, viscous liquids. Under conditions where 
equilibrium is maintained, as temperature is lowered, the hydrates de-
compose to quartz, sodium disilicate, and liquid. The retrograde solu-
bility of sodium disil icate and its tendency to form supersaturated solu-
tions during heating from 25 to 250° account for higher solubilities re -
ported by others than were found in this study. The solubility of sodium 
disilicate in water is 26% at 200°, 9% at 250°, and 5% at 300°. Sodium 
metasilicate solubility i s 38% at 200° and 34% at 250"; this compound is in-
congruently soluble at 300°. (Authors' Abstract) 
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CLAY SYSTEMS 

Ervin, G. and Osborn, E. F. , 1951, The system Al 0 „ - H 0 0 , J. Geol. 
59, 381-394. 

A study has been made of phase equilibria in the system AI2O3-
H2O. Results are expressed in the form of a pressure-temperature 
diagram, showing regions of stability for the crystalline phases 
gibbsite, boehmite, diaspore, and corundum. The diagram shows 
pressure and tempei-ature minima (2,000 lb/in^, 275°C) for the stable 
existence of diaspore and the significance of these data for the natural 
formation of diaspore is discussed. (Authors' Abstract) Tempei*atures 
ranged from 95-420°C and pressures were varied from 300-50, 000 psi. 

The diaspore-corundum transition takes place readily, but is not 
reversible. Reactions are sluggish and activated starting materials and/or 
seeds must often be used to insure any reaction at all. 

Kenn-^- n- r , u- — A' ^ -HgO at high tem-

The system AI2O3-H2O has been studied in the temperature range 
100-600°C and at H2O pressures ranging from 5, 000 to 40, 000 atmos-
pheres. At 40, 000 atmospheres pressure the maximum temperature at 
which the trihydrate, gibbsite, is stable is 295°. The monohydratc, 
diaspore, is stable at 40,000 atmospheres of H 2 0 to a temperature of 
approximately 590°. The relations of the polymorphs, diaspore and 
boehmite, are discussed and it is concluded that all boehmite forms 
metastably. The approximate slope of the boehmite-diaspore boundary, 
computed from thermodynamic data, indicates that diaspore in bauxite 
and clay deposits may have formed at atmospheric pressures and tem-
peratures, a familiar conclusion from field observations. (Author's 
Abstract) 

It is concluded that the stable phases at 0-150°C and 1-1000 bars 
are gibbsite and diaspore. Diaspore forms slowly from the metastable 
intermediate, boehmite. Reactions are sluggish and seeds are often 
needed to produce any reaction at all. 

—2—3-^-^2—3—2— 
Wefers, K. , 1967, Phasenbeziehungen im System A l 2 0 3 - F e 2 0 3 - H 2 0 , 

Z. Erzbergbau Metallhuettenw. 20, 13-19 and 71-75. 

Presents experimental results for the system A l 9 0 „ - F e „ 0 « - H 0 0 
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from 10Q-400°C at saturated steam pressures as well as 1000 bars. 
Reactions are very sluggish taking up to 700 hours or more. No 
stability field for boehmite is included. 

A l 2 0 3 ^ i 0 2 ^ 2 0 

Roy, R. and Osborn, E. F . , 1954, The system A l „ 0 ? - S i 0 9 - H „ 0 , Am. 
Min. 39, 853-885. ^ 

Results of experimental work on the system A^Og-SiC^-f^O at 
various temperatures and 10,000 psi water pressure are presented. 
The data are presented in a ser ies of compatibility triangles, two of 
which deal with the temperature ranges: <130°C and 130-175°C. The 
addition of sil ica to the AI2O3-H2O system results in ternary compound 
formation: kaolinite and Al-montmorillonite. 

Matsushima, S . , Kennedy, G. C. , Akella, J. and Haygarth, J . , 1967, A 
study of equilibrium relations in the systems AUOo-SiO^-HnO and 
A 1 2 0 3 - H 2 0 , Am. J. Sci. 265, 28-44. ^ 6 

The important systems AI2O3-H0O and A^C^-SiOo -H2O have been 
re-examined under hydrostatic conditions in piston-cylinder apparatus. 
The equilibrium boundary and the synthesis boundary of the reaction 
aiaspore = corundum + water have been determined. The equilibrium 
boundary of the reaction kyanite = sillimanite has been determined and 
found to lie at sharply lower pressures than indicated by prior deter-
minations of the synthesis field of sillimanite. Our results are in close 
accordance with the recent results of Newton. (Authors1 Abstract) 

For the most part, this paper deals with significantly higher pres-
sures and temperatures than presently concern us. 

Robinson, P . , 1967, Discussion: A study of equilibrium relations in the 
systems A l 2 0 3 - S i 0 2 - H 2 0 and A 1 2 0 3 - H 2 0 , Am. J. Sci. 265, 831-832. 

Althaus, E . , 1969, Das System A l 2 0 3 - S i 0 2 - H 2 0 . Exper imented 
Untersuchungen und Folgerungen fur die Petrogenese der metamorphen 
Gesteine, Teil I, II & III, N. Jb. Min. Abh. m . , 74-110, 111-161. 

Using conventional cold-seal hydrothermal apparatus, Althaus pre-
sents the results of his study of the following reactions: 

kaolinite + quartz = pyrophyllite + water 
pyrophyllite = andalusite + quartz + water 
pyrophyllite = kyanite + quartz + water 
triple point: AI2S1O5 minerals 

Although these experiments are at considerably higher pressures and 
temperatures than those which presently concern the bore bole study, 
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the paper comprises an up-to-date symmary of the work on the ter-
nary system. 

Velde, B. , and Kornprobst, J . , 1969, Stabilite des sil icates d'alumine 
hydrates, Contr. Min. Pet. 2J., 63-74. 

The temperature of reaction for kaolinite + quartz = pyrophyllite, 
kaolinite = andalvsite + pyrophyllite and pyrophyllite = andalusite + 
quartz, have been determined for total pressures near 1000 and 2000 
bars, in the presence of H2O. Using these determinations and a com-
pilation of previously existing work in the system A^Og-SiC^-I^O, a 
phase diagram has been constructed in P. T. space which indicates four 
invariant points involving 11 univariant reactions. This analysis out-
lines the stability l imits for the hydrous aluminiums. Silicates in the 
pressure-temperature range up to 6 kbars and 550°C. (Authors' 
Abstract) 

Na 2 0-Al I ! 0 3 -H 2 Q 

Wefers, K. , 1967, Zur chemischen Technologie des Bauxitaufschlusses, 
Teil I: Das System NagO-AlgOg-^O, Metall. 21, 422-431. 

Presents solubility and phase equilibrium data on the system Na20-
A l 2 0 3 - H 2 0 from 60-350°C, The solubility data are in the form of plots of 
weight percent AI2O3 versus weight percent Na20, as well as weight 
percent AI2O3 versus temperature for varying amounts of Na20. The 
equilibrium data are given as a ser ies of five triangular diagrams (60°, 
95°, 135°, 150° and 350°C) of which four diagrams concern the present 
study. 

C a 0 - F e Q - S i 0 2 - H 2 0 

Ernst, W., 1966, Synthesis and stability of ferrotremolite, Am. J. Sci. 
264, 37-65. 

Ferrotremolite is stable at the low pressure and temperatures anti-
cipated in this study as long as the environment is kept very reducing. 
If the oxygen fugacity should become slightly oxidizing the ferro-
tremolite would decompose to nontronite + hedenbergitic pyroxene + 
magnetite + fluid. Under more oxidizing conditions, nontronite + 
andradite + magnetite + fluid are stable. Under even more oxidising 
conditions the magnetite would eventually convert to hematite. 
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Iron Oxide - A^Og-SiOg-I^O 

Grieve, JR. A. and Fawcett, J. J. , 1974, The stability of chloritoid below 
10 kbars P H 2 q , J. Pet. 15, 113 -139. 

K 2 0 - A 1 2 Q 3 - S i 0 2 - H 2 0 

Zharikov, V . , Ivanov, I. , Fonarev, V . , Dyuzhikova, T. and Shmonov, V . , 
1968, Experimental study of the system K 2 0 - A l 2 0 3 - S i 0 2 - H 2 0 at 
T = 340 to 760°C and P = P H ( ? 0 = 1 0 ° 0 kg /cm 2 , Doklady ESS 180, 
147-148. ^ 

Present data as a s e r i e s of triangular diagrams, the first of which 
covers the tempei-ature range below 340cC. The following three-phase 
assemblages are stable: 

Diopside - moscovite - kaolinitc 
Muscovite - kaolinite - quartz 
Muscovite - sanidine - quartz 

There is some question as to whether or not pyrophyllite is stable in 
the quaternary diagram, since it could not be synthesized from a mix-
ture containing K 2 0. 

Velde, B . , 1969, The compositional join muscovite-pyrophyllite at moderate 
pressures and temperatures, Bull. Soc. fr. Min. Crist. 92^ 360-368. 

An investigation of compositions beiween muscovite, KAl:>Si30iQ(0H)2 
and pyrophyllite Al2Si40io(OH)2 was undertaken under hydrothermal 
conditions of 1, 2 and 3. 5 kbars water pressure and temperatures be-
tween 250°C and 440°C. The resulting five sil icate phases were identi-
fied by x-ray diffraction, electron microscope and cation exchange capa-
city methods. The study permits the determination of the stability of ' 
expandable and mixed-layered phases under various physical and chem-
ical conditions. (Author's Abstract) 

The data are summarized in a scr ies of phase diagrams. These in-
dicate a possible merging of the mica and mica mixed layered fields at 
~ 100°C based on observed natural mineral behavior rather than experi-
ment. 

KgO-MgO-SiOg -HQO 

Seifert, F. and Schreyer, W., 1971, Synthesis and stability of micas in the 
system K 2 0 - M g 0 - S i 0 2 - H 2 0 and their relations to phlogopite, Contr. 
Min. Pet. 30, 196-215. 

A ser ies of alumina-free micas was synthesized hydrothormally in 
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the potassium poor portion of the system K^O-MgO-SiOo-HoO. One 
end member of this s er i e s has the composition KMg2 s D ^ O l o l ( O H ) 2 , 
which, because of its octahedral occupancy, is intermediate between 
the dioctahedral and trioctahedral micas. 

From this end member a ser ies of mica solid solutions extends to-
wards more Mg-rich compositions. Single phase micas were obtained 
along the substitution line 2Mg for Si which appears to involve incorpora-
tion of part of the Ivlg in tetrahedral s i tes . It leads to a theoretical end 
member with a structural formula KMggfSig sMgQ gOioKOH^. Solid 
solutions containing up to 75 mole °/c of this theoretical end member could 
be synthesized. The observed densities, water contents, and a one-
dimensional Fourier synthesis are consistent with the assumed sub-
stitution. 

At 1 kbar fluid pressure and 620°C the Si-rich end member 
KMg2 5(^4010](OH) 2 decomposes to a more Mg-rich mica, the 
roedderite phase K2MgcSi^oO30> liquid, and H 2 0 - r i c h vapor. With 
increasing Mg-content the mermal stability of the mica solid solutions 
increases up to 860°C at a composition of about K 2 0 - 6. 2MgO- 7 .4S i0 2 
• 2H 2 0, i . e . KMg2< Q[Si3> ?Mg0< 3OJ[Q] (OH)2. This mica disintegrates 
directly into forsterite + 'liquid' + H 2 0 - r i c h vapor. The mica phase 
richest in Mg with a composition of about K 2 0- 6. 5MgO- 7. 25Si02 • 2H 2 0 , 
i . e . KMg2i 8751®^3. 625^^0. 375^10HOH)2 , breaki down at 765°C into 
forsterite, ' a more'Si-rich mica, liquid and H 2 0 - r i c h vapor. 

This binary s e r i e s of alumina-free micas forms a complete s e r i e s 
of ternary solid solutions with normal phlogopite. KMggfSigAiOjg] (0H)2 . 
Analyses of some natural phlogopites showing 3i in exces s of 3. 0 (up to 
3 .18) per formula unit can be explained through this ternary miscibility 
range. (Authors' Abstract) 

Mg0-A1 2 Q 3 -S i0 2 -H 2 Q 

Roy, D. and Roy, R . , 1955, Synthesis and stability of minerals in the s y s -
tem M g 0 - A l 2 0 3 - S i 0 2 - H 2 0 , Am. Min. 40, 147-178. 

Phase equilibria in the system M g 0 - A l 2 0 3 ~ S i 0 2 - H 2 0 were studied 
in order to obtain further information on the stability of metamorphic 
minerals and mineral assemblages. The equilibria are described in 
terms of composition triangles, of phases in equilibrium with H 2 0 . 
Seventeen se t s of triangles ai'e given to describe changing equilibria 
with increasing temperature, at a constant water pressure of 10,000 psi. 
Syntheses of phases and equilibrium data are discussed, along with fac-
tors influencing the attainment of equilibrium. 

At low temperatures montmorillonile "solid solutions" cover a large 
field in the high-s i l ica portion of the diagram, whereas mixtures high 
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in magnesia yield aluminian serpentine, in combination with other 
phases. Alumina hydrates and kaolinite dominate the high-alumina 
portion of the diagram in this temperature range. Aluminian s e r -
pentine at higher temperatures gives way to clinochlore. Cordierite, 
the only anhydrous ternary phase encountered, is stable in equlibrium 
with H 2 0 above ca. 500°C, and the stable joins, quartz-cordierite-H20 
and eordierite-spinel~H20, divide the quaternary system into two areas: 
that part dominated by the alumino-silicates, and the area involving 
magnesium silicates. In the alumina-silica side of the system pyro-
phyllite is the hydrate stable to the highest temperature, 575°C; but 
in the magnesia-si l ica side, talc is stable to a much higher tempera-
ture, 780°C. (Authors' Abstract) 

Reactions at low temperatures (<300°C) are sluggish. Activated 
starting materials often produce metastable products, which should de-
compose and reach final equilibrium given enough time. The shrinking 
stability field of montmorillonite with rising temperature, seems to in-
dicate metastability problems at lower temperatures. 

Mumpton, F. A. and Roy, R. , 1956, The influence of ionic substitution on 
the hydrothermal stability of montmorillonoids (ext. abs.), in Clays 
and Clay Minerals, Nat. Acad. Sci. - Nat. Res. Council Pub. 456, 
337-339. 

The data supplement low-temperature phase equilibria in the s y s -
tem Mg0-Al2C>3"Si02-H20. Evidence shows two separate areas of 
montmorillonoid formation: dioctahedral montmorillonites and tr i -
octahedral saponites. The montmorillonites decompose into pyrophyllite, 
hydraloite and si l ica at about 465°C under 20,000 psi water-vapor pres-
sure while the saponites are stable up to about 550°C at the same pres-
sure. Under these conditions chlorite, talc and s i l ica replace the 
saponites. 

Mumpton, F. A. and Roy, R. , 1958, New data on sepiolite and attapulgite, 
in Clays and Clay Minerals, Nat. Acad. Sci. - Nat. Res. Council Pub. 
566, 136-143. 

Hydrothermal studies have failed to yield synthetic attapulgite or 
sepiolites in the system MgO-Al 2 Oo-Si0 2 -H 2 0. However, the natural 
minerals can be decomposed to yield montmorillonoids by mild hydro-
thermal treatment as low as 200°C and probably as low as 100°C. These 
data indicate that they are metastable and probably could not have formed 
at these temperatures. 

Dry dehydration at 400° and 750°C gave no evidence for the presence of 
"zeolltic water" in these minerals and failed to establish the existence 
of "anhydride" phases. The field study of relationships in one sepiolite 
locality suggests the importance of structural control in the formation 
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of these minerals. (Authors' Abstract) 

A compatability triangle for the system MgO-A^C^-SiC^-I^O 
projected on the anhydrous base at 300°C and 1,000 atm. shows the 
individual stability fields for saponites and montmorillonites. 

Nelson, B. W. and Roy, R. , 1958, Synthesis of the chlorites and their 
structural and chemical constitution, Am. Min. 43, 707-725. 

Experimental hydrothermal studies on both synthetic and natural 
phases in a portion of the system Mg0-Al203-SiC>2-H20 reveal the 
polymorphic relationship between sheet trioctahedral phases and 
true 14A-chlorites. Each polymorphic type allows continuous exten-
sive isomorphous replacement of 2A1^+ for Si4++Mg2+ terminating at 
the amesite composition. The equilibrium maximum stability tempera-
ture for the chlorites appears to reach a maximum at the composition 
of clinochlore (710°C at 20, 000 psi) and to decrease slightly ( - 2 0 ° C ) 
towards both penninite and amesite. The nomenclature and relations 
among the various chlorites is discussed in the light of this informa-
tion. (Authors' Abstract) 

The transition from septechlorite to the normal chlorite structure 
is very sluggish at all temperatures and is favored by higher pressures. 
Normal 14A chlorites are formed in three or four weeks at 1,000 atm. , 
but require only a week at 3,000 atm. and 550°C. The 14A chlorite 
structure might be stable at low-temperatures, but it is difficult to 
verify this experimentally. Compatibility triangles for the system 
M g 0 - A l 2 0 3 - S i 0 2 - H 2 0 are given for 400°, 480°, 520° and 690°C and 
up to 1500 atm. water-vapor pressure. 

Koizumi, M. and Roy, R. , 1959, Synthetic montmorillonoids with variable 
exchange capacity, Am. Min. 44, 788-805. 

An attempt has been made to resolve the questions: 1) Do mont-
morillonoids exist with widely varying exchange capacities; 2) Which of 
these phases are stable under given conditions of pressure and tempera-
ture ? 

Two ser ies of gels have been prepared in the saponite and beidellite 
regions respectively, and reacted in sealed inert systems over the 
range 200°-850°C at 1000 atm. water pressure. The effects of tem-
perature, time, open or closed systems, etc. have been evaluated. In a 
time period which is demonstrated to be considerably longer than neces-
sary for the completion of crystallization (as shown by a t ime-
crystallinity study) beidellites can be synthesized with exchange capa-
cities varying from 1/2N to over 2N (where N represents the "ideal" 
exchange capacity of about 90 m. eq. of the formula 
N a 0 . 3 3 A 1 2 A 1 0 . 33S i3. 67°10O H )2- These phases are homogeneous and 
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all expand to 17A with glycol, the 2N exchange capacity members 
being the best crystallized. At 300°C these phases persist for weeks 
at 1000 atm. and are probably stable. With increasing tempera-
tures only the "N" composition remains single phase up to 425°C. 

The range of saponites that can be formed is much narrower. 
Only the N and 2N members can be prepared as single phases with a 
stability maximum of about 550°C. Above this temperature a new 
montmorillonoid (probably a Na-hectorite) i s formed and this phase is 
stable up to 850°C at 1000 atm. 

Cation exchange capacity measurements made by x-ray fluorescence 
on these Mn-saturated clays shows good correlation with expected values 
on a relative scale. A wide latitude in compositions for stable mont-
morillonoid formation is thus established especially in the beidellite 
family. The properties of both low c. e. c. and high c. e. c. members 
should be of interest. 

Two other new phases corresponding to a pure magnesian stilpno-
melane and a 14A. 'aluminum chlorite' are encountered in this study. 
(Authors' Abstract) 

Schreyer, W. and Yoder, H. S. Jr . , 1964, The system Mg-cordiertte—H^O 
and related rocks, N. Jb. Min. Abh. 101, 271-342. 

This paper deals mainly with the stability of cordierite, but the 
authors venture to lower temperatures and pressures to round out their 
discussion. They again recognize a kinetic problem at low tempera-
tures and pressures and use this argument in explaining the observed 
discrepancy between their data on montmorillonite and those of Roy and 
Roy (1955), Mumpton and Roy (1958) and Nelson and Roy (1958). 

Fawcett, J. J. and Yoder, H. S. J r . , 1966, Phase relationships of chloritcs 
in the system M g 0 - A l 2 0 3 - S i 0 2 - H 2 0 , Am. Min. 51, 353-380. 

The upper stability l imits of magnesian chlorites have been deter-
mined at pressures up to 10 kbar with water pressure equal to total 
pressure. The breakdown curve passes through the points 768°i'7°C at 
3 .5 kbar, 787°±7°C at 5 kbar, and 830°±5°C at 10 kbar. At the maxi-
mum temperature limit of the chlorite stability field the composition of 
chlorite coexisting with other phases varies with pressure, becoming 
more aluminous at higher pressures. Above 3. 5 kbar the magnesian 
chlorites react to form enstatite + forsterite + spinel + vapor and at lower 
pressures forsterite + cordierite + spinel + vapor. The invariant point 
at which forsterite, cordierite, spinel, enstatite, chlorite and vapor can 
coexist was located at 3. 25±0.25 kbar and 765°± 10°C. 

In contrast to earlier studies in the system M g O - A ^ O s - S ^ - R o O * 
chlorite and quartz are shown to coexist in equilibrium between 450 and 
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5 7 5 ° C at 2 kbar P H 2 0 and between 475° and 6 0 0 ° C at 5 kbar P H 2 0 -
The reaction taking place at the upper limit of the quartz + chlorite 
field is chlorite + quartz talc + cordierite + vapor. Talc produced 
during these experiments contains a maximum of 4. 00 weight percent 
AI2O3 (of the hydrous composition) at water pressures of 10 kbar. 
This corresponds to 7. 72MgO • 0. 28A1203 • 5. 72Si02 • 2H20. (Authors' 
Abstract) 

Compatibility triangles and P-T diagrams are given. Although 
most of the data pertain to higher pressures and temperatures, this 
article gives a good overview of chlorite stability. 

Schreyer, W. and Seifert, F . , 1969, Compatibility relations of the aluminum 
sil icates in tU.j systems M g 0 - A l 2 0 3 - S i 0 2 - H 0 0 and KoO-MgO-A^C^-
Si02-H20 at high pressures , Am. J. Sci. 2&7, 371-3^8. 

Schreyer, W., 1970, Metamorphose pelitischer Gesteine im Modellsystem 
MgO-AlgOg-SiOg-HgO, Fortschr. Min. 47, 124-165. 

As a f irst approximation the system M g 0 - A l 2 0 3 - S i 0 2 - H 2 0 may be 
regarded as a model system for pelitic rocks and, in its Al-poor por-
tion, also for ultrabasic rocks. Knowledge of its phase relations under 
varying pressure-temperature conditions is, therefore, believed to re-
present a valuable guide line for any attempt at subdividing or classifying 
metamorphic rocks on the basis of their mineralogy. The stability re-
lations of some 25 crystalline phases occurring in the system are re-
viewed in the light of recent data from the literature and partly unpub-
lished experimental results. 

An internally consistent sequence of 35 compatibility triangles (iso-
thermal isobaric sections of Figs. 7-12) represents a model for progres-
sive metamorphism from sedimentary-diagenetic conditions up to liquidus 
temperatures at low pressures (near 500 kbars). At low temperatures 
(triangles 1-10) the sequence and assemblages given are not always in 
accord with experimental results; they even contradict those experimental 
results which are considered to represent metastable equilibria and fol-
low the presumably stable assemblages observed in natural non-
metamorphic and low-grade pelites. 

With increasing pressures drastic changes of the compatibility re-
lations outlined take place. The resulting new parageneses are similar 
or identical with and thus explanatory for many assemblages found in 
natural metamorphic rocks of higher grades. As an example the low-
pressure stability field of the assemblage cordierite-forsterite is de-
picted in a pressure-temperature grid showing all of its invariant break-
down reactions and limiting invariant points which lead to the assemblages 
more commonly observed in nature. The sapphirine-bearing rock of 
Val Codera, Italy, represents a new example for the high-pressure as -
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semblage orthopyroxene-sillimanite probably formed under conditions 
near the base of the eai'th's crust. It was partly replaced in the 
Val Codera rock, upon pressure release , by the pair cordierite-
sapphirine. 

The large number of crystalline phases present makes phase re-
lations in the system MgO-A^Og-SiC^-I^O so complex that a complete 
petrogenetic PT-grid of the system for the range 1 atm. to 25 kbars and 
room temperature to 1100°C, only for the limiting conditions P h 9 0 = 

P t o t and PHoO = 0 < Ptot> probably show more than one thousand 
dlvariant fields each representing one particular set of compatibility 
relations. Since by its classical definition a single metamorphic facies 
has to define the mineral assemblages of alii the bulk compositions oc-
curring in a rock suite, the four-component model system studied al-1 

ready comprises more than one thousand metamorphic facies. A rigorous 
facies classification of natural metamorphic rocks consisting of some 10 
components is thus most impractical if not impossible. (Author's 
Abstract). 

Seifert, F . , 1973, Stability of the assemblage cordierite-corundum in the 
system MgO-A^Og-SiOg-HgO, Contr. Min. Pet. 41, 171-178. 

Velde, B . , 1973, Phase equilibria in the system MgO-A^C^-SiC^-HgO: 
chlorites and associated minerals, Min. Mag. 39_, 297-312. 

Twenty-six compositions in the system M g 0 - A l 2 0 3 - S i 0 2 - H 2 0 wore 
investigated under conditions of 1 and 2 kbars water pressure and tem-
peratures between 300 and 700°C. The solid solution for 7A and 14A 
chlorites has been delimited as well t s that of the expanding phases (tri-
and dioctahedral montmorillonites and expanding chlorites). Negative 
slopes were found for the transformation montmorillonite — expanding 
chlorite, and expanding chlorite -y chlorite + quartz and a positive slope 
for 7A -rv 14A transformation. The relative positions of the reactions 
chlorite - quartz cordierite — talc, chlorite - andalusite cordierite 
+ corundum and chlorite + corundum cordierite + spinel are located 
between 500 and 650°C. 

Cell dimensions of the synthetic chlorites can be correlated with 
their chemical composition. Solid solution in synthetic minerals com-
pares well with 325 analysis of natural minerals from the literature-, in-
dicating that the chemiographic relations between phases in the s impli-
fied synthetic system are applicable to natural mineral assemblages. 
The phase relations indicate that at low temperature the 7A aluminous 
chlorite is not stable with quartz or another si l ica phase. (Author's 
Abstract) 

Compatibility triangles are presented for the system Mg0-Al203-
Si02~H20. The author obtains very close agreement with natural behavior. 
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NaoO-AlgOg-SiOg-l^O 

Friedman, I . , 1951, Some aspects of the system H 9 0 - N a 9 0 - S i 0 9 - A l 9 0 „ , 
J. Geol. 59, 19-31. ^ ^ Z J 

A small section of the system H 2 0-Na 2 0-S i02-Al203 was investi-
gated at 300° and 450°C. Two new hydrated sodium aluminum si l i -
cate phases wore found and their properties investigated. One of 
these phases appears optically isotropic and can be told from analcite 
with difficulty. The existence of solutions containing sil ica and 
alumina at these temperatures is demonstrated, and their importance 
to the granite problem i s discussed. (Author's Abstract) 

At 300°C, pressures were equal to the vapor pressure of the solu-
tion investigated. At 450°C, the pressures were variable. Equilibrium 
was very difficult to attain, 10-15 clays at 300°C being required to ap-
proach equilibrium. Solubility data are given for solutions in the qua-
ternary system. 

Morey, G. W. and Hesselgesser , J. M., 1951, The solubility of sonic 
minerals in superheated steam at high pressures, Econ. Geol. 46, 
821-835. 

Discuss the solubility of albite in superheated steam at 500°C and 
0 .4 , 1. 0 and 2. 0 kb. Albite decomposes at the lower pressure resulting 
in high silica and low alumina solubility under these conditions. 

Sand, L. B . , Roy, R. and Osborn, E. F . , 1957, Stability relations of some 
minerals in the N a 2 0 - A l 2 0 3 - S i 0 2 - H 2 0 system, Econ. Geol. 52, 169-179. 

Equilibrium relationships among mineral phases in the low soda 
part of the system N a 2 0 - A l 2 0 3 - S i 0 2 - H 2 0 are presented. Assemblages 
of three crystalline phases in equilibrium with an aqueous phase at e le -
vated water pressure (5, 000-30,000 psi) are arranged in order of in-
creasing temperature of stability, with relationships shown diagranunati-
cally by a series of phase triangles. Upper temperature limits of sta-
bility at high water pressures are given for analcite, paragonite, hydroxy-
sodalite, hydroxy-cancrinite, Na-montmorillonite, and a nepheiine hy-
drate phase. (Authors' Abstract) 

Saha, P . , 1961, The system NaAlSiO. (nepheiine) - NaAlSUO., (albite) - H O, 
Am. Min. 46, 859-884. 

The system NaAlSiO^NaAlSigOg-HpO has been investigated in the 
temperature range 200°-700°C at pressures of 5,000 to 45, 000 psi. 
The following minerals and compounds were synthesized and their sta-
bility investigated: nephenline solid solutions, albite, analcite solid solu-
tions, albite, analcite solid solutions, nepheiine hydrate I, pararoiute, 
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zeolite "B" and species "Y". Natrolite was found to bp unstable in 
the presence of cxcoss water vapor under the pressure and temperature 
conditions utilized. Experimental investigations and theoretical calcu-
lations indicated that the alkali-rich portion of the system does not re-
main ternary at low temperatures under the conditions of the experi-
ments. 

The following transitions, within the P-T-X region involved, 
were studied in detail: 

(1) nepheline hydrate = nepheline + water. 
(2) analcite solid solution - nephe!ine solid solution + albite + 

water. 
(3) analcite solid solution (comp. -NaAlSigOg • 1. 51^0) = albite + 

water. 
Analcite was found to exhibit solid solution through an extensive 

range of composition, but field and laboratory evidence suggests that part 
of it may be metastable. The range of solid solution found in nature is 
more restricted than the range determined experimentally. 

Petrogenetic implications of the investigation are discusscd. Pre-
ferred solubility of soda and alumina in the vapor in runs made with 
g lasses whose compositions lie in the alkali-rich portion of the system, 
indicates a possible mode of nepheclinization of country rocks surround-
ing bodies of alkaline rocks. Experimental work carried out on the for-
mation of the assemblages analcite solid solution + nepheline solid solu-
tion and analcite soUd solution + albite may be useful in ascertaining tfie 
temperature and pressure of development of these assemblages in nature. 
The origin of analcite in deeply buried slightly metamorphosed rocks de-
rived from pyroelastic materials is discussed. (Authors' Abstract) 

The stability of analcite is still in dispute at temperatures below 200°C 
due to the very sluggish nature of the reaction and small grain size. Annl-
cite formed readily from glass of NaAlSigOg composition in runs below 
400°C. The crystals had a maximum diameter of 0.04 mm and crys -
tallized completely to a fine grained aggregate. Some solubility data 
are given for the composition of the vapor phase- in runs made with 
N a 2 0 - A l 2 0 3 ' 2 - 2 . 7 5 S i 0 2 g lasses . 

Campbell, A. S. and Fyfe, W. S . , 1965, Analcime-albite equilibria, Am. J. 
Sci. 263, 807-816. 

New data are presented that suggest the reaction: analcimc ^ quart/ 
= albite + liquid water, is in equilibrium near 190°C or possibly at even 
lower temperatures. On the basis of these data, a phase diagram showing 
the field of stability of the assemblage analcime-quartz is constructed. 
The AG° of the above reaction estimated from these data is 330 calories, 
and factors that may influence equilibria such as salinity, si l ica activity, 
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solid solutions, and order-disorder are considered. Experimental dif-
ficulties associated with studies of zeolite equilibria are considered in 
the light of entropy data. (Author's Abstract) 

Analcime tends to grow metastably and as time passes the sta-
bility field will move to lower temperatures and pressures. The 
authors feel that the boundary determined by other authors at >280°C, 
might be a kinetic boundary. 

Peters, Tj . , Luth, W. C. and Tuttle, O. F . , 1966, The melting of analcite 
solid solutions in the system NaAlSiO. -NaAlSio0Q-H00, Am. JVlin. 51, 
736-753. 4 13 8 ^ ~~ 

Experimental work for 600-750°C and 0-10 kb are presented. These 
data are significantly higher than those needed, but give insight as to 
the behavior of analcite at higher pressures and temperatures. Some 
solubility data are presented for the vapor phase at 6 kb and 675-680°C. 

Sazhin, V. S. and Pankeeva, N. E . , 1967, Study of the reaction of the com-
ponents in the system NaoO-A^Og-SiC^-EUjO at 280°C, Ukrainskii 
Khimicheskii Zh. 33, 64^-645. 

The authors present a constant (75 wt. %) H2G isothermal section 
through the system Na^-AlgOg-SiC^-HgO at 280°C. 

Boettcher, A. L. and Wyllie, P. J. , 1968, Jadeite stability measured in the 
presence of silicate liquids in the system NaAlSiC . -SiO -H O, Geochim. 
Cosmochim. Acta 32, 999-1012. 

Sazhin, V. S. and Pankeeva, N. E. , 1968, Properties of sodium hydro -
aluminosilicate of the sodalite type crystallizing in the system N a 2 0 -
Al 2 03~Si02-H 2 0 at 280°, Ukrainskii Khimicheskii Zh. 34, 297-302. 

Describe synthesis of sodalite at 280°C and autoclave conditions. 
Present solubility data of sodalite after 10 hours in a 20°C, 5/1 solution 
of HoO/cryatal. This treatment decreased the alkali content of sodalito 
by 3% (25. 6 to 22. 6%). Also Q% of total alkali migrated into the filtrate 
while A12C>3 and S i 0 2 hardly dissolved at all. Sodalite was synthesized 
from oxides, but also from mixtures of kaolin and Al(OH)3 and alkali 
solution. Physical-chemical properties of sodalite are incluclod. 

Litvin, B. N. and Mel'nikov, O. K. , 1969, Crystallization in the N a 9 0 - A l 9 0 „ -
S i 0 2 - H 2 0 system, Kristallografiya 14, 101-105. ^ * 6 

We have suggested that the results of hydrothermal crystallization in 
complex systems be represented in the form of TC diagrams. Investiga-
tion of the N a 2 0 - A l 2 0 3 - S i 0 2 - H 2 0 system in the AT stale made it passible 
to grow crystals of nepheline, cancrinite, and sodalite on seeds. (Author's 
Abstract) 
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Kim, K. T. and Burley, B. J . , 1971, Phase equilibria in the system 
NaAlSi308-NaAlSiC>4-H20 with special emphasis on the stability of 
analcite, Can. J. Earth Sci. 8, 311-337. 

Phase equilibria were determined in the P-T range of 0. 5-10 kb 
and 150-900°C in the system NaAlSisOg-NaAlSiC^-I^O. Two Isobaric 
(2 kb and 5. 15 kb) T-X phase diagrams (projected to a dry base) were 
completely determined and show that the stability field of analcite 
solid solutions has a large distorted pentagonal shape. The phase re-
lations for the transition: nepheline hydrate I nepheilne + H£0 on 
the composition join NaAlSi04-H 20 are not binary. It was found ths.t 
there exists a narrow zone for the transition. The true P -T curve was 
found and determined in terms of a ternary univariant reaction: 
nepheline hydrate I + analcite ? nepheline + H 2 0 . In the system 
NaAlSi 30g-Si0 2-H2O, albite contains about 5 wt °/c silica in solid solu-
tion at 5. 15 kb and 670°C. 

The equilibrium compositions of various univariant phases wore 
determined essentially on the basis of the T-X phase diagrams. Another 
univariant reaction (zeolite species P = analcite -t' nepheline - hydrate I 
+ H 2 0) was found at 2 kb/2l5°C and 5. 15 kb/2350,C and determined on a 
P-T projection. Three singular points were determined: two of them 
are located al 0. 8 kb/3S0°C and 9.4 kb/475°C respectively on a uni-
variant P-T curve for the reaction nepheline hydrate I + analcite = 
nepheline + H2O; the other one is located at 6 kb/655°C on a univariant 
P-T curve along which nepheline, analcite, liquid and vapor coexist. 
The petrogenetic implication of analcite is discussed fully. (Author's 
Abstract). 

Kim, K. T. and Burley, B. J . , 1971, Phase equilibria in the system 
NaAlSi3C>8-NaAlSi04-H20 up to 15 kb. A theoretical discussion, Can. 
J. Earth Sci. 8, 549-557. 

Phase relations in the system NaAlSigOg-NaAlSiC^-I^O up to 
~ 15 kb have been discussed from a theoretical standpoint. The discus-
sion is based on the equilibrium compositions of invariant phases. Two 
new invariant points, I5 and I5, have been predicted: I5 at 13 kb/~-500°C 
where five phases, jadeite, nepheline hydrate I, analcite, nephcline. and 
water vapor coexist, and I§ at ^ 0 . 5 kb/~375°C where albite, nepheline, 
analcite, nepheline hydrate I and water vapor coexist. The phase rela-
tions around four previously known invariant points including a singular 
point S4 have been examined and partly modified. 

The maximum P-T stability field of analcite has been deduced. The 
stability field of subsolidus analcite is extremely large, whereas that of 
liquidus analcite is very much limited. The maximum stability field of 
liquidus analcite is a small triangular area defined by three invariant 
points, i ! (5. 15 kb/657°C), I2 (11 kb/650°C), and I4 (12.5 kb/575°C). 
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It is concluded that most liquidus analcite (primary analcite) is at-
tributed to the crystallization from H20-undersaturated melt. 
(Author's Abstract) 

Kim, K. T. and Burley, B. J . , 1971, The solubility of water in melts in 
the sys tem NaAlSigOg-NaAlSiC^-HgO, Can. J. Earth Sci. 8, 558-571. 

The solubility of water in melts in the system NaAlSi30g-NaAlSiC>4 -
H2O has been determined up to 10kb, essentially using the method of 
Kennedy et al. (1962). Because the gels used were extremely hygro-
scopic, however, a correction to the approximate solubility value ob-
tained was made by determining the amount of moisture originally ab-
sorbrd in the gel powders. Using this method, solubility data are 
simply obtained as by-products of the experimental runs made for the 
investigation of phase equilibria. 

The E^O-solubility in the melts is not too sensitive to a variation 
in anhydrous composition of the melts ( ^ 6 + 1 wt. % H2O at 2 kb and 
r-11 + 1 wt. % H2O at kb in the range of compositions A b i o o ^ o -

An4oNegg). H O-solubility in the (Anl) and (I-Te) univariant melts was 
determined up to 10 kb (H 2 0 contents: 4. 7 wt. %/l . 1 kb and 852cC, 
6 .2 wt. %/2 kb and 804°C, 10. 8 wt. %/5.2 kb and 672°C, 12.2 wt. %/ 
6 .6 kb and 655°C, 13.2 wt. %/7. 3 kb and 652°C and 14 wt. %/10 kb and 
632°C). The origin of water bubbles is quenched hydrous g lasses in this 
system i s essentially attributed to the separation of the dissolved water 
from the melts upon quenching. 

This method was further extended to determine the H20-content in 
hydrous minerals, analcite, nepheline hydrate I, and zeolite species P 
encountered in this system. The results agree fairly well with data re -
ported by previous authors. (Author's Abstract) 

Sazhin, V. S. and Pankeeva, E. T . , 1971, Properties of hydrated sodium 
aluminum silicate of the zeolite X type, Ukrainskii Khimicheskii Zh. 37, 
160-162. 

The properties of hydrated sodium aluminum silicate of the zeolite 
X type were investigated after crystallization in the Na20-Al203-SiC>2-
H2O system at 200-280°C. (Authors' Abstract) 

Aiello, R . , Colella, C. and Sersale, R. , 1971, Zeolite formation from syn-
thetic and natural g lasses , in Molecular Sieve Zeolites-I, Advances in 
Chem. Series 101, Am. Chem. Soc . , Washington, D. C. 

The formation of zeol ites from glasses has been investigated s y s -
tematically. Synthetic sodic g lasses with variable SiC^/A^Os or N a 2 0 / 
AI2O3 ratios have been considered, together with synthetic, al tali-rich 
g las ses obtained by melting natural products — i . e . , leucite - - with a l -
kalis, and natural g las ses (pumices). Zeolites such as zeolite A, Na-P, 
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analcite, basic sodalitc, and faujasite have been obtained. The in-
fluence of different factors affecting the transformation of g lass to 
zeolite have been examined. The kinetics of zeolite formation have 
been followed, and the chemical composition of the mother liquors at 
different reaction t imes were determined. The existence of a gel as 
an intermediate stage of the glass-zeol i te transformation has been 
admitted. (Authors' Abstract) 

Schwochow, F. E. and Heinze, G. W. , 1971, Process of zeolite formation 
in the system Na20-Al203-Si02-H20, in Molecular Sieve Zeolites-I, 
Advances in Chem. Series 101, Am. Chem. Soc. , Washington, D. C. 

Main concern is finding the optimum conditions for the commercial 
production of zeolite A and faujasite at 20, 40 and 75°C. 

Senderov, E. E. and Khitarov, N. I. , 1971, Synthesis of thermodynamically 
stable zeolites in the N a 2 0 - A l 2 0 3 - S i 0 2 - H 2 0 system, in Molecular Sieve 
Zeolites-I, Advances in Chem. Series 101, Am. Chem. Soc. , 
Washington, D. C. 

Zeolites natrolite and analcime (composition of the latter is close 
to its ideal formula, NaAlSi20g • H 2 0) have been obtained in the N a 2 0 -
Al203-Si02-I i20 system under conditions hampering the formation and 
conservation of metastable crystals. Among sodium zeolites, only 
these 2 phases appear truly stable; formation of the others is a result 
of metastable growth from highly reactive starting materials. 
(Authors' Abstract) 

Khalyapina, O. B. , Bunchuk, L. V. and Ni, L. P . , 1973, Sodium hydro-
aluminosilicates formed in the system NapO-AlpO^-SiO^-H^O, Zh. 
Prikladnoi Khimii 46, 22-27. 

Investigate the dependence of crystallization of the individual types 
of sodium hydroaluminosilicates on the concentration of Na20, tempera-
ture and caustic ratio of the parent solution. N a 2 0 concentration varied 
from 50-500 g/ l i ter , temperature varied from 90 to 280°C and the 
caustic ratios varied from 4 to 14. 

CaO-MgO-A12Q3 -S iP 2 - H 2 0 

Nitsch, K. H. , 1971, Stabilitatsbezichungen von Prehnit- und Pumpollyil-
haltigen Paragenesen, Contr. Min, Pet. £0, 240-260. 

This investigation was undertaken to find the typical conditions for 
the formation of low-grade metamorphic rocks in which prehnite and/or 
pumpellyite (± actinolite, chlorite, epidote, and quartz) occur as charac-
teristic minerals. In the p, t diagram the slope of the equilibrium curve 
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prehnite + chlorite + H 2 0 = pumpeliyite + actlnolite + quartz is 
negative; the slope of the equilibrium curve pumpellyite + chlorite + 
quartz = epidote + actinolite + H 2 0 is positive. The point of inter-
section of the two equilibrium curves is an invariant point. The rela-
tive positions of the s ix equilibrium curves surrounding the invariant 
point were found by applying Schreinemaker's analysis. 

Experimental results show that the paragonesis prchnite-pumpellyite-
chlorite-quartz is stable at 2 kb up to 345 ± 20°C, and at 7 kb up to 
260 + 20°C. The paragenesis actinolite-chlorite-pumpeliyite-quarlz 
occurs only at pressures greater than 2. 5 ± 1 kb. It is stable at 7 kb 
in the strongly pressure-dependent temperature range 260 t 20°C to 
370 t 20°C. The paragenesis actinolite-chlorite-epidote-quartz, typi-
cal of the greenschist facies, may occur at pressures of 2-3 kb at tem-
peratures of at least 350 t 20°C. This temperature limit is only slightly 
changed with increasing pressure. (Authors' Abstract) 

K 2 0-Mg0-Al 2 0 3 -S i . 0 2 -H 2 Q 

Seifert, F . , 1970, Low-temperature compatibility relations of cordierite in 
haplopelites of the" system KgO-MgO-AlgOg-SiOg-HgO, J. Pet. 11_, 73-99. 

N a 2 Q - C a 0 - A l 2 0 3 - S i 0 t , - H 2 0 

Juan, V. C. and Lo, H. J. , 1966, Thermal dehydration reactions of natural 
thomsonite from taiwanite, Tatung, Taiwan, Proc. Geol. Soc. China 9, 
20-30. 

The product of dehydration of natural thomsonite is determined to bo 
labradorite, which is present as euhedral crystals in Taiwanite. Experi-
mental data suggest that the reaction: thomsonite = labradorite + water 
is in equilibrium near 268°C, or possibly at even lower temperatures at 
10, 000 psi. A possible phase diagram showing the field of stability of 
the thomsonite is constructed. Thomsonite shows strong tendency to l'orm 
solid solution with anorthile (plus water) CaAl2Si2Og • 2. 4H2Q and albito 

" (plus water) NaAlSigOo • 2 . 4 H 2 0 as end members. The formation of 
thomsonite is favoured by the silica-deficient environment and is believed 
to be formed as a deuteric product in the basic igneous rocks at the 
post-magmalic stage. (Authors' Abstract) 

Juan, V. C. and Lo, H. J . , 1969, Phase relation in the system NaAlSi^Og-
CaAl 2Si 208~H 20 at low temperatures and pressures, Proc. Geol. Soc:. 
China 12, 21-29. 

Analcite, garronite, and thomsonite were synthesized in the 



22. 

N&AISL3O5 -CaAl2Si20g-H20 system under water pressures ranging 
from 16, 000 psi to 31,000 psi and temperatures from 202°C to 275°C. 
Both analcite and thomsonite show strong tendency to form solid solu-
tion with NaAlSi2Og * H 2 0 , CaAl2S10g • H 2 0 and NaAlSi308 • 2. 4H 2 0, 
CaA^SigOg • 2. 4 H 2 0 as their possible end members, respectively. The 
phase change boundaries of these zeolite minerals agree closely with 
the structure change boundaries of the low-temperature plagioclases. 
The hydration reaction of calcic plagioclases will produce thomsonite, 
while sodic plagioclases produce analcite. (Authors' Abstract) 

Using "glass" starting materials they obtained zeolitic products 
within 3-11 days. Thomsonite was produced at the Ca-rich end, 
analcite at the albite end and thornsonite + garronite + analcite at inter-
mediate compositions. 

N a 2 0 - K 2 0 - A 1 2 Q 3 - S 1 0 2 - H 2 0 

Bowen, N. L. and Tuttle, O. F . , 1950, The system NaAISi O -KAlSiqO -
H 2 0 , J. Geol. 58, 489-511. 6 

Tuttle, O. F. and Bowen, N. L . , 1958, Origin of granite in the light of ex-
perimental studies in the system NaAlSi'^Qg'KAlS'^Gg-SK^-^O, 
Geol. Soc. Am. Mem. 74, Geological Society of America, N. Y. 

Carmichael, I. S. and MacKenzie, W. S . , 1963, Feldspar-liquid equilibria 
in pantellerites: An experimental study, Am. J. Sci. 261, 382-396. 

Hamilton, D. L. and MacKenzie, W. S. , 1964, Phase-equilibrium studies in 
the system NaAlS!04 (nepheiine) - KAlSiO^ (kalsilite) - S i0 2 - H 2 0 , 
Min. Mag. 34, 214-231. 

Hess , P. C. , 1966, Phase equilibria of some minerals in the K 2 0 - N a 2 0 -
Al^O^-SiOg-^O system at 25°C and 1 atmosphere, Am. J. Sci. 264, 

Phase equilibria in the system K 2 0 - N a 2 0 - A l 2 0 3 - S i 0 2 - H 2 0 arc de-
picted graphically in terms of the parameters log K+ /H+ , l o j Na + /H + , 
and log S i 0 2 at 25°C and 1 atm. Data on natural occurring mineral a s -
semblages and on the chemistry of the coexisting aqueous phase are used 
to construct the phase diagram. Two phase boundaries are, however, 
based on recent laboratory investigations by Hemley (1959) and Ilemley, 
Meyer and Richter (1961). 

The results show that K-mica, K-feldspar, montmorillonite, and 
phillipsite are all stable in an environment chemically equivalent to that 
existing in oceanic sediments. The kaolinite field is favored by lower 
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alkali/H+ ratios while gibbsito is restricted to systems that contain 
extremely low si l ica values probably less than 1 ppm. Albite and 
analcite are indicative of high log Na+/H't" concentrations. (Author's 
Abstract) 

Luth, W. C. and Tuttle, O. F. , 1966, The alkali feldspar solvus in tiie 
system NapO-K^O-AlnOo-SiOp-HpO, Am. Min. bi t 1359-1373. 

N a 2 Q - K 2 0 - C a 0 - A l 2 0 3 - S i 0 2 - H 2 0 

James, R. S. and Hamilton, D. L . , 1969, Phase relations in the system 
NaAlSi308-KAlSi30g~CaAloSi208-Si02 at i kb water vapour pressure, 
Contr. Min. Pet. 21_, 111-141. 

Seek, H. A. , 1971, Der Einfluss der Drucks auf die Zusammensc>tzung 
koexistierender Alkalifeldspate und Plagioklase im System 
NaAlS i 3 0 8 -KAlS i 3 0 8 -CaAl 2 Si 2 0 8 -H 2 0 , Contr. Min. Pet. 31, 67-86. 

Dubrovskiy, M. I . , 1972, Phase diagram of the granite system NaAlSi^Og-
CaAl2Si20g-KAlSi30g-Si02-H20 and its petrologic significance, 
Doklady Akad. Nauk SSSR 203, 446-449. 

NapO-CaO-MgO-Iron Oxide-AlgOg-SiOg-HgO 

Nolan, J . , 1966, Melting-relations in the system NaAlSi30g-NaAlSi04-
NaFeSi2O0-CaMgSi2Og-H2O and their bearing on the genesis of alkaline 
undersaturated rocks, Q. J. Geol. Soc. Lond. 122, 119-157. 



HYDROTHERMAL CEMENT SYSTEMS 

CaO-H„Q 

Wyllie, P. J. and Tut tie, O. F. , 1959, Melting of portlandLte in the s y s -
temCaO-H9Of J. Am. Ceram. Soc. 42, 448-449. 

Iron Oxide-H^O 

Baneyeva, M. I. and Bendeliani, N. A. , 1973, The F e ^ g - H o O system at 
high pressures and temperatures, Geokhimiya^, 1106-1108. 

MgO-H2Q 

Roy, D. and Roy, R. , 1957, A re-determination of equilibria in the system 
MgO-HgO and comments on earlier work, Am. J. Sci. 255, 573-582. 

The univariant p-t curve along which brucite, periclaso and water 
coexist has been re-investigated using static methods and new quenching 
techniques. The new curve is found to lie essentially within the experi-
mental error limits of the curve previously determined in this laboratory 
and approximately 50°C higher than values obtained by calculation or 
certain semi-dynamic experimental methods. Tiie results may be used 
to correct the total AF value for the reaction Mg(OH)2 - MgO + HgO at 
various pressures and temperatures. 

Some comments are made regarding earlier papers, dealing with the 
calculation of p-t curves from thermochemical data. (Authors' Abstract) 

Meyer, J. W. and Yang, C. S . , 1962, Some observations in the system 
Mg0-H 2 0 , Am. J." Sci. 260, 707-717. 

The reaction brucite •= periclase + water has been reinvestigated 
using pressure and temperature quenching techniques. It was observed 
that the dehydration curve obtained by temperature quenching and the 
hydration curve obtained by pressure quenching are about 40°C apart at 
elevated pressures. It is proposed that the difference between the two 
curves is due to the formation of an intermediate phase, probably cor-
responding to a distorted periclase, This phase rchydrates rapidly dur-
ing the temperature quenching to form brucite. Because of this rehydra-
tion phenomenon, which is not dependent on the type of quenching, the 
brucite hydration curve is shifted to higher temperatures. (Authors' 
Abstract) 

Weber, J. N. and Roy, R . , 1965, Complex stable = metastable solid reac-



26. 

lions illustrated with the Mg(OHL - MgO reaction, Am. J. Sci. 2G3, 
668-677. ^ 

Controversy concerning the stability limits of brucite and peri-
clase has prompted redetermination of the curve defining pressure and 
temperature conditions for the coexistence of brucite, periclase, and 
water by an additional technique. The sensitive Herold-Planje thermo-
couple apparatus, in which the thermocouple itself serves as the con-
tainer for the test sample and the refei'ence standard, has been sealed 
in a 2-inch OD pressure vesse l in which the water pressure can be con-
trolled and measured. From 15 to 17,000 psi, the reaction curve is ex-
pressed by the equation T = 10V(1. 72-0.144 log PH2O)> with the units 
°K and psi. The existence of metastable states is responsible for the 
variety of P-T curves previously determined since four distinct types 
of reaction are possible for the dehydration of brucite to periclase; the 
reaction studied is Mg(OH)2 (coarsely crystalline, unstrained) - MgO 
(fine-grained and/or strained) + H2O. At P^oO = 1 a t m » the J i e a t o i r e ~ 
action and activation energy are 312 cal/g ana 45.4 kcal/mole respec-
tively. The activation energy, obtained from kinetic data extracted from 
the DTA curves, increases considerably with increasing pressure, from 
about 50 kcal/mole at 15 psi to approximately 400 kcal/mole at 17, 000 psi. 
(Authors' Abstract) 

CaQ-Al 2 0 3 -H 2 0 

Wells, L. S. , Clarke, W. F. and McMurdle, H. F . , 1943, Study of the sys -
' tem C a 0 - A l 2 0 3 - H 2 0 at temperatures of 21° and 90°C, J. Research NBS 

30, 367-409. 

A study has been made of the system CaO-A^Og-l^O at tempera-
tures of 21° and 90°C. Diagrams have been constructed showing the solu-
bility relations of the various phases at these temperatures. 'Die solid 
phases were investigated by petrographical and x-ray diffraction methods. 
By means of x-ray diffraction patterns, it was found that the so-called 
hexagonal tricalcium aluminate hydrate is in reality a mixture of hexa-
gonal 2CaO- A1 2 0 3 • 8H 2 0 and a hexagonal 4CaO-AI2O3 • 13l i 2 0 intercrys-
tallized in equimolecular proportions. On standing at room temperature, 
dry dicalcium aluminate hydrate is slowly converted into the tefracalcium 
aluminate hydrate and hydrated alumina. Loss of water of hydration in 
the tetracalcium aluminate hydrate results in a decrease in the unit cell 
along the c-axis . Although the hexagonal di- and tetracalcium alununate 
hydrates exist only as metastable phases in the system between 21° and 
90°C, their approximate solubility relationships were ascertained at 
21°C. As the temperature increases, the hexagonal aluminates become 
l e s s stable. The only stable phases that occur.in the system Ca0-Al203-
I I 2 0 at atmospheric pressure over the temperature range of 21° to 90°C 



are gibbsite (AI2O3 • 3H20), the isometric tricalcium aluminate hexa-
hydrate (3CaO-AI2O3 • 6H2O), and Ca(OH)2. The solubility curves of 
these three stable phases in the system CaO-Al2C>3-H20 were determined 
at 21° and 90°C. Over this temperature range, gibbsite is the stable 
phase up to a concentration of 0. 33 g of CaO per liter; at concentrations 
greater than this, 3CaO* AI2O3 • 6H2O is the stable phase until those 
points are reached at which Ca(OH)2 also appears as a solid phase. 
The series of invariant points for gibbsite and the isometric phase oc -
cur at a concentration of 0. 33 g of CaO per liter, but with the concentra-
tion of AI2O3 increasing from 0. 02 g of AI2O3 per liter at 21°C to 0. 11 g 
of Al 203 per liter at 90°C. (Authors' Abstract) 

Peppier, R. B. and Wells, L. S. , 1954, The system of lime, alumina, and 
water from 50° to 250°C, J. Research NBS 52, 75-92. 

The system CaO-A^Os-HgO has been investigated over the range 
50° to 250°C. At equilibrium, only two stable ternary compounds exist 
in the system, namely, 3CaO- AI2O3 • 6H2O up to 215°C and 
4CaO- 3A1203 • 3H 2 0 from 215° to 250°C. Hexagonal hydrated calcium 
aluminates occur as metastable phases with decreasing stability with in-
creasing temperature until at temperatures over 100°C they exist only 
momentarily. There are only two stable alumina hydrates, .namely, 
gibbsite (A1203 • 3H20) up to 150°C, and boehmite (A1203 • H 2 0) there-
after. A stable phase throughout the temperature range is Ca(OH)2-
The equilibria curves of these solid phases maintain the same general 
relationships to each other throughout. As the temperature increases to 
250°C, the solubility fields are compressed into the water apex of the 
diagram. (Authors' Abstract) 

Anticipated borehole temperatures which are covered in the present 
paper are: 21, 50, 90, 120, 150 and 200°C. The solubility of C3AH6 
reaches a maximum at about 90°C and then decreases with further in-
creased temperatures. 

Majumdar, A. J. and Roy, R. , 1956, The system Ca0-Alr,0o-H90, J. Am. 
Cer. Soc. 39, 434-442. 

Phase equilibria have been determined in the system CaO-Al203-H 2 0 
in the temperature range 100° to 1000°C under water pressures of up to 
3000 atm. Only three hydrated phases are formed stably in the system: 
Ca(OH)2, 3CaO • AI2O3 • 6H20, and 4CaO- 3A1203 • 3H20. Pressure-
temperature curves delineating the equilibrium decomposition of each of 
these phases have been determined, and some thermochemical data have 
been deduced therefrom. It has been established that both the compounds 
C a 0 - A l 2 0 3 and 3CaO-AI2O3 have a minimum temperature of stability 
which is above 1000°C. The relevance of the new data to some aspects of 
cement chemistry is discussed. (Authors' Abstract) 
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Covers similar ground as the papers by Wells, et al. (1943) and 
Peppier and Wells (1954), except that the pressure has been increased 
from one to 3000 atms. 

Wells, L. S. and Carlson, E. T , , 1956, Hydration of aluminous cements and 
its relation to the phase equilibria in thu system lime-alumina-water, 
J. Research NBS 57, 335-353. 

A study was made of the reaction of water at room temperature on 
eight aluminous cements covering a wide range of composition. The 
results are compared with data previously obtained from similar tests 
on the calcium aluminates, and are discussed in the light of more re-
cent studies of the system C a 0 - A l 2 0 3 - H 2 0 . Like the l e s s basic calcium 
aluminates, the aluminous cements give rise to metastablc monocalcium 
aluminate solutions from which 2CaO- AI2O3 • 8II2O and A^O^-aq arc 
gradually precipitated until the concentration has fallen to about 0. 19 gram 
of AI2O3 and 0.46 gram of CaO per liter. From this point, true equilib-
rium is approached very slowly, the stable solid phases being 
3CaO- A1203 • 61I20 and macrocrystalline gibbsite (A1203 • 3H20). The 
precipitated Al 2 03 aq is shown to be a microcrystalline form of gibbiiito. 
It is suggested that this phase is the principal "inorganic glue" of alumin-
ous cements. The process of aging to macrocrystalline gibbsite is ac-
celerated by increased temperature, and probably is the chief cause of 
the decreased strength of aluminous cements at higher temperatures. 
(Authors' Abstract) 

Carlson, E. T . , 1957, Some observations on hydratocl monocalcium aluminate 
and monostrontium aluminate, J. Research NBS 5(3, 107-111. 

Mono calcium aluminate hydrate, probably having the composition 
CaO* AI2O3 • 10H20 was prepared by precipitation from calcium alumina1 e 
solutions at 1°C, and by hydration of pastes of monocalcium aluminali or 
aluminous cement. It was obtained as hexagonal prisms, v c y weakly 
blrefrlngent, with mean index 1.471. Three molecules of water won,- ex-
pelled by drying over CaCl2, without apparent change in crystal structure; 
however, the structure was destroyed by heating to 175°C, ivionostronJium 
aluminate hydrate was obtained by analogous methods in the form of minute 
needles or prisms with mean index 1.478. The maximum degree of hydra-
tion was not successfully determined, as the compound underwent decom-
position to 3SrO» AI2O3 • 6H 2 0 and gibbsite. X-ray diffraction powder pat-
terns indicate a close similarity in structure between the monocalcium 
and monostrontium aluminate hydrates. (Author's Abstract) 

Carlson, E. T . , 1958, The system llmc-alumina-water at 1°C, J. Research 
NBS 61, 1-11. 

A study was made of phase equilibria in the system Ca0-Al 2 03-J l20 



at 1°C. The stable phases are believed to be gibbsile, tetracalcium 
aluminate hydrate, and Ca(OH)2, but no solubility curve was established 
for gibbsite because of extreme s lowness of reaction. The compound 
3CaO- A12C>3 • 6 H 2 0 appears to be motastable, being very slowly trans-
formed to one or the other of the hexagonal hydrates. Metastatic equi-
librium curves wore established for CaO- A l 2 0 3 ' 10H 20 and 
2CaO- AI2O3 • 8H 2 0 . The concentration at their intersection (a mota-
stable invariant point) is about 0. 10 g of AI2O3 and 0. 38 g of CaO per 
liter. The clicalcium compound can readily be dried to a 6H 2 0 stage, 
giving a characteristic x-ray pattern. During the long storage period 
required to approach equilibrium, most of the reaction mixtures picked 
up a little C 0 2 , apparently by absorption through the polyethylene 
containers, with formation of a carboaluminate, probably 
3CaO- AI2O3 • CaC0 3 • IIH2O. (Author's Abstract) 

Solubility data are presented for CAH^Q, C3AHQ, C2AHg and 
C4AH13 at 1°C. At this temperature there were kinetic problems as 
well as erratic results. 

Schneider, S. J . , 1959, Effect of heat-treatment on the constitution and 
mechanical properties of some hydraled aluminous cements, J. Am. 
Cer. Soc. 42, 184-193. 

The compound compositions of four aluminous cements were de-
termined on anhydrous as well as hydrated specimens which had been 
heat-treated at temperatures between room temperature and 14C0°C. 
Phases wore identified by x-ray diffraction and differential thermal analy-
s i s . Specimens were also tested for transverse strength, dynamic 
modulus of elasticity, and thermal length change. A study of the dehy-
dration characterist ics of CaO- AI2O3 • 10H20, 3CaO - AI2O3 • 6H0O, and 
A1 2 0 3 • 3 H 2 0 was included. The data indicated that CaO- A^Og "10JI20 
was the primary crystalline hydrate formed in the cements at room 
temperature. At 50°C, 3CaO- AI2O3 • GH20 and A1 2 0 3 • 3H 2 0 were 
formed as by-roducts of Die dehydration of CaO - A1 2 0 3 • 10H20. Wlien 
heated alone in an open system, CaO - AI2O3 • IOH2O did not convert to 
3CaO-AI2O3 • 6 H 2 0 and A1 2 0 3 - 3H 2 0. A correlation between the mechan-
ical properties and compound compoc5Hons was noted. (Author's Abstract) 

Although these data seem of ; Q immediate concern, they do demon-
strate the effect of unexpectec changes in Ambient temperature upon an 
aluminous plug. 

Pistorius, C. W. , 19G2, Phase relations in the system C a 0 - A l o 0 3 - H 2 0 to 
high pressures and temperatures, Am. J. Sci. 260, 221-229. 

Phase relations have been determined in the system C a 0 - A l 2 0 3 - I I 2 0 
in the temperature range 200° to 900°C under water pressures of up to" 
50 kbar. The pressure-temperature curves delineating the minimum and 
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maximum temperatures of formation of 4CaO- 3Al 203 • 3H 2 0 have 
been determined. The lower limit is located at a lower temperature 
than has been thought previously, but the curve denoting the upper 
limit al high pressures connects smoothly with work at low pres-
sures. (Author's Abstract) 

Essentially covers the same ground as Majumdar and Roy (1950), 
but extends the study to 20 kbar. The low pressure and temperature 
data of both authors seem to agree within experimental error. 

Crowley, M. S . , 1964, Effect of starling materials on phase relations in 
the system CaO-AlgOg-I-lgO, J. Am. Cer. Soc. 47, 144-148. 

Phase relations in the system CaO-Al203 -1190 from 40° to 500"F 
have been determined by hydrothermal techniques. Very high purity 
starting materials (luminescent-gr;ide CaCOy) must be used if the 
correct phase relations for this system are to be determined. A 
phase diagram of the system made by using reagent -grade CaCOg is 
compared with the diagram obtained from the luminescent-grade ma-
terial. The general effect of introducing foreign ions into the system 
is to promote the formation of the dicalcium aluminate hydrate phase. 
Add in , various clay structures to starting mixtures had relatively little 
influence on the resulting phases. The action of additives on calcium 
aluminate cements depends on such factors as the phase relations, the 
nature of the hydrated alumina, and the interrelations of these factors 
with variable pH, foreign ions, and pressure-temperature variations. 
(Author's Abstract) 

Presents stability data as a series of three triangular diagrams 
for the temperature ranges 40-70°F, 70-90°F, and 90-250°F. 

CaO-SiO -H 0 

Roy, D . . 1958, Studies in tiie system Ca0-Al 2 03-Ri0 2 -H 2 0: III, New data 
on the polymorphism of Ca2Si04 and its stability in the system CaO-
S i 0 2 - H 2 0 , J. Am. Cer. Soc. 41, 293-299. 

Roy, D. , 1958, Studies in the system CaO-A^Og-SiOo-HgO: IV, Phase 
equilibria in the high-lime DOrtion of the system C a 0 - S i 0 2 - H 2 0 , Am. 
Min. 43, 1009-1028. 

Phase equilibria in the high-temperature portion of the system 
C a 0 - S i 0 2 - H 2 0 were determined by the use of hydrothermal quenching 
techniques. Three previously unidentified phases, designated X, Y, and 
Z, having the probable compositions 8CaO • 3Si02 • 3H20, GCaO • 3Si02 • H 2 0 
and 9CaO-6Si02 • H 2 0 were found to be stable to temperatures above 
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800°C at moderate water pressures. X-ray diffraction patterns, op-
tical properties and infra-red absorption spectra were obtained, and 
are diagnostic for the various phases. 

The equilibrium temperaft.re for the reaction CgSgllg** = 
o'Ca2Si04 (bredigite) + CaO + II 20 increases from 820°C at 2000 psi 
to 870°C at 15, 000 psi. The curve for CGS3H = a 'Ca 2 Si0 4 + I120 
ranges from 790°C at 7,500 psi to 810°C at 15,000 psi; and the reaction 
C9S6H = rankinite + H 2 0 varies from 807°C at 2000 psi to 820°C at 
15, 000 psi, C3SH2 is in equilibrium with X(CgS3H3) + Ca(OH)2 at 
505°C at 10, 000 psi and 520°C at 15, 000 psi. Afwillite decomposes at 
about 215°C at 15,000 psi. 

X is apparently a calcium analogue of chondrodite (Taylor, personal 
communication), and a related phase X* formed from compositions near 
the C2S ratio at low pressures may be another member of the chondrodite -
type ser ies . Attempts made to synthesize members of the chondrodite 
s er i e s in the Mg0-SiGj>-H20 system for comparison were largely un-
successful . Possible applications of the results to the study of cement-
materials and mineral associations are diseus.sed. (Author's Abstract) 

Taylor, II. F. W. , 1962, Hydrothermal reactions in the system C a 0 - S i 0 2 - H ? 0 
and the steam curing of cement and cement-s i l ica products, in Proc. 4th 
Int. Synip. Chem. Cement, Vol. I, NBS, Washington, D. C. , 167-190. 

This paper reviews the literature up to about 1960. Areas covered 
are: nomenclature, experimental methods, individual ternary phases, 
general considerations concerning the system as a whole, hydrothermal 
reactions in C3S, (3-C2S and cement pastes, and hydrothermal reactions 
in l ime-s i l i ca and cement-s i l ica pastes. An extensive bibliography is 
included. 

Roy, D. M. and Harker, R. I. , 1962, Phase equilibria in the system CaO-
S i 0 2 - H 9 0 , in Proc. 4th Int. Symp. Chem. Cement, Vol. I, NBS, 
Washington, D. C. , 196-201. 

Present tentative phase relations for the system l ime-s i l ica-water as 
a ser i e s of triangular diagrams. Those which are applicable to the pre-
sent study are: <100°C, ~160°C, 200°C and 250°C. Most of these data 
were obtained at saturated steam pressures. No attempt is made at ac-
curately describing the composition of the coexisting liquids. Low-
temperature (<100°C) reactions are sluggish and reaction products are 
poorly crystalline. At higher temperatures, however, better crystallized 
products are obtained and consequently the data are more reliable. 

Harker, R. I . , Roy, D. M. and Tuttle, O. F . , 1962, Melting phenomena in 
the system C a 0 - S i 0 2 - H 2 0 : I, The Jo inCa 2 Si0 4 -Ca(0H) 2 , J. Am. Cer. 
Soc. 45, 471-473. 



32. 

Harker, R. I. , 1964, Dehydration series in the system CaSiO, -SiO -H O, 
J. Am. Cer. Soc. £7, 521-529. 

Hydrothermal studies show a dehydration series involving CSH(I), 
tobermorite, xonotlite, gyrolite, trusc.ottite (reyerite), si l ica, and 
wollastonite. The synthetic equivalents ol gyrolite and truscottito 
(reyerite) have ideal compositions very close to 2CaO- 3Si02 • 2H 2 0 and 
3CaO- 5Si02 • 1. 5H2O respectively. Wi'.h rising temperature the fol-
lowing reactions take place: (1) CSH(I) or tobermorite + silica ~ gyrolito 
(+H2O); (2) P'yrolite + silica - truscottite + H2O; (3) gyroliw. -- toberim> -ito 
+ truscottite + II 2 0 (high pressure); (4) gyrolite - xcnotlito - in iseoihir 
+ H2O (low pressure); (5) tobermorite = xonotiite + H20; (6) truscotiite • 
xonollite -i- quartz + H2O; (7) xonotlite wollastonitn + H2O. Data on re-
actions (1), (5), and (7) confirm results of previous workers. The water 
pressure-temperature curves or bands, except the ono involving the 
breakdown of tobermoritc. are steep. This curve crosses the curve re-
presenting the breakdown of gyrolite at a quintuple point. None of the 
reactions was reversed, and the temperatures indicated arc approximate 
and are based on runs of about 4-weeks duration, f or much shorter 
times somewhat higher temperatures are needed to cause tin- reactions, 
and conversely in much longer runs slightly lower temperatures miglu 
suffice. The si l ica was usually amorphous, cristobalitc, or quartz with 
a mineralizer and therefore of higher activity than quartz alono. Up k> 
2% alkali fluorides facilitated the formation of gyrolite; this is probably 
related to the fact that apophyllite in many caseB accompanies gyroliu 
in amygduleii. Tx-uscottite (re ye rite) forms very easily, a net the rarity 
of reported, occurrences, compared with those of .vjnotlite. L"yrolitf\ and 
opaline si l ica, suggests that some workers may have ovorh:ok,a( it. 
(Author's Abstract) 

Moorehead, D. R. and McCartney, E. R. , 19G7, The mechanism of the 
quartz-lime solution reaction at temperatures up to 500c , in Proc. Int. 
Symp. Autoclavcd Calcium Silicate Building .Products, Gordon and 
Breach, Science Publications Inc., New York, 8C-91. 

A study is made of the mechanism of the reaction between quart v. 
crystals and saturated lime solutions at temperatures up to :500°. Single 
crystals of quartz were used to facilitate the examination of the product 
growth and the processes occurring at the quartz-lime solution interlnci . 
The examination of the quartz crystals during md after those treatments 
showed that the mechanism of this reaction most probably follows the s e -
quence dissolution of sil ica to form a hydrated species; the interaction of 
this species with calcium ions to form a CSH* phase; nucleation of this 
phase from solution with subsequent crystal growth on these nuclei. The 
growth becomes diffusion limited by the diffusion of the hydrated species 
of sil ica through the product layer at tempera!.1 res below the critical }>oint 
of water. 
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Evidence relating to the reaction of quartz with saturated lime 
solutions below the critical point indicates that only the hydrated 
si l ica species diffuses through the CSH product layer. Calcium ions 
do not appear to migrate through this layer, so that, as the read ion 
proceeds, a gap of increasing magnitude is formed between the 
quartz crystal and the CSH product. This work suggests that thei e 
i s no close association of the product CSH bonding phase and the ag-
gregates of unreacted sil ica in autoclaved calcium silicate building 
products. 

At temperatures above the critical point the reaction does not 
follow this mechanism, as the product forms adjacent to the supply 
of lime rather f.han surrounding the quartz crystal. (Authors' Abstract) 

Kondo, R. , 1967, Kinetic study on hydrothermal reaction between lime and 
sil ica, in Proc.. Int. Symp. Autoclaved Calcium Silicate Building Pro-
ducts, Gordon and Breach, Science Publications Inc., New York, 92-97. 

A kinetic study was made of the hydrothermal reaction between 
lime and sil ica, in which the reactivities of silica glass and quartz 
were compared. 

Silica glass and quartz particles 5-10/z in radius were mixed with 
lime in molar ratio 1:1 pelletized and then autoclaved at temperatures 
between 80 and 216.° for 0. 5-24 h. 

Free lime, free silica, combined with water, density and mechani-
cal strength of the specimens thus obtained were determined, and their 
constitutions were studied by x-ray diffraction. The chemical com-
positions of the products, extents and rates of reaction, activation ener-
gies and depths of the reacted layer on the si l ica particles were calcu-
lated from the experimental data. 

It was found that si l ica glass is more reactive in respect to lime 
than is quartz at low temperatures or in the initial stage of the reac-
tion. The reverse was, however, observed in cases of processing at 
high temperatures for long times. 

The changes in free energy of formation of various hydrates formed 
were also calculated and discussed. (Author's Abstract) 

Krzhemh..' ii, S. A. , Rashkovich, L. N. , Sudina, N. K. and Varlamov, 
V. i . , 1967, Influence of the composition of the mixture and the tem-
perature of hydrothermal treatment on the kinetics of interaction of lime 
and quartz, in Proc. Int. Symp. Autoclaved Calcium Silicate Building 
Products, Gordon and Breach, Science Publications Inc., New York, 
110-113. 

The kinetics of the reaction of lime and silica are influenced by 
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both temperature and l ime/s i l i ca ratio. A figure is presented which 
illustrates the effect of varying temperature and composition for the 
following c / s ratios: 1 .55-2 .0 , 1 .0 -1 .1 , 0 .8 -0 .4 at 150, 175 and 
200°C. A second figure depicts the influence of temperature on Ihe 
speed of formation of hydrosilicates from mixtures of 1:1 quart./.: 
Ca(OH)2 and 2:3 quartz: Ca(OH)2 at 20, 50, 100 and 150°C. As a 
general rule the rate of reaction increases with increasing tempera-
ture and c / s ratio. 

Roy, D. M. and Johnson, A. M., 1967, Investigations of stabilities of cal-
cium silicate hydrates at elevated temperatures and pressures, in 
Proc. Int. Symp. Autoclaved Calcium Silicate Building Products. 
Gordon and Broach, Science Publications Inc. , New York, 114-120. 

Now dat a on tho stabilities of phases in the system CaO-SiC2 -H2CD 
have been obtained at elevated temporal ures in the pressure range 20-
45,000 ps-ii using sealed sample containers. Tobermoriie (5CaO, GSiCb 
+ 5H2C>) was found to be stable up to 285°, decomposing above this tem-
perature to xonotlite + reyerite + H2O. Al^+ substitutes lor Si"' •' in the 
tobermoritc structure, raising the upper stability temperature for this 
principal cement phase to about 325°, above which it decompose:, to 
xonotlite + a hvdrogarnet. Hillebrandite (2CaO. Si02, H2O). formed ai 
temperatures as low as 175°. reacts above 355° at 40,000 psi 10 vielcl 
phase Y (6CaO, 3Si02 , H 2 0) + H 20. Calciochondrodile (5CnO, 2SiO.,. 
H2O) is stable at temperatures as low as 250°. Fushanito (4C:!Q. 3S"i02? 
H2O) is formed at temper:;iuros as low as 295° and is stable up to about 
650°. Kilchoanite (phase Z - OCaO, 6Si02. O - l II20) torus readily at 
pressures of ~ 15, 000 psi in the; temperature range 250-o20% and ap-
pears be stable as low as 350° at higher pressures. Infra-red ab-
sorption and x-ray diffraction methods woiv used for characterization of 
the phases, and electron probe; microanalysis techniques have been us< d 
to detect chemical inhomogeneities 011 a micron scalc in cement hydra-
tion products. (Authors' Abstract) 

Speakman, K , 1968, The stability of tobermorite in the system Ca0-S i0 2 -
H2O at elevated temperatures and pressures, Min. Mag. 3G_, 1090-1103. 

Hydrothermal studies in the si l ica-rich region of the Ca0-Si0 2 -11 2 0 
system have given information on the stability field of tobermoritc? At 
saturated steam pressures tobermoriie is unstable relative to xonotlite 
(CqSgH) above 140°C but between 10, 000 and 40, 000 lb/ ln2 (69 and 276 
N/mm 2 ) , the decomposition temperature is raised to 285 1 5°C. Tober-
morite is stable at all compositions between C/'S - 0. 67 and 1. 0 up lo 
this temperature and has a formula close to CgSgHg. Variable composi-
tions reported earlier are thought to be mixtures rather than l ime-rich 
or s i l ica-rich tobermorites. 



Data have also boon collected on the equilibrium assemblages 
below C/S =• 0. 67 and between C/S = 1. 0 and 1. 5 involving truseottite, 
gyrolite, xonotlite, foshagite, and hillebrandite. (Author's Abstract) 

Ahmed, A. H. M. and Taylor, H. F. W. , 1969, The l ime-si l ica-water 
system: Equilibria at bulk calcium/silicon ratios of 1.5-2. 5 at ldO-
250°C, J. Appl. Chem. 19, 245-246. 

The stability of xonotlite, foshagite and hillcbrandile relative to 
kilchoanite and calcio-chrondrodite have been studied under saturated 
steam pressures at 180° and 250°. Kilchoanite was unstable relative 
to xonotlite plus hillebrandite at 180°, or to foshagite plus hillebrandite 
at 250°; calcio-chrondrodite was unstable relative to hillcbrandite plus 
some more lime-rich phase, possibly Ca(OH)2, at both temperatures. 
Foshagite was stable relative to xonotlite plus hillebrandite at 250°, 
but unstable relative t o these phases at 180°. (Authors' Abstract) 

Schematic figures are presented which illustrate variations in the 
relative amounts of phases versus time in each of three mixtures having 
C/S ratios of 1.5:1, 2:1 and 2.5:1 at 180 and 250c,C. 

Sasnaus'-'.as, K. J. and Balandis, A. A . , 1972, Processes and kinetics of cal 
cium hydros! lie ate pha.se interaction under hydro'iLcr mai conditions, in 
2nd Int. Symp. Science Research Silicate Chem. , Brno, Czechoslovakia, 
126-134. 

Studied development of strengths and phase interaction kinetics uiv'e 
hydrothermal conditions. The following mixtures were steam-cured r-.! 
175°: a - C 2 S hydrate + S i0 2 , <v-C23 hydrate - tobermoriie 11. 3A, and 
CV-C2S hydrate -i- CSH (I). Maximum strength was developed when O'-C^S 
consisted of 20-40 °/c of the mixture. Kinetic studies were carried out 
on 1:1 mixtures of: tf-^S + quartz and Q'-C2S CSH (I). These were 
steam cured al 175 and 190°C for 1-20 hours. Kinetic equations were 
formulated and constants listed. Concluded that kinetics were, for the 
most part, diffusion controlled. 

Danyushevsky, V. S. and Rataychak, T. I. , 1974, Extended hardening of fit-
ment structure in hydrothermal conditions, cith Int. Congress Chem. 
Cement, Moscow, September 1974. 

Results of experiments carried out on Portland cement, plugging 
cements and various cements consisting of C3S; 0-C2S, / -C 2 S and C3A, 
with or without the addition of amorphous silica or gypsum. Samples 
were treated in two stages: an initial period of hardening at elevated.. 
pressure and temperature was followed by aging at the same pressure 
and temperature under water-saturated conditions in a pressure vessel . 
The samples were then tested for permeability, compressive strength, 
pore distribution, structure and phase composition. 
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Prolonged periods of hydrothermal treatment of cement lend to 
degrade the strength properties of the cement. This is due in part to 
the disappearance of early-formed metastable phases ancl, in part, to 
the recrystallization of hydrated material under elevated pressures 
and temperatures. Of the cement phases, tricalcium sili- ate hydrate 
tended to be the most stable and had comparatively high strength. 
Although porosity tended to increase as products recrystall ized, no 
overall generalizations could be made. 

Bulatov, A. I. , 1974, Oil-well cements for high temperature bore wells , 
6th Int. Congress Chem. Cement, Moscow, September 1074. 

Tested mixtures of slag cement (C/S = 1. 35) and quartz sand 
whose range was C/S = 1 . 35-0 . 23. Samples were autoclaved in water 
at 100-300°C and pressures of 500-800 kg /cm 2 for 1-28 days. The 
slag cement achieved greatest strength at elevated temperatures ancl 
C/S ratio = 0. 6-0. 8. Gas permeability increased with time of reac-
tion presumably due to recrystalllz-ation. 

In the pure slag cement (C/S = 1. 35), low temperatures encouraged 
metastable product formation, which gave way to hydrogaruot, xonotlUe 
and Z phn::»e with t ime. At elevated temperatures the .-'.etaslabl.- hydra-
tion products were of minor importance; the primary crysU.llt no piiase 
after one clay was Z phase and longer curing loci to the development of 
hyclrogarnct ancl ;.•moiiite. In a slag-cement mixture (C/S - 0. 8 -0 .4) 
the products of hydration after one clay at 200 cC were almost einireiy 
of tobermo'-tte composition. Higher temperatures tended to iavur 111>: 
later growth of xu nut lite and a phase similar to monLjuoriJlonit'..'. 

Further experiments were concerned with porosity as well as the 
aged cements' resistance to attack by an artificially mineralized medium 
(301 g/1), 5 s o l u t i o n of MgSO^ saturated solutions of NaCl and MgC^, 
chloro-calcium type well water, and 218.6 g/1 mineralized water satura-
ted with J-I2S. These î e suits were generally complex and very much de-
pendent upon the conditions of the experiment, 

M^O-SiO -TI O 
C c— 

Bowen, N. L. and Tut tie, O. F. , 1949, The system MgO-SiO O, Bull. 
Geol. Soc. Am. 60, 439-460. Z 1 

Equilibrium in the system MgO-SiOp-I^O has been determined at 
temperatures up to 1000°C ancl at maximum pressures of water vajxir 
varying from 15,000 lbs / in 2 at this maximum temperaiure, to 30, 000 
lbs / in 2 in the range 900°-600°C, and 40 ,000 lbs / in a in the range G0()°-
300°C. Thus were fixed the univariant pressure-temperature curves of 
the following five reactions: I. serpentine + brucite - forsterite •» vajwr, 



II. serpentine % forsterite + talc + vapor, III. forsterite + talc ^ 
enstatite + vapor, IV. talc v enstatite + quartz + vapor, and 
V. brucite - periclase + vapor. Pure magnesian serpentine has a 
maximum temperature of existence at approximately 500°C, varying 
only about 10° in the whole range of pressure 2000 to 40, 000 lbs / in 2 . 
Forsterite i s stable in contact with water vapor down to a temperature 
of about 430°C (at 15,'000 lbs/ in 2 ) . Only below that temperature is it 
transformed into serpentine and brucite. Iron-bearing olivines are 
stable in contact with water vapor down to still lower temperatures. 

No liquid is formed in any composition of the system throughout 
the range of temperatures and pressures at which experiments were 
conducted, a condition which remains unchanged when the mixtures 
have upwards of 7 percent FeO. 

There is consequently no likelihood that any magma can exist that 
can be called a serpentine magma and certainly no possibility of its ex-
istence below 1000 C. There seems no escape from the conclusion 
that ultramafics can be intruded only in the solid state. (Authors' 
Abstract) 

Hoy, D. M. and Hoy, R. , 1954, An experimental study of the formation and 
properties of synthetic serpentines and related layer silicate minerals, 
Am. Min. 39, 957-975. 

The hypothesis that the formation of tubular crystals of chrysctile 
i s the result of misfit of the alternate brucite and si l ica layers, is tested 
by means of chemical substitution. Increasing the size of the tetrahedrai 
layer by substituting Ge^+ for S i 4 + results in the formation of hexagonal 
platy crystals of the serpentine phase, MggGe^-^Ctfl-^- Decreasing 
the size of the octahedral layer and at the same time increasing the size 
of the tetrahedral layer is accomplished by partial substitution of Al3 + 

into the structure to form platy aluminian serpentine, MgsAlAlSigO^OH) 
The replacement of Mg 2 + by the s imilar-s ized Ni2 + ion yields a serpen-
tine NigSi40iQ(OH)4 which is either tubular or platy, depending on other 
factors. Another serpentine phase synthesized, NigGe40ig(OH)4, forms 
hexagonal platy crystals. Other substitutions using the following ions: 
Mn2 + , Zn2 + , Co 2 + , F e 3 + , Cr 3 + , and Ga3 + , fail to yield a serpentine type 
structure. 

A number of other hydrosilicate type structures have been synthe-
sized, and comparisons are made of the phase equilibrium relations de-
termined to be present among phases in the systems, Mg0-Si02-H20, 
Ni0 -S i02-H20 and Mg0-Ge02-H20. (Authors' Abstract) 

Greenwood, H. J . , 1963, The synthesis and stability of anthophyllite, «J. Pet. 
4, 317-351. 
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Kitahara, S . , Takenouchi, S. and Kennedy, G. C. , 1966, Phase rela-
tions in the system M g 0 - S i 0 2 - H 2 0 at high temperatures and pres-
sures, Am. J. Sci. 204, 223-233. 

Equilibrium relations among some phases occurring in the system 
Mg0-Si02 -H2O have been Investigated at water pressures up to 30 kbars 
and at temperatures up to 900°C. The following equilibria have been 
studied: 

1. serpentine + brucita = forsterite + vapor 
2. serpentine = forsterite + talc + vapor 
3. forsterite + talc = enstatite + vapor 
4. talc = enstatite + quartz (or coesite) + vapor. 

Pressure-temperature slopes for equilibria (1), (2) and (4) become 
nearly vertical, that is , dP/dT = 00 at water pressures above 10 kbars; 
equilibrium (3) has a negative slope above 5 kbars. The values of 
dP/dT for these equilibria have been calculated from thermodynamic 
data and are in good agreement with the experimental slopes. (Authors' 
Abstract) 

Scarfe, C. M. and Wyllie, P. J. , 1967, Serpentine dehydration curves and 
their bearing on serpentinite deformation in orogenesis, Nature 215, 
945-946. 

Present data concerning the dehydration of serpentine with or with-
out the presence of brucite. Data tend to compliment previous data in 
that the dehydration of serpentine + brucite takes place at a significantly 
lower temperature than serpentine alone. Furthermore, dehydration 
is accompanied by a change in the serpentine from a ductile to a brittle 
material. 

Johannes, W., 1968, Experimental investigation of the reaction forsterite + 
H2O = serpentine + brucite, Contr. Min. Pet. 19, 309-315. 

A new determination of the equilibrium reaction: 
2Mg 2 [3 i0 4 ] + 3H 2 0 ^ lMg3 [ (0H )4 lSi 2 0 5 l + lMg(OH)2 
forsterite serpentine brucite 

yielded equilibrium temperatures which lie (at identical H20-pressures) 
about 60°C lower than all previously published data (Bov/en and Tuttle, 
1949; Yoder, 1952;. Kitahara et a l . , 1966; Kitahara and Kennedy, 1967). 
It has been shown that the above authors have determined not the stable 
equilibrium curve but instead a metastable "synthesis boundary". The 
actual (stable) equilibrium curve is located at 

0 ,5 kb and 350°C 
2 , 0 kb and 380°C 
3, 5 kb and 400°C 
5. 0 kb and 420°C 
6 , 5 kb and 430°C. (Author's Abstract) 
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These temperatures are still high« .di those given by Scarfe 
and Wyllie (1967), but it appears * hat Scarfe and Wyllie were studying 
the dehydration oJ' serpentines containing iron, which would most 
likely decompose at lower temperatures than a pure Mg-serpentine. 

Iron Oxide - SiO? - H,/; 

Flaschen, S. S. and Osborn, E. F . , 1957, Studies of the system iron 
oxide - silica - water at low oxygen partial pressures, Eeon. Geol. 
52, 923-943. 

In hydrothermal studies of .iron oxide-sil ica-water mixtures al low 
partial pressures of oxygen tin: f- rrous silicate.1;, fayalite, greeiuUite 
and minn' ,;otaite '>ave been synthesized and llnlr stability reactions in-
vestigate:!. Equilil.iri.uni relationships anions phases in the system FeO-
FesOij-SiOg-HgO are di .scus .se in relation to mi neral assemblages of 
Lake Sup rior iron-formation. (Authors' Abs'ract) 

These data generally reinforce iho c data which exist on Iw'uO-SiOo-
H2O. The phases p;-.-sent are analogs of the magnesium si l icates. 
Stable three-phase ^r.sernblai ;':.; bc-jw 2!iO°C wiih exce:-s water are: 

1) que- ! 7, ->- iv: i to •'- •.?(.! 
2) rr': orsolai; ;- g-'vnali in - fluid 
3) ;>rc-\ iirilLU; - magnetite .-fluid. 

C aO--jUsr(> 5 i O 

Frai-'- . G. \V. and Wyiii.*, V. J. , K-'-O. M«>ltin:-; relationships in the -ystem 
CaO-i\i':,0-SL09-il.-,0 ;u 1 kbin' pressure, Oeoc;iini Cosmochim -eta 
9-22. ^ Z 

Kushiro, I. , 1 fJ r. 0, The- syytcm f.'irstei'ite-diopsifl- - s i l ica with and without 
water at high pressures, Am. J. Sc i . , Schairt r Vol. 2i}J~j\, 269-291. 

Evans, B. W. and Trommsdorff, V . , 1970, Regional meta lruirphism o! 
ultramafic rocks in ihe central Alp.s: Parn^eneses in the system CaO-
MgO-SiOg-11 £O, Schweiz Min. Pet. Mitt. 50, 4H1-492. 

A sequence of seven critical mineral assemblages has been n co-vnizod 
in regional metamorphosed ultramafic rocks of the Lepontine and Rlu tic 
Alps. This sequence is consistent with experimentally determined and 
calculated equilibria within the system CaO-MgO-SiOg-IIgO. 

Index assemblages in the ultramafic rocks are compared with index 
minerals or assemblages in rocks of politic, basic, and carbonate com-
position: conditions of metainorphism range from the prehnite-



pumpellyite facies to the upper amphibolite f a d e s . Tremolite-
oliLvine schists are restricted to medium grades of mctamorphism; 
at low grades diopside coexists with serpentine and at high grades 
the join diopside-enstatite i s stable. (Authors' Abstract) 

Speakman, K. , 1970, Reactions in the system CaO-MgO-SiC^-t^O; Hy-
drothermal treatment of some compositions on the joins Ca3Si207~ 
Mg3Si 2 0 7 and Ca2Si04-Mg2SiC>4, Min. Mag. £7, 578-587. 

The effects of hydrothermal treatments on gel mixtures and syn-
thetic minerals in the C3S2-M3S2 and C2S-M2S regions of the CaO-
Mg0-S i0 2 system have been investigated. The products formed in 
the temperature range 180-350°C at pressures up to 220 N/mm 2 were 
identified. The reactants generally behaved as simple mixtures of 
binary silicates and their products agreed well with existing data for 
reactions in the CaO-SiC^-^O and M g 0 - S i 0 2 - H 2 0 systems. An un-
identified phase that resulted from the hydration of akermanite could 
be a new compound in the quaternary CaO-MgO-SiC^-^O system. 
There was no evidence to indicate that a magnesium analogue of 
kilchoanite can be formed from materials that are isostructural with 
? /-Ca2Si04. (Author's Abstract) 

In all cases the reaction of starting materials to form kilchoanite, 
serpentine, foshagite, xonotlite and brucite were slow to very slow at 
low temperatures (~180°C) taking as long as 50 days to produce 
small amounts. 

Flint, E. P. and Wells, L. S . , 1941, Relationship of the garnet-hydrogarnet 
ser ies to the sulfate resistance of Portland cements, J. Research NBS 
27, 171-180. 

Isometric 3CaO* AI2O3 • 6H20, a constituent of set Portland ce -
ment, is readily converted by sodium sulfate solutions to 3CaO • 
AI2O3 • 3Ca304 • 31. 5H2O. Partial replacement of the AI2O3 in 3CaO-
AI2O3 • 6H 2 0 by Fe2C>3 or of the H2O by Si0 2 gives "hydrogarnets" 
which are stable In the presence of sulfate solutions. Such substitutions 
may be brought about by inducing reactions between tricalcium aluminate 
hydrate and silica from various sources in the set cement or from added 
puzzolanic materials, and by increasing the content of glass and tetra-
calcium aluminoferrite in the cement. 

Products having an x-ray structure nearly identical with that of 
grossularite garnet result when properly proportioned mixtures, made 
up of the puzzolanic material, dehydrated kaolin, with tricalcium s i l i -
cate, or with lime and beta dicalcium sil icate, are steamed at 500°C 
and 420 atmospheres. (Authors' Abstract) 

Carlson, E. T . , 1956, Hydrogarnet formation in the system lime-alumina-
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s i l i ca -wa te r , J . Resea rch NBS 56, 327-335. 
G las ses of the composition of g rossu la r i t e and s imi la r g l a s ses 

poorer in s i l i ca were t reated hydrothermal ly , and the composition of 
the resul t ing hydrogarne ls was est imated f rom the unit cell s ize as 
calculated f r o m x - r a y po.vder pa t terns . The s i l ica content of the hydro-
garne ts increased continuously with the t empera tu re of formation, ap-
proximating that of g ros su l a r i t e at 800°C. When mixtures of l ime, 
alumina, and s i l ica , ei ther as such or in var ious s ta tes oi combina-
tion, were t ro l l ed in the same manner as the g lasses , equil ibrium was 
not attained even a f t e r several weeks. At t imes as many a s three d i s -
tinct hydrogarnct composit ions were found to coexist. The equilibrium 
tempera tu re for the hydrothermal decomposit ion of 3CaG - A^O^, ' Cii-jO 
to 4CaO- 3a12C>3 ' 3 H 2 ° P]-us C a (OK) 2 was found to be between 2^0° and 
226°C. Hydrogarnets containing increas ing amounts of si l ica under -
went the sr-ims type of decomposition at progress ively higher t e m p e r a -
tu re r . (Author 's Abst ract ) 

The syn.hesis of low sil ica hydrogarncts f rom low si l ica g]n>..-ei-
was very slow (2 days at 195 °C showed little evidence i;f reaction). 
With C3A + C3S mix tures equil ibrium was noi attained even a f te r 35 
days. With mixtures of ' ime and activated kaolinite, equil ibrium wa. • 
not alfaii '-o a I all at low pressi.n'-s and tennv-i'ii u res . 

Koi / t r / i i , M. and Roy, 11, 10G0, Z< .-.lite studies. T. Synthesis ancl h!:.i;l My 
of the c: iciur.i z.:oliles, J . Geo]. 41-53. 

Gels with C a O - A ^ O g - S i 0 2 raLlus f rom 1:1:3 to 1:1:10 were )>•-••• 
pared with S i 0 2 supplied as the 15t)?\-sol "Ludox" and reacted u:.•;, r 
hydrotherinal. condition.-" in sealed sys t ems . The zeolites--hcula;,»iiiv. 
wairaki te , phill ipsite, scoleci ie , and laumont i l e - -were also u se - a:, 
s tar t ing ma te r i a l s . 

All the calcium zeol i tes , except laumontite and phill ipsite. have 
been synthesized f r o m tlie gels . new zeoli te phase, CASH-TI, w.'s 
prepared f rom the 1:1:3 and 1:1:4 gels . Remarkable phenomena \.t-ro 
encountered by seeding the same composition with different zeo l i i r s . 
Natural phases and synthetic geis often gave ent i re ly diii 'erent rest Us 
owing to the marked s t ruc tu ra l control in f r amework s t r u c t u r e s at low 
t empera tu re s . 

At l , 0 0 0 atm. H 2 0 p re s su re , the observed t empera tu re and product: 
of dissociat ion (many of them metastable) of the zeoli tes a re as follows: 

phillipsite -> wairaki te + I I 2 0 at 260°C 
scoleci te anorthite + wairaki te + I I 2 0 at 300°C 
laumontite ^ wairaki te i H 2 0 a t 4 1 0 ° c 
heulandite wairaki te + S i0 2 + H 2 0 at 320°C 
epist i lbite • wairaki te + S i0 2 + H 2 0 at 350°C 
wairaki te anorthi te + quartz + H 2 0 at 465 °C. 



The results and those from the gels are combined into a possible 
equilibrium diagram. The p-t curves for the wairakite and heulandite 
dissociation are presented. (Authors' Abstract) 

Synthesis reaction rates using gels below 200°C were very slug-
gish, usually resulting in no crystallisation. 

Roy, D. and Roy, R. , 1960, Crystalline solubility and zeolitic behavior in 
garnet phases in the system CaO-A^Og-SiC^-l^O, in Proc. 4th Int. 
Symp. Chem. Cement, Vol. I, NBS, Washington, D. C. , 307-314. 

The earlier confusion on the formation of hydrogrossularites from 
the grossularite composition is shown to be due to failure to attain 
equilibrium. Anhydrous grossularite can be synthesized with water 
catalysis at least as low as 600DC. Stable solid solutions have been 
prepared only from C3AH6 to C3AS2H2, the latter being the most stable 
(360°C at 2000 atm.). Phases with lattice constants only slightly larger 
than grossularite (up to 11. 90A) can be prepared from si l ica-rich mem-
bers of the series , but these are thought to be metastable. 

Solid solution along the join C12A7-C3AS3 was very limited in ex-
tent, although some change in the lattice constant and refractive index 
of C12A7 was observed in mixtures on the join. 

Data obtained by means of a recording balance demonstrate clearly 
a zeolitic behavior of "C12A7", as the phase adsorbs varying amounts of 
H2O with varying temperature. This phase is more accurately de-
scribed as a hydrous phase under atmospheric condition with the com-
position of about C^A^H. Metastable "hydrogrossularite" formed 
through very short runs at intermediate temperatures showed a similar 
behavior, but rehydration was no longer complete after dehydration 
above 800°C. (Authors' Abstract) 

Crawford, W. A. and Fyfe, W. S . , 1965, Lawsonite equilibria, Am. J. Sci. 
263, 262-270. 

The equilibrium conditions of the reaction lawsonite = anorthite + 
vapor have been determined between 370°C and 500°C at pressures in 
the range 4 to 8 kbars. The boundary slope in this region is expressed 
by the relation T e q m = 250 + P /41 where P is in bars. These data 
confirm the predictions of Newton and Kennedy. (Authors' Abstract) 

Newton, R. C . , 1966, Some calc-si l icate equilibrium relations, Am. J. Sci. 
264, 204-222. 

Pressure-temperature curves have been determined for the follow-
ing univariant equilibria: 

1. Zoisite + quartz = anorthite + grossularite + vapor 
2. Grossularite + quartz = anorthite + wollastonite 
3. Zoisite + sillimanite + quartz = anorthite + vapor. 



43, 

The runs were made in hydrothermal bombs and the so l id -p re s su re 
piston-cylinder apparatus using natural minera ls as s tart ing ma-
ter ia l . Reaction (1) takes place at 500°C 1 15°C at 2000 ba r s water 
p ressure . Reaction (2) takes place at 600° r 10cC at 2000 ba r s . 
The third curve agrees with the findings of Newton and Kennedy (19C3). 

Several univariant equilibria can be calculated from the present 
work and published thermochemiea! data, including the stability curves 
of g rossu la r i t e aiici anorthite. Th:: breakdown curve of anorthiie He.s 
at a lower p r e s su re than and ra ther close to that of albiie, a s de-
termined by Birch and Le Conte (H.'fiO). The- result ing iaet that iuir »• -
]jiedi'.(e pi.'igiuclase breaks down ik rly a:; a unit may have some geo-
physical ap; '[cation. (Author's Abstract) 

Stewart, D. 1':'.,, 19G7, Four-phase curve in lh< sy: 1cm C a ^ > } o ^ - S i O o -
H 2 0 b.-'tweo;: i and 10 J;i Mrs, Sel-wt i/. to'ii. Pel. Mi:;.. rT, fe-'&O. 

Juan, V. C . , Yoah, C. C. and Lo, 1'. J . , 1£<G7, Tin stability lield of 
prehnite, Proc. Geol. Sue, China '0, 53-03. 

N a t u r e 1 p r o h r i t o associated with calciie ;;;•:[ pc-ctoliie as win n • 
e ra l s in j..,iw:'nilc h:.s \ j en used ; s s tart ing material in i lv nydro-
Mi'jrr'.vil . :'.!y cf the foljoviiiv tv.o j'eaciie 

(1) pi\ iriiie = ar -rlhLie • v.olia.slor.i'o v.a:e • 
C;= 2A3.pi 3O n • I1 20 C; . ' ^ S ^ O ^ CaS:0 3 1UO 

(2) prol.rii'. = 1.4 water - thomsoiike - wolla: 'ore • 
C : : y A V ' - i o O ' i J • n.?0 HoO Ca.MoS;-)C-. • 2. 'ili'.-O Ca^u..-, Ci «J -< 1 ij C. I i C; U C* • t 

^p^rimeul;.5 data : uggf'St react ion (1) i;-. in Ovjui'ihriu'r. <i, ; •••en 
244 ''C-265 "'C at i.5, 000 psi (i. 000 Lars) and 2-U)t,C-2G" at 23. 'M • > p.-.i 
(1,020 oars) , and reaction (2) is in equilibrium near i40 r 'C at 13, ;• •'• psi 
(930 ba r s ) an.:! 113°C at 29, 000 (2, 000 ba t s ) . A possible p!i: v.- d ia -
gram showing the field of stability of the prehnite is eonstrueU'i . The 
formation of prehnite is favoured by the silica-rzatur lied enviren 'Vif-nt 
and is believed lo be a relatively high tempera tu re species in a seg-.ience 
of form;.lion of hydrous minera ls closely associated with .".eolite.; in 
the last stage of the cooling history of basic igneous rocks. 

The validity of the resu l t s of our experiments: has been checked with 
some field observat ions and the pedogenes i s has also been discussed. 
(Authors' Abst ract ) 

The low p r e s s u r e stability of prehnite is unknown and perhaps it will 
be unstable at lower p r e s s u r e s giving way to wollastonile, thomsonile or 
pectolite. 

Liou, J . G. , 1971a, Sti lbite-laumontite equil ibrium, Conlr. Min. Pet . 31, 
171-177. ~~ 
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The reaction stilbite = laumontite + 3 quartz + 3 ^ 0 was experi-
mentally studied using conventional hydrothermal techniques employ-
ing mineral mixtures consisting of reactants and products in 9:1 and 
1:9 ratios. Equilibrium was demonstrated; the univariant curve 
passes through about 170°C and 2000 bars, 185° ± 10°C and 3000 bars, 
about 185°C and 4000 bars, and 183° t 10°C at 5000 bars Pfiuid-
These results combined with published equilibria for analcime, lau-
montite, wairakite and prehnite permit delineation of the P-T condi-
tions for the zeolite and prehnite-pumpellyite facies metamorphism 
in the Tanzawa Mountains, Japan. (Author's Abstract) 

Charges were left to react for two months using seeded bulk mix-
tures on either side of the univariant curve. Be?.ow 200°C, both seeded 
mixtures persisted and often it was uncertain in which direction the re-
action had proceeded. Rate of reaction was extremely sluggish. 

Liou, J. G., 1971b, P-T stabilities of laumontite, wairakite, lawsonite, 
and related minerals in the system CaAl0Si9On-SiO0-H0O, J. Pet. 12, 
379-411. * 6 B ^ 1 

Hydrothermal investigation of the bulk composition CaO • AI2O3 • 
4Si02 + excess H 2 0 has been conducted using conventional techniques 
over the temperature ranges 200-450°C and 500-6000 bars Pfiuid- A 
number of reactions have been studied by employing mineral mixtures 
consisting of reactants and products in about 9:1 and 1:9 ratios. The 
phase relations were deduced from relatively long experiments by ob-
serving which seeded assemblage disappeared or decreased markedly 
in one of the paired run charges. 

Laumontite was synthesized in the laboratory, probably for the first 
time. Laumontite was grown from seeded wairakite to ober 99 percent 
using a weak NaCl solution. The refractive indices of the synthetic ma-
terial are about « = 1. 504 and / = 1. 514. The average unit cell dimen-
sions are a = 14. 761 ± 0. 005&, bQ = 13. 077 + 0. 005A; cQ = 7. 561 ^ 
0. 003A; and/? = 112. 02° + 0. 04°. Within the error of measurement, 
the optical properties and cell parameters are in good agreement with 
those of natural laumontite. The equilibrium dehydration of laumontite 
involves two reactions: (1) laumontite = wairakite + 2H2O, passing 
through about 230°C at 0. 5 kb, 255 t 5°C at 1 kb, 282 + 5°C at 2 kb, 
297 ± 5°C at 3 kb and 325 ± 5°C at 6 kb; and (2) laumontite - lawsonite 
+ 2 quartz + 2H2O, taking place at about 210°C at 3 kb and 275 °C at 
3 .2 kb. Above 300°C, the equilibrium curve for the solid-solid reaction 
(3) lawsonite + 2 quartz = wairakite passes through 305°C, 3.4 kb and 
390PC, 4.4. kb. Equilibrium has been demonstrated unambiguously for 
the above three reactions. The hydrothermal decomposition of natural 
laumontite above its own stability limit appears to be a very slow process. 

Combined with previously published equilibria determined hydro-



45. 

thermally for wairakite, the phase relations are further investigated 
by chemographic analysis interrelating the phases, laumonlite, 
wairakite, lawsonite, anorthite, prehnite + kaolinite, and 2 pumpellyite 
+ kaolinite in the system CaAlgSigOg-SiOg -H^O. This synthesis al-
lowed the construction of a semi-quantitative petrogenetic grid ap-
plicable to natural parageneses and the delineation of the physical con-
ditions for the various low-grade metamorphic facies in low ijC02 en-
vironments. The similar stratigraphic zonations, consistently found 
in a variety of environments, are recognized to be a function of 
burial depth, geothermal gradient, and mineralogical and chemical 
composition of the parental rocks. Departures from the normal s e -
quences are believed to be due to the combinations of mineralogical 
variations, availability of H2O, differences in the ratio /xC02 / / iH20, 
and the rate of reaction. The possible P-T boundaries for diagenesis, 
the zeolite facies, the lawsonite-albite facies, the prehnite-pumpellyite 
facies, and the adjacent metamorphic facies are illustrated diagram-
matically. (Author's Abstract) 

This work is essentially a continuation of the work described in 
Liou (1871a) going to higher pressures and temperatures. 

Juan, V. C. , Youh, C. C. and Lo, H. J . , 1968, A synthetic study with 
natural pectolite and its bearing on the hydrothermal alteration of basic 
igneous rocks, Proc. Geol. Soc. China i l , 99-108. 

Natural pectolite associated with prehnite and calcite as vein min-
erals in taiwanite, and AI2O3, sil icic acid powders of Baker's Analyzed 
have been used as starting materials in the hydrothermal study of the 
reaction 2 pectolite + 5AI2O3 + 8Si0 2 = 2 labradorite + water. Ex-
perimental data suggest that the reaction is in equilibrium near 224°C 
at 13,000 psi (890 bars) and 230°C at 30,000 psi (2,680 bars) water 
pressures. A possible equilibrium curve of it has been constructed. 
The formation of pectolite in nature is favoured by the silica-saturated 
environment and is believed to have a close genetic relation with prehnite 
and to be formed at the last stage of the cooling history of basic igneous 
rocks. 

The previous works on the vein minerals in taiwanite have been re-
viewed and the petrogeneses have also been discussed. (Authors' Abstract) 

Na2Q-Ca0-Al303-Si02-H2Q 

Shor, O. I . , Sazhin, V. S . , Volkovskaya, A. I. and Arakelyan, O. I. , 1966, 
Compounds of the hydrogarnet type formed in the system Na20-Ca0-
A l 2 0 3 - S i 0 2 - H 2 0 , J. Applied Chem. USSR 39, 2309-2314. 

Studied the composition and properties of hydrogarnels in the system 
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N a 2 0 - C a 0 - A l 2 0 3 - S i 0 2 - H 2 0 . Temperatures ranged from 240 through 
280°C using solutions containing 17-22% Na 2 0 , 2-3. 5% A1 2 0 3 and 
having a C/S ratio of 1:1. Heating was accomplished in an autoclave. 
In solutions having l e s s than 21 % Na 2 0 hydrogarnets were found which 
increased as the % of NagO was decreased. Above 22% NagO no hy-
drogarnets were found. 

Sazhin, V. S. and Shor, O. I . , 1964, Conditions for formation of sodium 
calcium hydrosilicate in the system N a 2 0 - C a O - A l o 0 3 - S i 0 2 - H 2 0 , and 
its principal properties, J. Applied Chem. USSR £0, 717-720. 

Detail the crystallization conditions and physical-chemical proper-
ties of sodium calcium hydrosilicate which was formed at 240, 260 and 
280°C after 4 hours reaction in autoclaves starting with solutions having 
varying soda content in the system N a 2 0 - C a 0 - A l 2 0 3 - S i 0 2 - H 2 0 . So-
dium "alcium hydrosilicate is stable up to about 500°C. However, it 
reacts quite rapidly with CO2 containing solutions forming CaCC>3 and 
IS^COg as well as hydrated sil ica. The Na 2 C0 3 dissolves while the 
two other phases form precipitates. Furthermore, sodium calcium 
hydrosilicate i s an unstable compound undergoing extensive hydi'olysis 
in aqueous or weakly alkaline media forming monocalcium hydrosilicate. 

Roi, V. A . , Ignat'ev, O. S. and Rogachev, D. L. , 1969, Solid phases in the 
AlnOo-CaO-NaoO-SiOp-HoO system at 300°C, Russ. J. Inorg. Chem. 14, 
1790-1792. 

The phase composition of precipitates formed in the A l 2 0 3 ~ C a 0 -
N a 2 0 - S i 0 2 - H 2 0 system in the range of high alkali concentrations and 
low concentrations of alumina, silica, and calcium oxide have been 
studied by chemical analysis, crystal optical examination, thermo-
graphy, and x-ray diffraction. 

A mechanism for the formation of solid phases in the A^C^-CaO-
N a 2 0 - S i 0 2 - H 2 0 system in the range of low concentrations of alumina, 
si l ica, ana calcium oxide has been proposed. 

A sodium calcium silicate of composition N a 2 0 • CaO • AI2O3 • S i0 2 • 
H 2 0 , not previously described in the literature, has not been isolated. 
(Authors' Abstract) 

Shor, O. I . , and Panchenko, R. G. , 1970, Reaction of s i l ica with equilibrated 
aluminate solutions in the sodium oxide - calcium oxide - aluminum 
oxide - s i l icon dioxide - water system at 280°, Ukrainskii Khimicheskii 
Zh, 36, 630-632. 

An investigation was made of si l ica behavior in equilibrated alu-
minate solutions obtained in the study of the five-component system, 
Na20-Ca0-Al 2 03~S i02 -H20 , at 280° and at a strictly fixed molar ratio 
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of Ca0:Si02 = 1. It was established that regardless of the fact that 
the system contains calcium oxide, which forms sparingly soluble 
compounds with silica, the nature of the reaction of silica with 
aluminate solutions at 280° with varying caustic modulus values is 
the same as that at lower temperatures in the same system in the ab-
sence of calcium oxide. It was found that as the aluminate solution 
increases, the equilibrated sil ica concentration uniformly increases. 
(Authors' Abstract) 

K 2 0-Fe0-A1 2 Q 3 -SiO^-HgO 

Eugster, H. P. and Wones, D. R. , 1962, Stability relations of the 
ferruginous biotite, annite, J. Pet. 3, 82-125. 

These data supplement data on mica synthesis, but are generally 
out of our anticipated temperature and pressure range. 

Flint, E. P. , McMurdie, H. F. and Wells, L. S. , 1941, Hydrothermal 
and x-ray studies of the garnet-hydrogarnet ser ies and the relation-
ship of the ser ies to hydration products of portland cement, J. Re-
search NBS 26, 13-33. 

Isometric tricalcium aluminate hexahydrate, one of the well-
established products of hydration of portland cement, forms complete 
solid solutions with the corresponding ferrite, 3CaO- Fe 2 03 • 6H2O, 
with grossularite garnet, 3CaO' AI2O3 • 3SiG2, and with andradite gar-
net, 3CaO- Fe2C>3 ' 3Si02 . Members of this solid-solution ser ies 
were synthesized by hydrothermal methods, and x-ray determinations 
were made of their crystal structures. To the series belong: (1) the 
mineral plazolite, 3CaO- AI2O3 • 2Si02 • 2H20, (2) the major product 
of hydration of the glass phase in portland cement clinker at elevated 
temperatures and pressures, and (3) one of the major products of hy-
dration of tetracalcium aluminoferrite. (Authors' Abstract) 

Liou, J. G., 1973, Synthesis and stability relations of epidote, 
Ca 2 Al 2 FeSi 3 0 1 2 (0H), J. Pet. 14, 381-413. 

Na2Q-CaO-Fe2Q3 - Al^Og -SiC>2 -H20 

Ni, L. P. , Bunchuk, L. V . , Kopylova, E. A . , Gol'dman, M. M., 
Ponomarev, V. D. and Kushnikov, Yu. A. , 1968, A study of hydro-
garnets formed in the A l 2 0 3 - C a 0 - F e 2 0 3 - N a 2 0 - S i 0 2 - H 2 0 system, 
Russ. J. Inorg. Chem. 13, 1585-1587. 

Details the conditions and limits of the range 01" the replacement of 
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aluminum by trivalent iron in hydrogarnets of the j rossu lar -
andradite series . 

KpO-MgO-Iron Oxide-A^Og-SiOg-HgO 

Velde, B . , 1965, Phengite micas: Synthesis, stability, and natural oc-
currence, Am. J. Sci. 263, 886-913. 

The solid solutions of the dioctahedral potassic micas have been 
investigated for two groups of micas--phengites and glauconite cela-
donites. Natural phengites are found in metamorphic and igneous 
rocks, whereas glauconitic celadonites are minerals produced in low-
grade hydrothermal or diagenetic deposits. Both the chemical com-
position and the geologic environment separate these two mineral 
groups. 

Phengites are the products of a particular type of metamosphism 
involving low temperatures and high pressures P h 9 0 ^ ^ i s probable 
that phengites are quite common in many metamorphrc rocks, parti-
cularly in areas in which the last stage of metamorphism is produced 
by high pressures. (Author's Abstract) 
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CARBONATE SYSTEMS 

MgO-CQ2-H2Q 

Walter, L. S. , Wyilie, P. J. and Tuttle, O. F . , 1962, The system 
MgO-COg-HgO at high pressures and temperatures, J. Pet. 3, 49-64. 

Metz, P . , Graef, M. and Johannes, W. , 1968, Thermodynamische 
Berechnung von Gleichgewichtsbeziehungenimsystem MgO-CO„-HpO, 
N. Jahr. Min. Mh. 1968, 1-14. 

Johannes, W. and Metz, P . , 1968, Exper imented Bestimmungen von 
Gleichgewichtsbezlehungen im system Mg0-C0 9 -H_0 , N. Jahr. Min. 
Mh. 1968, 15-26. ^ ^ 

CaO-MgO-CQ^-H^O 

Wyilie, P. J . , 1965, Melting relationships in the system C a 0 - M g 0 - C 0 2 -
H2O with petrological applications, J. Pet. 6, 101-123. 

Ca0-Si0 2-CQ 2-H 20 

Wyilie, P. J. and Hass, J. L . , Jr . , 1965, The system Ca0-S iC 2 -C0 2 -
H 2 0 : I. Melting relationships with excess vapor at 1 kbar pressure, 
Geochim. Cosmochim. Acta 29, 871-892. 

M g 0 - S i Q 2 - C 0 2 - H 2 0 

Greenwood, H. J. , 1967, Mineral equilibria in the system M g 0 - S i 0 2 - H 2 0 -
COo, in Researches in Geochemistry, ed. P. H. Abelson, John Wiley 
ana"Sons, New York, 542-567. 

Johannes, W., 1967, Zur Bildung und StabilitSt von Forsterit, Talk, 
Serpentin, Quartz und Magnesit im System M g 0 - S i 0 2 - H 2 0 - C 0 2 , 
Contr. Min. Pet. 15, 233-250. 

The equilibrium data (temperatures and C02-content of the fluid 
phase) were determined under a total pressure Pf = 2 kbars for the 
following bivariant reactions in the four components system Mg0-Si02~ 
H 2 0 - C 0 2 : 

a) 2 forsterite + 2 H 2 0 + 1C02 £ 1 serpentine + 1 magnesite 
b) 4 forsterite + 1H 2 0 + 5C02 - 1 talc + 5 magnesite 
c) 2 serpentine + 3C0 2 £ 1 talc + 3 magnesite + 3H2O 
d) 1 talc + 3C0 2 * 4 quartz + 3 magnesite + 1H20. 
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The respective phase boundaries are shown in a T - X Q Q diagram. 
The probable position of the phase boundaries serpentuft ~ forsterite 
+ talc + H2O (e), serpentine + CO2 - quartz + magnesite + H2O (f), 
and serpentine + quartz £ talc + H2O (x) are also given in the T -X q o ? " 
diagram. 

The phase boundaries (a), (c), and (f) limit the stability field of the 
paragenesis serpentine + magnesite. (The field serpentine + bi'ucite, 
which l ies below 370°C in a small range parallel to the ordinate, has 
been omitted in Fig. 5.)--Serpentine is stable only under low partial 
pressures of C 0 2 . If the CQg-content of the fluid phase exceeds 2 to 
6 mol-%, then serpentine + CO2 will react to talc + magnesite ac-
cording to reaction (c). . 

The phase boundaries (b), (c), and (d)"limit the stability field of the 
paragenesis talc + magnesite. At temperatures below boundary (d) 
talc + C 0 2 react to quartz + magnesite. - - F r o m the course of the phase 
boundary (c) and (d) it is evident that addition of CO2 to serpentine will 
give the paragenesis talc + magnesite and, upon further supply of CO2, 
the paragenesis quartz + magnesite. 

The phase boundaries (c) and (d) probably intersect at a temperature 
around 330°C. At temperatures below this isobaric invariant point the 
direct formation of quartz and majnesite from serpentine and CO2 is to 
be expected according to the equilibrium reaction: 1 serpentine -t 
3CC>2 ^ 2 quartz + 3 magnesite + 2H 2 0. (Author's Abstract) 

Johannes, W. , 1969, An experimental investigation of the system MgO-SiC^-
H 2 0 - C 0 2 , Am. J. Sci. 267, 1083-1104. 

Equilibrium reactions of the system MgO* Si0 2 • HoO' C0 2 have 
been experimentally investigated at pressures up to 7000 bars and tem-
peratures up to 660°C. The results are presented in isobaric T-X^Qg 
diagrams. 

Reactions investigated at low CC^-contents of the fluid include: 
1. 2 forsterite + 2H2O + ICO2 ^ 1 serpentine + 1 magnesite 
2. 4 forsterite + 1H 2 0 + 5C0 2 - 1 talc + 5 magnesite 
3. 2 serpentine + 3COg ^ 1 talc + 3 magnesite + 3H 2 0 
4. 1 talc + 3CC>2 £ 4 quartz + 3 magnesite + 1H 20 
5. 1 serpentine + 3C0 2 ~ 2 quartz + 3 magnesite + 2H2O. 
The following reactions do not involve CO2 and have been investi-

gated previously: 
6. 1 serpentine + 1 brucite - 2 forsterite + 3H2O 
7. 5 serpentine £ 6 forsterite + 1 talc + 9 1 ^ 0 
8. 1 serpentine + 2 quartz s 1 talc + H 2 0 . 
The positions of reactions (3) and (5) demonstrate that serpentine 

can coexist only with a C02-poor fluid. Reactions (1) and (6) represent 
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the lower stability of forsterite. Reactions (4) ana (8) represent the 
lower stability of talc and demonstrate that at high pressures talc is 
a metamorphic mineral. At a fluid pressure of 2 kbar talc is stable 
only above 300°C. 

A second group of reactions that occur only at high C02-contents 
of the fluid was investigated at a pressure of 2000 bars. 

14. 1 anthophyliite + 1H20 + ICO2 ? ^ talc + 1 magnesite 
16. 4 enstatie + 1H 2 0 + 1C02 5? 1 anthophyllite + 1 magnesite 
17. 2 forsterite + 2C0 2 - 1 enstatie + 2MgC03. 
The relatively low temperature of section (17) (below 560°C) is 

not consistent with a previously suggested magmatic origin for the as-, 
semblages enstatite + magnesite and anthophyllite + magnesite. 

Reactions (2) and (4) can also occur in fluid of intermediate C 0 2 
content. They form the upper and lower temperature stability bound-
aries, respectively, of the assemblage talc + magnesite and therefore 
set limits upon the temperature of formation of talc-bearing magnesite 
deposits and magnesite-bearing talc deposits. At a fluid pressure of 
2. 0 kbars the assemblage talc + magnesite is stable between about 
350° to 550eC and at 7 kbar about 490° to 660°C. 

The conditions of origin for a number of types and specific localities 
of magnesite deposits are discussed in the light of these experimental 
studies. (Author's Abstract) 

Ca0-A1 2 Q 3 -S i0 2 -C0 2 -H 2 0 

Thompson, A. B . , 1971, PCOo in low-grade metamorphism; Zeolite, car-
bonate, clay mineral, prenmite relations in the system CaO-Al2C>3-
S i 0 2 - C 0 2 - H 2 0 , Contr. Min. Pet. 33, 145-161. 

Equilibria for several reactions in the system C a 0 - A l 2 0 3 - S i 0 2 -
H 2 0 have been calculated from the reactions 

calcite + quartz = wollastonite + C0 2 
and 

calcite + Al2Si05 + quartz = anorthite + C0 2 
and other published experimental studies of equilibria in the systems 
A l 2 0 3 - S i 0 2 - H 2 0 and Ca0-A1 2 G 3 -Si0 2 -H 2 0. 

The calculations indicate that the reactions 
laumontite + C0 2 = calcite + kaolinite + 2 quartz + 2H 20 

and 
laumontite + calcite = prehnite + quartz + 3H 2 0 + C0 2 

in the system Ca0-Al 2C>3-Si0 2-C0 2-H 20, are in equilibrium with an 
H 2 0 - C 0 2 fluid phase having XcOo — 0 0 7 5 f o r pfluid = Ptotal = 

2000 bars. * 
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These calculations limit the stability of zeolite assemblages to 
low jj CO2. 

Using the above reactions as model equilibria, several problems 
of p CO2 in low grade metamorphism are discussed, (a) The problem 
of producing zeolitic minerals from metasedimentary assemblages of 
carbonate, clay mineral, quartz, (b) The significance of calcite (or 
aragonite) associated with zeolite (or lawsonite) in low grade meta-
morphism and hydrothermal alteration, (c) The reaction of zeolites 
(or lawsonite) with calcite (or aragonite) to produce dense Ca-Al-
hydrosilicates (e.g. prehnite, zoisite, grossular). (Author's Abstract) 

CaO- MgO-A12Q3 -S iP 2 - COp -HgO 

Glassley, W., 1974, A model for phase equilibria in the prehnite-pumpellyite 
facies, Contr. Min. Pet. 43, 317-332. 

Using the method of Schreinemakers, along with other thermody-
namic considerations, a phase diagram for the system CaO-MgO-AlgOg-
S i 0 2 - C 0 2 - H 2 0 was constructed. The phases prehnite, pumpellyite, 
calcite, chlorite, dolomite, quartz, tremolite, talc, zoisite, grossularite 
and vapor were considered in this construction. The results indicate 
that prehnite-pumpellyite facies mineral assemblages will only exist in 
equilibrium with a vapor phase in which the mole fraction of CO2 is less 
than 0. 2 at 1 kbar, and l e s s than 0.15 at 2 kbar. Although talc could 
theoretically be a stable phase under these conditions, its common ab-
sence from rocks of this facies probably results from the existence of 
an enantiomorphic point which makes tremolite-calcite-C02 the stable 
assemblage at low XQ OO ' an(* compositionally equivalent talc-calcite-
CO2 assemblage stable at moderate X q q 9 . (Author's Abstract) 


