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Preface 

Experimental work on various aspects of the borehole plug problem 

were begun during the preparation of » ,e feasibility study report. The 

present report contains the results obtained to date. Because additional 

funding has been made available for continuation of the experimental work, 

mainly in the area of high temperature cements, this document is presented 

as an interim report. A final report will be submitted at the close of 

the six month period of supplementary funding. 
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I. INTRODUCTION 

A. Recommendations of the Feasibility Study 

The study described in the feasibility report considered five possible 

systems that might lead to borehole plugs. In each case we were concerned 

with replacement of the existing bedrock with a material of essentially 

che same chemical composition and mineralogical makeup and with the intro-

duction of other materials that might be chemically compatible although of 

a different chemistry than the surrounding wall rock. The five systems were: 

(1) Quartz or chalcedony plugs from the £iC^-water system 

(2) Replacement of shale rock by transport in the "clay"-wato»r 

system 

(3) Hydrothermal cement systems 

(4) Carbonate plugs in limestone and dolomite 

(5) Sulfur plugs by transport in the system sulfur-water 

The final recommendations were as follows. 

Hydrothermal cements appear most feasible from an engineering and economic 

point of view. Pressures and temperatures for reactions in the systems 

CaO-A^Oy-SiC^-^O are modest and there is evidence that the plug formed 

would have a lower porosity and permeability than those derived from more 

conventional cement systems. Further, the mineral phases, principally 

tobermorite, are likely to be compatible with expected shale, sandstone, 

and limestone wall rock materials. 

Calcite (but not dolomite) plugs could be formed in limestone or dolomite 

rock by either reaction of portlandite (Ca(OH)2> with carbon dioxide or by 

the direct transport of calcite in solutions containing carbon dioxide under 

moderate pressures (a few thousand psi). Less is known about carbonate plug6 

and the porosity, permeability, and possible reactions with circulating ground 

vziLer. 
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Quartz or chalcedony plugs would be the most impervious, have Che lowest 

chemical reactivity with ground water, the lowest thermal expansion, and be 

the most compatible with the wall rock. It would in effect, be a direct 

replacement of a sandstone or quartzite. However, the requirement of 500° C 

and pressures in the range of 2000 bars (30,000 psi) to effect reasonable 

transport probably rule out quartz plugs from practical engineering considerations. 

It was concluded that replacement of shales by clay, mica, or other layer 

silicate transport in hydrothermal solution was limited by the extremely 

slu^oish kinetics of these reactions and that a practical plug of such 

materials is not feasible. Likewise, the sulfur-water system was found to 

be unlikely to yield a plug material. 

B. Areas Chosen for Study 

The very breadth of chemical reacs.tons examined under the mandate of 

"hydrothermal transport reactions for borehole plugs" provided an almost 

unlimited number of experimental studies. Those of most interest were 

concerned with the two systems that showed promise as plugging systems. 

The hydrothermal cements are the more advanced of the two. In this area 

it was possible to design experiments that would actually model the plug 

deposition reactions so that strength and permeability tests could be performed. 

It was also of interest to investigate other reactions that could be used 

downhole as plug deposition reactions. The specific areas chosen for 

investigaticn were: 

(.1) Calcium silicate - quartz slurry reactions 

(2) Bond strength and mechanical properties of model plugs 

(3) Hydrothermal cement slurry - wall rock interactions 

(4) Mixed calcium silicate reactions 

The calcite plugs are less far advanced although it appeared that the 

equilibrium reaction chemistry of <\^e systems was well understood. Our 
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attention was therefore turned to the kinetics of these reactions. One 

investigation was a critical analysis of the available models for the kinetics 

of carbonate solution and deposition with a comparison with available 

experimental data and an application to the plugging problem. The second was 

an experimental investigation of the solution of limestones and dolomites. 

This was of interest because most of the available literature data pertains 

to powdered calcium carbonate rather than to bulk rocks of varying composition 

and mineralogy and further that there is essentially no information of the 

kinetics of dolomite solution. Literature measurements were made in stirred 

solutions in which there was little control of the flow hydraulics of the 

solutions. The main variables in our investigation, therefore, were the hydro-

dynamics of fluid flow over the dissolving surface and the petrology of the 

rock specimen being dissolved. 
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II. DEPOSITION AND SOLUTION OF CARBONATE ROCKS 

A. Solution Kinetics 

1. Introduction 

The kinetics experiments were selected to demonstrate the effects of 

solvent motion on solution rate. For this purpose the rotating disc technique 

was chosen. Samples of carbonate rocks were cut in the form of discs and 

these were spun a known angular velocity in a medium of known carbon dioxide 

partial pressure. The rate of uptake of calcium carbonate was monitored 

by measuring the pH and conductivity of the solution as a function of time. 

The hydrodynamics of the rotating disc is solvable so that solution rates as 

a function of Reynolds number become possible by varying the rate of rotation 

of the disc. 

This work is underway as this report is being written. Accordingly, only 

a preliminary account of the work is included here along with some typical 

experimental results. The full description of the experiments will appear in 

the final report. 

2. Selection of Specimens 

The experiments on the solution kinetics were carried out on limestone > 

and dolomite samples chosen to illustrate a wide variety of textural and 

compositional variations. Where possible rocks were chosen from localities 

where other work had provided complete chemical analyses. Thin sections were 

used to determine the petrographic description of the rock. 

The Loyalhanna limestone is particularly interesting. It is, in effect, 

a sandstone, containing something like 50% SIO^, in which the quartz grains 

are cemented by sparry calcite. This rock is a model for the kind of plug 

one might get by using a slurry of calcium hydroxide and sand which is then set 

by pressurizing the system with carbon dioxide. 
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3. Apparatus 

The apparatus constructed to measure the solution rate of carbonate 

rocks is shown schematically in Fig. II.1. The dissolving agent was distilled 

water acidified with CO^. This solution was kept in a beaker suspended in 

a constant temperature bath. Carbon dioxide from a tank was continuously 

bubbled through the solution to replace CO^ consumed during reaction. The 

partial pressure of CO^ was effectively constant at 0.96 atmospheres. 

Specimens were cut from blocks of limestone by slabbing the rocks on a 

diamond wheel and then coring out a circular disc 1.60 inches in diameter 

and about 1/2 inch thick using a diamond core drill. The reacting face of 

the disc was polished flat with silicon carbide grit followed by A l ^ ^ powder. 

The entire disc was mounted in a rubber cup that prevented the liquid from 

coming into contact with any part of the disc except the reaction face. The 

disc assembly was suspended from a motor-driven shaft assembly so that the 

disc could be spun in the solution at speeds varying from 3.5 to 1800 RPM 

in steps of 2X. 

The rate of solution was monitored by the change in pH and the change in 

electrical conductivity. Conductivity was measured continuously on a strip-

chart recorder but pH was read point by point on a Beckman Model G pH meter. 

Readings were taken about every half hour during the initial course of an 

experiment when parameters were changing rapidly and at few-hour intervals 

later as the system approached equilibrium. Total run times were on the order 

of a few days for limestone samples and as high as ten days for dolomite 

samples. 



Fig. II.1 Solution Kinetics Apparatus 

A Constant temperature water bath 
B. 1000 ml beaker inside water bath 
C. Thermometer 
D. Conductance cell. K = 1 
E. pH combination electrode 
F. Fritted pyrex gas bubbler for C02 

G. Synchronous motor, 1800 RPM 
K. 10 speed gear reducer, 2:1 steps 
I. Rock sample, 41 mm disc held on end of a stirrer shaft by 

a rubber collar 
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4. Preliminary Results 

Three typical rate curves are shown in Figures II.2, II.3, and II.A. 

Plotted in these figures is the conductivity which has been shown to be 

directly proportional to the amount of calcium carbonate dissolved, and the 

pH. There is an initial very rapid uptake of carbonate and then the curves 

flatten out as the system approaches equilibrium. 

The Clover limestone is nearly pure calcium carbonate, has a small grain 

size, and is known to be cavernous. It shows the most rapid rate of solution. 

The Milroy limestone solution data shown (II.3) were measured at a lower 

rotational velocity but is also a somewhat dolomitic rock, more coarsely 

crystalline, and non-cavernous. There is an initial very rapid rise in amount 

of material dissolved but then the rate slows down and the curve approaches 

equilibrium much more slowly. After 250 hours, the conductivity is only about 

one third of that of the Clover limestone. 

The Tea Creek dolomite behaves much like the Milroy limestone, except 

that the conductivity curves climb even more slowly with time. 

B. Solution Morphology and Microstructure 

The rate at which carbonate rocks dissolve in contact with acidulated 

ground water or the rate at which the borehole wall would react with a 

circulating solution is likely to be a function of the detailed microstructure 

of the rock: the type of cement, the size and composition relation between 

grains and cement, whether the rock contains silica or dolomite, as well as 

its chemical composition. To get some idea of the mechanism of attack by 

carbon dioxide-containing water on carbonate rocks, a series of rocks of 

widely varying lithology were etched in dilute carbonic acid and the detailed 

structure of the etched surface examined by scanning electron microscopy. 



Hours 

Fig. II.2 Solution rate curve for cavernous Clover limestone. 



Hours 

Fig. 11.3 Solution rate curve for non-cavernous, dolomitic Milroy limestone. 



Hours 

Fig. II.4 Solution rate curve for Tea Creek dolomite. 
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1. Technique 

Samples of various limestones were cut, given a rough polish (12 pm 

alumina powder), and immersed in a saturated carbonic acid bath for 3 days. 

Half of the surface was coated with balsam to prevent attack by the acid and 

thus provide a reference surface. After reaction with the acid, the balsam 

was stripped away with acetone, the sample was washed thoroughly in water, 

dried, gold plated, and inserted in the scanning electron microscope. SEM 

photographs were taken of the boundary between the etcheu and protected part 

of the surface, and high resolution photographs were taken of areas of 

special interest. 

2. Results 

A selection of photographs of some carbonate rock lithologies are shown 

in Figs. II.5 to 11.20. Commentary on the etched surface morphology is given 

in the figure captions. 
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Fig. II.5, Loyalhanna limestone from Western Pennsylvania. This rock Is 
really a sandstone with a calcareous cement. Shown here is the interface 
between the etched (above) and unetched (b.v>low) portions. The calcite 
cement dissolves leaving the quartz grains standing out in relief. Con-
tinuing attack would cause the sand grains to fall away as the cement 
was further dissolved. 

Fig. II.6. Closeup of a calcareous area in the Loyalhanna limestone. 
This Illustrates the fine grained texture of the cement and the large 
surface area developed as solutional attack proceeds. 
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Fig. II.7. Clover lime-stone, a fine-grained highly soluble limestone 
from Central Pennsylvania, The etched area is on the right. The unetched 
surface is nondescript, rather amorphous in appcarance. After etching 
the individual crystal grains are clearly distinguishable. Since attack 
is concentrated at the exposed edges and corners or grains, the grains 
will probably be separated and fall away before they are completely 
dissolved. 

Fig. II.8. Closeup of a larger crystal on the surface of the Clover 
limestone specimen. These larger crystals are somewhat common on the 
otherwise uniformly fine-grained matrix. It can i>e seen that the larger 
crystal is left standing out in relief illustrating the effect of grain 
size on solution kinetics. 
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Fig, II.9. Centre Hall limestone, a rather inhomogeneous Central 
Pennsylvania limestone. A typical section is much like, that of the Clover 
(Fig. II.7). This figure shows an area of highly variable grain size. 

Fig. 11.10. Another section of Lhe Centre H-JIL limestone illustrating 
the development are microscale surface poropifv r.a Lhp etching process 
proceeds. 



II. 11. Pinnacle-like microstructure on the surface of the Centre Hall 
limestone. The pinnacles are extremely sharp; the. points taper to 
thicknesses less than 2000 A. 

II. 12. Lower bioclastlc beds of the Snyder limestone from Central 
Pennsylvania. The large crystal grains of this rock etch into a 
striated pattern. 
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II. 13. Close-up of the striation pattern on the Snyder limestone 
showing rhombohedral etch pattern. 

II. 14. Etching along a minor joint in a specimen of Snyder limestone. 
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II. 15. The Milroy limestone of Pennsylvania dissolves at a slower rate 
than those previously mentioned. It is partly dolomitic and is made up 
of more angular crystal grains. Solutional attack occurs along angular 
cracks between the grains. The etched portion is at the lower left of 
the photograph. 

II. 16. The Valentine limestone is a very pure high calcium limestone 
valued as a steel mill flux. Although it typically ranges 97 to 99% 
CaCO^* it dissolves at a very slow rate. The etched surface shows a 
remarkable amount of detailed structure Including some sharp pinnacles 
similar to those of Fig. II.11. The left third of the photograph is the 
unetched portion. 
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11.17. Close-up detail of the Valentine limestone showing solutional 
etching of a crack across a large calcile grain. 

11.18. Tea Creek member of the Belief onto dolo;u!te of Central Pennsyl-
vania. This is an unetched area showing large avaouncs of very fine-
grained material typical of this rock type. 
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II. 19. Etched area on the Tea Creek Dolomite showing solutional 
attack around the edges of the grains giving them a scalloped 
appearance. 

II. 20. Another etched area of the Tea Creek dolomite. More massive 
and densely packed grains are arranged in a rhombohedral pattern. In 
common with most dolomites, the grains dissolve very slowly and solu-
tion of the surface takes place mainly between grains. In this case, a 
small amount of inter-granular calcite may have been etched out. 
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III. THEORY OF CARBONATE SOLUTION 

A. Introduction 

As indicated in the introduction to this report and in the feasibility 

report, It is rate-of-reaction information rather than reaction behavior or 

equilibrium information that is lacking in most of the hole-sealing reactions 

of interest. Reaction kinetics in natural systems are extremely complex 

and few reactions involving silicates are understood in more than the most 

qualitative way. Solution kinetics of carbonate rocks are an exception. In 

part this is because the reactions are faster and of a simpler chemistry. And 

in part it is because of the great interest in these systems because of their 

importance to the understanding of ocean bottom processes, of diagenesis of 

carbonate sediments, of ground water behavior in carbonate equifers, and of 

carbonate rocks as petroleum reservoirs. 

The studies of the rate processes of the solution and deposition of 

carbonate rocks have the following relevance to the borehole plugging program: 

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

as plugs for holes drilled in limestone or dolomite, 

(ii) Stability of carbonate plugs in the presence of circulating 

ground water. 

(iii) Possible use of solution mining techniques for preparing storage 

cavities in carbonate rock. 

The present chapter is a summary of the theoretical models, and a 

critical comparison of them with available experimental data. 
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B. Equilibrium Reactions 

Calcite and dolomite are ionic salts and in pure water they will 

dissociate into their constituant ions up to a solubility limit defined by 

the solubility product constant 

CaC03 t Ca* + C0~2 

CaMg (CO-,) 2 J Ca + + M g ^ + 2 C0~2 

aCa++ ' aC0"2 ^ 
K = — = a + + . a -2 

aCaC0 3
 C a CO^ 

a a a —2. 
Ca Mg C0 3^ 2 

K, = r a -f-t- . a ++ . a d a
CaMg(C03)2 3 

The solubility product constants are functions of temperature and values 

are listed in Table III.l. 

In absence of acids, both calcite and dolomite are very stable and the 

transport of material into or out of the region of a plug would be negligably 

slow, even on megayear time scales. The solubility is greatly enhanced by 

the presence of any mineral acid and by the presence of excess carbon dioxide. 

The solution of carbonate rocks in waters containing excess CO^ takes 

place in a series of steps. The first is the solution of CO^ into the aqueous 

medium from a co-existing gas phase. There is transport of CO^ from the 

gas phase across the interface to form CO 2 (aqueous) in solution. The 

dissolved CO2 then reacts with water to form neutral carbonic acid. Since 

there is no convenient experimental way of separating the two reactions they 

are usually considered together. 
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C0 2 (gas) t C0 2 (aq) 

C02(aq) + H 20 * H 2C0 3 

A bulk equilibrium canstanc is used to describe all neutral carbon-bearing 

species (values in Table III.l) 

^-CO 1/ = _ £ 
C ° 2 P C 0 2 

The concentration of dissolved C0 ? increases with increasing carbon dioxide 

pressure in the gas phase above the aqueous solution. Dissolved CO2, however, 

decreases with increasing temperature. 

The neutral carbonic acid species dissociates in solution to form the 

bicarbonate ion which in turn dissociates to form the carbonate ion. At 

the pH and ionic strength range of most carbonate-bearing waters the bicarbonate 

ion is the dominant species. 

H 2C0 3 t H + + HCO~ 

HCO~ t H + + C0~2 

^CO" ' aH+ 
v = i 

aH2C03 

= 

aC0- 2' a H + 

2 SHC0 3-

Numerical values for K^ and K 2 at various temperatures are also listed in 

Table III.l. All reaction steps from aqueous solution of carbon dioxide 

through the various dissociations of carbonic acid are homogeneous reactions 

in solution and all activities must be equal for all species. The activity 
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of carbonic acid ties the system Lo external sources of carbon dioxide 

through a heterogenous gas/liquid reaction. 

Table III.! 

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. 



24 

C. Approaches to Kinetic Theory 

The total number of individual reaction steps in the solution or 

deposition of carbonate minerals is quite large. Each will have its own 

characteristic reaction rate. If a single reaction step is slower than all 

others by a substantial amount, that step will be rate controlling and if it 

can be identified, the. analysis of the total system kinetics will be relatively 

simple. However, if several reactions steps proceed with comparable speeds, 

the rate controlling mechanisms can become quite complex. Further, the 

rate-controlling step may be different depending on external conditions of 

temperature, pressure, carbon dioxide pressure, and degree of undersaturation 

of the solutions. 

Some of the reaction steps take place entirely in solution and some 

take place by exchange of materials across a solid-liquid interface. The 

first are called homogeneous reactions; the second, heterogeneous reactions. 

1. Homogeneous Reactions 

The generalized theory of homogeneous reactions Is obtained by simply 

introducing rate terras into the usual statement of an equilibrium reaction 

aA + bB 2 Cc + dD 

k.[A]a[b]b = k [C]C[D]d 
JU L 

where k^ is the forward reaction rate constant and kr is the reverse reaction 

rate constant. The equilibrium constant is then nothing more than the ratio 

of the forward and reverse reaction rates 

K = [C]C[D]d 

k r [A] a[B]b 
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When the reaction is actually at equilibrium, the forward rate just equals 

the reverse rate and there is no net change in the concentration of any of 

the species 

d Ci 
dt~ = 0 

When the reaction is initially out of equilibrium, there will be a time 

dependent change in concentration of the various species as the system strives 

toward the equilibrium state. The magnitude of the rate is a function of the 

product of the reacting species concentrations. 

dc . a b e d 
" dt = k CA CB °C CD 

The parameter, k, is a specific reaction velocity constant which is a 

function of the particular reaction and the temperature. The order of the 

reaction is defined as the variation of the rate with respect to a particular 

reactant and is given by the exponent on the concentration terra of that 

reactant. 

Since all species are dispersed in the solution, transport is not 

usually rate-controlling so that the overall kinetics is controlled by the 

reaction rate constant as described above. Such systems can be said to be 

"reaction-kinetics" controlled. 

The temperature dependence of reaction-controlled systems is described 

by a simple Arrhenius function of the form 

V 
E_ 
'RT 

where E is a characteristic activation energy and Aq is a proportionality 

constant. 
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2. Heterogeneous Reactions 

Heterogeneous reactions take place acroas the Interface between two 

phases. They are characterized by mass transport as well as by chemical 

reaction kinetics. Although the general theory applies to solid-solid, 

solid-gas and other reactions, the discussion that follows will be limited 

to the case of solid-liquid reactions. 

In the specific case of solid-liquid reactions, account must be taken 

of the hydrodynamics of fluid motion on a macro-scale as well as the molecular 

motions of the dissolved species. This is usually accomplished by what is 

called "film" theory. The assumption is that the liquid contacts the solid 

through an intervening static liquid film which is saturated with respect to 

the equilibrium reactions. The solution or deposition of the solid, therefore 

involves the following steps: 

(i) Transport of reactants to the static boundary layer 

(ii) Transport of reactants through the boundary layer to the 

solid surface 

(iii) Adsorption of the reactants 

(iv) Chemical reaction 

(v) Desorption of the reaction products 

(vi) Transport of reaction products across the boundary layer 

(vii) Transport of the reaction products away from the interface. 

The overall reactions involve both chemical steps and transport steps. Thin 

gives rise to three possible cases. 

(i) Reaction control: The chemical reaction steps are rate-

controlling 

(ii) Transport or Diffusion control: The transport steps are 

rate controlling 

(iii) Intermediate Control: 
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The equations describing transport control will be developed only briefly 

here and in more detail in the next section for the specific example of 

carbonate rock reactions. 

It should be emphasized that the static boundary layer is strictly an 

assumption made to ease the problem of calculation. Given this assumption, 

however, transport of reaction products across the boundary layer is a 

diffusive process and is described by Ficks law of diffusion. 

£ • - " 3 5 

where dw is the flux of transported material, A is the area of the interface, 

dc/dx is the concentration gradient normal to the surface, and D is the 

diffusivity. The diffusion equation can be re-written 

DA(c - c.) dw o 1 
dt " V5 

where Cq is the concentration in the bulk liquid (assumed to be well-stirred), 

c^ is the concentration in the boundary layer, V is the volume of solution, 

and 5 is the diffusion layer thickness. 
DA 

The grouping ^ r becomes an expression of the first order rate constant 

k. It is first order because the concentration terms appear in linear form 

and this is characteristic of many diffusion processes. A normalized rate 

constant k t may then be defined as 
, _ kV D 
t ~ D 6 

where k t is the rate per unit area at unit volume. 

If the chemical reactions are rate controlling, the rate equations are 

similar to those already written for homogeneous reactions. 
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If chemical reaction rate and transport rates are similar, both processes 

must be taken into account and the theory becomes quite complex. 

3. Application to Carbonate Rock Systems 

The processes involved in the solution (or deposition) of caicJte 1h 

illustrated in Fig. II1.1, There is a solid mass of CaCO^ which may be 

imagined as the plug itself or the ;.*all of a fracture or solution cavity. In 

contact with the solid surface is the static boundary layer of luid and beyond 

that is the bulk fluid, a mineral-depositing solution or a partially under-

saturated ground water moving through the fracture or cavity. The fluid is 

in motion in most cases of interest so that the hydrodynamics of the moving 

fluid and its Influence on the reaction kinetics are also of importance. 

The main steps in the process are: 

(i) Hydration of aqueous C0 2 to form neutral carbonic acid, 

(ii) Transport of carbonic acid into the boundary layer and/or ioniza-

tion to form the bicarbonate ion and a proton, 

(iii) Transport of the proton to the solid surface where it is adsorbed, 

(iv) Reaction • f the proton with a carbonate ion on the crystal surface 

to form the bicarbonate ion which is then released into the boundary 

layer. 

(v) Diffusion of the bicarbonate ion across the boundary layer back 

into the bulk solution, 

(vi) Release of the calcium ion from the solid surface, 

(vii) Diffusion of the calcium ion across the boundary Layer into the 

bulk solution. 

The hydration of aqueous C0 2 is known to be a slow process and presents 

the possibility of being a homogeneous reaction rate-limiting step either in 

the bulk solution or in the boundary layer. 
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Fig. III.l Processes of calcite solution. 
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There are at least four species involved in diffusive transport across 

the boundary layer: carbonic acid and the proton diffusing toward the surface 

and bicarbonate ion and calcium ion diffusii. • away from the surface. Since 

the diffusivities of these ions will not be equal there is a coupled diffusion 

process of some complexity. Transport control could involve any or all of these 

species. 

Chemical reaction at the surface is complex. First the proton must be ad-

sorbed. Then it must move over the crystal surface to a reaction site, a step, 

kink, or dislocation where it can attach to the ion to form the HCO^ ion. 

The bicarbonate ion then must be released from the solid and discharged into 

the solution where it can move away by diffusion. Loss of the bicarbonate ion 
I | 

produces a local charge inbalance which allows the Ca to be released into the 

solution. Any part of this process could be rate-limiting in v/hich case there 

would be surface reaction control. 

Even the complicated scheme outlined above is oversimplified. Ignored are 
the second ionization of HCO^ to form in the solution, the hydration of 
++ | | 

Ca to form the Ca(H»0), complex when il is released into solution, the role l. o 
+ 0 

of other complexes such as CaHCO^ and CaCO^, and most of the details of the 

surface structure and perfection of the dissolving crystals. 

From this conceptual picture must come a quantitative model which will 

relate solution rate to measurable parameters of bedrock lithology, solution 

chemistry (particularly CO2 pressure and pH), and flow hydraulics. 

D. Discussion of Specific Models for Carbonate Dissolution 

Although the body of literature on the solution and deposition kinetics 

of carbonate minerals is large, we chose four examples for detailed discussion. 

The oldest of these, proposed by tfeyl in 1958, is of interest because it deals 

directly with the problem of fluid motion. Curl's (1965) model takes more 
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explicit account of the diffusion processes. The models of Berner and Co-

workers and of Plummer and Wigley are quite recent and each was developed to 

account for specific experimental data. Both of these models have built-in 

assumptions to cope with the specific experimental conditions and these must be 

examined in light of a broader, more general, approach to carbonate solution 

kinetics. 

1. The Weyl Model 

Weyl (1958) considered the question of reaction rate control versus trans-

port control in a very qualitative way. By means of several experiments, one 

in which he directed a jet of CO^-saturated water against an Iceland spar 

crystal and one in which he dissolved powdered CaCO^ in CC^-saturated water 

with intensive stirring, he convinced himself that the solution rate changrid 

substantially with flow rate in the jet or with stirring of the powders. This is 

the classical evidence for transport control and Weyl then developed his theoretical 

model on the initial assumption of diffusive transport from the dissolving 

interface as the rate-limiting step. 

Basic Theory: The geometry assumed is shown in Fig. III.2. Assume a 

capillary of cross-sectional area A through which fluid moves with velocity v^. 

Assume no source of COj other than that initially in the water and assume 

laminar flow. If fluid enters the volume element Adx of the capillary the net 

mass change in solute per unit time will be the concentration at the outflow 

minus the concentration at the inflow. 

9M 
3t 

At the same time there will be transport due to diffusion opposite to the 

concentration gradient 
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A - 7raz 

Fig. III.2 Sketch of idealized capillary used to formulate the Weyl model. 
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9M r9c .3c 9 zc . . , ... . 
7 T ' - DA fc - (T- + — - dx) ] - UA — Ux 

The total mass change can be expressed as a concentration change, mass per 

unit volume. 

9c _ 92c 9c 
3c ' V 2 ' v x 9x dx 

The equation can now be generalized into 3-dimensional form 

- D V 2 c - V • Vc 

Under conditions of steady state there is no dependence of concentration on 

time 

D V 2 c - V • Vc = 0 

Weyl defines a diraensionless concentration as 
C - C 

which leads to the boundary conditions that C* —>• 0 for saturated solutions 

and C* —*• 1 for a solution containing no dissolved carbonate at all. The 

final form of the general diffusion equation becomes 

- D V 2 C* + V • VC* = 0 

Analysis of Capillary Flow: The velocity of fluid flow in the z-dJrection 

through a circular capillary is 

where a = capillary radius, y = viscosity, p = density, X = component of 

gravity along the capillary, and dp/dz = pressure gradient. The analysis 

will be concerned only with the average velocity 
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from which the velocity at any point in the capillary can be written 

v(r) = 2 v LI - { f )2 ] 

The guiding equation for solution in a circular capillary can then be 

written by transforming the general equation into cylindrical coordinates 

and writing it in terms of the average flow velocity. 

d (2!s* + A|£i + lis} = 2 v [i-
V 2 r 9 r ^ 2 1 9 z dr dz 

This equation can be solved for two limiting cases (1) the fast flow limit 

where diffusion is small compared with the velocity and (2) the diffusion 

limited case where velocity of flow is negligably small. 

Since the concentration at any point within the capillary is unnecessary, 

the solutions can be averaged. For the fast flow limit, the mean concentration 

is given by 

b Dz 
oo - 2 

C* = I B E 
i=0 

where numerical values of the coefficients are 

B = 0.819 b = 3.657 o o 
Bĵ  = 0.976 b x = 22.3 

B 2 = 0.0190 b 2 = 53.0 

For the diffusion limit, the mean concentration is given by 

r / , v * .2 * v , 
" [ (D} + } " D ] Z 

C* = 0.67 e 

using only the first term in an expansion of Bessel functions. 
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Analysis of Fracture Flow: Flow of fluid through joints, fractures, and 

bedding planes is of greatest importance in analysing the field behavior of 

carbonate waters. If the geometry of these structures is idealized to an 

infinite plane fracture of width d (set as the yz plane for analysis) the 

velocity in the z-direction can be written 

* * - i <*-i> <*-!> <3f + o« 

The average velocity becomes 

So that again the velocity of flow at any point in the fracture can be 

described in terms of the average velocity 

vx = | v [1- i f )2] 

There is then obtained a guiding equation by transforming the general equation 

into the fracture coordinate system 

3x 3z 

The boundary conditions are that C* = 1 for z < 0 and C* = 0 for z > 0 and 

x = d/2 (a statement that the solution is saturated at the walls). 

At the fast flow limit the average concentration along the fracture is 

given by 

e±Dz 
00 r, F0 = 0.98 e = 7.5 C* = 7 F e where ° 

i F = -0.07 e = 80 
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The Penetration Distance: Weyl defines a quantity that he calls the 

penetration distance which is the distance along the capillary or fracture that 

the initially unsaturated fluid will travel before it reaches 90% saturation 

(C* = 0.1). Penetration distances for both capillaries and fractures for the 

fast flow and diffusion limits are given below 

Capillary of radius a Fracture of width d 

0.572 v a2 0.304 v d2 

D D 

0.96 a = d 

2. The Curl Model 

Curl (1965) proposed a more complex diffusion model to take into account 

some of the shortcomings of the Weyl model. He pointed out that the solution 

of calcite involves a double-diffusion process: the migration of carbonic 

acid to the reacting interface and the migration of Ca(HC03)2 away from the 

interface. He was also impressed with the known sluggishness of the hydration 

of aqueous C02 to form neutral carbonic acid and considered this reaction as 

possibly rate controlling. 

Curl's model assumes a boundary layer that acts as a diffusion barrier 

on the reacting interface. It also assumes the conventions of film theory of 

heterogenous kinetics. Other specific assumptions are: 
(i) The C02 pressure is high enough that 0H~ and C0~ are small. 

+ 0 (ii) The complexes CaHCO, and CaC0„ are small. 

Rapid Flow 

Diffusion only 
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+ 

(iii) The concentration of HCO^ is high enough to suppress H . 

(iv) The reaction at the surface is not rate limiting (i.e. surface 

reactions are in equilibrium). 

The chemical reaction in the boundary layer is then 
C0 2 + H 2 0 * H 2CO 3 

and the reaction at the surface (assumed to be in equilibrium) is 

H 2C0 3 + CaC03 £ Ca(HC.03)2 

Let [C02] = Ĉ j (assumed everywhere large and constant) 

[H 2 CO 3 ] = c 2 ) 
> concentrations in the boundary layer 

[Ca(HC03)2] = C 3 ) 

y = distance from the surface 

t = thickness of the boundary layer 

For y > t the hydration reaction will be in equilibrium. Further definitions 

are C 2
 55 C^ = equilibrium concentration of carbonic 

acid in the bulk sotuion 

C 3 = C 3 in the bulk solution 

C§ = C 3 in equilibrium with C 2 (saturation value for 

calcium carbonate with respect to a stated C0 2 

pressure.) 

C->0 ~ C 2 a t s u r ^ a c e 

C 3 Q = C 3 at surface 

The equations that describe the double diffusion process across the 

boundary layer are (in the range of 0 '< y < t) 

d*c2 

U2 dy2 - ( C2 - C2> = 0 
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The boundary conditions are 

3 
c3o = ~ c

2 o a t y = 0 

c 2 = c 2 

C3 =• c3 

at y = t 

The flux of H^CO^ toward the surface and the flux of 03(11002)2 a w a y from 
- 2 - 1 the surface must be equal and are the solution rate, N (gm moles cm sec ) 

l ] — » £ ] 

dC -, dC. 
N = D, ~ ~ 2 dy 

y = 0 y = 0 

The general solution to the diffusion equations takes the form 

ATn 
N - D 3(C 3 0 - C 3) = (C2 - C 2 0 ) fi^H^t Ctnh / t 

It is now possible to make use of the conventions of "film" theory 

and state 

D , 
_ 2 _ 3 

h 2 h 3 

where h 2 and h 3 are the mass transfer coefficients for carbonic acid and 

for calcium bicarbonate respectively. It is also useful to introduce fractional 

saturations of the two reacting species 
<J>2 

» 3 = C f 

Using the boundary condition at the surface and noting that an initial 

assumption was that surface reactions are not rate-limiting 
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^3 0 = ^2 0 a t t*ie s u r f a c e 

The main solution to the differential equation now becomes 

C2 /k7'~2 /kz' D2 

*3„ - *3 = C f (1 " *20> " T 7 C t n h ~ h 7 ~ 

Note that many terms in this equation are constant for any given temperature, 

CO2 pressure, and hydrodynamic regime. If these are combined into a single 

term 
C A ' D /k ' D 

c _ 2 2 2 , 2 2 
s - c* - 7 — c t n h 

3 n 2 
3 

the diffusion equation becomes a simple linear relationship between two 

concentration gradients. 

d> - 5 = S(1 - d> ) y30 v 2 0 

Curl's graphical solution for the diffusion equations is shown in 

Fig. III.3. Since the surface reaction is assumed to be in equilibrium, the 

curve representing this equilibrium can be plotted as a function of the under-

saturations of the two reacting species. On the fluid side of the boundary 

layer, the carbonic acid concentration is assumed saturated and (j> = 1. At 

this limit <p3 = <j>3 and the undersaturation in solution in effect defines the 

intercept for the linear relationship. The quantity S can be calculated if the 

diffusion coefficients and mass transfer coefficients are known and thus Lhe 

line can be plotted. The intercept of the line with slope -S with the surface 

reaction curve gives the surface undersaturation of both reacting species from 

which the rate of solution can be calculated by 

N = D 3 c* (4>J0 . $s) 

The carbon dioxide pressure determines the saturation levels C2 and 
£ C3 against which the fractional saturations are normalized. The temperature 
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Fig. III.3 Graphical solution for the diffusion equations. 
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enters through the back reaction rate constant, k2' and the diffusivities 

and the mass transfer coefficients. The hydrodynamic regime enters through 

the mass transfer coefficients and indeed provides the basis for calculating 

these coefficients. 

3. The Berner-Morse Model 

The model of Berner and Morse in more qualitative and conceptual than the 

two previously discussed. It is more an explanation for experimental results 

obtained in an attempt to understand the behavior of carbonate sediments in the 

Ocean than a model in the formal sense {Berner and Wilde, 1972; Morse and Berner, 

1972; Morse, 1974 and Berner and Morse, 1974). 

Most previous experiments on the solution kinetics of calciue utilized 

a "free drift" technique in which CaCO^ was immersed in a CO^-rich solution 

and allowed to react. Concentrations of dissolved species, pH, or electrical 

conductivity were monitored as a function of time to yeild a rate curve the 

instantaneous slope of which is dC/dt for the specificed time. The interpretative 

difficulty with this method of collecting rate data is that the undersaturation which 

provides the driving force for reactions is constantly changing. Berner and 

Morse conceived a clever technique for maintaining both carbon dioxide pressure 

and the undersaturation at constant values. Constant ?cq was maintained by 

bubbling gas through the solution as other have done. Constant undersaturation 

was maintained through a "pH stat" — a device which constantly monitored the 

pH of the reacting solution and then added small aliquots of HC1 to maintain 

pH and thus undersaturation at a controlled constant value. Since their 

interest was in oceanic processes, the aqueous solution was either seawater or 

a brine solution they call "pseudoseawater". 

Berner and Morse's (1974) results are shown in Fig ITI.4 as a direct plot 
2 

of the solution rate (expressed as mg/cm /year) against the difference between 

the pH of the experiment and the equilibrium pH for the C0_ pressure chosen. 
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10.000-

»Log C02 Pressure • 0.0 
• Log C02 Pressure • -1.5 
kLog CO 2 Pressure • -2.0 
> Log CO2 Pressure • -2.5 
i Log CO 2 Pressure • -2.6 
>> Log C02 Pressure » -3.5 

3.0 40 

Fig. III.4 Rate of solution of CaCO^ as a function of A pH (~pH(saturation)-

pH of measurement). Data plotted directly from Berner and Morse (1974). 
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Certain regions are dependent on carbon dioxide pressure and thus a family 

of curves are shown. 

The amazing result is that the rate varies by nearly five orders of 

magnitude depending on the degree of undersaturation. The plot divides rather 

neatly into four regions. Region 1 lies below ApH = 2 which corresponds to a 

pH of less than 4.0. In Region 1, the rate increases rapidly with increasing 

undersaturation. The rate is essentially independent of C ^ pressure if the 

data are plotted as a direct function of pH rather than as a function of ApH. 

Region 2 lies in the intermediate range of undersaturation between ApH =0.3 

and 2.0. The rate is linearly proportional to undersaturation but the total 

change in rate over the ApH range is small—no more than a factor of 2 to 3. 

As the solution approaches saturation the rate changes dramatically. Below 

ApH = 0.3, the curves knee over and the rate drops precipitously more than a 

thousand fold. This is region 3-B of the diagram. Not really well-shown in 

Fig. III.4 but quite clear in Fig. III.5 is Region 3-A. When the solutions 

approach to within ApH = 0.1 of equilibrium, the rate reaches a miminum value 

and it decreases from this low value down to zero at equilibrium. Expressed 

another way, a finite departure from equilibrium equivalent to ApH =0.1 is 

necessary before there is much of any reaction of CaCO^ with the solution. 

Berner and Morse do not present a comprehensive theoretical analysis of 

their data but rather advance a mixture of experimental and theoretical arguments 

to support their proposed reaction mechanisms in each region of the rate curve. 

They do not determine reaction orders, rate constants, or mass transfer coeffJcientH. 

Discussion of Region 3: The reaction rate close to equilibrium is very 

sensitive to additives and trace impurities. The phosphate ion, in particular, 

is shown to be effective at inhibiting the reaction. Rate curves for different 

phosphate concentrations are shown in Fig. III.5. It can be seen that the 

reaction rate remains very small even at ApH values of 0.1 to 0.2 when phosphate 



ApH 
Fig. III.5 Rate of solution of CaCOj at fixed P C Q and temperature in the 

near-equilibrium region. Data from Berner and Morse (1974). 
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is present. There is a critical undersaturation at which the curves knee over 

and the rate begins to increase rapidly. Berner and Morse argue that solution 

rate in this region is controlled by the removal of kinks and the movement of 

ledges across the dissolving crystal. Adsorption of phosphate or other inhibitors 

occurs at the kinks because these are high energy sites and thus freeze their 

motion. The actual number of kinks is small so the inhibitor can be effective 

at very low concentrations. 

As undersaturation increases it eventually reaches the value needed to 

nucleate holes in the crystal surface. When this happens, the effect of 

the inhibitors is overcome and the rate increases rapidly though region 3-B until 

a new centrol mechanism takes over. 

Discussion of Regions 2 and 1: The interpretation of Region 2 is not 

complete. Based on the proportionality between rate andApH, Berner and Morse 

argue that the absorption of protons has become rate-controlling. The rate of 

reaction is directly proportional to the excess of H+ on the crystal surface. 

By using a version of the film theory 

R = ^(C'-C) 

where R = Rate, D - Diffusivity, r = Spherical radius of small dissolving 

particles, and C' is the Concentration at the dissolving surface and a statement 

of mass balance and charge balance across the boundary layer, Berner and Morse 

calculate a limiting rate value for diffusion-control as a function of under-

saturation. The reaction rate in Region 2 is too slow by a factor of 20 compared 

to the rate predicted for diffusion control. 

In region 1 there is a gradual transition to the diffusion limit: implying 

diffusion control only at the highest undersaturations. Although the solutions 

were stirred, no values for the stirring rate are given nor was there apparently 

any attempt to manipulate or determine the mass transfer coefficient rcr 
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diffusive transport experimentally. The overall conclusion seems clear. Only 

under extreme conditions is transport the rate-limiting process. At all levels 

of undersaturatlon and certainly most of those that would be important in 

natural processes, the system is surface reaction-controlled although Lhere 

appear to be at least two surface reactions operating. 

4. The Plummer-Wigley Model 

The basic experiment of Plummer and Wigley (in press) was the solution 

of finely-ground iceland spar in water which was kept saturated with carbon 

dioxide at a pressure of approximately one atmosphere. The resulting solutions 

were more acid than those commonly encountered in nature and the time scale 

of the experiment was reduced. They develop an alternate formulation of 

transport theory that avoids the necessity for making specific assumptions about 

diffusivities or film thicknesses and allows a comparison between transport-

controlled kinetics and reaction rate-controlled kinetics. 

Transport Theory; Begin with the following statement 

j = kT(C' - C) 

where: j = mass flux in moles per unit area per 

unit time. 

k̂ , = mass transport coefficient with dimensions 

of velocity 

C' = concentration of reacting species at th«* 

surface 

C = concentration of the same species in the 

bulk. 

There has been assumed here a boundary layer separating the solid surface 

from the bulk of the solution. The flux j then represents the mass transport 



621 

across the boundary layer. The flux of material from the solid into the 

liquid changes the concentration of the dissolving species in solution 

according to the equntion 

dC A 
dt V J 

where: A = area of the dissolving surface 

V = volume of solution 

An explicit assumption in these equations is that there are no homogeneous 

reactions in either the bulk liquid or in the boundary layer. This assumption 

is not valid in carbonate rock systems and the theory must be modified by 

appropriate source and sink terms. Plummer and Wigley point out that this 

theoretical development bears only a superficial resemblance to the Nernst film 

theory. The mass transport coefficient in this theory can be calculated 

whereas the corresponding term in the Nernst theory J.s an empirical constant. 

To contrast the two limiting types of kinetic control assume the 

existance of a very thin surface layer separating the solid surface from the 

boundary layer. The surface layer is assumed to be so thin that steady state 

conditions are achieved within it in very short times. Then we can write down 

an expression for the mass flux between the surface layer across the hypothetical 

interface into the boundary layer. 

j* = k (C' - C')n J c s 

where: k c 

C' 3 

= reaction rate constant with dimensions 

defined by the reaction order, n 

= equilibrium concentration at the surface 
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Now if the system really attains equilibrium at the surface, there will be 

extablished a steady state condition between the thin surface layer and the 

boundary layer. 

j* = J 

and the various flux equations can be combined 

j - 5 § = kT(c' - C) = kc(c; - o n 

which is a general expression for the intermediate case. 

In the transport controlled limit, surface reaction rate is much faster 

than transport rate 

C 1 » 
(when the inequality is written this way, both terms have units of velocity). 

Thus C1 - C' must be small and C' = C1. If it is assumed that the saturation s s 
concentration on the surface is the same as in the bulk, Cg " cs» t h e general 

rate equation then becomes 

j = j = kT(Cs - C) TRANSPORT CONTROL 

In the reaction controlled limit 

k_ » C n - 1 k T s c 

Thus C' - C must be small and C' = C. The controlling equation then becomes 

j = T = M c „ " C>" REACTION RATE CONTROL A dt c s 
Application of the Model to Experiment: Plummer and Wigley dissolved 

pure CaCOg in the form of small single crystals in water whose carbon dioxide 

content was maintained at a constant value by continuous bubbling CO^ gas. 

The effective C02 partial pressure was 0.97 atm. By using different particle 

sizes of CaC03 and by making an analysis of the hydrodynamics of stirring, 
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they were able to arrive at values for the muss transfer coefficients, k.̂ , 

independently of other experimental results. 

The following homogeneous reactions occur in this experimental configura-

tion: 

(i) H20 + C02 * H2C03 

(ii) H2C03 * H+ + HC0~ 

(iii) HCO~ * H + + C03 
(iv) H20 * H+ + 0H~ 

A key assumption in the Plummer-Wigley analysis is that all four of these 

reactions maintain equilibrium throughout the course of the experiments. 

As they are well aware, this is a shaky assumption with respect to reaction 

(i) and other authors have made different assumptions (e.g. Curl). It is 

difficult to distinguish dissolved C02 and un-ionized carbonic acid so these 

twc species are added together and reported as "free C02", F. 

Kinetic Control Mechanisms: As implied by the earlier discussion of 

transport theory, the test of surface reaction control versus diffusion 

control is the concentration of dissolving species at the surface. By using 

the equations for mass flux and by invoking charge balance in the flux and 

overall balance of carbon-bearing species the following equations for the 

surface concentrations of calcium ion and free carbon dioxide can be derived. 

[Ca'] = [Ca] + kj(Ca) 
d[Ca] 
dt 

= K + V I d[Ca] _ d[HCO3] , 
A k^,(F) 1 dt —3E I 

Provided that homogeneous reactions (i) to (iv) are assumed to be at equi-

librium, the surface concentrations of other species can be calculated. 
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Considarations of the experimental data show that the surface concen-
I j ^ 

tratlons of Ca and H are the same as the bulk concentration within experi-

mental error. The concentrations of these ions are out of equilibrium and 

remain out of equilibrium over very long periods of time. This is strong 

evidence for surface reaction control at least over the pH and undersaturation 

regime of the experiments. 

There is a flux of CO^ through the boundary layer onto the surface but 

it is small. F' is calculated to be 0.96 atm at the onset of the experiments 

rising toward the saturation value of 0.97 as the reaction proceeds. CO2 is 

in excess in these experiments and it takes only a small concentration 

gradient to maintain the calcium ion flux in the opposite direction. 

Other evidence for surface reaction control is obtained by plotting the 

dissolution rate for a given level of undersaturation against the mass transfer 

coefficient. Ideally, for pure surface reaction control, dissolution rate 

would be independent of This is not exactly the case; there is a weak 

dependence of dissolution rate on mass transfer. The dependence is much 

less than the theoretical prediction and this can be interpreted as evidence 

that surface reaction rate is the dominent control in calcite solution under 

the experimental conditions. 

Reaction Order: If the dissolution of calcite is surface reaction 

controlled the guiding equation should be 

J £ - k (Cs' - C ) n A dt c 

according to the theory developed earlier. Since the experimental results 

show that C' = C, this equation can be used with the bulk solution concentrations 

to determine the reaction order, n. Log-log plots of the concentration change 

against the undersaturation showed a straight line with a slope of 2 from the 
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onset of the experiment up to a certain pH value on the order of 5.9. At 

higher pH'a the Blope changua and the ronclion shiftB to higher order. The 

reaction is thus second order r/t high under,saturaLioiu; but changes as 

equilibrium is approached. 

Generalization of the Model; The basis for the generalized model is 

the transport equation for the general intermediate case 

- d T = k r ( c ' - c ) = k c ( c ; - C ) n 

Define new concentration parameters X = C/Cg the fractional saturation in 

the bulk and Y = C'/C the fractional saturation at the surface. It is assumed s 
here that the saturation concentration at the surface is the same as in the 

bulk, C^ = Cg. Also define a dimensionless parameter 

In terms of the new variables the general flux equation will be 

(1 - Y)2 = a(X - Y) 

where specific numerical value of 2 has been assumed for the reaction order. 

This equation is readily solved to yield x 

Y - i + a - a 2 + 4a (1 - X) 
1 2 

It can be seen that ft is really a scaling parameter for the relative importance 

of surface reaction control and transport control. If a becomes small, Y - J 

and we have the transport controlled limit. If a becomes large, Y = X and then 

we have the reaction controlled limit. 

It is now possible to write the total mass flux in terms of these same 
variables 
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j - ( ^ ( Y - X) 

At the transport-control limit, the transport-only flux is 

j = C k (1 - X) Jo s v ' o 

Plummer and Wigley wrote the ratio of the two fluxes 

i. 
j, 

Y - X 
1 - X o 

expanded this in terms of a, and then used their experimental values for 

the reaction rate constants and mass transport coefficients to plot the 

equation. Fig. III.6 shows their plot. Regions of transport, surface 

reaction, and intermediate control are easily delineated. The drop off of 

the curves as the solutions approach saturation occurs where the reaction 

kinetics shift to higher order. 

E. Comparisons with Experimental Data 

For the purpose of discussing the models and for comparing the various 

data available in the literature with the models it is convenient to use the 

breakdown of rate behavior discovered by Berner and Morse. 

Region 3-A may be called the "Inhibition Region." Reaction rate in this 

region is so sensitive to the presence of impurities in solution that little 

systematic comparison of rate data can be made. 

Region 3-B may be called the "Nucleation Region" accepting for the 

moment Berner and Morse's explanation that the rapid rate of increase in 

solution rate to be the result of having a degree of undersaturation sufficient 

for the nucleation of holes on the surface of the dissolving crystal. 

Region 2 may be called the "Reaction-Controlled Region." Many of the 

experiments reported in the literature fall into this chemical regime so that 

comparisons, using Plummer and Wigley's model can be made. 
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III.6 Balance between total flux and mass transport-controlled flux 

as a function of degree of saturation of the solution. From 

Plummer and Wigley (in press). 
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Region 1 may be called the "Transport Controlled Region." If this 

region is indeed one in which reaction rate is limited by diffusion across 

the boundary layers, the kinetic behavior should be analysible in terms of 

either Weyl's or Curl's diffusion-control models. 

While the Berner and Morse experiments provide the best basis for 

interpretation of carbonate solution kinetics because they clearly demonstrate 

different kinetic controls in different chemical regimes, it is necessary to 

make a careful distinction between open and closed systems with respect to 

the various reacting species. The systems can be open or closed with respect 

to either or both CC^ and H+. Weyl's model, for example, assumed a fixed 

quantity of CC^ in the initial solution which was gradually consumed as the 

reaction proceeded until the system had come to equilibrium. All other models 

assumed a fixed P^q which is a statement that the systems were open to CO2 

and that CC^ consumed during reaction was replenished to maintain a constant 

pressure on the system. In both Curl's and Plummer and Wigley's analysis, the + 
only source of H was from the ionization of carbonic acid and thus their 

+ systems were closed with respect to H although open with respect to CC^. 

Berner and Morse's experiments were conducted in such a way that the system 
+ 

was open to both CC^ and H . This is immaterial so far as the surface reactions 

and transport processes are concerned, but if the sluggish homogeneous reaction 

of the hydration of aqueous carbon dioxide was rate-controlling in certain 

regimes, the Berner-Morse experiments would not detect it. 

1. The Inhibition Region 

The key feature of the inhibition region is that the reaccion rate is 

nearly three orders of magnitude slower than in the region of reaction rate 

control. This can be tested by examining the degree of saturation of natural 

carbonate waters emerging from limestone springs. If the groundwater in a 
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carbonate aquifer is in equilibrium with *:he wall rock, the concentrations 
I | — 

of Ca and CO^ in the water should be equal to those defined by the BolubiLity 

product: 

aCa ' aC03
 = Kc 

However, it is observed that most carbonate waters are not in equilibrium. 
I | | | 

The activity of Ca can be calculated from the analysed Ca concentration 

and an activity coefficient estimated from the total conductivity of the 

water through the Debyo-Huckel theory. Measurement of the dominant HCO^ 

concentration, measurement of the pH, and an assumption of equilibrium in 

the homogeneous reaction HCO^ * CO^ + H + allows an independent calculation 

of the carbonate ion concentration. It has been customary in the geochemical 

literature to describe the degree of saturation in terms of a saturation 

index (Langmuir, 1971; Shuster and White, 1971) defined as 

C T
 aCa " a C 0 3 SI = log 1 

K c 

where one is essentially comparing the experimentally determined ion activity 

product with the solubility product constant. Calculations of many saturation 

indexes appear in the literature. It can be shown that the A pH parameter 

of Berner and Morse is very simply related to the saturation index 

A pH = -1/2 SIc 

Complete chemical analyses have been carried out on the waters of 

carbonate springs in Pennsylvania (Shuster and White, 1971) and in Kentucky 

(Hess and White, in preparation). Waters were sampled at roughly two-week 

intervals, analysed, and the saturation index and carbon dioxide pressure 

calculated. Selections from this time-series data were used to test the existence 

of the inhibition region in natural carbonate waters. 
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It is known that storm runoff and runoff from spring snow melt introduce 

a dilution effect into carbonate ground waters and lead to greater excursions 

from equilibrium. To avoid these irrelevant effects as far as possible data 

were chosen from the low flow months July, August, and September. The carbon 

dioxide pressure and the saturation index from all analyses (4 to 11 analyses 

each) were averaged for each individual spring. The saturation indices were 

converted to A pH's and the results are plotted in Fig. III.7 along with the 

kinetic region boundaries from Berner and Morse. 

It can be seen from Fig. III.7 that none of the carbonate ground waters 

emerging from the springs are saturated with respect to CaCO^ at the CO2 

pressure at which the water entered the aquifer. The Pennsylvania diffuse 

flow springs emerge from both dolomites and limestones but share the common 

feature that the permeability is mainly along joints and fractures rather than 

through solution cavities. These springs exhibit a very constant temperature 

and water chemistry and do not respond to local storm events. The residence 

times appear to be long. In spite of the long residence time and slow 

percolation through the carbonate rocks, these waters do not reach saturation 

and three of the five such springs are clustered near the critical A pH => 0.10 

that marks the (rough) boundary of the inhibition region. The two regional 

springs from Kentucky are fed through open cavities but have very large catchment 
2 

areas (more than 100 mi ) so that residence times are again long. Thewe two 

springs plot almost exactly on the boundary line. Springs fed by open conduits 

are even less saturated. In none does the water exceed the critical under-

saturation of the inhibition region. The three springs that plot in the 

reaction control region are known to be fed by large open cave passages and 

have small catchment areas so that these are the flashiest and have the shortest 

residence times of all. 
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These results fit very nicely into the concept of a dramatic decrease 

in reaction kinetics when the pH comes within 0.1 units of the saturation 

value. One imagines an infiltration or sinking stream \;>i.ar containing a 

stated initial concentration of COg. Reaction proceeds very rapidly on first 

contact with the limestone. The CC>2 is consumed and since there is no other 

source of protons, the pH rises and A pH decreases. Because of the rapid 

kinetics, this phase of the reaction proceeds rapidly as the water flows through 

the limestone. When, however, the undersaturation falls to A pH = 0.1 the 

kinetics decrease a thousand fold and the water has time to pass through the 

remaining part of the aquifer without reacting to completion. The fact that 

natural waters from several hydrogeologic environments seem to reach a similar 

level of undersaturation to that determined in Berner and Morse's laboratory 

experiments provides strong field confirmation for the existence of the 

inhibition region. 

It may be noted in passing that the inhibition region would not likely 

have been noticed in previous laboratory experiments because most of these 

use highly unsaturated solutions to dissolve limestone or CaCO^; a regime 

where the inhibition region would not be in evidence. 

2. The Reaction-Controlled Region 

The experiments of Berner and Morse (1974), Plummer and Wigley (in press) 

Nancollas and Reddy (1971) all seem to be in general agreement that reaction 

rate in the intermediate regime of undersaturation is controlled by some 

chemical reaction at the dissolving surface. Fig. III.l indicated some of 

the processes that take place on an atomic scale on the surface. If account 

is taken of adsorption of species on the surface prior to their transport over 

the surface to the site of reaction at a kink or step, at least the following 

reactions can be distinguished. 
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The concentration of carbonic acid is low compared with dissolved CO^ 

so there is the possibility of adsorption of CO2 and water on the surface 

followed by Hurface reaction to form carbonic acid an well n» the tranuport 

and adsorption of carbonic acid from the solution to the surface 

C0 2(aq) + H 20(aq) * H 2C0 3(aq) 

H2C03(aq) £ H2CC>3(ads) 

C02(ads) + H 20(ads) * H 2C0 3(ads) 

Neutral carbonic acid adsorbed on the surface must ionize before reaction 

can take place and the bicarbonate ion formed during ionization must be 

desorbed. Alternatively, H + in the bulk solution can provide protons directly 

to the surface so that there are in effect two sources of adsorbed protons 

H 2C0 3(ads) * H +(ads) + HC0~(ads) 

HCO~(ads) t HC0~(aq) 

H +(aq) t H +(ads) 

The actual chemical reaction that takes place on the surface is the reaction 

of an adsorbed proton with a carbonate ion in the solid calcite structure to 

form a bicarbonate ion which is then desorbed. 

H +(ads) + C0 3(s) * HCO~(ads) 

HCO~(ads) * HCO~(aq) 

Finally, when the bicarbonate ion has desorbed, loss of charge balance 

releases the Calcium ion which can then also be desoibed. 

Ca^Cs) z C a ^ a q ) 
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There are, then, a number of candidates for the rate-controlling reaction 

in Region 2. The equilibrium concentration of carbonic acid is relatively 

small compared with the concentration of dissolved CC^. The general sluggish-

ness of this reaction in aqueous solution suggests that it may also be 

sluggish on the crystal surface and that the hydration of adsorbed C02 on the 

crystal surface may be rate controlling. The second candidate reaction of 

the proton with the carbonate ion to release a bicarbonate ion. 

Plummer and Wigley show quite clearly that the reaction is second order 
I | 

with respect to both Ca and H but although they monitor the pH in their 

experiments, their analysis is in terms of the calcium ion. 

The rate data of Berner and Morse (1974) in the surface reaction controlled 

region are plotted on a linear scale in Fig. III.8. Two things are apparent. 

The first is that the rate increases linearly with A pH as Berner and Morse 

noted. Second, however, there is a strong dependence on the C02 pressure. 

The lines appear to have much the same slopes so that the C02 pressure 

determines the intercept. A linear dependence of rate on A pH leads to a 

logarithmic function of the hydrogen ion concentration so that the Berner and 

Morse results are not easy to compare with other data. It is tempting to 

argue that the hydration of CC>2 on the crystal surface is a rate controlling 

step at low A pH where the effect of C02 pressure is the strongest, and that 

hydrogen reaction with the carbonate ion is rate controlling at higher under-

saturations. It must be remembered that Berner and Morse's experiments are 

open to H + and that they maintain a constant A pH by adding hydrochloric acid. 

Thus as pH increases the supply of protons increases and drives the reaction 

of H+ (ads) with C03 (s) at higher rates. However, running the experiments 

at higher C02 pressures also drives the hydration reaction leading to an 

increased reaction rate. 
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. III.8 Rate of calcite solution in water of constant and 
2 

constant A pH in the reaction-controlled region. Data 

directly from Berner and Morse (1974). 
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The experiments now being conducted under controlled hydrodynamic 

conditions are yielding rate measurements in the reaction-controlled region 

as defined by Berner and Morse. It seems most practical to defer further 

discussion of possible mechanisms until the experimental results from this 

project are available for comparison. 

3. The Diffusion-Controlled Region 

The reaction rates in the diffusion-controlled region that is said to 

lie at A pH below 2.0 are for the most part independent of the carbon dioxide 

pressure. It also appears that diffusion of protons across the boundary layer 

is the rate controlling step. This is demonstrated roughly in Fig. III.9 

where there is plotted rate data .from several sources recalculated to the 

same units. King and Liu (1933) dissolved marble cylinders in hydrochloric 

acid. Wentzler (1971) used a spinning disc technique and dissolved limestone 

in nitric acid. In neither case are sluggish hydration and dissociation 

reactions important; both HC1 and HNO^ can be assumed fully ionized. The rate 

curves determined in strong acid fall very closely on the extrapolation of 

the Berner and Morse curve. Wentzler's data tend to be higher, possibly 

because of a higher Reynolds number for the spinning disc. On the other hand, 

the rate curves in the reaction-controlled region have quite different shapes 

when plotted in this form and do not correlate with the strong acid rate data. 

Application of either of the diffusion models previously discussed directly 

to the data a low pH is difficult because of the assumptions that went into 

the development of the models. It appears that Curl's (1965) model could be 

adapted by including a forward current of protons diffusing toward the surface. 
++ 

The back diffusion of the released bicarbonate ions, Ca , and neutral carbonic 

acid may play an important role and for this reason the double diffusion model 

would be the best starting point. 
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Fig. III.9 Rate data from several sources in the diffusion controlled 

region as a function of pH. 
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F. Application to the Stability of Borehole Plugs 

Much of the application will be taken up in the final report when all 

experimental results are in. For the moment, the following significance can 

be attached to the findings of other authors that have been critically 

reviewed in this section. 

The discovery of the inhibition region is of greatest importance to the 

long terra stability of carbonate plugs if there is any circulation of ground 

water in the immediate vicinity. The tremendous decrease in rate of reaction 

near saturation implies that groundwater can circulate for great distances and 

still be capable of dissolving further carbonate. Although the solution 

process will be slow, over very long time spans significant amounts of 

cavitation can take place. 

Once a small cavity is opened, water begins to move faster through it. 

If an initially unsaturated ground water flows in cavities that are sufficiently 

open to permit shorter residence times than the time required to reach critical 

unsaturation, there will be a much more rapid rate of solution throughout 

the cavity resulting in conduit-like flow paths developing. Likewise two 

nearly saturated waters that are saturated at two different CO2 pressures can 

be mixed in the aquifer and not only produce a mixed water that is under-

saturated with respect to calcite but one which will exhibit a much higher 

reaction kinetics. 

Cavity mining in limestone can probably be accomplished by the use of 

mineral acids. The diffusion controlled regime at very low pH would be the 

most effective and the reaction rates as a function of pH, temperature, and 

flow dynamics appear amenable to analysis and thus some measure of prediction 

of process behavior can be achieved. 
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IV. HYDROTHERMAL CALCIUM SILICATES AND CALCIUM ALUMINOSILICATES 

A. Introduction 

As it became apparent from the feasibility report studies that hydrothermal 
calcium (alumino) silicate reactions had considerable potential for bore hole plug-
ging, our investigation of the possible processes began to take shape along three 
lines: 1) Study of reactions, and the properties of reactants formed through a ma-
terial transport mechanism which involved use of slurries; 2) Investigation of po-
tential slurry - wall rock interaction; and 3) Exploring the possibility of transport 
of individual si l icate anion and calcium cation-containing solutions, aid reacting 
hydrothermally. Other problems were also considered important, but it was felt 
desirable to start with the above three categories. During the next period we expect 
to extend the studies for which initial data are given here, and also to explore other 
unanswered questions. 

If calcium silicate or calcium aluminosilicate hydrate plugs (the product 
which would consist of dorcinantly the phase tobermorite) can be emplaced under 
hydrothermal conditions at sufficiently high temperature for reaction to take place 
in a reasonable length of time (it seems quite certain from the feasibility study that 
this can be achieved) the product would be relatively inert and thermodynamically 
stable in the geologic time frame. It is assumed that for most situations, the plug 
material after a brief reaction period would be cooled sufficiently so that no fur-
ther phase change would take place in the foreseeable futura. 

From the feasibility study results it became apparent that most phase equi-
librium and many solubility data involving calcium sil icate hydrate reactions were 
known, but that many relevant kinetic data were missing. Such information Is, of 
course, essential in order to predict transport and consolidation behavior during 
the borehole plugging process, a s well as long range stability of the products. For 
any slurry type process it is important to understand the mechanism of reaction 
involving the particular materials used, because there is often considerable struc-
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tural control of the nature of intermediate phase reactants, although not of the 
final equilibrium products. In addition, it was considered necessary to study the 
reactions taking place under conditions which it is believed can be approximated 
in the field; and to relate the process parameters to the properties of the product. 

Secondly, although we were able to infer from existing data that hydro-
thermal calcium silicate plugs should be compatible with many common wall rock 
types, complete phase equilibrium data for the more complex systems were not 
known. Therefore it was deemed desirable to explore the nature of hydrothermal 
cement-wall rock interaction, using a few typical rock types. It is recognized that 
even such data will not be conclusive, but at least they will give us additional 
knowledge to assist in devising a feasible technology. 

The third area of study which involves use of two independent solutions, 
recommends itself because theoretically it should be eas ier to produce equilibrium 
stable crystalline phases starting from solution, rather than employing semi -
solid-state reactions. The main disadvantages are that so little i s known about 
such a process, so we are thus just beginning exploratory work. 

B. Calcium Silicate - Quartz Slurry Reactions 

1. Introduction 

Among the variety of calcium silicate hydrates which could be synthesized, 
the phase tobermorite (5CaO- 6Si0 2 • 5H20), or a solid solution of this phase con-
taining AlgOg, is probably the most desirable product from the standpoint of syn-
thesis reproducibility and overall properties, as well as thermodynamic stability. 
Aside from the two-solution transport and reaction method to be discussed later, 
the reactions for generating this material in a solid relatively impermeable plug 
form fall in two general categories, which are indicated below: 

(1) 5Ca(OH)2 + 6Si0 2 * 5CaO- 6Si0 2 • 5 H 2 0 

(quartz) (tobermorite) 
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(2) 2Ca 2 Si0 4 + ICagSiOg + l/3Ca3Al2C>6 + 5 . 4 S i 0 2 + 9H2Or> 
(quartz) 

| [ 5 C a 0 - 6 S i 0 2 • 5H 2 0] 

+ | [ C a 3 A l 2 ( O H ) 1 2 ] 

Alternatively, in reaction (2), part of the A1 may be represented as entering the 

tobermorite structure substituting for Si, rather than forming a separate hydro-

garnet phase. Relatively comparable volume changes take place with reactions 

(1) and (2), but in the f irst case all the hydroxy 1 is supplied through the solid state 

[Ca(OH)2], while in the latter it is by liquid water which, practically, allows work-

ability. The HgO content of about 33% by volume for theoretical 100% reaction can 

be increased further to enhance workability of a slurry and still produce a desirable 

hardened product with theoretical low porosity; while the same total liquid HgO 

added to the former would result in much higher porosity. Obviously, slurry proces -

s e s must make use of the latter type of reaction. /3 -Ca2Si0^(C2S) i s quite sluggish 

in its hydration reaction, either individually, or when mixed with quartz, while r e -

action of CagSiOg(CgS) is relatively rapid; hence the reaction rate can be controlled 

by mixture of the two. A little AigOg should be included in the compound composi-

tion to form an Al-containing tobermorite. Available commercial cements contain 

various proportions of the three major compounds CgS, C^S and CgA (plus usually 

C^AF), to which controlled amounts of quartz can be added. Also, one commercial 

oil well cement contains intermixed quartz. Another parameter which can be used 

to control reaction rate in s lurries is the particle s ize of the reactants. Commer-

cial cements are supplied in various though rather limited particle s i z e ranges; and 

quartz is supplied in various s izes . In addition to these materials, we have a lso 

used laboratory synthesized jS-C^S, which is expected to have relatively high r e -

activity. Because /3 -CgS reacts more slowly than CgS, it usually al lows lower per-

centages of water to be used in its mixes, and yet maintain the same degree of 

fluidity. This should be an asset for obtaining a lower porosity product, since in 

consolidation of a slurry, exces s water leaves residual porosity. 
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The goal in the first part is therefore to study the reactions, charac-
terize the products, and obtain information on reaction kinetics, as a function of 
potential process parameters. 

2. Experimental Procedure 

Starting Materials. Two commercial cements have been used: a) Type V, 
and b) Expansive mixed with fine-particle size quartz ("Min-u-sil", 5fim size). 
In addition, c) a commercial cement (Unadeep) consisting of a mixture of largely 
/3-CgS mixed with quartz (plus a little CaO) has been used. Finally, d) laboratory-
prepared fine particle size l^-C^S has been used, also mixed with 5Mm quartz. Ad-
ditional available data on the materials used are included in the Appendix. 

Experimental Conditions. Most experiments were carried out in the tem-
perature range 110-200°C, with a few runs made at higher temperatures. It i s be-
lieved that this range would be the most easily achieved in the field. Pressures in-
clude 1,000; 2 ,000 and 10, 000 psi (all are sufficient to maintain liquid water). Re-
action times were 4 hours to 3 days (a few were one week long). (It might be de-
sirable to use higher temperatures for much shorter periods of time; but probably 
in the latter case it would be necessary to supply heat at the reaction site, since it 
is expected to be difficult to handle such materials at very high temperatures.) 

Equipment. The pressure vesse l s used in this work are manufactured by 
Carborundum Company, Tem-pres Research Division, State College, Pennsylvania, 
model LRA 20B, volume 20 ml, Body O.D. 2-1/2", I.D. 7/8", body depth 2. 03", 
overall length 4. 25" made of stainless steel, one having a Bridgman seal type, an-
other a simple plunger. Some preliminary runs were made in cold-seal (cone in 
cone) type 1/2" I.D. pressure ves se l s made of Stellite-25 or Rene-41 alloys. The 
hydrothermal laboratory contains a large number of sites for independent control of 
pressure and temperature (Roy and Tuttle, 1956). 

For mechanical testing, a Tinius Olsen testing machine manufactured by 
Tinius Olson Machine Company, Willow Grove, Pennsylvania, was used, 
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Helium density was measured with a helium-air pycnometer model 
1302/1303 supplied by the Micromeritics Instrument Corporation. 

For x-ray diffraction a Pickman and a GE wide range diffractometer were 

used. Electron microprobe studies were made on an ARL microprobe. 

Procedure. Cylindrical 1/2 x 1/2" specimens were prepared by mixing the 
solids with a specified amount of water and either pre-treating or putting directly 
in the pressure vesse l for heating to the elevated temperature and pressure. 
Three different specimen preparation methods were used initially, although one was 
used for most. To produce a workable slurry, about 2. 8g of cement + quartz was 
used (Type V cement + 5jum quartz) mixed with 0 .9cc water ( i .e . ca. 0. 33-0.35 
water/sol ids ratio). The amount of water was varied as necessary with composi-
tion, in order to keep the thickness of resulting slurry about the same. 

(a) In the first case, the slurry was hand packed into a teflon tube sealed at one 
end, put directly in the pressure vesse l , filled with water, sealed and heated to the 
desired temperature and pressure for the desired time. It usually required about 

60 minutes to reach the desired temperature. 

(b) The sample gauged with water was hand packed into a mold and pre-
treated in an oven containing water vapor (obviously not saturated) for about 2 hours 
at ~ 9 0 ° C to initiate reaction and generate sufficient strength so that the cylinder 
could be removed from the mold. It was cooled, weighed and then put in the pres-
sure vesse l and treated hydrothermally. The samples after reaction were re-
moved from the bomb, allowed to cool and then kept directly in a plastic container 
and covered. Samples were again weighed, after which dimensional measurements 
(diameter, height) and compressive strength measurements were made. Obviously 
the experimental conditions do not simulate potential bore hole conditions exactly, 
but some mechanism was necessary to generate sufficient strength to produce a 
free-standing specimen. 

(c) The sample as above was packed into the mold but not pre-reacted; how-
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ever, upon subjection to hydrothermai conditions it failed. 

Properties Measurements. For compressive strength, the samples are 
f irst polished with silicon carbide adhesive papers in order to get a smooth and 
flat surface. 

The major part of the crushed samples collected after compressive strength 
test were milled to finer powder and dried at 110°C for 2 hours. The weight loss 
was determined which gives a rough estimation of the amount of free water. After 
2 hours, no appreciable change in weight was observed with longer heating. A 
known weight of the dried sample was taken for XRDiffraction. CuKcr radiation was used 
in all cases . An internal standard technique was employed in order to obtain quan-
titative or semi-quantitative data. A calibration curve was first prepared from 
measurements on a set of samples comprised of a mixture of measured weights of 
a standard hydrated cement with quartz, and a constant concentration of tungsten 
as standard. The intensity IQ for quartz at 29 = 26 .8 ° was recorded along with 

-intensity for tungsten at 29 = 40. 3°. The ratio I Q / ^ "was plotted against the 
weight percent of quartz. Once the calibration curve was established, the concen-
tration of quartz in the unknown sample was obtained by measuring the I Q / ^ a 

composite sample containing the unknown and the same proportion of standard as 
was used in the calibration. 

The remainder of the powdered sample was kept for density and porosity mea-

surements. 

3. Chemistry of Reaction 

Desired ReactionProducts. As described above, the major desired reaction 
product is the phase which is thermodynamically stable under hydrothermal condi-
tions, tobermorite, or Al-containing tobermorite, plus relatively minor amounts of 
other phases. The product of room temperature hydration conditions for cement 
compounds is CSH gel or completely amorphous calcium silicate hydrate. The com-
mon early stage hydrothermal synthesis reaction products from adjusted compositions 
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(i. e. si l ica-enriched in order to achieve the proper stoichiometry) even at e le -

vated temperatures and pressures are not very well crystalline, and have been 

designated CSH(I); with longer reaction time, proper control of reactants, or more 

extreme process parameters, the proportion of the stable phase tobermorite is in-

creased. 

Results. The experimental results for the most systematic runs with the 
two cements are summarized in Tables IV. 1 - IV. 4. Results with laboratory pre-
pared (3 -CgS + quartz (and Unadeep cement) are as follows: 

<3-CQS + Quartz. Three mixes were studied at 200°, 10, 000 psi: a) 75% quartz: 
25 jS-CgS; b) 50:50 and 3) 35 quartz: 65C2S. They were gauged with equal amountB 
of water, lightly hand compacted into a teflon tube sealed at one end, then treated 
hydrothermally under various conditions, In general, three features were used to 
follow the course of the reaction: 1) disappearance of CgS peaks in x-ray diffraction 
pattern; 2) disappearance of quartz peaks in XRD pattern; 3) increase in compres-
sive strength. In all compositions, the /3 -CgS peaks had essentially disappeared 
after 6 hours, indicating that this phase had almost completely reacted. However, 
significant reaction of the quartz was observed only after 6 hours in the 50:50 mix-
ture; after ca. 12 hours in the SSCgS:35 quartz mixture (which eventually should pro-
duce almost stoichiometric tobermorite); and after ca. 24 hours with 25CgS:75 quartz. 
After three days, about 70% of the initial quartz had been reacted in the 35% quartz 
mixture; about 50% of che quartz in the 50% mixture; and about 33%- of the quartz in 
the 75% mixture. Generally, the reaction product was poorly crystalline, and the 
basal iik peak did not appear except in 1:1 and 2:1 mixes after 3 days. 

Unadeep Cement. Some preliminary runs were made with this cement, but 
because its reaction rate i s slow, it was mostly used for rock cylinder tests de-
scribed later. After three days reaction the quartz peak still remained very strong 
(and /3-CgS was also apparent) indicating that reaction rate was lower than with the 
laboratory prepared synthetic /3-CgS. After 1 week the quartz peak Intensity had 
diminished greatly. 
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The results with both the above materials tend to follow the pattern sug-
gested by Sauman (1965), who showed that in mixtures of V -CgS and quartz, ex-
tremely fine-crystal size quartz tends to slow down the reaction, presumably 
exposing excess surface, creating supersaturation of silica in solution which in-
hibits the reaction of the [3 -CgS. At the same time, the use of finer particle s ize 
CgS accelerated the reaction relative to coarser particle size (compared with the 
Unadeep). 

Expansive Cement + Quartz. A series of runs were made with a 1:1 gray 
expansive cement.'quartz mixture, and using w/solid ratio ca. 0. 39. Details of the 
reaction products have not been studied as yet; but comparable compressive 
strengths were obtained as with the other materials. This particular material was 
chosen because the content of CgS exceeds that of C^S, and also because of the sul-
fate (C^AgS) component. It was not known exactly how the sulfate component of the 
cement would perform under hydrothermal conditions, because expansive cements 
are not normally used for high temperature reactions; but at first appearance it 
does not appear to behave very differently from the Type V cement. Data are con-
tinuing to be collected. Obviously, ettringite, the calcium alu mi no sulfate hydrate 
which is normally formed by room temperature hydration of such cements, to r e -
sult in expansion, cannot form as it is not stable at these higher temperatures of 
hydrothermal reactions. 

Type V Cement + Quartz. Three different mixtures were used: 2:1, 1:1 
and 1:2 Cement:quartz. X-ray diffraction studies have been made of the f irst two 
compositions, and only the longer runs, usually 64 hours, in the 2:1 compositions 
indicated formation of l l A tobermorite ( i .e. containing the l l A basal spacing which 
is considered indicative of well crystallized tobermorite). Runs at 200°C for 32 
hours yielded some l l A tobermorite from the 1:1 composition, however. For each 
composition, temperature and pressure, there appears to be an induction period, 
or threshold before which substantial reaction takes place (as indicated by disap-
pearance of quartz; it i s probably an earlier time if identified by disappearance of 
cement compound peaks, but this was not followed in this instance). 
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4. Kinetics of Reaction 

The most replicable measurement for studying the course of the reaction 
is the disappearance of quartz from the mixture. As indicated, the calcium s i l i -
cate compounds usually hydrate more rapidly and disappear first, but the forma-
tion of the stable phase tobermorite depends on the reaction of quartz with the high-
CaO content calcium silicate to produce the product having a 5:6 CaO'.SiOg ratio. 

First, therefore, a calibration curve was run for determining the rate of 
reaction, i . e . the rate of disappearance of quartz [and hence of formation of 
CSH(I) or tobermorite]. Figure IV-1 shows the intensity ratio I q / I ^ vs weight 
percentage of quartz. In order to have the maximum intensity possible on the 
chart, the count rate of 500 cps was selected. However, above 75 to 80% quartz, 
the 26.8°29 peak went off the chart. This was no problem since the composition 
range we are concerned with is below 75%. Columns 7 and 8 in the tables IV. 1 -
IV. 3 show the results of the XRD analysis on type V cement + quartz. Although the 
x-ray work is not complete, the few results presented showed that reaction is slow 
at 110°C. The 2:1 composition (Table IV. 1) showed some reaction at 10,000 psi. 
After 64 hours 11% of the quartz had reacted; whereas at 200°C, 64 hours, about 
26% of the quartz (i. e. 78% of the total) had reacted. In the latter case, the re -
sults showed that no further reaction (as identified by quartz disappearance) occurs 
after 32 hours. The 1:1 (Table IV. 2) composition showed no reaction at all at 110°C 
even after 32 hours. The reaction was just beginning to start. At 200°C, irres-
pective of pressure, about 13% of the quartz (i. e. about 50% of theoretical for 
completion of reaction) had reacted. The compounds formed, as far as we have 
gone, have been mainly mixtures of CSH(I) and possibly CSH(II). Under a few condi-
tions, mainly higher temperature for longer time, the l l A tobermorite peak ap-
pears. XRD studies have not yet been made of the 1:2 compositions. When more 
of the data are complete, attempts will be made to fit quantitative relationships. 

5. Compressive Strength 

The compressive strength (cr) was calculated as P/A, i. e. compressive 
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Weight Percentage of Quartz (remainder is amorphous silicate hydrate) 

Fig. IV-1. Calibration curve for X-ray diffraction quantitative analysis. 



Table IV-1 Type V cement: Quartz 2:1 Composition 

Water/Sol id = 0.32 

Temp 
( ° c ) 

Pressure 
(Psi) 

Time 
(hr) 

Comp. Strength 
(Psi) 

% wt 
i ncrease 

% wt 
loss 

% Quartz 
reacted 

Compd. 
formed 

Bulk 
dens i ty 

% a 
Reacted 

1 1 0 1 0 0 0 4 4 0 0 7 2 2 . 9 8 1 0 . 0 7 CSH 2 . 0 8 n 11 16 4 8 3 0 2 3 . 9 6 1 0 . 6 6 - 2 . 0 7 
it II 32 6 6 6 4 2 3 . 5 0 9 . 9 4 - 2 . 0 5 

1 1 0 2 0 0 0 4 3 6 1 3 2 2 . 9 3 9 . 2 1 2 . 0 6 
11 II 16 4 3 5 6 2 3 . 3 4 1 0 . 3 7 -

II ii 3 2 5 7 7 5 2 4 . 7 3 1 1 . 0 9 - 2 . 0 9 
II II 6 4 1 0 3 0 4 2 3 . 3 3 7 . 6 5 \ \ . 0 3 3 

1 1 0 1 0 0 0 0 4 2 0 5 4 2 1 . 7 2 8 . 7 9 2 . 0 3 II 11 16 1 0 0 8 7 2 4 . 1 0 9 = 6 9 5 . 0 15 II II 3 2 4 0 1 7 2 3 . 4 0 9 . 5 6 5 . 5 2 . c ; 1 6 . 5 II 11 614 9 8 0 8 2 3 . 4 9 8 . 6 5 1 1 . 0 Tob . C S H 3 3 

2 0 0 1 0 0 0 4 5 8 9 2 2 0 . 7 1 8 . 8 5 2 . 0 4 
11 II 16 1 0 6 1 7 2 3 . 0 1 1 2 . 1 3 8 . 8 2 . 1 0 2 6 
II II 3 2 1 2 6 0 6 2 2 . 9 6 9 . 7 6 8 . 0 2 . 1 8 2 4 

2 0 0 2 0 0 0 8 4 9 3 2 2 . 9 6 1 0 . 1 9 3 . 0 CSH 2 . 0 5 0 9 
it 11 16 14033 2 3 . 5 6 1 0 . 9 0 1 8 . 5 II 5 5 
ii it 3 2 1 1 0 7 6 2 3 . 6 6 1 1 . 1 2 1 3 . 5 II 2 . 0 8 40 

2 0 0 1 0 0 0 0 8 9 7 0 2 3 . 4 5 10.04 7.5 CSH 22.5 
N II 16 1 1 5 0 6 23.67 1 1 . 9 9 20.5 II 6 2 
• i II 3 2 1 2 3 5 3 1 7 . 2 2 8 . 2 1 2 6 . 0 • i 7 8 

11 64 16890 24.81 11.75 2 6 . 0 Tob.CSH 7 8 



TABLE IV. 2 

Type V Cement:Quartz, 1:1 composition, water/solid 0.39. 
1 2 3 4 5 6 7 8 9 10 11 

Temp. Pressure Time Compressive % Wt. % Wt. % Quartz Compound Bulk den- % Re- % 
(°C) (psi) (hr) strength (psi) increase loss reacted formed sity g /cc acted Theor. 

110 1000 4 1483 26.66 14. 17 _ — CSH 1.89 tt f? 16 2987 24.20 14.79 - -
M 1.92 

< 4 11 TT 32 4316 23.45 16.51 < 1 . 0 11 1.96 < 2 < 4 
110 2000 4 2109 19.58 11.96 — CSH 1.94 

II fi 16 2762 23,07 10.88 - -
it 1.96 11 ii 32 3862 27.16 17.86 — M 1.92 

110 10, 000 4 2363 23.87 11.09 - - CSH 1.93 11 tf 16 2601 24.44 13.72 tt 1.95 If n 32 3703 26.65 18.18 <1 . 0 M 1.94 < 2 < 4 v. 
200 1000 4 4829 25. 02 15.76 — CSH 1.89 *s» 
M IT 16 8619 23.27 16.53 5 .0 it 1.90 10 20 
ti IT 32 7961 24.04 15.77 12.5 Tob, CSH 1.95 25 50 

200 2000 4 3986 22.53 16.46 — CSH 1.90 M ii 16 7194 22.66 15.18 11.5 ti 1.91 23 46 IT n 32 8748 26.89 17.50 12.5 Tob, CSH 1.92 25 50 
200 10, 000 4 4801 24.81 16.81 < 1 . 0 CSH 1.94 < 2 < 4 ii 11 16 6487 26.71 16.17 17.0 M 1.93 34 68 
IT 11 32 9738 23.93 17.60 13.0 Tob, CSH (I) 1.91 26 52 



TABLE IV. 3 

Type V Cement:Quartz, 1:2 composition, water/solid «= 0.45. 

Temp. Pressure Time Compressive % Wt. % Wt. % Quartz* Compound* Bulk 
<°C) (psi) (hr) strength (psi) increase loss reacted formed density 

110 1000 4 1967 23.98 17. 50 1.82 
t» M 16 3169 29.49 19.91 1.88 
t» H 32 3547 28.02 21.43 1.85 

110 2000 4 1565 28.04 17.91 1.87 
tt It 16 3083 27.84 19.56 1.87 
»f tr 32 4799 28. 33 19.80 1.89 

110 10,000 4 1404 28.30 17.57 1. 84 
1 f II 16 3844 26.94 15. 34 1.88 
If II 32 2666 30. 57 21.64 1.87 

200 1000 4 4776 23.28 19.84 1.84 
n 11 16 5351 24.56 18.62 1.82 
i f 11 32 4934 23.53 17.86 1.84 

200 2000 4 4413 24.68 19.11 1.80 
II Tt 16 4614 21.39 15.49 1.81 
IT 11 32 5778 26.21 9.24 1.84 

200 10,000 4 5341 27. 55 20.17 1.86 
IT »t 16 5350 23.47 15.40 1.87 
f 1 If 32 7392 28.90 17.25 1.87 

•Yet to be filled. 



TABLE IV. 4 

Grey Expansive Cement (/3 -C2S + CgS + C^AgS): Quartz 1:1 composition water/solid » 0. 39. 

Temp. 
(°C) 

Pressure 
(psi) 

Time 
(hr) 

Compressive 
strength (psi) 

% Wt. 
increase 

% Wt. 
loss 

% Quartz 
reacted 

Compound 
formed 

Bulk den-
sity g/cc 

110 1000 4 
n If 16 5,151 22.15 1.98 
11 i» 32 

110 2000 4 II II 16 6,133 20. 85 2.01 
II ii 32 

110 10,000 4 
It 11 16 6, 049 20.25 2.03 
11 11 32 

200 1000 4 6,913 19.61 1.95 
it 11 16 7,286 18.31 1.95 
M 11 32 9,594 20. 39 1.98 

200 2000 4 6,167 18.51 1.95 
it II 16 8,319 18.73 1.95 
ii ii 32 11,115 18.35 1.97 

200 10,000 4 8,375 18.92 1.95 
II 11 16 9,251 18.38 1.95 
II 11 32 11,011 21.39 1.93 
II 11 64 11,989 19. 63 1.95 
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force divided by cross-sect ional area on 1/2" x 1/2" cylinders. Column 4 in the 
tables g ives the compressive strengths. As expected, the compressive strength 
generally increases with time. Also the higher the reaction temperature, the 
stronger the material. Some general observations could be made on the figures in 
column 4. With the type V cement, quartz mixtures, the strength is in this order 
2:1 >1:1 >1:2. Hence, one can conclude that the higher the quartz percentage, the 
weaker the material. In other words, the strength development could be attributed 
to development of CSH and tobermorite, since the 2:1 composition is theoretically 
nearly stoichiometric for tobermorite formation. However, additionally, a higher 
water to solids ratio was used with increasing quartz content, which should tend to 
leave higher residual porosity and hence lower strength. Comparing the 1:1 mix-
tures, it will be observed that the grey expansive cement appearsstronger than the 
type V. A preliminary indication of linear correlation between strength and degree 
of reaction for the cements measured is given in Fig. IV-2. However, no conclu-
sions will be drawn at this stage of the research. 

6. Other Physical Properties 

Percentage weight gain of the specimens, and weight loss at 110°C after the 
hydrothermal treatments were measured, but no significant correlations have been 
observed. It is expected to measure loss on ignition, and determine chemically 
combined water in the future, for correlation with other properties. Shrinkage (i. e. 
dimension of the cylinder after autoclaving relative to dimensions of the cylinder 
before autoclaving)was measured, and found to be low, less than 1 %; but it is not 
certain just what this means. Porosity measurements will be reported when more 
complete. 

C. Bond Strength and Mechanical Properties of Modern Plugs 

In addi t ion to the m o r e convent iona l approach to t e s t i n g and eva luat ing the 

p h y s i c a l p r o p e r t i e s of c a l c i u m s i l i c a t e - q u a r t z s l u r r i e s d e s c r i b e d above , w e have 

d e s i g n e d and a r e in the m i d s t of c o l l e c t i n g data on the s h e a r s t r e n g t h (i. e . bond 

s t r e n g t h ) and c o m p r e s s i v e s t r e n g t h of p lugs of s u c h s l u r r i e s which have hardened 

in c o n t a c t w i t h t h e i n n e r w a l l s of v a r i o u s rock type c y l i n d e r s r e l a t i n g to the b o r e 
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C o m p r e s s i v e 
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Fig. IV-2. Relationship of compressive strength and degree of completion of 
reaction (aa hiM&Mlli'ed by disappearance of quartz in XRD pattern), 
f- I'uaolini : ill liiiiuilltl of quartz present, relative to the 
Uhiounl >'! Hlliif l- ijphjuiifih1 |b produce stoichiometric tobermorite. 
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hole problem. 

To date, we have taken a 1-3/4" slab of Juniata sandstone (a locally avail-
able coarse grained well cemented red sandstone containing a high percentage of 
quartz) and have cored from it cylinders measuring 5/8" OD and 1/4" ID. These 
cylinders were then filled with a j3 -CgS + quartz* slurry which was fluid enough to 
flow freely into the cylinder (ca. 0. 45-0. 50 water/solids ratio). Each end was 
stoppered with a porous fibrous plug, and then they were reacted for given periods 
of time at about 7500 psi pressure and 150-200°C in a Morey type bomb (Hoy and 
Tuttle, 1956) in which the pressure is generated by an external water pump. 

After treatment the cylinders were gang sawed into 1/4" high s l ices . These 
pieces, normally 3 or 4 per specimen, served as test samples as described in the 
next section. 

In order to investigate the magnitude of the bond strength of a cement-plug 
with a host wall rock, a punch and die were constructed as depicted in Fig. IV-3a. 
The punch ram is 1/4" in diameter which is a few thousandths smaller than the 
cement plug itself (white circular area within the two sandstone cylinders pictured 
in thefigure) and the die has a hole in the bottom to accept the cement plug as it i s 
pushed out of the rock cylinder (the hole is a few thousandths larger than the cement 
plug). 

We used an Instron** TT-BM testing machine advancing at 0.02 cm/min 
and arrived at the data given in Table IV. 5. Typical load-deformation curves have 
the shape indicated in Fig. IV-4. The shear strengths, given in Table IV. 5, repre-
sent nominal values for the force required to break existing bonds between the 
cement plug and the wall rock. The strengths are not high but appear adequate. 
This is not surprising, since the slurry is rather fluid, no attempt to compact or 
otherwise densify was made, and a rather crude stoppering method was used which 

•Unadeep, trademark of U. S. Steel. 
••Instron Corporation, Canton, Massachusetts. 
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a 

Fig. IV-3. (a) Punch, die and 5/8" OD hydrothermally treated rock 
crylinder with ceinentitious core (1/4" diameter). 
(b) Typical 1/4" thick slides of cylinders with the 
cementitious coro partly pushed out. 
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TABLE IV. 5 
Strength Data for /3 -C„S-quartz. * 

Avg. of 
No. of 

Repeated 
Readings 

Conditions Shear Strength Compressive Strength Sample 
No. 

4 

2 

150°C 
7500 psi 
3 days 
200°C 

7500 psi 
3 days 

2 
26. 69 kg/cm 

(379. 65 psi) 

34. 04 kg/cm 2 

(484. 21 psi) 
119.99 kg/cm 2 

(1706.66 psi) 

1 

2 

* Unadeep, data given in Appendix. 

allowed access of the sample to the excess water of the system under high pres-
sure and temperature. Strengths did increase with increasing reaction tempera-
ture, other factors kept constant. Figure IV-3b shows a typical partially ex-
truded plug of cement. These can then be completely pushed through and a stan-
dard compression test can be carried out on the 1/4" diameter, 1/4" high, ce -
ment plugs, giving compressive strength results as reported in Table IV. 5. It i s 
noted that the ratio of shear strength of the bond to compressive strength of the 
(hydrothermal) cement core i s about 28%. This i s roughly comparable to, though 
a little higher than, the ratios of shear strength (in single shear) to compressive 
strength in high strength cement cylinders 18-21%) measured in a recent study 
(Roy and Gouda, 1973). Many more data will be required to as ses s this com-
parison with certainty; but it will be interesting to find whether or not the shear 
bond strength i s higher than in the hydrothermal cement itself. 

We feel that such data as the above will be of considerable importance in 
evaluating the nature of the plug-wall rock bond in the bore hole. 
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Fig. IV-4. Two representative load-deformation curves for samples 1 and 2 
(numbers correspond to the sample numbers given in Table TV. 5). 
The curves r ise rapidly, reach a maximum and then tall-off as 
the plug Is pushed through the remaining rock-core. 
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D. Hydrothermal Cement Slurry - Wall Rock Interaction 

Chemical Analyses of Bond Interface. In an attempt to determine the na-
ture of the chemical bond established by hydrothermal treatment of our cement-
plug in a rock cylinder, polisheci sections of samples were examined with an e lec-
tron microprobe. Eleven electron microprobe traverses across the plug-rock in-
terface of sample #2 were made. The spectrometers were set. to analyze CuKa 
and SiKa; radiation and the sample was driven continuously under a 10 micrometer 
beam at about 100 micrometers/minute. Generally speaking the interface varies 
from irregular to smooth. A general idea of what we are dealing with can be seen 
in Fig. IV-S, a micrograph which represents a textural mean of the interfaces. 

Traverses were started on the host rock (Juniata sandstone) and moved 
into the central cement plug. We anticipated one of two possible modes of be-
havior. Since the calcium content of the sandstone (essentially silica) was a s -
sumed to be low, we were expecting either a sharp or gradual increase in calcium 
content as the boundary was approached. About half of the traverses showed a 
very sharp decrease in s i l ica content with a correspondingly sharp increase in cal-
cium content (Fig. IV-6a). This seems to indicate a lack of calcium migration into 
the sandstone wall rock, and should result in correspondingly weak bond strengths. 

An unexpected and still unexplained result was observed in the remaining 
s ix samples: the si l ica content gradually decreased as we crossed the interface 
and moved into the cement plug core. However, calcium did not increase, but 
remained at essentially zero for 100-300 micrometers past the interface into the 
plug (Fig. IV-6b). This seems to indicate a local migration of calcium away from 
the interface into the center core or concentrating locally as Ca(OH)2- Obviously, 
the interface i s rather irregular, s o a large number of traverses Is necessary in 
order to provide meaningful representation of the typical situation. 

Additional analytical data correlated with mechanical properties results 
may help elucidate the nature of the bonding. Also, other characterization will be 
performed, and physical properties measurements made. 
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Fig. IV-5. Optical microscope photograph of polished surface of sand^ 
stone (bottom) - hydrothermal cement (top) interface. Arrow showB 
contact point. Light grains are quartz. 
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Fig. IV-6. TypicsJ electron microbe traverses of sandstone-cement inter-
face xlstone is on the left, cement-plug on the right), (a) (top) 
Shar^.ansit ion; (b) (bottom) Unexpected low Ca beyond interface. 



E. Mixed Calcium Silicate Solutions 

Rather than concentrate all efforts into using slurries of calcium sil icates 
or high temperature cements alone, efforts are under way to investigate the fea-
sibility of precipitating a calcium silicate hydrate from two solutions of a calcium 
salt and soluble form of si l ica pumped individually into a reaction vesse l under 
elevated pressures and temperatures. 

It may be possible to synthesize a hydrous calcium silicate phase by inde-

pendently transporting two superheated solutions, co-precipitating a solid, and 

presumably pumping out the remaining salt solution, e . g . : 

However, little i s known about the consolidation process involved under these e l e -
vated temperatures and pressures, whether the precipitate could be solidified, 
etc. Much experimental work is needed before one can a s s e s s feasibility with any 
confidence. To date the work has been mainly in the design and planning stage. 
Figure IV-7 i s a schematic diagram of our proposed experimental arrangement. 
High temperature/high pressure cast metal alloy bar stock and other parts which 
were not available in the laboratory have been ordered and obtained, and the neces 
3ary machine shop work is in progress. 

Na 2Si 20 5 

Na 2 Si0 3 + CaCl, 
Na 4 Si0 4 

2 

( H 2 O ) 

* C a 5 S i 6 ° l 8 H 2 ' 4 H 2 0 + N a C 1 2 
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IV-7. Proposed experimental arrangement for transporting solutions for 
high temperature/high pressure (hydrothe rmal) co-precipitation of 
calcium silicate hydrate. 
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Typical Composition, Fineness, and Specific Gravity of Type J "Unadeep" Cement. 

Chemical Analysis 

SiC>2 
AI2O3 
Feo0 3 
CaO 
MgO 
SO3 
Loss on ignition 
Na£0 equivalent 
Other minor constituents 

Total 

Percent Hydrothermal 

5 4 . 0 
1.0 
0 .7 

39. 0 
0. 7 
0. 3 
2. 0 
0.2 
2. 1 

100. 0 

Mineral Composition 

/3 -C2S + Quartz + 1. CaO 

Fineness and Specific Gravity 

Passing Specific Surface 
No. 325 

Sieve W ^ n e r Blaine Specific 
(percent) ( c u r / g m ) ( cm 2 / gm) Gravity 

5 9 . 0 1 ,240 2 ,480 2 . 9 3 

Comparison of Typical Thickening Time and 7-Day Compressive Strength Data lor 
Type J Cement. 

7-Day Compressive Strength 
1-in. Cubes 

(3 ,000ps i Curing Pressure) Pressurized Consistometer 

Silica 
Flour 

(percent) 
AIP 

Schedule 

Bottom -hole 
Circulating 

Temperature 
T F ) 

Thickening 
Time 

100 U c 
(hr:min) 

AIP 
Schedule 

Curing 
Temperature 

psi 
(HTSCement: mix water -43 .5 percent (4.91gal/sack); slurry density - 15.41b/gal.) 

0 5 125 6:30+ 5S 200 2 ,970 
6 144 6:30+ 6S 230 4 ,150 

4 ,250 7 172 6:30+ 7S 260 
4 ,150 
4 ,250 

8 206 6:30+ 8S 290 4 ,690 
9 248 4:00 9S 

10S 
320 
350 

4 ,650 
6 ,200 
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Type V (LA) Cement 

Chemical Composition 

Silicon Dioxide (SiOg) 
Aluminum Oxide (AI0O3) 
Ferric Oxide (Fe£03) 
Calcium Oxide (CaO) 
Magnesium Oxide (MgO) 
Sulfur Trioxide (SO3) 
Loss on Ignition 
Insoluble Residue 
Tricalcium Silicate (C3S) 
Di Calcium Silicate (C2S) 
Tri Calcium Aluminate (C3A) 
Tetra Calcium Alumino Ferrite (C4AF) 
Sodium Oxide (NaoO) 
Potassium Oxide (K2O) 
?? Total Alkali as N a 2 0 

Physical Tests 

Normal Consistency 24. 75 
Setting t ime, Gilmore 

Initial Set: 2 hours, 35 minutes 
Final Set: 4 hours, 10 minutes 

Setting Time, Vicat 
Initial Set: 110 minutes 
Final Set: 170 minutes 

Fineness - 325 Mesh 93. 6 % 
Specific Surface - Wagner 2191 % 
Specific Surface - Blaine 4050 % 
Autoclave Expansion 0. 05% 

Compressive Strength psi 

1 Day 1350 
3 Day 2750 
7 Day 4425 
28 Day 6250 
Air Content 6. 7% 

Percent 

23 .20 
3.84 
3.78 

64.93 
1.41 
1.77 
0. 62 
0.26 

51.69 
27 .60 

3. 78 
11.49 
0. 26 
0. 38 
0 .51 
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Expansive Cements: 

The cement was produced using an expansive clinker, mixed and inter-

ground with a base clinker, using a grinding aid and a retarder. 

The grey expansive cement suppl'.ed by Texas Industries, Inc., Midlothian, 

Texas, contains a grinding aid (0. 12 p rcent by weight of cement) and zinc oxide 

(0. 075 percent by weight of cement) as its retarder; the amount of expansive 

clinker is about 14. 0 percent. 

Expansive cement is designed to compensate for the tensile s t r e s s e s pro-

duced during drying shrinkage of concrete. One of the chemical compounds present 

in this cement i s an anhydrous calcium sulfoaluminate (4CaO- SAlgO^ *SOg) which 

when hydrated at room temperature in the presence of lime, calcium sulphate and 

water, forms ettringite. The formation of ettringite i s accompanied by expansion. 

During the early hydration time period, cement pastes become saturated with r e -

spect to both sulfate and calcium hydroxide. In such an environment, the C^A^S, 

unlike some other sources of reactive aluminate such as C^A, has the capability 

to re lease aluminate ions at a regular rate. This permits the ettringite formation 

and its associated expansion to occur at a uniform and controlled rate. The chemi-

cal reaction involved is shown by equation: 

acl-
C 4 A g S + 8CS + 6CH 3 c

6
A S 3 H 3 2 

For complete conversion of C^A^S to ettringite, more calcium sulphate is ground 

with the clinker. The role of the sulphate at higher temperatures, such as hydro-

thermal conditions, is uncertain. 

An exact analysis of the particular cement was not available, but the com-
pound compositions usually range about as follows: 

cpd 

CoS 35 
C2S 40 
C 6 A 2 F 10 
C3A 4 
C4A3S 7 
CaO 2 
cs ? 


