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R5SUME

On a conçu un appareil à écoulement hydrothermique continu permet-
tant l'essai d'éléments d'emballages de déchets particuliers et de leurs
combinaisons dans une grande variété de conditions ambiantes. La températu-
re maximale admissible est de 700°C, la pression maximale étant de 300 MPa.
On peut régler les vitesses d'écoulement par le fonctionnement séquentiel
d'une vanne à commande pneumatique dont les cycles d'arrêt et de marche sont
réglés à l'avance. Les principales applications de cet appareil pour la
recherche en gestion des déchets de combustible nucléaire sont:

(i) l'étude de la migration des espèces ioniques à travers une colonne
de roche à une pression hydraulique prescrite et

(ii) l'étude de la vitesse de lixivlation des? radionuclides à partir
des formes de déchets dans les conditions existant en enceinte
d'évacuation en presence de l'eau souterraine à des vitesses d'é-
coulement variables.
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ABSTRACT

A hydrothermal flow-through apparatus has been designed that will
allow the testing of individual waste package components, as well as
combinations of these, under a wide range of environmental conditions. The
maximum permissible temperature is 700°C, while the maximum pressure is 300
MPa. Flow rates can be adjusted by sequential operation of a pneumatically
operated valve with preset pause and working cycles. The main applications
of the apparatus to nuclear fuel waste management research are:

(i) the study of migration of ionic species through a
rock column at specified hydraulic head, and

(ii) the study of the rate of leaching of radionuclides from
waste forms under disposal vault conditions in the presence
of groundwater with variable flow rates.

Atomic Energy of Canada Limited
Whiteshell Nuclear Research Establishment

Pinawa, Manitoba ROE 1L0
1985 March

AECL-8371



CONTENTS

Page

1. INTRODUCTION

2. EXPERIMENTAL APPROACHES TO LEACHING

3. PREVIOUS EXPERIMENTAL DESIGNS

4. A NEW FLOW-THROUGH APPARATUS FOR HIGH PRESSURES
AND HIGH TEMPERATURES WITH QUASI-CONTINUOUS FLOW 4

4.1 DESIGN AND OPERATIONAL PARAMETERS 5
4.2 EXAMPLES OF PERFORMANCE OF THE

FLOW-THROUGH APPARATUS 7

4.2.1 Acid Leaching of Feldspar 7
4.2.2 Basalt-Seawater Interaction 8

5. SPECIAL DESIGNS OF SAMPLES TO STUDY LEACHING OF NUCLEAR
WASTE FORMS 10

6. CONCLUSION 11

REFERENCES 12

TABLES 19

FIGURES 21



1. INTRODUCTION

The Canadian Nuclear Fuel Waste Management Program is focusing on
deep underground disposal of nuclear fuel waste in plutonic rock in the
Canadian Shield [1]. This concept requires the use of additional barriers
around the nuclear waste forms to provide isolation for the initial high-
toxicity phase, lasting for about 300 to 500 years [1,2,3]. The function
of these engineered barriers is to supplement the natural geological
barrier in confining the radioactive material [4].

The fuel waste container will be surrounded by buffer material
whose function is to (i) protect the container from mechanical damage, (ii)
inhibit the movement of water, and (ill) retard migration of dissolved
radioactive species after the container is breached [5]. Three candidate
clay materials have been tentatively identified for the buffer, namely
sodium and calcium bentonitesj and an illite-based clay [6]•

Backfill is used to fill most parts of the disposal vault other
than that occupied by the waste form, its container and the buffer. In the
preliminary vault design, a mixture of 90% crushed rock and 10% mixed-layer
clay was proposed as the reference backfill material [7].

Numerous experimental procedures have been proposed by inter-
national [8-10] and national [11-12] agencies and research organisations to
assess the performance of candidate waste forms in terms of leachability,
and compatibility with the other engineered components in the disposal
vault. Some of those procedures are based on the recognition that waste-
form performance has to be assessed under conditions closely simulating
those likely to be present in an actual disposal vault. One of the more
important parameters is the flow of groundwater through the vault, driven
by either an hydraulic gradient or by more complex mechanisms such as ion-
exchange potentials set up by osmotic pumping across natural membranes
present in compacted clay, or by buoyancy effects caused by a local heat
source [13]. It is recognised that at least during the early lifetime of a
nuclear waste disposal vault, conditions will prevail that make fluid flow
feasible. These conditions may result in flow during the pre-saturation
period of the buffer material as well as to flow facilitated by the
generation of pathways due to fracturing of the buffer.

The purpose of this report is to describe an experimental system
intended to provide a design that will enable the experimenter to choose
the temperature, pressure, and flow parameters that will accurately simu-
late conditions in a nuclear waste disposal vault. In this system, a
stream of groundwater with adjustable flow rate is directed past the waste
form. Pressure and temperature can be adjusted to those expected in the
waste disposal vault.
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2. EXPERIMENTAL APPROACHES TO LEACHING

Meaningful information on long-term release rates of radio-
nuclides from waste forms can best be obtained from tests that last long
enough for dissolution reactions to attain a steady state. There are
several sources of such information, for example,

(I) investigation of in-sltu leaching of natural silica
glasses, such as obsidian, perlite or palagonite [14],

(ii) corrosion studies on ancient glasses [15],

(iii) acceleration of laboratory leach tests [16].

Methods used to accelerate leach rates include :

(i) increase of leaching temperature [17],

(ii) increasing the ratio of reacting surface area to volume
of solution [18,19],

(iii) increase of flow rate of the leachant past the waste form
[20,21].

Of these, temperature increase is most likely to change the mechanism of
glass dissolution because at low temperatures dissolution rates are
governed by ion-exchange reactions whereas at high temperatures matrix
dissolution appears to dominate [22].

Increasing the ratio of sample surface area to volume involves
difficult-to-control changes in the reactive surficial mass of monoliths
due to cracking or cementation by reaction products [23].

Increasing the flow rate results in thorough mixing of the
interface and the bulk solution. This in turn permits a greater portion of
the available free energy of the system to be used in kinetically con-
trolled surface processes, which results in an increase in the rate of
dissolution and in a more rapid formation of stable reaction products
[20,24]. Figure 1 shows the increase in the cumulative fraction of glass
leached, (based on Np) with increasing flow rate, plotted against the
leach time, t. The results were obtained by leaching PNL 76-68 glass in
0.03 N NaHC03 at 75°C. Linear flow rates were adjusted to 7 (slow), 30
(medium) and 220 (fast) m/a [25].

Another reason for adopting flow-through leach tests is that the
dissolution of many silicate glasses under low-flow conditions appears to
be solubility-limited [26]. Leach rates obtained under low-flow or static
leaching conditions (for example, MCC-1 and MCC-2 [11] are affected by
saturation of the solution with silica and its subsequent precipitation,
which can lead to much lower estimates of long-term rates of corrosion than
those obtained for a non-interactive ("high-dilution") situation. In the
latter situation the leach solution is largely independent of the reaction
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with the glass, and the corrosion rate is controlled by the pH of the
leachate [27]. In addition, during leachirç of nuclear waste glass under
static conditions, dissolved ions tend to concentrate at the surface and
participate in complex back-reactions which usually reduce the leach rate
of the glass [28]. In dynamic leacning experiments, dissolved silica is
removed at a sufficiently rapid rate to prevent saturation, and to
eliminate initial transient effects such as formation of a gel layer [27].
Removal of those ions by flowing the solution past the vitrified waste form
would give results that are unlikely to be affected by precipitation of
secondary alteration products at the surface, which would tend to exhibit a
parabolic rate law [29,30]. On the other hand, other observations of
parabolic leach rates for vitreous waste forms can be interpreted in terms
of the overlap of several independent rate processes.

Although it is recognized that in a disposal vault the ground-
water adjacent to the waste form likely will be either stagnant or very
slowly flowing (approximately 10 % volume turnover yearly [31]), dynamic
leach testing can simulate a transitory state of the vault during which
flow may occur by the creation of open pathwajs arising from cementation
and subsequent brecciation [32] of the buffer.

There is also experimental evidence that interaction of fresh-
water clay with saline brines causes the diffuse double layer around the
clay mineral platelets to shrink, resulting in syneresis cracks [33]. This
effect can increase the permeability of the clay by several orders of
magnitude and facilitate flow. There is, however, reason to assume that
compaction of the clay as proposed for a nuclear disposal vault will
considerably reduce this effect.

The need to perform leaching experiments under reproducible
dynamic conditions was also recognized and incorporated into the tests
MCC-4 (low flow rate) [11] and MCC-5 (high flow with modified Soxhlet test)
[11] by the Materials Characterization Center. Forthcoming tests will
consider low-flow conditions in near-field materials such as clay buffer.

Flow experiments conducted at low pressures do not necessarily
simulate the porosity and tortuosity conditions of rock in its natural
environment. Thus, injection of liquid at high pressure into rock samples
will more closely simulate pore flow driven by a pressure gradient, as is
likely to occur in a disposal vault if fracturing occurs in the buffer.

3. PREVIOUS EXPERIMENTAL DESIGNS

Several designs of flow-through systems were built from 1950-70
to study the dissolution behaviour of minerals such as feldspars and quartz
[34-39]. They operated at low to medium pressures, snd were generally not
designed to be run continuously. Thus, there was the possibility of back
flow and back diffusion of components during stagnant periods .

As another approach, sampling autoclaves were developed to
monitor the progress of a hydrothermal reaction in situ without disturbing
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it. Flow was obtained by "squeeEing" a deformable inert bag made from
Teflon [40] or gold [41,21] by a force generated by a high-pressure
hydraulic pump. This discontinuous flow mode was modified to provide a
system that permitted fluid flow by bleeding of pressurized liquid through
rock powder via a metering valve and a calibrated syringe [21]. Figure 2
is a schematic diagram of the apparatus with the gold bag, the sample
holder, and the sealing mechanisms. This type of sampling autoclave has
also been used recently to assess the leaching performance of nuclear waste
forms [42].

An approach similar to the original design by Morey and Fournier
[38] was used by Zielinski [43] to study uranium mobility during the inter-
action of natural silicate glasses (obsidian, perlite, felsite) with
alkaline carbonate solutions. Figure 3a is a schematic diagram of the
leaching apparatus, and Figure 3b shows the sample holder design. The
leach solution was pumped through a number of independent sample lines,
each of which contained a sample chamber filled with crushed glass. The
temperature was maintained constant at 120 C, the pressure at 21 MPa. The
flow rate was 0.5 mL/min.

The migration of uranium during hydrothermal reactions of NaOH,
HC1 and H,0 with uranium-bearing rock at 300°C and 15 MPa was studied by
Feodot'ev using a flow-through autoclave equipped with a gradient furnace
[44].

A circulation system operating at higher pressures was built by
Charles [45-471 to study rock/water interactions in deep, hot-rock forma-
tions utilized to generate geothermal energy by the combined action of heat
exchange between the rock and feeding fluid, and chemical energy gained as
reaction heat. Figure 4 is a schematic diagram of the circulating system.
It comprises a loop in which aqueous solution moves slowly (2.5 cm /min)
through a heated chamber containing rock samples, a cooling column, and a
circulation pump to drive the solution back, to the heated chamber. Pres-
sure within the system is maintained by a second air-driven pump, and
oscillates between 31 and 35 MPa corresponding to the hydrostatic pressure
at a depth of about 3 km. The temperatures applied varied between 200°C and
295 C and the total volume was 561 cm . The author encountered a serious
problem with fractionation of silica, which occurs in all hydrothermal
experiments involving the sampling of hot solutions through capillary
tubes, which results in temperature and pressure quench. To prevent the
precipitation of low temperature silica phases, such as colloidal aggre-
gates of opale, lussatite (= cristobalite - opale), and keatite [48,49],
sampling of the cold solution was done through a valve tap at the low
temperature portion of the loop (Figure 4).

4. A NEW FLOW-THROUGH APPARATUS FOR HIGH PRESSURES
AND HIGH TEMPERATURES WITH QUASI-CONTINUOUS FLOW

An apparatus was designed for pressures up to 300 MPa and
temperatures up to 700°C. It can be applied in the following petrological
and geochemical research areas:
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(1) metasomatlc replacement reactions,

(2) partial melting of rock components and generation of hydrothermal
fluid phases,

(3) solid-state phase transformations,

(4) crystal growth under oscillating P-T conditions,

(5) migration of ionic species through a rock column at specified
hydraulic head,

(6) rate of leaching of radionuclides from waste forms under disposal
vault conditions in the presence of groundwater, with variable
flow rates.

4.1 DESIGN AND OPERATIONAL PARAMETERS

Figure 5 i s a schematic block diagram of the appa ra tus . The
vesse l i s made from Haynes Rene 41 and i s heated with a grad ien t furnace
equipped with independently c o n t r o l l a b l e windings. These windings a re
coiled directly around a slotted nickel cylinder acting as a heating
jacket. The thermocouples used were type "J", with Inconel sheaths. They
were brazed to valve stems and fixed with gland nuts to T-pieces at the
inflow (X = 0) and outflow (X = 500 mm) sides. Figure 6 shows the flow-
through vessel with attached control units (at right) and the high-pressure
pump assembly (at l e f t ) . Figure 7 shows a close-up of the pressure vessel
with heating jacket (safety cover swung back) and the pneumatically
operated release ("Little Richard") valve (14) .

The high-pressure pump (2, Figure 5) allows the fill ing of the
vessel (11) with water or dilute salt solutions. A pneumatically operated
valve (14) releases some pressure via a time control unit (16) wich preset
working and pause cycles. The pressure drop through a micro-metering valve
(17) causes, via a strain gauge transducer (8), the re-establishment of the
original pressure, which effects a material exchange and a supply of fresh
solution. A solenoid valve (3) and a rupture-disc assembly (7) are in-
cluded for safety. It is possible to set a lower pressure limit with the
pressure control unit (9) . The normal pressure drop does not reach this
threshold value. If the pressure of the system falls below this value,
e.g. , due to leakage of pressure joints or valves, the solenoid (3) will
block the compressed air connection to avoid continuous working of the high
pressure pump against the leak. The rupture disc sets the upper pressure
limit at 400 MPa. Figure 8 shows the temperature distribution inside the
vessel at various pressures. Without pressure (P =0 .1 MPa = atmospheric
pressure) there is a very steep temperature gradient, whereas increasing
the pressure leads to a more uniform profile. The temperature profile is
reasonably symmetrical, which is to be expected for a temperature differ-
ence AT = 0 between the two adjacent furnaces.

For type and supplier of the different components of the flow-through
system refer to Table 1.
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To test the influence of pressure shock and the subsequent inflow
of cold solution on the temperature inside the vessel, the temperature-time
and pressure-time curves shown in Figure 9 were recorded. The pause
cycles, i.e., the periods during which the pump did not operate, were 2
minutes on the average, and the working cycles, i.e., the opening time of
the "Little Richard" valve, was 0.5 seconds. The time of re-establishment
of the preset temperature is considerably shorter than the time of pressure
equalization. Immediately after pressure release, the temperature drops.
This temperature drop is caused by the adiabatic expansion of the super-
critical fluid phase (Joule-Thompson effect). Three strokes of the high-
pressure pump are required to restore the original pressure, as indicated
by the three plateaus of the pressure-time curve. The corresponding
temperature-time curve shows these plateaus also, but there is an oscilla-
tion around the target temperature lasting about 15 seconds. For an
original pressure of 210 MPa and an original temperature of 673 K, the
temperature change amounts to approximately 15 K, corresponding to a
pressure drop of 75 MPa (see Figure 10). The pressure gradient, however,
is adjustable to much lower values. The mode of operation would then
resemble a gradual "bleeding" via a throttling valve with décrémentai pres-
sure release, rather than a "batch"-type replacement of solution with
associated pressure "shock", as described above.

The relationship between UP and AT is linear, as shown in Figure
10. The higher the starting temperature, the larger the temperature drop,
AT, for a given pressure drop, AP.

Figure 11 shows the amount of solution released during expansion.
There is a linear relationship between pressure drop and volume of solution
released, as expected from the quasi-ideal behaviour of water under high
pressure and high temperatures [50]. Moreover, linear behaviour is
expected from the equation [51]

A * Vo ' § + B = - P> <V

where P is the pressure, V is the specific volume of water, V is the
actual volume, and A and B are constants.

With various P and T starting conditions it is possible to
determine AT/AP as a function of the temperature T (see Figure 12). AP
can be varied by varying the working time (opening period) of the "Little
Richard" valve and by adjusting the micro-metering valve (17). Figure 12
shows AT/AP values plotted against the initial temperature T for two
starting pressures. The ratio AT/AP can be obtained from the slope of the
AT - AP diagram (Figure 10) directly measured in the experiments.

The adiabatic coefficient of expansion (Joule-Thompson
coefficient) is given [52] by

(3T/3P)s = T • V • o/Cp. (2)

The values of molar volume, V, can be calculated from the specific
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densities of water [53]. The coefficient of thermal expansion, a, and the
heat capacities at constant pressure, C , were calculated assuming water
vapour to be a Van der Waals gas. This approach leads to a more accurate
result than the values obtained using Equation (1)« The deviation from the
real equation of state of water is negligible in these studies. Figure 12
shows calculated as well as measured (AT/AP) values for a starting pres-
sure of P =23 0 MPa. There is good agreement.

4.2 EXAMPLES OF PERFORMANCE OF THE FLOtE-THROu^H APPARATUS

The flow-through apparatus originally was designed to provide an
experimental device to assess rock-water interactions and dissolution
kinetics of rock-forming minerals, such as feldspars and quartz. Research
lias been performed under the auspices of the International Deep Sea Drill-
ing Project as well as a generic research program on extraction of geo-
thennal energy from hot dry rocks [54], sponsored by the German BMFT
(Federal Ministry of Research and Technology). Some results obtained with
the flow-through system are described below, and are intended to show the
wide range of applicability of the apparatus to geochemical problems. In
particular, the work done on dis:">lution of feldspar has important implica-
tions for the interaction of grounawater with backfill material and host
rock in a nuclear fuel waste disposal vault [13].

-.2.1 Acid Leaching of Feldspar

The investigation of the dissolution kinetics of rock-forming
minerals during leaching of "hot dry rocks" with solutions of low pH to
generate geotherraal energy is of major interest. In particular, the
permeability of natural granite rock formations and the changes brought
about by deposition of reaction products from the leaching process has been
assessed in a series of experiments on the dissolution kinetics of feld-
spars [54,55]. Sanidine single crystals were allowed to react with dilute
(10 - 10 N) hydrochloric acid. Reactions under a static pressure
regime quickly led to saturation and precipitation of muscovite and/or
kaolinite, depending on the pH of the solution. Under flow conditions,
however, the concentration of leached ions was linearly dependent on the
leaching time over the entire time range (t = 150 h). The liquid volume of
the system was 65 cm • With pause cycles of 2 h, and working cycles of
20 s, corresponding to a total exchange of the solution, the linear flow
rate was 0.4 cm/min (̂  2 km/a), and therefore more than two orders of
magnitude higher than flow rates expected for deep granite formations
(15 m/a [56]).

Figure 13 is a scanning electron micrograph of a disintegrated,
heavily etched sanidine crystal (B), covered with tiny plate-like crystals.
The central piece (S) covered with elongated holes is 1.5 mm long. Figure
14 shows a close-up of the crystalline layer on the sanidine crystals. The
plate-like crystals, with side lengths of typically 25 ym, form a framework
with an open, penetrable structure that does not inhibit dissolution. As
indicated by the etch pits, the feldspar dissolution may be governed by a
surface-controlled mechanism, in accord with the ideas of Berner [30],
Helgeson [57] and Petrovic [58]. Thus, there is no protective layer on the
feldspar surface, which would be expected for a diffusion-controlled
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dissolution reaction. The precipitates on the sanidine crystal were
identified as boehnite (y-AlOOH), and have been nucleated heterogeneously
at the feldspar surface by an incongruent dissolution-reprecipitation
mechanism [59,60]. Their hexagonal plate-like morphology, however,
resembles that of gibbsite (hydrargilllr.e, Y-AI(OH),) [61]. Reaction-path
calculations at 200°C and pH values between 2 and 4, using the computer
code CHEMP-SMITH [62J, yielded boehmite as the first solid phase to
precipitate [63]. Figure 15 shows a plot of moles of mineral precipitated
versus a reaction coordinate giving the molar quantity of K-feldspar
dissolved for pH = 4, T = 200 C. According to this calculation, boebmite
is precipitated after approximately 3.10 moles (0.83 mg) have been
dissolved, and continues to be formed until 4.10 moles (111 mg) have
reacted. It should then be replaced by muscovite. Figure 16 indicates
that the existence of boehmite in highly acidic solutions (pH = 2) is
transitory, and that it should be replaced by kaolinite almost immediately
after the first precipitation occurs. It should be emphasized that the pH
values given refer to a temperature of 25 C; lower values should be assumed
at higher temperatures. For example, using the results obtained by
Bischoff and Seyfried [64] for seawater, the initial pH value of 4 will
drop to approximately 2.4 at 200 C. It will, however, rise again during
reaction with K-feldspar. The calculations were carried out for a closed
system attaining equilibrium conditions.

In the sanidine leaching experiments, the tendency towards
equilibrium was deliberately altered by flow-through and solution exchange,
respectively. Thus, potassium and silicon were effectively removed from
the system, and only the least soluble compound precipitated: boehmite.
This finding may explain the existance of metastable boehmite in natural
systems .

Leaching experiments performed on a glass with the molar compo-
sition 0.30 CaO : 0.82 Na20 : Al203 : 6.6 Si02 for 250 days at 100°C in
deionized water under static conditions yielded a non-protective surface
layer also consisting of boehmite [65]. The morphological appearance of
this layer was similar to that obtained during leaching of feldspars
(Figure 14). The formation of boehmite under static leaching conditions at
relatively low temperatures quite likely reflects a non-equilibrium situ-
ation [66], which may be caused by high local aluminum concentrations
within the surface alteration layer of the glass.

4.2.2 Basalt-Seawater Interaction

A second example of the performance of the flow-through system
deals with alteration of basalt by reaction with hot, pressurized solutions
of seawater composition. To support research done under the auspices of
the International Deep Sea Drilling Project a complementary project, BABSI
(Basalt Alteration by Seawater Tnteraction), was initiated [55] utilizing
the flow-through system to react tholeiitic basalt, drilled at the site of
the Mid-Atlantic Ridge, with seawater at temperatures up to 600 C and
pressures up to 50 MPa. These conditions correspond to the low-pressure
part of the medium-grade metamorphism (glaucophanitic-greenschist facies,
according to Winkler [67]). The significance of these experiments is that
supercritical submarine hot springs are generally associated with zones of
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seafloor spreading, as found in the area of the mid-ocean ridges [68].
Thus, information on natural hydrothermal alteration of basalt can be used
to assess nuclear waste form performance in a disposal vault constructed in
a basaltic rock ïnvironment•

Experiments at temperatures up to 300 C under static pressure
conditions with on-line sampling were performed by Seyfried and Bischoff
[18,69]. Alteration products on the basalt at low temperatures (up to
150 C) are smectite and zeolites [18]; alteration products at 300°C and 50
MPa are smectite-chlorite mixed-layer minerals, zeolite (wairakite), and
anhydrite [69]. In contrast, basalt (Sentinel Gap, Columbia River Basin
Group) reacted with distilled water in a temperature-gradient hydrothermal
circulation system yielded as reaction products calcium smectite (T < 200 C),
and a mixture of a phengitic illite and sanidine at temperatures around
300°C [47].

Experiments performed with the flow-through system yielded
fibrous (Figure 17) and lath-shaped crystals (Figure 18) of alteration
products formed by the reaction of seawater with oceanic basalt at 600 C
and 50 MPa for 10 days. Flow conditions were 6 hours pause cycle, 20 s
working (sampling) cycle, corresponding to a linear flow rate of 0.14 cm/min,
(736 m/a) or 0.01 L/h (95 L/a). This value is approximately 20 times
larger than the maximum linear flow rate expected for basalt under terres-
trial conditions [56].

EDX analysis revealed the qualitative composition of the fibers
(Figure 17) to be Si, Ca, Mg, Fe (major components); Al, Na (minor compo-
nents); Ti, Cr (traces), and that of the lath-shaped crystals (Figure 18)
to be Ca, Fe (major components); Al, K, Si (minor components); Ti (trace).
The interplanar spacings and normalized intensities of X-ray diffraction
lines from the reaction products are given in Table 2. The data have been
tentatively interpreted in terms of contributions from three compounds:
gypsum, CaS0^.2H20; truscottite, Ca,, Si2^Ocg(OH)g. 2H,,0 ; and anthophyllite,
(Mg,Fe)7Si8022(0R)2.

According to experiments on basalt-seawater interactions at 200 -
500 C and 50 - 100 MPa [19], the principal Ca-bearing phases formed during
hydrothermal alteration are anhydrite, CaSO,; truscottite,
Ca14Si2,05g(OH)8*2H20; and tremolite-actinolite, Ca2(Mg,Fe)5[OH/Si,0 ] .
The solid solution series of the latter mineral is formed by Mg uptake, and
"uralitization" of the original basaltic pyroxenes. In the present experi-
ments, gypsum was formed instead of anhydrite, and anthophyllite was
presumably formed instead of tremolite-actinolite.

Figure 19 shows the temperature-pressure diagram with relevant
compatibility relations in the system MgO-Si02-H.O [70]. The univariant
curves are based on the data of Greenwood [71J. The large triangle in the
upper left shows the major mineral phases to be expected according to the
phase rule; the small triangles give the compatibility relations according
to Schreinemaker1s analyses as obtained by Schreyer [70]. Talc reacts with
forsterite forming anthophyllite (+ vapour). Thus, the first univariant
curve is the anthophyllite "in"-curve [71], and the third curve
(anthophyllite = enstatite + quartz + vapour) describing a pure dehydration
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reaction is the anthophyllite "out"-curve. Apparently, the range of sta-
bility of pure anthophyllite, Mg_Sift022(0H)2, bracketed by the univariant
curves (1) and (3), is quite narrow. At the experimental temperature and
pressure of 600 C and 50 MPa, respectively, pure anthophyllite is unstable.
With incorporation of iron, however, its stability range is shifted to
lower temperatures [72]. Intermediate Mg-Fe gedrites (anthophyllites with
partial substitution of silicon by aluminium in the tetrahedral complexes)
have been synthesized at 100 MPa between 550°C and 700°C [73]. Thus, the
paragenesis gypsum-anthophyllite found in the flow-through experiments is
in accord with theory and confirmed by other petrological data.

These experiments are applicable in part to a nuclear waste
disposal vault located in basalt [74]. Secondary minerals in vesicles and
fractures of the Pasco Basin basalts, for example, comprise mainly clay
minerals (smectite), zeolites (clinoptilolite, mordenite), silica poly-
morphs, and gypsum [75]. They are formed by either solid-liquid hydrolysis
reactions of plagioclase, or precipitated by heating of groundwater.
Although the temperatures to oe expected in a basalt disposal vault are
only approximately 270 - 300 C at the waste package rock interface 25 years
after emplacement [76], experimental results obtained at higher-temperatures
and pressures will simulate high-tempera-ure transients and high pressure
conditions that would result from the irreversible loss of water from
smectite clays above 300 C, which may occur in the first 25 years.

The applicability of the flow-through system to the study of the
leaching behaviour of nuclear waste forms and rock-water interactions is,
of course, not confined to basalt but is also relevant to disposal in
plutonic rock.

5. SPECIAL DESIGNS OF SAMPLES TO STUDY LEACHING OF NUCLEAR WASTE FORMS

The geometry of the flow-through system described in this report
renders it likely that in porous systems more fluid flows along the inner
wall of the pressure vessel tube than through the sample itself. This is
caused by the higher porosity at the interface between irregularly shaped
particles, such as sand or crushed rock, and the pressure vessel walls
[77,78].

An obvious remedy for this drawback is the use of isolating
impermeable packers (see Figure 20) or gaskets (see Figure 21), which
channel the flow through the central portion of the sample arrangement.
Three possible experiments are shown in Figure 20:

(1) Experiments to assess numerically the rate of migration of ions
through a rock column interspaced with a fractured zone and a
clay interlayer at a specified hydraulic head, AP (Figure 20a).

(2) Transport of dissolved material and sorption on compressed clay
confined between two packers at a specified temperature gradient,
AT (Figure 20b).
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(3) Simulation of an actual disposal vault configuration with
specified flow rate, V (figure 20c).

Packers not only provide a channelling function, they also ensure the
absence of back diffusion or back flow during the stagnant period.

The experimental set-up shown in Figure 20a is essentially the
design of tubular test section developed at WNRE [78]. Its main virtue is
to reduce hydraulic dispersion (diffusion) at the exit site of the column
at low flow rates. If the flow rate is high, as in experiments with
flow-through systems, the conductive term of the mass-transport equation is
much larger than the dispersive-diffusion term, and the mass transport is
only a function of the flow rate.

Figure 21 shows a configuration in which the sample is in the
center of the tubular pressure vessel. Sealing is achieved by copper
gaskets that are pressed against Che sample by springs.

An important problem to be addressed is the residence time of the
solution, i.e., the time of interaction between the solid and liquid
phases. This is especially important to identify kinetically limited
reactions. The pause cycles of the flow-through systems, i.e., the time
during which the system is stagnant, can be adjusted to allow for those
reactions which attain equilibrium only slowly.

6. CONCLUSION

The flow-through system described provides a temperature, pres-
sure, and flow regime which permits leach testing of individual waste
package components as well as multicomponent systems under a wide range of
environmental conditions including those expected in a nuclear waste
disposal vault.

Most of the dynamic systems developed in the past operate at only
moderate pressures corresponding to the hydrostatic pressure at a depth of
up to 3 km. The dynamic quasi-continuous system described here is designed
to operate at much higher pressures resembling those to be expected from
lithostatic forces in a disposal vault. Moreover, thermally induced
stresses (up to 250 MPa) and horizontal stress components in rock (up to 60
HPa) at one kilometre depth [69] can be simulated.

The flow-through system does not involve recirculation. Thus,
inflow of fresh solution permits the study of dissolution effects not
affected by saturation conditions that can influence the long-term rates of
leaching of nuclear waste forms. The proposed system will allow study of
the interaction of a waste form in a high-dilution situation. Thus, leach
rates obtained in a dynamic test will reflect the influence on the waste
form of pH and composition of the leachate as well as temperature and pres-
sure rather than that of supersaturation effects and precipitation of more
or less impervious surface-reaction layers.
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TABLE 1

PARTS USED IN FLOW-THROUGH APPARATUS

Part
Number in
Figure 5

(2)

(8)

(9)

(10)

(11)

(14)

(16)

(17)

+ )
Type

SC 10-600-50

XR 17-4000 bar

Bitric M IB

ZEZ I
20/50-300-50

MRA-112 R,
20" x 1/2"

Type
"Little Richard"

Electrical timer

60-11 HF4-VMTS,
1/4"

+) Similar parts may be available

Supplier

SC Hydraulic Eng. Comp.
14032 SO Avalon Blvd.,
Los Angeles, CA.

Burster Präzisions
t sstechnik, Talstr. 7,
D 7562 Gernsbach.

Hartmann & Braun, D 6000
Frankfurt/Main.

Philips Elektronik Ind.,
D 2000, Hamburg 7 3.

Tem-Pres Res., Penn State
Univ., State College, PA.

Aminco Inc., 8030
Georgia Ave.
Silver Spring, MD.

Ernst Tesch KG,
Grarather Str.
124, D 5600 Wuppertal.

Arainco Inc., 8030
Georgia Ave.,
Silver Spring, MD.

from other suppliers.
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TABLE 2

INTERPLANAR SPACINGS OF REACTION PRODUCTS OF BASALT

IN CONTACT WITH SYNTHETIC SEAWATER AT 600°C, 50 MPa

XRD l ine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

b

*G =

**A =

tT

d(nm)

0.758
0.432
0.380
0.324
0.305
0.293
0.286
0.263
0.261
0.256
0.254
0.249
0.243
0.227
0.217
0.214
0.208 j
0.203
0.188
0.187
0.182
0.171
0.163
0.157

= broad

= Gypsum, CaSO,

= Anthophyllite

100
5 b

20 b
10

100
30
20
30

100
10
10
5

10
5

10
15
10
1.0
10
30
50
10
10
10

G (0.756J
G(0.427)
G(0.379)

G(0.306)

G(0.2«7)

G(0.259)

G(0.253)

G(0.208)

G(0.190)
G(0.186)
G (0.181)

•2H2O (10 - 367)

Identification

++ A**(0.748)
A(0.4l8)
A(O.39O)
A(0.324)
A(O.3O5)

A(0.287)

A(0.259)
A(0.254)

A(0.229)

A(0.214)

A(0.200)

A(0.187)

A(0.164)
A(0.158)

, (Mg,Fe)7Si 0 (OH) (9 - 455)

= Truscot t i te , Ca^-Si-,

The values in brackets are

Diffraction Fi le .

05 8(OHV2

d-spacings

-12O (2 9 - 382)

reported in the

X

Tr(0.432)
T (0. 385 )

T(0.294)
T(0.284)
T(0.264)

T(0.256)

T(0.243)
T(0.227)
T(0.219)

T (0.209 )

T(0.189)

T(0.180)
T(0.172)

T(0.157)

X-ray Powder
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FIGURE 2: High-Teiaperature Flow Apparatus [21]
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1 Solution Reservoir, 2 High Pressure Pump, 3 Solenoid Valve,
A Low-Pressure Manometer, 5 Three-Way Valve, 6 High-Pressure
Manometer (Bourdon Type), 7 Rupture Disc, 8 Strain Gauge
Transducer, 9 Pressure Control, 10 Heating Control, 11 Pressure
Vessel with Heating Jacket, 12 Line Fi l ter , 13 Two-Way Valve,
14 Little Richard Valve, 15 Solenoid Valve, 16 Time Control,
17 Micro-Metering Valve, 18 Sample Collection

10

11

FIGURE 5: Block Diagram of the Flow-Through Vessel. Crossed lines are
low-pressure, solid lines are high-pressure l ines .
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FIGURE 6: Overall View of the Flow-Through Apparatus (right) and the High-
Pressure Pump System (left)
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FIGURE 7: Close up of the Pressure Vessel with Heating Jacket (11) and
the Outlet Valve (14).
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FIGURE 10: R e l a t i o n s h i p Between P r e s s u r e Drop, AP, and Temperature Drop,
AT, for Various Tempera tures :
( 1 ) T = 473 K, ( 2 ) T = 573 K, ( 3 ) T = 673 K, ( 4 ) T = 773 K,
(5 ) T = 823 K. The starting system pressure was P = 210 MPa.
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FIGURE 11: Amount of Solution Released During Expansion. Starting
pressure, P , was 210 MPa for temperatures (1) to (6), but 260
MPa for (1|CJ. The temperature scale corresponds to that in
Figure 10, with (1') T = 295 K, (6) T = 923 K.
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FIGURE 12: Adiabatic Coefficient of Expansion (3T/3P) as a Function of
the Starting Temperature T . s
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FIGURE 13: Sanidine Single Crystals Leached in Hydrochloric Acid (0.01 N)
at 200°C, 10 MPa for 150 h. Pause cycle 2 h, working cycle
20 s [54].

50 pm

FIGURE 14: Magnified Boehmite (y-AlOOH) Crys ta ls Formed Topotaxially on
Sanidine [54].
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FIGURE 15: Reaction Path Analysis of Reaction of K-feldspar at pH = 4 a t
200°C.
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FIGURE 16: Reaction Path Analysis of Reaction of K-feldspar at pH = 2 at
200°C.
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FIGURE 17: Anthophyllite Fibers Formed by Interaction of Basalt with
Seawater at 600°C, 50 MPa. Pause cycle 6 h, working cycle
20 s.

FIGURE 18: Gypsum and Truscottite Crystals Formed by Interaction of Basalt
with Seawater. Conditions as in Figure 17.
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FIGURE 19: Temperature-Pressure Diagram with Compatibility Relations in
the System MgO-SiO„-H2O [70].
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(1) (2) (3) (4) (5)

(b) T > T

(c)
(5) (2) (4) (1) (4) (2) (5)

(1) Source (Glass Block or Powder)
(2) Sand Bed / Crushed Rock (Backfill)
(3) Fractured Rock
(4) Clay Layer (Buffer)
(5) Solid Rock
(6) Packers
(7) Metal

FIGURE 20: Possible Sample Arrangements in the Flow-Through Vessel for
Nuclear Waste Form Leaching Experiments.
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1 Washer
2 Pressure vessel
3 Spacer
4 Gasket (copper)

5 Sample holder
6 Spring
7 Cotter pin
8 Plug
9 Sample

FIGURE 21: Position of Sample (9) Symmetrical To Temperature Field
in the Center of the Tubular Pressure Vessel
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