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INTRODUCTION

The long-range goals of this research jogri are (1) to measure

experimentally the magnitudes of the fluxes of water, dissolved substances,

heat and electric current across smectite and illite clay layers, under

imposed gradients of fluid pressure, chemical activity of dissolved salts,

temperatures, and electrial potential, from atmospheric conditions

through the diagenetic range to approximately 250' C., and 2 kb/confining

(lithostatic) pressure, and (2) to relate these measurements to existing

.' theories, ;including in particular the formalism of nonequilibrium thermo-

dynamics, and to augment such theoretical expressions if possible. The

principal earth-surface applications are to soil physics and to a variety

of civil engineering concerns involving slope and foundation stability.

At depth in sedimentary basins, fluid flow across shales has been invoked

in theories of hydrocarbon generation and migration, as a possible explan-

ation for a variety of phenomena of interest to petroleum engineering such

as overpressuring and electrical self-potentials, and as a factor to be

considered to evaluating the feasibility of deep-hole radioactive waste

disposal. The physical characteristics of the clay layer, such as layer

thickness, clay-flake size, clay-flake orientation (fabric), and change of

fabric and particle size within a layer (composite membrane)also need

to be evaluated.

This research is strengthened by the results that are accumulating

from three related but non-USARO-funded research efforts: (i) measurement

of mutual diffusion coefficients in concentrated binary salt solutions

(Bard and Miller, 1979a, 1979b), and development of improved theoretical

models for predicting mutual diffusion coefficients in more complex salt
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solutions (Anderson and Graf, 1978); (2) measurement of adsorbed cation

populations on clay minerals in contact with chloride brines over the range

of diagenetic conditions (Stephens, 1974, Benzel, 1978); and (3) measure-

ment of the amount of interlayer water in smectite as a function of pres-

sure, temperature, and brine composition over the diagenetic range (Graf,

1974).

During the period of this grant, two large and complex membrane press-

es were designed, built, and put into operation at room temperature. De-

tailed techniques were devised for sedimenting clay cakes of known part-

icle-size and fabric and for impregnating these cakes, cutting out vol-

umes of known orientation, and determining fabrics by powder X-ray dif-

fraction. An initial pair of transport experiments has been completed at

room temperature, in order to tie in with existing literature and to de-

termine the run time required to reach steady state. Sample collection

and analysis techniques for stable isotope determination have been chosen.

Two papers are currently in preparation: (1) a description for a

scientific instrument journal of the membrane press design must await suc-

cessful completion of one or two runs above room temperature on the press

that is enclosed in an air bath, in order to be sure that the temperature-

control system is adequate; and (2) Donald L. Graf has accepted an in-

vitation to present before the International Association of Scientific

Hydrologists in Paris this summer, and to publish in Journal of Hydrology,

a discussion of the potential usefulness to this group of better know-

ledge of diffusion in brines and of clay-membrane transport behavior.

...
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DESIGN AND CONSTRUCTION OF
EXPERIMENTAL APPARATUS

Two large membrane presses with suitable auxiliary devices for

clay-sample retention, fluid injection, stirring of fluid at pressure,

and collection of fluid at pressure have been designed and constructed.

One press is for room temperature operation, the other for use at temp-

eratures up to about 2600 C., at which deterioration of Teflon 0-ring

seals might be expected to commence. A description of the latter press

suffices for both.

The load frame consists of four 3-inch diameter vertical rods,

52" long, attached through holes near the corners to horizontal, station-

ary top and bottom plates approximately 27" by 17" by 3" thick. A trav-

eling center platen is 2" thick. These load-frame elements are of 17-4-

PH stainless steel, the plates machined from special castings (Coulter

Steel and Forge Co., Emeryville. California), and all elements heat-

treated after machining by Indiana Metal Treating, Indianapolis, Indiana.

The traveling platen is driven by a comercially available 300-ton ram

(Enerpac, Butler, Wisconsin), in which our machine shop has replaced the

manufacturer's seals with Teflon and brass elements. The hydraulic fluid

used is Dow Corning 200/20 cs. silicone.

The entire load frame is enclosed in an air bath to prevent trans-

port contributions from local thermal gradients. The air bath is a

double-walled shell, enclosing a 2-inch thick layer of magnesium oxide,

from which one vertical wall can be removed for equipment repair and sam-

ple loading. There are six planar 800-watt heating elements (Lindberg,

Watertown, Wisconsin) fastened to the interior of the shell, controlled

by a RI Thermac Series 6000 temperature controller (Carvel Engineering,

Schaumberg, Illinois). The shell and press rest on 1/4" thick basal
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plate of asbestos board, which is in turn underlain by a layer of

2 1/2" thick fire bricks (A. P. Green Refractories Co., Peoria, Illin-

ois) to minimize heat loss to the floor.

The clay layer lies between two sheets of filter paper (Milli-

pore Corp., Bedford, Mass.; 0.6-micron diameter particle-retention Poly-

vic paper for temperatures up to about 650 C.; Teflon paper with 5.0

micron diameter particle retention for temperatures up to 2600 C.).

We have also tried Nuclepore filters (General Electric Co., Pleasanton,

California), irradiated plastic with very uniform 0.2 micron diameter

holes, but its temperature tolerance is limited. Backing the filter

paper sheets are porous alumina plates (Norton Co., Worcester, Mass.;

#AN 788, 0.1 micron diameter particle retention), and then a second

set of porous plates (Norton's AN 889, 5 micron diameter particle reten-

tion), and finally pistons of INCONEL X-750. The central six inches

of this vertical train, piston-alumina-clay-alumina-piston, is enclosed

in a thick-walled cylinder of INCONEL X-750 (0. D. 10", I. D. 3.9",

length 10"; custom forging by Coulter Steel and Forge Co., Emeryville,

California; heat-treated by Indiana Metal Treating, Indianapolis, In-

diana). Shrunk-fit into the cylinder is a precision-ground, high pur-

ity alumina refractory liner with a wall thickness of about 0.15"

(McDanel Refractory Co., Beaver Falls, Pa.; Mix #998; grinding by

INSACO, Quakertown, Pa.). It is electrically insulating, strong in

compression, and should not readily be attacked by solutions already

saturated in alumina from contact with clay.
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A pair of 1/8" diameter holes in the upstream piston (deep-hole

drilling by Meteor Corp., Loves Park, Illinois) permit brine to be

circulated through the higher-porosity alumina plate while maintaining

the desired experimental hydraulic pressure. There is one such hole

in the downstream piston for drainage at pressure. An additional pair

of holes in each piston will permit introduction of lead wires to planar

Ag-AgCl electrodes for measurement of, or imposition of, electrical

potentials. The holes are at present plugged with O-ring-sealed metal

rod, but for electrical-potential studies the lead wire will be elec-

trically insulated by ball-and-socket-type ceramic beads (Barber-

Colman, Rockford, Illinois), except for the region extending through

the high-pressure seal (slightly below the piston face), where a sec-

tion of magnesium-oxide insulated wire swaged into an INCONEL sheath will

be used (ARi Industries, Franklin Park, Illinois).

Corrosion-resistant high-pressure tubing of INCONEL X-750, 0. D.

1/4", I. D. 0.084" was obtained by special order (Tube Methods, Bridge-

port, Pa.). The high-pressure valves are of special design (Pressure

Products Industries, Hatboro, Pa.) so that (i) corrosive brine touches

only Haynes Alloy #25 surfaces in the valves, and (2) the valve stem pack-

ing is on the outer wall of the air bath, with provision for water

cooling, and the stem is long enough to extend through the air bath

wall to reach a high-pressure line attached to the inside wall. Valve

packing is glass-loaded Teflon. Large-diameter Heise gauges (Dresser

Industries, Newtown, Conn.) with Lourdon tubes of 403 stainless for

accurate pressure response are used, but the Bourdon tubes are oil

filled to prevent damage to this not particularly corrosion-resistant

-0 alloy.

--I.-'.-
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An auxiliary system modified from an earlier design in this Depart-

ment by F. A. Donath and L. S. Fruth for fluid injection at high pres-

sure and over a wide range (6 to 8 orders of magnitude) of low flow rates

consists of two geared shafts with a movable connecting gear and a var-

iable-speed motor (B and B Motor and Control Corp., New York City).

This assembly drives an INCONEL X-750 piston into an approximately 50

ml. volume INCONEL X-750 high-pressure chamber and thereby forces fluid

into the high-pressure tubing network.

An auxiliary unit designed by us with the help of L. S. Fruth,

John Bauerle, and Donald Dodson disperses the dissolved-salt buildup

behind the clay cake into a larger fluid volume at the same pressure.

It consists of two INCONEL X-750 high pressure reservoirs, each of

about 85 ml. volume, linked by a double-ended piston driven by a revers-

ible motor (Dayton split-phase gearmotor, W. W. Grainger Inc., Chicago,

Illinois), which is actuated by a timer (Dual-Trol timer, Industrial

Timer Corp., Parsippany, N. J.) for five minutes every three hours.

The remaining two ends of the reservoirs are connected by high-pressure

tubing to the appropriate fittings on the upstream piston. This unit

has been placed outside the air bath, for easier maintainance, so that

in order to minimize brine temperature change during the stirring inter-

vals, it has been necessary to place an approximately 10 ml. volume

high-pressure reservoir ("rod bomb") of Haynes Alloy #25 inside the air

bath in each of the lines leading from the high-pressure stirring unit

to the upstream piston. The storage volumeof the high-pressure stirring

unit has been further increased by making the double-ended piston short

enough so that it extends a maximum of 3 3/4" into either of the high-

pressure chambers, which are 6 3/4" long.

• Ii
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An auxiliary unit for collecting liquid effluent at selected

fluid pressure, designed by us with the help of L. S. Fruth, John

Bauerle, and Donald Dodson, consists of a pressure vessel made of

elements of INCONEL X-750 and 17-4-PH. The vessel has a small-

diameter, approximately 10 ml. volume chamber in one end, a large-

diameter chamber in the other, and an internal piston with differnt

diameters on its two ends. The large-diameter chamber is connected

directly to a large tank of nitrogen gas at some selected fraction of

full tank pressure. The ratio of piston areas then defines the fluid

pressure that will move the piston and allow the small-diameter chamber

to fill, and PVT relations for the large volume of gas assure that

liquid-sample accumulation will be at essentially constant pressure.

If the line back to the clay cake is valved off and a 10 ml. glass or

plastic vial pushed over an O-ring seal on an appropriately machined

exit fitting, then the vial can be evacuated, the exit valve opened,

and nitrogen gas pressure will drive the sample piston back to expel

accumulated liquid sample into the vial.

-A
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PREPARATION AND DEFINITION
OF CLAY FABRICS

Clay flakes typically have positively-charged edges and negatively-

charged surfaces (see, e.g., van Olphen, 1977), so that changing clay

fabric alters the distribution along a particular pore not only of pore

diameter but also of positively- and negatively-charged mineral surfaces.

It is hardly surprising, therefore, that there should be increasing in-

terest in the effects of clay fabric upon engineering properties (e.g.,

Bennett et al., 1977: Calladine, 1973; Mahmood and Mitchell, 1974;

Martin and Ladd, 1975).

The fabrics of some well-consolidated Paleozoic shales change from

parallel-flake to jumbled-flake (card-house fabric) within tens of feet

laterally (Parham and Austin, 1969; W.E. Parham, pers. comm.). These

fabrics appear to date from the time of sediment deposition, rather than

being consequences of compaction, and mild metamorphism (crystallization)

is required to alter them. Observations such as these have led to spec-

ulation about the effect of clay fabric upon shale transport behavior,

which should in turn affect the migration of hydrocarbons from shale

source beds, the content of U and other metals in black shales, and the

suitability of shales as hydraulic seals for retaining radioactive wastes.

We have focused our initial transport experiments upon smectite,

which is attractive both because it is a geologically abundant clay min-

eral in the thick sedimentary sequences of interest to us, and because

it has a high cation exchange capacity and should therefore demonstrate

membrane effects to a maximum degree. Smectite flakes are often unusual-

ly small and ragged, even for clay minerals, which makes it more difficult

to sediment a range of fabrics.
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Mr. Benzel has been able to prepare a smectite cake with card-

house fabric by sedimenting from a 1.01 molal (Na,Ca)Cl solution, with

which the clay had first been allowed to equilibrate. He obtained a

parallel-flake cake by repeated washing of smectite in distilled water

until it dispersed, followed by sedimentation from that liquid.

We have determined fabric character by impregnating the clay cake

with Carbowax 6000 (Union Carbide's polyethylene glycol), cutting a cube

which has as one pair of faces the top and bottom of the cake, and col-

lecting diffraction data from the differently oriented faces according

to the method of Meade (1961). The parallel-flake cake had a Meade

parameter of 5.6, the card-house fabric gave 1.2. It is noteworthy

that these fabrics were unaltered by the 5,000 p.s.i. piston pressure

applied in a small laboratory-bench press during fabrication of the cakes.

The smectite cake currently being used in Mr. Benzel's membrane-

press experiment was prepared as described above to yield a card-house

fabric, as was that which Mr. Haydon is using, except that his was equil-

ibrated with and sedimented from a 5.45 molal (Na,Ca)Cl solution. X-ray

fabric determinations of these particular cakes will be made after the

transport experiments using them are completed, but it seems reasonably

certain that they will be found to be highly jumbled fabrics.

One of Mr. Benzel's next transport experiments will utilize a para-

llel-flake cake, to determine how large is the effect of fabric upon

salt-rejection efficiency and selective cation transport. If the effect

is comfortably above experimental uncertainty, we may explore the effect

of a few more subtle fabric variations. Among the card-house fabrics,

depending upon the salinity and cationic composition of the brine, floc

l i -
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size and organization should vary. For fabrics toward the parallel-

flake end of the range, we will attempt to employ an unpublished method

devised by R. C. Reynolds of the Department of Earth Sciences, Dartmouth

College, to describe the distribution of flake orientations with regard

to the c - axis.

t->:



SALT REJECTION AND SELECTIVE CATION 11

ULTRAFILTRATION EXPERIMENTS

Mr. Benzel is preparing clay cakes using the 0.25-2 micron diameter

size fraction of the smectite from Chambers, Arizona, for a series of

room temperature experiments testing the effect upon transport of phys-

ical parameters such as layer thickness, particle size and fabric. The

clay is the same one for which Mr. Benzel measured Na+/Ca ++ adsorption

selectivity (Benzel, 1978), and it is mineralogically very pure. In

his first run, he observed a hydraulic conductivity of 2.51 x 10 - 1 2

cm/sec, a salt rejection efficiency of 26%, and an increase in Ca/Na

atomic ratio of 24% in the effluent when a (Na,Ca)Cl solution of 1.01

molal total salinity was forced through a 2.5 cm thick cake with card house

fabric. Compaction pressure was 5,000 p.s.i., upstream fluid pressure

2,800 p.s.i., and downstream fluid pressure 1,800 p.s.i.

Mr. Haydon is using the 0.25-2 micron diameter size fraction of the

smectite from Olmsted, Illinois, for experiments in which the same cake

is left in the membrane press and other variables are held constant, but

transport is measured successively at several temperatures between room

temperature (200C) and 2500 C. This clay is representative of the river-

borne input to the Gulf Coast, and is not monomineralic; the principal

clay mineral is actually an interlayered illite-smectite, and there are

small amounts of organic matter and other clay minerals present. In

his initial experiment at 250 C. Mr. Haydon observed a hydraulic conduct-

ivity of 3.36 x 1012 cm/sec, a salt rejection efficiency of 8.4%, and

a 0.4% decrease in Ca/Na atomic ratio in the effluent when a (Na,Ca)C1

solution of 5.55 molal total salinity was forced through a 1.5 cm thick

-.. - - -- - - -
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cake with card-house fabric. Pressures were the same as in Mr. Benzel's

run.

Mr. Haydon chose the salinity and cation ratio of his brine to be

representative of Gulf Coast pore waters at 10,000 feet depth in normally-

pressured regions. Mr. Benzel diluted this solution to approximately

one-fifth its original concentration, to yield a brine more realistic

for near-surface environments, about half again more saline that sea water

but retaining its (Na,Ca)CI character so that results from the two presses

might reinforce each other in at least a qualitative sense. The compac-

tion pressure being used in Mr. Haydon's first cycle of experiments is

more appropriate for 5,000 feet depth than 10,000, but he will increase

it substaintially in the second cycle.

The hydraulic differential of 1,000 p.s.i. across the cakes in these

two experiments gave a liquid throughput of approximately 1 ml. per day.

It was only after the passage of 25 to 30 ml. of fluid that the system

reached steady state, a major limitation upon the rate of data collec-

tion. The values for salt-rejection efficiency and change in Ca/Na atomic

ratio cited here differ moderately from those cited in the 6-monthly re-

port for the latter half of 1979 because of data reduction errors discov-

ered in a project review.

For conparision, Kharakha and Smalley (1976) forced an approximately

0.1 molal chloride solution, containing Na + , Ca + + , and other cations,

across a 0.31 cm. thick bentonite cake at room temperature. Compaction

pressure was 7,000 p.s.i., upstream fluid pressure 1,580 p.s.i., down-

stream fluid at atmospheric pressure. The salt-rejection efficiency was

52% and the Ca/Na atomic ratio increased by 5.2% in the effluent. The

strikingly low salt rejection efficiency seen by Mr. Haydon must for the

i
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mst part be a result of the high salinity of his input solution, rather

than of the mineral impurities in his sample. The reasons for the ob-

served Ca/Na atomic ratio changes are less obvious.

________
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CHEMICAL ANALYSIS

Mr. Benzel's liquid effluent samples are diluted approximately 830

times, Mr. Haydon's by a factor of about 2860, in order to bring the

concentrations of both Na and Ca within the linear portion of the

atomic absorption calibration curve obtained by running a series of stan-

dard solutions that encompass the expected range of experimental solution

compositions after dilution. Standards also contain 2000 p.p.m. CsCl

in order to inhibit ionic complexing. The spectrometer being used is

a Perkin-Elmer Model 306 at the Illinois State Geological Survey on

campus.

Cation exchange capacity measurements are in progress, using X-ray

fluorescence to determine adsorbed Sr+ + concentration, for the 0.25-2

mircron fractions of the two smectites. There is at least one published

value for each clay, but some difference might be expected among mult-

iple whole-clay samples from the same deposit, as well as among differ-

ent size fractions of the same sample.

Ai



15

FRACTIONATION OF STABLE ISOTOPES
OF HYDROGEN AND OXYGEN IN BRINE

WATER DURING ULTRAFILTRATION

Citing experimental results for a variety of systems in the pure

chemistry literature, Graf et al. (1965) and Hitchon and Friedman (1969)

attributed small differences in stable hydrogen and oxygen isotopic compo-

sition of selected pairs of subsurface brines to fractionation during

passage through the micropores of shale. The effluent is isotopically

lighter, affording a criterion for direction of water flow.

Coplen and Hanshaw (1973) made two experimental runs at room temper-

ature that verified the predicted fractionation in clay-water systems.

As with all clay-membrane experiments, the time required to come to

steady state was considerable.

The experiments of this project bring clay-water systems to steady

state in order to measure other parameters, and it requires only modest

additional amounts of run time to collect two 2-ml downstream samples and

to extract two 2-ml samples from the upstream reservoir, so that the oxygen

and hydrogen isotopic fractionations can both be determined. We are about

to collect such sets of samples from the first two runs.

It would be difficult to be certain of extracting all the water

from small samples of high salinity. We propose instead to equilibrate

C02 with the brine sample as collected, and then to correct for the ion-

hydration effects that are included in the isotopic composition obtained.

These effects have been calibrated by Sofer and Gat (1972) and Truesdell

(1974) for a range of solution compositions and temperatures, but we

shall have to prepare additional calibration solutions and analyze them

isotopically.
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