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Abstract—Porosrty of welded tuff from Snowshoe Mountam Co]orado; was characterrzed by mercury ©
intrusion porosimetry (MIP), nitrogen sorption porosunetry, ethylene glycol monoethyl ether (EGME) -
gas phase sorption and epifiuorescence optical microscopy. Ctushed tuff of-two. particle-size fractions
(1-0.3 mm and less than 0.212 mm), sawed sections of whole rock afid érushed tuff that had been reacted ' -
with 0,1 N hydrachioric acid were examined. Average MIP pore diameter values were in the range of =
0.01-0.02 um. Intrusion volume was greatest for tuff reacted with.0.1 N hydrochlorlc acid and least for .
‘'sawed tuff. Cut rock had the smaliest porosity (4.72%) and crushed tuff réacted in hydrochloric acid had -
the largest porosity (6.56%). Mean pore diameters from nitrogen sor})tlon measurements were 0.0075~ -
0.0187 um. Nitrogen adsorption pore volumes (from 0.005 to 0.013 cm’/g) and porosity values (from 1.34

to 3.21%) were less than the corresponding values obtained by MIP.-More than half of the total tuff pore’
volume was associated with pore diameters <0.05 um. Vapor sorptlon of EGME demonstrated that tuff
pores contain a clay-like material. Epifluorescence mlcroscopy ‘indicated- that connected porosity is
heterogeneously distributed within the tuff matrix; mineral grains "had littlé por051ty Tuff porosity may =~
have 1mportant consequences for contammant disposal in this host rock : : v

3 INTRODUCTION

Rock,porosity, a geological parameter that influ-

g “ences fiuid movement, has important implications for -

several earth science areas including the use of the
subsurface for containment of hazardous waste
S/ . (NATIONAL ACADEMY- OF SCIENCE, 1988; FriND and
Subicky, 1981; MACKAY et al., 1985) and for disposal
of nuclear waste' (YaNAGISAWA and ‘Saxai, 1988;
PigrorD and CHAMBRE, - 1991; WiNoGrRAD, 1990;

. LiesEr, 1991; BUDDEMEIER ¢t al.,-1991). In nuclear-

‘waste disposal, for example, porosity and pore-size

distribution determine the surface area of rock which .

in'turn affects the extent of rock-water interactions.
Radioisotope movement in the subsurface is retarded
in proportion to its retention by reactive sites on the
rock surfaces along the waste-flow path. However,
measurement of rock surface area and porosity at
present (1994) contributes significant uncertainty to
waste disposal planning (CaPE and KisBy, 1990).
The surface areas of solids are usually determined
by gas adsorption methods such as the Brunauer—
Emmett-Teller (BET) method using inert gases
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(BRUNAUER et al., 1938' ‘WHhITE and PETERSON, 1990;
Davis and KENT, 1990 ‘Criou et al., 1990). The BET

method deﬁnes the mtnnsm surface area of a solid -

that is external to the material and which can be used ‘-
to interpret:the. adsorptron and reaction kinetics of -

chemical species on. simple minerals such as calcite
(ReDDY etal.; 1
or expandm, clay components polar ‘vapors - or

such as rock surface area.

Prevxously, we reported specific surface areas for"

welded tuff:from. Snowshoe Mountain, Colorado

981). When minerals contain smectite -

\ ater) can:penetrate into the iriterior of - = 2
the - solids, through a cation-solvent (jon—dipole): "
interaction; in ‘addition: to adsorption on the intrinsic R
‘(external) surfaces ‘The extent of this solvation effect

is a function -of the $mectite (or expanding clay)
content, whlch éan be:estimated from ‘the vapor:
sorption of & polar 11qu1d such as ethylene glycol -~
(EG) or EGME‘mA excess of the adsorption capacity .’

for an inert gas (such as N,) (CHiou et al., 1993). We -

feel that: mvestrgatlons are needed to relate rock . -
properties; such ‘as"pore size and pore size distri-+ -
bution, to factors that affect rock—water interaction -
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(ReDDY and CrLAASSEN, 1994) and results of dissol-
ution experiments using this tuff over a range of
solution compositions (REDDY and WERNER,. 1987).
In this report we summarize mercury intrusion and

'_,mtrogen gas sorption porosrmetry results for tuff .

from the summit of Snowshoe. Mountam

;2 "sorption of EGME identified a clay-hke matetial'in
.. tuff pores, and epifluorescence mrcroscopy 1dent1ﬁed o
.porous reglons of the tuff matrix.

MATER'IALS AND METHODS

A 10kg slab of welded tuff from the base ofa sorl column

1.9 'm below land surface, néar the summit of Snowshoe
‘Mountain (elevatron aboiit 3400 m), near Creede; Cdlor--

ado, was used in this study (CLASSEN et al., ]983) ‘Tuff
sample preparation and hydrochloric acid reaction ‘con-
ditions are ‘described - elsewhere (REDDY-and WERNER,

1987). Hydrochloric acid was selected as a reaction medium _ - v

which would produce a measurable change in tuff porosity:
Two sizé fractions (1-0.3 mm, termed “coarse”, and less

~ than 0.212 mm, termed “ﬁne”) of crushed and sieved tuff- i7"
were selected for porosimetry. measurements. Rock was

and SHlELDS (1991) Porosity and pore size distributions; by
MIP, were-done by the Coors Brewing Company, Analyti-
cal Laborator

¢ size range 100-0.0040, .

rature -mitrogen adsorption-“measure-

u
m ere those described by the manufac-- -

‘turé “the methods described by ASTM X
Mei arts'14-18 and summarized by LowsLL .= ...
a N De’terminations were done by the

-Golden, Colorado. MIP measured pores

omatlc ‘Surface Aféa Analyzer, manu-
omeritics Instrument Corporanon was -

reas for samples used in the EGME . ' 2
in the next section) were determr_ned .
60 Surface Area Analyzer mianufac-’ .

“also cuf into small slabs (referred to as cut tuff) witha
diamond saw for. porosrty measurements with minimum
pretreatment. . :

" Mercury intrusion porosimetry (MIP) '

Pore sizé and pore size -distributions are commonly

measured by physical adsorption of a gas (usually N, at its’

boiling point) or mercury intrusion porosimetry- (MIP).
Materials exhibiting a wide range of pore sizes require both
methods for the most reliable results, since the precision of
results given by either method decreases near the limits of
its Tespective pore srze spectrum (LoweLL and- SHIELDS,

1991).

Mercury intrusion’ poros:metry is based on-the behav1or
of non-wetting liquids in capillaries. Pores are modeled as
an array of cylindrical capillaries of differing radii; ran-
domly oriented. For mercury the contact angle, {), is greater
than 90° In this situation, interfacial tension opposes the
entrance of liquid into the pore. This opposition must be

_overcome by external pressure. At equilibrium a relation )
between the pore radius (r). and the applied pressure (P), . -0

exists (the Washburn equation):

rxP= 2ycosQ

" Contact angle, {), and surface tension, y, of mercury were

130° and 474 dyne/cmi, respectively, in these expériments. -
In MIP, the volume of mercury, v, taken up by the solid is

measured as the applied pressure, P, is gradually:] increased..

By use of the Washburn equation, a relation between v andr

* can be derived. The value of v; at any pressure value 1§

termed the cumulative pore volume. The pore-size-distri-

bution in the material is given by plotting dV/dr (incremen- .

tal intrusion volume) vs r. A discussion of the applications of
the Washburn equation to the interpretation of mercury
porosimetry data has been given by LoweLL and SHIELDS

(1991).

A Micromeritics ‘Autopore II manufactured by the
Micromeritics Instrument Corporation, 800 Goshen
Springs Road, Norcross, Georgia, was used for MIP, (The
use of trade names is for identification purposes only and
does not ‘constitute endorsement by the U.S. Geological
Survey.) Procedures were those described by the manufac-
turers and followed ‘the methods described in ASTM
Method C 699, Parts 106-116 and summarized by LoweLL

sorls and mmerals has’ been descrlbed

inside ‘the’ chamber. and then cooled to room temperature e

for 6—8 h under. a*vacuum of 107 torr to remove moisture
and to determirie the “dry sample weight”. Typically, 100~
500 mg of sample was used in sorption-experiments.

EGME purrﬁed ‘by vacuum distillation to remové residual
air; was’ then introduced into the sorption chamber. The
K mple weight resulting from the vapor uptake at

' equ1hbr1 m was recorded as an electrical signal from the
balance: The parfial pressure of EGME at the point of
vapor-sample ‘equilibrium was recorded by a Baratron

pressure gauge.
scopy

mrcroscopy Thin sections used in this technique are pre-

pared by 1mpregnatmg rock with a blue-dyed epoxy "How-

ever, pores -small r-than several mrcrometers m dlameter,

ﬂuoresce and become an emission source, causing sub- ...

microfi 1mpregnated pores.to become visible.
Coarse tiff; evacuated at 0.1 atmospheres pressure, was
1mpregnated withrepoxy and tesin (Dow # 331 Epoxy with

n-butylglycidyl ether asa thinner and diethylene triamine as . .
a hardener): A miixture of equal parts of blue dye powder -

owder was added to the epoxy in the same

ning a Cahn Model 2000 electrical mlcroba-: ‘
lance to whic ha test sohd sample (sorbent) ishungina small e

ctures .are typrcally 1dent1ﬁed usmg optlcal"

re (RUZYLA and JEzek, 1987; SOEDER, ‘- ..
> ammg the impregnation’ epoxy wrth a.

nd procedure used for determmatlon of -

v T;. S

e
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Table 1. Mercury porosimetry values for average pore dlameter pore vol_ume and porosrty for

+coarse crushed and cut Snowshoe Mountam welded ff s

Intrusxon . Average pere . (e

volume - diameter | nsity - . Porosity
Sample treatment ~~ (cm¥g) - (,um) ; i (%)
Unreacted o 0.024. - 0 020 5.80-
Reacted in 0.1N HCl .. -0.027- o O 0F1; - 6.56 .

' 'Cut unreacted »' .0‘.019{
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Pore Diameter, ym:

“and Frg 1 illustrates that
s‘due to pores havmg dram-"

Fic. 1. Mercury intrusion por031metry cumulative mtrusron

. in ml/g plotted vs pore diameter in um for Snowshoe
- Mountain welded tuff: O cut rock; M coarse tuff, unreacted;

- and x tuff reacted in 0.1 N hydrochloric acid. -

portion as the blue dye alone in conventional sections. The

epoxy was cured in a closed chamber pressurized at 1500 psi

(100 atmospheres) to minimize unfilled pores. Thin sections

cut from blocks of epoxy impregnated rock were examined

.. using a Nikon Labophot-pol Microscope with a Nikon
- UFX-II 35-mm camera system and Episcopic fluorescence

attachment with a blue-violet ﬁlter cube.

E X-ray diffraction analysis

X-ray diffraction analysis for mineral species identifi-
cation was done using an automated Siemens Diffract-
ometer 500in the step scan mode. Measurement parameters

were: start angle 2°, stop angle 20° step 0.020° and count,

tlme 2.0s.

RESULTS AND DISCUSSION

_ Mercury intr uszon poroszmetry (MIP)

“Sniowshoe Mountain welded tuff MIP results are, | \1 4
‘summarized in Table 1. Average MIP pore diameter -
values were in the range 0.01-0.02 ym. BulK-and
“skeletal densities were approxrmately 2.4 and 2.6
glem®, respectlvely Crushlng ‘and/or dissolution

increased available - tuff. MIP intrusion volume.
Measured intrusion volume was greatest for tuff

reacted with 0.1 N hydrochloricacid and was least for’
;. cut tuff. Porosity exhiibited the same trend as intru-
" sion volume—cut rock had the smallest porosity .

(4.72%) and tuff reacted in hydrochlonc acid had the
greatest porosity (6.56%) (Table 1).

Cumulative mercury intrusion volumes are plotted
vs the log of pore diametet in Fig. 1. The plotted

‘eter pores wrll' coritribute’ most to water movement
through thetuff Po 'd'ameters in therange 1-10 zm -

-pre- ex1stmg fractures affect ‘the formatron of sub-. -
" sequént | fractures We beheve that an iterative pro-

cess’ mvolvmg red1str1but10n of entramed gas, and

" Cut rock has large. pore diarﬁeters (100 ym, Fig. 1,
segment II); pores of this size are also apparent in N
photomlcrographs of cut tuff (Reddy, USGS, unpub-. -

dfx51derebly smaller in the -~~~ *
in the cut rock (100 ﬂm) I
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€f)-sorption plots for, tuff f
oI ado Adsorbed volume i

resp dj'to pore diameter ranges “as follow
. OS,um and II 0 05—0.2 y

L v:'dunngm rogen sorption.

Nztrogen a _orptzon

i ,also deplct ‘pore. diameter and pore volume distri-

B butionsin rocks. In particular, the presence of hyster-

: esis “in- mtrogen adsorption isotherms is due to
- adsorption in pores with diameters <0.05 um (Fig. 2)
- (GReGG and - SING, 1982), ‘All tuff examined here

- exhibited, hysteresrs with a characteristic break point.

"in the desorptlon leg of the curve at p/p, = 0.45-0.5

: (F1g 2) Mean pote diameters calculated from nitro-

* gen sorption measurements were 0.0075-0.0187 um
(Table 2):Pore volumes (from 0.005 to 0.013 cm 3lg)
and porosity values (from 1.34 to 3.21%) calculated
from nitrogen adsorption were less than values deter-

" minéd by mercury, intrusion porosnnetry (Tables 1

. Average pore diameters for the -coarse and fine

-+ fracfions-are similar (Table 2). Cut rock average pore-

dxameter 1s larger than that for the crushed matenal

: but1on for tuff reacted with 0. 1 N hydrochlonc acid is

* N1 gen gas adsorptlon and desorptlon 1sotherms :

broadened for the smallest 51ze pores This mcr_ease_' W

Table 2: Nxtrogen adsorption—desorption,’ average P
ol sity for Snowshoe Mountaii

E crushed tuff mply that; in- agreement w1th ;.the MIP
earlier, crushing mcreased submlcron )

pore. ameter ocess1b111ty to nitrogen:gas, However

,addmonal crushmg to produce the.fine- -size. fractlon P
1ncreased the pore volume only slightly (11%, Table .
2) Cumulatwe nitrogen-adsorption volume vs. (log), L

pore d1ameter plots (Fig. 3) have two- (log) linear

segments’ srmllar to data for mercury intrusion vol-...... .~
ume'vs. (log) pore diameter obtained with-MIP:(Fig. - -

1) As ‘shown.in Fig. 3, for similar pore.. dxameter; N
1ntervals subm1cron pore- volume increases.in, the. .~
order cut ‘tuff; coarse tuff and tuff reacted wrth L

hydrochlorlc acid:

“Pore. volumes plotted vs (log) pore dlameter give. : B
peaks that identify pore diameters contributing most -
to ‘total pore volume (Figs 4A—D) Features dlstmc-

‘dxameter range 0.0035-0. 005 m; ‘and -

-a.broad asymmetnc peak between 0. 0040 a.nd' '.

dlameter pore volume and poro- o
n: welded tuff :

Pore volume»-‘

\ rage pore dlameter Poros1ty

- Sample treatment S (em/g). " _ (pm) (%) -

" .-Codrse tuff, unreacted . 0.0090 Coons 238
... Fine tuff, unreacted . : - 0.01158 Lo 00115 2.77 .
" _Coarse tuff, reacted with 0.1 N HC] 0.01348 - ..0.0075 321 -

" Cut tuff, unreacted 0.0054.." . ‘ 0.0187 1.34

st frequent) pore dlameter populatlons contrxbu- s
'tg thestotal pore volume (Flg 4) Pore dlameters .

b :d peak in, dlfferennal pore' volumes,_,;;., e
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over a range of pore diameters, corresponds to a
smooth distribution of pore diameters contributing to
the cumulative pore volume: Area under a segment
of the differential pore.volume curve is proportional

. . to pore volumes assoc1ated w1th pore dlameters i
- that segment, - .

The pore. volume peak for pore diameters near

0. 0035 um in Fig. 4-arises ‘becduse of a submicron’

matrix quartz-phase change and corresponding vol-

" ume decrease “that occurred during tuff coolmg'
'(REDDY and .CLAASSEN, 1994) The pore volume .

. distribittion, for larger pore ‘diameters may develop.
© becausé of trapped gas redistribution during ash

“welding,  a: process: “which may be similar to that

"descnbed by Anderson for the BlShOp tuff (ANDER—
”SON 1991)

* Surface -area determinations employed mtroge

-umes for ‘th c

" Cut tuff (F1g 4A) 'fhas a smaller volume for the o

smallest ] pore dlameters (0. 0035 um) than coarse tuff
(Fig. 4B) suggesting that the smallest pores in the cut
tuff are not fully accessxble to gas adsorption. On the
other hand, the bioad pore volume peaks centered at
approx1ma.te y.0

appear to-be:
(Fig. 4C) has asi
coarse f1 ctlon

exhlbrt_e,d;‘a:
ete'r pore‘s W

monoethylether (EGME) gas sorptlu .proc _'

Specific surface area

Apparent surface aréa -

TR (m?/g) (m°lg)
Rock treatment nitrogen adsorption .EGME sorptlon
Nome . D 22(8)02 15005

11.0(%) 0.5 e 10 0(+)0.5

0.1INHCl

2imi ‘have similar differential vol- kS
he. coarse tuff; “larger’ por’es ;
i _essrble iri-both samples, Fine tuff st
T pore volume to that of the' o

‘.yd _ochlorlc ac1d (Frg 4D)_-.‘ o
peak for the smallest diam- -
ered from other samples exam- - -
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1G Nltrogen adsorptlon and ethylene glycol monoethyl
thet (EGME) sorption isotherms. for fine tuff unreacted-’
. and reacted w1th 0 1 N hydrochlorrc acrd :

hlonc acid. Enlargement of the smallest pore sizes
dently occurred dunng reaction m 0 1 N hydro-

'.acrd 'is clear- evidence that, under the condltlons

vemployed here, the tuff pores with the’ smallest

Ca ;;dxameter interact wrth the surroundmg aqueous solu-
= 'tton :

N 'EGME sorption.

MIP and nitrogen adsorptron porosrmetry data
S quannfy porosity in Snowshoe Mountain welded tuff.
vHowever these techmques give no' direct 1nfor-

mation concerning the spatial distribution and the

nature of tuff porosity. For example, Snowshoe
. Mountain tuff porosity has been attributed to the tuff
" (Reppy and CLAassEN, 1994). Gravimetric
tion of EGME' and eplﬂuorescence examination.
mpregnated rock. thm sections, give 1ns1ght into.
the nature of rock porosity and have been’ applied to
“eXafnine. the hypothesrs ~that tuff porosrty resrdes in

S rface area measurements of clay mrnerals based
- oir thé retention of EG or "EGME, and'the uptake of
ater, have resulted il values that are much greater,
an measurements by standard BET N, method,
,(McNEAL “1964; QUIRK 1955, Cou ‘et al., 1993).
his® ‘observation -is evidence that. EG- and EGME
;.sorpnon also occurs at the clay ion- exchange site (i-e.
. ;the <clay interlayer spaces) as well as on' the pre-:
’ "'.“;exrstmg clay surface. It is assumed that EGME up-
take in excess of that expected from monolayer
* “¢overage of a surface is indicative of the presence of
o ':clay-hke minerals (CHioU et-al., 1993). '
- Nitrogen and EGME uptake by tuff have similarly-
. 'shaped sorption isotherms (Fig. 5). Both have linear
. BET function plots, except that EGME sorption was
greater than nitrogen (on an area basis) and hence

that EGME gave a higher apparent surface area

(Table 3) ngher apparent. surface areas by the. .
od, in comparison with those by mtro-_,_},

rounded by blue embeddrng epoxy Mineral distri-

butron ‘within fuff grains is- heterogeneous Incrdent»
1llumlnatton of the same area (Fig. 6B) shows strong -
- réd-orange fludrescence in the grarn center but little -

from phenocrysts The matrix in some grain segments
exhibits to fluorescence; elsewhere matrix fluor-

escence is 1ntense Fluorescence, and thus porosrty,. S

_occurs ad]acent to opaque 1mnerals in the matnx
(Fig..6B)." :

“Higher - magmﬁcatron 1llustrates large and small -

mineral phenocrysts in the matrix (Fig. 6C). The
phenocryst dt the right in Frgs 6C and D is fractured

the matrlx exhlbrt ﬂuorescence Connected por081ty
octlrs, predomrnantly in the mat,

when matrrx 18 adJacent to opaque mmerals The'_'v,:: :
cause of- markedly heterogeneous porosrty drstrr- NP
n the tuff is uncertain, ‘but may: be due to tuff PR

on;, flow’ and subsequent weldrng

CONCLUSIONS

A rock frorn the base of a sorl column at the summit
of Snowshoe Mountarn, near - Creede, Colorado

(elevatron about 3400 m), exhibits high specific sur-- ‘

face area due to tuff matrix porosity. “More than one-

half of the tuff volume' as measured by mercury -
intrusion. porosrmetry is assocrated with pore diam-.
eters. less than 0.05 um. Tuff matrix appears to .

uff - ' 1llustrate

_ quartz blotrte and plagroclase phenocrysts as bright- - .
- areas; i@ mottled texture of the tuff matrix sur-

ix: Phenocryst frac- . .
‘tures show little fluorescerice; they havefew.connec--
ted fractures and low porosrty Some segmentsof tuff . .- .. . .
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contain a clay-like material that can be removed by
extended dissolution in 0.1 N hydrochloric acid.
Epifluorescence  microscopy ~demonstrates.

that .
" Snowshoe Mountam tuff porosity is heterogeneously .
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