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MINERAL ASSEMBLAGES OF VOLCANIC AND 
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Abstract - Volcanic and non -volcanic partings are exposed in coal beds of the Tertiary Beluga and Sterling 
Formations along the shores ofthe Kenai lowland, Alaska. About two-thirds of the partings originated 
as air-fall tephra which fell in coal-forming swamps. The tephra partings in the Pliocene strata are unaltered 
or slightly altered and have a characteristic mineral assemblage of volcanic glass ± montmorillonite ± 
kaolinite ± opal-CT. Miocene strata are slightly altered to totally altered, and a typical mineral assemblage 
consists of feldspar ± kaolinite ± montmorillonite ± quartz ± crandallite ± altered volcanic glass. 
Crandallite appears to have formed early in diagenesis by the replacement of volcanic glass prior to the 
formation of montmorillonite and kaolinite. 

About one-third of the partings originated primarily as detrital sediments derived from surrounding 
metamorphic and sedimentary terranes and were deposited by periodic floods. Mixtures of tephra and 
detrital sediments were also noted and were difficult to distinguish from tephra partings in the field. 
Detrital partings are characterized by detrital chlorite + illite + smectite + quartz ± feldspar ± siderite 
± kaolinite. The chlorite in these strata is allogenic. Smectite is less common in the detrital partings. 
Key Words-Chlorite, Coal partings, Crandallite, Illite, Kaolinite, Opal-CT, Smectite, Volcanic ash. 

INTRODUCTION 

Tertiary coal beds are exposed along the shores and 
coastal canyons of the Kenai lowland on the Kenai 
Peninsula of the Cook Inlet area, Alaska. The coal 
formed in a series of swamps in poorly drained flood 
basins associated with meandering- and braided-stream 
sedimentation (Hayes et al., 1976; Rawlinson, 1979). 
Four sedimentary units, the Kenai Group, were de
posited during Neogene time (Figure 1). This study 
focuses on two of these units, the Beluga and the Ster
ling Formations. The outcrops were described by Barnes 
and Cobb (1959) and were subdivided into the Ho
merian and the Clamgulchian provincial paleobotan
ical stages by Wolfe et al. (1966). The boundary between 
the stages, which approximates the lithostratigraphic 
boundary between the Beluga and Sterling Formations, 
was assigned an age of 7.9 ± 1.0 m.y.b.p. based on 
K-Ar age estimates for plagioclase and fission-tracks 
in zircon from tephra interbedded in coal (Triplehorn 
et aI., 1977). 

let. In addition, the frequency of past volcanism in the 
Cook Inlet area can be interpreted by careful docu
mentation of tephra partings in the coal beds (also to 
be reported elsewhere). The purpose of this study is (1) 
to demonstrate that tephra and detrital partings can be 
differentiated on the basis of their clay and whole-rock 
mineral assemblages, (2) to investigate whether Mio
cene and Pliocene sections differ in mineral compo
sitions, and (3) to describe a new occurrence of cran
dallite. 

SAMPLE SITES AND SAMPLE 
SELECTION 

About 100 partings, 1-IO-cm thick, were sampled. 
Partings < 5 cm were sampled only if partings were 
rare or if they displayed unusual properties. Sixty-two 
samples were obtained from the Diamond Creek (DC) 
section of the Beluga Formation and 35 samples (three 
from siltstone) from the McNeil Canyon (MC), Fox 
Creek (FC), Ninilchik (NIN), and Clam Gulch (CG) 
sections of the Sterling Formation. "Section" here sig
nifies continuously sampled outcrops (Figure 2) and 
does not necessarily coincide with the measured sec
tions described by Barnes and Cobb (1959), Adkison 
et al. (1975), Rawlinson (1979), or Merritt et al. (1987). 
Partings are especially well-preserved in the DC sec
tion, which contains by far more individual coal beds 
and thus more partings than younger sections. 

ANALYTICAL METHODS 

Volcanic activity was common in the Cook Inlet area 
during the middle and late Tertiary, related to under
thrusting along the Aleutian Trench and subsequent 
uplift of the Alaska Range and the Kenai-Chugach 
Mountains (Kirshner and Lyon, 1973). Layers of air
fall tephra and fluvial clastic sediments were incor
porated into the coal swamps and are now exposed as 
partings in the coal beds. These partings have not been 
previously systematically characterized. It is important 
to do so because the tephra partings can be used for 

More than 500 whole rock and <2-JLm-size fractions were 
correlation of the Kenai lowland strata (to be reported analyzed using a Rigaku X-ray diffractometer and Ni-filtered 
elsewhere), for estimating coal resources, and for po- CuKa radiation at a scanning rate of g020/min. To test the 
tential correlation with the subsurface ofthe Cook In- accuracy of the X-ray powder diffraction (XRD) scans ob-
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Figure 1. Stratigraphic column of the Cook Inlet Tertiary 
formations. Modified from Fisher and Magoon (1979). 

tained at this speed, 20 air-dried clay samples and 5 powdered 
bulk samples were also X-rayed at both 2° and 1°20/min. The 
peaks were only insignificantly less defined at 8°20/min, as 
shown in Figure 3. Peak intensity and sharpness were not 
affected for any sample. Only qualitative comparisons of min
erai content were required for this study. 

Whole-rock sample preparation 

Whole rock samples were ground to a <200 mesh powder, 
pressed into aluminum sample holders and X-rayed (2° to 
65%). Small chips of whole-rock samples were selected on 
the basis of mineral content as determined by XRD powder 
diffraction, mounted on aluminum stubs, and sputter-coated 
with a gold-palladium alloy. These samples were analyzed 
using a JEOL (JSM35 model) scanning electron microscope 
(SEM) at 15 kV and a KEVEX Unispec System 7000 energy
dispersive X-ray spectrometer (EDX). 

Seven indurated tephra samples were made into thin sec
tions. An ultrasonic probe was used to disaggregate the coarse 
fractions (-0.08 to 1.0 mm) from 16 water-immersed, crum
bly samples, which were subsequently thin-sectioned as pet
rographic grain mounts. 

A Perkin-Elmer 283B infrared (lR) spectrophotometer was 
used according to the methods of Van der Marel and Beu
telspacher (1976) to determine whether small amounts of 
kaolinite were present in chlorite-rich, detrital samples. A 
direct-current plasma (DCP), atomic emission spectrometer 
(Beckman SpectraSpan V) was used to determine the major 
elements in all samples. 

Clay-fraction sample preparation 

Each sample was disaggregated with an ultrasonic probe 
and centrifuged at 1000 rpm for 4 min. The time and speed, 
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Figure 2. Index map showing the location of the study area. 
Sampled sections are shown as lines of continuous dots. K-Ar 
radiometric ages of plagioclase near Ninilchik and McNeil 
Canyon are from Triplehorn et al. (1977). FC = Fox Creek, 
MC = McNeil Canyon, DC = Diamond Creek, NIN = Ni
nilchik, CG = Clam Gulch. 

after methods of Jackson (1974), left only the <2-/tm-size 
fraction in suspension which was suction-deposited on a po
rous, unglazed ceramic plate, as described by Kinter and Dia
mond (1956). Each sample was scanned from 2° to 35% after 
air drying, from 2· to 20% after vapor-phase ethylene g1y
colation for one week, and after step-wise heating to 300° and 
550·C, respectively, for I hr or longer. To determine whether 
montmorillonite or beidellite was present, eight of the purest 
smectite samples were air-dried, saturated with 2 N LiCI, 
heated at 250·C for 12 hr, and solvated with ethylene glycol 
and glycerol according to the test devised by Greene-Kelly 
(1955). 

RESULTS 

Outcrop distinctions 

Tephra partings were clayey, plastic, indurated or 
crumbly, had a homogenous texture, and were as much 
as 10 em thick. They commonly were more coarse
grained than the detrital partings and weathered to a 
bleached, pinkish white color on surface exposures. 
Pumice fragments were visible in some indurated part
ings, but also occurred as dispersed pumice partings. 
Colors were commonly lOR6/3 pale red to IOR2.5/2 
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Figure 3. Comparison of X-ray powder diffraction patterns 
of two < 2-lLm, air-dried samples at three scan rates: 8°201min 
(chart speed: 80 mm/min), 2°211/min (chart speed: 20 mml 
min), and I02/Jlmin (chart speed: 10 mm/min). 

very dusky red (Munsell Soil Color Charts). Organic 
materials showed no preferred orientation. 

Detrital partings tended to be flaky, fissile, or crum
bly and were only locally indurated. They were finer 
grained, thicker, and had a more heterogenous texture 
than most volcanic partings. If weathered, they com
monly retained their original color or developed a fad
ed appearance. They were commonly lOYR7/1 light 
gray to lOYR3/1 very dark gray and locally had blue 
or green tinges. Organic materials were oriented par
allel to the fissility-probably the bedding plane. Pum
ice fragments or other products of volcanic activity 
were not observed. 

Tephra partings 

Whole-rock mineralogy. The 001 smectite reflections 
in the XRD patterns were poorly developed. The 060 
reflections ranged from 1.49 to 1.50 A, indicating di
octahedral smectite. Kaolinite was present only as weak 
peaks in patterns of the randomly oriented whole-rock 
samples. 

At least 15 partings in the lower part of the DC 

c 
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25 30 35 

c 
c 0 C 

~ 
40 45 50 

Figure 4. X-ray powder diffraction pattern of sample DC 
60a. C = crandallite, Q = quartz and K = kaolinite. 

section (identical to measured section I b of Adkison 
et aI., 1975) contained minerals ofthe crandallite group. 
The general formula of this solid solution series is 
XAl3 (P04MOH)s' H20, where X may be Sr (goyazite), 
Ba (gorceixite), or Ca (crandallite) (Fleisher et al., 1984). 
Specific crandallite-group minerals are difficult to iden
tify by XRD or SEM because of the solid solution 
compositional variations and a general lack offeatures 
that distinguish different members of this group. Ele
mental analyses (Table 1) and EDX data for the DC 
samples, however, showed that Ca > Ba > Sr; thus 
the mineral was compositionally crandallite. Crandall
ite was identified from the whole rock XRD patterns 
by reflection maxima at 2.96 A (Figure 4). EDX sug
gested that the crandallite was present in some samples 
in amounts too small for XRD detection. SEMs show 
nodular, bulbous, commonly hollow structures (Figure 
5). 

Values ofPzOs, BaO, and SrO greater than any yet 
reported from Tertiary Alaskan coal sequences were 
obtained for the DC samples. For example, the P20 S 

content of sample DC 60A was 28.79% (Table 1), which 
compares with a maximum of 17.1 % P20 S in coal ash 
from the Chuitna River coal (Rao and Smith, 1987). 
XRD patterns and chemical analyses of 35 samples 
from the MC, FC, NIN, and CG sections, however, 
failed to reveal crandallite or elevated concentrations 
of Ca, Ba, Sr, or P (Table 2). 

Opal-CT was identified as a trace constituent in three 
samples (FC 8, NIN 4, and CG 5). Weak, broad peaks 
at 4.05 A were recognized in the XRD patterns of 
samples FC 8 and CG 5, which contained little or no 
feldspar that could have interfered with the identifi
cation. No other opal-CT peaks were noted in these 
samples. In sample NIN 4 the intensity of the 4.04-A 
feldspar peak was anomalously strong, and small opal
CT peaks at 3.13 and 2.49 A were noted. 

Quartz was identified in 45 of the 68 partings, typ
ically in small amounts. Volcanic quartz was also ob
served in thin sections of the coarse fractions. Most of 
it, was unaltered, but some showed straight extinction, 
/1-quartz morphology, subhedral and angular shapes, 
and local embayments. In less altered samples, some 
angular quartz grains showed glassy fringes of volcanic 
origin. 
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Figure 5. Scanning electron micrograph of crandallite-group minerals in samples DC 60 and DC 68: (A) straight-edged 
contacts of hollow structures, which may be crandallite-replaced, volcanic bubble-wall shards. Note holes on the surface 
(arrows) indicating the hollow interior (2200 x = original magnification, sample DC 60A). (B) possible pseudomorphs of 
bubble-wall, hollow shards. Two of the "bubbles" on the left side of the photo appear to have had their tops sheared off, and 
the empty interiors are clearly visible (3000 x = original magnification, sample DC 60A). (C) columnules (3000 x, sample 
DC 60A). (D) smectite lining a cavity in grain having a crandallite-like composition (3600 x, sample DC 68). 

Feldspar was identified in 61 of the 68 tephra part
ings. In thin sections ofthe coarse fractions, plagioclase 
was much more abundant than K-feldspar and oc
curred as angular and euhedral crystals, indicating vol
canic origin and minimal transportation. Trace amounts 
of sanidine were noted. Highly zoned plagioclase was 
common. SEM showed pitted and etched surfaces on 
some plagioclase grains and alteration to smectite on 
others. Three tephra partings contained mostly unal
tered volcanic glass and a few feldspar grains, some of 
which displayed glass fringes. 

Green hornblende, pyroxene, some polycrystalline 
quartz, volcanic rock fragments, titaniferous magne
tite, traces of olivine, zircon, apatite, and biotite, and 
rare muscovite were also identified. The few muscovite 

grains were probably detrital. The presence of amphi
boles was questionably indicated in some samples by 
very weak XRD peaks. 

Clay mineralogy. Smectite was the dominant compo
nent in the clay fraction. Typical XRD patterns showed 
an intense, broad 001 peak at about 12-14 A, which 
expanded in all samples to 17.0 A with ethylene glycol 
solvation. Smectite from samples containing abun
dant, unaltered volcanic glass appeared to be poorly 
crystalline; weak and broad XRD peaks were present 
in the air-dried preparations, which expanded to prom
inent 17 .o-A peaks with ethylene glycol solvation. The 
Liel test (Greene-Kelly, 1955), established the smectite 
from eight samples as montmorillonite; the 001 smec-
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Table 2. Representative analyses of siderite-rich, detrital and altered tephra partings. 1 

Siderite-rich partings Detrital partings 

DC8b DC 38 DC 48 DC 56 DC 67 CG4 DC4 DC6 DC 17 DC 28 DC 30 NIN 5 

SiO, 20.99 53.21 24.17 25.19 40.96 31.14 62.47 60.17 59.87 59.89 58.13 63.61 
AI,O, 7.23 19.67 7.00 11.60 15.39 8.67 20.02 20.87 23.84 19.35 21.35 18.68 
Fe,O,' 61.19 18.26 55.69 51.68 36.16 49.95 8.95 8.56 6.78 11.89 10.05 6.89 
MgO 2.22 2.43 3.86 2.23 2.29 1.98 2.58 2.73 2.28 2.39 2.57 2.46 
CaO 2.48 0.88 4.35 1.39 0.99 2.85 0.51 0.79 0.80 0.90 0.68 1.84 
Na,O 1.22 1.10 1.25 1.16 1.12 2.42 1.22 1.00 1.18 1.50 1.11 3.12 
K,O 0.95 2.64 0.89 1.66 1.68 1.15 2.36 2.91 2.56 2.31 2.73 2.01 
TiO, 0.36 0.79 0.44 0.35 0.58 0.43 0.96 0.91 0.95 0.91 0.91 0.96 
MnO 1.67 0.36 0.83 0.98 1.05 1.17 0.15 0.10 0.09 0.24 0.18 0.09 
P,O, 0.17 0.19 0.62 0.32 0.13 0.31 0.07 0.10 0.11 0.16 0.05 0.12 
BaO 0.05 0.11 0.18 0.18 0.06 0.05 0.16 0.11 0.10 0.09 0.18 0.09 
SrO om 0.01 0.12 0.12 <0.01 0.01 0.09 0.02 0.01 0.02 0.09 0.02 
Total 98.54 99.65 99.40 96.86 100.40 100.13 98.53 98.28 98.57 99.65 98.03 99.88 

DC altered tephra partings FC, MC, NIN, CG, tephra partings 

DC 8a DC21 DC40d DC 54 DC 65 DC 68a FC 6 FC 12 MC3 MC4 NIN 2 CG6 

SiO, 62.76 62.58 60.23 61.48 61.21 59.19 69.56 72.29 60.28 66.06 63.17 70.98 
Al,O, 23.04 25.06 25.48 24.66 23.57 30.34 16.29 17.44 23.41 20.67 21.27 15.96 
Fe,O,' 2.98 2.12 1.76 2.00 2.26 1.33 3.82 1.58 3.63 2.73 2.01 2.17 
MgO 2.23 2.45 2.18 2.20 2.20 1.47 1.07 0.54 1.58 1.30 0.50 0.78 
CaO 3.49 3.70 5.27 4.47 5.94 3.39 2.25 2.88 5.72 4.05 5.39 2.14 
Na,O 3.47 1.30 1.61 2.79 3.90 3.28 2.90 1.44 3.50 3.24 5.30 3.80 
K,O 0.76 0.34 0.16 0.30 0.16 0.30 2.93 2.20 0.36 1.12 1.18 3.27 
TiO, 0.66 1.84 0.33 0.66 0.46 0.83 0.75 0.28 0.64 0.34 0.51 0.32 
MnO 0.02 0.01 <0.01 0.05 0.01 <0.01 0.06 0.06 0.01 0.01 0.02 0.04 
P,O, 0.35 0.15 0.59 0.40 0.38 0.02 0.14 0.11 0.44 0.17 0.06 0.09 
BaO 0.08 0.08 0.19 0.07 0.10 0.01 0.12 0.17 0.09 0.08 0.04 0.09 
SrO 0.05 0.05 0.16 0.10 0.09 0.03 0.03 0.14 0.09 0.10 0.11 0.04 
Total 99.89 99.69 99.97 99.18 100.27 100.20 99.92 99.14 99.75 99.86 99.57 99.67 

1 Analyses were calculated on a moisture-free basis. Each sample was analyzed in quadruplicate. Corrected value (on 
. fi . 100 mOlsture- ree baSIS) = x oxide wt.%. 

100 - L.O.1. 
2 Total Fe calculated as Fe20,. 

coarse-grained, dark brown-gray to nearly black layers 
in the coal; one occurrence was in the form of concre
tions in a silty layer. Two of three partings collected 
from a single coal bed were indurated and coarse
grained, and one was flaky. 

All 27 detrital partings contained mostly subequant 
quartz grains. The XRD peaks were high and sharp 
compared with the quartz peaks from the tephra part
ings. Twenty-four of the detrital partings contained 
feldspar. Most of the feldspar grains from the coarse 
fractions were rounded plagioclase having pitted and 
altered surfaces. Sanidine was not detected. Accessory 
components, such as shale, chert, metamorphic chlo
rite-rich rock fragments, muscovite, and traces of ep
idote, were detected in a few thin sections. 

Clay mineralogy. Illite and minor smectite were iden
tified in all detrital samples. The 001 reflections of illite 
were superimposed on the smectite (illite/smectite (?)) 
001 peak in the XRD patterns of most air-dried sam
ples. The intensity of the illite 10.2-A peak decreased 
with ethylene glycol solvation, and a broad, weak peak 
at 17.0 A appeared (Figure 6). At 300° and 550°C, the 

17.0-A peak collapsed to about 9.7 A. K-saturation 
and heating to 400°C of five detrital samples also pro
duced superimposed 001 reflections of smectite and 
illite, suggesting that the expandable component was 
smectite. Based on comparison with EDX spectra of 
illite, smectite, and chlorite from Welton (1984), illite 
and smectite apparently comprise the ridge-like mor
phology and chlorite forms the substrate in Figure 7 A. 

Chlorite was noted as a separate phase in the air
dried samples. The chlorite 002 peak was generally 
sharper and more prominent than the 001 peak, in
dicating a well-crystallized, iron-rich variety (Brindley, 
1980). The high iron contents of detrital samples that 
contained no siderite (Tables 2 and 3) support this 
interpretation. One such sample (Figure 7B) contained 
irregular chlorite platelets and spherules having the 
same EDX spectrum as the substrate (EDX peak in
tensity: Fe < Al < Si < Mg). 

The presence of chlorite made it difficult to deter
mine whether kaolinite was present. Even-order chlo
rite XRD peaks coincide with the kaolinite basal 001 
and 002 peaks. The 005 chlorite peak and the 003 
kaolinite peak, however, can be used to differentiate 
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Figure 7. Scanning electron micrographs showing morphology of chlorite, illite, and smectite. (A) illite and smectite form 
"ridges" on a siderite(?) substrate (3000 x = original magnification, sample DC 56). (B) chloritic material in sample DC 4 
occurring either as platelets or rounded spherules, composed of miniscule chlorite platelets. Crenulated smectite is present in 
upper right part of the photo (4400 x ). 

the two phases. The 005 peak was commonly present, 
but the 003 peak was not, indicating that kaolinite was 
probably not present or was present only in small con
centrations. Scanning some samples at 2°20/min showed 
a small shoulder or peak on the low-angle side of the 
004 chlorite peak, which may indicate partial resolu
tion of a kaolinite peak. Furthermore, two 060 reflec
tions at 1.54 and 1.49 A were common in the XRD 
patterns of randomly mounted powders that contained 
chlorite, illite, and the expandable component, indi
cating that both trioctahedral and dioctahedral min
erals were present. 

Ten randomly selected samples containing chlorite, 
illite, and the expandable component were found to 
contain small amounts of kaolinite as evidenced by IR 
bands at 3694 to 3700 and 3620 cm- I

. Thus, many, if 
not most, of the detrital partings probably contained 
small amounts of kaolinite (Table 3). 

DISCUSSION 

Tephra partings 

Mineral assemblages. About 213 of a\1 sampled partings 
were apparently of volcanic origin. Based on XRD, the 
most common mineral assemblage of the DC section 
consisted of (in decreasing order of relative peak in
tensity) plagioclase feldspar ± (± = mayor may not 
be present) montmorillonite ± kaolinite ± quartz ± 
crandallite. Clay pseudomorphs of volcanic glass were 
also present in many samples as determined by petro
graphic microscope. Illite and chlorite, which were 
identified in trace amounts in a few samples (e.g. , sam
ples DC 53, DC 58, and DC 70 in Table 3), probably 
were derived from detrital material intermixed with 

the tephra. The partings in the younger sections were 
characterized by volcanic glass ± plagioclase ± mont
morillonite ± kaolinite ± quartz ± opal-CT. 

Volcanic glass. Some partings in the younger sections 
were composed almost entirely of essentially unaltered 
dacitic to rhyolitic glass shards and (from XRD) traces 
ofsmeetite. Assuming slow and progressive diagenesis, 
the absence of appreciable alteration in the younger 
sections may have been due to the younger age in com
bination with a cooler (Wolfe et al. . 1966) and drier 
(data to be reported elsewhere) climate and dry ash 
falls (Swineford et al .. 1955). The coal components 
(macerals) from the Sterling Formation showed some 
indications of a drier climate because inertinites (i.e., 
remnants of oxidized and/or fire-charred vegetation) 
were more common than in the Beluga Formation 
(Merritt et at.. 1987). Inertinites, in general, indicate a 
drier environment in which the swamp may have 
developed a desiccated surface (Stach et al.. 1982). 

Smectite and kaolinite. Smectite was noted in nearly 
all tephra partings of the DC section, usually coexisting 
with kaolinite (Table 3). In a few samples smectite was 
identified without kaolinite; these partings were typi
cally clayey bentonites. Kaolinite and smectite were 
probably the principal alteration products of volcanic 
glass and feldspar. In general, it is uncertain whether 
kaolinite ean form directly from volcanic glass or if an 
intermediate montmorillonite phase.is required. 

Grim and Giiven (1978) and Senkayi et al. (1984) 
reported kaolinite as a stable phase resulting from 
leaching of volcanic ash. This required a high AI:Si 
ratio of the ash and the removal of eat ions, sueh as Ca, 
Mg, Na, and K . The formation of smectite requires at 
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Table 3. Representative mineralogy for crandallite, siderite-rich, detrital, and altered tephra partings as determined by X-ray 
powder diffraction. 

Sample K S CH SI C Q F 0 

Crandallite-rich partings 
DCl S T S S S 
DC8 M M-L T S 
DC 12 T M S M 
DC 29 L M T S S 
DC 40 S M-L S T-S 
DC40a S L T S 
DC51 S T S S 
DC51a T $ M 
DC53 S M' S T S M-L 
DCS7 T S M-L 
DC58 S T ' $ T T L S 
DC 60 T M $ S 
DC60a L M S 
DC68a L L 5 T L 
DC 70 L $ 5 5 M 
DC71 M 5 5 T M 

Siderite-rich partings 
DC8b M-L 5 
DC38 K2 L' L M S L S 
DC 48 K2 $' S-M 5 L 5 T 
DC 56 KJ L L M-L L 5 T? 
DC 67 S 5' M M L M T 
CG4 KJ L' 5 M-L 5 T 

Detri tal partings 
DC4 KJ 5' M-L M L S 
DC6 K2 S' L M L S 
DC 17 KJ T' M S L S 
DC 28 K2 T' L M L S 
DC 30 KJ T' M M L S 
DC44 L S' S S M M 
NIN 5 KJ L' M-L S L S 

DC altered tephra partings 
DC8a T L M M 
DC21 S L S M-L 
DC40d T M M-L 
DC 54 S M 5 L 
DC 65 L L 
DC68a L L T L 

FC, MC, NIN, CG tephra partings 
FC6 T L S T 
FC 12 S-M S S 
MC3 T S-M T S-M 
MC4 L T S A? 
NIN2 T L M M-L 
CG6 T L S T 

K = kaolinite, S = smectite, I = illite, CH = chlorite, SI = siderite, C = crandallite, Q = quartz, F = feldspar, A = amphibole, 
o = other minerals that may be present in trace amounts. The approximate intensities of peaks for individual samples are 
noted in the different columns: L = large intensity, M = medium intensity, S = small intensity, T = trace intensity. 

, Detected only by ethylene glycol solvation. 
2 Kaolinite present in small amounts as determined by infrared spectroscopy (IR). 
J Kaolinite assumed to be present in small amounts based on similar samples where kaolinite was determined by infrared 

spectroscopy. 

least partial retention of such ions (Keller, 1956). Sam
ples from the DC section consistently contained the 
highest AI:Si ratios (Table 2). Thus, the smectite prob
ably predated the kaolinite, the two clays coexisting as 
a result of incomplete leaching ofCa, Mg, Na, and Si. 

The older DC section was probably leached over a 

longer period of time than the Pliocene section, re
sulting in more abundant kaolinite, but not over a long 
enough period of time for pure kaolinite to form, as 
have the tonsteins in the Permian and Carboniferous 
coal of Europe (Spears, 1970). Kaolinite formation in 
the DC section was also favored by a warmer (Wolfe 
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Figure 8. Scanning electron micrograph of the DC section, 
showing irregular kaolinite platelets on a smectitic substrate 
(2000 x = original magnification, sample DC 37). 

et ai., 1966) and probably wetter (data to be reported 
elsewhere) climate than the younger sections. A con
sistent lignite to subbituminous C coal rank of the Ken
ai lowland coal beds (Merritt et at., 1987) indicate that 
deep burial did not affect kaolinite formation. Igneous 
intrusions, that could also have affected the clay alter
ation have not been reported from the Kenai lowland. 

Based on an EDX spectrum of Al and Si, the platelets 
in Figure 8 are probably kaolinite. Hexagonal plates or 
vermiform aggregates of kaolinite were not found. 

Crandallite. Crandallite-group minerals have been re
ported from Carboniferous (Richardson and Francis, 
1971) and Cretaceous (Triplehorn and Bohor, 1983) 
coal-bearing sequences. In northern Alaska, crandallite 
minerals have been found in Cretaceous coal near Cape 
Lisburne, with P20 S contents of 16% (D. M. Triple
horn, Department of Geology and Geophysics, Uni
versity of Alaska Fairbanks, Fairbanks, Alaska 99775, 
personal communication, 1988). Crandallite has also 
been found in Chuitna River Coal Field (Rao and Smith, 
1987), in the Miocene coal-bearing Tyonek Formation 
(Brownfield et ai., 1987), and in coal from Alaskan 
drill holes (Odum et at., 1983). 

Phosphate-bearing sediments in coal basins have 
usually been attributed to the influence of marine or 
brackish-water (Stach et ai., 1982). The coal of the 
Kenai lowland, however (with the exception of Hem
lock Conglomerate), has been consistently interpreted 
as non-marine (Hayes et ai., 1976; Rawlinson, 1979). 

Crandallite has been used as an indicator of volcanic 
activity and was reported to have formed early in dia
genesis, before kaolinite and perhaps before or con
currently with smectite (Triplehorn and Bohor, 1983; 
Brownfield et ai., 1987). Volcanic origin of the cran
dallite-containing partings was indicated by Y-shaped 
shard (?) morphologies in Figures 5A and 9. Elongated 
structures in Figure 5C resembled the "columnules" 
described by Wise and Weaver (1979), Khoury and 
Eberl (1979), and Wise and Ausburn (1980). Colum
nules were described as diagnostic of a volcanic origin 
and to represent highly deformed glass shards of weld-

Figure 9. Scanning electron micrographs of crandallite showing shard-like morphology: (A) kaolinite appears to be replacing 
crandallite (arrows) in the form of irregular platelets and one rare kaolinite book. Note kaolinite apparently replacing a smooth 
surface, which may have collapsed from the infilling of kaolinite platelets (4400 x = original magnification, sample DC 60A). 

(B) same photo at higher magnification (7200 x ). 
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ed tuff that were replaced by smectite instead of cran
dallite. Based on EDX, a fine, crenulated crandallite 
layer envelopes most of the bulbous structures shown 
in Figures SA-SC, indicating that volcanic bubble wall 
shards may have been directly replaced by crandallite. 
In Figure Sd, however, the crenulated material in the 
cavity is smectite, and the smooth surface is crandall
ite. In Figures 9A and 9B kaolinite appears to have 
replaced a crandallite-covered shard as platelets and 
one rare book, resulting in the shard surface losing its 
original shape. 

Partings containing crandallite displayed no clear di
agnostic macroscopic characteristics, nor did they oc
cur in any particular position within the coal beds. Only 
one parting of many in a particular coal bed may con
tain crandallite. The only similarity between partings 
containing crandallite was their homogeneous fine
grained nature. This is not diagnostic, however, be
cause many partings without crandallite also were ho
mogeneous and fine grained. Crandallite may not have 
formed in the younger sections because the partings 
were not as altered; not because of differences in the 
original P20 S content. 

Opal-CT. Opal-CT from some partings in the younger 
sections may have precipitated from excess silica that 
was not removed from the system during dissolution 
of volcanic glass. This is consistent with the consid
erably higher whole-rock silica concentrations of these 
partings compared to the DC section (Table 2). Opal
CT was likely a transient phase that disappeared with 
silica depletion and attendant kaolinite formation. 

Quartz. The lesser amount of quartz in tephra partings 
agrees with the observations of Senkayi et al. (1984, 
1987). They reported that volcanic strata of the lignitic 
Yegua Formation contained significantly less quartz 
than coexisting non-volcanic layers. This relationship 
is also true here; either quartz was not a common com
ponent of the air-fall ejecta or some quartz dissolved. 
Dissolution seems less likely considering the euhedral 
and angular shapes of these quartz grains. 

Some subrounded quartz grains in the tephra part
ings may be of detrital origin, from admixed wind
blown or water-deposited detritus. Larger amounts of 
quartz in some parts of the wide-spread Stafford Ton
stein in Britain resulted from mixing of ash with nor
mal sediments (Spears, 1970). Anomalously large 
amounts of quartz in individual altered tephra partings 
were reported by Triplehorn and Bohor (1981). Thus, 
characteristics such as i3-quartz morphology, em bay
ments, and straight extinction, which were found in 
both the DC and younger sections, are better indicators 
of a volcanic origin than the amount of quartz present. 

Non-volcanic partings 

Mineral assemblages. Based on field identification and 
XRD, one third of the sampled partings were appar-

ently of detrital origin. Samples of both the DC and 
the younger sections typically contained chlorite + il
lite + smectite + quartz + feldspar ± siderite ± ka
olinite. Chlorite and illite are widespread and abundant 
in the detrital sediments of the Cook Inlet area (Tri
plehorn, 1976). The clay mineral suites «2 /-Lm) from 
mudstone in the Beluga and Sterling Formations (Hayes 
et al., 1976) generally conform with the suites of de
trital partings in coal of these formations. 

The reducing environment of coal swamps may have 
been an ideal setting for the formation of siderite. Car
bon dioxide probably reacted with iron introduced by 
ground water, by organic complexes, or by the degra
dation of detrital minerals. In at least one sample, how
ever, tephra may have been indirectly responsible for 
siderite formation. A 33-cm-thick, waterlain tephra 
parting from the CG section is gradually underlain by 
a siderite-bearing parting (sample CG 4). This parting 
contained mostly volcanic glass and small amounts of 
iron-bearing minerals, such as hornblende and skeletal 
biotite, most of which may have dissolved to provide 
iron for siderite formation. 

In another parting (sample DC 8b), siderite occurred 
as nodules in a silty matrix. Blatt et al. (1972) suggested 
that concretions formed late in diagenesis tend to oc
cupy zones of high permeability. This seems to be the 
case here, where siderite nodules formed as silty con
cretions and probably were the product of post-de
positional local precipitation of siderite. Surprisingly, 
concretions were not more common in the sampled 
coal seams, because siderite concretions commonly co
exist with organic compounds. Tree stumps replaced 
by siderite, however, were common in the coal, espe
cially in the McNeil Canyon area. 

SUMMARY 

1. Volcanic ash and detrital sediments were deposited 
in Miocene and Pliocene coal swamps and pre
served as laterally continuous layers or partings. 

2. The tephra partings were generally thinner « 10 
cm), coarser-grained, and more rust colored than 
the detrital partings. Some thin, fine-grained part
ings were difficult to characterize in outcrop as either 
volcanic or detrital. 

3. Unaltered and slightly altered tephra partings were 
common in the younger (Pliocene) parts of the sec
tions. Here, the tephra was mostly volcanic glass 
and/or montmorillonite ± opal-CT. Kaolinite was 
not abundant. 

4. Tephra partings in the older (Miocene) parts of the 
section were more intensely altered. Remnant struc
tures of pumice fragments were present. The alter
ation products were mainly smectite, kaolinite, and 
crandallite. 

S. Crandallite was identified in at least IS partings and 
appears to have replaced volcanic glass, before 
smectite and kaolinite. Y -shaped shard structures, 
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hollow, bubble-waIl-like shard structures, and col
umnules attest to a volcanic ash-fall origin. 

6. The detrital partings were characterized by allogenic 
chlorite, illite, quartz, feldspar, authigenic siderite, 
and minor kaolinite and smectite. 
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