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Abstract-Mineralogical and chemical analyses of fine clay fractions from in and around Lake Abert, Lake 
C:~unty, Oreg<:ln, show th~t the pyr~clastic rocks supplying detIitus to the lake weather to a suite of layer 
slhcat~ clay ml.ne~als varYIJ?g fr~m high-charge dioctahedral montmorillonite to montmoIillonite/intergrade 
smectIt~-chl?~te mterstr.atlficatlOns. In th~ lak~ these clays extract K , Mg, and Si to form authigenic in­
terstratl~ed I1hte and a tnoctahedral, Mg-nch mmeral resembling stevensite in composition, Both the neo­
form.ed mterstratificatio~s contIibut~ little unambiguously to X-ray powder diffraction patterns , which are 
dommat~d by ~he refleclIons of detntal clays. From limited data it appears that the illite occurs below 0,8 
m depth In sedlments of a possibly somewhat fresher (brackish) lake and the tIioctahedral interstratification 
between 0.4 and 0.2 m depth in sediments of a lake of about the same size and salinity (about 30-90 glkg) 
as that of the present lake. 
Key Words-Chemical analysis, Chlorite, IIlite, Interstratification MontmoIillonite Saline lake Steven-
site, X-ray powder diffraction. ", 

INTRODUCTION 

Many studies have shown that the composition of clay 
minerals in a saline environment is modified by reaction 
with ions from the solution phase. For example, MilIot 
(1949, 1964) recognized in ancient saline, lacustrine 
sediments an increase in silica and other cations rela­
tive to alumina in smectites from the basin margin to 
the center. More recent studies of the geochemical evo­
lution of waters and sediments of alkaline, saline lakes 
suggest that reactions involving silica or silicates re­
move cations from solution and thus exert a significant 
effect on the solute budget of lake systems (Jones and 
Van Denburgh, 1966; Eugster and Jones, 1968, 1979; 
Jones et ai" 1%9, 1977; Carmouze, 1976; Eugster and 
Maglione, 1979). In Lake Chad sediment Gac et al. 
(1977) and Pedro et al. (1978) reported the formation of 
authigenic smectite by an addition of Mg to suspended 
sediment or of silica to colloidal, iron-rich particulates. 
In addition, the illitization of detrital smectite with con­
comitant uptake of Mg was described by Singer and 
Stoffers (1980) for sediments from Lakes Albert and 
Manyara in East Africa, and Dyni (1976) and Tetten­
horst and Moore (1978) described authigenic stevensite 
from the Eocene Green River Formation in central Utah. 
Drever (1971, 1974) proposed the diagenetic alteration 
and Mg enrichment of smectite in anoxic marine sedi­
ments as an important control mechanism for the major 
cation composition of sea water, 

A study of the solute budget of saline, alkaline Lake 
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Abert in south central Oregon (Figure 1) by Phillips and 
Van ])enburgh (1971) and Van Denburgh (1975) showed 
a rapid and thorough depletion of solute Ca and Mg and 
a longer term loss of K on inflow to the lake, A con­
comitant silica loss was thought to be too large to be 
attributed to diatom activity alone, and it was suggested 
that whereas Ca formed calcite, K and Mg may have 
formed silicates in the bottom sediment. 

Lake Abert is a remnant of a much larger pIu vial lake, 
Lake Chewaucan. It lies on the downthrown side of a 
normal fault at the base of the Abert Rim, the scarp face 
of the adjacent upthrown block. Deike and Jones (1980) 
showed that the bulk of the fine sediment in the lake 
enters by mass movement off the steep slopes of the 
Abert Rim; however, some is the result of run-off from 
rocks surrounding the playa flats to the north and north­
west. The source rocks are Miocene and Pliocene vol­
canics that range from basalt to rhyolite, but are mainly 
of intermediate composition. 

The aim of the present work is to describe the clay 
minerals found in Lake Abert and, by comparison with 
the source rocks, to deduce the extent of the transfor­
mation or neoformation that has occurred in the saline 
waters of the lake. 

EXPERIMENTAL PROCEDURE 

Sample preparation 

Sediment cores from the lake bottom and the playa 
flats north of Lake Abert (Figure 1) were sub-sampled 
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Clays and Clay Minerals 

GEOLOGY 
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Figure 1. Map of Lake Abert, Oregon, and surrounding area showing the principal lithologies (adapted from Walker, 1%3) 
and the location of sample sites. 
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Table I. Rock and sediment samples from Lake Abert area, 
Oregon. 

Weathered rocks 
RIO Light grey to buff, largely devitrified, layered pumi­

ceous tuff underlying massive trachytic andesite, 
upper one third of Abert Rim. 

Rl2d Shallow soil developed in a red, scoriaceous, pyro­
clastic capping of an andesite flow, Lower Abert 
Rim. 

R24 White, altered ash bed within mixed andesitic pyro­
clastic and flow unit. Crooked Creek at US Hwy. 
395, south of the map area in Figure I. 

R33 White to buff ash bed beneath a basaltic andesite 
flow, 30 m above the lake surface at the base of 
Abert Rim. 

R38 Grey, massive, partially devitrified pumiceous ash 
and tuff from the northern end of Abert Rim. 
Probably a rough correlative of the strata yielding 
sample RIO. 

Lake bottom and p/aya sediments 
le Dark green to black, faintly laminated clay from 0.43 

m below the sediment-water interface, Lake Abert 
near the mouth of Chewaucan River. Clay content 
= 47% < 2 J-tm, 6% < 0.1 J-tm. 

7q Dark green, very plastic clay from 0.1 m below the 
sediment~water interface. Clay content = 60% < 2 
J-tm. 

12b Black, massive bottom sediment from a small brine 
pool on the playa 2 km northwest of the lake. Clay 
content = 20% < 2 J-tm, 10% < 0.1 J-tm. 

15b Buff to brown, indistinctly laminated, sand- and silt­
rich sediment from 0.2 m below the playa surface. 
Clay content = 15% < 2 J-tm, 2% < 0.1 J-tm. 

17i Dark green to black, faintly laminated clay from 0.40 
m below the sediment-water interface in the cen­
ter of the lake. Clay content = 43% < 2 J-tm. 

20i Green, massive clay from 1.52 m below the playa 
surface. Clay content = 50% < 2 J-tm. 

21cb Light green, irregularly laminated sediment from 0.25 
m below the playa surface close to the northwest 
lake margin. Clay content = 12% < 2 J-tm, 1% <0.1 
J-tm. 

21jb Light green, slightly banded clay from 0.8 m below 
the playa surface. Clay content = 53% <2 J-tm, 
4% <0.1 J-tm. 

21jc Mottled green and black sediment from 1.05 m be­
low the playa surface. Clay content = 37% < 2 
J-tm, 7% < 0.1 J-tm. 

23de Dark green to black, massive clay from 2.15 m be­
low the playa surface close to the northwest lake 
margin. Clay content = 40% < 2 J-tm, 7% <0.1 J-tm. 

to give materials from differing depths in the sediments. 
The samples were washed with distilled water until they 
dispersed, and the <2-/Lm fractions were collected. 
Preliminary X-ray powder diffraction (XRD) exami­
nation showed the presence in these fractions of non­
crystalline material, either volcanic glass or diatom 
fragm.ents, that gave an intense, broad, 4-A reflection, 
together with poorly oriented, expanding layer silicate 
minerals. Finer fractions «0.1 /Lm) showed little evi-

dence of such noncrystalline material. Because the po­
sitions and shapes of the principal diffraction maxima 
were similar in both size fractions the " purer" <0.1-
/Lm fractions were used throughout for the detailed study 
of the expanding layer silicates. They were separated 
by ultracentrifugation of suspensions made slightly al­
kaline with NaOH. The separated clays were then floc­
culated with NaCI, washed salt-free, dried , and stored 
in the Na-saturated form. Samples of source rocks and 
their weathering crusts were taken from the Abert Rim 
and elsewhere in the vicinity of the lake. Fine clay frac­
tions of the weathering crusts were prepared as de­
scribed above. Descriptions of all samples are listed in 
Table 1. 

Analytical methods 

X-ray powder diffraction (XRD) analyses were car­
ried out using Philips diffractometers with CuKa or 
CoKa radiation either filtered or with a graphite crystal 
monochrometer. Oriented samples were prepared by 
drying Na-saturated clay sols on rectangular glass plates. 
Samples were solvated with ethylene glycol vapor for 
4 hr at 60°C or heated in air at various temperatures on 
a heating stage (Brown et al., 1972). The 061 reflections 
were measured on powder specimens packed into cav­
ity holders. 

Infrared (IR) spectra were obtained with a Perkin EI­
mer 577 infrared spectrophotometer using 2 mg of clay 
mixed with 170 mg of KBr, pressed into discs , and dried 
at 150°C. 

Major element chemical analyses were made on sam­
ples fused with lithium borate and dissolved in acid us­
ing adaptations by S. L. Rettig (U.S . Geol. Survey, 
Reston, Virginia, personal communication) of the 
methods ofShapiro (1975). Amounts of poorly crystal­
line material in the clays were measured by acid am­
monium oxalate extraction (Schwertmann, 1964). 

Particle size distributions were determined by pipette 
analysis and high-speed centrifugation. 

RESULTS 

Clay-size material ( <2-/Lm) forms from 5 to 60% and 
averages 30% of the Lake Abert sediments. The largest 
clay contents were found in the most recently deposited 
lake-bottom sediments or in sediments from the playa 
at depths of > 1 m (Deike and Jones , 1980). The <0.1-
/Lm fraction represents 5-15% of the < 2-/Lm clay. 

X-ray powder diffractometry 

Examination of <2-/Lm fractions showed a domi­
nance of expanding layer silicates, with some plagio­
clase and clinoptilolite and minor phillipsite, mica, and 
kaolinite. Plagioclase, phillipsite, and mica were noted 
only in the 2- to O.5-/Lm fraction, whereas c1inoptilolite 
was found in fractions as fine as 0.25/Lm. Kaolinite was 
detected in very small amounts in some of the < O.I-/Lm 
fractions. 
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Figure 2. X-ray powder diffractometer traces of Na-saturat­
ed, ethylene glycol-solvated, <O.l-/Lm fractions of weathered 
rocks and sediments from the Lake Abert area. K == kaolinite, 
I == ilIite. There is a scale change at about 8°28 (CoKa). 

XRD data for the <O.l-Jl,m fractions of selected sam­
ples are given in Table 2 and Figures 2 to 7. Figure 2a 
illustrates the XRD pattern of an ethylene glycol sol­
vated smectite, with six orders of the 17.0-Abasal re­
flection, from sample R24, weathered ash of Abert Rim. 
The most dissimilar pattern to that of sample R24 given 
by a weathered rock sample is that of sample R 12d (Fig­
ure 2b). The reflections are less well resolved than those 
shown in Figure 2a, particularly the second, fourth, and 

~):: 
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I 
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Figure 3. X~ray powder diffraction traces of aNa-saturated, 
< O.l-/Lm fraction of sample R24 heated in air. There is a scale 
change at about 13°26 (CoKa). 

sixth reflections. Figures 2c to 2e illustrate the range in 
patterns observed for the lake-bottom and playa sam­
ples. The pattern with the best resolved reflections, that 
of sample 23de, is similar to that of sample R12d, 
whereas sample 21cb gave poorly resolved reflections 
throughout. The reflection positions are almost identi­
cal for the five traces, but the resolution of the reflec­
tions is different. The differences among the samples 
are therefore not likely due to large variations in the 
nature of interstratified units because such variations 
would cause the reflections to migrate from the smectite 
positions. The results of the ethylene glycol treatment 
alone (see Table 2 for samples not illustrated in Figure 
2) suggests that the samples are smectites or interstrat­
ified minerals with a large proportion of smectite layers. 
A decrease in the numbers of layers in the diffracting 
units could account for the observed decrease in res­
olution of the reflections. 

The XRD patterns of sample R12d and most of the 
sediment samples have a 5-A reflection in addition to 
smectite reflections (Table 2). These 5-A reflections are 
weak and very poorly resolved and can be attributed to 
either the second order of the lo-A illite reflection, for 
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°90 (oKa 

Figure 4. X-ray powder diffraction traces of aNa-saturated, 
< O. l-p,m fraction of sample R12d heated in air. K = kaolinite. 
There is a scale change at about 13°28 (CoKa). 

which the first order reflection cannot be resolved from 
the smectite second order reflection, or to the third or­
der of a t5-A intergrade phase for which the other or­
ders cannot be distinguished. XRD patterns of Na-sat­
urated samples heated in air (Figures 3 to 7) show that 

40 20 o 
°20 (oKa 

Figure 5. X-ray powder diffraction traces of aNa-saturated, 
< 0. I-p,m fraction of sample 23de heated in air. There is a scale 
change at about 13°28 (CoKa). 

only sample R24 collapses like smectite on ·heating. At 
20°C and 50% RH, sample R24 showed an interlayer 
complex of one layer of water molecules. On heating to 

Table 2. Peak positions of < O.I-p,m fractions of rock and sediment samples from the Lake Abert area, Oregon. 

Basal reflections (A) 

Air Ethylene glycol General 
reflection 

Sample 001 001 002 003 004 005 006 (06/) 

RIO 13.9 16.9 (8.75) 5.62 4.28 3.37 2.84 1.500 
RI2d 14.1 16.9 8.70 5.571 4.33 3.35 2.80 1.512 
R24 13.0 16.8 8.56 5.63 4.25 3.37 2.82 1.500 
R33 14.2 18.0 8.66 5.62 4.34 3.36 2.83 1.507 
R38 13.0 16.8 8.45 5.55 4.25 3.23 2.80 1.501 

le 15.8 18.3 (9.3) 5.581 4.46 3.38 2.86 1.512 
7q 15.9 18.6 9.09 5.621 4.43 3.37 2.84 1.515 

12b 16.3 18.4 11.4 5.561 4.45 3.38 2.85 1.517 
17i 16.0 18.3 (9.68) 5.581 4.46 3.37 2.86 1.515 
20i 15.3 17.8 9.1 5.55 4.38 3.37 2.85 1.515 
21cb 14.9 17.9 8.78 5.621 4.45 3.36 2.82 1.517 
21jc 12.8 17.5 8.93 5.551 4.36 3.37 2.83 1.510 
23de 13.2 17.4 8.63 5.571 4.35 3.37 2.83 1.505 

The samples were Na-saturated , and either dried in air at 20°C or solvated with ethylene glycol vapor at 60°C. 
1 A broad, 5-A reflection corresponding to the 003 ofa IO-A segregation was also noted. . 
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Figure 6. X-ray powder diffraction traces of aNa-saturated, 
<O.l-lLm fraction of sample le heated in air. There is a scale 
change at about 13°20 (CoKa). 

60°C most of the water was expelled and the structure 
collapsed to a spacing near 10.0 A. Heating to 250°C 
collapsed a few more layers, sharpening the reflections 
and reducing the spacing to 9.8 A. Additional heating, 
to 500°C, caused little further change. 

Sample R12d differs from sample R24 in that at 20°C 
its XRD pattern has poorly resolved reflections at 6.1 
and 4.4 A, but none at 13 .1 or 3.12 A (Figure 4). Instead 
a strong reflection at 14.6 A, a poorly resolved reflec­
tion at 5 A, and a reflection at 3.20 A are present. On 
heating the sample to 120°C, where Ca- or Mg-saturated 
smectites lose their last layer of water molecules , the 
13.7-A reflection disappeared and the 10- and 5-A re­
flections were further strengthened. Heating the sample 
to 250°C and 500°C progressively increased the reso­
lution of all three reflections and slightly decreased the 
basal spacing. Thus, sample R12d contains some Na­
saturated smectite layers that collapse at 60°C, some 
layers that behave like smectite saturated with divalent 
cations'and that collapse at 120°C, and some layers that 
collapse between 120° and 500°C. The last two types of­
layers can be referred to as intergradient or intergrade 
smectite-chlorites (Brown et al. , 1978, p. 133) because 
their "hindered" collapse is intermediate between the 
free collapse of smectites and the zero collapse of chlo­
rites. Of the other weathered rocks examined, sample 
R38 contains a smectite similar to that found In sample 
R24 wheras samples R 10, R 12c, and R33 contain phases 

40 30 20 
°20 (oKa 

10 o 

Figure 7. X-ray powder diffraction traces of Na-saturated, 
< O.l-lLm fraction of sample 2lcb heated in air. There is a scale 
change at about 13OZ0 (CoKa). 

of intermediate composition with more smectite layers 
and fewer intergrade layers than sample R12d. 

Amongst the lake-bottom and playa samples , the lay­
er silicate mineral in sample 23de is most smectite-like 
(Figure 5). Most of its layers collapsed at 60°C, and fur­
ther heating caused minor sharpening of the reflections 
and shifts in the basal spacing. The spacing does not 
become less than 10 A, however, reflecting the pres­
ence of non-exchangeable K ions in interlayer positions 
(see Table 4). Samples 21jb and 2ljc resemble sample 
23 de, but all the other playa and lake-bottom samples 
show collapse properties intermediate between those of 
sample RI2d and samples le or 2lcb, i.e. , collapse was 
very hindered so that traces of a 14-A component were 
detected after heating above 120°C. 

At 20°C the smectite and smectite-chlorite intergrade 
components of the samples are segregated, at least par­
tially, as shown by the coexistence of 6-, 5-, and 4-A 
reflections in the traces. This segregation was less clear 
with ethylene glycol-solvated samples, however, as a 
poorly resolved 5-A reflection, but no separate 15-A re­
flections were noted. Presumably ethylene glycol mol­
ecules penetrated the intergrade regions sufficiently to 
give most of the layers a spacing near to 17 A. Further, 
random interstratification of smectite with either illite 
or intergrade smectite-chlorite layers cannot be exten­
sive. Comparison of Figure 2 and the spacings in Table 
2 with traces simulated by Reynolds (1980, p. 289) in­
dicates that the Lake Abert clays cannot contain more 
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Figure 8. Infrared spectra of Na-saturated, < O.I-JLm frac­
tions of weathered rock and sediments from the Lake Abert 
area. Samples were pressed in KBr discs and dried at 150°C. 

than 20% of either illite or chlorite layers interstratified 
with 17-A layers. 

The values of d(06l) (Table 2) varied from 1.500 to 
1.512 A for the weathered rock samples, the spacings 
iQcreasing with the iron content of the specimens. 
Amongst the lake bottom and playa clays the spacings 
increase from 1.505 A for sample 23de to 1.517 A for 
the Mg-rich sample 2lcb. This spacing decreased 
slightly, to 1.514 A, when the sample was treated with 
acid ammonium oxalate solution and much of its Mg 
dissolved (Table 7). Thus, the clays from the weathered 
rocks are all dioctahedral, the range observed being 
consistent with the iron contents of the specimens. The 
slightly larger 061 spacings of the high-Mg clays, cou­
pled with their smaller iron contents, indicates the 
probable presence of a trioctahedral component. 

Infrared spectroscopy 

Infrared (IR) spectra of the < O.l-J.'m clay fractions 
from the weathered rock and lake clays are illustrated 
in Figure 8. The spectrum of sample R24 is that of a 
dioctahedral smectite. Those of samples 23de and R12d 
are similar, but not identical, to that of sample R24. In 
contrast, samples le and 21cb show prominent absorp­
tion peaks at 3680, 680, and 660 cm- I, which can be 
attributed to Mg ions in trioctahedral coordination 
(Farmer, 1974). The 368O-cm- 1 band is due to OH­
stretching and the band at 660 cm-I, to OH-bending. 
These absorptions are similar to those observed for the 
trioctahedral silicates talc, saponite, and the hydrated 
talc mineral, kerolite, but not to trioctahedral chlorite. 
IR measurements on heated samples showed that the 
trioctahedral, Mg-rich phases are all stable to 350°C, 
and the phase in sample 21cb is stable to at least 550°C. 
Removal ofMg ions by extraction with acid ammonium 
oxarate or sodium acetate solutions diminished these 
absorptions. 

Chemical analysis 

Rock samples. The chemical compositions of fine clay 
fractions from weathered rocks are given in Table 3, 
together with the compositions of two unweathered rock 
samples. As the clays were Na-saturated and contained 
no Ca, all of the compositions were recalculated for easy 
comparison on a water and CaO-free basis. Table 3 
shows that when the dacitic tuff weathered to smectite 
(sample R24) , the Al concentration did not change, but 
Fe and Mg increased relative to Si and K. Alteration of 
the basaltic andesite scoria into the interstratified smec­
tite/intergrade smectite-chlorite of sample R12 did not 
significantly affect the Si concentration, but increased 
Fe, Mg, and K relative to AI. The other clay fractions 
from weathered rocks have chemical compositions in­
termediate between those of samples R24 and R12d, 
their Al and Fe concentrations grading between the two, 
but their Si, Mg, and K concentrations being more sim­
ilar to that of R24. 

Table 3. Chemical composition of crushed, unweathered rocks and clay fractions of weathered rocks from Abert Rim, 
Oregon. 

Sample 
Total anhydrous 
oxides (wt. %) 

Unweathered rocks, <1 mm 

SiD, 

R24 79.5 (+ 1.0 CaO) 71.4 
RI2 82.6 (+9.8 CaO) 56.4 

Clay fractions, <0.1 /Lffl, Na-saturated 
R24 78.3 65.7 
R33 79.0 62.4 
R38 74.9 63.5 
RIO 79.2 62.1 
RI2d 76.2 55.3 

Analyst: S. L. Rettig. 

AI,D, 

19.4 
22;9 

19.5 
17.9 
16.6 
\6.7 
15.0 

Major oxides recalculated to total 100% 

Fe,D, MgO Na,D K,D 

3.5 2.1 1.3 2.3 
12.1 4.3 3.5 0.8 

6.4 4.1 4. 1 0.1 
9.1 5.0 4.0· 0.7 
9.2 5.3 4.3 0.7 

10.1 5.5 4.4 0.5 
15.6 8.5 3.4 1.4 
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Table 4. Unit formulae set to 22 charges (I) and 4 Si ions 
(2) for Na-saturated, <O.IIJ-ffi, weathered rock clay fractions, 
Abert Rim, Oregon. 

Sample 

RI2d 
R24 R33 R38 RIO 
(I) (I) (I) (I) (I) (2) 

Tetrahedral Si 3.94 3.85 3.90 3.85 3.55 4.00 
Al 0.06 0.15 0.10 0.15 0.45 0.00 
~ 4.00 4.00 4.00 4.00 4.00 4.00 

Octahedral Al 1.32 1.15 1.11 1.07 0.68 1.28 
Fe3+ 0.29 0.42 0.42 0.47 0.75 0.11 
Mg 0.37 0.46 0.49 0.48 0.8\ 0.61 
l 1.98 2.03 2.02 2.02 2.24 2.00 

Interlayer Na 0.48 0.48 0.51 0.53 0.42 0.48 
K 0.01 0.06 0.05 0.04 0.11 0.13 
Fe3+ 0.73 
Mg 0.31 
0 1.42 

Unit formulae, based on the half unit cell with 22 pos­
itive and negative charges, of the clay fractions fom 
weathered rocks (columns 2-6 of Table 4) show that 
samples R24 and R38 are high-charge, dioctahedral 
montmorillonites in which the interlayer charge is mostly 
balanced by substitution of Mg for Fe3+ or AI . Samples 
RlO and R33, that contain some intergrade layers, are 
of similar composition. Sample R 12d differs from the 
others in that when calculated as a 2: 1 layer silicate it 
has 2.24 octahedral ions, intermediate between a di- and 
trioctahedral mineral. Possibly some of the excess oc­
tahedral ions are in brucite-like units in interlayer po­
sitions. Making this assumption, the unit formula for 
sample R 12d was recalculated. The sample has too much 
Si to fit a unit formula containing 28 charges, so it was 
calculated instead on the basis of 4 Si ions (version (2». 
Table 3 shows that in version (2), 1.42 0 ions, in the 
hydrated form equivalent to 0.47 units of the type 
(Mgo.66Fe3+1.57)(OH)6, would be in interlayer positions. 
To obtain this result, enough Mg to balance Na and K 
was assigned to 2: 1 octahedral positions, Al and Fe were 
added to make the 2: 1 unit exactly dioctahedral, and the 
remaining Fe and Mg were put into interlayer brucite 
positions. The allocation of ions is to some extent ar­
bitrary, and it is possible to make the 2: 1 unit of sample 
R12d look very similar to that of sample R38 by minor 
adjustments (it is assumed throughout that all the iron 
is in the Fe3+ form). It is improbable that the interlayer 
brucite unit is uncharged as shown in Table 4, because 
on heating, sample RI2d behaves partly like chlorite, 
but also like a smectite with divalent cations. There­
fore, we postulate that some of the Mg ions are exposed 
at the edges of the units and are hydrated in the same 
manner as exchangeable cations and that sample RI2d 
has a composition intermediate between those of ver­
sions (1) and (2), i.e., some of the surplus octahedral 
cations of version (1) are hydrated in interlayer posi­
tions. 

Table 5. Chemical composition of Na-saturated, < O. I-IJ-m 
fractions of sediments from Lake Abert, Oregon. 

Total 
anhydrous Major oxides recalculated to lotal 100% 

oxides 
Sample (%) SiO, AI,O, Fet 0 3 MgO N .. O K,O 

23de 84.1 58.1 17.2 13.8 4.5 3.7 2.7 
21jc 86.5 57.3 14.3 13.7 6.7 3.0 3.8 
21jb 86.7 58.4 11.9 11.9 9.7 2.9 4.2 

le 77.6 61.6 11.2 8.5 13.3 3.3 1.6 
17i 81.8 63.2 7.2 5.7 17.9 3.7 1.8 
l5b 77.6 64.0 6.6 5.4 18.6 3.6 1.3 
21cb 78.0 62.9 6.6 6.3 20.0 2.2 1.4 

Analyst: S. L. Rettig. 

Lake bottom and pJaya samples. Chemical composi­
tions of Na-saturated, fine clay fractions are given in 
Table 5. Comparison with Table 3 shows that the lake­
bottom and playa clays contain on average more Si, Mg, 
and K than the weathered rocks and less Al and Na. 
Unit formulae in both versions (1) and (2) are given in 
Table 6. The version (2) formula of sample 23de was 
found to be unsatisfactory and is omitted because the 
analysis contains insufficient Mg to balance interlayer 
Na and K and the total of octahedral cations would have 
to be reduced to 1.73 to balance the charges. All of the 
others can be calculated in version (2) form, although 
sample 15b contains so much Si that only 0.11 ions can 
be assigned to interlayer brucite-like units. 

Samples le, 17i, I5b, and 2lcb have K contents sim­
ilar to that of sample R12d, whereas samples 23de, 21jc, 
and 21jb contain two to three times as much. The in­
terlayer charge holding (N a + K) ions on the clays from 
the weathered rocks varies from 0.49 to 0.57 (version 
(1)) . These values are large for smectites but not im­
possibly so. Those for samples le and 15b are in the 
same range, that for sample 2lcb is smaller, and that 
for sample 17i is slightly larger, but the values for sam­
ples 23de, 21jc, and 21jb (0.67, 0.68 , and 0.70, respec­
tively) are much larger, too large in fact for smectites. 
Thus, for these three samples the addition of K, pre­
sumably from the lake water, has been into clays with 
the overall chemical composition of dioctahedral ver­
miculites. 

The other major difference between the clays from 
the weathered rocks and the lake playa is the enhanced 
Mg in the latter. An enhancement of Mg was noted for 
samples 21jb, le, l7i, I5b, and 21cb, but not for samples 
23de and 21jc, whose Mg concentrations fall within the 
range observed for the clays from the weathered rocks. 
Sample 21jb can be represented as a dioctahedral clay 
with 0.73 oxygen ions in interlayer brucite units (ver­
sion (2)). Samples le, 17i, I5b, and 21cb contain much 
Si, however, and even with the transfer of the maxi­
mum number of ions into brucite units, the totals of the 
remaining octahedral ions exceed 2.00. It appears, 
therefore , that with the addition of Mg a new triocta­
hedral phase was formed. 
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Table 6. Unit formulae set to 22 charges (1) and 4 Si ions (2) for Na-saturated, <O.I-lLm fractions of Lake Abert sediments. 

21jc 21jb 
23de 
(I) (I) (2) (I) (2) 

Tetrahedral Si 3.67 3.69 4.00 3.75 4.00 
Al 0.33 0.31 0.00 0.25 0.00 
~ 4.00 4.00 4.00 4.00 4.00 

Octahedral Al 0.95 0.78 1.18 0.65 0.% 
Fe3+ 0.66 0.66 0.11 0.57 0.29 
Mg 0.43 0.65 0.70 0.93 0.75 
~ 2.04 2.09 1.98 2.15 2.00 

Interlayer Na 0.45 0.37 0.40 0.36 0.38 
K 0.22 0.31 0.34 0.74 0.37 
Al 0.00 0.00 
Fe3+ 0.60 0.32 
Mg 0.00 0.24 
0 0.91 0.73 

Acid extraction. Table 7 shows the amounts of Si, AI, 
Fe, Mg, and K extracted from the lake and playa clays 
with 0.2 M ammonium oxalate solution adjusted to pH 
3. Schwertmann (1964) proposed this extractant to sep­
arate noncrystalline iron oxides from crystalline goe­
thite and lepidocrocite. With the Lake Abert clays it 
appears that the extractant dissolved the crystalline 
clays themselves, because in addtion to Fe and AI, 14-
66% of the original Mg and 11-63% of the original K 
contents of the samples were dissolved. The small 
amounts of Si removed probably reflect its relative in­
solubility in the acid solutions. With samples le and 
21cb, part of the sample was destroyed, and the IR ab­
sorptions attributed to trioctahedral minerals were 
missing or diminished after the treatment. 

DISCUSSION AND CONCLUSIONS 

Deike and Jones (1980) showed that the principal 
source of detrital material to Lake Abert is weathered 
rock debris from the Abert Rim. The present study has 
shown that the rocks weather to give a range of layer 
silicate minerals from montmorillonite to montmoril­
lonite/illite and montmortillonite/intergrade smectite-

Sample 

le 17i ISb 21cb 

(I) (2) (I) (2) (I) (2) (I) (2) 

3.84 4.00 3.93 4.00 3.96 4.00 3.90 4.00 
0.16 0.00 0.07 0.00 0.04 0.00 0.10 0.00 
4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
0.66 0.86 0.45 0.54 0.44 0.49 0.39 0.49 
0.40 0.41 0.27 0.27 0.25 0.25 0.30 0.30 
1.23 0.91 1.66 1.49 1.72 1.62 1.85 1.61 
2.29 2.18 2.38 2.30 2.41 2.36 2.54 2.40 
0.39 0.42 0.45 0.45 0.44 0.44 0.27 0.27 
0.12 0.13 0.14 0.15 0.10 0.10 0.11 0.11 

0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 
0.94 0.20 0.11 0.28 
0.94 0.20 0.11 0.28 

chlorite interstratifications. Segregation was observed 
for both air-dried and ethylene glycol-solvated sam­
ples, but was less obvious with the latter, presumably 
because the organic molecules penetrated many of the 
intergrade interlayer positions. A unit formula of sam­
ple R12d was calculated that gives a maximum of 1.42 
interlayer 0 ions, i.e., 47% of the three oxygen ions 
needed for a dehydrated brucite interlayer unit. The ac­
tual occupancy by intergrade units will be less than this 
because some of the metal ions are exposed and hy­
drated. 

The non-exchangeable K of the clays from the weath­
ered rock ranged between 0.01 and 0.11 K ions per unit 
formula. In clays containing intergrade smectite-chlo­
rite, K ions may be located in dehydrated illite layers 
or blocked in hydrated smectite layers by islands of in­
tergrade material. The fact that ethylene glycol pene­
trated many of these regions suggest that the former is 
the more probable locality. It is not possible to tell 
whether the illite layers represented by 0.11 K ions in 
sample R 12d are randomly interstratified or segregated, 
because the expected reflection shift for random inter­
stratification (Reynolds, 1980) is too small to be deter-

Table 7. Chemical composition of leachates of Na-saturated, <O.I-lLm fractions of Lake Abert sediments. 

Amounts extracted as % sample dry weight (90°C)' 

Sample Si Al Fe Mg K 

23 de 0.30 (l.4) 0.70 (9.6) 1.37 (1.76) 0.30 (13.6) 0.25 (13.8) 
21jc 0.24 (1.1) 0.24 (3.7) 0.23 (2.8) 0.59 (16.8) 0.30 (10.9) 
21jb 0.97 (4.1) 0.26 (4.8) 0.49 (6.8) 1.61 (31.6) 0.37 (12.3) 

le 0.64 (2.9) 0.93 (20.3) 1.25 (27.1) 4.15 (66.7) 0.25 (25.0) 
l7i 0.79 (3.3) 0.45 (14.5) 0.61 (18.6) 3.18 (36.0) 0.77 (62.6) 
15b 1.07 (4.6) 0.21 (7.8) 0.24 (8.2) 4.12 (47.3) 0.24 (28.2) 
2lcb 0.82 (3.6) 0.44 (16.0) 0.46 (13.3) 3.19 (33.9) 0.17 (18.1) 

Analyst: S. L. Rettig. 
1 Samples were extracted with acid (pH 3) 0.2 M ammonium oxalate solutions overnight at 25°C. Values in brackets are 

amounts extracted as % of original sample (values from Table 5). 
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mined and a 5-A reflection from intergrade chlorite 
would mask a possible 5-A reflection from segregated 
illite. 

Clays and coarser weathered rock debris from the 
Abert Rim were transported and distributed over the 
bed of Lake Abert and the playa of former Lake Che­
waucan. There the detrital clays were modified by re­
action with lake waters enriched by ions dissolved from 
the rock debris or brought in by the Chewaucan River 
and other feeder streams. Apparently none of the de­
trital clays remained unmodified by this process as no 
pure montmorillonites similar to that in samples R24 or 
R38 have been separated from the lake sediments. Sam­
ple 23de resembles these montomorillonites most 
closely, but contains more K and occurs in smaller par­
ticles. It contains no intergrade smectite-chlorite and 
has the expanding properties of a smectite. It has the 
composition of a dioctahedral vermiculite, however, 
with an interlayer charge of 0.67 ions per formula unit, 
one third of which are satisfied by K. Hower and Mo­
watt (1966) confirmed that dioctahedrallayer silicates 
of this composition are interstratified, with the K ions 
segregated into either K-rich illite layers or K-poor 
smectite layers. Sample 23de contains sufficient K for 
its illite layers to be detected by XRD whether they are 
randomly interstratified or segregated. The K ions are 
probably as tightly bound as they are in illite because 
the acid ammonia oxalate extraction, which removed 
all of the exchangeable Na ions, removed only 13% of 
the K ions. We therefore postulate that in samples 23de, 
21jb, and 21jc, the K additional to that in the detrital 
clays is held in a neoformed illite phase. Sample 23de 
contains little or no intergrade smectite-chlorite and so 
its 5-A reflection is probably caused by neoformed il­
lite. A lO-A reflection was not noted, however, and the 
5-A reflection is weak and broad, indicating that the dif­
fracting units of the illite are very small. 

The enhancement of the Lake Abert clays in K and 
Mg is similar to changes attributed by Singer and Stof­
fers (1980) to salinity increase resulting from climatic 
desiccation of the sediments of Lakes Albert and Man­
yara in East Africa. In these lakes smectites were illit­
ized by the incorporation of K ions released by trans­
formation of K,Na-zeolite to analcime with the 
concomitant addition of Mg to the layer silicate. The 
K20 contents of the African clays ranged from 1.5 to 
7.3%, greater than those of Lake Abert, and the lO-A 
illite reflections were greatly enhanced. The Lake Abert 
clays differ from the African clays in that zeolite trans­
formation does not appear to be important; K- and Mg­
containing clays are formed at different times and under 
different conditions, and although the additional K is 
strongly held, the new illite layers are so unevenly dis­
tributed that they contribute little to the XRD basal re­
flections. 

Of the other Lake Abert clays described in detail, 
samples le, 17, 15b, and 21cb contain more Mg than 
any of the weathered rock clays. Their diffraction pat-

terns are similar to those of sample R12d, but their IR 
spectra show they contain varying amounts of a trioc­
tahedrallayer silicate. We therefore suggest that they 
consist of detrital clays mixed with a neoformed Mg­
rich trioctahedral mineral. The most Si-rich, regular Mg 
phyllosilicate is the hydrous talc (kerolite), which has 
the formula M&Si40 lO(OH)2' nH20 (Brindley et al., 
1977). If sample 21cb contains 50% of material of 
this composition, the remainder recalculates to 
Ko. 22Nao. 5iMgo. 7oFeo.6oAlo. 78)(Si3.8oAlo.2o)OlO(OH)2, a unit 
formula similar to that calculated for sample RIO, but 
with more K. Thus, the lake clays with enhanced Mg, 
samples 2ljb, le, l7i, 15b, and 2lcb, probably contain 
an interstratified, trioctahedral phase resembling ker­
olite or stevensite, the nearly trioctahedral smectite 
(Brindley, 1980, p. 170), in composition. Brindley (1955) 
showed that natural stevensite may be interstratified, 

, possibly with non-expanding, talc-like layers. The Lake 
Abert clays may also contain neoformed illite in addi­
tion, although Table 7 shows that K is not nearly as 
strongly held in sample 17i, for instance, as it is in sam­
ples 21jb, 21jc, or 23de. The XRD traces for all the lake 
sediment clays are dominated by reflections from de­
trital minerals. 

The samples examined are too few to comment fully 
on the spatial distribution of the two neoformed phases 
within the lake sediments. All samples appear to be en­
hanced in K, but strongly bound K that we refer to as 
occurring in neoformed illite (Deike and Jones, 1980, 
have shown no adequate source of a detritalIO-A phase) 
is only proved at sites 21 and 23 at depths of 0.8 m or 
more in uniformly fine sediment of perhaps a fresher 
lake. With regard to Mg enrichment, only samples 21jc 
and 23de appear to have no extra Mg, sample 21jb from 
0.8 m depth has some, but not enough to give a trioc­
tahedral phase detectable by IR. In contrast, sample 
21cb from 0.2 m depth at the same site has the best de­
veloped Mg phase of all the samples examined. Else­
where, this phase is found widely distributed in the lake 
beds from sites 1 to 15 at depths between 0.4 and 0.2 
m. In these shallow and therefore recent lake and playa 
deposits the sequence of increasing Mg is from south 
to north-in the same direction as increasing salinity. 
Because of the proximity of the principal inflow from 
the Chewaucan River at the south end, Lake Abert dries 
from north to south. Sites on the outer fringes of the 
northwest playa (21cb) will dry before the center (15b) , 
accounting for the differences in Mg-content and de­
gree of impeded collapse between the playa clays. 

The neoformed Mg-rich Abert clays show marked 
similarities to the stevensite of the Green River For­
mation described by Dyni (1976) and Tettenhorst and 
Moore (1978). The chemical cQmposition given by Dyni 
(1976, p. 9), when corrected for its illite content, is sim­
ilar to that of sample le from Lake Abert. Dyni showed 
that the Green River basin deposits are zoned from edge 
to center and suggested that the smectites alter from di­
to trioctahedral with increasing salinity. Such a zona-
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tion and alteration sequence is also envisaged as the 
present-day process of clay transformation in Lake 
Abert, although high Mg concentrations are not reached 
in the pore fluid because Mg is continuously extracted, 
presumably by adsorption onto suspended detritus, 
diatoms, or other organic remains. 

Tettenhorst and Moore (1978, p. 592) gave a chemical 
composition for stevensite oolites from the Green River 
Formation that is rich in Si, even when corrected for 
3% quartz. This mineral expanded like a smectite when 
solvated with ethylene glycol, but showed impeded col­
lapse on heating. Tettenhorst and Moore (1978) sug­
gested that interlayer organic matter impeded collapse. 
Otherwise, the Green River clays resemble the ran­
domly interstratified kerolite/stevensite described by 
Eberl et al. (1982). An alternative explanation for the 
impeded collapse given by Tettenhorst and Moore (1978) 
was that the additional Si was an integral part of the 
structure, possibly in inverted tetrahedra. 

The neoformed, high-Mg Lake Abert clays resemble 
the Green River Formation stevensite in that they have 
high Si contents, contain organic matter, and expand 
with ethylene glycol , but they show impeded collapse 
on heating. The expansion and impeded collapse also 
characterize clays from the weathered volcanics con­
tributingfine sediment to the lake. Thus, the most prob­
able explanation for the high Mg clays in Lake Abert 
itself is that they are dioctahedralltrioctahedral inter­
stratifications similar to those of the Green River clays 
described above. This would account for the observa­
tion that whereas the impeded collapse of the clay from 
weathered rock sample R12 can be explained satisfac­
torily by conventional chloritization, that of lake clay 
samples l7i, ISb, and 2Icb cannot. The expanding 
properties are similar, but chemical compositions are 
very different, reflecting the differences (as emphasized 
by Millot, 1964) between sub-aerial weathering (leach­
ing) and neoformation (additions) in an alkaline-saline 
lake. 
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Pe3IOMe--MHHepaJIOmqeCKHe H XHMHqeCKHe aHaJIH3hI MeJIKHX <ppaKIVIH rJIHH, B3HThIX H3HYTPH H H3 
OKpeCTHOCTH 03epa A6epT B IIHCTpHKTe 03epo B OperoHe, YKa3hIBaIOT, qTO IIHpOKJIaCTHqeCKHe 
nOpO,l\hI (KoTophle IIOCTaBJIHIOT lIeTpHTyc B 03epo) BhIBeTpHBalOTCH H 06pa3ylOT CJIOHCThle CHJIHKaTOBhle 
rJIHHHCThle MHHepaJIhI, OTJIHqalOIQHeCH no COCTaBY OT 3apH)KeHHhIX IIBYXOKTa311PHQeCKHX MOHTMO­
PHJIJIOHHTOB 110 nepeCJIaHBaHHH MOHTMOPHJIJIOHHT-CMeKTHT-XJIOPHT. B 03epe 3TH rJIHHhI H3BJIeKalOT 
H3 BOI\hI K, Mg, H Si IIJIH 06pa30BaHIDI aYTHreHHhIX nepeCJIaHBalOIQHXCH HJIJIHTOB H TpHOKTa3I1pHQeCKOrO, 
Mg-060raIQeHHOrO MHHepaJIa, HanOMHHalOIQerO no COCTaBY CTeBeHCHT. 06a cBe)Ke06pa30BaHHhIe 
nepeCJIaHBaHHH cnoc06cTBYlOT QaCTHQHO HellBYCMhICJIeHHO peHTreHOBCKHM nopOIIIKOBhIM 1IH<P<ppaK­
TorpaMMaM, B KOTOPhIX 1I0MHHHPYlOT OTpa:lKeHHH lIeTpHTOBhIX rJIHH. Ha OCHOBaHHH OrpaHHQeHHhIX 
lIaHHhIX Ka)KeTCH, QTO HJIJIHT HaXOIIHTCH HH)Ke rJIy6HHhI 0,8 M B Ocal\Kax HeMHoro npeCHoro 03epa 
(COJIOHOBaToro), a TpHOKTa311PHQeCKHe nepeCJIaHBaHHH npOHBJIHIOTCH Ha rJIy6HHe Me:lKl\y 0,4 H 0,2 M B 
ocallKax 03epa npHMepHO TaKoro )Ke caMoro pa3Mepa H COJIeHOCTH (OKOJIO 30-90 r/Kr), KaK 
CYIQeCTBVIOIQero B HaCTOHIQee BpeMH 03epa. [E.G.] 

Resiimee--Mineralogische und chemische Analysen von feinen Tonfraktionen aus dem lnnern und vom 
Rand des Lake Abert, Lake County, Oregon, zeigen, daB pyroklastische Gesteine Gesteinsschutt in den 
See liefern, der zu einer Abfolge von Tonmineralen verwittert, die von stark be1adenem dioktaedrischem 
Montmorillonit bis Montmorillonit/Smektit-bzw. MontmorillonitlChlorit-Wechsellagerungen variieren. lm 
See extrahieren diese Tone K, Mg, und Si, urn autigene Illit-Wechsellagerungen und ein trioktaedrisches 
Mg-reiches Mineral, das in der Zusammensetzung mit Stevensit vergleichbar ist, zu bilden. Beide neuge­
bildeten Wechsellagerungen tragen wenig eindeutige Reflexe zur Rontgenpulveraufnahme bei, die vor allem 
die Reflexe der detritischen Tone zeigt. Aus den begrenzten Daten geht hervor, daB der Illit unter 0,8 m 
Tiefe in den Sedimenten eines moglicherweise etwas frischeren (brackischen) Sees auftreten und die triok­
taedrischen Wechsellagerungen zwischen 0,4 und 0,2 m Tiefe in Sedimenten eines Sees, der etwa die gleiche 
GroBe und die gleiche Salinitat aufweist (etwa 30-90 glkg) wie der gegenwartige See. [U.W.] 

Resume-Des analyses mineralogiques et chimiques de fractions d'argile fines provenant de l'interieur et 
d'autour du Lac Abert, Lake County, Oregon, montrent que les roches pyroclastiques fournissant du de­
tritus au lac s'alterent en une suite de mineraux argileux silicates variant de montmorillonite dioctaedrale 
a haute charge a des interstratifications montmorillonite/smectite-chlorite intergrade. Dans le lac, ces ar­
giles extraient K, Mg, et Si pour former de l'illite authigenique interstratifiee et un mineral riche en Mg 
ressemblant a la stevensite. Ces deux interstratifications nouvellement formees contribuent peu sans am­
biguite aux cliches de diffraction poudree des rayons-X, qui sont domines par les reflections des argiles 
detritiques. A partir de donnees limitees il semble que l'illite se trouve sous une profondeur de 0,8 m dans 
les sediments d'un lac possiblement a eau plus fraiche (saumure), et que l'interstratification trioctaedrale 
se trouve entre 0,4 et 0,2 m de profondeur dans les sediments d'un lac d'a peu pres la meme taille et de 
meme salinite (-30-90 glkg) que celles du lac present. [D.J.] 
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