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Abstract— Clay fractions in soils from a transect of the Mazama ash deposit (6600-yr-old) contained
more than 80% amorphous material. Instrumental neutron activation analysis was used to compare the
trace element composition of the soil clay with the unweathered volcanic glass. The clay fractions had
only 10% as much Na as the volcanic glass. Conversely, the rare earth element concentrations were
about three times greater and the transition metal concentrations were up to nine times greater in
the clay than in the glass. The < 2u size fraction therefore contained mostly weathering products
rather than fine glass.

The abundances of Cr, Co, Sc, and Fe in the clay fraction decreased with depth. The Sc/Fe ratio
was approximately 4 X 10~ for both clay and the unweathered glass. The relationship between ele-
mental concentration in clay and fine sand size separates from the same soil horizons indicated that
the clay exists in association with the larger size particles, probably as coatings.

Dilute nitric acid removed about 80% of the rare earth elements La, Nd, Sm, Eu, Tb, Yb, and Lu
from the clay. Deferration was necessary to remove Ce, a rare earth element that forms insoluble
oxides upon oxidation to the Ce?** state. The residue of the KOH dissolution treatment contained
2: 1 layer silicates that may be derived from primary biotite.

INTRODUCTION

CLay (< 2u fraction) found in soils developed
from Mazama pumiceous lapilli in Oregon contains
about 80% amorphous material soluble in boiling
NaOH (Chichester, Youngberg, and Harward,
1969). X-ray patterns of residues after treatment
with boiling NaOH confirmed the presence of small
amounts of a mixed suite of 2:1 layer type clay
minerals in addition to amorphous clay. The clay
exhibited moderate pH dependent charge, peculiar
dispersive properties, a low temperature endo-
therm, and was largely amorphous to X-rays.
However, the identification of the amorphous
material as allophane could not be made due to the
confounding effects of 2:1 phyllosilicates. There-
fore, the nature of the amorphous component
remains to be elucidated.
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The possibility exists that the amorphous mater-
ial is simply fine volcanic glass. This problem is
amenable to solution with the techniques of instru-
mental neutron activation analysis (INAA). If the
amorphous clay (< 2u) is fine glass produced by
physical breakdown of larger particles, the trace
element composition should be the same as that of
the volcanic glass in larger size fractions. On the
other hand, if the clay was produced by chemical
weathering or alteration, a composition different
from volcanic glass would be expected.

The trace element composition of the clay frac-
tion is of interest from the standpoint of geochemis-
try and pedogenesis. Jenne (1968) has suggested
that the hydrous oxides of iron and manganese
may control the occurrence of heavy metals in
natural waters, soils, and sediments. Free iron
oxides can be intimately mixed with layer silicates
(Roth et al., 1966). The concentrations of the rare
earth element, La, and the transition element, Sc,
in soils (Kline et al., 1969) and Fe, Mn, and Co in
sediments (Moore, 1963) have been related to the
clay content.

The objectives of this investigation were: (1)
To determine if amorphous clays from soils in
Mazama volcanic ejecta were either fine glass or a
new phase; and (2) If anew phaseexists, to evaluate
the occurrence of trace elements in this phase.
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MATERIALS

Volcanic ash* soils were sampled at intervals
along a transect extending for 450 km northeast of
Crater Lake, Oregon, the source of Mazama ash
(Fig. 1). The sample sites (described by Doakt and
Chichester, 1967) were located on broad forested
ridge tops or plateaus having less than 5% slope.
The sites have been correlated with the Mazama
volcanic ash deposit (Borchardt and Harward,
1971). Thickness of the Mazama ejecta was 135,
69, 85, 72, and 68 cm at the five sites, in order of
increasing distance from the source. At the first
two sites, the Mazama deposit consisted largely
of pumiceous lapilli; at the other three sites it was
fine sandy loam to silt loam pumiceous ash. At the
five sites, weathering was little advanced and
horizons were only weakly differentiated. The
coarser soils are Orthents (too coarse for a cambic
horizon) and the finer soils are Vitrandepts or
Cryandepts (Soil Survey Staff, 1967).

oregon « Dick

Spring

¢ Doy Creek

S. Ochoco B. .

* 5. IceCave

Crater O * Antelope Unit
Lake

Fig. 1. Locations of the five transect soils derived from
Mazama ash.

METHODS

Soil samples were treated with H,O, acidified
with dilate HNO; for removal of organic matter.
Nitric acid was used to avoid the trace element
contamination that might have occurred with other
reagents. The soil was dispersed with 1% NH,OH
(Borchardt, 1970) and the clay (2-5% of the soil)
was separated by centrifugation (Jackson, 1956).
Certain clays received additional pretreatments to

*The term “volcanic ash” is used loosely in reference
to lapilli (> 4 mm) as well as ash (< 4 mm).

tDoak, W. H. (1969). A qualitative and quantitative
characterization of porosity in volcanic ash. M.S. Thesis.
Oregon State University, Corvallis.
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remove exchangeable cations (1IN NH,NO,),
hydroxylated cations (0-05N HNO,), free iron
oxides (sodium dithionite-citrate-bicarbonate
method given by Jackson, 1956), and amorphous
material (boiling 0-SN KOH). Reagent grade
NH,OH, HNO,, and Specpure grade NH,NO,
were used to minimize trace element contamina-
tion. The treatments for removal of free iron and
amorphous material were followed by 0-05N HNO,
washing and high speed centrifugation.

Clay samples were washed free of excess salts,
dried from acetone at 49°C, and weighed after
oven drying at 110°C. 1g clay samples were
irradiated and analyzed for y-ray activity (Bor-
chardt, Harward, and Schmitt, 1971; Gordon
et al., 1968).

RESULTS AND DISCUSSION
Less than 2 glass

The hypothesis that the < 2u clay of the vol-
canic soils is fine grained volcanic glass was
tested. Average trace element compositions,
standard deviations, and coefficients of variation of
clay from AC horizons and of unweathered glass
samples separated from Mazama pumiceous lapilli
(Borchardt, Harward and Schmitt, 1971) are com-
pared in Table 1. Concentration ratios of clay to
glass are shown in Table 2. The variation in the
elemental concentrations within the five soil clays
was less than expected in view of the large dis-
tances between sampling sites (up to 450 km).
This suggests remarkably uniform weathering
conditions throughout the transect.

In relation to Mazama volcanic glass, the soil
clays had a much higher content of transition
metals, particularly chromium and cobalt, and a
much lower sodium content. The small amount of
sodium remaining in the clay could be accounted
for by traces of plagioclase found in clay fractions
rather than by unleached volcanic glass (Chichester,
1967). The amorphous component of the Antelope
AC horizon contained about 35% SiO,, whereas
volcanic glass from Mt. Mazama has about 70%
SiO, (Chichester, 1967). Available data, therefore,
indicate the presence of phases other than volcanic
glass in the clay fractions of soils from Mazama
ash. The hypothesis that the clays consist of < 2.
volcanic glass is rejected.

Trace element concentration as a function of depth

Four soil horizons were observed at the Day
Creek site. Compositions of clay fractions from
this soil vary significantly with depth (Fig. 2).
The rare earth element (REE) content remains
relatively uniform for all horizons with only a slight
tendency to decrease near the soil surface. The
transition metals were one and a half to three times
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Table 1. Average analyses and coefficients of variation for volcanic glass and for
untreated clays separated from AC horizons of the five Mazama transect soils

Glass* Clay Clay
Element Conc.t +s (0A% Conc. +s CvV Glass
Na% 3-44 0-17 5 0-31 0-08 25 0-1
Rb 50 9 18 40 11 28 0-8
Cs 39 0-8 20 5 1 29 13
Ba 660 80 12 690 260 38 1-0
La 21-5 22 10 60 23 37 29
Ce 44 3 6 140 32 23 33
Nd 29 5 18 99 50 51 3-4
Sm 50 0-4 9 15 3 21 30
Eu 0-89 0-09 10 2:5 06 26 2-8
Tb 0-83 0-15 18 2:5 07 28 30
Yb 35 07 21 9-3 1-5 17 2:6
Lu 0-56 0-08 14 1-3 0-4 28 2-3
Th 6-5 0-4 6 13-8 1-5 11 2-1
Hf 6-4 0-4 6 10-8 0-6 6 1-7
Ta 0-23 0-09 37 0-51 0-09 18 22
Co 2-6 0-4 14 18 2 10 6-7
Fe% 1-48 0-09 6 54 06 11 36
Sc 64 0-4 7 213 0-6 3 33
Cr 16 0-6 38 15 3 22 94

tConc. = concentration, in ppm except for Na and Fe which are in %; *s=
standard deviation; CV = coefficient of variation, in %; Clay/Glass = concentration
in clay divided by concentration in glass.

* Average composition of eight unweathered Mazama volcanic glass samples from
Borchardt, Harward and Schmitt (1971).
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Fig. 2. Relationship between soil depth and elemental composition of soil

clays separated from Mazama ash. Data normalized to reference Mazama
samples. The factor for unweathered Mazama glass equals 1-0.
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more abundant in clay from upper horizons than in
clay from the C horizons. Chromium enrichment in
upper horizons was greater than that of cobalt.

Iron and scandium increased in conjunction
with one another, reflecting their similar chemistry
in this system. The Sc/Fe ratio for the clay and
glassy fine sand (Borchardt and Harward, 1971)
from each horizon was 4 X 10~4. The depth relation-
ships for the glassy fine sand fractions (Borchardt
and Harward, 1971) were very similar to those for
the clay fractions in Day Creek soil (Fig. 2). The
untreated sand fractions in the upper soil horizons
apparently were coated with clay containing
relatively high amounts of Cr and Co and moderate
amounts of Sc and Fe.

The significance of enrichment of transition
metals in upper horizons can be explained by a
theory proposed by Jenne (1968). He suggested
that the transition metals are associated with and
controlled by iron and manganese hydrous oxides
in natural waters, soils and sediments. In these
soils the < 2u material may exist as coatings,
probably as hydroxy compounds, on larger
particles. The tendency for an element to accu-
mulate in upper horizons of soils may be partly
related to the solubility product of the hydroxide.
For example, the mobility of chromium is so low
that its migration is dependent upon the high
oxidation states observed only in desert soils
(Vinogradov, 1959).

Effects of chemical pretreatments

A sequence of chemical treatments was used to
investigate the relative strengths of retention of
trace elements within the clay fraction. The four
classifications: hydroxylated cations, free iron
oxides, amorphous material, and crystalline miner-
als are used largely as a matter of convenience.
Saturation and exchange with 1N NH,NO;
showed that the elements analyzed either were not
exchangeable or had already been removed during
the prior dispersion and clay separation with 1%
NH,OH (Table 3). Analyses of the control sample
and the NH,NO, treated sample were thus
considered as duplicates for comparison with other
treatments.

With the exception of Ce, washing the Mazama
soil clay samples with 0-05 N HNO; greatly re-
duced the amounts of the rare earth elements, La
through Lu (Table 3). Significant amounts of
HNOQ; insoluble Ce were removed by the reducing
agent (dithionite) in the free iron oxide removal
treatment (DCB) confirming the results of Robin-
son et al. (1958). Ce?* is one of the few rare earth
elements (REE) capable of attaining a higher
oxidation state and forming very insoluble com-
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pounds (Robinson er al, 1958; Haskin er al,
1966).

Boiling 0-5N KOH followed by deferation dis-
solved 82% of the clay from the Day Creek
AC horizon. The abundances of Na, Cs, Ta, Sc,
and Cr were highest in crystalline minerals
surviving the treatment (Table 3). The amount of
sodium in the residue indicated the treatment was
probably concentrating plagioclase.

The changes in chemical composition were
partitioned to reflect the weight loss undergone by
the clay sample during dissolution treatments
(Table 4). For example, the Day Creek KOH
treated sample residue had 100 units of La (Table
3) but the residue weight was only 18% of the ori-
ginal clay weight. Thus, only 18 units of La oc-
curred in crystalline minerals, while 218 units
(average of NH,OH and NH,NO; treated sam-
ples) were present in the original sample. The
crystalline minerals had 8% of the total La, the
remainder being removed by HNO,, DCB, or
KOH. Negative values obtained as a result of large
analytical error due to counting statistics were
set equal to zero.

The alkali elements tended to remain with the
more resistant fractions, while the rare earth
elements were removed more easily (Table 4).
The table clearly shows the insolubility of cerium
compared to the other REE which were easily
removed with dilute nitric acid. The REE are
probably not included in the structures of the amor-
phous or crystalline silicates of Day Creek soil
clay.

The relationship between Sc and Fe was of theo-
retical interest because these elements have
similar chemical properties and Sc/Fe ratios seem
to be constant throughout the volcanic ash profile
(Borchardt and Harward, 1971). HNO; removed
Sc but not Fe (Table 4). Half of the Fe and Sc
was removed from clay after the iron removal
treatment. The amorphous material (KOH + DCB
soluble fraction) had a Sc/Fe ratio of 2-8 X 1074,
On the other hand, the crystalline minerals in the
residue had a Sc/Fe ratio of 67x107% Sc¥*
(radius = 0-81 A) should enter Fe** (radius=
0-74 A) rather than Fe?** (radius = 0-64 A) posi-
tions. Since Sc-O bonds are more ionic than Fe-O
bonds, this may also aid in capture of Sc in Fe?*
positions (Taylor, 1965). Fe associated with the
amorphous fraction is probably in the 3 + oxidation
state, since these are all well drained soils. Thus,
the low Sc/Fe ratios for the fraction associated with
amorphous Si and Al would be consistent with
pedogenic formation of this amorphous component.

Origin of 2 : 1 layer silicates
The synthesis of 2:1 layer silicates from soil
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solution has been proposed for soils developed
from coarse Mazama pumice (Chichester et al.,
1969). Perhaps an origin from primary mica should
also be considered. Minute amounts of biotite in
silt fractions of Mazama pumice were observed
with the aid of a light microscope. This biotite must
be considered part of the soil parent material. Other
sources of primary biotite must not be overlooked.
The relatively high Sc/Fe ratios in the crystalline
residue would be predicted for biotite containing
considerable Fe?*. Biotite may be the precursor of
the 14 A 2:1 layer silicate found in the residue of
the KOH boiling treatment.

Only 2% clay was found in the Day Creek AC
horizon (Borchardt, 1970, p. 115) and since only
20% of this survived the KOH boiling treatment,
the content of 2:1 layer silicates was less than
0-5% of the Day Creek soil sample. This was
representative of the quantity of layer silicates
found for other soils derived from Mazama ash.
Certainly, the synthesis of 2:1 layer silicates from
solution has not been a major reaction in Mazama
volcanic ash during the past 6600 yr of soil
formation. The transformation of primary biotite
to vermiculite and chlorite intergrades remains a
possibility for the origin of 2:1 layer silicate clays
developed in Mazama ash.

CONCLUSIONS

(1) Clay fractions of soils developed from
Mazama ash were not < 2u volcanic glass. The
amorphous clays were weathering products contain-
ing large amounts of hydrous silica, aluminum, and
iron oxides occurring as colloidal coatings on larger
particles of volcanic glass.

(2) Rare earth element (REE) abundances in the
clay fractions were about three times the amounts
in unweathered volcanic glass. Sodium in clays
was only 10% of the value for glass while the
transition metals were as much as nine times
higher in clay than in glass. These elemental
accumulations were remarkably similar for clays
from five soils along a 450 km transect of the
Mazama fallout area.

(3) Abundances of Cr and Co, as well as Fe and
Sc in the clay fractions decreased with depth in a
typical soil developed in Mazama ash.

(4) The amorphous material removed by boiling
KOH was low in many trace elements, particularly
the REE.
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Résumé - Les fractions argileuses des sols provenant d’un transect du dépdt de cendres de Mazama
(age: 6600 ans) contiennent plus de 80% de matériau amorphe. L’analyse par activation neutronique a
été utilisée pour comparer les compositions en éléments traces de Pargile de sol et du verre volcani-
que non altéré. La teneur en Na des fractions argileuses n’atteint seulement que 10% de celle du verre
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volcanique. Par contre, dans I'argile, les concentrations en éléments de la série des terres rares sont
environ trois fois plus grandes que dans le verre, et les concentrations en métaux de transition, jusqu'a
neuf fois plus grandes que dans le verre. Ainsi, la fraction inférieure a 2 contient essentiellement des
produits d’altération plutdt que du verre finement divisé.

Les teneurs de la fraction argileuse en Cr, Co, Sc et Fe diminuent avec la profondeur. Le rapport
Sc/Fe est environ 4 X 107, & la fois pour I'argile et le verre non altéré. La comparaison entre les
concentrations en éléments chimiques dans les fractions argile et dans les fractions sable fin provenant
des mémes horizons de sol montre que ['argile existe en association avec des particules de plus
grande taille, probablement sous forme de revétement.

L’acide nitrique dilué fait disparaitre de I’argile environ 80% des éléments de la série des terres
rares, La, Nd, Sm, Eu, Tb, Yb et Lu. La déferrification est nécessaire pour enlever Ce, un lanthanide
qui forme des oxydes insolubles par oxydation & I’état Ce**. Le résidu du traitement de dissolution
par KOH contient des phyllosilicates 2 : 1 qui peuvent éventuellement provenir de la biotite primaire.

Kurzreferat— Tonfraktionen in Boden aus einer Durchschneidung des Mazama-Aschelager (6600
Jahre alt) enthielten mehr als 80% amorphes Material. Es wurde Neutronenaktivierungsanalyse
verwendet zum Vergleich der Spurenelementzusammensetzung des Bodentones mit unverwittertem,
vulkanischem Glas. Die Tonfraktionen wiesen nur 10% des Na-Gehaltes des vulkanischen Glases
auf. Umgekehrt waren die Konzentrationen an seltenen Erden etwa dreimal so hoch und die Konzen-
trationen an Ubergangsmetallen waren bis zu neunmal grosser im Ton als im Glas. Die Fraktion
< 2u Grosse enthielt daher in erster Linie Verwitterungsprodukte eher als feines Glas.

Die grossen Mengen von Cr, Co, Sc und Fe in den Tonfraktion nahmen mit der Tiefe ab. Des
Sc/Fe Verhiltnis war ungefahr 4 X 10™* sowohl fiir Ton als auch fiir unverwittertes Glas. Das Ver-
haltnis zwischen Elementkonzentrationen in Ton- und Feinsandabscheidungen aus den gleichen
Bodenniveaus zeigt an, dass der Ton in Verbindung mit Teilchen hoherer Grossenordnung vorhanden
ist, vermutlich als Belag.

Verdiinnte Salpetersiure entfernte etwa 80% der seltenen Erden La, Nd, Sm, Eu, Tb, Ybund Lu
aus dem Ton. Enteisenung war erforderlich zur Entfernung des Ce, eines Elements aus den seltenen
Erden, das bei der Oxydation unlosliche Oxyde zur Ce** Stufe bildet. Der Uberrest nach der L.osungs-
behandlung mit KOH enthielt 2: 1 Schichtsilikate, die aus primirem Biotit entstanden sein konnten.

Pestome — ImHHCThIE (paKkupy TIOYB K3 pa3pesa NEMIOBOH 3amexu Mazama (Bospact 6600 ner)
coaepxat Gonee 809, amopdHoro Bewecrsa. s CpaBHEHMS COACPKaHMS PACCESIHHBIX 3JIEMEHTOB
B ITIHHHCTHIX [IOYBAX H B HEBBIBETPEIOM BYJIKAHHYECKOM CTEKJIC HCTIONIB30BANICH HHCTPYMEHTAIBHBIH
HEHTPOHHO-aKTHBALMONHGIH aHamu3. I'MuHECTRIe dpakuuu cozepxkand b 109 Na or ero
KOJIMYECTBA B BYJIKAHHYECKOM CTeksie. HampoTuB, KOHIEHTpAlMsi PENKO3EMENBHBIX 3JIEMEHTOB B
TJIMHACTHIX (ppakLax NpEMEPHO B 3 pa3a, a KOHIEHTPAIHA IEPEXONHbIX METANIOB A0 9 pa3 Gonbiue,
4yeM B ByJIKaHHYeCKOM cTekse. Dpaxuus < 2 Mk colepxaia fosplie IPORYKTOB BIBETPHBARMS, YEM
TOHKOOHCIIEPCHOE CTEKIIO.

Conepxanue Cr, Co, Sc ¥ Fe B ITHHHCTOIf pakuny yMeHbIIaeTcs ¢ ri1y6uHnoit; Sc/Fe cocrasnser
npumepHo 4 X 10™% xak B I7IHHE, TaK ¥ B HeBbIBeTpenoM crekie. COOTHOLIEHHe MeXAY KOHLEH-
Tpanmeii 37leMEHTOB B TIHHE H pa3MepaMH YACTHI[ TOHKOTO MecKa, BBIIEIEHHOIO U3 TEX Xe MIOYBEH-
HBIX TOPH3OHTOB, YK43LIBA€T Ha TO, YTO IJIHHA ACCOLMUPYETCS ¢ dacTHUAMM Gosblliero pasmepa,
BEPOSATHO, B BHIE TJIEHOK,

TIpn o6paGoTke pa3baBieHHOM a30THOM KHCIOTOM M3 IVIMHBI yjaansigock okono 809, peako-
3emenbHbIX aneMentoB (La, Nd, Sm, Eu, Tb, Yb, u Lu). Jun ynanenus Ce, o6pa3yroiliero Hepacr-
BOpPHMBIE OKHCIIBI MPH oxHucNeHun no Ce* | neoGxoouMo ocBo0oX)aeHNe OT xene3a. OcTaTok mocne
06paborkr KOH conepxair cioucTble CUIAKATHI THNA 2 : 1, KOTOpBIE MOTYT ObITH MPOM3BOIHBIMK
NepBHYHOTO OHOTHTA.
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