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Joseph G. Rosenbaum, andRichard L. Reynolds

Abstract

The presence of buried soils in Alaskan loess is controver-
sial, and therefore criteria for identifying buried soils in these
deposits need to be evaluated. In this paper, morphologic and
chemical criteria for identifying buried soils are evaluated by
studying modern soils developed mostly in Holocene loess
under tundra, boreal forest, and transitional coastal-boreal forest
vegetation in different parts of Alaska. Data from modern Alas-
kan soils that developed under vegetation similar to that of the
present indicate that soil morphology, organic-matter concentra-
tions, and P concentrations can be useful diagnostic tools for
identifying buried soils. Soil morphologic criteria, particularly
horizon colors and horizon sequences, are essential for identify-
ing buried soils, but some minimally developed soils may
resemble organic-rich alluvial, colluvial, or lacustrine deposits.
Organic matter and total P contents and distributions can aid in
such studies because in well-drained soils these constituents
show rapid declines with depth. However, neither of these tech-
niques may work if the upper genetic horizons of buried soils
are eroded.

If buried soils are present in Alaskan loess, it would also
be desirable to have techniques for determining the dominant
vegetation under which the soils formed. Such techniques
could then be used to reconstruct former vegetation types and
paleoclimates in Alaska. A previous study suggested that tun-
dra and boreal forest vegetation have distinctive carbon isoto-
pic compositions, although both are dominated by C; plants. If
this is the case, then the carbon isotopic composition of organic
matter in buried soils could be used to reconstruct former vege-
tation types. A larger suite of modern soils from Alaskan tun-
dra and forest were analyzed to test this hypothesis. Results
indicate that modern soil O horizons in these two biomes have
the same range of 813¢c values, and therefore carbon isotope
compositions cannot be used to reconstruct former tundra or
boreal forest.

Introduction

Interest in loess stratigraphy has increased greatly over the
past decade because loess sequences contain detailed records of
Quaternary environmental conditions and could be the closest
terrestrial equivalent to the oxygen isotope record in deep-sea
sediments (Hovan and others, 1989). In Europe and the North
American Midcontinent, most loess deposits accumulated dur-
ing glacials or stadials, whereas buried soils developed during
interglacials or interstadials. In China, loess records are more
complex because loess is deposited during both glacials and
interglacials. The same is true for Alaska, as loess deposition
took place during the last glacial period but continues today
(Péwé, 1975).

There have been conflicting interpretations of loess stratig-
raphy in Alaska. Although Alaskan loess has been studied for
decades (see summary in Péwé, 1975), prior to the 1980’s there
was little or no mention of buried soils in these deposits. More
recent studies, however, report the existence of numerous bur-
ied soils in Alaskan loess sections, suggesting that episodes of
loess fall alternated with periods of landscape stability charac-
terized by little or no loess deposition (Hamilton and others,
1988; Begét and Hawkins, 1989; Begét and others, 1990;
Begét, 1990, 1996; Hamilton and Brigham-Grette, 1991; Muhs,
Ager, and others, 1997; Muhs and others, in press). Neverthe-
less, Péwé and others (1997, p. 29-34) question the existence
of buried soils in the loess record of interior Alaska, and
McDowell (1997) points out some of the difficulties in inter-
preting organic-rich zones in Alaskan loess sections. In order
to resolve these conflicting interpretations, it is essential to
establish which criteria can be used to identify buried soils in
the Alaskan loess record.

Recognition of buried soils is often difficult. Birkeland
(1999) outlines some of the field and laboratory criteria that are
potentially useful, but many of these rely on the presence of
well-developed subsoil Bt or Bk horizons, which are extremely
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rare in present-day Alaskan soils (Rieger and others, 1979).
Organic-rich, surface-soil O and A horizons are found in Alas-
kan soils, and the challenge is to find methods of using these
horizons for the identification of buried soils in the Alaskan loess
record. However, organic-rich alluvial, colluvial, or lacustrine
deposits can be mistaken for buried soil O horizons and vice
versa. In addition, if the O or A horizons are removed by ero-
sion prior to burial, it may be extremely difficult to identify the
remaining parts of a buried soil.

In order to address these problemes, it is necessary to char-
acterize modern loess-derived soils that developed in diverse
climatic and vegetation settings in Alaska. One purpose of this
paper, therefore, is to evaluate methods for identifying buried
soils in the Alaskan loess record. If it can be determined that
key soil properties show depth-related changes caused by
pedogenesis, then identification of buried soils is possible.
Morphologic and chemical data are evaluated for modern Alas-
kan loess or loess-and-till-derived soils that are potentially use-
ful in identifying buried soils in loess sections.

A second purpose of the paper is to evaluate a method for
interpreting past vegetation types by looking at buried soils.
Certain soil properties reflect the vegetation type under which

they form, and therefore such properties in buried soils can be
keys to past vegetation types (Jenny, 1980; Birkeland, 1999).
Because much of Quaternary climate change in Alaska results
in shifts in the dominance of boreal forest versus tundra (Ager,
1983; Ager and Brubaker, 1985), buried soils in loess sections
could record these different vegetation regimes. However, as
will be shown later, morphologic criteria alone may not be
sufficient to identify the type of vegetation under which a bur-
ied soil formed. Carbon isotopes have been employed exten-
sively for reconstruction of past vegetation types from buried
soils (Cerling and others, 1989; Holliday, 1995; Fredlund and
Tieszen, 1997; Muhs, Stafford, and others, 1997). This
method was tested as a tool for distinguishing soils developed
under boreal forest and tundra.

Methods

Modern Alaskan soils, developed in either loess or loess
over till of either Holocene or latest Pleistocene age, were
investigated in three climatically and biogeographically dis-
tinct parts of Alaska (figs. 1, 2): (1) Gelisols (Histoturbels,
Haploturbels, Aquorthels, and Historthels) and Inceptisols
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Figure 1. Map showing study areas and the present distribution of vegetation communities in Alaska (from Viereck and Little,

1972, as modified and redrawn by Ager and Brubaker, 1985).
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(Typic and Aquic Dystrocryepts) developed under moist or wet-
moist tundra vegetation of the extremely cold, dry environment
of the Arctic Coastal Plain, the Arctic Foothills, and the Alaska
Range; (2) Inceptisols (Typic and Aquic Dystrocryepts) devel-
oped under boreal forest in interior Alaska near Fairbanks,
where mean annual temperatures are higher and precipitation is
greater than in tundra regions; and (3) Spodosols (Typic Hap-
locryods) developed under either boreal forest or transitional
coastal-boreal forest near Kenai in southern Alaska, where pre-
cipitation and mean annual temperatures are higher than in the
interior (fig. 2).

Organic-matter concentrations were estimated by weight
loss on ignition at 950°C for 1 hour, slightly modified from the
methods described in Ball (1964) and Nelson and Sommers
(1982). As pointed out by Davies (1974), Dean (1974), and Nel-
son and Sommers (1982), some of the weight loss by this
method is derived from structural water loss in clay minerals and
CO, loss from carbonates. However, Nelson and Sommers
(1982) note that estimation of organic matter content by the clas-
sical Walkley-Black method requires corrections both for unoxi-
dized organic carbon and for conversion of organic carbon
values to organic matter values. Janitzky (1986) reported a high
correlation between organic carbon measured by the dry-
combustion and Walkley-Black methods. We compared loss-on-
ignition and Walkley-Black methods for soils near Fairbanks
that have organic matter contents of less than 7 percent (as esti-
mated by the Walkley-Black method). Results show that the
relation between the two methods is linear with a high degree of
explanation (r?=0.73). However, loss-on-ignition values are
consistently higher than Walkley-Black-derived values, even
though the samples are not calcareous, suggesting some struc-
tural water loss from clay minerals. Therefore, loss-on-ignition
estimates, of organic matter content less than ~10 percent
reported here, should be interpreted as maxima. Certain soils
studied on the Arctic Coastal Plain are calcareous; organic-
matter estimates of these soils, derived from loss-on-ignition, are
certainly maxima. Based on the estimated carbonate content,
however, the error introduced does not affect interpretations.

Concentrations of P,O5, which are examined in some detail
here, were determined by wavelength-dispersive X-ray fluores-
cence. Analyses of this element by this method have analytical
uncertainties of + 0.01 percent.

Only noncalcareous soil horizons were analyzed for carbon
isotopes. Splits of samples from each soil horizon were com-
busted in an automated Dumas combustion device at ~1,000°C.
Resulting combustion gases were passed through a series of
chemical scrubbers to remove interfering species, leaving the
CO, and He carrier. Gases were passed directly into the ioniza-
tion source and the CO, was analyzed on a triple-collecting gas-
source mass spectrometer. Results are reported in delta notation
relative to the Peedee belemnite (PDB) standard.

Soil Properties Useful in Identifying and
Interpreting Buried Soils in Alaskan Loess

In the field, soil morphology (color, texture, structure, con-
sistence, horizonation) is what distinguishes modern soils in

Alaska and elsewhere from unaltered sediments or other parent
materials. In different climates and biomes of Alaska, soils with
well-developed horizons are distinct from unaltered loess, pri-
marily because of different-colored horizons, although there can
also be subtle changes in texture, structure, and the abundance
of roots. However, recognition of buried soils on the basis of
morphology alone may be difficult in fresh exposures of peren-
nially frozen loess.

Organic matter shows consistent depth relations in modern,
well-drained soils from a wide variety of climates and biomes,
and the trends have been summarized by Jenny (1980). Soil
organic matter content is a function of the competing processes
of organic-matter production by living organisms and destruc-
tion by decomposition. Because production rates are usually
highest at the soil surface in well-drained soils, organic matter
contents tend to be highest in surface horizons and diminish rap-
idly with depth: this is therefore a characteristic “depth func-
tion” found in many soils. For most well-drained soils, Jenny
(1980) suggests that organic-matter-content depth functions are
best approximated by exponential curves. In contrast, poorly
drained soils frequently have monotonically high organic matter
contents to considerable depths, resulting in linear depth func-
tions. Organic matter production rates and decomposition rates
in coastal southern Alaska soils are relatively high (Burt and
Alexander, 1996). In contrast, both organic matter production
rates and decomposition rates are relatively low in tundra and
boreal-forest environments in other parts of Alaska (Chapin and
others, 1980; Van Cleve and others, 1991). The characteristic
exponential depth function of soil organic matter, commonly
found in mid-latitude and low-latitude environments, may be a
key property used to identify buried soils. However, cryoturba-
tion processes are common in many Alaskan tundra soils and
even some boreal-forest soils (Everett and Parkinson, 1977,
Bockheim and Tarnocai, 1998; Bockheim and others, 1997,
1998). These mechanisms could produce highly irregular
organic matter-depth functions. Nevertheless, the few published
studies of organic-matter concentrations in Alaskan soils show
depth functions similar to mid-latitude and low-latitude soils
(Rieger and others, 1979; Michaelson and others, 1996; Bock-
heim and others, 1998).

Phosphorus, an important plant nutrient in soils, is derived
chiefly from the weathering of apatite [Cas5(PO,4)3(F,C1,0H)].
The P released by apatite weathering can enter several pools:
small amounts can be leached, some can be taken up in second-
ary P minerals, some can be taken up by plants and converted to
organic forms (many of which are insoluble), some becomes
part of the soil labile (exchangeable) pool, and some becomes
part of what has been referred to as the occluded (encapsulated
in other minerals) pool (Smeck, 1985). Although P is consid-
ered to be relatively immobile in soils (Smeck, 1973), soil chro-
nosequence studies have shown that total P decreases in soils
over time (Walker and Syers, 1976). For the present study, how-
ever, it is important to note that much of the P released by apa-
tite weathering is taken up by plants, converted to organic
forms, and returned to soil surface horizons after dieback. Stud-
ies of soils in the United States, Canada, and New Zealand show
a characteristic total P depth function as follows: (1) enrich-
ments in surface horizons due to biocycling, (2) depletions in
subsurface horizons where plants have removed P or it has been
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leached, and (3) relative enrichments below the zone of deple-
tion where there has been neither plant uptake nor leaching
(Smeck, 1973; Runge and others, 1974; Walker and Syers, 1976;
Letkeman and others, 1996). Runge and others (1974) success-
fully used this characteristic total-P depth function to identify
buried soils in loess sequences in New Zealand. Studies have
shown that, under both tundra (Gersper and others, 1980;
Chapin and others, 1980) and boreal forest (Van Cleve and oth-
ers, 1993), soil P is found largely in organic forms; Bockheim
and others (1998) provide some of the few published P depth
functions.

Carbon isotopes potentially can be used to infer past vege-
tation regimes under which buried soils formed. The use of car-
bon isotopes for paleoecological reconstructions is reviewed by
Tieszen (1991). Two types of photosynthetic pathways, C5 and
C,, fractionate carbon isotopes in distinctly different ways.
Plants following the C; pathway, which include cool-season
grasses, all trees, and most tundra plants, have 813C values that
range from —22 to —34 %o and average about —26 %o. In contrast,
C,4 plants, which include most warm-season grasses, range from
-9 to —20 %o and average —12 %o (O’Leary, 1988). Because
Alaska presently has only forest and tundra vegetation (both
dominated by Cj plants), it could be assumed that carbon iso-
topes would be of little use in interpreting past vegetation types.
However, there is a considerable range of variability of carbon
isotopic composition even within the realm of C; plants.
Ugolini and others (1981) reported that tundra litter at one local-
ity in Alaska showed a range of 813C values from about —21.8 to
—24.0 %0, whereas boreal forest litter at lower elevations showed
arange of values from —25.5 to —27.1 %o. Although the number
of samples (~6 of each biome) was limited in this study, the
reported differences in carbon-isotope composition are much
greater than typical analytical uncertainty and suggest that the
technique has promise for differentiating tundra- and forest-
derived buried soils.

Vegetation in the Study Areas

In northern Alaska, the Brooks Range is dominated by
alpine tundra, whereas the Arctic Foothills and Arctic Coastal
Plain have moist tundra that grades into wet tundra (fig. 3). At
most of the localities we studied in the Arctic Foothills and on
the Coastal Plain, the vegetation can be characterized as moist
tundra. In the interior near Fairbanks, soils studied are found in
upland Picea-Betula-Populus forest (fig. 4) dominated by white
spruce (Picea glauca), as well as more poorly drained sites
dominated by black spruce (Picea mariana). The vegetation
above ~900-1,000 m in the Alaska Range consists of both alpine
tundra and moist tundra (fig. 5). Moist tundra (low sedge tus-
sock/shrub tundra) is the characteristic vegetation on two soil
catenas that were studied. The dominant shrubs are birch (Bet-
ula glandulosa) and willow (Salix pulchra). On the Kenai Pen-
insula, both interior-type boreal forest and coastal forest are
found (fig. 6). However, there is also a transitional community,
particularly along a narrow (less than 1 km wide) strip on the
west coast near the city of Kenai. This transitional community
is dominantly boreal forest, but its understory has some of the
elements of coastal forest such as devil’s club (Oplopanax
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Figure 3. Major ecosystem types in the northern Brooks
Range, Arctic Foothills, and Arctic Coastal Plain regions
of Alaska, and location of pedons (soil profiles) studied.
Dashed line indicates approximate boundary between the
Arctic Foothills and the Arctic Coastal Plain. Vegetation
distribution from Joint Federal-State Land Use Planning
Commission for Alaska (1973).

horridum), Sorbus sp., and abundant ferns. Many of the upper-
story trees are hybrids of Sitka spruce (Picea sitchensis) and
white spruce (Picea glauca). Most of the Spodosols sampled in
the Kenai area are developing under what is presently boreal for-
est, but two pedons were sampled in the transitional coastal-
boreal forest community.

Geochronological studies indicate that most of the modern
soils studied on the Arctic Coastal Plain, in the interior near
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Figure 6. Major ecosystem types in the Kenai Peninsula area and
location of pedons studied. Vegetation distribution slightly modified
from Joint Federal-State Land Use Planning Commission for Alaska
(1973).

Fairbanks, and near Kenai have formed in loess of Holocene or
latest Pleistocene age (Everett and Brown, 1982; Brown and
Krieg, 1983; Walker and others, 1998; Hamilton and others,
1983, 1988; Begét, 1990; Péwé and others, 1997; Muhs, Ager,
and others, 1997; Reger and others, 1996). Pedons in both the
Arctic Foothills and the Alaska Range have developed in thin
loess over glacial till or outwash that dates to the last glacial
period between 24 and 11.5 ka (Coulter and others, 1965;
Hamilton, 1978, 1994; Anderson and others, 1994). Pollen
studies from all these regions indicate that modern soils have
developed primarily under vegetation that is little different from
that found in those regions today (Ager, 1983; Ager and
Brubaker, 1985; Ager and Sims, 1982; Anderson and Brubaker,
1994; Anderson and others, 1994).

Properties of Soils in the Study Areas

Soil Morphology

Soil morphological properties are what distinguish
individual soil horizons from one another. In this paper,
terminology for soil horizons and pedon (soil profile)
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classification follows definitions given by the Soil Survey Staff
(1998). On the Arctic Coastal Plain, Gelisols (permafrost-
affected soils) occur where permafrost occurs within 100 cm of
the surface or within 200 cm of the surface if there is gelic
material within 100 cm of the surface (Bockheim and others,
1997; Soil Survey Staff, 1998). Many of the soils studied in
this area qualify as Gelisols because permafrost was encoun-
tered at depths of ~20-50 cm at the time of sampling in July
1996 (fig. 7). Some of the soils with evidence of cryoturba-
tion are likely classified as Histoturbels (profiles 805 and 806)
or Haploturbels (profiles 801 and 802). Other soils without
evidence of cryoturbation are most likely Aquorthels (profile
807) or Historthels (profile 810). Soils that do not have perma-
frost at the requisite depths are Inceptisols.

Most of the Arctic Coastal Plain soils studied have O/Cg
profiles, whether developed under moist acidic or nonacidic
(terminology from Bockheim and others, 1998 and Walker and
others, 1998) tundra (fig. 7). Many soils are poorly drained,
and O horizon thicknesses are quite variable. Several pedons
studied have buried O or A horizons, similar to other Arctic
Coastal Plain soils studied by Michaelson and others (1996)
and Bockheim and others (1998). No E horizons were
observed in any of these soils, and only one pedon studied
(801) had a B horizon.

Soils formed in loess over till or outwash of last glacial
age in the Arctic Foothills generally have a greater degree of
profile differentiation than soils on the Arctic Coastal Plain (fig.
7). At least two of these pedons (829 and 831) are Gelisols, but
others with deeper permafrost are likely Dystrocryepts (830 and
834). No E horizons or Bt horizons were observed in Arctic
Foothills soils.

In the Alaska Range, soils developed in loess over till
show variability as a function of slope position (fig. 8). Some
of these soils may qualify as Gelisols, but the depth to perma-
frost is not known in most of our study sites. Relatively well
drained soils on crest and shoulder positions and even upper
footslope positions have thin O horizons and brown or yellow-
ish-brown Bw horizons. At poorly drained lower footslope
positions, soils have minimally developed grayish-brown B
horizons or lack B horizons altogether. As in soils in the
Coastal Plain and the Arctic Foothills, E horizons were not
observed in tundra soils of the Alaska Range, except possibly
in the ridge-crest position soil in the Summit Lake catena (fig.
8). This thin, light-colored horizon may be unaltered loess,
but given a possibility of slightly higher treeline in this area in
the early Holocene (Anderson and others, 1994), we cannot
exclude the possibility that it is an E horizon that developed
under a former forest cover.
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Inceptisols and Gelisols developed under interior boreal
forest near Fairbanks show distinct horizonation that varies with
slope position (fig. 9). The greatest degree of profile differentia-
tion is at the shoulder and upper backslope positions, where soils
have A/E/Bw/Bt/C or A/E/Bw/C profiles. All soils at lower back-
slope or higher positions are Typic Dystrocryepts that lack shal-
low permafrost. In all soils downslope of the lower backslope
position, E horizons are absent. At upper footslope positions,
soils are Aquic Dystrocryepts with O/Bw/C profiles, and poorly

drained soils at the lower footslope position are Aquic Historth-
els with Oi/Cg profiles. Permafrost was encountered at depths
of 70-90 cm in lower footslope soils at the time of sampling
(September 1996).

Spodosols (Haplocryods) developed under coastal-boreal
forest or boreal forest near Kenai (Rieger and others, 1979) have
very distinct horizons (fig. 10). O horizons are very dark (10YR
2/1 or 2/2) even when dry. All Spodosols studied have E hori-
zons that are more distinct than under interior boreal forest and
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are underlain by Bw horizons. Near the coast, under transitional
coastal-boreal forest, Spodosols have Bs horizons that are much
higher in total Fe,O5 content than the parent loess or overlying E
horizon (Muhs and others, in press). Although all Spodosols

studied have Bw or Bs horizons, no Bt horizons were observed.

Studies of modern, well-drained Alaskan soils indicate that
morphological characteristics, particularly horizon sequences
with their distinctive colors, can be used to identify buried soils
in unfrozen, dry exposures of loess. Unaltered loess in Alaska
typically has light brownish gray (2.5Y 6/2, dry), light yellow-
ish brown (2.5Y 6/3, dry) or grayish-brown (2.5Y 5/2, dry) col-
ors. Soil O or A horizons generally have 10YR or 7.5YR hues
and much lower values and chromas (usually 1 or 2) that distin-
guish them from unaltered loess. Well-drained soils with Bw
and Bs horizons generally have redder hues (10YR or 7.5YR)
and higher chromas (3-6) than unaltered loess. In forests, soil E
horizons are very distinctive features (10YR or 7.5YR 6/1 or 6/2
colors) in Spodosols and well-drained Inceptisols that contrast
with dark, overlying O horizons—these E horizons ought to be
identifiable in loess-derived buried soils.

Organic-rich alluvial, colluvial, or lacustrine deposits that
could be mistaken for buried soils in a stratigraphic section may
superficially resemble O or A horizons of soils. However, these
deposits are unlikely to have horizon sequences that would be
mistaken for a soil O/E/Bw/C horizon sequence. On the other
hand, buried soils with only O/Cg profiles that developed under
poorly drained conditions could be mistakenly identified as
organic-rich sediments, and, in such cases, other criteria
(discussed below) need to be included for positive identification
as a buried soil.

It is more difficult to interpret past vegetation type on the
basis of buried soil morphology. Dark soil O horizons, fre-
quently of similar thicknesses, are present under tundra, boreal
forest, and coastal-boreal forest, so surface horizons say little
about vegetation type. Tundra soils lack E horizons, whereas
these horizons are found in all Spodosols and well-drained
Inceptisols that developed under forest. However, boreal for-
est soils that developed in poorly drained landscape positions
lack E horizons. Therefore, while the presence of an E hori-
zon in a buried soil implies a past forest vegetation, the lack of
an E horizon in a buried soil does not necessarily imply tun-
dra vegetation, unless there is certainty that the former land
surface was well drained. In well-drained landscape positions,
both tundra and forest soils can have Bw horizons; thus, Bw
horizons cannot be used to infer past vegetation type.

Organic Matter

Organic matter distributions in both acidic and nonacidic
tundra soils from the Arctic Coastal Plain and Arctic Foothills
show depth functions typical of well-drained mid-latitude and
low-latitude soils in some cases, but not in others (fig. 11).
Organic matter contents are extremely high (>70 percent in
some soils) in surface O horizons, and many of these are thick
enough to qualify as histic epipedons. Concentrations of organic
matter diminish rapidly as a function of depth in some soils (e.g.,
profiles 801, 810, 830, 834), but less so in others (profiles 805,
806, 807). The soils that do not show rapid organic matter
decreases with depth are those that are very poorly drained and

have relatively thick Oi horizons. Some of the latter soils were
saturated and had standing water at the time of sampling.

In modern boreal forest soils in the Fairbanks area, O hori-
zons are generally thinner than those developed under tundra
and, in some cases, notably at better drained positions, have
organic matter contents that are lower than those in tundra soils
(fig. 12). Organic matter depth functions in boreal forest soils
show the characteristic exponential decreases as described by
Jenny (1980). A buried O horizon, identifiable by its very dark
grayish brown (10YR 3/2, moist) or black (10YR 2/1, moist)
color in the lower footslope position is also clearly marked by
its higher organic matter content (fig. 12). However, thin buried
soils that were identified in the field at both backslope and
shoulder positions by their darker colors do not have increases
in organic matter. Therefore, at well-drained slope positions,
organic matter content sometimes may be a poor indicator of the
presence of a buried soil.

Modern tundra soils at the Summit Lake catena in the
Alaska Range also show relatively rapid declines in organic
matter as a function of depth (fig. 13). As is the case with
boreal forest soils in the Fairbanks area, organic matter con-
tents are highest at lower slope positions (backslope and
footslope), but the forms of depth functions at all slope posi-
tions are similar.

Spodosols under either boreal forest or transitional
coastal-boreal forest have O horizons with organic matter con-
tents of 30—70 percent that decrease very rapidly with depth
(fig. 14). Two Spodosols (profiles 1001 and 1007) that devel-
oped under transitional coastal-boreal forest and one that
developed under boreal forest (profile 1005) have very dis-
tinct decreases in organic matter content in their E horizons,
but they show slight enrichments in the upper Bs or Bw hori-
zons. Such translocation of organic matter is characteristic of
some Spodosols (Rieger, 1983).

Overall, the depth functions observed here suggest that
organic matter concentration is a valuable property for
identifying buried soils in loess sections. All forest soils and
most tundra soils show decreases in organic matter content as
a function of depth, very similar in form to the characteristic
organic matter depth functions that have been described for
well-drained mid-latitude and low-latitude soils. Organic-rich
colluvial, alluvial, or lacustrine deposits found in a strati-
graphic section are more likely to show irregular changes in
organic matter content as a function of depth. However, some
buried boreal forest soils that were identified on the basis of
morphology could not be detected by organic matter trends,
and some poorly drained tundra soils do not show rapid
decreases in organic matter with depth. Finally, because
organic matter in most well-drained Alaskan soils decreases
rapidly with depth, buried soils whose O or A horizons have
been partially or wholly eroded might not be detected in a
stratigraphic section. Therefore, organic matter content
should be used in conjunction with other properties to identify
buried soils.

Phosphorus

Phosphorus distributions in tundra soils of the Arctic
Coastal Plain and Arctic Foothills show trends that generally
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Figure 11.

parallel organic matter distributions (fig. 15). The same is true
for tundra soils in the Summit Lake catena of the Alaska
Range, with the exception of the O horizon at the backslope
position (fig. 13). Concentrations of P are highest in surface O
horizons and diminish rapidly with depth, supporting earlier
interpretations (Gersper and others, 1980; Chapin and others,
1980) that P in Alaskan tundra soils is largely in organic
forms. Buried O or A horizons in these soils show slight P
enrichments compared to overlying C horizons. None of the
tundra soils examined show the “high-low-high” surface-to-
subsurface depth functions of P concentrations described by
Runge and others (1974) and other workers studying mid-
latitude soils.

Modern boreal forest soils from the Fairbanks area, on the
other hand, show P distributions that are similar to those
reported for mid-latitude soils in North America and New
Zealand (fig. 12). The highest P values are found in the O or A
horizons. The lowest values are found just below the surface
horizons and values increase again slightly in the lower B or
upper C horizons. The high values associated with the O or A
horizons (including the buried O horizon in the lower footslope

Organic matter content vs. depth in Gelisols and Inceptisols from the Arctic Foothills and Arctic Coastal Plain, developed under moist
acidic and nonacidic tundra. Pedon numbers keyed to figures 3 and 7.

soil) support the suggestion of Van Cleve and others (1993) that
P in boreal forest soils, like tundra soils, is found mainly in
organic forms. Spodosols from the Kenai area also show dis-
tinct enrichments in P in surface horizons (fig. 14). Most pedons
studied show relatively rapid decreases as a function of depth;
only two profiles (1007 and 1005) have E horizons with lower
values than all other subsurface horizons. In the case of profiles
1007 and 1005 (and perhaps in the lower backslope soil near
Fairbanks), it appears that P has been translocated downward in
the profile, perhaps in association with organic matter.

Our studies indicate that P concentrations can be a valuable
tool in identifying buried soils in Alaska. Although only the
interior boreal forest soils show similarities to the “high-low-
high” depth function reported for mid-latitude soils, all pedons,
whether developed under tundra or forest, show greatest P con-
centrations in O or A horizons. The importance of these findings
to stratigraphy is that P enrichments (succeeded at depth by
depletions) should mark surface horizons of buried soils. How-
ever, the same problem associated with organic matter depth
functions applies to P trends: buried soils with eroded O or A
horizons may go undetected.
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Figure 12. Organic matter and P,05 content vs. depth in Inceptisols along a catena in the Fairbanks area. Slope Positions keyed to figure 9.

Carbon Isotopes

Because buried soil morphology alone often does not per-
mit identification of the dominant vegetation at the time of soil
formation, the use of carbon isotopes in vegetation
reconstruction from buried soils is tested here. Surface or
near-surface O, A, and E horizons should have 813C values
that are most closely related to modern vegetation. Values
from C horizons can reflect the isotopic composition of detri-
tal or in situ vegetation that was in the region during loess dep-
osition, rather than vegetation present during the period of

pedogenesis.

138

Tundra soils from the Arctic Coastal Plain and the Arctic
Foothills give 813C values ranging from —25.5 to —27.1 %o (fig.
16). The uppermost parts of the O horizons have a rather nar-
row range of values from —26.0 to —26.9 %o. For some pedons,
herbaceous tundra vegetation itself, primarily grasses and
sedges, was also analyzed. These materials gave 313C values
of —25.5 %o (profiles 801 and 802) and —26.5 %o (profiles 805
and 806) and are similar to 8'3C values of the subjacent hori-
zons. There are no apparent depth-related trends in carbon
isotopic composition.

Tundra soils in the Alaska Range have 813C values that are
very similar to tundra soils in the Arctic Foothills and the Arctic
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Figure 13. Organic matter and P,05 content vs. depth in soils in the Summit Lake catena in the Alaska Range. Slope Positions keyed to figure 8.

Coastal Plain (fig. 17). The overall range of 8'3C valuesatboth  no consistent depth-related trends in carbon isotopic values in
the Summit Lake and Denali Highway catenas is greater thanin  the Alaska Range catenas. Although pollen evidence suggests
the Arctic Foothills and Coastal Plain soils (-23.9 to —27.8 %o), the possibility that some of these soils may have developed

but values are judged not to be significantly different. There are  partly under a brief period of open boreal forest or forest-tundra
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Figure 14. Organic matter and P,05 content vs. depth in Spodosols in the Kenai Peninsula area. Pedon numbers as in figures 6 and 10.

(Anderson and others, 1994), the 813C values of the uppermost
horizons almost certainly reflect the dominant shrub tundra veg-
etation that is growing in the area now.

In the Fairbanks area, five modern soils in an upland
spruce-birch forest setting were analyzed (localities shown in
fig. 4). Carbon isotope values for these soils range from about
—25.4 to —27.7 %o (fig. 18) and differ little from the values
within the uppermost C horizons. As is the case with the
tundra soils in the Alaska Range, there are no obvious depth-
related changes in carbon isotopic composition.

Spodosols from the Kenai area show the greatest range of
carbon isotope values of any of the soils studied. Values range
from —24.0 to —29.3 %o, and O horizons alone span most of this
range (fig. 19). Unlike soils from the other regions, Spodosols

show a possible trend of isotopically heavier values with greater
depth in the profile.

Comparison of the four study areas indicates that carbon
isotopes cannot be used to distinguish forest from tundra vegeta-
tion in Alaskan buried soils. Uppermost O horizons of tundra
soils from all areas studied range from —24.8 to —27.4 %o, similar
to the range of —25.5 to —28.6 %o for the uppermost O horizons
from all forest soils studied. The results presented here differ
from those of Ugolini and others (1981), who found that tundra
litter (O horizons) had values of —21.8 to —24.0 %o and boreal
forest litter had values of —25.5 to —27.1 %o. Carbon isotope
values for both tundra and forest soils in the present study are
closest to Ugolini and others’ (1981) boreal forest values. How-
ever, some Inceptisols and Spodosols that developed under forest
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nonacidic tundra. Pedon numbers as in figures 3 and 7.

vegetation have values greater than —25.0 %o, which falls within
the range of values that Ugolini and others (1981) reported for
tundra. None of tundra soils in the present study have 313C val-
ues as heavy as the tundra values reported in the earlier study, and
most have values within the range of what Ugolini and others
report for boreal forest. However, the study by Ugolini and
others (1981) was based on a very limited number of samples in
one local area. The larger sample size reported here shows that
the carbon isotope values of soils developed under the two eco-
systems are judged not to be significantly different.

Conclusions

Our studies indicate that soil morphology, organic matter
concentrations, and P concentrations can be useful diagnostic
tools for identifying buried soils. Soil-horizon colors are signif-
icantly different from loess parent material, and soil-horizon
sequences (e.g., O/Bw/C and O/E/Bw/C profiles) are important
clues for identifying buried soils. Nevertheless, soils with only
O/C profiles could be misidentified as organic-rich alluvial,

An Evaluation of Methods for Identifying and Interpreting Buried Soils in Late Quaternary Loess in Alaska

colluvial, or lacustrine deposits, and other criteria should be
used in conjunction with field data in studying such soils. Fur-
thermore, soil morphology may not be particularly useful for
identifying the type of vegetation under which a buried soil may
have formed. Although certain soil horizons, such as E and Bs
horizons, seem to form only under forest, not all modern forest
soils have such horizons. In addition, both well-drained tundra
and boreal forest soils can have similar O/Bw/C horizon
sequences.

Organic matter concentrations in well-drained Alaskan tun-
dra and forest soils show the rapid decline with depth that is typ-
ical of many mid-latitude and low-latitude soils, and this decline
is therefore a potentially useful characteristic in identifying bur-
ied soils. However, some poorly drained tundra soils show only
gradual declines in organic-matter concentrations with depth
and thus may be difficult to distinguish from organic-rich sedi-
ments in a loess section. Furthermore, because of the rapid
decline of organic-matter content with depth, partly eroded
buried soils may go undetected in stratigraphic sections. We
conclude, therefore, that organic matter trends are a helpful but
insufficient tool for identifying buried soils in loess sections.

M
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Figure 16. Carbon isotopic composition of soil organic matter vs. depth in Gelisols and Inceptisols from the Arctic Foothills and
Arctic Coastal Plain, developed under moist acidic and nonacidic tundra. Pedon numbers as in figures 3 and 7.

In general, concentrations of P follow the organic matter
trends, supporting earlier conclusions that P in Alaskan soils is
largely in organic forms. In interior Alaska, boreal forest soils
show P depth distributions similar to those of mid-latitude soils,
with distinct enrichments in surface horizons, depletions
immediately below the surface, and slight enrichments again at
depth. In contrast, tundra soils and Spodosols show P enrich-
ments in O horizons, but tend to decline consistently with depth.
A few poorly drained tundra soils that were studied show no par-
ticularly diagnostic depth functions. We conclude that P depth
functions are useful tools for identifying buried soils, particu-
larly when used in conjunction with soil morphology and
organic matter—depth functions.

Carbon isotope values do not support findings from a pre-
vious study that tundra and boreal forest soils can be differenti-
ated using this property. Results from the present study show
that carbon isotope values of soil organic matter in tundra and

forest soils are not significantly different. Other soil proper-
ties need to be investigated to see if they are diagnostic of
pedogenesis under forest vs. tundra. Shroba and Birkeland
(1983), studying soils developed in late Wisconsin till in the
Rocky Mountains, found that vermiculite and other pedogenic
clay minerals form under spruce-fir forest, but not under
alpine tundra at higher elevations. Bozarth (1993) has shown
that boreal forest vegetation has a distinctive assemblage of
opal phytoliths that may differentiate it from tundra vegeta-
tion. Grass and sedge-dominated tundra may be distin-
guished from boreal forest using lignin phenols and if these
components of organic matter are preserved in soils, may be a
fruitful approach for the interpretation of buried soils (Ugolini
and others, 1981; Orem and others, 1993, 1997). Finally, frac-
tions of soil organic acids may have a distinctive signature that
would allow differentiation of forest from tundra (Ping and
others, 1997).
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Figure 18. Carbon isotopic composition of soil organic matter vs. depth in five upland boreal forest Inceptisols in the Fairbanks area (localities
shown in figure 4).
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