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ABSTRACT 

Holliday, V.T., 1990. Soils and landscape evolution of eolian plains: the Southern High Plains of Texas and New Mexico. 
In: P.L.K. Knuepfer and L.D. McFadden (Editors), Soils and Landscape Evolution. Geomorphology, 3:489-515. 

Sheets of eolian sediment cover many areas of the earth's surface, sand seas, dune fields, and loess sheets being the best 
known examples of such features. Less well known are deposits of sandy, eolian sediment forming extensive plains. An 
excellent example of such a region is the semi-arid Southern High Plains (northwest Texas and eastern New Mexico). The 
level landscape of the area was created by depositon of multiple, extensive (,~ 80,000 km 2) sheets of eolian sediment 
(Biackwater Draw Formation) over the past 1.4+ Ma. This deposit grades from sandy (southwest) to silty and clayey 
(northeast) and is up to 27 m thick. Surface soils (at least 30,000 and possibly 120,000 years old) are well developed 
(5YR hues, agrillic horizons, 1-2 m thick with prismatic structure, Stage II-III calcic horizons) and are generally Paleus- 
tolls and Paleustalfs, with some Paleargids and Haplargids. Morphologic variation is due mainly to textural variation of 
the eolian parent material, although locally thickness of the parent material and wind erosion and cumulization are impor- 
tant factors, and locally slight variation in effective precipitation may be significant. The Blackwater Draw Formation 
contains as many as six well-developed buried soils, each formed in individual layers of eolian sediment, similar to or more 
strongly expressed (2.SYR hues, higher illuvial clay content) than the regional surface soils. The presence of the buried 
soils indicates that sedimentation was episodic and separated by long periods of relative landscape stability. Eolian pro- 
cesses also appear to have been important during the periods of stability and pedogenesis by providing clayey, calcareous 
dust that was added to the soil, promoting formation of the argillic and calcic horizons. The sedimentologic and pedologic 
uniformity of the deposit suggests that the regional environment has not varied significantly during the Quaternary except 
for periods of increased sedimentation or wind deflation. Underlying the Blackwater Draw Formation is an Upper Tertiary 
deposit (up to 36 m thick) of eolian sand, silt, and clay (Ogallala Formation). This deposit contains buried soils very 
similar to those in the Blackwater Draw Formation, suggesting that the geomorphic processes that created the Quaternary 
landscape of the Southern High Plains began to operate in the late Tertiary, perhaps as much as 11 million years ago. 

Introduction 

A significant portion of Earth's land surface 
is covered by eolian sediment. Most of these 
deposits are loess or sand, each covering per- 
haps 5 to 10% of the terrestrial landscape 
(Pecsi, 1968; Cooke and Warren, 1973; 
Thomas, 1989). Most soil-geomorphic and 
soil-stratigraphic studies of eolian deposits 
have focused on loess. There are several rea- 
sons for this. Some of the world's principal ag- 
ricultural regions, such as the Midwestern 

United States and the Ukraine, USSR, are sup- 
ported by soils formed in loess. Loess also 
commonly contains a superb stratigraphic re- 
cord of buried soils. 

The soil-stratigraphy and soil-geomorphol- 
ogy of eolian sands has been studied much less 
intensively than loess, although the sedimen- 
tology and geomorphology of sand dune fields 
and sand sheets is well known. This lack of pe- 
dologic scrutiny of eolian sands is probably be- 
cause many of these deposits are still active and 
essentially have no soils at the surface. Addi- 
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tionally, many of the world's sand bodies are 
remote and very sparsely populated. 

Less well known geologically and pedologi- 
cally are eolian deposits that are texturally 
more heterogeneous than or gradational be- 
tween sand and loess. Such deposits are of 
smaller global extent than sand and loess, but 
are significant in the landscape evolution of lo- 
calized areas. Such deposits include the "cov- 
erloams" or "sandloess" of northern Europe 
(Catt, 1986, p. 37), the "sandy loess", "loam 
loess", and "clayey loess" of the Loess Plateau 
of northern China (Liu et al., 1982; Kes, 
1984), and the Blackwater Draw Formation 
(Quaternary), which is the primary surficial 
deposit of the Southern High Plains, USA 
(Holliday, 1989a ). 

This paper will focus on the soil-geomorphic 
and soil-stratigraphic record of the Blackwater 
Draw Formation and subjacent deposits and 
the implications of this record for understand- 
ing the landscape evolution of the Southern 
High Plains. The paper will include discussion 
of the underlying Ogallala Formation (Upper 
Tertiary). The Ogallala is now recognized as 
having sediments and soils similar to those of 
the Blackwater Draw Formation and, there- 
fore, the geomorphic implications of the latter 
might be extended well back into the Tertiary. 
Understanding the landscape evolution of the 
Southern High Plains is important (1) be- 
cause little is known about the geomorphic 
evolution of eolian plains, (2) because the 
Blackwater Draw Formation supports a lucra- 
tive agricultural industry of the region, and (3) 
because the landscape appears to be sensitive 
to minor climatic fluctuations. 

Soil-geomorphic research is rare on the 
Southern High Plains. The few reported stud- 
ies have largely focussed on Holocene soils, 
landscapes, and sediments, including work in 
dune fields (Gile, 1979, 1985), draws (Holli- 
day, 1985a-e, 1988a), and playas (Harris et 
al., 1972; Lotspeich et al., 1971; HoUiday, 
1985a). The earliest work on the Blackwater 
Draw Formation focused on calcic horizons 

(Brown, 1956). Allen and Goss (1974) pre- 
sented a discussion of the soil micromorphol- 
ogy at one exposure of the deposit. Gile ( 1985 ) 
described the soil-geomorphic relationships of 
some Pleistocene soils in and adjacent to Hol- 
ocene dunes, but the stratigraphic relation- 
ships of these soils to the Blackwater Draw 
Formation are not yet known. HoUiday 
(1988b, 1989a) presents a first approxima- 
tion of the soil-stratigraphy and chronostratig- 
raphy of the Blackwater Draw Formation. In 
the Ogallala Formation virtually all soils re- 
search focused on the "Caprock Caliche", a 
pedogenic calcrete at the top of the deposit 
(e.g., Bretz and Horberg, 1949a, b; Brown, 
1956; Swineford et al., 1958). Buried soils be- 
low the Ogallala Caprock have only recently 
been reported (Reeves, 1984; Gustavson and 
Holliday, 1985; Winkler, 1987; Gustavson and 
Winkler, 1988) and, therefore, very little is 
known about them. This paper is a first ap- 
proximation of the late-Cenozoic soil-geo- 
morphic record of the Southern High Plains, 
building on the stratigraphic and sedimento- 
logical interpretations of Reeves ( 1972, 1984), 
Gustavson and Holliday (1985), Winkler 
(1987), Gustavson and Winkler (1988), and 
Holliday (1988b, 1989a) and providing new 
data and interpretations. 

Setting and environmental background 

The Southern High Plains (also known as the 
Llano Estacado or "Stockaded Plains") is an 
extensive plateau covering about 130,000 km 2. 
The plateau is bordered by the Pecos River 
Valley on the west, the Canadian River Valley 
on the north, and the upper Red, Brazos, and 
Colorado Rivers on the east (Fig. 1 ). The 
southern margin of the Southern High Plains 
merges with the Edwards Plateau. The area is 
semi-arid, with a gentle west-to-east gradient 
of increasing precipitation (Carr, 1967; 
NOAA, 1982). Mean annual precipitation 
ranges from about 300 to 500 mm along this 
gradient, but there is significant interannual 
variability, reflecting the region's continental 
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Fig. 1. Map of the Southern High Plains showing the distribution of  the Blackwater Draw Formation (all shaded areas), 
its textural fining to the northeast (various shade patterns), and distribution of the Ogallala Formation (unshaded area 
within the boundary of  the Southern High Plains) (modified from HoUiday, 1989a, fig. 1 ). The limit of the shaded area 
also approximates the edge of the Ogallala Caprock escarpment. The area of clay loam to clay is the area of"loess" defined 
by Reeves ( 1976a, fig. 1 ). The lettered textural zones in the legend correspond to the lettered textural regions in Table 1 
and indicate ranges of dominant textures of the eolian material. Also shown are selected rivers and cities and all localities 
mentioned in the text. Sections of the Blackwater Draw Formation that were studied (Fig. 3) are named. Described 
sections with numbers are locations of the soil descriptions in Tables 3-8 ( I = Paleustoll, Pullman series; 2 = PaleustoU, 
Acuff series; 3 = Paleustalf, Patricia series; 4 = Paleustalf, Brownfield series; 5 = Paleargid, Douro series; 6 = Haplargid, 
Jalmar series). 

climate (Cart, 1967; NOAA, 1982). 
The Southern High Plains has a very low-re- 

lief, constructional surface, formed by the 
eolian deposits of the Blackwater Draw For- 
mation (Fig. 1 ). These eolian sediments rest 
on the calcrete and eolian and alluvial deposits 

of the Ogallala Formation and locally on lacus- 
trine sediments of the Blanco Formation (Pli- 
ocene) (Fig. 2). Relief on the otherwise flat 
High Plains surface is provided locally by sev- 
eral types of landforms (Reeves, 1972; Holli- 
day, 1985a). Dune fields, constructed largely 
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Fig. 2. Generalized stratigraphic cross-section (above) and age relationships (lower left) of upper Cenozoic deposits on 
the Southern High Plains. The Double Lakes and Tahoka Formations are lacustrine deposits often associated with playas. 

in the Holocene and resting on top of the 
Blackwater Draw Formation, occur along the 
western and southwestern margins of the pla- 
teau. Inset into the Blackwater Draw Forma- 
tion are thousands of small, shallow basins with 
ephemeral lakes (playas), often associated with 
lunettes, and over two dozen larger, salt lakes 
(salinas). Also incised into the High Plains 
surface are several NW-SE trending dry val- 
leys (draws), which are tributaries of the Red, 
Brazos, and Colorado Rivers. 

The Southern High Plains, like other re- 
gions, was subjected to the environmental 
changes that characterize the Quaternary. Very 
limited paleo-environmental data for the early 
and middle Quaternary, from faunal remains, 

suggest that for at least some times on the 
northeastern Southern High Plains, the area 
was semi-arid to sub-humid with grasslands or 
a savanna (Schultz, 1986). The rest of the 
available paleo-environmental data pertain to 
the late Quaternary (e.g., Wendorf, 1961; 
Reeves, 1965, 1966; Wendorf and Hester, 
1975; Johnson, 1986, 1987; Holliday, 1987a, 
1989b), the time since the present configura- 
tion of the High Plains surface was largely es- 
tablished (discussed below ). In the Late Pleis- 
tocene there was probably less seasonality than 
today, and effective moisture was certainly 
higher. Even under Late Pleistocene condi- 
tions, however, the area was probably a semi- 
arid to perhaps sub-humid grassland or sa- 
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vanna grassland. Holocene environments were 
characterized by drying, culminating with a re- 
gional drought in the middle Holocene. The 
modern semi-arid environment became estab- 
lished during the past 5000 years. 

Methods 

Data on the soils and sediments of the 
Blackwater Draw and Ogallala formations were 
collected in the field and determined in the 
laboratory, or taken from USDA/SCS county 
soil surveys and other published sources. Soil 
classification and most field terminology fol- 
lows standard soils nomenclature (Soil Survey 
Staff, 1951, 1975; Guthrie and Witty, 1982). 
Stages of morphological development of hori- 
zons of carbonate accumulation follow the ter- 
minology of Gile et al. ( 1966 ) as modified by 
Machette (1985). Reference to individual 
buried soils in this paper is based on their stra- 
tigraphic position below the surface using their 
horizon designation postscripts (e.g., b I is the 
first buried soil and b2 is the second buried 
soil). Exposures of the Blackwater Draw For- 
mation are discussed by Holliday (1988b, 
1989a) and the type section is described ped- 
ologically in this paper (a description revised 
from that presented by HoUiday, 1990) (Ta- 
ble 2). Descriptions published elsewhere of 
some soils in the Blackwater Draw Formation 
are also included. A pedologic description of 
an Ogallala section is also included. This ex- 
posure, first discussed by Gustavson ad Holli- 
day (1985) and Gustavson and Winkler 
( 1988 ), is from the eastern escarpment of the 
Southern High Plains, east of Silverton, Bris- 
coe County, Texas (Fig. 1 ). 

Soil samples from the type section of the 
Blackwater Draw Formation (Reeves, 1976a; 
HoUiday, 1989a) and the Silverton section of 
the Ogallala Formation were subjected to sev- 
eral laboratory analyses. Particle-size distri- 
bution was determined following Day ( 1965 ). 
The sand fraction was sieved, and silt and clay 
determined by pipet on a carbonate-free, or- 

ganic matter-free basis. A Chittick device was 
used for carbonate determination (Machette, 
1986), and the Walkley-Black method was 
used to determine organic carbon content 
(Janitzky, 1986). Some laboratory data pub- 
lished elsewhere for soils in the Blackwater 
Draw Formation (Allen et al., 1972; Soil Con- 
servation Service, 1976) are also included in 
this paper. The analytical methods are similar 
to those outlined above (Allen et al., 1972; Soil 
Conservation Service, 1972). 

Blackwater Draw Formation 

The Blackwater Draw Formation is a sheet- 
like body of eolian sediment comprising the 
principal surficial deposit of the Southern High 
Plains. The deposit was originally believed to 
consist of a bimodal accumulation of eolian 
sand and loess of Illinoisan age (Frye and 
Leonard, 1965; Reeves, 1976a). Recent re- 
search has led to a refinement and revision of 
the sedimentological and depositional history, 
soil stratigraphy, and age of the unit (Holli- 
day, 1988b, 1989a). The deposit is not a typi- 
cal sand sheet (e.g., Kocurek and Nielson, 
1986), cover sand (e.g., Cart, 1986), or loess 
sheet (e.g., Pye, 1984, 1987), in that it varies 
considerably in texture across the Southern 
High Plains. It is sandy (fine sand to very fine 
sand) in the southwest and fines to silty and 
clayey in the northeast, apparently the result of 
downwind sorting (Fig. 1 ). The source of the 
sediments was probably alluvium, sandstone, 
and shale of the Pecos River Valley. 

The formation consists of more than one 
layer of sediment, as indicated by the presence 
of as many as six buried soils (Fig. 3). The 
buried soils and the surface soil (discussed be- 
low) are indicative of long hiatuses between 
depositional events. The surficial layer ap- 
pears to be essentially continuous across the 
High Plains, but varying numbers of buried 
soils and varying total thickness of the deposit 
suggest that the formation was also subjected 
to severe erosion, probably by wind, between 
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Fig. 3. Generalized diagrams of the soil stratigraphy, soil horizonation, and selected soil morphological characteristics 
from sections of the Blackwater Draw Formation (Fig. 1 ) (from Holliday, 1989a, fig. 2; based on descriptions by Allen 
and Goss, 1974, Gustavson and Holliday, 1985, Holliday, 1988b, and Table 2 in this paper). Also indicated are the 
thermoluminescence (TL) ages and magnetostratigraphy of the type section and the volcanic ashes at the Mr. Blanco and 
Tule Basin sections. (Key: colors are dry Munsell; textures are SCL = sandy clay loam, L = loam, SiL = silt loam, SiC= silty 
clay, CL = clay loam, C= clay; structures are pr = prismatic, ab = angular blocky, sb = subangular blocky, rn = massive). 

depositional events. Primary sedimentary 
structures have not been reported from any ex- 
posures of  the formation. Absence of  such fea- 
tures is probably due to the strong pedogenic 
modification of  the formation, although it is 
possible that these structures never formed if 
sedimentation occurred on a vegetated plain. 

The Blackwater Draw Formation varies in 
thickness from a "feather-edge" to "at least 27 
m" (Reeves, 1976a, p. 217) .  The thinner de- 
posits tend to be in the southwest and western 
Southern High Plains and the thicker deposits 
are generally in the northeast. The variation in 
thickness is related to the number of  preserved 
layers within the formation. Buried soils are 
rare in the southwestern and western areas; the 

formation consists of  just a single, relatively 
thin (often <1 m) layer of  sediment heavily 
altered by development of  the surface soil. To 
the northeast the deposits are thicker because 
they consist of multiple layers of sediment. This 
down-wind thickening, which is unusual for 
eolian sediments (e.g., Ruhe, 1983 ), is proba- 
bly due to the sandy texture of  the sediments 
in the southwest, which would be much more 
susceptible to wind deflation than the silty and 
clayey sediments in the northeast. Histori- 
cally, the native vegetation cover in the south- 
west was also somewhat sparser, owing to 
slightly drier conditions, than that in the 
northeast; if such vegetation patterns were 
similar in the past then the southwestern area 
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would be further prone to more wind defla- 
tion, while heavier grass cover in the northeast 
would tend to trap sediment. 

The sediments and soils of the Blackwater 
Draw Formation are generally well drained. 
Permeability and porosity is usually high 
enough to allow good to excessive and often 
rapid drainage. The formation has apparently 
been above the saturated zone for much of its 
history, judging from field morphological 
characteristics such as thick zones of oxidation 
and carbonate accumulation and based on his- 
toric data on the thickness of the vadose zone 
(Cronin, 1964). 

Age control for the Blackwater Draw For- 
mation is very limited, as discussed by Holli- 
day (1988b, 1989a). The few age estimates 
available are based on the magnetostratigra- 
phy of buried soils at the type section (Patter- 
son et al., 1988), two thermoluminescence 
(TL) ages from the type section (Holliday, 
1989a), presence of 1.4 Ma and 0.6 Ma vol- 
canic ashes intercalated with buried soils at two 
localities (Holiday, 1988b, 1989a), and radi- 
ocarbon ages from dunes that bury the forma- 
tion (HoUiday, 1985a, 1989a) (Fig. 3). The 
Blackwater Draw Formation has accumulated 
for over 1.4 million years. Deposition of the 
surface layer ended, and therefore pedogenesis 
in the surface layer began, at least 30,000 years 
ago and perhaps as long as 120,000 years ago. 

Surface soils 

The soils formed in the top layer of the 
Blackwater Draw Formation, comprising most 
of the soils of the surface of the Southern High 
Plains, are very well developed. These soils are 
commonly Paleustalfs and Paleustolls (Table 
1 ). The environmental changes of the Late 
Quaternary undoubtedly affected the softs, but, 
with few exceptions, specific pedogenic effects 
have not been established. 

Morphological characteristics common to 
the Paleustalfs and Paleustolls include rela- 
tively thick ( > 1 m) and red to reddish brown 

TABLE 1 

Generalized types of surface soils of the Blackwater Draw 
Formation. (Modified from Holliday, 1989a) 

Textural region a Soil series b Great group 
classification 

A. Clayey northeastern 1. Pullman Paleustoll 
section ("loess") Olton Paleustoll 

Mansker Paleustoll 

B. Loamy central section Amarillo Paleustalf 
2. Acuff Paleustoll 

C. Sandy southwestern 
section 

3. Patricia Paleustalf 
4. Brownfield Paleustalf 

Arvanna Paleustalf 
5. Douro Paleargid 

Triomas Haplargid 
6. Jalmar Haplargid 

aLetters A, B, and C correspond to lettered textural regions in 
Fig. 1. 
bNumbers 1-6 correspond to numbered described sections in 
Fig. 1. 

(5YR and 2.5YR hues) B horizons with pris- 
matic structure and significant amounts of il- 
luvial clay. Most of the soils also have Stage III 
calcic horizons up to lm thick. Translocated 
clay and carbonate are significant components 
of the soils (described below), and probably 
result from additions of aerosolic clay and car- 
bonate. Such constituents are abundant in dust 
in the area today and have been through at least 
the Late Holocene (Holliday, 19 8 7b, 19 8 8 a ). 
There are also significant morphological and 
chemical variations among the soils, including 
organic carbon content and thickness of the A 
horizon, color of the B horizon, depth to the 
calcic horizon, and carbonate content in the 
calcic horizon. 

The variations in the soils of the High Plains 
surface appear to be regional phenomena. For 
example, Paleustons are more common in the 
northeastern part of the Southern High Plains 
(Godfrey et al., 1973) (Fig. 1, Table 1 ). Be- 
cause the top layer of the Blackwater Draw 
Formation seems to be essentially continuous 
across the surface of the Southern High Plains, 
a study of the soils formed in this layer offers a 
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unique opportunity to study variability in a 
single soil-stratigraphic unit over a very large 
area. Sufficient data are not yet available to 
fully describe and explain the variability of soils 
across the landscape, but enough information 
is at hand to propose several testable hypothe- 
sis concerning soil-geomorphic relationships. 

The most obvious variation in the soils and 
the most significant variation from a pedo- 
genic and classification standpoint is the oc- 
currence of Paleustalfs in the central and 
southwestern region and Paleustolls in the cen- 
tral and northeastern region (Fig. 1 ). The Pa- 
leustalfs (typified by the Amarillo series) are 
the most common soils of the Southern High 
Plains (Godfrey et al., 1973 ) and have an och- 
ric epipedon, a thick ( > 1 m),  reddish brown 
(5YR hues ), sandy clay loam, argillic horizon 
with a pronounced clay bulge and prismatic 
structure, and a Stage III calcic horizon some- 
times over 1 m thick. The surface soil of the 
type section of the Blackwater Draw Forma- 
tion (Table 2) is very similar in morphology 
to the Amarillo series. Identification of a well- 
developed argillic horizon in the surface soil at 
the type section is based on the presence of il- 
luvial clay films on ped faces and in thin sec- 
tion (Table 2a, 63-127 cm; Holliday, 1989a, 
Fig. 4). Apparent absence of a clay bulge (Ta- 
ble 2b) is because the epipedon has been 
eroded, likely due to cultivation on a gentle 
slope adjacent to a draw. 

There are two basic varieties of Paleustolls. 
The Paleustolls of the central region (typified 
by the Acuff series) are similar in field and 
laboratory characteristics to the Paleustalfs ex- 
cept for the mollic epipedon (Table 3). The 
Paleustolls of the northeastern region (typi- 
fied by the Pullman series), in addition to the 
mollic epipedon, also have a clay to clay loam 
argillic horizon with prismatic structure, over 
a Stage III calcic horizon, but the low chroma 
of the epipedon extends well into the argillic 
horizon (Table 4 ). The lower part of the argil- 
lic horizon commonly has the brighter reddish 
brown color of the soils of the central region 

and the lower argillic horizon and the under- 
lying calcic horizon are usually considered to 
be part of a buried soil (Table 4a). 

The geomorphic relationships of the Alfisols 
and Mollisols of the central and northeastern 
Southern High Plains have never been ad- 
dressed, but their field and laboratory charac- 
teristics and the stratigraphic and sedimento- 
logic characteristics of the Blackwater Draw 
Formation suggest several possibilities. The 
Paleustalfs and Paleustolls of the central area, 
which are essentially identical morphologi- 
cally except for the thickness of the epipedons, 
occur in a very complex pattern across the 
landscape according to county soil surveys 
(Fig. 4a). The accuracy of soil boundaries on 
soil survey maps is sometimes debatable, but 
the patterning depicted for the Paleustalfs and 
PaleustoUs of the central area appears to be real 
and natural (largely unaffected by agricultural 
activity) based on the observations of pedolo- 
gists familiar with mapping in the area (B.L. 
Allen, pers. commun., 1990). There seems to 
be no topographic relationship between the soil 
types that would account for the variability 
given the very low relief of the area (Fig. 4). 
Climatic or microclimatic variation is also un- 
likely considering the low, even climatic gra- 
dients of the region and the fiat terrain. Varia- 
bility in vegetation is presently impossible to 
assess in the almost complete absence of na- 
tive flora. Historically the area was a short- 
grass steppe (Blair, 1950; Wendorf, 1961; Lot- 
speich and Everhart, 1962 ), and there is no in- 
dication of any vegetation pattern that would 
result in such complex patterns of Alfisols and 
Mollisols. 

The most likely explanation for the distri- 
bution of Paleustalfs and Paleustolls in the 
central region is wind erosion. Wind deflation 
is a recurrent geomorphic process on the 
Southern High Plains and is well documented 
historically and prehistorically (Kimberlin et 
al., 1977; McCauley et al., 1981; Holliday, 
1987b). The native soils were most likely Pa- 
leustolls, given the native vegetation of the re- 
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TABLE 2 

Description and laboratory data, Blackwater Draw Formation type section (surface soil is morphologically similar to Paleustalf, Amarillo 
series) (Revised from Holliday, 1990) 

(a) Soil description 

Depth Horizon Color Texture Structure Boundary Remarks 
(cm) 

Dry Moist 

0-33 Fill 

33-50 A 5 YR 3/4 5YR 3/3 SC(SCL+) 2csb cw 

50-63 BAt 5YR 3/4 5YR 3/3 SC(SCL+) 1 cpr cw 
2csb 

63-95 Btkl 5YR 3.5/8 5YR 3/4 m SCL 2cpr cw 
5YR 7/4 5YR 4/4 c 2csb 

95-127 Btk2 5YR +3/6 5YR +3.5/4 SCL 2cpr cw 
2csb 

127-149 Btk3 5YR +3/8 5YR +3/6 SCL 3cpr aw 
2cbs 

149-215 Bkl 5YR 6/4 5YR 5/6 m - m gw 
7.5 YR8/2 7.5YR 7/4 c 

215-242 Bk2 7.5YR +5/ 5YR 6/7 m L Icsb cw 
8 7.5YR 7/4 c 

7.5YR 8/3 

242-290 Bk3 7.SYR + 5/ 5YR 6/7 m L lcsb gw 
8 7.SYR 7/4 c 

7.5YR 8/3 

290-335 Btklbl 2.5YR 3/6 2.5YR 3/4 m SC 3cab ci 
5YR 8/3 5YR 7/4 c (SCL+) 

335-380 Btk2bl 2.5YR 3/6 2.SYR 3 /4m SC impr cw 
5YR 8/3 5YR 7/4 c (SCL+) 3mab 

380-435 Btkb2 2.SYR 3/6 2.SYR 3/6 m SC 3mab cs 
5YR 8/2 5YR 7/4 c (SCL+) 

435-510 Btb2 2.SYR 3/6 2.5YR 3/6 SC 3mab aw 
(SCL+) 

510-535 Btklb3 5YR +5/8  5YR +5/8 m - m+ cw 
5YR 8/4 5YR 7/4 c 2msb 

535-615 Btk2b3 5YR 8/4 5YR 8/4 m SCL lmpr es 
5YR 9/ l  5YR 7/6 c 2msb 

615-669 Btk3b3 5YR 5/8 5YR 5/8 m SCL lmpr cs 
5YR 8/3 5YR 7/4 c lmsb 

669-700 Btk4b3 5YR 5/8 5YR 5/8 m SCL lmpr gw 
5YR 8/4 5YR 8/4 c lmsb 

700-755 Btklb4 5YR 9/1 7.5YR 8/3 - m cw 

755-855 Btk2b4 5YR 4/8 5YR 3/6 m SCL lcpr cw 
5YR 8/2 5YR 7/3 c 2cab 

855-900 Btk3b4 5YR+4/8 5YR 3/6 m SCL+ 2cpr cw 
5YR 8/1 5YR 7/3 c 2csb 

Sandy, eolian sediments deflated from 
adjacent field 

Common v. fine films and threads of 
carb.; many thin clay films 

Few threads and films of carb.; many thin 
clay films 

Very few threads and films; common thin 
clay films 

Stage III; 60% carb. bodies and 
concretions; few burrows 

30% carb. bodies 

Less than 20% carb. bodies and 
concretions; groups ofcarb, bodies and 
concretions occur in distinct zones 

Max. carb. 119-121 cm; w/tongues of 
max. carb. producing irregular 
boundaries; Stage Ill: Carb. is massive 
(same area); common thin clay films 

Stage II-III. Carb. (50%) as large (50-70 
mm) patches and bodies, many fine 
clay films; very few I-2 mm Mn? 
patches 

Carb. occurs as veins 5-15 cm wide and 
up to 50 cm dccp from overlying soil; 
also few subhoriz, veins I cm thick; 
Stage If; many to cont. clay films; few 
I-4 cm dendritic Mn 

Many to cont. clay films; few I-4 cm 
dendritic Mn 

Stage III from outlying soil; few areas arc 
low carb w/clay films 

Stage II w/30% vertical carb nodules I 0- 
15 cm wide, 10-50 cm long 

Stage III from overlying soil; only locally 
present 

30% carb. films and coatings on ped faces, 
few 1-5 cm diameter nodules. Stage II. 
Many to cont. thin clay films on ped 
faces 

10% carb. films on pod faces; many thin 
clay films on ped faces 
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TABLE 2 (continued) 

Depth Horizon Color 
(cm) 

Dry Moist 

Texture Structure Boundary Remarks 

900-970 Btk4b4 5YR + 4 / 8  5YR 3/6 SCL lcpr cs 
2csb 

970-1040 Btk5b4 5 Y R + 4 / 8  5YR + 3 / 6 m  SCL+ lcpr 
5YR 9/1 5YR 8/3 c 2csb 

1040-1200 Klb4 5YR9/1 5YR 8/2 m ai 

t 200 + K2mb4 

aw 

Less than 10% carb. films and threads on 
ped faces; common thin clay films on 
ped faces 

Stage I-, 20% carb films and threads on 
ped faces 

Upper + 10 cm has some laminar 
structure; common 2-5 carb. 

Ogallala "Caprock" calcrete (Stage V- 
IV) 

(b) Laboratory data 

Horizon Sand Silt Clay CaCO 3 Organic carbon 
(%) (%) (%) (%) (%) 

A 39 31 30 I 1.1 
BAt 40 35 25 0 0.5 
Btkl 46 24 30 1 0.3 
Btk2 51 24 26 I 0.3 
Btk3 58 21 21 1 0.3 
Bkl 46 26 28 33 0.3 
Bk2 39 32 29 35 0.3 
Bk3 48 27 25 30 0.2 

Btklbl 37 23 40 4 0.3 
Btk2bl 41 19 40 27 0.1 

Btkb2 52 20 28 4 0.2 
Btb2 61 20 19 Tr 0.2 

Btklb3 36 31 33 11 0.3 
Btk2b3 54 11 35 12 0.2 
Btk3b3 62 11 27 5 0.1 
Btk4b3 73 9 18 1 

Btklb4 63 5 32 7 0.1 
Btk2b4 65 10 25 1 0.3 
Btk3b4 70 13 17 0 0.2 
Btk4b4 72 12 16 Tr 0.2 
Btk5b4 76 6 18 3 0.3 
Klb4 57 24 19 51 0.4 

aAbbreviations for all descriptions: For horizon designations see text for explanation of "b"  numbering system. Color: m=matr ix,  
c=carbonate, + =slightly redder than indicated hue. Texture: S=sand,  C=clay, L=loam, SC=sandy clay, SCL=sandy clay loam, 
SL= sandy loam, LS =loamy sand, CL=clay loam, v =very, f=  fine, + =high clay within given textural category. Structure: grade, 1 =weak, 
2 = moderate, 3 = strong; size, f=  fine, m = medium, c = coarse; type, gr = granular, sb = subangular blocky, ab = angular blocky, pr = prismatic, 
m = massive, s = single grain. More than one designation for structure represents compound structure. Boundary: distinctness, a = abrupt, 
c=clear, g= gradual, d = diffuse; topography, s=smooth,  w=wavy,  i=irregular. Comments: carb = carbonates, com= common, v =very, 
concr = concretions, cont = continuous, diam = diameter, max = maximum, irreg = irregular, illuv = i lluvial. 

gion. Eolian erosion could very effectively re- 
move much of the mollic epipedon, resulting 
in a soil with an ochric epipedon, but other- 
wise not affecting the subsurface horizons. 
There are no data to indicate when the erosion 
may have occurred. A few centimeters to many 

tens of centimeters of the soil surface can be 
removed during an individual dust storm 
(McCauley et al., 1981 ), so it is possible that 
the soil pattern is a historic feature, resulting 
from the many periods of dust storm activity 
documented historically (Fryrear and Randel, 
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TABLE 3 

Description and laboratory data of Paleustoll (Acuff Series, Lynn County, Fig. 1 ) (modified from Soil Conservation Service, 
1976, p. 245 ). See Table 2 for definitions of abbreviations 

(a) Soil description 

Depth Horizon Color Texture Structure Boundary Remarks 
(cm) 

Dry Moist 

0-18 Ap 10YR 4/  10YR 3/3 SCL lfgr c 
2.5 

18-35 Btl 7.SYR 4/3 7.5YR 3/3 SCL 2mgr g 
2mpr 

35-65 Bt2 5YR 5/4 CL 2mgr g Few carb 
2mpr films on 

ped faces 

65-95 Bt3 5YR 5/6 5YR 4/6 SCL 2mgr a 

95-135 Btkl 7.5YR 8/4 7.5YR 7/4 - m d 

135-180 Btk2 7.5YR 7/4 7.5YR 6/4 CL m 

Corn carb films on ped faces; few 1 
cm concr. 

Stage IIl 

Stage I1 w/few carb concr. 

(b) Laboratory data (from Soil Conservation Service, 1976, p. 244) 

Horizon Sand Silt Clay CaCO3 Organic carbon 
(%) (%) (%) (%) (%) 

Ap 55 23 22 2 0.1 
Btl 47 25 28 3 1.2 
B12 42 27 31 4 0.9 
Bt3 45 27 28 7 0.5 
Btkl 26 32 42 59 0.2 
Btk2 28 37 35 50 0.2 

1972; Idso, 1976; Bark, 1978 ), such as the Dust 
Bowl. Alternatively, the complex pattern of 
Mollisols and Alfisols could have been estab- 
lished in the middle Holocene when the High 
Plains surface was subjected to intense wind 
scouring (Holliday, 1989b). Erosion is an ep- 
isodic process, so it is also possible that devel- 
opment and localized destruction of the mollic 
epipedon occurred discontinuously prehistor- 
ically and historically. 

The Paleustolls of the northeastern South- 
ern High Plains contrast markedly with the A1- 
fisols and Mollisols of the central region. The 
dark color of the upper solum and fine textures 
of the soils are features that lead some to be- 
lieve that the parent material in the area was 
loess, genetically different from the more 
coarse-textured soils to the southwest (Reeves, 

1976a). The fine texture is now known to be 
due to downwind fining of the Blackwater 
Draw Formation (Seitlheko, 1975; HoUiday, 
1989a). The morphological similarities of the 
lower solum of these Paleustolls and the Pa- 
leustolls in the central area, and the lithostra- 
tigraphic relationship of the parent materials 
further indicate that these soils are part of the 
same soil-stratigraphic unit. The biggest pedo- 
genic question concerns the origin of the upper 
dark brown solum, often interpreted as bury- 
ing the reddish brown lower solum (Table 4a) 
(e.g., Mathers, 1963; Allen et al., 1972; Reeves, 
1976a). The basis for considering the lower 
solum to be buried seems to be the color change 
from dark brown to reddish brown within the 
Bt horizon; there is no significant textural 
change or other indication of burial, however 
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TABLE 4 

Description of Paleustoll (Pullman series variant, Floyd County, Fig. l ) (modified From Allen et al., 1972, p. 65-66). See Table 
2 for definitions of  abbreviations 

(a) Soil description 

Depth Horizon Color Texture Structure Boundary Remarks 
(cm) 

Dry Moist 

0-15 A 10YR 4/2 10YR 3/2 CL 2msb cs 
2mgr 

15-33 Btl 7.5YR 4/2 7.5YR 3/2 C 2msb cs 
2mgr 

33-48 Bt2 7.5YR 5/2 7.5YR 4/2 C 2mpr cw 
1 mpr 

48-84 Btk 7.5YR 5/2 7.5YR 4/2 C 2mpr gs 
3mab 

84-99 Btklb 7.5YR 5/2 
5 YR 5/4 5YR 4/4 CL 3cab cw 

99-119 Btk2b 5 YR 5/6 5YR 4/6 CL 3cab ai 

119-157 Bklb 5YR 8/4 5YR 6/6 - m gs 

157-228 Bk2b 5YR 7/4 5YR 6/6 - m - 

228-266 Bk3b 5YR 6/6 5YR 5/6 CL m 

Weakly calcareous 

Noncalcareous 

Few carb films and threads 

Few carb concr. 

40-50% carb bodies 

30% carb bodies 

30% carb bodies 

(b) Laboratory data (from Allen et al., 1972, pp. 21, 56) 

Horizon Sand Silt Clay CaCO3 Organic carbon 
(%) (%) (%) (%) (%) 

A 29 35 36 2 1.2 
Btl 25 33 42 3 0.9 
Bt2 25 35 40 9 0.7 
Btk 25 34 41 9 0.6 

Btk I b 29 31 40 5 0.4 
Btk2b 33 27 40 4 0.3 
Bklb 41 14 45 51 0.1 
Bk2b 43 22 35 30 0.1 
Bk3b 40 20 40 37 0.1 

(Table 4 ). The Pullman soils are in a Torrertic 
subgroup, indicative of cracking. Overthick- 
ening of the upper sola may be due to cracking 
at the surface and incorporation of organic-rich 
surface material at depth. Slickensides are 
rarely observed in Pullman soils, however, in- 
dicating that churning of the solum is not a sig- 
nificant pedogenic process. An alternative hy- 
pothesis is that the upper solum is a pachic 
epipedon, the result of slow aggradation of the 
surface. As the original A horizon becomes 
buried it is converted to a Bt horizon, although 

the dark color persists due to sorption of or- 
ganic material by clays, giving rise to the color 
variation within the Bt. The occurrence of these 
Paleustolls in the downwind region of the 
Blackwater Draw Formation supports this 
interpretation. A similar origin was docu- 
mented for Mollisols in Holocene flU in draws 
in the region (HoUiday, 1985b, 1988a). The 
northeastern Southern High Plains also has 
slightly higher effective precipitation because 
it is on the wetter side of the precipitation gra- 
dient and on the cooler side of the temperature 
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TABLE 5 

Soil description of Paleustalf (Brownfield Series, Martin County, Fig. 1 ) (modified from Stoner and Dixon, 1974, p. 8). See 
Table 2 for definitions of abbreviations 

Depth Horizon Color Texture Structure Boundary Remarks 
(cm) 

Dry Moist 

0-25 AI 10YR 5/3 10YR 4/3  fS s cs Noncalcareous 

25-65 A2 7.5YR 6/4  7.5YR 5/4  fS s cs Noncalcareous 

65-90 Btl 5YR 5/6 5YR 4 /6  SCL 2cpr gs Noncalcareous 
1 msb 

90-125 Bt2 2.5YR 5/6 2.5YR 4/6  SCL 2cpr gw Weakly calcareous 
1 msb 

125-150 BC 2.5YR 5/8 2.5YR 4/8  fSL lmsb Weakly calcareous 

TABLE 6 

Description and laboratory data of Paleargid (Douro ~ series, Andrews County, Fig. 1 ) (modified from Allen et al., 1972, p. 72). 
See Table 2 for definitions of abbreviations 

(a) Soil description 

Depth Horizon Color Texture Structure Boundary Remarks 
(cm) 

Dry Moist 

0-18 A 7.5YR 4 /4  5YR 3/4 LS lmsb cw Noncalcareous 

18-46 Bt 5YR 4/6  5YR 3/4 LS 2cpr g Noncalcareous; common clay films 
2csb 

46-53 BCt 5YR 4/6  5YR 3/4 SL lmpr  aw Calcareous 
lmsb 

53-66 Bk 10YR 8/4  10YR 7/4  SCL lsb Com 5-7 cm diam calcrete fragments; 
BCt structure is for noncarb bodies 

66-94+  Kmb 10YR 8 /4  10YR 7/4 - - - Top of calcrete is laminar 

(b)  Laboratory data (from Allen et al., 1972, pp. 21, 56 ) 

Horizon Sand Silt Clay CaCO 3 Organic carbon 
(%) (%) (%) (%) (%) 

A 85 7 8 tr 0.1 
Bt 81 7 12 1 0.3 
BCt 78 8 14 11 0.6 
Bk, BCt 66 13 21 80 0.4 
Km 66 14 20 89 tr 

aOriginally classified as Paleustalf (Arvanna series) (B.L. Allen, pers. commun., 1989 ). 

gradient. This may have resulted in slightly 
heavier plant growth that would have influ- 
enced development of the mollic epipedon. 

The Paleustalfs and less common Haplar- 
gids and Paleargids of  the southwestern South- 

ern High Plains are very similar in appearance 
to the Paleustalfs of the central region. The 
southwestern soils typically have ochric epi- 
pedons over red to reddish brown (2.5 to 5YR 
hues), sandy clay loam, argillie horizons with 
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TABLE 7 

Description of Paleustalf (Patricia series, Lynn County, Fig. 1 ) (Modified from Soil Conservation Service, 1976, p. 99). See 
Table 2a for definitions of abbreviations 

(a)  Soil description 

Depth Horizon Color Texture Structure Boundary Remarks 
(cm) 

Dry Moist 

0-30 A 7.5YR 5/3 7.5YR 4 /3  IS s c Noncalcareous 

30-38 AB - 5YR 4 / 4  IS m c Noncalcareous 

38-83 Btl  5YR 4 /6  5YR 3/6  SCL 2cpr g Noncalcareous 

83-128 Bt2 5YR 5/6 5YR 4 /6  SCL m g Noncalcareous 

128-168 Bt3 5YR 5YR IS m a Common carb films 
5.5/6 4.5/6 

168-188 + Bk 7.5YR 7 /4  7.5YR 6/4  SCL - Carb finely divided and occurs as 
common concr. 

(b)  Laboratory data (Soil Conservation Service, 1976, p. 98) 

Horizon Sand Silt Clay CaCO3 Organic carbon 
(%) (%) (%) (%) (%) 

A 92 2 6 0 0.4 
AB 91 3 6 0 0.3 
Btl 66 1 32 0 0.7 
Bt2 77 6 17 0 0.2 
Bt3 68 6 26 8 0.2 
Bk - - - 64 0.5 

TABLE 8 

Description of Haplargid (Jalmar Series, Andrews County, Fig. 1 ) (modified from Conner et al., 1974, pp. 9-10) .  See Table 2 
for definitions of abbreviations 

Depth Horizon Color Texture Structure Boundary Remarks 
(cm) 

Dry Moist 

0-35 AI 7.5YR 5/4  7.5YR 4 / 4  IS s 

35-65 A2 5YR 5/4  5YR 4 / 4  tS s 

65-130 Btl  2.5YR 4 /6  2.5YR 3/6  SCL 2cpr 
2msb 

130-160 Bt2 2.5YR 5/6  2.5YR 4 / 6  SCL 2cpr 
2msb 

160-200 Btk 5YR 6 /6  5YR 5/6 SCL 2cpr 
2msb 

gs Noncalcareous 

cs Noncalcareous 

gw Nonealeareous 

gw Noncalcareous 

25% carb bodies and films on ped faces 

pronounced clay bulges and prismatic struc- 
ture (Tables 5-8), although there can be con- 
siderable morphologic variability in very sandy 
parent material (Daniels, 1984; Waiters, 

1988 ). The principal differences between the 
soils of the southwestern region and those of 
the central region are the sandier textures and 
the different morphologies and depths to cal- 
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cic horizons in the southwest. The soils in the 
southwest also vary considerably in thickness. 
The textural differences are due to the lithol- 
ogic variations in the Blackwater Draw For- 
mation; the sediment is coarser in the south- 
west because it is closer to the source area 
( Seitlheko, 1975; Holliday, 1989a). The soils 
in the southwestern region are often thinner 
than those farther north and east because the 
parent material, the Blackwater Draw Forma- 
tion, is often thin in this region. 

There is considerable variability in the oc- 
currence and nature of calcic horizons in the 
southwestern soils. Where the sandy sediment 
is thick (generally >2  m) ,  the soils have no 
calcic horizons and are sometimes noncalcar- 
eous throughout the solum (Waiters, 1988). 
These soils are usually Paleustalfs (typified by 
the Brownfield series) (Table 5 ) and are gen- 
erally the only soils of the Blackwater Draw 
Formation to have BC or C horizons. Where 
the sand is thin (generally < 1 m),  the soils 
usually have a Stage IV, V, or even VI petro- 
calcic horizon (Petrocalcic Paleustalfs and Pe- 
trocalcic Paleargids; typified by the Arvanna 
and Douro series, respectively) (Table 6). 
Soils formed in sediments of intermediate 
thickness (generally 1-2 m) tend to have Stage 
II or III calcic horizons (generally Paleustalfs 
of the Patricia series and Haplargids of the 
Triomas and Jalmar series) (Tables 7 and 8 ). 

The occurrence and morphology of the sec- 
ondary carbonate appears to be a function of 
both the thickness and texture of the Blackwa- 
ter Draw Formation. The petrocalcic horizon 
under the thin sediment cover is likely to be 
the Ogallala "Caprock Caliche" (discussed be- 
low), based on its morphology and strati- 
graphic position at the bottom of a thin layer 
of Blackwater Draw Formation. Therefore, the 
calcrete is probably not genetically related to 
the overlying solum, except for some welding 
(as defined by Ruhe and Olson, 1980) due to 
carbonate translocation through the solum. The 
variation in occurrence of carbonate in soils 
over a meter thick is not understood, but it may 

be related to drainage characteristics of the 
solum. Soils of intermediate thickness have 
Stage II or III calcic horizons like the Paleus- 
talfs to the northeast, because this appears to 
be about the position in the profile where the 
carbonate preferentially accumulates given the 
prevailing climate. The thicker and sandier 
soils are excessively drained and, therefore, 
carbonate is probably flushed below the solum, 
rather than accumulating at its base. Excessive 
and rapid downward movement of moisture is 
suggested by the often complete absence of 
carbonate in profiles of these soils and the oc- 
currence of eluvial horizons in some profiles 
(Waiters, 1988). 

Buried soils 

Buried soils are significant features of the 
Blackwater Draw Formation, based on the few 
exposures described and discussed to date (Al- 
len and Goss, 1974; Holliday, 1988b, 1989a). 
The number of buried soils varies from one to 
six, and in most exposures the surface soil and 
all buried soils are welded. Sediments unal- 
tered by pedogenesis are very rare below the 
surface layer. Each buried soil appears to occur 
within a single layer of sediment and, conse- 
quently, buried soils are more numerous in the 
Blackwater Draw Formation where it contains 
more layers (and, therefore, is thicker), i.e., in 
the northeastern portion of the Southern High 
Plains. 

Morphologically, the buried soils are gener- 
ally similar to those of the High Plains surface. 
The buried soils have thick ( > 1 m),  red to 
reddish brown (2.5YR to 5YR hues) argillic 
horizons with strong clay bulges and prismatic 
structure, and Stage II to III calcic horizons 
(Table 2 ) (Holliday, 1989a). The calcic hori- 
zons are often developed in the upper argillic 
horizon of the next lower buried soil (Table 
2a). The buried soils also commonly display 
stronger pedogenic expression than the surface 
soils, exhibiting 2.5YR hues and thicker and 
more continuous clay films (Table 2a) (Hol- 
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liday, 1989a). Buried A horizons have not been 
observed in the Blackwater Draw Formation, 
except for one soil buried by volcanic ash. The 
A horizons were probably either eroded by 
wind deflation prior to burial or obscured by 
post-burial alteration. In the absence of sur- 
face horizons no inferences can be made re- 
garding local morphologic variability such as 
that noted for the Paleustalfs and Paleustolls at 
the surface. 

Tephrochronology and magnetostratigraphy 
provide minimum and maximum ages for a few 
layers of the Blackwater Draw Formation in 
several exposures (<0.6 Ma, >0.6 Ma, 0.7- 
1.0 Ma, <1.4 Ma, >1.4 Ma) (Holliday, 
1988b, 1989a; Patterson et al., 1988). Magne- 
tostratigraphy and TL ages of buried soils at 
the type section suggest that deposition of and 
pedogenesis in individual subsurface layers 
probably took several hundred thousand years, 
which is longer than the probable age of the 
surface soils (Holliday, 1989a; Patterson et al., 
1988 ). This may account for some of the bur- 
ied soils having stronger morphological 
expression. 

The buried soils in the Blackwater Draw 
Formation are indicative of episodic sedimen- 
tation separated by long periods of landscape 
stability and soil formation. Eolian sedimen- 
tation probably predominated under arid to 
semi-arid conditions (Holliday, 1989a). Rel- 
atively sparse vegetation on the plains and in 
the Pecos Valley would be necessary to allow 
the wind deflation that could produce eolian 
sediment. Stability and pedogenesis likely ob- 
tained during semi-arid to sub-humid condi- 
tions, similar to those of the late Quaternary 
(Holliday, 1989a). At any given time, wind 
erosion and sedimentation probably operated 
concurrently with pedogenic processes. Dur- 
ing deposition periods, material derived from 
the Pecos Valley would blow onto the High 
Plains surface at a rate faster than erosion or 
pedogenesis, resulting in deposition of a more 
or less continuous sheet of eolian sediment 
across the area. Sedimentation would then 

slow, and if erosion was minimal for an ex- 
tended interval a soil similar to the modern 
surface soil would form in the eolian sheet. For 
example, throughout the late Quaternary and 
including the present, stability and pedogene- 
sis predominate although wind erosion and 
eolian sedimentation do occur. Wind erosion 
locally destroyed the lateral continuity of the 
eolian sediment in many areas, especially the 
upwind regions. Deflation in one region of the 
Southern High Plains could have resulted in 
deposition in a downwind area, accounting, for 
example, for development of the pachic sur- 
face horizons of the Paleustolls in the north- 
eastern Southern High Plains. 

Vegetation throughout much of the Quater- 
nary was probably a grassland to savanna 
grassland, as suggested by the Late Quaternary 
record (discussed above) and vertebrate 
mammal remains from the early and middle 
Quaternary (Schultz, 1986). During drier pe- 
riods grassland vegetation cover was depleted 
and the surface subject to wind erosion, as doc- 
umented during historic drought (Weaver and 
Albertson, 1943; Tomanek and Hulett, 1970). 
Scrub vegetation may have been present in 
some areas during drier periods. 

Ogallala Formation 

The Ogallala Formation (Miocene-Pli- 
ocene) is the principal stratigraphic unit un- 
derlying the Blackwater Draw Formation. The 
deposit was classically described as a series of 
coalesced alluvial fans or an alluvial plain 
composed of sandy and gravelly fluvial sedi- 
ments (Sellards et al., 1932; Bretz and Hor- 
berg, 1949a; Frye and Leonard, 1964; Seni, 
1980; Reeves, 1984). The occurrence of eolian 
sediments in the formation were noted by some 
investigators (Evans, 1949; Reeves, 1972; 
Hawley, 1984), but such deposits were not de- 
scribed or discussed in detail and with few ex- 
ceptions (Reeves, 1972 ) their significance was 
seldom considered. Reeves (1984), Gustav- 
son and Holliday ( 1985 ), Winkler (1987), and 
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Gustavson and Winkler (1988) presented a 
substantial revision of the classical interpreta- 
tion of the Ogallala, based on stratigraphic, se- 
dimentologic, and paleontologic investiga- 
tions. Sandy and gravelly fluvial facies 
generally occur in paleovalleys cut into upper 
Paleozoic and Cenozoic strata. Sandy and 
sandy silt eolian facies cap paleo-valley divides 
and most of the fluvial deposits. The eolian de- 
posits appear to have accumulated as sand or 
sandy loess sheets under semi-arid or perhaps 
arid conditions with grassland or savanna veg- 
etation. These interpretations are also sup- 
ported by limited paleobotanical data (Frye 
and Leonard, 1957; Thomasson, 1979). 

There is very little age control available for 
the Ogallala Formation under the Southern 
High Plains. A few ages determined on vol- 
canic ashes and vertebrate paleontological cor- 
relations provide a minimum age range of I 1.5 
to 4.5 Ma (Schultz, 1977; Tedford and Hunter, 
1984; Gustavson et al., 1987; Winkler, 1987 ). 

Pedogenic features are rarely reported in the 
Ogallala Formation. The principal exception is 
the Ogallala "Caprock Caliche", a pedogenic 
calcrete formed in the upper-most Ogallala 
Formation. This massive petrocalcic horizon 
typically attains Stage V-VI morphology and 
is generally 2-5 m thick, laminated, brec- 
ciated, pisolitic, and commonly silicified 
(Reeves, 1976b; McGrath, 1984). The Ogal- 
lala Caprock, perhaps one of the most strongly 
expressed pedogenic calcretes in North Amer- 
ica, is a prominent ledge-forming unit along the 
escarpments and walls of deeper drainages of 
the Southern High Plains. The calcrete has long 
been recognized as demarking a lengthy period 
of nondeposition and stability under semi-arid 
conditions following deposition of the Ogal- 
lala (Bretz and Horberg, 1949a, b; Brown, 
1956; Swineford et al., 1958 ). There is little age 
control available for the Ogallala Caprock. 
Volcanic ash from the upper Ogallala Forma- 
tion below the Caprock has yielded an age of 
about 6.6 Ma (Izett, 1975 ). Locally, the Blanco 
Formation (Pliocene), containing a 2.8 Ma 

volcanic ash, is inset against the OgaUala, fill- 
ing basins cut through the Caprock (Dolliver 
and Holliday, 1988; Holliday, 1988b). Data on 
rates of calcic horizon formation in the south- 
western United States suggest that at a mini- 
mum the Caprock took hundreds of thousands 
of years to form. The most strongly expressed 
calcrete (Stage VI) probably took as much as 
several million years to form, but the variabil- 
ity in morphology across the region suggests 
that there was considerable local variation in 
duration ofpedogenesis (T.C. Gustavson, pers. 
commun., March, 1990). 

Buried soils in the Ogallala Formation be- 
low the Caprock were first reported by Reeves 
(1984), Gustavson and Holliday (1985), 
Winkler ( 1987 ), and Gustavson and Winkler 
( 1988 ). The soils are in the eolian facies and 
commonly contain calcic horizons and occa- 
sionally contain argillic horizons. None of these 
soils were otherwise described, however. In or- 
der to gain a better understanding of the land- 
scape evolution of the Southern High Plains a 
section of the Ogallala Formation discussed by 
Gustavson and Winkler ( 1988 ) was described 
pedologically (Table 9a). A single section will 
not provide information on regional geomor- 
phological relationships of individual buried 
soils, but such regional data are not yet avail- 
able. The data at hand on the buried soils do, 
however, allow initial impressions to be drawn 
concerning pedologic process and local land- 
scape development in the Late Tertiary. 

The exposure is located east of Silverton, 
Texas (Fig. 1 ), and was first reported by Gus- 
tavson and Winkler ( 1988, fig. 2, section 4). 
The section exposes the eolian facies of the 
Ogallala Formation on a paleo-valley divide 
underlain by mudstone of the Dockum Group 
(Triassic). The formation is over 39 m thick. 
The upper 4 m of the section is the massive 
Ogallala "Caprock" calcrete (Stage IV, not de- 
scribed). Most of the rest of the exposure con- 
sists largely of fine sand, although the zone 0- 
775 cm below the Caprock is loess-like, con- 
taining significant amounts of silt and clay 
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TABLE 9 

Description and laboratory data of  upper Osallala Formation,  Silverton Section. See Table 2 for definitions of  abbreviations. Section 
starts at base of  Ogallala Caprock 

(a) Soil description 

Depth Horizon Color Texture Structure Boundary Remarks 
(cm)  

Dry Moist 

0-95 Bk lb l  5YR 8/1 5YR 8/2  c fSL 2msb ci 
5YR 8/3  5YR 7/3 m 2fab 

95-180 Bk2bl 5YR 8/1 5YR 8/2  c - 3mpr gi 
5YR 8/3  5YR 7/3  m 

180-280 Bk3bl 5~fR 8/1 5YR 8/2  c - 2cab gi 
5YR 8/3 5YR 7/3  m 2mab 

280-430 Bk4bl 5YR 8/3  5YR 7/3  c LfS 3mab ci 
5YR 6/6  5YR 4 / 4 - 6  m 3fab 

430-580 Bk5bl 5YR 8/3 5YR 7/3  c LtS 3mab cs 
5YR 6 /6  5YR 4 / 4 - 6  m 3fab 

580-635 Bk6bl 5YR 6/6  5YR 4/6  S-LS 2mab cs 

635-680 Btklb2 5YR 5/6  5YR 4/6* SL 2cab cs 

680-705 Btk2b2 5YR 5/6 5YR 4/6* SL+ 3cab cs 

705-740 Btk3b2 5YR 5/6  5YR 4/6* SL+ 3cab cs 

740-775 Btk4b2 2 . 5 Y R 4 / 6  2.5YR 3/6  SL+ 3cab cs 

775-795 Btk5b2 5YR 6 /6  5YR 4 /6  LvIS 2msb cs 

795-892 Bklb2 5YR 6 /6  5YR 4 /6  LvfS 3cab cs 

892-1017 Bk2b2 5YR 8/1 5YR 8/2  c LtS 3mab cs 
5YR 7 /4  5YR 5/4  m 

1017-1172 Bkb3 
same as 892-1017 cm 

1172-1302 Bklb4  
same as 892-1172 cm 

1302-1372 Bk2b4 
same as above 

1372-1407 Btklb5 5YR 5/6 5 Y R 4 / 4  

1407-1427 Btk2b5 5YR 5/6  5 Y R 4 / 4  

LfS 3mab cs 

LfS 3mab cs 

Carb. occurs as fdms on all ped faces; carb 
highlights sb peds 

Prisms are large carb bodies and grade into 
more massive zone below 

This zone has occ. 50-100 cm max. diam. 
irreg, bodies of  silica 

Carb on ped faces and as distinct threads 
throughout peals. Curb also occurs as corn, 
massive pockets 30-50 cm max diam. 

As above, but  w/v.  corn masses of  curb w/cpr  
structure on weathering 

Films of  curb. corn; v. corn 50-200 cm wide 
masses o f  ledge-forming carb. 

Carb masses as above; base of  this zone=base  
of  carb. ledge; v. com thin clay films on ped 
faces 

Clay films thicker and cont; few 1-2 cm concr; 
few Mn spots 

As above but  Mn more common 

v. corn carb on ped faces and corn 1-3 cm curb 
conr; few to corn Mn patches on ped faces; 
this zone forms a prominent  sloping bench 

Discon. and thin clay films, & c o m  carb films 
on ped faces; in some areas this zone crops 
out as a v. distinct " laminar"  zone at base o f  
bench marking next lower vertical face. 

Corn lge carb films on ped faces 

Caliche zones have lots of  divided carb occur 
as angular blocks. These zones crop out  in 
masses up to 125 cm thick and 1-3 m 
across; matrix is same material as above 
horizon and occurs in pockets, up to l m  
across and in caliche zone between angular 
blocks; upper bndy crops out as ledge; curb 
masses are less pronounced w/depth;  thins 
to a zone < 50 cm thick at east end of  
outcrop, but  upper ledge remains prominent  

892-1172 are upper 2 of  3 prominent  calcrete 
ledges 

this zone thin, to < 50 cm at east end of  
outcrop but  upper ledge remains prominent  

carb much  less corn and occurs as 20% nodules 
and vertical tubes 1-2 cm across (few up to 
3 cm) and up to 7 cm long (vertical) 

corn carla threads and films on ped faces; some 
carb in matrix; few Mn coatings on ped faces 
(incl. curb), cont. thick clay films 

as above but  Bt more completely engulfed in 
curb and Mn less com. 
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Depth Horizon Color Texture Structure 
(cm) 

Dry Moist 

Boundary Remarks 

1427-1462 Btk3b5 5YR 6/6 5YR 4/6 LvtS 2cab gs 

1462-1612 Bklb5 5YR 7/6 5YR 5/6 LvfS lcpr gs 

1612-1647 Bk2b5 5YR 7/6 5YR 5/6 S m cs 

1647-1712 Cb5 

1712-3200 

3200-3350 

5YR 7/6 5YR 5/6 S S as 

v. thin disc clay films on ped faces; carb occurs 
as 10% vert and horiz nodules 1-3 diam, 5- 
l0 cm horiz length, 20-80 cm vert length 

carb occurs as above but no illuv, clay 

structures sand; carb occurs as faint corn film, 
and 20% I-2 cm bodies; few Mn spots 

Four Stage IV calcretes; not described 

sandy carbonate-cemented gravel; locally 
thinner than 150 cm; not described 

(b) Laboratory data 

Horizon Sand Silt Clay CaCO3 
(%) (%) (%) (%) 

Bklbl 54 26 20 12 
Bk2bl 39 43 18 40 
Bk3bl 60 24 16 24 
Bk4bl 56 28 16 26 
Bk5bl 77 15 8 7 
Bk6bl 65 20 15 15 

Btklb2 56 26 18 24 
Btk2b2 54 20 26 17 
Btk3b2 60 17 23 9 
Btk4b2 47 22 31 11 
Btk5b2 73 13 14 8 
Bklb2 82 10 8 5 
Bk2b2 73 11 16 15 

Bkb3 80 11 9 9 

Bklb4 71 14 15 14 
Bk2b4 83 11 6 6 

Btklb5 71 15 14 8 
Btk2b5 76 14 10 8 
Btk3b5 84 12 4 3 
Bklb5 85 11 4 6 
Bk2b5 87 9 4 5 
Cb5 92 5 3 0 
Kb5 79 12 9 27 

(Table 9b), and at the base of  the section, be- 
low the fine-grained portion, is up to 1.5 m of 
sandy carbonate-cemented gravel ( 3200-3350 
cm, not described; see Gustavson and Holi- 
day, 1985, fig. 8). 

The buried soils that were described in the 
Silverton section occur in the upper 17 + m of 
fine-grained sediment below the Caprock (Ta- 
ble 9a). There are five soils from 0-1712 cm; 

all have Bk horizons and two also include Bt 
horizons (Table 9b). The upper Bk (0-635 
cm ) is gradational from the overlying calcrete 
and, therefore, the two zones are considered to 
be genetically related. 

The two soils with Btk/Bk profiles (635-  
1017 cm, 1372-1647 cm) have morphologies 
strikingly similar to the buried and surface soils 
of  the Blackwater Draw Formation: the Btk/ 
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Bk profiles at Silverton are thick (0.9 to 1.6 
m) and reddish brown (2.5 to 5YR hues) and 
have argillic horizons with continuous clay 
films, strong clay bulges, and prismatic struc- 
ture (Table 9). Carbonate within the Btkb2 
profile (635-795 cm ) occurs primarily as Stage 
I or Stage II. Carbonate in the Btklb2 horizon 
is very similar morphologically to that in the 
Bk6b 1 horizon immediately above, and, there- 
fore, the carbonate in both horizons is proba- 
bly genetically related and postdates the illu- 
vial clay. The two soils are thus welded 
together. Carbonate in the Bkb2 profile (795- 
1017 cm) below the Btkb2 is Stage I over Stage 
III. Carbonate in the Btkb5 horizon is Stage I, 
which grades into Stage II in the Bkb5 horizon. 

Between the two soils with Btk/Bk profiles 
are two horizons of carbonate accumulation 
(Bkb3 and Bkb4). These calcareous horizons 
have Stage III morphology throughout, and the 
carbonate is somewhat indurated and is a local 
ledge-former in the upper half of each soil. No 
other horizons were observed to be associated 
with these calcic soils. 

The lower 17 m of sandy sediment in the Sil- 
verton section contains four Stage IV calcretes 
(not described) that crop out as ledgeforming 
units along the canyon walls in the area. The 
calcretes range in thickness from 2-6 m. Each 
has a sharp upper boundary and a gradual 
lower boundary that grades into weakly ce- 
mented sand with common carbonate nodules. 
The carbonate within each calcrete is very 
finely divided, filling pore spaces between sand 
grains. Nodules and concretions are rare in the 
calcrete. The boundary characteristics of the 
calcretes suggest that they are pedogenic, but 
the absence of laminar zones, nodules, breccia- 
tion, or silicification indicate that these zones 
may be groundwater features (Bachman and 
Machette, 1977; Machette, 1985 ). 

The soil stratigraphy of the Silverton section 
is traceable intermittently to the south along 
the eastern escarpment of the Southern High 
Plains for 30 km. Lithologies and buried soils 
similar to those in the Silverton section are ob- 

servable for another 170 km to the south. These 
data indicate that episodic eolian sedimenta- 
tion was a significant, regional component of 
the landscape evolution of the Southern High 
Plains in the late Tertiary. No primary sedi- 
mentary structures were observed at the Sil- 
verton section and such structures are absent 
in sections discussed by Gustavson and Holli- 
day ( 1985 ), Winkler ( 1987 ), and Gustavson 
and Winkler (1988). Absence of such struc- 
tures in zones with minimal pedogenic altera- 
tion suggests accumulation of sediment on a 
vegetated surface. 

Discussion and conclusions 

The pedologic, geomorphic, and strati- 
graphic data discussed above provide consid- 
erable insight into the landscape evolution of 
the Southern High Plains. The principal de- 
posits of the area are the Blackwater Draw 
Formation (Quaternary), which is the re- 
gional surficial cover, and the underlying Ogal- 
lala Formation (Miocene-Pliocene). The ag- 
riculturally productive soils of the High Plains 
surface, largely Paleustalfs and Paleustolls, 
formed in the upper layer of the Blackwater 
Draw Formation, beginning sometime be- 
tween about 30,000 and 120,000 years ago. The 
surface soils share a number of morphological 
similarities throughout the region. The soils 
have argillic horizons 1-2 m thick, prismatic 
structure, and 2.5YR to 5YR hues, and usually 
have Stage II-III  calcic horizons. The mor- 
phology of these soils varies somewhat across 
the region, apparently due to textural varia- 
tions in parent material and due to local effects 
of wind erosion and cumulization. There are 
no pedological variables that can be attributed 
to late Quaternary environmental changes or 
to the low, uniform climatic gradients of the 
Southern High Plains, except for slightly higher 
effective precipitation in the northeast and a 
southwesterly decrease as average annual tem- 
peratures rise and average annual precipita- 
tion falls. The Paleustalfs and Paleustolls are 
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considered typical of those that will form on a 
level, stable landscape under a semi-arid to sub- 
humid grassland or grassland savanna given 
tens of thousands of years, and sources of clay 
and carbonate. 

The eolian sheets that comprise the Black- 
water Draw Formation and the upper Ogallala 
Formation show that wind has been a domi- 
nant sedimentologic and geomorphic agent in 
the region since the late Tertiary. Moreover, the 
presence of regionally extensive, well-devel- 
oped buried soils in both of these formations 
shows that eolian sedimentation was episodic 
with relatively long intervals of nondeposition 
and soil formation. The buried soils are very 
similar in morphological and laboratory char- 
acteristics and almost all are similar to the sur- 
face soils. 

Concerning soils influenced by eolian pro- 
cess in dry environments, Chadwick and Davis 
( 1990, p. 243 ) "counsel caution in assuming 
constant, gradual development of soil proper- 
ties without due consideration of paleo-envi- 
ronmental influences on soil-forming factors." 
They present evidence for short, rapid epi- 
sodes of soil formation in the Lahontan basin 
of Nevada, resulting from brief but concen- 
trated periods of influx of dust deflated from 
local playas. On the Southern High Plains, car- 
bonate- and clay-rich dust is available from lo- 
cal playas and the Pecos Valley, but in the ab- 
sence of evidence for short, intense episodes of 
dust influx, relatively slow, constant rates of 
soil formation must be assumed. Paleoenvi- 
ronmental changes appear to exert greatest in- 
fluence on pedogenesis by affecting rates of 
parent material accumulation. 

The sedimentologic and pedologic similari- 
ties of the Ogallala and Blackwater Draw For- 
mations suggest that the late Tertiary environ- 
ment of the Southern High Plains was similar 
to the Quaternary environment and, further- 
more, that the late Tertiary and early and mid- 
dle Quaternary environments were similar to 
the late Quaternary environment. Specifically, 
the region has probably been a grassland or sa- 

vanna grassland varying from perhaps an arid 
to a semi-arid or sub-humid environment for 
about 11 million years. These interpretations 
are supported by data from vertebrate paleon- 
tological and paleobotanical records. The rates 
of eolian sedimentation that governed devel- 
opment of the Southern High Plains and its as- 
sociated soils appear to be controlled by these 
environmental changes with more rapid accu- 
mulation during drier intervals, when vegeta- 
tion cover is reduced. The possibility exists that 
rates of sedimentation were more indirectly 
controlled by climate. Episodic accumulation 
of large quantities of fine-grained alluvium in 
the Pecos Valley may have controlled sedimen- 
tation. McDonald and Busacca (1988) and 
Busacca (1989) report a long (possibly 1.5 to 
2.0 million yr) record of multiple buried soils 
in loess in eastern Washington that appears to 
be linked to periodic flooding of the Chan- 
neled Scabland rather than linked to immedi- 
ate environmental changes. The alluvial his- 
tory of the Pecos Valley is very poorly known, 
however, and until that record is established 
the influence of Pecos River alluviation on 
High Plains sedimentation, if any, will remain 
unknown. 

There are two noteworthy exceptions to the 
otherwise similar geologic records of the Ogal- 
lala and Blackwater Draw Formations: the tex- 
tural differences between the two units and the 
long depositional hiatus marked by the Ogal- 
lala Caprock caliche. The eolian sediments of 
the Ogallala are sandier than those of the 
Blackwater Draw (Gustavson and Holliday, 
1985; Gustavson and Winkler, 1988) (com- 
pare Tables 2b and 9b). Gustavson and Wink- 
ler ( 1988, p. 205) propose that "The initial 
source areas for these [Ogallala] eolian sedi- 
ments were likely the floodplains of streams 
that deposited fluvial facies of the Ogallala 
Formation. Later, after diversion of these 
streams to form the Pecos and Canadian rivers 
[fig. 1 ], the early Pecos and Canadian Valleys 
and floodplains were the probable sources of 
eolian sediments." The Pecos River Valley was 
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also the probable source of sediments for the 
Blackwater Draw Formation (Seitlheko, 1975; 
Holliday, 1989a). The paleotopographic de- 
markation of the Pecos Valley and High Plains 
surface was probably significantly less during 
the Late Tertiary than during the Quaternary, 
however, resulting in a change in the sedimen- 
tology of deposits reaching the High Plains. The 
present relief probably formed in the Quater- 
nary as a result of ( 1 ) continued downcutting 
and subsidence in the Pecos River Valley, (2) 
continued aggradation of the High Plains sur- 
face, and (3) formation of the Ogallala Cap- 
rock at the end of Ogallala aggradation, result- 
ing in a ledge-forming outcrop that accentuates 
relief along the escarpment. During accumu- 
lation of the Ogallala, prior to and in the early 
stages of formation of the Pecos Valley, there 
was probably little difference in relief across the 
region, and sand could be moved far to the east 
of its source in the valley. By the Quaternary, 
when the Blackwater Draw Formation started 
to accumulate, sandy sediments were more 
difficult to move eastward over the escarp- 
ment and onto the High Plains and largely be- 
came trapped. Modern sand dunes that can be 
observed banked up against the escarpment 
and in re-entrants along the escarpment act as 
ramps to the High Plains surface (Eifler and 
Reeves, 1976; Eifler, 1976; Holliday, 1985a, 
1987b). As a result, the sandier lithologies of 
the Blackwater Draw are found nearer the 
source, in the western and southwestern 
Southern High Plains. The finer sediments are 
more common to the northeast. 

The absence of significant amounts of pri- 
mary silt and clay in the Ogallala and the more 
common occurrence of these constituents in the 
Blackwater Draw may be due to (1) wind 
moving the finer sediments much farther east 
in the late Tertiary because of the low relief, 
and (2) shale and mudstone becoming a source 
material in the Quaternary, in addition to the 
sand, due to continued subsidence and erosion 
along the Pecos Valley during its evolution. 

The conditions resulting in formation of the 

Ogallala Caprock are problematic. This cal- 
crete is the result of hundreds of thousands of 
years and possibly several million years of 
landscape stability and soil formation separat- 
ing accumulation of the Ogallala Formation 
and Blackwater Draw Formation. There are no 
data to suggest the reasons for this long depo- 
sitional hiatus. 

The Southern High Plains has evolved as a 
result of slow, episodic accumulation of sheets 
of eolian sediment for 11 million years. The 
sediment is significantly modified by pedoge- 
nesis. Eolian sheets and associated soils of the 
type comprising the Southern High Plains are 
poorly represented in the geomorphic and se- 
dimentologic literature, yet these kinds of de- 
posits and landforms are regionally significant 
and can represent substantial portions of the 
geologic record. 
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