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Abstract

Many Missouri forest soils exhibit fragipans, which influence soil productivi-
ty, ecosystem services and land management. Fragipan bearing soils tend to
occur where loess thickness is moderate (1 to 2 meters) or where the soil pro-
file exhibits evidence of mass wasting of weathered limestone residuum.
Consensus is consolidating around the self-weight collapse of loess and resi-
duum after repeated wetting and desiccation. The use of gravel as an indica-
tor of parent material differences and its correlation with fragipan develop-
ment is not perfectly aligned, thus although most fragipans do exhibit a bise-
qual soil profile, the placement of the lithologic discontinuity is difficult given
mass wasting, eluviation-illuviation, side slopes, and other soil processes that
contribute to increasing the bulk density and conferring strength. Fragipan
genesis is evolving; however, research involving Ecosystem Site Descriptions
are a fusion of a land parcel’s soil properties, vegetational community, hy-
drology, and climate to guide land management. Ecological Site Descriptions
associated with fragipan bearing soils are necessary, especially when making
land management decisions.
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1. Introduction

Soils with fragipans impose unique influences on landscape hydrology and plant
growth. Fragipans are considered restrictive horizons that inhibit root penetra-
tion and water percolation. Fragipan-bearing soils are common and frequently
associated with loess mantles of 1-to-2-meter thickness; however, fragipan-bearing
soils may occupy landscapes where loess is very thin or absent [1]. No fragipans

have been documented in thick loess deposits; however, some soils developed in
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thick loess may exhibit fragic properties [1] [2] [3]. The Missouri Ozarks upland
and border regions are dominated by Alfisols and Ultisols across the uplands,
with Entisols and Inceptisols common in the bottomlands. Fragipan horizons
are almost exclusively associated with the upland Alfisols and Ultisols.

Ecological Site Descriptions provide land managers with a necessary and con-
sistent context to evaluate land parcels for their land-use suitability and their
capability to respond to different management activities or disturbance
processes. Ecological Site Descriptions provide 1) site characteristics (physio-
graphic, climate, soil, and water features, 2) plant communities (plant species, ve-
getation states, and ecological dynamics), 3) site interpretations (management al-
ternatives) and 4) supporting documentation (cooperating federal and state agen-
cies, relevant literature, information, and data sources). Integral to the usage of
Ecological Site Descriptions is a model showing the primary vegetational state and
transitional factors responsible for land usage and/or disturbed vegetational states.

The objectives of this manuscript are: 1) to describe the general soil descrip-
tion of a typical fragipan-bearing soil in the State of Missouri, 2) to provide an
understanding of the research status of fragipans, and 3) to estimate the future
research needs to understand fragipan genesis, fate, and influence on ecosystem

services.

2. Climate, Physiography, and Geology of the Salem Plateau
Province

The Salem Plateau, within the Ozark Plateau, has an aerial extent of 70,400 km?,
occupying a large portion of southern Missouri and northern Arkansas. A
structural dome underlies much of the Salem Plateau, with the St. Francois
Mountains just east of a central highland. Precambrian felsics (primarily granites
and rhyolites) occupy the St. Francois Mountains, with gravelly and non-gravelly
limestones and dolomites of Cambrian and Ordovician age covering the re-
mainder of the region. Some small areas present Mississippian and Pennsylva-
nian rocks, typically composed of fine-to-coarse grained limestones and cherty
limestones [4]. The region’s land use is primarily pasture and oak-hickory forest
(Quercus-Carya), with some cropland on comparatively level plateaus and bot-
tomlands.

The Salem Plateau’s typical mean annual temperatures range from 13°C to
16°C (56°F in the northern portion and 60°F in the southern portion). And the
mean annual precipitations range from 1.06 to 1.12 meters (42 to 44 inches), re-
flecting a humid, continental climate. The April to September precipitation
ranges from 0.59 m (22 inches) in the northeastern portion to 0.66 m (26 inches)
in the southwestern portion, reflecting a strong seasonality. The estimated mean
annual evapotranspiration rates are 0.76 - 0.89 m-yr™' (30 - 35 in-yr™") [4].

Mubhs ef al [5] surveyed literature to assess the Peoria loess deposition rates
during the last glacial maximum. Peoria loess was documented to have mass ac-

cumulation rates ranging from of maximum estimated rate in Nebraska of
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17,500 g-m™yr' to many other sites showing accumulation rates near 1500
g:m 2yr ' The Peoria loess was documented to have 1) commonly a silt loam
texture, 2) a clay mineralogy largely composed of kaolinite, hydrous mica (illite),
vermiculite (hydroxy-Al interlayered vermiculite) and smectite, and 3) evidence
of post aeolian deposition of reworking and solifluction (21,000 - 16,500 "“C

years before present).

3. Fragipan Definition and Classification

The Keys of Soil Taxonomy [6] list specific required characteristics for fragipans:
“To be identified as a fragipan, a layer must have all of the following characteris-
tics: 1) the layer is 15 cm or more thick; and 2) the layer shows evidence of pe-
dogenesis within the horizon or, at a minimum, on the faces of structural units;
and 3) the layer has very coarse prismatic, columnar, or blocky structure of any
grade, has weak structure of any size, or is massive. Separations between struc-
tural units that allow roots to enter have an average spacing of 10 cm or more on
the horizontal dimensions; and 4) air-dry fragments of the natural soil fabric, 5
to 10 cm in diameter, from more than 50 percent of the layer slake when they are
submerged in water; and 5) the layer has, in 60 percent or more of the volume, a
firm or firmer rupture-resistance class, a brittle manner of failure at or near field
capacity, and virtually no roots; and 6) the layer is not effervescent (in dilute
HCI)”. This definition does not mention that fragipans frequently exhibit an
elevated bulk density, redoximorphic surfaces, grayish colors, and clay films

within pores or along ped faces.

4. Recent Literature Resenting a Knowledge Base for
Fragipan Genesis and Ultimate Fate (Haploidization)

Olson and Hole [7] documented fragipan bearing soils in northeastern Wiscon-
sin developed in glacial outwash and till. The typical pedon exhibited an upper
sequum (Spodosol) and a lower sequum (fragipan and sandy outwash). The po-
lygonal and bleached faces in the lower sequum may have formed as desiccation
cracks during a comparatively warm and dry period 6000 to 4000 years ago.
Eluviation from the upper sequum supported the higher bulk density. The lack
of sufficient clay and root activity in the cold climate supported fragipan preser-
vation.

Hammer [8] observed that forest soils in the Missouri Ozarks exhibit soil pro-
file morphology patterns across the landscape. These patterns are typically re-
lated to topography, geologic, and geomorphic features; however, these patterns
are sometimes difficult to discern because of site variability attributed to mass
wasting, tree throw and micro-relief. In Indiana, Harlan and Franzmeier [9] do-
cumented that thick loess materials greater than 2-meter yield soils have an
A-Bt-C horizon sequence, whereas the thinner loess materials (1 to 2 meter)
produce soils having an A-Bt-E-Bx horizon sequence. Soils with less than one

meter of loess have Bt horizons in both loess and residuum and usually do not
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exhibit fragipans.

Bockheim and Hartemink [10] examined 362 pedons with fragipans in the
Natural Resources Conservation Service SSURGO database and USA case stu-
dies. Fragipans occur in Alfisol, Ultisol, Inceptisol, and Spodosol orders. Fragi-
pan bearing soils generally have silty or loamy particle-size classes, udic or aquic
soil-moisture regimes and a mixed mineralogy class. The most extensive areas
having fragipans include the southern Mississippi River valley and the cen-
tral-southern Appalachian Mountains and occur primarily in lower, moderately
well-drained topographic positions. Bockheim and Hartemink [11] also ex-
amined soils having argillic, kandic and natric horizons, noting that in humid
climates the argillic horizon requires approximately 12,000 years to develop,
suggesting stable landscapes. Smith and Callahan [12] investigated South Caro-
lina Upper Coastal Plain soils with firm, dense Bx horizons that are brittle, have
bleached prisms and high bulk densities. The Fe-oxyhydroxide contents are
highest in the Bt or Bx horizons and parallel the clay content distribution. Mi-
cromorphological examinations show dense packing of quartz skeleton grains
and few voids in the Bt, Bx, and C horizons. Illuviation of iron-coated argillans is
common to abundant in the Bt and Bx horizons. Hydroxy-Al interlayered ver-
miculite and kaolinite are the dominant clay minerals in the epipedons, with
hydroxy-Al interlayered vermiculite showing a content decline with increasing
soil depth and kaolinite showing increasing abundances with increasing soil
depth.

Lindbo and Veneman [13] reviewed fragipan research originating in the nor-
theastern USA. The presence of fragipan-bearing soils influenced the soil hy-
drology, morphology, and land use. Research arising from soils developed on
dense basal tills are no longer recognized as having fragipans, because the fragi-
pan properties are now assumed to be inherited rather than pedogenic. Research
arising from soils developed on colluvium, alluvium, terraces, and coastal plain
landscapes tend to exhibit bleached prism faces and are largely confined to soils
having moderately-well to somewhat poorly-drained profiles. Other common
fragipan features include: 1) high and low chroma redoximorphic features, 2)
clay coatings, 3) vesicular pores, 4) massive to platy structures, 5) high bulk den-
sities (1.65 to 2.15 Mg-m™), 6) slaking in water, and 7) clay bridges.

Subsequently, Lindbo et al [14] evaluated fragipan soils in the Lower Missis-
sippi River Valley. A series of Typic Fragiudalfs and Glossic Fragiudalfs exhi-
bited vertical gray seams and associated redoximorphic features. Lindbo et al
[15] further examined Glossic Fragiudalfs in the silty uplands of the lower Mis-
sissippi River Valley. These soils have fragipans within 100 cm of the surface and
exhibit bleached coatings (albic material) along primary ped faces, indicating
fragipan degradation. Concentrations of Fe-Mn nodules occur in horizons above
the fragipan, suggesting fluctuating soil water conditions. Micromorphological
observations suggested the nodules formed from the degradation of Btx mate-

rials to albic materials (E’ material).
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Franzmeier et al [16] summarized research largely performed in Kentucky,
Ohio, Indiana, and Missouri, with some research from Illinois, Michigan, Wis-
consin, and Kansas. Fragipan soils are associated with parent materials that in-
clude 1) loess, 2) glacial till, 3) weathered clastic rocks, and 4) residuum from
weathered limestone and dolomite. Most of the examined pedons exhibited a Bx
(Btx) horizon underlying a Bt horizon. Frequently an E or E’ horizon was evi-
dent between the Bt and Btx (Bx) horizons. Most of the fragipans were 0.75 to
2.5 meters below the soil surface. The authors proposed that weathering in the Bt
horizon provided soluble H,SiO; to support Si-bonding in the fragipan.

Szymanski and Skiba [17] evaluated the genesis and evolution of fragipan ho-
rizons in Albeluvisols of the Carpathian Foothills. They provided micromor-
phological evidence that fragipan genesis was related to lessivage. Vertical cracks
and bleached tongues along the surfaces of the vertical cracks indicated fragi-
pan degradation, a feature attributed eluviation of weathering products having
shrink-swell capacity. Nikorych et al [18] observed Ukrainian Albeluvisols
and documented that the abundance of clay coatings, clay infillings, and
iron-enriched clay cutans suggest clay and dissolved Fe lessivage from upper
soil horizons into the fragipan horizons was important to fragipan genesis.
Void filling in the Btx horizon reduced porosity and slowed the saturated hy-
draulic conductivity. Shrink-swell clay mineral enrichment of the fragipan is
partially responsible for fragipan degradation. During episodes of wetting and
drying, vertical cracks form having bleached tongues.

Falsone and Bonifacio [19] presented evidence that low water permeability
and high bulk density were linked to a porous clay packing phase and an ex-
tremely dense packing of silt and sand. Bryant [20] investigated the relationships
in fragipans involving high bulk density, close-packing of grains, and coarse
prismatic structures. Bryant proposed that the initial desiccation process of a
moist soil mass could initiate the high bulk density, especially in soil horizons
having a low coefficient of linear extendibility. The self-weight collapse of sedi-
ment and the subsequent ripening are postulated as essential for fragipan devel-
opment.

Smalley and Markovi¢ [21] defined hydroconsolidation as the collapse of loess
ground structure under the influence of loading and wetting. In soils derived
from loess, Smalley et al. [22] proposed three stages associated with fragipan ho-
rizon formation: 1) loess deposition, 2) a collapse stage which witnesses soil
structure deformation under loading and wetting, and 3) cyclic drying episodes
with contraction produce the characteristic cracking patterns. Assallay et al. [23]
proposed that fragipan formation resulted in soil structure collapse while water
saturated and when overburdened with soil forming materials. The likelihood of
structural collapse is somewhat dependent on clay content, with loess typically
having clay contents suitable for experiencing structural collapse. The resultant
structural collapse results in an increase in bulk density and corresponding loss

of pore space when water saturated [21].
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James et al [24] investigated fragipan bearing soils on broad ridgetops of the
Springfield Plateau in southwestern Missouri. The landscape is covered with a 1
m thick silty mantle of late Wisconsinan loess overlying an erosional lag con-
centrate and cherty limestone residuum. A composite paleosol developed in the
erosional lag concentrate and cherty limestone residuum, which was then
bonded to the overlying soil horizons developed in the silty mantle. The compo-
site paleosol was acidic and highly weathered with clay and silt perceived to have
illuviated from the loess into the underlying paleosol. The fragipan formed in
the erosional lag concentrate, where micromorphological evaluation exhibited
close packing of particles within the fragipan. Aide ef al [25] in the Missouri
Ozarks examined two Typic Fragiudult pedons formed in loess, colluvial materi-
al from dolomitic residuum, and dolomitic residuum. Clay illuviation into the
fragipan suggested that weathered soil material from the upper sequum im-
pacted fragipan expression. It was proposed that the fragipan is a colluvial relic
feature and that hydroconsolidation has contributed to fragipan development.

Smeck et al. [26] reviewed soil research involving fragipans in Ohio, Indiana,
and Iowa. They proposed that fragipans tend to form at lithological or chrono-
logical discontinuities. In southern Illinois, Wilson et al [27] examined nine
pedons having fragipan properties spanning across two catenas in southern Illi-
nois. Loess thickness ranged from approximately 2 to 4 m and fragic soil proper-
ties were observed in the argillic horizons on side slope and head slope positions.
Soil horizons meeting fragipan criteria ranged in soil depth from 140 to 175 cm.
Discontinuities, verified by particle size analysis between the Peoria and Roxana
loess, suggest that fragic soil properties are not always positioned at the discon-
tinuity between loess deposits. Fragipans having the strongest expression occur
where loess is approximately 2 m overlying less permeable material, suggesting
that loess thickness does influence degree of development of fragic properties.

In Michigan, Weisenborn and Schaetzl [28] observed bisequal soils, where the
upper sequum was associated with Spodosol formation and the lower sequum
was associated with argillic (Bt) horizon development. Protofragipans and fragi-
pans exhibiting clay coatings and bridging were observed in the lower sequum.
Weisenborn and Schaetzl [29] developed the Michigan Model of Fragipan Evo-
lution (MMEFE), which involved collapse of wet parent materials and intergrain
bridging in the collapsed zone, Later, amorphous bonding agents were proposed
to precipitate and effectively add strength to the fragipan. Fragipan degradation
is initiated with a water saturation zone above the fragipan where translocation
of materials to the fragipan was proposed.

Karathanasis [30] proposed that solution chemistry and mineralogical com-
positions support the premise that Si-rich aluminosilicates with a Si molar frac-
tion ranging from 0.58 to 1.0 act as binding agents, which contribute brittleness
and a hard consistency when dry. Karathanasis [31] employed selective chemical
extractions to assess non-crystalline Si/Al ratios in fragipan horizons and ob-

served that these Si/Al ratios correlated well with reduced pH,SiO, solute func-
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tions, suggesting Si was involved in synthesis of fragipan binding agents. Harlan
et al. [32] proposed that soluble silica, originating from feldspar and phyllosili-
cate weathering percolates and precipitates, possibly with aluminum hydrous
oxides, on clays. The resulting silica or aluminosilicate precipitates act as ce-
menting agents to confer brittleness in fragipans.

Duncan and Franzmeier [33] demonstrated that fragipan’s which exhibited
molar Si/(Si + Al) ratios of less than 0.5 did not reveal any significant correlation
with soil rupture strength; however, in fragipan horizon’s where the molar Si/(Si
+ Al) ratio was greater than 0.5, the correlation with rupture strength was sig-
nificant. In Indiana, Sangamon paleosols are covered by Peoria Loess and where
the loess is more than about 2.5 m the modern soil profile formed in loess, and
where the loess mantle is less than 2.5 m the modern soil and the paleosol are
welded or contiguous [34]. When compared to the overlying Bt horizons, fragi-
pans, have higher smectite and free silica contents and greater exchangeable
Mg/Ca ratios. Steinhardt and Franzmeier [35] documented that the SiO, con-

tents reached a maximum in the fragipan horizons.

5. The Status of Soils with Fragipans in Missouri

Table 1 lists selected Missouri soils that have a fragipan and their taxonomic
classification. Ultisols and Alfisols orders possess fragipans, with the majority
having either udic or aquic moisture regimes at the suborder level. The most
common great group classifications include Paleudults, Fragiudults, and Fragi-
udalfs, with a few series represented as Fragiaqualfs. Table 2 lists selected fragi-
pan-bearing Missouri soils and their parent materials and Table 3 lists the drai-
nage class and landform setting.

A typical fragipan containing soil in Missouri rests on a rolling to hilly fo-
rested landscape and exhibits A-E-Bt-2Btx-3Bt horizon sequences. The silt loam
A horizon overlies a silt loam E horizon, generally establishing an ochric or mol-
lic epipedon. The generally silty clay loam argillic horizon (Bt) shows few faint
clay films to many distinct/prominent clay films (argillans) indicating clay eluvi-
ation-illuviation. Most pedologists consider the A-E-Bt horizons to be developed
in Peoria loess or silty materials derived from mass wasting. The Bt horizon
generally ranges from strongly acid to extremely acid. The upper sequum typi-
cally has a mixed clay mineralogy, composed of hydroxy-Al interlayered vermi-
culate and kaolinite, with hydrous mica and smectite (montmorillonite) [1] [12]
[25] [30]. Extensive soil mapping frequently locates fragipan bearing soils on
narrow to broad ridgetop positions, with non-fragipan bearing soils on stepper
sideslope positions.

Many Missouri pedologists consider the lower sequum to be composed of clay
materials eluviated from the upper sequum and material derived directly from
limestone residuum (numerous personnel communications). Some pedologists
have suggested that older Roxana loess may be present in some fragipan horizons;

however, documentation of these ideas has proven difficult to verify. The presence
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of gravel reflects the weathering of limestone residuum or mass wasting of limes-

tone residuum having embedded cherty gravels or cobbles. The mixed clay

Table 1. Selected Missouri soils that have a fragipan and their taxonomic classification.

Aslinger
Bado
Bahner
Captina
Celt
Cornwall
Cotton
Creldon
Delassus
Firebaugh
Friendley
Gerald
Hildebrecht
Hoberg
Hobson
Hogcreek
Jonca
Keeno
Killarney
Lebanon
Loring
Maplewood
Needleye
Nicholson
Nixa
Paintbrush
Plato
Scholten
Tonti
Union
Viraton
Wilderness
Wrengart

Yelton

Fine-loamy, mixed, active, mesic Fragiaquic Paleudults
Fine, mixed, active, mesic Typic Fragiaqualfs

Fine, mixed, active, mesic Mollic Paleudalfs

Fine-silty, siliceous, active, mesic Typic Fragiudults

Fine, mixed, active, mesic Aquic Fragiudults

Fine-silty, mixed, active, mesic Fragiaquic Paleudults

Fine, smectitic, mesic Fragiaquic Hapludalfs

Fine, mixed, active, mesic Oxyaquic Fragiudalfs
Fine-loamy, mixed, active, mesic Typic Fragiudults
Fine-loamy, mixed, active, mesic Fragiaquic Paleudults
Fine, mixed, active, mesic Fragiaquic Hapludalfs

Fine, mixed, active, mesic Aeric Fragiaqualfs

Fine-silty, mixed, active, mesic Oxyaquic Fragiudalfs
Fine-loamy, siliceous, active, mesic Oxyaquic Fragiudalfs
Fine-loamy, siliceous, active, mesic Oxyaquic Fragiudalfs
Fine-loamy, siliceous, active, mesic Typic Fragiudults
Fine-loamy, mixed, active, mesic Oxyaquic Fragiudalfs
Loamy-skeletal, siliceous, active, mesic Oxyaquic Fragiudalfs
Loamy-skeletal, mixed, active, mesic Typic Fragiudults
Fine, mixed, active, mesic Typic Fragiudults

Fine-silty, mixed, active, thermic Oxyaquic Fragiudalfs
Fine, mixed, active, mesic Fragiaquic Paleudalfs

Fine-silty, mixed, active, mesic Aquic Fragiudults
Fine-silty, mixed, active, mesic Oxyaquic Fragiudalfs
Loamy-skeletal, siliceous, active, mesic Glossic Fragiudults
Fine-loamy, mixed, active, mesic Fragiaquic Paleudalfs
Fine, mixed, active, mesic Aquic Fragiudalfs
Loamy-skeletal, siliceous, active, mesic Typic Fragiudults
Fine-loamy, mixed, active, mesic Typic Fragiudults

Fine, mixed, active, mesic Oxyaquic Fragiudalfs
Fine-loamy, siliceous, active, mesic Oxyaquic Fragiudalfs
Loamy-skeletal, siliceous, active, mesic Oxyaquic Fragiudalfs
Fine-silty, mixed, active, mesic Fragic Oxyaquic Hapludalfs

Fine-loamy, siliceous, active, mesic Typic Fragiudults
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Table 2. Selected Missouri soils that have a fragipan and their parent materials.

Aslinger
Bado
Bahner
Captina
Celt
Cornwall
Cotton
Creldon
Delassus
Firebaugh
Friendly
Gerald
Hildebrecht
Hoberg
Hobson
Hogcreek
Jonca
Keeno
Killarney
Lebanon
Loring
Maplewood
Needleye
Nicholson
Nixa
Paintbrush
Plato
Scholten
Tonti
Union
Viraton
Wilderness
Wrengart

Yelton

loamy colluvium and loamy or clayey alluvium

thin mantle of loess over clayey residuum from cherty limestone/dolomite
thin mantle of loess and cherty dolomite residuum

thin mantle of silt over limestone, cherty limestone/dolomite colluvium/residuum
loess or silty colluvium over cherty residuum

loess or silty sediments and valley fill materials.

loess and the underlying residuum from cherty limestone

thin mantle loess, colluvium, and loamy to clayey cherty limestone residuum
loess mixed with slope alluvium and residuum from igneous rocks

thin layer loess/silty sediment and loamy and clayey cherty dolomite

thin mantle of loess over loamy and clayey limestone residuum

thin mantle of loess or loamy colluvium over cherty limestone residuum
loess over residuum weathered from dolomite

thin mantle of loess and the underlying residuum from cherty limestone
residuum from mixed sandstone and cherty limestone or cherty dolomite
hillslope sediments mixed with loess and the underlying colluvium

thin layer of loess, colluvium, and the underlying sandstone residuum
uplands formed in residuum from cherty limestone

slope alluvium with loess and the underlying slope alluvium or rhyolite residuum
loess and the underlying cherty residuum on uplands

loess on level to strongly sloping uplands and stream terraces

thin mantle of loess, colluvium, over loamy and clayey limestone residuum
thin mantle of loess over residuum from limestone

mantle of loess or silty material over residuum of limestone, calcareous shale
colluvium and loamy residuum weathered from cherty limestone

thin mantle of loess or colluvium over loamy and clayey limestone residuum
loess and the underlying cherty residuum on uplands

colluvium and the underlying residuum from cherty limestone on uplands
residuum from cherty limestone

layer of loess that underlying clayey residuum from cherty limestone/dolomite
loess and the underlying cherty residuum or colluvium from limestone
colluvium and the underlying residuum from cherty limestone

oess and residuum from cherty limestone

thin mantle of loess over colluvium/alluvium from sandstone and cherty dolomite

DOI: 10.4236/as.2021.1212095

1498 Agricultural Sciences


https://doi.org/10.4236/as.2021.1212095

M. Aide

Table 3. Selected Missouri soils that have a fragipan and their landform positions.

Aslinger
Bado
Bahner
Captina
Celt
Cornwall
Cotton
Creldon
Delassus
Firebaugh
Friendley
Gerald
Hildebrecht
Hoberg
Hobson
Hogcreek
Jonca
Keeno
Killarney
Lebanon
Loring
Maplewood
Needleye
Nicholson
Nixa
Paintbrush
Plato
Scholten
Tonti
Union
Viraton
Wilderness
Wrengart

Yelton

very deep, moderately well-drained soils on terraces, and valley footslopes,
poorly-drained soils

very deep, well-drained soils on uplands

very deep, moderately well-drained soils on uplands

very deep, somewhat poorly-drained soils on upland

very deep, moderately well-drained soils on high terraces, valley footslopes
very deep, moderately well-drained, slowly permeable on uplands

very deep, moderately well-drained soils on uplands

deep and very deep, moderately well-drained soils

very deep, moderately well-drained soils

very deep, somewhat poorly-drained soils on uplands

very deep, somewhat poorly-drained soils on uplands

very deep, moderately well-drained soils on interfluves and summit

very deep, moderately well-drained soils

very deep, moderately well-drained soils on uplands

moderately deep, moderately well-drained soils formed in hillslope sediments
very deep, moderately well-drained soils on interfluves and summit

very deep, moderately well-drained soils on uplands

very deep, moderately well-drained soils on foot slopes in mountainous areas.
very deep, moderately well-drained soils on uplands

very deep, moderately well-drained level to strongly sloping uplands and terraces
very deep, somewhat poorly-drained, slowly permeable soils on uplands

very deep, somewhat poorly-drained soils on uplands

very deep, moderately well-drained soils on upland ridgetops

very deep, moderately well-drained, soils on upland ridgetops and sideslopes
very deep, moderately well-drained soils on uplands

very deep, somewhat poorly-drained soils on uplands

very deep, moderately well-drained soils on uplands

very deep, moderately well-drained on uplands

very deep, moderately well-drained soils on uplands

very deep, moderately well-drained soils on broad ridges, foot slopes, terraces
very deep, moderately well-drained soils on interfluves and shoulder

very deep, moderately well-drained soils on interfluves and summit

very deep, moderately well-drained soils on ridges, high terraces, footslopes

mineralogy for the 2Btx horizons is like the upper sequum, with the lower se-

quum having slightly smaller quantities of hydroxy-Al interlayered vermiculate
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[25]. The clay separate of the 3Btl horizons are almost exclusively composed of
kaolinite [25]. Of the series displayed in Tables 1-3, all are developed in limes-
tone or dolomite residuum (2Bt or 3Bt), except for Delassus (developed on ig-
neous rock), Jonca (developed in weathered sandstone), Killarney (igneous re-
siduum), Hogcreek (quartz bedrock) and Loring (colluvial or alluvial silty mate-
rials). Some series have an Ex-horizon in at least a few of the examined pedons:
Delassus, Gerald, Hildebrecht, Hobson, Jonca, Lebanon, Nixa, Tonti, Viration,
Wilderness, Yelton.

In addition to the rolling to hilly landscape, another typical Missouri fragipan
landscape setting features broad and somewhat level interfluves, with numerous
slide slopes establishing ephemeral to enduring surface drainages. As an exam-
ple, the Jonca series occupy broad, interior interfluve positions, whereas the Lily
(Fine-loamy, siliceous, semiactive, mesic Typic Hapludults) and Ramsey (Loa-
my, siliceous, subactive, mesic Lithic Dystrudepts) pedons occupy the sloping
positions along the drainages. The Jonca series exhibits a very deep A-BA-Bt-
2Bt-2Btx-3Bt-sandstone sequence, whereas the moderately deep Lily series exhi-
bits A-Bt-sandstone sequences, and the shallow and very shallow Ramsey series
exhibits A-E-Bw-sandstone sequences. The typically loamy texture of the 2Btx
exhibits finer textured materials in 10 - 15 mm vertical cracks spaced about 30
cm apart, generating very coarse prismatic structures with massive interiors. A
few fine roots are present along vertical cracks and clay films line channels and
cavities. A thin loess mantle extends across the interfluve position and appears
absent on the sidelobes, most likely a consequence of ancestral erosion. The sta-
ble landscape of the interfluve permits an approximately two-meter-thick loess
mantle, which appears to be the optimum loess thickness for fragipan formation
[33]. The Lily and Ramsey pedons lack any evidence of loess as a parent materi-

al.

6. Fragipan Genesis and Our Current Knowledge Status

Any competent fragipan development model necessarily must address the evolu-
tion of the fragipan’s physical and morphological properties, including 1) an in-
creased bulk density, 2) massive or prismatic structure, 3) clay infilling coupled
with silt and sand dense packing, and 4) exhibit a brittle consistence at field ca-
pacity and a hard consistence when dry. Additionally, in Missouri, the recog-
nized soil series having fragipans typically do not develop in thick loess deposits
or very thin loess deposits, which was previously observed in other regions [9]
[16] [26].

Weisenborn and Schaetzl [29] provided an evolutionary scenario for fragipan
development, concentrating on northern Michigan soils, but applicable else-
where. In their model of fragipan development they assert that the necessary ini-
tial pre-conditions include: 1) alternating wet-dry conditions, 2) a leaching soil
environment, 3) sufficient soil acidification to degraded carbonate minerals, and

4) lessivage. Lessivage would require soil acidification and sufficient seasonal
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rainfall to remove calcium carbonate from the loess [31]. Subsequently, lessivage
would require sufficient water percolation to assist in argillan development.
Subsequent cyclic occurrences of desiccation and rewetting and associated soil
acidification create the pre-conditions for protofragipan development. During
wet conditions, Weisenborn and Schaetzl invoked the self-weight collapse phe-
nomena to provide the initial close packing of the soil materials [29]. The hy-
droconsolidation process [21] [22], the erosional lag concentrate [24], and mass
wasting to produce colluvial relics [25] are similar physical processes that may
have relevance in supporting compaction, increased bulk density, and void
packing.

Clay eluviation-illuviation and silt flows (sideslopes) continue the close pack-
ing process, development of clay bridges and pore linings and the advancement
of void filling and greater bulk density attainment. Presumably associated with
feldspar and phyllosilicate weathering, surplus non-crystalline bonding agents
involving aluminosilicates ALO; and H,SiO, form in the Bt horizon and
non-crystalline enriched precipitates composed primarily of H;SiO, in the fragi-
pan. Continued close packing and earth material consolidation suppresses per-
colation and the episodic maintenance of water saturation at and above the fra-
gipan. Fragipan degradation commences with perched water above the fragipan,
leading to an Ex-horizon above the fragipan and along prism faces. The E’x or E’
horizon (glossic) and the upper portion of the 2Btx horizon has weathered and
degraded to albic materials [15].

Within a soil profile the abrupt presence of gravel may be an indicator for a
lithologic discontinuity [36]. Some soil series have gravel in the 2Btx and 3Bt ho-
rizons; however, the overlying Bt horizons are gravel-free (at least less than 15%
pebbles to warrant the gravelly modifier). The Missouri soil series having gravel
throughout the fragipan, and the underlying weathered residuum include: As-
linger, Celt, Firebaugh, Friendly, Hildebrecht, Hobson, Hogcreek, Lebanon,
Needleye, Plato, Tonti, and Viraton. If the abrupt presence of gravel is the defin-
itive indicator of a chronological lithologic discontinuity, then the soil series
having gravel throughout the 2Btx horizons and 3Bt horizons infers that the fra-
gipan formed from limestone residuum. However, Aide et al [1] observed pe-
dons of the Hildebrecht (Fragiudalfs) and indicated that the 2Bt and 2Btx hori-
zons possessed a mixed clay mineralogy and the 3Bt horizons were almost exclu-
sively kaolinitic. The abrupt and substantially different clay mineralogy would
suggest that the fine earth fraction from the 2Btx horizons was not completely
inherited from the underlying weather limestone residuum.

The overlying A-E-Bt sequence was presumed to be developed in loess or col-
luvial/alluvial additions of silty textured materials. Lessivage, from the orchic
epipedon and argillic horizon into the weathered limestone residuum is substan-
tial, especially arising during the last glacial maximum when solifluction and
loess re-working were presumed to be very active [5]. The 2Btx1 horizons gener-

ally show 1) weak very coarse prismatic structure; 2) clay films on faces of
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prisms and silt coats on the upper parts of the prisms; 3) gray illuvial material in
vertical cracks between prisms; and 4) iron oxyhydroxide depletions. These soil
features are indicators that the upper and lower soil sequences have been
blended to form one composite soil.

Some Missouri soil series exhibit some portion of the 2Btx horizon that is
gravel-free and the underlying 3Bt horizons having gravel. Soil series featuring
gravel-free fragipans and an underlying gravelly weathered limestone residuum
include: Bado, Captina, Cornwall, Creldon, Gerald, Union, and Wrengart. If the
abrupt presence of gravel is the definitive indicator of a chronological lithologic
discontinuity, the soil series exhibiting at least a portion of the 2Btx sequence
that is gravel-free has parent materials not exclusively associated with the un-
derlying limestone residuum. As an example, the Union soil series has a silty
clay Bt horizon and an underlying silt loam Btx1 horizon that gradually transi-
tions to an extremely gravelly silt loam 2Btx2 horizon. The Bt and 2Btx1 hori-
zons are thought to be formed in Peoria loess, whereas the 2Btx2 horizon and
3Bt horizon are formed in weathered limestone residuum. The Creldon series
typically has a silty clay loam 2Btx1 and a very gravelly silty clay loam 2Btx2 and
extremely gravelly silty clay 3Bt horizon sequence. The Creldon series was a soil
selected for the James et al [24] study, wherein the 2Btx horizon was presumed
to be derived from mass wasting.

Soil series having gravel throughout their soil profile include Killarney, Nixa,
Scholten, and Wilderness. Some soil series without any gravel in their soil profile
include Delassus, Jonca, Loring, Nicholson, and Yelton. Obviously, using gravel
to indicate lithologic discontinuities is not germane to fragipan-bearing soils

lacking gravel or having gravel across all horizons of the soil profile.

7. Importance Inferences from Soils Not Having Fragipans

Soils not having fragipans that occur in association with fragipan bearing soils
may provide information important to fragipan evolution. The Goss series
(Clayey-skeletal, mixed, active, mesic Typic Paleudalfs) are very deep, well
drained soils upland soils formed in colluvium and residuum weathered from
cherty limestone or cherty dolomite. The typical Goss pedon has an A-E-2Bt-3Bt
horizon sequence, where the ochric epipedon is gravelly silt loam and the argillic
horizon is gravelly silty clay loam to gravelly clay. The loamy-skeletal Wilderness
series (Fragiudalfs) occupy higher positions in the landscape and exhibit
A-Bt-2Ex-2Btx-3Bt horizon sequences. The depth to the fragipan ranges from
0.38 to 0.74 m (15 - 29 inches). Thus, these similar soils differ in the presence of
sufficient loess or weathered limestone colluvium to form the fragipan. The Goss
pedons transition from the ochric epipedons to the underlying clayey weathered
limestone residuum, suggesting that colluvium accumulation lacked sufficient
depth to support fragipan development.

The Rueter series (Loamy-skeletal, siliceous, active, mesic Typic Paleudalfs)

consists of very deep, somewhat excessively-drained soils that formed in collu-
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vium and residuum from cherty weathered limestone. The soil horizon sequence
is A-E-Bt-2Bt, with the ochric epipedon having gravelly silt loam textures and
the argillic horizon have gravelly silt loam textures (Bt) that transition abruptly
to gravelly clay textures (2Bt). The Rueter series occupy steep side slopes and
narrow ridgetops [37]. The Clarksville series (Loamy-skeletal, siliceous, semiac-
tive, mesic Typic Paleudults) are very deep, somewhat excessively-drained soils
formed in colluvium from clayey-textured limestone residuum. The Clarksville
series occupies steep side slopes and narrow ridgetops. The Clarksville series
typically has an A-E-Bt-2Bt-3Bt horizon sequence, where the gravelly ochric ep-
ipedon and the gravelly Bt horizons have silt loam textures and the gravelly
2Bt-3Bt horizons have clay loam and clay textures. The Scholten series (Fragi-
udults) occupy gently sloping ridgetop positions and are formed in colluvium
and the underlying weathered cherty limestone residuum. The A-E-Bt-2Btx-3Bt
horizons sequence transitions from gravelly silt loam to gravelly clay at the
2Btx-3Bt abrupt and smooth boundary. Like the Goss-Wilderness series, the fra-
gipan bearing Scholten soils occupy more stable upland ridgetop positions.
Thus, topographic position is important in the evolution of these fragipan and
non-fragipan bearing soils. There has been speculation among pedologists as to
the distribution of loess across landscape positions, with a preference for loess
accumulation on interfluve and ridgetop positions supporting fragipan forma-

tion.

8. Fragipan-Bearing Soil and Their Relationships with Land
Management

In Missouri, soils having fragipans are common. Missouri, like other States, has
supported the development of Ecological Site Descriptions [38]. An ecological
site is defined as “a distinctive type of land based on recurring soil, landform,
geological, and climate characteristics that differs from other kinds of land in its
ability to produce distinctive kinds and amounts of vegetation and in its ability
to respond similarly to management actions and natural disturbances” [39].
Ecological site descriptions are largely available for much of the woodlands and
rangelands across Missouri; however, the development of ecological site descrip-
tions continues and many are considered provisional (under review). Key fea-
tures associated with ecological site descriptions include: 1) physiologic features,
2) climate descriptions, 3) water, soil, ecological dynamics, 4) interpretations.
Interpretations include a detailed State and Transition diagram, depicting the
reference state (vegetation that would occur without human intervention) and
alternative states and the events or land management supporting state to state
transition. An example of Reference State to State transition is “White Oak
(Quercus alba)-Black Oak (Quercus velutina)” to “Timber Managed Mixed Oak
Woodland” because of managed forest harvesting and fire suppression. The
growth rates of these forest species are conditioned on the presence of a fragi-

pan. As examples, the soil series and their specific ecological site descriptions are
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1) Gerald series and “claypan summit prairie”, 2) Scholten series and “low-base
chert upland woodland”, 3) Tonti and Hildebrecht series and “Fragipan Upland
Woodland”, and 4) Killarney series and “Igneous Exposed Backslope Wood-
land”.

9. Future Research Needs to Elucidate Fragipan Genesis

The understanding of fragipan evolution has implications for land management.
Key research items for developing a competent understanding of fragipan gene-
sis include:

1) Detailed investigations to determine the relationships between loess strati-
graphy and soil fragipan distribution and properties,

2) Detailed investigations to determine the relationships between mass wast-
ing and possible paleo-cryoturbation with fragipan development,

3) Determine clay mineral composition to better identify fragipan parent ma-
terial origin,

4) Continue to investigate H4SO4 as a bonding agent to confer fragipan
strength,

5) Continue to evaluate the influence of fragipans on water relations and root
distributions,

6) Employ micro-morphology descriptions to determine the pathways for
eluviation-illuviation and other fabric properties important to fragipan genesis,

7) Identify and estimate the influence of fragipans on the soil’s ecosystem ser-

vice provisions.
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