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They contain some vertical sequences not present
in the rock record familiar to most geologists. Most
sequences contain missing records, and whole or
partial sequences may be stacked repeatedly in the
manner of cyclothems. Full depositional sequence
packages may be far smaller.

A sequence-based approach has not been applied
widely to midwestern glacigenic sediments. Parcly
this may be due to the common, albeit incorrect,
assumption that glacial deposits are a heteroge-
neous morass of sediment types. This may be so in
part by default, because most interest in uncon-
solidated deposits is found in fields related to
ground water and engineering, disconnected from
both glacial geologic ideas and the downhole-
logging methods that are the basis of sequence
packaging. Bur it is primarily due to tradition.

Traditional glacial geology

Glacial geologic studies in the Midwest pragmarti-
cally have relied upon surface morphology tied to
stratigraphies derived from a few key exposures
(typically inaccessible to the next generation) or
control holes, augmented by what could be
gleaned from water-well logs and sundry other
subsurface records.

Material geometries commonly have been charac-
terized through the guesswork of “counting
down” correlations of presumed “key beds.” These
methods of correlation, whether applied to aqui-
fers (granular beds within clay sequences) or ro
old-time glacial geology (soil-defined stratigra-
phies), are based upon assumptions that all such
markers are always present and complete in all
vertical sections. Therefore, such beds are pre-
sumed to be so significant as to be notable in
drilling or in sample studies, that they are always
separated by other strata and are never stacked one
upon another, and that they have great lateral
continuity. These methods presuppose that simple
correlations exist and thar markers and the pack-
ages they separate cannot split: a subaqueous-fan
channel cannot become multiple medial-distal
fans (laterally and vertically). An upland soil, per-
haps representing a continuum of multiple glacial-
interglacial time spans, cannot become multiple
stacked alluvial bottomland soils. None of these
conditions can be assumed a priori.

Or, stratigraphies based upon till character have
been defined through time-consuming laboratory
analysis of samples tediously collected from surface
exposures, soil cores, or rotary cuttings.

End products commonly have been accompanied
by ponderously verbose core descriptions and
opaque, all-inclusive map legends, and illustrated
by cartoon diagram summaries.

Rock, time, and diachronic stratigraphies have been
emphasized over natural, whole, genetic sequences of
real materials. Rock stratigraphies encourage the
separation of genetically continuous clastic pro-
gressions. Time stratigraphies cross time-
transgressive rock boundaries. Diachronic stratig-
raphies appear to be an end run around the strati-
graphic code (North American Commission on
Stratigraphic Nomenclature, 1983), producing
“event stratigraphies in disguise” (Clayton, 1999),
promoting both cubbyholing of the material/
time continuum and assumptions of event syn-
chroneity. While such construces are true to the
strictly nongenetic precepts required of formal
units by the code, they are not true to geologic
reality and stultify further understanding.

Whole genetic sequences

Glacial deposits contain a physical record far too
rich to be represented in traditional contexts.
Instead, borh sedimentologic and rock till-
stratigraphic sequences that are present within
glacial deposits beg to be recognized as such, ro be
the foundation of genetic sequence-based geologic
models. This is a recurn, withourt apologies, to a far
simpler construct, similar to Chamberlin’s con-
cepts of the “second glacial epoch’—now the
Wisconsin stage of glaciation—wherein a mass of

deposits is directly representative of a glacial event
(Chamberlin, 1883).

In modern terms, such a model is founded upon
the recognition of vertical sequences of stratified
sediments and the progressive change of deposi-
tional environment that the sequences record, and
upon the three-dimensional mapping of these
environments.

As a genetically interpreted package of materials
representative of a deposicional event, it is
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But in addition, glacigenic sequences may contain
regional widespread till marker beds or packages of
beds whose distinctive grain-size or mineralogic
characteristics are represented by distinctive log
form and (or) count rate. In this sense, the log is
the fundamental “data” defining a till-based, rock-
unit stratigraphy.

Logging history

Downhole logging of unconsolidated Pleistocene
and recent materials has long been a component
of site-specific engineering, ground-water, and
environmental studies conducted by some con-
sultants in some areas. But routine use in larger-
scale exploration is localized at best.

Exceptions are found in states and provinces of
the northern Great Plains, where various logging
methods have been found useful in differentiat-
ing and tracing units (Christiansen, 1967; Rutter
and Wyder, 1969; Dyke and others, 1972) and in
providing a framework for environmental studies
(Christiansen, 1970). Electrical methods are used
routinely by water-well drillers in the northern
Great Plains (referenced by many county geologic
and hydrogeologic reports of the North Dakota
Geological Survey). In Ontario, both glacigenic
sequences and stratigraphic units are log defined
in a variety of studies (Greenhouse and others,
1983; Eyles and others, 1985; Farvolden and
others, 1985; Greenhouse and Pehme, 1986;
Karrow and others, 1986). Stratigraphy and for-
mation characteristics have been log-defined in
northern Europe (Ehlers and Iwanoff, 1983), and
the relationship between gamma-ray and SP-
resistivity logs and formation characteristics has
been examined within a large proglacial fan se-
quence in Denmark (Rasmussen and Bai, 1987).

In the lower Midwest, gamma-ray logging has
been a component of the controlled drilling pro-
gram in [llinois (for example, Reed, 1974, 1985),
and in many U.S. Geological Survey ground-
water studies (for example, Norris, 1972), includ-
ing significant background data for studies in
Indiana (Shedlock and others, 1994). Gamma-ray
logging has been extended to river-bottom sur-
veys (Reed and others, 1983) and to the stratigra-
phy of municipal solid waste (Montgomery and
others, 1985}, and its use is expanding in ground-
water and engineering fields in general (for

example, Farvolden and others, 1985; Senger,

1985; and Whitley, 1983).

Indiana Geological Survey
logging program

Beginning in the mid-1970s, Indiana Geological
Survey (IGS) seasonal logging/sampling programs
have operated across the state, relying mostly
upon a “holes-of-opportunity” approach made
possible by the goodwill of water-well drilling con-
tractors and environmental consultants as IGS
staft follow their day-to-day operations (fig. 3).

Figure 3. Map showing the distribution of IGS
gamma-ray logs and loglsample sets in Indiana and
adjacent states through 2004.

The IGS operates four MLS (Widco) units, all
modified to provide digital as well as standard
analog output. Scanned or digitized log plots and
more recent digital logs may now be recalled and
illustrated using ArcView and Adobe Illustrator.

Gamma-ray logging has become the fundamental
background to the exploration of glacial materials,
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Slow-logging

whether for purposes of broad terrain mapping,
ground-water sensitivity analysis, or specific envi-
ronmental applications. Logging has had increasing
use since 1976 beginning with studies of the
Lafayette (Teays) valley fill (Bleuer, 1991; Bleuer
and others, 1991). Since then, log profiles (over
4,000 collected through 2001) have provided a
megasequence basis for IGS glacial-terrain analysis,
including large basin-scale mapping (Bleuer and
Melhorn, 1989; Fraser and Bleuer, 1991a, b)
quadrangle mapping (Brown, 1994, 1996a, b;
Brown and Thompson, 1995a, b), concentrated
countywide environmental studies (Bleuer and
Fraser, 1988, 1989; Bleuer and Woodfield, 1993;
Fleming, 1993; Brown and others, 1993), a re-
gional atlas (Brown and Bleuer, in preparation),
background for local seismic risk analysis (Eggert
and others, 1993), background for ground-water
chemistry considerations (Hasenmueller and others,
1994, 2001) and ongoing STATEMAP products
(Brown, 1994, 19964, b, 2000; Bleuer and others,
2000).

Our first synthesis of full vertical sequence motifs
derives from those Kankakee and Lake Michigan
Basin studies (see Appendix 2). This work was
expanded into the most robust attempts anywhere
to use log-defined vertical sequences to define
depositional-sequence-based glacial-geologic models
and mapping units. These are the IGS Porter
County and Lake County studies of the Lake
Michigan rim area (Bleuer and Woodfield, 1993;
Brown, 1994, 1996a, b). Individual representative
vertical sequences and end-member-defined deposi-
tional sequences were outlined in detail in an effort
to provide a genetic-sequence base for understand-
ing local aquifer “sensitivity” and for providing a
graphic means of illustrating institutional memory
of many years of subsurface study in the region.

Logging methods

The many logging methods in use, individually or
in combination, allow identification of lithology
and a variety of properties of rock and its pore flu-
ids." However, the elementary bases for recognition
of sedimentary sequences, that is, bed lithology and
its variability, are provided by the most common
logs, electric and natural gamma-ray.”

Gamma ray is the log of choice in midwestern gla-
cial terrain. Gamma-ray logs can be used above or

seguences

below water in uncased or cased holes (unlike
electric logging), therefore a consistent log form
can be maintained in regional studies involving a
wide variety of hole types, sizes, and casings. No
nuclear source is involved, which eliminates liabil-
ity concerns.

Gamma-ray logs record photons of gamma radia-
tion received by a detecting crystal over a time
period. Gamma radiation is emitted during the
radioactive decay of uranium and thorium and
elements of their decay series and from the decay
of the unstable isotope of potassium, “’K.

In midwestern environments, the gamma log is a
measure of shaliness in sedimentary rocks, reflect-
ing radiation emitted by “’K contained in illlite,
which dominates the clay-mineral component of
Paleozoic shales and Pleistocene tills (Appendix 1).
Clays log high (that is, exhibit relatively higher
gamma radiation), well-sorted granular materials
log low, and quartz- or carbonate-rich materials
log lowest.

'Logging methods are described in sources varying
from gencral textbook summaries to manuals sup-
plied by the logging industry such as Guyod
(1966), Taylor and Dey (1985), Allen (1975), Keys
and MacCary (1971}, and Keys (1989), and log
interpretation manuals from contractors such as

Schlumberger, Dresser-Atlas, and BPB.

*Logging of glacial materials could use various meth-
ods commonly applied in petroleum and mineral
exploration and rock-mechanics studies, depending
upon mineralogic and hydrologic characteristics of the
terrain (Commission on Standardization, 1981;
Elkington and others, 1982; Hearst and Nelson,
1985). Various nuclear, sonic, magnetic susceptibility
(Bristow and Bernius, 1984), conducrivity, and
dielectric tools (Timur and Toksoz, 1985), all capable
of logging through casing, could provide information
complementary to, but possibly largely redundant
with respect to, that provided by natural gamma ray.
Spectral gamma-ray logging would likely be a power-
ful tool in the discrimination of glacial deposits. But
because of simplicity, cost, and availability in slimline
tools, only gamma ray is in widespread use.

In addition, gamma-ray logging offers the possibil-
ity of directly logging surface cxposures in situations
where adequate contrast and intensity exist (for ex-
ample, Ettenson and others, 1979; Chamberlain,
1984; Slate and others, 1992; Aigner and others,
1995). (Our experience with surface-dragging a lead-
shielded tool has produced generally disappoinring
results, owing to uncontrollable surface irregularities

of the logged faces.)
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The basic glacial megasequence
Glacial sequences include deposits representative
of ice-frontal, subglacial, and supraglacial deposi-
tion. These sequences have in common an associa-
tion with poorly sorted deposits derived primarily
from melting ice, the so-called tills and till-like
sediments (diamicts). Tills are commonly classified
according to their presumed modes of origin with
respect to glacial ice. Included are the broad cat-
egories of supraglacial tills, englacial or subglacial
(basal) lodgement tills, and incorporation/defor-
mation tills (fig. 1). The widespread, blanketing
aspect of many such deposits is well known.

Glacigenic sequences also include (and are in some
instances dominated by) stratified, sorted fluvial
and lake sediments of a wide variety and extent.
But even these sequences commonly contain till-
like sediments, diamicts, deposited in environments
less directly associated with melting ice. These in-
clude, for instance, sediment-gravicy-flow and
rainout deposits representative of glacial-lake and
glacial-fluvial environments.

Together, these sequences are typically stacked in a
sequential order within larger megasequences, and
megasequences may be stacked one atop the other.
However, as in the traditional cyclothems of the
Paleozoic record, the simple larger sequence is
commonly incomplete internally. An important
variable is the relative position of the erosional
horizon(s) representing the glacier base, at the
base of or within the basal till mass, or both (the

gamma-ray block, log form d, fig. 5b).

Glacial genetic-sequence mapping of such depos-
its depends upon recognizing individual vertical
profiles of lithology from which the three-
dimensional geometry of lithologic associations, or
megasequences, can be conceptualized in a land-
system model.

Glacial genetic-sequence mapping requires (1) a
basis for recognizing individual marker se-
quences. For example, these may be genetic pack-
ages representing glacial advance: the subaqueous-
fan to subaerial-fan package (equivalent to pro-
grading offlap of marine sequences) or the
proglacial-sediment to basal-till package. They
may be packages representing glacial retreat
{equivalent to retrograding onlap of marine se-

quences): the ablation-material o loess to
postglacial-soil package. These define, &y position,

large, whole, genetic megasequences.

Such mapping further requires (2) a basis for
recognizing till-stratigraphic marker beds. These
define, by association, larger, whole genetic megas-
equences.

Basin examples—the glacial offlap
sequence

The total stack of sedimentary deposits represent-
ing any single glacial event is most commonly a
prograding sequence, one becoming more ice-
proximal upward (fig. 1) (Brodzikoweski and van
Loon, 1991, figs. 66-A, -B). This is true within
glacial and glacial-marine basin-fill examples from
the Paleozoic (fig. 6), and it is true within ex-
amples from the midwestern Pleistocene (fig. 7).

In notable examples from two continents, log-
defined glacial sequences occur within oil-bearing
Paleozoic Gondwana sediments. These are pack-
aged within regional rock-stratigraphic contexts
thousands of feet thick (Levell and others, 1988;
Frangd and Potter, 1991). Three primary facies
associations are described by Levell and others
(1988): (1) those of glacial and glacial-fluvial envi-
ronments (sands to diamictites), (2) those of ice-
marginal glacial-lake and meltwater-delta environ-
ments (sands, varved shales, dropstones), and (3)
those of glacial-lake environments (shales to turbid-
ite sandstones). These are dominantly prograding
“offlap” sequences (fig. 6) (terminology of Levell
and others, 1988; in bedding-relationship termi-
nology of seismic stratigraphy, offlap is “the pro-
gressive offshore shingling of ... units within a
conformable sequence....” [Miall, 1990, p. 342]).

Across Indiana (and presumably the glaciated
Midwest), log-defined glacial sequences occur
within ground-water-bearing Pleistocene sedi-
ments. These are packaged within regional rock-
stratigraphic contexts up to 500 fect thick (aggre-
gate of Wedron, Trafalgar, and Jessup Formations
in Indiana). Packages represent multiple, stacked,
stratigraphically defined events of the till-plain
terrain of central Indiana or single multicompo-
nent events characteristic of fan terrain of north-
ern Indiana, or both (fig. 7). Facies associations
include those of glacial frontal, basal, supraglacial,
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(log form c, fig. 5), reflecting a fining-upward
gradation to the overlying till, or possibly bell-
shaped where overriding till more directly over-
lies clayey section in lake environments (log form
b1, fig. 5). This generally fining-upward sequence
is equivalent to the lower parr of tillite facies 9 in
the glaciodeltaic offlap sequences of Levell and

others (1988) (fig. 6).

In moraine-front positions, the frontal sequence
may be a component of a simplest, but complete,
terrestrial advance sequence (fig. 9a, “Shelbyville”
moraine, central Indiana; fig. 9b, Valparaiso Mo-
raine composite, northwestern Indiana). In these
examples, either a buried soil (fig. 9a) or a thick,
continuous, obviously “proximalling” fan sequence
(fig. 7b) helps define position. Within the stacked
stratigraphies of the central till plain, interbedded
funnel and bell sequences may representa combi-
nation of proglacial advance materials atop similar
ablation materials relating to a just-earlier advance
(fig. 9b). Such shallow mixed zones are common
near-surface aquifers within the dll plain.

A complete frontal sequence, however, is more
than the immediately ice-proximal fan progression
just described. It also consists of the underlying
coarsening-upward granular deposits representing
more distal fan and outwash channel deposits.
Whether of very local or vast areal extent they
were ultimately buried by ice to become part of
the full progression. A remarkable example is the
giant proglacial fan complex that lies within the
corte of, or that entirely comprises, the Valparaiso
Moraine at the head of Lake Michigan. The Val-
paraiso Moraine example consists of an entire
progression from lake bottom through subaque-
ous fan to subaerial fan and subsequent glacial
override. (Log profiles of the upper, subaqueous/
subaerial fan elements are illustrated in Figure 10.
Profiles of the lowest parts of the progression are
illustrated in following figures.)

Because of the unique lithology of the upper
granular materials, particularly in the northern
head-of-fan area, the overall coarsening-upward,
prograding nature of this complex is strikingly
documented in gamma-ray log profiles. Coarse
clasts in much of that unit are composed of
uranium-rich Devonian black shale, apparently
derived from subglacial channels eroding black-

shale bedrock of the basin immediately to the
north. The shale-rich gravel logs far higher than
sand, and log profiles illustrate remarkably well-
defined fining and coarsening sequences within
the massive sand and gravel section (fig. 10).

Log profiles in these materials are outwardly simi-
lar to those of fining-upward proglacial succes-
sions or to avulsing fan/lake progressions (log
forms ¢1-3 or b1-3, fig. 5); the meaning of the
profiles is just the opposite. The inverted pattern,
an upward coarsening-“shaling” (the shale in-
creases upwards) throughout the entire sequence
with many internal coarsening-shaling cycles sug-
gests prograding fan lobes; these, in turn, appear
to contain even smaller fining-“deshaling” (shale
decreases) cycles suggestive of internal channel
fills. This upper part of an overall coarsening-
upward sequence is the log equivalent of facies 3
of the glaciodeltaic offlap sequences of Levell and

others (1988) (fig. 6a, b, ¢).

The coarsest material that is richest in shale, the
highest log peaks, are locally capped by a thin silt
“rider.” If the coarsest materials logged low, as is
normal, the silt would be the top of a thin funnel-
shaped log trace (as uppermost log form b4-5,
fig. 5), a form characreristic of an overbank silt-
capped fluvial sequence.

Within the deposits of the ice-contact lake envi-
ronment, a similar prograding advance sequence
exists. Examples from Indiana’s northwestern lake
plain (fig. 11) illustrate blocky logging «ill units
confined between a variety of lake sequences.
These sequences contain interbedded flows of
varying grain-size, berg-drop debris, and sandy
subaqueous channels suggestive of deposition in
morainal bank or ice-proximal lake. The package
of sediments is remarkably similar overall to the
lake-sediment to diamict progressions, particularly
facies 10 of the glaciodeltaic offlap sequences of
Levell and others (1988) (fig. 6b, ¢).

Subglacial meltout sequence

The subglacial meltourt sequence (fig. 12) includes
tills that are more homogeneous masses, com-
monly of loam to clay-loam matrix. Units com-
monly have abrupt, glacially planed erosional
bases and possibly water- or ice-planed top sur-
taces. They may conrain scattered lenses of
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silt commonly caps the sequence; thin sand orsilt
laminae may mark the base. Surface oxidation
commonly extends through these materials, reach-
ing a sharp base at a granular lamellae at the con-
tact with more dense till below—an indication of
the profound influence of this package upon local
ground-water flow systems. The unit’s thickness,
about the same as local relief, and its common
association with obvious disintegration landforms
suggests that virtually any uppermost zone of dis-
tinctly high variability might be considered to be
stacked materials of ablation origin.

The overall ggmma-ray log motif of the ablation
sequence (log form d, figs. 5, 7a, 13b) is com-
monly a funnel-shaped curve representing up-
ward-fining with increasing interstratification of
fine-grained sediment and a gradation upward
into the loessal soils of the poorly drained till-plain
surface. The base of the sequence is commonly
marked by a subtle, low count-rate trough repre-
sentative of a granular zone.

Combined with the capping postglacial materials,
including loess, surface wash, and modern soil, this
is a fining-upward marker sequence representing
the ultimate culmination of a largest-scale glacial
event. The sequence is the ongoing, postglacial
onlap record of the “atmospheric sea,” the terrestrial
equivalent of a simultaneous marine onlap.
Uppermost deposits are equivalent in concept and
age to Galloway’s (1989) “marine flooding unit” of
the genetic stratigraphic sequence (Bleuer and
Brown, 1999).

RELATED SEQUENCES
Glacial-fluvial sequences
Glacial-fluvial deposits are primarily granular ma-
terials representative of a variety of fan, braided-
stream, and large-channel environments (Gruver,
1984; Ballard, 1985; Fraser, 1993, Fraser and
Bleuer, 1991a, b). These deposits reflect high
debris load and highly cyclic deposition owing to
variable discharge and channel geometry. In gen-
eral, areally extensive deposits may appear sheet-
like; they should conrain evidence of cyclic depo-
sition, whether in the form of coarse-to-fine
waning flow cycles in channels or as stacked longi-
tudinal bars. They may contain fine-grained

channel-fill plugs with sharp erosion surfaces
above and below (for example, Selley, 1978a,
1978b).

Some of these deposits are continuous over large
areas, such as those of the St. Joseph-Kankakee
valleys and tributaries. These are essentially the
medial to distal extensions of the frontal sequence
described above. Some deposits are downvalley
threads of so-called “valley train.” Some deposits
are discontinuous, lenticular, or intertongued with
till bodies as part of the frontal sequence in examples
above. And some are associated with ice-contact
valleys and with collapsed tunnel systems (including
elements of the upper White, Wabash, and White-
water River valleys). These contain a variety of
sediment-gravity-flow deposits derived from melt-
ing ice or valley sides (for example, Paul, 1983).

The gamma-ray motif of granular outwash depos-
its is most commonly a simple, consistent low
count rate throughout the section, reflecting the
dominant mineralogy of quartz-sand and
carbonate-gravel clasts. In a few examples, minor
funnel-shaped cycles of gradually increasing count
rate upward suggest fining-upward cycles that
may be related to fine-grained slackwater deposits
or void infillings of bar-top materials; in other
examples, minor bell-shaped cycles suggest the
possibility of microdeltaic infill of channel plugs.
In contrast, minor bell-shaped forms in wholly
granular sequences may indicate fining-upward,
waning flow sequences defined by subtly higher
logging materials at the base rather than at the
top. The base of these may represent coarser basal
channels or longitudinal bar features composed of
coarse Precambrian crystalline rocks (feldspathic/
micaceous) and Pennsylvanian sandstones (mica-
ceous) (Bleuer and Melhorn, 1989). However,
these examples do not approach the extreme log
response characteristic of the head-of-fan, black-
shale-rich materials noted above (fig. 10).

The gamma-ray log motif characteristic of chan-
nelized outwash deposition ice-contact settings
(fig. 14) is similar to that described for ice-frontal
settings, except here the section is not necessarily a
gradational sequence; rather it is thick and repet-
tious. The log signature is similar but inverse
(overall) with respect to that termed “nervous” in
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in highly varying grain-size, variable sharp erosional
to gradational basal contacts, and muldplicity of
units.

Glacial lake sequences

Glacial lake sequences were formed in ice-contact
through distal lake environments. More ice-
proximal settings, subaqueous fan, mudflow
(morainal bank), and a mixed fan-mudflow fringe
were sites of dense interflow, underflow, and berg-
drop deposition (Bleuer and Woodfield, 1993).
Medial and distal lake-bottom settings were sites
of suspension fallout and dense bottomflow
deposition.

Examples are found in the deposits of the early-
glacial, ice-dammed Marion Valley Section of the
Lafayette Bedrock Valley in central Indiana (the
Teays valley; terminology of Bleuer, 1989) (fig.
15) and in the deposits of ancestral Lake Michi-
gan in northwestern Indiana (figs. 16 and 17). In
the Marion valley, advancing ice blocked a long,
narrow, and deep preglacial valley. Water rose to
levels determined by sags in the south wall, form-
ing a particularly narrow depositional basin into
which a glaciar front progressed obliquely and in

gamma-ray

IDNR 11

isolated nodes. Valley fill is a single megasequence,
dominanty coarse, granular fan material in the west
and fine-grained lake-bottom material in the east.
Embedded in the latter are local granular fans, appar-
entdy derived from the point sources of northern
tributaries.

In an early Lake Michigan basin, ice fronted a large
crescentic lake that occupied a basin formed north
of the southward-rising basin rim. The lake basin
was a regional hole left by collapsing earlier ice
masses. Basin fill over the greater Lake Michigan
rim region (extending as far south as Kentland),

Figure 15. Log cross section illustrating the thick lake-
sediment fill sequences in the Marion valley (Lafayette or
Teays bedrock valley) of east-central Indiana. Note the
regional background of fine-grained sediments with local-
ized gradational coarsening-upward (bell log form) and
abrupt coarsening (inverse block log form) sequences, which
represent local influxes of subaqueous fans and channels
derived from an advancing glacial source. Spiked inflections
at 20-foot intervals in Indiana Department of Natural
Resources (IDNR) test holes reflect drill-pipe joints. No
horizontal scale. Modified from Bleuer and others (1991,
fig. 2). (Refer to Figure 5 for log-form designations.)
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Classic aspects of glacial stratigraphy are weather-
ing profiles, soils, and associated organic sediments
and detritus of various sorts that have been used
to mark the major divisions of the glacial record.
Because of their common absence (owing to gla-
cial erosion and nonglacial landscape processes),
such units are not reliable stratigraphic entities in
subsurface-based glacial geology. Drillers descrip-
tions of probable weathered zones (“green clay”) or
granular beds or local aquifers may be adequate to
define the position of such units, but these de-
scriptions cannot be used for specific identifica-
tion or correlation, given the many stratigraphic
possibilities that must be admitted and the inher-
ent limitations of water-well databases (see Figure
27 and following discussion). Nonetheless, such
materials may be local marker beds that tag larger
physical sequences or till-stratigraphic units whose
log characteristics allow widespread tracing.

The clayey, smectitic, gleyed paleosol (Sangamon
Soil; see Follmer, 1979) is locally preserved in its
entirety, especially beneath much of the central till
plain. Its complete profile and association is as
follows: (top) basal Wisconsin till, with common
organic or gleyed clay inclusions; thin clay rider;
organic mat or thin muck atop organic silt with
snails (Farmdale soil, Robein Silt); silt (Roxana Silt,
a loess, the first glaciation-related materials to be
deposited atop an old landscape); organic clay
{(uppermost mineral soil); gleyed (blue-green) clay
{accretionary mineral soil); oxidized loam till; gray
loam till (bottom).

The gamma-ray log form of this marker associa-
tion (log form a, figs. 5,7, 9, and 12) is a peak
having two genetic parts represented by its upper
bell (a2) and lower funnel (a1) halves. It repre-
sents the cumulic land-surface environment pre-

gamma-ray—rock stratigraphy
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Figure 18. Log cross section illustrating a regional distri-
bution of glacial stratigraphic units, till units identifiable
on the basis of position and log character in the Mahomet
valley (Lafayette or Teays bedrock valley), north-central
Indiana. Note the regional distribution of till units,
especially the eastward pinchout of the clayey Snider till

between loamy Trafalgar tills, and more generally, the
highly visual record of the relationships between till units
(in blue) and regional aguifers (white). Basal late Wis-
consin data substantiates thickness of fill of an earlier

Wabash drainage.
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served in a buried solum, commonly atop buried
ablation materials. Log form alis similar to log
form e3 of the surface ablation sequence, repre-
senting an upward fining of materials culminating
in surface soil.

The upper bell of the association—a delayed pull-
off, a shallow slope from the paleosol peak (log
form a2, tigs. 5 and 7)—can be interpreted as
representing that earliest glacial loess and organic
silt rider, for example, the Roxana loess—Robein
silt package at the base of Wisconsin deposits. Any
thickness (over 6 inches) of overlying organic
sediments, such as muck, would be the low-
logging culmination of this sequence.

This marker association defines the ultimate ge-
netic glacial megasequence. The lower part (log
form at, figs. 5 and 7) is the log representation of
the rop of a terrestrial glacial megasequence (“top”
meaning the top of soil); it represents the end of a
glacigenic cycle, the equivalent of the condensed
section and marine flooding unit of marine se-
quences—the record of maximum transgression of
the atmospheric sea. The upper part (log form a2,
figs. 5 and 7) is the log representation of the &ase
of a terrestrial glacial megasequence (“base” mean-
ing the base of silt [loess] ); it represents the begin-
ning of a glacigenic cycle, the equivalent of distal
(suspension fallout) of prograding offlap of ma-
rine sequences—the record of beginning recession
of the atmospheric sea (Bleuer and Brown, 1999;
paralleling Galloway, 1989).

NONGLACIAL SEQUENCES
Alluvial sequences

Postglacial alluvial deposition is associated mostly
with meandering stream environments. Alluvial
deposits are simple in gross form and represent last
episodes of channel migration over a flood plain.
Deposits exhibit varying vertical and lateral inci-
sion into earlier glacial outwash bodies or other
substrate. Deposits fine upward from the granular
channel point-bar deposits, through thin inter-
laminated sand and silt to silt loam floodplain
deposits and local clayey plug fills. The deposits
may contain a more complex stratigraphic se-
quence evidenced within the overbank materials
(Munson and others, 1992), reflecting lengthy
periods of channel migrations.

The gamma-ray log form of alluvial sequences isa
sharp funnel-shaped form reflecting that fining-
upward progression (log form b4-5, figs. 5 and
19). The overbank component, where thick
enough, presumably would contain one or more
internal coarsening- and fining-upward grain-size
and pedogenic cycles (similar to loess cycles below)
representing both gradational and abrupt change
in position of the meandering channel in relation
to the site.

The log pattern is an obvious one in the obvious
surface fluvial settings—a thin funnel. However,
in the subsurface the same pattern could be vari-
ously interpreted in the absence of detailed sample
study. For example, it is commonly capped by
lake-bottom clays created by ice- or hydraulic-
damming of alluvial valleys, with the (alluvial)
funnel top tucked into the base of the (fake-
bottom) bell. (See hypothetical examples, upper-
most part of log form a1 vs. log forms b4-5, fig.
5; possibly upper b, figs. 5 and 7; see real ex-
amples, figs. 18 and 20.)

Lake sequences

Many midwestern lake sequences were created in
water bodies not fronting in glacial ice. In southern
Indiana, these are the outwash or hydraulically
dammed lake beds (Gray, 1971), which include
examples in mouths of tributaries to the lower Wa-
bash, White, Ohio, and Whitewater River valleys.
Present reversed-gradient surface profiles in such
tributaries illustrate the general position of the out-
wash dam, a giant levee that sent splays upstream
into the tributaries during large-scale flows in the
main valleys. [t is likely that these are not simple
homogeneous or gradational sequences. Rather, they
should be expected to contain a history of early
alluviation, flood cycles, and finally, slackwater lakes.

The gamma-ray log motif of such a sequence in
the Evansville area (fig. 19) includes an upper,
high-logging, nearly blocky form with thin, em-
bedded bell and funnel cycles (log form b1, figs.
5and 7). This records fine-grained materials in
thin coarsening- and fining-upward cycles that
represent shallow, swampy, backwater environ-
ments associated with small (postglacial through
recent) alluvial channels. This unit appears to
blend into the upland loess of adjacent hillsides
(fig. 19, logs 13 and 2). Underlying is a slightly
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Figure 20 (continued).

c. Comparisons of multiple slow runs, upper part
of main bluff section (uppermost a2 log forms of
Figure 20a).

its absence in the crest position, cleatly records an
over-thickening of the soil materials, indirectly
illustrating the effects of Holocene (and probably
post-settlement) soil erosion from the slopes above.

Large-scale elements of cyclic loess deposition, now
studied primarily by the in vogue but tedious
measurement of magnetic susceptibility of surface
sections (Hayward and Lowell, 1993), could easily
be discerned in gamma-ray logs (or probably mag-
netic susceptibility logs) run downhole at slow
speeds and expanded scales (see Logging Methods
section, pg. 4). Log profiles at the Mt. Vernon site
(fig. 20) illustrate repeated sawtooth funnel cycles
of linear ramps.

These profiles reflect gradations from stratified
coarse silt through finer silty loam materials that
are clearly visible in the adjacent surface section.
The profiles suggest a relatively abrupe onset of
coarse silt sedimentation followed by a gradation
to finer silt. Thin, coarsening-upward legs might
be inferred to be root-zone mixing superimposed
on parent-material gradation.

In addition, loess sequence logs illuscrate the na-
ture of internal depositional profiles and marker
units. The peak capping the “Loveland” loess at
Mt. Vernon (fig. 20¢) is the funnel-shaped cap to
alower sequence, a marker sequence itself defin-
ing che base of the primary, modern soil-capped
loess sequence.
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SUMMARY

The simple natural gamma-ray log—the funda-
mental lithologic log for use in glaciated terrain—
can provide the basis for developing landscape and
depositional-sequence models regionally. It can pro-
vide a basis for packaging and mapping units on-site.

Downhole geophysical logs alone may have
greater basic value in environmentally oriented
exploration in glacial and similar terrain than
engineering logs and sample studies alone. But

the methods combined can complete a total explo-
ration strategy.
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APPENDIX 2

seguences

Log motifs common to north-central Indiana
(modified from Bleuer and Melhorn, 1989)

|
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5.

AP—(A-proximal)): defined initially from large-
scale sequences in the central Kankakee Basin
and beneath the Valparaiso Moraine and the
LaPorte fan; a generally coarsening/thickening-
upward sequence, a progressing from fine-
grained lake sediments through coarser sub-
aerial fan sediments, a proximal{ling} upward
sequence; the same pattern could equally well
represent delta and fan infill of small proglacial or
supraglacial basins.

ADP-(A-distal blocky}: defined from both
large fan or fan-deita and smail basin infill se-
quences; pattern refers to the equivalent of the
lower (more distal) element of AP with the
addition of a positive block within its upper
part; the block is commonly a diamict and
occurs at the position of transition from silt to
fine sand; it is interpreted as a delta-toe density-
flow deposit.

LAD—(inverse A-distal): defined from till-

stratigraphic successions of north-central Indiana,

commonly below the pre-Wisconsin paleosol or
within the Wisconsin ablation sequence; an
upside-down equivalent of the lower (distal) part
of the A-proximal succession; a fining/thickening-
upward sequence of diamictons and/or fine-
stratified sediments; interpreted as fiuvial and/or
late-stage basin infill or, in larger sequences, as
retrogradational fans.

BP—(B-proximal): defined from large fan
sequences of the Lake Michigan Rim; a fining/
thickening-upward pattern, fining related to intro-
duction of diamicts; interpreted as the upward,
ultimate consummation of the proximal(ling) of an
A-proximal pattern, completing a fundamental
glacial “offlap” sequence of main text.

AT N T g T

BPB —(B-proximal blocky): common to
stacked stratigraphies of till-plain settings;
similar to B-proximal, but with blocky units
appearing abruptly in the upper half; the
blocks, mostly representing diamicts, are
suggestive of high-viscosity plug flows, as
opposed to thin, interbedded fluid flows
below; common as a fining/thickening run
up to a basal till block, the fundamental
element of the glacial “offlap” sequence of
main text.

IBP—(inverse B-proximal): an inverted
BPB, also common to till-plain settings;
occurs mostly atop blocky basal till units;
grossly similar in form to A-proximal deltaic
form, but representing diamicts with
coarsening-thickening granular beds up-
ward; interpreted as early-stage ice
disintegration-sediment gravity flows in
closed basins, grading to micro deitas and
through-flowing fluvial bedioad.

B—(blocky}: common to till-plain settings
and aiso as elements of most other overall
log motifs; a uniform, straight-line, “crew-
cut” form with sharp boundaries; inter-
preted as basal till or as plug-flow elements
of IBP and BPB.

IB—(inverse blocky): inverse (log-logging)
of B motif; granular material; sharp

base suggests interpretation as channel
cut-and-fill.








