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Figure 1. Map showing locations of IGS rotosonic cores drilled in 2008 in the Lagro basin of northeastern Indiana.
Lagro moraines, Lagro till plains, and Lagro till over buried moraine are from Gray (1989). Moraine crests are from Prentice
(2009, 2010, 2011).
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stratigraphic architecture, remain poorly known.
The northern Lagro moraines are especially myste-
rious because of their asymmetry in map-view
with respect to counterpart moraines to the south
and east.

Leverett and Taylor (1915), among others, consid-
ered all Lagro moraines as classic dump moraines
whereby supraglacial debris is dumped off a
stationary ice front to form a marginal ridge
(Boulton and Eyles, 1979). Fleming (1994) explained
the changes in morphology along the axis of the
Wabash moraine north of the channel as attrib-
utable to basal friction provided by Huntertown
drift that impeded the advance of the Erie Lobe.
He implied that the Wabash moraine formed as a
combination of dump moraine and also hummaocky
moraine.

Bleuer (1974) pointed out that, in many instances
north of the Wabash-Erie channel, the Lagro
moraines are cored by older drift such as the
Trafalgar Formation and Huntertown drift.
In contrast to deposition as an end moraine, he
suggested that the Lagro Formation was depos-
ited subglacially as one or more till sheets over
preexisting moraine. In this subglacial interpre-
tation, the irregular morphology and hummocky
surface of the Lagro Formation is inherited from
the hummocky morphology of the underlying
Trafalgar Formation.

Johnson and Hansel (1999) proposed that moraines
in central Illinois, which resemble parts of the
Erie Lobe moraines, formed in a shallow subgla-
cial position near the ice margin. They explained
the form of such moraines, asymmetric in cross
section with maximum thickness at the distal
edge and tapering in the proximal direction, as a
subglacial morphology. Their hypothesis is that
these moraines form subglacially by deforming
till that had been squeezed by overriding ice into a
wedge shape. Thick, subglacial squeeze moraines,
composed completely of subglacial till, have not
been observed around modern glaciers and remain
a theoretical construct.

Two other plausible models for the Lagro moraines
are ice-marginal push moraine and glacitectonic
ridge. In the push-moraine model (Evans and
Hiemstra, 2005), slabs of subglacial till are repeat-
edly stacked en echelon at the ice margin. A ramp
forms through cycles of minor ice-margin advance
and retreat. During the retreat phase of a cycle,
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the upper surface of the exposed subglacial till is
modified by addition of supraglacial debris, ice-
marginal sediments, debris flows, and erosion. In
glacitectonic ridges (Benn and Evans, 2010), subgla-
cial and ice-marginal sediments are thrust out in
front of advancing ice in large thrust sheets. In
map-view, such moraines typically exhibit suites
of narrow arcuate ridges separated by depres-
sions. We have seen such features in our mapping
of the Wabash moraine north of the Wabash-Erie
channel.

Any or all of the aforementioned genetic moraine
models might apply to the Lagro moraines. In fact,
different sectors of what appears morphologically
to be a single Lagro moraine, especially north of
the channel, could have been deposited by several
different mechanisms. The available information
is not sufficient to reconstruct the stratigraphic
architecture and internal properties of the Lagro
moraines, especially north of the channel, and,
therefore, resolve their genesis.

Preliminary evidence for two Lagro Formation tills

Not only are the mechanisms for Lagro moraine
deposition poorly constrained, but also some of
the subsurface Lagro may reflect older fluctuations
of the Erie Lobe. Bleuer and Moore (1971) identi-
fied a sandy layer within the Lagro Formation in
Allen County high above its base that they consid-
ered to be widespread and to separate the Lagro
into upper and lower till units. In Bleuer’s (1974)
hypothesis, both Lagro units are subglacial tills
overlying older moraines.

In support of this two-till interpretation, Fleming
(1994) proposed that the Lagro Formation within
and east of the Wabash moraine contains two or
more units. Fleming’s upper till composes the bulk
of the Wabash and Fort Wayne moraines and is
finer grained than his lower till. Fleming (1994)
implied that his lower, coarser-textured Lagro in
and beneath the Wabash and Fort Wayne moraines
was equivalent to Gooding’s coarser-textured
Lagro that makes up the Union City, Mississinewa,
and Salamonie moraines to the west.

Lagro Formation age

In the absence of significant datable organics
in direct contact with the Lagro Formation, we
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provide an age estimate based on long-distance
correlation. The Lagro Formation is roughly correl-
ative to the fine-textured Port Stanley Drift (Drei-
manis and Goldthwait, 1973) that borders the north
shore of Lake Erie and also the Wadsworth Forma-
tion of Illinois (Hansel and Johnson, 1996; Larson,
2011). In Ilinois, the Wadsworth Formation dates
to the Crown Point Phase of the Michigan Subepi-
sode, 16.5 to 18.5 calendar kilo-years before present
(cal ka BP) (13.5-15 *C ka BP) (Johnson and others,
1997; Curry and others, 2011). In Ontario, Port
Stanley Drift dates to the Port Bruce Phase of the
Michigan Subepisode, the time equivalent of the
Crown Point Phase in the northeastern Great Lakes
region (Goldthwait, 1958; Barnett, 1985; Lowell and
others, 1999; Karrow and others, 2000). Based on
these preliminary correlations to surrounding
areas, the Lagro Formation was probably depos-
ited during the Crown Point-Port Bruce Phase of
the Michigan Subepisode, 16.5 to 18.5 cal ka BP.

Strategy
X-ray radiographs

We used X-ray radiographs of several core sections
to recognize and describe qualitatively the imbri-
cation of gravel-size clasts. X-ray radiographs
show the microvariations in density within the
core sufficient to cause differences in absorption
of the radiation (Hamblin, 1971). A wide variety
of structures and textural aspects of the sediment,
including the orientation of gravel-size clasts, are
readily apparent in X-ray radiographs (Axelsson,
1983). We take a preferred imbrication to indicate
that the enclosing deposit has a preferred fabric, a
three-dimensional property. Studies of till strongly
emphasize the use of fabric to resolve the amount
of strain that tills underwent during deposition,
which is a measure of deformation caused by over-
riding ice. A strong preferred fabric is a hallmark
of deformed till.

X-ray radiographs were also used to recognize sedi-
mentary structures, bedding, and matrix density
contrasts that aided the subdivision of core into
sedimentation units. For instance, sharp changes
in X-ray radiograph brightness along the core long-
axis signify changes in matrix density caused by
differences in texture or porosity or both. The dip
of the contact between units of different density is
taken to indicate a dip in bedding.

Texture of deposits

In this study, we use texture to recognize different
till beds and glacial depositional processes.
Whereas there are no textural criteria for recog-
nizing a deforming bed other than consider-
able homogeneity in texture, a guiding principle
is that different beds of till produced under
different glacial conditions are likely to have
different textures. We used laser diffraction size
analysis to examine changes in sand-, silt, and
clay-size particles.

Magnetic susceptibility

We measured the bulk volume magnetic suscepti-
bility of the cores with 2 cm (0.78 in) vertical reso-
lution and in discrete core samples to gain
information about changes in glacial depositional
processes and also, particularly for the fluvial
deposits, texture. The sediments in the cores stud-
iedhave a mass specific magnetic susceptibility of
about 0.37 x10° m® kg*. This is sufficiently high to
indicate the presence of the ferrimagnetic mineral
magnetite, albeit at very small concentrations
(0.1%), and probably some paramagnetic minerals
such as biotite, pyroxene, and amphibole. Although
these magnetic minerals were derived from Cana-
dian Shield rocks, one cannot infer from their pres-
ence that the depositing ice flowed along a
particular path from Canada. This is due to the
likelihood of extensive sediment reworking.
However, a significant vertical change in suscepti-
bility in till is consistent with a change in particle
transport path in the glacier system, which can
indicate a change in sedimentation. Because the
susceptibility data have very high vertical resolu-
tion (2 cm), the exact location of significant vertical
changes was resolved.

The magnetic susceptibility of bulk till is also
influenced by the maturity of the till and so is
correlated to changes in till texture. Minerals that
are subjected to glacial comminution are concen-
trated in particular size grades. This is referred to
as “mineralogical partitioning” and it primarily
reflects the differential hardness of minerals
under crushing in glacier transport (Dreimanis
and Vagners, 1971; Shilts, 1996). The greater the
relative abundance of the size grades where the
magnetic minerals are concentrated, the greater is
the magnetic susceptibility of the bulk sediment.
Susceptibility changes in waterlaid sediments and



between till and waterlaid sediments are particu-
larly subject to this effect. Because glaciers rework
glaciofluvial sediment, susceptibility changes in
till could be inherited and reflect a textural differ-
ence in adjacent source sediments.

Grain density

We measured the grain density of several samples
primarily to constrain changes in bulk sediment
mineralogy, which may be useful for recognizing
major changes in provenance and depositional
processes. We expect that the grain density of
bulk samples from the cores is primarily influ-
enced by changes in the concentration of heavy
mafic minerals and also of fragments of light
rocks such as organic-rich black shale. The average
grain density of the Indiana samples reported here
is 2.71 gfem?. As explained in “Grain density”
under the “Laboratory data” section (pg. 10),
our density measurements have a precision of
0.02 g/cm® and therefore are sensitive to small
changes. A wide variety of minerals derived
from Canadian Shield rocks have densities above
3.0 g/cm?®. Because many magnetic minerals have
relatively high densities, grain density can indicate
the cause of high magnetic susceptibility. As with
susceptibility, changes may also reflect sediment
transport processes.

Grain density is also a prerequisite to evaluating
other physical properties such as bulk density, void
ratio, and seismic velocity. Bulk density values are
not presented in this report because we did not
measure porosity independent of that which can
be estimated from water content. Several studies
(for example, Kilfeather and van der Meer, 2008;
Stumpp and Hendry, 2012) show that tills contain
pores that are not water-saturated, despite being
below the regional water table.

Calibration of natural gamma radiation

The IGS has an extensive collection of bore-
hole gamma log records from glacial sediments
throughout the state (Bleuer, 2004). The records
commonly provide interesting insights into sedi-
ment origin but interpretation is ambiguous. Mud
content, particularly clay percentage, is consid-
ered the primary influence on the level of natural
gamma radiation emitted in the borehole because
of the relatively high content of radioactive nuclides
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in clay minerals (Bleuer, 2004). But this influence
can be obscured by changes in the proportion of
sand-size minerals and rock fragments possessing
radioactive nuclides (for example, shale fragments,
granitic minerals). The high quality of the cores
presented in this report represents an excellent
opportunity for calibrating gamma logs to glacial
sediments.

Lagro depositional models illuminate
hydraulic conductivity

Of the three areas of relevance (pg. 1), we elabo-
rate here about the importance of Lagro Formation
geology for understanding how well the Lagro
protects underlying aquifers from pollution, while
it is used for waste disposal. The Lagro overlies
aquifers that are a principal source of groundwater
for the northwestern sectors of Fort Wayne, Indi-
ana’s second largest city. The Lagro is considered
to have uniformly low hydraulic conductivity over
the basin and, therefore, able to protect underlying
aquifers from pollution. However, Lagro physical
properties and their spatial patterns are not known
quantitatively or comprehensively and this under-
mines knowledge of its hydraulic conductivity.
The protection service that the Lagro provides
competes against usage of the Lagro as the prin-
cipal repository for waste disposal via landfills
and septic systems.

Studies from outside the Lagro basin indicate that
deposits similar to the Lagro Formation contain
thin but widespread sandy interbeds or seams,
extensive fracture systems, and significant litho-
logic heterogeneity that combine to locally increase
hydraulic conductivity (for example, McKay
and Fredericia, 1995; Meriano and Eyles, 2009). It
has been shown that the hydraulic conductivity
of fractured till is several orders of magnitude
higher than unfractured till matrix (Herzog and
others, 1989; McKay and others, 1993; Helmke and
others, 2005). Sandy interbeds in which ground-
water velocities can be 10? to 10° m/year (328-3,381
ft/yr) can also greatly increase the bulk hydraulic
conductivity of clay-rich till (Jergensen and
others, 2004; Harrington and others, 2007; Hendry
and Wassenaar, 2009; Meriano and Eyles, 2009).
These studies in conjunction with evidence from
the Lagro itself indicate that the Lagro Forma-
tion almost certainly has locally higher hydraulic
conductivities than commonly assumed.
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This study presents three high-quality vertical
records of Lagro Formation geology that provide
information important to resolving Lagro deposi-
tional processes. The quantitative information on
sediment texture presented for the cores is unprec-
edented in Indiana. The vertical facies and deposi-
tional models that are generated from core analysis
greatly aid reconstruction and modeling, in three-
dimensions, of the stratigraphic architecture of
the Lagro and the spatial variability of its proper-
ties, including hydraulic conductivity. Thus, Lagro
depositional models provide the underpinning for
understanding how well the Lagro protects under-
lying aquifers from pollution, in other words,
aquifer sensitivity. Such knowledge is prerequi-
site for effectively managing the increasing and
competing demands for potable water and waste
disposal.

METHODS

Core drilling and handling

The sediment cores were drilled by Boart Longyear
using their mini-sonic track drill. The cores were
collected in 5-ft (1.5-m) sections within clear liners
made of polycarbonate. The liners, with inner and
outer diameters of 3.50 and 3.75 inches (8.8 and 9.5
cm), respectively, were produced at SABIC Polymer-
shapes for the IGS. When sediment in excess of the
5-ft (1.5-m) liner was recovered, it was packaged
in additional liners. All core sections were labeled,
including up-direction arrows, and capped.

After collection, undamaged and sand-poor
sections of the cores were transported to the
National Science Foundation-sponsored Antarctic
Marine Geology Research Facility (AMGREF) at
Florida State University. There, the core sections
were split lengthwise into working and archive
halves on a flat-bed, motor-driven core splitter
fitted with 12-inch (30.5-cm) lapidary blade cooled
by water spray. The working core halves were
photographed and analyzed for magnetic suscep-
tibility and p-wave velocity on a Geotek Multi-
Sensor Core Logger. Additionally, some core
sections were X-rayed and resulting X-ray radio-
graphs were scanned. Those sections not split at
the AMGREF were split at the IGS using a combina-
tion of handsaw, wire, and assorted knives of
various widths. The working halves of these core
sections were photographed at the IGS.

Lithofacies

Sediments in the cores were organized into sedi-
mentation units and lithofacies based on major sedi-
mentary properties, such as texture and structures.
We employed an array of lithofacies organized and
coded following conventional practices (for example,
Benn and Evans, 2010). We used four broad lithofa-
cies groups: gravels, sands, fines, and diamictons,
where diamictons contain between 5 and 80 percent
gravel. The lithofacies names are abbreviated using
letters that summarize their properties (Table 1).

There are two different lithofacies of matrix-
supported diamicton, namely, massive (DmM) and
crudely bedded or banded (DmH). We recognize
five types of massive, matrix-supported diamic-
tons as follows:

(1) Lithofacies DmMj exhibits jointing or frac-
tures produced during till deposition. We
regard a subparallel set of fractures (dark on
X-ray radiographs) having a consistent shallow
dip and no macroscopic opening of the frac-
ture to be jointing. If the fractures are irregular,
exhibit face separation, and occur in oxidized
sediment, they are considered to reflect weath-
ering (desiccation) and regarded as secondary
jointing.

(2) Lithofacies DmMf is massive, matrix-
supported diamicton that contains secondary
jointing or fracturing.

(3) Lithofacies DmMi contains inclusions of
gravel, sorted sediment, clast clusters, and
stone lines. A clast cluster is defined as four
pieces of gravel more or less in a line. Sandy
inclusions are not deformed.

(4) Lithofacies DmMd contains evidence of
deformation. A lens of deformed, sorted sedi-
ment or a distorted blob of massive sand within
the diamicton constitutes evidence for defor-
mation. Sediment with evidence of significant
shearing along joint planes is recognized as
DmMd though it might also be called DmM,;.

(5) Lithofacies DmMp contains elongated clasts
or inclusions that exhibit a significant preferred
fabric. We use the term “linear elements” to
describe elongated clasts (2:1 length-to-width
ratio) and linear bands of elongated clasts
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Table 1. Lithofacies for glacial sediments in cores SC0801, SC0803, and SC0804

Facies Code Description

GcM Gravels, may be sandy, mainly clast-supported, massive
fDmMi Muddy* diamicton, matrix-supported, generally massive but with small-scale inclusions like sand lenses and stone lines
gDmM,
sDmM, Diamicton, matrix-supported, massive; “s” for sandy matrix*, “f” for muddy matrix*, “g” for gravelly*
fDmM

sDmH, fDmH | Diamicton, matrix-supported, horizontally banded (crudely bedded); “s” for sandy matrix, “f” for muddy matrix
sfgmm’ Diamicton, matrix-supported, massive, fractured; “s” for sandy matrix, “f” for muddy matrix
sfgmm’ Diamicton, matrix-supported, massive, jointing; “s” for sandy matrix, “f” for muddy matrix
stDmll‘\nllg’ Diamicton, matrix-supported, massive, preferred fabric; “s” for sandy matrix, “f” for muddy matrix
sfgml\l\:g’ Diamicton, matrix-supported, massive, deformed (sheared) inclusions; “s” for sandy matrix, “f” for muddy matrix
FL Fines (clay, silt, some fine sand), laminated

FLd Fines (clay, silt, some fine sand), laminated, deformed

FM Fines (clay, silt, some fine sand), massive

GcM Gravels, may be sandy, mainly clast-supported, massive

gS Gravelly sand

SH Sand (fine—coarse, may be gravelly), horizontally bedded

SHd Sand (fine—coarse, may be gravelly), horizontally bedded, significantly deformed (sheared)

SHR Sand (fine—coarse, may be gravelly), horizontally bedded, intraclasts

SM Sand (fine—coarse, may be gravelly), massive

SMR Sand (fine—coarse, may be gravelly), massive, intraclasts

SMf Sand (fine—coarse, may be gravelly), massive, fractured

SN Sand (fine—coarse, may be gravelly), graded bedding normal

* Muddy: mean grain size is finer than 4.8 phi (¢). Sandy: mean size is between 3.0 and 4.8 ¢. Gravelly: mean size is coarser than 3.0 ¢.

especially apparent in X-ray radiographs.
We define a fabric to be significant in a core
when more than 50 percent of at least 50 linear
elements per 30 cm (11.8 in) of core are aligned.

Weathering zones

We assign core sediment to weathering zones
following the methods of the Iowa Geological
Survey (Hallberg, 1978). This scheme is based on
recognizing: (1) the color-related oxidation state,
(2) the degree of carbonate leaching, and (3) the
presence or absence of secondary jointing or frac-
tures. Sediments are rated in each of these three
categories and the ratings are concatenated into a
3- to 4-letter code (Table 2).

Lithofacies assemblages

To aid interpretation, the 27 lithofacies used in this
report were combined into 20 lithofacies assem-
blages that are referred to by codes (Table 3). The
assemblages group sediments that are commonly
deposited together in the major glacial deposi-
tional environments. Diamictons are the dominant
component of seven lithofacies assemblages and a
minor component of one gravel-, sand-, and fines-
rich assemblage.
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Table 2. Codes for sediment weathering zones (after Hallberg, 1978)

Code 15t symbol | Color and mottling pattern based on interpreted oxidation state
0* Oxidized (60% of matrix is brown, yellowish brown, or reddish brown)
Ui Unoxidized (matrix is typically dark gray, greenish gray, bluish gray)
Code 2" symbol | Presence of secondary joints
J Secondary joints or fractures (commonly near vertical)
Js Some (a few) secondary joints
Code 2" or .
3 symhol Presence/absence of matrix carbonates
L Leached: no carbonates detectable with dilute HCI
U Unleached: primary matrix carbonates present
L2 Leached of primary carbonates but secondary carbonate is present

* Can be preceded with an M for 20—50 percent contrasting mottles.

Table 3. Glacial lithofacies assemblages in cores SC0801, SC0803, and SC0804 (see Table 1 for lithofacies explanation)

Assemb. | Major Lithofacies | Minor Lithofacies Description
DH/Dd sDmH or fDmH DmMd Bedded diamicton with deformation
oo | somaroma | s, o, s | et et femitn i v s o
é Dp sDmMp, fDmMp fDmM, fDmMi, . S E]ISITsl,Fotgg mainly with preferred fabric, minor sand, mud, or diamicton
_E Dj s or fDMM; s or fDMM, fDmMd Diamicton with jointing, deformation structures
= Dm Sor fDmM DmMi, DmMd Homogenous massive diamicton, minor inclusions of other sediments
cD/G sDmM, gDmM GeM, S Coarse diamicton with sandy gravel intra-beds
D/S sD, 1D S Diamicton (unspecified characteristics) with minor sand
sG/D sG gDmM, DmM Coarse sandy gravels with minor diamicton
w | G/S G, sG S, gS Gravel (unspecified characteristics) with minor sand
% Gm/S GeM, sGeM S, gS Massive gravels with minor sands
& Gg/S (S)GCR, (s)GCN S, gS Gravels with normal or reverse grading and minor (gravelly) sand
Gs/S (S)GeH, (s)Gel S, gS Stratified gravels with minor (gravelly) sands
S/G S, S G, SMR Sands (no stratification specified) with minor gravel
Sm/G SM, gSM G, SMR Massive sands with minor gravel
8 Sg/G (9)SN, SR G, SMR Graded sands with minor gravel
§ Ss/G (9)SH, SI, SS, SP, ST | G, SMR Stratified sands with minor gravel
Sd/D SHd ?gfg},\'\ﬂﬂ fSDDnT,\%d’ Bedded and deformed sands, minor diamicton
S/F SI, SH FL, FM Stratified or massive, undeformed sands with minor fines
§ F/D FLd ?Ig)rwl\,\/f " fSDDnTI\%?’gF Laminated deformed fines with some diamicton
- F/S FL, FM SI, SMi Stratified or massive, undeformed fines with minor sands




Laboratory data

Particle-size analysis

Particle-size analysis of sediment samples was
accomplished by mechanical sieving of parti-
cles between 1 and 16 mm in diameter and laser
diffraction analysis of particles less than 1 mm. We
use the Wentworth grade scale. Gravel between
4 and 16 mm was sieved into 0.5 phi (¢p) inter-
vals. Particles between 1 and 4 mm were sieved at
0.25 ¢ intervals. Particles between 1 mm and 0.02
microns were analyzed by laser diffraction using
a Malvern Mastersizer 2000 in the laboratory of
K. Licht at Indiana University-Purdue University
at Indianapolis. Summary particle-size statistics
were calculated by the method of moments using
0.25 ¢ intervals following McBride (1971). Weight
percent data were contoured with Sigmaplot v.12.3
using a base 10 logarithmic scale.

Size data from sieving and laser diffraction
techniques are not directly comparable. Laser
diffraction measures equivalent spherical volume
reported as diameter of the sphere that produces
an equivalent scattering pattern to the particle
being measured. Sieving measures the second
largest dimension of particles. As a result, laser
diffraction analysis reports larger sizes than
determined by sieving for the same particles. We
adjusted the laser-diffraction size results to better
fit sieve results by evenly distributing weight
percents coarser than 1 mm from laser diffrac-
tion analysis among the four 0.25 ¢ size intervals
between 1 and 0.5 mm. Malvern volume percent
data were converted to weight percent in 0.25 ¢
size classes. This acknowledges that laser diffrac-
tion finds some particles with the second-largest
dimension between 1 and 0.5 mm to have a diam-
eter of the equivalent sphere greater than 1 mm.

Average sample sizes for cores SC0801, SC0803,
SC0804 were 52 g (n=57), 187 g (n=27), and 196 g
(n=32), respectively. The relatively small size of the
samples from SC0801 may mean that SC0801 gravel
percentages are not representative. However, this
is considered to be a small disadvantage because
the units overwhelmingly consist of fine-grained
diamictons in which the bulk of grains are less than
2 mm in diameter. Accordingly, conclusions in this
report focus on the <2-mm fraction. The smaller
size of samples from core SC0801 is partially offset
by a relatively large number of samples per sedi-
mentation unit.

ROTOSONIC CORES OF THE LAGRO FORMATION

Magnetic susceptibility

Four different methods were used to measure the
volume magnetic susceptibility (k) of core sedi-
ments. Most data were collected on saw-split cores
using Bartington’s MS2E surface sensor and MS2
meter mounted on a Geotek Multi-Sensor Core
Logger at the AMGREF. Being the ratio of magne-
tization strength to magnetic field strength, x is
dimensionless (x10? in SI units). For core sections
split by hand, k¥ was measured manually using
Bartington’s MS2 meter attached to a loop (MS2C)
sensor if the core fit through the loop and, if not,
with the field surface probe (MS2F). The afore-
mentioned data are referred to hereinafter as high
resolution. The fourth method was to measure the
height-specific magnetic susceptibility of discrete,
8-cm® sediment samples (<2-mm fraction) in
Bartington’s well sensor (MS2B) at low frequency
using an MS3 meter. These data represent volume
susceptibility corrected for height of sediment in
the sample cube using Bartington’s height specific
correction algorithm and also machine drift.

Grain density

Grain density of the <16-mm fraction was measured
by gas pycnometry on a single-cell Quantachrome
Ultrapyc 1200e following standard methods (Blake,
1965; Blum, 1997). We measured the volumes of
freeze-dried, partially disaggregated sediment
using cell sizes of 19, 58, and 150 cm?. Cells were at
least 50 percent full of sediment before immersion
in ultra-high purity helium at 19 psi. Grain density
was calculated as dry grain-weight/dry grain-
volume. Replicate measurements of sample density
have a standard deviation (20) of 0.018 g/cm®
(n=25). For all three cores, sample weight averaged
98 g with a standard deviation of 46 g (n=154
samples).

Glacial sequence stratigraphy

We subdivided the cored sediment into glacial
sequences. A glacial sequence refers to a group
of genetically related glacial sediments that were
derived from the same glacier lobe and represent
a significant glacier advance-retreat cycle. The
ideal sediment sequence for an active ice lobe is
the glacial sediments deposited during a single
major advance, stillstand, and subsequent retreat
of the ice-margin until the next younger, major
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advance or stillstand. This likely includes a till
sheet over- and underlain by outwash and lacus-
trine sediments.

Sequences occur at different scales, reflecting,
among other factors, climate forcing at multiple
periodicities. The evidence for this is that large
moraines are commonly separated by several
small retreat moraines. Therefore, we recognize
glacial subsequences as sediments representing
relatively minor glacier advance-retreat cycles.
Subsequences are labeled by cardinal numbers (1,
2, 3) increasing in the down-glacier direction. At
a larger temporal and spatial scale, it is useful to
group sequences of similar character into megas-
equences. Glacial megasequences are sediments
deposited during a major glacier advance-retreat
cycle (>2,000 years), considerably larger than that
associated with a single sequence. Megasequences
are numbered by Roman numerals, increasing in
the down-glacier direction, and named for the
depositing ice lobe.

CORE SC0801

Introduction

Rotosonic core SC0801 was drilled on September
15-16, 2008, south of Chapman Road on the Dustin
Preserve of the ACRES Land Trust in Allen County,
Indiana. The drill site is on a ridge oriented oblique
to and just north of Cedar Creek (fig. 2). The ridge is
oriented nearly parallel to Chapman Road and so
is referred to as “Chapman Road ridge.” The hole
was drilled to a depth of 304 m (99.7 ft) in 1.5-m
(5-ft) intervals. The IGS logged the hole using a
natural gamma-ray probe.

Gray (1989) and Fleming (1994) mapped Chapman
Road ridge as the distal part of the Wabash
moraine made of the Lagro Formation. According
to Fleming, the Lagro in the Wabash moraine is
a silty-clay basal till. The clay was derived from
lake sediment deposited in an ancestral Lake Erie
during a re-advance of the Erie Lobe. Fleming
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Figure 2. Topographic map showing the location for rotosonic core SC0801. Site SC0801 is located on the western edge of
the ridge that is transected by Chapman Road. Contours (3-m [9.8 ft] interval) are labeled in meters above sea level (asl).
Chapman Road ridge has a maximum elevation of 271 m asl (889.1 ft) and an average base elevation of 260 m asl (853 ft).
The core site at 266 m asl (872.7 ft) overlooks Cedar Creek at 250 m asl (820.2 ft). Figure 1 shows the regional geology.
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Figure 3. Graphic lithologic log of rotosonic core SC0801 where width signifies mean grain size. NGR = natural gamma
radiation, MS = magnetic susceptibility, WZ = weathering zone, FA = facies assemblage, DE = depositional environment,
SQ = sequence, LS = lithostratigraphic unit, SB = subglacial, IM = ice-marginal, and SP = supraglacial. Where fDmMi is
too thin to display, it is represented by a black line. Dots on left indicate depth of sample analyses. See Tables 1, 2, and 3
for lithofacies, weathering zone, and facies assemblage explanations.



14

INDIANA GEOLOGICAL SURVEY REPORT OF PROGRESS 43

(1994) suggested that a coarser-textured variety of
the Lagro Formation underlies the silty-clay upper
Lagro till and, therefore, predates deposition of the
Wabash moraine. Fleming (1994, pg. 3) indicated
that the Lagro Formation in the Chapman Road
ridge overlies the Huntertown Formation.

There were several objectives for this site:

® Recover a continuous and complete section
of Lagro Formation from a typical, topo-
graphically high section of the Wabash
moraine where the Lagro is considered
relatively thick to serve as a type section;

e Take Xray radiographs, and measure
magnetic susceptibility, particle-size distri-
bution, and grain density;

e Collect and relate the log of borehole
natural gamma radiation to core sediment;

e Generate a sequence stratigraphy, litho-
stratigraphy, and depositional model.

A graphic lithologic log, magnetic-suscepti-
bility composite record, borehole gamma-ray log,
and preliminary lithostratigraphy are shown in
Figure 3. Photographs of the core are provided in
the appendix, Figures Al to A5.

Description
23.810.30.4 m (78 to 99.7 1)

From 30.4 to 23.8 m (99.7-78 ft), the core contains
several different beds of sorted, crudely stratified
sand (fig. 3; Table 1). Generalized weight percent
data show that the sediments consist overwhelm-
ingly of sand (fig. 4). Fines compose a significant
percentage only at the base and top of the interval.
Therefore, the sediments are grouped into a single
lithologic unit assigned to the stratified sands with
minor gravel (Ss/G) lithofacies assemblage (fig. 3,
column FA; Table 3). The detailed texture contour
plot (fig. 5) shows that the sands coarsen upwards
from fine at the base to coarse at 27.2 m (89.2 ft).
The horizontally stratified bed from 27.2 to 26.8 m
(89.2 £t-879 ft) is not only relatively coarse but also
far better sorted than all other sediments in this
unit. Above 27.2 m (89.2 ft), the sands become finer,
decreasing to fine-sand sizes.

Magnetic susceptibility decreases from relatively
high values between 30 and 28 m (98.4-91.8 ft) to
low values between 27 and 26 m (88.5-85.3 ft) as the
sands coarsen. High-resolution magnetic suscep-
tibility data indicate that the major susceptibility

decrease occurs over a few centimeters above 28
m (91.8 ft) (fig. 3). The height-specific magnetic
susceptibility data for discrete samples confirm
the change but indicate a more gradual decrease
from 30 to 27 m (98.4-88.5 ft) (fig. 4). The coarsest
and best-sorted sands in the unit, which are at 27.2
m (89.2 ft), have the lowest susceptibility. Rela-
tively high susceptibility values from 25 to 24 m
(82-78.7 ft) are equivalent to values below 28 m
(91.8 ft) (fig. 4).

Grain densities between depths of 30 and 27 m
(98.4-88.5 ft) slightly exceed 2.74 g/cm? which are
relatively high for the core (fig. 4). At 24.6 m (80.7 ft)
depth, grain density is significantly lower than
those below 27 m (88.5 ft). This is slightly anoma-
lous because of the relatively high magnetic
susceptibility at 24.6 m (80.7 ft).

Natural gamma radiation is low throughout this
interval of the borehole except for a distinct posi-
tive peak from 274 to 26.8 m (89.8-879 ft) (tig. 3).
The 60-cm (23.6 in) borehole interval spanned by
the gamma peak seems to coincide with the
35-cm-thick (13.7 in) bed of stratified, relatively
coarse sands between depths of 27.2 and 26.9 m
(89.2-88.2 ft).

12.4t0 23.8 m (40.6 to 78 fi)

From 23.8 to 12.4 m (78-40.6 ft), the core contains
five different units of fine-grained diamicton sepa-
rated by a well-sorted gravel bed at 22.5 m (73.8
ft), coarse sand beds at 20.2 m (66.2 ft) and 16.9
m (554 ft), and deformed fines at 13.4 m (439 ft)
(fig. 3). Diamicton between 19 and 18.5 m (62.3—-
60.6 ft) exhibits a preferred fabric and two inter-
vals with inclusions and is lumped into the Dp
lithofacies assemblage. Sediments above 14.2 m
(46.5 ft), a sandy diamicton overlain by deformed
fines topped by relatively fine diamicton, are orga-
nized into the deformed diamicton assemblage.
The detailed texture contour plot (fig. 5) shows
that this Dd assemblage appears to be crudely
bedded. The diamicton centered at 23 m (75.4 ft)
is distinctly coarser than the diamicton from 22.4
to 20.4 m (73.4-66.9 ft). The diamicton from 19.5 to
18.2 (63.9-59.7 ft) is distinctly finer grained than
the diamicton between 18.2 and 17 m (59.7-55.7 ft).

Magnetic susceptibility exhibits the highest values
in the core from 20.5 m (67.2 ft) to 19.8 m (64.9 ft)
(fig. 4). This corresponds to the increased medium



and coarse sand content of the sediment in this
interval. Susceptibility is relatively high from
14.4 to 13.8 m (47.2-45.2 ft), corresponding to the
deformed sandy diamicton that, as the detailed
texture plot shows, has increased coarse sand and
granule content. Magnetic susceptibility in both
the gravel bed at 22.5 m (73.8 ft) and gravelly sandy
bed at 16.8 m (55.1 ft) is quite low.

Grain density exhibits relatively high values at
23.6 m (774 ft) and 20.6 m (67.5 ft), which corre-
spond to the aforementioned susceptibility peaks
(fig. 4). The correspondence confirms that the
bulk grain density values are significantly higher
than adjacent values and that the lower magnetic
susceptibility peak at 23.8 m (78 ft) is real.

From23.8 to 18 m (78-59 ft), the natural gamma radi-
ation log and mean grain size exhibit several inter-
vals of negative correlation (fig. 3). The gamma-ray
peak centered at 22.3 m (73.1 ft) corresponds to the
low in mean size around 22 m (72.1 ft) (fig. 3). The
gamma log low centered at 21 m (68.8 ft) may corre-
spond to the relative high in mean size centered
at 20.2 m (66.2 ft). The gamma high centered on
18.8 m (61.6 ft) coincides with relative low in mean
size centered at 18.2 m (59.7 ft). The gamma high
centered on 13 m (42.6 ft) coincides with the unit of
deformed fines at 13.4 m (43.9 ft) and overlying fine
diamicton at 13 m (42.6 ft) (fig. 3).

There are several instances of positive correlation
between the gamma-ray log and mean size as well.
The gamma log peak centered at 16.5 m (54.1 ft)
corresponds with an increase in mean size. The
gamma log low centered at 17.5 m (57.4 ft) corre-
sponds with relatively high mean size.

The thin coarse-grained beds between 23.8 and
12.4 m (78-40.6 ft) are not apparent in the gamma
log. The 26-cm-thick (10.2 in) gravelly sand bed
centered at 16.9 m (55.4 ft) is not apparent in the
gamma-ray log. The same holds for the 35-cm-thick
(13.7 in) gravelly sand bed centered at 20 m (65.6 ft)
and the 12-cm-thick (4.7 in) gravel bed at 22.5 m
(73.8 ft). It seems that the vertical resolution of the
gamma log is no better than 35 cm (13.7 in).

11.4 to 12.4 m (37.4 1o 40.6 ft)

At 12.4 m (40.6 ft), an erosional unconformity sepa-
rates fine diamicton below from deformed poorly
sorted sands above (fig. 3). The contact penetrates

ROTOSONIC CORES OF THE LAGRO FORMATION

into the underlying diamicton. From 124 to
11.4 m (40.6-374 ft), the core contains several, 10-
to 25-cm-thick (3.9-9.8 in) beds of fine sand-coarse
silt that are massive and exhibit some deformed
laminae. At 11.95 m (39.2 ft) is a 10-cm-thick (3.9 in)
bed of deformed silt and clay-size particles (fig. 5).
These beds are organized into the Sd/D lithofacies
assemblage.

Magnetic susceptibility exhibits three different
values corresponding to the three different lithofa-
cies in this interval (fig. 3). The coarse silt bed (11.95
m, 39.2 ft) has relatively high susceptibility. The
susceptibility of the overlying massive sand is rela-
tively low. The susceptibility of the basal deformed
sand is intermediate between the aforementioned
values.

The gamma-ray log exhibits a significant low from
124 to 114 m (40.6-374 ft), coinciding with the
sandy units (fig. 3). The gamma log does not record
the deformed coarse silt layer at 11.95 m (39.2 ft).

O0to11.4m(0to 37.4 ff)

Above 114 m (374 ft), the core consists of fine-
grained diamicton that has been subdivided into
several units based primarily on structures and, to
a lesser extent, on texture (fig. 3). The diamicton
between 11.4 and 8.8 m (37.4-28.8 ft) exhibits two
intervals of preferred fabric separated and over/
underlain by massive diamicton. These units are
organized into lithofacies assemblage Dp. The
detailed texture contour plot (fig. 5) shows that the
diamicton between 11.4 and 10.2 m (37.4-33.4 ft) is
coarser grained than that between 10.2 and 9 m
(33.4-29.5 ft).

From 8.6 to 81 m (28.2-26.5 ft), the diamicton
contains evidence of deformation and is coarser
grained than diamicton immediately below and
above. From 7 to 4.5 m (22.9-14.7 ft), the diamicton
appears massive but has distinctly bimodal
texture. The diamicton exhibits deformation struc-
tures from 3.4 to 3.1 m (11.1-10.1 ft). Above 2.7 m
(8.8 ft), the diamicton is fractured and oxidized
(fig. 3; Table 2).

Magnetic susceptibility is relatively low from 11.4
to 0 m (37.4-0 ft) (fig. 3). The high-resolution record
exhibits small highs at 8.7 m (28.5 ft), 6.5 m (21.3 ft),
and 3.2 m (10.4 ft). The lower two coincide with the
textural changes (fig. 5). The susceptibility high

15
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Figure 4. Graphs of texture, magnetic susceptibility, and grain density of rotosonic core SC0801. (A) Gravel, sand, mud
weight percents. (B) Magnetic susceptibility where black line and black dotted line represent loess-smoothed and raw vol-
ume susceptibility (upper scale) and blue crosses with dashed line depict height-specific susceptibility of discrete samples
(lower scale). (C) Black dots show grain density (upper scale) and red crosses indicate mean grain size (lower scale).
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Figure 5. Graph of contoured particle-size data for rotosonic core SC0801, showing weight percent in 0.25 ¢ size classes
from -4 to 11 ¢. Dashed horizontal lines depict sampled depths. Thin and bold black horizontal lines show lithofacies as-
semblage and lithologic unit boundaries, respectively. Core voids are not shown.
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between 3.4 and 3.1 m (11.1-10.1 ft) corresponds
with a unit exhibiting deformation structures (fig. 3).

Natural gamma radiation is uniformly high from
11.4 m (37.4 ft) to the top of the core. Grain density
is virtually constant over this interval (fig. 4). The
gamma peak between 1.0 and 0.5 m (3.2-1.6 ft)
appears significant and may reflect clay minerals
produced by weathering.

Interpretation

15 t0 30.4 m (49.2 to 99.7 ft)

Most of the diamicton units between 23.8 and 15 m
(78-49.2 ft) are massive, having no distinctive struc-
tures (fig. 3). They could be either subglacial till or
colluvium deposited by debris flows. However, the
diamicton beds between 19 and 18.5 m (62.3-60.6
ft) exhibit preferred fabric and small-scale inclu-
sions, which are indicative of subglacial depo-
sition as till. The gravel and gravelly sand beds
that separate the diamicton units are indicative
of deposition in a fluvial environment. Summing
up, deposition in an ice-marginal environment
provides the best explanation for the combined
evidence because this environment is typified by
abundant colluvium reflecting pervasive debris
flows and fluvial deposits interfingering with
subglacial till. Of all glacial environments, the ice-
marginal environment features the wide range in
depositional conditions necessary to explain the
lithofacies between 23.8 and 15 m (78—-49.2 ft).

The beds in the stratified sand lithofacies assem-
blage below 23.8 m (78 ft) were likely deposited
in a fluvial environment. Given their significant
sorting and abrupt contact with overlying ice-
marginal sediments, we suggest that this assem-
blage formed in a proglacial fluvial environment.

0to 15m (0to 49.2 f)

The diamictons above 11.4 m (37.4 ft) are interpreted
as subglacial tills (fig. 3). The preferred clast fabric
and deformation structures between 11.2 and 7 m
(36.7-22.9 ft) (Dp and Dd lithofacies assemblages)
are more consistent with deposition as subglacial
till than as colluvium. Sediments in the Dm lithofa-
cies assemblage have characteristics that are consis-
tent with those of either colluvium or subglacial
till. Given the close stratigraphic relationship of the
Dm, Dp, and Dd assemblages, we favor all diamic-
tons above 11.4 m (37.4 ft) as subglacial till deposited

in a shallow to deep subglacial environment.
The absence of layers of stratified sand and layers
with some gravel is inconsistent with deposition in
ice-marginal and supraglacial environments.

Assuming that the till units above 11.4 m (37.4 ft)
were deposited subglacially, an important ques-
tion is whether they was deposited sequentially
as separate depositional events or continuously
in one depositional event as a single, thick unit of
deforming till. These different depositional histo-
ries have very different implications for ice lobe
history. Without sandy interbeds or stone pave-
ments that clearly reflect ice-bed decoupling and
changing depositional conditions, the answer is
not obvious. We contend that the sedimentolog-
ical differences between many of the units and
the abruptness of many unit contacts are suffi-
cient to infer that many of the units reflect separate
depositional events. Single units of deforming till
are commonly well mixed and heavily deformed
with minimal and also gradational vertical
variation (Benn and Evans, 2010). The units in
this core with preferred fabric (11.2-9 m [36.7-
29.5 ft]) and with deformation structures (8.6—
8.1 m [28.2-26.5 ft]) differ sufficiently from the
massive beds and are separated by sufficiently
sharp contacts that we think it unlikely all
formed in the same deforming till bed. Not
only are there differences in structure, but there
are also differences in texture and magnetic
susceptibility that we think reflect compositional
differences. We suggest that, at least, the different
lithofacies assemblages reflect separate beds
within which till deformed and, therefore, sepa-
rate depositional events.

The beds in assemblage Dd between 14.4 and
124 m (47.2-40.6 ft) are most consistent with
deposition in either an ice-marginal or supragla-
cial environment. These sediments are separated
from the overlying deformed sands (12.4-11.4 m
[40.6-37.4 ft]) by an unconformity. We suggest that
the unconformity and the deformation are well
explained by advance of the ice represented by
the overlying tills. Further, we infer that the sands
between 12.4 and 114 m (40.6-374 ft) reflect the
environment immediately marginal to the subgla-
cial environment of the overlying till.
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Between 18.5 and 16.7 m (60.6-54.7 ft), the core
consists of massive sandy diamicton that is
depleted in coarse sand to granule-size sediment
(fig. 9). The magnetic susceptibility increases
slightly upward in the core. From 18.5 to 18.0 m
(60.6-59 ft), natural gamma radiation increases
significantly (fig. 8).

13.5 t0 16.7 m (44.2-54.7 f})

From 16.7 to 15.2 m (54.7-49.8 ft), the core consists
of massive, fine-grained diamicton with clasts
that exhibit a preferred fabric (fig. 8). This 1.5-m-
thick (4.9 ft) unit is finer grained than the under-
lying diamicton (fig. 9). Magnetic susceptibility
decreases significantly at 16.7 m (54.7 ft) and
increases gradually upward through this unit.

From 15.2 to 14.1 m (49.8-46.2 ft), the core contains
massive sandy diamicton that is overlain by
massive gravelly diamicton from 14.1 to 13.5 m
(46.2-44.2 ft). The susceptibility of the gravelly
diamicton is average except for one high value at
its base (fig. 10). These beds are grouped into the
cD/G lithofacies assemblage.

Natural gamma radiation is nearly invariant across
the three units in this interval. However, gamma
increases from 14 to 13.5 m (45.9-44.2 ft) and
continues to increase upward in the core (fig. 8).

0to 13.5m (0 to 4.2 fi)

From 13.5 to 4 m (44.2-13.1 ft), the sediment is
massive, fine-grained diamicton, significantly
finer grained than most of the sediment below
13.5 m (44.2 ft) (fig. 8). All beds are massive and
so are assigned to the Dm assemblage. Above the
decrease in mean grain size from 13.5 to 12.7 m
(44.2-41.6 ft), mean size is constant at 6.5 ¢ up to
4 m (13.1 ft) (fig. 10). However, the detailed texture
data reveal significant fluctuations in grain-size
distribution (fig. 9). Based on single analyses,
the diamicton is relatively sandy at around 13.5
m (44.2 ft), 11.3 m (37 ft), 94 m (30.8 ft), and 6.4
m (209 ft) (fig. 9). This variation is supported by
magnetic susceptibility peaks at three of these four
depths. Susceptibility is relatively high at 13.5 m
(44.2 ft) (discrete data) and also at 9.4 m (30.8 ft) and
6.4 m (209 ft) (high-resolution data) (fig. 9).

From 4 to 3 m (13.1-9.8 ft), a distinctive diamicton
unit exhibits jointing and deformation structures.

The discrete magnetic susceptibility values in
this interval are the lowest in the core. The unit is
assigned to assemblage Dj (fig. 8).

Above 3 m (9.8 ft), the diamicton is massive and
extremely fine grained (fig. 9). Though oxidized to
a depth of about 5.5 m (18 ft), the diamicton exhibits
secondary jointing only to a depth of 1.4 m (4.5 ft).
Natural gamma radiation is constant and rela-
tively high from 13 to 6 m (42.6-19.6 ft) (fig. 8).
Mean gamma radiation increases slightly from 6
to 3 m (19.6-9.8 ft). This increase seems to coincide
with the increase in average mud percent from 6.4
to 3 m (20.9-9.8 ft) (fig. 9).

Interpretation
25.9to 30.5 m (84.9 to 100 f)

Based on texture, the diamictons between 30.5
and 259 m (100-84.9 ft) (fig. 8) are either a direct
glacial deposit or colluvium. The evidence is insuf-
ficient to be more specific. The deposits exhibit
magnetic susceptibility that is significantly higher
than for overlying sediments (fig. 10). Because the
texture of the diamictons is similar below a depth
of 17 m (55.7 ft) in the core, the increased magnetic
susceptibility likely reflects differences in mineral
composition.

Given that the morphologic feature penetrated
by SC0803 is a moraine, the thin sand beds
below 259 m (849 ft) are likely to be glacioflu-
vial deposits, but evidence is lacking as to specific
glacial environment.

The oxidation of the sands and fracturing of the
diamictons is consistent with soil development
in the sediments. The fracturing could reflect the
secondary jointing that develops through subaerial
weathering. A weakness in the buried-soil inter-
pretation is that the diamictons themselves do
not appear to be oxidized. This hypothesis needs
further investigation.

16.7 to 25.3 m (54.7 to 83 ft)

The diamicton unit at ~25 m (82 ft) with preferred
clast fabric (Dp assemblage) and the diamicton
units at ~20 m (65.6 ft) and ~19 m (62.3 ft) with defor-
mation structures (Dd assemblage) are interpreted
as subglacial tills (fig. 8). On the other hand, the
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Figure 9. Graph of contoured particle-size data for rotosonic core SC0803. Diagram shows weight percent in 0.25 ¢ size
classes from -4 to 11 ¢ on a base 10 logarithmic scale. Dashed horizontal lines show sample depths. Black horizontal lines
show lithofacies assemblage boundaries. Core voids are not shown.
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Figure 10. Graphs showing texture, magnetic susceptibility, and grain density of rotosonic core SC0803. (A) Gravel, sand,
mud weight percents. (B) Magnetic susceptibility where black line and black dotted line represent loess-smoothed and raw
volume susceptibility (upper scale) and blue crosses with dashed line depict height-specific susceptibility of discrete sam-
ples (lower scale). (C) Black dots show grain density (upper scale) and red crosses indicate mean grain size (lower scale).
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massive diamictons between 22 and 16.7 m (72.1-
54.7 ft) are consistent with deposition as either
subglacial till or colluvium.

The sandy layers at 24.4 and 18.5 m (80-60.6 ft)
represent glaciofluvial processes (fig. 8). In direct
association with subglacial till, the sands probably
reflect intervals of subglacial sheetflow capable of
causing ice-bed decoupling.

13.51t0 16.7 m (44.2 to 54.7 f1)

Based mainly on its preferred clast fabric, the fine,
massive diamicton between 16.7 and 15.2 m (54.7-
49.8 ft) is interpreted as a subglacial till (fig. 8). The
fine texture of this till implies a significant change
in subglacial conditions, such as in porewater pres-
sure, from those that produced the underlying
sandy tills. Where does the mud come from? It
is possible that it came from meltwater lakes and
was incorporated into advancing basal ice through
regelation. If so, the muddy texture indicates the
retreat and subsequent re-advance of ice over the
core site.

The diamicton units between 15.2 to 13.5 m (49.8—
44.2 ft) are interpreted as colluvium (fig. 8). They
could be subglacial deposits and derived by signif-
icant reworking of the underlying fine-grained till.
Alternatively, these diamicton units could have
formed in an ice-marginal environment.

0to13.5m (0to 44.2 i)

The diamicton above 13.5 m (44.2 ft) can be subdi-
vided into two different diamicton units at ~5.7 m
(18.7 ft). The diamicton above 5.7 m (18.7 ft) contains
several distinct beds with deformation structures
and is finer grained and of lower magnetic suscep-
tibility than diamicton below 6 m (19.6 ft) (fig. 8).
Based primarily on the deformation structures, we
suggest that the diamicton above 5.7 m (18.7 ft) is
subglacial till.

The diamicton between 13.5 and 5.7 m (44.2-18.7 ft)
is, on average, slightly coarser grained than that
above 5.7 m (18.7 ft) and is apparently structure-
less. Although there are internal fluctuations in
texture and magnetic susceptibility, these are
not sufficient to document major environmental
changes and justify further diamicton subdivision.
Three key beds within this 8 m (26.2 ft) section are

the relatively coarse beds at ~13 m (42.6 ft), 94 m
(30.8 ft), and 6.4 m (209 ft) (fig. 9). These may be
the bases of individual, crudely graded diamicton
beds.

The diamicton between 13.5 and 5.7 m (44.2-18.7 ft)
could be colluvium and possibly consist of three
individual sediment gravity flows with bases at
~13 m (42.6 ft), 9.4 m (30.8 ft), and 6.4 m (209 ft).
If these are sediment gravity flows, possibly off a
nearby ice front, then the fine texture indicates that
they were quite cohesive with little sorting.

Alternatively, the 8 m (26.2 ft) of diamicton could
be subglacial till. This interpretation is supported
by the poor sorting and well-mixed character of
the diamicton, the moraine location, and the close
stratigraphic relationship to tills. It is difficult to
reconcile how the relatively coarse beds at ~13 (42.6
ft), 9.4 m (30.8 ft), and 6.4 m (20.9 ft) could be main-
tained within a single well-mixed deforming bed.
Therefore, we postulate aggradation of deforming
beds in three separate episodes.

Overall, we favor the subglacial till interpretation
because the small observed textural variations are
not common in thick sections of colluvium but are
fairly common in thick till sections.

Sequences

The sediment from SC0803 is organized into three
sequences and interpreted to represent three
glacier advance-retreat cycles (fig. 8). The change
from sandy to fine texture between 16.8 and 13.5 m
(55.1-44.2 ft) signals a significant change in till char-
acter. The subglacial tills below 16.8 m (55.1 ft) and
above 13.5 m (44.2 ft) are texturally quite different.
This difference is the basis for dividing these tills
into upper and middle sequences. The evidence for
subaerial exposure between 26 and 27.5 m (85.3—
90.2 ft) is tentatively interpreted to indicate that
diamictons below 26 m (85.3 ft) represent an older
glacial cycle or sequence. We discuss the sequences
downward from the core top.

The fine-grained till above 13.5 m (44.2 ft) is
referred to as the “Salamonie Warner 1” sequence
(SW1). Warner is the family name of the prop-
erty owner where the core was drilled. The sandy
tills from 26 to 16.7 m (85.3-54.7 ft) are orga-
nized into the Salamonie Warner 2 sequence
(SW2). The base of the SW1 sequence is placed
at a depth of 16.7 m (54.7 ft), although it could be



reasonably placed anywhere between 16.7 and
13.5 m (54.7-44.2 ft).

The main reason for setting the base of SW1 at
16.7 m (54.7 ft) is the close textural affinity between
the Dp lithofacies assemblage centered on 16 m
(52.4 ft) and the Dm assemblage that dominates the
upper sequence (fig. 8). Support for alternatively
placing the boundary at 13.5 m (44.2 ft) comes
from the textural affinity of the cD/G assemblage
centered at 14.5 m (47.5 ft) and Dm assemblages
below 16.7 m (54.7 ft). We prefer the former alter-
native because we think it is unlikely to produce a
fine-grained subglacial till in a subglacial environ-
ment that is mainly producing sandy diamicton.

A third alternative is that the sediments from
16.7 to 13.5 m (54.7-44.2 ft) represent a completely
separate glacial advance and, therefore, a separate
sequence. Based on its fabric and texture, the fine-
grained till centered at 16 m (52.4 ft) is unique in
the core. If true, the sediments from 15 to 13.5 m
(49.2-44.2 ft) might be supraglacial or ice-marginal
deposits. While plausible, this interpretation is not
sufficiently justified at present.

Sediments below 26 m (853 ft) are placed
into the Salamonie Warner 3 sequence (SW3).
However, it can be argued that the facies
changes from 27 to 26 m (88.5-85.3 ft) resemble
those from 25.3 to 24.4 m (88.7-80 ft) sand over
diamicton) and reflect glaciotectonic stacking.
If so, a more appropriate sequence top would be at
24 m (78.7 ft). We rely on the preliminary evidence
for soil development between 26 and 29 m (85.3—-
95.1 ft) to support the former interpretation.

Lithostratigraphy

The three sequences provide the basis for recog-
nizing three corresponding informal lithostrati-
graphic units (fig. 8, column LS). All are correlated
to the Lagro Formation. The uppermost lithostrati-
graphic unit is named “Salamonie Warner 1 till”
(SWIT). The middle lithostratigraphic unit is
named “Salamonie Warner 2 till” (SW2T). The
lower lithostratigraphic unit is referred to as “Sala-
monie Warner 3 till” (SWT3).

ROTOSONIC CORES OF THE LAGRO FORMATION

Lagro depositional model

Given the location of the core near the crest of a
low end moraine (fig. 6), we suggest that most of
SWIT was deposited in a shallow subglacial envi-
ronment. The maximum relief of the moraine at
the core site is 8 m (26.2 ft) (fig. 7). Taking this as an
estimate of moraine thickness, the moraine could
consist solely of the upper 5.5 m (18 ft) of SWIT.
More likely, the moraine consists of the upper
13.5 m (44.2 ft) of SWIT. Interestingly, the 13.5 m
(44.2 ft) of SWI1T bear none of the traditional hall-
marks of an ice-marginal deposit, such as coarse
glaciofluvial interbeds. All the characteristics
of SWIT above 13.5 m (44.2 ft) indicate subgla-
cial deposition in the traditional view. Therefore,
we conclude that thick subglacial till can form
at an ice margin as suggested by Johnson and
Hansel (1999).

We suggest that the squeeze-moraine model of
Johnson and Hansel (1999) represents the most
reasonable depositional model for the Salamonie
moraine at site SC0803. Deposition as dump or push
moraine is less likely given the negligible volume
of coarse sediments. If the squeeze-moraine model
is correct, then SWIT was likely deposited from
a deforming till bed(s) shaped like a wedge that
thinned eastward, the up-glacier direction.

We suggest three phases in moraine formation. In
the first phase, Salamonie ice overran the site depos-
iting the subglacial till at 16 m (52.4 ft) and, during
subsequent retreat, colluvium was deposited at the
ice margin. The till between 13.5 to 5.5 m (44.2-18 ft)
represents the main phase of moraine formation.
This significant thickness of till likely requires
large amounts of englacial debris to be transferred
to the ice base and accrete vertically through
deforming till beds. The finer-grained texture of
the tills above 5.7 m (18.7 ft) suggests the pres-
ence of meltwater lakes that are consistent with ice
retreat.

We do not advocate a depositional model for either
SW2T or SW3T given the large voids in the core
below 16.7 m (54.7 ft). The sediments recovered are
more consistent with deposition either in a deep
or shallow subglacial position, given the absence
of coarse sediments. Massive diamictons could
represent deforming till beds separate from those
tills with structures. It is plausible that the sandy
beds are significantly thicker than were recovered.
For example, sediments that are missing between
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23 and 22 m (75.4-72.1 ft) may well be relatively
sandy, based on the significant low in gamma radi-
ation in this depth interval. More sands would
constitute significant evidence for an ice-marginal
depositional environment.

Evaluation of natural gamma radiation log

The natural gamma radiation log for borehole
SC0803 broadly correlates with mud percent as
measured in the core. However, the sequences
identified in the core do not correlate well to major
changes in the gamma log (fig. 8). The major change
in the gamma log occurs from 19 to 18 m (62.3-59
ft) where there is a significant gamma increase.
An interpretation of this change as measuring
increased mud content above 18 m (59 ft) is broadly
supported by core data. However, the change from
relatively coarse-grained to relatively fine-grained
sediment occurs at a depth of 16.7 m (54.7 ft), not at
19 to 18 m (62.3-59 ft).

The gamma log does not appear to reflect particle-
size change between 18 and 13 m (59-42.6 ft). This
is demonstrated by the fact that the gamma log
shows no evidence of the relatively fine-grained
diamicton between 15.2 and 16.2 m (49.8-53.1
ft) (fig. 8). Moreover, the gamma log shows little
evidence of the coarse-grained diamicton from 14
to 13.5 m (45.9-44.2 ft).

Sequence SW3 is not readily apparent in the
gamma log (fig. 8). Gamma log radiation exhibits
limited variation below 19 m (62.3 ft) except for
relatively small highs and lows centered at 23.5
and 22.5 m (77 and 73.8 ft), respectively.

CORE SC0804
Introduction

Rotosonic core SC0804 was drilled on September
22, 2008, along Meridian Road in Clear Creek
Township, Huntington County, Indiana (figs. 1,
11). The site is at the crest of a Salamonie moraine
segment that Prentice (2010) inferred was an older
generation of Salamonie moraine than cored at
site SC0803. Prentice and Rupp (2009) mapped
the surface till at site SC0804 as Salamonie subse-
quence 2 (S2) (see pg. 19). Lagro Formation stratig-
raphy within the north-south-oriented S2 moraine
segment is predicted to differ from that within the
S1 moraine to the south.

There were several objectives for this site:

* Recover a continuous and complete section
of Lagro Formation from a typical Sala-
monie S2 moraine segment;

* Subdivide the core into lithofacies and
lithofacies assemblages based on macro-
scopic description, X-ray radiographs,
magnetic susceptibility, particle-size distri-
bution, and grain density;

e Collect and relate the log of borehole
natural gamma radiation to core sediment;

* Generate a preliminary sequence stra-
tigraphy, lithostratigraphy, and genetic
interpretation.

The hole was drilled to a 24.4-m (80-ft) depth in
sixteen sections, all 1.5 m (4.9 ft) in length. Average
recovery was 82 percent. After drilling, a PVC
riser was lowered into the hole. The IGS logged the
hole using a natural gamma-ray probe. A graphic
lithologic log, composite magnetic susceptibility
record, borehole gamma-ray log, and preliminary
lithostratigraphy are shown in Figure 12. Photo-
graphs of the core are provided in the appendix,
Figures All to Al4.

Description
14.2 to 24.4 m (46.5 to 80 1)

From 24.4 to 23.35 m (80-76.6 ft), the core contains
sandy diamicton with a 35-cm-thick (13.7 in) bed
of clast-supported, massive gravel (fig. 12). These
sediments are organized into the cD/G lithofa-
cies assemblage. From 23.35 to 18.25 m (76.6-59.8
ft), the core contains fine, massive diamicton inter-
spersed with several clast-rich interbeds. From
18.25 to 16.7 m (59.8-54.7 ft) is massive diamicton
with increased percent sand (fig. 13) at very fine
to medium sizes (fig. 14). From 16.7 to 15 m (54.7-
49.2 ft), the core contains fine, massive diamicton
topped by a thin, clast-rich interbed (fig. 12). From
15 to 14.2 m (49.2-46.5 ft) is a bed of fine, massive
diamicton with clasts that show a preferred fabric.

The high-resolution magnetic susceptibility record
exhibits a large decrease coincident with the gravel
bed at 23.8 m (78 ft) (fig. 12). Magnetic suscepti-
bility (high-resolution record) also decreases in
the sand-rich diamicton interbeds at 21.4 m (70.2
ft) and 20.1 m (65.9 ft). Perhaps, another sand-rich
interbed coincides with the magnetic suscepti-
bility low at 20.8 m (68.2 ft). Consistent with the
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Figure 11. Topographic map showing location of rotosonic core SC0804. Contours (3-m [9.8-ft] interval) are labeled in meters
above sea level (asl). The site of SC0804 is on the top of a Salamonie moraine segment at an elevation of 271 m asl (889.1 ft).
The average base elevation of the moraine is at 261 m asl (856.2 ft).

mean of the high-resolution record, height-specific
magnetic susceptibility is nearly constant from
244 to 14.2 m (80-46.5 ft) (fig. 12). Height-specific
magnetic susceptibility exhibits one relatively
high value in the sandy diamicton at 18.25 to 16.7
m (59.8-54.7 ft) (fig. 13).

Natural gamma radiation is low from 24.4 to
23.8 m (80-78 ft), corresponding to the sandy
diamicton and gravel in this depth interval
(fig. 12). Gamma radiation increases around 23.8 m
(78 ft) and remains relatively high from 23.8 to 21.2
m (78-69.5 ft). Gamma radiation decreases at 21.2
m (69.5 ft) nearly coincident with the decrease in
magnetic susceptibility at 21.4 m (70.2 ft). Gamma
radiation is relatively low from 19 to 17.5 m (62.3—
574 ft) and relatively high from 17.5 to 14.8 m (57.4—
48.5 ft).

12.2to 14.2 m (40 to 46.5 ft)

From 14.2 to 13.2 m (46.5-43.3 ft), the core contains
gravelly sand overlain by laminated fines (fig. 12).
From 13.2 to 12.2 m (43.3-40 ft), the core contains
massive fines. There appears to be a significant
decrease in grain density between 13.6 and 13 m
(44.6-42.6 ft) (fig. 13).

Magnetic susceptibility in both high-resolution
and height-specific records is relatively high in the
gravelly sand layer at 14.2 to 13.7 m (46.5-44.9 ft)
(fig. 13). The high-resolution susceptibility record
exhibits a relative high at the top of the massive
fines at 12.2 m (40 ft).

Natural gamma radiation exhibits a distinct low
from 14.6 to 13.8 m (47.9-45.2 ft), which corresponds
to the gravelly sand layer from 14.2 to 13.7 m (46.5—
449 ft).

0to 12.2m (0 to 40 f)

From 12.2 m (40 ft) to core-top, the core contains
fine-grained diamicton that appears completely
massive except for two narrow interbeds with
sandy inclusions between 5.2 and 4.6 m (17-15 ft)
(fig. 12). However, the particle-size data show that
there are distinct variations in both gravel and
sand content. For instance, there are relative
highs in medium sand (1-2 ¢) at 11.8 m (38.7 ft),
from 10 to 8 m (32.8-26.2 ft), and at 3.6 m (11.8 ft)
(fig. 14). On the other hand, the diamicton above
1 m has little medium sand but considerable fine
to very fine sand (fig. 14). The diamicton above 5 m
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Figure 12. Graphic lithologic log of rotosonic core SC0804, where width signifies mean grain size. NGR = natural gamma
radiation, MS = magnetic susceptibility, WZ = weathering zone, FA = facies assemblage, DE = depositional environment,
SQ=sequence, LS = local lithostratigraphic unit, SB = subglacial, IM = ice-marginal, and SP = supraglacial. Dots on far left
indicate depth of sample analyses. See Tables 1, 2, and 3 for lithofacies, WZ, and FA explanations.
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Figure 13. Graphs showing texture, magnetic susceptibility, and grain density of rotosonic core SC0804. (A) Gravel, sand,
mud weight percents. (B) Magnetic susceptibility where black line and black dotted line represent loess-smoothed and raw
volume susceptibility (upper scale) and blue crosses with dashed line depict height-specific susceptibility of discrete sam-
ples (lower scale). (C) Black dots show grain density (upper scale) and red crosses indicate mean grain size (lower scale).
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(16.4 ft) appears to have a greater pebble content
(coarser than -2 ¢) (fig. 14). The top 3.8 m (12.4 ft)
of the core is oxidized and exhibits secondary frac-
tures (fig. 12).

From 12.2 to 6.2 m (40-20.3 ft), the high-resolution
magnetic susceptibility record exhibits minimal
variability about a slightly decreasing mean value
(fig. 12). Negative excursions of a few centimeters
depth occur at 9.1 m (29.8 ft) and 7.5 m (24.6 ft) (fig.
12). The sediment between 5.3 and 4.6 m (17.3-15 ft)
has very low susceptibility in both high-resolution
and height-specific records (fig. 13).

There is a discrepancy between the high-resolution
and the height-specific records of magnetic suscep-
tibility in the top 3.8 m (12.4 ft) of the core (fig. 13).
In the high-resolution record, average magnetic
susceptibility is high relative to susceptibility in
the core below 6 m (19.6 ft). Average height-specific
magnetic susceptibility in the upper 3.8 m (12.4 ft)
are low relative to the core below 6 m (19.6 ft) (fig.
13). The height-specific data are regarded as more
accurate because the high-resolution record above
6 m was collected at the IGS on hand-split core
sections, whereas the high-resolution record below
6 m was collected at the AMGREF.

Natural gamma radiation is effectively constant
between 12.2 m (40 ft) and the top of the borehole
(fig. 12). However, there is a relatively significant fluc-
tuation from 7 to 6 m (22.9-19.6 ft) and also a slight
decrease in gamma radiation above 6 m (19.6 ft).

Interpretation

12.2 10 24.4m (40 to 80 )

We think that the fine-grained, massive diamicton
from 23.3 to 18.25 m (76.4-59.8 ft) is more likely to
be subglacial till than colluvium (fig. 12). There
may be three depositional units in this section
of the core based on variations in texture and
magnetic susceptibility. The central of the three
units is defined by the interbeds from 21 to 19.8 m
(68.8—-64.9 ft). The principal basis for this inter-
pretation is the overall homogeneity within this
section of the core.

The sandy diamicton and gravel units below 23.3 m
(76.4 m) are interpreted as reflecting debris flow
and glaciofluvial sedimentation in an ice-marginal
environment. The sorting of the gravel bed is
greater than is common in subglacial deposits.

The massive sandy diamicton from 18.25 to 16.7 m
(59.8-54.7 ft) could be a different variety of subgla-
cial till, reflecting changed subglacial conditions
relative to those prevalent during deposition of
the underlying unit. Alternatively, this unit could
be a sediment gravity flow derived from slight
winnowing of fine-grained till.

The massive, fine-grained diamicton from 16.6 to
15 m (54.4-49.2 ft) could be either subglacial till or
colluvium. Information about detailed structures
such as that revealed by X-ray radiographs are
needed to support a more specific interpretation.
We infer that the fine-grained diamicton centered
at 14.5 m (47.5 ft) is a subglacial till, based on the
preferred clast fabric.

We suggest that the gravelly sand and overlying
fine-grained beds from 14.2 to 12.2 m (46.5-40 ft)
were deposited in an ice-marginal environment,
though a subglacial environment is also conceiv-
able (fig. 12). The gravelly sand and laminated fines
appear to be undisturbed, which is consistent with
deposition in a distal ice-marginal environment.
The overlying massive fines could reflect a sedi-
ment gravity flow, rapid deposition from a flood,
or deformation of originally laminated fines, the
deformation being caused by overriding ice.

0to 12.2m (0 to 40 f)

The fine-grained, massive diamicton above
122 m (40 ft) (fig. 12) is interpreted as mainly
subglacial till. The principal evidence is the lack
of sorting, the significant degree of homogeneity,
the absence of structures and coarse-grained sedi-
ments characteristic of colluvium, and location
of core SC0804 on a moraine. We suggest that the
upper 5.5 m (18 ft) of diamicton differs sufficiently
in texture from the diamicton between 5 and 12.2
m (16-40 ft) to regard them as different sedimen-
tation units. We also think that the diamicton
between 12 and 9 m (39.3-29.5 ft) is slightly coarser
grained than the diamicton between 9 and 6 m
(29.5-19.6 ft). The contact is put at 9 m (29.5 ft),
based on the low spike in the magnetic suscepti-
bility record. These may represent separate depo-
sitional units.

Sequences and lithostratigraphy

SC0804 sediment has been organized into two
sequences that are inferred to represent two glacier
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Figure 14. Graph of contoured particle-size data for rotosonic core SC0804. Diagram shows weight percent in 0.25 ¢
size classes from -4 to 11 ¢. Black dashed, horizontal lines show sample depths. Core voids are not shown.

33



34

INDIANA GEOLOGICAL SURVEY REPORT OF PROGRESS 43

advance-retreat cycles (fig. 12, column SQ). The
presence of gravelly sand overlain by laminated
and massive fines from 14.2 to 12.2 m (46.5-40 ft) is
the critical evidence that separates the subglacial
till below this level from the fine-grained subgla-
cial till above. The sediments from 14.2 to 12.2 m
(46.5-40 ft) fine upward, which is consistent with
retreat of ice associated with the lower sequence.
Additionally, grain density appears to be signif-
icantly higher below 12.2 m (40 ft) than above it,
possibly indicating a change in heavy mineral
content and, therefore, ice-flow direction. Thus,
the boundary between the sequences is placed at
12.2 m (40 ft).

The fine-grained till above 12.2 m (40 ft) represents
the upper sequence and is referred to as “Salamonie
Beekman 1” (SB1). Beekman is the family name of
a nearby property owner. The sediments below
12.2 m (40 ft) represent an older sequence referred
to as “Salamonie Beekman 2” (SB2). Sequence SB2
is subdivided into subsequences SB2-1, SB2-2, and
SB2-3, based on the presence of the relatively sandy
till from 18.2 to 16.7 m (59.7-54.7 ft).

The uppermost lithostratigraphic unit, corre-
sponding to the upper sequence, is referred to as
“Salamonie Beekman 1 till,” (SB1T) (fig. 12, column
LS). Sediments grouped into sequence SB2 are
subdivided into three lithostratigraphic units.
From top to bottom, they are Salamonie Beekman
2-1 outwash (SB2-10), Salamonie Beekman 2-2 till
(SB2-2T), and Salamonie Beekman 2-3 outwash
(SB2-30).

Lagro depositional model

Given that the core is located at the crest of an end
moraine (fig. 1), we suggest that most of SBIT was
deposited in a shallow subglacial environment at
the ice margin. We estimate that the thickness of
the moraine is on the order of 9 m (29.5 ft), which
is the maximum relief of the moraine at the core
site. Based on this, we speculate that the moraine
is completely built of SBIT.

If our interpretation that SBIT is subglacial till is
correct, then it follows that such till accretes at the
ice margin and, at this Salamonie ice margin, is
the dominant facies deposited. Given the substan-
tial thickness of SBI1T, we also infer that SBIT
is accreting from a deforming till bed. Possibly,
SBIT formed in several phases corresponding to

the different diamicton units referred to in the
“Interpretation” section (pg. 32), each of which
may represent a separate deforming bed.

The depositional model that we propose for this
moraine is the same as that proposed for the
moraine cored at SC0803, namely, the squeeze-
moraine model of Johnson and Hansel (1999).
Texturally, SBIT closely resembles SWIT in core
SC0803, though SW1T is finer grained and exhibits
more vertical variation than SBIT. In the squeeze-
moraine model, the ice-marginal deforming till
beds wedge out up-glacier.

Unit SB2-2T (fig. 12) likely formed in an ice-
marginal environment, as envisioned in the push-
moraine model of Evans and Hiemstra (2005)
described in the “Lagro moraine hypotheses”
section (pg. 5). The considerable variation in facies
within SB2-2T is most consistent with depositional
processes at an ice margin that undergoes repeated
minor fluctuations. In this model, slabs of subgla-
cial till are repeatedly stacked en echelon and form
a ramp that thins up-glacier. Sediment gravity
flows are probably common in such environments,
therefore, future work should seek to identify
such units to constrain the thickness of deforming
till beds.

Evaluation of natural gamma radiation log

Variations in the natural gamma radiation log for
borehole SC0804 partially correlate with textural
variations and sequences identified in the core. The
gamma radiation log records only the major varia-
tions in core mud percent that span 40 cm (15.7 in)
or more.

Gamma radiation in the top 14 m (459 ft) of the
core is uniformly high, with the exception of a
significant shift to lower gamma counts at 13.8 m
(45.2 ft). The gamma log records the gravelly sand
bed from 13.8 to 14.2 m (45.2-46.5 ft). However, the
gamma log does not distinguish the laminated
and massive, fine-grained sediment between 13.8
and 12.2 m (45.2-40 ft). Therefore, the gamma log
does not permit identification of important depo-
sitional events that are interpreted to reflect the
ice-marginal environment that separates sequence
SB1 from SB2. The base of the upper sequence, SB1,
is at 12.2 m (40 ft), not 13.8 m (45.2 ft).



The gamma log represents the homogeneity of the
core fairly well between 23.5 and 15 m (77-49.2 ft),
although some gamma variations do not correlate
to changes in mud percent (fig. 12). For instance, the
gamma peak centered at 16.5 m (54.1 ft) does not
correspond to increased mud percent. The trough
in the gamma log between 19 and 17.5 m (62.3-57.4
ft) may correspond with the sandy diamicton from
18.2 to 16.6 m (59.7-54 4 ft) (fig. 12), but this is prob-
lematic given the depth offset.

The trough in gamma radiation between 24.4
and 234 m (80-76.7 ft) corresponds well with
the decreased mud percent of this interval.
This provides an effective bottom boundary for
sequence SB2 in the core.
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APPENDIX

ROTOSONIC CORES OF THE LAGRO FORMATION

SC0801-1 SC0801-2 SC0801-3 SC0801-4
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155¢m I54cm

Figure A1. Photographs of core SC0801, sections 1, 2, 3, and 4.
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Figure A2. Photographs of core SC0801, sections 5, 6, 7, and 8.
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Figure A3. Photographs of core SC0801, sections 9, 10, 11, and 12. In section 9, 2 ft were drilled, although 5 ft were recov-

ered; this could be due to expansion or an error in the driller’s depth notation.
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Figure A4. Photographs of core SC0801, sections 13, 14, 15, and 16.
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Figure A5. Photographs of core SC0801, sections 17, 18, 19, 20, and 21.
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Figure A6 Photographs of core SC0803, sections 1, 2, 3, and 4.
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SC0803-5 SC0803-6 SC0803-7 SC0803-8
0 —Depth —Depth —Depth 0
i 20 ft 25 ft 301t
| 610 cm 762cm 914 cm
g Depth 10
05+ 351t
i 1067 cm
E 20
1.0 30
] 40
1.5+
] 50
1 —18ft
2.0 55¢cm 60
] 70
£ 254 €
> h ~
3 | 80 =
8 3
o T ]
[a'4 i o
3.0 90
| 100
35
| 110
4.0 120
| 130
4.5
i 140
i 150
5.0
- 512ft— 0.09ft= 512ft—
] 156 cm 155cm 156 cm 160

Figure A7 Photographs of core SC0803, sections 5, 6, 7, and 8.
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Figure A8. Photographs of core SC0803, sections 9, 10, 11, and 12.
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SC0803-13 SC0803-14 SC0803-15 SC0803-16
0 —Depth —Depth —Depth
i 60 ft 65 ft 701t
| 1829 cm 1981 cm 2134 cm
E Depth
0.5 - 751t
| 2438 cm
1.0+
1.5
2.0
- -2.321t 2.3t~
& 25- 7lem 70cm
E i
Q
S ]
g ]
-3 | 2.85ft—
3.0 87cm
35
4.0
4.5+
5.0 1
] 512ft—
] 156 cm

Figure A9. Photographs of core SC0803, sections 13, 14, 15, and 16.
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Figure A10.

Photographs of core SC0803, sections 17 and 18.
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Figure A11. Photographs of core SC0804, sections 1, 2, 3, and 4.
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Figure A12.

Photographs of core SC0804, sections 5, 6, 7, and 8.
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SC0804-9 SC0804-10 SC0804-11 SC0804-12
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Figure A13. Photographs of core SC0804, sections 9, 10, 11, and 12.
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Figure A14.

Photographs of core SC0804, sections 13, 14, 15, and 16.
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