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Abstract

Thin-section (micromorphological) analysis of samples from the upper 1.5m of a core obtained in 2007 from Anderson
Pond, Tennessee, reveals a coherent but discontinuous record of late Pleistocene and Holocene climate change that sup-
ports some interpretations from previous pollen and charcoal analyses but indicates a revised Holocene chronology for
this classic pollen site. Legacy sediments recording anthropogenic disturbance compose the upper 65 cm of the core
(<160 cal yr BP) and are characterized by mixed, darker-colored, and coarser-grained deposits containing reworked soil
aggregates, which sharply overlie finer-grained and lighter-colored, rooted middle Holocene sediments interpreted as a
paleosol. These mid-Holocene sediments (95–65 cm; 7100–5600 cal yr BP) record extensive warm-dry subaerial soil con-
ditions during the middle Holocene thermal maximum, manifested by illuviated clay lining root pores, and also contain
abundant charcoal. Late Pleistocene sediments (150–95 cm), dark-colored and organic-rich, record open-water conditions
and include siliceous aggregate grains at 143–116 cm (14,300–13,900 cal yr BP), recording intense fires. Thin sections are
not commonly used in studies of paleoclimate from Quaternary lacustrine sediments, but we advocate for their inclusion
in multianalytical approaches because they enhance resolution of depositional and pedogenic processes.
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INTRODUCTION

Micromorphology is the microscopic study of soils and sedi-
ments using thin sections. It is widely used in analysis of soils
and paleosols to infer pedogenic processes and soil properties
(Driese et al., 2007, 2016a, 2016b; Driese and Ashley, 2016)
and to understand the architecture of processes of formation of
unconsolidated glacial, periglacial, and marine sediments (van
der Meer and Menzies, 2011). The technique is also important
in the study of varved lake sediments (Clark, 1988; Brauer,
2004), for determining whether laminations are produced
annually and for using the varved records and proxies within
them to develop high-resolution records of climate, fire, and
terrestrial and aquatic vegetation and biota. However, within
the broader scope of Quaternary paleolimnological studies, the

use of micromorphology is uncommon. This is unfortunate
because much valuable paleoenvironment context can be
secured using thin-section study, and the sediments themselves
can be more fully characterized regarding textures and com-
positions. Our goal is to demonstrate the usefulness of thin-
section micromorphology for reconstruction of late Quaternary
paleoenvironments through application to Anderson Pond in
eastern Tennessee. First cored by Delcourt (1979), who
developed a pollen record that reached back to the last glacial
period, the late Quaternary paleoecology of Anderson Pond has
been studied and discussed by multiple researchers over the
past four decades. The site has more than 5m of Pleistocene
lacustrine sediments but only a shallow (~1m) Holocene
record. Delcourt (1979) interpreted the upper part of the
Anderson Pond record as demonstrating slow but continuous
sedimentation across the Holocene, but Liu et al. (2013)
suggested that much of the Holocene may be missing or
disturbed, owing to erosional hiatuses and to bioturbation
and mixing.
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OBJECTIVES

Using thin-section micromorphology, the objectives of this
study are to examine the upper 1.5m of a 2m core obtained
from Anderson Pond in 2007 (AP 2007-2, a core parallel to
and presumably correlative with the longer AP 2007-1 core
studied by Liu et al. [2013] recovered at the same time) for
the following:

1. Evidence of major hiatuses or breaks in the sedimenta-
tion record.

2. Evidence for development of features indicative of drier
climate during the middle Holocene thermal maximum
(8000–4200 cal yr BP), previously suggested from
pollen and microscopic charcoal analyses (Delcourt,
1979; Ballard et al., 2016), with evidence to be
integrated with existing floodplain (Driese et al., 2008;
Kocis, 2011) and speleothem (Driese et al., 2016a)
paleoclimate records for the eastern Tennessee region.

3. Evidence for bioturbation. Previously, the upper 1.1m
interval of the Anderson Pond core AP 2007-1 was
judged as unreliable and not datable by Liu et al. (2013)
because of apparent sediment mixing and out-of-
sequence radiocarbon dates. Thus, an important objec-
tive is to determine if there are bioturbation features that
could have mixed younger charcoal and other macro-
fossils into deeper (and older) contexts or brought older
material to the surface.

4. Occurrences of newly recognized sediment grain types
that occur within a relatively narrow time interval of the
late Pleistocene in the southeastern United States, which
were termed “siliceous aggregate” grains by Ballard
(2015) and Driese et al. (2015).

BACKGROUND

Geological and geomorphological setting

Anderson Pond is located on the eastern Highland Rim in east
Tennessee (Fig. 1) and is developed in a sinkhole collapse
formed within Mississippian-age marine carbonate
(dolostone) deposits (Delcourt, 1978, 1979). It is located about
400–500 km south of the southernmost extent of the
Laurentide Ice Sheet during the last glacial maximum (LGM)
within an area of the southeastern United States that was not
subjected to Pleistocene glaciation (Fig. 1). The Anderson
Pond 1976 core sampled by Hazel and Paul Delcourt was
interpreted as a largely continuous record of late Pleistocene
(25,000 14C yr BP) to Holocene (and modern) deposition
(Delcourt, 1978, 1979; Delcourt and Delcourt, 1980).
Although Anderson Pond had 18 cm of water when sampled
in 1976 by Delcourt (1979), she noted that water levels fluc-
tuate 2–3m throughout the year, with the basin supporting a
large, deep pond in the winter but becoming a swamp with
shallow, open pools when water levels are lowest in early
autumn. Thickets of shrubs and small trees with interspersed
marshes occupy the central portion of the sinkhole depression,
surrounded by a ring of swamp forest with larger hardwoods

(Liu et al., 2013) that may be encroaching from the edges.
There is no apparent stream that provides inflow or outflow,
and the pond is spring fed (Delcourt, 1979). Water was low
when we visited in June 2010 (Fig. 2), and there was no
standing water at all during a prolonged drought in October
2007, when a team led by Stephen Jackson recovered the 7m
long AP 2007-1 core studied by Liu et al. (2013) and the
parallel 2m core that we studied, from a position (36º1'45"N,
85º30'4"W; 303m elevation) estimated to be within 25m of
the original Delcourt (1979) sampling site (Liu et al., 2013).

Pollen records

The pollen record for Anderson Pond presented by Delcourt
(1979) shows a dominance of boreal forest conifers (spruce

Figure 1. (color online) Map showing location of study site at
Anderson Pond, on the eastern Highland Rim in Tennessee, USA.
Note position of site relative to southernmost extent of Laurentide
Ice Sheet (line, with tooth pattern) during the last glacial
maximum (modified from Liu et al., 2013).

Figure 2. (color online) Field photograph of Anderson Pond site
taken in June 2010 showing low water near the edge of the swamp
and extensive hardwood vegetation.
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[Picea], jack pine [Pinus banksiana], and fir [Abies]) during
the LGM, followed by a precipitous decline in these taxa and
increase in oak and other deciduous forest taxa with
late-glacial warming. From the pollen assemblages and from
generally poor pollen and macrofossil preservation, she
inferred warm and dry conditions during the middle Holo-
cene at Anderson Pond. New pollen analyses presented by
Liu et al. (2013) on the AP 2007-1 core largely reinforced the
previous pollen work by Delcourt (1979) (for comparison
diagram, see Ballard et al., 2016), but with the chronology
improved by accelerator mass spectrometry (AMS) radio-
carbon dating of macrofossils and constrained incremental
sum of squares analysis used to guide delineation of pollen
zones. In the upper 2m that overlap with the parallel core we
investigated, Liu et al. (2013) defined zone AP-3
(238–106 cm depth; 15.9–13.7 ka) as characterized by a
dramatic decline in Pinus, with a steady rise in Quercus and
Ostrya, along with low percentages of other deciduous forest
taxa (Acer, Carya, Fraxinus, and Ulmus) and of grasses and
sedges. Their zone AP-4 (106–0 cm depth; undated
Holocene), in contrast, is characterized by high Quercus
(30%–60%), Carya (10%–25%), and Poaceae (5%–15%);
moderate Pinus (5%–20%); and low Picea and Abies.
Liu et al. (2013) also noted a sharp increase in Ambrosia
pollen above 35 cm, from about 1% to >20%, a spike they
interpreted, as did Delcourt (1979), to be a consequence of
Euro-American land clearance.

Sedimentary charcoal

Ballard et al. (2016) analyzed microscopic charcoal
concentrations in Anderson Pond sediments and also calcu-
lated charcoal-to-pollen ratios, using the original pollen slides
prepared by Delcourt (1978, 1979). They were unable to do
additional dating on the 1976 core (of which only portions
remain) but updated the original chronology by calibrating the
radiocarbon dates reported by Delcourt (1979) using CALIB
7.0.2 and the IntCal13 database (Stuiver and Reimer, 1993;
Reimer et al., 2013). Because their focus was to examine
linkages between fire activity and the vegetation reconstruc-
tion developed by Delcourt (1979), they followed her
approach of linear age modeling and assumption of con-
tinuous sedimentation, while acknowledging the possibility of
a hiatus in the postglacial section of the 1976 record (Ballard
et al., 2016). Comparing the ages of transitions in pollen
assemblages identified by Liu et al. (2013) in their better-dated
pollen record from the 2007 core with those evident in the
Delcourt (1979) pollen record indicated an inconsistent offset
for the glacial and late-glacial sediments, with a transition at
13,700 cal yr BP occurring some 900 yr later (12,800 cal yr
BP) in the 1976 profile, but with three prior transitions
occurring 500 to 2600 yr earlier (Ballard et al., 2016).
From the charcoal analysis, Ballard et al. (2016) deter-

mined the following: (1) fire activity was high from the LGM
to ca. 15,000 cal yr BP, when spruce and pine pollen were
abundant and jack pine was the dominant species (charcoal-
to-pollen ratios are highest during this time); (2) fire activity

was sharply reduced at ca. 15,000 cal yr BP, as conifers were
replaced by hardwoods at the site, and remained low from ca.
15,000 to 8200 cal yr BP when fire-intolerant taxa such as
Ostrya and Carpinus were important in the pollen record;
(3) highest fire activity as indicated by charcoal area con-
centrations occurred during the middle Holocene thermal
maximum (8200 to 5000 cal yr BP), coincident with increased
percentages of indeterminate pollen grains interpreted to
indicate poor preservation under drier conditions; and
(4) charcoal area concentrations declined from 5000 cal yr BP
to the present. However, it should be noted that Ballard et al.’s
(2016) interpretations were based on an assumption of fairly
continuous sedimentation and did not include the revised age-
depth model with unconformities that we present in this study.

Previous age-depth models

The original age-depth model for Anderson Pond developed
by Delcourt (1979) was based on conventional radiocarbon
dates on bulk sediments with high uncertainties and likely
some influence of an old carbon effect. These dates indicate
that the sinkhole pond began filling with sediments at ca.
25,000 14C yr BP (Fig. 3), at least in chutes in the limestone
bedrock, the depositional setting of the lowest ~2m of the
1976 Anderson Pond record (Delcourt, 1979). Anderson
Pond initially filled with mineral-rich sediments fairly rapidly
(average sedimentation rate of 0.06 cm/yr), but the dates
indicated an apparently sharp decline in sedimentation
coincident with the deposition of more organic-rich
sediments at ca. 12,750 14C yr BP, with the upper 1m of
sediments representing ca. 10,000 14C yr of deposition.
A modern date (−10± 100 14C yr BP) was obtained on bulk
sediment from 34 to 40 cm below the mud–water interface.
AMS dating of macrofossils in the new AP 2007-1 core by

Liu et al. (2013) showed a modern date (115± 35 14C yr BP)
at 67 cm depth (Scirpus and Polygonaceae seeds) and a date
of less than modern at 86 cm (Polygonaceae seeds and twig)
that was regarded as erroneous and discarded. Based on the
AMS dates and the results of Bayesian age modeling with the
Bacon program (Blaauw and Christen, 2011), which together
suggested a hiatus and sediment mixing in the upper meter,
Liu et al. (2013) concluded that the sediment stratigraphy and
chronology of their Anderson Pond core was unreliable
above 106 cm (<13,700 cal yr BP) and that most of the
Holocene was probably missing from the record.

METHODS

Field and laboratory

The AP 2007-2 core provided to us by Stephen Jackson was
one of two cores he and his team recovered in October 2007.
The core was collected in two successive sections each ~1m
long; coring methods are described by Liu et al. (2013). After
retrieval from the field site, the AP 2007-2 core was stored at
5°C in the Laboratory of Paleoenvironmental Research at the
University of Tennessee. The core was subsequently split,
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and one-half was archived. One-quarter of the other half-core
was sampled for thin-section preparation using a modified
plastic slide box lid 3 cm wide that was pressed into the core
and used to retrieve either 5 cm or 7 cm long samples,
followed by air-drying for 2–3 weeks. The oriented thin-
section samples were subsequently prepared by a commercial
lab (Spectrum Petrographics Inc.) as either 1 × 2 cm or
5 × 7 cm thin sections. After initial scanning and digitization
on a flat-bed at 600 dpi, the thin sections were examined at
Baylor University using an Olympus BX51 research micro-
scope equipped with standard plane-polarized (PPL) and
crossed-polarized (XPL) light, as well as with three different
wavelengths of UV fluorescence (UVf), and then photo-
graphed using a Leica digital camera. Micromorphological
descriptions follow nomenclature and methods presented in
Brewer (1976), Bullock et al. (1985), FitzPatrick (1993), and
Stoops et al. (2010).

X-ray radiography

The split core sections of the AP 2007-2 core were examined
at the University of Tennessee College of Veterinary Medi-
cine in Knoxville, Tennessee, and imaged using standard
X-ray radiography, with the hardness of the X-ray intensities
adjusted to maximize contrast between the different core
sediment lithologies, burrows, roots, and other organic
features.

Geochronology

We submitted macrofossils from four levels of the AP 2007-2
core to the National Science Foundation Arizona AMS
Laboratory and the National Ocean Sciences AMS Facility
for AMS radiocarbon dating to develop a chronology for the
AP 2007-2 sediment core. We also used five dates obtained
by Liu et al. (2013) on the AP 2007-1 core. We adjusted the
depth position of one date from the upper meter of the AP
2007-1 core to align with the stratigraphy in the AP 2007-2
core, using linear interpolation between points matched on
photographs of the AP 2007-1 and 2007-2 cores (from Liu
et al.’s [2013] supplementary data and others taken in our
lab). We also adjusted the depth position of a macrofossil
date from a crayfish burrow that had intruded older
sediments, as discussed subsequently. We calibrated the
radiocarbon ages and constructed an age model for the AP
2007-2 core using the program CLAM v2.2 (Blaauw, 2010)
within the open-source statistical environment R v3.1.2
(R Development Core Team, 2014). We used a date of
−50± 20 yr BP for the sediment surface, following the AP
2007-1 chronology in the Neotoma Paleoecology Database
(http://www.neotomadb.org), and entered hiatuses at 65
and 95 cm based on the results of our micromorphological
analysis. The CLAM age model was based on linear
interpolation between dated levels, weighted by calibrated
probabilities from the IntCal13 radiocarbon calibration curve
(Reimer et al., 2013). The age-depth model and point esti-
mates at increments of 1 cm were based on the weighted
average of 10,000 iterations calculated by the CLAM soft-
ware. We also calculated the weighted mean of the prob-
ability density distribution (Telford et al., 2004) for the
calibrated ages for each date, using output from CALIB 7.02
software (Stuiver and Reimer, 1993) used with the IntCal13
data set (Reimer et al., 2013).

RESULTS

Geochronology

Table 1 shows the radiocarbon dates, calibrated age ranges,
and weighted means ages of the four AMS radiocarbon dates
obtained on the AP 2007-2 core and the five dates from the
AP 2007-1 core (Liu et al., 2013) used in the age model. The
out-of-sequence date of 6150± 29 cal yr BP was obtained on
translocated macrofossils within a crayfish burrow that is
very evident on the X-radiograph (Fig. 4). The burrow was

Figure 3. Original description and chronology of Anderson Pond
core collected in 1976 by Hazel and Paul Delcourt, with depths
reported from water surface and ages in radiocarbon years before
present. Note that the late Pleistocene sedimentation rate at the site
during the last glacial maximum was initially very high but was
greatly reduced in the Holocene such that the upper 1.5m of
sediment has a large amount of time condensed into a thin
sediment record.
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not visually obvious, and we selected a sample for dating
from this section of the core without referring to the X-rays.
The date is out of place in the second core section but pro-
vides an age estimate for paleosol sediments higher in the
core, and as explained subsequently, we have used the age at
a depth of 94 cm in our age model.

X-ray radiography

The X-ray radiograph shows that the upper 65 cm of the core
consists of postsettlement alluvium or “legacy sediment”
(James, 2013), which is well mixed by bioturbation and
exhibits a sharp, erosional contact with an underlying well-
dated middle Holocene (7100–5600 cal yr BP) paleosol that
also shows extensive rooting (Fig. 4). A 2–3 cm diameter
crayfish burrow with characteristic pelleted wall structure
crosscuts organic-rich sediments and has an internal fill that
appears identical to the overlying paleosol; this feature
includes the “out of sequence” date based on younger
macrofossils introduced by burrowing deeper into the sedi-
mentary succession (Fig. 4). The legacy sediments interval is

divisible into upper and lower subintervals, based on differ-
ent opacity to X-rays, with the upper interval having a lower
opacity (lighter appearance) than the lower interval. The
paleosol also has a lower opacity (lighter appearance) than
the underlying organic-rich sediments, which are higher
opacity (darker appearance). A second unconformity corre-
sponds to the break between the top of the lower core and the
bottom of the upper core (~95 cm depth). Bioturbation is
apparent through much of the core, but also with some pre-
servation of horizontal bedding or stratification.

Scanned whole thin-section micromorphology

Representative high-resolution digital scans of whole thin
sections confirm basic differences of sediment types identi-
fied on the core X-ray radiograph (Fig. 5). Legacy sediments
are dark colored, have a mixed appearance, and consist of
visible quartz sand and charcoal grains, as well as clasts of
eroded soil material (Fig. 5A). The boundary between the top
of the middle Holocene paleosol and the overlying legacy
sediments is erosive and sharp, and bioturbation from the

Table 1. Radiocarbon dates from Anderson Pond used in the age model and calibrated age ranges.

Calibrated age rangesd

Lab
numbera Coreb

Depth
(cm)

Adjusted
depthc (cm) Material dated

δ13C
(‰)

14C age± 1σ
(14C yr BP)

95%
Confidence
(cal yr BP) Probability

Weighted mean
agee (cal yr BP)

OS–77549 1 67 59 Scirpus and
Polygonaceae seeds

115± 35 149–11
175–175
271–186

62.5
0.2
32.2

137

AA-106533 2 68 68 Seeds − 24.9 5031± 23 5672–5665
5774–5713
5797–5777
5893–5803

1.2
30.8
3.5
59.5

5807

OS-120431 2 71.5 71.5 Charcoal 5260± 25 6030–5936
6069–6041
6118–6076
6177–6150

53.9
6.8
22.1
1.2

6004

Beta–
282459

2 80.5 80.5 Charcoal − 27.2 5340± 40 6213–5998
6268–6243

89.1
5.8

6148

OS–82720 1 110 110 Cyperaceae seeds 12,050± 60 14,065–13,757 95 13,904
OS–77548 1 118 118 Picea needles,

Cyperaceae achene
12,050± 70 14,083–13,751 95 13,908

AA-106668 2 140.5 94 Uncharred plant
material

− 24.7 6150± 29 6961–6960
7159–6966

0.5
94.4

7063

OS–77356 1 174 174 Picea needle 12,550± 150 15,262–14,176 95 14,757
OS–79477 1 209 209 Scirpus achene, Picea

seed, Picea needles
12,850± 75 15,617–15,115 95 15,350

aAnalyses were performed by the National Ocean Sciences AMS Facility, Woods Hole Oceanographic Institute (OS); Beta Analytic (Beta); and the National
Science Foundation Arizona AMS Laboratory (AA).
bCore 1 is the AP 2007-1 core from Anderson Pond studied by Liu et al. (2013), and dates are from that source. Core 2 is the parallel AP 2007-2 core that we
studied.
cThe depth for OS-77549 in AP 2007-1 was adjusted to the depth in AP 2007-2 by matching stratigraphy between cores. Date AA-106668 was material from a
crayfish burrow that we interpret as having been brought down into the late-glacial sediments from the overlying paleosol. We use this date as a maximum age
for the paleosol and position it at the bottom of the paleosol (see text).
dThe 95% confidence intervals for the calibrated ages, and associated probabilities, are from the CLAM age model output.
eWeighted mean of the probability density distribution of the calibrated age, calculated from output from CALIB 7.0.2 software (Stuiver and Reimer, 1993) used
with the IntCal13 data set (Reimer et al., 2013).
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legacy sediments has piped darker legacy sediment material
downward into the top of the paleosol, which also has
abundant fine root traces (Fig. 5B). Late Pleistocene

sediments are much finer grained, darker colored, and more
organic rich than either the legacy sediments or the paleosol,
with fine bioturbation and visible seeds and plant fragments
(Fig. 5C).

Polarized light and UVf microscopy

Examples of features observed with polarized light micro-
scopy (PPL and XPL) are shown in Figure 6, and examples of
features observed with UVf microscopy are provided in
Figure 7. Legacy sediments are dark colored, are well mixed
by bioturbation, and contain medium to coarse sand–sized
monocrystalline quartz grains along with sand-sized clasts of
reworked soil material (Fig. 6A and B). In addition, these
sediments have an appreciable biotic component that
includes freshwater sponge spicules, charcoal grains, par-
tially decayed plant tissues, and possibly some seeds and
spores (Fig. 7A and B). The middle Holocene paleosol con-
tains abundant fine millimeter-scale root traces, many of
which are lined or coated with pedogenic clay that has a light
yellow-brown color in PPL and high birefringence with
bright interference colors viewed under XPL (Fig. 6C and D).
Quartz silt and very fine to fine sand–sized monocrystalline
quartz are abundant within the paleosol matrix, along with
abundant macroscopic charcoal fragments (Fig. 6E and F).
The paleosol has a biotic component that includes micro-
scopic charcoal grains, partially decayed plant tissues, and
possible seeds and spores (Fig. 7C and D). The late
Pleistocene sediments are generally dark colored and very
organic rich, with many organic constituents that are indis-
tinguishable from surrounding sediment viewed with PPL
but are highly visible using UVf (Fig. 7E–H). Unique types
of grains occur in the core in thin-section samples prepared
between 143 and 116 cm depth (location is shown in core
X-ray radiograph, Fig. 4), which were termed “siliceous
aggregate” grains by Ballard (2015) and Driese et al. (2015).
These grains are very fine to fine sand sized and are com-
posed of very fine to fine quartz silt grains that are cemented
by a micromass of cryptocrystalline silica that has a chertlike
appearance (Fig. 6G and H). Careful inspection of these
grains with UVf shows some minor organic material incor-
porated into some of the grains; however, most are relatively
pure quartz and cryptocrystalline silica.

INTERPRETATIONS AND DISCUSSION

New age-depth model

The results of micromorphological observations are sum-
marized in Figure 8, together with a revised age-depth model
based on the radiocarbon ages shown in Figure 4, but with the
date obtained from translocated plant macrofossils from
within a crayfish burrow used in the model as a possible age
for the bottom of the paleosol by adjusting its depth to 94 cm.
The upper 65 cm of the core, identified as legacy sediments,
represents sediment deposited after ca. 160 cal yr BP

Figure 4. (color online) X-ray radiographs of the two split core
sections (each 1m long) of the AP 2007-2 core from Anderson Pond
obtained by Stephen Jackson in 2007, parallel to longer core studied
by Liu et al. (2013). Red diamonds show accelerator mass
spectrometry (AMS) 14C dates we obtained; blue diamonds are AMS
14C dates obtained by Liu et al. (2013) (calibrated age ranges from
Table 1). Note prominent unconformity between anthropogenic
“legacy sediments” and middle Holocene paleosol, as well as
prominent crayfish burrow that piped younger plant material deeper
into older sediments. Location of interval with distinctive “siliceous
aggregate” grains is also shown.
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(AD 1790). The lower subinterval, with a higher opacity in
the X-radiograph, contains dark-colored topsoil eroded from
the surrounding landscape and shows evidence of dis-
turbance by bioturbation-related mixing. The upper sub-
interval, with lower opacity in the X-radiograph, appears
from visual examination of the core to contain more eroded
subsoil (no thin sections were prepared from this interval).
Bioturbation, perhaps by crayfish, may explain the presence
of traces of spruce pollen in the upper meter of the Liu et al.
(2013) pollen record from Anderson Pond, in sediments
deposited when spruce was rare or absent on the eastern
Highland Rim. Although the crayfish burrow could have
formed more recently than the paleosol, it contained charcoal
and other plant macrofossils brought down from the paleosol.
That the charcoal date within the burrow was both older and
stratigraphically deeper than the two charcoal dates obtained
from the paleosol compelled us to consider it as a possible
older age limit for the paleosol. We do not know if crayfish
currently inhabit Anderson Pond and if so how deep they
burrow, but as a group, freshwater crayfish in North America
are reported to burrow 1–9m to reach the water table in
floodplain and lake margin areas (Hasiotis et al., 2012).
Modern, undetected crayfish activity could also explain
the less than modern date that Liu et al. (2013) obtained
at a depth of 86 cm in the AP 2007-1 core, within the
paleosol layer.
The record between 160 and 5600 cal yr BP is apparently

missing and was presumably removed either by erosion pre-
ceding emplacement of the overlying legacy sediments or by
widespread oxidation of wetland sediments during subaerial
exposure (Fig. 8). The interval from 95 to 65 cm depth
represents middle Holocene soil formation with 30 cm

sediment accumulation over a period from 7100 to 5600 cal
yr BP. There is no early Holocene date from the core, and we
attribute this to the existence of a second unconformity
resulting from either erosion prior to deposition of the middle
Holocene paleosol sediments or widespread oxidation of
wetland sediments during subaerial exposure. The Pleisto-
cene–Holocene boundary at 11,600 cal yr BP is within the
modeled hiatus (Fig. 8). Based on our new age-depth model,
the occurrences of siliceous aggregate grains from 143 to
116 cm depth correspond to the period from 14,300 to
13,900 cal yr BP. Ballard (2015) interpreted siliceous aggre-
gate grains as originating during intense fires that generated
large amounts of completely combusted wood ash (with little
or no charcoal), which raised the pH sufficiently to solubilize
biogenic, opaline silica that was then available to cement
loessial quartz silt to form siliceous aggregate grains. Her
hypothesis for siliceous aggregate grain formation was based
on archaeological studies by Weiner (2010), who had pre-
viously postulated that siliceous aggregates associated with
hearth surfaces are indicators of fire; this hypothesis was
subsequently verified through laboratory experiments
described in Ballard (2015).

Applying our new age model and
micromorphological interpretations to the
Anderson Pond pollen and charcoal records

In Figure 9, we apply our new age model for the upper section
of the Anderson Pond profile to previous pollen and charcoal
analyses. All data are plotted by depth extrapolated to the AP
2007-2 core, together with interpolated ages. Pollen data

Figure 5. Scanned whole thin sections of Anderson Pond core AP 2007 sediments. (A) AP 59–63 cm depth, basal part of legacy sediment
interval showing dark-colored topsoil denuded from surrounding landscape and deposited into Anderson Pond; dark flecks are charcoal,
and white grains are detrital quartz. (B) AP 63–70 cm depth showing sharp boundary between dark-colored legacy sediments and middle
Holocene paleosol and prominent bioturbation (arrows). (C) AP 105–109 cm depth showing top of organic-rich late Pleistocene sediments
that include seed (arrow) and millimeter-scale vertical burrows or root traces (white).
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from the recent study by Liu et al. (2013) of the parallel AP
2007-1 core were downloaded from the Neotoma Paleo-
ecology Database (http://www.neotomadb.org). Depths in

the first section of the AP 2007-1 core were adjusted to depths
in the AP 2007-2 core using linear interpolation between five
match points based on stratigraphy. Depths in the second core

Figure 6. Anderson Pond thin-section micrographs from sediment cores. (A) AP 48–52 cm depth, medium to coarse sand–sized quartz
grains (qtz) and soil clasts (sc) transported by high-energy flows, lower part of legacy sediments (plane-polarized light [PPL]). (B) AP
48–52 cm depth, reworked dark soil aggregates (soil aggr) denuded from surrounding landscape and deposited into Anderson Pond (PPL).
(C, D: PPL and cross-polarized light [XPL]) AP 71–74 cm depth, root channels in middle Holocene paleosol filled with yellowish
illuviated clay (illuv clay) under PPL, exhibiting bright interference colors and flecked extinction pattern under XPL. (E) AP 76–82 cm
depth, macroscopic charcoal grain that is broken (PPL). (F) AP 83–87 cm depth, large macroscopic charcoal grain with relict plant cell
structure preserved. (G, H: PPL and XPL) AP 116–119 cm depth showing typical example of siliceous aggregate (silic aggr) grain
composed of fine to very fine silt–sized loessial quartz grains cemented by cryptocrystalline silica.
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section were not adjusted. Pollen data for the core recovered
by Delcourt in 1976 were taken from the Neotoma Paleo-
ecology Database and from Delcourt (1978); microscopic
charcoal data are from Ballard et al. (2016). We matched

these proxies from the AP 1976 core to depths in the AP
2007-2 core using loss-on-ignition data from Delcourt
(1978), assuming that the interval of low organic content
from 124 to 88 cm in the AP 1976 core (depths measured

Figure 7. Anderson Pond thin-section micrographs from sediment cores. All photos are paired plane-polarized light [PPL] and UV
fluorescence (UVf). (A, B) AP 48–52 cm depth, legacy sediment rich in quartz (qtz) and freshwater sponge spicules (elongate, clear grains
in PPL) and containing organic grain (spore?) visible only under UVf (yellow arrow). (C, D) AP 88–94 cm depth, quartz (qtz) and
charcoal-rich sediment of middle Holocene paleosol containing fine organic matter visible only under UVf (yellow arrow). (E, F) AP
116–119 cm depth, organic-rich sediment containing clumps of organic material of uncertain affinity, visible only under UVf (yellow
arrows). (G, H) AP 126–129 cm depth, organic-rich sediment containing fragment of stem or root of aquatic plant (yellow arrow) as well
as minute fluorescent white spherules (white arrows) visible only under UVf.
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from water surface) corresponded to the paleosol. We posi-
tioned the sediment–water interface of the 1976 profile
(25 cm) at 8 cm in the AP 2007-2 core based on our age
model and used these match points and the top and bottom of
the paleosol to linearly adjust depths in the legacy sediments
and paleosol. For depths below the paleosol in the AP 1976
core, we subtracted 29 cm, the offset between the bottom of
the paleosol in the AP 1976 core (124 cm) and in the AP
2007-1 profile (95 cm).
The new age model and micromorphological analyses, as

summarized in Figure 9, confirm some previous interpreta-
tions of the Anderson Pond sediment record and lead to ree-
valuation of others. Our results support the interpretation of
Liu et al. (2013) that the Anderson Pond record contains one
or more depositional hiatuses during the late-glacial period
and Holocene. The profile is not a record of continuous
sedimentation, as advanced by Delcourt (1979) and Delcourt
and Delcourt (1980), but instead contains sediments asso-
ciated with three distinct intervals of sediment deposition
separated by two prolonged hiatuses: late-glacial sediments
that extend to ca. 13,900 cal yr BP, a mid-Holocene interval
from 7100 to 5600 cal yr BP reflecting processes operating
under subaerial conditions, and legacy sediments deposited
since ca. AD 1790 with lower (topsoil) and upper (subsoil)
subintervals (Fig. 9).
The interval of low fire activity that Ballard et al. (2016)

identified in the AP 1976 core, coincident with high pollen

percentages for fire-intolerant taxa such as Ostrya, predates
rather than spans the early Holocene, which is apparently
missing from the AP 1976 core and the cores collected in
2007 (Liu et al., 2013), based on our core matchup. The
period of low fire activity and mixed mesophytic vegetation
falls entirely within the late-glacial sediments and is truncated
by the hiatus below the paleosol. However, our micro-
morphological analyses and new mid-Holocene AMS dates
confirm the interpretation of Ballard et al. (2016) that the
interval of high charcoal concentrations in the AP 1976 core
corresponds to an interval of drier climate during the middle
Holocene, which led to increased fires at Anderson Pond, in
areas surrounding the sinkhole and at some times in the
interior. Delcourt (1979) had interpreted shifts in pollen and
plant macrofossil assemblages and influx to indicate a
lowering of water level and expansion of swamp shrubs
including Alnus and Cephalanthus in the interior of
Anderson Pond associated with a warming and drying
climate during the hypsithermal interval. In a later article,
Delcourt and Delcourt (1980) tied the higher percentages of
indeterminate pollen in this part of the core (Figure 9) to
increased oxidation and possibly increased microbial activity
at this time of lower water level, which damaged high
numbers of pollen grains to the extent that taxonomic
identification was not possible.
The paleosol root pores lined with illuviated clay visible on

thin sections from the AP 2007-2 core confirm these previous
interpretations of lower water level and increased oxidation
of sediments during the middle Holocene. The paleosol also
shows mineral weathering, and no signs of redoximorphy
associated with saturated soils, indicating sustained periods
of well-drained conditions at the core site. Below that, sepa-
rated by a hiatus, core sediments reflect deposition in a late-
glacial pond. We concur with the original interpretation of
Delcourt (1979) that Alnus and other shrubs established in
Anderson Pond in association with postglacial climate and
environmental changes that converted the pond to a swamp.
However, the sediments that correspond to this conversion, in
which we would expect pollen evidence of the initial arrival
and spread of Alnus in the pond interior, are missing from the
record, part of the hiatus in the latest Pleistocene and early
Holocene. Although Alnus is typically associated with wet
conditions, the species that presently grows at Anderson
Pond, Alnus serrulata, can grow in well-drained upland soils
and under saturated conditions (US Department of
Agriculture, Natural Resources Conservation Service, 2016).
Thus, some Alnus shrubs may have persisted during middle
Holocene conditions of unsaturated soils in the sinkhole,
when the paleosol formed. It is also possible that small areas
of ponded drainage existed in the interior of Anderson Pond,
other than at the core site, during the middle Holocene, and
that Alnus shrubs grew in those locations. Alnus is wind
pollinated, and the pollen in the paleosol also could have
come from plants growing on the rim of the sinkhole or in
surrounding upland areas.
Our interpretation that the upper 65 cm of the 2007-2 core

consists of legacy sediments puts the settlement horizon

Figure 8. (color online) Summary showing interpreted age model
for 2m long AP 2007-2 core, annotated with occurrences of
important micromorphological features. Note that legacy
sediments unconformably overlie a middle Holocene paleosol that
contains illuviated clay and charcoal and which was characterized
by greatly reduced sediment accumulation rates. Note also that
siliceous aggregate grains occur in a narrow time interval, in
association with organic-rich sediment.
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~20–40 cm below the rise in Ambrosia pollen in the
pollen records of Delcourt (1979) and Liu et al. (2013), as
indicated in Figure 9. Increased percentages of Ambrosia
pollen are widely used as an indicator of Euro-American
settlement in pollen studies in eastern North America
(McAndrews, 1988), with the position of the “Ambrosia rise”
often used in age models (e.g., Booth et al., 2016).
Delcourt (1979) stated that Euro-American land clearance,
settlement, and cultivation began in the late 1700s on the
Highland Rim of Tennessee, and she interpreted the lowest
occurrence of Ambrosia pollen to mark initial land clearance
and settlement around Anderson Pond at ca. AD 1790.
The CLAM age modeling produced a point estimate for the
bottom of the legacy sediment of 156 cal yr BP (AD 1794),
which corresponds well with this land-use history.
However, the position of the Ambrosia rise within the legacy
sediment interval is inconsistent with the expected
correlation between postsettlement alluvium and Ambrosia
pollen. That Ambrosia pollen is negligible or rare in the
lower subinterval of legacy sediment interpreted to reflect
topsoil washed into the basin may indicate that this
agricultural weed did not establish with initial forest
clearance and agricultural development. The delay could
indicate that the plant only became important surrounding
Anderson Pond in a later stage of Euro-American
activity, when fields were more deeply eroded and
sediment derived from more clay-rich subsoils began to be
deposited in the sinkhole. Our finding, based on thin-section

analysis, that peak Ambrosia percentages at Anderson Pond
do not indicate the settlement horizon but instead postdate it
leads us to wonder whether such a delay might be present in
other records for which the pollen type has been use as a
stratigraphic marker.

Comparisons with correlative floodplain, wetland,
and speleothem records

Our interpretation of the development of a middle Holocene
paleosol at Anderson Pond adds to other evidence suggesting
drymid-Holocene conditions in Tennessee and elsewhere in the
eastern and central United States. Previous research by Driese
et al. (2008) on a small floodplain just north of Chattanooga,
Tennessee, established evidence for four repeated episodes of
middle Holocene drought, each estimated to be between 200
and 400yr duration, based on 2–5 per mil excursions in the
δ13C values of soil organic matter (SOM) preserved in flood-
plain soils and paleosols. Kocis (2011) obtained similar results
from study of δ13C values of SOM obtained from Tennessee
River floodplain sites in eastern Tennessee and northeastern
Alabama, which also showed evidence for episodic drought
conditions during the middle Holocene.
Crownover et al. (1994) excavated sediments of an upland

doline in Oak Ridge, Tennessee, and found two paleosols.
Soil humates from the upper paleosol, which was overlain by
sediments associated with postsettlement agriculture, yielded
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Figure 9. Pollen percentages and charcoal concentrations in the upper 1.8m of the Anderson Pond record, showing ages based on our new
model informed by micromorphological analysis. Data are plotted by depths extrapolated to the AP 2007-2 core, with two hiatuses and the
intervals of late-glacial sediments, paleosol, and legacy sediments demarcated based on thin-section analysis and radiocarbon dating.
Pollen percentages shown as curves shaded black or gray are from analyses of the AP 2007-1 core by Liu et al. (2013). Unshaded,
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Delcourt (1979). Charcoal concentration data are from Ballard et al. (2016), based on analyses of the original pollen slides from the AP
1976 core.
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a radiocarbon date of 320± 70 14C yr BP, whereas a humate
date for the lower paleosol showed it to be of mid-Holocene
age (6100± 100, 95% confidence range of 7244–6741
cal yr BP). No micromorphological or microfossil analyses
were available for the site, but based on pedogenic char-
acteristics of the paleosol and the lack of evidence of pedo-
genesis in the underlying sediments, the authors interpreted
the mid-Holocene paleosol to indicate a period of warming
and drying climate associated with the hypsithermal.
A recent study by Tanner et al. (2015) of a bog in south-
western North Carolina also presented sedimentary proxy
evidence of a mid-Holocene “hypsithermal event” char-
acterized by less negative δ13C values of SOM and by
organic biomarker n-alkane distributions that show an
increase of the C18 chain length during the middle Holocene;
C18 is a biomarker for bacteria and suggests organic matter
breakdown, which would be expected in a warm, dry climate
with extensive organic matter oxidation. Comparison with
Holocene records from the US Great Plains (Nordt et al.,
2008) and the middle Atlantic region of the United States
(Stinchcomb et al., 2013) indicates that the stable
carbon isotope expression of the middle Holocene thermal
maximum shows evidence for at least two, and possibly as
many as four, major episodes of drought in the Great
Plains and middle Atlantic regions, manifested by excursions
of 2–5 per mil toward less negative δ13C values. However, a
major problem with these soil- and paleosol-based proxies is
that they have poorer geochronological control (e.g., many
are based on AMS 14C dating of bulk SOM) and thus can
only be considered as providing coarse-scale paleoclimate
resolution.
A recent study by Driese et al. (2016a) analyzed annual

speleothem layers in a stalagmite (RM0710-2-1) obtained
from Raccoon Mountain Cave near Chattanooga, Tennessee,
spanning the entire middle and late Holocene (from 7600 yr
BP to ca. 400 yr BP), and applied rigorous time series models
to a very high-resolution data set of 4796 annual UVf layers
observed in thin sections. The middle Holocene paleoclimate
record was interpreted as characterized by 100–400 yr
intervals dominated by wetter conditions with thinner UVf
layers with more negative δ13C values, punctuated by abrupt
onset of shorter periods (5–50 yr, rarely 100 yr) of lower
rainfall with thicker UVf deposits with less negative δ13C
values; short-duration (<5 yr) low-rainfall “extreme drought”
events had very thick annual deposits and the least negative
δ13C values. The late Holocene, in comparison, was
characterized by overall wetter conditions and more regular
(sinusoidal curve) behavior suggesting 50–100 yr cycles of
higher and lower rainfall, with overall thinner UVf layers
than observed in the middle Holocene portion of the
speleothem. The thin early Holocene speleothem record had
multiple erosion/dissolution surfaces with common terra
rossa sediment drapes, interpreted as evidence that cave water
levels were high during the latest Pleistocene and early
Holocene such that the stalagmite was submerged by cave
streams and cave sediments and growth was interrupted
(Driese et al., 2016a).

CONCLUSIONS

1. Although the sediment record at Anderson Pond, eastern
Tennessee, spans the late Pleistocene to Holocene, from
ca. 25,000 cal yr BP to the present, the late-glacial period
and Holocene (<13,900 cal yr BP) are incomplete
because of oxidation and soil formation. Whereas the
three subintervals recognized in the upper 1.85m of the
profile include sediments that range in age from ca.
14,850 to –50 cal yr BP, two hiatuses account for more
than 12,000 missing years of sediment record in this
sequence.

2. Both X-ray radiography and thin-section micro-
morphology reveal that the upper 65 cm of the AP
2007-2 core comprises “legacy sediments” that record
anthropogenic disturbance <160 cal yr BP.

3. An unconformity separates legacy sediments from a
subjacent paleosol (95–65 cm depth) that has root traces,
illuviated clay, and charcoal fragments, and which
formed between 7100 and 5600 cal yr BP; during this
period of warm, dry conditions characterizing the middle
Holocene thermal maximum. At this time, Anderson
Pond became desiccated, subaerially exposed, and
converted to a vegetated soil system, and associated
wetland sediments were highly oxidized.

4. A second major unconformity indicates a hiatus
associated with either early Holocene erosion or oxida-
tion of wetland sediments during subaerial exposure,
and, as a consequence, the middle Holocene paleosol is
juxtaposed directly on top of the late Pleistocene
organic-rich sediments.

5. Siliceous aggregate grains occur within the depth interval
of 143–116 cm, corresponding to 14,300–13,900 cal yr
BP and indicating the occurrence of intense fires.

Although thin sections are not commonly used in studies
of paleoclimate from Quaternary lacustrine sediments, we
hope that our study is an example that will encourage greater
use of micromorphology in multianalytical approaches
because it greatly enhances resolution of depositional and
pedogenic processes.
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