ABSTRACT

Late Quaternary History of the Waco Mammoth Site: Environmental Reconstruction
and Interpreting the Cause of Death

John D. Bongino, M.S.

Mentor: Lee C. Nordt, Ph.D.

The Waco Mammoth site is thought to be the largest single-herd, non-human related
mammoth death site in the World. Previous research has failed to determine an undisputed
age and cause of death of 22 Columbian mammoths (Mammuthus columbi) uncovered at the
site. The purpose of this study is to produce the most accurate age and interpretation of the
environmental events occurring before, during, and after the death of the Waco Mammoths.
Soils, sediments, and allostratigraphic units were described using several vertical measured
sections. Data collected from measured sections included stratal thickness, allostratigraphic
boundaries, grain size, sedimentary and pedogenic features, and the spatial and temporal
ordering of stratigraphic units. Particle size distribution and micromorphologic analyses
were performed to create a microstratigraphic and pedologic history of the site. This study
concludes that the Waco mammoths represent at least two separate death events occurring in

a tributary of the ancestral Bosque River between 53 to 73 ka B.P.
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CHAPTER ONE

Introduction

The Waco Mammoth Site was discovered in 1978 in a gully dissecting an alluvial
terrace within the confluence of the Brazos and Bosque Rivers in McLennan County,
Texas (Figure 1). During the initial Phase I excavation (1978-1987), 16 articulated to
semi-articulated female and juvenile Columbian mammoths (Mammuthus columbi) were
unearthed (Fox et al., 1992) (Figure 1). During Phase II and III excavations (1991-1997),
the remains of an additional five female and one bull mammoths, and a fully articulated
camel (Camelops hesternus) (Greg Mcdonald 2005, pers. comm.), and an unidentified
large-tooth feline were uncovered (Anita Benedict 2005, Personal Communication)
(Figure 1). Subsurface coring by Hilliard (1997), approximately 23 m northeast of the
Phase II & III excavation area, encountered bone from another mammoth buried
approximately four meters beneath the coring surface, bringing the total number of
known mammoths at the site to 23.

After excavation was completed in 1990, several hypotheses were formulated
concerning the cause of death of the mammoths. Early investigation (Naryshkin, 1982;
Hiernrich, 1985) of the sediments surrounding the mammoth bones suggested that the
mammoths did not die in situ from rapid burial, but rather were transported and buried
over time by finely laminated sediments. Conversely, Fox et al. (1992) concluded that
taphonomic data and the in situ nature of the bone bed suggested a quick burial by flash-
flood-derived sediments, causing the mammoths to form a defensive posture around the

younger females and juveniles.
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Figure 1. Waco Mammoth Site bone bed, showing locations of excavated mammoths
and camel. Adapted from original plan map of Phase I, 11, and III excavations
by Ralph Vincent. Out of view to the north are Mammoths #22 and #23.
According to Naryshkin (1982), Heinrich (1985), and Fox et al. (1992), the Waco
Mammoth site is buried in Brazos River alluvium.

Three dating techniques have been employed at the Waco Mammoth site since its
discovery in 1978. Initial standard radiocarbon dating of bone apatite performed
approximately twenty years ago positioned the death of one mammoth from the Phase |
excavation at the site to 28,670 + 720 '*C yr B.P. (SMU-155C). Two uranium series ages
retained from mammoth tooth enamel in 1990 (SMU-198E2b, 198E1) and four Optically

Stimulated Lumenescense ages from associated sediment (UIC1345-1348) obtained in
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2004 (Lee Nordt 2005, pers. comm.) both indicate that the demise of the herd occurred
sometime between 58,000 and 73,000 yr B.P.

The Waco Mammoth Site is a unique Columbian mammoth site, because it is
proposed as the largest single herd, non-human-related death site discovered in the world.
However, since its discovery in 1978, scientific studies (Naryshkin, 1981; Heinrich,
1985; Strickland, 1988; Fox et al., 1992; Hilliard, 1997; Hoppe, 2004) have produced
differing interpretations, leading to controversy over the absolute age of the site and
cause of death. The purpose of this paper is to (1) construct an allostratigraphic and
chronostratigraphic framework to interpret the depositional history and age of the site, (2)
investigate the cause of death of the Waco mammoths through environmental
reconstruction, and (3) to determine whether all the mammoths died during a single event
or if several individual death assemblages exist.

More specifically, the following are objectives of the Waco Mammoth Site study
are:

1. Refine the most current age estimates of the mammoths using additional
optically stimulated luminescence dating,

2. Reconstruct the paleoenvironment in which the mammoths lived and died
(using geomorphological, sedimentological, stratigraphic and pedological
approaches),

3. Determine the environmental mechanisms resulting in the mammoths deaths
(using depositional characteristics, and stable carbon and oxygen isotope
analysis for climate conditions and approaches listed above), and

4. Determine whether the 22 mammoths existed collectively as a single herd or
as a number of smaller, individual assemblages separated spatially and
temporally.



Study Area

Location

The Waco Mammoth Site (WMS) is situated in a narrow valley (~100 meters
wide) inset to a large paired alluvial terrace of the Brazos and Bosques rivers in
northwest Waco of central Mclennan County, Texas (Figure 2). The WMS is located at
31°36°N, 97°11’W, and mapped on the northeast quadrant of the Waco West USGS 7.5”
quadrangle (USGS photo revised, 1975). The WMS is approximately 2 km north of the
present confluence of the Brazos and Bosque Rivers. The site lies within a large meander
loop known as Steinbeck Bend, approximately 0.6 km and 3 km from the Bosque and

Brazos rivers, respectively (Fox et al., 1992) (Figure 2).

Physiography

The WMS is positioned on the interior margin of the Gulf Coastal Plain, at the
border where the Blackland Prairie, Grand Prairie and northeast corner of the Edwards
Plateau physiographic regions meet (Figure 3). The Blackland Prairie is an
approximately 80-kilometer wide, north-south trending belt spanning Central Texas from
just north of San Antonio to the Red River in North Texas (Flawn and Burket, 1965)
(Figure 3). The WMS is within the Brazos River basin containing the Brazos and Bosque
River systems, which is bordered to the east and northeast by the Trinity River Basin
(Figure 4). The Brazos River basin upstream from the Waco Mammoth Site
encompasses other physiographic regions that influence its hydrology and sediment
sourcing. Provinces included within the upper Brazos River basin are the North Central

Plains and the High Plains (Figure 3).
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Figure 2. Location of the Waco Mammoth Site approximately 2 km north of the

confluence of the Brazos and Bosque rivers, within the northern city limits of
Waco in McLennan County, Texas.
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The topography consists of gentle rolling hills with deep clayey soils (Blackland Prairie)
in the east grading into a more rolling prairie (Washita Prairie — part of the Grand Praire)

with shallow calcareous soils to the west (Flawn and Burket, 1965).

Geology

The Blackland Prairie region is underlain by Cretaceous shales and limestones of
the Eagle Ford Group, Austin Chalk and Taylor Marl (Flawn and Burket, 1965). The
neighboring Washita Prairie to the west lies above the Washita Group, which consists of
Cretaceous limestones of the Buda, Del Rio, and Georgetown formations (Flawn and
Burket, 1965). The two prairie systems are separated by the Bosque Escarpment, a fault
line scarp extending across the northwest portion of Waco (Flawn and Burket, 1965)
(Figures 3 and 5). This stair-stepped, fault-controlled feature is part of the much larger
and longer White Rock escarpment, a northeastern trending two-stepped topographic
escarpment spanning across Central Texas. The White Rock escarpment and its smaller
counterpart, the Bosque escarpment are capped on their high step primarily by the
Cretaceous Austin Chalk with the lower step being supported by limestones of the Eagle
Ford Group (Flawn and Burket, 1965).

Brazos River alluvium is mapped at the site as Fluviatile terrace deposits (Qta) on
the Geologic Atlas of Texas Waco sheet (Figure 5). Flawn and Burket (1965) mapped
these deposits as Brazos Terrace (Qbrl). North of the excavation area, the Brazos
alluvium is directly underlain by the Eagle Ford Group and Early Gulfian (Cretaceous)
shales with limestone fragments (Figure 5). The central and southern portions of the site
are underlain by Cretaceous-age Austin Chalk (Kau), which is exposed at the surface to

the south, west and north of the site (Figure 5).
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The Brazos and Bosque rivers are both meandering streams, creating a series of
three alluvial fill terraces that represent older, abandoned floodplains. The Waco
Mammoth Site is inset to the third and highest terrace of a well defined three-level
system of terraces between the Brazos and Bosque rivers (Figure 6). These terraces are
labeled T1 through T3 and are 11 m, 16 m, and 24 m above mean river elevation
correspondingly (Flawn and Burkett, 1965; Hilliard, 1997). The mammoth and other
faunal remains were excavated within and adjacent to a modern low-order tributary that

has cut down through the T3 terrace.

Hydrology

The Brazos drainage basin begins with its headwaters in central-eastern New
Mexico and continues southeastward through Texas, where it terminates into the Gulf of
Mexico (Figure 4). Beginning from its headwaters to where the Brazos and Bosque
Rivers converge, the Brazos basin drains approximately 110,703 km?®, with 8,611 km’
considered noncontributing (Greiner, 1978).  Flowing southeast through Erath,
Somervell, Bosque, Hamilton, Coryell, and McLennan counties, the Bosque River is
bounded by the Leon River to the west, the Brazos River to the east, and the White Rock
escarpment to the southeast (Bishop, 1977). The Bosque River drainage basin, within the

larger Brazos River basin, drains approximately 4,286 km”.



Waco Mammaoth
Site

™

| Balcones '
Escarpment

a 50 160 150 200 miles
a 100 200 300 kilarmabars

Figure 3. The location of the Waco Mammoth Site, shown on the physiographic
map of Texas. Adapted from Bureau of Economic Geology, Austin, Texas
(1996).
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Figure 4. Map showing location of Waco Mammoth Site within the Brazos River
Basin. The Brazos River basin is bordered to the north and northeast by the
Trinity River basin.
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Figure 5. Geologic map of the Waco Mammoth Site and surrounding area, including the
associated reaches of the Brazos and Bosque Rivers. One centimeter equals
2.5 km (adapted from the Bureau of Economic Geology, Waco sheet, 1979).
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Figure 6. Map of study area showing Brazos/Bosque River alluvial terraces. Terrace
boundaries based on USGS Waco West 7.5 topographic quadrangle (1975 ),
with cross section transect (A to A") and cross section transect (B to B")
(adapted from Hilliard, 1979). Transects A to A" and B to B" are shown in

Figures 6 and 13, respectively.
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Figure 7. Cross section of T2 and T3 alluvial terraces derived from the USGS Waco
West 7.5 quadrangle (photo revised 1975) along transect A to A" (see Figure
6) (Adapted from Hilliard, 1997).

Soils

Soils principally associated with the Bosque River terrace alluvium to the south of
the site are calcareous and clayey Mollisols formed under grassland prairies (Figure 8).
These soils contain organic-rich mineral surface horizons, typically underlain by clayey
and carbonitic subsurface horizons that include the Burleson, Sunev, Queeny, Lewisville,
and Frio series (USDA, 2001) (Figure 8). The southern (Bosque River side) portion of
the Waco Mammoth Site is dominated by the Sunev series in the uplands (fine-loamy,
carbonatic, thermic Udic Calciustolls) and the Frio series in the floodplain (fine,
montmorillonitic, thermic Cumulic Haplustolls) (USDA, 2001) (Figure 8).

The Brazos River soils on the north side of the Waco Mammoth site are Alfisols
formed under oak-grassland savanna with deep, loamy-siliceous properties containing a
greater abundance of quartz derived from the Paluxy Formation of the Fredricksburg
Group (Hilliard, 1997) (Figure 8). Brazos alluvium-parented soils in the study area are

members of the Bastil, Wilson, McLennan, Gholson, Payne, Branyon, Burleson,
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Figure 8. McLennan County Soil Survey map showing soil series distributions within and surrounding the
Waco Mammoth Site. Adapted from the NRCS Web Soil Survey (2007).

el
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Weswood, and Yahola soils series (USDA, 2001) (Figure 8). The primary soil series are
the Bastil series (fine-loamy, siliceous, thermic Udic Paleustalfs) and the Wilson series

(fine, montmorillonitic, thermic Oxyaquic Vertic Haplustalfs) (USDA, 2001) (Figure 8).



CHAPTER TWO

Related and Previous Work

Columbian Mammoths

Taxonomy and Evolution

Classified by Falconer (1857) as Mammuthus columbi, Columbian mammoths
existed in North American for close to 1.9 million years (Saunders, 1990). Identified
primarily based on the frequency and number of lamellar plates and enamel thickness
(range of 5 — 8 plates/100 mm and a range of 8 — 20+ plates; Osborn, 1922; Hay 1924;
Lundelius, 1972; Maglio, 1973; Kurten and Anderson, 1980; Graham, 1986; Dalquest
and Schultz, 1992; Fox et al., 1992; Webb, 1992; Finsley, 1996), the Columbian
mammoth (Mammuthus columbi) was one of the largest species of mammoth
(Mammuthus) measuring from 300 to 400 cm tall at the shoulder (Agenbroad, 1984;
Haynes, 1991; Lister and Bahn, 1994; Dutrow, 1980) with adults weighing up to 7,700 kg
(Shipman, 1992). Columbian mammoth (M. columbi) evolved from its Early Pleistocene
ancestor Mammuthus meridionalis (approximately 1.9 mya) (Agenbroad, 1984; Haynes,
1991; Lister and Bahn, 1994). Unlike its colder-adapted Eurasian cousin the Wooly
mammoth (M. primigenius), the Columbian mammoth moved southward from Asia (via
the land bridge Beringia), across North America, adapting to more temperate open
grazing environments (Fox et al., 1992; Haynes, 1991; Lister and Bahn, 1994; Webb,
1992) stretching from the southwest states, then northeastward to the Great Lakes region

(Agenbroad, 1984) (Figure 9).

15
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Columbian mammoths (Mammuthus columbi) migrated into Texas approximately 1.2-1.3

my B.P. (Izett, 1977; Madden, 1983; Morgan et al., 1998).

Ff?'"Jﬂ =

.
=

Figure 9. Columbian Mammoth (Mammuthus columbi) distribution in North American
from known excavations (Agenbroad, 1984). Contour interval =20
individuals. Adapted from Agenbroad, (1984).

Other North American Mammoth Sites

Several sites containing Mammuthus columbi remains have been discovered
throughout Texas and surrounding Western states, including Arizona, New Mexico, and

Colorado (Agenbroad, 1984a). Notable Columbian Mammoth sites in Texas include the

Duewall-Newberry Site in Brazos County (Carlson et al., 1984; Steele and Carlson,
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1989a, 1989b; Haynes, 1991; Fox and Smith, 1992; Fox et al., 1992; Carlson and Steele,
1992), the Friesenhahn Cave Site in Bexar County (Milstead, 1956; Glen and Grayson,
1961), and the Maimi Site in Roberts County (Steele and Carlson, 1989a, 1989b;
Graham, 1976; Sellards, 1952; Holliday et al., 1994). During excavation of the Duewall-
Newberry Site, the remains of a single mammoth were found on the muddy sand
sediments of a buried natural levee of the Brazos River, which was estimated to date
12,000 to 10,000 years ago, however, collagen present in the bone was not sufficient to
obtain an accurate radiocarbon age estimate (Carlson and Steele, 1992). The Friesenhahn
Cave Site, a one-room cave carved into the Edwards Limestone in south-central Texas,
has yielded 300 whole and 200 broken Columbian Mammoth teeth, along with the
remains of several other large fauna (Graham, 1976). Radiocarbon ages produced at the
Friesenhahn Cave Site suggest that large assemblage habitation occurred from 10,000 yr
B.P. to 20,000 yr B.P. (Graham, 1976). The Friesenhahn Site contains an abundance of
sabertoothed cat (Homotherium serum) remains, suggesting that this site was a saber-
toothed cat den (Graham, 1976; Marean and Ehrhardt 1995). The Miami Site, located
near the eastern boundary of the Southern High Plains contains the partial remains of five
Columbian mammoths dating from 10,000 yr B.P. to 11,400 yr B.P., all found resting on
the surface of silty clay sediments deposited in a shallow ephemeral pond (Sellards, 1952;
Holliday et al., 1994).

Several similar studies have been performed on Columbian mammoth sites in
Texas, Iowa, and Oklahoma. A mammoth site dating to 22,000 yr B.P. located in
Pattawattamie County, lowa was investigated by Davis et al. (1972), who was concerned

with placing the mammoth stratigraphically within its Pleistocene sediments to determine
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potential associations with prehistoric man or other mammals. Similar to the Waco
Mammoth Site, the stratigraphic investigation revealed no apparent evidence to support a
fluvial redeposition of the mammoth after their death. The bones were, however,
fragmented and disarticulated suggesting weathering and possible scavenger activity.

The La Paloma Mammoth Site, containing 145 partially articulated bones
relatively undisturbed by moving water or scavenging activity, was discovered buried in
fluvial sediments in Kenedy County, Texas, (Weir, 1978). Sedimentological and
stratigraphic evidence retained from the site suggests the possibility of rapid burial,
which has also been suggested at the Waco Mammoth Site.

The Hajny Mammoth Site, Dewey County, Oklahoma has been extensively
studied by Wyckoff et al. (1992), who focused on geological and paleontological aspects.
Located in a Quaternary alluvial terrace, the Hajny Site contains the remains of two adult
Imperial or Columbian mammoths, of which a definite classification has not been made
(Wyckoff et al., 1992). The study of this site included the application of site stratigraphy,
radiocarbon dating, and local geomorphology to determine the age, local stratigraphic
and spatial contexts of the site. The Hajny Site mammoths died in sediments associated
with a natural spring, with two sizably different dates; one radiocarbon age of
approximately 9,000 yr B.P. and one uranium/thorium age range of 140,000 to 165,000
yr B.P. (Wyckoff et al., 1992), resulting in a conflict concerning the absolute age of the
site. Regardless of the unresolved age of the Hajny Site, the geological implications and
methodology was used to interpret the paleoenvironmental conditions during the Hajny

Site mammoth occupation (Wyckoff et al., 1992).
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Several human-related mammoth kill sites dating to the Late Pleistocene and
Early Holocene transition (10,000 to 15,000 yr B.P.), contain useful depositional
information for comparison with the Waco Mammoth Site. These sites include: the
Taylor Ranch Mammoth Site in Kleberg County, Texas (Suhm, 1979); the Naco
Mammoth Site, southeastern Arizona (Haury, 1953); and the Rawlins Mammoth Site in
Wyoming (McGrew, 1961). All of these sites are located in fluvial environments and

contain depositional evidence similar to that found at the Waco Mammoth Site.

Previous Work

Since its discovery in 1978, several phases of research have been employed at the
Waco Mammoth Site including excavation, classification and casting of most of the 22
mammoths, two tortoises, a large-tooth feline and one camel (Camelops hesternus),
absolute dating of faunal material and sediment, initial stratigraphic and soil analysis and
stable isotope analysis (Naryshkin, 1981; Hienrich, 1985; Strickland, 1988, Fox et al.,
1992; Haynes, 1992; Hoppe, 2004). Three dating techniques have been employed at the
Waco Mammoth Site. Initial standard radiocarbon dating of bone apatite performed
approximately twenty years ago positioned the death of one mammoth at the site at
approximately 29,000 '*C yr B.P. (SMU-155C). Two uranium series ages retained from
mammoth tooth enamel in 1990 (SMU-198E2b, 198E1) and four Optically Stimulated
Luminescence ages from associated sediment (UIC1345-1348) obtained in 2004 both
indicate that the herd died sometime between 58,000 and 73,000 yr B.P.

Preliminary investigations were initiated by Fox et al. (1992) and Haynes (1992)
concerning the herd dynamics of the Waco Mammoth Site using data collected from

1978 to 1987. Their study produced evidence suggesting that the mammoths were part of
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a single matriarchal herd all dying during the same event (Fox et al., 1992). The position
of the mammoths, sexual dimorphism, and ages suggest that the 16 adult females and
juveniles were all members of a single family assemblage (Haynes, 1991, 1992; Fox et
al., 1992). Fox et al. (1992) used stratigraphic, faunal, and spatial evidence to compose a
number of potential hypotheses explaining the cause of the mammoths’ deaths. Evidence
assembled by Fox et al. (1992) was also used to challenge previous hypotheses
(Naryshkin, 1981; Hienrich, 1985; Strickland, 1988) indicating that the mammoths died
not in situ from drowning and slow burial. Fox et al. (1992) concluded that the Waco
mammoth bones were naturally preserved in situ likely due to a sudden catastrophic
event resulting in immediate burial. However, Fox et al. (1992) suggested that the exact
cause of death of the mammoths remains problematic.

A taphonomic study on 10 of the mammoths from the Waco Mammoth Site was
conducted by Haynes (1992). Haynes (1992) determined the life-ages of the 10
individuals and found that at least two of the mammoths were juveniles and
approximately 20-30% were subadults. According to Haynes (1991), modern elephant
populations consist of approximately 30-50% subadults within the population. Based on
the lack of sexually productive mammoths and skeletal size and bone lengths, Haynes
(1992) concluded that the Waco mammoths may have suffered from environmental
stresses or significant predation.

Two faculty-supported undergraduate research studies through Baylor University,
(Naryshkin, 1981; Hilliard, 1997), were completed on the Waco site, both concentrating
on the geologic investigation and age of the site. Naryshkin (1981) attempted to

determine the site’s significance to the Pleistocene history of Central Texas. He
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combined fossil and sedimentary data in an effort to form an environmental interpretation
of the site by determining any relationships between the Pleistocene history of the site
and the alluvial terrace history of the Brazos River Valley. Naryshkin (1981) concluded
that lithologic evidence suggested that the herd met their demise upstream and were
transported downstream, where they were deposited on a point bar.

Additionally, two brief studies (Hienrich, 1985; Strickland, 1988) focusing on the
stratigraphy and site formation processes were carried out on the Waco Mammoth Site.
Hienrich (1985) suggested that the stratigraphy of the site was not consistent with a single
episodic event, but rather a more systematic series of depositional events that over time
completely buried the 16 mammoths from the first phase of excavation. He proposed that
the mammoths were situated on an abandoned channel, once part of an active floodplain
of the Bosque River. The mammoths were partially buried by approximately 25 cm of
finely laminated flood deposits, leaving bone exposed to be weathered. Hienrich (1985)
suggested that the depositional sequence of events may have resulted from the infilling of
an abandoned meander loop of the Bosque River. Furthermore, Hienrich (1985)
concluded that the flood history of the Bosque River should be considered in the
interpretation of the cause of death.

Strickland (1988) studied site formation processes at the Waco Mammoth Site,
considering the mammoths as a thanatocose (i.e. animals present died in in sifu). This
study compared the previous works of Naryshkin (1981), Heinrich (1985), and Haynes
(1987). Strickland (1988) concluded that the mammoths were likely part of a single
family group and recommended the application of microenvironmental analysis to the

interpretation of the Waco mammoth death event.
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A study by Hoppe (2004) presented isotopic analyses of several known
Pleistocene mammoth sites, including the Waco Mammoth Site. Hoppe (2004) focused
on mammoth herd structure, migration patterns, and Clovis hunting strategies using
carbon, oxygen, and strontium isotope ratios in mammoth tooth enamel. Isotopic ratios
from the Waco Mammoth Site were compared to the Friesenhahn Cave site (a natural
accumulation of non-related Columbian mammoths) in South Texas. For the Waco
Mammoth Site, 17 samples were obtained from molars representing 12 mammoths
(Hoppe, 2004). Carbon and oxygen isotopic ratios were measured from all samples
except one and strontium ratios were measured from 11 of the 17 samples (Hoppe, 2004).
The Waco mammoths showed little variability of either carbon or oxygen isotope values
(Hoppe, 2004). Strontium isotopic ratios were determined not to be sufficient for
identifying related individuals among the Waco mammoths; however, these ratios
suggest an influence from sediments associated with the Bosque River (Hoppe, 2004).
Oxygen isotopes suggested that the mammoths drank from a variety of source areas and
were not traceable to any one source (Hoppe, 2004). Hoppe (2004) concluded that the
close range of carbon isotope ratios from the Waco mammoth teeth suggested a similar
diet of primarily C4 (warm season grasses) vegetation among the mammoths.
Conversely, the unrelated individuals at the Friesenhahn Cave site showed a wider range
of 8C values, suggesting those individuals were from different areas, or lived at

different times (Hoppe, 2004).



CHAPTER THREE

Methodology

Field Description and Sampling

Locations for field description, sampling, and geology map were chosen using
topographic sheets, aerial photographs, the Soil Survey of McLennan County, Texas
(2001), the Environmental Atlas of McLennan County (Yelderman and Cervenka, 1992),
the Geologic Atlas of Texas, Waco sheet (1970), and field observations. Seven vertical
sediment profiles, eight backhoe trenches, and nine subsurface cores (Figures 10, 11 and
12; Appendices A, B, and C) were used for description and identification of
unconformably bound stratigraphic units, associated depositional facies, and surface and
buried soils. Depositional facies and soils were described in the field using texture grain-
size and color, sedimentary structures, and reaction to HCI. Backhoe trenches were dug
to depths of 2 to 4 meters depending on machine capabilities.

Detailed soil descriptions were completed on seven existing vertical soil profiles
within the excavation area (Figure 10; Appendix B). In addition, detailed soil
descriptions were completed on all backhoe trenches excavated (Figures 11 and 12;
Appendices A and B). Soil characteristics from the vertical profiles and soil trenches
were identified and described in correspondence with the standards and procedures of the
Soil Survey Division Staff (1993), including: texture, structure, consistence, color,
reaction to HCI, carbonate content, coarse fragments, and other diagnostic features such

as reduction/oxidation, rooting, and slickensides.
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Bulk samples were collected from each soil horizon and associated parent

material for particle-size distribution, thin-section analysis, and 8"°C and 'O isotopic

analysis. Thin section samples with natural integrity were also collected from each soil

horizon for micromorphological analysis. Samples for optically stimulated luminescence

(OSL) dating were taken from sandy sediment layers associated with the six mammoths,

camel, large-tooth feline, and turtle excavated during the Phase II and III excavations.

OSL samples were excavated using a 30 cm long hollow galvanized metal pipe that was

capped on one end to assure the capture of unexposed sandy sediment.
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Figure 11. Aerial photograph of Waco Mammoth Site area, showing locations of soil
test trenches and T3 and T2 alluvial terraces (Aerial photo adapted from
Google Earth, 2006).

Sediment was collected using a 12 in (~30 cm) by 1.25 in (~3 cm) cylindrical metal tube,
which was hammered perpendicular into the center of each sediment layer to a depth of at
least 30 cm. Sediment was also collected within a 20 cm radius around each sample core
for dose rate determinations and to check samples for proper particle size (4-11 um) and

mineralogy (quartz and/or feldspar), prior to analysis.
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Figure 12. Cross section of T2 and T3 alluvial terraces associated with Waco Mammoth
Site, showing terrace elevations and (A) Core (Hilliard, 1997) and Auger
flight localities (2005 to 2006), and (B) Soil Trench locations, relative to the
positions of the Brazos and Bosque Rivers (Adapted from Hilliard, 1997).

Laboratory Analyses
Particle-Size Distribution
Particle-size distribution was completed using the hydrometer method following
the standards and procedures of Gee and Bauder (1986). For this study, the 40-second
hydrometer reading for sand fraction calculations was not performed. Alternatively,
samples were washed over a 52 um sieve after the 6-hour reading for clay content, dried
and weighed. Dried samples were then placed in a sieve shaker device and sieved for 15

minutes each for sand size separates. Sample fractions used for this study include sand

(2-0.062 mm), silt (0.062-0.0039 mm), and clay (> 0.0039). Particle size distributions
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were computed for each profile and test trench sampled. Soil texture was also

determined using particle size.

Micromorphology

Micromorphologic description and identification were made on 42 (2 X 3 inch
formatted) thin section samples taken from several identified soil horizons (from both
vertical soil profiles and soil trenches) within study area.  For this study,
micromorphologic analysis was focused on the identification of diagnostic features
associated with morphological and sedimentological similarities to correlate sedimentary
beds and/or units and interpret the environments of deposition across the study area.
Furthermore, morphological analysis was used to determine the influences of the soil
forming factors and environmental controls on pedogenesis for the surface and buried
soils. Terminology used for the micromorphological description of thin sections is

derived from Brewer’s (1976) and Bullock et al. (1985).

Dating

"C and Uranium/Thorium age dating. In 1985, one standard radiocarbon age of
28,670 £ 720 yr B.P. was estimated on a bone sample from the Waco Mammoth Site by
the Southern Methodist University Radiocarbon Laboratory, Dallas, Texas. Due to an
insufficient amount of organic material (bone collagen), three mineral fractions
(hydroxyapatite) were extracted and dated using standard Accelerated Mass Spectrometry
(AMS) '“C dating. The first fraction was assumed to be contaminated by secondary
carbonate, the second fraction was dated as a check and the third fraction yielded the

~29,000 yr B.P. age (Herbert Haas 1998, pers.comm.). Four additional samples were



28

obtained for further AMS dating, which included bone from Mammoth #17 (1997.1), the
camel (1997.2), and Mammoth #23 (1997.3) and a bulk sediment sample from below
Mammoth #21. All of these additional samples were determined to have insufficient
datable carbon (collagen) for dating by either AMS or standard methods because of
extreme chemical degradation (Thomas W. Stafford, Jr., Ph.D. 2000, pers. comm.). A
study by Grun et al. (1997) suggested that AMS dating of hydroxyapatite from human
teeth uncovered from archaeological sites when compared to ages estimated from
collagen or inorganic carbon, resulted in serious age underestimations.

Two Uranium-series (Z°Th/?*U ) ages were estimated from enamel extracted
from an unidentified molar of an unidentified mammoth from the Phase I excavation
(SMU McKinney, 1990). The two estimated ages were calculated from enamel from an
interior and exterior portion of the molar and are 70,924 + 5261 yr B.P. (198El) and
73,442 + 2735 yr B.P. (198E2b), respectively. The Uranium series dating method
(Ivanovich and Harmon, 1982) was extensively tested by McKinney (1991), who focused
on the reliability of Uranium-series dating of enamel, bone, and dentine. McKinney
(1977) argued that enamel was a better material for Uranum-series dating than bone,
because of enamel has a much more dense crystal structure. Uranium content in enamel
seems to be limited to the outer edges of the enamel, and, in cases when enamel is
weathered, the Uranium content tends to be highest in the weathered zone, commonly
resulting in overestimated ages (McKinney, 1991). McKinney (1991) concluded that
when used with multiple samples and repeated analysis, U-series dating of enamel can be

reliable.
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Optically stimulated luminescence. Optically stimulated luminescence dating is
dependent on the time-dependent dosimetric properties of silicate minerals, especially
quartz and feldspar (Aitken, 1985, 1998). The reliability of dating fluvial sediments
using OSL has been addressed in several studies over the past eight years (Olley et al.,
1999; Wallinga et al., 2001; Wallinga, 2002; Zhang et al., 2003; Feathers et al., 2006). A
common problem that arises with OSL dating of fluvial sediments is that sand in fluvial
systems may receive inadequate light exposure during transport, resulting in incomplete
resetting of the OSL signal by incomplete bleaching prior to burial (Olley et al., 1999;
Wallinga et al., 2001; Wallinga, 2002; Zhang et al., 2003; Feathers et al., 2006). This can
result in overestimations of the actual burial ages. To avoid overestimation of OSL ages
due to possible variability in radiation exposure (degree of resetting), it is recommended
to use small subsamples or aliquots of a single to few grains to determine if the radiation
dose rate from cosmic rays (grays/1000 yr) or equivalent dose (D.) is sufficient to
produce consistent burial ages (Olley et al., 1999; Wallinga et al., 2001; Wallinga, 2002;
Zhang et al., 2003; Feathers et al., 2006). However the multiple aliquot additive dose
method (MAAD) is most commonly used for fine-grained polymineral or quartz fraction
and is a more suitable method for fluvial sediments (Singhvi et al., 1982; Forman and
Pierson, 2002). This method consists of applying additional doses (beta or gamma) to
separate aliquots of a larger sample to build a dose response curve and ultimately
simulating an equivalent dose (D.) to the solar reset level (Singhvi et al., 1982; Forman
and Pierson, 2002). For this study, the multiple aliquot additive dose method of Singhvi
et al. (1982) and Forman and Pierson (2002) was used on the polymineral fraction of the

bulk sediment samples.
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Bulk sediment samples obtained for OSL dating were analyzed by the
Luminescence Dating Research Laboratory, University of Illinois at Chicago, Chicago,
llinois. Four samples were analyzed in 2004 and nine samples were analyzed in 2006.
The 4-11 pm polymineral fractions from both the 2004 and 2006 samples were analyzed
using the multiple aliquot additive dose method from Singhvi et al. (1982) and Forman
and Pierson (2002). The Uranium (U) and Thorium (Th) content from all samples were
determined by thick-source alpha counting in order to determine dosing rates (Sjostrand
and Prescott, 2002). Uranium, Thorium, and Potassium oxide of the 2006 samples were
assayed using an Inductively Coupled Plasma Mass Spectrometer (ICP-MS) at Activation
Laboratories, Ontario, Canada. The 2006 samples were designated either GR for
excitation by green light (514 + 20 nm) or IR for excitation by infrared wavelengths (880
+ 80 nm), with the equivalent dose determined by the multiple aliquot regenerative dose
technique (Jain et al., 2003). All calculated ages (2004 and 2006 samples) include a
cosmic ray dose rate of 16 mGray/ka determined from calculations of Prescott and
Hutton (1994). Each age also included an assumed burial moisture content of 20 + 5%
and a measured alpha efficiency factor, which is defined by Aitken and Bowman (1975).
The moisture content affects the dose rate by absorbing ionizing radiation. The wetter
the sample, the more moisture in pore spaces and thus the greater absorption of generated
alpha, beta and gamma particles to varying degrees (dependent on particle energy). The
wetter the sample, the lower the dose rate, and ultimately the greater the age estimate.
The reliability of OSL dating is dependent on the suitability of the sandy sediments and
the preferred sediments for OSL dating are those that (1) less than one hour of sunlight

exposure, (2) accumulated as a relatively homogeneous unit, and (3) have not undergone
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significant water-content variations or diagenetic alteration during burial (Steve Forman
2005, pers. comm.). After OSL sampling at the Waco Mammoth Site in 2004, the

sediments were determined to be suitable for dating (Steve Forman 2005, pers. comm.).

Carbon and oxygen isotopes. A total of 21 whole pedogenic carbonate nodules
were collected from soil trenches and exposed wall profiles, representing soil horizons
and sediment layers throughout the site. Isotopic ratios of '*O and '°O and "°C and "°C of
each sample was measured using a VG SIRA Model 12 dual-inlet continuous gas-source
mass spectrometer operated by Coastal Science Laboratories in Austin, Texas. Isotopic
ratios of oxygen and carbon were analyzed by liberating CO, gas from the bulk carbonate
samples using a weak acid. The ratios of '*O to '°O and °C to '*C measured from CO, is
expressed as the per mil (%) difference relative to the Pee Dee Belemnite (PDB)
standard, as represented by the 8'°0 and 8'°C notations, respectively. For this study,

carbon and oxygen measurements are accurate to = 0.2%o0 PDB (CSL Ref.#FP44).

Electrical Resistivity

Electrical-resistivity surveys measure the electrical resistive properties of earthen
materials, where by variations in resistivity are correlated to subsurface geologic,
hydrologic and chemical properties. In archaeological studies, the method is widely used
for detecting, mapping, and studying the characteristics of various types of objects and
structures in the subsurface as well as in mapping subsurface stratigraphy (Darwin et al.,
1990; Scollar et al., 1990; Osella et al., 2005; Papadopoulos et al., 2006)

Conventionally, artificially generated electric current is injected into the ground

through a pair of current electrodes and the resulting potential difference is measured
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through a pair of potential electrodes. The relationship between the injected current,
measured potential difference and the electrical resistivity is given as:

AV
==K
Po="

where, p, is known as apparent resistivity, V is voltage, I is current, and K =27/ f(r) is

known as the geometric or form factor whose values depend on the type of electrode
configuration used. Figure 13 shows the electrode arrangements and the corresponding
geometric factors for the dipole-dipole and Schlumberger arrays used in this study. In the
dipole-dipole array, current and potential electrodes are located on either side of the
array, whereas for the Schlumberger array, the current electrodes are placed between the
two potential electrodes. By increasing the distance between the electrodes, the depth of
investigation increases and deeper zones within the subsurface can be studied. The
dipole-dipole array has low EM (electromagnetic) coupling between the potential and
current circuits and is sensitive to horizontal changes in resistivity, whereas the
Schlumberger array is sensitive to vertical changes in resistivity (Loke, 2000; Furman et
al., 2003; Dhalin and Zhou, 2004). By combining the two arrays for the resistivity survey
in this study, it is presumed that the horizontal and vertical changes in resistivity are
optimally resolved.

The field survey was carried out with an AGI SuperSting R8 resistivity system
(Advanced Geosciences Inc. AGI, Austin, Texas). The system consists of a portable
earth resistivity meter with 28 smart electrodes in a cable segment. The system was pre-
programmed before the field survey for automatic resistivity measurements using the
dipole-dipole and Schlumberger arrays at a minimum dipole and electrode spacings of 5

m. Two-cycle stacking was used for the measurements. For each reading, the resistivity
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Figure 13. Electrode arrays and corresponding geometric factors for (a) Schlumberger
and (b) Dipole-dipole electrode configuration, used in this study. A
and B are the current electrodes and M and N are the potential electrodes.
meter recorded the apparent resistivity value and the corresponding standard error from
The error values were less than 5% throughout the survey.

The measured apparent resistivity data required numerical modeling and
inversion, to obtain the true two-dimensional (2D) distribution of resistivity within the
subsurface. This was carried out using the program Earthimager 2D (AGI, 2006). This
is a computer program that automatically determines a 2D resistivity model of the
subsurface for the input-apparent resistivity data. The program uses an array of
rectangular blocks (finite elements) to model the subsurface, and by forward modeling,
calculates resistivity values that agree with the actual measurements (Loke and Barker,

1996). An optimization method, which may be a least-squares or robust scheme, is then
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used to adjust the resistivity of the model blocks and iteratively reduce the difference
between the calculated and measured apparent resistivity values. The robust method,
which attempts to minimize the sum of the absolute values of the spatial changes in the
model resistivity, was used for the data inversion (Claerbout and Muir, 1973; Olayinka
and Yaramanci, 2000; Loke et al., 2003). This generated a model in which the features in
the resistivity section were delineated by relatively constant resistivity values, and were
separated from each other by sharp boundaries (Loke et al., 2003). The observed
resistivity distribution in the inverted resistivity section was then tied to available

geological and paleontological information at the site.



CHAPTER FOUR

Results

Stratigraphy

The Waco Mammoth Site is associated with two Late Pleistocene paired alluvial
landforms: T3 terrace and T2 terrace (Figure 14). Represented in seven vertical profiles
(Figure 15), eight soil test-trench exposures (Figure 14) and nine subsurface cores (Figure
14), the Late Quaternary sediments in the terrace system are divided into five major
allostratigraphic units, labeled 1 to V, from oldest to youngest (Figure 14). The five
unconformably-bound alluvial stratigraphic units include: Pleistocene channel gravels
(Ia) and floodplain alluvium (Ib and Ic) beneath T3, Late Pleistocene channel gravels (Ila
and IIb) and floodplain alluvium (IIc) beneath T2, Late Pleistocene floodplain alluvium
(IIT) beneath T2, Late Pleistocene floodplain alluvium (IV) facies, and Late Pleistocene
floodplain alluvium (V) overlying Unit IV. The Pleistocene and Late Pleistocene gravels
were labeled as subunits of the larger allostratigraphic units (i.e., Ia, Ila, and IIb). The
two channel facies (Ila and IIb) of Unit II fill two separate channels that are deeply
incised into Cretaceous bedrock (Figure 14). All of the faunal remains uncovered at the
Waco Mammoth Site are associated with Unit III (Figure 15). Particle size and soil
textural analysis data for several vertical exposures and test trenches are presented in
Appendix D.

In addition to vertical profiles, test trench and core exposures, electrical resistivity
increases the resolution of the subsurface geometry, providing a continuous view of

subsurface features at greater depths than either trenching or coring. (Figure 16). An
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inversion of the electrical resistivity data shows a large continuous, highly resistant body
of material (approximately 125-466 ohm m) that spans from the southern boundary of the
excavation area southward, terminating against bedrock and alluvium of T3 terrace
(Figure 16). The continuous body appears to have two channels incised deeper into
surrounding, less resistant material (Figure 16). The channel located under the
excavation area shows a distinctive body of highly resistant material in the shape of a
narrowly incised channel (Figure 16). This subsurface body is consistent with the
previously interpreted channel that lies beneath the Phase I mammoth bone bed based on

gravels encountered during hand augering and unit excavation.

Unit 1

The oldest unit in the study area is Unit I (T3) and is identified in cores MC2 and
MCS5 (Hilliard, 1997), augers MA1 and MA4 and test trenches 1, 5, 7, and 8 (Figures 12,
14, and 17). Unit I is approximately 6.4 m and 5.0 m thick to the north and south,
respectively.  Unit I is unconformably underlain by the Cretaceous Austin Chalk
Formation (Figure 14). Unit I consists of three dominant facies, including a channel
facies (Unit Ia to the north) and two sandy clay to silty clay floodplain facies (Ib, Ic).
The channel facies (la) consists of well sorted, subrounded to subangular, grain-
supported siliceous and carbonatic gravels (~3 mm — 10 mm in diameter), with
intermittent sand beds that thicken towards the surface (0.5 m — 1.5 m). The channel
facies of Unit I appears to be laterally confined by the limestone bedrock (Figure 14).
The sand and gravel deposits (Ia) are conformably overlain by a layer of vertical

accretion deposits (Ib) that grade upward into well developed soils. These soils are



Figure 14. Geologic cross section of the Waco Mammoth Site along transect B-B’,
showing four major allostratigraphic units and associated facies and the
T2/T3 terrace boundary. The geologic cross-section was drafted using

vertical exposures, soil test trenches, subsurface cores, and electrical
resistivity.
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Figure 15. Geologic cross-section of the excavation area showing the spatial distribution
of faunal remains in relation to allostratigraphic units and locations of
vertical profiles within the Phase II/III excavation area.



Figure 16. Electrical resistivity inversion of (A) Dipole-Dipole/Schlumberger combined
array of a transect trending north to south from the south end of the
excavation tent to north edge of T3 terrace and (B) Dipole-Dipole array

of a transect trending north to south covering the entire excavation area.
Resistivity is measured in Ohm meters.
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relatively thick (>1.5 m) and siliceous-dominated Alfisols (Bastil series) to the north (Ib)
and thick (>2 m) carbonitic Mollisols (Sunev series) to the south (Ic) (Figures 8 and 14).

The Alfisol (Test Trench 1) in Unit Ib contains a thin surface (A) horizon and
subsurface Btl, Bt2, Btss, and Btg horizons (Appendices A and B). The entire soil
profile down to the Ck horizon was completely decalcified, showing no reaction to
Hydrochloric (HCI) acid. The Btl and Bt2 horizons are characterized by the presence of
significant accumulation of translocated clay in the form of clay films and clay coats.
The Btss horizon is characterized by the presence of clay films and occasional
slickensides. The Btg horizon is characterized by the presence of clay argillans and
significant gleying from periodic saturation.

Unit Ic, identified in core MCS5, auger MC4, and Test Trench 5, consists of
relatively thick (~6 m) silty clay floodplain facies unconformably overlying Cretaceous-
age Austin Chalk to the south (Figures 14 and 17). Unit Ic grades upward into a well
developed Mollisol (Test Trench 5) containing a horizon succession of A, Bw, Bss, Bssk,
and Bk grading down into silty clay parent material. The Bss and Bk horizons are
characterized by the presence of slickensides and nodules of secondary calcium
carbonate, respectively.

Micromorphological analysis of the modern Alfisol (Ib) shows fine-grain matrices
expressing various pedogenic features. The Bt horizons show significant amounts of
illuviated clay (i.e. grain and pore argillans), abundant Fe oxide accumulation and
common Fe/Mn redoximorphic features (Figures 18A and 18B; Appendix E) The Btss
horizon shows sepic-plasmic fabric and abundant illuviated clay (Figure 18B; Appendix

E). The Mollisol horizons of Unit Ic contain clay and carbonate-rich matrices showing
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weak to moderate sepic-plasmic fabric throughout and illuviated clays, especially in the
Bssk horizon (Figure 18C; Appendix E). Abundant carbonate nodules are present in the
lower horizons (especially the Bssk and Bk horizons), some with septarian shrinkage
cracks from drying (Figure 18D; Appendix E). Redoximorphic features (i.e. Fe/Mn

nodules and concretions) are common throughout, some present with distinct banding.
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Figure 17. Correlation of soil trench and auger data across the Waco Mammoth Site, but
excluding the site itself showing associated allostratigraphic units and facies.
Buried soils in Test Trench 3 are discontinuous.

Unit 11

Unit II is composed of both channel (Ila and IIb) and floodplain (Ilc) facies that

unconformably cross cuts Unit I (Figure 14). Unit II is identified in cores MC3 and
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MC4, augers MA2, MA3, and MAS, and test trenches 2, 3, 4, and 6 (Figures 12, 14, and
17). The Channel facies of Unit Ila (gravels with interbedded sands in the upper portion)
fills a large channel entrenched into Cretaceous Austin Chalk bedrock according to
subsurface trenching and electrical resistivity (Figures 14, 16, and 17). This channel
appears to be confined within steeply dipping bedrock slopes, likely an active meander of
the ancestral Bosque River (Figure 14). The gravels of Ila are fine (3-10 mm, limitations
of the auger flight) grain-supported, well sorted, subrounded to subangular carbonatic
gravels with intermittent lenses of coarser gravels (10-20 mm). A second channel facies
(ITb) was identified in Test Trench 3, with through hand excavation into the subsurface
beneath the Phase II excavation area, and, with electrical resistivity (Figures 14, 15, 16,
and 17). This channel facies (Ilb) fills a relatively deeply entrenched channel that lies
beneath the Phase I bone bed surface and thins to the north, where it underlies the Phase
IT bone bed surface (Figures 14 and 15). This channel is also contained within
Cretaceous bedrock. The filled channel appears to have been a low order tributary of,
and a relatively short distance from, the confluence of the larger trunk channel of the
ancestral Bosque River.

The floodplain facies (Ilc) to the north consists of thick (5.5 m thick in the south
and 5.8 m thick in the north), horizontally bedded overbank silts and clays (Figures 14).
Here, the vertical accretion deposits of Unit Ilc are unconformably inset to Units Ia and
Ib. Exposed in Test Trench 2 (north of the excavation site), a buried soil (Bino soil) is
present (Figures 14 and 17), overlain by the carbonate-rich surface Mollisol. The Bino
paleosol consists of two clay loam, pale reddish brown Bk horizons with common

nodules and filaments of secondary calcium carbonate.
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Figure 18. Photomicrographs of thin section samples, including: (A) Asepic fabric and
Fe/Mn concentration from TT1 Bt2 horizon (Unit Ib); (B) Sepic plasmic
and abundant illuviated clay in the form of linings and grain argillans from
TT1 Btss horizon (Unit Ib); (C) Clay argillans around grains from TT5 Bssk
horizon (Unit Ic); (D) Large pedogenic carbonate nodule with distinct
septarian shrinkage cracks from TT5 Bk horizon (Unit Ic); (E) Large multi-
generational pedogenic nodule with distinct shrinkage cracks from TT2 Bkl
horizon (Unit IIc); (F) Concentrically banded Fe/Mn concretion from TT2 Bk2
horizon (Unit Ilc); (G) Pedogenic carbonate disseminated throughout matrix
and infilling biopores (brown streaks) from horizon TT2 Bk1b (Bino soil)
(Unit IIc); (H) biopore infilled with detrital matrix material from TT2 Bk2b
(Bino soil) horizon (Unit Ilc);
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In thin section, the upper Bk horizon (Bkbl) of the Bino paleosol consists of a
clay loam, carbonate-rich matrix, with abundant masses of pedogenic calcium carbonate
present throughout. The lower Bk horizon (Bkb2) consists of a carbonate-rich, clay
matrix with abundant embedded silt-size quartz grains.  Pedogenic carbonate
disseminated throughout the soil matrix and biopores infilled with coarser grain detrital
material are also present in the Bk2b horizon (Figures 18 E, 18G, and 18H; Appendix E).

The Bino paleosol appears to be conformably underlying the modern surface
Mollisol in Test Trench 2 (Figures 14 and 15). In the north, the suface of Unit Ilc is
weathered to a moderately developed carbonate-rich Mollisol (Test Trench 2). This
surface soil consists of a silty-clay to clay loam, pale yellowish brown to yellowish
brown, A-Bk horizon sequence. The Bk horizons (Test Trench 2) are characterized by
abundant nodules and filaments of secondary calcium carbonate. The Mollisol to the
south (Test Trench 4) of the site consists of a loamy clay, brown to light brown, A-Bk-
BC horizon sequence. The Bk horizons (Test Trench 4) are characterized by the presence
of nodules and filaments of secondary calcium carbonate.

Petrographically, the surface Mollisol of Unit Ilc (Test Trench 2) consists of a
clay matrix with abundant very fine to fine silt-size embedded quartz grains (Figure 18E,
Appendix E). The A, Bkl and Bk2 horizons exhibit distinct mosepic to bimasepic
plasmic fabric. The Bk horizons show abundant pedogenic carbonate nodules, many with
substantial septarian shrinkage cracks and development of secondary sparry calcite
(Figure 18E; Appendix E). The Bk horizons also contain clay argillans, lining root pores

and coating larger mineral particles as grain argillans. Biopores (i.e., root and soil pores)
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and redoximorphic features (i.e., iron masses, banded Fe/Mn concretions, iron pore
linings) commonly occur in all horizons of the surface soil (Figures 18E and 18F;

Appendix E).

Unit 111

Unit III consists of loamy, reddish-yellow floodplain deposits that truncate Unit
Ilc, are truncated by Unit IV, and are unconformably bound at their top by Unit V
(Figures 14 and 15). Unit III is completely exposed in Profile 1 and Profile 2 (Figure 15),
just north of the bull mammoth within the current excavation area (Figures 10 and 14). A
well developed paleosol, the Boncap soil, has formed through Unit III. The surface A
horizon and possibly upper B horizon (upper portion of Unit III) of the Boncap soil
appear to have been erosionally truncated (Figures 14 and 15). The Boncap paleosol
consists of a clayey, reddish yellow to gleyed Bkgb1-Bkgb2-Bkssgb horizon sequence.
The Bkg horizons are characterized by common nodules and filaments of secondary
calcium carbonate, abundant carbonate rhizoliths and iron depletions. The Bkssg horizon
is characterized by common nodules and filaments of secondary calcium carbonate,
substantial gleying and occasional pedogenic slickensides.
Thin section analysis of the Boncap paleosol reveals a fine-grained, calcareous clay
matrix with abundant and embedded very fine to fine silt-size quartz grains. The Bkglb
and Bkg2b horizons contain larger (coarse silt to sand) embedded quartz grains, some
well rounded. Few pedogenic carbonate nodules are present with common septarian
shrinkage cracks in both the Bkglb and Bkssgb horizons. Illuviated clay features (i.e.,
grain and pore argillans), potential sepic plasmic fabric, and Fe/Mn nodules and pore

linings commonly occur in the Bkglb and Bkg2b horizons (Figures 19A, 19B, and 19C;
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Appendix E). The Bkssgb horizon contains a possible mosepic plasmic fabric, but is

generally masked by significant calcium carbonate staining within the matrix (Figure

Figure 19. Photomicrographs from soil horizons showing pedogenic features: (A)
Root pore lined by lluviated clay with possible sepic plasmic fabric from
Bkglb horizon of the Boncap soil of Profile 1 (Unit III); (B) Fe/Mn pore
lining and concentration from Bkglb horizon of the Boncap soil of Profile 1
(Unit II); (C) Pedogenic carbonate formation and translocated clays from
Bkg2b horizon of the Boncap soil of Profile 1 (Unit III); (D) Fine-grained
clay soil matrix with embedded quartz grains Bkssgb of the Boncap soil of
Profile 1(Unit III); (E) Concentrically banded Fe/Mn concretion from lower
silty clay sediments of the Bull Profile (Unit IV); (F) Pedogenic carbonate
nodule in lower silty clay sediments of Unit IV; (G) Fine distinct laminations
in upper laminated bed of the Bull Profile (Unit IV); (H) Coarse silt to very
fine sand matrix of TT3 Cb2 horizon correlated to upper laminated bed of the
Bull Profile (Unit IV); (I) Thin illuviated clay argillans lining a root pore in
Bk1 horizon of Profile 1 (Unit V).
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19D; Appendix E). The Bkglb, Bkg2b and Bkssgb horizons also contain abundant

biopores, some containing Fe coatings (Figures 19A, 19B, 19C, and 19D; Appendix E).

Unit IV

Unit IV unconformably overlies and truncates Unit III and unconformably
underlies Unit V (Figures 14 and 15). Unit IV is a relatively thick (~3 m) unit exposed in
Profile 3, Profile 4, and the Bull Profile within the excavation area (Figures 10 and 15).
This unit consists of four layers composed of carbonate-rich silty clay and fine sand
slackwater deposits likely derived from the ancestral Bosque River, based on the
carbonatic (Bosque-like) lithology of the sediments and the tributary’s proximity to the
trunk stream (Figure 14).

Unit IV consists of horizontally bedded, carbonate-rich, yellowish-red clay and
fine silt (1*" and 31 layer from bottom to top), and finely laminated coarse silt to very fine
sand (2nd and 4" layer from bottom to top) (Figure 14). Erosion of sediments is
evidenced by the presence of lensoidal deposits of material from Unit III stratum
dispersed throughout the lowermost layer (1* layer) of Unit IV (Figures 14 and 15). The
lower laminated sand bed (2”01 layer) consists of very finely laminated coarse silt- to very
fine-grain quartz sand (Figures 14 and 15), dipping 7 degrees to the south. The lower
sand appears to be the associated ground surface for the unidentified large-tooth feline
(Figures 14, 15). The silty clay sediments of the third layer of Unit IV (between the
lower and upper sand) contain pedogenic features eroded and transported from Unit III as
colluvium during erosional events. Remnants of the detrital pedogenic features include
pedogenic calcium carbonate nodules and filaments and common Fe depletions, which

are confined to the Boncap paleosol of Unit III. The upper sand bed (4™ layer) consists of
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very finely laminated very fine quartz sand, dipping 10 degrees to the south, and contains
the skeletal remains of the elder Bull mammoth and a young adolescent female mammoth
(Figures 14 and 15).

The slackwater facies (IV) was exposed in the south wall of the excavation area in
Test Trench 3 (TT3) (Figure 14). The vertical profile of TT3 consists of a series of
weakly developed Bw-C horizon sequences unconformably overlying Cretaceous
bedrock (Figure 14). Two stacked, finely laminated sandy horizons (Cb1/Cb2) are
present in TT3, which show macroscopic features (i.e., fine laminations and grain size)
that correlate to the laminations and grain size of the upper sand bed of Unit IV within
the excavation area (Figure 14).

Micromorphologically, the silty clay horizons below the lower sand bed and
between the lower and upper sand beds of Unit IV, exposed in the Bull Profile (Figures
10 and 15), contains a fine, carbonate-rich clay matrices with abundant embedded, fine
silt-size quartz grains. Abundant pedogenic carbonate nodules and soft masses are
present in the two layers (Figure 19G; Appendix E). Concentrically banded
iron/manganese concretions (redoximorphic features) are present in the horizon beneath
the lower sand bed (Figure 19F; Appendix E). Abundant biopores (i.e., root pores and
wasp burrows), some partially infilled with detrital material, also occur in the two silty
clay layers below and above the lower sand bed.

Six optically stimulated luminescence (OSL) ages, four obtained in 2004 and two
in 2006, were from sandy sediments within the floodplain deposits of Unit IV just below
and burying the bull mammoth (Figure 20; Table 1). These ages range from 52.1 + 4.2

ka yr B.P. (WOSLO02a) to 73.4 + 6.8 ka B.P. (WMS03-04) (Figure 20; Table 1). The
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lower sand bed yielded OSL ages from 2004 and 2006 of 62.1 + 6.0 ka yr B.P. (WMSO01-

04) and five ages ranging from 52.1 + 6.8 to 64.1 £ 5.6 ka B.P (WMSL-03a), respectively
(Figure 20; Table 1). The upper sand bed yielded OSL ages of 64.6 = 6.2 ka yr B.P.
(WMSO02-04) and two ages of 52.6 + 4.2 ka B.P. and 53.3 + 4.6 ka B.P. (WOSLO02a),
respectively (Figure 19; Table 1). Two OSL ages of 58.1 + 6.0 ka yr B.P. and 73.4 + 6.8
ka B.P. in 2004 were obtained from sandy sediments (upper and lower sand beds) within
unit IV, below the bull mammoth (Figure 20; Table 1). Additionally, two optically
stimulated luminescence (OSL) ages were obtained in 2006 from a sandy sediment
horizon (C1b3 horizon) located ~210 cm below the surface in Test Trench 3 (Figure 20;
Table 1). The two ages from this horizon yielded ages of 67.9 = 5.9 ka B.P. and 70.6 £

5.9 ka B.P. (WOSLO1a), respectively.

UnitV

Unit V is exposed in Profiles 1, 2, and 3 and consists of a silty clay
floodplain/slackwater facies (Figures 10, 14, and 15). Unit V unconformably overlies
Unit III and Unit IV, and is inset to Unit II (Figures 14 and 15). The exact lateral extent
of Unit V is not known because a portion of Unit V was removed during earlier
excavations, but it is assumed that it is inset to and confined by Unit II to the north and
south (Figures 14 and 15). Unit V grades upward into the modern surface soil (Figures
14 and 15). Only the subsurface horizons are present in the profile exposures due to soil
removal during prior excavations. The soil consists of a Bk1-Bk2 horizon sequence that
is characterized by the presence of a buff-colored (very pale brown) clayey matrix with
abundant nodules and filaments of secondary calcium carbonate. Micromorphologically,

both Bk horizons contain a fine-grained, carbonate-rich matrix with weakly developed
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Figure 20. Geologic cross section of the Waco Mammoth Site within the excavation
area, showing locations of optically stimulated luminescence ages within the

excavation area.
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Table 1. Optically stimulated luminescence (OSL) ages on fine-grained polymineral
extracts from fluvial sediments from the Waco Mammoth Site.

Field#  Laboratory  Equivalent U Th K,O Dose rate  OSL age
# dose epm)  (ppm) (%)  (Gyka)  (ka)’

2004
WMO01-04 UIC1346° 153.73 £ 0.56a 3.2+ 0.4b 56£1.0c 076+0.02 248+0.10 62.1£6.0

WMO02-04 UIC1345" 151.21+0.37a 3.0+ 0.4b 59+1.0c 0.79£0.02 234+0.09 64.6%6.2

WMO03-04 UIC1347* 161.48+0.40a 2.6+0.3b 51+08 082+£0.02 220+0.09 734+6.8

WMO04-04 UIC1348* 14478 £0.29a 2.5+ 0.4b 89+13c 0.73+£0.02 249+0.10 58.1+6.0
2006

WOSL-0la  UICI1805IR®  153.73 £ 0.56 1.8 +0.1c 49+0.1d 0.83+0.02 1.85+0.08 70.6+5.9

WOSL-0la  UICI805GR® 117.75 = 0.56 1.8+0.1c 49+0.1d 0.83+0.02 1.73+£0.07 67.9+59
WOSL-02a  UICI807IR  140.43 £ 6.30 2.0+0.1c 124+£0.1d 0.76+0.02 2.63+0.11 533+4.6
WOSL-02a  UIC1807GR  123.90 £2.50 2.0+0.1c 124+0.1d 0.76+0.02 2.51+0.10 52.6+4.2

WOSL-03a  UIC1806IR"  144.43 +0.52 1.7+0.1c 93+0.1d 0.085+£0.02 225+0.09 57.1+5.6
WOSL-03a  UICI806IR®  142.84 = 0.40 1.7+0.1c 93+0.1d 0.085+£0.02 223+0.09 565+55
WOSL-03a  UIC1806GR® 108.93 + 1.00 1.7+0.1c 93+0.1d 0.085+£0.02 2.09+0.09 52.1+42
WOSL-03a  UIC1806IR®  154.72 £ 0.40 1.7+0.1c 93+0.1d 0.085+£0.02 2.52+0.10 64.1+5.6
WOSL-03a  UICI806GR® 112.66 +0.51 1.7+0.1¢c 93+0.1d 0.085+0.02 2.08+0.09 54.1+43

a Multiple aliquot additive dose method from Singhvi et al.(1982) and Forman and Pierson (2002) on 4-11 pm polymineral fraction.

b The GR designation indicates excitation by green light (514 + 20 nm) and the IR designation indicates excitation by infrared
wavelengths (880 + 80 nm with the equivalent dose determined by the multiple aliquot regenerative dose technique
(Jain et al. 2003).

¢ U, and Th content determined by thick-source alpha counting.

d U, Th and K20 assayed by ICP-MS at Activation Laboratories, Ontario, Canada.

e Ages included a cosmic ray dose rate of 16 mGray/ka from calculations of Prescott and Hutton, 1994, an assumed burial
moisture content of 20 + 5 %, and a measured alpha efficiency factor (a value) as defined by Aitken and Bowman (1975).

All errors are at one sigma. Analyses by the Luminescence Dating Research Laboratory, University of lllinois at Chicago.

sepic plasmic fabric. Abundant pedogenic carbonate masses and hard nodules are present
in both horizons, with significant septarian shrinkage cracks and the formation of
secondary sparry calcite. Common clay argillans are present in both horizons, lining root

pores and possible small animal burrows (Figure 191; Appendix E).
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Optically Stimulated Luminescence Ages

Variability among the 13 OSL ages (4 from 2004 and 9 from 2006) from the
Waco Mammoth Site sediments was analyzed by constructing a probability density
distribution, completed by the Luminescence Dating Research Laboratory, University of
Ilinois at Chicago. The distribution of all the samples was plotted, indicating that the
ages represent one age population, according to central tendency statistics and most
probable age spread (Figure 21). The unweighted mean average for the age population is
60.0 £ 2.5 ka yr B.P. (at 1-sigma, 68% confidence) as shown on the distribution plot
(Figure 21). Thus, at 2-sigma error (95% confidence), the sediments of Unit IV would
have been deposited sometime between ca. 55 and 65 ka yr B.P. The two ages from the
Unit IV sediments in the south wall (TT3) of the excavation site (UICI805IR and
UIC1805GR) are 70.6 + 5.9 and 67.9 + 5.9 ka yr B.P. at 1-sigma error and at 2 sigma
yield an age range of 58.8-82.4 and 56.1-79.7 ka yr B.P, respectively, which does overlap
with the Unit IV strata ages. Statistically, the Unit IV sediment ages could be
penecontemporaneous to as much as 20 ka yr younger than the south wall (TT3 of Unit
IIc) sediments based on the estimated OSL ages. Moreover, at 1-sigma error the ages
from within Phase II and III excavation areas and from the sandy sediments of Test
Trench 3 (south wall of Phase I excavation area) are statistically distinct, but at 2-sigma
error they overlap, indicating that these sediments are penecontemporaneous to ca. 12 ka

yr difference (twice the error of the 70.6 and 67.9 ka yr B.P. ages).

Stable Isotope Analysis
Carbon and oxygen isotopic compositions were measured (813 Cppg and 8180PDB’

respectively) from pedogenic carbonate nodules of 21 soil horizons exposed in vertical
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profiles and test trenches (Table 2). For this study, the three vertical profiles (Profile 1,
Profile 2, and Profile 3) and one test trench (Test Trench 2) with the most complete data
sets are presented in Figure 22. All 21 isotope samples were used for environmental
reconstruction. Isotopic ratios recorded for carbon and oxygen range from -0.7%o to
9.2%0 8" Cppp and -3.2%o to -4.6%0 &'°Oppg, respectively, and average -4.48%o and
3.80%o, respectively (Table 2). Given the wide range of 8"°C values, neither a temporal

nor stratigraphic relationship was found within the stratigraphic section.
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Figure 21. Probability density distribution analysis plot of all (2004 and 2006) ages
obtained from Unit IV sandy sediments performed by the Luminescence
Dating Research Laboratory, University of Illinois at Chicago. The plot
indicates that all the ages represent one population and shows the populations
central Tendency and associated most probably age spread.

8"°C values of soil organic matter (SOM) were estimated from the 8'°C values of
pedogenic carbonate nodules, using a temperature constant of 20°C (Nordt et al. 1998).

The SOM §"°C values are presented in Table 2. Following a linear mixing model (Nordt
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Table 2. Carbon and oxygen isotope values from pedogenic carbonate samples obtained

from vertical profiles and test trenches and converted to 8'°C values of soil

organic matter (SOM) using a temperature constant of 20°C (Nordt et al.,

1998), showing estimated mean annual July temperature in °C (Nordt et al.,
2007), and showing C4 and C3 biomass percentages (Nordt et al., 2002).

Profile/ §c 50  Depth d”csoM  5°C Soil Biomass  Soil Biomass
Horizon Unit PDB PDB cm at 20°C  °C July Est. % Cy % C;

P1BkI Vo 17 38 -10 -15.57 74 26

P1Bk2 vV o 17 38 -45 -15.57 74 26
PIBkglb I 2.0  -4.1 -83 -15.87 26.7 72 28
PIBkg2b II 92 -39 -122 -23.00 21 79
PIBkssgpb Il  -74  -4.0 -182 -21.22 34 66

P2BkI A | 3.7 -14 -16.96 65 35

P2Bk2 vV 28 37 -56 -16.66 67 33
P2Bkssg Il -39  -35 201 -17.75 59 41
P3Bkglb IV 55 37 -70 -19.34 48 52
P3Bkg2b IV 75 34 -145 -21.32 33 67
P3Bkgdb IV 54 32 -230 -19.24 48 52
P4Bkgb I 88  -37 -230 -22.61 24 76
TT2Bkl  Ilc 