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 The potential for future prolonged drought episodes in the Northeastern USA is 

alarming given that a humid climate currently provides water to +50 million people in the 

northeast, USA.  Hydro-climatic projections are hampered by a lack of regionally-based 

paleoenvironmental reconstructions.  The middle Delaware River Valley provides a 

unique opportunity to expand the Holocene alluvial history and paleoenvironment for the 

northeast, USA.  Thirty-six soil profile descriptions, 332 grain size analyses, and 82 14C 

ages from trenches and auger borings show that similar alluvial landforms within the 

river valley have different formation histories and depict a valley that has experienced 

middle to late Holocene floodplain and terrace reworking.  Despite erosion, secular 

changes in buried soil and sediment properties are closely associated with climate change 

and land-use.  A Holocene time-series was constructed using 149 δ13Csom values from 

alluvial terrace profiles.  There is good agreement between increasing δ13Csom and 

Panicoideae phytolith concentrations, suggesting that variations in C4 biomass are a 



 

contributor to changes in the soil δ13C.  A measurement error deconvolution curve over 

time reveals two isotope stages (II and I), with nine sub-stages exhibiting variations in 

average δ13Csom (%C4).  Stage II, ~10.7-4.3 ka, shows above average δ13Csom (increase 

%C4) values with evidence of an early Holocene warm/dry interval (sub-stage IIb, 9.8-8.3 

ka) that coincides with rapid warming and cool/dry abrupt climate change.  Sub-stage IId, 

7.0-4.3 ka, is an above average δ13Csom (increase %C4) interval associated with the mid-

Holocene warm/dry Hypsithermal.  The Stage II-I shift at 4.3 ka documents a transition 

toward below average δ13Csom (decrease %C4) values, coinciding with decreasing 

insolation and moisture budget reorganization. Sub-stages Ib and Id (above average %C4) 

coincide with the first documented occurrence of maize in northeastern USA and 

population increase during the Late Woodland.  These associations suggest that humans 

influenced δ13Csom during the late Holocene.  The influence of land-use is further 

corroborated by a regionally extensive anthropogenic sedimentation event documented 

throughout eastern North America, pre-Colonial sediment (PCS) circa: A.D. 1,100–

1,600.  These data demonstrate that combined prehistoric land-use and climate change 

impacted eastern North American floodplains several hundred years prior to the onset of 

European Settlement. 
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CHAPTER ONE    
 

Introduction 
 
 

Substantial evidence exists for Holocene millennial and centennial-scale climate 

change (O’Brien et al., 1995; Mayewski et al., 1997; Bond et al., 1997; 2001; Wanner et 

al., 2008) and its impact on continental North America during the Holocene (Denton and 

Karlén, 1973; Mayewski et al., 2004; Booth et al., 2005; Nordt et al., 2008).  The 

northeastern United States has a rich history of paleoclimate reconstructions largely 

derived from lithologically-based lake-level reconstructions, pollen-based vegetation 

reconstructions, and stable isotope records (Zhao et al., 2010, and references therein).  

Recent lake-level reconstructions for the Holocene show evidence of century-long 

intervals of droughts superposed on a long-term trend towards a wetter climate (Newby et 

al., 2011; Shuman and Plank, 2011).  The potential for future prolonged drought episodes 

is especially alarming given that a humid climate currently provides water to +50 million 

people in the emerging northeast Megaregion (Wheeler, 2009).  Despite the large number 

of lacustrine-based paleoclimate and paleovegetation proxies, there are few 

allostratigraphic and fluvial geomorphic studies that have had success reconstructing 

paleoenvironment through inferred changes in the hydrologic budget (e.g., more or less 

overall flooding through time) (Schuldenrein, 2003; Scully and Arnold, 1981; Stewart et 

al., 1991; Stinchcomb et al., 2012; Thieme, 2001; Vento et al., 1989).  Although these 

studies link floodplain and alluvial terrace features to known climate episodes (Wendland 

and Bryson, 1974), they offer little in the way of semi-quantitative paleo-vegetation 

reconstruction.  Floodplain-based studies that utilize alluvial stratigraphy and the carbon 
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isotopic composition of soil organic matter (δ13Csom) in the Midwest and southeastern 

USA show evidence of environmental and climate change impacts and are therefore a 

valuable paleoenvironmental archive (Driese et al., 2008; Kocis, 2011; Nordt et al., 2007; 

Nordt et al., 2008).  Furthermore, floodplain archives of paleoenvironmental change are 

more spatially extensive and therefore harbor the potential for creating high-resolution 

regional reconstructions of changing vegetation and climate for the past ~11,000 years.  

The objectives of this research are to gather and examine geomorphic, stratigraphic, and 

pedological evidence for Holocene alluvial dynamics in the upper-middle Delaware River 

Basin, Mid-Atlantic, USA, and test whether these archives record evidence of climate 

change comparable with published regional paleoclimate time-series. 

In chapter two, I test and refine the traditional floodplain development model for 

the partly confined middle Delaware River valley, which has shown that the main 

channel was relatively stable and flanked by a 6000–8000 year old, vertically accreting 

alluvial terrace (Appendix A).  The Holocene alluvial processes and history presented 

here were reconstructed using fluvial geomorphology, alluvial stratigraphy, and 

sedimentology techniques.  The resulting alluvial stratigraphy and chronology from this 

study show evidence of similar landforms with different formation histories and depict a 

river valley that has experienced floodplain and terrace reworking.  This refined alluvial 

history depicts a floodplain that has undergone middle Holocene incision and floodplain 

and terrace reworking since the late middle Holocene and adds to our knowledge of 

floodplain evolution for the area by recognizing the importance of processes other than 

vertical accretion.  Geoarchaeologists and fluvial geomorphologists working in the NE 
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USA should consider these events when examining river valley development through 

time. 

In chapter three, I present a time-series of the carbon isotopic composition of soil 

organic matter (δ13Csom) spanning the Holocene constructed from alluvial terrace profiles 

along the middle Delaware River valley.  A measurement error deconvolution curve over 

time reveals isotope stages exhibiting variations in average δ13Csom (%C4). Stage II, 

~10.7-4.3 ka, shows above average δ13Csom (increase %C4) values with evidence of an 

early Holocene warming and dry interval (sub-stage IIb, 9.8-8.3 ka) that coincides with 

rapid warming and cool-dry abrupt climate change events.  Sub-stage IId, 7.0-4.3 ka, is 

an above average δ13Csom (increase %C4) interval associated with the mid-Holocene 

warm-dry hypsithermal.  The Stage II-I shift at 4.3 ka documents a transition toward 

below average δ13Csom (decrease %C4) values and coincides with decreasing insolation 

and major reorganization of the moisture budget. Sub-stages Ib and Id (above average 

%C4) coincide with the first documented occurrence of maize in the northeastern USA 

and a substantial increase in population during the Late Woodland.  These associations 

suggest that humans influenced δ13Csom during the late Holocene. 

Despite the importance of understanding the effect of land-use on floodplains in 

eastern North America, few studies have directly addressed the possibility and extent of 

prehistoric indigenous land-use on floodplain development. In chapter four, I report 

geoarchaeological evidence of increasing floodplain sedimentation and prehistoric land-

use intensification in the Delaware River Valley during the Medieval Climate Anomaly – 

Little Ice Age transition (Appendix A). This anthropogenic sedimentation event, 

documented throughout eastern North America, is formally designated here as pre-
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Colonial sediment (PCS) circa: A.D. 1,100–1,600. These data demonstrate that the 

combined effects of prehistoric land-use and climate change impacted eastern North 

American floodplain development several hundred years prior to the onset of major 

European Settlement. 
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CHAPTER TWO   
 

A Mid to Late Holocene History of Floodplain and Terrace  
Reworking Along the Middle Delaware River Valley, USA 

 
This chapter published as Stinchcomb, G.E., Driese, S.G., Nordt, L.C., Allen, P.A., in 
press. A mid to late Holocene history of floodplain and terrace reworking along the 

middle Delaware River valley, USA. Geomorphology, 
http://dx.doi.org/10.1016/j.geomorph.2012.04.018. 

 
 

Abstract 
 
 This study tests and refines the traditional floodplain development model for the 

partly confined middle Delaware River valley, which has shown that the main channel 

was relatively stable and flanked by a 6000–8000 year old, vertically accreting alluvial 

terrace.  The Holocene alluvial processes and history presented here in 6 fluvial phases 

were reconstructed using morphostratigraphy, 36 profile descriptions, 332 grain size 

analyses, and 82 14C ages from soil trenches, auger borings, and archaeological 

excavations.  Fluvial phases I-III largely validate previous reconstructions showing a late 

Pleistocene (I: >10.7 ka) braided stream transition into an early Holocene wandering 

stream with prolonged floodplain stability (II: 10.7-8 ka), followed by early-middle 

Holocene erosion and then deposition (III: 8-5 ka).  The early and middle Holocene 

changes in alluvial stratigraphy and sedimentology broadly correlate with climatically 

derived Holocene subdivisions, suggesting climate change partly controls alluvial 

response along the middle Delaware River valley.  This study documents, for the first 

time, a middle Holocene episode of channel incision occurring sometime between 6.0 and 

5.0 ka.  Although the results reconfirm that the majority of alluvial landforms are 
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composed of vertical accretion deposits, we present here new evidence of oblique, 

abandoned channel, and lateral accretion deposits inset to similar landforms with 

different formation histories (i.e., polycyclic terrace development), depicting a river 

valley that has experienced floodplain and terrace reworking.  The majority of floodplain 

and terrace reworking occurs during the late-middle and late Holocene phases IV-VI 

(5.5-0 ka), following the middle Holocene incision event.  These phases demonstrate 

floodplain reworking processes in the form of channel abandonment, stripping, flood 

channeling, and convex bank erosion.  The subsequent space filled rapidly with evidence 

of  multistory soil formation, and eventually resulted in alluvial fill terraces with heights 

comparable to older surfaces.  The most recent fluvial phase, VI (1.0-0 ka), shows 

markedly faster sedimentation rates and coarser flood deposits associated with peak 

prehistoric population and the onset of Euroamerican settlement.  The results presented 

here contribute newly documented evidence of erosion and depict a river valley that has 

undergone middle Holocene incision and floodplain and terrace reworking since the late 

middle Holocene.  Stream modelers, fluvial geomorphologists and geoarchaeologists 

working in the NE USA should consider floodplain reworking processes when examining 

alluvial history and predicting changes in stream dynamics. 

 
Introduction 

 
 Floodplains figure prominently as global resources because of their biological 

productivity, ecological diversity, and overall economic importance (Tockner and 

Stanford, 2002).  Understanding how climate change and land use influences floodplain 

development will be useful for mitigating future impacts.  Floodplain development 

models (based largely on alluvial stratigraphy, fluvial sedimentology, and various forms 
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of absolute and relative chronology) are critical for understanding the fate of floodplains 

as sediment reservoirs and ecological resources.   Early models of floodplain 

development suggested that floodplains consist mostly of lateral accretion deposits 

overlain by a veneer of vertical accretion deposits (Wolman and Leopold, 1957; Jackson, 

1976; Nanson and Croke, 1992, references therein).  Ritter et al. (1973) challenged these 

earlier models and showed that a portion of the Delaware River valley bottom was 

composed of a thick succession of vertical accretion deposits, with no evidence of lateral 

accretion deposits.  The data also suggested that no distinct episodes of floodplain erosion 

were present and the channel had been flowing in its present course since the early-

middle Holocene.  Subsequent studies within the same river valley (Crowl and 

Stuckenrath Jr., 1977; Vento et al., 1989; Stewart, 1991; Stewart et al., 1991) and 

elsewhere have shown that in stable channel settings many floodplains will aggrade by 

vertical and oblique accretion (Brakenridge, 1984; Macklin et al., 1992; Nanson and 

Croke, 1992; Moody et al., 1999; Page et al., 2003).  Ritter et al. (1973) have provided 

researchers with important insights regarding floodplain processes, including (i) 

development models dominated by vertical accretion (Stene, 1980; Brakenridge, 1984; 

Nanson and Croke, 1992; Moody et al., 1999; Florsheim, 2004), (ii) vertical accretion 

rates (Bridge and Leeder, 1979; Langedal, 1997; Nicholas and Walling, 1997; Walling 

and He, 1997), and (iii) evidence of limited channel migration (Brown, 1987; Knox, 

2006; Benedetti et al., 2007). 

 Recent research along the Delaware shows evidence of similar alluvial landforms 

with different formation histories (Witte, 2001), referred to here as out-of-phase alluvial 

chronologies (sensu Brierley and Fryirs, 2005).  This polycyclic floodplain and terrace 
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development is common in partly confined river valleys (Cohen and Nanson, 2008).  This 

style of development suggests that the stream may have migrated in some fashion (e.g., 

lateral migration, avulsion) and eroded and reworked floodplain or terrace material.  

Twenty-five kilometers upstream from the Ritter et al. (1973) study area, Witte (2001) 

reported a late-middle Holocene radiocarbon age (4500 ±40; GX-28162) from the base of 

an alluvial landform (11–5 m above modern channel).  This basal age conflicts with 

previous geoarchaeological research that reported late Pleistocene to early Holocene 

basal ages for similar alluvial landforms (Ritter et al., 1973; Crowl and Stuckenrath Jr., 

1977; Vento et al., 1989; Stewart, 1991; Stewart et al., 1991).  Seventy kilometers 

downstream from the Ritter et al. (1973) study area, previous geoarchaeological research 

showed that the early Holocene floodplain was composed of islands and flood runners 

(sensu Brierley and Fryirs, 2005) that subsequently filled during the middle Holocene 

(Schuldenrein, 2003), implying a potential change in river style and floodplain 

development.  Spatially and temporally out-of-phase alluvial floodplain and terrace 

chronologies are a common result of river adjustment and floodplain reworking processes 

(Brierley and Fryirs, 2005).  Together, the Witte (2001) and Schuldenrein (2003) studies 

suggest that floodplain evolution along the Delaware River valley is more complex than 

described by Ritter et al. (Ritter et al., 1973).  

 The primary objective of this research is to further document and refine spatial 

and temporal changes in river behavior along the Middle Delaware River valley during 

the Holocene using an integration of floodplain geomorphology, geochronology, 

stratigraphy, sedimentology, and paleopedology. The data presented here provide a more 

comprehensive description of floodplain processes and development history for the 
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Delaware River valley bottom than previously.  Although these results reconfirm 

previously documented episodes of floodplain aggradation and stability, they document, 

for the first time, middle to late Holocene floodplain reworking events, including lateral 

migration, avulsion, and floodplain stripping (sensu Nanson, 1986; Warner, 1997; Dean 

and Schmidt, 2011).  Finally, we discuss the variations in floodplain development along 

the Middle Delaware River in terms of paleoenvironmental and paleoclimatic change. 

 
Regional Setting 

 
 The Delaware River basin, located in the eastern United States, drains 33,041 km2 

into the Atlantic Ocean (Fig. 2.1A).  The Delaware River forms at the confluence of the 

West and East branch at Hancock, NY.  From this point, the river traverses 300 km 

across four physiographic provinces to the head of tide located in Trenton, NJ (Fig. 

2.1B).  Upstream from the Delaware Water Gap, the river drains 9971 km2 of partly 

confined and dissected terrain within the Appalachian Ridge and Valley and the Plateau 

provinces (Fig. 2.1C).  The main channel within the study area flows through the Ridge 

and Valley province.  This region consists of sinuous, alternating ridges and valleys 

resulting from differential erosion of the underlying folded and faulted succession of 

Paleozoic sedimentary rocks (Way, 1999).  In the northern half of the study area, the 

valley bottom is underlain by the middle Devonian Mahantango Formation, which 

consists of a complex succession of interbedded shale, siltstone, and sandstone (Harper, 

1999).  In the southern half of the study area, the valley bottom is underlain by upper 

Silurian Poxono Island Formation through Decker Formation rocks.  The Poxono Island 

Formation consists of lenticular bedded dolostone, limestone, and calcareous shale.  The 

Decker Formation consists of arenaceous limestone and argillaceous siltstone and 
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 The climate for the study area is classified as humid, continental with warm 

summers (Trewartha, 1957) and a mean annual temperature of ~ 9.7°C and mean annual 

precipitation range of 1290 mm*y-1 (NOAA, 2011).  Upland and slope vegetation 

consists of mixed oak-hickory (Quercus -Carya) (formerly chestnut, Castanea) forests 

(Braun, 1950; Kuchler, 1964).  Canopy vegetation along the floodplain commonly 

consists of sycamore (Platanus) and maple (Acer) forests.  Steep ravines that flank the 

Delaware River valley contain old-growth hemlock (Tsuga) forests (Fig. 2.1C). Winter 

and spring are peak flooding seasons for the study area, with flooding often caused by 

heavy rainfall resulting from extratropical cyclones combined with snowmelt, land-

falling tropical cyclones, or warm-season convective systems (Hirschboeck, 1988; Smith 

et al., 2010).  The current mean-annual (2-year) flood discharge for the study area ranges 

from 1846 to 2033 m3 s-1 (65,200 to 71,800 ft3 s-1) (Schopp and Firda, 2008). Larger 

flood recurrence interval and magnitude data for the study area range from 5443 to 5947 

m3 s-1 (194,000 to 210,000 ft3 s-1) for the 50-year flood and 6400 to 6909 m3 s-1 (226,000 

to 244,000 ft3 s-1) for the 100-year flood.  Using the Montague, NJ, stream gage rating 

curve, flood heights for the 2-year flood range from 6.39 to 6.73 m above channel 

bottom, whereas flood heights for the 100-year flood range from 13.30 to 13.92 m above 

channel bottom. 

 
Methods 

 
 Fluvial geomorphology, alluvial stratigraphy, geochronology, and sedimentology  

(Brakenridge, 1988; Waters, 1992; Brierley and Fryirs, 2005) were used to reconstruct 

the Holocene history of floodplain development and reworking along the Delaware River 

study area.  Fluvial phases (see Knox, 1995) were identified based on distinct temporal 
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changes in: (1) fluvial geomorphic units, buried soil occurrence/morphology, 

allostratigraphy, grain size, sedimentation rate, and erosion.  The phase concept was used 

as it is more inclusive with regards to the fluvial data collected, as opposed to the more 

strict application of allostratigraphy.  The fluvial phases were superposed against 

paleoenvironmental and paleoclimate records (Watts, 1979; Davis, 1983; Shuman et al., 

2004; Zhao et al., 2010; Shuman and Plank, 2011) to examine potential climate controls 

on floodplain development and reworking through time. 

 
Fluvial Geomorphology 

 Fluvial geomorphic features were identified and described to help characterize 

stream behavior and floodplain development through time.  Channel, bank, and valley fill 

(e.g., terrace, floodplain) geomorphic units were identified in the field using a 

classification scheme adapted from Brierley and Fryirs (2005).  A morphostratigraphy 

was devised by mapping surface elevations relative to the base flow of the Delaware 

River to identify and correlate surfaces of similar height.  Bare-earth filtered airborne 

LiDAR digital elevation models (vertical accuracy ≤ 0.37 m; horizontal accuracy ≤ 1.52 

m) and rod-level surveys were used to map the surface elevations for trenches and cross 

sections.  Landforms were mapped laterally using soil survey maps, LiDAR, and field 

reconnaissance.  Given that some terrace surfaces become inundated during high 

magnitude floods (e.g., 100-year flood), the term alluvial terrace is reserved here for 

floodplains that once formed when the channel was at a higher level, i.e., incision must 

have occurred (Ritter et al., 2002). 
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Alluvial Stratigraphy 

 Allo- and soil stratigraphic, methods were used to describe the lateral extent and 

timing of floodplain formation, reworking processes, and incision.  Transverse valley 

cross section and trench locations were chosen largely based on accessibility and an 

attempt to cover the variety of alluvial landforms throughout the study area.  The cross 

sections depict subsurface lateral variability in soils, alluvium, and erosional surfaces and 

were constructed using bucket-auger borings spaced at intervals ranging from 50 to 100 

m.  This sampling interval was chosen because it captures the lateral variability evident 

from geomorphic maps without oversampling.  Soil and sediment were carefully 

extracted from the auger bucket, retaining as much stratigraphic and morphologic 

information as possible.  Color, texture, boundary distinctness and some sedimentary 

structures were observable in auger boring material.  Alluvial sediments were subdivided 

into informal (i.e., unnamed) allostratigraphic units based on bounding unconformities, 

typically defined by buried soils. The allostratigraphic correlations between auger borings 

were inferred.  The primary purpose of using allostratigraphy for this study was to detect 

the presence of discontinuous allostratigraphic boundaries that infer episodes of channel 

reworking or erosion (Waters, 1992;78-82).  Radiocarbon ages occurring above and 

below allostratigraphic boundaries were subtracted to infer the duration of erosional 

events.  The minimum age difference was preferred as it more accurately represents the 

hiatus, i.e., the timing of the floodplain erosional event, versus the degradational vacuity, 

i.e., time physically removed during the erosional event (Waters, 1992).  An informal 

(i.e., unnamed) soil stratigraphy was devised to help characterize and differentiate 

Holocene intervals of landscape stability.  Soil morphology was described using U.S. 
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Department of Agriculture (USDA) soil nomenclature (Schoeneberger et al., 2002) with 

modifications (see Holliday, 2004, Appendix 1).   

 
Chronology 

 Intervals of floodplain formation, stability and reworking events were 

chronologically constrained using 89 radiocarbon ages (66 previous ages and 23 new) 

from alluvial deposits and buried soils (Tables 2.1 and 2.2).  Radiocarbon samples for 

this study include charcoal, plant matter and bulk organic fractions and were collected 

from key stratigraphic contexts.  Radiocarbon samples were also compiled from previous 

studies by conducting a literature review.  All conventional radiocarbon ages were 

calibrated using CALIB 6.0.1 and the IntCal09 calibration curve (Reimer et al., 2009; 

Stuiver and Reimer, 1993).  Median ages of the 2-σ probability distribution are reported 

in kiloannums, i.e., 1000 years, before present (ka) (Telford et al., 2004).  Although the 

raw median age data are provided, the ages shown and discussed are rounded to the 

nearest 100 years to account for uncertainty.  Ages of nondeposition were also 

constrained using temporally diagnostic artifacts from this study and previous research.  

Four bulk organic fraction radiocarbon ages were obtained from buried soils deeper than 

1.8 m from the surface.  These ages reflect the apparent mean residence time of soil 

formation.  We determined  that a bulk organic fraction assay (8280 ±40, Beta-282837) 

was similar in age to a charcoal assay (8410 ±40, Beta-280867) from the same buried 

soil, therefore increasing our confidence that these two methods are comparable at least 

within a buried soil that formed for ~ 1000–2000 years (Table 2.1). 
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Table 2.1  Radiocarbon Data from Previous Research 
                

Radiocarbon 
Lab Code 

Technique Locationa 
Sample 

Description 
Terraceb 

Stratigraphic 
Context 

Conventional 
14C agec 

Calibrated 
Median Age 

(ka)d 
Source 

Beta-227477 AMS MAN1 maize kernel T2b soil 270 ± 40 337 (0.3) Stinchcomb et al., 2011 

GX-28164 AMS Manna 
charcoal 

from matrix 
T1 alluvium 330 ± 40 389 (0.4) Witte, 2001 

Beta-227480 AMS MAN1 maize kernel T2b alluvium 390 ± 40 448 (0.4) Stinchcomb et al., 2011 

Beta-227479 AMS MAN1 maize kernel T2b soil 550 ± 40 562 (0.6) Stinchcomb et al., 2011 

Y-2473 Radiometric 36PI13 
cultural 
feature 

T2a unknown 558 ± 100 575 (0.6) Ritter et al., 1973 

Y-2474 Radiometric 36PI13 
cultural 
feature 

T2a unknown 658 ± 120 630 (0.6) Ritter et al., 1973 

Beta-227482 Radiometric MAN1 
charcoal 

from cultural 
feature 

T2b soil 840 ± 70 768 (0.8) Stinchcomb et al., 2011 

Beta-62433 - Manna 
charcoal 

from cultural 
feature 

T2b soil 970 ± 120 882 (0.9) Wall and Botwick, 1993 

Y-2475 Radiometric 36PI13 
charcoal 

from matrix 
T2a unknown 1178 ± 120 1102 (1.1) Ritter et al., 1973 

W-3135 Radiometric 36MR43 
charcoal 

from cultural 
feature 

T2a soil 1565 ± 95 1465 (1.5) McNett et al., 1977 

W-3135 Radiometric 36MR43 
charcoal 

from cultural 
feature 

T2a soil 1640 ± 200 1566 (1.6) McNett et al., 1977 

Beta-258885 AMS MAN1 
bulk organic 

fraction 
T2b soil 1900 ± 40 1845 (1.8) Stinchcomb et al., 2011 

Beta-257433 AMS MAN1 
charcoal 

from matrix 
T2b 

basal 
channel 
alluvium 

2070 ± 40 2040 (2.0) Stinchcomb et al., 2011 

I-5542 Radiometric 36PI13 
charcoal 

from cultural 
feature 

T2a alluvium 2068 ± 135 2049 (2.0) Ritter et al., 1973 
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Table 2.1  Continued

Radiocarbon 
Lab Code 

Technique Locationa 
Sample 

Description 
Terraceb 

Stratigraphic 
Context 

Conventional 
14C agec 

Calibrated 
Median Age 

(ka)d 
Source 

I-5233 Radiometric 36PI13 
charcoal 

from cultural 
feature 

T2a alluvium 2370 ± 95 2445 (2.4) Ritter et al., 1973 

Y-2476 Radiometric 36PI13 
charcoal 

from matrix 
- soil 2718 ± 100 2842 (2.8) Ritter et al., 1973 

Y-2477 Radiometric 36PI13 
charcoal 

from cultural 
feature 

 
unknown 2778 ± 100 2907 (2.9) Ritter et al., 1973 

Y-2339 Radiometric BRD1 
charcoal 

from cultural 
feature 

T2a soil 3120 ± 120 3322 (3.3) Kinsey and McNett, 1972 

GX-28163 AMS MAN2 
charcoal 

from matrix 
T2b soil 3230 ± 40 3448 (3.4) Witte, 2001 

Y-2343 Radiometric Zimmerman 
charcoal 

from cultural 
feature 

T2 unknown 3230 ± 120 3464 (3.5) Werner, 1972 

Y-2340 Radiometric BRD1 
charcoal 

from cultural 
feature 

T2a soil 3390 ± 100 3643 (3.6) Kinsey and McNett, 1972 

Beta-50730 - 36NM12 
bulk organic 

fraction 
- soil 3450 ± 70 3718 (3.7) Schuldenrein, 2003 

Y-2478 Radiometric 
 

charcoal 
from cultural 

feature 
T2a soil 3468 ± 120 3743 (3.7) Ritter et al., 1973 

Uga-5549 - 36MR45 
charcoal 

from cultural 
feature 

T2a soil 3515 ± 55 3787 (3.8) Stewart et al., 1991 

Y-2341 Radiometric BRD1 
charcoal 

from cultural 
feature 

T2a soil 3570 ± 100 3871 (3.9) Kinsey and McNett, 1972 

Beta-262909 AMS BRN1 
charcoal 

from cultural 
feature 

T2b soil 3600 ± 40 3908 (3.9) Lee et al., 2010 
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Table 2.1  Continued

Radiocarbon 
Lab Code 

Technique Locationa 
Sample 

Description 
Terraceb 

Stratigraphic 
Context 

Conventional 
14C agec 

Calibrated 
Median Age 

(ka)d 
Source 

Y-2344 Radiometric Zimmerman 
charcoal 

from cultural 
feature 

T2 unknown 3600 ± 80 3910 (3.9) Werner, 1972 

Y-2342 Radiometric BRD1 
charcoal 

from cultural 
feature 

T2a soil 3660 ± 120 3998 (4.0) Kinsey and McNett, 1972 

Beta-266915 AMS BRN1 
charcoal 

from matrix 
T2b soil 3900 ± 40 4335 (4.3) Lee et al., 2010 

I-5236 Radiometric 36PI13 
charcoal 

from cultural 
feature 

T2a soil 4150 ± 180 4668 (4.7) Ritter et al., 1973 

I-5411 Radiometric 36PI13 
charcoal 

from cultural 
feature 

T2a soil 4465 ± 130 5112 (5.1) Ritter et al., 1973 

Beta-266910 AMS BRN1 
charcoal 

from cultural 
feature 

T2b alluvium 4510 ± 40 5143 (5.1) Lee et al., 2010 

GX-28162 AMS MAN2 
charcoal 

from matrix 
T2b soil 4500 ± 40 5163 (5.2) Witte, 2001 

Beta-62432 - 
 

charcoal 
from matrix 

T2b soil 4550 ± 180 5200 (5.2) Wall and Botwick, 1993 

I-5234 Radiometric 36PI13 
charcoal 

from cultural 
feature 

T2a soil 4580 ± 110 5245 (5.2) Ritter et al., 1973 

Y-2479 Radiometric 36PI13 
charcoal 

from matrix 
T2a alluvium 5198 ± 200 5968 (6.0) Ritter et al., 1973 

I-5237 Radiometric 36PI13 
charcoal 

from cultural 
feature 

T2a alluvium 5590 ± 200 6392 (6.4) Ritter et al., 1973 
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 Table 2.1  Continued

Radiocarbon 
Lab Code 

Technique Locationa 
Sample 

Description 
Terraceb 

Stratigraphic 
Context 

Conventional 
14C agec 

Calibrated 
Median Age 

(ka)d 
Source 

Beta-266914 Radiometric BRN1 
charcoal 

from matrix 
T2b soil 5980 ± 110 6828 (6.8) Lee et al., 2010 

I-5238 Radiometric 36PI13 
charcoal 

from cultural 
feature 

T2a alluvium 6190 ± 135 7078 (7.1) Ritter et al., 1973 

Beta-51500 - 36NM12 charcoal - soil 7080 ± 70 7900 (7.9) Schuldenrein, 2003 

Beta-61582 AMS 36NM12 charred nuts - soil 7330 ± 60 8131 (8.1) Schuldenrein, 2003 

Beta-266913 AMS BRN1 
charcoal 

from matrix 
T2b soil 7420 ± 50 8257 (8.3) Lee et al., 2010 

Beta-61773 - 36NM12 charcoal - soil 7500 ± 170 8302 (8.3) Schuldenrein, 2003 

Beta-266912 AMS BRN1 
charcoal 

from matrix 
T2b soil 7920 ± 50 8760 (8.8) Lee et al., 2010 

Beta-61332 - 36NM12 charcoal - soil 8450 ± 130 9431 (9.4) Schuldenrein, 2003 

Beta-53142 - 36NM12 
bulk organic 

fraction 
- alluvium 9300 ± 130 10504 (10.5) Schuldenrein, 2003 

Uga-5488 - 36MR45 
charcoal 

from cultural 
feature 

T2a soil 9330 ± 545 10629 (10.6) Stewart et al., 1991 

W-3388 Radiometric 36MR43 
charcoal 

from matrix 
T2a soil 9310 ± 1000 10666 (10.7) McNett et al., 1977 

Beta-51501 - 36NM12 charcoal - soil 9420 ± 90 10667 (10.7) Schuldenrein, 2003 

Beta-61413 - 36NM12 charcoal - alluvium 10150 ± 180 11804 (11.8) Schuldenrein, 2003 

Beta-61744 - 36NM12 charcoal - alluvium 10500 ± 280 12325 (12.3) Schuldenrein, 2003 

W-2994 Radiometric 36MR43 
charcoal 

from cultural 
feature 

T2a soil 10590 ± 300 12421 (12.4) McNett et al., 1977 

W-3134 Radiometric 36MR43 
charcoal 

from cultural 
feature 

T2a soil 10750 ± 600 12467 (12.5) McNett et al., 1977 
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Table 2.1  Continued 

 

Radiocarbon 
Lab Code 

Technique Locationa 
Sample 

Description 
Terraceb 

Stratigraphic 
Context 

Conventional 
14C agec 

Calibrated 
Median Age 

(ka)d 
Source 

Beta-203865 AMS 36MR43 
charred seed 
from cultural 

feature 
T2a soil 10820 ± 50 12694 (12.7) Gingerich, 2007 

Beta-127162 AMS 36MR43 
charred seed 
from cultural 

feature 
T2a soil 10900 ± 40 12765 (12.8) Dent, 1999 

UCIAMS-
24865 

AMS 36MR43 
charred seed 
from cultural 

feature 
T2a soil 10915 ± 25 12776 (12.8) Gingerich, 2007 

Beta-101935 AMS 36MR43 
charred seed 
from cultural 

feature 
T2a soil 10940 ± 90 12820 (12.8) Dent, 1999 

W-3391 Radiometric 36MR43 

alkali-
soluble 

fraction of 
W-3388 

T2a soil 11050 ± 1000 12866 (12.9) 
McNett et al., 1985; 

 Dent, 2002 

UCIAMS-
24866 

AMS 36MR43 
charred seed 
from cultural 

feature 
T2a soil 11020 ± 30 12891 (12.9) Gingerich, 2007 

 

aLocations include archaeological sites (trinomial code), and trench localities discussed in text. 
bSee Fig. 3 and morphostratigraphy results for landform designation details. 
cConventional radiocarbon age with standard error.  The age is expressed in years before present (y BP), 1950. 
dMedian probability age calculated in CALIB 6.0.1, using IntCal09 calibration curve (Reimer et al., 2009). 
Ages in parentheses are rounded to nearest century and expressed as kilo-annums (ka). 
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Table 2.2  Radiocarbon Data Reported for this Study 
 

Radiocarbon 
Lab Code 

Technique 
Trench/Auger 

Transect 
Locationa 

Sample  
Description 

Terraceb 
Stratigraphic  

Context 
Conventional 14C 

Agec 
Calibrated 

Median Age (ka)d 

Beta-280877 AMS M20 leaf mat T2b 
basal channel 
alluvium 310 ± 40 387 (0.4) 

Beta-280878 AMS M30 charcoal from matrix T2b soil 490 ± 40 524 (0.5) 

Beta-280879 AMS M30 leaf mat T2b 
basal channel 
alluvium 510 ± 40 533 (0.5) 

Beta-280880 AMS NPX1 charcoal from matrix T2b alluvium 1310 ± 40 1245 (1.2) 

Beta-280269 AMS JEN1 charcoal from matrix T2a soil 1620 ± 40 1504 (1.5) 

Beta-280881 AMS NPX1 charcoal from matrix T2b soil 1880 ± 40 1823 (1.8) 

Beta-280873 AMS M1 charcoal from matrix T2b soil 2020 ± 40 1972 (2.0) 

Beta-280271 AMS MAN2 
charcoal from cultural 
feature  T2b soil 2420 ± 40 2459 (2.5) 

Beta-280876 AMS M13 charcoal from matrix T2b soil 2850 ± 40 2965 (3.0) 

Beta-280875 AMS M9 plant matter T2b 
basal channel 
alluvium 3040 ± 40 3261 (3.3) 

Beta-282305 AMS B13 charcoal from matrix T2b 
basal channel 
alluvium 3330 ± 40 3562 (3.6) 

Beta-282838 AMS M13 charcoal from matrix T2b 
basal channel 
alluvium 3600 ± 40 3908 (3.9) 

Beta-280874 AMS M1 charred plant material T2b 
basal channel 
alluvium 3810 ± 40 4203 (4.2) 

Beta-280872 AMS MAN2 charcoal from matrix T2b soil 4410 ± 40 4988 (5.0) 

Beta-282836 AMS B15 charcoal from matrix T2a 
basal channel 
alluvium 4810 ± 40 5522 (5.5) 

Beta-289229 AMS JEN1 bulk organic fraction T2a soil 4930 ± 40 5653 (5.7) 

Beta-280270 AMS JEN1 charcoal from matrix T2a soil 4940 ± 40 5664 (5.7) 

Beta-282835 AMS B15 charcoal from matrix T2a alluvium 5250 ± 40 6011 (6.0) 

Beta-296721 AMS JEN1 bulk organic fraction T2a soil 5980 ± 40 6819 (6.8) 

Beta-282306 AMS W1 bulk organic fraction T2a soil 6890 ± 40 7722 (7.7) 

Beta-282837 AMS JEN1 bulk organic fraction T2a soil 8280 ± 40 9287 (9.3) 
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Table 2.2  Continued 

Radiocarbon 
Lab Code 

Technique 
Trench/Auger 

Transect 
Locationa 

Sample  
Description 

Terraceb 
Stratigraphic  

Context 
Conventional 14C 

Agec 
Calibrated 

Median Age (ka)d 

Beta-280267 AMS BRD1 charcoal from matrix T2a soil 8410 ± 40 9449 (9.4) 

Beta-280268 AMS BRD1 charcoal from matrix T2a soil 8800 ± 50 9834 (9.8) 
 
See Figs. 1 and 3 for location. One letter denotes auger, three letters denotes trench. 
bSee Fig. 3 and text for terrace details. 
cConventional radiocarbon age with standard error.  The age is expressed in years before present (y BP), 1950. 
dMedian probability age calculated in CALIB 6.0.1, using IntCal09 calibration curve (Reimer et al., 2009). 
 Ages in parentheses are rounded to nearest century and expressed as kilo-annums (ka). 
 
 



  

22 
 

 The temporal distribution of radiocarbon ages in alluvial settings is a useful 

paleohydrology proxy (Knox, 1976; Macklin and Lewin, 2003; Macklin et al., 2005; 

Hoffmann et al., 2008).  Lists of radiocarbon ages reported in previous studies and in this 

study were compiled (Tables 2.1 and 2.2).  Where possible, the alluvial stratigraphic 

context (basal channel alluvium, alluvium, and buried soil) of radiocarbon ages was 

noted.  The calibrated median ages for the three categories were grouped by 500-year 

bins and plotted in panel bar charts for the past 13,000 years.  The temporal distributions 

of basal channel alluvium, alluvium, and soil ages were compared with the stratigraphy 

and sedimentology to infer changes in fluvial activity.  Relative changes in the frequency 

of radiocarbon ages from buried soils can indicate intervals of landscape stability (larger 

relative number of radiocarbon ages) and periods of erosion (smaller relative number of 

radiocarbon ages).  Similarly, temporal variations in alluviation and reworking can be 

inferred using the relative numbers of alluvium and basal channel alluvium ages, 

respectively.  Given that archaeologists, geoarchaeologists, and geomorphologists have 

been sampling and dating Delaware River valley material for over 40 years, it is unlikely 

(although possible) a sampling bias is present.  Despite this, the frequency distributions 

of radiocarbon ages presented here should be viewed in comparision with other proxies 

for fluvial dynamics (soil and allostratigraphy, sedimentation rates, grain size, erosion 

and reworking evidence) as a multi-proxy approach is the most robust. 

 
Sedimentology 

 Floodplain depositional environments were characterized using soil and sediment 

descriptions and lithofacies designations from both cross sections and trenches.  Bulk soil 

and sediment samples were collected stratigraphically from trenches at 2-, 5-, or 10-cm 
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intervals.  The sampling interval was adjusted based on the thickness of soil horizons or 

alluvial strata.   

 Sedimentation rates were calculated using the Classic non-Bayesian Age-Depth 

Modeling  (CLAM) program (Blaauw, 2010) in R statistical software.  Using ages and 

their associated depths, CLAM calibrates radiocarbon ages using the IntCal09 calibration 

curve (Reimer et al., 2009) and then calculates the weighted mean age for every 1-cm 

increment derived from 1,000 Monte Carlo age-depth iterations.  For this study, linear 

interpolation between ages was used, and no hiatuses were introduced into the models 

because of the limited number of radiocarbon ages available for each trench.  To ensure 

comparison of similar populations, the sedimentation rates were grouped by alluvial 

landform.  To minimize observational errors owing to the incompleteness of the alluvial 

stratigraphic record the sedimentation rate data were then grouped into 500-year bins 

from 11 ka to present.   The mean and standard deviation of each bin were plotted 

through time on a logarithmic scale. 

 Grain size analysis was conducted using a Malvern 2000E laser granulometer 

with the HydroMU dispersion unit, following the methods of Arriaga et al. (2006).  

Malvern quality audit standards (QAS3002: 15–150 μm glass spheres) were run 

throughout the analysis and the results show a standard error < 1%.  The 

sedimentological results for each trench are shown in cumulative weight percent of sand, 

silt, and clay using the Udden-Wenthworth (geological) grain size scale (Wentworth, 

1922).  A fining upward grain size succession is identified as characterizing an individual 

or multiple vertical accretion flood deposits (Knox, 1987). 
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 A Holocene time-series of mean flood grain size was reconstructed to infer 

relative changes in flooding through time using grain size analysis, age-depth modeling, 

and statistical analyses.  The silt and clay (< 62.5 μm) components were removed from 

each sample output and the distributions reweighted, converting them to a clay- and silt-

free sand distribution.  This was completed to remove pedogenic influences on grain size 

and because relative changes in sand concentration can reflect flood magnitude (Knox, 

1987).  Only trenches along T2 landforms consisting of vertical accretion deposits were 

used in this analysis because they represent long-term records of flooding.  The time-

series of sand grain distribution for each trench was detrended using residual data from 

linear regression models, negating some of the long-term effects on grain size trends 

(e.g., changing channel position and levee migration and landform accretion).  The 

resulting residuals for each trench were then subjected to a Kruskal-Wallis multiple 

comparisons test (α-level–0.05) to determine if any one trench was significantly different 

from the others, prohibiting the mixing of individual trench data.  The results showed no 

significant difference and the detrended residual data from each trench were combined 

and plotted versus time.  A cubic spline smoothing curve, similar in design to Chambers 

and Hastie (1992), was applied to the grain size data in R statistical software.  The 

smoothing parameter (λ) of the computed curve was determined using leave-one-out 

cross-validation.  The resulting curve depicts broad changes in grain size through time.  

The detrended grain size results and spline curve are primarily discussed in terms of 

relative temporal changes in flood magnitude.  However, the potential influences of 

landform aggradation and vertical/horizontal channel position are also considered ( Knox, 

1987; Kochel and Baker, 1988; Knox and Daniels, 2002). 
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and bars.  The modeled channel slope decreases to 0.0005762 m/m relative to upstream, 

whereas the average valley width increases (Fig. 2.2).  Measured channel widths range 

from 50 to 115 m along reaches with islands and 150 to 250 m along reaches without 

islands.  During base flow conditions, measured channel depths range from 1.5 m along 

riffled zones to as much as 10 m along pooled sections.  Channel bed material primarily 

consists of heterolithic cobbles armoring pebbly sand, with intermittent reaches of 

bedrock-floored channel.  Notable mid-channel geomorphic units include: islands, gravel 

and sand bars, and rare bedrock core bars (Fig. 2.3 and Appendix B).  Gravel and sand 

bars commonly occur along the upstream and downstream portions of islands, 

respectively.  Two to three vegetated and unvegetated bedrock core bars were also 

observed along the course of the channel.   

 The general profile of the channel bank tends towards a concave- and convex-

upwards shape (Appendix B).  These banks occasionally display compound erosional 

ledges, or stepped depositional landforms.  Highly sinuous meanders rarely occur 

throughout the study area.  The Walpack Bend meander is a notable exception (Fig. 

2.3C).  This meander, incised in bedrock, flows through a partly confined reach with 

bedrock constraining the outer bends of the channel. A compound bank-attached bar 

occurs along the inside of the bend (Fig. 2.4).  Geomorphic features composing the 

compound bank-attached bar include: benches, scour, gravel lobes and bars, vegetated 

and unvegetated bar platforms, and low flow channels (Fig. 2.4B). 
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Valley Fill Landforms: Their Classification, Origins, and Development 

 Relict periglacial landforms, alluvial fans, alluvial terraces, and floodplains 

compose the majority of valley-fill features along the study area (Fig. 2.3).  Periglacial 

landforms commonly flank the valley walls with surface heights > 15–13 m above the 

river base flow.  These landforms include recessional moraines, glaciofluvial meltwater 

terraces, kame terraces, aeolian deposits, and glacial lake deltaic deposits (Witte and 

Epstein, 2005; Fig. 2.5).  The T3 terrace surface is ~ 13–11 m above river base flow and 

is composed mostly of late Pleistocene periglacial deposits.  In some occurrences,  

Holocene-age vertical accretion deposits overly T3 periglacial deposits (Witte and 

Epstein, 2005).   

 The T2 terrace comprises much of the current valley bottom.  It has a wide 

elevation range (11–5 m above river base flow) that is likely caused by lithofacies 

variations expressed at the surface (described below).  Based on field reconnaissance, the 

T2 terrace was subdivided into the T2a: 11–7 m above river base flow, and the lower 

T2b: 7–5 m above river base flow.  Both T2a and T2b terraces are composed almost 

entirely of Holocene-age vertical accretion deposits (Fig. 2.5).  Their structure and 

texture typically consists of a fining upward succession of sandy loam to loamy sands.  

At 22% of the locations measured, the bottom 1–2 m of sediment beneath the landform 

consist of cross-laminated sands that are either late Pleistocene lateral accretion or 

downstream accretion deposits (Stewart et al., 1991; Witte and Epstein, 2005) or oblique 

accretion deposits (e.g., Figs. 2.5 and 2.6: JEN1, 105–104 m above mean sea level, amsl).  

Age ranges of fluvial aggradation for T2 terraces can vary from late Pleistocene to late 

Holocene, with T2a terraces more commonly having a late Pleistocene basal age.  This  
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chronological evidence of varying starting ages for landform accretion reconfirms the 

out-of-phase alluvial chronology first noted by Witte (2001) and the possibility of 

polycyclic terrace development. 

 Stratigraphic and sedimentological data from this study reconfirm Ritter et al.'s 

(1973) observation that alluvial terraces along this section of the river valley are 

composed primarily of vertical accretion deposits (Figs. 2.5, 2.6, and 2.7).  Soil and 

sediment descriptions from excavation units, trenches, and auger borings show a 

predominance of fining upwards loamy sands to silt loams that have been subsequently 

oxidized and bioturbated during intervals of soil formation (Figs. 2.6 and 2.7; Appendix 

B).   

 The T2 terrace commonly contains multiple allostratigraphic units composed of a 

series of multi-story or welded buried soils and prominent erosional surfaces (e.g., Fig. 

2.6: BRD1, 109.5 m amsl; BRN1, 90 m amsl).  The general alluvial architecture is unique 

in that profiles can consist of multiple (e.g., 10-13) buried soils superposed on top of 

another.  This is further complicated by the possible effects of overprinting and clay 

lamellae formation.  Early Holocene (10–8 ka) buried soils are silt-rich with abundant 

clay films coating channels and pores.  Many of these soils show evidence of clay films 

overprinting older episodes of soil formation (e.g., Fig. 2.6, JEN1 ABtb10 horizon).  

Early Holocene radiocarbon ages are entirely from buried soils with none recorded in an 

alluvium or basal channel alluvium stratigraphic context (Fig. 2.8).  Stewart et al. (1991) 

and Schuldenrein (2003) have also documented evidence of an early Holocene well-

developed buried soil complex at archaeological sites throughout the middle Delaware 
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and welded buried soils during the early Holocene suggest an interval of landscape 

stability. 

 Buried soils dating to the early-middle Holocene are rarely found within T2a 

deposits.  If they do occur, they typically date to the latter half of the early-middle 

Holocene.  Radiocarbon ages from alluvium are more common during this time (Fig. 2.8) 

and the underlying early Holocene soils can have truncated surfaces, as seen at Brodhead 

and Browning (Figs. 2.5G and 2.6). 

 Subsequent late-middle and late Holocene alluvial aggradation along the T2a 

landform is periodically interrupted by periods of soil development and buried soils 

(Figs. 2.6 and 2.7).  As the T2a landform aggraded, soils (now buried) became 

progressively less well developed.  The presence of widespread buried soils during the 

middle and late Holocene were documented in trenches throughout the study area and 

these were noted by previous researchers (Stewart, 1991; Stewart et al., 1991; 

Schuldenrein, 2003). 

 The late middle and late Holocene portions of T2a and T2b landforms show 

evidence of multistory buried soil profiles.  In some instances, numerous weakly 

developed soils (i.e., stacked A-C profiles) were observed along lower alluvial landforms 

(Fig. 2.7, NPX1).  This multistory style of soil stratigraphy is unique compared to early 

Holocene welded and more well-developed soils.    

 The T1 terrace is 5–3 m above river base flow and composed of late Holocene 

vertical accretion deposits (Fig. 2.7, WPX4).  The T0 landform is 3–1 m above river base 

flow and consists of recent vertical and oblique accretion deposits (Fig. 2.5).  Oblique 

accretion deposits consisted of laminated sands abruptly overlain by mud drapes.  The 
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laminated sands are deposited during the high flow phase of flood event, whereas the 

mud drape settles during the waning stage.  Included with the T0 are vegetated bars 

composed of downstream accretion and lateral accretion deposits.  They are commonly 

proximal to islands or tributary confluences.  Soils forming along T1 and T0 surfaces are 

weakly developed (Inceptisol and Entisol like) as are the underlying buried soils, which 

can be numerous (Fig. 2.7, WPX4). 

 Flood runners and paleochannels along floodplain and alluvial terraces contribute 

a high degree (1–3 m) of vertical relief throughout the Delaware River valley study area.  

This relief is evident on 1-m resolution digital elevation models (Fig. 2.3) and the USDA 

soil-series maps (Taylor, 1969).  The height of flood runners and paleochannels generally 

equal the height of the T2b terrace.  The downstream length of flood runners and 

paleochannels commonly range from 0.5 to 1.0 km.  Like other T2 terraces, deposits 

underlying flood runners and paleochannels consist of vertical accretion and abandoned 

channel accretion deposits (Figs. 2.9 and 2.10).  Cross-laminated sands commonly occur 

at the base of paleochannel deposits (Fig. 2.9: M1–5).  These could be interpreted as 

either lateral accretion or oblique accretion deposits. 

 
Floodplain and Terrace Reworking Processes 

 Unlike previous research, evidence from this study shows that four floodplain 

reworking processes are occurring, or have occurred, in the past along the Delaware 

River valley, namely, lateral migration, avulsion, flood channeling, and floodplain 

stripping.  The Walpack Bend bank-attached bar and associated alluvial landforms show 

evidence of lateral migration and incision (Figs. 2.3C and 2.4).  At this locality a cobble 

bar grades into a T1 alluvial terrace 4.5 m above river base flow (Fig. 2.4C).  This bar 
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suggests that the river flowed at a higher level in the past and has since incised and 

laterally migrated to its present position.  Lateral migration deposits also occur at the base 

of eight auger borings at the Minisink and Brodhead locations and suggest some lateral 

channel movement.  These could also be interpreted as oblique accretion deposits similar 

to those observed along a T0 landform (Fig. 2.5D).  The base of the JEN1 soil trench 

contains late Pleistocene age lateral accretion deposits (Fig. 2.5B).  These correspond 

with deposits observed downstream of a similar age (Stewart et al., 1991; Schuldenrein, 

2003) and suggest that the channel moved more freely during the late Pleistocene, 

immediately following glacial retreat within the valley. 

 Evidence of avulsion is seen along the Delaware River valley study area.  Along 

the Minisink Island cross section, 4–5 distinct paleochannel architectural features are 

observed and correspond to broad changes in surface morphology (Figs. 2.4A and 2.9).  

The MAN1 and MAN2 allostratigraphy and resulting cut-and-fill architecture were 

observed and verified along a cutbank exposure, increasing our confidence that additional 

paleochannel fill features occur along the section.  Radiocarbon ages from basal channel 

fills range from 4.2 to 0.4 ka for the island.  The 4.2 ka paleochannel fill feature located 

between auger borings M1–M7 is at least 150 m wide, comparable to modern-day 

channel dimensions.  In addition, basal auger data from M1 and M3 show both silty-clay 

and organic-rich gley deposits overlying cobbles and cross-laminated sands.  In auger 

borings M1, M9, M20, and M30 the organic-rich silty-clay deposits contain laminated 

vegetation detritus, e.g., intact leaf mats.  The gradation from laminated sands to silty 

clay with organic detritus is common in abandoned channel accretion deposits that 

subsequently fill avulsed channels (Brierley and Fryirs, 2005).  Along the Brodhead cross  
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section, 2–3 distinct paleochannel architectural features corresponding with flood 

runners/paleochannel geomorphic units are expressed at the surface (Fig. 2.9).  These 

channel features combined are ~ 100 m wide, as expressed at the surface.  They join the 

river ~ 1 km downstream (Fig. 2.B).  Basal radiocarbon ages from the B15 and B13 auger 

borings are 5.5 and 3.6 ka, respectively.  Both paleochannel fills have laminated sands 

overlying cobbles at their base, grading upward into vertical accretion deposits (Fig. 2.9).  

The 6.0–5.5 ka age reversal recorded in B15 alluvium could have come from sediment 

sloughing off of the adjacent high T2a during flooding.  This has been noted in previous 

avulsion infill episodes elsewhere (Brierley and Fryirs, 2005). 

 Surface flood channeling (scouring) (Brierley and Fryirs, 2005) is a floodplain 

reworking process present along the Delaware River valley study area.  The 

paleochannels described above have a surface expression that contributes 1–3 m of 

vertical relief throughout the Delaware River valley study area.  This relief is evident on 

1-m resolution digital elevation models (Fig. 2.3) and the USDA soil-series maps 

(Taylor, 1969).  The elevations of these flood channels increase in the upstream direction 

(e.g., see Fig. 2.3A) and are similar to those described by Brierley and Fryirs (2005).  The 

presence of abrupt upper soil boundaries and missing A horizons in auger borings along 

flood channels suggests scouring may have occurred during past floods when abandoned 

channels filled in.  

 Evidence of floodplain stripping is also present along the Delaware River study 

area.  The stratigraphic architecture depicts a T2 landform that is spatially and temporally 

discontinuous, with lower linear landforms filling after 5.5 ka.  A similar observation of 

spatially and temporally discontinuous floodplain development and floodplain stripping 
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was made by Nanson (1986) along the Clyde River, Australia, and by Cohen and Nanson 

(2008) along the Bellinger River, Australia.  The Jennings study site shows evidence of 

convex bank erosion floodplain stripping (sensu Warner, 1997) and was examined here in 

detail (Figs. 2.3B and 2.9).  Aerial photography prior to 15 April, 1973 shows the convex 

portion of the Jennings Lane bank intact.  All subsequent aerial photos show a scoured 

bank, which suggests that bank erosion occurred during the 30 July, 1973 flood, or 

shortly thereafter.  Field reconnaissance shows that flooding scoured a 50-m swath of T2 

terrace down to cobbles.  Little deposition has occurred since this time (Fig. 2.5A).  

Remnant precipitation from hurricane Agnes was the primary mechanism behind the 

1973 flood, registering a 3256 m3 s-1 (115,000 ft3 s-1) discharge 26 km upstream at the 

Montague, NJ, gage station.  Because the recurrence interval of the 1973 flood (7.25 

years) is relatively small in magnitude, these data suggest that a catastrophic flood (e.g., > 

100-year recurrence interval) is not necessary to cause severe floodplain erosion.  A 

similar floodplain stripping relationship was observed along the Clyde River, Australia, 

during four closely spaced floods with < 9-year recurrence intervals (Nanson, 1986). 

 The WPX4 excavation shows a series of weakly weathered flood deposits that 

accumulated 1.5 m in ~ 150 years, based on the presence of plastic, aluminum can, wire 

nail, coal, and other historic artifacts (Figs. 2.7 and 2.10).  Given that this T1 landform is 

located along a convex bank downstream from an island, a convex bank erosion event, 

(similar to the one at Jennings) was likely responsible for creating the space for 

subsequent historic-age WPX4 flood deposits to accumulate (Fig. 2.3).  Stripping of 

former floodplain surface materials is also evident in the BRD1 and BRN1 soil trenches.  

Both trenches contain an early Holocene buried soil (9.3–8.3 ka) that has an abrupt upper  
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MAN2 (5.0 ka) and the age of initiation of deposition from auger M1 (4.2 ka). The 

following episode of erosion occurred between 3.9 and 3.5 ka, based on a basal 

radiocarbon age from the M13 auger and 3.5 ka age from the top of a buried soil in 

MAN2.  The following erosion event occurred between 3.3 and 3.0 ka, based on a basal 

radiocarbon age from M9 and buried soil age in M13.  The next erosion event occurred 

along the west bank between 2.5 and 2.0 ka, based on the 2.5 ka age from the top of a 

buried soil in MAN2 and the commencing alluvial deposition 2.0 ka age at the base of 

MAN1.  Whether the avulsion of the Raymondskill Creek, the Delaware River, or both 

caused erosion along MAN1 is unclear.   A floodplain erosion event occurred sometime 

after 2.0 ka but before 0.5 ka, based on the basal channel fill underlying the 0.5 ka age in 

auger M30.   A final episode of erosion took place between 0.5 and 0.4 ka, based on 0.5 

ka age from a buried soil in M30 and the 0.4 ka age from the base of M20. The majority 

of overbank deposition occurred along the west bank and island between 5.0 and 0.9 ka.  

This is based on the MAN2 buried soil age (5.0 ka) and a Woodland pottery fragment (~ 

0.9 ka) recovered from a buried soil 117 m amsl in auger M1.  After 0.5 ka, a substantial 

amount of overbank deposition occurred along the eastern portion of the island.  The 

basal cobbles in all auger borings reflect bedload deposition and lie ~ 2–5 m above the 

current channel floor, which is ~ 3.5 m below base flow water surface.  Results from the 

landform maps, stratigraphic architecture, and radiocarbon chronology suggest that the 

deposits shown in the Minisink cross section (i) consists primarily of T2 surfaces that are 

late Holocene in age; (ii) experienced at least six intervals of channel erosion and 

subsequent avulsion sometime between 5.0 and 4.2 ka, 3.9 and 3.5 ka, 3.3 and 3.0 ka, 2.5 
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and 2.0 ka, 2.0 and 0.5 ka, and 0.5 and 0.4 ka; and (iii) contains bedload deposits 3–5 m 

above the current channel floor. 

 Two channel erosion events resulting from avulsion are discernible along the 

Brodhead cross section (Fig. 2.9, B and BRD).  Using the stratigraphic architecture and 

radiocarbon chronology from auger borings B13–B19 and soil trench BRD1, channel 

erosion occurred sometime between 9.4 and 5.5 ka.  The older channel erosion event 

documented in auger boring B15 can be further constrained using the JEN1 trench, 

located ~ 3 km downstream along a similar high T2a landform (Figs. 2.6 and 2.9).  Bulk 

soil humate ages from JEN1 suggest two mean residence soil formation times of 9.3 and 

6.7 ka.  The 9.3 ka buried soil at JEN1 correlates with the 9.4 ka buried soil in BRD1 and 

lowermost soil in B19, based on morphological similarities.  The 6.7 ka buried soil at 

JEN1 correlates with the BRD1 buried soil at 109 m amsl, based on age-bracketing.  

These data suggest that the 5.5 ka channel erosion event likely occurred sometime 

between 6.7 and 5.5 ka.  The following episode of erosion occurred sometime between 

4.0 and 3.6 ka, based on a 4.0-ka age from BRD1 and a basal age of 3.6 ka from the base 

of auger B13.  This erosion event is very similar in age to the 3.9–3.5 ka event observed 

along the Minisink transect.  Following 3.6 ka, overbank deposits fill the B13 

paleochannel, likely operating as a flood channel.  The channel erosion event observed 

more distal from the modern channel in auger B9 was not age-constrained.  Both B15 and 

B13 auger borings terminate at cobbles, interpreted as bedload deposits.  These cobbles 

lie ~ 3–5 m higher than the current channel bedload.  Results from the landform maps, 

stratigraphic architecture, and radiocarbon chronology suggest that the Brodhead cross 

section experienced at least three intervals of channel erosion and subsequent avulsion.  
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Two of the channel erosion events occurred sometime between 6.7 and 5.5 ka and 4.0 and 

3.6 ka. 

 The 9.4 ka buried soil in BRD1 has an abrupt, erosional upper boundary with no 

A horizon and experienced stripping of the former surface.  The floodplain erosion event 

likely occurred sometime after 9.4 ka and before 6.7 ka, based on downstream correlation 

with the JEN1 6.7 ka soil.  This floodplain stripping coincides with a similar floodplain 

stripping event ~ 35–40 km downstream at the Browning study area.  The Browning 

archaeological site and trench, BRN1, is situated on a low T2b terrace but has an 

allostratigraphic profile similar to that underlying a T2a terrace (Lee et al., 2010).  At this 

locality, a buried soil also has an abrupt, erosional upper boundary with no A horizon and 

the overlying flood deposit contains reworked soil aggregates.  This floodplain erosion 

event occured sometime after 8.3 ka but before 6.8 ka, based on radiocarbon ages above 

and below an unconformable surface at 90 m amsl (Fig. 2.5G).   

 Two episodes of channel erosion are present along the West Poxono cross section 

(Fig. 2.10, W and WPX).  At this location, Holocene alluvial deposits flank a T3 terrace 

(profileW3) underlain with coarsening-upward sand and occasional cobbles.  A 

paleochannel along auger W1 contains overbank deposits that have a well-developed 

buried soil at 98 m amsl with an age of 7.7 ka.  This age is at an equivalent depth with a 

gravelly stone-line (supplementary table; soil descriptions).  These data suggest that a 

channel erosion event occurred before 7.7 ka.  Proximal to the main channel, the WPX4 

archaeological excavation contains at least 1.5 m of historic flood sediments that span 

A.D. 1850 to 2006 (Fig. 2.7).  Below these deposits are massive sands to a depth of 93 m 

amsl, at which cobbles were encountered.  This convex-bank erosion event occurred 
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sometime before 0.1 ka (A.D.1850).  As was the case for the Minisink and Brodhead 

sections, West Poxono shows clear evidence of discontinuous lateral floodplain 

development marked by at least two channel erosion events, one before 7.7 ka and the 

other around 0.1 ka.  Channel erosion also likely occurred upstream at the North Poxono 

study area (Fig. 2.10, NPX).  The T2b along the east bank shows surficial evidence of 

paleochannels, and the NPX1 profile has a 1.8-ka age in the lower soil.  

 
Discussion 

 
 Thirty-six profile descriptions, 332 grain size analyses, and 23 radiocarbon ages 

from soil trenches and auger borings show that the majority of alluvial landforms within 

the study area are Holocene in age and composed of vertical accretion deposits, with 

oblique, abandoned channel, and lateral accretion deposits of minor extent.  At first 

glance, these records suggest a fairly stable channel–floodplain depositional environment 

throughout the Holocene and reconfirm previous findings (Ritter et al., 1973; Vento et 

al., 1989; Stewart et al., 1991).  However, the allostratigraphy and chronology results 

from this study show evidence of alluvial fill terraces with similar elevations but entirely 

different formation histories, i.e., out-of-phase alluvial chronologies, and depict a river 

valley that has undergone floodplain reworking through avulsion, flood channeling, 

floodplain stripping, channel incision, and minor lateral migration (Fig. 2.11).  These 

floodplain reworking processes are common along river valleys in partly confined 

settings (Brierley and Fryirs, 2005; Fryirs and Brierley, 2010), like the Delaware River 

valley.  The evolution of the Delaware River and associated alluvial landforms is outlined 

below, with emphasis on probable external climate controls through the Holocene.
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Delaware Fluvial Phases: Potential Climate and Human Controls on Alluvial History 

 Several historically based fluvial landscape studies in the upper Midwest and 

eastern North America demonstrate a close association between climate change and 

stream–floodplain dynamics (Knox, 1972, 1975, 1984, 1985, 1993, 1995, 2000; 

Brakenridge, 1980; Scully and Arnold, 1981; Brakenridge et al., 1988; Stewart et al., 

1991; Schuldenrein, 2003; Driese et al., 2005, 2008; Leigh and Webb, 2006).  The 

interactions between climate change and stream/floodplain evolution have been modeled 

for mid-latitude watersheds (Tucker and Slingerland, 1997).  Their results show that 

increased runoff intensity in headwaters leads to sediment aggradation along the main 

channel followed by degradation/incision as the sediment supply from the headwaters 

decreases.  Their findings also show how a single-state change in climate (e.g., 

increase/decrease in humidity) can result in a nonlinear, complex response within the 

drainage basin (e.g., aggradation followed by incision) (Bull, 1991).   

 The data gathered in this study, (i) allo- and soil stratigraphy, (ii) sedimentation 

rates, (iii) grain size, and (iv) erosion and reworking, were assigned distinct fluvial 

phases.  The fluvial phases were compared  with previously published climate, ice-sheet, 

lake-level, and vegetation data for the northeastern USA (Watts, 1979; Davis, 1983; 

Shuman et al., 2004; Zhao et al., 2010; Shuman and Plank, 2011) to determine potential 

associations between stream/floodplain evolution and climate.  In general, the fluvial 

phases are roughly equivalent to geomorphic cycles and alluvial units previously 

established for the middle Delaware River valley (Stewart et al., 1991; Witte, 2001; 

Schuldenrein, 2003).   Bioclimatically derived Holocene intervals adapted from 

paleotemperature proxies for North America (Schuman et al., 2004; Viau et al., 2006), 
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and Blytt-Sernander pollen zones (Wendland and Bryson, 1974) are closely associated 

with the fluvial phases.  These phases (and their bioclimatic zone equivalent) are, (I) late 

Pleistocene - early Holocene (>10.7 ka) braided stream phase, (II) early Holocene (10.7–

8.0 ka; pre-Boreal and Boreal equivalent) stable floodplain phase, (III) early-middle 

Holocene (8.0–5.0 ka; Atlantic equivalent) floodplain erosion and deposition phase, (IV) 

late-middle Holocene (5.0–3.2 ka; sub-Boreal equivalent) reworking and aggradation 

phase, (V) late Holocene (3.2–1.0 ka; sub-Atlantic equivalent) stability and aggradation 

phase, and (VI) latest Holocene (1.0–0 ka, neo-Atlantic, Little Ice Age, and modern 

equivalent) rapid sedimentation, renewed reworking phase. 

  
 Late Pleistocene - Early Holocene (> 10.7 ka) braided stream phase I.   The 

presence of planar to cross-laminated fine to medium sands below the early Holocene 

buried soils at JEN1 and elsewhere along the middle Delaware River valley (Stewart et 

al., 1991; Schuldenrein, 2003) suggests that sandy periglacial deposits were likely 

transported as bedload in braided or meandering stream channels during the late 

Pleistocene and earliest Holocene.  Although evidence of landscape stability (prominent 

buried soil) extends back to 12.9 ka at the Shawnee-Minisink (36MR43) archaeological 

site, there is an overall scarcity of buried soils coeval with these sandy, laminated stream 

deposits.  This low-cohesion floodplain and braided channel system was noted by earlier 

researchers (Stewart et al., 1991; Schuldenrein, 2003).  The precise age interval of 

braiding is largely uncertain due to few datable materials and rare accessibility. 

 
 Early Holocene (10.7–8 ka) stable floodplain phase II.  Fine-textured flood 

deposits, slow sediment accumulation rates, and rare floodplain surface erosion 
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characterize the early Holocene alluvial landscape along the middle Delaware River 

valley (Fig. 2.11).  Evidence of well-developed soils (e.g., clay illuviation, Bt horizons) 

are prevalent in the trench descriptions, suggesting prolonged landscape stability.  This is 

supported by the fact that 92% (n= 12) of radiocarbon ages reported for this interval 

come from a buried soil context (Fig. 2.8).  These data imply that the early Holocene 

landscape was stable with low magnitude flooding along fine-grained, cohesive 

floodplains.  The Brodhead trench (BRD1) is an exception.  At this locality the early 

Holocene buried soils are multistory and relatively sandy but overprinted with clay 

illuviaton. These sandier soils may have formed closer to the channel (i.e. pedofacies) 

compared to the fine-grained soils of JEN1 and BRN1 and these data suggest periods of 

instability may be present during phase II.  These landscapes commonly underlie the 

higher and laterally discontinuous T2a surfaces (Fig. 2.12).  Based on the presence of 

paleochannels active prior to 5.5 ka, these landforms appear to have been separated by 

multithread wandering channels.  Schuldenrein (2003) suggested an early Holocene 

anastomosing stream style 30 km downstream at the Sandt’s Eddy archaeological site and 

the work presented here supports that interpretation.  The only observed floodplain 

erosion event occurred sometime after 9.4 ka and could be associated with early-middle 

Holocene erosion (see next paragraph).  This stable early Holocene landscape was partly 

the result of a cool-dry Boreal climate (Wendland and Bryson, 1974; Shuman et al., 

2004).  During this time, the waning Laurentide Ice Sheet helped maintain a persistent 

zonal atmospheric circulation (i.e., strong westerlies), which impeded warm-moist, 

subtropical air masses from entering the region.(Knox, 1984; Newby et al., 2009; 

Shuman and Plank, 2011).  This low-moisture climate likely resulted in a reduction in 
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 Early-middle Holocene (8–5 ka) floodplain erosion and deposition phase III.  The 

stable floodplains in a multi-threaded wandering channel system of phase II gave way to 

coarse-textured floodplains and floodplain surface and channel erosion during the early-

middle Holocene along the Delaware River valley study area.  During this time, the 

weighted mean grain size of flood deposits increase relative to the early Holocene 

deposits along the high T2a landform.  These data imply that increasing flood energy 

during this time was capable of carrying much of the suspended load, only depositing the 

coarsest fraction as alluvial fill within what is now the higher T2a landforms.  Modeled 

sedimentation rates suggest slow rates of accumulation (Fig. 2.11).  However, visual 

inspection of individual trenches show thick (0.5–1.5 m), coarse-textured overbank 

deposits accumulating in some locations (Fig. 2.6).  Previous research by Stewart et al. 

(1991) also shows a thick package of overbank accumulation during this period.  Lateral 

facies and proximity to the main channel may account for variation in deposit thickness 

and sedimentation rates.  Floodplain surface scouring occurred between 8.3 and 7.7 ka 

(Fig. 2.5G), whereas channel erosion occurred sometime before 7.7 ka and between 6.7 

ka and 5.5 ka.  Early-middle Holocene erosion may also account for the discontinuous 

nature of the high T2a landform and the island-like topography observed farther 

downstream by Schuldenrein (2003).  Only 13% (n= 6) of the radiocarbon ages from 

buried soils (n= 48) are reported as early-middle Holocene (Tables 2.1 and 2.2; Fig. 2.8).  

Within the early-middle Holocene interval, 60% of the ages are from buried soils, 

whereas 40% were recovered from alluvium.  This is in stark contrast to the late 

Pleistocene and early Holocene in which 84% (n= 16) of the total radiocarbon ages (n= 

19) recovered were from a buried soil context.  The remaining 16% were recovered from 



  

52 
 

alluvium.  The results from the distribution of radiocarbon ages suggest one of two 

possibilities: (1) archaeologists and geomorphologists working in the river valley have 

avoided dating early-middle Holocene buried soils because of low “archaeological value” 

(i.e., selection bias), or (2) buried soils that formed during the early-middle Holocene 

were eroded during floodplain reworking episodes.  Truncated soils and discontinuous 

allostratigraphy recorded in this study suggest the latter hypothesis is correct and 

floodplain stripping was occurring along many reaches of the river.  A similar episode of 

decreased landscape stability along Upper Shawnee Island was also inferred by Stewart et 

al. (1991). 

 This interval of high magnitude flooding and floodplain surface and channel 

erosion coincides with a reduction in Laurentide Ice Sheet area, a steady increase in lake 

levels (proxy for precipitation), expansion of deciduous forests, and an overall warmer, 

wetter Atlantic climate (Watts, 1979; Davis, 1983; Shuman et al., 2004; Shuman and 

Plank, 2011) (Fig. 2.12).  This coupling between Delaware high magnitude flooding and 

climate agrees with previous research  that shows increased flooding and storminess 

occurring between 7.5 and 5.0 ka throughout the northeast and north-central USA (Knox, 

1993; Brown et al., 2000; Noren et al., 2002; Parris et al., 2010).   This increased 

storminess was at least partly driven by a reduction in ice sheet area.  Declining ice area 

led to weakened westerly air flow and resulted in an increased influx of warm-moist 

tropical air masses from lower latitudes and the potential for flood-generating storms 

(Knox, 1983).   

 
 Middle Holocene (6.0–5.0 ka) incision drives change in river style.  The effects of 

an increasing discharge and sediment accumulation during the early-middle Holocene 
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were followed by a period of incision occurring sometime between 6.0 and 5.0 ka (Fig. 

2.11).  Two potential scenarios explaining the origins of incision are discussed below.  

This newly documented episode of incision, as suggested by raised and abandoned 

channels, was a response to the prolonged increased moisture during the early-middle 

Holocene.  Following Tucker and Slingerland's (1997) model of drainage basin response 

to climate change, increasing moisture would have expanded upstream headwater 

channel networks.  Initially, sediment yields increased in the main channel resulting in 

aggradation sometime after 8.3 ka.  As headwaters adjusted to the channel network 

expansion, downstream sediment yields within the study area would have decreased. The 

increase ratio in discharge to sediment supply would have resulted in incision sometime 

between 6.0 and 5.0 ka.  The expansion of oak (Quercus) forests in the headwaters and 

uplands during the early-middle Holocene also may have contributed to a reduction in 

sediment yield.  The increasing stream power and channel incision may have resulted in a 

transition from a sand-dominated to cobble-dominated bedload, but little direct evidence 

is available to support this claim. 

 Alternatively, middle Holocene incision along the Delaware River could involve a 

later climate change event.  Zhao et al. (2010) documented a widespread, nonlinear shift 

in δ18O values from lake records throughout the NE USA centered at 5.8 ka.  This shift, 

thought to be driven by Milankovitch-scale insolation variation, likely resulted from a 

major atmospheric and hydroclimatic reorganization (Fig. 2.13B).  The middle Holocene 

incision event that occurred along the Delaware River valley may be a more widespread 

phenomenon throughout eastern North America.  Channel incision is also documented 

around the end of the early-middle Holocene (~ 6 ka) along western North Carolina 
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descriptions, many of the late-middle Holocene deposits underlying the lower T2b terrace 

are coarse textured and comparable to early-middle Holocene flood deposits.  These data 

suggest that following middle Holocene incision coarse flood deposits began 

accumulating along lower landforms and filled in abandoned channels.  The moderate to 

rapid deposition within abandoned channels is evident in the modeled sedimentation 

rates.  From 5.3 to 3.6 ka, modeled sedimentation rates within higher and older T2a 

landforms is slow, whereas alluvial fill rates are moderate to rapid within lower and 

incipient T2b landforms (Fig. 2.11).  Previous researchers have also documented 

pronounced floodplain and terrace aggradation during this interval (Stewart, 1991; 

Stewart et al., 1991; Schuldenrein, 2003). A similar scenario has been proposed for 

widespread late-middle Holocene vertical accretion along the upper Susquehanna River 

basin in Pennsylvania and New York (Scully and Arnold, 1981; Thieme, 2001).  Erosion 

occurs between 5.0 and 4.2 ka and between 3.9 and 3.6 ka.  Buried soils are also 

prevalent along the T2a (Fig. 2.11).  With overbank sediment now accumulating along 

lower surfaces, the higher T2a experiences less flooding and soil burial, thereby resulting 

in prolonged intervals of soil formation.  As with increased aggradation, previous 

geoarchaeological research also noted the prominence and widespread nature of this late-

middle Holocene buried soil (Stewart et al., 1991; Witte, 2001; Schuldenrein, 2003).  

Although widespread aggradation and soil formation were previously documented, this 

study documents, for the first time, late-middle Holocene floodplain and terrace 

reworking.  These reworking and erosion episodes refine our understanding of middle 

Delaware River valley alluvial history and suggest that polycyclic terrace development 

has been occurring since the late-middle Holocene (Fig. 2.12).  Late Holocene floodplain 
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reworking was noted in a review of North American and European alluvial studies, which 

did not include research along the Delaware River valley (Knox, 1995). 

 Late-middle Holocene increased reworking, channel abandonment, and 

alluviation coincide with abrupt bioclimatic change in the northeastern USA (Fig. 2.13).  

Pollen and lake-level data from the region indicate a warm-dry interval from 5.5 to 3.0 

ka, accompanied by the well-documented Eastern Hemlock (Tsuga canadanensis) decline 

(Watts, 1979; Davis, 1983; Shuman et al., 2004, 2009).  These data suggest that an 

overall decrease in discharge, combined with landscape destabilization along hemlock 

ravines, may have contributed to the abandonment and infilling of parallel flood chutes 

along the river. Mass movement was also likely a contributing factor to increased 

sedimentation in the valley bottoms during the mid-Holocene.  Debris flows resulting 

from high magnitude, low frequency storms farther upstream likely facilitated transport 

of sediment from low-order tributaries to the lowland floodplains (Kochel, 1990; Eaton et 

al., 2003a, b). 

 Alternatively, middle Holocene incision may be the primary mechanism driving 

changes in river style during the late-middle Holocene.  As the main channel incised at ~ 

6.0 ka, the floodplain was transformed into the now T2a terrace.  As a result of floodplain 

abandonment, overbank sediment began to accumulate in recently abandoned channels.  

This interpretation implies that internal thresholds played an important role in late-middle 

Holocene alluvial landscape evolution.  Late-middle Holocene avulsion and aggradation 

were either the result of a complex response to middle Holocene incision or abrupt 

bioclimatic change.  This evidence suggests that a simple one-to-one correspondence 

between long-term precipitation and floodplain aggradation may not always apply for the 
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Delaware River valley (Tucker and Slingerland, 1997), and the complicating factor 

appears to be secular change in floodplain erosion and channel incision. 

 
 Late Holocene (3.2–1 ka) stability and aggradation phase V.  The late Holocene 

alluvial landscape consists largely of moderate to rapid deposition and multistory soil 

formation along the lower T2b landforms, and prolonged soil formation along the higher 

T2a terrace.  Discrete multistory buried soils are commonly observed during phase V 

along T2b landforms, whereas stability predominates along the higher T2a.  T2a stability 

and T2b aggradation can be seen in the average sedimentation rates.  The higher T2a 

landforms aggraded at slow rates whereas the lower T2b landforms continued to fill and 

aggrade at moderate to rapid rates.  This was likely due to decreased accommodation 

space along higher landforms.  Flood deposits accumulating within the T2 landform 

during this time are notably finer compared to the early-middle Holocene and portions of 

the late-middle Holocene (Fig. 2.11).  Middle Holocene incision and terrace formation 

likely resulted in concentration of flood energy and coarse textured deposits along low-

lying areas.  Bank erosion was rarely observed compared to the previous phase. 

 
 Latest Holocene (1.0–0 ka) rapid sedimentation and renewed erosion phase VI.  

The average sedimentation rates for both high (T2a) and low (T2b) T2 terraces increases 

from 2 ka to present (Fig. 2.11).  Lower landforms, such as the T1 and T0, appear to be 

filling areas where bank erosion occurred in the past (Fig. 2.10, WPX4).  Avulsion and 

channel erosion were also documented (Figs. 2.11).  Bank erosion, similar to the post-

1973 event recorded at the Jennings study area, appears widespread based on geomorphic 

mapping and field reconnaissance (Figs. 2.3B–D).  Flood channeling occurs during high 
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magnitude floods along paleochannel fills.  The T1 and T0 geomorphic units that are 

forming during the latest Holocene are composed of coarse-grained flood deposits (Fig. 

2.5D; Fig. 2.7, WPX4).  The T1 and T0 flood deposit texture is comparable with early-

middle Holocene flood deposits, suggesting that lower-lying landforms experienced flood 

energies comparable with early-middle Holocene floodplains.  Additionally, the T2 

landform shows a slight increase in flood grain size during phase VI (Fig. 2.11).  The 

significant increase in sedimentation rates, coarsening flood deposits, and renewed bank 

erosion suggest a potential increase in the frequency and magnitude of flooding.  This 

phase of increased fluvial activity coincides with previously documented increase in 

sedimentation and flood magnitude along the river valley, pre-Colonial sediment 

(Stinchcomb et al., 2011).  As noted by Stinchcomb et al. (2011), this increasing fluvial 

activity may be caused by increasing aboriginal populations (Peros et al., 2010), forest 

clearance (Munoz and Gajewski, 2010), and intensive land use during an interval of 

climatic change, e.g., the Medieval Warm Period to the Little Ice Age (Thieme, 2001; 

Stinchcomb et al., 2011) (Fig. 2.13). 

 Prevalent bank erosion and increased modeled sedimentation rates along 

floodplains and terraces for the past 2.0 ka may be caused by climate change, e.g., the 

transition from the Medieval Warm Period to the Little Ice Age.    Historic farming, 

mills, and clear-cutting were also prevalent throughout the drainage basin during the late 

Holocene and likely played a significant role in floodplain erosion and rapid deposition 

(see Fig. 2.8, WPX4) (Trimble, 1974; Costa, 1975; Moss and Kochel, 1978; Schopp and 

Firda, 2008; Walter and Merritts, 2008).  The modern Eastern Hemlock decline may also 

play a role in erosion and floodplain aggradation.  Conversely, bank erosion and 
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increased sedimentation during the late Holocene may simply be an ongoing complex 

response to middle Holocene channel incision.  Following channel incision during the 

middle Holocene, the stream continued to adjust its banks via floodplain reworking 

processes to accommodate a range of flood magnitudes.  The presence of various forms 

of channel erosion recorded from the late-middle Holocene to present provide direct 

evidence for floodplain reworking. 

 
Implications for Partly Confined River Valleys in Eastern North America 

 The intensity of precipitation events is currently increasing in the Northern 

Hemisphere and a contributing factor may be human-induced climate change (Min et al., 

2011).  Flood-series data analysis shows increasing frequency of large floods since the 

1950s for the upper Midwest, USA (Knox, 2000).  The effects of climate change on 

increased flooding within the Delaware River basin are also a growing concern (Collier, 

2011).  The Delaware River main stem experienced three major floods (September 2004; 

April 2005; June 2006) over a period of < 2 years, providing an impetus for a reanalysis 

of DRB flood data.  Statistical results show significant, positive trends in flood 

magnitude and flood frequency for the DRB during the instrument recording period 

(Roland and Stuckey, 2007).  If increasing storm intensity results in increasing stream 

power, then we may expect continued floodplain and channel erosion to occur along the 

Delaware River.  Like the Delaware, many streams in the northeastern USA lie within 

partly confined valleys.  For example, several major rivers (such as the Saint John, 

Connecticut, Androscoggin, Hudson, Mohawk, Neversink, and Susquehanna) all have 

reaches that flow through partly confined valleys that may have also experienced 

intervals of floodplain erosion caused by changes in climate.  Probable increases in 
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floodplain and channel erosion along the Delaware valley may therefore also apply to 

these major rivers in the northeastern USA. 

 
Conclusions 

 
 Thirty-six profile descriptions, 332 grain size analyses, and 82 14C ages (59 

previously reported and 23 new ages) from soil trenches and auger borings show that the 

majority of alluvial landforms within the middle Delaware River valley are composed of 

vertical accretion deposits with minor amounts of oblique, abandoned channel, and lateral 

accretion deposits.  The underlying allostratigraphy of alluvial geomorphic units are 

laterally discontinuous, recording episodes of floodplain reworking processes, including 

avulsion, floodplain stripping, flood channeling, and minor lateral migration.  The results 

presented here reconfirm and refine much of the late Pleistocene to middle Holocene 

alluvial history reconstructed for the Delaware River valley (Stewart et al., 1991; 

Schuldenrein, 2003).  Although much of these data were previously reported, we 

document alluvial fill terraces with a middle Holocene origin suggesting channel incision 

occurred sometime between 6.0 and 5.0 ka.  This incision follows the early-middle 

Holocene and was either a prolonged response to an early-middle Holocene warm-wet 

climate or a more rapid response to a widespread middle Holocene (5.8 ka) climate shift 

in the NE USA (Zhao et al., 2010).  This episode of incision coincides with channel 

degradation documented elsewhere in eastern North America (Leigh and Webb, 2006; 

Springer et al., 2009).  This downcutting may explain the slight decrease in average 

sediment accumulation rates (0.03±0.001cm*y-1) along higher terrace surfaces, and 

markedly faster rates (0.12 ±0.001 cm*y-1) along lower incipient alluvial surfaces.   
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 This study also documents new evidence of middle to late Holocene floodplain 

and terrace reworking (phases IV-VI) along the Delaware River.  These reworking 

processes and events went largely unnoticed in previous studies because of a lack of 

transverse-valley stratigraphy and radiocarbon ages from key stratigraphic contexts.  

Following incision, the late-middle Holocene  reworking and aggradation phase IV (5.0–

3.2 ka) is characterized by channel abandonment and moderate to rapid sedimentation 

along lower landforms.  The latest Holocene rapid sedimentation and renewed reworking 

phase VI (1.0-0 ka) shows evidence of significantly faster sedimentation rates and 

floodplain and terrace reworking in the form of convex bank erosion.  This is closely 

associated with peak prehistoric population estimates and the onset of Euro-American 

settlement.  It's likely that increasing prehistoric and historic land-use pressures, 

combined with climate change, played a role in sedimentation accumulation and 

reworking during phase VI.  Regardless of the cause, the middle Delaware River valley 

has had a complex history of floodplain and terrace reworking that extends back to at 

least the late-middle Holocene.  This history significantly adds to our knowledge of  

floodplain evolution for the area by recognizing the importance of processes other than 

vertical accretion. 
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CHAPTER THREE   
 

 Climatic and Human Controls on Holocene Floodplain Vegetation Changes in Eastern 
Pennsylvania Based on the Isotopic Composition of Soil Organic Matter 

 
 

Abstract 
 
 A time-series spanning the Holocene was constructed using 29 radiocarbon ages 

and 149 standardized δ13Csom values from alluvial terrace profiles along the middle 

Delaware River valley.  There is good agreement between increasing δ13Csom and 

Panicoideae phytolith concentrations, suggesting that variations in C4 biomass are a 

major contributor to changes in the soil δ13C. A measurement error deconvolution curve 

over time reveals two isotope stages (II-I), with nine sub-stages exhibiting variations in 

average δ13Csom (%C4). Stage II, ~10.7-4.3 ka, shows above average δ13Csom (increase 

%C4) values with evidence of an early Holocene warming and dry interval (sub-stage IIb, 

9.8-8.3 ka) that coincides with rapid warming and cool-dry abrupt climate change events.  

Sub-stage IId, 7.0-4.3 ka, is an above average δ13Csom (increase %C4) interval associated 

with the mid-Holocene warm-dry hypsithermal.  The Stage II-I shift at 4.3 ka documents 

a transition toward below average δ13Csom (decrease %C4) values and coincides with 

decreasing insolation and major reorganization of the moisture budget. Sub-stages Ib and 

Id (above average %C4) coincide with the first documented occurrence of maize in the 

northeastern USA and a substantial increase in population during the Late Woodland.  

These associations suggest that humans influenced δ13Csom during the late Holocene. 
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Introduction 
 
 The northeastern United States has a rich history of paleovegetation and 

paleoclimate investigations largely derived from lithologically-based lake-level 

reconstructions, pollen-based vegetation reconstructions, and stable isotope records (Zhao 

et al., 2010, and references therein). 

 Recent lake-level reconstructions for the Holocene show evidence of century-long 

intervals of droughts superposed on a long-term trend towards a wetter climate (Newby et 

al., 2011; Shuman and Plank, 2011).  The potential for future prolonged drought episodes 

is especially alarming given that a humid climate currently provides water to +50 million 

people in the emerging northeast Megaregion (Wheeler, 2009) (Fig. 3.1).  Despite the 

large number of lacustrine-based paleoclimate and paleovegetation proxies, there are few 

allostratigraphic and fluvial geomorphic studies that have had success reconstructing 

paleoenvironment through inferred changes in the hydrologic budget (e.g., more or less 

overall flooding through time) (Schuldenrein, 2003; Scully and Arnold, 1981; Stewart et 

al., 1991; Stinchcomb et al., in press; Thieme, 2001; Vento et al., 1989).  Although these 

studies link floodplain and alluvial terrace features to known climate episodes (Wendland 

and Bryson, 1974), they offer little in the way of semi-quantitative paleo-vegetation 

reconstruction.  Floodplain-based studies that utilize the carbon isotopic composition of 

soil organic matter (δ13Csom) in the Midwest and southeastern USA show evidence of 

environmental and climate change impacts and are therefore a valuable 

paleoenvironmental archive (Driese et al., 2008; Kocis, 2011; Nordt et al., 2007; Nordt et 

al., 2008).  Furthermore, floodplain archives of paleoenvironmental change are more 
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geomorphic, and human controls on the variation in the fractional abundance of C3 and 

C4 biomass, and the accompanying environmental and biological effects on plants. 

 
Background: δ13C of Soil Organic Matter 

 
 The δ13C of soil organic matter (δ13Csom) reflects below-ground biomass 

production and partly reflects the isotopic composition of the above-ground vegetation. 

This observation has led to application of δ13Csom as a paleoenvironmental and 

paleoclimate proxy in numerous studies (Baker et al., 2000; Beach et al., 2009, 2011, 

Boutton et al., 1998; Cerling et al., 1993; Cordova, et al., 2011; Cyr et al., 2011 Driese et 

al., 2005, 2008; Huang et al., 2001; Kelly et al, 1993; Nordt et al., 1994, 2002, 2008; 

Runge, 2002; Sedov et al., 2003; Springer et al., 2010; Stinchcomb et al., 2011; Webb et 

al., 2004; Wright et al., 2009).  The basis for using δ13Csom as a paleoenvironmental and 

paleoclimate proxy is largely established by the (1) disparity between average δ13C value 

for plants with different photosynthetic pathways, and (2) environmental and biological 

isotope effects acting on or within the plant.  These are briefly discussed, in turn, and 

then followed by a note on the caveats of using the δ13Csom method for buried soils. 

 Plants have a wide range in δ13C values partially resulting from 13C discrimination 

during photosynthesis along one of three pathways: Calvin-Benson pathway  (C3), Hatch-

Slack pathway (C4), or the crassulacean acid metabolism pathway (CAM) (Farquhar et al. 

1980; Hatch 1987; Nobel, 1994).  CAM plants are not discussed here as they primarily 

grow in desert regions.  The logic of using δ13Csom as a paleoenvironmental and 

paleoclimate proxy is largely based on the observation that C3 plants discriminate against 

13C more than C4 plants due to stomatal constraints imposed during CO2 fixation 

(Boutton 1996; Cerling, et al. 1993; Ehleringer et al., 2000; Farquhar et al., 1989).  This 
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discrimination during photosynthesis leads to unique ranges of δ13C values for the two 

plant types: C3 between -21‰ and -30‰ and C4 between -10‰ to -15‰ (Ehleringer et 

al., 2000).  With their unique range of δ13C values, C3 and C4 plants are also partly 

reflected below-ground in the δ13Csom values, with soil organic matter turnover processes 

also playing a role (discussed below).  As a result, the δ13C value of plants and 

underlying topsoil organic matter, and the fractional abundance of C3 to C4 plants have 

been correlated with temperature and aridity in a number of studies (Ehleringer et al., 

1997; Huang et al., 2001; Nordt et al., 2007; Sage, 2004; Teeri and Stowe, 1976; Tieszen 

et al., 1997; von Fischer et al., 2008).  In addition to the fractional abundance, a number 

of studies have investigated the δ13C variation specific to C3 and C4 plants caused by 

environmental and biological effects (Farquhar et al., 1982; Schulze et al., 1996; Stewart 

et al., 1995). Various factors, including light, temperature, salinity and moisture 

availability, can influence C3 and C4 photosynthesis and the plant δ13C value (Ehleringer 

et al., 1993; Farquhar et al., 1982, 1989).  As an example, studies have shown that 

moisture availability, which is related to precipitation and evapotranspiration, can 

influence the δ13C value in C3 and C4 plants, respectively (Stewart et al., 1995; Williams 

and Ehleringer, 1996; Schulze et al., 1996). 

 Because δ13C values from plants can vary with regard to photosynthetic pathway 

and these variations are partly driven by climate and environmental changes, the basis for 

using δ13Csom as a paleoenvironment and paleoclimate proxy appears, at first, 

straightforward.  Despite this, a growing body of research shows that some carbon 

isotopic fractionation occurs during soil organic matter turnover and the resulting δ13Csom 

value may not accurately reflect the overlying vegetation (Balesdent et al., 1993; Dijkstra 



  

67 
 

et al., 2006; Garten et al., 2000; Millard et al., 2010; Nadelhoffer and Fry, 1988).  The 

process of organic matter turnover, especially respiration through soil microbes, can 

result in a heavier δ13Csom value relative to litter and root inputs (ibid.), which limits the 

ability of using δ13Csom as a paleoclimate proxy.  Studies that investigate soil organic 

matter dynamics have shown that the δ13Csom can vary anywhere from -6.1 to 5.8‰ 

relative to the litter and/or roots (Dijkstra et al., 2006; Dzurec et al., 1985; Garten et al., 

2000; Melillo et al., 1989; Millard et al., 2010; Nadelhoffer and Fry, 1988; Von Fischer 

and Tieszen, 1995).  Although soil respiration can result in increasing δ13Csom with depth, 

studies have also shown that the disequilibrium δ13Csom at the surface and with depth may 

be related to recent changes in the relative abundance of C3 and C4 vegetation (Boutton et 

al., 1998; Dzurec et al., 1985).  Because the average δ13Csom values for C4 plants are 

~14‰ higher than those of C3 plants, the changes in the relative abundance of C3 or C4 

plants will impose a variation in the δ13Csom value that is 5-15 times greater in magnitude 

than any change caused by environmental or biological effects alone (Boutton, 1996). 

 
Setting 

 
 The Delaware River basin, located in the eastern United States, drains 33,041 km2 

into the Atlantic Ocean.  The Delaware River forms at the confluence of the West and 

East branch at Hancock, NY.  From this point, the river traverses 300 km across four 

physiographic provinces to the head of tide located in Trenton, NJ.  Upstream from the 

Delaware Water Gap, the river drains 9971 km2 of partly confined and dissected terrain 

within the Appalachian Ridge and Valley and the Plateau provinces.  The main channel 

within the study area flows through the Ridge and Valley province.  This region consists 
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of sinuous, alternating ridges and valleys resulting from differential erosion of the 

underlying folded and faulted succession of Paleozoic sedimentary rocks (Way, 1999).   

 The channel itself is classified as a low sinuosity planform-controlled with 

discontinuous floodplain (Stinchcomb et al., 2012).  The bedrock and late Pleistocene 

periglacial deposits act as confining features for the channel.  Landforms within the study 

area range from periglacial landforms, alluvial fill terraces, floodplains, islands, and 

gravel bars.  Although many alluvial terraces document overbank flooding that spans the 

Holocene, there is evidence that documents floodplain and terrace reworking for the past 

6000 years (Stinchcomb et al., 2012).   

 The climate for the study area is classified as humid, continental with warm 

summers (Trewartha, 1957) and a mean annual temperature of ~ 9.7°C and mean annual 

precipitation range of 1290 mm*y-1 (NOAA, 2011).  Winter and spring are peak flooding 

seasons for the study area, with flooding often caused by heavy rainfall resulting from 

extratropical cyclones combined with snowmelt, land-falling tropical cyclones, or warm-

season convective systems (Hirschboeck, 1988; Smith et al., 2010).   

 Upland and slope vegetation consists of mixed oak-hickory (Quercus -Carya) 

(formerly chestnut, Castanea) forests (Braun, 1950; Kuchler, 1964).  Steep ravines that 

flank the Delaware River valley contain old-growth hemlock (Tsuga) forests.  River 

valley communities vary from closed canopy, open canopy, and non-forested regions.  

Closed canopy constitutes two-thirds of a portion of the middle Delaware River valley, 

i.e., the Delaware Water Gap Recreation Area (Perles et al., 2007).  Closed-canopy 

communities consist mostly of Silver Maple (Acer saccharinum) floodplain forests. 

Sycamore forests (Platanus occidentalis), mixed with maples (Acer spp.), ashes 
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(Fraxinus spp.), and river birch (Betula nigra), are also common.  Herbaceous and 

grassland plant communities are also common along the Delaware River valley 

floodplain, occurring along islands, shorelines, gravel bars, and within riverbeds (Perles 

et al., 2007).  A Big Bluestem (Andropogon gerardii) and Indiangrass (Sorghastrum 

nutans) riverine grassland association has been documented throughout the study area 

(Perles et al., 2007).  This vegetation community also includes switchgrass (Panicum 

virgatum) and little bluestem (Schizachyrium scoparium).  Unlike the predominantly C3 

forested river valley corridors, this grassland community predominantly utilizes the C4 

photosynthetic pathway. 

 
Methods 

 
 
Soil Description and Sample Collection 

 Riverbank exposures and previous geoarchaeological excavations along alluvial 

terraces (n= 6), combined with 29 radiocarbon ages, were used to described and 

characterize the surface and buried soils that formed during the Holocene along the 

middle Delaware River Valley (Table 3.1).  The soil morphology of bank exposure 

profiles and excavations was described using U.S. Department of Agriculture (USDA) 

soil nomenclature (Schoeneberger et al., 2002) with modifications (see Holliday, 2004, 

Appendix 1).  Bulk soil and sediment samples were collected stratigraphically from 

trenches at 2-, 5-, or 10-cm intervals.  The appropriate sampling interval was chosen 

based on the thickness of soil horizons or alluvial strata so that transitions were 

adequately sampled and potential vegetation changes recorded in cumulic soils were 

captured.  Oriented samples were collected for thin-section description.  Samples were  
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Table 3.1  Radiocarbon Data from Previous Research Used in this Study 
 

Radiocarbon 
 Lab Code 

Technique Locationa 
Sample 

Description 
Conventional 

14C ageb 

Calibrated 
 Median Age 

(ka)c 
Source 

Beta-227477 AMS MAN1 maize kernel 270 ± 40 
337 
(0.3) 

Stinchcomb et al., 2011 

Beta-227480 AMS MAN1 maize kernel 390 ± 40 
448 
(0.4) 

Stinchcomb et al., 2011 

Beta-227479 AMS MAN1 maize kernel 550 ± 40 
562 
(0.6) 

Stinchcomb et al., 2011 

Beta-227482 Radiometric MAN1 
charcoal from 

cultural 
feature 

840 ± 70 
768 
(0.8) 

Stinchcomb et al., 2011 

Beta-258885 AMS MAN1 
bulk organic 

fraction 
1900 ± 40 

1845 
(1.8) 

Stinchcomb et al., 2011 

Beta-280873 AMS MIN1 
charcoal from 

matrix 
2020 ± 40 

1972 
(2.0) 

Stinchcomb et al., in press 

Beta-257433 AMS MAN1 
charcoal from 

matrix 
2070 ± 40 

2040 
(2.0) 

Stinchcomb et al., 2011 

Beta-280271 AMS MAN2 
charcoal from 

cultural 
feature 

2420 ± 40 
2459 
(2.5) 

Stinchcomb et al., in press 

Y-2339 Radiometric BRD1 
charcoal from 

cultural 
feature 

3120 ± 
12
0 

3322 
(3.3) 

Kinsey and McNett, 1972 

GX-28163 AMS MAN2 
charcoal from 

matrix 
3230 ± 40 

3448 
(3.4) 

Witte, 2001 

Y-2340 Radiometric BRD1 
charcoal from 

cultural 
feature 

3390 ± 
10
0 

3643 
(3.6) 

Kinsey and McNett, 1972 

Y-2341 Radiometric BRD1 
charcoal from 

cultural 
feature 

3570 ± 
10
0 

3871 
(3.9) 

Kinsey and McNett, 1972 
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Table 3.1 Continued 
 

Radiocarbon 
 Lab Code 

Technique Locationa 
Sample 

Description 
Conventional 

14C ageb 

Calibrated 
 Median Age 

(ka)c 
Source 

Beta-262909 AMS BRN1 
charcoal from 

cultural 
feature 

3600 ± 40 
3908 
(3.9) 

Lee et al., 2010 

Y-2342 Radiometric BRD1 
charcoal from 

cultural 
feature 

3660 ± 
12
0 

3998 
(4.0) 

Kinsey and McNett, 1972 

Beta-280874 AMS MIN1 
charred plant 

material 
3810 ± 40 

4203 
(4.2) 

Stinchcomb et al., in press 

Beta-266915 AMS BRN1 
charcoal from 

matrix 
3900 ± 40 

4335 
(4.3) 

Lee et al., 2010 

Beta-280872 AMS MAN2 
charcoal from 

matrix 
4410 ± 40 

4988 
(5.0) 

Stinchcomb et al., in press 

GX-28162 AMS MAN2 
charcoal from 

matrix 
4500 ± 40 

5163 
(5.2) 

Witte, 2001 

Beta-266910 AMS BRN1 
charcoal from 

cultural 
feature 

4510 ± 40 
5143 
(5.1) 

Lee et al., 2010 

Beta-289229 AMS JEN1 
bulk organic 

fraction 
4930 ± 40 

5653 
(5.7) 

Stinchcomb et al., in press 

Beta-280270 AMS JEN1 
charcoal from 

matrix 
4940 ± 40 

5664 
(5.7) 

Stinchcomb et al., in press 

Beta-296721 AMS JEN1 
bulk organic 

fraction 
5980 ± 40 

6819 
(6.8) 

Stinchcomb et al., in press 

Beta-266914 Radiometric BRN1 
charcoal from 

matrix 
5980 ± 

11
0 

6828 
(6.8) 

Lee et al., 2010 

Beta-266913 AMS BRN1 
charcoal from 

matrix 
7420 ± 50 

8257 
(8.3) 

Lee et al., 2010 

Beta-266912 AMS BRN1 
charcoal from 

matrix 
7920 ± 50 

8760 
(8.8) 

Lee et al., 2010 
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Table 3.1 Continued 
 

Radiocarbon 
 Lab Code 

Technique Locationa 
Sample 

Description 
Conventional 

14C ageb 

Calibrated 
 Median Age 

(ka)c 
Source 

Beta-282837 AMS JEN1 
bulk organic 

fraction 
8280 ± 40 

9287 
(9.3) 

Stinchcomb et al., in press 

Beta-280267 AMS BRD1 
charcoal from 

matrix 
8410 ± 40 

9449 
(9.4) 

Stinchcomb et al., in press 

Beta-280268 AMS BRD1 
charcoal from 

matrix 
8800 ± 50 

9834 
(9.8) 

Stinchcomb et al., in press 

Uga-5488 - 36MR45 
charcoal from 

cultural 
feature 

9330 ± 
54
5 

10629 
(10.6) 

Stewart et al., 1991 

 

aSee Figs. 3.1 and 3.3 for location. 
bConventional radiocarbon age with standard error.  The age is expressed in years before present (y BP), 1950. 
cMedian probability age calculated in CALIB 6.0.1, using IntCal09 calibration curve (Reimer et al., 2009). 
Ages in parentheses are rounded to nearest century and expressed as kilo-annums (ka). 
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commercially prepared and thin-sections were described using terminology following 

Stoops (2003). 

  
Carbon Isotope and Phytolith Analysis of Bulk Soil 

 Stable isotope analysis of the soil organic matter and phytoliths were conducted to 

first determine the relative proportions of C3 and C4 biomass contributions to buried soils.  

The carbon isotopic composition of soil organic matter (δ13Csom) was measured for 214 

bulk soil and sediment samples collected from Delaware River valley floodplain profiles 

in northeastern USA (Fig. 3.1).  Samples were air-dried in the laboratory and visible plant 

remains were hand-picked and removed (e.g., roots, leaf litter fragments) to ensure the 

organic matter within samples was primarily composed of humified, organomineral-

complexed organic matter.  Samples were then powdered in mortar-and-pestle and dried 

in an oven at 60°C, overnight.  No carbonate minerals were detected in the field, and 

therefore, the samples were not treated with HCl or H2SO3 prior to combustion.  Despite 

this, additional steps were taken to ensure the absence of carbonate minerals.  Two 

aliquots from each powdered sample were treated with 1N HCl and observed under 

binocular microscope to detect the potential presence of trace carbonate minerals.  No 

chemical reaction was observed in any sample and no carbonate minerals were detected 

in any soil or sediment thin-sections (Fig. 3.2).  Nine paired samples were treated and 

untreated with H2SO3, respectively to further determine if any carbonate minerals were 

present.  The results of this analysis show a near 1:1 correlation between treated and 

untreated samples, where the regression slope equals 0.9973, R2 = 0.96 (Appendix C).    
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is ≤ 0.02‰).  Values are reported here in ‰, with reference to the Pee Dee Belemnite 

(VPDB) standard, using the following equation:  

 
 δ13Csom (‰) = {[(13Csample/

12Csample)/(
13CVPDB/12CVPDB)]−1} x 1000. 

 
With these δ13Csom values, we estimated the relative contributions of C3 and C4 biomass 

to the soil organic matter pool using a two-end member mixing model: 

 
 δ13Csom  = δ13CC4(x) + δ13CC3(x−1), 

 
where δ13CC4 is the average carbon isotope value for pure C4 ecosystem, −12‰, δ13CC3 is 

the average carbon isotope value for a pure C3 ecosystem, −26‰, and x is the relative 

contribution of C4 biomass. 

 Ten soil samples from the JEN1, BRD1, and MAN2 trenches were subjected to a 

phytolith analysis to determine the presence of C4 vegetation.  Short-cell grass phytoliths 

(i.e., Chloridoideae and Panicoideae subfamilies) were analyzed following the methods 

of Piperno (2006). Short cell grass phytolith identifications utilized established protocols 

(Fredlund and Tieszen, 1994; Lu and Liu, 2003; Twiss et al., 1969) and the results are 

presented in percent subfamily based on a population of 300. 

 
Construction of Carbon Isotope and C4 Biomass Holocene Time-series 

 A Holocene time-series of δ13Csom for the Delaware River valley study area was 

constructed using (i) age-depth modeling, (ii) data standardization, and (iii) a 

deconvolution kernel estimation algorithm which adjusts for measurement error in age.  

Age-depth models were calculated using reported radiocarbon ages and the Classic non-

Bayesian Age-Depth Modeling  (CLAM) program (Blaauw, 2010) in the statistical 
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software, R.  Using the ages and their associated depths, CLAM calibrates radiocarbon 

ages using the IntCal09 calibration curve (Reimer et al., 2009) and then calculates the 

weighted mean age for every 1-cm increment derived from 1,000 Monte Carlo age-depth 

iterations.  For this study, linear interpolation between ages was used, and no hiatuses 

were introduced into the models because of the limited number of radiocarbon ages 

available for each trench. 

 Changes in landscape position relative to the channel (i.e., pedofacies, sensu 

Bown and Kraus, 1987; and Kraus, 1987) can have an influence on the type and 

frequency of vegetation, which can influence the δ13Csom value.  To account for that 

influence, the δ13Csom values from buried soils for each trench were standardized in the 

following manner.  For each trench the mean and standard deviation of δ13Csom were 

calculated.  The standardized value is computed by first taking the difference of the 

original value and the trench mean.  This difference is then divided by the trench standard 

deviation.  This allows us to treat all trenches as homogenous populations, so that we can 

investigate deviations for δ13Csom over time for all trenches on the same scale.  Similar 

calculations were performed on %C4.  The resulting standardized values are reported as 

Δδ 13Csom and Δ%C4. 

 The soil Δδ13Csom and Δ%C4 from all trenches were aggregated into a single 

group to produce a time-series of changing C3:C4 productivity.  A number of factors can 

influence the duration of soil formation, which affects the outcome of the modeled age, 

introducing uncertainty into the estimated age of individual Δδ13Csom and Δ%C4 

values.  By definition, soils are time-averaged weathering features that mix and 

homogenize material that formed at different intervals (Holliday, 2004).  Alluvial soils 
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that weather for extended periods can result in a condensed version of Δδ13Csom and 

Δ%C4 through time.  Conversely, alluvial soils can accumulate sediment at rates that 

keep pace with pedogenesis (i.e., cumulization).  This style of developmental up-building 

would potentially capture changes in Δδ13Csom and Δ%C4 values through time as the soil 

accumulates new sediment and slowly buries older soil that is no longer receiving organic 

matter contributions.  Finally, flooding that contributes sufficient sediment can bury a soil 

abruptly, shutting off soil formation instantaneously.  The potential for floodplain erosion 

would introduce time gaps in the age-modeled Δδ13Csom and Δ%C4 time-series.   

 Estimating error in the variable time is not a straightforward process.  The 

continuum of alluvial soil formation and burial (prolonged soil formation - cumulization - 

abrupt burial) introduces an element of uncertainty in the modeled age for buried soils, 

and therefore the δ13Csom and %C4 for a given time during the Holocene.  The 

measurement error inherent in the regressor, time, was addressed using deconvolution 

kernel estimation to better estimate the age of the δ13Csom and %C4 values (Carroll et al., 

2006; Wang and Wang, 2011). The deconvolution statistical method involves isolating a 

single variate (i.e., signal) of a mixture model (i.e., signal, plus noise). Since the true age 

(signal) of our samples is unknown, we rely on a surrogate measure, depth.  From this 

surrogate we obtain an estimated age of the δ13Csom sample using CLAM.  We also used 

the age error output from CLAM in our deconvolution model.  To see how sensitive our 

results are to this error specification, we then looked at a constant error of 200 years (200 

being slightly larger than the average CLAM error). Both measurement error models 

were graphically similar.  The measurement error model using the error values computed 

from CLAM was chosen for this study to remain consistent in the approach and to avoid 
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choosing an arbitrary error structure.  Isotope stages and sub-stages were identified 

following the methods of Nordt et al. (2008). 

 
Results and Discussion 

 
 The six trenches along alluvial terrace landforms show a predominance of coarse-

loamy multistory buried soils weathered in overbank deposits composed of mixed 

alluvium with quartz as the primary component (Fig. 3.2) (Stinchcomb et al., 2012).  The 

number of buried soils observed in each profile suggests that the site areas are highly 

aggradational with occasional episodes of floodplain surface scouring (see Stinchcomb et 

al., 2012).  Calibrated radiocarbon ages (median probability age reported in kilo-annums, 

ka) and age-depth modeling from this study and previous research show that trenches 

span various intervals of the Holocene (Figs. 3.3 and 3.4).  Buried soils range in degree of 

development and are mostly Inceptisol-like with thin A horizons (where present) and Bw 

and/or Bt subsoil horizons that show varying degrees of clay illuviation (Fig. 3.2).  

Macro- and micromorphological investigations of surface and buried soils showed no 

evidence of primary or pedogenic calcium carbonate. 

 The results from the isotope analysis of the six trenches show a mean (±SD) 

δ13Csom value of −23.75‰ (±1.60) for the entire sample (Fig. 3.3, Table 3.2).  The isotope 

values range from −26.72‰ to −17.74‰.  A Wilcoxon rank-sum test comparing A and B 

horizons show no significant difference between the median δ13Csom for the two groups 

(p=0.55). The results of the phytolith analysis show that Panicoideae and Chloridoideae  
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water-stressed C3 grasses.  Despite the possibility of environmental and biological effects 

on the δ13Csom values, these data do give us increasing confidence that δ13Csom values for 

our study area reflect the fractional abundance of C4 and C3 grasses. 

 Inter-profile comparisons show that the mean and standard deviation of δ13Csom 

values can vary significantly by trench even during similar time periods (Table 3.2; Fig. 

3.7).  These data suggest that position on the alluvial landscape (e.g., levee, floodbasin, 

paleochannel fill) can have a notable effect on the δ13Csom value and the riparian plant 

community.  Previous research has shown that variations in modern riparian plant 

communities vary spatially as a function of fluvial geomorphic processes (Hupp and 

Osterkamp, 1996), and this has been observed along the modern middle Delaware River 

valley (Perles et al., 2007).  The time-series of dissimilar δ13Csom values suggests that 

temporally equivalent plant communities can vary in the fractional abundance of C3 and 

C4 plants, which is likely due to position on the landscape and the influence of varying 

fluvial geomorphic processes (Fig. 3.7).  The δ13Csom values, when standardized, show 

combined plant community variations as they deviate from their respective averages (Fig. 

7B).  Although this standardization process negates the effects of spatial variation on 

plant communities as a function of fluvial geomorphic processes, it does combine 

potential variations in C3 and C4 plant communities with environmental and biological 

effects on plants (e.g., moisture stress).  Therefore, the results are discussed in terms of 

both paleotemperature and paleo-moisture variations. 

 
Isotope Stages and Environmental Implications 

 The deconvolution measurement error model results of standardized values  

(Δδ13Csom and Δ%C4) from the six combined trenches show two major isotope stages and 
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the mean July (growing season) temperature (Nordt et al., 2008), which coincides with 

the Delaware isotope stage II-I shift.  Like Nordt et al. (2008), we partly attribute this 

isotope shift as a vegetation response to decreasing Northern Hemisphere insolation 

(Kutzbach, 1981).  As a result, the riparian canopy may have become more closed, i.e., 

increase in C3 plants, thus decreasing C4 plant populations.  A comparison with regional 

and continental-scale paleoclimate records shows that the 4.3 ka shift in the Δδ13Csom 

(Δ%C4) values coincides with decreasing temperatures following the middle Holocene 

climatic optimum (Viau et al., 2002), as documented by widespread changes in pollen 

assemblages (Bryant and Holloway, 1985; Wendland and Bryson, 1974) and a North 

Atlantic ice-rafting debris event, Bond event-3 (Bond et al., 1997, 2001).  This middle to 

late Holocene cooling, the neoglaciation (Denton and Karlen, 1973; Wendland and 

Bryson, 1974) follows the middle Holocene warming and pollen-based temperature 

reconstructions from northeastern USA and Northern Quebec show decreasing 

temperatures much later around 3.2 ka (Shuman et al., 2004, 2009; Viau et al., 2006). 

 The 4.3 ka Stage II-I isotope shift also reflects a decrease in water-stressed C3 

plants and agrees with a decrease in moisture deficit documented in 13Csom alluvium in 

West Virginia and southeastern Tennessee (Springer et al., 2010; Kocis, 2011, modified 

from Driese et al., 2008) (Fig. 3.8).  Oxygen isotope records from calcite in northeastern 

lakes and West Virginia speleothems show that the decreasing insolation resulted in 

atmospheric reorganization and a transition from summer dominated to seasonally 

distributed precipitation (Hardt et al., 2010; Zhao et al., 2010; Shuman and Donnelly, 

2006).  The decline in temperature and seasonal contrast may have resulted in a moisture 

surplus and less water-induced stress on C3 and drought-sensitive NADP-ME C4 panicoid 
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grasses (Ripley et al., 2010). An increasing frequency of large flood events in the NE 

USA may also indicate increased moisture, especially early spring thaws and snowmelts 

(Parris et al., 2010) (Fig. 3.9). 

 The notably different populations evident in the raw δ13Csom data from Stage II 

suggest that δ13Csom values reflect two unique floodplain vegetation environments: open 

or semi-open canopy where C4 grasses are better adapted (−22‰ to −20‰) and closed-

canopy riparian forest (−26‰ to −24‰) consisting primarily of C3 plants.  This disparity 

in vegetation associations may be due to variations in fluvial geomorphology.  If this is 

true, then the shift in vegetation at 4.3 ka may, in fact, be a biotic response to middle 

Holocene incision (Stinchcomb et al., 2012).  Specifically, channel degradation from 

approximately 6 to 5 ka resulted in alluvial terrace formation and a decreased incidence 

of flooding.  The decreased frequency of floods may have led to stable alluvial 

landscapes that could support closed-canopy C3 forests from 4.3 ka to modern. 

 
Isotope Sub-stages and Environmental Implications 

 Stage II (10.7-4.3 ka) was divided into 4 sub-stages (a-d) that span the early and 

middle Holocene (Figs. 3.7-3.9).  Sub-stage IIa (~10.6-9.9 ka) is poorly constrained, 

having 5 δ13Csom observations from a single trench (JEN1).  Given this, the measurement 

error model yields negative Δδ13Csom (Δ%C4) values, indicating below average δ13Csom 

(% C4) values during this time period.  The sub-stage IIa interval of below average 

δ13Csom (% C4) suggests lower growing season temperatures and/or a moisture surplus.  

This isotope-inferred interval of cooler summer temperatures coincides with pollen-based 

temperature reconstructions for both Northern Quebec and northeastern USA that also  
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indicate low mean July temperatures (Shuman et al., 2004, 2009; Viau et al., 2002) (Fig. 

3.9).  Sub-stage IIa also coincides with increased moisture levels following a lake 

lowstand in the New England region (Newby et al., 2011).  However, the Davis Pond and 

Rocky Pond lake records document lake lowstands during this interval (Shuman and 

Newby et al., 2009).  The beginning of isotope sub-stage IIa is poorly constrained in age 

and δ13Csom and additional radiocarbon data are required to properly evaluate its 

paleoclimate context. 

 Sub-stage IIb (9.9-8.3 ka) shows positive Δδ13Csom (Δ%C4) values using the 

measurement error model. These values indicate above average δ13Csom and a period of 

time with above average %C4 plants.  Phytoliths from this interval show 9.3% 

Panicoideae phytoliths and independently confirms the presence of C4 grasses (Table 3.3, 

Figs. 3.5 and 3.6).  Additional deconvolution measurement error model runs were 

performed with the 9.3 ka-equivalent 2.64 Δδ13Csom value (δ13Csom= -17.74‰) removed 

and the results still show a time period marked by above average δ13Csom (%C4).  The 

increase in C4 grasses and potential for open or semi-open canopy during sub-stage IIb 

agrees with previous documentation of early Holocene open forests recorded in the New 

England region (Faison et al., 2006).  Additionally, sub-stage IIb immediately follows 

major vegetation change documented between 10.2 and 10.5 ka (Wendland and Bryson, 

1974; Viau et al., 2002) and an ice-rafting debris event (Bond et al., 1997).  Δδ13Csom 

(Δ%C4) based paleoclimate interpretations agree with previously published 

paleotemperature and paleohydrology for the northeastern USA region (Fig. 3.9).  

Northern Hemisphere insolation reached a maximum ~10.0 ka (Kutzbach, 1981).  Using 

pollen from 181 Northern Quebec sites, Viau et al. (2006) modeled an early Holocene 
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warming and so sub-stage IIa to IIb could simply reflect an increase in summer growing 

season temperatures and the expansion of C4 plants in the floodplain setting.  This 

warming was also documented using pollen in northeastern USA (Shuman et al., 2009).  

However, pollen, lacustrine sediment, and δ13C lacustrine-carbonate data from New York 

and the New England region suggest cool/dry conditions dominated the early Holocene 

(Kirby et al., 2002; Shuman et al., 2004, Newby et al. 2009, 2011; Mullins et al., 2011) 

and Hou et al. (2012) document abrupt cooling events centered at 9.9, 9.2, 8.8, and 8.4 ka 

during the sub-stage IIb interval.  The effects of the Laurentide Ice Sheet on the regional 

atmospheric circulation, which lasted until ~8.0 ka, enhanced the strength of the 

westerlies, creating an overall drier climate.  The maximum Δδ13Csom centered at 9.2 ka 

coincides with the abrupt cooling and drying event registered in the New England region 

(Newby et al., 2009; Hou et al., 2012).  Therefore, above average δ13Csom (%C4) values 

during sub-stage IIb may also reflect δ13Csom enrichment due to water-stress effects on C3 

and C4 plants. 

 Sub-stage IIc (8.3-7.0 ka) shows negative Δδ13Csom (Δ%C4) values using the 

measurement error model.  These values indicate a period of below average δ13Csom and a 

period of time with decreased %C4 plants, suggesting a possible decrease in growing 

season temperature, increase in moisture availability, or both.  Although the suggested 

decrease in the growing season temperature inferred from below average δ13Csom (%C4) 

coincides with an onset of cooling in Northern Quebec, there is an overall warming 

inferred in lake data from the New England region (Shuman et al., 2004; Viau et al., 

2006).  The onset of below average δ13Csom (%C4) during Sub-stage IIc coincides with the 

final 8.2 ka collapse of the Laurentide Ice Sheet (Barber et al., 1999).  Sub-stage IIc also 
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coincides with ice-rafting Bond event 5 (Bond et al., 1997), and notable change in 

vegetation, T6 (Shuman et al., 2009; Viau et al., 2002; Wendland and Bryson, 1974).  A 

number of researchers have hypothesized increase in moisture for northeastern USA 

during the sub-stage IIc interval.  Lacustrine δ13C carbonate data from New York 

indicates a period of increased precipitation (Kirby et al., 2002) and warm/wet conditions 

were documented from 8.2 to 5.4 ka as inferred from pollen (Shuman et al., 2004).  A 

cluster of flood events centered at 8.2 ka are also recorded in lakes from the New 

Hampshire and Maine region (Parris et al., 2010).  Although Δ%C4 growing season 

temperature inferences are less straightforward during this interval, the below average 

Δδ13Csom and inferred decrease in potential moisture-stress agree with paleoprecipitation 

reconstructions throughout the northeastern USA. 

 Sub-stage IId (7.0-4.3 ka) shows positive Δδ13Csom (Δ%C4) values in the 

measurement error model.  These values indicate a period of above average δ13Csom and a 

period of time with increased %C4 plants.  Furthermore, the measurement error model 

shows three distinct modes of elevated Δδ13Csom (Δ%C4) values, which suggests 

millennial to centennial-scale variations in the δ13Csom and %C4 plants.  Middle Holocene 

ragweed (Ambrosia spp.), grasses (Poaceae), and sedges (Cyperaceae) were also 

documented along lower Delaware River valley floodplains (Southgate, 2010).   Above 

average δ13Csom and %C4 plants along the middle Delaware River valley coincide with 

increased %C4 throughout the Great Plains (Nordt et al., 2008) and moisture-stressed C3 

plants documented along Savannah Creek, Tennessee (Kocis, 2011, modified from 

Driese et al., 2008) (Fig. 8).  The coherence between all three δ13Csom records lends 

support for widespread and multiple, centennial-scale, episodes of middle Holocene 
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hypsithermal warming and drying.  This warm/dry interval has been documented 

throughout much of the continent and northeastern USA (Viau et al., 2002; Wendland 

and Bryson, 1974).  Furthermore, lacustrine δ13C carbonate data from New York also 

suggests centennial-scale episodes of decreased precipitation or more sunlight (Kirby et 

al., 2002) similar to the multiple modes observed in southeastern Tennessee and along the 

Delaware River.  Lacustrine sediment and pollen data from the New England region also 

show evidence of a warm/dry interval (Newby et al., 2011; Shuman et al., 2004; Zhao et 

al., 2010).  The combined middle Holocene warming and drying likely influenced the 

δ13Csom through expansion of C4 plants and moisture stress throughout the study area.  

 Stage I (4.3-0 ka) was divided into 5 sub-stages (a-e) that span the late-middle to 

latest Holocene (Figs. 3.7-3.9).  Sub-stage Ia (4.3-2.0 ka) shows negative Δδ13Csom 

(Δ%C4) values using the measurement error model with a minor positive episode at 

~3.0ka.  These values indicate a period of below average δ13Csom and a period of time 

with decreased %C4 plants.  The less than average δ13Csom and %C4 plants suggest 

decreasing growing season temperatures and an increase in available moisture.  Middle to 

late Holocene δ13Csom values from West Virginia, southeastern Tennessee and the Great 

Plains all show a shift towards below average δ13Csom and %C4 plants (Driese et al., 2008, 

after Kocis, 2011; Nordt et al., 2008; Springer et al., 2008).  This is thought to be related 

to the onset of the cooler Neoglaciation (Viau et al., 2002) and increased moisture (Parris 

et al., 2010) as discussed previously.  Lacustrine sediment and pollen data from the New 

England region indicate a transition towards a cool/wet climate interval much later 

around 3.2 ka (Shuman et al., 2004).  The minor above average δ13Csom (%C4) centered at 

3.0 ka coincides with the onset of the Sub-Atlantic, a widespread vegetation change (T3) 
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and an ice-rafting debris episode, Bond event 2 (Bond et al., 1997, 2001; Viau et al., 

2002; Wendland and Bryson, 1974).  This episode has been documented as a widespread 

cooling event, which runs counter to an increase growing season temperature 

interpretation based on sub-stage Ia Δδ13Csom (Δ%C4) values.  Rather the slightly above 

average Ia δ13Csom values indicate a dry interval.  Coeval dry conditions were 

documented in nearby Lake Grinnell, NJ (Li et al., 2007), upstate New York (Mullins et 

al., 2011), and Davis Pond, MA (Newby et al., 2011).  West Virginia speleothem Sr/Ca 

ratios also indicate a dry interval around 3.0 ka (Springer et al., 2008).  

 Sub-stage Ib (2.0-1.8 ka) shows slightly negative Δδ13Csom (Δ%C4) values using 

the measurement error model, but with notably high δ13Csom values previously recorded 

in the MAN1 trench (Stinchcomb et al., 2011).  Although the measurement error model 

indicates a period of below average δ13Csom and lower %C4 plants, the positive δ13Csom 

values suggest a period of elevated C4 plants at the MAN1 locality.  These data coincide 

with a dry interval in Sr/Ca ratios from a West Virginia speleothem (Springer et al., 

2008) and precede a major vegetation change (T2) at 1.6 ka (Viau et al., 2002).  Other 

than these examples, it is unclear whether or not Sub-stage Ib correlates with a known 

climate event.  Alternatively, the sub-stage Ib excursion could reflect either forest 

clearance and dominance of early-successional grass species or an introduction of maize 

along the floodplain (or both).  The earliest archaeological evidence of maize (a C4 

Panicoid grass) derives from neighboring central New York and dates to the beginning of 

this sub-stage (Hart et al. 2002).    The carbon isotopic signature of forest clearance was 

documented previously by Springer et al. (2010) (Fig. 3.8), whereas Stinchcomb et al. 
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(2011) documented evidence of land-use related to maize-based agriculture along the 

Delaware River valley, albeit 1000 years later. 

 Sub-stage Ic (1.8-1.0 ka) shows an interval of negative Δδ13Csom (Δ%C4) values, 

using the measurement error model.  These data indicate an interval of below average 

δ13Csom and a period of time with decreased %C4 plants.  The beginning of sub-stage Ic 

(1.8 ka) coincides with a peak in lacustrine-based flood events in the New Hampshire and 

Maine region (Parris et al., 2010).  However, West Virginia Sr/Ca data from a speleothem 

infer a drought episode (Springer et al., 2008).  It is possible that some of the dry 

intervals are not as widespread, and the paleoclimate records from Maine to West 

Virginia record local variability in centennial to millennial-scale hydroclimatic 

variability. 

 Sub-stage Id (1.0-0.3 ka) indicates an interval of mostly positive Δδ13Csom 

(Δ%C4) values as shown in the measurement error model and raw δ13Csom values.  These 

data indicate an interval of above average δ13Csom and increasing %C4 plants through 

time.  The trend of increasing δ13Csom and increasing %C4 recorded from sub-stage Id-Ie 

(1.8-0.3 ka) coincides with increasing δ13Csom from alluvium in West Virginia and 

southeastern Tennessee (Driese et al., 2008; Springer et al., 2010).  These data suggest a 

widespread increase in the %C4 and may indicate Pollen-based temperature 

reconstructions document an increase in the mean July temperature further north 

(Medieval Warm Period equivalent) and the above average %C4 for sub-stage Id may 

reflect this.  Lacustrine-based paleohydrology data from Maine and New Hampshire 

show a decrease in the frequency of flooding events (Parris et al., 2010), whereas West 

Virginia Sr/Ca data from speleothems suggest a drought interval.  The above average 
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δ13Csom could also reflect this decrease in moisture availability.  However, lake lowstands 

from the New England region are conflicting (Newby et al., 2011; Shuman et al., 2009) 

and the interval from 3.2-0 ka has been documented as a wet interval during the Holocene 

(Shuman et al., 2004; Shuman and Plank, 2011).  Alternatively, the above average %C4 

and δ13Csom for substage Id could reflect an increasing reliance on maize-based 

agriculture in the study area (Stinchcomb et al., 2011). Maize (Zea mays) is a C4 grass of 

the Panicoideae subfamily and the increased use would have altered the underlying 

δ13Csom.  Additionally, archaeological data suggest an increase in prehistoric human 

population which peaks approximately ~0.4 ka (Peros et al., 2010), and coincides with a 

shift towards maize-based agriculture throughout much of eastern North America 

(Custer, 1996).  Increasing population pressure and land-use change likely resulted in 

increased forest clearance for farming, hunting, mast resource management, and 

habitation (Ekdahl et al., 2010; Fesenmyer and Christensen, 2010; Munoz and Gajewski, 

2010).  More frequent and widespread forest clearance likely created open-canopy 

ecosystems where early-successional C3 and C4 grasses could thrive, thus enriching the 

belowground δ13Csom signature.   The sub-stage Id isotope record from the Delaware 

River valley reflects this prehistoric anthropogenic input.  Further studies of calcite δ18O 

from West Virginia speleothems also depict a heightened level of environmental 

manipulation during this era (Springer et al., 2010).  These data show that prehistoric 

land-use practices, in addition to other sources of vegetation change, can influence the 

δ13Csom record in alluvium.  

 Substage Ie (0.3-0 ka) is poorly constrained, having 3 δ13Csom observations from 

three separate trenches.  Given this, the measurement error model shows a trend towards 



  

96 
 

negative Δδ13Csom (Δ%C4) values, implicating below average δ13Csom (% C4) values for 

this time period.  The return to a more C3 dominated ecosystem could have resulted from 

post-pandemic forest recovery.  The ~200 years that followed rapid population decline 

due to European-introduced diseases would have been sufficient time for forest growth 

and regeneration. This hypothesis cannot be properly addressed due to few high-

resolution δ13Csom alluvial records spanning the past 1.0 ka. 

 
δ13Csom as a Paleoenvironmental Proxy for Eastern North America 

 The Delaware River valley δ13Csom curve shows that variations in C3 and C4 plant 

communities (driven by changes in summer growing season temperature) and 

environmental effects (e.g., moisture stress) correlate with established climate changes on 

both orbital and millennial time-scales.   Orbital scale climate changes such as the 

Northern Hemisphere insolation maximum during the early Holocene and middle 

Holocene climatic optimum appear to have influenced the δ13Csom via changes in the 

relative abundance of C3 and C4 plants by means of long-term changes in growing season 

temperatures.  Drought intervals resulting from both orbital and millennial-scale climate 

changes also coincide with variations in the δ13Csom, suggesting moisture-stress affected 

the plant and resulting below ground δ13C.  If environmental, biological, and geomorphic 

influences on the δ13Csom can be accounted for, this isotope application holds great 

promise as a paleotemperature proxy for eastern North America.  Carbon isotope research 

in the Great Plains indicates a quantitative link between the δ13C of topsoil organic matter 

and mean July temperature (Nordt et al., 2007).  Excluding the BRN1 trench (no topsoil 

data) and incipient A horizons forming on recent flood deposits, the average topsoil 

organic matter δ13Csom from topsoil A horizons is −24.03‰ (±0.91).  Using a 
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paleotemperature transfer function developed for forest-grassland ecosystems occurring 

along the eastern Great Plains this would yield a mean July temperature of 21.74°C 

(±1.14).  This estimated mean July temperature value is within range of the current mean 

July temperature of 22.17°C, based on 1981-2010 climate data (NOAA, 2011).  These 

preliminary tests suggest the δ13Csom from buried A horizons in eastern North America 

hold valuable paleotemperature information that will enhance our understanding of 

regional climates during the Holocene. 

 
Conclusions 

 
 The results from this study demonstrate that the novel approach of combining 

δ13C of soil organic matter (δ13Csom) and phytolith analysis is a useful proxy for 

estimating the above-ground concentrations of C3:C4 biomass in eastern North America.  

The δ13Csom, when standardized, reveal distinct intervals of above and below average 

δ13Csom (%C4).  The raw δ13Csom and novel deconvolution curve method, which accounts 

for uncertainty in the time-direction, reveal two major isotope stages and nine sub-stages 

for the past 10,700 years.  These stages coincide with previously published paleoclimate 

and archaeological phenomena and suggest that variations in δ13Csom are caused by 

changes in growing season temperature, moisture availability, and human alterations of 

the ecosystem.  δ13Csom is relatively fast and easy to measure in floodplain sediments and 

buried soils, especially in deposits lacking pedogenic and lithogenic carbonates.  Close 

sample spacing (between 5-10 cm) in a depth transect ensures that inflections recording 

important changes are not missed.  Further research on progressive changes in SOM with 

depth and time in buried soil profiles across landscapes (e.g., Fang et al., 2010) may help 
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improve understanding of δ13Csom values.  More comprehensive floodplain-based δ13Csom 

studies will provide a higher resolution more regionally based paleoclimate than before.  

 



  

99 
 

CHAPTER FOUR   
 

Pre-colonial (A.D. 1,100–1,600) Sedimentation Related to Prehistoric Maize 
Agriculture and Climate Change in Eastern North America 

 
This chapter published as Stinchcomb, G.E., Messner, T.C., Driese, S.G., Nordt, L.C., 
Stewart, R.M., 2011. Pre-colonial (AD 1100-1600) sedimentation related to prehistoric 
maize agriculture and climate change in eastern North America. Geology 39, 363-366. 

 
 

Abstract 
 

Despite the importance of understanding the effect of land-use on floodplains in 

eastern North America, few studies have directly addressed the possibility and extent of 

prehistoric indigenous land-use on floodplain development.  Here we report 

geoarchaeological evidence of increasing floodplain sedimentation and prehistoric land-

use intensification in the Delaware River Valley during the Medieval Climate Anomaly – 

Little Ice Age transition.  This anthropogenic sedimentation event, documented 

throughout eastern North America, is formally designated here as pre-Colonial sediment 

(PCS) circa: A.D. 1,100–1,600.  These data demonstrate that the combined effects of 

prehistoric land-use and climate change impacted eastern North American floodplain 

development several hundred years prior to the onset of major European Settlement. 

 
Introduction 

 
It is widely recognized that people altered their surroundings to ensure the 

continuation of subsistence-related resources.  For example, researchers attribute early 

colonial land-use practices (e.g., deforestation, plowing, and damming) with influencing 

hydrological systems across eastern North America (ENA) (Trimble, 1974; Knox, 1977; 

Walter and Merritts, 2008).  The resulting alluvial sedimentation is referred to as post-
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settlement alluvium or “legacy” sediments and is readily visible along many stream banks 

and floodplains (Ibid.).  However, these studies do not consider the impact prehistoric 

land-use had on ENA hydrologic systems.  Previous research suggests late Holocene 

indigenous land-use in ENA affected the surrounding environment, but with little direct 

evidence (Day, 1953; Nelson, 1966; Scully and Arnold, 1981; Denevan, 1992; Clark and 

Royall, 1995; Doolittle, 2000;; Thieme, 2001; Stinchcomb, 2003; Delcourt and Delcourt, 

2004; Ekdahl et al., 2004; Springer et al., 2010).  Here we test the hypothesis that the 

indigenous population had a widespread impact on terrestrial sedimentation in ENA 

using a site-specific geoarchaeological approach and a regional synthesis of previous 

research.  Data presented here show that prehistoric populations had widespread effects 

on sedimentation during the interval A.D. 1,100 1,600. 

 
Materials and Methods 

 
The site-specific analysis of this investigation focuses on the Manna-1 alluvial 

profile at the confluence of the Raymondskill Creek and Delaware River, Mid-Atlantic 

region, USA (Fig.4.1; Appendices D ̶ Q).  At this locality, alluvial landforms were 

mapped based on relative elevations to Delaware River base flow.  Manna-1 surface and 

buried soil morphological properties were described using standard NRCS-USDA 

techniques to assess the relative degree of soil development (Schoeneberger et al., 2002).  

Multistory buried soils were grouped into pedocomplexes to differentiate major soil 

morphological trends (Holliday, 2004).  Manna-1 chronology is based on radiocarbon 

age-dating, temporally diagnostic artifacts, relative Pb concentrations, and an observed 

2006 flood event.  Conventional 14C age-dates were calibrated using CALIB 5.0.1 and 
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The profile was sampled every ten centimeters for particle-size analysis, whole-

soil and isotope geochemistry, and by soil horizon for phytolith analysis.  Particle-size 

distribution analysis was conducted to help identify individual flood events and the 

relative degree of soil development.  Weight % clay and % sand were measured using a 

combination of hydrometer and mechanical sieving methods (Gee and Orr, 2002). Short-

cell grass phytoliths (i.e., Chloridoideae and Panicoideae subfamilies) were analyzed 

following the methods of Piperno (2006). Short cell grass phytolith identifications 

utilized established protocols (Fredlund and Tieszen, 1994; Lu and Liu, 2003; Twiss et 

al., 1969) and the results are presented in percent subfamily based on a population of 300.  

Stable isotope analysis of the bulk organic carbon was conducted to determine the 

percentage of C4 biomass contributions to the soil.  Aliquots were treated with 1 N HCl 

for 24 h to completely digest carbonate-carbon.  Samples were then powdered and 

analyzed using a Finnigan DELTA-Plus Dual Inlet Mass Spectrometer at University of 

Tennessee, Knoxville’s Stable Isotope Laboratory.  Values are reported in ‰, with 

reference to the Pee Dee Belemnite (VPDB) standard, using the following equation: 

13C (‰) = {[(13Csample/
12Csample)/(

13CVPDB/12CVPDB)]-1} x 1000  

Replicate samples were analyzed on a Thermo-Electron Dual Inlet Mass Spectrometer at 

Baylor University’s stable isotope laboratory and the duplicate 13C measurements 

differed <0.1‰ (VPDB). 

Direct runoff estimations for the Upper Delaware River valley (UDV) were 

calculated using the Soil Conservation Service (SCS) curve number method (Soil Survey 

Staff, 2010).  A curve number is an estimate of direct runoff for an area using land-use 

type, soil type, and a storm event.  Fifty percent reduction in forest cover is based on 
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modeling one century of prehistoric maize-based agriculture in eastern Tennessee 

(Delcourt and Delcourt, 2004) (Appendix D).  Curve numbers were based on 2006 storm 

and flood event data for the Delaware River Basin and B-type hydrologic soil grouping 

(Soil Survey Staff, 2010). 

 
Results and Discussion 

 
The Manna study area consists of both terrace and floodplain alluvial landforms 

(Fig. 1).  The T-2 surface is 5–8 m above the base flow and consists mainly of overbank 

loamy sand to sandy loam.  This is the most ubiquitous surface in the valley-bottom and 

the associated alluvium spans most of the Holocene (Ritter et al., 1973; Stewart et al., 

1991; Witte, 2001).  Here the T-2 is subdivided into a high (T-2a) and low (T-2b) surface 

with the Manna-1 profile underlying the lower surface. 

The Manna-1 succession consists of 3.5 m of multistory buried soils formed in at 

least 10 fining-upward successions of loamy sand to sandy loam overbank sediments, 

based on the sand-size particle distribution (Fig. 4.2).  The interpolated mean 

sedimentation rate for the Manna-1 succession is 0.15 cm·yr-1, which is more than three 

times more rapid than the 0.04 cm·yr-1 mean recorded from pooled radiocarbon ages 

within UDV T-2 alluvium (Kinsey, 1972; Ritter et al., 1973; Stewart et al., 1991; 

Schuldenrein, 2003).  These data show that Manna-1 contains a high-resolution record of 

flood events spanning the past 2,000 years with brief intervals of landscape stability 

marked by soil formation.  These flood deposits likely reflect varying contributions of 

sediment from both the Delaware River and Raymondskill Creek. 

There are 10 episodes of soil formation in Manna-1, all of which are weakly 

developed with organic matter accumulation in the A horizons and no evidence of subsoil 
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on a semi-permanent to permanent basis.  Habitation and land-use resulted in continued 

ground disturbance allowing pioneering grasses to colonize the open landscape. 

Phytolith abundances and 13C isotope values of buried soil organic carbon from 

Manna-1 suggest varying contributions of C3 and C4 plants (Boutton, 1991) (Fig. 4.2).  

The lowermost phytolith and 13C spike occurs in a buried A horizon (A1b8-A2b8) in the 

PC-1 interval (max: 20.34‰).  The top of the PC-2 interval and the base of PC-3 also 

show an increase in 13C values, but in both A and BC horizons (max: 21.13‰).  The 

presence of less negative 13C in C horizons indicates an upstream source enriched in C4 

plants (Nordt et al., 1994).  This regional C4-signature coincides with an increase in 

recorded archaeological sites (Fig. 4.3).  Data from Pennsylvania’s cultural resource 

geographic information system (CRGIS, 2010) shows a 172% increase in recorded 

archaeological sites during the interval A.D. 900 – 1,550, with an increasing number of 

sites occurring in both floodplain and upland settings (Fig. 4.3).  These data agree with 

the Manna-1 archaeological data and previous research (Kinsey, 1972; Kraft, 2001), 

demonstrating a widespread prehistoric human presence in the Delaware River Basin, 

during the PC-2 time interval, A.D. 1,000–1,600. 

Just as Euro-American land-use triggered valley-bottom alluviation in humid and 

sub-humid regions, our data show that prehistoric land-use affected sedimentation in the 

valley bottoms in ENA during the PC-2 interval.  A regional synthesis of sedimentation 

rates from diverse settings (i.e. floodplain, tidal-marsh, and lacustrine) was normalized by 

thickness of each age-bracketed segment to total thickness to create a dimensionless ratio 

of sediment accumulation for the past 2,200 years (Fig. 4.4; Appendix P).  These studies 

show two distinct intervals of increasing sedimentation: a post-settlement interval (A.D. 
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the results show a distinct increase in the number of recorded maize-dates during PC-2 

time (mean: A.D. 1,130 ± 48).  Because the indigenous population intentionally used fire 

to clear forests for agriculture, hunting, and habitation (Doolittle, 2000), it is likely that 

concerted deforestation during PC-2 time (Munoz and Gajewski, 2010) would have 

resulted in increased surface runoff and sediment yield in valley bottoms.  Using the SCS 

curve number method, we estimate a 50% increase in the amount of direct surface runoff, 

upstream from the study area, due to a 50% reduction in forest cover along the Delaware 

River main channel floodplain (Appendices E ̶ G).  This calculation does not factor in the 

additive effects of land-use along low-order stream and upland settings, which increased 

dramatically during PC-2 time (Fig. 4.3). 

 
Implications and Conclusions 

 
Our research, when combined with previous archaeological and paleoecological 

studies (Asch Sidell, 2008; Delcourt and Delcourt, 2004; Hart and Rieth, 2002), 

demonstrates that as prehistoric people decreased forest cover to reorient their settlements 

and intensify maize production, they contributed to increased sedimentation in valley 

bottoms during the PC-2 interval (Fig. 4.4).  This cultural adaptation begins during the 

Medieval Climate Anomaly (MCA: A.D. 1,000 – 1,300) and precedes the early Little Ice 

Age (LIA: A.D. 1,450 – 1,530) by approximately 350 years (Cronin et al., 2003).  These 

data suggest prehistoric land-use was the initial cause of increased sedimentation in the 

valley bottoms and was later amplified by wetter and stormier conditions during the LIA 

(Li et al., 2007; Cronin et al., 2005; Springer et al., 2008; Buynevich et al., 2007) (Fig. 

4.4F). 
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This widespread anthropogenic sedimentation event began ~500 years prior to 

major European settlement and it is formally designated here as pre-Colonial sediment 

(PCS).  Much like Legacy Sediment, our study demonstrates that land-use (prehistoric 

maize-based agriculture) prior to and during the wetter LIA is responsible for increased 

sedimentation in valley bottoms during the PCS interval: A.D. 1,100 – 1,600. Two 

important conclusions can be drawn from this study: (1) Pre-European “natural” 

floodplains harbor a history of prehistoric indigenous land-use, and thus colonial-era 

Europeans were not the first people to impact the hydrologic systems of ENA, and (2) 

prehistoric small-scale agricultural societies caused widespread ecological change and 

increased sedimentation in hydrologic systems during the Medieval Climate Anomaly - 

Little Ice Age. Future research efforts should focus on mapping the chronological and 

geographic range of PCS in eastern North America. 

  



  

110 
 

CHAPTER FIVE   
 

Conclusions 
 
 

This research has demonstrated evidence for climatic and human influences on 

the Holocene alluvial history and paleoenvironment of the middle Delaware River valley, 

USA.  The alluvial stratigraphic results reconfirm previous evidence, which suggests 

climate partially drives alluvial landscape evolution.  However, the more comprehensive 

allostratigraphy reported here depicts a complex history of floodplain and terrace 

reworking that extends back to at least the late-middle Holocene.  These reworking 

processes went largely unnoticed in previous studies because of a lack of transverse-

valley stratigraphy and radiocarbon ages from key stratigraphic contexts.  Despite this 

complexity, early-middle Holocene (8.3–5.5 ka) floodplain surface erosion and middle 

Holocene incision (6.0–5.0 ka) are associated with and likely triggered by hydro-climatic 

change.  This history significantly adds to our knowledge of floodplain evolution for the 

area by recognizing the importance of processes other than vertical accretion.  

The results from the combined δ13C of soil organic matter (δ13Csom) and phytolith 

analysis suggest that these tools are useful proxies for estimating the above-ground 

concentrations of C3:C4 biomass in eastern North America.  The δ13Csom and novel 

deconvolution curve method, which accounts for uncertainty in the time-direction, reveal 

two major isotope stages and nine sub-stages for the past 10,700 years.  These stages, and 

designated sub-stages, coincide with previously published paleoclimate and 

archaeological phenomena and suggest that variations in δ13Csom are caused by changes in 

growing season temperature, moisture availability, and human alterations of the 
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ecosystem.  δ13Csom is relatively fast and easy to measure in floodplain sediments and 

buried soils, especially in deposits lacking pedogenic and lithogenic carbonates.  Further 

research on progressive changes in SOM with depth and time in buried soil profiles 

across landscapes (e.g., Fang et al., 2010) may help improve understanding of δ13Csom 

values.  More comprehensive floodplain-based δ13Csom studies throughout eastern North 

America will provide regionally-based paleoclimate reconstructions and ecosystem 

changes at a higher resolution than before. 

Lastly, the geoarchaeological research reported here demonstrates a widespread 

anthropogenic sedimentation event began ~500 years prior to major European settlement 

and it is formally designated here as pre-Colonial sediment (PCS).  As prehistoric people 

decreased forest cover to reorient their settlements and intensify maize production, they 

contributed to increased sedimentation in valley bottoms during the latest Holocene. This 

cultural adaptation begins during the Medieval Climate Anomaly (MCA: A.D. 1,000 – 

1,300) and precedes the early Little Ice Age (LIA: A.D. 1,450 – 1,530) by approximately 

350 years.  These data suggest prehistoric land-use was the initial cause of increased 

sedimentation in the valley bottoms and was later amplified by wetter and stormier 

conditions during the LIA.  Much like Legacy Sediment, our study demonstrates that 

land-use (prehistoric maize-based agriculture) prior to and during the wetter LIA is 

responsible for increased sedimentation in valley bottoms during the PCS interval: A.D. 

1,100 – 1,600.  An implication of this research is that pre-European “natural” floodplains 

harbor a history of prehistoric indigenous land-use, and thus colonial-era Europeans were 

not the first people to impact the hydrologic systems of eastern North America.  

Additionally, prehistoric small-scale agricultural societies caused widespread ecological 
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change and increased sedimentation in hydrologic systems during the Medieval Climate 

Anomaly - Little Ice Age. 
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APPENDIX D 
 

Explanation of Curve Number Data and Delcourt and Delcourt (2004) Model 

 
 The SCS curve numbers were used to calculate the percent increase in direct 

runoff resulting from storm event comparable to the June 2006 storm (24hr rainfall total: 

152.4 mm) along the main channel floodplain from the study area to the headwaters at 

Hancock, NY (floodplain area = 194 sq. km.) (Soil Survey Staff, 2010; Natural 

Resources Conservation Service, 1986).  The 50% reduction in forest cover was based on 

a model from the eastern Tennessee River valley (Delcourt and Delcourt, 2004).  This 

model assumes that (1) indigenous people practiced a shifting (e.g. slash-and-burn) 

agriculture and (2) fields would lay fallow after 20-30 years of continuous cultivation 

because of reduced yields.  After approximately 100 years of this subsistence strategy, 

50% of the valley bottom would be deforested. The percent increase in direct runoff 

could range from 50% - 125% based on the degree of ground disturbance caused by 

planting. 
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APPENDIX E 
 

Curve Number Calculations, 
Forested Condition for Study Area to Headwaters Upstream 

 
 

Hydrologic 
Soil Group 

Land Use CN % Area CN % Area 

A Forested 30 40.74204 1222.261324 

B Forested 55 56.22895 3092.592127 

C Forested 70 1.980795 138.6556734 

D Forested 77 1.048213 80.71238248 

CNfldpln = 45.34221507 
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APPENDIX F 
 

Curve Number Calculations, 
50% Row Crops for Study Area to Headwaters Upstream 

 
 

Hydrologic  
Soil Group 

Land Use CN % Area CN % Area 

A Forested 30 20.37102 611.1306 

A Row Crops 64 20.37102 1303.74528 

B Forested 55 28.11448 1546.296125 

B Row Crops 75 28.11448 2108.585625 

C Forested 70 0.990398 69.327825 

C Row Crops 82 0.990398 81.212595 

D Forested 77 0.524107 40.3562005 

D Row Crops 85 0.524107 44.5490525 

CNfldpln = 58.05203303 
 



  

126 
 

APPENDIX G 
 

Curve Number Calculations,  
50% Grasses for Study Area to Headwaters Upstream 

 
 

Hydrologic 
Soil Group 

Land Use CN % Area CN % Area 

A Forested 30 20.37102 611.1306 

A Grass 39 20.37102 794.46978 

B Forested 55 28.11448 1546.296125 

B Grass 61 28.11448 1714.982975 

C Forested 70 0.990398 69.327825 

C Grass 74 0.990398 73.289415 

D Forested 77 0.524107 40.3562005 

D Grass 80 0.524107 41.92852 

CNfldpln = 48.91781441 
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APPENDIX H 
 

Manna-1 Soil Description 
 
 

Soil 
Horizon 

Depth 
(cmbs) 

Color Texture Structure Roots Ped/Void Features Lower Boundary 

A 0-7 10YR4/2 silt loam 

weak, fine, 
granular; 

moderate, thin, 
platy 

common, 
medium 

- clear, smooth 

C 7-12 10YR4/2 silt loam 
moderate, thin, 
platy; massive 

common, 
fine 

- abrupt, smooth 

Oeb1 12-15 10YR3/1 silt loam 
moderate, fine, 

granular 
common, 

fine 
- abrupt, wavy 

Ab1 15-33 10YR4/2 silt loam 
moderate, fine, 

granular 
few, fine common, distinct,(10YR4/2) burrows clear, smooth 

Cb1 33-45 10YR4/3 
loamy fine 

sand 
massive 

few, fine 
to 

medium 
- clear, smooth 

Ab2 45-64 10YR4/3 
loamy fine 

sand 
massive 

few, 
medium 

common, fine, charcoal; few, fine, 
pebbles 

diffuse, smooth 

BCb2 64-95 10YR 4/3 
loamy fine 

sand 
massive 

few, 
medium 

common, distinct, very thin,(5YR4/3) 
lamellae; few, fine, charcoal 

clear, wavy 

Ab3 95-108 10YR4/2 
loamy fine 

sand 
massive few, fine 

common, fine, charcoal; few, fine, 
pebbles 

clear, wavy 

Cb3 108-115 10YR4/3 
loamy fine 

sand 
massive; platy 

few, 
medium 

- abrupt, smooth 

A/Cb4 115-137 
10YR4/2-
10YR4/3 

loamy fine 
sand 

massive 
common, 
medium 

lamellae? diffuse, wavy 

Cb4 140-161 10YR5.4/3 fine sand single-grained few, fine - abrupt, irregular 

Ab5 161-175 7.5YR4/3 
loamy fine 

sand 
weak, fine, 

granular; massive 
few, fine 

common, distinct,(2.5Y6/3) burrows; 
lower 5cm may be another 10YR4/2 

Ab 
abrupt, irregular 
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Manna-1 Soil Description Continued 
 
 

Soil 
Horizon 

Depth 
(cmbs) 

Color Texture Structure Roots Ped/Void Features Lower Boundary 

Cb5 175-193 10YR5.4/3 
very fine 

sand 
single-grained; 

massive 
very few, 
medium 

common, distinct,(10YR4/2) burrows abrupt, irregular 

Ab6 193-213 10YR4/3 silt loam 
weak, medium, 
angular blocky; 

massive 
- - diffuse, smooth 

BCb6 213-223 10YR4/3 
loamy fine 

sand 

weak, medium, 
angular blocky; 

massive 

common, 
fine 

few, fine,tubular pores clear, smooth 

Cb6 223-228 10YR5.4/3 
loamy fine 

sand 
massive few, fine - abrupt, smooth 

A1b7 228-233 5YR4/3 silt loam 

weak, fine, 
granular; 

moderate, fine, 
angular blocky 

- common, medium, charcoal clear, wavy 

A2b7 233-240 10YR4/2 silt loam 
moderate, fine, 
angular blocky 

few, 
medium 

few, fine, charcoal; common, 
fine,tubular pores 

clear, smooth 

CBb7 240-260 10YR4/3 
loamy very 
fine sand 

weak, medium, 
angular blocky; 

massive 
 

- abrupt, smooth 

A1b8 260-268 5YR4/3 silt loam 
moderate, fine, 

granular 
few, fine 

few, fine to medium, charcoal 
fragments; common, very fine, 

tubular pores 
clear, smooth 

A2b8 268-280 10YR4/2 
loamy fine 

sand 
weak, medium, 

granular; massive 
few, fine 

few, very fine,tubular pores; few, 
medium, prominent,(2.5Y6/3) 

burrows 
clear, irregular, 

C/Bb8 280-285 
2.5Y6/3-
10YR4/3 

fine sand to 
loamy sand 

massive 
very few, 

fine 
- abrupt, wavy 

ABb9 285-310 7.5YR4/3 silt loam 
moderate, 

medium, angular 
blocky 

common, 
fine 

common, fine, charcoal diffuse, smooth 
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Manna-1 Soil Description Continued 
 
 

Soil 
Horizon 

Depth 
(cmbs) 

Color Texture Structure Roots Ped/Void Features Lower Boundary 

BgC1b9 310-335 10YR4/3 
loamy fine 

sand to 
sandy loam 

weak, medium, 
angular blocky; 

massive 

common, 
medium 

few, medium, charcoal; few, 
distinct,(10YR7/1) spherical and 

tubular redox depletions with 
(5YR4/3) hypocoatings 

clear, smooth 

BgC2b9 335-347 5YR4/3 
gravelly 

sandy loam 
massive - 

few, medium,charcoal; few, distinct, 
(10YR7/1) spherical and tubular 
redox depletions with (5YR4/3) 

hypocoatings 

abrupt, wavy 

2Cb9 347-373 - gravels single-grained - - - 

3Cb9 373~500 - 
very coarse 

bouldery 
gravels 

single-grained - - - 
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APPENDIX I 
 

Manna-1 Radiocarbon Ages 
 

 
Sample 
Depth 

(meters) 

Pedo- 
complex 

Soil 
Horizon 

Sample Description 
Conventional 
14C Year B.P. 

Calibrated 2-sigma Range 
(CALIB 5.0.1)1 

Wt. Mean 
Calendar Age2 

0.70 PC-3 BCb2 
Maize kernel          

(Beta-227480) 
390 ± 40 

1437 - 1528 A.D. (64%);  
1545 A.D. (<01%);  
1551 - 1634 A.D. (36%) 

1523 A.D. 

1.00 PC-2 Ab3 
Maize kernel          

(Beta-227477) 
270 ± 40 

1486-1604 A.D. (50%);  
1607-1675 A.D. (40%) 

1618 A.D. 

1.26 PC-2 A/Cb4 
Maize kernel          

(Beta-227479) 
550 ± 40 

1304-1365 A.D. (47%);  
1384-1438 A.D. (53%) 

1375 A.D. 

1.80 PC-2 Ab5 
Wood charcoal from 

cultural feature      
 (Beta-227482) 

840 ± 70 1039 A.D. - 1277 A.D. (100%) 1172 A.D. 

2.70 PC-1 A2b8 
Bulk soil humate    

(Beta-258885) 
1900 ± 40 23 A.D. - 223 A.D. (100%) 113 A.D. 

3.42 PC-1 BgCb9 
Detrital wood 

charcoal fragment 
(Beta-257433) 

2070 ± 40 195 B.C. - 5 A.D. (99%) 91 B.C. 

1Reimer, P. J., 2004; M. Stuiver, P. J. Reimer, 1993 
2Telford R. J., Heegaard, E., Birks H. J. B., 2004 
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APPENDIX J 
 

Manna-1 Pb Concentrations 
 
 

Pedo-
complex 

Sample 
ID 

Depth 
(cmbs) 

Soil 
Horizon 

Lab 
Pb 
(ppm) 

PC-3 M1-0 0-5 A 
ALS-

Chemex 
30.7 

PC-3 M1-7 7-11 C 
ALS-

Chemex 
24.9 

PC-3 M1-11 12-15 Oeb1 
ALS-

Chemex 
43.1 

PC-3 M1-20 20-25 Ab1 
ALS-

Chemex 
38.4 

PC-3 M1-30 30-35 Cb1 
ALS-

Chemex 
16.4 

PC-3 M1-45 45-50 Ab2 
ALS-

Chemex 
65.6 

PC-3 M1-50 50-55 Ab2 
ALS-

Chemex 
13.1 

PC-3 M1-70 70-75 Bw&Cb2 
ALS-

Chemex 
8.6 

PC-3 M1-90 90-95 Bw&Cb2 
ALS-

Chemex 
7.6 

PC-2 M1-100 100-105 Ab3 
ALS-

Chemex 
8.1 

PC-2 M1-110 110-115 Cb3 
ALS-

Chemex 
7.8 

PC-2 M1-115 115-120 Ab/Cb4 
ALS-

Chemex 
8.2 

PC-2 M1-130 130-135 Ab/Cb4 
ALS-

Chemex 
6.7 

PC-2 M1-150 150-155 Cb4 
ALS-

Chemex 
6.7 

PC-2 M1-165 165-170 ABb5 
ALS-

Chemex 
9.4 

PC-2 M1-180 180-185 Cb5 
ALS-

Chemex 
8.2 

PC-1 M1-195 195-200 Ab6 
ALS-

Chemex 
9.1 

PC-1 M1-210 210-215 BCb6 
ALS-

Chemex 
8.6 

PC-1 M1-220 220-225 Cb6 
ALS-

Chemex 
9.2 

PC-1 M1-230 230-235 A1b7 
ALS-

Chemex 
11.4 

PC-1 M1-235 235-240 A2b7 
ALS-

Chemex 
11.7 

PC-1 M1-240 240-245 CBb7 
ALS-

Chemex 
11.2 
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Manna-1 Pb Concentrations Continued 
 
 

 Pedo-
complex 

Sample 
ID 

Depth 
(cmbs) 

Soil 
Horizon 

Lab 
Pb 
(ppm) 

PC-1 M1-250 250-255 CBb7 
ALS-

Chemex 9.3 

PC-1 M1-260 260-265 A1b8 
ALS-

Chemex 11 

PC-1 M1-270 270-275 A2b8 
ALS-

Chemex 9.4 

PC-1 M1-280 280-285 C/Bb8 
ALS-

Chemex 7.4 

PC-1 M1-290 290-295 ABb9 
ALS-

Chemex 9.2 

PC-1 M1-300 300-305 ABb9 
ALS-

Chemex 10.2 

PC-1 M1-320 320-325 Bw&Cb9 
ALS-

Chemex 11.1 

PC-1 M1-335 335-340 Bwgb9 
ALS-

Chemex 11.2 

PC-1 M1-340 340-345 Cb9 
ALS-

Chemex 11.1 

Duplicate Analysis 

PC-3 M1-50 50-55 Ab2 
ALS-

Chemex 13.1 

PC-3 M1-50 50-55 Ab2 
ALS-

Chemex 12 

PC-2 M1-110 110-115 Cb3 
ALS-

Chemex 7.8 

PC-2 M1-110 110-115 Cb3 
ALS-

Chemex 7.8 
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APPENDIX K 
 

Manna-1 Particle-size Analysis Results 
 
 

Sample ID 
Depth 
(cmbs) 

Soil 
Horizon 

Sample 
Weight (g) 

Clay 
(weight %) 

Silt  
(weight %) 

Sand 
(weight %) 

Manna-1, 0 0-5 A 22.05 6.80 55.92 37.28 

Manna-1, 7 7-11 C 31.31 6.39 33.02 60.59 

Manna-1, 11 12-15 Oeb1 24.38 4.10 40.28 55.62 

Manna-1, 15 15-20 Ab1 33.4 5.99 44.46 49.55 

Manna-1, 20 20-25 Ab1 35.52 11.26 48.99 39.75 

Manna-1, 30 30-35 Cb1 43.52 4.60 26.68 68.73 

Manna-1, 40 40-45 Cb1 45.16 5.54 27.45 67.01 

Manna-1, 45 45-50 Ab2 51.25 5.85 27.65 66.50 

Manna-1, 50 50-55 Ab2 53.13 5.65 27.07 67.29 

Manna-1, 60 60-65 Ab2 56.83 5.28 23.88 70.84 

Manna-1, 70 70-75 BCb2 48.66 3.08 26.43 70.49 

Manna-1, 80 80-85 BCb2 42.89 4.66 26.60 68.73 

Manna-1, 90 90-95 BCb2 44.61 2.24 22.82 74.94 

Manna-1, 95 95-100 Ab3 40.49 3.70 20.84 75.45 

Manna-1, 100 100-105 Ab3 43.01 2.33 21.53 76.15 

Manna-1, 110 110-115 Cb3 44.57 3.37 16.89 79.74 

Manna-1, 115 115-120 A/Cb4 50.44 4.96 25.83 69.21 

Manna-1, 120 120-125 A/Cb4 50.34 4.97 23.00 72.03 

Manna-1, 130 130-135 A/Cb4 60.79 2.47 14.97 82.56 

Manna-1, 140 140-145 Cb4 55.6 1.80 12.43 85.77 

Manna-1, 150 150-155 Cb4 53.02 1.89 14.58 83.53 

Manna-1, 160 160-165 Ab5 44.73 3.35 25.55 71.09 

Manna-1, 165 165-170 Ab5 42.74 3.51 28.87 67.62 

Manna-1, 170 170-175 Ab5 43.96 5.69 28.25 66.06 

Manna-1, 180 180-185 Cb5 46.35 2.16 18.75 79.09 

Manna-1, 190 190-195 Cb5 49.33 5.07 33.95 60.98 

Manna-1, 195 195-200 Ab6 42.03 4.76 38.28 56.96 

Manna-1, 200 200-205 Ab6 40.37 4.95 35.32 59.72 

Manna-1, 210 210-215 BCb6 42.05 3.57 29.54 66.90 

Manna-1, 215 215-220 BCb6 43.23 4.63 30.14 65.23 

Manna-1, 220 220-225 Cb6 41.58 8.42 26.24 65.34 

Manna-1, 230 230-235 A1b7 40.53 6.17 38.98 54.85 

Manna-1, 235 235-240 A2b7 40.91 4.89 47.69 47.42 
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Manna-1 Particle-size Analysis Results Continued

Sample ID 
Depth 
(cmbs) 

Soil 
Horizon 

Sample 
Weight (g) 

Clay 
(weight %) 

Silt  
(weight %) 

 
Sand 

(weight %) 
 

Manna-1, 240 240-245 CBb7 39.64 3.78 46.75 49.47 

Manna-1, 250 250-255 CBb7 40.59 3.70 35.62 60.68 

Manna-1, 260 260-265 A1b8 41.12 6.08 38.93 54.99 

Manna-1, 270 270-275 A2b8 42.44 1.18 40.81 58.01 

Manna-1, 280 280-285 C/Bb8 43.64 0.00 25.76 74.24 

Manna-1, 285 285-290 ABb9 40.76 4.91 33.44 61.65 

Manna-1, 290 290-295 ABb9 40.59 4.93 35.18 59.89 

Manna-1, 300 300-305 ABb9 40.2 3.73 38.08 58.18 

Manna-1, 310 310-315 BgC1b9 41.2 2.43 39.68 57.89 

Manna-1, 320 320-325 BgC1b9 37.27 2.68 40.01 57.31 

Manna-1, 330 330-335 BgC1b9 39.83 2.51 38.79 58.70 

Manna-1, 335 335-340 BgC2b9 41.41 4.83 37.96 57.21 

Manna-1, 340 340-345 BgC2b9 30.91 3.24 48.72 48.04 
 

Duplicates       
Manna-1, 50 50-55 Ab2 53.13 5.65 27.07 67.29 

Manna-1, 50 50-55 Ab2 35.52 4.22 31.65 64.13 

Manna-1, 130 130-135 A/Cb4 60.79 2.47 14.97 82.56 

Manna-1, 130 130-135 A/Cb4 42.58 3.52 14.87 81.61 

Manna-1, 150 150-155 Cb4 53.02 1.89 14.58 83.53 

Manna-1, 150 150-155 Cb4 46.24 3.24 12.44 84.32 

Manna-1, 250 250-255 CBb7 40.59 3.70 35.62 60.68 

Manna-1, 250 250-255 CBb7 44.56 5.61 33.66 60.73 
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APPENDIX L 
 

Manna-1 Archaeology 
 
 

Soil 
Horizon 

Depth 
(cmbs) 

Ceramics 
 (ct) 

Lithic 
(ct) 

Fire-altered 
Rock (ct) 

Historic 
(ct) 

Prehistoric 
(% of total) 

Historic       
(% of total) 

Ab1 15-33 2 2 1 84 1.04 63.1578947 

Cb1 33-45 20 13 4 37 7.66 27.8195489 

BCb2 64-95 21 4 4 12 6.00 9.02255639 

Ab3 95-108 72 7 15 0 19.46 0 

A/Cb4 115-137 228 9 72 0 63.98 0 

Cb4 140-161 0 0 1 0 0.21 0 

Ab5 161-175 5 0 0 0 1.04 0 

Ab6 193-213 0 1 0 0 0.21 0 

A1b7 228-233 0 2 0 0 0.41 0 

prehistoric artifact assemblage (total count) 483 

historic artifact assemblage (total count) 133 
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APPENDIX M 
 

Manna-1 Phytolith Results 
 
 

Soil 
Horizon 

Depth 
(cmbs) 

Chloridoideae 
(%) 

Panicoideae  
(%) 

CBb2 80 17 14 

Ab3 100 8 11 

A/Cb4 125 11 7 

Ab5 165 5 8 

Cb5 185 4 4 

Ab6 197 2 5 

BCb6 212 1 5 

Cb6 222 0 6 

A1b7 232 5 12 

CBb7 253 2 4 

A1b8 263 8 17 

A2b8 273 18 24 

C/Bb8 283 19 22 

ABb9 295 7 10 

Bw&Cb9 323 1 12 

Bwgb9 338 0 0 

Cb9 343 1 3 

Percent Chloridoideae and Panicoideae based on population of 300. 

 



  

 
 

137 

APPENDIX N 
 

Manna-1 δ13C of Soil Organic Carbon Results 
 
 

Sample ID 
Sample 
Depth 
(cmbs) 

Soil 
Horizon 

Lab 
Sample 

Weight (mg) 
Nitrogen 

Weight (%) 
Carbon 

Weight (%) 
Final d15N 
(vs AIR) 

Final d13C 
(vs VPDB) 

Manna-1, 0 0-5 A U. Tenn. 6.638 0.166 2.184 4.31 -26.48 

Manna-1, 7 7-11 C U. Tenn. 4.120 0.146 2.087 3.27 -26.34 

Manna-1, 11 12-15 Oeb1 U. Tenn. 5.340 0.337 3.970 3.71 -27.91 

Manna-1, 15 15-20 Ab1 U. Tenn. 8.090 0.099 1.347 6.16 -24.91 

Manna-1, 20 20-25 Ab1 U. Tenn. 10.020 0.100 1.287 5.88 -24.25 

Manna-1, 30 30-35 Cb1 U. Tenn. 39.770 0.035 0.380 6.36 -23.66 

Manna-1, 40 40-45 Cb1 U. Tenn. 34.574 0.032 0.333 6.43 -23.55 

Manna-1, 45 45-50 Ab2 U. Tenn. 31.886 0.031 0.282 6.12 -23.54 

Manna-1, 50 50-55 Ab2 U. Tenn. 48.876 0.035 0.303 6.25 -23.69 

Manna-1, 60 60-65 Ab2 U. Tenn. 34.608 0.032 0.246 5.10 -23.16 

Manna-1, 70 70-75 BCb2 U. Tenn. 35.260 0.057 0.170 4.59 -21.46 

Manna-1, 80 80-85 BCb2 U. Tenn. 37.580 0.024 0.160 4.85 -21.47 

Manna-1, 90 90-95 BCb2 U. Tenn. 30.160 0.023 0.189 5.16 -21.13 

Manna-1, 95 95-100 Ab3 U. Tenn. 35.586 0.022 0.155 4.03 -22.95 

Manna-1, 100 100-105 Ab3 U. Tenn. 44.264 0.023 0.156 4.42 -22.84 

Manna-1, 110 110-115 Cb3 U. Tenn. 40.830 0.022 0.179 4.38 -23.92 

Manna-1, 115 115-120 A/Cb4 U. Tenn. 24.182 0.029 0.223 4.32 -23.08 

Manna-1, 120 120-125 A/Cb4 U. Tenn. 28.300 0.028 0.237 3.89 -24.13 

Manna-1, 130 130-135 A/Cb4 U. Tenn. 35.588 0.025 0.194 4.79 -24.12 

Manna-1, 140 140-145 Cb4 U. Tenn. 51.056 0.018 0.131 4.34 -24.73 

Manna-1, 150 150-155 Cb4 U. Tenn. 40.722 0.020 0.138 4.70 -25.06 



  

 
 

138 

Manna-1 δ13C of Soil Organic Carbon Results Continued 

Sample ID 
Sample 
Depth 
(cmbs) 

Soil 
Horizon 

Lab 
Sample 

Weight (mg) 
Nitrogen 

Weight (%) 
Carbon 

Weight (%) 
Final d15N 
(vs AIR) 

Final d13C 
(vs VPDB) 

Manna-1, 160 160-165 Ab5 U. Tenn. 39.800 0.025 0.166 4.28 -25.05 

Manna-1, 165 165-170 Ab5 U. Tenn. 35.342 0.025 0.175 5.20 -25.01 

Manna-1, 170 170-175 Ab5 U. Tenn. 31.472 0.029 0.207 5.65 -25.20 

Manna-1, 180 180-185 Cb5 U. Tenn. 39.472 0.018 0.079 3.25 -24.10 

Manna-1, 190 190-195 Cb5 U. Tenn. 39.246 0.025 0.132 4.90 -24.71 

Manna-1, 195 195-200 Ab6 U. Tenn. 30.134 0.030 0.173 5.15 -24.67 

Manna-1, 200 200-205 Ab6 U. Tenn. 34.606 0.026 0.173 5.18 -25.10 

Manna-1, 210 210-215 BCb6 U. Tenn. 49.600 0.044 0.129 5.57 -25.07 

Manna-1, 215 215-220 BCb6 U. Tenn. 28.220 0.025 0.142 6.67 -24.01 

Manna-1, 220 220-225 Cb6 U. Tenn. 41.102 0.049 0.153 5.62 -25.08 

Manna-1, 230 230-235 A1b7 U. Tenn. 33.400 0.042 0.332 6.02 -25.27 

Manna-1, 235 235-240 A2b7 U. Tenn. 29.932 0.033 0.254 6.38 -25.03 

Manna-1, 240 240-245 CBb7 U. Tenn. 33.920 0.029 0.156 5.79 -24.14 

Manna-1, 250 250-255 CBb7 U. Tenn. 35.15 0.051 0.102 5.65 -23.73 

Manna-1, 260 260-265 A1b8 U. Tenn. 27.996 0.064 0.189 6.42 -22.31 

Manna-1, 270 270-275 A2b8 U. Tenn. 28.552 0.060 0.249 4.79 -20.34 

Manna-1, 280 280-285 C/Bb8 U. Tenn. 33.082 0.048 0.103 4.92 -24.20 

Manna-1, 285 285-290 ABb9 U. Tenn. 38.854 0.046 0.152 4.66 -24.98 

Manna-1, 290 290-295 ABb9 U. Tenn. 37.528 0.075 0.173 5.97 -25.26 

Manna-1, 300 300-305 ABb9 U. Tenn. 40.8 0.049 0.186 6.07 -25.36 

Manna-1, 310 310-315 BgC1b9 U. Tenn. 26.762 0.064 0.153 5.50 -25.02 

Manna-1, 320 320-325 BgC1b9 U. Tenn. 35.226 0.051 0.114 5.19 -23.11 
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Manna-1 δ13C of Soil Organic Carbon Results Continued 
 

Sample ID 
Sample 
Depth 
(cmbs) 

Soil 
Horizon 

Lab 
Sample 

Weight (mg) 
Nitrogen 

Weight (%) 
Carbon 

Weight (%) 
Final d15N 
(vs AIR) 

Final d13C 
(vs VPDB) 

Manna-1, 330 330-335 BgC1b9 U. Tenn. 33.77 0.077 0.080 5.20 -23.73 

Manna-1, 335 335-340 BgC2b9 U. Tenn. 34.36 0.055 0.131 6.57 -23.98 

Manna-1, 340 340-345 BgC2b9 U. Tenn. 34.996 0.060 0.180 6.49 -24.31 
 
Duplicates         

Manna-1, 270 270-275 A2b8 U. Tenn. 28.552 0.060 0.249 4.79 -20.34 

Manna-1, 270 270-275 A2b8 Beta  -  -   -  - -19.50 

Manna-1, 270 270-275 A2b8 Baylor U. 85.694 0.020 0.250 4.76 -20.38 

Manna-1, 11 12-15 Oeb1 U. Tenn. 5.340 0.337 3.970 3.707 -27.91 

Manna-1, 11 12-15 Oeb1 Baylor U. 12.049 0.350 4.190 3.570 -27.97 
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APPENDIX O 
 

Eastern North America Sedimentation Rate Data 
 
 

Study 
Sample 
Number 

Analysis 
Number 

Sample 
Description 

Depth 
Depth 
(norm) 

14C 
Age 

Error 
 

Wt. Mean Age 
 

Scully & Arnold, 1981 U-site, C I-9514 charcoal 30 0.42 295 80 1566 AD 

Scully & Arnold, 1981 U-site, A1b1 
I-9685 

bulk soil 
humate 

36 
0.51 665 95 1311 AD 

Scully & Arnold, 1981 U-site, A11b2 
I-9681 

bulk soil 
humate 

46 
0.65 1490 85 535 AD 

Scully & Arnold, 1981 U-site, A1b3 
I-9642 

bulk soil 
humate 

71 
1.00 2130 85 -182 BC 

Scully & Arnold, 1981 S-site, A1b1 I-9512 charcoal 61 0.69 235 80 1594 AD 

Scully & Arnold, 1981 S-site, A11b2 
I-9684 

bulk soil 
humate 

68 
0.76 660 90 1324 AD 

Scully & Arnold, 1981 S-site, A1b3 
I-9684 

bulk soil 
humate 

89 
1.00 2195 95 -200 BC 

Ekdahl et al. 2004 CL-058 CAMS-88432 wood 13.05 0.17 255 40 1659 AD 

Ekdahl et al. 2004 CL-117 CAMS-94399 wood 24.20 0.31 170 60 1792 AD 

Ekdahl et al. 2004 CL-128 CAMS-94400 pine needles 25.65 0.33 125 40 1813 AD 

Ekdahl et al. 2004 CL-129 CAMS-87874 pine needles 25.94 0.33 175 40 1793 AD 

Ekdahl et al. 2004 CL-130 CAMS-88434 twig 26.24 0.33 90 50 1811 AD 

Ekdahl et al. 2004 CL-130# CAMS-94401 twig 26.24 0.33 125 50 1820 AD 

Ekdahl et al. 2004 CL-132 CAMS-94402 pine needles 26.83 0.34 140 35 1808 AD 

Ekdahl et al. 2004 CL-144 CAMS-94403 leaf 30.00 0.38 285 40 1591 AD 

Ekdahl et al. 2004 CL-160 CAMS-80891 leaf 34.00 0.43 340 60 1557 AD 

Ekdahl et al. 2004 CL-174 CAMS-94404 leaf 37.71 0.48 285 40 1591 AD 

Ekdahl et al. 2004 CL-174# CAMS-94405 leaf 37.71 0.48 255 45 1659 AD 
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Eastern North America Sedimentation Rate Data Continued 
 
 

Study 
Sample 
Number 

Analysis 
Number 

Sample 
Description 

Depth 
Depth 
(norm) 

14C 
Age 

Error 
 

Wt. Mean Age 
 

Ekdahl et al. 2004 Cl-175 CAMS-80892 leaf 38.00 0.48 390 35 1519 AD 

Ekdahl et al. 2004 CL-196 CAMS-80893 twig 43.00 0.55 510 60 1403 AD 

Ekdahl et al. 2004 CL-197 CAMS-94406 sunflower seed 43.40 0.55 400 45 1479 AD 

Ekdahl et al. 2004 CL-197# CAMS-94407 sunflower seed 43.40 0.55 410 30 1489 AD 

Ekdahl et al. 2004 CL-258 CAMS-90098 sunflower seed 56.26 0.71 660 30 1336 AD 

Ekdahl et al. 2004 CL-261 CAMS-87875 leaf 56.88 0.72 635 35 1344 AD 

Ekdahl et al. 2004 CL-285 CAMS-94411 leaf 61.80 0.78 715 40 1292 AD 

Ekdahl et al. 2004 CL-285# CAMS-94412 leaf 61.80 0.78 680 40 1325 AD 

Ekdahl et al. 2004 CL-288 CAMS-94413 leaf 62.41 0.79 705 40 1277 AD 

Ekdahl et al. 2004 CL-288# CAMS-94414 leaf 62.41 0.79 720 40 1287 AD 

Ekdahl et al. 2004 CL-300 CAMS-94416 stick 64.87 0.82 830 30 1212 AD 

Ekdahl et al. 2004 CL-305 CAMS-94418 leaf 65.90 0.84 990 40 1065 AD 

Ekdahl et al. 2004 CL-306 CAMS-94419 stick 66.10 0.84 915 50 1117 AD 

Ekdahl et al. 2004 CL-315 CAMS-80896 twig 68.00 0.86 890 40 1134 AD 

Ekdahl et al. 2004 CL-321 CAMS-94421 twig 69.18 0.88 1065 40 967 AD 

Ekdahl et al. 2004 CL-338 CAMS-94422 leaf 72.65 0.92 1045 40 986 AD 

Ekdahl et al. 2004 CL-01 64.8 CAMS-80897 twig 78.80 1.00 1060 40 972 AD 

Pederson et al. 2005 82 0.30 145 40 1806 AD 

Pederson et al. 2005 90 0.32 modern 

Pederson et al. 2005 94 0.34 270 40 1618 AD 

Pederson et al. 2005 98 0.35 275 40 1607 AD 

Pederson et al. 2005 110 0.40 355 35 1547 AD 

Pederson et al. 2005 122 0.44 520 35 1404 AD 
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Eastern North America Sedimentation Rate Data Continued 
 

 

Study 
Sample 
Number 

Analysis 
Number 

Sample 
Description 

Depth 
Depth 
(norm) 

14C 
Age 

Error 
 

Wt. Mean Age 
 

Pederson et al. 2005 134 0.48 515 45 1401 AD 

Pederson et al. 2005 134 0.48 600 60 1354 AD 

Pederson et al. 2005 142 0.51 455 35 1447 AD 

Pederson et al. 2005 150 0.54 660 70 1332 AD 

Pederson et al. 2005 178 0.64 785 45 1236 AD 

Pederson et al. 2005 186 0.67 1035 45 999 AD 

Pederson et al. 2005 190 0.69 1300 35 719 AD 

Pederson et al. 2005 194 0.70 1030 40 1005 AD 

Pederson et al. 2005 215 0.78 1210 40 812 AD 

Pederson et al. 2005 277 1.00 1580 80 473 AD 
Wall and Stewart, 
1996 

South Block, 
A 46 0.43 historic 1680 AD 

Wall and Stewart, 
1996 

South Block, 
B1 Beta-15627 49 0.46 440 100 1519 AD 

Wall and Stewart, 
1996 

South Block, 
C1 Beta-15626 69 0.64 560 80 1372 AD 

Wall and Stewart, 
1996 

South Block, 
D1 Beta-15625 79 0.74 1270 80 770 AD 

Wall and Stewart, 
1996 

South Block, 
F1 Beta-15624 107 1.00 2220 110 -259 BC 

This study Manna-1 Pb peak 50 0.15  -  - 1900 AD 

This study Manna-1 72 0.21 390 40 1523 AD 

This study Manna-1 100 0.29 270 40 1618 AD 

This study Manna-1 126 0.37 550 40 1375 AD 

This study Manna-1 180 0.53 840 70 1172 AD 
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 Eastern North America Sedimentation Rate Data Continued 
 

 

Study 
Sample 
Number 

Analysis 
Number 

Sample 
Description 

Depth 
Depth 
(norm) 

14C 
Age 

Error 
 

Wt. Mean Age 
 

This study Manna-1 triangle point 190 0.56  -  - 1000 AD 

This study Manna-1 270 0.79 1900 40 113 AD 

This study Manna-1 342 1.00 2070 40 -91 BC 
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APPENDIX P 
 

Sedimentation Rate Equations 

 
 Best-fit polynomial regression equations were used to help illustrate the changing 

sedimentation rates for Manna-1, Pederson et al. (2005), and Ekdahl et al. (2004).  The 

equations are: 

Manna-1 (Eq. 1): 

y = 4E-13x4 - 2E-09x3 + 2E-06x2 - 0.0011x + 0.8863 (R² = 0.9824)  

Pederson et al. (2005) (Eq. 2): 

y = 5E-10x4 – 3E-06x3 + 0.0042x2 – 3.0518x + 1015.7 (R2 = 0.9672) 

Ekdahl et al. (2004) (Eq. 3): 

y = -2E-14x5 + 1E-10x4 - 4E-07x3 + 0.0005x2 - 0.3513x + 96.796 (R² = 0.9469)  

Wall and Stewart (1996) (Eq. 4): 

y = -2E-10x3 + 4E-07x2 - 0.0004x + 0.873 (R² = 0.969)  

 
 A best-fit polynomial equation (Eq. 5) for all normalized data shows a distinct 

increase in sedimentation rate starting around 1,000 – 1,100 A.D.  This provides 

supporting evidence for placing the beginning of the Pre-Colonial sediment interval at 

1,100 A. D. 

 Equation 5: 

 y = 1E-13x4 - 6E-10x3 + 5E-07x2 - 0.0002x + 0.9152 (R² = 0.8627)  
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APPENDIX Q 
 

Eastern North America Directly-dated Maize Results 
 
 

 

14C yr BP 
 

Calibrated Age Rangea 
Weighted 

Meanb 
Lab Code Sample Type Region Source 

850 ± 60 1115 - 1271 (0.78) 1167.1 B-84970 maize NE Chilton, 2006 

810 ± 50 1152 - 1284 (0.95) 1211.8 B-84969 maize NE Chilton, 2006 

390 ± 50 

1435 - 1531 (0.58);  
1537 - 1635 (0.41) 1527.1 B-84971 maize NE Chilton, 2006 

690 ± 60 1224 - 1399 (1.) 1315.5 B-84973 maize NE Chilton, 2006 

310 ± 60 1448 - 1668 (0.97) 1577.1 B-84972 maize NE Chilton, 2006 

620 ± 70 1273 - 1428 (1.) 1347.6 B-27676 maize NE Chilton, 2006 

620 ± 59 1279 - 1417 (1.) 1347.3 GX-19319 maize NE Chilton, 2006 

610 ± 60 1281 - 1420 (1.) 1350.2 B-15769 maize NE Chilton, 2006 

570 ± 40 

1299 - 1370 (0.60);  
1380 - 1429 (0.40) 1362.3 B-102060 maize NE Chilton, 2006 

555 ± 85 1270 - 1491 (0.99) 1377.7 B-15788 maize NE Chilton, 2006 

500 ± 60 

1378 - 1496 (0.74); 
 1298 - 1371 (0.24) 1412.5 GX-22044 maize NE Chilton, 2006 

500 ± 40 1391 - 1454 (0.90) 1415 GX-26424 maize NE Chilton, 2006 

440 ± 40 1410 - 1519 (0.93) 1467.7 B-141592 maize NE Chilton, 2006 

400 ± 60 1427 - 1636 (1.) 1523.5 GX-21994 maize NE Chilton, 2006 

400 ± 30 1437 - 1522 (0.80) 1500.4 B-123998 maize NE Chilton, 2006 

380 ± 50 

1441 - 1533 (0.55);  
1536 - 1635 (0.45) 1533.3 GX-22651 maize NE Chilton, 2006 

310 ± 40 1472 - 1653 (1.) 1567.5 GX-27629 maize NE Chilton, 2006 



  

 
 

146 

Eastern North America Directly-dated Maize Results Continued 
 
 

 

14C yr BP 
 

Calibrated Age Rangea 
Weighted 

Meanb 
Lab Code Sample Type Region Source 

290 ± 40 1483 - 1665 (0.98) 1583.4 B-123997 maize NE Chilton, 2006 

130 ± 40 
1670 - 1780 (0.41);  
1798 - 1896 (0.42) 1810.1 B-104792 maize NE Chilton, 2006 

2270 ± 35 
399BC - 349BC (0.45); 
313BC - 208BC (0.55) -309.5 maize phytolith NE Asch-Sidell, 2008 

840 ± 40 1151 - 1271 (0.90) 1191.7 maize NE Asch-Sidell, 2008 

570 ± 40 
1299 - 1370 (0.60);  
1380 - 1429 (0.40) 1362.3 maize cupule NE Asch-Sidell, 2008 

401 ± 38 
1434 - 1524 (0.72);  
1558 - 1631 (0.28) 1510.2 A-0328 maize NE Hart et al., 2003 

317 ± 38 1473 - 1648 (1.) 1563.9 A-0326 maize NE Hart et al., 2003 

691 ± 39 
1259 - 1322 (0.67);  
1347 - 1392 (0.33) 1315.4 A-0327 maize NE Hart et al., 2003 

1050 ± 50 884 - 1048 (0.95) 980.4 maize NE Hart et al., 2007 

1150 ± 100 661 - 1041 (0.995) 871.4 maize NE Hart et al., 2007 

1270 ± 100 607 - 979 (1.) 775.7 maize NE Hart et al., 2007 

1551 ± 78 376 - 648 (0.97) 498.7 maize NE Hart et al., 2007 

1730 ± 0 136 - 423 (1.) 306.5 maize NE Hart et al., 2007 

970 ± 50 984 - 1185 (1.) 1083.4 TO-5875 maize cupules NE Crawford et al., 1997 
1060 ± 60 857 - 1051 (0.90) 969.3 TO-4584 maize kernel NE Crawford et al., 1997 

1250 ± 80 650 - 903 (0.93) 785.8 TO-4585 cupules NE Crawford et al., 1997 

1500 ± 150 226 - 875 (1.) 528.6 TO-5308 cupules NE Crawford et al., 1997 

1570 ± 90 322 - 648 (0.97) 476.8 TO-5307 cupules NE Crawford et al., 1997 
1550 ± 40 423 - 594 (1.) 502.5 maize phytolith MAR Crawford et al., 1997 
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Eastern North America Directly-dated Maize Results Continued 
 
 

 

14C yr BP 
 

Calibrated Age Rangea 
Weighted 

Meanb 
Lab Code Sample Type Region Source 

270 ± 40 
1486 - 1604 (0.50);  
1607 - 1675 (0.40) 1616.6 B-227477 kernel MAR this study 

550 ± 40 
1304 - 1365 (0.47); 
1384 - 1438 (0.53) 1374.1 B-227478 kernel MAR this study 

550 ± 40 
1304 - 1365 (0.47);  
1384 - 1438 (0.53) 1374.1 B-227479 kernel MAR this study 

390 ± 40 
1437 - 1528 (0.64);  
1551 - 1634 (0.36) 1522.3 B-227480 kernel MAR this study 

830 ± 50 1148 - 1278 (0.87) 1193 B-219495 kernels MAR this study 

560 ± 50 
1298 - 1372 (0.55);  
1378 - 1437 (0.45) 1367.3 B-219496 maize MAR this study 

500 ± 40 1391 - 1454 (0.90) 1415 B-266107 maize MAR this study 

370 ± 40 
1446 - 1530 (0.53);  
1539 - 1635 (0.47) 1537.2 B-265508 maize MAR this study 

440 ± 40 1410 - 1519 (0.93) 1467.7 B-265507 maize MAR this study 

985 ± 45 979 - 1162 (1.) 1069.3 AA-19127 maize MAR Hart and Asch-Sidell, 1996 

794 ± 38 1175 - 1279 (1.) 1234.1 AA-40133 maize MAR Hart et al., 2002 

692 ± 46 
1251 - 1328 (0.64);  
1341 - 1395 (0.35) 1315.3 AA-53310 maize MAR Means, 2005 

605 ± 34 1296 - 1407 (1.) 1349.5 AA-38458 maize MAR Hart et al., 2002 

590 ± 50 1291 - 1422 (1.) 1355.4 AA-5311 maize MAR Means, 2005 

590 ± 100 1219 - 1491 (0.996) 1362.4 M-2198 maize MAR Hart et al., 2007 

429 ± 40 1414 - 1522 (0.88) 1480.9 AA-19126 maize MAR Hart and Asch-Sidell, 1996 
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Eastern North America Directly-dated Maize Results Continued 
 
 

 

14C yr BP 
 

Calibrated Age Rangea 
Weighted 

Meanb 
Lab Code Sample Type Region Source 

364 ± 44 1448 - 1635 (1.) 1689.1 AA-53309 maize MAR Means, 2005 

246 ± 33 
1626 - 1681 (0.53); 
1762 - 1803 (0.26) 1689.1 AA-53308 maize MAR Means, 2005 

202 ± 33 
1644 - 1692 (0.28);  
1728 - 1811 (0.55) 1774 AA-53307 maize MAR Means, 2005 

1040 ± 40 893 - 1043 (0.98) 990.9 B-212295 maize MAR Messner et al., 2008 

330 ± 45 1460 - 1646 (1.) 1557.8 AA-21978 maize MAR Hart 1999 

675 ± 55 1256 - 1406 (1.) 1326.5 AA-21979 maize MAR Hart 1999 

440 ± 45 1408 - 1522 (0.88) 1474.7 AA-26539 maize MAR McKnight and Gallivan, 2007 

830 ± 45 1151 - 1276 (0.91) 1197.8 AA-26541 maize MAR Hart, 1999 

930 ± 40 1023 - 1187 (0.99) 1103.8 n/a maize MAR McKnight and Gallivan, 2007 
910 ± 40 1032 - 1210 (1.) 1115.7 n/a maize MAR McKnight and Gallivan, 2007 
910 ± 40 1032 - 1210 (1.) 1115.7 n/a maize MAR McKnight and Gallivan, 2007 

870 ± 40 
1043 - 1106 (0.25);  
1118 - 1255 (0.75) 1154.9 n/a maize MAR McKnight and Gallivan, 2007 

850 ± 50 1118 - 1269 (0.82) 1172.3 n/a maize MAR McKnight and Gallivan, 2007 
830 ± 60 1118 - 1279 (0.85) 1185 n/a maize MAR McKnight and Gallivan, 2007 
770 ± 50 1161 - 1297 (0.99) 1242.5 n/a maize MAR McKnight and Gallivan, 2007 
720 ± 40 1221 - 1308 (0.88) 1285.5 n/a maize MAR McKnight and Gallivan, 2007 
700 ± 60 1219 - 1333 (0.68) 1307.3 n/a maize MAR McKnight and Gallivan, 2007 
610 ± 40 1291 - 1408 (1.) 1348.9 n/a maize MAR McKnight and Gallivan, 2007 
590 ± 40 1296 - 1415 (1.) 1354.3 n/a maize MAR McKnight and Gallivan, 2007 

570 ± 40 
1299 - 1370 (0.60);  
1380 - 1429 (0.40) 1362.3 n/a maize MAR McKnight and Gallivan, 2007 
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Eastern North America Directly-dated Maize Results Continued 
 
 

 

14C yr BP 
 

Calibrated Age Rangea 
Weighted 

Meanb 
Lab Code Sample Type Region Source 

470 ± 70 
1385 - 1528 (0.73);  
1553 - 1633 (0.15) 1455.8 n/a maize MAR McKnight and Gallivan, 2007 

420 ± 40 1420 - 1523 (0.82) 1491.7 n/a maize MAR McKnight and Gallivan, 2007 
350 ± 40 1455 - 1637 (1.) 1548.6 n/a maize MAR McKnight and Gallivan, 2007 
350 ± 40 1455 - 1637 (1.) 1548.6 n/a maize MAR McKnight and Gallivan, 2007 
330 ± 40 1466 - 1645 (1.) 1557.9 n/a maize MAR McKnight and Gallivan, 2007 
320 ± 30 1483 - 1645 (1.) 1563.8 n/a maize MAR McKnight and Gallivan, 2007 

425 ± 40 1417 - 1522 (0.85) 1486.8 A0522 residues MAR Hart et al., 2007 

480 ± 40 1394 - 1475 (0.97) 1430.8 A0523 residues MAR Hart et al., 2007 

1043 ± 40 892 - 1042 (0.99) 988.4 A0229 residues MAR Hart et al., 2007 

1138 ± 40 801 - 988 (0.96) 901.7 A0196 residues MAR Hart et al., 2007 

1211 ± 46 682 - 897 (0.97) 810.8 A0198 residues MAR Hart et al., 2007 

1231 ± 44 678 - 889 (1.) 788.1 A0192 residues MAR Hart et al., 2007 

1315 ± 50 637 - 783 (0.95) 717.6 A0506 residues MAR Hart et al., 2007 

1430 ± 40 559 - 662 (1.) 617.2 A0499 residues MAR Hart et al., 2007 

1525 ± 40 428 - 612 (1.) 528.3 A0503 residues MAR Hart et al., 2007 

1575 ± 35 413 - 561 (1.) 486.7 A0497 residues MAR Hart et al., 2007 

2205 ± 30 376BC - 197BC (1.) -279.1 A0505 residues MAR Hart et al., 2007 

1390 ± 35 594 - 683 (1.) 642.7 A0501 residues MAR Hart et al., 2007 

1428 ± 41 559 - 663 (1.) 617.9 A0227 residues MAR Hart et al., 2007 

1470 ± 43 533 - 656 (0.97 587.9 A0225 residues MAR Hart et al., 2007 

1995 ± 35 59BC - 80AD (0.98) 5.7 A0410 residues MAR Hart et al., 2007 

1600 ± 35 393 - 544 (1.) 473.1 A0498 residues MAR Hart et al., 2007 
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Eastern North America Directly-dated Maize Results Continued 
 
 

 

14C yr BP 
 

Calibrated Age Rangea 
Weighted 

Meanb 
Lab Code Sample Type Region Source 

2270 ± 35 
313BC - 208BC (0.55); 
399BC - 349BC (0.45) -309.5 A0500 residues MAR Hart et al., 2007 

1990 ± 40 93BC - 86AD (0.99) 9.1 A0455 residues MAR Hart et al., 2007 

1940 ± 35 2BC - 130AD (0.96) 62.6 A0452 residues MAR Hart et al., 2007 

1228 ± 42 681 - 889 (1.) 791 A0190 residues MAR Hart et al., 2007 

a - 2-sigma age ranges calibrated using CALIB 5.0.1 (INTCAL04) 
b - weighted means calculated from 2-sigma probability distributions using MATLAB 7.0.1 
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